Kenneth C. Keiler Editor




METHODS IN MoOLEcuLAR BioLogy™

Series Editor
John M. Walker
School of Life Sciences
University of Hertfordshire
Hatfield, Hertfordshire, AL10 9AB, UK

For further volumes:
http://www.springer.com/series/7651






Bacterial Regulatory RNA

Methods and Protocols

Edited by
Kenneth C. Keiler

Department of Biochemistry and Molecular Biology, The Pennsylvania State University,
University Park, PA, USA



Editor

Kenneth C. Keiler

Department of Biochemistry and Molecular Biology
The Pennsylvania State University

University Park, PA, USA

ISSN 1064-3745 ISSN 1940-6029 (electronic)
ISBN 978-1-61779-948-8 ISBN 978-1-61779-949-5 (eBook)
DOI 10.1007/978-1-61779-949-5

Springer New York Heidelberg Dordrecht London

Library of Congress Control Number: 2012939854

© Springer Science+Business Media, LLC 2012

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of the material is
concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation, broadcasting, reproduction
on microfilms or in any other physical way, and transmission or information storage and retrieval, electronic adaptation,
computer software, or by similar or dissimilar methodology now known or hereafter developed. Exempted from this
legal reservation are brief excerpts in connection with reviews or scholarly analysis or material supplied specifically for
the purpose of being entered and executed on a computer system, for exclusive use by the purchaser of the work.
Duplication of this publication or parts thereof is permitted only under the provisions of the Copyright Law of the
Publisher’s location, in its current version, and permission for use must always be obtained from Springer. Permissions
for use may be obtained through RightsLink at theCopyright Clearance Center. Violations are liable to prosecution
under the respective Copyright Law.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication does not
imply, even in the absence of a specific statement, that such names are exempt from the relevant protective laws and
regulations and therefore free for general use.

While the advice and information in this book are believed to be true and accurate at the date of publication, neither
the authors nor the editors nor the publisher can accept any legal responsibility for any errors or omissions that may be
made. The publisher makes no warranty, express or implied, with respect to the material contained herein.

Printed on acid-free paper

Humana Press is a brand of Springer
Springer is part of Springer Science+Business Media (www.springer.com)



Preface

The discovery of wide-spread RNA-based regulation in bacteria has led to new evaluations
of the importance of bacterial regulatory RNA in every aspect of bacterial physiology,
including pathogenesis, quorum sensing, biofilm formation, stress responses, developmen-
tal programs, and growth regulation. These studies have employed well-established RNA
techniques as well as newly developed genomic and bioinformatic tools. This volume col-
lects many of the most important methods for studying bacterial regulatory RNA written
by outstanding experts in the field.

The methods are presented in six sections. Part I covers techniques to identify regula-
tory RNAs using genomic and experimental approaches. Part II follows with methods for
characterizing the function and expression of regulatory RNAs in bacterial cells. A compre-
hensive overview of RNA structure prediction and methods to determine RNA structure
and stability is presented in Part III. Finally, Parts IV-VI contain methods for characteriz-
ing interactions between regulatory RNAs and proteins, other RNAs, and larger complexes
such as RNA polymerase and the ribosome. Each method is written to guide both new and
experienced users and includes a Notes section with advice and tips from the authors.

University Park, PA, USA Kenneth C. Keiler
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Identification of Regulatory RNAs



Chapter 1

Bioinformatic Discovery of Bacterial
Regulatory RNAs Using SIPHT

Jonathan Livny

Abstract

Diverse bacteria encode RNAs that are not translated into proteins but are instead involved in regulating
awide variety of cellular functions. Computational approaches have proven successtul in identifying numer-
ous regulatory RNAs in myriad bacterial species but the difficultly of implementing most of these approaches
has limited their accessibility to many researchers. Moreover, few of these approaches provide annotations
of predicted loci to guide downstream experimental validation and characterization. Here I describe the
implementation of SIPHT, a web-accessible program that enables screens for putative loci encoding regu-
latory RNAs to be conducted in any of nearly 2,000 sequenced bacterial replicons. SIPHT identifies can-
didate loci by searching for regions of intergenic sequence conservation upstream of predicted intrinsic
transcription terminators. Each locus is then annotated for numerous features that provide clues about its
potential function and/or enable the most reliable candidates to be identified.

Key words: regRNA, sRNA, SIPHT, Bioinformatics, Annotation

1. Introduction

Following the first seminal bioinformatic discoveries of small, non-
coding regulatory RNAs in Escherichin coli over a decade ago,
numerous studies in diverse bacteria have demonstrated the ubig-
uitous and central role of RNA-mediated regulation in bacterial
physiology and evolution. Bacterial regulatory RNAs (regRNAs)
fall into one of two main groups. The first is composed of trans-
acting small transcripts usually 50-300 nucleotides in length
known as sSRNAs that form duplexes with specific target mRNAs,
altering mRNA stability and /or access of mRNAs to the transla-
tional machinery. The second group is composed of cis-acting reg-
ulatory sequences such as riboswitches that are located in 5’
untranslated regions of mRNAs (r5'UTRs). Interaction of these
r5'UTRs with cognate ligands or changes in temperature alter the

Kenneth C. Keiler (ed.), Bacterial Regulatory RNA: Methods and Protocols, Methods in Molecular Biology, vol. 905,
DOI 10.1007/978-1-61779-949-5_1, © Springer Science+Business Media, LLC 2012
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secondary structures of these regulatory regions, modulating
mRNA transcriptional elongation, translation, and /or stability.

A number of bacterial regRNAs have been discovered in physical
screens (1). Several groups have identified novel regRNAs by size
fractionating total RNA then cloning and sequencing small tran-
scripts. However, since most small RNAs in bacterial transcrip-
tomes correspond to a few highly abundant structural RNAs or
degradation products of highly expressed mRNAs, these screens
have yielded only a handful of abundant regRNAs. Recently, high-
throughput sequencing (HTS) has been shown to be a very effec-
tive approach for indentifying and quantifying regRNAs in diverse
bacteria (2-8). However, the technical and analytical challenges
and cost of conducting HTS limits its accessibility to most research
groups seeking to discover and study regRNAs in their species of
interest. Due to the limitations and challenges of conducting
sequencing-based screens for regRNAs, the predominant approach
for bacterial regRNA discovery remains bioinformatic prediction
of regRNAs followed by targeted experimental validation of candi-
date loci (9).

Several bioinformatic algorithms have been developed for
identifying bacterial regRNAs (9). Nearly all of these algorithms
limit their search to intergenic regions (IGRs) of the genome and
predict putative regRNA-encoding loci based on their association
with (a) intrinsic genomic features, including putative transcription
promoters and terminators, predicted secondary structures, and/
or certain patterns of di-nucleotide frequency, and/or (b) primary
sequence and/or secondary structure conservation among differ-
ent bacterial species. Algorithms that integrate combinations of
primary sequence, secondary structure, and/or conservation infor-
mation have proven to produce the most reliable predictions of
regRNAs (10). However, utilizing these integrative approaches for
genome-wide screens requires identification and positional analysis
of thousands of predictors generated by several different algo-
rithms, necessitating a level of computer expertise beyond that of
most biological researchers. Moreover, genome-wide screens often
yield dozens or hundreds of putative regRNA-encoding loci, far
exceeding the throughput of most downstream approaches for
experimental validation and characterization. Thus, even when
predictions of regRNA are available, prioritizing a subset of candi-
date loci for follow-up studies remains a significant obstacle for
many researchers.

To address these challenges, I developed SIPHT, a web-
accessible, high-throughput computational tool that enables
kingdom-wide predictions and annotations of intergenic regRNA-
encoding genes (11). A schematic of the SIPHT workflow is shown
in Fig. 1. SIPHT identifies candidate regRNAs by searching for
putative Rho-independent terminators downstream of conserved
intergenic sequences. Each predicted locus is then annotated for
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Fig. 1. Schematic of the SIPHT workflow. Ovals represent scripts developed specifically for SIPHT; black circles correspond
to existing programs incorporated into this workflow. B BLAST, RM RNAMotif; FT FindTerm; TT TransTerm; Q QRNA;
P Patser; TFBS transcription factor binding sites.

several features, including its conservation in other species, its
association with one of several transcription factor binding sites
(TEBSs), its position relative to flanking genes, and its homology
and/or conserved genomic position with a growing database of
previously identified sRNAs. These annotations enable candidate
loci that are most likely to correspond to real regRNAs or those of
potentially greater biological interest to be identified. SIPHT can
be used to conduct screens for regRNAs in hundreds of bacterial
strains whose annotated genome sequence is available in the NCBI
database. Since the web interface came online, over 100 different
users have used it to conduct searches for regRNAs in over 150
different bacterial replicons. Numerous novel regRNAs predicted
by SIPHT have been physically confirmed in diverse bacterial spe-
cies and several studies describing regRNAs identified by SIPHT
have been published (8, 12-15).

The objectives of bioinformatic screens for regRNAs can vary
considerably. In many instances these screens are conducted to
identify a handful of strong and/or biologically relevant candidate
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loci that are then experimentally validated and characterized.
Alternatively, these screens can be undertaken in an effort to design
more comprehensive probe sets for microarrays or to help mine
putative regRNAs from HTS sequencing datasets. Some of these
objectives call for higher specificity (i.e., a lower proportion of
false-positive predictions) while for others sensitivity (i.e., a lower
proportion of false-negative predictions) is prioritized. With this in
mind, SIPHT allows the user to adjust the balance between sensi-
tivity and specificity by changing a variety of search parameters.
Moreover, many of the annotations provided by SIPHT can be
used to identify the most reliable and /or most biologically relevant
candidates from the often large number of predicted loci. This
chapter focuses on how each of SIPHT’s adjustable parameters can
be used to change the stringency of an SIPHT screen and how
information in the SIPHT output file can be used to glean infor-
mation about the reliability of the predicted locus and /or provide
insight about its potential biological function.

2. Materials

SIPHT can be accessed at http: /newbio.cs.wisc.edu/sRNA /.

3. Methods

The SIPHT introductory page provides two main links. The “Click
here for published annotations” directs the user to the results of
previous searches in 929 replicons conducted using default search
parameters. These published annotations were conducted using
the original version of SIPHT that has since undergone several
updates and improvements. Thus, to take advantage of the most
up-to-date functions and annotations described below one should
rerun the SIPHT search in their replicon of interest (ROI), which
can be done by following the “Click here to launch a search” link.
This link leads to the search launch page containing scroll down
menus, radio buttons, and text boxes that enable various SIPHT
search parameters to be defined. There are three main stages to
defining these parameters: (1) selecting the ROI in which the
search is to be conducted, (2) selecting the replicons to be used to
identify intergenic conservation in the ROI, and (3) changing any
of the 16 adjustable search parameters from their preset default
values. In the first stage, a scroll down menu provides identifiers
for all available replicons that include its strain name, type (chro-
mosome or plasmid), and corresponding NCBI accession number.
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Comparisons

3.2. Modifying SIPHT
Search Parameters
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Choices made in the other two stages can have significant impacts
on the results of the search and are discussed in more detail below.
Once the search is completed, several approaches can be used to
mine the SIPHT output file for the strongest candidates or extract
clues into the potential functions of predicted loci. These are also
described in more detail below.

After selection of the ROI in which the SIPHT search is to be con-
ducted, the user comes to the “Select the partner replicons for
BLAST”, which allows him or her to decide which replicons to
include in the query database for BLAST comparison (16) with the
ROI (see Note 1). This section has two main options. The first is
“Option 1: All replicons”, which is the default option and includes
all available replicons EXCEPT those in strains of the same species
as that of the ROI. A checkbox under the radio button for Option
1 can be used to include replicons in the same species though this
usually leads to a high rate of false-positive predictions. Below this
radio button is a text box that enables specific replicons to be
excluded from the BLAST analysis. This allows the user to exclude
BLAST comparison between replicons from strains that, while not
sharing the same species names, may be highly related (such as
E. coli and Shigella sp.). The second option in this section is
“Option 2: Select individual replicons” that allows conservation
analysis to be limited to specific partner replicons. If this option is
selected, the user must add replicons to be included in BLAST
comparisons to the text box on the right.

The SIPHT web interface enables the user to adjust 16 search param-
eters. The first four influence the BLAST analysis (see Note 1).

o Maximum BLAST E: The maximum expected value for BLAST
alignments. This affects the stringency of the BLAST analysis.
Specifically, the lower the maximum E value, the higher the
statistical significance of high-scoring segment pairs (HSPs)
must be for them to be included in the SIPHT analysis.

*  Minimum BLAST S: The minimum score allowed for BLAST
alignments. This is similar to maximum BLAST E as it also
affects the stringency of the BLAST analysis. Specifically, the
higher the minimum S, the higher the statistical significance of
HSPs must be for them to be included in the SIPHT analysis.
However, unlike E, the value of S is not affected by changes in
the query sequences so this threshold will be more consistent
among searches using different BLAST partner replicons.

*  Minimum BLAST % identity: Minimum percent identity for
BLAST HSPs. Increasing this parameter lowers the proportion
of alignment mismatches in HSPs allowed and thus increases
the stringency of the BLAST analysis.
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o Maximum BLAST HSP length: This allows the user to exclude
long HSPs that may correspond to large regions of intergenic
sequence homology rather than to the shorter regions of con-
servation that are more likely to suggest the presence of a
regRNA-encoding locus.

The next three adjustable parameters control the stringency of
terminator predictions. SIPHT uses three different algorithms to
identify putative Rho-independent terminators: RNAMotif v3.0.4
(17), TransTerm v2.05 (18), and FindTerm, a prediction program
based on a heuristic algorithm developed by Ruth Hershberg (19).
For RNAMotif and FindTerm, the lower the maximum score, the
higher the stringency of the predictions while for TransTerm an
increased minimum score leads to increased stringency.

The final nine parameters relate to the positional relationships
of predicted features to each other or to nearby genomic features
(Fig. 2) (see Note 2).

o Minimum/maximum predicted locus length: These set the
minimum and maximum length of predicted loci. The length
is calculated from the 5’-end of the HSPs to the 3'-end of the
terminator following the run of Ts.

- f \ P
< \A) : o
iy (a) f >
. \.ng '
N {E) >
; e
' conservation
—@—{ conservation —@—

Fig. 2. SIPHT search parameters that can be modified by users and relate to the size and
relative genomic location of candidate loci. The gray arrow and stem—loop represent a
putative promoter and a predicted terminator, respectively. (4 Minimum and maximum
locus length. (B) Minimum distance of locus start to start of ORF on same strand. (C)
Minimum distance of locus start to end of ORF on same strand. (D) Minimum distance of
locus end to start of ORF on same strand. () Minimum distance of locus end to end of
ORF on same strand. (F) Minimum distance of TFBSs to start of ORF on same strand. (G)
Maximum gap between end of conservation and start of predicted terminator. (H) Minimum
locus % of HSP length.
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o Min dist locus start to ORF start: The minimum distance
between the 5’-end of a candidate locus and the annotated
start codon of its downstream ORF on the same strand.
Increasing this will limit the identification of loci that corre-
spond to conserved 5'UTRs of mRNAs rather than to regR-
NAs but will also likely lead to the exclusion of bona fide
r5'UTRs.

*  Mindist locusstart to ORF end: The minimum distance between
the 5’-end of a candidate locus and the annotated stop codon
of its upstream ORF on the same strand. Increasing this value
decreases the identification of candidate loci that likely corre-
spond to conserved 3'UTRs rather than to regRNAs.

*  Mindist locus end to ORF start: The minimum distance between
the 3’-end of a candidate locus (and therefore its associated
terminator) and the annotated start codon of the downstream
OREF on the same strand. Increasing this value decreases the
identification of 5'rUTRs and thus enriches predictions for
sRNAs. Moreover, keeping this value positive excludes puta-
tive terminators that are within ORFs and are more likely to
represent false predictions.

*  Min dist locus end to ORF stop: The minimum distance between
the 3’-end of a candidate locus (and therefore its associated
terminator) and the annotated stop codon of the upstream
OREF on the same strand. Increasing this value decreases the
identification of conserved 3'UTRs. However, it is important
to note that some sSRNAs are known to share a terminator with
an OREF so increasing this value may also limit the detection of
real regRNAs.

o Maximum gap cons—>term: The maximum distance between
the 3’-end of conservation and the 5’-end of the predicted ter-
minator. Lowering this value requires regions of conservation
and terminators associated with the same locus to be closer
together. In some cases, doing this will lead to the exclusion of
predicted loci whose conservation in any other replicon does
not extend to their associated terminator. In other cases, doing
this will not change which loci are predicted, but may exclude
annotation of their conservation in more distantly related spe-
cies in which the conservation of their homologue is limited to
the 5'-end.

o Minimum locus % of HSP length: This parameter relates to the
position of a predicted terminator that is within a region of
intergenic conservation. For example, for a locus in which the
terminator is near or at the 3'-end of its associated region of
conservation, this value would be close to 100. In contrast, for
a locus in which the terminator lies in the center of its associ-
ated region of conservation, this value would be 50. Presumably,
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3.3. Extracting
Information Regarding
Strength and Potential
Function of Predicted
Loci from SIPHT
Output

loci in which the conservation ends at or near the putative 3'-end
are more likely to correspond to functional transcripts than
those in which the terminator is “floating” in the middle or at
the beginning of a large region of intergenic conservation.
Thus, increasing this parameter tends to produce more specific
but less sensitive predictions.

*  Min dist TEBS from ORF start: Minimum distance of putative
TFBSs from the annotated start codon of the downstream
OREF on the same strand. The higher this parameter is set the
higher the likelihood that a TFBS associated with a candidate
locus controls expression of that locus rather than that of its
3'ORF.

SIPHT outputs a tab-delimited file that contains numerous anno-
tations for each predicted locus. Many of these annotations pro-
vide information about the position of the predicted locus in
relation to its flanking genes. Others provide information that can
be used to better ascertain the reliability of predicted loci and /or
their potential function.

UpGENEdirection, distUpGENE, DnGENEdirection, distDn-
GENE: One of the main sources of false regRNA predictions by
SIPHT are loci that are directly 5" or 3’ of ORFs and correspond to
conserved UTRs. Candidates that are far from and /or on the oppo-
site strand of neighboring ORFs are more likely to represent real
sRNAs. These candidates can be identified by sorting predicted loci
based on 1) their strand orientation, 2) their distance from flanking
OREFs, and 3) the strand orientations of these flanking ORFs.

BLASTscore, BLASTexpect: The BLAST E value and score of inter-
genic conservation associated with the locus. If conservation was
found in multiple replicons, this value corresponds to the lowest E
and highest score among these HSPs (see Note 3).

TermType: Another source of inaccuracy in SIPHT searches are
false terminator predictions. Each locus is annotated by which ter-
minator prediction program(s) identified its associated putative ter-
minator (see above). In our previous studies we have shown that
loci associated with terminators identified by all three programs are
enriched for known regRNAs and thus represent stronger candi-
dates for real regRNAs. However, we have also found numerous
instances in which terminators linked to experimentally validated
regRNAs were predicted by only one or two of these algorithms.
Thus, users seeking precision should filter out loci associated with
terminators predicted by only one or two programs while those
seeking sensitivity should not.

Homology to known sRNAs, conserved synteny with knowns: These
annotations enable users to identify putative homologues of known
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regRNAs based on conserved primary sequence or genomic
position, respectively. The latter annotation is often useful as some
functionally conserved regRNAs share little sequence homology
outside closely related species but may have maintained the same
relative genomic position as their functional homologues. Conserved
genomic position is particularly helpful in identifying homologues
of cis-acting regRNAs such as riboswitches whose location and
orientation relative to their 3'ORF are necessarily conserved.

NumSearvchesPredicted, BLASTpartner: These annotations corre-
spond to the number of replicons in which each locus is conserved
and the names of these replicons, respectively, and can provide
clues about the potential function of predicted loci. For example,
in a SIPHT search of Vibrio cholerae using default search parame-
ters, structural and catalytic noncoding RNAs such as tmRNA and
RnpB are conserved in over 200 replicons in both Gram-positive
and Gram-negative species while most other sSRNAs are conserved
only among other Gram-negative enteric bacteria or in many cases,
only among other members of Vibrionaceae (see Note 4).

Potential UTR?, Riboswitch?: The first annotation indicates whether
the distance from and strand orientation of the flanking ORFs sug-
gest the predicted locus may be a 5" and /or 3'UTR. The second is
a partially overlapping annotation that denotes whether the locus
is likely to be a riboswitch (see Note 5).

Num paralogue, Paralogous candidates, Weaker rev paralogue:
Most sRNAs characterized to date have one or less paralogues in
the same replicon. In contrast, many species carry multiple homo-
logues of certain families of riboswitches (20, 21) while others
encode numerous copies of conserved intergenic repeat sequences
whose biological function is still not well understood (22). Thus,
sorting by the number of paralogues can help distinguish sRNAs
from riboswitches and /or conserved intergenic repeats. Identifying
loci with putative paralogues is particularly important in prioritiz-
ing candidate loci for follow up experimental studies, as deletion of
a locus with a functionally redundant paralogue is less likely to
produce a phenotype. The “Paralogous candidates” annotation
provides the names of the predicted paralogues of each locus.
Importantly, it also denotes the relative location of each putative
paralogue. The annotations “(para),” “(tandem),” and “(anti)”
indicate that the paralogue is located in a different intergene, in the
same intergene but not overlapping that locus, or in the same
intergene antisense to and overlapping the predicted locus, respec-
tively. Paralogues with the “(anti)” designation correspond to loci
in which the same region of intergenic conservation is associated
with putative terminators on opposite strands. Since the likelihood
that both loci correspond to real regRNAs is small, the “Weaker rev
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paralogue” can be used to quickly identify and discard loci likely to
correspond to a false prediction because their antisense paralogue
is associated with a stronger putative terminator (based on the
number of programs by which it was predicted).

QRNA?: This annotation indicates whether the program QRNA
(23) identified predicted secondary structure in the locus that indi-
cates conservation of either secondary structure (RNA) or protein
coding sequence (COD). A COD designation suggests the loci
may correspond to a small ORF rather than to a regRNA.

Putative TFBSs: Predicted loci are annotated as to their proximity
to a variety of putative TFBSs. The specific TFBSs included in each
search are dependent on the replicon in which the search is con-
ducted. For each TFBS, its distance from the 3’-end of the locus
and the score assigned to it by the Patser program (24) are included.
These annotations can be used to identify stronger candidates, as
regions of conservation flanked by both a putative promoter and
terminator are more likely to correspond to real transcripts.
Moreover, the proximity of certain TFBSs, such as those recog-
nized by transcription factors such as Fur and LexA or by alterna-
tive sigma factors such as RpoN and RpoE, can also provide
insights into the potential biological role of a predicted locus. For
example, SIPHT was used to identify putative functional homo-
logues of the iron regulated sSRNA RyhB in diverse bacteria based
on the location of these loci directly downstream of a putative
binding site for the well-conserved iron-regulated transcriptional
repressor Fur.

4, Notes

1. The stringency of BLAST analysis and the partner replicons
included in BLAST comparisons can have a dramatic effect on
the results of SIPHT searches. If BLAST stringency is too high
and /or the partner replicons included are too distantly related
to the ROI, many regRNAs will be missed, limiting the sensi-
tivity of the search. In contrast, if the BLAST stringency is too
low and/or the replicons included are too closely related to
the ROI, much of the sequence homology identified may
reflect a lack of divergence among closely related species rather
than the presence of a regRNA-encoding locus whose primary
sequence has been conserved due to functional constraints.
This will increase the proportion of false-positive predictions
produced. Identifying the most appropriate BLAST parameters
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and partner replicons for a particular ROI can often be achieved
through iterative SIPHT searches that vary these parameters
and include or exclude different subsets of the available partner
replicons. By assessing what proportion of the total loci pre-
dicted correspond to previously annotated or experimentally
validated regRNAs, one can get a sense of the combination of
BLAST parameter values and partner replicons that yield the
desired balance of sensitivity and specificity.

2. Many of these adjustable parameters described in this section
can override and be overridden by others. For example, setting
the “Min dist locus start to ORF start” to 400 and the
“Maximum predicted locus length” parameter to 200 will limit
loci to those ending no closer than 200 bp from the start codon
of the downstream ORF even if the “Min dist locus end to
ORE start” parameter is set to 100. Similarly, setting “Min dist
locus end to ORF start” to 400 and setting “Minimum pre-
dicted locus length” to 100 would mean no loci starting closer
than 500 bp upstream of an ORF would be identified, regard-
less of what value is assigned to “Min dist locus start to ORF
start.” One way to ensure parameters don’t override each other
is to assign the desired value to one parameter then assign zero
to all remaining parameters that may override it.

3. Since only the lowest E and highest S are reported and these
are often derived from homology to closely related species, it is
difficult to ascertain and sort by the level of conservation of
loci among more distantly related species. To do this, one can
repeat the search excluding replicons in the same or closely
related genera then sort by E or score.

4. These annotations can also be used to identify loci predicted
based on spurious BLAST HSPs. For example, IGRs with high
AT or GC content have been found to produce high scoring
alignments with IGRs in other, evolutionarily distant AT or
GC-rich species that are unlikely to correspond to real sequence
conservation but rather reflect their shared low sequence com-
plexity. While IGRs with AT or GC content greater than 75%
are excluded from SIPHT searches to mitigate this problem,
these spurious alignments still occur. Thus, loci that are con-
served in evolutionarily distant species but NOT in closely
related ones are less likely to correspond to real regRNAs.

5. The annotations of potential 5'UTR and riboswitch are only
partially overlapping as the former requires a locus to end no
farther than 50 bp from the start of an ORF, whereas the latter
requires this maximum distance to be 100 bp.
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Chapter 2

How to Identify CRISPRs in Sequencing Data

Christine Drevet and Christine Pourcel

Abstract

Clustered regularly interspaced short palindromic repeats (CRISPRs) are DNA sequences composed of a
succession of repeats (23-50 bp long) separated by unique sequences called spacers. CRISPRs together
with a set of genes called cas for CRISPR associated, constitute a defence mechanism against invasion by
foreign sequences. We describe protocols and bioinformatics tools that allow the identification of CRISPRs,
their comparison and their component determination (the direct repeats and the spacers). A schematic
representation of the spacer organization can be produced, allowing an easy comparison between strains.

Key words: CRISPR, Genotyping, Bacteriophage, Database, Spacer, Phylogeny

1. Introduction

Clustered regularly interspaced short palindromic repeats
(CRISPRs) loci typically consist of the succession of 23-50 bp
direct repeats (DR), separated by variable and non-repetitive
sequences called spacers (see Fig. 1). A CRISPR generally pos-
sesses at one end a degenerated DR (DR’) and at the other end a
complete DR immediately followed by a sequence called the leader,
which acts as a promoter (see Fig. 1a). In a single genome several
CRISPRs with the same DR can be found, but only one is associ-
ated with a group of genes called cas (for CRISPR-associated) (see
Fig. 1b) (1, 2). The CRISPR /cas system has been identified in a
broad range of prokaryotic species, 85% of Archaea and 48% of
Bacteria (3).

In the majority of cases, the spacers, when identified, happen
to be fragments of bacteriophages or plasmids (4, 5). Ditferent
observations suggest that the CRISPR/cas system constitutes a
defence system against foreign sequences. The currently sequenced
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CRISPR1 CRISPR2

DR CRISPRI1: TTTCTTAGCTGCCTATACGGCAGTGAAC
DR CRISPR2: TTTCTTAGCTGCCTACACGGCAGTGAAC

Fig. 1. Schematic structure of a CRISPR and the Yersinia subtype CRISPRs in Pseudomonas aeruginosa. (a) DRs are shown
as yellow boxes and DR’ represent the degenerate DR on one side of the CRISPR. On the other side is the sequence called
leader, which acts as a promoter. Spacers are shown with different colors and are numbered according to the order of their
acquisition. A new spacer is added next to the leader after duplication of the last DR element. (b) Schematic organization
of the CRISPR/cas locus. A set of six cas genes are framed by two CRISPR structures. The DR sequences of CRISPR1 and
CRISPR2 differ at one nucleotide.

CRISPR structures listed in CRISPRdb (3) show an important
variability in the nature of DRs and the number of motifs between
and inside species. The largest observed CRISPR to date possesses
588 spacers in Halianginm ochracenm DSM 14365. Within a spe-
cies, strains may or may not possess a given CRISPR (with a par-
ticular DR) and the number and nature of spacers may vary
considerably. This diversity suggests that the CRISPR structure is
continuously evolving, either through the addition of new motifs
(a DR and a spacer) or by interstitial deletion of one or several
motifs through recombination between two DRs. New motifs are
added to the CRISPR in a polarized manner by duplicating the DR
next to the leader and adding a new fragment of DNA (4, 6) (see
Fig. 1a).

Correctly identifying CRISPRs in a bacterial or archaeal genome
is not as straightforward as might be expected. A major challenge is
that other types of repeats could be misidentified as CRISPR, so
that it is necessary to identify features distinguishing CRISPRs from
other repeated sequences. In addition, rules for CRISPR
identification deduced from known CRISPRs may be too restrictive
to find CRISPR sequences in new datasets. It is difficult to define
parameters that will encompass the characteristics of all CRISPRs
(including the smaller ones) and, in particular, faithfully define
their DRs boundaries. Several programs have been developed to
specifically search for CRISPRs, including CRISPRfinder (7),
which is used to build the database CRISPRdb (3). Both
CRISPRfinder and CRISPRdb are available at the CRISPR web
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server site http://crispr.u-psud.fr/crispr/. Recent improvements
were made to the CRISPR web server by giving access to information
on cas genes present in the analyzed genomes, and by simplifying
the comparison of CRISPR alleles. The database, which is being
regularly updated and manually curated, provides files that help in
analyzing the diversity of CRISPR elements. The methods below
explain how to use these tools to identify CRISPRs in new sequence
data, analyze CRISPR components, and compare CRISPRs in dif-
ferent genomes.

2. Materials

2.1. CRISPRs Database

2.2. User Data Analysis
2.2.1. CRISPRfinder

2.2.2. CRISPRcompar

2.2.3. CRISPRtionary

2.3. User Data Storage

The web-based tools necessary for CRISPRs identification and
comparison are freely accessible at http: //crispr.u-psud.fr.

The CRISPR web server hosts the CRISPRdb (a MySQL open
source database), storing the CRISPRs content from reference
genomes of 118 Archaea and 1,582 Bacteria as of April 2012.
The database is regularly updated and curated by the authors.

CRISPRfinder is used to identify and characterize CRISPR-like
structures. Nucleic acid sequences in FASTA format can be pasted
into input text areas or uploaded from a file on the local machine.
Multi-sequence files are also allowed by the CRISPRfinder pro-
gram and each sequence will be treated independently. The output
is primarily web-based and viewable on the website. In addition,
results can be downloaded as text files.

CRISPRcompar is used to identify allelic CRISPRs from different
strains according to their genomic position.

Strains to be compared are selected in the public and private
database. Output is viewable on the website. It can be imported
into CRISPRtionary for further analysis of spacers.

CRISPRtionary is used to compare spacer arrangement of
CRISPRs. The data are a set of allelic sequences of a given CRISPR
locus. The output is viewable on the website. In addition, results
can be downloaded as text files or as tabulated text files that can be
opened with any table viewers, including Excel.

Users can create a private account to store (in a MySQL database)
and further analyze their own data.
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3. Methods

3.1. Finding CRISPRs

The different tools available on the CRISPR web server allow three
main applications: CRISPRs can be identified in users’ data directly
by submitting sequences to CRISPRfinder (1), CRISPRs can be
identified in reference genomes by browsing the CRISPRdb data-
base (2), and CRISPRs in different strains can be compared using
the CRISPRcompar and CRISPRtionary tools (3).

The smallest CRISPRs detected by CRISPRfinder consist of two
DRs (a complete and a degenerated one) separated by a spacer (see
Note 1). Large CRISPRs can contain several hundred repeats. The
presence of a CRISPR in a strain does not imply its existence in all
the members of the species.

1. Submit nucleic acid sequences to the CRISPRfinder program
online (http://crispr.u-psud.fr/Server/) by uploading a
sequence file or pasting the sequences into the dialog box.

2. Click the FindCRISPR button to launch the CRISPRfinder pro-
gram with the default parameters (see Note 2). CRISPRfinder
advanced version, available from the main CRISPRfinder form,
allows modifying the parameters to refine the search (see avail-
able options in Note 2). The resulting pages list the identified
CRISPRs for each submitted sequence, and separate them into
“confirmed” and “questionable” (see Fig. 2; Note 3). Each

Sequence description : Aquifex aeolicus VF5, complete genome

Length (bp): 1551335

Number of CRISPRs candidates = 10

Q

* tmp_1_PossibleCrispr_10

CRISPRs candidates localization

Confirmed CRISPRs (5)

CRISPR id : tmp_1_Crispr_1

156460 GTTCCTANTGTACCGTGTGEAGTTGARACES AGTCA
156526 GITCCTARTGTACCGTGTGAAGTTGARACCT HE
156600 GITCCTAATGTACCGTGTGGAGITGARACCT [

#» CRISPR start position : 156460 ----seeeen CRISPR end position : 156768 ----=ss=ux CRISPR length : 308
* DR consensus : GTTCCTAATGTACCGTGTGGAGTTGAAACCT
+ DR length : 31 Number of spacers : 4

GAAGTTATCGTCAACTTCAARATACG 156525
TG TC, i 156599

] TT 156670
156671 GITCCTAATGTACCGTAGTGGAGTTGAAACT (IR 156737
156738 GITICTAATGTACCGTGTGEATAAAAATGAT 156768

[ Display spacers || Grispr Propert

|| Search the local cas bank || search encoded proteins |

Fig. 2. Output of the CRISPRfinder program. Confirmed and questionable CRISPRs are listed and each of them is depicted
in a schematic representation where the DRs are shown in yellow and the spacers with different colors.
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identified structure is depicted where the DR is shown in
yellow and the spacers are shown with different colors.

. By clicking on the different buttons under the identified

CRISPR, one can display the FASTA formatted spacer list
(Display spacers), and the CRISPR properties file (CRISPR
properties) which are the output of the CRISPRfinder stand-
alone program. The CRISPR properties include DR size, DR
consensus sequence, sequences and coordinates of the spacers.

. Identification of cas genes near a questionable CRISPR can

provide evidence that the CRISPR is legitimate, as each organ-
isms that contains bona fide CRISPRs should contain a set of
cas genes. To search for cas genes near an identified CRISPR,
click the “Search the local cas bank” button. Similarities
between the submitted data and cas genes from a large number
of species in the vicinity of the CRISPR (£10,000 bp) will be
identified (see Note 4).

. The “search encoded proteins” function checks whether the

CRISPR sequence corresponds to an open reading frame. This
tool may help in eliminating structures that are not true
CRISPRs, because there is no documented case of CRISPRs
including functional proteins (see Note 5).

3.2. Analysis of Several features to analyze the CRISPRs DR and spacers are gathered
CRISPR Components in the pink box on the top right of the page.

1.

To identify putative protospacers for CRISPRs, click the
“Search protospacers using BLAST” button. The spacers of
each CRISPR will be displayed, and BLASTN searches can be
performed with each spacer to find similar sequences in the
Genbank nr database (see Note 6).

. Sequences surrounding the CRISPR on each side can be recov-

ered using the “Extract the flanking sequences” button. It is then
possible to launch BLASTN searches with these flanking sequences
in the Genbank nr database. This feature is helpful when checking
whether a CRISPR region is present in other genomes.

. Clicking on “Search CRISPRs with identical DRs” leads to a

table listing strains and CRISPRs identity numbers (Ids) (see
Note 7) found in the CRISPR database. These CRISPRs can
be visualized by clicking on each Ids. Questionable CRISPRs
from Subheading 3.1, step 3, bearing numerous spacers can be
validated as true CRISPRs when shared spacers are identified.

. Sometimes there are small natural variations in DR sequences,

even between closely related species. The BLAST CRISPRdb
link in the left main menu should be used to identify related
DRs from the database.

. Finally text files of spacers and CRISPR properties can be

downloaded.
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3.3. CRISPRs Public 1. The presence of a CRISPR in a public sequenced genome can

Database be assessed by consulting the CRISPRdAb database (http://
crispr.u-psud.fr/crispr/). Strains marked in pink color possess
confirmed CRISPR, whereas those in gray have only question-
able structures and those in yellow have no CRISPR (see Note 8).
By default, the strains are presented alphabetically, but choos-
ing the “View the strains taxonomy browser” link shows the
strains according to taxonomy (see Note 9).

2. Clicking on a strain leads to a table listing the sequences pres-
ent in its genome (chromosome and plasmid) and the associ-
ated CRISPRs (see Fig. 3a).

3. At this stage it is possible to view annotated cas genes in the
genomes which harbor a CRISPR (see Note 10). Because the
cas genes are typically not systematically annotated in genome
sequences, a complementary search in the local database of
CAS proteins is recommended. Gene members of four CAS
protein families, designated Casl to Cas4, are expected in the

‘EEE-
chromosome circular | weowsso | croo2691 | O casm;;; __________
plasmid pHALHYD1 [ mcowstn | ceoozesz | ©) (0 CRISPRs and 0 questionable structures) |
 plasmd pHALHY02 | mcomssiz | ceoomes | B2 crispRs and 0 quest 1
plasmid pHALHY03 NC_015513 CPOD2694 ) (0 CRISPRs and 0 questionable structures) |
_ Find ref d Cas genes in the whole genome) |

NC_015512_1 65795 67007 | 18 GTCGCGATTC AGGCTCTTGGTGCACC
| ncowmsizz [ 703 70895 | 8 ] mmmwwrmmcwcﬂecmcc'
NC_015512_3 80405 81484 16 GTCGCGATTC AGGCTCT ¢

Selection____CRISPRd [_StartPosition T End Position T Humber of spacers _m

NC_015512_2 top

Strain : Haliscomenobacter bydrowsis DI 1100 RefSeq :NC_015512 (plasenid pHALHYO02 )

CRISPR id : NC_015512_2

DR consensus (37 bp) GTCGOGATTOGATAAGGAA Number of repetitions =]

Begin Position : 70335 End Position : 70895

0335 CTIGCCATICCATAAGCAAACACCCTCTICETCCACT TGCTTTTACTGTCCGTGAATTGTITATTT 70358 B

70400 ACCAAACACCCTC TTTTTTTACCGTAATCCAATTCACTTIG T0464

70465 ACCAA CA (s 'CA” r T0528

052 GTCGCGATTC AGCAAACAGGCTC Acc AAATTTTTTCATTATGOGCACATTCGA Tos62

70553 GTCGCCATIC ACCAAACACCCTC CTATTATTAACCATATTTTTCAAACCAAA 70658

0659 AGGAA ATTCTTTGATTATATCCTTTTTAGCATATAT 70726

LE AGGA ATTACTAACCCATATACCCATCAGTTA 70750

70791 GICCCCATTC AGGAA AGGCTC ACC TAT L AA TOR58 B
| BLAST spacers. J Reverse selection |
|_Find cas genes near this CRISPR

View CRISPRSs with the same DR

Fig. 3. Output of a CRISPRdb query. (a) Each sequence contained in the queried strain is listed with its RefSeq number,
GenBank id and the number of CRISPRs found. (b) The list of CRISPRs found in the selected sequence is shown, with its
position and the DR consensus sequence. (c) The selected CRISPR is shown.
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3.4. My CRISPRdb

3.5. CRISPRs
Comparison
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vicinity of at least one structure in strains harboring true
CRISPRs (see Note 3).

4. Selected CRISPRs can be viewed by clicking on the submit
button (see Fig. 3b). The schematic representation is similar to
that of CRISPRfinder and tools are available to BLAST spacers
against Genbank, search for clustered cas genes and view
CRISPRs with the same DR (see Fig. 3c¢).

5. Direct Repeats and spacers lists of “confirmed” CRISPRs are
built from the CRISPR database after each update. They are
viewable and downloadable in “CRISPR utilities” and avail-
able for BLAST searches at the “BLAST CRISPRS” menu
item.

1. It is possible to run CRISPRfinder on submitted sequences
and to store the results in a dedicated database hosted by the
CRISPR server. To create a private account, an email address
and a password must be provided.

2. Sequences can be submitted to CRISPRfinder using the same
form as in the main CRISPRfinder page.

3. The identified CRISPR structures can be saved after providing
a sample name.

4. To access the database click on the “Consult your private data-
base button.” The private data browser is similar to that of the
main CRISPRdD. It is also possible to compare CRISPRs in
both databases wusing the CRISPRcompar tool (see
Subheading 3.5).

CRISPR polymorphism is generally observed within a species and
this feature may be used to compare strains and to provide phylo-
genetic information. The following tools help in identifying
CRISPR loci and classifying spacers.

1. When the genome sequences of several strains are available for
a given species, and when each strain possesses several CRISPRs,
it is important to be able to classify the different CRISPRs,
particularly as their position on the genome might vary. The
CRISPRcompar tool is based on the presence of identical DRs
and similar flanking sequences (100-70% mismatch threshold
is accepted) (see Note 11). This function is particularly useful
when several CRISPRs are present in a single genome.

Three optional forms are available when connected to the
CRISPRcompar page. The “View all the genomes harbouring
CRISPRs” form lists all the sequences of the CRISPRdb that
contain true CRISPRs in alphabetical order. Another way to
compare CRISPR loci is to activate “View the strains taxon-
omy browser” which recovers from CRISPRdb all members of
a genus containing a CRISPR and allows comparison of each
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CRISPR Yersinia pestis CO92 (NC_003143) Yersinia pestis KIM (NC_004088)

Nbr
| Ponin Lt e caiia | Fostin |

CRISPR_id

NC_003143_2 || [1773685,1772862] | J[nc_ 004035_| [2875721,2675928) ||

c.0 1902536) ||

[GREPRIS [ nC 003143 _4 || [2895283,2695613) | [NC_oo408s_2|[[12914801291750) | 4 || +

CRISPR_1

e Left Flanking
* Right Flanking

CRISPR_2

» Left Flanking
» Right Flanking

—
CRISPR_3

¢ Left Flanking
* Right Flanking

>NC_003143|Yersinia_pestis_C092

TTTGATTATTGCCTGTGCGGCAGTGAAC TCAGGGGACTGGCGAACAATGTCTTTCATGAT 1
TTTCTAAGCTGCCTGTGCGGCAGTGAAC GAAAAGGTAAGATGGGCAAGCTTCTAGTAGTT 2
TTTCTAAGCTGCCTGTGCAGCAGTGAAC ATTATCTGAATGGCATTTTCTTTGGCGCAGAT 3
TTTCTAAGCTGCCTGTGCGGCAGTGAAC TCGCCATTCCGTGAACCTGAGCGCGTTCGOGA 4
TTTCTAAGCTGCCTGTGCGGCAGTGAAC ATATTCTCGAGCGATAGCAATAGCCATTCCAC &
TTTCTAAGCTGCCTGTGCGGCAGTGAAC TCGGTCAAACAAATTTAGGCGACGATTTAACA 6
TTTCTAAGCTGCCTGTGCGGCAGTGAAC ARAAAGAATTTGGGATTAAAGTTACCCATCAG 7
TTTCTAAGCTGCCTGTGCGGCAGTGAAC TCAATGCCTGAATCTCTGGCGTGATAGCTGCGE 8
TTTCTAAGCTGCCTGTGCGGCAGTGAAC

>NC_004088|Yersinia_pestis_KIM(Rev-Comp)

TTTGATTATTGCCTGTGCGGCAGTGAAC TCAGGGGACTGGCGAACAATGTCTTTCATGAT 1
TTTCTAAGCTGCCTGTGCGGCAGTGAAC GAAAAGGTAAGATGGGCAAGCTTCTAGTAGTT 2
TTTCTAAGCTGCCTGTGCAGCAGTGAAC ATTATCTGAATGGCATTTTCTTTGGCGCAGAT 3

TTTCTAAGCTGCCTGTGCGGCAGTGAAC

CX=I0000000T
[ NC_003143 | _H—DE]
LILIE]

NC_004088 [l I ! l

Fig. 4. Output of a CRISPRcompar query. The different CRISPRs of a given locus are compared by giving access to their
flanking sequences and to their spacer’s list.

of them. Additional strains can be added to the comparison.
Finally logging into a private database leads to a page where it
is possible to activate the link “CRISPRs comparison”
Thereafter, the list of genomes present in the private database
will be available together with the CRISPRdb list for compar-
ing CRISPRs.

. Select genomes, then activate the compare button. The result-

ing page shows the selected genomes, which can be retained or
deleted from the comparison. Additional genomes can be
added at that stage.

. Select one of the genomes to serve as a reference for labeling

the different CRISPR loci, and click the compare button. The
resulting page shows the output of the comparison in a table in
which CRISPR loci are listed under each sequence with their
coordinates and number of spacers (see Fig. 4).

. When two sequences possess a common CRISPR locus, their

spacers can be compared by clicking on the “Compare Spacers”
button. Activating this button will lead to the CRISPRtionary
program in which spacers of submitted CRISPR sequences can
be compared (see Subheading 3.6).

. After getting the list of CRISPR loci in compared genomes, it

is possible to view an alignment of sequences flanking the
CRISPRs of a given locus by clicking on the “Left flanking” or
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“Right flanking” links (see Note 11). Alignments between 5’
and 3’ sequences of CRISPRs are also directly available with
the FlankAlign tool. In that case the user can choose the length
of the regions to align (CRISPRdb sequences).

. After activating this page, upload or paste into the frame a list

of sequences in FASTA format in order to create a repertoire
of spacers, annotate them and order them (see Fig. 4). The
spacers dictionary is an excel-formatted file with a specific for-
mat (examples are provided below the submission form, see
Note 12). A dictionary containing the spacers identified in the
submitted sequences will be created by the program if you do
not specify any at this stage.

. After activating the “Find CRISPRs” button click on continue

if no dictionary was uploaded and the next page will show the
CRISPRs identified in each of the submitted sequences.

. To number the spacers it is necessary to select a DR sequence

either from the “List of candidate DRs” or by introducing a
sequence (see Note 13).

. The “Find spacers” button leads to a page where each spacer

has been given a number and different tables are available.
Known spacers are numbered with the keys of the uploaded
dictionary of spacers. New spacers will be given a new Id number
and an updated dictionary will be created. The data is provided
in the form of a tabulated text file, which can be stored and
used for further analysis of new alleles.

. Choose “see the html version” to see dictionaries as tables of

spacers and strains.

. The “Re-annotate Spacers” tool allows easy assessment of ten-

tative phylogenetic relationships between alleles. The graphical
representation of ordered spacers at the top of the page shows
the spacer organization.

4. Notes

. These structures have too low complexity to be identified

de novo in sequences. However they are detected by compari-
son using the CRISPRtionary tool (as in Yersinia pestis Nepal
516, Accession number: NC_008149, coordinates: 233155-
2331643).

. Default parameters (as described in Grissa et al. (7) and in the

web server “page manual” link) used in the regular
CRISPRfinder are the following: In a first step, a search for
two consecutive DRs with a length of 23-55 bp and an internal
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Confirmed CRISPRs (1)

CRISPR id : tmp_1_Crispr_1

* CRISPR start position : 781 ---------- CRISPR end position : 976 ---------- CRISPR
length : 195

* DR consensus : TTCAATCAAGGGACTTATCACTTTA

* DR length : 25 Number of spacers : 3

781 TTCAATCAAGGGACTTATCACTTTA GTAACAGCGCAAGTTCAAGCTTTGATAATAGTAGT 840

841 TTCAATCAAGGGAGTTATCACTTTA 897
898 TTCAATCAAGGCACTTATAATTTTA G . 951
952 TTCAATCAAGGCACTTATAGCTTTA 976

[ Display spacers H Crispr Properties H Search the local cas bank H search encoded proteins

b
SYMNFKGSNIKVSGSSFKDDIDGGFSFSGNNNNSTISFNQINFNQGTYHFSNSASSSF

DNSSENQGSYHFNSAQSTFENSNENQGTYNEFNDNTISFNNDTFNQGTYSENTSKVSESG

Fig. 5. CRISPR-like sequence present in the Helpy-906 gene coding for cytotoxin VacA in Helicobacter pylori. (a) CRISPRfinder
output using the all gene sequence. (b) Translation of the CRISPR-like region.

spacer size of 25-60 bp is performed. At this stage, one nucleotide
mismatch is allowed between repeats. In the advanced version,
these parameters are modifiable in the “Maximal repeat” sec-
tion of the form. In a second step, the recovered sequences are
clustered to build the final CRISPRs. At this stage, the spacer
size should be from 0.6- to 2.5-fold the DR size. The default
values of the allowed mismatch between DRs are 20% for the
internal DRs and 33.3% for the degenerated one. The similar-
ity between spacers should not exceed 60% in order to discard
tandem repeats. These values are modifiable by the user in the
“CRISPR properties” section of the advanced form.

3. Small CRISPRs harboring two or three DRs are classified as
“Questionable.” In such structures there are not enough DR
copies to accurately define a consensus. Longer CRISPRs are
annotated as “Confirmed.” However a critical examination of
the CRISPRfinder output is necessary because some structures
may be misidentified as CRISPR if their characteristics fit all the
CRISPRfinder program specifications. For example, portions
of some genes consist of well-conserved sequences separated
by more diverged sequences (see Fig. 5). A very low rate of
mismatches between the internal DRs of a CRISPR is observed
for most of the organisms analysed in the CRISPRdb.
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4. A local database has been implemented that contains amino
acid sequences of Cas proteins present in the Uniprot database
(http: //www.uniprot.org/). BLASTX searches against this
database are made in order to find potential cas genes locations
in DNA sequences. The presence of cas-like genes in cis highly
validates CRISPRs-like structures but cas genes also act in trans
in many cases.

5. CRISPR structures are not coding regions although they are
made of gene fragments (the spacers) and repeats that may
happen to produce an open reading frame. A putative CRISPR
might in fact turn out to be part of a protein-coding sequence
with repeated elements.

6. The sequence from which a spacer originated is called the pro-
tospacer. It is usually localized on a viral or plasmid genome
although some spacers have been shown to originate from bac-
terial genes.

7. The CRISPR Id is made of the sequence NC number followed
by a number corresponding to the CRISPR rank identified by
the program in that sequence. Some CRISPR numbers may be
missing in the database if they have been deleted by filters or
during the curation process.

8. CRISPRdb stores the characteristics and location of
CRISPRs identified de novo by the CRISPRfinder program in
all the Bacteria and Archaea sequences (chromosome and asso-
ciated plasmids) from the RefSeq database released at the ftp
site of the NCBI (ftp: //ftp.ncbi.nih.gov/genomes/Bacteria/).
Several additional steps allow comparing candidates to CRISPRs
already present in the database in order to convert some ques-
tionable structures into confirmed ones and to discard others.
CRISPRdD is periodically updated and on this occasion each
new CRISPR is critically observed. An administrator inter-
face is dedicated to the sorting and to manual correction before
final validation of the new version of the production database.
A CRISPR harboring highly variable DRs is specifically exam-
ined and checked for the presence of long open reading frames.
If a potential CRISPR corresponds to an ORF in Genbank, the
CRISPR is deleted from the database. Indeed, some coding
sequences possess exact repeats separated by sequences with a
high degree of divergence. Similarly, the CRISPR is deleted
when the spacer length is highly heterogenous, unless a set of
cas genes is present in the vicinity.

9. Taxonomic information are those of PublicHouse, a publicly
queryable relational databases (see http://biowarchouse.ai.sri.
com/PublicHouseOverview.html for information). Genomes
with missing information are not listed in the Taxonomy
browser.


http://www.uniprot.org/
ftp://ftp.ncbi.nih.gov/genomes/Bacteria/
http://biowarehouse.ai.sri.com/PublicHouseOverview.html
http://biowarehouse.ai.sri.com/PublicHouseOverview.html
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10. In the current version, 85% of archaea and 48% of bacteria possess

11.

12.

13.

References

one or several CRISPRs, and in 70% of all genomes possessing
a CRISPR there is at least one cas gene referenced in the
sequence annotations (chromosome or associated plasmids).
When several CRISPRs are present in a single genome, a set of
cas genes is generally clustered with at least one CRISPR. Up
to three different CRISPR /Cas systems were observed in some
genomes, such as in Thermincola sp.

The comparison program is performing alignments of the 200 bp
regions flanking each CRISPR. The alignment is produced by
the clustalW software (ktuple = 2, matrix = BLOSUM).

The dictionary must have three columns to be read by the
program. The first column must contain numeric data and cor-
responds to the initial spacer keys that will appear in the “Spacers
annotation” page at the right of each spacer. The second col-
umn, AnnotatedSpacer, must contain at least a string separated
from a number by “:” (e.g., Sthermophilus:1). When the pro-
gram is run, information about the strains that contain a given
spacer and the position of that spacer in those strains are added
in that field. The format of the resulting field will look like
<strainA>:<spacer position in strainA>_<strainB>:spacer posi-
tion in strain B>_<strainC> and so on. The third column con-
tains the spacer sequences. When the re-annotate spacer
program is launched, the spacer keys are changed to fit with
the order of the spacers in the different strains CRISPRs.

The candidate DRs determined in each submitted sequence
might differ at the last nucleotide, in particular when CRISPRs
with a small number of motifs (a DR and a spacer) are ana-
lyzed. Therefore it is necessary to select a consensus DR, which
is present in all the analyzed sequences. CRISPRtionary is par-
ticularly interesting to identity CRISPRs with a single spacer
when one of the DR is degenerated. For example, the . pestis
Nepal 516 strain possesses a CRISPR with one perfect DR and
a truncated one separated by a unique spacer. That particular
locus is allelic to a multi-DR locus in other 7. pestis strains. By
imposing the use of the DR in CRISPRtionary it is possible to
view the single spacer CRISPR.
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Chapter 3

A Strategy for Identifying Noncoding RNAs
Using Whole-Genome Tiling Arrays

Stephen G. Landt and Eduardo Abeliuk

Abstract

Whole-genome tiling arrays are powerful tools for detecting and characterizing novel RNA transcripts.
Here, we describe a complete method combining elements of molecular and computational biology to
identify small noncoding RNA (sRNA) transcripts. We focus on the key features of this approach, which
include size-fractionation of input RNA, direct detection of array hybridization with antibodies that rec-
ognize RNA:DNA hybrids, and correlation-based computational methods for automated sRNA
identification and boundary determination.

Key words: Small noncoding RNAs, High-density tiling arrays, Microarrays, Affymetrix,
Transcription

1. Introduction

In recent years, a variety of strategies have been used to successtully
identify prokaryotic small noncoding RNAs (sRNAs) (1). Here,
we describe the use of whole-genome tiling microarrays for SRNA
identification. The microarray approach has several specific advan-
tages that recommend it: (1) it does not require the availability of
a large number of sequenced genomes at various evolutionary dis-
tances, as do conservation-based approaches; (2) it is unbiased
with respect to annotated genome features (promoter and termi-
nators) which have been used for sSRNA detection; and (3) in addi-
tion to being useful for sSRNA detection, the arrays are generally
useful for quantifying global gene expression and thus, when pur-
chased at scale, can be cost-competitive with emerging sequencing
technologies.

Kenneth C. Keiler (ed.), Bacterial Regulatory RNA: Methods and Protocols, Methods in Molecular Biology, vol. 905,
DOI 10.1007/978-1-61779-949-5_3, © Springer Science+Business Media, LLC 2012
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Several elements are important for a successful array-based
sRNA annotation experiment and are detailed in the following
protocol and notes. First, because virtually all known prokaryotic
sRNAs are less than 500 nucleotides in length (2), it is advanta-
geous to size-fractionate the input RNA population in order to
climinate the interfering signal resulting from rRNA and mRNA
populations. Second, detection sensitivity and RNA boundary res-
olution are greatly affected by the array tiling density. Previous
sRNA identification efforts have used arrays with tiling densities as
high as every 5 nucleotides in intergenic regions. As array densities
have improved, extremely high densities with high coverage of
noncoding regions are becoming reasonable and the analysis of
antisense transcription within coding regions has become possible.
Third, hybridizing RNA directly to the array with detection by an
antibody that recognizes RNA:DNA hybrids has been demon-
strated to substantially improve detection sensitivity when com-
pared to hybridizing cDNA generated from RNA (3, 4). Finally,
optimal analytical methods for sSRNA discovery are important. We
present here a method for using signal correlation over multiple
array hybridizations as an effective filter for sSRNA identification
and boundary determination.

2. Materials

2.1. RNA Extraction
Gomponents

1. RNase-free water (DEPC-treated or commercial). All solutions
and reactions should be made with this grade of water.

2. Total RNA (see Notes 1 and 2).
3. TBE buffer: For 1 L of a 10x stock, mix 108 g of Tris base,

55 g of boric acid, 9.3 g of sodium-EDTA and bring volume
to 1 L with water.

4. 5% PAGE 1x TBE gels: For 50 mL, mix 25 g of urea, 7.5 mL
of 40% acrylamide /bisacrylamide (19:1), 5 mL of 10x TBE,
17.5 mL of water. Microwave to dissolve urea and let cool
until it is warm to the touch. Add 250 pL of 10% ammonium
persulfate and 25 pL. of TEMED. Mix and pour immediately.

5. RNA size standards that include products in the 50-500 nucle-
otide range (such as the Fermentas Low Range RNA ladder).

6. Ethidium bromide.

7. Electroelution apparatus (for instance, the Elutrap system by
Schliecher and Schuell).

8. 10x RNA fragmentation buffer: 500 mM Tris (pH 7.9), 1 M
NaCl, 100 mM MgCIL,.

9. Ethanol.
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2.2. Array
Hybridization
Gomponents

2.3. Software Tools

10.
11.

Glycogen.
3 M Sodium acetate, pH 5.2.

. High-density tiling array (Affymetrix or other manufacturer).
. 1x Hybridization buffer: 100 mM MES pH 6.6, 1 M NaCl,

20 mM EDTA, 0.01% Tween 20, 0.1 mg/mL herring sperm
DNA, 0.5 mg/mL BSA, 50 pM Aftymetrix control oligo B2.

. Antibody recognizing RNA:DNA hybrids (4).

4. 1x Staining buffer: 100 mM MES, pH 6.6, 1 M NaCl, 0.05%

o N N v

10.

Tween 20, 2 mg/mL BSA.

. Biotin-labeled rabbit anti-mouse 1gG.

. Rabbit IgG (Sigma, St Louis, MO).

. R-Phycoerythrin Streptavidin (Molecular Probes).

. Wash buffer A: 6x SSPE (900 mM NaCl, 60 mM NaH,PO,,

6 mM EDTA, pH 7.4), 0.01% Tween 20.

. Wash buffer B: 100 mM MES pH 6.6, 1 M NaCl, 0.01%

Tween 20.

Array processing and detection equipment (usually through
core facility).

. Affymetrix GCOS software.
. R/Bioconductor software.

3. Methods

3.1. RNA Isolation

. Pour a 1 mm thick 5% denaturing PAGE (19:1) TBE gel. Pre-

run the gel until it reaches a temperature of ~50-55°C. Use a
syringe to thoroughly rinse the wells immediately prior to load-
ing RNA samples.

. Combine RNA with an equal volume of deionized formamide

and denature for 5 min at 85°C (see Note 3). Similarly dena-
ture 1 ug of RNA size standards. At least one lane must con-
tain the bromophenol blue dye to a final concentration of
0.006% (this can be included in the loading dye for the RNA
samples or loaded in separate lanes).

. Run the gel until the dye has migrated ~2 /3 the length of the

gel.

. Cut the lanes containing RNA markers and transfer them to a

glass dish containing 1 pg/mL ethidium bromide (SYBR-
green or other appropriate stains may also be used).
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3.2. Array
Hybridization

10.
11.
12.
13.

14.

15.

16.

. Stain for 10 min followed by 10 min of destaining in deionized

water.

. Visualize the marker lanes by UV transillumination and mark

the location of the maximum size RNA to be purified.

. Realign stained marker lanes with the rest of the gel and use

the marker bands and the bromophenol blue band to identity
the desired region of the gel. Use a clean scalpel to cut the
desired size range from each lane (see Note 4).

. Isolate the RNA from the gel fragments by electroelution. If

using the Elutrap, electroelution is done in prechilled 1x TBE
buffer for 6 h at 200 V at 4°C. Buffer should be added to the
sample chamber to cover the gel pieces. The elution chamber
should contain 800 uL 1x TBE. After elution, the polarity of
the apparatus is reversed for 20 s to dislodge eluted materials
from the boundary membranes (see Note 5).

. Precipitate the eluted RNA in eppendorf tubes by adding 0.1

volume 3 M sodium acetate (pH 5.2) and 2.5 volumes
cthanol.

Mix thoroughly and store at least 1 h at -80°C.
Centrifuge at maximum speed in a tabletop centrifuge.
Wash pellet once with 70% ethanol.

Allow to air dry for 10 min and resuspend in 50-100 pL of
RNase-free water.
Fragment size-fractionated RNA (at least 2 pug) in a volume of

100 pL by incubation for 30 min at 95°C in 1x RNA fragmen-
tation buffer.

Ethanol precipitate the RNA as in steps 10-14 and resuspend
in 50 puL of RNase-free water (see Note 6).

Determine RNA concentration by standard spectrophotomet-
ric or fluorescent dye-binding measurements.

. Pre-warm microarrays to room temperature.

. For each array, suspend 2 pg of RNA in 200 pL of 1x

Hybridization buffer, heat to 99°C for 5 min and then 50°C
for 5 min. Add to the array and hybridize at 50°C for 16 h (see
Note 7).

. Wash 10 cycles, 25°C, with 2 mixes/cycle in Wash buffer A.

4. Wash 4 cycles, 50°C, with 15 mixes/cycle in Wash buffer B.

. Add primary antibody recognizing RNA:DNA hybrids to the

array at 0.02 mg/mL in 1x staining buffer. Staining is for
60 min at 25°C (see Note 8).

. Wash 10 cycles, 25°C, with 4 mixes/cycle in Wash buffer A.
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3.3. Data
Preprocessing

3.4. Statistical Scoring
and ldentification
of Putative sRNAs

7.

10.
11.

p—

Add the biotin-labeled rabbit anti-mouse secondary antibody
at a concentration of 0.02 mg/mL along with 0.4 mg/mL
rabbit IgG in 1x staining bufter.

. Wash 10 cycles, 25°C, with 4 mixes/cycle in Wash buffer A.
. Add the R-Phycoerythrin Streptavidin at a concentration of

10 ug/mL in 1x staining buffer.
Wash 15 cycles, 30°C, with 4 mixes/cycle in Wash buffer A.
Hold at 25°C prior to scanning.

. Remove Individual probe signals that are non-uniformly dis-

tributed across the spot (“feature”) on the microarray using
the Affymetrix GCOS software. These probes are flagged as
part of the standard output from GCOS (see Note 9).

. To measure the RNA signal at each intergenic position, calcu-

late a signal given by the PM-MM* where PM and MM are the
corresponding “perfect match” and “mismatch” probes asso-
ciated with the intergenic position. MM* is an ideal mismatch
value that guarantees that PM > MM (see Note 10).

. Remove microarray background noise using a method such as

the MAS 5.0 background adjustment method to remove intra-
chip noise as implemented in the Bioconductor package
affy (5) (http: //www.bioconductor.org/packages,/2.0,/bioc/
html/afty.html). It is recommended that no inter-chip normal-
ization be performed (see Note 11).

. To ensure uniform sampling of probes across intergenic regions

(or other regions of interest), the number of probes is either
upsampled or downsampled and their corresponding values
are interpolated in order to guarantee a uniform probe density.
Generally, this is determined by the array tiling density (see
Note 12).

. For each intergenic region, compute the matrix of Pearson

correlation coefficients between each pair of probe signal vec-
tors (see Fig. 1 and Note 13).

. For every possible set of consecutive probes within an inter-

genic region, count the number of probe pairs with a correla-
tion above £=0.5 (see Note 14).

. Compute p-values for all possible combinations of consecutive

probes (defining a genomic segment of reasonably minimum
size, see Note 15) and rank all these segments according to the
p-values. The highest-ranking segment (with corresponding
boundaries, see Note 16) in each intergenic region should be
considered for further analysis (see Notes 17 and 18).

. Identify differentially expressed sSRNAs by first normalizing all

microarrays to the same mean expression value (see Note 19).


http://www.bioconductor.org/packages/2.0/bioc/html/affy.html
http://www.bioconductor.org/packages/2.0/bioc/html/affy.html
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-5000

. =
[ ‘H

Position in Intergenic Region Position in Intergenic Region

Correlation ranking 5 Correlation ranking 49
Correlation start 2378337 Correlation start 2033970
5' RACE Start 2378333 5' RACE Start 2033966

A 4 A 4
Correlation stop 2378501 Correlation stop 2033886
Terminator 2378518 Terminator 2033872

prediction prediction
A 17 A 14

Fig. 1. Novel small noncoding RNAs (SRNA) transcripts identified using probe correlation analysis of whole-genome tiling
microarray data. CauloHI1 whole-genome tiling arrays were used to measure levels of RNA prepared as described in the
text from the Caulobacter crescentus genome at 12 different time points following cell-cycle synchronization. Analysis of
the intergenic regions between genes CC2171 and CC2172 and genes CC1840 and CC1841, each of which was shown to
contain a previously unannotated sRNA (6), are shown in (@) and (b). The upper plotin each panel shows raw (unnormal-
ized) levels of RNA across the intergenic region, with each color representing a different point in the time series. The x-axis
gives the location in the intergenic region relative to the end of the annotated upstream ORF. The lower plotin each panel
shows Pearson correlation values between all probes in the intergenic region, calculated using un-normalized data. Red
denotes high positive correlation and blue denotes high negative correlation. Vertical black bars indicate boundaries
identified by the correlation analysis for the most significant transcript predicted in the intergenic region. Arrows indicate
independently confirmed SRNA boundaries. Values at the bottom of each panel compare sRNA boundary estimates from
the probe correlation analysis with those from 5’ RACE experiments or transcriptional terminator predictions. Numbers
indicate positions in the C. crescentus CB15N genome.

Using these normalized values and the estimated sSRNA bound-
aries, calculate expression values for each sSRNA at each time
point/experimental condition by averaging all the probe sig-
nals that target the corresponding sSRNA. Analyze these values
for significant variation over the course of the experiment.

5. Itis recommended that expression from each intergenic region
be visually inspected (see Note 20).
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3.5. Additional 1. This approach will identify many small RNA species that are

Bioinformatics not derived from independent, noncoding transcription units
(6). To better identify genuine sRNAs, it is useful to filter other
classes of RNA identified by this approach. These include:

e Short mRNAs or degradation products comprised of mRNA
5" and 3’ untranslated regions (UTRs). These can often be
identified by continuous microarray signal leading up to the
boundary of the adjacent open reading frame (ORF) or the
presence of predicted transcriptional regulatory elements
(transcription factor binding sites or transcriptional termina-
tors) that link the expressed region and the adjacent ORF. An
empirical separation threshold (for instance 50 nucleotides)
may be applied to all putative sSRNAs that are on the same
strand as annotated ORFs to remove likely UTR elements.

e Transcribed regulatory regions (such as riboswitches).
These are often highly conserved and often may be
identified by searching databases such as RFam (7) (http: //
rfam.janelia.org/).

¢ Unannotated ORFs. These are identifiable by the presence
of discrete coding potential within the transcript and may
be found in the updated outputs from ORF finding algo-
rithms such as Glimmer (8) (http:/www.cbcb.umd.edu/
software /glimmer/) and GeneMark.hmm (9) (http:/
opal.biology.gatech.edu/GeneMark /prokaryotes_data-
base /index.cgi).

. To validate predicted sSRNAEs, it is useful to search for properly
oriented transcriptional regulatory elements that suggest
the existence of independent transcription. These include
rho-independent terminators (identified by TransTerm (10)
(http://transterm.cbcb.umd.edu/cgi-bin/transterm/
predictions.pl)) located at the extreme 3'-end of the putative
sRNA and known transcription factor binding motifs, upstream
of the putative sSRNA (e.g., see ref. (6)). Identification of these
elements provides additional confidence that a transcript is
transcribed independently of adjacent ORFs.

4. Notes

1. We generally isolate total RNA using the Trizol reagent

(Invitrogen) according to the manufacturer’s instructions. We
normally recover ~33 ug of total RNA /optical density unit of
cells. To recover the 2 ng of size-fractionated, fragmented


http://rfam.janelia.org/
http://rfam.janelia.org/
http://www.cbcb.umd.edu/software/glimmer/
http://www.cbcb.umd.edu/software/glimmer/
http://opal.biology.gatech.edu/GeneMark/prokaryotes_database/index.cgi
http://opal.biology.gatech.edu/GeneMark/prokaryotes_database/index.cgi
http://opal.biology.gatech.edu/GeneMark/prokaryotes_database/index.cgi
http://transterm.cbcb.umd.edu/cgi-bin/transterm/predictions.pl
http://transterm.cbcb.umd.edu/cgi-bin/transterm/predictions.pl
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RNA desired for array hybridization, an average of ~35 ug of
total RNA was required. Ideally, ~80 pg of total RNA will be
available to provide adequate material for additional array
hybridizations, should they be required.

. A minimum of four to five samples is reccommended to provide

enough data points to use for later correlation analyses.

3. We load up to 40 ug of RNA in each lane of the gel.
4. In previous sRNA identification efforts, we have isolated RNA

ranging from ~35 to 500 nucleotides (6). As the bromophenol
blue migrates similarly to a 35 base oligonucleotide in a 5%
denaturing PAGE gel, the location of this dye can be used to
determine the lower cut point.

. We recover ~3-10% of the RNA originally loaded on the gel in

this fraction.

. On average, we recover ~75% of input RNA from the fragmen-

tation step.

. Our microarray-based sRNA discovery work has been per-

formed using the custom designed Affymetrix CauloHI1
microarray (11), http: //www.stanford.edu/group/caulobacter/
CauloHII. For all hybridization, washing, and detection steps
(except incubations with the primary antibody recognizing
RNA:DNA hybrids and the biotinylated secondary antibody),
reagents and conditions were as described in the Affymetrix
GeneChip Expression Analysis Technical Manual (http: /www.
affymetrix.com, P/N 702232). These two steps replace the
first two staining steps (streptavidin staining followed by bioti-
nylated anti-streptavidin antibody staining) in the standard
protocol. The 50°C hybridization temperature was chosen
during the array design to account for the high GC-content of
the Caulobacter crescentus genome and should be adjusted for
the array to be used according to the design. All array-handling
steps are generally performed at a core facility using Affymetrix
instrumentation. If other microarray platforms are used for
detection, it should be possible to adapt hybridization and
wash conditions and reagents from standard protocols, but this
should be determined in consultation with the manufacturer.

. The antibody against RNA:DNA hybrids used in our original

protocol (6) was obtained from the Digene Corporation. This
antibody is no longer available. An alternate protocol, with
publicly available antibodies, has recently been published by
Hu et al. (4). We recommend the use of one of these antibod-
ies and the staining conditions they use.

. We observed this phenomenon more with antibody based

detection of RNA hybridization as compared to hybridization
oflabeled cDNA, perhaps due to localized antibody precipitation
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11.

12.

13.

14.

15.

16.

on the arrays. It is important to exclude these outlier values
from further analysis.

The MAS 5.0 method for processing microarrays relies on PM
and MM probe pairs. However, recent methods that rely solely
on PM probes, such as the RMA method, can outperform
MAS 5.0 (12) and therefore mismatch probes can be ignored
if this package is used in the analysis.

Correlation analysis of this unnormalized data takes advantage
of signal variation caused by variation in sample preparation
(experimental variation) to identify sRNAs, even if there is no
biological variation in expression of an sSRNA over the condi-
tions sampled in the experiment (as might be expected for the
majority of sRNAs). A formal analysis of error models that
include both experimental and biological variations present in
microarray signals can be found in (13, 14).

Uniform probe density is an assumption of the statistical scor-
ing method to be performed. On the CauloHI1 array, inter-
genic probes were generally spaced every 5 nucleotides (11),
http: //www.stanford.edu/group /caulobacter /CauloHI1.
Where probes were missing (often because they contained
repeated sequence), or tiling density was higher, interpolation
was used to maintain 5 nucleotide spacing between probes.

The underlying assumption is that signals for all probes mea-
suring a sSRNA will be highly correlated, either due to experi-
mental variation or due to biological variation in sRNA
expression.

Given the null hypothesis that a set of consecutive probes are
all uncorrelated, the probability of counting % pair of probes
with correlation above ¢ is given by a Binomial distribution
B(N,q), where N is the total number of probe pairs in the set
and g is the probability of an uncorrelated pair having a corre-
lation above . The parameter 4 can be estimated by computing
P(correlation > ¢) from a background distribution of correla-
tion coefficients. In practice, this background distribution is
generated from a distribution of correlation coefficients derived
by correlating intergenic probes targeting distant locations
within a chromosome.

A minimal number of probes required to suggest a sRNA
should be set (for instance, at least three probes that overlap
less than 50% with each other). Where we have used the
CauloHI1 array with 5 nucleotide tiling spacing, we required
at least eight consecutive highly correlated probes correspond-
ing to an sRNA of at least ~60 nucleotides.

Boundaries are simply the endpoints of the regions with the
most significant p-values. Since the intergenic probes are spaced
every 5 base pairs, there is an inherent error of +5 base pairs in
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17.

18.

19.

20.

the estimate of the boundary positions within intergenic
regions.

To simplify the calculation, one can consider only the highest
score within each intergenic region. However, a consideration
of non-overlapping regions can identity additional indepen-
dent transcripts in a region (although this has not been widely
observed) or alternate boundaries for transcripts (perhaps indi-
cating alternately processed transcripts).

As the majority of intergenic regions are unlikely to contain
sRNAs, most expressed sRNAs should rank highly on this list.
In our identification of C. crescentus SRNAs, ~70% of sSRNAs
identified in regularly tiled regions ranked in the top 200 of
the correlation rankings, while most of the rest were poorly
identified by correlation (6) (see Note 19).

A number of methods exist for this, ranging from simple nor-
malization to a common mean to more rigorous methods. The
RMA method for normalizing multiple arrays is commonly
used for this procedure (15).

We observed that some highly expressed sRNAs were poorly
detected by this method and we speculate that hybridization
signal is saturated for these sSRNAs. Thus, information about
experimental variation is lost. We therefore recommend visual
inspection of the signal for all intergenic regions to identify
obvious sRNAs that were missed in the correlation analysis.
Note: In our analysis using the CauloHI1 microarray, ~20% of
identified sSRNAs fell into this category (6).
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Chapter 4

Genetic Screens to Identify Bacterial SRNA Regulators

Pierre Mandin

Abstract

Small regulatory RNAs (sRNAs) are versatile regulators that have been shown to be involved in the gene
regulation of a growing number of biological pathways in bacteria. While finding the targets of a given
sRNA has been the focus of many studies, fewer methods have been described to uncover which, if any,
sRNAs regulate a given gene. Here I present two genetic screens that are designed to search for sSRNAs
regulating a gene of interest. Before the screens are performed, a translational fusion is made between the
gene of interest and /acZ, designed so that mostly post-transcriptional effects on the gene’s expression can
be analyzed. I describe here a simple and rapid way to obtain this fusion, even when the transcriptional
start site is unknown, by combining PCR or 5’'RACE with recombination in the chromosome of a special
strain of Escherichin coli. The first genetic screen uses a genomic multicopy library to find regulator genes
that, when overexpressed, affect the expression of the fusion. While this technique is a classical genetic
screen, particular attention is paid to how it can be used to specifically find sRNAs. A second screen is
described that takes advantage of a specific library of sSRNAs of E. coli that provides an easier and more
rapid way to look for sSRNA regulation. The library is transformed into the fusion containing strain using
a serial transformation protocol developed in microtiter plates. The transformants can then be directly
assayed for effects on the beta-galactosidase activity of the fusion in liquid, providing a precise and rapid
way to evaluate sSRNA regulation. Use of one or both of these screens should help uncover new pathways
of regulation by sRNAs.

Key words: Small RNAs, noncoding RNAs, Regulatory RNAs, Hfq, Genetic screen, Recombineering,
Beta-galactosidase assays

1. Introduction

In recent years, noncoding regulatory RNAs have emerged as
major regulators in a wide variety of physiological processes (1).
To date, slightly more than a 100 of these regulatory RNAs have
been identified in Escherichin coli. In this chapter, I will use the
term “sRNA” to refer to a particular class of bacterial regulatory
RNAs that act by base pairing to mRNA targets encoded in trans
in the genome (reviewed in refs. (1-3)). In Gram-negative

Kenneth C. Keiler (ed.), Bacterial Regulatory RNA: Methods and Protocols, Methods in Molecular Biology, vol. 905,
DOI 10.1007/978-1-61779-949-5_4, © Springer Science+Business Media, LLC 2012
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bacteria, and in particular in E. coli, most of these small regulatory
RNAs (sRNAs) have been shown to require the RNA chaperone
protein Hfq for their action (4). By binding to the sRNA, it is
proposed that Hfq protects the sRNA from RNase degradation
and helps it find and base pair to the mRNA targets. The mRNA
targets are also bound by Hfq. Consequently, immunoprecipitation
of Hfq has proven to be an invaluable tool to find not only sSRNAs,
but also their target mRNAs (5, 6). To date, about 35 sRNAs have
been shown to bind Hfq in E. coli (5, 7, 8). However, the number
of mRNA targets regulated by sRNAs is probably much higher as
many, if not all, sSRNAs have multiple targets (9). Given the variety
of pathways employing sRNAs and the growing number of genes
regulated by sSRNAs, designing genetic screens that identify sSRNA
regulators of a given gene is of obvious importance.

The first question one may ask is “is my favourite gene subject
to sRNA regulation”? A variety of characteristics may indicate
sRNA regulation of a given gene. For example, genes that have a
well-conserved sequence or RNA structure in the 5" untranslated
region are likely subject to some sort of post-transcriptional
regulation, possibly by sSRNAs. Genes that are known to be regulated
at the post-transcriptional level, but have no obvious regulatory
protein, are also candidates for sSRNA regulation. The chances are
high that an sRNA is involved in regulating genes that are differ-
entially expressed in an /4fg mutant as compared to a wild-type
strain. In these cases, the use of a reporter fusion like those described
below may be necessary to determine if the sSRNA is affecting gene
transcription (presumably indirectly) or acting post-transcriptionally.
Finally, genes for which the mRNA is co-immunoprecipitated with
Hfq are highly likely to be directly regulated by an sRNA. While
none of these types of evidence directly prove that sSRNA regulation
exists, they provide strong motivation for an sSRNA genetic screen.

The screens described here are in their essence classical genetic
screens that use differential expression of a fusion of the gene of
interest to a reporter gene, but they have been adapted specifically
towards the identification of sSRNAs (10, 11). In both screens,
the reporter construct is stably integrated into the chromosome
and the regulatory genes to be screened are expressed from
multicopy plasmids.

In a first step, a translational fusion is constructed between the
gene of interest and the beta-galactosidase reporter gene lacZ.
In this construct, the endogenous promoter is replaced by an
inducible one, so that no promoter-related transcriptional control
should be seen. Similarly, the translational fusion contains limited
3’ sequence to avoid undesired post-translational regulation related
to stability of the fusion protein (see Note 1). Thus, the construct
should report predominantly on post-transcriptional regulatory
events, such as the control exerted by sRNAs. The method
described in Subheading 3.1 details construction of the fusion in a
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particular strain of E. co/z, named PM1205, that allows the rapid
cloning of the gene of interest starting from its own transcriptional
start site, even when unknown, by combining 5'RACE with gene
recombineering (see Fig. 1) (10, 12, 13). First, a PCR product
corresponding to the 5’ region of the gene, from the transcrip-
tional start site to the 10th-20th codon, is produced by 5'RACE
or PCR (Fig. la, b, respectively). This product is then inserted
into the chromosome of the strain PM1205 by homologous
recombination (Fig. 1c). Recombinants are selected both for loss
of the sacB gene, which is toxic on minimal sucrose plates, and
tor obtention of the /acZ fusion using X-Gal. The resulting fusion

a Unknown +1 b Known +1
S A

¢ Pgap-geneX-for < wz-genex—rev

3 PCR amplification with primers
Pgap-geneX-for and
lacZ-geneX-rev

RNA precipitation P :

TAP treatment BAD 1 AUG lacz
Ligation of the Pg,,-RNA adapter

40nt 40nt
Poao-RNA 11 AUG .
4 444444 y i
geneX-RT C PBAD +1  AUG lacZ
s
Reverse transcription
with primer geneX-RT
Pgap-DNA
N A
-
<« Recombination in PM1205
lacz-genexh Selection of sucrose resistants
+1
PCR amplification with primers Peao ATG lacZ

Pgap-DNA and geneX-DNA

.... ' 4

’ s 5Pgap Deep-lac
Powo 41 aue lacz
Determination of TS or confirmation of sequences
aont aont by sequencing of the 5’Pg,p/Deep-lac PCR product

Fig. 1. Schematic representation of the translational fusion construction protocol. (a) When the transcriptional start site (+1)
is unknown, a 5'RACE with modified oligonucleotides is performed to obtain the desired PCR fragment. RNA is extracted
from the bacteria and RNA 5’ triphosphates are converted to 5° monophosphates using tobacco acid pyrophosphatase
(TAP). The P, -RNA adapter is then ligated at the 5' end of the mRNA. The RNA is then reverse-transcribed using
the geneX-RT oligonucleotide. The resulting cDNA is amplified by PCR using DNA primers P, -DNA and lacZ-geneX-rev.
(b) When the transcriptional start site (+1) is known, the PCR product is obtained in one step by amplifying the gene
with oligonucleotides P,, -geneX-for and lacZ-geneX-rev. (¢) The PCR product obtained in (a) or (b) is inserted into the
chromosome of the strain PM1205 by mini lambda-mediated recombination. Recombinants are selected for sucrose
resistance and obtention of the /acZfusion on minimal sucrose plates containing X-Gal. The resulting clones are sequenced
using primers 5'P,, and Deep-lac.
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is under the control of an arabinose-inducible P, = promoter that
allows the control of the basal activity of the fusion as a function of
arabinose concentration. This method not only has the advantage
of being rapid and easy but also provides a strain that is optimized
for the subsequent genetic screens (see Note 2).

Two types of screening methods are described using the result-
ing reporter strain. The first method, described in Subheading 3.2,
makes use of a multicopy plasmid library to identify genes that,
when overexpressed, will affect expression of the reporter at the
post-transcriptional level (10). Basically, multicopy plasmids that
contain fragments of the genome are transformed into the reporter
strain and the overexpression phenotypes determined on
MacConkey lactose plates. Clones that give a distinguishable
phenotype as compared to the empty vector are then sequenced to
identify which genes are responsible for the observed effects.
One major advantage of this screen is that it makes no assumptions
as to which regulators will be found, except that they must act
post-transcriptionnally. Thus, regulatory proteins and indirect
regulators (for instance, genes that turn on or off sSRNAs) can be
identified, in addition to sRNAs. Another advantage is that the
screen can identify sRNAs that have not been found previously.
However, setting up the screen can be tedious and analyzing the
results can be time consuming. For example, multiple genes are often
found on plasmids that give obvious phenotypes, and sub-cloning
may be required to identify which gene is responsible for the
observed effect. On the other hand, when a known or predicted
sRNA is contained on the plasmid, the search can be relatively
straightforward (10).

A drawback of genomic libraries comes from the fact that they
can miss SRNAs for various reasons: the SRNA may be toxic when
overexpressed, the SRNA may be under tight auto-repression, or
the sSRNA may simply be missing from the library because of
cloning issues. It was partly to avoid this drawback that a library
containing the Hfq-binding sRNAs from E. coli was constructed
(11). The library is comprised of 26 plasmids, each carrying one of
the E. coli sSRNAs that binds Hfq, placed under the control of an
inducible promoter (see ref. (11) for a list of the sRNAs). While
not all the Hfq-binding sRNAs are yet cloned in this library, it is
continuously being updated and available upon request. The
approach wusing this sRNA library, which is described in
Subheading 3.3, can greatly facilitate and enhance the screening.
In a first step, the plasmid library, as well as the control empty plas-
mid, is transformed into the fusion-containing reporter strain. In
addition to the classical observation of phenotypes on colour indi-
cator plates, I describe a simple and efficient method to pre-
cisely evaluate the effects of the plasmids on beta-galactosidase
activity from the reporter in microtiter plates (Fig. 2). This method
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ector.
v SRNA X
1. Grow fusion-containing sRNAY
cells to OD, = 0.6 <--.
[
2. Centrifuge and resuspend in TSS

3. Distribute in a microtiter plate : Colour indicative plate
containing the plasmid library :

J33338005551 | 5
4. Transform and plate : !
888888888888 on medium containing antibiotic : :
(0]0[0]0[0]0/0]0]0[0]0]0)] :
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0]0]0]0/0/0/0[0]0/0/0]0) |
000000000000 !
LB antibiotic plate E
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' RNA X
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Fig. 2. Screening with the small regulatory RNAs (SRNA) library. The library plasmids are transformed into the reporter
strain (see Subheading 3.3, steps 1-4), and the transformants are plated on LB plates and on colour indicator plates, such
as MacConkey lactose. In this example, SRNA X represses expression of the translational fusion, resulting in a darker colony
on the colour indicator plate, and the SRNAY activates expression of the translational fusion, resulting in a lighter colony.
The effect of overexpressing the sSRNAs on the fusion can then be determined directly using beta-galactosidase assays in
a microtiter plate reader (see Subheading 3.3, steps 5 and 6). Results are plotted as the ratio of specific activities obtained
from the sRNA and the vector-only control (graph at bottom right). Thresholds of 0.5 and 2 are set for repression and
activation by the sRNAs, respectively.

not only has the advantage of being very rapid and simple as compared
to the overexpression screen, but it can also give important
information on sRNA “competitiveness” for regulation (see
Subheading 3.3, interpretation of the data).

Unfortunately such a short chapter on genetic screening
cannot be exhaustive. A number of variations on the screens
described herein could be used for particular observations. In par-
ticular, reporter genes other than /acZ may be tested; for example
one could make use of a fluorescent reporter, such as GFP, to
monitor gene expression. Use of such reporters has already proven
to be successful to demonstrate sSRNA regulation (14).
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2. Materials

2.1. Translational
Fusion Gonstruction

1. E. coli strain PM1205: MG1655 mal::lacl’ AaraBAD araC+

lacl ::P,, -cat-sacB-lacZ, mini A tet®. The P,, -cat-sncB cas-
sette is inserted at the /ac site of this strain for the construction of
translational fusions through homologous recombination and
counter-selection on minimal sucrose plates (see Fig. 1¢). The
mini lambda allows homologous recombination when induced
(13). This strain should always be grown at temperatures below
32°C to avoid induction and loss of the mini lambda. To ensure
presence of the mini lambda, the strain can be checked for tet-
racycline resistance on LB-tet plates at 30°C. In addition, the
strain contains a /acl? allele to allow better control from P
promoters, such as the one driving expression of the sRNAs in
the library, and is deleted for a7aBAD so that arabinose is used
only as an inducer and not as a carbon source. Strain should be
stored at —80°C upon arrival (see Note 3).

. Oligonucleotides:

(a) When the transcriptional start site (+1) from which tran-
scription from the P, = promoter should start is known or
can be arbitrarily determined (see Fig. 1b), obtain the
following DNA oligonucleotides: “P,, -geneX-for”
(5"-ACCTGACGCTTTTTATCGCAACTCTCT
ACTGTTTCTCCAT-N(20)-3"), where N(20) represents
the 5’ end sequence of the gene to amplify, the first base
after the N being the transcriptional start site; “lacZ-
geneX-rev” (5'-TAACGCCAGGGTTTTCCCAGTCACG
ACGTTGTAAAACGAC-N(20)-3"), where N(20) represents
the reverse complement 20 nucleotides in the 3’ end of the
sequence of the gene to fuse to /acZ. This sequence should
be in the ORF of the gene to clone. Make sure that the
first N is also the third nucleotide of a codon of the protein
to ensure that the fusion will be in frame with /2cZ (see Note 1).

(b) When the transcriptional start site is unknown, a 5’'RACE
is done with the following oligonucleotides (see Fig. 1a):
RNA adapter oligonucleotide “P,, -RNA” (5'-ACUCU
CUACUGUUUCUCCAU-3"); gene-specific DNA oligo-
nucleotide “geneX-RT” for reverse transcription (5'-
N(20)-3"); “lacZ-geneX-rev” as described in item 2a
above—the annealing part of the sequence of this oligo
should be downstream and overlapping the “geneX-RT”
oligo (see Fig. la); 5'-adapter-specific DNA “P,, -
DNA” for PCR amplification (5’-ACCTGACGCTTTT
TATCGCAACTCTCTACTGTTTCTCCAT-3).

(c) DNA oligonucleotides “5'P,,” (5-GCGCTTCAGCCA
TACTTTTCATAC-3') and “Deep-lac” (5'-CGGGCCTCT
TCGCTA-3") for colony PCR and sequencing (see Fig. 1c).



N

(92

o))

7

o

10

11

2.2. Multicopy Library 1.

Screening

4 Genetic Screens to Identify Bacterial SRNA Regulators 47

. PCR and DNA analysis materials: DNA polymerase and

supplied buffer, ANTPs, agarose, electrophoresis apparatus.

. Electroporation materials: Electroporation cuvettes and elec-
troporation apparatus such as the Micro Pulser (Biorad).

. LB broth: To 1 L water, add 10 g bacto-tryptone, 5 g yeast
extract, 10 g NaCl. Adjust pH to 7.5 with NaOH and sterilize
by autoclaving.

. LB agar: Add 15 g of agar to 1 L LB broth before
autoclaving.

. LB-cm: LB broth with 10 pg/mL chloramphenicol. Add anti-
biotic when medium is cooled after autoclaving.

. LB-amp: LB broth with 100 pg/mL ampicillin. Add antibiotic
when medium is cooled after autoclaving.

. LB-tet: LB broth with 10 pg/mL tetracycline. Add antibiotic
when medium is cooled after autoclaving.

. 5x M63 (stock): Mix 10 g (NH,),SO,, 68 g KH,PO,, 2.5 mg
FeSO,-7H,0 and add water to 1 L. Adjust to pH 7 with KOH.
Autoclave.

. M63-sucrose-X-QGal plates: To 200 mL of 5x M63, add 50 g
sucrose, 10 mL 20% glycerol, 250 pL. 1% vitamin B1, 1 mL
1 M MgSO,-7H,0, 1 mL X-Gal (20 mg/mL in DMF). Adjust
to 500 mL with sterile water. Filter and mix with 500 mL
of freshly autoclaved 3% agar in water and immediately pour
the plates.

Plasmid multicopy library: The library used here is a pBR322-
based E. coli genomic library that was constructed as described
briefly hereafter and as used previously (10, 15). In a first step,
genomic DNA is digested to completion with one or two
restriction enzymes so that the resulting fragments will be on
average 1-5 kb in length. Alternatively, digestion may not be
done to completion and the desired length fragments can be
purified from an agarose gel. Restriction products are then
ligated into a compatible vector digested with the same restric-
tion enzymes. While this or similar libraries can be obtained
from various laboratories, such libraries can be constructed
relatively easily. Please refer to refs. (15, 16) for a detailed pro-
tocol. In most cases the control vector consists of a non-
digested native plasmid (here pBR322).

. MacConkey lactose plates. Use MacConkey lactose base (Difco
or BBL). Prepare the media by suspending 50 g of powder in
1 L of purified water. Heat while stirring and let boil for 1 min.
The powder should be completely dissolved. Autoclave. Let
cool to 50-60°C before adding arabinose and/or antibiotics,
when needed, and then pour the plates.
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2.3. sRNA Dedicated
Library Screening

. Ara-amp-MacConkey plates: MacConkey broth with

100 pg/mL ampicillin and the determined concentration of
arabinose (see Subheading 3.2, step 1). Add antibiotic and
arabinose when medium is cooled after autoclaving.

. Arabinose (stock): Add 20 g of arabinose to 100 mL of water

and autoclave. Store at room temperature.

. Oligonucleotides for sequencing plasmid inserts: pBR-for

(5"-CCTGACGTCTAAGAAACCATTATTATC-3') and pBR-
rev (5'-GCATTGTTAGATTTCATACACGG-3").

. sSRNA dedicated library: The sRNA library used in

Subheading 3.3 is available from the author upon request (11).
Upon arrival, transform the plasmids into an E. coli lacl? strain
(such as PM1205) and store the resulting transformants at
-80°C. To use the library, prepare the plasmids individually
and make aliquots containing 1 pg plasmid in 100 pL water
and store them in a microtiter plate at -20°C.

. Transformation and storage solution (TSS): LB broth (see

above) with 10% PEG (molecular weight 3,350 or 8,000), 5%
(vol/vol) DMSO, and 50 mM MgCl,. Filter and store at 4°C.

. IPTG (100 mM stock): Add 23.83 mg of IPTG to 1 mL water.

Filter and make 100 pL aliquots. Store at -20°C.

. Permeabilization buffer (stock): 100 mM Tris (pH 7.8), 32 mM

NaPO,, 8 mM 1,2-Cyclohexanediaminetetraacetic acid (CDTA
chelator), 4% Triton X-100. Store at room temperature.

. Polymixin B (stock): Add 20 mg polymixin B to 1 mL water

and store at —20°C.

. Permeabilization buffer (for one plate): Immediately before

use, add 48 pL of 1 M fresh DTT and 60 puL of polymixin B
stock to 6 mL of permeabilization bufter stock.

. ONPG solution: Add 20 mL of 5x M63 (see Subheading 2.1,

item 5) to 80 mL water, then and add 400 mg of ONPG and
200 pL of 1 M sodium citrate. Stir well. When ONPG is totally
dissolved, filter and store as 6 or 12 mL aliquots (for one or
two microtiter plates, respectively) at —20°C.

. Microtiter plate reader: Microtiter plate reader that can read

the OD at 600 nm and at 420 nm in 96-well plates, can warm
the plate compartment to 28°C, and that allows kinetic assays.
Microtiter plate readers such as Tecan’s Infinite® series, in
conjunction with their native software, are appropriate.

. Microtiter plates: 96-well, sterile, flat bottom, transparent

cell culture plates, with lids, such as Greiner Cellstar
Cat-No.665 180.
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3. Methods

3.1. Gonstruction
of a Translational
Fusion of the Gene
of Interest to lacZ

. When the transcriptional start site of the gene is known, amplity

the gene by PCR with a high fidelity polymerase and the oligo-
nucleotides P, -geneX-for and lacZ-geneX-rev, designed as
described in Subheading 2.1, item 2a (see Fig. 1b). Check the
purity and size of the PCR products on an agarose gel, purify

DNA from the PCR reaction and proceed to step 3.

. When the transcriptional start site of the gene to screen is

unknown, perform a 5’'RACE using the RNA adapter and oli-
gonucleotides described in Subheading 2.1, item 2b (Fig. la;
see refs. (10, 17) for a detailed protocol). Briefly, from a clean,
DNase and TAP (tobacco acid pyrophosphatase) treated total
RNA preparation, ligate the RNA adapter P, -RNA using
T4 RNA ligase. Reverse transcribe the ligated RNA using the
gene specific oligonucleotide geneX-RT (10, 17). Finally, PCR
amplify the desired transcript containing the desired 5’ end
using oligonucleotides lacZ-geneX-rev and P, -DNA (see
Fig. 1a). Check the size and purity of the RACE products on
an agarose gel. Purify bands from the gel and proceed to step
3 (see Note 4).

. Add 60 pL of an overnight culture of strain PM1205 grown at

32°Cin LB to 30 mL of LB broth in a well-aerated flask.

. Grow with agitation at 32°C to an OD_~0.6 and then induce

600
the mini lambda by placing the culture at 42°C for 15 min.

. Immediately cool the culture by strongly agitating the flask in

a mix of ice and water for 2 min. From here through the elec-
troporation step bacteria should be kept on ice.

. To obtain electrocompetent cells, centrifuge the bacteria at

6,000 x g for 10 min at 4°C. Discard the supernatant and resus-
pend the cell pellet in an equal volume of cold (4°C), sterile,
ultrapure water. Repeat the centrifugation and resuspension
steps twice more. Do a fourth centrifugation and resuspend
the pellet in 300 pL of a cold, sterile, 10% glycerol solution
(see Note 5).

. Mix 100 ng of the purified PCR product obtained in step 1

with 100 pL of electrocompetent cells. Include a negative con-
trol in which DNA is omitted from the electrocompetent cells.
Transfer each mix to an electroporation cuvette and electropo-
rate at 25 uFd, 200 Q, 2.5 kV.

. Add 1 mL of LB to the transformed cells and allow outgrowth

for 1 h at 37°C, with agitation.

. Plate 25 pL of the transformed cells on one minimal sucrose

plate and 100 pL of the transformed cells on another minimal
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3.2. Screening the
Reporter Strain Using
a Multicopy Library

10.

11.

12.

13.

14.

sucrose plate. Centrifuge the rest of the transformed cells,
remove the supernatant, resuspend the cells in 100 pL sterile
M63, and plate them on a M63-sucrose-X-Gal plate.

Place the plates in a 37°C incubator for 36—48 h until colonies
appear (see Notes 6 and 7). Purity 12-16 colonies on M63-
X-Gal plates at 37°C for 24-36 h. Pick mostly blue colonies
and some white ones (see Note 8).

For each of the clones obtained in step 10, re-streak the colo-
nies on LB and LB-cm plates to check for chloramphenicol
sensitivity (the correct recombinants should be chlorampheni-
col sensitive) (see Note 9). Include the parental strain (PM1205)
as a control for chloramphenicol resistance. Incubate overnight
at 37°C.

From the LB plate, resuspend one colony of each chloram-
phenicol-sensitive clone (i.e. that did not grow on the LB-cm
plate) in 50 pL ultrapure water and boil for 10 min at 95°C.
Use 0.5 pL of the boiled cells for a PCR reaction using oligo-
nucleotides 5'P,, . and Deep-lac (see Note 10).

BAD
Check the PCR products on an agarose gel. Purify the PCR
and sequence two to four clones having the same size insert
using oligonucleotides Py, ; and Deep-lac.

Store a couple of each clone that contains a translational fusion
by growing them in LB to OD,,~0.6 and mixing 1 mL of the
culture with 1 mL of sterile 20% glycerol. Store at -80°C.

. Determine the appropriate arabinose concentration for the

screening. Streak colonies from the translational fusion-
containing strain onto MacConkey lactose plates containing
tenfold dilutions of arabinose, ranging from 0.2 to 0.00002%,
or no arabinose. Grow overnight in a 30°C incubator.

. Choose the arabinose concentration on which colonies have a

relatively low red colour, neither dark red nor white, so you
will be able to look for either activation or repression of expres-
sion of the fusion (see Notes 11 and 12) (16).

. Add 100 pL of an overnight culture of the fusion-containing

strain grown at 37°C in LB to 100 mL of LB broth in a well-

aerated flask. Grow with agitation at 37°C to an OD,,~0.6.

. Prepare electrocompetent cells of the translational fusion-

containing strain as described above (see Subheading 3.1,
step 6).

. Mix 100 ng of the plasmid library from Subheading 2.2 with

100 pL of electrocompetent cells. Include a positive control by
mixing 100 pL of cells with 10 ng of the control vector (here
pBR322), and a negative control without DNA added to the
electrocompetent cells. Transfer each mix to an electropora-
tion cuvette and electroporate at 25 pFd, 200 Q, and 2.5 kV.
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Store the remaining competent cells at —~80°C for future rounds
of screening.

. Add 1 mL of LB to each transformed cell and move to a cul-

ture tube. Mix and incubate at 37°C for 1 h.

. Plate 5 pL of cells+120 pL of LB, 25 pl. of cells+ 100 ulL of

LB, and 125 pL of cells on three different MacConkey plates
containing arabinose at the appropriate concentration (see
steps 1 and 2) and ampicillin (100 pg/mL final concentration)
(ara-amp-MacConkey plates). Incubate at 30°C overnight
until colonies appear. Keep the rest of the transformed cells on
ice overnight.

. Determine which dilution of cells gives the most appropriate

number of colonies (100-200 colonies/plate). Use this dilu-
tion to spread the rest of the cells transformed with the library
onto 10-20 ara-amp-MacConkey plates.

. Caretully look for colonies that have a different colour from

the majority of the colonies, either light/white or dark/red
ones (see Note 13). Light/white colonies indicate repression
of the reporter, and dark/red colonies indicate activation of
the reporter. Isolate these clones by streaking them on ara-
amp-MacConkey plates and on LB-amp plates in parallel,
including the strain containing only the empty vector for com-
parison. Incubate at 30°C overnight.

Choose the colonies that give the same phenotype as in step
10. Pick the corresponding clones from the LB-amp plate to
inoculate 5 mL of LB with ampicillin and grow for 6-16 h at
37°C.

Prepare the plasmids from the cultures and determine the
DNA concentration. Use 10 ng to transform the parental
reporter strain as described in Subheading 3.2, steps 6 and 7.
Plate the transformed cells on ara-amp-MacConkey plates and
incubate overnight at 30°C.

Streak 8-16 transformants/plate, including one streak of cells
transformed with the empty vector as a control, on ara-amp-
MacConkey plates. Incubate overnight at 30°C.

Choose the clones that give a distinguishable phenotype after
re-transformation in the parental strain. Those clones should
contain plasmids that carry genes for which overexpression
affects the activity of the reporter.

Prepare plasmid DNA and sequence the insert (i.e. the chro-
mosomal DNA that has been cloned in the plasmid) of the
plasmids using oligonucleotides pBR-for and pBR-rev.

To interpret the results, assemble the DNA sequences at the
extremities of the inserts to find the boundaries of the chromo-
somal DNA that has been inserted in the plasmid (see Note 14).
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3.3. Screening the
Reporter Strain with
an sRNA Library

16.

17.

If the screen is close to saturation, the same DNA fragments
should be found in several plasmids. If this is not the case, then
further rounds of screening may be done in parallel to the anal-
ysis of the plasmids to obtain more candidates (see Note 15).
For this screening, start at step 7 with electrocompetent cells
stored at -80°C. Note also that to confirm the phenotype, a
liquid beta-galactosidase assay should be performed (see below
tor a protocol).

Check the DNA sequences to determine if a previously
identified sSRNA gene is present in one or several of the plas-
mids. If so, the sRNA is a strong candidate for a regulator of
the fusion (see comments on demonstrating direct regulation
of an mRNA by an sRNA in Subheading 3.3, step 18).

Interpretation of results: If no previously identified sRNA is
included amongst the candidates, one can envision three
hypotheses: (1) One or several plasmid(s) may contain a previ-
ously unidentified sSRNA, presumably in one of its intergenic
regions, that is responsible for the effects seen on the fusion. In
this case, a minimal DNA sequence needed for regulation can
be searched by sub-cloning the plasmids (e.g. cloning only its
intergenic regions and determine the effects of their overex-
pression on the fusion individually). If a region with no previ-
ously annotated gene is found regulating the fusion, then it may
be indicative of an sSRNA that could be searched using diverse
bio-informatics/molecular biology techniques (reviewed in
ref. (9)). (2) One of the protein coding gene of the plasmid(s)
is responsible for the effects seen, not an sSRNA. This putative
protein regulator could be directly acting on the fusion at the
post-transcriptional level, or may be driving the expression of
an sRNA located on the chromosome, itself responsible for the
observed effect on the fusion. Again, further sub-cloning will
be necessary to evaluate which gene overexpression is respon-
sible for the phenotype. (3) The sRNA could not be found
because the screen was not saturated or because it cannot be
overexpressed from such a plasmid (e.g. toxicity of overexpres-
sion). In that case one may perform further rounds of screen-
ing and /or try another screen using a dedicated sRNA library
such as described below (see Subheading 3.3).

. Follow steps 1-3 of Subheading 3.2 to determine a suitable

arabinose concentration for the expression of the translational
fusion (see also Notes 11 and 12).

. Inoculate 50 mL of LB with 50 pL of an overnight culture of

the reporter strain. Grow in an incubator at 37°C with agita-
tion to OD_ ~0.5.

600

. Centrifuge the bacterial culture at 6,000 x g for 10 min. Discard

the supernatant and keep the pellet on ice.
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. Resuspend the pellet in 5 mL of cold TSS solution. Keep on

ice.

. For each plasmid in the library, add 1 pL to a well in a micro-

titer plate (see Fig. 2). Keep on ice.

. Add 100 pL of bacteria in TSS from step 4 to each well that

contains plasmid DNA to begin the transformation. Keep on
ice for 30 min.

7. Incubate at 37°C for 1 h with agitation.

10.

11.

12.

13.

14.

15.

16.

17.

18.

. With a multichannel pipettor, spot 4 pL of the transformants

from the microtiter wells onto three LB-amp plates (see Note
16 for use of colour indicator plates). Incubate overnight at
32°C until colonies appear (see Note 17).

. To all the wells of two sterile microtiter plates, add 100 pL

LB-amp broth containing 10% of the arabinose concentration
determined in step 1 (see Note 18).

Using a replicator (or sterile toothpicks), inoculate the wells
with one colony of each plasmid-containing clone. Duplicates
can be made on one microtiter plate (see Fig. 2).

Place in an incubator at 37°C with shaking for 6-7 h (see
Note 19).

Carefully agitate the well to get rid of any cell debris in the
wells. In a microtiter plate reader, read the OD, of each well.
Use wells containing only LB to determine the baseline (see

Note 20).

Add 50 pL of permeabilization buftfer/well. Keep at room
temperature for 15 min.

Quickly add 50 pL. of ONPG solution to each well and imme-
diately proceed to step 15 (see Note 21).

In a microtiter plate reader, do a first round of agitation and
then do a kinetic cycle to read the OD, of the plate every 30 s
for 2 h at 28°C.

For each well, calculate the V. (OD,, /min) of the beta-
galactosidase reaction. The V| is the maximal velocity of the
reaction, equal to the slope of the initial linear part of the curve
when OD,, is plotted vs. time. Calculate the specific activity of
each reaction, which equals 1,000 times the V_of the reaction

divided by the OD,, determined in step 13 (see Note 22).

Repeat steps 9-16 at lcast two more times using the remaining
LB-amp plates containing transformants from step 8. Calculate
the average of the specific activities (see Note 23).

To interpret the data, first calculate the ratio of the specific
activity of each sSRNA containing clone to that of the empty
vector (see Note 24).
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19. Calculate the average and standard deviation of these ratios for

all the experiments. sSRNAs that produce a ratio above 2 should
be candidates for activators of expression of the fusion, and
sRNAs that produce a ratio below 0.5 should be candidates for
repressors. These thresholds are used to eliminate possible
small indirect effects due to SRNA overexpression (see Fig. 2
and ref. (11) for an example) (see Notes 25 and 26).

4. Notes

. To avoid post-translational effects, the last codon of the gene

to be fused to lacZ should be relatively close to the beginning
of the ORF. This is actually a necessity in the case of membrane
and periplasmic proteins because beta-galactosidase is active
only when expressed in the cytoplasm. We found that for most
proteins, cloning at the 10th-20th codon gives satisfactory
results. This location is in most cases acceptable because generally
sRNA regulation occurs in the 5" untranslated region of the
mRNA, close to the ribosome binding site and/or in a region
extending a few nucleotides (up to 100) upstream or down-
stream (18, 19). However, if sSRNA regulation is suspected to
occur downstream of this region, i.e. inside the ORF, one could
use a fusion located further downstream. When a fusion in the
OREF is used, special attention should be paid to discriminate
potential post-translational regulators (regulated protease
degradation, e.g.) from post-transcriptional /sRNA regulators.

. In general, other classical cloning techniques could be used to

obtain a similar strain with the gene of interest fused to lacZ
under the control of P, | or another promoter. However, par-
ticular attention should be paid to the promoter used. In
particular, to avoid false positives it is essential that the inducer
does not serve as a metabolite for the cell (in PM1205, the
araBAD genes for arabinose usage have been deleted). Also,
the screening method described Subheading 3.3 requires a pro-
moter compatible with P, (which is used to drive expression of
the sRNAs in the library). Note also that PM1205 contains the
lacI? allele, which allows for tighter repression of genes under
the control of a P, promoter in absence of inducer.

. The strain PM1205 should be sucrose sensitive. However, if

you encounter counter-selection problems in the fusion
construction steps, you may want to check that the strain has
kept its sucrose sensitivity. To do so, streak the PM1205 strain
against a wild-type strain (MG1655, e.g.) on sucrose minimal
plates (see recipe in Subheading 2.1, item 6) at 37°C overnight.
Strain PM 1205 should be unable to grow in such conditions.
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. Several bands may be observed on the gel in the case of multiple
transcriptional start sites. In this case, each band should be
extracted and purified from the gel and used separately for
subsequent cloning in the procedure. Note that in this case
you may get activity from putative promoters contained in
the longer fragments.

. Electrocompetent cells can be stored in 10% glycerol solution
at -80°C for a few days, but may lose some competence
efficiency. Make 100 pL aliquots of the cells and freeze them
in a dry-ice ethanol bath before storage.

. The number of colonies on the transformation plate is expected
to be higher than the number on the negative control plate.
However, we have noted that colonies may appear in the
control strain electroporated without DNA. This is presum-
ably due to the poor counter-selection given by the sacB gene
on sucrose plates. Even in the case that there is not an apparent
greater number of colonies in the DNA-electroporated cells as
compared to the control, we recommend proceeding to
Subheading 3.1, step 9 to check for chloramphenicol sensi-
tivity of the obtained transformants.

. Note that from this step to the obtention of the final strain,
bacteria are grown at 37°C, implying that the mini lambda,
which cannot replicate at temperatures >37°C, will be lost.
If further genetic manipulations are envisioned in the desired
strain, such as introduction of a mutation by homologous
recombination, it may be useful to keep the mini lambda. In
that case, grow the strains at a permissive temperature (i.e.
32°C) at this step and subsequently. Note however that growth
will be slower, specially on minimal sucrose plates, and thus the
selection process will take more time. Because the mini lambda
can be lost during the induction step, it the mini lambda is
desired check for its presence by streaking 12—-16 clones on
LB-tet plates at step 11 in Subheading 3.1. Mini lambda-
containing clones should be tetracycline resistant.

. In most cases, we found that even relatively weak tusions give
anoticeable blue colour on X-Gal containing plates. Appearance
of such colonies should be a sign of efficient recombination.
However, it is possible that fusions with very weak activity will
remain white on those plates. Thus, if no blue colonies are
found, proceed as described with randomly picked colonies
from the DNA-electroporated cells. Note also that rare dark
colonies may be a sign of a mutation in the fusion. As noted
above, recombination will ultimately be checked by loss of
chloramphenicol resistance in Subheading 3.1, step 11, and the
integrity of the fusion will be confirmed by sequencing.

. While it may seem like a slower process, it is important that
chloramphenicol sensitivity is checked after at least one
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purification on minimal sucrose because otherwise chloram-
phenicol resistant contaminants may be present and give false
negative results.

For relatively small fusions (less than 500 nucleotides from the
+1 to lacZ), we found that colony PCR is sufficient to give
confidently readable sequences. For larger fusions, however,
we recommend to prepare chromosomal DNA from the clones
and to do a PCR with a high fidelity enzyme before proceeding
to Subheading 3.1, step 13.

It is possible that some fusions which have very high basal
activity will appear red even at the lowest arabinose concentration.
In this case, try to grow the cells at lower temperatures (25°C,
e.g.) to minimize this effect. If the strain forms red colonies
even in the absence of arabinose, it might be indicative of an
additional promoter contained in the fusion. Conversely, some
very weak fusions may remain pale or white even at high (0.2%)
arabinose concentration, in which case incubation at higher
temperatures (but not more than 37°C) could be used. If you
cannot obtain a workable indicator colour for basal activity,
you might consider other indicator media such as LB + X-Gal
or tetrazolium lactose agar (see ref. (20) for details).

Since Hfq is involved in many sRNAs activity, activity of mRNA
regulated by sRNAs is often changed in an /f mutant. Thus,
before proceeding to screening, you may want to check for
possible variation of the activity of the fusion in an /f7 mutant.
To do so, P1 transduct an antibiotic marked /f% mutation into
the translational fusion-containing strain (see ref. (16) for a
detailed transduction protocol). Streak both the WT and 4fg
mutant strains on a MacConkey plate containing the above-
determined arabinose concentration and incubate overnight at
30°C. If the 4fg mutant looks lighter or darker than the WT it
is a good indication that an sRNA up- or down-regulates,
respectively, the expression of the translational fusion. However,
given that the /g mutation has pleiotropic effects and a marked
slow growth phenotype even in rich medium, shape and colour
of colonies may look slightly different than that of the WT
strain on a MacConkey plate, even if no sSRNA regulates the
tusion. Conversely, colour may look comparable even though
sRNA regulation exists. Therefore, this experiment may be
indicative only in the case of marked phenotypes. This is why
we recommend in any case to proceed to subsequent screening
steps to find possible SRNA regulators.

Note that some overexpression plasmids may induce phenotypes,
such as slow growth or mucoidy, that may affect the shape and
colour of the colony independently of beta-galactosidase activity.
It is hard to discriminate such clones from those in which the
reporter activity has changed. Most of the time these false
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positives can be discarded after one or two rounds of purification
on MacConkey lactose plates.

Note that depending on how DNA was cloned in the plasmids,
it is possible that more than one piece of DNA may be inserted.
These cases are easy to discriminate because in general, the
sequence at the extremities are located at such a great distance
(>10 kb) on the chromosome that it is not possible that the
insert comes from only one fragment of DNA. Although it is
possible to get the full sequence of the insert by primer walk
sequencing, it is easier to discard these plasmids from further
analysis if at all possible.

As a good starting point, at least three times the chromosome
length should be screened when doing a multicopy library
screening. For example, in the case described here, because the
genome of E. coliis 4.7 Mb and the average size of the inserts in
the plasmids is ~2 kb, the minimum number of transformants
one should screen is given by 3x4.7 Mb /2 kb =7,000 clones. In
the rare case where no candidates can be identified after several
rounds of screening, it may mean that there is no regulator of
the fusion or that the screen is not appropriate. Another screen
such as the one described in Subheading 3.3 may be used.

Transformants can also be spotted on beta-galactosidase activ-
ity indicator plates such as MacConkey lactose and /or LB-X-Gal
(containing IPTG at 100 pM) in parallel, to give an idea of the
effect of sSRNA overexpression from the plasmids (see Fig. 2).
In both cases, arabinose at an appropriate concentration (see
Subheading 3.2, step 2) and ampicillin should be included in
the medium. Note however that results may be difficult to
interpret, particularly as we found that some sRNAs are toxic
to the cells when overexpressed (Spot42, DicF, OxyS, e.g.)
and thus should not give colonies in presence of inducer.

Spotted cells should give 10-20 small, isolated colonies after
an overnight incubation at 37°C. However, if colonies are
too confluent, try transforming with less plasmid (1 ng, e.g.)
and/or incubating at 30°C to obtain smaller, isolated colo-
nies. Confluence of colonies should be avoided since this may
result in poor selection and give cells that do not contain the
plasmids.

In general for beta-galactosidase tests from liquid cultures such
as this one, an arabinose concentration ten times lower than
that found on MacConkey arabinose plates is the most efficient.
For example, if you find that your fusion gives a convenient red
colour at 0.002% arabinose concentration on a MacConkey
plate, then use 0.02% arabinose in LB for the test.

After 6-7 h of growth, cells have entered stationary phase,
resulting in a more consistent OD, . Growing to stationary
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phase therefore limits differences due to uneven growth of the
clones. Growing longer than 7 h may result in slight evapora-
tion from the wells that will increase noise in the results.

Given that the sample in the well does not have a path length
of 1 cm, the OD,, determined in the microtiter plate is not
equivalent to that of one read in a spectrophometer. For a cell
culture of 100 pL, the OD,, read in a microtiter plate reader
is about tenfold lower than that read by a spectrophotometer.

It is very important that ONPG solution is added as fast as
possible to the cell extracts containing wells as reaction will
start instantly after addition. Some plate readers have injectors
that will automatically dispense the appropriate volume in the
wells. If not available on your reader, we recommend that you
use a multichannel pipettor/dispenser that will allow you to
dispense the ONPG rapidly.

This calculated specific activity is expressed in arbitrary units
that are approximately, but not strictly, equivalent to Miller
units.

Given that one cannot choose an exact OD,, at which to stop
the cultures, there is inevitably a certain degree of variation
amongst the specific activities found from one experiment to
another. This is why we recommend repeating the experi-
ment at least three times to minimize the standard deviations

of the values.

Alternatively, one could directly use the specific activities of the
sRNA-containing clones to find which induce more variations
on the specific activities. However we found that given the fair
amount of variation from one experiment to another, calculat-
ing the ratio of specific activities of SRNA-containing clones to
the vector-only control gives generally more consistent results.

If no sRNA is found to activate or repress expression of the
fusion, it may either mean that no sRNA is involved in the
regulation of the gene or that the sRNA is absent from
the sSRNA library. In such case one may try to find other regu-
lators using an overexpression library such as described in
Subheading 3.2. In the case where neither the screen in
Subheading 3.2 nor the screen in Subheading 3.3 identifies an
sRNA regulator of the fusion, biochemical approaches should
be tried. In particular, one limit to the methods described here
is that they assume the critical regions for regulation are in the
5" untranslated region and 5’ end of the coding region, and are
not dependent on sequences further downstream, since down-
stream sequences are not present in the fusion constructs (see
also Note 1).

Note that all sSRNAs changing activity of the fusion may not
necessarily be direct regulators. In particular, it is possible that
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some sRNAs act indirectly by either (1) inducing or repressing
the expression of a direct SRNA regulator located on the chro-
mosome or (2) by competing with a direct SRNA regulator for
Hfq (11, 21, 22). The latter case should particularly be taken
into account when working with overexpressed sRNAs, such as
the ones used here. Therefore, it is important to subsequently
confirm or infer direct regulation of the SRNA on the mRNA
encoded by the fusion. Prediction of sSRNA base pairing to the
target mRNA can be searched using tools such as TargetRNA
(http: //snowwhite.wellesley.edu /targetRNA) (23) and confirmed
by testing the effects of mutations in the sSRNA/mRNA base
pairing region (see refs. (11, 24-27) for examples of such

experiments).

Acknowledgements

I greatly thank F. Barras for financial, space and intellectual
support. I thank S. Gottesman for critical reading and helpful
discussions on the manuscript. I also thank C. Beisel, Y. Duverger,
M. Guillier, H.J. Lee, K. Moon, and B. Py for help and comments
on the preparation of the manuscript.

References

1

. Gottesman S, Storz G (2011) Bacterial small

RNA regulators: versatile roles and rapidly
evolving variations. Cold Spring Harb Perspect
Biol 3(12, pii):a003798

. Waters LS, Storz G (2009) Regulatory RNAs

in bacteria. Cell 136:615-628

. Gottesman S, McCullen CA, Guillier M,

Vanderpool CK, Majdalani N, Benhammou ],
Thompson KM, FitzGerald PC, Sowa NA,
FitzGerald DJ (2006) Small RNA regulators
and the bacterial response to stress. Cold Spring
Harb Symp Quant Biol 71:1-11

. Brennan RG, Link TM (2007) Hfq structure,

function and ligand binding. Curr Opin
Microbiol 10:125-133

. Zhang A, Wassarman KM, Rosenow C,

Tjaden BC, Storz G, Gottesman S (2003)
Global analysis of small RNA and mRNA
targets of Hfq. Mol Microbiol 50:1111-1124

. Sittka A, Lucchini S, Papenfort K, Sharma CM,

Rolle K, Binnewies TT, Hinton JC, Vogel J
(2008) Deep sequencing analysis of small non-
coding RNA and mRNA targets of the global
post-transcriptional  regulator, Hfq. PLoS
Genet 4:¢1000163

. Wassarman KM, Repoila F, Rosenow C, Storz G,

Gottesman S (2001) Identification of novel

10.

11.

12.

13.

small RNAs using comparative genomics and
microarrays. Genes Dev 15:1637-1651

. Raghavan R, Groisman EA, Ochman H (2011)

Genome-wide detection of novel regulatory
RNAs in E. coli. Genome Res 21(9):1487-1497

. Sharma CM, Vogel J (2009) Experimental

approaches for the discovery and characteriza-
tion of regulatory small RNA. Curr Opin
Microbiol 12:536-546

Mandin P, Gottesman S (2009) A genetic
approach for finding small RNAs regulators of
genes of interest identifies RybC as regulating

the DpiA/DpiB two-component system. Mol
Microbiol 72:551-565

Mandin P, Gottesman S (2010) Integrating
anaerobic/aerobic sensing and the general
stress response through the ArcZ small RNA.
EMBO J 29:3094-3107

Datsenko KA, Wanner BL (2000) One-step
inactivation of chromosomal genes in
Escherichin coli K-12 using PCR products. Proc
Natl Acad Sci U S A 97:6640-6645

Court DL, Swaminathan S, Yu D, Wilson H,
Baker T, Bubunenko M, Sawitzke J, Sharan SK
(2003) Mini-lambda: a tractable system for

chromosome and BAC engineering. Gene
315:63-69


http://snowwhite.wellesley.edu/targetRNA

60

14.

15.

16.

17.

18.

19.

20.

21.

P. Mandin

Urban JH, Vogel J (2009) A green fluorescent
protein (GFP)-based plasmid system to study
post-transcriptional control of gene expression
in vivo. Methods Mol Biol 540:301-319

Ulbrandt ND, Newitt JA, Bernstein HD
(1997) The E. coli signal recognition particle is
required for the insertion of a subset of inner
membrane proteins. Cell 88:187-196

Sambrook J, Russel D (2001) Molecular clon-
ing: a laboratory manual, 3rd edn. CSHL Press,
Cold Spring Harbor, NY

Argaman L, Hershberg R, Vogel ], Bejerano G,
Wagner EG, Margalit H, Altuvia S (2001)
Novel small RNA-encoding genes in the inter-
genic regions of Escherichia coli. Curr Biol
11:941-950

Bouvier M, Sharma CM, Mika F, Nierhaus KH,
Vogel J (2008) Small RNA binding to 5’
mRNA coding region inhibits translational ini-
tiation. Mol Cell 32:827-837

Pfeifter V, Papenfort K, Lucchini S, Hinton JC,
Vogel J (2009) Coding sequence targeting by
MicC RNA reveals bacterial mRNA silencing
downstream of translational initiation. Nat
Struct Mol Biol 16:840-846

Shuman HA, Silhavy TJ (2003) The art and
design of genetic screens: Escherichia coli. Nat
Rev Genet 4:419-431

Hussein R, Lim HN (2011) Disruption of
small RNA signaling caused by competition

22.

23.

24.

25.

26.

27.

for Hfq. Proc Natl Acad Sci USA 108:
1110-1115

Olejniczak M (2011) Despite similar binding
to the Hfq protein regulatory RNAs widely dif-
fer in their competition performance.
Biochemistry 50:4427-4440

Tjaden B, Goodwin SS, Opdyke JA, Guillier M,
Fu DX, Gottesman S, Storz G (2006) Target
prediction for small, noncoding RNAs in
bacteria.  Nucleic  Acids Res  34:
2791-2802

Papenfort K, Bouvier M, Mika F, Sharma CM,
Vogel J (2010) Evidence for an autonomous 5’
target recognition domain in an Hfg-associated
small RNA. Proc Natl Acad Sci USA
107:20435-20440

Figueroa-Bossi N, Valentini M, Malleret L,
Bossi L (2009) Caught at its own game: regu-
latory small RNA inactivated by an inducible
transcript mimicking its target. Genes Dev
23:2004-2015

Guillier M, Gottesman S (2008) The 5’ end of
two redundant sRNAs is involved in the regu-
lation of multiple targets, including their own
regulator.  Nucleic ~ Acids  Res  36:
6781-6794

Majdalani N, Hernandez D, Gottesman S
(2002) Regulation and mode of action of the
second small RNA activator of RpoS transla-
tion, RprA. Mol Microbiol 46:813-826



Part i

Function and Expression of Regulatory RNAs



Chapter 5

Competition Assays Using Barcoded Deletion
Strains to Gain Insight into Small RNA Function

Errett C. Hobbs and Gisela Storz

Abstract

Ordered collections of barcoded deletion mutants can be screened rapidly in mixed cultures to uncover
resistance and sensitivity phenotypes associated with the loss of a gene. As such, they are invaluable tools
for assigning gene function in the post-genomic era. In this protocol, we describe methodologies for creating
and employing barcoded deletion mutants in competitive screens as well as how to analyze the ensuing

results.

Key words: Competition assays, SRNA, Microarray

1. Introduction

Barcoded deletion mutagenesis has its roots in signature sequence-
tagged mutagenesis (STM) experiments to identify genes involved
in pathogenesis (reviewed in ref. (1)). In short, a series of transpo-
sons containing random 40-mer pieces of DNA (signature sequence
tags) were used to randomly mutagenize bacteria. The mutagen-
ized bacteria were then used to infect an animal and the abundance
of each signature sequence tag before and after infection was deter-
mined by Southern blotting.

With the advent of DNA microarray technology, STM was
expanded to delete almost every nonessential gene in Saccharomyces
cerevisine with DNA barcoded antibiotic resistance cassettes (2, 3).
Barcodes are unique 20-mer DNA sequences that are incorpo-
rated upstream (UP) and downstream (DN) of an antibiotic resis-
tance cassette by PCR. Instead of employing Southern blots to
measure strain abundance after control or stress treatments, DNA
barcodes can be amplified by PCR and hybridized to a TAG4
microarray (4). These barcodes were designed so that they would
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not cross-hybridize with one another and would have the same
optimal hybridization temperature on the DNA microarray. All
told, there are 11,812 barcodes available that can be used in
conjunction with the TAG4 microarray, which should be sufficient
to delete all of the genes contained within most bacterial chromo-
somes (4). As of now, two sets of barcoded Escherichia coli mutants
have been reported in the literature (5, 6). One set is deleted for a
series of genes involved in DNA repair, and the other is deleted for
over 100 genes that encode small proteins (<50 aa) or small regula-
tory RNAs in addition to some genes involved in stress response.

Very detailed methodologies exist for employing and analyzing
large barcoded deletion collections (4) (see Note 1). It should be
further noted that in the future, barcoded deletion collections may
be analyzed more efficiently by employing deep sequencing tech-
nologies. Nevertheless, the procedures described below are
sufficient for analyzing relatively small collections containing
around 100 strains in a time-efficient manner.

2. Materials

The solutions containing MES or phycoerythrin are photo sensitive
and should be shielded from light, where indicated. Even though
it may not be necessary, it was for this reason that the biotin stain-
ing mixture was always freshly prepared on the day of use from the
premixed stocks described below.

1. Primers
Oligo name Sequence (5'-3)
kan-UP (5’-Bio) BIOTIN-gaagcagctccagectacac
kan-DN (5’-Bio) BIOTIN-ggtcgacggatccccggaat
B213 (5'-Bio) BIOTIN-ctgaacggtagcatcttgac
kan-UP gaagcagctccagectacac
kan-DN ggtcgacggatccccggaat
Common UP gatgtccacgaggtctct
Common DN cggtgtcggtctegtag
Complement—kan-UP gtgtaggctggagetgette
Complement—kan-DN attccggggatccgtegacc

Complement—Common UP  agagacctcgtggacatc

Complement—Common DN ctacgagaccgacaccg

2. Luria-Bertani (LB) medium: 10 g tryptone, 5 g yeast extract,
and 10 g NaCl per liter of H,O. Autoclave at 121°C, 15 psi
for 15 min.



10.

5 Competition Assays Using Barcoded Deletion Strains 65

. 12x  MES (2-(N-morpholino)ethanesulfonic acid) stock

(1.22 M MES, 0.89 M Na*, pH 6.5-6.7): 0.70 g MES free
acid monohydrate, 1.9 g MES sodium salt per 10 mL of dH,O.
Sterile filter. Store at 4°C, shielded from light.

. 2x hybridization buffer (200 mM MES, 1 M Na*, 20 mM

EDTA, 0.01% Tween 20): To make 50 mL of 2x hybridization
buffer, mix 8.3 mL of 12x MES stock, 17.7 mL of 5 M NaCl,
4.0 mL of 0.5 M EDTA, 0.1 mL of 10% Tween 20, and
19.9 mL of dH,O. Store shielded from light at 4°C.

. Mixed oligonucleotides (12.5 uM for each oligonucleotide):

Combine 100 pL each of 100 uM stocks of the following oli-
gonucleotides: kan-UP, kan-DN;, Common UP primer,
Common DN primer, Complement—kan-UP, Complement—
kan-DN, Complement—Common UP, and Complement—
Common DN.

. Hybridization mix: Combine 75 puL of 2x hybridization bufter,

0.5 uL of B213 oligonucleotide, 12 pl. of mixed oligonucle-
otides, and 3 pL of 50x Denhardt’s solution (1% Ficoll (type
400), 1% polyvinylpyrrolidone, and 1% bovine serum albumin).

. 20x SSPE (3 M NaCl, 200 mM NaH,PO,, 20 mM EDTA,

pH 7.4): Dissolve 175.3 g of NaCl, 27.6 g of NaH,PO,-H,O,
and 7.4 g of Na,EDTA in 800 mL of dH,O. Bring pH to 7.4
using 10 M NaOH. Add dH,O to a final volume of 1 L and
autoclave to sterilize.

. Wash A (6x SSPE-T): Mix 300 mL of 20x SSPE and 1 mL of

10% Tween 20 with 699 mL of dH,0O.

. Wash B (3x SSPE-T): Mix 150 mL of 20x SSPE and 1 mL of

10% Tween 20 with 849 mL of dH,O.

Biotin staining mix: Combine 51.4 ul. of 20x SSPE, 3.4 uL of
50x Denhardt’s solution, 1.7 uL. of 1% Tween 20, and 0.29 pL
of 1 mg/mL streptavidin-phycoerythrin (Molecular Probes—
cat. #S-866) with 114 puL of dH,O. Store at 4°C, shielded
from light. This solution should be prepared the day the
microarray is stained.

3. Methods

3.1. Gonstruction
of Deletion Strains

The barcoded antibiotic resistance cassettes can be generated in a
two-step PCR process as previously described (5) (Fig. 1). All of
the barcoded antibiotic resistance cassettes are constructed
separately.

1.

In the first-round PCR, amplify the kanamycin antibiotic
resistance cassette from pKD13 (7) by using upstream (P1)



66 E.C. Hobbs and G. Storz

P11
P2
l PCR round 1

P T

- Barcode Resistance Barcode -

I — )
l PCR round 2

Homology - Barcode Resistance Barcode - Homology

l Recombineer

.... Chromosome |

Barcode Resistance Barcode | Chromosome ....

Fig. 1. Barcoded deletion cassettes are generated by a two-step PCR process and incorporated into the chromosome by
recombineering. The P1 and P2 primers used in the first-round PCR are complementary to the antibiotic resistance cas-
sette and are used to incorporate the barcodes and common regions. The P3 and P4 primers used in the second-round
PCR are complementary to the common regions and are used to incorporate regions of homology for recombineering the
cassette into the target locus on the chromosome.

3.2. Gompetition
Assays

and downstream (P2) primers to incorporate the upstream and
downstream barcodes in addition to the common regions
flanking the barcodes in every cassette.

. Subject the first-round PCR products to electrophoresis at

120 Vin a 1% TBE agarose gel until they are clearly resolved.
Excise the amplified kanamycin cassette from the gel and purity
using a Qiagen Gel Extraction Kit.

. Use the purified first-round PCR products as a template in a

second-round PCR with the P3 and P4 primers to incorporate
upstream and downstream sequences homologous to the
chromosomal regions flanking the locus to be deleted.

. Purity the second-round PCR products by using a Qiagen PCR

Purification Kit followed by ethanol precipitation.

. Incorporate the barcoded antibiotic resistance cassettes into

the genome by A-Red mediated recombineering (8, 9).

. Streak all strains for single colonies on LB solid medium or pin

from glycerol stocks in a 96-well plate to LB solid medium in
a Nunc OmniTray. Incubate for 16 h at 30°C (see Note 2).

. Inoculate 5 mL of liquid LB in a culture tube or 600 puL of

liquid LB in a deep-well 96-well plate with individual colonies.
96-well plates should be sealed with a sterile air-permeable
membrane. Incubate for 16 h at 30°C with 250 rpm shaking.



3.3. Amplification
of Barcodes from
Genomic DNA
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3. Mix 100 pL of each culture in a sterile 50 mL conical tube.

The amounts of cells associated with each strain do not have to
be equal, as the cell numbers for each strain in the experimental
culture will eventually be compared to their number in the
control condition.

. Subject one aliquot of the mixed culture to a control condition

and another to a stress condition. In general, the stress condi-
tion can take one of two forms; “acute” or “chronic” stress.
Cells subjected to an “acute” stress are exposed to an adverse
condition for a set period of time and then to a period of out-
growth under permissive conditions. If cell abundance is mea-
sured immediately after an acute stress, there will be no
measurable difference in cell abundance between strains with
and without a phenotype, as dead cells still have DNA from
which barcodes can be amplified. Therefore, both the control
and stress cultures must be diluted into fresh media and allowed
to outgrow to equal optical densities. This will allow cells that
are better suited to surviving the stress condition to divide and
overwhelm those cells that are not able to survive or recover
from the stress in question. We find that allowing for at least
12 generations of growth is enough to distinguish cells show-
ing a phenotype from those that do not. In practice, this means
diluting both the stress culture and the control culture 1:5,000
and allowing both cultures to achieve the optical density of the
original, untreated culture.

. In contrast to “acute” stress, cells subjected to “chronic” stress

are diluted and allowed to grow under a stress condition that is
minimally permissive to growth. In this instance, the mixed cul-
ture is diluted 1:2,000. The diluted culture is split into a control
and a stress-treated culture. Both cultures are grown to the same
OD,,,- Not as much outgrowth seems to be required as for an
“acute” stress. For example, 8—10 generations of outgrowth
were sufficient to distinguish strains that had cell envelope stress
phenotypes from those that did not (5).

. Harvest between 5 and 6 OD__ = of cells. For example, if the

600
final culture density is 5 OD,, then centrifuge 1 mL of cul-

ture in a benchtop microfuge at maximum speed, dispose of
the supernatant, and proceed with the protocol (if desired, the
cell pellet can be frozen for later use). If the final culture den-

sity is 2.5 OD, then collect the pellet from 2 mL of culture.

. Isolate genomic DNA from cells harvested from the control

and stress cultures. The Wizard Genomic DNA Purification
Kit (Promega) works well.

. Amplify the “UP” and “DN” DNA barcodes in two separate

sets of polymerase chain reactions. Approximately 200 ng of
genomic DNA works best (see Note 3).
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Reagents 1% (uL) 3.5x (uL)
UP barcodes

10x buffer 10 35

10 mM dNTPs 2 7

50 mM MgSO, 4 14
Platinum Taq HiFi 0.8 2.8
dH,O 77 .2 270.2
kan-UP (5’-Bio) 2 7
Common UP primer 2 7
Total 98 343

DN barcodes

10x buffer 10 35

10 mM dNTDPs 2 7

50 mM MgSO, 4 14
Platinum Taq HiFi 0.8 2.8
dH,O 77 .2 270.2
kan-DN (5’-Bio) 2 7
Common DN primer 2 7
Total 98 343
Reaction Template DNA Reaction mix
1 Control culture UP barcodes
2 Control culture DN barcodes
3 Stress culture UP barcodes
4 Stress culture DN barcodes
5 No DNA UP barcodes
6 No DNA DN barcodes

Cycling parameters

94°C 3 min
94°C 30s
55°C 30s
68°C 30s

Go to step 2 34x
4°C oo

4. Subject 5 puL of each reaction product to electrophoresis in a
2% agarose gel to verify that the barcodes were amplified in
reactions 1—4. There will be excess primer in each reaction, but
it is important that no amplified products are present in reac-
tions 5 and 6, which do not contain any DNA template.



3.4. Hybridizing
and Scanning DNA
Microarrays

10.

11.

12.
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. Affymetrix arrays contain two gaskets through which liquids

can be applied to the array. Simply place a 20-200 pL. micropi-
pettor tip into one gasket to allow air to evacuate from the
array as liquids are added through the other gasket. Using this
technique, fill each of two DNA microarrays (Affymetrix
Genflex Tag 16 K Array v2) with 140 uL of 1x hybridization
buffer (see Note 4).

. Incubate the microarrays for 10 min in a hybridization oven

set to 42°C, 20 rpm.

. UP and DN tags from within each culture are measured on the

same DNA microarray, but analyzed separately. To start,
combine 30 pL each of reactions 1 and 2 with 90 puL of hybrid-
ization mix (CNTL). Also combine 30 uL each of reactions 3
and 4 with 90 uL of hybridization mix (STRESS).

. Boil the CNTL and STRESS tubes for 2 min and then incu-

bate them on ice for 2 min.

. Remove the 1x hybridization buffer from the two arrays

(labeled “CNTL” and “STRESS”).

. Add the contents of the CNTL and STRESS tubes to the

appropriate array. A bubble might be visible in the array, which
is normal.

. Place a Tough Tag (Diversified Biotech) over each of the two

gaskets on each array.

. Incubate the arrays for 10-16 h in a hybridization oven set to

42°C and 20 rpm.

. Aspirate the hybridization mix and wash as described below.

One mixing cycle consists of pipetting 150 pL of wash solution
in and out of the microarray. An automated fluidics station can
also be used to perform all wash cycles.

Solution  Mixes per solution

Solution (temperature) changes change
Wash A (room temperature) 2 4
Wash B (42°C) 6 4
Wash A (room temperature) 1 2

Aspirate Wash A from the microarrays and replace it with
140 pL of biotin staining mix.

Incubate for 10 min in a 42°C hybridization oven set to
20 rpm.

Aspirate the biotin staining mix and wash each array (pipette in
and out four times) with six 150 pL. changes of Wash A at
room temperature.
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3.5. Analysis
of Results

13.

14.

15.

Careftully fill the arrays with fresh Wash A. At this stage, no
bubbles can be left on the array. If necessary, the arrays can be
overfilled with Wash A to flush any bubbles that remain
behind.

Remove all micropipettor tips from the arrays, dry the gaskets
with a Kimwipe or other lint-free paper towel, and apply Tough
Tags to all gaskets. Here, the Tough Tags are applied to
prevent any liquids from spilling into the microarray scanner.

Scan each array using an Affymetrix GeneArray Scanner set to
an emission wavelength of 560 nm.

More sophisticated protocols and computer programs exist to ana-
lyze larger data sets (4). However, the methods below describe a
robust and easy way to analyze the results of small barcoded deletion
mutant collections.

1.

Every barcode is queried by five probes on the microarray.
Extract the arbitrary fluorescence intensities associated with
each probe. UP and DN barcodes should be analyzed sepa-
rately, as they were amplified separately.

. Average the five arbitrary fluorescence intensities associated

with each barcode to obtain the mean fluorescence intensity.

. Determine the background fluorescence for each microarray

by averaging the probe intensity values associated with the
barcodes that are not present in any strain.

. Subtract the background fluorescence from all mean

fluorescence intensities associated with strains in the test set.

. Exclude barcodes exhibiting background-corrected mean

fluorescence intensities of less than 200 arbitrary fluorescence
units in the control array.

. The signal for individual probes in DNA microarrays saturates,

and the relationship between strain abundance and barcode
signal becomes nonlinear. As a result, more abundant barcodes
tend to be underrepresented when measured with a DNA
microarray. To correct for probe saturation, multiply every

background-corrected mean fluorescence intensity by
B(O.OOOSl*mcan barcode intensity)

. Divide the corrected fluorescence intensity obtained for each

barcode in the mock-treatment sample by its corresponding
fluorescence intensity in the stress-treatment sample to obtain
a relative abundance value (R.A.).

. Arrange the R.A. values in descending order. Sensitive strains

will have R.A. values above 1, and resistant strains will have
R.A. values below 1. In our experience, these analyses are most
reliable when the competitive screens are performed in triplicate.
There are two barcodes associated with each deletion mutant,
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so performing the screens in triplicate results in six R.A.
measurements per strain. There will be variability in the abso-
lute R.A. values obtained between different trials, but the rank
order of the most sensitive and most resistant strains tends to
remain relatively constant. In a pool ~100 deletion mutants,
our experience indicates that strains consistently appearing
among the top 20 and bottom 5 R.A. values in at least four of
the six series of R.A. values are reliably sensitive or resistant.

4, Notes

1. The methods described in this chapter are also detailed by the
Davis group at the following website: http: //chemogenomics.
stanford.edu/supplements/04tag /analysis.

2. Until the deletion mutants in a collection have been well char-
acterized, we find it best to assume that they will all have a
temperature sensitivity phenotype and to incubate them at a
lower temperature for all strain maintenance steps until execu-
tion of the experiment.

3. Using too little genomic DNA can introduce sampling errors.
Our group employed Platinum Taq HiFi polymerase
(Invitrogen), but any DNA polymerase should work well in
principle. Set up the reactions as designated above. It is
essential that the kan-UP (5'-Bio) and kan-DN (5'-Bio) oli-
gonucleotides are biotinylated at their 5’-ends, as the biotin
groups are required to measure hybridization of the barcodes
to the array.

4. The hybridization mix contains oligonucleotides complemen-
tary to common regions used to amplify all of the UP and DN
barcodes within the population. Including the complementary
oligonucleotides limits cross-hybridization between barcodes.
The B213 (5'-Bio) oligonucleotide hybridizes to landmarks
within the microarray that facilitate recognition of the proper
chip orientation by the scanning software.
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Chapter 6

Use of Semi-quantitative Northern Blot Analysis
to Determine Relative Quantities of Bacterial
CRISPR Transcripts

Ksenia Pougach and Konstantin Severinov

Abstract

The Northern blot technique is widely used to study RNA. This relatively old method allows one to detect
RNA molecules ranging in size from ~20 to thousands of nucleotides and simultaneously estimate the size
of an RNA and detect its degradation/processing products. The method does not rely on enzymes such
as reverse transcriptases or RNA ligases used in most advanced RNA detection methods, which can be
advantageous since biases in detection of individual RNAs can be avoided. We used this approach to the
transcripts of Clustered Regularly Interspaced Palindromic Repeats (CRISPR) phage defense loci in
Escherichin coli. CRISPR loci are transcribed into a single long pre-crRNA, which is then processed at
multiple sites to generate ~60 nt fragments (ctRNA) each able to mount defense against a specific phage.
The Northern blot technique allowed us to estimate the abundance of individual crRNAs and determine
stabilities of both pre-crRNA and crRNA. The procedures described in this chapter can be used with very
minor modifications to monitor the abundance and stabilities of transcripts of various lengths from many
bacterial sources.

Key words: CRISPR, RNA, Northern blot, Short RNAs, Capillary transfer, Electrophoretic transfer

1. Introduction

The existence of short miRNAs and siRNAs in Eukaryotes is a rela-
tively recent discovery, whereas examples of short regulatory RNA
molecules in bacteria (sRNAs, ranging from ~50 to 500 nt, see ref.
(1) for an excellent review) were known for years (2—4). However,
the frequency with which bacteria rely on sRNAs for regulation of
diverse processes has not been appreciated until quite recently.
New examples of sSRNAs in diverse bacteria are discovered on an
almost daily basis. A vast majority of these sRNAs are discovered
through computational analyses or global approaches such as

Kenneth C. Keiler (ed.), Bacterial Regulatory RNA: Methods and Protocols, Methods in Molecular Biology, vol. 905,
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microarrays or deep sequencing; their functions, thus, remain
hypothetical (see ref. (5) for a review). Nevertheless, clear cases of
sRNA involvement in control of a wide range of cellular processes
in bacteria—from regulation of mobile elements to oxidative stress
response are well documented (see refs. (1, 5) for review).

The recently discovered clustered regularly interspaced palin-
dromic repeats (CRISPR)/Cas defense systems of bacteria and
archaea function through small RNAs called crRNAs that recog-
nize foreign nucleic acids through complementary interactions and
lead to their destruction through mechanisms that remain to be
defined (see refs. (6, 7) for review). CRISPR /Cas loci consist of a
CRISPR cassette (a segment of DNA containing multiple identical
non-perfect palindromic repeats separated by spacers of identical
length but variable sequence) and cas (for CRISPR associated)
genes. The cas genes and CRISPR cassettes are transcribed sepa-
rately, and the CRISPR transcript (pre-crRNA) is processed by one
of the cas gene products. Processing occurs at sites located within
pre-crRINA repeat sequences, generating short crRNAs each con-
taining a spacer sequence bound by fragments of the repeat
sequence. Individual crRNAs, in complex with Cas proteins, can
specifically target foreign DNA.

Escherichin coli contains several CRISPR cassettes. Popular
laboratory K12 strains contain one cassette, CRISPR 1, with 13
repeats (12 spacers), a second cassette, CRISPR 2, with 7 repeats.
A third small cassette with 3 repeats is located close to CRISPR2.
The repeat sequences in these cassettes are almost identical, and
crRNAs generated from pre-crRNAs transcribed from each cas-
sette are ~60 nt long. In our recent study, we wanted to estimate
the abundance of crRNAs from different cassettes as well as to
determine the relative abundance of individual crRNAs generated
from the same pre-crRNA (8). The latter determination was impor-
tant since it was expected that RNA polymerase (RNAP) may ter-
minate transcription while synthesizing long untranslated
pre-crRNA containing multiple palindromic repeats.

The small size made it impossible to estimate individual crRNA
quantities using RT-PCR or Real-Time PCR methods. Therefore,
we used Northern blots to quantify the amount of each crRNAs by
determining hybridization signals with radioactively labeled probes
corresponding to various spacers. To allow semi-quantitative esti-
mates of individual crRNAs abundance, we compared intensities of
crRNA hybridization signals with signals originating from known
amounts of DNA oligonucleotide markers complementary to
hybridization probes. The oligonucleotide markers were subjected
to electrophoretic separation and blotting along with E. co/s total
RNA samples. To estimate the amounts of long pre-crRNA tran-
scripts, we compared intensities of pre-ctrRNA hybridization sig-
nals with signals originating from known amounts of in vitro
transcribed pre-crRNA fragments. In the end, this strategy allowed
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us to determine intracellular levels of pre-crRNA and individual
crRNAs, to put forward a model of CRISPR-cassette transcription
and processing, and to predict the existence of a yet-unidentified
nuclease that is involved in control of pre-crRNA abundance (8).

2. Materials

2.1. Reagents

g N

10.

11.

12.
13.
14.

. RNA samples in formamide loading buffer: Dissolve 5-10 pg

of total E. coli RNA for each sample in Gel loading bufter 11
(Ambion).

. Radiolabeled DNA oligonucleotide probe.

. T4 polynucleotide kinase (PNK) and 10x PNK bufter.

. [y-#PJATP (7,000 Ci/mmol, 150 mCi/mL).

. Radiolabeled short RNA marker (such as Decade marker sys-

tem, Ambion—range 10-150 nt).

. Long RNA marker (such as RiboRuler Low range RNA ladder,

Fermentas—range 100-1,000 nt).

. In vitro transcription: T7 RNAP and 10x T7 RNAP buffer

(from New England Biolabs, for example); 0.1 M DDT;
100 mg/mL BSA; NTPs (10 mM each); RNaseOUT
(Invitrogen).

. TBE 5x buffer: 89 mM Tris-borate, 2 mM EDTA, pH 8.3;

mix 54 g of Tris base, 27.5 g of boric acid, 20 mL of EDTA
(from 0.5 M, pH 8.0 stock), and H,O (double-distilled) up to
1 L. Store at room temperature.

. 20% Acrylamide, 7 M urea, TBE 1x solution: mix 19 g of

acrylamide, 1 g of methylenebisacrylamide, 42 g of urea,
20 mL of TBE 5x, and H,O (double-distilled) up to 100 mL.
Filter through a 0.45-um Corning filter and store at 4°C.

7 M urea, TBE 1x solution: mix 42 g of urea, 20 mL of TBE
5x, and H,O (double-distilled) up to 100 mL.

High percentage (12%) denaturing PAAG with 7 M urea: mix
3 mL of 20% acrylamide, 7 M urea, TBE 1x solution, 2 mL of
7 M urea, TBE 1x solution, 50 pul. SPS (sodium persulfate,
from 10% w/v stock), and 5 pl. TEMED (N,N,N,N'-
Tetramethylethylenediamine). 5 mL of final solution is
sufficient to cast one (7 x10x0.085 cm) gel that can be used
in Bio-Rad Mini-Protean Tetra cell.

Agarose.

Formaldehyde.

Formaldehyde gel-running buffer 10x: 0.2 M MOPS (pH
7.0), 80 mM NaCH,COO, 10 mM EDTA; prepare with
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2.2. Equipment

15.

16.

17.

18.

19.

20.

)

N Ul W

DEPC (diethylpyrocarbonate)-treated water (see Notes 1 and
2). Dissolve 41.8 g of MOPS in 700 mL of H,O and adjust pH
to 7.0 with NaOH. Then add 26.7 mL of NaCH,COO (from
3 M, pH 5.2 stock), 20 mL of EDTA (from 0.5 M, pH 8.0
stock), and H,O (DEPC-treated) up to 1 L.

SSC 20x: 3 M NaCl, 0.3 M sodium citrate, pH 7.0. Mix
175.3 g of NaCl, 88.2 g of Na,C.H.O,-2H,0O (sodium cit-
rate), and H,O (DEPC-treated) up to 1 L. Adjust pH to 7.0
with NaOH.

Hybridization buftfer: we used ExpessHyb from Clontech but
Church buffer (below) works perfectly well too: mix 10 g of BSA,
2 mL of EDTA (from 0.5 M, pH 8.0 stock), 500 mL of
sodium phosphate buffer (from 1 M, pH 7.2 stock), 70 g of
SDS, and H,O (DEPC-treated) up to 1 L.

Wash solution #1 (SSC 2x, SDS 0.05%, see Note 3): 100 mL
SSC (from SSC 20x stock), 5 mL SDS (from 10% stock), and
H,O (double-distilled) up to 1 L.

Wash solution #2 (SSC 0.1x, SDS 0.1%): 5 mL of SSC (from
SSC 20x stock), 10 mL of SDS (from 10% stock), and H,O
(double-distilled) up to 1 L.

Positively charged transter membrane (such as Hybond XL
membrane, GE Healthcare).

Whatman 3MM papers (six sheets the size of the gel).

. Electrophoresis apparatus (we used Mini-Protean Tetra cell,

Bio-Rad).

. Electroblot chamber (such as Mini Trans-Blot Electrophoretic

Transfer Cell, Bio-Rad).

. Crosslinker (such as BioLink DNA Crosslinker, Biometra).
. Hybridization oven with rotating rack.
. Glass hybridization tubes.

. Phosphorimager with phosphor storage cassettes.

3. Methods

3.1. Isolation of RNA
and Sample
Preparation

Different RNA isolation protocols must be used to prepare samples
tor long and short RNA Northern blots. When RNAs of interest
are expected to be longer than 200 nt (like pre-crRNA, which is
about 800-1,100 nt long), the RNeasy (Qiagen) kit can be used.
Shorter RNA molecules cannot be isolated with this kit. To purify
crRNAs (~60 nt-long) the following protocol with TRIzol reagent
(Invitrogen) should be used.
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1.

10.

Spin down up to 3 mL of E. coli culture (OD,,=0.3-0.6), (see
Note 4).

. Add 10 pL of EB buffer (Qiagen) and 5 puL of 20 mg/mL

lysozyme water solution.

. Shake samples well to resuspend cell pellets and let them stand

at room temperature for 5 min.

. Add 0.5 mL of TRIzol reagent to each sample, vortex tubes

for about 30 s, and let them stand for 10 min.

. Add 100-200 pL of cold chloroform. Vortex tubes for about

30 s. Place tubes on ice and incubate until the aqueous and
organic phases separate (~10-15 min).

. Centrifuge at maximum speed for 5-10 min and transfer the upper

(aqueous) phase (~300 pL) to a new microcentrifuge tube.

. Add 5 pL of sodium acetate (pH 5.2) and 900 pL of 96%

EtOH, mix well, and leave at -20°C overnight (or at -70°C
for 1 h). The amount of sodium acetate used in this protocol is
less than 1/10 of the total volume because TRIzol reagent
already contains some.

. Centrifuge tubes for 20 min at maximum speed. Remove and

discard the supernatant.

. Air-dry the pellet, then add 10-15 pL of loading buffer and

dissolve the pellet by vortexing and/or pipeting. The pellets
are difficult to dissolve. Sometimes heating at 60-70°C for a
few minutes is necessary to dissolve them completely.

Briefly spin tubes in a microcentrifuge and store them on ice
or, for longer storage (up to several months), place at -70°C.

The amount of crRNA in some samples (like in wild-type E. coli
K12 cells) can be so insignificant that an additional enrichment pro-
cedure employing mirVana miRNA isolation kit (Ambion) has to be
implemented starting with total E. coli RNA prepared from 15 to
20 mL of E. coli culture using the TRIzol procedure (above).

11.

12.

13.
14.
15.

16.

17.

Mix 50-100 pg of total RNA with 5 volumes of Lysis/Binding
buftfer.

Add 1/10 volume of miRNA Homogenate Additive to the
RNA mixture from step 1, and mix well by vortexing.

Leave the mixture on ice for 10 min.
Add 1/3 volume of 96-100% cthanol, mix well.

Place a Filter Cartridge into one of the Collection Tubes sup-
plied with the kit.

Pipet the RNA/ethanol mixture from step 4 onto the Filter
Cartridge (up to 700 mL).

Centrifuge for 1 min at 5,000 x g.
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3.2. Preparation
of the Radioactively
Labeled Probe

18
19

20.

21.

22.
23.
24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

. Collect the flow-through and transfer it to a fresh tube.

. Add 2/3 volume of room temperature 96-100% ethanol to
flow-through.

Place a Filter Cartridge into one of the Collection Tubes
supplied.

Pipet the RNA /ethanol mixture from step 9 onto the Filter
Cartridge (up to 700 uL).

Centrifuge for 1 min at 5,000 x g.

Discard the flow-through.

Apply 700 pL. of miRNA Wash Solution 1 to the Filter

Cartridge and centrifuge for 1 min at 5,000 xg. Discard the
flow-through.

Apply 500 pL. of Wash Solution 2 /3 to the Filter Cartridge
and centrifuge for 1 min at 5,000x4. Discard the flow-
through.

Repeat step 15.

Centrifuge for an additional 1 min to remove residual ethanol
from the filter.

Put Filter Cartridge from step 17 into a fresh Collection tube.
Apply 50 pL of preheated (95°C) Elution Solution on the
membrane. Incubate for 2 min.

Centrifuge for 1 min at 10,000 x 4.
Repeat the elution step.

Add 10 pL of 3 M sodium acetate (pH 5.2) and 300 pL of 96%
EtOH, mix well, and leave at -20°C overnight (or for 1 h
at =70°C).

Centrifuge for 20 min at maximum speed. Remove and discard
the supernatant.

Air-dry the pellets, then add 10-15 pL of loading buftfer and
dissolve the pellet by robust vortexing and /or pipeting.

We used CRISPR spacer-specific oligos, which were at least 30 nt

in

length; shorter oligos led to messier hybridization signals and

blots of poorer quality. 5’-end labeling of oligonucleotides was car-

rie

1

d out using the following protocol:

. Mix 0.5 pL. DNA oligonucleotide (100 pmol/uL), 2 pl. 10x
PNK bufter, 4-5 pL [y-*?P]ATP (7,000 Ci/mmol, 150 mCi/
mL), 1 uL. PNK, H,O up to 20 pL.

. Incubate at 37°C for 30 min and then at 65°C for 20 min to
inactivate the enzyme.

. DPurify oligos from unincorporated [y-**P]ATD with Bio-Spin 6
gel-filtration columns (Bio-Rad) using manufacturer’s instruc-
tions. After completing purification, check the radioactivity of
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the eluted sample and remaining radioactivity on the column
using a Geiger counter. The residual radioactivity on the col-
umn shall be two to three times less than that of the probe
(efficiency of labeling at least 70%) (see Note 5).

To prepare radiolabeled Decade marker (Ambion)

1. Mix the following components provided with the marker sys-
tem: 1 pL of Decade Marker RNA (100 ng), 6 uL of nuclease-
free H,0O, 1 uL of kinase reaction buffer, 1 pL of [y-**P]ATP
(7,000 Ci/mmol, 150 mCi/mL), 1 pL. of T4 PNK.

2. Incubate at 37°C for 1 h, then add 8 uL of nuclease-free H,O,
2 uL of 10x cleavage reagent.

3. Incubate at room temperature for 5 min. Add 180 pL Gel
Loading Bufter II. Decade Marker can now be loaded on a
denaturing polyacrylamide gel.

To estimate the quantity of individual crRNAs we used sequentially
diluted (e.g., 5, 1 ng/uL, etc.) unlabeled CRISPR spacer-specific
DNA oligos complementary to radiolabeled oligonucleotide
probes (we used oligos of the same size as radiolabeled oligo
probes) which were loaded on the gel in parallel with E. cols RNA
samples. We compared the intensities of hybridization signals for
individual crRNAs with signals from known amounts of DNA
oligos.

To estimate the quantity of long pre-crRNA transcripts we
used serial dilutions of in vitro synthesized pre-crRNA fragments.
A PCR-fragment encompassing part of the E. coli CRISPR cassette
was prepared and purified with QIAquick Gel Extraction kit
(Qiagen). One of the PCR primers was designed to contain a
sequence of the T7 RNAP promoter on its 5’ end, so the resulting
PCR product also had the T7 RNAP promoter sequence (see Note 6).
The amplified DNA fragment was transcribed in vitro with T7
RNAP using the following protocol.

1. Mix in the microcentrifuge tube: 10 pLL of 10x T7 RNAP buf-
fer, 10 pLof DDT (0.1 M), 1 uL. of BSA (100 mg/mlL.), 10 pL.
of NTPs (10 mM each), 5-20 pmol of PCR-product (purified),
2.5 pL of RNaseOUT, 5 puL of T7 RNAP, H,O (DEPC-
treated) up to 100 pL.

2. Incubate at 37°C for 1 h. Prior to purification, DNase I treat-
ment is recommended to get rid of the DNA template.

3. Purifyin vitro transcribed pre-crRNA fragment with the BioSpin
6 gel-filtration columns using manufacturer’s instructions.

4. Estimate the quantity of purified pre-crRNA product with
Nanodrop or any other detection system. Prepare serial dilu-
tions of in vitro transcribed RNA to be loaded on the gel.
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3.4. Denaturing PAAG
Electrophoresis
of crRNAs

3.5. Electrophoretic
Transfer for PAAG Gel

Our procedure is based on the “Northern Blots for Small RNA
and MicroRNAs Protocol” described in Hannon et al. “RNA a

laboratory manual” (9) with some adjustments and modifications.

1.
2.

Cast a 12% denaturing PAAG gel.

Heat total RNA samples for 5 min at 95°C, then chill on ice
for 1 min. Briefly spin tubes in a microcentrifuge.

. Load samples on the gel in the following order: RNA samples

under investigation, serial dilutions of complementary oligo,
RNA ladder marker.

. Run the gelin 1x TBE at constant voltage (200-250 V) until the

bromophenol blue dye almost reaches the bottom of the gel.

All procedures are carried out at room temperature.

1.

Separate glass plates and transfer the gel on a Whatman 3MM
paper pre-wetted in 0.5x TBE.

. Open the transfer cassette. Soak both sponges and remaining

five Whatman 3MM papers in 0.5x TBE. Assemble cassette in
the following order (Fig. 1): negative pole (cathode), sponge,
three Whatman 3MM papers, gel, transfer membrane (after
placing the membrane on the gel caretully roll it over with a
plastic pipette to remove any bubbles between the membrane
and the gel) (see also Note 7), three Whatman 3MM papers,
sponge, positive pole (anode).

. Clamp the cassette closed.

. Place cassette into transfer chamber filled with 0.5x TBE and

turn the current on for 1.5 h at 200 mA.

. Proceed to Subheading 3.8. All procedures following the

transfer stage are identical for the short and long RNA detec-
tion methods.

anode
++++++++++++++

ettt SPONGE

Whatman 3 MM

transfer membrane

L 1 gel
ZZIIZZIZIZZZIZIZZZZZZZ:Z:Z Whatman 3 MM

rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr sponge

Fig. 1. A scheme of cassette assembly for electrophoretic transfer of short RNAs.
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We used classical formaldehyde-agarose protocol for Northern
blots described in Sambrook et al. (10) with only minor
modifications.

1.

To prepare an agarose gel containing formaldehyde, melt 1 g
of high-grade low-melting agarose in 70 mL of DEPC-treated
H,O and cool the solution to 55-65°C. Add 22 mL of form-
aldehyde gel-running buftfer 5x and 20 mL of 37% formalde-
hyde. Use a chemical hood because formaldehyde is highly
vaporous, especially when warm. The resulting solution suffices
to cast one 11 x13x0.5 cm gel.

. To prepare the samples mix the following in a microcentri-

fuge tube: 4.5 pL. of RNA analyzed (5-15 pg), 2 puL of 5x
tormaldehyde gel-running buffer, 3.5 pL of formaldehyde,
10 pL of formamide. Long RNA marker is prepared in the
same way.

. Heat samples at 70°C for 10 min then chill on ice for 1 min.

Spin down the fluid condensed on cap and walls of the tube in
a microcentrifuge.

. Add 5 pL of 5x GelPilot loading dye (Qiagen) (or any agarose

gel loading buffer).

. Prerun the gel for 5 min at 5 V/cm and immediately load the

samples and the marker on a gel.

. Run the gel at 30-50 V until the bromphenol blue migrates

~2/3 of the length of the gel.

. Cut off the marker lane—it will be stained with ethidium bro-

mide (or GelStar, Lonza) and then used to estimate molecular
weights of RNA products (see Note 8).

All procedures are carried out at room temperature.

1.

2.

Minimize the size of the gel by cutting off edges that do not
contain sample lanes.

Take a glass baking dish of appropriate size and put a piece of
Plexiglass (we use an agarose gel casting tray from the same gel
turned upside down) in it. Pour the transfer bufter (10x SSC)
as shown on Fig. 2.

. Place a piece of rectangular Whatman 3MM paper pre-wetted

with 10x SSC on the Plexiglass piece such that the right and
left sides of the paper sheet are submerged in transfer
buffer.

. Place the gel atop of the paper and then cover it with transfer

membrane pre-wetted in 10x SSC. Make sure that there are no
air bubbles left between the gel and the membrane.

. Cover the membrane with two pre-wetted Whatman 3MM

sheets of the same size as the gel.
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weight 600 g

glass plate

paper towels

Whatman 3 MM

transfer membrane

gel

I |
\ j support ‘k [ transfer buffer

Fi

g. 2. A scheme of capillary transfer of long RNA from agarose gels.

6. Mount a stack of dry paper towels (about 5-10 ¢cm high) cut
to the size of just a little bit smaller than Whatman 3MM sheets
atop of gel assembly.

7. Cover the stack with a glass plate and put it under weight
(about 600 g).

8. Leave at room temperature for 4 h to allow the transfer. Replace
paper towels as they get wet.

9. Proceed to Subheading 3.8. All procedures following the
transfer stage are identical for the short and long RNA detec-
tion methods.

3.8. Cross-Linking 1. Disassemble the transfer unit and open cassette. Mark gently
the side of the membrane that was facing the gel with a
pencil.

2. Completely dry the membrane at room temperature.
3. Place the dried membrane marked side up in the cross-linker

and expose to UV light (254 nm, 1,250 m]J (optimal cross-link
settings in our machine) (see Note 9).

3.9. Prehybridization 1. Put the membrane into hybridization tube (the marked side
and Hybridization facing the inside of the tube).

2. Add 5 mL of ExpressHyb (or 15-20 mL of Church buffer).
Gently remove any bubbles between the membrane and the wall
of the tube with forceps. Try not to damage the membrane.

3. Close the tube and prehybridize by placing the tube for
30 min in an oven at medium rotation speed at 37°C for
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30 min (if using ExpressHyb buffer) or for 1.5 h at 42°C in the
case of Church buffer.

. Open the tube, discard hybridization solution, and then add

3 mL of ExpressHyb buffer or 5 mL of Church buffer. Add
radiolabeled oligonucleotide (50-100 pmol of purified labeled
oligo in 20—40 puL) (see Note 10).

. Hybridize at 37°C for 2 h (in case of ExpressHyb buffer) or

overnight at 42°C in the case of Church buffer.

Performed at room temperature with ExpressHyb buffer or at
37°C with Church bufter.

1.
2.
3.

Dispose of radioactive hybridization solution.
Rinse the tube with 5-10 mL of Wash solution #1.

Add 30 mL of Wash solution #1. Close the tube, return it in
the oven and leave it for 20 min at appropriate temperature
(see above) at high rotation speed. Repeat this step one more
time.

. Rinse the tube with Wash solution #2.
. Add 30 mL of Wash solution #2 and wash for 20 min as

above.

. Withdraw the membrane and wrap it with plastic wrap. Do not

dry the membrane if you plan to reuse it with a different oligo-
nucleotide probe—see below).

. Expose the membrane to a phosphor screen for at least 6 h.

Analyze the image on the Phosphorimager (see Note 11).

A representative result obtained with a crRNA probe specific for a
CRISPR 1 cassette spacer is presented in Fig. 3. A representative
result obtained with CRISPR 1 cassette pre-crRNA (a total length

of ~

800 nt) is presented in Fig. 4.

Though reusing the membrane is generally not recommended
since some RNA will be lost during washing, repeated use for
abundant RNAs (for example, 558 rRNA, which can be used as a
loading control) is possible (see Note 11).

1.

2.

Place the membrane in the hybridization tube. Add 50 mL of
0.5% SDS preheated to 95°C.

Place the tube into hybridization oven rack and rotate for
10 min at 95°C.

. Let the tube cool down and take the membrane out. Now it

can be reused with a different oligonucleotide probe (it is a
good practice to first expose the washed membrane to a phos-
phor screen to confirm that no traces of prior hybridization
are left).
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Fig. 3. An example of semi-quantitative Northern blots with short RNA. Total RNA purified from Escherichia coli cells was
used for Northern blotting with probes specific for CRISPR | cassette spacers indicated. In each panel, the first three lanes
contained increasing amounts of DNA oligonucleotides complementary to probes used for blotting. Approximate numbers
of individual processed crRNA per cell are shown below.
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Fig. 4. A Northern blot showing the results of pre-crRNA analysis. A repeat-specific probe was used for hybridization.
The pre-crRNA is indicated with an arrow (the BL21A1 E. coli cells were used as control; they naturally lack CRISPR
cassettes (11)). Additional labeled bands present in both types of cells are due to nonspecific hybridization with 16S and
23S ribosomal RNA.
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4, Notes

10.

. DEPC-treated (and therefore RNase-free) water is used to

reduce the risk of RNA being degraded by RNases. To prepare
DEPC-treated water add 100 uL of DEPC for every 100 mL
of water. Incubate at 37°C with agitation for at least 1 h (bet-
ter overnight) and then inactivate DEPC by autoclaving for
30 min. Inactivation leads to degradation of DEPC to CO,,
H,0, EtOH.

. Formaldehyde gel-running buffer may turn yellow with age,

when exposed to light, or autoclaved. For best results, it is
recommended to use fresh or slightly yellow buffer solution.

. SDS precipitates if mixed directly with SSC or cold water, so it

is recommended to mix warm water (at least room tempera-
ture) with SSC first, and then add SDS.

. If working with cells from stationary phase use no more than

0.5 mL of culture for every 500 pL of TRIzol reagent.

. Purified labeled oligos shall be used within a few days.

Radiolabeled probes stored for longer periods of time give
blots of poorer quality.

. When choosing which of the PCR primers (forward or reverse)

to add the T7 RNAP promoter sequence, keep in mind the
orientation of the radiolabeled probe used for the Northern
blot. We used a probe complementary to CRISPR repeat
sequence, and in vitro transcribed RNA was identical to pre-
crRNA and thus complementary to hybridization probe. It is
also recommended to add 4-5 extra bases upstream of the T7
RNAP promoter when designing the primer, which increases
the overall efficiency of in vitro transcription.

. Transfer membrane should be first pre-wetted with double-

distilled water and then with 0.5x TBE. Disposable plastic
pipettes can be used to roll out air bubbles.

. Stain a fragment of the gel containing the marker lane in ethid-

ium bromide solution (~1 pg/mL) or GelStar (Lonza) with
gentle agitation for about 10-15 min. Align with a fluorescent
ruler on the surface of a transilluminator, photograph, and
print the image. Compare appropriately sized print of the
marker lane and fluorescent ruler with the blot to estimate
molecular sizes of hybridization products.

. A membrane with cross-linked RNA molecules can be stored

at room temperature for a few (1-3) days without significant
decrease in the quality or resulting blots.

5S rRNA from total RNA can sometimes unspecifically hybrid-
ize with radiolabeled probe thus obscuring the specific signal
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11.

and reducing the overall quality of the blot. In such cases,
20-50 pmol of an unlabeled ~30-nt long oligo complementary
to any part of the 5S rRNA molecule can be added to hybrid-
ization tube together with radiolabeled probe.

The results of Northern blot analysis report the steady-state lev-
els of transcripts, which are determined by both the rate of tran-
script synthesis and the rate of transcript degradation. The latter
rate can be estimated using antibiotic ritampicin, which is known
to block transcription initiation by bacterial RNAP. Since cells
treated with rifampicin are unable to synthesize new RNA, only
preexisting molecules that can be detected. By following the
decrease in hybridization signal over time after the addition of
rifampicin, the first-order decay rate constant can be obtained.
With E. coli, rifampicin concentrations of ~150 pg/1 mL of
bacterial culture works well (8). With other bacteria, prelimi-
nary experiments to determine which rifampicin concentration
blocks transcription might be needed. Aliquots of cells taken at
different time points after rifampicin treatment are analyzed by
Northern blotting using the procedures described above and
half-life times of hybridized RNAs are estimated. This in turn
allows one to estimate the transcription rate.
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Chapter 7

RNA Visualization in Bacteria by Fluorescence
In Situ Hybridization

Jay H. Russell and Kenneth C. Keiler

Abstract

Detecting localized RNA in bacteria is difficult due to the properties of RNA and the small size of the cell.
Fluorescence in situ hybridization (FISH) has been an invaluable method for detecting and imaging RNA.
In FISH, RNA is fixed in its native subcellular position through chemical cross-linking. An oligonucleotide
probe conjugated to a fluorophore is annealed to the target RNA, and the target RNA/probe hybrid is
visualized using fluorescence microscopy. This chapter describes the use of FISH to visualize tmRNA,
a regulatory RNA required for trans-translation. The method can be adapted to visualize the localization
of other regulatory and messenger RNAs as well.

Key words: RNA localization, FISH, Fluorescence microscopy, RNA, Regulatory RNA, tmRNA

1. Introduction

Studies of RNA dynamics in bacteria have demonstrated that model
RNA molecules can diffuse throughout the cell after they are
released from RNA polymerase (1, 2). Nevertheless, some natural
RNAs are localized to a particular subcellular site or structure
within bacteria (3, 4). RNA localization has been proposed to
play a role in controlling gene expression, RNA turnover, trans-
translation, and protein secretion (5). Two types of techniques
have been used to visualize RNAs in bacterial cells: fluorescence in
situ hybridization (FISH), and indirect labeling using fluorescent
fusion proteins (3, 4, 6-8). These are complementary techniques,
with different advantages and drawbacks. In FISH, a fluorescently
labeled oligonucleotide probe is annealed to the RNA of interest in
fixed cells. FISH does not require any modifications to the native
RNA, but cell fixation can produce artifacts and prevents studies
on live cells. Indirect labeling approaches use an RNA binding
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protein fused to GEP or other fluorescent protein. For RNAs that
do not have a specific protein binding partner, the RNA sequence
must be modified to include a protein-binding motif such as an
MS2 aptamer or an eIF4A-binding sequence (2, 9). The RNA can
then be observed by producing MS2-GFP or eIF4A-GFP. Indirect
labeling can be used in live or fixed cells, allowing time-lapse stud-
ies of individual cells, but modification of the RNA and binding of
an exogenous protein could alter the localization. Ideally, FISH
and indirect labeling techniques should be used in tandem to take
advantage of their complementary strengths.

FISH was first adapted for RNA localization studies in bacteria
to visualize the location of tmRNA in Caulobacter crescentus (3).
tmRNA and its protein binding partner, SmpB, are the key mole-
cules in trans-translation, a pathway for releasing stalled ribosomes
that is found in all bacteria (10, 11). In C. crescentus, tmRNA was
localized in a helix-like pattern that changed as a function of the
cell cycle (3). This tmRNA localization pattern was verified in live
cells by indirect labeling using an SmpB-GFP fusion protein. In
addition, a combination of FISH and immunofluorescence (IF)
was used to simultaneously visualize tmRNA and SmpB in the
same cells, confirming their co-localization (3).

To perform FISH, the bacterial cells are first fixed and the
RNA is partially denatured. A fluorescent oligonucleotide probe is
added and allowed to anneal with the RNA, excess probe is washed
away, and the cells are visualized using fluorescence microscopy.
The protocol for visualizing tmRNA is described below, and simi-
lar procedures can be used for other RNAs in other bacterial spe-
cies. However, several steps are variable and will need to be
optimized for different systems. For example, appropriate fixation
times will depend on the bacterial species and growth conditions.
Likewise, the probe sequence depends on the RNA that will be
visualized, and hybridization and washing procedures will vary
according to the affinity and specificity of the probe for the target
RNA. These variables are outlined in the Subheading 4.

2. Materials

2.1. Solutions for Cell
Fixation

All solutions should be filter-sterilized and prepared using ultrapure
RNase-free water (prepared by puritying deionized water to attain
a sensitivity of 18 Mo xcm at 25°C) and analytical grade reagents.
Prepare and store all solutions at 25°C unless otherwise indicated.

1. M2 minimal salts media with glucose (M2G): Weigh 0.865 g
of dibasic anhydrous sodium phosphate, 0.530 g of monobasic
potassium phosphate, 0.497 g of ammonium chloride, and
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2.2. Solutions for Cell
Attachment

2.3. Solutions and
Materials for In Situ
Hybridization

0.060 g of magnesium sulfate. Add 989.0 mL of ddH,O and
mix. While mixing, add 1.0 mL of ferrous sulfate [EDTA che-
late, Sigma Chemical Company]. Add 10 mL of 20% glucose
solution, for a final glucose concentration of 0.2% and mix.

. 1x PBS (pH 7.4): Weigh 8.18 g of sodium chloride, 0.224 g

of potassium chloride, 1.14 g of dibasic anhydrous sodium
phosphate, 0.204 g of monobasic anhydrous potassium phos-
phate. Transfer chemicals to a 1-L glass beaker and mix with
100 mL of ddH,O. Make solution up to 1 L with water and
check pH using a pH meter, buffer should be approximately
pH 7 4.

. 5x Fix solution: Weigh 0.216 g of monobasic sodium phos-

phate and mix with 2.0 mL of ddH,O. Adjust pH to 7.5 with
sodium hydroxide. Add 10.0 mL of 16% formaldehyde and
mix. Store at 4°C.

. Glucose Tris-EDTA (pH 7.5) (GTE): Weigh 0.02 g of tris,

0.9 g of glucose and mix with 80.0 mL of ddH,O. Add
10.0 mL of 0.5 M EDTA (pH 8.0) and mix. Adjust pH to 7.5
with HCI. Raise final volume to 100.0 mL with ddH,O.

. 0.1% Polylysine solution: Weigh 0.1 g of polylysine and mix with

10 mL of ddH,0. Make 1.0 mL aliquots and freeze at -20°C.

. Lysozyme solution: Weigh 50 pg of lysozyme (chicken egg

white). Transfer to Eppendorf tube with 1.0 mL of GTE
and mix.

4. Microscopy slides and coverslips.
. 7 N HCL
6. 0.1% Triton X-100: Add 50 pL of 100% Triton X-100 into

49.95 mL of ddH,0.

. 2x SSCT (pH 7.0): Weigh 0.876 g of sodium chloride and

0.435 g of sodium citrate and mix with 10 mL of ddH,0. Add
50 uL of Tween-20. Adjust the volume to 50 mL with ddH,O
and adjust pH to 7.0 with sodium hydroxide. Final concentra-
tions should be 300 mM sodium chloride, 30 mM sodium citrate,
and 0.1% Tween-20. Make 1.0 mL aliquots and freeze at —20°C.

. 2x SSCT, 25% formamide (pH 7.0): Prepare the 2x SSCT as

previously described with the following exception. Add
12.5 mL of formamide after mixing sodium chloride, sodium
citrate, and Tween-20. Adjust the volume 50 mL with ddH,O
and adjust pH to 7.0 with sodium hydroxide. Make 1.0 mL
aliquots and freeze at -20°C.

. 2x SSCT, 50% formamide (pH 7.0): Prepare the 2x SSCT as

previously described with the following exception. Add 25 mL
of formamide after mixing sodium chloride, sodium citrate,
and Tween-20. Adjust the volume 50 mL with ddH,O and
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adjust pH to 7.0 with sodium hydroxide. Make 1.0 mL ali-
quots and freeze at -20°C.

. 1x Hybridization solution: Weigh 1.75 g of sodium chloride,

0.882 g of sodium citrate, and 1 g of dextran sulfate. Mix
reagents in a 15-mL conical tube containing 5.5 mL of forma-
mide. Adjust the volume to 10 mL with ddH,0. Make 1.0 mL
aliquots and freeze at -20°C.

. Glass or plastic dish with tight-fitting lid.

6. Whatman filter paper cut to fit the base of the glass or plastic

dish.

7. Plastic wrap.

. Heat block set at 95°C.
. Cy-3 fluorophore conjugated tmRNA probe (20 ng/uL) in

hybridization solution (see Notes 1 and 2).

2x SSCT, 50% formamide (pH 7.0); 2x SSCT, 25% formamide
(pH 7.0); 1x PBS (pH 7.4) prepared as described in
Subheading 2.3.

. 2x SSCT containing 100 ng/mL of DAPI: Prepare 2x SSCT

as previously described in Subheading 2.3. Add 10 pL of
10 mg/mL DAPI (see Note 2).

. Mounting media, such as Cytoseal Mounting media.

. Epi-fluorescence or confocal microscope equipped with a CCD

binning black and white camera (see Note 3).

8
9
2.4. Solutions and 1.
Materials for Post
Hybridization
2
3
4
3. Methods
3.1. Gell Fixation 1.
2
3
4.

Pick a single colony from a plate containing the appropriate
antibiotic and grow overnight in minimal salts medium, such
as M2G for C. crescentus (see Note 4).

. Dilute the overnight culture 1:500 into 5 mL of fresh M2G con-

taining the appropriate antibiotic and grow to mid-logarithmic
phase or to the desired physiological condition.

. Add 1/4 volume of 5x Fix solution and incubate for 15 min

with shaking at desired temperature (see Notes 5 and 6).

Quickly move the culture to ice and incubate for 30 min.

3.2. Slide Preparation Slide preparation steps can be carried out during cell fixation.

1.

Wash standard microscopy slides and coverslips with 7 N HCI
for 5 min while rocking (see Note 7).
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2. Immediately wash the slides and coverslips three times with
ddH,O for 5 min while rocking. Set aside to air dry. After slides
and coverslips have dried, they can be stored in a covered con-
tainer for later use.

3. Move the coverslips to a flat service and spot 100 uL of 0.1%
polylysine solution and incubate for 5 min.

4. Aspirate off the polylysine solution and spot 100 uL of ddH,O
on the same area of the coverslip.

5. Incubate the coverslips with ddH,O for 5 min and aspirate oft
the liquid.

6. Allow the coverslips to dry completely.

3.3. Hybridization 1. Cut two pieces of Whatman paper to fit the bottom of a glass
Chamber Set-Up dish (a plastic container can be used instead).

2. Saturate the Whatman paper with ddH,O.
3. Place a piece of plastic wrap over the glass dish.

4. Cover the sides and bottom of the glass dish with aluminum
foil so no light can enter when the dish is covered.

5. Place the lid of glass dish over the plastic wrap and pre-warm at
37°C to produce a humid chamber (Fig. 1).

3.4. Prehybridization When setting up slides for hybridization, make a mock control
and Hybridization slide that contains no probe that can be used to compare with
slides containing probe.

1. Incubate the fixed cells from Subheading 3.1 have incubated
on ice for 30 min, centrifuge 0.5 mL of the fixed cells for 2 min
at 16,000 x g and aspirate off the supernatant (see Note 8).

2. Wash the cells by resuspending the pellet in 1.0 mL of PBS,
centrifuging for 2 min at 16,000x g, and aspirating oft the
supernatant. Repeat this step three times.

3. After the final wash, resuspend the cells in 100 pL of GTE.

4. Add 1.0 pL of Lysozyme Solution and incubate for 4 min at
25°C.

—— Glass Coverslip —— Glass Rods/Parafilm — — Filter Paper

—>» Plastic Wrap

_____________________ —>» Glass Dish
_____________________ —> Saturated Filter Paper

Fig. 1. Hybridization chamber set-up for FISH. Whatman filter paper is placed in a glass or plastic dish and saturated with
RNase-free ddH,0. Glass rods are placed on top of the saturated filter paper to act as a platform and barrier for coverslips.
Coverslips with fixed cells are placed on top of the glass rods, and the glass or plastic dish is sealed with plastic wrap.
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3.5. Post Hybridization

. Centrifuge for 2 min at 3,341 x4 (see Notes 9-11).

6. Gently resuspend the cells in 100 mL of GTE and spot 100 uLL

onto polylysine-treated coverslips (see Note 12).

. After incubating for 5 min, aspirate off most of the excess lig-

uid leaving only a thin liquid film (see Note 13).

. Allow the cells to air dry completely on the coverslip.

9. Spot 100 uL of 0.1% Triton X-100 on the cells and incubate

10.

11.

12.

13.

14.

15.

16.

for 5 min at 25°C. Aspirate off most of the excess liquid and
allow to air dry completely.

Wash by spotting 100 puL of 2x SSCT on the cells, incubating
the coverslips for 5 min at 25°C in the humid chamber, and
aspirating off the liquid. Repeat this wash step twice.

Spot 100 pL of 2x SSCT, 50% formamide on the cells, and
incubate the coverslips in the humid chamber at 37°C for
30 min (see Notes 14 and 15).

During this incubation, prepare the probe solution: Add probe
to a final concentration of 20 ng/uL in 100 uL of hybridiza-
tion. Keep the probe solution wrapped in aluminum foil and
on ice (see Note 16).

Heat the probe solution at 95°C for 5 min, immediately
centrifuge for 1 min at 16,000 x4, and place on ice (see
Note 17).

After the incubation in step 11 is complete, aspirate off the
liquid removing as much as possible without disrupting the
fixed cells (see Note 13).

Heat the probe and target RNA by spotting 25 uL of the probe
solution on the fixed cells and placing the coverslips directly on
a 20-well 95°C heat block with wells filled with water for
4 min, shielded from light (see Note 18).

Place coverslips in the humid chamber, seal the humid cham-
ber with plastic wrap and lid, and place the sealed humid cham-
ber at 42°C for 8-12 h (see Notes 19 and 20).

. Keeping the coverslips in the humid chamber, aspirate off the

probe solution (see Note 13).

. Wash out probe that has not annealed by spotting 100 puL of

2x SSCT, 25% formamide on the cells, sealing the humid
chamber with plastic wrap, and incubating the humid chamber
at 37°C for 30 min.

. Aspirate off the liquid.

4. Stain with DAPI by spotting 100 uL of 2x SSCT containing

100 pg/mL of DAPI on the fixed cells, and incubating cover-
slips in the humid chamber at 25°C with rocking for 5 min (see
Notes 2 and 21).
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SsrA-Cy3

DAPI

Fig. 2. Localization of tmRNA in Caulobacter crescentus. C. crescentus cells were probed for tmRNA using FISH with the
fluorescently labeled probe SsrA-Cy3 (left). The same cells stained with DAPI are shown on the right

5.

10.

Aspirate off the liquid, spot 100 puL of 2x SSCT on the fixed
cells, and incubate at 25°C with rocking for 5 min. Repeat this
step three times.

. After the final 2x SSCT wash, aspirate oft the liquid, spot

100 uL of PBS on the fixed cells, and incubate the coverslips in
the humid chamber with rocking at 25°C for 5 min. Repeat
this step 5-10 times (see Note 22).

. After the final PBS wash, aspirate off the liquid and air dry the

coverslips.

. Apply a single drop of mounting media to the coverslips with

fixed cells, and place the coverslips on an acid washed micros-
copy slide.

. Gently press down on the coverslips and wipe away excess

mounting media with a tissue (see Note 23).

The slide is ready to be viewed, captured, and analyzed using
fluorescence microscopy (Fig. 2). Exposing the sample to too
much light will photobleach the fluorophore, therefore when
viewing samples it is best to use short exposures to limit pho-
tobleaching (see Note 24).

4, Notes

. The DNA or RNA oligonucleotide probe design should be the

reverse complement sequence from an unstructured region of
the target RNA. Ideally the probe should have a GC content of
~50%, and anneal to the target with a high melting temperature.
These factors are important for constant hybridization kinetics.
The oligonucleotide probe can be ordered with a fluorophore
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10.

11.

12.

13.

14.
15.

16.

17.

or dye conjugated to it. An ideal fluorophore/dye to have
conjugated to the probe should have a high quantum yield
(emission efficiency) and longer half-life.

. The emission and excitation properties of each fluorophore

used should be checked to ensure there is no spectral overlap.
In case of spectral overlap between fluorophores, there are sev-
eral fluorescent nucleic acid stains with a wide range of emis-
sion and excitation properties.

. CCD binning increases pixel size and detection sensitivity.

. Minimal salts medium reduces background fluorescence when

analyzing samples.

. The fixation step may vary depending on growth rate of the

bacterium or the stage of growth (lag, exponential, or station-
ary phase). Be Fast!!! You want to “capture” the RNA before
the cell senses any environmental changes.

. Our best fixation results came from diluting fresh 5x Fix solu-

tion. The 5x Fix solution was kept at 4°C for no longer than
1 week.

. Washing with HCI removes any dust, smudges, etc. that may

interfere with the probe and fluorophores.

. The supernatant contains paraformaldehyde that will need to

be disposed of in the proper chemical waste.

. This protocol was optimized for C. crescentus. For other spe-

cies, the lysozyme concentration and incubation times will
need to be empirically determined.

The lysozyme treatment helps to weaken the cell wall of the
bacteria.

The pellet should appear opaque and diffuse. Cells are centri-
fuged at low speeds to reduce cell lysis.

At this stage gently resuspend pellet. The cells are fragile
because most of the cell wall has been removed.

Do not let the tip of the aspirator touch the coverslip. The
ideal technique is to hold the aspirator at a 45° angle where the
tip of the aspirator only touches the edge of the liquid. If the
tip of the aspirator touches the coverslip the force from the
vacuum will pull apart cells that have adhered.

Formamide will help to reduce secondary structure in RNA.

If an incubator with a rocking platform is available, rock the
humid chamber during heated incubations.

Always shield fluorophores from direct light. Light can cause
fluorophores to decay rapidly.

Heating the probe and snap chilling it on ice will help reduce
secondary structure and facilitate annealing to the target RNA.
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19.

20.

21.

22.

23.

24.
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Heating the fixed cells and probe solution will further denature
cellular RNA, enabling the probe to hybridize to the target.

This hybridization protocol was optimized for C. crescentus
tmRNA. The hybridization temperature will need to be empir-
ically determined for different RNAs.

Glass rods and parafilm act as a good barrier to keep coverslips
containing fixed cells with hybridization solutions from direct
contact with wet Whatman paper. Glass rods also provide a
platform for the coverslips that will make handling the cover-
slips easier in future steps.

DAPI is a nucleic acid stain and allows visualization of the cells
by staining the nucleoid.

PBS washing helps to remove concentrated salts from SSCT
solutions as well as unhybridized probe.

Mounting Media adheres the coverslip and slide. Check to
make sure the mounting media contains an anti-fade reagent.
This will preserve the life span of the fluorophores.

Confocal microscopy is recommended because it provides a
sharper image. Alternatively, the combination of epi-
fluorescence microscopy and deblurring software can be used.
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Chapter 8

RNA Structure Prediction: An Overview of Methods

Matthew G. Seetin and David H. Mathews

Abstract

RNA is now appreciated to serve numerous cellular roles, and understanding RNA structure is important
for understanding a mechanism of action. This contribution discusses the methods available for predicting
RNA structure. Secondary structure is the set of the canonical base pairs, and secondary structure can be
accurately determined by comparative sequence analysis. Secondary structure can also be predicted. The
most commonly used method is free energy minimization. The accuracy of structure prediction is improved
cither by using experimental mapping data or by predicting a structure conserved in a set of homologous
sequences. Additionally, tertiary structure, the three-dimensional arrangement of atoms, can be modeled
with guidance from comparative analysis and experimental techniques. New approaches are also available
for predicting tertiary structure.

Key words: Statistical mechanics, Comparative sequence analysis, Gibbs free energy, Dynamic
programming algorithm, RNA secondary structure

1. Introduction

In the first formulation of the Central Dogma of Molecular Biology,
RNA was merely a passive carrier of genetic information between
DNA and proteins (1). Recent discoveries, however, reveal an
active role for RNA in many aspects of biology, including roles in
catalysis (2, 3), genome maintenance (4), regulation (5), and pro-
tein synthesis (6-8). Each of these discoveries was awarded a Nobel
Prize because it changed our understanding of cellular function.
The catalytic roles of RNA in RNase P and in protein synthesis
in the ribosome are common to all kingdoms of life (2, 6-8). RNA
sequences play additional roles particular to bacteria. Small RNA
regulators (sRNAs) modulate the activities and stabilities of their
one or more target mRNAs (9). Riboswitches are found in the
untranslated regions of bacteria mRNA and usually control gene
expression in response to binding small molecules (10, 11). This is
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accomplished without the aid of proteins. RNA also plays a role in
bacterial immunity against phages (12).

The functions of many of these RNA sequences that function
without being translated into protein, so-called “noncoding RNAs”
(ncRNAs), are dependent on their structures. RNA structure is
hierarchical, beginning with the primary sequence, then the sec-
ondary structure, i.e., the set of canonical pairs, and ultimately the
tertiary structure, i.e., the full three-dimensional structure. RNA
secondary structure tends to form on a faster time scale and with
larger free energy changes than the contacts that mediate tertiary
structure, enabling the prediction of the secondary structure inde-
pendent of knowledge about the tertiary structure (13).

RNA structure prediction plays two important roles. One, it
can help in the interpretation of experiments relating to the mech-
anism of RNA function (14, 15). Two, it can help propose new
experiments to probe function (16). An understanding of even the
secondary structure alone can assist both of these. Accurate struc-
ture prediction is therefore a valuable tool for experimentalists to
use in their pursuits.

This chapter reviews the available methods for predicting RNA
structure, with an emphasis on secondary structure prediction and
on methods based on thermodynamics. It puts the methods in the
context of their limitations and also provides suggestions for choos-
ing an appropriate method given the available data.

2. Comparative
Sequence Analysis

Comparative sequence analysis is the most accurate means of RNA
secondary structure prediction, and it is the first choice approach
when determining the secondary structure of a novel RNA. It is
based on the principle that structure is conserved by evolution to a
greater extent than sequences. Therefore, a large set of homolo-
gous sequences provides sufficient information to determine
structure.

Comparative sequence analysis was first used to solve the sec-
ondary structure of tRNA (17, 18). This analysis was completed
without the aid of modern algorithms for structure prediction, but
the model was shown to be correct when tRNA crystal structures
were solved (19). An analysis of the secondary structures of ribo-
somal RNAs determined using comparative sequence analysis
tound that over 97% of predicted pairs were in subsequently solved
crystal structures, and almost all of the predicted tertiary interac-
tions and non-canonical pairs were found to be correct (20). No
other means of secondary structure prediction can offer anything
close to this level of accuracy, particularly for longer RNAs, nor do
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they offer the same insight to higher order contacts that may also
be of structural and/or functional significance. Comparative
sequence analysis is generally the standard by which structure pre-
diction algorithms are evaluated, as only a limited number of
sequences of certain RNA families have been crystallized.

Comparative sequence analysis is necessarily a manual under-
taking. The goal of the analysis is to align the structures encoded
by related RNA sequences, not strictly the sequence of nucleotides.
This requires both considerable insight from the researcher and a
relatively large number of sequences. Typically the sequences are
homologs from multiple organisms, but sets of in vitro evolved
sequences or homologs from a single organism can also be used.
Identifying regions with coordinated mutations that do not pre-
serve nucleotide identities, but instead preserve base pairs, is a
strong evidence of a conserved and functionally important under-
lying structure. Two-nucleotide changes in sequence that preserve
base pairing are called compensating base pair changes. For exam-
ple, a G-C base pair in a conserved structure of one sequence is
more likely to mutate into another canonical pair (AU, CG, UA,
GU, or UG), even though such a change may involve changing
two nucleotides instead of one, than it is to mutate into a non-
canonical pair or undergo a single-nucleotide deletion of one of the
pairing partners. Base paired regions of homologous RNAs from
distant species may have low pairwise sequence identity but per-
fectly conserved secondary structures, as each of the changes that
diverges the sequences conserves the structure. The importance of
aligning structure conservation instead of sequence conservation is
illustrated in Fig. 1. Other available examples of structures with
divergent sequences solved by comparative sequence analysis are
found in the seed alignments available in the Rfam database (21).

There is currently no automated means of performing com-
parative sequence analysis. No algorithm to date is as accurate or as
capable as a skilled human. Many of the algorithms discussed
below, however, can generate useful hypotheses to aid comparative
analysis. These may quickly and easily show regions where pairing
is possible or likely and how two or more RNA sequences could
form a common structure, which can significantly reduce the
amount of time the researcher spends constructing the alignment.
When choosing an algorithm to aid in comparative sequence analy-
sis, important features include the use of two or more sequences to
identify conservation, the generation of multiple structures instead
of a single output so as to have multiple hypotheses, and the pre-
diction of base pair probabilities to identify regions that were likely
predicted accurately vs. regions where more human insight will be
needed. It is important not to let the algorithmic predictions dom-
inate the comparative sequence analysis, but rather to let them illu-
minate regions of the RNA where a conserved structure is likely so
that covarying base pairs can be more quickly identified.
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3. Single-
Sequence
Structure
Prediction
Methods

3.1. Free Energy
Minimization

Comparative sequence analysis is not always possible, as in the case
when there is no known homolog of a sequence. The most popular
method of predicting a secondary structure from a single sequence
is free energy minimization. When a structure 7 is at equilibrium
with the unpaired state, the equilibrium is described by the equilib-
rium constant K as in Eq. 1 below:

[Structure 7] pAG /R (1)

K, = . =
[Unpaired state]

The Gibbs free energy change for structure 7, AG) , quantifies the
favorability of'a given secondary structure compared to the unpaired
state. Similarly, the equilibrium between two structures 7 and j is

described as in Eq. 2 below:

[Structure 7] K, - (AG) A6 /KT (2)
[Structure j] K

Thus, the Gibbs free energy change quantifies the favorability of a
structure at a given temperature. The structure with the lowest
Gibbs free energy change will be the most prevalent in solution at
equilibrium.

Free energy changes can be estimated using a nearest neighbor
model. The nearest neighbor model assumes that the free energy
change for forming a base pair depends only on the sequence iden-
tities of that pair and the immediately neighboring base pairs. Free
energy changes associated with forming loop regions and other
structural motifs are likewise assumed to not depend on anything
outside of the loop sequence and the sequence of the bounding
base pairs. Thus, the free energy change for a given structure can
be computed simply by adding up all the energies associated with
forming all the base pair stacks and all the other structural motifs.
These parameters were determined from optical melting experi-
ments (22-24). The parameters and tutorials on their use can be
found on the Nearest Neighbor Database website, http://rna.
urmc.rochester.edu/NNDB (25).

The structure predicted to have minimum free energy can be
computed using a dynamic programming algorithm. Dynamic
programing algorithms implicitly consider all possible structures
and guarantee the optimal solution while maintaining efficient
computation times. Several implementations of dynamic program-
ming algorithms that find the minimum free energy structure have
been reviewed (26, 27). Formally, this algorithm scales O( N?) in
time, where N is the length of the RNA sequence, meaning that
doubling the length of an input sequence results in a computa-
tional cost increase of a factor of approximately 2°=8. In practice,
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3.2. Predicting Base
Pair Probabilities

calculations on typical RNA sequences are fast and often will run in
times on the order of seconds on modern computers. For example,
the RNase P RNA from M. tuberculosis, a sequence of 434 nucle-
otides, takes 8.8 s to compute its minimum free energy structure
on a single core of a system with a 2.4 GHz Intel Core 2 Quad
processor using RNAstructure (28).

Secondary structure prediction algorithms are typically evalu-
ated using the metrics sensitivity and positive predictive value
(PPV). Sensitivity is defined as:

True positive pairs (3)

Sensitivity = — - - -

True positive pairs + False negative pairs
A true positive is a predicted base pair that is found in the known
structure. A false negative is a base pair in the known structure that
was not predicted. A false positive is a predicted base pair not found
in the known structure. Thus, sensitivity measures the fraction of

base pairs in the known structure that were predicted. PPV is
defined in Eq. 4:

PPV — True positive pairs (4)

True positive pairs + False positive pairs

A false positive pair is a pair predicted to exist that does not exist in
the accepted structure. Thus, PPV measures the fraction of pre-
dicted base pairs that are correct. Both metrics are necessary to
evaluate the accuracy of a structure prediction method. Structures
predicted for sequences of fewer than 800 nucleotides by free
energy minimization have an average sensitivity of 74% and PPV of
66% for a variety of RNA families (29). For longer sequences, this
accuracy is considerably worse. For example, for full length small
and large subunit rRNA, average sensitivities are 47.1% and 56.2%,
respectively (30).

Structure prediction by free energy minimization calculations
assume that the RNA is at equilibrium, that the RNA has a single
conformation, and that the nearest neighbor parameters are with-
out error. The last assumption is known to not be true because
some non-nearest neighbor effects have been observed (31-33),
and some sequence-specific effects have been averaged (24). The
first two assumptions may not be true for all RNA sequences.

On average, a predicted secondary structure will have correctly
predicted pairs and incorrectly predicted pairs. Supplementing a
free energy minimization calculation with a partition function cal-
culation can suggest those pairs that are more likely to be correct.
The partition function, Q, is defined as the sum of the equilibrium
constants, K, for all possible structures.

0= Y K=Y oo (5)

all structures all structures
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Thus, the probability of a particular structure ¢ being found in
solution can be calculated according to Eq. 6 below:

E—AG,U /RT
P= o (6)
Furthermore, the probability of a base pair - j can be calculated by
summing the equilibrium constants for structures that contain that
pair and dividing by the partition function.

e—AGE/RT
P(i — j base pair) = Z— (7)
v Q

In Eq. 7, the sum on the index % is taken over all structures that
have the base pair 7-.

An algorithm to compute the partition function using a
dynamic programming algorithm has been designed (34). Most
significantly, the base pairs predicted to be most probable accord-
ing to the partition function are also the base pairs most likely to
be correctly predicted (29). For example, base pairs in the mini-
mum free energy structure predicted to have 99% pairing probabil-
ity are accurate 91% of the time, compared with 66% of all predicted
pairs being accurate. The partition function calculation also scales
O(N?) in time and it also tends to take on the order of seconds to
compute for typical sequences on modern computers. For the same
434 nucleotide sequence used above to benchmark the computer
cost of free energy minimization, the partition function calculation
takes 12.7 s. Partition function calculations can be combined with
free energy minimization calculations to annotate the predicted
minimum free energy structure with base pair probabilities from
the partition function. Color annotation can indicate regions likely
to be accurately predicted and those that are not, as well as whether
the overall structure has likely been well predicted or poorly pre-
dicted. Therefore, it is strongly recommended that any single-
sequence free energy minimization calculation be supplemented
with a partition function calculation to annotate the predicted
structure(s) with base pair probabilities. This feature is available in
both the RNAstructure (28) and Vienna packages (35).

Given that the base pairs predicted to be the most probable tend to
be the most accurate, an alternative approach for structure predic-
tion is to assemble a structure composed of the most probable base
pairs. This approach was pioneered using knowledge-based poten-
tials to predict pair probabilities (36, 37). Expected accuracy is
defined by (36):

Expected accuracy(S) =y Z 2P, (4, 7)+ z P (k) (8)

(i,7)eBP keSS
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3.4. Suboptimal
Structure Prediction

where P, (z,7) is the probability of a base pair (BP) between a
nucleotide at position ¢ and a nucleotide at position j, P (k) is the
probability a nucleotide at position % is single-stranded (SS). The
two sums are taken over all base pairs and over all single-stranded
nucleotides in a structure, respectively. The factor y is a weight fac-
tor between the two sums.

Maximum expected accuracy structures can be assembled from
base pair probabilities computed by the partition function using a
program called MaxExpect (38). Over a range of RNA families,
MaxExpect has approximately the same sensitivity as free energy
minimization (73%), but an improved PPV (66-68% compared to
66% for free energy minimization) (38). The structure of the
RNase P RNA from M. tuberculosis as predicted by MaxExpect and
color-annotated with base pair probabilities is shown in Fig. 2.
MaxExpect also formally scales O(N?) in time and runs in times
similar to a partition function calculation.

Suboptimal structures are structures that are similar in score to the
structure that is predicted to have the best score. For example, in
free energy minimization, suboptimal structures are structures that
have low free energy change. These structures represent important
alternative hypotheses about the structure of the RNA in addition
to the predicted optimal structure. This is because minimum free
energy or maximum expected accuracy structures are not always
accurate, so suboptimal structures may be closer to the accepted
structures. Additionally, some RNA sequences may have multiple
secondary structures, such as riboswitches, which change second-
ary structure upon ligand binding (10, 39). An optimal structure
alone cannot contain all the important structural information in
this case. There are several available methods for generating subop-
timal structures with low free energy. These methods were reviewed
in detail previously and are summarized here (40).

One way to generate these suboptimal structures is a heuristic
that computes representative alternative structures (41, 42). While
the average sensitivity of the minimum free energy structure is
about 73%, the best suboptimal structure in this set will have an
average sensitivity of 87%, and when considering all the base pairs
in any suboptimal structure, the sensitivity of the entire set of sub-
optimal structures is on average 97% (22). The set of suboptimal
structures can contain nearly all base pairs in the real structure and
is worth reviewing, especially if base pair probability information,
intuition, or experimental data can guide the researcher toward
those suboptimal structures, or those features in the suboptimal
structures, that are likely to be correct.

It is also possible to generate all possible secondary structures
within a specified energy increment of the minimum free energy
structure (43). This approach is computationally expensive because
the number of possible suboptimal structures increases exponentially
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Fig. 2. The predicted secondary structure of the M. tuberculosis RNase P RNA as predicted by the MaxExpect algorithm.
Correctly predicted base pairs are shown with thick lines or circles, and incorrect base pairs are shown with thin lines
or circles. Base pairs are color-annotated with their computed pairing probabilities according to the partition function. In
this example, all base pairs predicted to have 80% pair probability or higher are correct. Regions of dubious accuracy typi-
cally involve base pairs predicted to have below 60% probability, although some such base pairs are correct.

with the energy increment. The complete enumeration of suboptimal
structures can be useful in the case where data from experiment
can be used to choose reasonable structures from the set of pre-
dicted structures.

Another approach to generating suboptimal structures is to
sample structures according to their probability in the Boltzmann
ensemble (44, 45). The approach, implemented in the Sfold program
(46), RNAstructure, and the Vienna Package, may reveal one or more
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3.5. Pseudoknots and
Pseudoknot Prediction

structure clusters of closely related structures. A representative
structure from the largest cluster, called a centroid structure, may
be a more accurate representation of the correct structure than the
lowest free energy structure (47). That is, the base pairs found in
common in the set of highly probable structures may be both dis-
tinct and more accurate compared to the base pairs in the mini-
mum free energy structure.

Pseudoknots represent a particular problem for sequence predic-
tion algorithms. Pseudoknots are formed by non-nested base pairs.
Formally, a pseudoknot is defined by at least two base pairs - jand
7 -7 such that in the sequence nucleotide 7 comes before 7/, 7
before 7, and j before ;. A simple pseudoknot is shown in Fig. 3.
Finding the predicted lowest free energy structure including
pseudoknots of any topology is an NP-hard problem, meaning that
as sequence length increases, the computational expense increases
exponentially (48) and, to further complicate things, energy param-
eters for pseudoknots have not been experimentally determined.
There are, however, separate parameter sets determined using a
polymer model (49), a lattice model (50), and an empirical
approach that optimizes structure prediction accuracy (51).

All of the algorithms described above exclude pseudoknots
from consideration in the calculation. Pseudoknots, however, are
often found near functionally important regions of RNAs, such as
the active site of the group I intron (52). Algorithms have been
developed that attempt to predict these difficult to identify, but
important motifs (53). A first approach is to use a dynamic pro-
gramming algorithm that is capable of predicting pseudoknots of
certain, limited topologies (51, 54-57). The pseudoknot topolo-
gies these algorithms are capable of predicting have been described
and classified (58). A second approach uses an iterative approach to
assemble structures from algorithms that are not capable of predict-
ing pseudoknots in a single iteration (59-61). A third approach is to
simulate a folding pathway or, in a related fashion, sample a stepwise
addition of helices (62—-66). Recently, a novel means of assembling
maximum expected accuracy structures that can contain pseudo-
knots of any topology was published (30). Overall, however, the
accuracy with which these algorithms predict pseudoknotted base
pairs is low, and this remains an ongoing area of research (30).

Gx i
G 5-UGGC—
iC=Gj e, |
Gm(C CCGGAG
GmC RN
5 -U CUCG-¥ —CUCG-%
, i

I

Fig. 3. Two different representations of the same pseudoknot. The base pairs between
nucleotides / and j and between / and j are pseudoknotted. That is, in the sequence,
i<l<j<j.
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4. Experimental
Mapping

Data from experimental mapping techniques can guide structure
prediction. This guidance can dramatically improve the structure
prediction accuracy in some cases. The first experiment to probe
RNA structure in solution was using the double-strand-specific
RNase V1 on tRNA (67, 68). This ribonuclease specifically cleaves
RNA in regions that are helical, indicating where the RNA is base
paired. Structure can be probed in much the same way using
RNases specific for unpaired regions, such as RNase S1 or T2 (69,
70). Recent publications demonstrate that enzymatic probing of
structure can be performed on whole cell transcripts using high-
throughput sequencing (71, 72). Enzymatic cleavage has also been
used to probe tertiary structure (73).

Chemical modification can also be used to probe structure.
Probes that react with one or more of the nucleobases tend to react
when the nucleotide is unpaired and are less reactive when the
nucleotide is base paired. The results can be analyzed by reverse
transcription, which will stop at the site of a modification. Common
reagents are kethoxal, which reacts with the N1 or N2 of guanine
(74), dimethyl sulfate, which reacts with the N1 of adenine and the
N3 of cytosine (75), and 1-cyclohexyl-(2-morpholinoethyl) carbo-
diimide metho-p-toluene sulfonate (CMCT), which modifies the
N3 of uracil and the N1 of guanine (76-78). The results of these
experiments can be combined and used with data from the enzy-
matic cleavage techniques (77). Hydroxyl radical footprinting
tends to be useful for identifying completely buried nucleotides, as
the hydroxyl radical reacts with and break the sugar-phosphate
backbone regardless of whether the base is paired or not (79).

More recently, a technique called Selective 2'-Hydroxyl acyla-
tion Analyzed by Primer Extension, or SHAPE, was developed
(80). SHAPE uses the reagents N-methylisotoic anhydride (NMIA)
or 1-methyl-7-nitroisatoic anhydride (1M7), which react with the
RNA backbone, but with a preference for flexible regions, which
tend to be single-stranded (80, 81). Due to reacting with the back-
bone regardless of nucleotide identity, a single SHAPE experiment
yields data on the backbone flexibility at every position in the RNA.
SHAPE has been used on RNA sequences as long as the entire
HIV genome (82, 83) and can also be applied to complex mixtures
using high-throughput sequencing (84).

These experimental techniques can be combined with the
structure prediction approaches discussed above by either con-
straining or restraining the calculations. When considering enzy-
matic cleavage data, a particular nucleotide can be constrained to
be either single-stranded or base-paired if enzymes with the same
specificity cleave on both sides of that nucleotide (23). Chemical
modification data can be directly incorporated into a dynamic
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programming algorithm, including a partition function calculation
(22). Likewise, SHAPE data can be directly incorporated into a
dynamic programming algorithm and can give highly accurate
results (85). The best available evidence suggests that SHAPE
mapping, coupled with quantification by capillary electrophoresis,
should be used as the mapping technique of choice if a single tech-
nique is used to probe secondary structure (85, 86). Chemical
modification and SHAPE constraints and restraints, respectively,
are both available in the RNAstructure software package (28).

5. Multiple-
Sequence
Secondary
Structure
Prediction

5.1. Algorithms That
Fold and Align
Simultaneously

Multiple-sequence secondary structure prediction attempts to
emulate comparative sequence analysis by predicting structures
conserved in two or more sequences. While these approaches are
not yet as accurate as manual comparative sequence analysis, they
can offer significant improvements in accuracy over single-sequence
methods (87). Many of these strategies are more computationally
expensive than single-sequence methods. Typically, however, cal-
culation times and memory requirements for the algorithms dis-
cussed below remain modest on modern desktop computers.

The first approach to folding homologous RNAs was proposed by
David Sankoft (88). It considers the alignment and folding of any
number RNA sequences simultaneously in a single calculation.
Formally, the algorithm scales O( N*) in time and O( N*) in stor-
age, i.e., memory use, for s sequences of length N. Like most
single-sequence structure prediction methods, this algorithm can-
not predict pseudoknots. This algorithm is expensive, particularly
for more than two sequences. Restricting the alignment space to
exclude biologically unlikely alignments and pairs offers significant
improvements in time cost, however.

The first limited implementation of the Sankoff algorithm was
FOLDALIGN (89). This algorithm used base pair maximization
rather than the nearest neighbor model and free energy minimiza-
tion. It also excluded from consideration branched structures,
reducing the algorithm to O( N*) in time, but at the cost of exclud-
ing a common and important motif in RNA structure. Recent
updates to FOLDALIGN have added support for the prediction of
branched structures, a free energy model, and a pruning heuristic
to accelerate the calculation, significantly increasing the accuracy of
the algorithm (90).

Another implementation of the Sankoft algorithm, Dynalign,
uses thermodynamics from the nearest neighbor model and allows
for branched structures (91). It uses a simple alignment model that
only counts gaps, and the gap penalty was optimized as a pseudo-free
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energy change to weigh the alignment with the folding. Dynalign
significantly improves the quality of secondary structure prediction
compared to single-sequence free energy minimization (91). For
example, the accuracy of structure predictions for the small subunit
rRNA improves from 47.4 to 73.3% in sensitivity and from 47.5 to
73.1% in PPV compared to single-sequence free energy minimiza-
tion (87). Dynalign currently uses constraints on the allowed
nucleotide alignments and on the allowed pairs (92) to exclude
unlikely structures and alignments from consideration, further
reducing the computational cost and increasing the accuracy (93).
Dynalign also features the capability of generating suboptimal con-
served structures (94).

A third approach to the Sankoft algorithm is LocARNA (95).
LocARNA, rather than minimizing energy, maximizes the sum of
pair probabilities for both sequences that are determined from sep-
arate single-sequence partition function calculations and a similar-
ity score for the alignment. LocARNA runs quickly, as only
significant base pairs are considered, reducing the order of the
algorithm to O(N?( N?+ M?)), for two sequences of length N and
where M is the number of significant base pairs, also on the order
of N. It does sacrifice some accuracy compared to FOLDALIGN
and Dynalign, however (96).

Also in the paradigm that simultaneously folds and aligns
sequences is the PARTS (probabilistic alignment for RNA joinT
secondary structure prediction) algorithm (96). PARTS is a parti-
tion function for conserved structures for two sequences. Like
LocARNA, instead of using free energy change for structures, it
uses pair probabilities calculated using single sequences. PARTS
uses a “matched helical region” formalism to align conserved
structures instead of a more rigid definition of conservation used in
above algorithms, and a probabilistic approach to identifying the
most probable structures. For RNAs with a mixture of conserva-
tion and diversity, such as the RNase P family of RNAs, PARTS
offers particular advantages over algorithms with more rigid con-
straints on alignments (96). PARTS has also been extended to
allow stochastic sampling of structures, which may also be impor-
tant for sequences with more than one structure, such as ribo-
switches (97).

While directly applying the Sankoff algorithm to more than
two sequences is generally infeasible in terms of computational
cost, other ways of applying it to an arbitrary number of sequences
at significantly reduced complexity have been implemented.
FOLDALIGNM uses pair frequencies observed in a set of all pair-
wise FOLDALIGN calculations of the sequences (98). A descen-
dant of Dynalign is Multilign, which uses successive pairwise
Dynalign calculations to identify base pairs conserved in all
sequences under consideration (87). Multilign is notable because
it scales linearly with the number of sequences. LocARNA was
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5.2. Algorithms That
First Align, Then Fold

also originally capable of working on multiple sequences (95).
To generalize to multiple sequences, mLocARNA uses the results
of all pairwise alignments from LocARNA calculations to compute
the multiple-sequence alignment. The probability of a pair in
aligned columns of successive alignments is the square root of
the product of the pairing probabilities from the two alignments.
A distinct approach that simultaneously aligns and folds an arbi-
trary number of sequences is RAF (99). RAF operates on two
sequences at a time, and then it aligns alignments in subsequent
iterations instead of sequences. In benchmarks, FOLDALIGNM
and mLocARNA tended to perform better on shorter sequences,
and RAF and Multilign tended to perform better on longer ones,
and they all tended to outperform single- and double-sequence
methods for most kinds of RNAs (87). Most of these algorithms
were of reasonable computational cost on modern hardware.

The second paradigm for the structure prediction of more than
one sequence is to first align the sequences and then fold them.
This paradigm is exemplified by RNAalifold (100). RNAalifold
identifies the minimum free energy consensus structure that can be
formed by a set of input aligned sequences. The input alignment
often comes from a sequence alignment algorithm, although man-
ually curated alignments are supported and can offer increased
accuracy. RNAalifold is fast and accurate for well-aligned sequences.
Its accuracy suffers when the input alignment is poor, as may be
the case when the pairwise sequence identity is below 60%.
Automated sequence alignment algorithms struggle in such cases
(101). An alignment of low-identity sequences performed, or at
least augmented, by a skilled researcher may still offer good
results.

Also in the “align, then fold” paradigm is the CentroidFold
algorithm (102). Rather than looking for the minimum free energy
consensus structure, it computes the centroid structure in a manner
analogous to Sfold (45). The centroid structure represents the cen-
tral structure of the largest cluster of similar structures that was gen-
erated by stochastically sampling the ensemble of homologous
structures. The probabilities necessary to determine the centroid
consensus structure be determined using the nearest neighbor model
as determined by experimental measurements (34) or by learning
from the database of sequences with known structure (36).

Mostrecentlyin the “align, then fold” paradigm, the TurboFold
algorithm takes an arbitrary number of sequences and then com-
putes their pairwise probabilistic alignments and their single-
sequence base pair probabilities (103). The alignments are used to
map putative structures between sequences. The single-sequence
base pair probabilities for a given sequence in the set is referred to
as its “intrinsic information.” The combined probabilistic align-
ments and the base pair probabilities for all the other sequences is
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referred to as the “extrinsic information.” The extrinsic information
is used to revise the base pair probabilities for each sequence.
Subsequently, the revised pair probabilities are used to recompute
the extrinsic information. Multiple iterations refine and improve
the predicted pair probabilities for each sequence. After the desired
number of iterations, structures are assembled using a maximum
expected accuracy algorithm. TurboFold usually outperforms other
multiple-sequence prediction algorithms in sensitivity on random
assortments of homologous RNA sequences that typically have
pairwise identities under 60%, and it is usually comparable in PPV
(103). While it may be more computationally expensive than most
of the align and then fold algorithms discussed above, it only takes
on the order of minutes for up to ten RNA sequences of typical
lengths. One important feature of TurboFold compared to most of
the algorithms discussed above is that it does not enforce a com-
mon structure. Variable elements of homologous sequences, such
as the variable stem in tRNAs, may still be predicted correctly,
making TurboFold a compelling choice for structure prediction
when multiple sequences of divergent identities and unknown
alignments are available.

The third paradigm in multiple-sequence structure prediction is to
“fold, then align.” This approach is taken by RNAshapes (104).
This algorithm enumerates the abstract “shape” space available to
each sequence independently and computes the probabilities of
each shape, and then identifies the thermodynamically optimal
structure that has the common shape. Abstract shapes encode fea-
tures of an RNA structure instead of the complete pairing informa-
tion. There are many fewer low free energy shapes than structures,
and this fact makes the approach feasible. RNAshapes is fast; it is
approximately linear in time after the single-sequence structure
calculations. It offers accuracy comparable to multiple-sequence
methods above. It does not provide sequences alignments, but
those can be built subsequently from the conserved structure using
RNAforester (105).

Many multiple-sequence methods have been presented. The choice
of which to use depends on many factors. When more than two
sequences are available, using a method that can predict the con-
served structure for all the sequences together is the best choice.
Accuracy tends to improve for all of the algorithms described above
with an increasing number of sequences, although there can be
diminishing returns, and there is increasing computational expense
(87, 103). When pairwise sequence identity is high (roughly above
70%) and therefore a sequence alignment algorithm (or human)
will do a good job of aligning the sequences, RNAalifold is a fast
and accurate algorithm to use (100). The speed of RNAalifold also
makes it an attractive algorithm to use when the RNA sequences in
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question are very long, i.e., over 1,500 nucleotides in length. When
sequence identity is low, however, an algorithm that folds and
aligns sequences simultaneously, such as Multilign (87) or RAF
(99), may often be a better choice because they can construct supe-
rior alignments based on structure than a sequence alignment
algorithm. When the structural homology of the sequences in
question may be lower, TurboFold’s lack of rigidly enforced struc-
tural homology constraints enable the accurate prediction of struc-
tures that have many regions in common but that also have variable
regions (103). TurboFold also computes base pair probabilities,
which, as discussed above for single sequences, can highlight
regions of a resulting structure that are more likely to be correct
than others.

Ultimately, using multiple algorithms based on different para-
digms is the best practice. Ideally, they will all give the same answers,
but when they ditfer, the predictions represent important alterna-
tive hypotheses about the structure, as no algorithm can correctly
identify all the base pairs in all the sequences of all the classes of
RNA all the time. Investigators are encouraged to critically exam-
ine the varying results, and to use them to seed a manual compara-
tive sequence analysis, which will offer the best results.

6. RNA Tertiary
Structure
Prediction

Tertiary structure prediction is a developing frontier in RNA struc-
ture prediction. While the critical assessment of techniques for pro-
tein structure prediction (CASP) competition attracts hundreds of
participating automated web servers and human expert groups
that construct tens of thousands of models for evaluation (106),
the field attempting to model RNAs in similar ways is smaller but
growing.

The original approach for RNA tertiary structure prediction
was comparative sequence analysis, just like secondary structure
prediction. Important tertiary contacts tend to be conserved
through evolution similarly to the conservation of base pairs, and
this was first used to model tRNA structure (17). Comparative
sequence analysis was also applied to find higher order structures in
the small and large subunit rRNAs with high accuracy (20, 107-
110). In addition to identifying higher order contacts, comparative
sequence analysis has been used as the basis for constructing a
complete 3D model of the group I intron with high accuracy
(111), although it required a large amount of human insight.

Recent work demonstrated success at automating the construc-
tion of all-atom models from restraints derived from comparative
sequence analysis (112). Restraints from biochemical data are also
supported. This approach has been applied to RNA sequences as
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large and as complex as the P4-P6 domain of the group I intron,
although the larger the RNA, the more restraints are necessary for
an accurate prediction. Also, the computational cost is high com-
pared to secondary structure prediction methods, but this method
is still approachable for modest modern computer clusters.

Other approaches to tertiary structure prediction include the
constraint satisfaction approach of the MC-Sym/MC-Fold pipeline
(113, 114). MC-Fold predicts base pairs for sequences including
both canonical and non-canonical pairs using a scoring function
based on nucleotide-based motifs with scores learned from the
database of experimentally determined tertiary structures. The pro-
gram is successful at predicting motifs such as non-canonical base
pairs, but it is limited to sequences of less than about 100 nucle-
otides. MC-Sym constructs a 3D model from either an MC-Fold
prediction or a known secondary structure. It is especially useful
when combined with experimental data to constrain the set of
models. For example, models were built for the hairpin ribozyme
using the secondary structure and cross-linking data (115).

Successful prediction of the structures of small RNAs has also
been shown using molecular mechanics potential energy functions
(116). Like the MC pipeline, the Rosetta energy function can be
used on smaller RNAs to identify structural motifs such as non-
canonical pairs, base triples, and pseudoknots. iFoldRNA is a web
server for the 3D structure prediction of RNAs under 50 nucle-
otides that also uses molecular mechanics force fields (117).

Reduced representations have also been used to model the
overall folds of RNAs. Methods using this strategy include NAST
(118), DMD (119), YAMMP (120), and YUP (121). These pro-
grams sacrifice atomic resolution, but can offer insight into the
overall fold of the molecule. It is possible to reconstruct an atomic-
resolution model from a coarse-grained representation, but this
remains an ongoing research problem (117, 122).

7. Summary
and Guidance

As emphasized at the beginning of this chapter, a manually curated
comparative sequence analysis remains the gold standard for RNA
secondary structure prediction, and it may even offer insight into
tertiary structure. Comparative sequence analysis is time-consuming
and it requires both a moderate to large number of sequences with
at least some divergence in the pairwise sequence identity and con-
siderable human insight. Despite the difficulty, no computational
algorithm currently offers comparable quality. For accuracy, there
is no currently available substitute.

It is understood, however, that an acceptable sample of
sequences is not always available. In such cases the computer algorithms
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Table 1
RNA secondary structure prediction packages
Program Description URL References
RNAstructure  Includes free energy minimization, partition http://rna.urmc. (28)
function calculations, stochastic sampling, rochester.edu/
maximum expected accuracy structure RNAstructure.html
prediction, ProbKnot, Dynalign, PARTS,
Multilign, and TurboFold
Vienna RNA  Includes free energy minimization, partition http://www.tbi.univie. (130, 131)
Package function calculations, stochastic sampling, ac.at/
maximum expected accuracy structure
prediction, LocARNA, and RNAalifold
SFold Stochastic sampling of RNA structures. http: //sfold.wadsworth.  (132)
org/cgi-bin/index.pl
Foldalign/ Simultaneous alignment and folding http: //foldalign.ku.dk/  (98)
FoldalignM of multiple RNA sequences. software /index.html
CentroidFold Computes a centroid structure from an http: //www.ncrna.org/  (102)
alignment of multiple sequences centroidfold /
RAF Simultaneous alignment and folding http://contra.stanford. (99)
of multiple RNA sequences. edu/contrafold /
RNAshapes Folding of multiple sequences, followed by  http://bibiserv.techfak.  (104)
determination of conserved structure uni-bielefeld.de /
rnashapes/
MC-FOLD Prediction of secondary structure http: //www.major.iric. (114)

and non-canonical pairs

ca/MC-Pipeline /

This table summarizes the location of the programs mentioned in this chapter. A more complete list of
secondary structure prediction programs is available on Wikepedia: http://en.wikipedia.org/wiki/

List_of RNA_structure_prediction_software

that predict homologous structures from multiple homologous
sequences are the next-best available methods. As stated, different
algorithms have their strengths and weaknesses with respect to the
length, sequence identity, and estimated structural homology of
the RNA sequences in question. While using one algorithm that
has strengths corresponding to the RNA sequences in question is
good, it is much better to use multiple appropriate algorithms to
generate competing hypotheses about the structures of the RNAs
in question. Table 1 lists the programs presented in this chapter,
along with web links to their location. Guiding the structure pre-
diction with the common features of predictions from multiple
algorithms and resolving the differences with comparative sequence
analysis is an excellent approach to structure prediction when com-
parative sequence analysis is impractical.

If only a single sequence is available, then there are multiple
approaches that are superior to considering only the predicted
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minimum free energy structure, and many of these approaches can
be combined. First, given the lower accuracy of single-sequence
prediction compared to multiple-sequence methods or especially
comparative sequence analysis, it is important to predict subopti-
mal structures. These suboptimal structures represent important
alternative hypotheses, which may contain structural features not
seen in the minimum free energy structure or may be more accu-
rate than the minimum free energy structure. Second, the color
annotation of structures according to their predicted base pair
probabilities is critical to estimating the accuracy of a predicted
structure. Base pairs predicted to be highly probable are highly
accurate, and base pairs predicted to have low probability are sus-
pect (29). Third, maximum expected accuracy structures offer a
modest improvement over minimum free energy structures.

Pseudoknots are a continuing challenge for RNA secondary
structure prediction algorithms. The accuracy with which current
algorithms predict pseudoknots remains low. If a researcher sus-
pects that there may be a pseudoknot in the RNA of interest, then
it is most important to get an accurate secondary structure of the
nested base pairs using the best practices described above. Then,
the various algorithms capable of predicting pseudoknots may pro-
vide testable hypotheses regarding the various possible pseudo-
knots. Comparative sequence analysis is the only method that can
conclusively predict the existence of pseudoknots with accuracy.

This chapter focused on secondary structure prediction meth-
ods that rely on folding thermodynamics. The thermodynamic-
based programs are still probably the most popular programs for
secondary structure prediction, but other important approaches
exist. Comprehensive reviews of methods that predict a structure
common to two or more sequences are available (123, 124). Other
review articles provide information about alternative approaches
for secondary structure prediction that use, for example, kinetics
or stochastic context-free grammars (125, 126).

Secondary structure prediction is commonly used, but there is
also significant interest in predicting tertiary structure. Tertiary
structure prediction requires expert interpretation and still requires
experimental mapping data or significant human insight to build
accurate models. Recent successes in this area, however, suggest
that tertiary structure prediction may become routine and accurate
in the next decade or two.
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Chapter 9

Crystallization of RNA-Protein Complexes: From Synthesis
and Purification of Individual Components to Crystals

Anna Perederina and Andrey S. Krasilnikov

Abstract

A broad range of biological processes relies on complexes between RNA and proteins. Crystallization of
RNA-protein complexes can yield invaluable information on structural organizations of key elements of
cellular machinery. However, crystallization of RNA—protein complexes is often challenging and requires
special approaches. Here we review the purification of RNA, RNA-binding proteins, and the formation
and crystallization of RNA-protein complexes, using the crystallization of the P3 RNA domain of ribonu-
clease MRP, a multicomponent ribonucleoprotein complex involved in the metabolism of various RNA
molecules, as an example. The RNA—protein complex was formed using gel-purified RNA, produced by
run-off transcription with T7 RNA polymerase in vitro, and proteins that were overexpressed in Escherichin
coli and purified to be RNase-free. The complex was crystallized using a sitting drop setup; initial screening
for suitable crystallization conditions was performed using a sparse matrix approach.

Key words: RNA-protein complexes, In vitro transcription, RNA purification, Protein purification,
Crystallization

1. Introduction

Complexes between proteins and RNA play key roles in a wide
variety of biological processes such as transcription, translation,
RNA metabolism (including splicing), telomere maintenance, and
many others. Some complexes are transient (e.g., complexes
between diverse RNA-binding or RNA processing proteins and
mRNAs), while others form stable functional units where RNA
and protein act together. A special place among RNA-protein
complexes is occupied by catalytic ribonucleoprotein complexes
where RNA participates in or is solely responsible for catalysis (such
as the ribosome (1), the spliceosome (2), ribonucleases (RNases) P
and MRP (3), and others). Understanding their structural organi-
zations is crucial for the understanding of a broad range of biological
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processes, and X-ray crystallography is an indispensable tool in
structural studies of RNA—protein complexes. However, crystalli-
zation of RNA-protein complexes is usually difficult and presents
multiple, often unique challenges, especially in the case of large
complexes. Here we briefly review approaches to the crystallization
of RNA-protein complexes using the crystallization of the P3 RNA
domain of ribonucleoprotein enzyme RNase MRP (4) in a com-
plex with protein components of yeast RNases P/MRP (5) Pop6
and Pop7. The complex of Pop6 and Pop7 with the P3 RNA
domain plays important structural roles in the enzymes of the
RNase P/MRP family (6, 7). Crystallization of this complex (4, 6)
provided the first view of interactions between RNA and proteins
in large multicomponent enzymes of the RNase P/MRP family
(5), and may serve as a useful example for the crystallization of
both bacterial and eukaryotic RNA—protein complexes. The RNA
component of the complex was produced by in vitro transcription
and purified using denaturing gel electrophoresis; the protein com-
ponents were overexpressed in Escherichin coli and purified using
ion exchange and size exclusion chromatography. The RNA-
protein complex was formed by incubation of RNA with proteins
and crystallized using a sitting drop setup.

2. Materials

2.1. RNA Synthesis
and Purification

All reagents must be RNase-free unless stated otherwise (see Notes
1 and 2).

1. Dry or water baths capable of maintaining 37°C and
85-90°C.

2. 0.5 M ethylenediaminetetraacetic acid (EDTA). Adjust pH to
7.8 with NaOH. Store at 4°C.

3. 3 M sodium acetate, pH 7.0. Store at 4°C.

4. Phenol/chloroform mix: combine 1 volume of Tris—-HCI (pH
8.0) buffered phenol with an equal volume of a mix of chloro-
form with isopropyl alcohol (24:1 v:v); shake well. Store in a
dark bottle at 4°C.

5. Ethanol and 70% (v:v) ethanol solution (use RNase-free water).
Store at room temperature.

6. Oligonucleotide annealing buffer: 10 mM Tris—-HCI (pH 8.0),
10 mM NaCl. Use RNase-free reagents. Store at 4°C.

7. Diethylpyrocarbonate (DEPC). Store in a dark bottle at 4°C.

8. 5x transcription buffer: 200 mM Tris—-HCI (pH 8.0), 5 mM
spermidine, 250 pg/mL acetylated BSA. Store at -20°C. Add
DTT to 100 mM immediately prior to use.
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2.2. Purification

of the Recombinant
Pop6/Pop7 Protein
Complex

9.
10.

11.

12.

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

1 M MgCl,. Store at -20°C.

50 mM solutions of GTP, ATP, UTP, and CTP. Important:
adjust pH to 8.0 with 1 M Tris base. Store at -20°C.

T7 RNase polymerase (5-10 mg/mL in 50% (v:v) glycerol).
Store at —-20°C.

Owl Nucleic Acid Sequencing System (Thermo Fisher) or a
similar sequencing gel system with corresponding glass plates
and a high-voltage (maximum 2,000 V or more) power supply.

Two glass plates (48x35x0.5 cm and 45x35x0.5 cm), two

spacers  (48x1.2x0.2 cm), and a single-well comb
(6x27x0.2 cm) (see Note 3).

Portable UV lamp (254 nm).

Savant DNA 120 speedvac concentrator (Thermo Fisher) or a
similar concentrator.

Beckman Avanti JE centrifuge (Beckman) or a similar centri-
fuge with a set of rotors.

10x concentrated solution of Tris-Borate-EDTA (TBE) buf-
fer: 890 mM Tris base, 890 mM boric acid, 20 mM EDTA,
pH 8.4. TBE buffer used to make preparative polyacrylamide
gels and gel loading bufter (below) must be RNase-free; the
buffer used to run electrophoresis (i.e., added to the electro-
phoresis chambers) does not have to be RNase-free. Store at
room temperature.

Gel loading butffer: dissolve urea (to 8 M) in 1x TBE butffer,
add a small amount of bromophenol blue and xylene cyanol
dyes (just enough to make dyes clearly visible when run on a
gel). Store at 4°C; re-solubilize urea before use if necessary.

Components of denaturing polyacrylamide gels: 40% acrylam-
ide: bisacrylamide (19:1) solution, tetramethylethylenediamine
(TEMED), 10% (w:v) ammonium persulfate solution, urea
powder. Prepare the gel mix immediately before use.

Purified plasmid DNA encoding the RNA component of the
complex (8), see Note 4.

RNA clution buffer: 50 mM potassium acetate (pH 7.0),
200 mM KCl, 700 mM NaCl.

Crash & soak buffer: 50 mM potassium acetate (pH 7.0),
200 mM KCI.

All reagents must be RNase-free (see Note 1).

1.

2.

Sonic Dismembrator Model 500 sonicator (Fisher Scientific)
or a similar sonicator.

Beckman Avanti JE centrifuge (Beckman) or a similar centri-
fuge with a set of rotors.
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11.

12.
13.
14.

15.

. Biologic LP (Bio-Rad) chromatograph or a similar low pressure

chromatographic system.

. AKTA FPLC chromatograph (GE Healthcare) or a similar

chromatographic system.

. Equipment to run denaturing SDS-polyacrylamide gels: Mini

Protean 3 gel system (Bio-Rad) or a similar system with a suit-
able power supply, and a set of glass plates, spacers, and combs.

. Chromatographic columns: SP-sepharose; Hi-Trap Heparin

HP and Superdex 75 gel-filtration columns (Amersham). All
chromatography columns must be cleaned with 0.5-1 M
NaOH, followed by a wash with RNase-free water; follow
manufacturer recommendations on column wash.

. Amicon Ultra-15 concentrators (10,000 MWCO) (Millipore).
. E. coli cell line Rosetta DE3 co-expressing Pop6 and Pop7: see

refs. (8, 9). Store E. coli cells at -70°C.

. 1 M NaOH solution. Store at room temperature.
10.

Lysis Bufter: 50 mM Tris-HCI (pH 7.5), 300 mM NacCl,
2 mM DTT, 1 mM EDTA, 1 mM PMSEF, 1 mg/mL lysozyme
(add last). Prepare immediately before use.

50% polyethylenimine solution (Fluka). Prepare a 10% stock
solution, adjust pH to ~7.5 with HCI. Store at 4°C.

Ammonium sulfate, powder.
5 M NaCl solution. Store at 4°C.

Buffer A: 50 mM MES-NaOH (pH 6.0), 50 mM KCI, 5 mM
NaCl, 2 mM DTT, and 0.1 mM PMSEF. Prepare before use.

Butffer B: 10 mM Tris—-HCI (pH 7.8), 100 mM NaCl, 50 mM
KCl, 2 mM DTT, 0.1 mM EDTA, 0.1 mM PMSE. Prepare
before use.

2.3. RNA Annealing All reagents must be RNase-free (see Note 1) unless stated

and Complex otherwise.

Formation: Pop6/ 1. Equipment to run native polyacrylamide gels at 4°C: a chro-

iap 7-,:{“ Complex matography cabinet (4°C) or a cold room, Mini Protean 3 gel
ormation

N U R W N

system (Bio-Rad) or a similar system with a suitable power sup-
ply, and a set of glass plates, spacers, and combs.

. Three dry baths capable of maintaining 85, 50, and 28°C.
. 1 M Tris—HCI (pH 7.4) bufter. Store at 4°C.

. 1 M MgCl, solution. Store at 4°C.

. 2 M KCl solution. Store at 4°C.

. 10x Tris-borate (TB) buffer as a 10x concentrated solution:

890 mM Tris base, 890 mM boric acid (pH 8.4). Store at room
temperature.
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7. 1 M Magnesium acetate solution. Store at 4°C.

10.

. 100% Glycerol. Store at room temperature.

. Toluidine Blue staining solution: 0.25% toluidine blue, 10%

ethanol, 5% acetic acid. This solution does not have to be
RNase-free. Store at room temperature.

RNA dilution buffer: 10 mM Tris-HCI (pH 7.4), 5 mM
MgCl,, 200 mM KCIL

2.4. Crystallization 1. Zeiss Discovery V12 stereo microscope (Zeiss) or a similar ste-
of RNA-Protein reo microscope.
Complexes 2. Type 815 (VWR) or similar heated /refrigerated incubators for
crystallization.
3. Sparse matrix screening kits (commercially available from
Hampton Research, Sigma, or home-made).
4. 24-Well Cryschem crystallization plates (Hampton Research)
or similar crystallization plates.
3. Methods

3.1. Preparation
of Plasmid DNA
for In Vitro
Transcription

If oligonucleotides are to be used as the template for in vitro
transcription (see Note 5), start at Subheading 3.2.

1.

2.

Linearize the plasmid DNA (see Note 6): digest it with the
selected restriction endonuclease in the buffer recommended
by the manufacturer. As a general rule, when a given amount
of DNA is being digested, higher volumes of reaction result in
better efficiency of cleavage but can make subsequent steps of
template preparation more cumbersome; normally, digest
100 pg of plasmid DNA in 1 mL of the reaction mix. Use
0.3-0.5 units of the restriction endonuclease per 1 pg of
plasmid DNA and digest for 3 h.

After 3 h, take an aliquot containing 0.1-0.5 pg of plasmid,
add EDTA to 10 mM (to the aliquot only) and analyze the
aliquot for the completion of digestion using an ethidium bro-
mide-stained agarose gel. If'a single restriction site is expected,
compare the mobilities of the digested sample and the initial
plasmid on a 0.7% agarose gel. Linearized DNA will have a
lower mobility than the uncut, supercoiled DNA. If multiple
restriction sites are expected, adjust the percentage of the gel
according to the sizes of the expected fragments. Keep in mind
that the efficiency of cleavage may differ for different sites on
the same plasmid.

. If the aliquot analysis demonstrates complete digestion, stop

the reaction by the addition of EDTA to 10 mM; otherwise
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3.2. Preparation

of Oligonucleotide
Templates for In Vitro
Transcription

10.

continue digestion for 2 more hours and check for the
completeness of the digestion again. To speed up the diges-
tion, more enzyme can be used (up to 5 units per microgram
of plasmid DNA), but the cost of using hundreds of units of
enzyme should be considered. Upon the addition of EDTA,
digested DNA can be stored at —20°C indefinitely.

. To prepare linearized DNA for in vitro transcription with T7

RNA polymerase, transfer the digested DNA into a 50-mL
centrifuge tube and add sodium acetate (pH 7.0) to a final
concentration of 0.6 M.

. Purify the template DNA by three sequential extractions with

phenol /chloroform followed by ethanol precipitation. For
each extraction, add an equal volume of phenol /chloroform/
isoamyl alcohol mix (25:24:1), vortex for 30 s, and centrifuge
for 5 min at 14,000x g4 (or 10 min at 5,000 xg) at room
temperature (see Note 7). Collect the aqueous (typically, the
upper) fraction, transfer it into a fresh centrifuge tube, and
repeat the procedure two more times, carefully avoiding the
organic phase and interphase carryover.

. After phenol/chloroform extraction, add 3 volumes of cold

(-20°C) ethanol, mix, and keep at -20°C for at least 1 h. It
may be convenient to leave the sample overnight (if necessary,
the sample can be stored at -20°C indefinitely).

. Pellet DNA by centrifugation (30 min at 7,000 x g4 at 4°C) and

carefully remove supernatant.

. Add 20 mL of cold 70% ethanol, vortex, pellet DNA by

centrifugation (5 min at 7,000 x g at 4°C), and carefully remove
the ethanol; repeat this ethanol wash two more times.

. After the final wash, remove as much ethanol as possible (usu-

ally it requires additional short centrifugation runs to collect
liquid accumulated on the walls of the tube), and dry the
sample in a speedvac until it appears completely dry.

Dissolve DNA in 1-5 mL of RNase-free water (see Notes 1
and 2), and store at —-20°C.

Oligonucleotides can be used in run-off transcription with T7
RNA polymerase as an alternative to the linearized plasmid DNA
as described in Subheading 3.1 (see Note 5).

1.

Synthesize or order the required deoxyribo-oligonucleotides.
One of the required oligonucleotides is complementary to
the T7 RNA polymerase promoter region (-17 to +1) of the
template oligonucleotide and should have the following
sequence: 5'-TAATACGACTCACTATAG-3'. This oligonu-
cleotide can be combined with practically any template oligo-
nucleotide (below); the underlined G corresponds to the first
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3.3. In Vitro
Transcription

(5'-terminal) nucleotide of the transcript. The second (template)
oligonucleotide should contain the sequence of the desired
RNA (as a reverse-complement) plus the T7 RNA polymerase
promoter region. The template oligonucleotide should have
the following sequence: 5'-(reverse-complement of the
desired RNA sequence, excluding the 5'-end guanine)-
CTATAGTGAGTCGTATTA-3'. The underlined C corre-
sponds to the first (5'-terminal) nucleotide of the transcript
(which must be a G); the 5’-end of the template nucleotide
corresponds to the 3'-end of the desired RNA.

2. (Optional). Purify the oligonucleotides on a denaturing
polyacrylamide gel to remove the shorter products of aborted
synthesis. This step may be necessary for long template oligo-
nucleotides when a substantial fraction of oligonucleotides are
in fact products of aborted synthesis. When gel purification is
deemed beneficial, this step can be performed using a proce-
dure described in Subheading 3.4.

3. Anneal oligonucleotides for transcription. Mix the template
oligonucleotide (final concentration 7-10 uM) with an equal
molar amount of the oligonucleotide complementary to the
T7 promoter region in the oligonucleotide annealing buffer
(see Note 8).

4. Keep the mix 2 min at 90°C, then cool it for 10 min on ice.
Annealed oligonucleotides can be stored at -20°C.

The optimal conditions for in vitro transcription may depend on
the type, length, and sequence of the template. Therefore, it is
recommended to perform several small-scale (~100 pL) optimiza-
tion runs before attempting large-scale transcription. A good start-
ing point for optimization is described in step 1. Concentrations of
the template, T7 RNA polymerase, ribonucleotide triphosphates,
and MgCl, (see Note 9) can be adjusted to maximize the yield of
the RNA of interest.

1. Mix 20 pL of 5x transcription bufter with the required volume
of water (so the final volume of the reaction will be 100 pL),
ribonucleotide triphosphates (GTP, ATP, UTP, and CTP (pH
8.0), the final concentration 4 mM of each), DNA template
(final concentration 0.15 puM if oligonucleotide template is
used, or 60 pg/mL if linearized plasmid DNA template is
used), T7 RNA polymerase to a final concentration of 60 pg/mL
(add the enzyme last). Assemble the reaction at room tempera-
ture; do not put it on ice.

2. Run the test reactions at 37°C for 2—4 h; the appearance of a
white precipitate within an hour of the start of the reaction is
normal.
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3.

Stop the reactions with an equal volume of a buffer containing
8 M urea and analyze the results using a 5-15% denaturing
(8 M urea) polyacrylamide gel.

. To analyze the products of transcription on a denaturing (8§ M

urea) polyacrylamide gel, prepare a small 15x15 cm gel and
use it to analyze the RNA following an appropriately scaled-
down version of the procedures described in Subheading 3.4,
steps 12-17. The percentage of the gel depends on the length
of the expected product—for 40-50 nt-long RNAs use 15%
gels and for RNAs that are several hundred nucleotides long,
5% gels should be used. A 15 x 15 cm denaturing gel should be
run at a constant 12-15 W power; the temperature of the glass
plates should be about 60°C.

. Use the optimized conditions identified in steps 14 to set up

a large-scale (10-15 mL) in vitro transcription reaction (see
Notes 1 and 2).

. Run the reaction for 4 h at 37°C.

. Pellet the inorganic precipitate by centrifugation at 10,000 x g4

for 5 min at room temperature.

. Transfer the supernatant to a fresh 50-mL centrifuge tube, and

perform a single round of phenol /chloroform extraction followed
by ethanol precipitation as described in Subheading 3.1, steps
5-7. After this stage, the sample can be safely stored at -20°C
indefinitely.

3.4. RNA Purification Make a preparative gel for RNA purification (see Note 10). For

Using Denaturing large-scale RNA purification we use the Thermo Scientific Owl
Polyacrylamide Gels Nucleic Acid Sequencing System.
1. Pellet RNA from Subheading 3.3, step 8 by centrifugation at

7,000 x g for 30 min at 4°C.

2. Dissolve the pellet in ~1 mL of gel loading buffer (see Note 11).

. Wash the glass plates, spacers, and comb carefully (we use

DRNAse-Free or similar decontaminant), rinse with RNase-
free water, and dry.

. Position the spacers between the glass plates along their sides,

align the bottom sides of the glass plates, and tape the sides of
the glass plates using gel sealing tape, leaving the upper side of
the assembly open; the goal is to create a water-tight assembly
(see Note 12).

. Clamp the sides with large binder clips (three clips on each

side; do not clamp the top and bottom sides of the assembly).

. To purity ~50 nt-long RNA, prepare 300 mL of 15% acrylam-

ide with 8 M of urea and 1x TBE (RNase-free); for longer
RNAs a lower percentage gel will give better resolution.
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7.

10.

11.

12.

13.

14.
15.

16.

17.

18.

Filter the solution through a 0.22-pum nitrocellulose filter, add
1 mL of a 10% solution of ammonium persulfate, mix well
(avoid air bubbles), add 100 pL. of TEMED, and mix again.

. Apply the solution between the glass plates using a 60-mL

syringe; keep the glass plates assembly at a slight angle; avoid
air bubbles.

. When the acrylamide solution reaches about 2 ¢cm from the

open upper side, put the assembly on a flat horizontal surface.

Insert the comb, clamp it with four large binder clips (make sure
that the clips fit over the comb before you start!), and allow the
gel to polymerize (typically, about 1 h) (see Note 13).

Remove all clips, the tape, and the comb, and rinse the well
with distilled water.

Set up the electrophoresis system. The running buffer (1x
TBE) and the electrophoresis system itself do not necessarily
have to be RNase-free. Preheat the gel by running electropho-
resis at a constant power of 60-70 W for approximately 1 h;
the temperature of the glass plates should reach about 60°C.
Turn off power, rinse the well with the running buffer, load
RNA (see Note 14), restore power, and run the gel for as long
as it takes the fragment of interest to cross about 3% of the gel
(see Note 15) (typically, about 10-15 h).

Remove the glass plate assembly from the electrophoresis sys-
tem. Let the plates cool to room temperature. Do not try to
cool them with running water: they may crack.

Pull out the spacers and remove all traces of the running buffer.

Caretully remove one of the glass plates, leaving the gel on the
other one. Carefully remove any remaining buffer, avoiding any
contact between the buffer and the area of the gel containing
the RNA of interest (the running buffer is not RNase-free!).

Put clear plastic wrap over the gel, flip the glass plate so the gel
and plastic wrap end up on the plate’s bottom side, and care-
fully pull the gel (together with plastic wrap) away from the
glass plate. Cover the gel with the second piece of plastic wrap.

Put the gel on a piece of white paper and use a portable UV
lamp (254 nm) to illuminate it (see Note 16). You should see
clear shadows corresponding to the RNA’s position in the gel.
Do not expose RNA to UV light for longer than necessary;
keep the UV lamp as far from the gel as possible (UV light
crosslinks RNA, and this undesirable effect should be mini-
mized). Fluorescent phosphorous plates can be used instead of
white paper to increase the sensitivity of RNA detection.

Use a marker to contour the area of interest on one of the
pieces of plastic wrap covering the gel.
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3.5. Purification of the
Recombinant RNA-
Binding Pop6/Pop7
Protein Complex

19.

20.

21.

22.

23.

24.

25.
26.

27.

28.

Flip the gel (so the contour ends up on the bottom piece of
plastic wrap), remove the top piece of plastic wrap and cut the
area of interest out with a clean (RNase-free) razor blade (see
Note 17).

Put the piece of the gel containing the RNA fragment of inter-
est in a centrifuge tube, and break the gel into small pieces
using a sealed sterile 5-10-mL pipette.

Add approximately 1 mL of RNA elution buffer and 1 mL of
phenol (not phenol-chloroform!) per milliliter of the cut gel
fragment’s volume.

Incubate the gel fragment in the RNA elution buffer/phenol
mix at room temperature for 4-5 h with vigorous agitation.
Spin the centrifuge tube with the gel at 17,000 x 4 for 5 min at
room temperature, and transfer the upper (aqueous) phase to
a new 50-mL centrifuge tube.

Add 3 volumes of cold (-20°C) ethanol and keep at —20°C for
at least 2 h or overnight.

Pellet the RNA at 17,000 x g for 30 min at 4°C.

Dissolve the RNA pellet in crash & soak buffer (~300 pL of
the buffer per milliliter of crashed gel, step 20), and precipitate
it with ethanol again.

Pellet the RNA (17,000 x4 for 30 min at 4°C), wash it three
times with cold 70% ethanol as described in Subheading 3.1,
steps 6-9.

Dry the RNA in a Speedvac and dissolve it in RNase-free water

to the desired final concentration, typically 5-10 mg/mL.
Store the sample at -70°C.

All purification procedures (see Note 18) should be carried out at
4°C unless specified otherwise. Aliquots of the sample should be
taken after each purification step: analyze the results of each step
using denaturing SDS-polyacrylamide gels before proceeding to
the next step.

1.

Harvest E. coli cells (8, 9) by centrifugation at 4,000 x4 for
10 min. Harvested cells can be frozen and stored at -70°C or
used immediately.

2. Resuspend cells in 5-10 mL of Lysis Buftfer.

4.

. Incubate cell suspension for 1 h on ice, agitating it gently every

10 min. Due to the release of genomic DNA, the cell suspen-
sion will become very viscous.

After the 1 h incubation, disrupt genomic DNA and any
remaining cells by sonication until the viscosity of the suspen-
sion is significantly reduced. During sonication, keep the sample
on ice, avoid overheating the sample by sonicating in short
bursts followed by prolonged cool-down periods. When using
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10.

11.

12.

13.

14.

15.

16.

17.

18.

Fisher Scientific Sonic Dismembrator Model 500 sonicator,
perform 6 sonication bursts (7 s each, followed by 1 min cool-
down period).

. Clear the cell lysate by centrifugation at 17,000 x g for 30 min.
. Treat the clarified lysate with 0.1% (v:v) of polyethylenimine

(see Note 19) for 10 min with light agitation.

. Add 0.48 g of ammonium sulfate powder per milliliter of the

protein solution, dissolve it, and let the protein precipitate
overnight (see Note 20).

. Collect the protein precipitate by centrifugation at 17,000 x g4

for 30 min, and dissolve it in Buffer A.

. Clear the protein solution by centrifugation at 17,000 x 4 for

30 min.

Equilibrate a 5 mL SP-sepharose column (Amersham) with
Buffer A supplemented with 100 mM NaCl.

Load the protein sample on the SP-sepharose column. Wash the
column with Bufter A supplemented with 100 mM NaCl. Elute
the Pop6,/Pop7 protein complex with a linear gradient of NaCl
(0.1-0.5 M in Bufter A; the length of the gradient should be
100 mL) at a 1 mL/min flow rate. Collect 0.5 mL fractions.

Combine the major protein-containing fractions and dilute
them threefold with Buffer A.

Equilibrate a 1 mL Hi-Trap Heparin HP column (Amersham)
with Buffer A supplemented with 100 mM NaCl.

Load the Pop6,/Pop7 complex on the Heparin HP column,
wash the column with Buffer A supplemented with 100 mM
NaCl, and then elute the protein complex using a linear gradi-
ent of salt (0.1-0.5 M NaCl in Buffer A; the length of the
gradient should be 100 mL with a flow rate of 1 mL/min; col-
lect 1.1 mL fractions).

Combine fractions of interest and concentrate them to ~10-
20 mg/mL using an Amicon Ultra-15 concentrator (10,000 Da
MWCO, Millipore).

Equilibrate a Superdex 75 gel-filtration column (Amersham)
with Buffer B.

Load the protein sample on the column and run it through the
column in Buffer B. Collect 0.5 mL fractions.

Combine fractions of interest and concentrate them to 20 mg/mL
using an Amicon Ultra-15 concentrator (10,000 Da MWCO,
Millipore).

This procedure should yield about 8 mg of RNase-free Pop6/
Pop7 complex per liter of culture. The protein solution can be
stored at 4°C for several months.
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3.6. Pop6/Pop7-RNA
Gomplex Formation

3.7. Crystallization

of the P3 RNA Domain
of Yeast RNase MRP

in a Gomplex with
Proteins Pop6 and Pop7

1.

10.

Refold the P3 domain RNA (6 mg/mL) by incubation at
85°C for 2 min in a buffer containing 10 mM Tris—HCI
(pH 7.4), tollowed by 5 min cooling to room temperature in
a styrofoam rack.

. Add MgCl, to 5 mM and incubated the sample at 50°C for

10 min.

. Cool the sample to room temperature in a styrofoam rack, and

add KCI to 200 mM (see Note 21).

. Adjust RNA concentration to 5 mg/mL using RNA dilution

buffer.

. To form the Pop6/Pop7-RNA complex, mix 13 pl. of RNA

solution with 7 pL of the Pop6/Pop7 heterodimer solution at
room temperature, and incubate the mix at 28°C for 15 min
(see Note 22). Keep at room temperature and use for crystal-
lization immediately.

. To monitor the formation of RNA—protein complexes, use gel

mobility shift assays. Use 5-10% native polyacrylamide gels
(the gel percentage depends on the length of the RNA; for
~50-nt-long RNA such as the P3 RNA domain use 10% gels;
see Note 23).

. Add glycerol (to 10-15% (v:v)) to aliquots (3 pg of RNA per

aliquot) of the samples.

. Load the aliquots on the gel.

. Run the gel at 4°C at low power to avoid overheating (see

Note 24).

Stain the gel with Toluidine Blue dye (see Note 25). The
stained gel should look similar to the gel shown in Fig. 1. If
necessary, the gel can be stained with the standard Coomassie
Blue stain to visualize proteins.

. Prepare the RNA-protein complex as described in

Subheadings 3.1-3.6 (see Note 20).

. Put 0.5 mL of the crystallization solution in each of the bot-

tom (large) wells of a crystallization plate. For initial screen-
ing, sparse matrix crystallization screens give good results (see
Note 27).

. Put 0.5-2 pL of the solution of the RNA—protein complex in

the middle of the small (elevated) well and mix with an equal
volume of the solution from the bottom well. For initial screening
or optimization runs, the ratio between the sample and the
crystallization solution is often varied.

. Seal the wells with clear tape (see Note 28). We obtain tape

from Hampton Research; cheaper versions of similarly looking
tape often degrade when exposed to the vapors in crystalliza-
tion wells.
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Fig. 1. Gel mobility shift assays for Pop6/Pop7-RNA complexes (8). (a) The binding of the
Pop6/Pop7 heterodimer to the 340-nt-long full-length yeast RNase MRP RNA, analyzed on
a Toluidine Blue-stained 5% native polyacrylamide gel. (b) The binding of the Pop6/Pop7
heterodimer to the 50-nt-long P3 domain RNA from yeast RNase MRP RNA, analyzed on a
Toluidine Blue-stained 10% native polyacrylamide gel. The protein to RNA ratio increases
from left to right as indicated; the positions of free RNA and RNA—protein complexes are
shown by arrows.

5. Put the crystallization tray in an incubator set at 4-28°C (see
Note 29); the exact temperature should be optimized for each
of the crystallization conditions and for each of the RNA-
protein complexes.

6. Check for crystals (see Note 30) the next day, in 3 days, in a
week, and then every 2 weeks thereafter. Crystals may appear
after several hours, after several months, or—most likely—
never. It is important to check for crystals on a regular basis as
often they disappear when kept in the well too long.

7. If small crystals are detected, measure them, allow them to
grow for a week (less if crystals appeared after just a day or two,
and more if it took months for them to appear), and then check
their dimensions again. Harvest crystals that are deemed suit-
able for diffraction testing.

8. To optimize crystallization conditions, vary the ratio between
the volumes of the sample and that of the reservoir solution in
the drop, the concentration of the complex in the drop, the
concentration of the precipitant or salts in the reservoir solu-
tion, the buffer, the pH, various additives, etc. (Fig. 2).
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Fig. 2. Crystallization of the P3 RNA domain of yeast RNase MRP in a complex with proteins Pop6/Pop7 (4, 6). (a) Initial
crystallization screening. Crystals appeared in 5 days in reagent #39 of Crystal Screen 1 (Hampton Research) at 20°C. (b)
Crystals were improved by the addition of 2 mM ZnCl,. Crystals grew to ~0.1x0.1x 0.1 mm?. (c) Crystals were further
improved by the addition of 2 mM ZnCl, and 5% (w:v) o-trehalose. Crystals grew to ~0.65 x 0.65 x 0.65 mm?.

4. Notes

1. The best way to prepare RNase-free solutions is to start with

RNase-free initial components and use preparation techniques
that exclude any possible contamination with RNases. Use dis-
posable certified RNase-free plasticware; glassware should be
carefully washed and baked at 180°C overnight. Deionized
water that was autoclaved and filtered through a 0.22-0.45-um
cellulose filteris RNase-free, provided that the water purification
system is well maintained. If the initial components for a solu-
tion are not available in an RNase-free form, prepare the solu-
tion, add 1% (v:v) of DEPC, incubate overnight at 30-37°C
with agitation, and then autoclave and filter the solution. Keep
in mind that treatment with DEPC will result in the presence
of residual ethanol and ethers in your solution; this may nega-
tively affect activities of some enzymes. Additionally, DEPC
treatment cannot be used with reagents that do not tolerate
autoclaving (such as MES) or contain chemical groups that
interact with DEPC (such as Tris).

When adjusting the pH of an RNase-free solution, avoid
inserting a pH meter electrode into the solution. Instead, take
small aliquots, use them to measure pH, and then discard
them; paper pH-indicator strips are a practical solution for the
initial stages of pH adjustments.

Store RNase-free solutions at a low temperature or frozen
if possible, and keep them sterile: bacterial growth will result in
contamination with RNases.

It is advisable to test the solution as well as the RNA and
protein preparations for contamination with RNases. Remember
that for a successful crystallization of an RNA or RNA—protein
complex, the RNA should not noticeably degrade over the
course of weeks at the crystallization temperature.
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2. The presence of residual products of DEPC decay noticeably
reduces the efficiency of transcription with T7 RNA poly-
merase; the amount of DEPC used in the preparation of
reagents for transcription should be minimized.

3. Spacers and combs of this thickness are not easily available
commercially; however they can easily be cut from a 2-mm
thick piece of Teflon.

4. When plasmid DNA is used as the template, required amounts
of DNA (typically, hundreds of micrograms) can be obtained
from 0.2 to 1 L of a saturated culture of E. coli cells (usually
DH5a) carrying the plasmid of interest by purification of the
plasmid in CsClI gradient (a time-consuming, but easily scal-
able method) or, alternatively, using any of the commercially
available DNA purification kits capable of yielding the required
quantity of DNA.

5. In vitro run-oft transcription with T7 RNA polymerase (10) is
commonly used to prepare large (milligram) quantities of RNA
required for crystallization experiments. For efficient transcrip-
tion, the promoter region on the DNA template should be
double-stranded and the first (5’-terminal) nucleotide in the
product RNA should be a guanine (10). Run-off transcription
with T7 RNA polymerase usually results in product RNA that
is somewhat heterogeneous at its 3' (and sometimes 5') end.
Since homogeneous samples are crucial for the success of crys-
tallization attempts, special measures (such as product RNA
purification on nucleotide-resolution denaturing polyacryl-
amide gels, incorporation of self-cleaving ribozymes into the
transcript (11), or the use of modified nucleotides in the
template (12)) are usually taken. As a DNA template for
transcription, one can use either (a) a single-stranded template
oligonucleotide annealed to a 18-nucleotide-long (or longer)
oligonucleotide complementary to the promoter region
(nucleotides 17 to +1) (13), or (b) a purified PCR product
containing the sequence of interest and the promoter or, most
commonly, (c) a linearized plasmid. The major advantage of
the use of the single-stranded template oligonucleotide (a) is
that it allows for a considerable shortening of the time between
the design of a specific template and the actual production of
RNA (as no cloning is necessary). Due to limitations on the
length of chemically synthesized oligonucleotides (which must
include, in addition to the sequence of interest, the promoter
region), this approach cannot be used for the synthesis of long
RNAs. The use of purified PCR product as the template for
run-off transcription (b) practically eliminates the restriction
on the length of the RNA product, while allowing the incorpo-
ration of modified nucleotides into terminal regions of the
template to reduce the heterogeneity of the product RNA (12).
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10.

11.

However, linearized plasmid DNA remains the most commonly
used type of template for run-off transcription with T7 RNA
polymerase when large quantities of RNA are needed.

. The plasmid used as the template in run-oft transcription with

T7 RNA polymerase must contain a restriction site incorpo-
rated at the 3’-end of the desired RNA sequence. The best
results are obtained when the restriction enzyme used for
DNA linearization produces either blunt ends or ends with
5'-overhangs. In many cases the sequence requirements
imposed by the necessity to have a 3'-end sequence recogniz-
able by a suitable restriction endonuclease are not acceptable;
in such cases restriction endonucleases that cleave DNA at
some distance from the recognition site (such as Fokl, Bsal, or
BsmAl) are commonly used. The cost of the enzyme consid-
ered for the linearization of large quantities of plasmid DNA is
also often taken into account.

. High concentrations of salt will increase the density of the

solution. When the density of the solution exceeds that of
the phenol/chloroform mix, the aqueous phase will end up
at the bottom of the tube after centrifugation. When per-
forming phenol or phenol /chloroform extraction from solu-
tions with considerable concentrations of salt, be sure to
correctly identify the aqueous phase. If the densities of the
aqueous and the organic phases are too close for efficient
phase separation, slightly dilute the solution with water and
repeat the phenol extraction.

. For some templates, better results are obtained when the

shorter oligonucleotide is added in a 2-3 M excess over the
template oligonucleotide.

. Nucleotide triphosphates bind magnesium, thus the concen-

tration of MgCl, should exceed the combined concentration
of NTP. A 4 mM excess of MgCl, (e.g., 20 mM MgCl, at
4 mM of each NTP) is a good starting point.

The goal of the gel purification of the product of in vitro tran-
scription is to eliminate unincorporated nucleotide triphos-
phates, products of aborted transcription, and any other
undesired RNAs, as well as template DNA. Importantly, gel
purification typically serves to produce RNA with homo-
geneous ends. The latter requires a nucleotide-level resolution
of the gel. The nucleotide-level resolution on a preparative gel
can easily be achieved for relatively short RNAs, but care should
be taken to avoid overloading the gel.

It may take up to half an hour to dissolve the RNA. Make sure
the RNA is completely dissolved before proceeding with the
next step.
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12.

13.

14.

15.

16.

17.

18.

Siliconizing glass plates will make gel preparation and subsequent
manipulations easier; however, be careful not to over-siliconize
them as the gel may start moving between the plates during
electrophoresis.

One can use a hair drier or a table lamp to speed up
polymerization.

Load the sample very slowly; avoid mixing it with the running
buffer. Use long pipette tips or a syringe with a suitable needle
to load the sample at the very bottom of the well.

The mobility of the loading dye can be used to estimate the
progress of electrophoresis. On a 5% denaturing polyacrylam-
ide gel, Bromophenol Blue/Xylene Cyanol dyes run approxi-
mately as ~35/130 nt-long RNAs, respectively, on a 8%
gel—as ~20/75 nt-long RNAs, and on a 10% gel—as
~12 /55 nt-long RNAs.

UV light is harmful. Protect your eyes and always wear suitable
protective goggles or a face shield when working with UV
light.

Often several bands (corresponding to heterogencous RNA
ends) will appear. It is advisable to extract all major bands sepa-
rately and use them all in crystallization trials (separately).

In most cases, structural studies of RNA—protein complexes
involve purification (typically, from E. coli) of recombinant
proteins of interest. Proteins can be purified using their indi-
vidual properties by hydrophobic, ion-exchange, gel-filtration,
or affinity chromatography. Often, affinity purification tags
are fused to proteins of interest to facilitate their purification.
This approach allows for rather straightforward protein
purification; however, the possible influence of the affinity tag
on the protein’s interactions with RNA, as well as its poten-
tial negative effect on the crystallization of the RNA—protein
complex of interest, should be considered. It is generally a
good idea to design a protein construct that allows for the
removal of the purification tag (usually, with a site-specific
protease). While affinity chromatography allows one-step
protein purification that is suitable for many applications,
crystallization of RNA-protein complexes requires highly
pure RNase-free protein preparations which typically require
multiple purification steps even when an affinity tag is used.
Gel-filtration is usually used as a final purification step to
remove minor contaminants.

Becausee RNA-binding proteins are typically basic, they
can usually be purified by cation-exchange chromatography
using carboxymethyl (CM), sulfopropyl (SP), or heparin resins.
Purification of RNA-binding proteins (especially recombinant
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19.

20.

21.

ones) is often complicated by nonspecific binding to nucleic
acids in cell lysate. In this case, the protein will not be able
to bind cation-exchange resins (and will not be suitable for
crystallization in general) unless the nonspecifically bound
nucleic acids are removed. The removal of the nonspecifically
bound nucleic acids while preserving the native fold of the pro-
tein is often a key step in the preparation of a recombinant
protein sample suitable for crystallization as a part of a com-
plex with RNA.

Denaturing the protein of interest allows for a straightfor-
ward removal of any bound nucleic acids, but since sufficiently
complete refolding is typically difficult (or most often impos-
sible for larger proteins) to achieve, we avoid this approach in
our structural studies of RNA-binding proteins. As alternative
approaches we typically try to prevent the nonspecific binding
of nucleic acids by (a) increasing the concentration of salt in
the buffer used for cell lysis (up to 1.5 M of NaCl can be used,
but see Note 31), (b) using hydrophobic interaction chroma-
tography (in a high concentration of ammonium sulfate (see
Note 32)), or (c) using the extraction of nucleic acids by poly-
ethyleneimine followed by ammonium sulfate precipitation
(see Note 33).

The concentration of polyethylenimine should be optimized
tor each protein. We usually try three concentrations (0.1, 0.5,
and 1%) to find the one that yields a heavy precipitate (mostly
nucleic acids) without precipitating the protein.

After longer precipitation some proteins tend to stay
insoluble.

The refolding of RNA prior to the formation of a complex
with proteins is very important, especially for large RNAs.
Typically, RNA refolding involves thermal denaturation at
70-95°C, followed by cooling down at a specific rate (which
may vary from practically instant cooling achieved by putting
the sample on ice to slow overnight cooling achieved by put-
ting the sample in a large vessel with hot water that is allowed
to cool down). The rate of cooling is often crucial to proper
RNA folding and should be adjusted experimentally for each
RNA of'interest. The composition of the bufter used to refold
the RNA (especially the presence and concentration of magne-
sium) may have dramatic effects on RNA refolding. The ability
of magnesium to cause degradation of RNA at elevated tem-
peratures has to be taken into account; a common way to
reduce magnesium-induced degradation of RNA is to perform
the high-temperature denaturation of RNA in the absence of
magnesium and add it at a later step.
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22.

23.

24.

25.

26.

27.

It is typical to see light white precipitate when an RNA-binding
protein is added to RNA. Usually this precipitate quickly dis-
appears when the solution is pipetted. If the precipitate does
not disappear, add KCI to 200-300 mM; if salt does not help,
try lowering the RNA and protein concentrations.

If the RNA—protein complex of interest is formed in the pres-
ence of magnesium, use a Tris-Borate buffer (a standard 1x
TBE butffer, but without EDTA) supplemented with magne-
sium acetate (typically, 0.5 mM of magnesium acetate). Avoid
MgCl, in electrophoresis: toxic chlorine gas will form. It is
recommended that you occasionally transfer the bufter between
the upper and the lower chambers. If no magnesium was used
in the formation of the RNA—protein complex, the standard
1x TBE butffer can be used.

Keep in mind that the addition of metal ions to the gel and the
running buffer will dramatically increase their conductivity,
requiring reduced voltage. Normally, ~8 x 10 ¢m native gels
are run at a constant power of 1-2 W.

In our experience, staining with Toluidine Blue dye gives bet-
ter results than staining with ethidium bromide.

The availability of structurally homogeneous samples of the
RNA-protein complex of interest is absolutely crucial for
successful crystallization. Accordingly, the fact that an RNA-
protein complex consists of several components and usually
has to be reconstituted presents additional, often consider-
able challenges: each individual component has to be struc-
turally homogeneous (which means the absence of alternative
three-dimensional folds—a requirement that is more strin-
gent than a simple absence of contamination as observed
under denaturing conditions), additionally, the reconstitu-
tion of the complex must be complete and result in a homo-
geneous sample.

Crystals containing large RNA molecules with open helical
stems (that is, RNA where both the 5'- and the 3'-end belong
to the same blunt-end double helix) are very often packed in
such a way that two RNA molecules form a pseudo-continuous
helix with their blunt ends pressed against each other. To facili-
tate such packing, it is important to ensure that both 5’ and 3’
ends of the RNA are homogeneous.

To improve the chances of a successful crystallization of an
RNA-protein complex, it is important to attempt crystallization
of multiple, somewhat different constructs. Each construct
should retain the key features of the studied complex (such as
regions involved in RNA—protein interactions and other functionally
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28.

29.

30.

31.

32.

33.

or structurally important parts), but nonessential (typically,
peripheral) parts should be varied. In principle, both RNA and
protein parts of the complex of interest can be modified; prac-
tically, in the vast majority of cases it is the RNA component
that is subjected to such manipulations. Alternatively, homolo-
gous complexes from different organisms can be used. The use
of these approaches dramatically increases the chances of crys-
tallization while allowing the investigator to stay focused on a
particular complex of interest. For the crystallization of the P3
RNA domain of yeast RNase MRP in a complex with proteins
Pop6 and Pop7 (6), we used the available results of biochemi-
cal studies describing RNA—protein interactions in this com-
plex (8) to identify parts of the RNA that could be modified
without affecting its interactions with proteins, and multiple
variants of RNA were screened before the successful crystalli-
zation was achieved (4).

Small drops dry out quickly: work the wells in small groups
(finish and seal a group of 6-12 before proceeding with the
next group).

Any disturbance may interfere with crystallization: use incuba-
tors that do not vibrate or shake. A typical source of vibration
is an unbalanced fan; usual sources of occasional shaking are
the compressor starting and stopping. We use incubators that
run their compressors constantly.

Use polarization filters when checking for crystals: small crys-
tals are typically easier to detect under polarized light.

High concentrations of salt may not be suitable for the
purification of protein complexes because they may result in
their dissociation; avoid exceeding 300400 mM NaCl when
purifying protein complexes.

Hydrophobic interaction chromatography may be unsuitable
for some proteins resulting in their partial denaturation/loss of
activity or precipitation.

Extraction of nucleic acids by polyethyleneimine may inacti-
vate/denature some proteins.
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Chapter 10

Analysis of RNA Folding and Ligand Binding
by Conventional and High-Throughput Calorimetry

Joshua E. Sokoloski and Philip C. Bevilacqua

Abstract

Noncoding RNAs serve myriad functions in the cell, but their biophysical properties are not well understood.
Calorimetry offers direct and label-free means for characterizing the ligand-binding and thermostability
properties of these RNA. We apply two main types of calorimetry—isothermal titration calorimetry (ITC)
and differential scanning calorimetry (DSC)—to the characterization of these functional RNA molecules.
ITC can describe ligand binding in terms of stoichiometry, affinity, and heat (enthalpy), while DSC can
provide RNA stability in terms of heat capacity, melting temperature, and folding enthalpy. Here, we offer
detailed experimental protocols for studying such RNA systems with commercially available conventional
and high-throughput ITC and DSC instruments.

Key words: ITC, DSC, High-throughput, RNA

1. Introduction

RNA is capable of performing diverse biological roles in the cell
due to its ability to fold into complex secondary and tertiary struc-
tures. Binding interactions figure prominently in RNA’s biological
function. RNA serves as a ligand for numerous regulatory proteins,
both specific and nonspecific, and can itself be a binding site for
small molecules and metal ions, such as in the case of riboswitches,
ribozymes, and RNA-protein complexes like the splicecosome (14 ).
Thus, understanding the binding and folding behavior of RNA is
pivotal in elucidating the activity of noncoding RNA in the cell.
Isothermal titration calorimetry (I'TC) and differential scan-
ning calorimetry (DSC) offer direct, label-free methods of measur-
ing the thermodynamics of ligand binding and folding of RNA,
DNA, proteins, and lipid systems. Information that can be directly
obtained via ITC experiments includes binding stoichiometries
(n), dissociation constants (K,), binding enthalpy (AH), and

Kenneth C. Keiler (ed.), Bacterial Regulatory RNA: Methods and Protocols, Methods in Molecular Biology, vol. 905,
DOI 10.1007/978-1-61779-949-5_10, © Springer Science+Business Media, LLC 2012
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1.1. Introduction to ITC

Adiabatic Jacket

entropy (AS). Information from DSC experiments includes
melting temperatures ( 7},), folding enthalpy (AH), and heat capac-
ity changes upon folding (AC)). Over the past decade, there have
been several excellent reviews on ITC and DSC, and we refer the
reader to these for additional theory and methodology (5-9). In
this chapter, we present detailed protocols for running RNA ITC
and DSC experiments on MicroCal, Inc (Northampton, MA)
instruments, guidelines for troubleshooting, and analysis of RNA-
binding interactions with both conventional and high-throughput
calorimeters.

In ITC, a solution of ligand is injected into a solution of macro-
molecule, and the heat absorbed or released from this process is
measured. The macromolecule solution is in a calorimetric sample
cell, paired with a reference calorimetric cell containing either water
or buffer, with both cells housed within an adiabatic jacket (Fig. 1a).
Inserted into the sample cell is an injection syringe containing the

b
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Fig. 1. Isothermal titration calorimetry (ITC). (a) Basic schematic of an isothermal titration calorimeter. There are two
calorimetric cells: the reference cell containing water or buffer and the sample cell containing the macromolecule. An
injection syringe contains the ligand that is to be titrated into the sample cell. The instrument supplies power to each cell
to maintain them at a constant temperature. (b) A typical ITC experiment. Binding of a ligand (ball) to an RNA aptamer
causes heat release or uptake by the system. This heat transfer is reflected in the raw differential power compensation
data compared to the reference cell. In this example, the exothermicity results in a decrease of power in order to maintain
a constant temperature in the sample cell. The processed integrated data are plotted as enthalpy per mole ligand versus
the ligand to macromolecule mole ratio.
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ligand solution. The difference between the terminology “ligand”
and “macromolecule” is often semantic; for the purposes of this
chapter, we refer to the chemical species in the syringe as the ligand
and the interacting species in the sample cell as the macromolecule.
The ITC instrument provides power to both cells to maintain them
at a constant temperature. When the ligand is injected into the
macromolecule, the interaction either releases (exothermic) or
absorbs (endothermic) heat (there are rare cases where the interac-
tion is thermoneutral and I'TC cannot be used to study the sys-
tem). Thus, the binding interaction acts as a heat source or sink
causing the instrument to adjust the power supplied to the sample
cell accordingly to keep the temperature constant. This differential
power compensation per ligand injection event is the raw signal
recorded in the experiment. Integration of this data vs. time gives
the total heat transferred as a result of the injection. Plotting this
heat per mol of injected ligand vs. the mol ratio of the ligand to the
macromolecule then yields a binding curve from which the binding
thermodynamic parameters can be calculated (Fig. 1b).

One chief advantage of ITC over most other biophysical
methods for determining binding lies in it being a direct measure-
ment of the heat involved in the binding interaction. There is
therefore no need for a potentially perturbing label to be incorpo-
rated into either the ligand or the macromolecule. Also, the vast
majority of binding interactions either release or absorb heat, making
ITC a near-universal tool. RNA folding transitions, in particular,
often release large amounts of heat because typical stacking
interactions between nearest neighbors can have enthalpies up
to ~-10 kcal /mol (10). The primary challenge in I'TC experiments
is sample quantity and quality. The amount of material needed for
an ITC experiment is less than the amount needed for NMR spec-
troscopy or X-ray crystallography, but significantly more than a gel
shift assay or fluorescence experiment. Typically, we find that we
need 5-50 nmol of macromolecule and 50-750 nmol of ligand per
run, although the details will depend on the K, stoichiometry, and
enthalpy of the interaction, as well as the type of ITC instrument
used. Of paramount importance to a successful ITC experiment is
the purity of samples involved. Because it is so sensitive, I'TC will
detect virtually any binding interaction within the sample cell; thus,
the macromolecule and ligand solutions should be free of contami-
nating species, which may otherwise compromise the accuracy of
the ligand and macromolecule concentrations or that may undergo
nonspecific binding interactions that obfuscate the signal from the
interaction of interest. In addition, mismatch of buffer components
between ligand and macromolecule solutions—even as low as
1%—can completely mask the binding signal. This chapter will
provide guidelines for obtaining large amounts of RNA and for
preparing the samples appropriately for I'TC, including matching
buffer components.
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Fig. 2. Differential scanning calorimetry. (a) Basic schematic of a differential scanning calorimeter. There are two calorimetric
cells: the reference cell containing the buffer and the sample cell containing the macromolecule. Power is supplied to each
cell to raise the temperature with the instrument ensuring that the two cells are at exactly the same temperature. (b) A typi-
cal DSC experiment of a RNA aptamer unfolding.

1.2. Introduction
to DSC

1.3. Commercial ITC
and DSC Instruments
for Biological
Calorimetry

In DSC, two calorimetric cells—the sample cell containing the
macromolecule and the reference cell containing just buffer—are
heated (or cooled) through a temperature range, and the power
necessary to effect this change is monitored (Fig. 2a). Since the
macromolecule’s secondary and tertiary structure add additional
modes of energy storage, more power will have to be supplied to
the sample cell in order to raise its temperature as compared to the
reference cell. The differential power necessary to maintain a AT of
0 between the two cells is the physical basis for the unfolding ther-
modynamics measurement. The differential power represents the
excess heat capacity of the macromolecular structure, and the
unfolding process is represented by a peak in the sample cell signal
as compared to the reference cell (Fig. 2b). Subtraction of the ref-
erence signal and analysis of the peak morphology and area lead to
extraction of folding thermodynamic parameters.

The principal manufacturer of instrumentation for biological
calorimetry is MicroCal, Inc., a subsidiary of GE Healthcare
(Northampton, MA). There are two isothermal titration calorim-
eters from this company that are currently employed in industrial
and academic research: the VP-ITC and the iTC, . They differ in
the volume and concentration required for experiments, the time
required for a complete titration, and in the fact that the iTC,
can be incorporated into a robotic operation platform that can
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automatically load the instrument, perform the titration experi-
ments, and clean the cell and syringe. If you have the choice
between the two instruments, we recommend the AutoiTC, | for
the screening of multiple ligands and conditions, and the VP-ITC
for more detailed thermodynamic studies. The company also fea-
tures two differential scanning calorimeters: the VP-DSC and the
VP-Capillary DSC. We recommend the VP-capillary DSC because
of features including full automation, a much smaller sample vol-
ume, and a higher maximum temperature. This chapter contains
protocols and recommendations for operating the AutoiTC,  , the
VP-ITC, and the VP-Capillary DSC.

200

2. Materials

2.1. Instrumentation

2.2. Instrument
Accessories

2.2.1. General

2.2.2. Isothermal Titration
Calorimetry

2.2.3. Differential Scanning
Calorimetry

1. VP-ITC isothermal titration calorimeter from MicroCal, Inc.
(GE Healthcare)

OR

AutoiTC,, automated isothermal titration calorimeter from

MicroCal, Inc. (GE Healthcare).

2. ThermoVac degassing station from MicroCal, Inc. (GE
Healthcare).

3. VP-Capillary DSC from MicroCal, Inc. (GE Healthcare).

1. 5-mL plastic vials with caps available from MicroCal Inc.
2. Borosilicate Glass Culture Tubes (6 x50 mm).
3. Microstir bars (7 x2 mm).

1. Hamilton Syringes: 2.5-mL syringe (18/8.5”/PT3) for
VP-ITC, 0.5-mL syringe (22 /3" /Special) for the AutoiTC, .
These are included with the instruments and spares can be pur-
chased from the Hamilton Company.

2. Cleaning accessory and 5-mL filling syringe (included with
MicroCal VP-ITC instruments).

3. 96-Deep-well plates (RNase/DNase free) from Nunc for
AutoiTC,,.

4. 96-Well plate covers (EZ Pierce Zone Free Films) from Excel
Scientific for AutoiTC,.

1. 96-Deep-well plates (RNase/DNase free) from MicroLiter
Analytical Services.

2. 96-Well MicroMat pre-slit plate covers from Sun Sri.
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2.3. In Vitro
Transcription of RNA

1.

10x Transcription Buffer: 400 mM Tris (pH 8.0), 250 mM
MgCl,, 20 mM dithiothreitol, 10 mM spermidine.

from a Hemi-Duplex 2. 100 mM NTPs: separate solutions for each NTP (pH adjusted
to 7.5-8.0 with 2 M Tris).

3. Hemi-duplex top-strand DNA oligo: 5'-TAATACGACTCA
CTATAG-3'.

4. Hemi-duplex DNA template oligo: 5'-<Reverse Complement
to your sequence>-TATAGTGAGTCGTATTA-3', where the
fixed region is reverse complementary to the sequence in the
previous step.

5. Annealing Buffer: 10 mM Tris (pH 7.5), 10 mM NaCl, and
1 mM Na,EDTA.

6. T7 RNA Polymerase: lab-made or purchased from Ambion,
New England Biolabs, or Epicentre.

7. 1x TE bufter: 10 mM Tris (pH 7.5), 1 mM Na,EDTA.

8. 5 M NaCl.

2.4. RNA Purification 1. 10x TBE Bufter: 1.0 M Tris, 0.83 M boric acid, 10 mM
EDTA.

2. Polyacrylamide gel electrophoresis (PAGE) reagents: 20%
acrylamide (29:1) in 7 M urea and 1x TBE; 7 M urea in 1x
TBE (These two solutions are mixed to give the desired
percent acrylamide in 7 M urea/1x TBE.); 10% Ammonium
persulfate; TEMED.

3. 2x Formamide/EDTA loading buffer: 95% formamide, 0.1x
TBE, 20 mM EDTA, 0.1% xylene cyanol, 0.025% bromophe-
nol blue.

4. Ix TEN,, Buffer: 10 mM Tris pH 7.5, 1 mM EDTA, 250 mM
NaCl.

5. 190 or 200 proof Ethanol.

6. Dialysis membranes with appropriate molecular weight cut-oft
(MWCO) for the macromolecule sample.

2.5. Instrument 1. 1-5 mg/mL proteinase K in water or TE.
Maintenance 2. RNase ZAP from Ambion, Inc.
3. Contrad-70 from Decon Labs.
4. 10-50 mM NaCl solutions for instrument quality control.
3. Methods
3.1. In Vitro The easiest way to prepare RNA in significant quantities with the
Transcription requisite purity is in vitro transcription. There are three ways to

with a Hemi-Duplex

prepare the DNA template: (1) digested plasmid; (2) PCR
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product; and (3) a hemi-duplex. Wear gloves and use good practice
for working with RNA; for a more complete description, we refer
the reader to ref. (11). We describe only the last option here; pro-
tocols for preparing your DNA template via a digested plasmid or
PCR product are described in ref. (11). Hemi-duplex in vitro tran-
scription offers the advantage of speed and economy and is suitable
for a range of RNA sizes that includes many functional RNA (~20-
100 nt). DNA templates of the type described in Subheading 2.3
are synthesized routinely by suppliers such as IDT (Coralville, IA).
For wild-type T7 phage RNA polymerase, the RNA construct
should start with a G, and abortive events are decreased by having
the sequence start with several Gs and /or As (12). If the transcript
requires a non-G nucleotide at the 5 position, the P266L T7 poly-
merase mutant can be used (13); this mutant also helps if abortive
transcription events are severe enough to make the yield unaccept-
able. Commercially available transcription kits are available from
Ambion (Austin, TX) and Epicentre (Madison, WI). However, for
extensive ITC work, we strongly recommend producing and puri-
fying in-house T7 polymerase in order to avoid the high cost of
standard transcription kits.

The size of the transcription reaction required depends upon
the number of I'TC experiments to be performed. A 1 mL tran-
scription is often enough to perform one to two I'TC experiments.
A 10-20 mL transcription should be performed for studies that
will require numerous experiments. Regardless of the size of the
transcription to be performed, small scale (10-20 puL) test tran-
scriptions, body-labeled with an o(32P)-NTDP, should be performed
in order to optimize the concentrations of NTP, DNA template,
and especially the T7 polymerase. When troubleshooting the
enzyme, important parameters to keep in mind are that the T7
reaction is highly salt-sensitive so that the lowest possible concen-
trations of sodium ions should be used, and that T7 polymerase
requires storage in the presence of active DTT to ensure proper
operation. Thus, fresh DTT should be added periodically to the
batch of purified polymerase, or aliquots of polymerase should be
frozen at -80°C until needed. The general procedure for a large-
scale transcription is as follows:

1. The DNA template must be annealed to the T7 top-strand
promoter DNA. Mix equal moles of the two oligonucleotides
to a final concentration of 5-10 uM each, in annealing bufter.

2. To promote annealing, heat the solution for 2 min at 90°C and
then cool immediately on ice for 10 min.

3. For a 1 mL in vitro transcription, combine 100 uL of 10x
transcription bufter, 40 pL of each NTP, 600 uL of double
deionized (dd)H,O, 100 uL of DNA template, and ~40 uL of
T7 polymerase (50,000 units/mL) in a polypropylene tube or
vial. For larger reactions, scale these volumes accordingly. Final
concentrations of this solution will be 4 mM each NTD,
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3.2. PAGE Purification
of the RNA

700 nM DNA template, and 4% (v/v) 17 polymerase. No
matter the size of the transcription, do not use glass containers,
as RNA adheres to glass surfaces.

4. Immerse the reaction in a water bath at 37°C for 2—4 h. The
reaction should turn cloudy as the transcription progresses due
to precipitation of the magnesium pyrophosphate by-product.

5. Upon completion of a large-scale reaction of 5 mL or larger, it
is often necessary to concentrate the transcription products via
centrifugal concentrators (such as the Vivaspin line (GE
Healthcare)) or ethanol precipitation in order to facilitate load-
ing of the sample onto a gel for PAGE. If the latter is chosen,
add 0.5 M EDTA to a final concentration of 20 mM in order
to sequester the magnesium ions, and add 5 M NaCl to a final
concentration of 250 mM. Then combine three volume equiv-
alents of ice-cold 200 proof ethanol with the transcription
solution and either place it on dry ice for 45—60 min or place
it in a -20°C freezer for overnight. Centrifuge the precipita-
tion mixture for 30 min at 17,500 x4 in a table top centrifuge
or for 30 min at 20,400 x4 in a Beckman JA-20 rotor or equiv-
alent for large volumes, and store the pellet at -20 or -80°C
until PAGE purification of the RNA. For transcriptions on the
scale of 5-20 mL, centrifuge the mixture in 50-mL polycar-
bonate Oak Ridge tubes at 20,400 x .

Purification of the RNA after transcription is accomplished by per-
forming PAGE to isolate the pure sample RNA, precipitating the
RNA, and then extensively dialyzing into the desired buftfer.
The standard procedure for large-scale PAGE purification is as
follows:

1. Pour a PAGE gel of the appropriate percentage. For the large-
scale transcriptions, the maximum size of gel that can be pre-
pared in your lab should be used. A gel with combs and spacers
3 mm thick and sufficient height (usually upwards of 25 c¢cm)
for the RNA of interest to resolve is needed for a >10 mL
transcription.

2. Dissolve the transcription product pellet in 1-2 mL ddH,O
and mix with an equal volume of 2x formamide /EDTA load-
ing buffer.

3. Heat the sample at 90°C for 2 min to fully denature the RNA
before loading onto the gel.

4. After PAGE, visualize the RNA with UV shadowing (or by an
indirect method such as staining with acridine orange if you
want to avoid UV exposure of your RNA, although the dye
will have to later be removed) and cut out the band with a
sterile blade.



3.3. Dialysis
of the RNA and Ligand

3.4. Concentration
Determination
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5. Crush the band and mix 4-5x the volume of the crushed pieces
with 1x TEN,_ .

6. Rotate the mixture overnight at 4°C. A second incubation
with fresh TEN,_ can be done to improve yield.

7. The crush and soak solution from step 6 is then vacuum-filtered
to remove the gel pieces and combined with three equivalents
volumes ofice-cold ethanol to precipitate the RNA, as described
in Subheading 3.1, step 5.

Dialysis of the RNA is extremely important. It removes impurities
and ensures a buffer balance between the RNA and ligand. The
choice of buffer is also extremely important for ITC. Because ITC
measures every interaction within the sample cell, the buffer’s heat
of protonation should be minimal. Different buffers at the same
pH with different heats of protonation can be used to determine if
the binding event is protonation-coupled (14). Also, if multiple
experimental temperatures are to be used, the buffer’s pK should
not have a high temperature dependence. For these reasons, caco-
dylic acid is often used as the buffer in calorimetric experiments.
Phosphate and HEPES are also good choices, but Tris should be
avoided entirely. For binding interactions with protein, the buffer
should not contain DTT in order to avoid disruptions to the base-
line signal. Beta-mercaptoethanol is recommended for use instead.

For dialysis, membranes with a MWCO ~ 1 /3 the mass of your
sample should be used. Dialysis can be accomplished through bag
dialysis, button dialysis, or cassette dialysis. Spin column dialyzers
can be used, but several runs may be necessary. A large batch of
dialysis buffer should be prepared, and this exact same batch should
be used for all aspects of the experiments. For interactions of RNA
with proteins or another nucleic acid, both species should be dia-
lyzed simultaneously against the same batch of buffer. For small
molecule ligands, the buffer after dialysis should be used to dis-
solve the pure solid ligand. To avoid degradation of the RNA, it is
recommended that the magnesium salt needed for proper folding
of the RNA is left out of the dialysis buffer. Instead, prepare a con-
centrated stock solution of magnesium salt using the 1x dialysis
buffer, and add it to the RNA and protein before the experiment.
The dialysis bufter should be saved for dilution of the RNA stock
and for rinsing of the instrument.

The thermodynamics quantities obtained via ITC are only as
reliable as the concentrations for the samples. For RNA, the extinc-
tion coefficient at 260 nm for your sequence can be calculated via
a variety of programs. These values descend from nearest neighbor
considerations, which are only valid at 90°C where the RNA is
fully denatured (15, 16). Therefore, an aliquot of the RNA sample
prepared for ITC should have a UV spectrum measured at 90°C,
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3.5. Designing the ITC
Experiments

3.5.1. Type of Study

3.5.2. Basic Set-Up

using a spectrophotometer with temperature control available. The
absorbance at 260 nm will give the RNA concentration, and a
A, /A, ratio of 2.0 or higher will give an indication of the sample
being free from protein or acrylamide contamination from the
purification steps.

Calculating the concentration of the protein or ligand that
interacts with the RNA can be more challenging if the extinction
coefficient is not known. If there are tryptophan residues in the
protein, then the extinction coefficient can be estimated using the
program ProtParam (17) or by using the Pace protocol (18). Small
molecule extinction coefficients may need to be calculated using
mass and absorbance measurements. If the metal concentration
needs to be precisely quantified, atomic absorption spectroscopy is
the preferred method.

The AutoiTC,; and VP-ITC can be used in synergy to screen inter-
actions and characterize binding, or they can be employed individu-
ally. Due to a lower sample volume and faster equilibration and run
times, the AutoiTC, is excellent for high-throughput screening
studies, testing different ligands, temperatures, buffer composition,
etc., either to optimize the binding interaction in one set of condi-
tions or to measure how the thermodynamics change with these
variables. This instrument can also be used for detailed binding ther-
modynamics, although this is the area where the VP-ITC works the
best since it has a larger sample cell. Likewise, such screening experi-
ments can also be done with the VP-ITC instrument; however, they
will take significantly more time (a week vs. a day in most cases).
Figure 3 provides sample data comparing the thermodynamic infor-
mation received for the same titration on both instruments, which is
further analyzed in the legend. No matter the instrument being
used, the design of the ITC experiment follows the guidelines pre-
sented in the next two subsections. Advanced ITC experiments such
as heat capacity curves, competition, and dissociation experiments
are discussed below (see Note 1).

The first basic step in designing the ITC experiment is to decide
which species, the macromolecule or the ligand, goes into the sam-
ple cell and which goes into the syringe. This decision is based in
large part upon consideration of solubility and aggregation. Because
the goal of the experiment is to vary the ligand’s concentration
from lower than to higher than the macromolecule’s concentra-
tion, the solution in the injection syringe will necessarily be much
higher in concentration (10-15 fold) than the solution in the sam-
ple cell. Therefore, the molecule in the syringe must be very soluble
in the buffer and be in the monomeric form, despite its high con-
centration. With RNA and many proteins, dimerization has to be
considered. UV-monitored thermal melting experiments over a
range of RNA concentrations can reveal dimerization through an
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Fig. 3. Comparison of a ligand binding to an RNA aptamer under identical conditions on the VP-ITC (a) and the AutoiTC,,
(b). The thermodynamic information from the VP-ITC data is n=1.2, K,=81 nM, and AH=-17 kcal/mol, while for the
AutoiTC,,, the data is n=0.93, K,=15 nM, and AH=—15 kcal/mol. The differences between n and AH values are within

200
experimental error from repeat measurements of the titration and the difference between K, values is attributed to the

disparity in the number of data points in the transition region. It is for this reason that we recommend using the AutoiTC,,,
to survey binding interactions and the VP-ITC to rigorously characterize the binding thermodynamics.

upwards shift in the T}, and PAGE under native conditions can
reveal dimerization as a slow mobility band. Such experiments are
useful in determining the upper concentration limit for the ITC
experiment so that the RNA stays monomeric. Given the above
considerations, it is typically prudent to have the RNA within the
sample cell of the instrument.

Given that the RNA and protein are monomers, the concen-
trations to be used in the ITC experiment can be determined by
the using the following equations:

* I( Cgt
[Macromolecule] = ———— (1)
n
[Ligand] = »* 15 *[Macromolecule] (2)

where [ Macromolecule] is the concentration of the species in the
calorimetric sample cell, K is the estimated dissociation constant
for the interaction, 7 is thc number of binding sites, and “c” is
a value which reﬂects the quality of the ITC binding curve.
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3.5.3. Instrument
Parameters

The value for ¢ should be between 1 and 50, with 5 being a good
value to use for a first experiment. If the c-value is too low, the
binding curve will be too broad to reliably extract thermodynamic
information. If the ¢-value is too high, the binding curve will appear
as a step function, allowing only binding stoichiometry and
enthalpy to be determined from the data. Equation 1 can be
rearranged to calculate the c-value after an initial I'TC run, and this
information can be used to improve the results of subsequent
experiments. For the estimate of the K, biochemical data such as
gel shift assays or comparison to similar types of systems in the lit-
erature can be used, although the K is often best estimated from
initial I'TC runs. For the concentration of the ligand in the syringe,
the value should be ~15 times the macromolecule concentration in
the cell (Equation 1), which ensures that the mole ratio reaches a
value of 3 at the end of the titration. This will ensure a complete
binding curve for a one-site process even if the binding event is
weak, although a ligand concentration of 10 times the macromol-
ecule concentration will work for tight binders. For larger binding
stoichiometries, multiply the ligand concentration according to the
number of projected binding sites (Equation 1). Note that in no
case does the value of the ligand have to be precisely 15 (or 10)
times the macromolecule concentration; rather, all the concentra-
tions, whatever they may be, have to be known precisely. MicroCal
offers planning and prediction software called “ITC Expert,”
which is included with the instruments, that aids in the process of
planning the basics of an ITC experiment.

The next step is to choose the instrument parameters for the I'TC
experiment. These parameters fall into two categories: titration and
calorimetric. For the titration parameters, the number, volume,
and spacing of the injections need to be defined. For the VP-ITC
instrument, the syringe holds up to 300 pL and can dispense a
volume as small as 2 pL in a single injection. The manufacturer
recommends that the first injection be 2 puL regardless of the other
injection parameters and that this data point be deleted from the
analysis, as the first injection can often be problematic (e.g., a small
air bubble trapped at the end of the syringe, or a volume less than
2 uL). Our experience is similar, and we reject a small first injec-
tion. The injection scheme after that can be whatever suits the
experiment, with typical injection volumes being between 5 and
10 puL. The default setting for the speed of each injection is 0.5 uL /s
and there are few circumstances that require this to change. The
filter period also should be left at 2 s. The spacing of time between
injections, however, is a crucial factor in the experiment, as the
signal must return to baseline prior to subsequent injection in order
for the succeeding injection to have accurate integration data. Weak
signal events require as little as 120 s to return to baseline, while
very strong and /or slow thermal events may need as long as 600 s
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before the system equilibrates. A spacing of 300 s is a good value
to try for the first experiment. A convenient feature of the operat-
ing software is that it allows the user to change the injection param-
eters “on the fly”; it is thus recommended to observe the first few
injections to see if this spacing will be adequate.

The AutoiTC,, has a much smaller volume for the injection
syringe, at 40 uL. With this instrument, typical injection volumes
are 2 uL, with the first injection point usually suitable for inclusion
in data analysis. This injection volume allows for 19 data points in
the binding curve, although the injection volume can be lowered
to 1.5 or 1 puL if more points are desired, allowing that sufficient
heat is generated. The injection speed default is still 0.5 uL/s. The
spacing between injections is correspondingly lowered in the iTC,
instrument, with 120 s being suitable for most binding events.
Titrations are thus significantly faster with the iTC, .

For the calorimetric parameters, the most important is the ref-
erence power, measured in pcal/s. This quantity sets the baseline
for the experiment. The injection peak should never go below
0 pcal/s or above 30 pcal/s, as the instrument can no longer
actively compensate for the heat transfer from the binding interac-
tion. For the VP-ITC, the initial experiment should have a refer-
ence power of 15 pcal/s, which should cover a wide range of
concentrations and injection volumes and can be adjusted accord-
ingly in subsequent experiments. For exothermic interactions, if the
signal is too small, reference power can be lowered; if it is too large,
it can be raised. The reverse is true for endothermic binding. In this
manner, the reference power functions as the instrumental gain.
For the iTC,, the standard reference power setting is 5 pcal /s.

The stirring speed is the last parameter to consider. The injec-
tion syringe, which has a propeller tip, revolves at high speed to aid
mixing of the solution. For the VP-ITC, the normal stirring speed
is 310 rpm, while for the iTC,, the default setting is 1,000 rpm.
These values rarely have to be adjusted.

There are sources of thermal events that are in the background of
every I'TC experiment that will obscure the true thermodynamics of
the binding interaction unless they are taken into account. Each
injection itself will add a small quantity of mechanical heat; how-
ever, the heat of dilution of the ligand is usually more problematic.
The ideal dilute approximation of thermoneutral mixing does not
hold for biological systems, and the dilution of the ligand species
into the sample cell will either release or absorb heat. To correct for
this heat, a control experiment should be performed in which the
ligand in bufter is injected into buffer. The data are processed assum-
ing a fictional macromolecule concentration in the sample cell, in
order to have the data points fall on the same x-coordinate as the
actual binding experiment. Dilution curves usually have one of
three outcomes: linear, linear with a slope of zero, or exponential.
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3.6. Preparing
the Samples for ITC

3.7. AutoiTC,,,

The data points from the dilution control experiment can then be
subtracted from the binding experiment to account for dilution and
mechanical heat, leaving only the heat associated with the binding
interaction. If the dilution has a linear profile with a slope of zero
(i.e., a consistent injection heat for each injection across the titra-
tion), then the saturation data points from the binding experiment
can be used for background subtraction, and no additional control
dilution experiment is typically needed. Indeed, the control of
injecting buffer into the macromolecule solution in the sample cell
is rarely necessary, but can still be used in some cases to verify buffer
matching of the macromolecule following dialysis. As discussed
below, if the dilution control is a line with a slope of zero, the titra-
tion data can be corrected using the average value from the satura-
tion portion of the titration, which is in fact a preferred method as
it more closely reflects what is occurring during the titration itself.

The RNA should be renatured before the ITC experiment. There
are a multitude of renaturing/annealing procedures available. In
order to facilitate comparison across other biochemical and bio-
physical methods, whatever protocol is followed for biochemical
assays with the RNA of interest should be followed for the I'TC
experiment. One will need to prepare 2 mL of macromolecule
solution for the VP-ITC and 400 pL for the AutoiTC, . For the
ligand solution, prepare at least 500 pL for the VP-ITC and 120 puL.
for the AutoiTC, ). The RNA sample should be degassed with stir-
ring in the MicroCal Thermovac apparatus for at least § min imme-
diately before the experiment. The ligand solution and an aliquot
of bufter should be degassed as well. The AutoiTC,  does not
require samples to be degassed, but we find the results are better
when they are treated in the same way as VP-ITC samples.

Following degassing, for the VP-ITC experiments the RNA
should be incubated at or a few degrees below the experimental
temperature for at least 5 min prior to loading the instrument. For
the AutoiTC,, the samples are stored in 96-well trays in a cham-
ber within the instrument that should be kept within 5-10° below
the experimental temperature. This is because both calorimeters
work more efficiently when they are directly heating samples as
opposed to indirectly cooling them.

Once the experiment has been planned, this information needs to
be input to the operation interface for the AutoiTC, | instrument.
There are two programs that have to be running with the instru-
ment. Following startup of the instrument, the “ITC200” and the
“Autoltc200” programs should be opened. The “Autoltc200”
program is the interface used to perform the experiment, as it in
turn relays the necessary instructions to the “ITC200” program
that directly operates the calorimeter. There are five tabs at the top

of the program screen: “Sample Groups,” “Experiments,” “Data
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Plots,” “Instrument Set-up,” and “System.” “Sample Groups” is
where each experiment is set-up. “Experiments” is the screen to
verify and run the experiments. “Data Plots” gives the raw data in
real time, while “Instrument Set-up” is where titration programs
are made. “System” provides options for maintenance and cleaning
of the instrument. For more information on this and all aspects of
his protocol, consult the MicroCal instrument manual.

1.
2.

First, fill the reference with freshly degassed ddH,O.

Using the tool provided, remove the protective Teflon ring
around the sample cell port, exposing the reference cell port.

. Using a 0.5-mL Hamilton syringe, remove the old water and

replace it with fresh water with the appropriate burst fill tech-
nique and light tapping to remove any bubbles. This process
should be done at least once a week.

. Under the “Instrument Set-up” screen, enter in the parameters

for the titration(s) using the guidelines from the previous section.
These parameters can then be saved for current and future use.

. Under the “Sample Groups” tab, there will be a series of sub-

tabs that need to be filled. To start, in the “Dataset Naming”
screen, enter the number of groups of experiments, as well as
the number of samples within each group. A “group” is defined
as the injection parameters (temperature, injection volume,
spacing, etc.) that were created in the previous step. A sample
is defined as one titration, and there can be multiple samples
within one group. Also on this screen, you can enter the data-
set naming scheme and any sample comments. A good mea-
sure to take to ensure that the instrument is working properly
is to first run a water-into-water or buffer-into-buffer titration,
which should give very small exothermic heats (see Note 3).

. Next, on the “Method” screen, choose the automation, ITC

run, and analysis methods for the group. There are numerous
options for the automation method, with the most common
being “Plates Standard B.” There are other options including a
cleaning step between each experiment, prerinsing the cell with
buffer before the run, or saving the post-run cell contents
afterwards. See the instrument manual for further details on
these options. For the “ITC run” method, choose the injection
program that you created in step 1. For “Analysis” method,
choose either “saturation” for a ligand-to-macromolecule titra-
tion or “control” for a ligand-dilution run. These options are
for the automatic data fitting that the instrument offers,
although we recommend that fitting be done by the user.

. On the “Concentration” screen, enter the concentrations of

ligand and macromolecule. If they are unknown at this time,
input estimated values—exact values can be used during the
data analysis.
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8.

10.

11.

The next screen is “Plate Set-up,” from which you can choose
where on the plate the instrument will take samples for each
group. The AutoiTC,, instrument can accommodate four
96-well plates, with a minimum of two wells per titration—one
for the syringe and one for the sample cell; thus, the instru-
ment can perform up to 192 ITC experiments in succession.
The instrument also holds five 35-mL tubes as reservoirs for
sample cell macromolecule if the experiment requires it; with
the macromolecule in these large reservoir tubes, only one well
in the 96-well plate is now required for a single titration exper-
iment, allowing for a new maximum instrument capability of
384 unattended experiments in succession. This is the pre-
ferred mode of operation if one is titrating a large number of
ligands against a single macromolecule target, such as in drug
screening. The wells on the plates will be color-coded as to
whether it contains sample cell (salmon) or syringe material
(light blue). Additional options are to use some of the wells for
pre-rinsing (as described elsewhere) and some of the wells
for recovering the titrated sample (post-run save spots). If you
have pre-rinsing solutions (pink) or post-run save spots
(yellow), they will be indicated as well on the diagram as to
where to place them in the plate.

. Using the set-up from the previous step, fill the 96-well plate

accordingly. It is imperative that no material be left as droplets
on the side of a well, as this will lead to filling errors. When
complete, apply an adhesive plate cover. Then place the plate
inside of the sample tray at the appropriate numbered position.
Under the “System” primary tab, the temperature of the tray
chamber can be set.

Next, within the “Experiments” primary tab, choose the com-
mand “Import Sample Groups.” This will load the information
input in the previous six steps into a spreadsheet on the screen.
You can then review and edit the information as required. After
checking the list of experiments, choose the “Validate” com-
mand. A screen will appear that will state how much ddH,O,
methanol, and cleaner solution will be required for the run and
what volume of waste will be generated. These 0.5-1 L bottles
are attached to the AutoiTC, via tubing in the back of the
instrument and are generally placed next to the instrument.
A tank of nitrogen must be attached to the instrument for
cleaning purposes. Generally, the nitrogen should be of average
purity and the pressure should be set to 20-25 psi, using the
regulator supplied by MicroCal. This tank should be checked
prior to a set of experiments to ensure that it will not run
empty. A tank will typically last for about 200 individual runs.

The final step is to click on the start arrow at the top left corner
of the program screen or to push the start arrow button on the
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instrument housing, which initiates the experiment. The
instrument will then clean the cell, injection syringe, and trans-
fer pipettes, and then load the material for the first run. Once
loaded, the instrument will set itself to the experimental tem-
perature and go into baseline equilibration mode. Cell heating
and baseline equilibrium should take no longer than 15 min.
The equilibrium process and the subsequent raw titration data
can be monitored in real time under the “Data Plots” tab. If
you wish to stop the progression of experiments part way
through, press the stop button; the instrument will finish the
current experiment, clean, and then reset to the home position
of the system’s robotics. If there is a need to stop the run
immediately, an abort option is available. When this button is
pressed, the robotic system immediately freezes, but not the
calorimeter. To stop syringe stirring and data collection, go
into the “ITC200” program and press the stop button there.
Then, return the system to the home position by going to the
“System” tab on the “Autoltc200” program. However, abort-
ing a run can be fraught with complications and should only be
used in a last resort, such as in cases that could present some
physical problem within the instrument, that could damage
the syringe or transfer pipettes, or could lead to an unusually
long baseline equilibration period.

For the VP-ITC experiments, the samples are loaded manually.
The program “VP Viewer 2000 ITC” is used to run the experi-
ment. This program should be launched after the instrument has
been turned on. Two screens will launch: the instrument control
screen and an Origin real time data display screen. There are four
tabs on the screen: “ITC Controls,” “Thermostat/Calib.,”
“Setup/Maintenance,” and “Constants.” For a typical experiment,
only “ITC Controls” and “Thermostat/Calib” are needed. For
more information on this and all aspects of his protocol, consult
the MicroCal instrument manual.

1. In the “Thermostat,/Calib.” tab of the “VP Viewer 2000 ITC”
program, the thermostat temperature for the calorimeter
should be set to a temperature 3-5°C lower than the experi-
mental temperature, if it is not already.

2. Fill the reference cell (port located to the left of the sample cell
in this instrument) with freshly degassed ddH,O. The tech-
nique used to fill the cell is extremely important for the success
of the experiment. The 5-mL Hamilton syringe is filled with
2 mL of water and placed down into the reference cell until the
long needle touches the bottom of the cell. The syringe is then
lifted up a few mm and the contents are injected with a slow
continuous injection for the first mL and short bursts for the
second mL. The syringe needle is then tapped very gently
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against the bottom of the cell and gently swirled around the
cell, tapping the walls to displace any bubbles from inside the
cell. A bubble trapped in either the reference or sample cells
can make the data unusable. The syringe is then withdrawn
from the cell, and the tip is placed on the metal rim on the out-
side of the port where excess liquid is drawn up into the syringe.
This method of overfilling and then withdrawing allows for
reproducible filling of the cell with no air volume at the top.
The white reference plug is then placed on top of the cell port.
The reference cell should be emptied and refilled at least once
a week.

. Within the “ITC Control” tab, enter the experimental param-

eters decided upon in Subheading 4 and assign a filename.
These parameters can be saved as an I'TC run file for later use.

. First, rinse the sample cell with bufter, or macromolecule solu-

tion if there is enough to spare, before the cell is filled with the
macromolecule solution. The same filling technique described
in step 1 should be used. Some of the excess macromolecule
solution from the process of overfilling the sample cell can be
saved and used to obtain a concentration that will account for
any dilution from the buffer pre-rinse.

. Place the ligand solution in either a 5-mL plastic tube or a 0.5-

mL glass vial in the syringe mount holder such that the tip of
the injection syringe is well immersed in solution. With the
plunger in the open position (which can be enacted using the
self-named command within the operating software), attach a
needled syringe with Tygon tubing to the fill port of the syringe
and draw solution up to the top of the syringe. Move the
plunger to the closed position using the button on the VP
Viewer program. The “Purge and Refill” command is then
executed twice to ensure that no bubbles are in the syringe.
The plunger will expel its contents into the vial and draw the
solution back up, returning finally to the closed position.

. With care taken not to bend it, place the syringe straight down

into the sample cell, clicking it into place. If necessary, gently
wipe off any ligand solution that is clinging to the outside of
the syringe needle.

. The run can now be started by clicking on the Start button.

The instrument will then heat the cells to the run temperature
and go into a pre-run thermostat mode for a few minutes.
Then the instrument will proceed into baseline equilibrium,
followed by a 1 min pre-titration delay. This entire process
should take 15-20 min. If it goes any longer, it is advisable to
stop the run and check the reference and sample cell filling.

Common ITC problems and their solutions are further discussed
below (see Note 2). In addition, regular I'TC maintenance is dis-
cussed below (see Note 3).
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Analyzing the ITC data is usually accomplished using the MicroCal-
specific Origin 7 software included with the instrument. This soft-
ware will automatically load the raw data, integrate the injection
peak areas, and generate a AH/mol ligand vs. mole fraction plot.
For full details, consult the MicroCal data analysis manual that is
included with the instrument and software. The AutoiTC,, fea-
tures the option of automatic analysis of the data fit to a one-site
model, but we recommend performing the entire analysis proce-
dure manually.

The first step in data analysis is to read in the raw ITC data file
(with a .itc extension) using the “Read Data” command button on
the “mRawITC” screen of the program. Origin will then integrate
the injection peaks and launch a new “Delta H” screen. The fol-
lowing procedure is then used to extract thermodynamic informa-
tion from either the VP-ITC- or AutoiTC, -generated data set:

1. Using the “Concentration” button on the left side of the
“Delta H” screen, enter in the exact concentrations of your
samples if this has not been done during the experimental set-
up. This has to be the first step, as entering the numbers later
in the analysis procedure will undo everything that had previ-
ously been done to the data.

2. If the data are noisy, you may go back to the raw data screen
and adjust the integration limits and baseline position for each
individual peak. This adjustment of the computer integration
should be done only in limited cases when there is a significantly
noisy baseline, such as from injections of a bubble from the
syringe. If the peak integration limit is adjusted, a/l peaks
should have their integration limits adjusted in the same man-
ner to keep the data analysis consistent.

3. The next step is to correct for dilution heat of the ligand. There
are two ways of accomplishing this: subtracting a whole dilu-
tion data set from the titration data or subtracting an average
heat of dilution value from every point. The proper course of
action depends on the dilution control experiment. If the dilu-
tion control is a line with a slope of zero, the titration data can
be corrected using a single average value. This average value
can be obtained either from the dilution control data points or
from the last five saturation points of the titration; the latter is
preferred as there are often slight differences in dilution heat
with and without the context of a macromolecule in solution.
This data set correction is performed by going to the “Math”
tab on Origin, selecting “Simple Math,” and subtracting the
appropriate number. If the dilution control data are a curve or
a line with a nonzero slope, the entire dilution data set will
have to be subtracted from the titration data set, which can be
easily done with the “Subtract Reference Data” button from
the “Delta H” screen after the reference data are read into the
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3.10. Designing
the DSGC Experiment

3.10.1. Type of Study

same plot as a different layer. A variation of this correction is to
subtract a best-fit straight line using the “Subtract Straight Line”
option under the “Math” tab. This option has the advantage of
introducing less scatter to the corrected data set.

4. Fitting of the titration data to a binding model can now be
performed. There are several built-in options in the MicroCal
Origin 7 program and the command buttons for them are on
the left side of the “Delta H” screen. The “Single Set of Sites”
model fits the data to a model where there are one or more
equivalent binding sites. The “Two Sets of Sites” model fits the
data to a situation in which there are two classes of binding sites
on the macromolecule (for instance, a tight-binding specific
site and a weak-binding nonspecific site). The “Sequential
Binding” model fits the titration to a scenario wherein one site
has to be saturated on the macromolecule before the second
site is available. The “Competition Equation” is used for com-
peting ligand experiments, and the “Dissociation Model” is
used for dimer dilution dissociation experiments, as described
in Note 1. Other models may be designed, written, and imple-
mented using the Origin base fitting session as well. When the
appropriate option is chosen, the program will do an initial fit,
and then the number of Levenberg-Marquadst iterations to per-
form is chosen. In general, the algorithm is applied until the x>
is no longer reduced. When complete, the thermodynamic data
will appear in a text box on the graph with the fit curve.

5. The common publication figure for ITC data is generated by
selecting the “Final Figure” option under the ITC tab. The
final figure consists of the raw titration data plotted in the
upper panel and the processed fitted data in the lower panel.
This figure can be altered and adjusted and saved as a pdf or
image file.

Interpretation of the thermodynamic data extracted is ideally part-
nered with structural data to get the optimal understanding of the
binding interaction. This is especially important for interpretation
of the » value. An n-value of 0.5 could indicate that two macro-
molecules bind to one ligand or that the macromolecule is populat-
ing multiple folded states, with only 50% of macromolecule being
in an active confirmation. Typically, other biophysical studies such
as ultracentrifugation or gel electrophoresis are used to further
interrogate this issue. The AH and AS values will offer information
about the net gain or loss on intermolecular bonds during the
interaction and/or the change in solvent accessible surface area.

The DSC experiment can reveal much about the folding behavior
of the RNA or protein of interest, in either the absence or presence
of a ligand. The standard experiment is to perform a temperature
scan of the macromolecule under the desired buffer conditions to
assess its tertiary and secondary structure stability. Salt and pH
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conditions can be varied to study their effects on the macromole-
cule folding. The VP-Capillary DSC is ideal for these types of
screening experiments owing to its high-throughput qualities.
With this automated instrument, only upwards temperature scans
can be done, but the sample can be cooled to the starting tempera-
ture and rescanned. The conventional VP-DSC can perform both
up and down temperature scans, but each run has to be conducted
manually. For RNA with no divalent ions, the folded—unfolded
transition should be reversible. However, presence of magnesium
or other divalent ions may lead to significant degradation at the
high temperatures and be unusable for repeated runs. The effect of
ligand binding can also be measured by DSC by performing an
experiment on a solution of the macromolecule-ligand bound
complex. DSC experiments with varying ligand concentration can
be used to provide an estimate of linked macromolecule confor-
mational changes and the binding affinity, but I'TC is superior for
determining binding thermodynamics.

The VP-Capillary DSC experiment requires 400 uL of macromol-
ecule solution for the sample cell and 400 pL of dialysis bufter for
the reference cell. These quantities are approximately one-half of
what is required with the conventional VP-DSC instrument (750-
800 pL). It is imperative that the macromolecule and reference
solutions be perfectly buffer-matched. As with I'TC, extensive dial-
ysis is required to ensure that this condition is met. Any discrep-
ancy in buffer or salt concentrations between solutions will lead to
large data artifacts. The molar concentration of the RNA or pro-
tein needed will depend on the size of the macromolecule: larger
molecules will have unfolding transitions involving more intermo-
lecular bond breaking than smaller molecules and hence one can
use a lower molar concentration. It is therefore more convenient to
discuss sample requirements in units of mg,/mL. Concentrations of
macromolecule for Capillary DSC should be in the range of 0.1-
10 mg/mL, with 0.5 mg/mL a good starting value. The upper
limit of 10 mg/mL should not be exceeded at risk of extensive,
damaging precipitation.

Much of the same buffer considerations of I'TC apply to DSC.
Butffers with low heat of ionization and a small temperature depen-
dence of the pK_ are optimal. Cacodylate and phosphate are good
for DSC, while Tris should never be used. In addition, DTT should
be avoided, and B-mercaptoethanol used instead if a reducing
agent if needed. A buffer-only experiment can be conducted to
verify that there will be no anomalous peaks due to behavior of the
buffer. The samples should be degassed akin to I'TC samples to
ensure no bubbles form during the experiments.

There are three major parameters for the DSC experiment:
temperature range, scan rate, and feedback mode. The tempera-
ture should start at 20-25°C and extend to at least 20° beyond the
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3.10.4. Establishing
a Thermal History

unfolding transition. The VP-Capillary DSC offers the advantage
over the VP-DSC of extending the melting experiment beyond
100°C, as the cells are pressurized with a nitrogen source, thereby
preventing boiling. This capability is invaluable when the macro-
molecule’s T, is in the 80-90°C range, which is the case for some
stable RNAs. The instrument can go up to 120°C, but we find that
110°C is sufficient as an upper limit. In the case of RNA, degrada-
tion can be problematic at these temperatures, however, especially
in Mg?* solutions, and the quality of the RNA should be checked
by PAGE after the experiment.

The scan-rate parameter will affect the sensitivity and resolu-
tion of the DSC data. Higher scan rates (the VP-Capillary DSC
can go up to 200°C/h, the conventional equivalent has a maxi-
mum rate of 90°C/h) offer higher sensitivity and lower noise, but
can lead to lost resolution or loss of equilibrium as compared to
rates at a slow scan rate (<60°C/h). For RNA, we use scan rates in
the range of 75-100°C /h, but slower scan rates should be tested to
assure equilibration throughout the run. The filter period param-
eter is associated with the scan rate: the filter period should decrease
as the scan rate increases. The following equation is used to calcu-
late the ideal filter period required:

0.2*3,600 (s/h)
Scan rate (C/h)

(3)

Filter period =

Once this calculation is completed, the closest filter period avail-
able on the Origin operating software should be chosen.

The feedback mode chosen for the DSC experiment depends
on the macromolecule under investigation. RNA or DNA DSC
experiments should use low gain exceptat fastscanrates (>100°C/h)
where mid gain should be used. For protein experiments, no gain
should be used, however for lipids, high gain should be chosen.

The DSC instrument will require several “warm-up” scans before
the macromolecule of interest can be run. The first scan will
almost always be unreliable until the calorimeter develops what is
termed a “thermal history.” Typically 4-6 runs of water/water,
where both the reference and sample cells are filled with H,O,
DSC experiments are done first, followed by 2-3 buffer/bufter
runs. These control runs should start overlapping as the instru-
ment establishes its thermal history. Only then should the RNA or
protein experiment be performed. The buffer/buffer runs that
preceded the macromolecule scan can be used as a reference con-
trol for data analysis. Thus, a typical DSC experiment will involve
these 6-9 preliminary scans in addition to the targeted macromol-
ecule run.
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The VP-Capillary DSC experiment is run using the Microcal-specific
Origin software included with the instrument. The VP-Capillary
DSC with its autosampling, higher scan rates, and higher tempera-
ture capabilities is ideal for RNA and therefore we limit our discus-
sionsin this section to this instrument, although many considerations
apply to the conventional DSC as well. There are five tabs on the
program, but only two tabs will be used to run the experiment:
“Autosampler” and “DSC Controls”:

1. Within the autosampler portion of the instrument, there are
two buffer reservoir bottles and three cleaning solution bottles.
Fill one of the bufter bottles with ddH,O, and the other with
the dialysis buffer (~250 mL minimum). Fill one of the clean-
ing bottles with water, and the other two may hold cleaning
solution (5-10% Contrad-70 is recommended).

2. On the “Autosampler” tab of the Origin program, there are
three side tabs. Open the “Tray set-up” tab.

3. First, input the number of DSC runs, and set the location on
the 96-well tray. The spreadsheet to the right of the screen will
summarize the scans to be performed. Notes can be added to
provide details of each scan. In this spreadsheet, cleaning steps
can be added to the list of instrument commands. Cleaning
steps should occur after the last macromolecule run, or after
each macromolecule scan if there is threat of precipitation.
Three water/water runs should be done after a cleaning step
to ensure that all cleaning solution is removed from the cells.

4. Prepare and degas the macromolecule solution and the dialysis
buffer as described for ITC samples in Subheading 3.6, and
then add to the appropriate wells of the 96-well tray, as laid out
in the previous step.

5. Place the pre-slit tray cover on top, and place the tray in the
cooling tower of the instrument in the chosen spot.

6. In the “DSC Controls” tab of the Origin program, input the
scan parameters decided upon in the previous section. The
prescan thermostat should be set to 10-15 min, and the post
scan thermostat should be set to 0 min. The series of scans can
be started by clicking on the “Start” icon at the top of the
program screen.

Troubleshooting and maintenance of the DSC are discussed below
(see Note 4).

Analysis of the DSC data is performed with the Origin software
included with the instrument. The process of analyzing DSC data
involves subtracting a buffer/buffer scan as a control, setting a
baseline before and after each peak, and fitting the peak to the
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appropriate model. More detail can be found in the MicroCal DSC
data analysis manual.

1.

On the front screen of the DSC Origin analysis program, read
in the data by clicking on the “Read Data” button on the left
hand side. All the scans can be loaded at once if the Auto DSC
data is chosen, or a single scan can be loaded. We recommend
the use of the Auto DSC data to survey the results of the
experiments and choose the buffer/buffer scan to be used as a
control.

. Once the scans to be analyzed are chosen, they are read into

the Origin program with “Scan Rate Normalization” and
“Delete Time Data” options checked. Two scans should be on
the screen: the macromolecule scan and the chosen buffer/
buffer control.

. Subtract the control data from the macromolecule scan by

selecting the “Subtract Reference” button on the left side of
the screen.

. Next, the control corrected data are normalized for macromol-

ecule concentration by selecting the “Normalize Data” option
on the left.

. Construct the baseline for the data by selecting “Start Baseline

Session” from the “Peak” menu. Automatic baselines will be
drawn, which can be adjusted by choosing the “Adjust” option.
The baselines should be set immediately before and after the
peak, and their length should be 10-20°C.

. By choosing the “Baseline” options, draw a baseline under the

peak. There are several mathematical options for constructing
this baseline, but the baseline drawn from choosing “Progress”
works for most cases.

. Once the baseline is drawn, baseline-correct the thermogram

by selecting “OK.” The data will go from being on a slant to
being horizontal, as this baseline is subtracted from the raw
data.

. The “DSC” menu provides three models to fit the data. The

two-state model assumes that no intermediates are populated
during the unfolding process, while the non-two-state model
does not make this assumption. The two-state-with-AC model
assumes a two-state process with a nonzero AC . Start the
fitting process by clicking on the peak, and use Levanberg-
Marquandt algorithms to fit the data.

The data analysis will provide the 7}, and the AH of unfolding. The
non-two-state model gives two enthalpies, the calorimetric enthalpy
(AH_)) and the van’t Hoff enthalpy (AH ). Comparison of these
two quantities can offer much information about the system: the
calorimetric enthalpy is generated from the area under the curve,
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while the van’t Hoff enthalpy is derived from the shape of the peak.
If the two quantities are equal, then there are probably no
significantly populated folding intermediates and the system is likely
two-state; however, if the AH |, is less than the AH_, then there are
likely intermediate states accessed during the transition, and if the
AH_, is greater than the AH_, then the macromolecule has likely
oligomerized in solution. In summary, regardless of what is known
about macromolecule behavior going into the experiment, we rec-
ommend that the non-two-state model always be tried to assess the
two-state nature of the transition.

4. Notes

1. Advanced ITC experiments
There are several more complex experiments beyond the basic
case of two molecules interacting that can be performed using
ITC. These include heat capacity (AC)) curves, competition
titrations, and dissociation experiments. Any of these experi-
ments can be done using either the VP-ITC or the
AutoiTC, .

Heat capacity provides useful information on the tempera-
ture dependence of the enthalpy. Such information is useful for
understanding how ligand binding varies with temperature and
for gaining insight into such phenomena as conformational
changes of the RNA between the free and bound states (19-21).
To measure the heat capacity of the interaction, the binding
experiment is done at a series of temperatures. The heat capacity
curve is then obtained by plotting the individual enthalpies vs.
temperature:

AH(T)=AH(T, ) +(T =T,

i, +@ -1, (BE] @

The last term in Eq. 4, which reflects a temperature depen-
dence of the AC itself, may or may not be needed to fit the
data.

Either instrument is capable of performing titrations in a
range of 4-80°C, although it is preferable to keep the range of
experiments within 5-65°C for most systems. For RNA, the
upper limit of temperature for the heat capacity curve should
be at least 10°C below the T}, in order to ensure the RNA is still
properly folded. Elucidation of the heat capacity curve can offer
important information regarding the role of the hydrophobic
effect and surface area burial in the binding event (20, 22).

Some binding interactions are so tight (K ,<<1 nM) that
ITC cannot be used to measure the binding equilibrium directly,
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as the binding curve becomes a step function. A competition
experiment can be then be done to weaken the apparent bind-
ing and indirectly calculate the binding affinity. The macromol-
ecule is bound first to a weaker binding competitor, and the
strong affinity ligand is then titrated into the bound complex
solution. The bound complex can either be mixed together
with pipette or produced via a separate ITC experiment. Using
the enthalpy and binding affinity for the competitor ligand, the
quantities for the strong binding ligand can be obtained using
the data analysis described by Sigurskjold (23) or by using the
Origin software. Such experiments are also useful when study-
ing therapeutic drugs that are either direct agonist or antago-
nists, and when studying their corresponding competition for
the active site with the cognate ligand.

ITC can also be used to measure dimerization (or higher
oligomerization) as well. The thermodynamics of RNA
duplex formation have been studied extensively with ITC by
the Feig Lab (22, 24, 25). Typically, binding of two non-self-
complementary oligonucleotides is studied, but homodimeriza-
tion of a self-complementary oligonucleotide can also be studied
by ITC utilizing a dissociation experiment. In this scenario,
a self-complementary dimer at a concentration near its K, is
injected into buffer, and the sudden drop in concentration
compels the dimer to dissociate into monomers. The ITC
origin software can provide analysis for such data.

. Common ITC problems and their solutions

The most common problems that could arise during the ITC
run are usually due to one of three factors: cell cleanliness, air in
the system, or variable environmental (lab) temperature. A dirty
cell will give a noisy baseline or an odd morphology of the injec-
tion peaks. Cleaning should be done immediately after each run
in order to prevent build-up of residue in the cell. The cleaning
procedure is automatic with the AutoiTC,, instrument, but
the VP-ITC must be diligently cleaned manually. The standard
cleaning protocol uses 100 mL of 5-10% Contrad-70, Top-
Job, or 409 cleaner run through the sample cell using the clean-
ing attachment to the Thermo-Vac followed by 500-1,000 mL
of ddH,O. More rigorous cleaning can involve incubation
overnight of cleaning solution in the sample cell at 55°C
followed by ddH,O washing. To remove any protein contami-
nation, 1 mg/mL Proteinase K in water can be incubated in the
instrument at 37°C overnight and flushed out in the morning.

Air bubbles within the sample cell or injection syringe will
invariably lead to large disruptive thermal events to the ITC
experiment. This problem is usually caused by poor sample-
loading technique, insufficient degassing, or a mechanical
problem with the syringe. Test runs of water injected into water,
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which should give very small exothermic heats (see Note 3),
should be used to verify that the operator is loading the instru-
ment properly. Filling problems in the AutoiTC, | often stem
from full or partial blockages in the lines, protein build-up in
the injection syringe, or damage to the fill port adaptor.

Temperature fluctuations in the room during the ITC
experiment will lead to drifting baselines. This relatively simple
problem is often the hardest to solve as it may require reloca-
tion of the instrument to another site. Some considerations to
optimize environmental conditions are to avoid proximity to
windows, overhear air vents, and doors. The AutoiTC, s
enclosure offers a level of protection to variable room tempera-
tures, but the instrument is not immune to a bad laboratory
environment with direct sunlight or air vent exposure. Another
problem with long runs can be if air conditioning or heating
levels change during the night. One consideration can be to
locate the instrument in an NMR or crystallography facility,
which often has very stable temperature conditions.

Other problems with the ITC experiment may be due to
design or preparation of the sample. A saturation injection heat
value that is much larger than the dilution control injection
heats is an indication of buffer mismatch and can be solved by
expanding dialysis times and /or volumes. On the other hand,
lack of binding seen in a titration may reflect an inappropriately
folded or degraded RNA, or perhaps a thermoneutral binding
event. Degradation can be assessed by removing some sample
post-run, 5’ end labeling with 3*P using polynucleotide kinase
and y-3*P ATP, and performing denaturing PAGE. This degra-
dation could be due to high divalent concentrations, long
experiment times, high experiment temperatures, or any com-
bination of these factors. In the worst-case scenario, there may
be RNase contamination in the instrument or syringe acces-
sories, which should be handled with RNase Zap (Ambion,
Inc.) treatment or related decontamination procedure. In the
lack of evidence for degradation, misfolding of the RNA can be
addressed through construct redesign or change in renatur-
ation procedures that may rescue binding activity.

. Regular ITC maintenance

The most important aspect of maintenance for both instru-
ments is thorough cleaning immediately following a run.
Proteinase K cleaning following protein experiments will help
prevent protein precipitate build-up that could lead to clogs.
RNase Zap treatment can be used to treat the instrument and
other implements to prevent RNase-related problems. For the
AutoiTC,, the solution stock reservoirs and the nitrogen tank
should be checked before each set of runs and refilled as
needed. The fill port adaptor may need to be replaced on a
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Fig. 4. Examples of quality control titrations to verify ITC performance. (a) A typical water into water injection on the VP-ITC.
(b) 10 mM NaCl titrated into water on the VP-ITC.

yearly basis depending on the number of runs the instrument
has performed, and the VP-ITC will have to have its plunger
tip changed every 6 months. For both instruments, the injec-
tion syringe may need to be changed if it becomes bent or
worn, although this is a rare occurrence, and the cause of such
damage should be immediately investigated.

To check performance of the instrument, there are two ITC
runs that are recommended (Fig. 4). The first is titration of
water into water. This should show only the mechanical heat of
injection and should be very small (<0.05 pcal/s for both
instruments). This experiment will verify your filling technique,
indicate if the reference cell needs to be changed, and test if the
room conditions are acceptable for an ITC experiment. The
second experiment that serves as a test of the instrument’s oper-
ation is to take a 10-50 mM salt solution (NaCl, MgClL,, etc.)
and titrate it into water (26). This titration will give peaks of a
size similar to those encountered in a biochemical experiment
and will verify cleanliness of the cell, as well as proper operation
of the instrument. Either experiment is recommended to be
performed immediately prior to a series of I'TC experiments to
ensure that the instrument is in optimal condition before valu-
able biological samples are consumed. We have made it com-
mon practice to use a water-into-water or salt-into-water
titration prior to every AutoiTC,  run for these reasons.

. DSC troubleshooting and maintenance

By far the most common problem encountered in DSC is the
accumulation of macromolecule residue in the cell. Cleaning
of the cells, the injection plumbing, and the loading syringe
should therefore be performed before and after every series
of scans using the “Maintenance” subtab located under the
“AutoSampler” tab on the Origin operating software.
Incubation with Contrad-70 at high temperatures (50-60°C)
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should suffice for most RNA and protein runs. Denatured
proteins are often insoluble, so residue build up in the capillary
cell can cause extreme problems. Weak solutions of nitric acid
may often be required to remediate serious precipitate. Consult
the operator manual and MicroCal for advice in this case.
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Chapter 11

Use of Aptamer Tagging to Identify In Vivo Protein Binding
Partners of Small Regulatory RNAs

Colin P. Corcoran, Renate Rieder, Dimitri Podkaminski,
Benjamin Hofmann, and Jorg Vogel

Abstract

Small regulatory RNAs (sRNAs) are short, generally noncoding RNAs that act posttranscriptionally to
control target gene expression. Over the past 10 years there has been a rapid expansion in the discovery
and characterization of sRNAs in a diverse range of bacteria. Paradigm shifts in our understanding of the
breadth of posttranscriptional control by sRNAs were achieved in a number of pioneering studies that
involved immunoprecipitation of a known RNA chaperone, the near-ubiquitous Hfq, followed by sequenc-
ing to identify novel putative regulators and targets. To perform the converse experiment, we previously
developed a method which uses an aptamer-tagged sRNA to allow purification of in vivo assembled RNA—
protein complexes and subsequent identification of bound proteins. We successfully implemented this
protocol using the Hfg-associated sSRNA, InvR, tagged with a tandem repeat of the commonly used MS2-
aptamer. Incorporation of the aptamer had no effect on sSRNA stability or activity. InvR-MS2 could be
effectively purified along with associated proteins, such as Hfq, using maltose binding protein fused to the
MS2 coat protein (MBP-MS2) immobilized on an amylose column. Mass-spectroscopy was also used to
identify previously uncharacterized protein partners. These results have been described previously (Said
et al., Nucleic Acids Res 37:¢133, 2009) and thus the figures presented here are intended solely as an
illustrative guide to complement this detailed step-by-step protocol.

Key words: Aptamers, Small RNAs, RNA-binding proteins, Affinity purification, RNA-protein
interaction, Hfq, MS2, InvR

1. Introduction

The best studied and largest group of bacterial regulatory RNAs are
the small regulatory RNAs (sRNAs) that modulate mRNA transla-
tion and stability by base pairing with limited sequence homology
to target mRNAs (1-3). There are very few commonalities among

Kenneth C. Keiler (ed.), Bacterial Regulatory RNA: Methods and Protocols, Methods in Molecular Biology, vol. 905,
DOI 10.1007/978-1-61779-949-5_11, © Springer Science+Business Media, LLC 2012
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sRNAs, which vary dramatically in size (from 50 to 500 nucleotides),
sequence, and secondary structure. One unifying factor is their
association with the Sm-like RNA chaperone Hfq, which is gener-
ally required for both stability of the sSRNA and annealing to target
mRNAs (4). Some studies pioneering sRNA identification used
Hfq co-immunoprecipitation and subsequent analysis (either by
microarray array or pyrosequencing) of bound RNA to simultane-
ously identify numerous novel sRNAs and mRNA targets (5, 6).
While this method has provided extensive insights into the post-
transcriptional regulons of many bacteria, the discovery required
prior knowledge of Hfq as an RNA chaperone and a pleiotropic
regulator of gene expression (7). While Hfq is widely conserved in
bacteria, its functional significance can differ dramatically between
species (8). Equally, Hfq homologs have yet to be identified in
many bacteria suggesting that alternative RNA binding proteins
may fulfill the functional role of this generally pleiotropic regula-
tor. Another major class of sSRNAs do not base pair with target
mRNAs but instead act to directly modulate protein function
(9, 10). It would therefore be hugely beneficial to be able to iden-
tify novel sSRNA-associated protein partners without a priori knowl-
edge but instead by direct isolation and identification of protein
bounds to an sRNA of interest.

There are a number of approaches available to identify RNA-
associated proteins. For example, in vitro transcribed (IVT) RNAs
of interest can be coupled to a column after which cell lysate is
added allowing enrichment of proteins which bind tightly to the
IVT RNA (11). This approach has a number of potential limita-
tions since it relies on the correct folding of the immobilized IVT
RNA and interaction of the RNA and protein in a far from physi-
ological environment. Other approaches have utilized oligonucle-
otides complementary to the RNA of interest immobilized on
columns to “catch” in vivo assembled RNA—protein complexes
from cell lysates (12—14). While this approach has the benefit of
puritying in vivo assembled RNA-protein complexes, it requires
prior knowledge of the sSRNA structure within the complex since it
is essential to use RNA oligonucleotides complementary to acces-
sible, single stranded regions on the target RNA. A third strategy,
which overcomes the limitations of the previous two methods,
involves the incorporation of short aptamer sequences into the
sRNA, which allows the purification of in vivo formed RNA-
protein complexes by passage of the cell lysate over immobilized
protein that binds specifically to the aptamer.

RNA aptamers are small structured RNAs that are bound with
high affinity by specific protein partners (e.g., eIF4a, lambda-N,
MS2) (15). RNA aptamers have been used previously to identify
novel RNA-protein interactions, for example by using maltose
binding protein fused to the MS2 protein (MBP-MS2) immobi-
lized on an amylose column. In a recent study from our group (16),
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we identified the lambda phage coat protein MS2 (17) as the most
suitable aptamer for purifying in vivo formed RNA-protein com-
plexes and utilized the MBP-MS2 fusion system to purify a number
of sSRNA and associated proteins. Specifically, it was the one of three
tested aptamers that did not impair sSRNA function or stability.

In this protocol, we describe in detail the approach developed
in Said et al. (16) for the purification of in vivo assembled sSRNA-
protein complexes. The successful implementation of this protocol
is illustrated using the Hfq-associated SRNA, InvR (18). We detail
the system for tagging of InvR with a tandem MS2-aptamer, meth-
ods to ensure stability and functionality of the sSRNA after incorpo-
ration of the ~40 nucleotide aptamer, and purification of the
MS2-tagged sRNA along with associated proteins, as exemplified
by the successful co-purification of Hfq.

2. Materials

2.1. Components
Required for Culturing
of Bacteria

2.2. Components
Required for Aptamer
Tagging of sRNAs
and Plasmid
Transformation

Unless otherwise stated, autoclaved, deionized water (dH,O) was
used to make all solutions. Standard equipment used in molecular
biology is essential for this protocol, e.g., incubators, gel electro-
phoresis apparatus and a bench top centrifuge.

1. Bacterial strains: wild-type with epitope-tagged 4fy gene (e.g.,
bfy::3xFLAG; JVS-00944) (18) and the congenic strain carry-
ing a chromosomal deletion for the respective sSRNA (e.g.,
hfg::3xFLAG AinvR; JVS-03618) (16). Store in LB containing
10% dimethyl sulfoxide (DMSO) at -80°C. Standard culture
conditions were used for all experiments. Overnight cultures
grown from single colonies were diluted 1:100 fresh LB
medium supplemented with appropriate antibiotics. Cultures
(typically 20 mL cultures in a 100-mL conical flask) were incu-
bated at 37°C and 220 rpm to an OD, of 2, at which point
cells were harvested according to the individual protocols.

2. LB medium: 1% (w/v) tryptone, 0.5% (w/v) yeast extract, and
1% (w/v) sodium chloride. Autoclave (120°C, 20 min).

3. Antibiotics (1,000x stocks): ampicillin (100 mg/mL), kana-
mycin (50 mg/mL). Filter through a 0.45 um membrane and
store at -20°C.

4. Static and rotary incubators.

1. Plasmid encoding the sRNA of interest.

2. Aptamer encoding DNA oligonucleotides (100 pmol/uL).
Details for primer design are given in Subheading 3.1.

3. Phusion High-Fidelity DNA polymerase, 2,000 U/mL
(Finnzymes), provided with 5x Phusion HF Bufter.
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2.3. Components
for RNA Extraction
and Northern Blotting

4.

dNTPs: 10 mM stock solution (10 mM dATP, 10 mM dGTP,
10 mM dCTP, 10 mM dTTP).

. 6x DNA loading dye: 10 mM Tris—HCI (pH 7.6), 0.03% bro-

mophenol blue, 0.03% xylene cyanol FF, 60% glycerol, 60 mM
EDTA.

. 10x TAE Buffer: 242 g Tris base, 57.1 mL acetic acid, 100 mL

0.5 M EDTA, made to 1 L with dH,O.

7. 1% (w/v) agarose, in 1x TAE Buffer.

10.

11.

12.
13.
14.
15.

0 NN N Uk W

10.
11.
12.

13.

. Gel extraction kit (Qiagen).
. Restriction Enzymes: Dpnl, 20,000 U/mL. Other restriction

enzymes may be required depending on the tagging method
(see Fig. 2).

T4 DNA Ligase, 5,000 U/mL provided with bufter 10x T4
DNA Ligation Buffer: 400 mM Tris—-HCI pH 7.8, 100 mM
MgCl,, 100 mM DTT, 5 mM adenosine triphosphate (ATP).

Calcium chloride competent Escherichia coli Topl0 (cloning
strain) and appropriate research strain (e.g., electrocompetent
Salmonelln typhimurium).

Temperature controlled water bath.
NucleoSpinPlasmid QuickPure.
Electroporation cuvettes.

MicroPulser.

. Stop solution; 95% EtOH, 5% Phenol.

. Liquid nitrogen.

. TRIzol Reagent (Invitrogen). Store at 4°C.

. Phase Lock Gel (PLG) heavy tubes.

. Chloroform.

. Isopropanol.

. Nanodrop spectrophotometer (NanoDrop Technologies).

. Loading buffer II: 95% Formamide, 18 mM EDTA, and

0.025% each of sodium dodecyl sulfate (SDS). Xylene Cyanol
and Bromophenol Blue. Store at —-20°C.

. 6% Polyacrylamide (PAA)/8.3 M urea gel: 15 mL 40% acryl-

amide /bisacrylamide solution (19:1), 49.8 g urea, 10 mL
10x TBE, make to 100 mL in dH,O.

10% Ammonium persulfate (APS).
Tetramethylethylenediamine (TEMED).

Vertical gel system provided with glass plates: 20x20 cm;
spacers and comb: thickness 2 mm.

Whatman paper (thin).
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2.4. Components
for Western Blotting
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14.
15.
16.

17.

18.

19.
20.
21.
22.
23.
24.

25.
26.
27.
28.

Hybond-XL membranes.
Transfer apparatus (Tank electroblotter).

Antisense oligonucleotides (100 pmol/uL) to the respective
sRNA e.g., InvR (JVO-0222) 5'-GATAAATGCAACGTAAG
AGACAAATG-3'; MS2 aptamer (JVO-3562) 5'-GTGTCTGA
AAAACGTACCCTGAT-3";5S rRNA (JVO-0322) 5'-CTACG
GCGTTTCACTTCTGAGTTC-3'. Store oligonucleotides
at -20°C.

T4 Polynucleotide kinase, 10,000 U/mL provided with 10x
Reaction Buffer A: 500 mM Tris-HCI pH 7.6, 100 mM
MgCl,, 50 mM DTT, 1 mM spermidine.

v-[3*P]ATP, 10 mCi/mL, supplied in 10 mM Tris—-HCI, 2 mM
DTT.

Sephadex G-25 spin column.

UV lamp (emission wavelength 302 nm).
HB-1000 Hybridizer, Hybridization oven.
Glass hybridization tubes.

Rapid Hybridization Buffer.

20x SSC: 175.3 g NaCl, 88.2 g sodium citrate, dissolve in
800 mL dH, 0O, set pH to 7 with HCI, fill to 1 L with dH,O.

Sodium dodecyl sulfate (SDS).
Cassette, Phosphorimager film.
Phosphorimager.

Image analysis software. e.g., AIDA (Raytest) or Image J (U.S.
National Institute of Health; http: //rsb.info.nih.gov/ij/).

. Vertical gel system provided with glass plates: 20 x 10 cm; spac-

ers and comb: thickness 0.8 mm 40% acrylamide /bisacrylam-
ide solution (37.5:1, Roth).

2. 10% APS.

. Tetramethylethylenediamine (TEMED).

4. Separation Bufter: 60.57 g Tris base pH 8.8, 20 mL 10% SDS,

10

final volume 500 mL.

. Stacking Bufter: 60.57 g Tris base pH 6.8, 20 mL 10% SDS,

final volume 500 mL.

. 10x SDS Running Buffer: 30.3 g Tris base, 144 g glycine,

10 mL 1% SDS, final volume 1 L.

. Protein loading bufter.
. Prestained protein size marker.
. Polyscreen, PVDEF Transfer Membrane.

Methanol.
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2.5. Components
for Affinity Purification

11

12.

13.
14.
15.

16.

17.

18.
19.

20.
21.

. 10x Transfer Buffer: 60 g Tris base, 288 g glycine, made up to
2 L with dH,0.

1x Transfer Buffer: 200 mL 10x Transfer Buffer, 400 mL
methanol (20% (v/v) final concentration), 1.4 L. dH,O.

Semi-dry electro blotter.

Bovine serum albumin (BSA).

TBST: 20 mM Tris base pH 7.4, 150 mM NacCl, 0.1% Tween
20.

Monoclonal anti-FLAG antibody: 1:1,000 in 3% (w/v) BSA/
TBST.

Anti-rabbit antibody conjugated to horseradish peroxidase:
1:5,000 in 3% (w/v) BSA/TBST.

Anti-GroEL antibody: 1:20,000 in 3% (w/v) BSA/TBST.
Anti-rabbit antibody conjugated to horseradish peroxidase:
1:5,000 in 3% (w/v) BSA/TBST.

Western Lightning Chemoluminescent Reagent.

Detection apparatus e.g., Typhoon LAS 4000 (GE
Healthcare).

. Buffer A: 20 mM Tris-HCI pH 8.0, 150 mM KCI, 1 mM
MgCl,, I mM DTT.

of Tagged sRNAs 2. French Press.
and Il.lteractlng 3. Amylose resin and bio-Spin disposable chromatography
Proteins columns
4. Yeast tRNA: 10 mg/mL.
5. Maltose.
6. Phenol-chloroform-isoamyl alcohol, 25:24:1 (v/v).
7. Ethanol: 3 M sodium acetate (pH 6.5) solution, 30:1 (v/v).
8. Acetone.
3. Methods

3.1. Aptamer Tagging
of a Plasmid Borne
SRNA

In

principle sRNAs can be tagged at any position except after the

transcriptional terminator. Nevertheless, the choice of position
might be crucial to maintain stable expression and functionality of
the SRNA. Hfq-dependent sRNAs are typically modular in nature,
consisting of an mRNA targeting domain, an Hfq binding domain,
and a 3' transcriptional terminator (4). Incorporation of an RNA
aptamer into an sSRNA could inadvertently affect one of these three
components, which are usually essential for sSRNA function. For
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example, incorporation of the RNA within the mRNA targeting
region will most likely result in loss of regulation by the tagged
sRNA without affecting stability. On the other hand, disruption of
either the Hfq-binding domain or the terminator stem-loop may
cause a dramatic reduction in sRNA stability with resulting delete-
rious effects on the regulatory capabilities of the molecule. Efforts
should therefore be made to avoid disrupting these domains when
incorporating an aptamer. If little is known about the sRNA of
interest, mRNA targeting regions can often be identified by their
high levels of sequence conservation. Also, Hfq is known to bind
A/U rich regions flanking a stem-loop structure (4) and thus,
regions of this nature should not be disrupted by insertion of an
RNA aptamer. If required, the terminator can be used as a scaffold
for the MS2 aptamer by simply replacing the apical loop with a
single MS2 aptamer, which should result in minimal disruption to
the sSRNA characteristics (see Note 1).

Throughout the following section we will describe in detail the
aptamer tagging of a plasmid-borne sRNA (InvR; pNS-9) (16)
(Fig. 1) under control of the P, | promoter, which is constitutive
in cells without a Lacl repressor protein. The insertion of the MS2-
aptamer tag at the 5'-end of InvR is exemplified in Fig. 2a. In gen-
eral, any plasmid-borne sRNA can be tagged following this method.
Alternatively, general plasmids are also provided (pNS-18, -19,
-20, -21) harboring different aptamer sequences (1x boxB, 4x
boxB, elF4A, and an alternative form of MS2, termed MS2*)
flanked by unique Nhel and Xbal cleavage sites and followed by the

a b
uc uc c
A A A A E l(.l:
caG caG G
G Rege GC
cG CG AU
AU AU CG
¢ R§ AU
5'-C GUUUUUC G-3' 5".GUCACUUUUACGGUUGGCCAUUUGUCUCUUACGUUGCAUUUAUCAAUCUGCUUUUUGAUAC G CUUUUUUU-3’
MS2 InvRk
c
uc uc c
A A A A c’u
cg &8 f¢ o
GC
Acg Ac g AU
AU AU CG
e R§ R4
5'-C GUUUUUC G GUCACUUUUACGGUUGGCCAUUUGUCUCUUACGUUGCAUUUAUCAAUCUGCUUUUUGAUAC G CUUUUUUU-3’
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Fig. 1. Sequences and secondary structures of (a) a tandem repeat of the MS2 aptamer, (b) InvR, and (c) InvR-MS2.
Nucleotides that are involved in target recognition by InvR are indicated by a gray background. InvR and InvR-MS2 are
83 nt and 133 nt in length, respectively.
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Fig. 2. Strategies for aptamer tagging of SRNAs. (a) Strategy I: primers containing the aptamer sequence (gray/underlined)
5’ to the priming sequence (homologous to the SRNA) allows for insertion of the aptamer at any position. (b) Strategy Il: SRNA
fragments can be amplified by PCR and introduced into the general aptamer cloning vectors, pNS-18, pNS-19, pNS-20, and
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yrrA transcription terminator (Fig. 2b). These vectors allow aptamer
tagging of'an sSRNA of interest at either the 5'- or 3’-end. The cloned
sRNA will then be transcribed constitutively from the P,
promoter. Alternatively, an Xhol site further upstream in the plasmid
facilitates the insertion of the sSRNA gene with its native promoter
(16). In some cases it might be necessary to express the sSRNA from
its native chromosomal location. Therefore we have developed a
strategy for the chromosomal aptamer tagging of sSRNAs (Fig. 2¢).
The general plasmids and strategy for chromosomal aptamer tagging
of sRNAs are described in detail elsewhere (16).

1. Designdivergent primers, allowing whole plasmid amplification,
that flank the desired region of insertion for the MS2 aptamer
(Fig. 2). Primers should contain 5'-overhanging regions (see
Note 2) which, when combined, encode a tandem repeat of
the MS2 aptamer sequence (Fig. la). The primer sequences
used for MS2 tagging of InvR at the 5'-end are shown in
Fig. 2a (also see Note 3).

2. Perform PCR amplification using 50 ng purified plasmid DNA
in a reaction mixture containing 10 pul. 5x HF bufter, 0.5 pL
10 mM dNTP solution, 0.5 pL of each primer (100 pmol /puL),
and 0.5 pL Phusion High-Fidelity DNA polymerase (2 U/ulL)
in a final volume of 50 pL. Set up the thermo-cycling reaction
as follows: initial denaturation at 98°C for 30 s followed by 30
cycles of denaturation at 98°C for 10 s, annealing at 60°C for
30 s, extension at 72°C for 1.5 min, and final extension at
72°C for 5 min (see Note 4).

3. Ensure amplification of the correct sized product (pNS-9,
2,412 nt; pNS-10, 2,455 nt, pNS-17 2,130 nt) by electropho-
resis of 5 pLL of the PCR product on a 1% TAE /agarose gel.

4. Add 1 pL of Dpnl to the remaining PCR reaction and incu-
bate for 1 h at 37°C (see Note 5).

5. Load the digestion reaction on 1% TAE /agarose gel, visualize
by brief exposure to UV light and excise the band of correct
size. Purity the DNA with Gel Extraction Kit.

6. For ligation of the amplified plasmid, dilute 40 ng of the
purified PCR product to 17 pL with water, add 2 pL. 10x T4
DNA ligase buffer and 1 pul. T4 DNA ligase, and incubate for
1 h at room temperature.

<
<

Fig. 2. (continued) pNS-21, using unique Nhel and Xbal sites. This strategy permits fusion of the aptamer to either the 5'-
(insertion at Xbal site) or 3'-end (Nhel) of the sRNA. Cloned fragment will be expressed fromaP . promoter located immedi-
ately upstream of the Nhel site. Alternatively, cloning in the Xhol-Nhel region permits 3’ tagging of the SRNA and expression from
its native promoter. (c) Aptamer-tagged sRNAs can be chromosomally integrated at their native locus using a variation of the
A-Red method for one-step inactivation of chromosomal genes (30). For this, the aptamer-tagged sRNA is fused to the kana-
mycin resistance cassette of pKD4 (30) via overlap-extension PCR (31). This generates a single DNA fragment with flanking
regions of homology for the chromosomal locus, thus allowing efficient integration. Diagrams not to scale.
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3.2. Analysis

of Expression

and Stability

of Aptamer-Tagged
SRNAs

7. Transform competent E. coli Top10 cells with 1 pL of the ligation
reaction using a suitable method. We typically transtorm liga-
tions using the calcium chloride method. Briefly, harvest expo-
nentially growing cells by centrifugation (5 min, 4,000 xg,
4°C) and resuspend in 100 mM CaCl, /10% glycerol (chilled).
Wash cells three times (50 mL each) in this solution before
final resuspension in 1,/20 the original volume. Use calcium
chloride competent cells immediately or store at -80°C. For
transformation, incubate 1 pl. of the ligation reaction with
30 pL of competent cells on ice for 30 min. Heat-shock in a
temperature controlled water bath (30 s, 42°C), cool on ice
(2 min), and add of 1 mL LB. Incubate reaction mixtures for
1 h at 37°C before concentration by centrifugation (5 min,
4,000x4) and plating with appropriate antibiotic selection.
Successful integration of the aptamer tag should be initially
verified by colony PCR using flanking primers (for pNS-9
derivatives, use pZE-A (5’-GTG CCA CCT GAC GTC TAA
GA-3') and pZE-T1 (5'-CGG CGG ATT TGT CCT ACT-
3")), and electrophoresis on a 2% agarose /TAE gel (expected
amplicon sizes for pNS-9, pNS-10 are 462 bp and 505 bp
respectively). Plasmids containing insertions of the appropriate
size were purified using the NucleoSpin Plasmid QuickPure kit
and sequenced to ensure correct incorporation of the
aptamer.

As described earlier, it is essential to confirm the stability and func-
tionality of tagged sRNAs before attempting the affinity purification
protocol. We use Northern blotting for this as it allows simultane-
ous analysis of the expression and integrity of the SRNA (see Note 6).
Here we use general culture conditions (see Subheading 2.1) that
are suitable for purification of a constitutively expressed sSRNA but
which may need to be altered depending on the promoter used.
Typically sRNAs are induced during stress responses and thus are
often upregulated upon entry to stationary phase (1, 2). Therefore,
harvesting cells in early stationary phase (e.g., OD, of 2) will
often result in a good yield of an aptamer-tagged sSRNA under the
control of its native promoter. Empirical testing is required to
determine optimal expression conditions for each sRINA. The sta-
bility of the aptamer-tagged sRNA should always be compared
directly with that of the untagged sRNA. Also, the ~40 nt increase
in size of the tagged sRNA (corresponding to the tandem MS2
aptamer) should be clearly visible compared to the untagged
sRNA. Comparison of strains expressing InvR and InvR-MS2
compared with the strain expressing a vector control ensures the
specificity of the oligonucleotide probe and also should allow easy
visualization of the regulatory capabilities of the tagged sRNA
(see Subheading 3.3).
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1.

10.

11.

12.

Transform plasmids expressing a control nonsense RNA
composed predominantly of the 7»zB terminator (pNS-17),
InvR (pNS-9), and InvR-MS2 (pNS-10) into electrocompe-
tent Salmonelln (JVS-03618; hfy::3xFLAG, AinvR) using a
MicroPulser (Biorad). Briefly, prepare electrocompetent cells
as described for the calcium chloride method (Subheading 3.1,
step 7) with the important variation that cells are washed and
resuspended in H,O rather than 100 mM CaCl, /10% glycerol
and used immediately. For transformation, mix 1 pL (~50 ng)
of purified plasmid with 50 pL of electrocompetent cells and
transfer to a prechilled electroporation cuvette (2 mm gap
width). Apply a voltage of 2.5 kV and immediately add 1 mL
LB broth. Allow cells to recover for 1 h at 37°C before con-
centration by centrifugation (5 min, 4,000xg) and plating
with appropriate antibiotic selection (all plasmids used in this
study conferred ampicillin resistance). Prepare permanent
stocks from an overnight culture grown from a single colony
by mixing 900 pL of culture with 100 pL. or DMSO in a cryo-
tube. Maintain permanent stocks at —-80°C.

. Inoculate LB medium (supplemented with appropriate antibi-

otics) 1:100 with fresh overnight cultures.

. Grow cultures to an OD_ . of 2 and transfer 1.5 mL of the

600
culture to a 2-mL tube containing 300 pL of stop-solution.

. Snap-freeze in liquid nitrogen. If required, samples can be

stored indefinitely at ~80°C at this step (see Note 7).

. Thaw samples on ice, harvest cells by centrifugation (5 min,

16,000x g, 4°C) and resuspend the pellet in 1 mL TRIzol
reagent on ice.

. Transfer the TRIzol/RNA solution to pre-spun (30 s,

16,000 x g) Phase-Lock-Tubes.

. Add 400 pL chloroform and shake immediately for 10 s (do

70t vortex).

. Let stand for 2-5 min at room temperature.

. Separate the organic and inorganic phases by centrifugation

(15 min, 16,000 x4, 4°C).

Take the aqueous (upper) phase (~500 pL), transfer it to a new
tube containing 450 pl isopropanol, immediately mix by
inversion (do not vortex), and incubate at room temperature
for 30 min.

Pellet the precipitated RNA by centrifugation (30 min,
16,000 x4, 4°C).

Remove supernatant and wash the pellet by addition of 700 pL
70% EtOH (do not pipette up and down or attempt to dissolve
pellet by other means).
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13

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

. Centrifuge samples (10 min, 16,000 x g, 4°C) and remove the
supernatant.

Air-dry the pellet by incubation at room temperature with an
open lid for 10 min.

Resuspend the RNA in 25 pL of RNase-free water by incuba-
tion at 65°C (10 min, preferably with mixing, 600 rpm). Do
not resuspend by pipetting. Store at —20°C.

Determine the concentration of total RNA using a Nanodrop
or other suitable apparatus (expected yield, ~2 pg/uL).

Prepare a 6% PAA /8.3 M urea gel using 70 mL of the acrylam-
ide premix (see Subheading 2.3) to which add 700 pL of 10%
APS and 70 L. TEMED. Immediately pour the gel mixture in
between two 20 x 20-cm glass plates, separated by 2-mm spac-
ers and insert a comb containing the appropriate number of
wells (see Note 8).

The amount of total RNA required for detection depends on
the abundance of the target RNA and the efficiency of the
detection method. Typically 5 pg of total RNA is sufficient to
detect the majority of sRNAs using a 5'-radiolabelled oligo-
nucleotide probe (see step 23 and Note 9). Mix 5 pg total
RNA 1:1 with Loading buffer II.

Denature for 5 min at 95°C and cool the samples on ice for
5 min.

Load samples (see Note 10) and electrophorese for 1-2 h at
300 V (room temperature).

Transfer RNA (see Note 11) onto Hybond XL membrane
(1 h/50 Vin 1x TBE, 4°C) and covalently link it to the mem-
brane by UV treatment (0.120 mJ).

Place the membrane in a glass hybridization tube, add 15 mL
RotiQuickHyb buffer, and incubate for 30 min with rotation
at 42°C.

A y-[**P]ATP labeled oligonucleotide (~20 nt) complementary
the sSRNA of interest is commonly used for identification of
RNA species. The labeling reaction is as follows: 11 pL of
dH,O, 1 uL of oligonucleotide (10 pmol /uL) (JVO-0222 was
used for detection of InvR), 2 pL. of 10x Reaction Buffer A,
1 pL of T4 phosphonucleotidekinase (PNK), 3 pL of y-[3P]
ATP (10 nCi/uL). After incubation for 1 h at 37°C, inactivate
T4 PNK by heating at 95°C for 5 min.

Remove unincorporated y-[**P]ATP using Sephadex G-25 spin
columns, according to the manufactures guidelines. Briefly,
resuspend the resin by vortexing. Open the lid and break the
base of the column to allow flow-out of the storage solution
during centrifugation (1 min, 735 x4). Add the 20 pL labeling
reaction to the center of the resin and place the column in a
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new 1.5-mL tube. Elute the labeled, purified, oligonucleotide
by centrifugation (2 min, 735 x4). Store at —-20°C.

25. Boil the labeled probe for 5 min at 95°C.
26. Cool on ice for 2 min.

27. Add 2 pL of the probe to the QuickHyb solution (not directly
on the membrane) and proceed with incubation for 1 h with
rotation at 42°C.

28. Wash the membrane sequentially using 50 mL 5x, 1x, and
0.5x SSC solutions containing 0.1% SDS for 15 min each with
rotation at 42°C.

29. After washing, allow the blot to dry and place it in a clear plas-
tic “pocket.” We use the Typhoon Phosphorimaging system
for detection although X-ray film and developing solutions can
also be used. With our system, gels are typically exposed over-
night to obtain a strong signal.

30. For quantitative comparison of samples, we detect the highly
abundant and constitutively expressed 5S rRNA, which acts as
a loading control. First, remove the labeled oligonucleotides
used for detection of the sSRNA by adding boiling water,/0.1%
SDS to the membrane and shaking for 5 min. Repeat the
hybridization and detection procedure described above (start-
ing with preincubation of the membrane as described in step
22) using a labeled oligonucleotide (JVO-322) targeting 5S
rRNA (expected size, ~120 nt).

Analysis of the Northern blot (Fig. 4a) revealed that InvR-MS2
accumulated as a single dominant species of the expected size and
at levels comparable to untagged InvR. If the tagged sRNA does
not accumulate as a single homogenous species of the expected
size, alternative tagging approaches should be attempted, as
described briefly earlier and in detail elsewhere (16). While the
InvR-MS2 sRNA was stably expressed as a homogenous species, it
was still necessary to ensure that the function was not abrogated
(described below).

There are multiple methods to analyze the functionality of an
sRNA. Naturally, this requires prior knowledge of a target and its
regulation. Assuming that the stability of target mRNA is altered
by the active SRNA, the simplest test is to re-probe the membrane
used to confirm sRNA stability for the known target of the sSRNA.
The regulatory effect should be clear when comparing the sSRNA
deletion strain with isogenic strains complemented with the tagged
or untagged sRNA. However, since not all SRNA-mRNA interac-
tions result in an alteration of mRNA stability, we use a standard
protocol involving Western blotting (see Note 6) of target proteins
that allows quantification of target protein levels and reliable evalu-
ation of sSRNA activity. For detection of InvR target regulation, an
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anti-porin serum was used, which allows visualization of the specific
downregulation of OmpD levels by InvR, while levels of other
major porins (such as OmpF and OmpC) are unaltered. If an anti-
body is not available for the target of interest, a GFP reporter sys-
tem has been developed that allows rapid fusion of target proteins
and detection by fluorescence or using a commercially available
GFP-monoclonal antibody (19, 20).

1.

Either thaw the protein samples on ice (see Subheading 3.2,
Note 7) or grow fresh cultures using culture conditions as
described in Subheading 3.2.

. Harvest 500 pL of the culture by centrifugation (5 min,

16,000 x g, 15°C).

. Resuspend the pellet in 100 pL 1x loading buffer and immedi-

ately heat for 5 min at 95°C to lyse cells and denature
proteins.

. As standard we used 12-16% PAA gels for protein analysis.

Here a 15% PAA gel was chosen to allow clear separation of
OmpF and OmpC (~39 and ~40 kDa, respectively). To pre-
pare a 15% SDS-PAA gel, mix 3.75 mL of separation bufter,
3.75 mL of acrylamide/bisacrylamide, 100 pL of 10% SDS,
and 2.5 mL of dH,0. Add 75 pL of 10% APS and 7.5 pL of
TEMED to catalyze the polymerization reaction. Swirl to
homogeneity and pour the gel in between the glass plates with
0.8 mm spacers, held by a gel cassette, to within ~1 ¢cm of the
top and immediately overlay with isopropanol.

. After polymerization of the separation gel remove the isopro-

panol completely using absorbent tissue (or Whatman paper).
To prepare the stacking gel, mix 1.25 mL stacking buffer,
0.75 mL acrylamide/bisacrylamide, 7.82 mL dH,O, and
10 pL 10% SDS followed by 150 pL 10% APS and 15 pL
TEMED. Swirl the mixture to homogeneity, pour over the
polymerized stacking gel and insert the comb immediately (see
Note 8).

. After polymerization, fill the electrophoresis apparatus with 1x

SDS running butffer, flush the wells of the gel with buffer, and
load the samples. Load a pre-stained protein marker as a size
reference. We typically electrophorese protein gels at 30 mA
for 1-2 h or until good separation of the pre-stained protein
markers has occurred.

. For transfer of protein samples, activate the PVDF membrane

by incubation for 90 s in methanol in a fume hood, followed
by 5 min in dH,O and 5 min in Ix Transfer buffer.

. Transfer for 2 h at 2 mA/cm? of the membrane at 4°C

(see Note 11).
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3.4. Affinity
Purification of Tagged
SRNA-Protein
Gomplexes

9. After transfer, “block” the membrane with 3% (w/v) BSA/
TBST (or 3% low-fat milk powder/TBST) for 1 h at room
temperature or overnight at 4°C.

10. To confirm activity of InvR and InvR-MS2, we detected the
major OMPs using porin antiserum (1:20,000 in 3% (w/v)
BSA/TBST, provided by Rajeev Misra, Arizona State
University, USA), which detects porins such as OmpA/C/
D/F for 1 h at room temperature under agitation.

11. Wash the membrane in TBST five times for 6 min each.

12. Incubate with anti-rabbit conjugated horseradish peroxidase
(GE Healthcare, 1:5,000 in 3% (w/v) BSA/TBST) for 1 h at
room temperature.

13. Wash again in TBST six times for 10 min each.

14. Detect proteins by incubation with Western Lightning Reagent
(5 min, room temperature) and visualization using a Typhoon
LAS 4000 CCD camera, or other suitable system. We typically
detect the constitutively expressed chaperone GroEL (Sigma
Aldrich, 1:20,000 in 3% (w/v) BSA/TBST) to ensure equal
loading of all lanes.

Analysis of the Western blot (Fig. 4a) shows that InvR-MS2 down-
regulated OmpD protein synthesis comparably to wild-type InvR.
This shows that InvR-MS2 is an active regulator and is functionally
unaffected by addition of the RNA aptamer. We therefore pro-
ceeded with the affinity purification protocol. If the function of the
sRNA is abrogated, alternative tagging approaches should be
attempted. Insertion of the aptamer may disrupt the targeting
region of the sRNA, either by direct disruption or potentially by
base-pairing with the targeting region. sRNAs typically require
single stranded targeting regions to bind effectively with target
mRNAs and thus pairing of sequences within the targeting region
with the MS2 aptamer will most likely reduce function without
affecting the stability of the sRNA. To address loss-of-function
issues, the MS2 aptamer should be incorporated into multiple posi-
tions within the sSRNA, as discussed in Subheading 3.1 and detailed
previously (16). When necessary it is possible to incorporate the
MS2 aptamer into at the transcriptional terminator of the sRNA,
which should not affect SRNA targeting (see Note 1).

In order to test whether the newly encoded aptamer sequences
enable the purification of in vivo expressed sSRNAs with associated
protein partners, we adapted a previously established protocol for
the isolation of in vitro assembled spliceosomal ribonucleoprotein
complexes (RNDPs) (21), which employs the MS2-MBP fusion pro-
tein (Fig. 3). In this protocol Salmonelin expressing MS2-tagged
sRNAs from plasmids are harvested by centrifugation, followed by
rapid lysis. The cleared lysate is then directly applied to an amylose
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g . Growth and collection of

! O bacteria expressing
tagged sRNA

sRNA-protein complexes by
cell lysis for affinity purification.

W_TL._V Liberation of in vivo assembled

Loading of an amylose column
V with MS2-MBP protein
Application of cell lysate

retains sSRNA-protein complexes
by MS2 tag of sSRNA.

.\?[ ][ ﬂ Elution of sRNA-protein
complexes with maltose under
non-denaturing conditions.

Fig. 3. Experimental strategy to purify MS2 aptamer-tagged sRNAs and in vivo formed
RNA-protein complexes under non-denaturing conditions from bacterial lysates. Light
gray lines represent MS2 aptamers fused to the respective SRNA (black). Gray circles on
the amylose resin denote maltose binding protein fused to the MS2-coat protein (white
circles) non-covalently bound to the resin (black circles), which immobilizes MS2-tagged
SRNAs.

column that is non-covalently coupled with MS2-MBP protein
(via amylose binding of the MBP moiety) (see Note 12). Upon
binding of the MS2-tagged RNA species to MS2-MBP, the col-
umn is extensively washed to remove nonspecifically bound mole-
cules. Finally, the tagged sRNA and associated protein(s) are eluted
with a maltose-containing buffer that disrupts the MBP-amylose
interaction. Purification of the untagged sRNA was attempted in a
parallel experiment to determine the degree of nonspecific binding
to the column.

1. Follow standard culture conditions (see Subheading 2.1); chill
cells equivalent to 50 OD,, on ice for 20 min before harvest-
ing for 20 min at 2,900 x g at 4°C.

2. Wash cells in 1 mL of Buffer A (see Note 13) and centrifuge
for 5 min at 11,200 x4 at 4°C. At this point pellets can be
snap-frozen in liquid nitrogen and stored at -80°C.

3. Resuspend the pellets in 2 mL of Buffer A.

4. Break cells by three applications of 800 psi to the cells in a
French press (chill the lysate on ice between each step).
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5.

6.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Clear the lysate by centrifugation for 30 min at 16,000 x4 at
4°C and collect the soluble fraction.

Prepare the affinity column by applying 50 pL amylose resin to
Bio-Spin disposable chromatography columns. Importantly,
perform all steps in affinity chromatography at 4°C.

. Wash the column three times with 2 mL of Buffer A.
. Apply 100 pmol of MS2-MBP (see Notes 14-16) diluted in

1 mL of Buffer A to the amylose resin (see Note 17).

. Wash the column with 2 mL of Buffer A.
10.

Load the cleared lysate onto the column (see Notes 18 and 19)
and wash three times with 2 mL of Buffer A. Collect aliquots
equivalent to 2 OD_, of the lysate, flow-through and wash
fractions for RNA extraction and analysis by Northern blot-
ting, as described in Subheading 3.2. Additionally, collect ali-
quots equivalent to 0.5 OD,, for protein analysis by
SDS-PAGE, as described in Subheading 3.3.

Elute RNA-protein complexes from the column with 900 pL
of Buffer A containing 12 mM maltose.

Add 1 volume phenol-chloroform-isoamyl alcohol to the elu-
ate and mix by strong shaking for 20 s.

Separate water and organic phase by centrifugation for 30 min
at 16,000 x g at 15°C.

For RNA precipitation, transfer upper aqueous phase to a new
tube (see Note 20) add 20 pg yeast tRNA, and mix with 3 vol
EtOH:NaAc (30:1) solution. Retain the organic phase for pro-
tein precipitation starting with step 19.

Precipitate the RNA by incubation for 2 h to overnight

at -20°C and concentrate by centrifugation for 30 min at
16,000 x g at 4°C.

Wash the RNA pellets by adding 500 pL chilled 70% ethanol
(see Note 21) and centrifuge again for 10 min at 16,000 x 4 at
4°C.

Carefully remove the supernatant (see Note 22) and air-dry
the pellet by incubation (room temperature) with an open lid
for 10 min.

Resuspend the RNA pellet in 25 pL of RNase-free water and store
at -20°C. Use 5-10 pL for Northern blotting (see Note 23).

For protein precipitation, add 3 volumes of acetone to the
lower organic phase, mix and incubate from 2 h to overnight
at -20°C.

Pellet the proteins by centrifugation for 30 min at 16,000 x g
at 4°C.
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21. Wash the pellet using 500 pL of ice-cold acetone (do not
pipette up and down) and centrifuge for 10 min at 16,000 x g
at 4°C.

22. Remove the acetone very carefully (see Note 24) and repeat
the wash step.

23. Air-dry the sample for 10 min at room temperature.

24. Dissolve the pellet in 50 pL of 1x protein loading bufter, dena-
ture by heating for 5 min at 95°C, and store at -20°C. Use
10-20 pL for SDS-PAGE followed by Western blot analysis for
detection of specific proteins of interest or for silver-staining to
visualize all precipitated proteins (see Note 25). In this exam-
ple, we detected Hfq®¥F4¢ by Western blotting using a mono-
clonal anti-FLAG antibody and a horseradish peroxidase
conjugated anti-rabbit antibody.

Northern blot analysis of the eluted fractions (Fig. 4b, lane 5) indi-
cates that the MS2 tag permits the specific enrichment and
purification of InvR-MS2 compared to the untagged sRNA.
Quantification of the Northern blot signals in the lysate (input)
and eluted fractions suggested that 9% of InvR-MS2 RNA was
recovered (see Note 26). In contrast, only 0.14% of InvR RNA
(which is expressed from the plasmid at the same level as InvR-MS2;
Fig. 4a) was recovered, arguing that InvR-MS2 was enriched
65-fold as compared to untagged InvR. InvR is bound tightly by
Hfq both in vivo and in vitro and this strong association has allowed
enrichment of InvR with Hfq during co-immunoprecipitation of
Hfq from Salmonelin lysates (5, 22). Conversely, it the MS2-MBP
affinity approach indeed recovered sRNAs in their native com-
plexes, Hfq should not only be detectable in the eluted fraction of
InvR-MS2 but should also be considerably enriched when com-
pared to the eluate from untagged InvR. Figure 4c shows that the
Hftq protein was strongly enriched when comparing InvR-MS2 to
the InvR. To ensure that Hfq enrichment was specific to its associa-
tion with InvR and not the MS2 tag, we tested a construct express-
ing the MS2 tag fused to the 77zB terminator (pRR-05). Even
though this ~80 nucleotide RNA was stable in vivo and was recov-
ered by MS2-MBP affinity purification in amounts comparable to
InvR-MS2 (Fig. 3b), it showed no enrichment of Hfq indicating
that Hfq was purified specifically through interaction with the InvR
component of InvR-MS2, rather than by interaction with the MS2
or with the column-bound MS2-MBP protein.

This protocol for the specific purification of in vivo formed
RNA-protein complexes can be readily applied to identify proteins
associated with small noncoding RNAs. As a note of caution, the
approach by itself does distinguish between productive or nonpro-
ductive complexes, so we advise the isolated complex be tested for
function, availability of a suitable assay permitting.
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Fig. 4. Analysis of stability, function, and purification of InvR-MS2. (a) Salmonella AinvR
(JVS-03008) carrying an “empty” control vector (lane 1, pNS-17), or plasmids expressing
InvR (lane 2, pNS-9) or InvR-MS2 (lanes 3, pNS-10). Detection was performed with an
oligonucleotide probe, JV0-0222. Asterisks indicate bands of expected full-length SRNAs.
Positions of a co-migrating size marker are shown to the right of the blot. The second
panel shows probing for 5S rRNA (JV0-0322) to confirm equal loading. The third panel
shows the relevant section of a Western blot probed with a general anti-porin serum to
show specific downregulation of OmpD levels by both InvR and InvR-MS2 sRNAs. The
bottom panel shows the same Western blot probed for GroEL protein to confirm equal
loading. (b) Affinity purification of in vivo expressed MS2-tagged InvR. InvR-MS2 and con-
trol constructs (expressing InvR or MS2 alone) were expressed in Salmonella hfg®>¢AinvR
(JVS-03618). RNA samples were prepared from intact cells before lysate preparation
(lane 1), from the cleared lysate shortly before loading onto the column (lane 2), from the
flow-through fraction collected after loading on a column preincubated with MS2-MBP
protein (lane 3), from the combined column wash fractions (lane 4) and of the eluate (lane 5).
Note that the amount of RNA loaded in lanes 1-4 each corresponds to 1 0D, of bacterial
culture, but in lane 5 the eluate corresponds to 10 0D, of culture. RNA was analyzed by
Northern blotting using InvR or MS2 specific probes. (¢) Co-purification of Hfg with
InvR-MS2. Protein fractions of the samples described in (b) were analyzed by Western
blotting using a monoclonal antibody directed against the FLAG-epitope tag of the Hfg><FA¢
protein. Samples corresponding to 0.05 0D, of bacterial culture were loaded for lanes
1-4. Sample corresponding to 10 0D, was loaded for the eluate (lane 5).

Please note these results have been described elsewhere (16) thus the figures
shown here are purely for illustrative purposes.
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4. Notes

. For very small RNAs or those with undefined regulatory

nucleotides, the aptamer can be inserted on top of the intrinsic
transcription terminator. We have successfully purified a small
RNA in which the terminator loop has been replaced with
nucleotides 5-20 of a single MS2-aptamer. Naturally, it is
important to ensure that this does not have deleterious effects
on stability of the tagged sRNA.

. One of the primers must be phosphorylated at the 5'-end to

allow ligation by T4 ligase. Typically this is generated by endo-
nucleolytic cleavage using a restriction enzyme although when
DNA is to be ligated without digestion, one primer should be
phosphorylated either during synthesis or later using PNK, as
described by the manufacturer.

. Amplification of the plasmid using primers that flank the sSRNA

and encoding the MS2 aptamer encoded in 5'-overhangs allows
construction of a control plasmid that exclusively expresses the
MS2-aptamer.

. Phusion polymerase is highly processive and is ideal for inverse

PCR-based applications. Modify the annealing temperature as
appropriate to your primers. Finnzymes recommend using the
Tm calculator (https: //www.finnzymes.fi/tm_determination.
html) to find appropriate annealing temperature. Modify
extension time of the reaction depending on the size of the
amplicon (15-30 s/kb).

. A control should be performed to ensure efficient digestion by

Dpnl. Typically, we digest 50 ng of plasmid DNA in parallel
with the experimental reaction. A mock digestion (incubation
with buffer but without enzyme) can also be performed as a
comparison for digestion efficiency. This mock digestion also
acts as a positive control for the transformation reaction, since
the undigested plasmid DNA should transform with high
efficiency.

. Researchers unfamiliar with techniques such as Western blot-

ting and Northern blotting can find more detailed protocols
elsewhere (23, 24).

. Samples for protein analysis by Western blotting can also be

taken at this point (see Subheading 3.3).

. In the preparation of any gel for electrophoresis it is important

to ensure bubbles are not introduced as air bubbles can inhibit
the polymerization reaction and can cause aberrant migration
of samples.

. If detection using 5’ radiolabelled olidonucleotides is ineffec-

tive, body-labelled RNA probes (riboprobes), which contain
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homology to the full sSRNA coding sequence (excluding the
terminator structure) can be used. To generate a riboprobe, a
5’ extension encoding the T7 promoter sequence is included in
the antisense primer homologous to the 3’ end of the sSRNA
preceding the transcriptional terminator. This oligonucleotide
is used in combination with a sense oligonucleotide designed
against the 5’ end of the sSRNA. Importantly, column purify the
resulting PCR product before using a Maxiscript kit (Ambion)
in presence of a-[3P] UTP, but do not gel purify the DNA
template as we find this interferes with the in vitro transcrip-
tion reaction. The resulting RNA molecules contain multiple
labeled nucleotides (5'-radiolabelled oligonucleotides only
contain one each) resulting in significantly increased signal per
bound molecule. When using a riboprobe, hybridization and
wash steps are performed at 70°C. Also the initial wash step is
performed using 2x, not 5x, SSC buffer. Otherwise the proto-
cols are identical. It should be noted that due to the high
affinity of the riboprobe for the target RNA, riboprobes can
generally not be removed from the membrane (e.g., by addi-
tion of boiling water,/0.1% SDS).

It is essential to wash the slots immediately before loading to
remove unpolymerized acrylamide and urea, which may affect
migration of the RNA.

It is standard procedure in electrophoretic transfer (both for
Northern and Western blotting) to soak three thin Whatman
papers in the appropriate transfer buffer and lay them on either
side of the gel and membrane. At this stage take care to pre-
vent introduction of air bubbles in between the different lay-
ers, which can cause aberrant electrophoretic transfer.

The non-covalent interactions involved in the atfinity chroma-
tography are essential for the success of the protocol. If the
protocol fails, it is important to ensure that MS2-MBP protein
binds to the beads under the buftfer conditions used. Secondly,
it must be confirmed that the tagged RNA associates with the
column bound MS2-MBP protein under the buffer conditions
used. To facilitate this, an IVT tagged RNA can be used.
The use of radioactively-labeled RNA allows easy analysis of
the efficiency of the step during the experiment.

Since the ionic strength of the buffer conditions can have a
strong effect on association and stability of RNA—protein com-
plexes (25-27), the effects of KCl were tested by increasing the
concentration of KCl in all buffers from 150 mMto1 M. 1 M
KCl permitted better co-purification of Hfq*>*A¢  with
InvR-MS2 RNA but did not necessarily increase binding of
other proteins (16).

We tested whether the incubation time with MS2-MBP fusion
protein influences the recovery of tagged sRNAs from the cell
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lysate. Preincubation of InvR-MS2 with MS2-MBP for up to
70 min had no effect on recovery and thus, at least in this case
was unnecessary (16).

For affinity purification of MS2-tagged sRNAs, a maltose-
binding protein fused N-terminal to MS2 coat protein (MS2-
MBP) was used to immobilize sSRNA—protein to the column
(16). The protein was purified as described previously (28).

The effect of varying MS2-MBP protein concentration on the
recovery of Hfq co-purified with InvR-MS2 was tested by
loading lysates directly on columns immobilized with increas-
ing concentrations (10, 50, 100, 200 pmol) of MS2-MBP.
Under the conditions used here, 10 pmol of MS2-MBP is fully
sufficient to recover Hfqalong with InvR-MS2 RNA. Increasing
MS2-MBP concentration does result in a notable increase in
purified Hfq, although high amounts of MS2-MBP (200 pmol)
protein seem also to increase unspecific binding of Hifq.
Therefore 100 pmol MS2-MBP is recommended for use in
this protocol.

Application of MS2-MBP two to three times may increase
loading of the column and subsequent purification of binding
partners.

The lysate can be applied two to three times to increase bind-
ing of the complexes to the column.

It may be beneficial to change the order of affinity chromatog-
raphy by incubating the MS2-MBP protein first with the lysate
and followed by loading on to the column. Here it is impor-
tant to test that the MS2-MBP protein still binds efficiently to
the column after incubation in the lysate. Incubation tempera-
ture may also be critical in identifying certain RNA—protein
interactions, and variations in this step should be considered.

We leave some drops of the aqueous phase together with the
organic phase as this seems to support protein precipitation.

This step is to remove excess salt which co-precipitates with the
RNA. Do not attempt to redissolve the pellet by vortexing or
pipetting. Simply inverting the tube a number of times is
sufficient as a wash step.

Typically we repeat this step to ensure all of the supernatant is
removed before air drying.

If no RNA can be detected it is important to test if complexes
are being efficiently eluted, for example by attempting to purify
RNA from the resin before and after addition of the elution
bufter.

Pellets are not fixed and can easily be disturbed.

Eluted fractions equivalent to 5x10' Salmonella cells
(or 25 mL of a stationary phase bacterial culture) were analyzed
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by silver-staining after SDS-PAGE (16). The amount of asso-
ciated proteins was sufficient to perform a first proteome analy-
sis by liquid chromatography tandem mass spectrometry
(LC-MS/MS) of the tagged InvR-MS2-protein complexes. A
protocol for this and detailed list of proteins that specifically
associate with InvR-MS2 are provided elsewhere (16).

Regardless of the enrichment, comparison of the flow-through
fractions of the tagged vs. untagged RNAs showed that gener-
ally <20% of the MS2-tagged sRNAs bind to the column. It is
possible that recovery of the tagged sRNA is influenced by the
type of complex formed in vivo and that the 20% recovered
represents a distinct subset of complexes in which the sRNA is
a component. For example, the addition of RNaseE in the
complex (29) may obscure the MS2 tag and prevent efficient

recovery.
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Chapter 12

Gel Mobility Shift Assays to Detect Protein—RNA Interactions

Alexander V. Yakhnin, Helen Yakhnin, and Paul Babitzke

Abstract

The gel mobility shift assay is a powerful technique for detecting and quantifying protein—RNA interactions.
While other techniques such as filter binding and isothermal titration calorimetry (ITC) are available for
quantifying protein—RNA interactions, gel shift analysis provides the added advantage that you can visual-
ize the protein-RNA complexes. In the gel shift assay, protein-RNA complexes are typically separated
from the unbound RNA using native polyacrylamide gels in Tris/borate /EDTA bufter, although an alter-
native Tris-glycine buffering system is superior in many situations. Here, we describe both gel shift meth-
ods, along with strategies to improve separation of protein—RNA complexes from free RNA, which can be
a particular challenge for small RNA binding proteins.

Key words: Protein—RNA interaction, Gel mobility shift assay, Electrophoretic mobility shift assay,
EMSA, RNA binding protein, CsrA, TRAP

1. Introduction

Gel mobility shift (gel shift) assays, also referred to as electropho-
retic mobility shift assays (EMSA), allow rapid detection and
quantification of protein—RNA interactions (1-5). In vitro gener-
ated RNA is typically end-labeled at the 5" end with [y-#P]ATP,
while the protein is unlabeled. Following an incubation step to
allow protein—-RNA complex formation, complexes are separated
from unbound (free) RNA by native (nondenaturing) polyacryl-
amide gel electrophoresis (PAGE). Visualization of bound RNA in
the complex and free RNA is accomplished using a phosphorimager.
The intensity of the bound and free RNA species are then quantified
using commercially available software (e.g., ImageQuant from
Molecular Dynamics). The fraction of bound RNA is plotted as a
function of protein concentration to derive the apparent equilib-
rium binding constant (K}), which is defined as the concentration

Kenneth C. Keiler (ed.), Bacterial Regulatory RNA: Methods and Protocols, Methods in Molecular Biology, vol. 905,
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of protein in which 50% of the RNA is bound. Thus, the K, value
is a measure of the affinity that the protein has for its RNA binding
target (3).

The use of a Tris/borate/EDTA (TBE) buffering system
(1, 2, 6) has been widely used for gel shift analysis. While this buft-
ering system works well for a variety of applications, we found that
an alternative Tris-glycine buffering system, commonly used for
separating proteins under denaturing conditions (7), offers supe-
rior results in many situations (3-5, 8-10). Thus, we recommend
that both buffering systems be tested to determine which system
works best for the particular application.

Another important consideration is the length of the RNA to
be used in the analysis, to ensure that PAGE adequately resolves
the bound and free RNA species. In general, the separation of
bound and free RNA species improves as the length of RNA is
decreased. This consideration is critical for small RNA binding
proteins, such as CsrA of Escherichin coli (MW =13.7 kDa), and
less so for larger proteins such as TRAP of Bacillus subtilis
(MW =91.6 kDa). Gel shift analyses with these two proteins will be
used as examples throughout this chapter.

2. Materials

2.1. RNA Binding
by CsrA

It is critical that RNase-free conditions be maintained throughout
the procedure. All glassware, metal spatulas, and stir bars used for
preparing solutions should be baked in a 250°C oven for 4 h
to destroy RNases. As diethylpyrocarbonate (DEPC) destroys
RNases, all solutions for protein—RNA binding reactions should be
prepared with DEPC-treated and autoclaved water (see Note 1).
Prepare gel casting and running buffer solutions with distilled
water.

1. DEPC-treated water: Add 1 mL of DEPC to 0.5 L of distilled
water in a 1-L bottle. Mix, incubate overnight at room tem-
perature, and autoclave for 30 min the next day. Store at room
temperature.

2.2 M Tris-HCIl, pH 7.5: Weigh 24.2 g Tris base and transfer to
a 125-mL glass beaker containing a stir bar. Add DEPC-treated
water to a volume of ~75 mL. Mix on a magnetic stirrer and
adjust the pH to 7.5 with HCl. Add DEPC-treated water to a
final volume of 100 mL. Store at room temperature.

3. 2 M MgCl,: Weigh 20.3 g magnesium chloride hexahydrate
and transfer to a 50-mL plastic conical tube. Add DEPC-
treated water to a final volume of 50 mL. Store at room
temperature.
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by TRAP
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4 M KCl: Weigh 29.8 g potassium chloride and transfer to
125-mL glass beaker. Add DEPC-treated water to a final vol-
ume of 100 mL. Store at room temperature.

. 0.5 M EDTA, pH 8.0: Weigh 18.6 g EDTA, disodium salt,

and transfer to a 125-mL glass beaker containing a stir bar.
Add DEPC-treated water to a volume of ~75 mL. Mix on a
magnetic stirrer and adjust the pH to 8.0 with 10 M sodium
hydroxide. Add DEPC-treated water to a final volume of
100 mL. Store at room temperature.

. TE buffer: 10 mM Tris-HCI, pH 7.5, 1 mM EDTA. Mix

0.5 mL of 2 M Tris—HCI, pH 7.5, 0.2 mL of 0.5 M EDTA,
and 99.3 mL of DEPC-treated water.

. 1 M Dithiothreitol (DTT): Dissolve 154 mg DTT ina 1.5-mL

microcentrifuge tube with 1 mL of DEPC-treated water. Store
at -20°C.

. 50% Glycerol (v/v): Weigh 31.5 g glycerol (25 mL) and trans-

ter to a 50-mL plastic conical tube. Add 25 mL DEPC-treated
water and mix. Store at room temperature.

. 5% Xylene cyanol: Dissolve 50 mg xylene cyanol in a 1.5-mL

microcentrifuge tube with 1 mL. DEPC-treated water. Store
at -20°C.
10 mg/mL yeast RNA: Dissolve 10 mg yeast RNAina 1.5-mL

microcentrifuge tube with 1 mL of DEPC-treated water. Store
at —-20°C (see Note 2).

10x CsrA binding bufter: Mix 50 pL of 2 M Tris-HCI, pH 7.5
(100 mM final concentration), 50 pL. of 2 M MgCl, (100 mM
final concentration), 250 puL. of 4 M KClI (1 M final concentra-
tion), and 650 uL. of DEPC-treated water. Store at room tem-
perature (see Note 3).

CsrA dilution buffer: Mix 5 ul. of 2 M Tris—-HCI, pH 7.5
(10 mM final concentration), 2 uL. of 1 M DTT (2 mM final
concentration), 200 puL. 50% glycerol (10% final concentra-
tion), and 793 pL DEPC-treated water. Store at -20°C.
RNasin (Promega)

5" End-labeled RNA: (see Note 4).

. DEPC-treated water: See Subheading 2.1, step 1.
. 1 M Tris-acetate, pH 8.0: Weigh 12.1 g Tris base and transfer

to a 125-mL glass beaker containing a stir bar. Add DEPC-
treated water to a volume of ~75 mL. Mix on a magnetic stirrer
and adjust the pH with acetic acid. Add DEPC-treated water to
a final volume of 100 mL. Store at room temperature.

. 2 M magnesium acetate: Weigh 21.4 g magnesium acetate

tertrahydrate and transfer to a 50-mL plastic conical tube.
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2.3. Tris-Glycine
Polyacrylamide Gel
CGomponents
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Add DEPC-treated water to a final volume of 50 mL. Store at
room temperature.

. 0.5 M EDTA, pH 8.0: See Subheading 2.1, step 5.

. TE buffer: See Subheading 2.1, step 6.

. 1 M DTT: See Subheading 2.1, step 7.

. 50% Glycerol (v/v): See Subheading 2.1, step 8.

. 5% Xylene cyanol: See Subheading 2.1, step 9.

. 10 mg/mL E. colz tRNA: Dissolve 10 mg tRNA (E. coli

MREG600) (Roche) in a 1.5-mL microcentrifuge tube with
1 mL of DEPC-treated water. Store at —20°C (see Note 2).

20 mM L-tryptophan: Dissolve 41 mg L-tryptophanina 15-mL
plastic conical tube with 10 mL of DEPC-treated water. Store
at -20°C.

6x TRAP binding buffer: Mix 300 pL of 1 M Tris-acetate,
pH 8.0 (300 mM final concentration), 12 pL. of 2 M magne-
sium acetate (24 mM final concentration), 30 uL of 1 M DTT
(30 mM final concentration), 120 puLL of 10 mg/mL tRNA
(1.2 mg/mL final concentration), 12 puL of 5% xylene cyanol
(0.6 mg/mL final concentration), and 526 plL. of DEPC-
treated water. Store at —20°C (see Notes 3 and 5).

TRAP dilution buffer: Mix 10 pL. of 1 M Tris-acetate, pH 8.0
(10 mM final concentration), 2 uL. of 1 M DTT (2 mM final
concentration), 200 puL. 50% glycerol (10% final concentra-
tion), and 788 uL. DEPC-treated water. Store at —20°C.

5" End-labeled RNA: (see Note 4).

. Gel buffer: 1.5 M Tris—HCI, pH 8.8. Weigh 36.3 g Tris base

and transfer to a 250-mL glass beaker containing a stir bar.
Add water to a volume of ~150 mL. Mix on a magnetic stirrer
and adjust pH with HCI. Add water to a final volume of
200 mL. Store at 4°C.

. 5x Tris-glycine gel running buffer: 135 mM Tris, 960 mM gly-

cine, 5 mM EDTA, pH 8.3. Weigh 16.3 g Tris base, 72 g gly-
cine, and 1.8 g EDTA, disodium salt. Transfer to a 1-L glass
beaker containing a stir bar. Add ~600 mL water. Mix on a
magnetic stirrer. Add water to a final volume of 1 L. The pH
does not require adjustment. Store at room temperature.

. Ix Tris-glycine gel running bufter: Mix 200 mL of 5x Tris-

glycine gel running buffer with 800 mL of water. Store at room
temperature.

4. 40% Acrylamide:bisacrylamide, 37.5:1 solution. Store at 4°C.

. Ammonium persulfate, 10% solution in water. Store at -20°C.
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N, N, N, N'-tetramethylethylenediamine (TEMED). Store
at 4°C.

. Fixing solution, 30% methanol and 10% acetic acid: Mix 0.3 L

of methanol, 0.1 L of glacial acetic acid, and 0.6 L of water.
Store at room temperature.

. 5x TBE buffer: 465 mM Tris, 445 mM boric acid, 10 mM

EDTA, pH 8.3. Weigh 56.3 g of Tris base, 27.6 g of boric
acid, and 3.7 g of EDTA, disodium salt. Transfer to a 1-L glass
beaker containing a stir bar. Add water to a volume of ~600 mL.
Mix on a magnetic stirrer. Add water to a final volume of 1 L.
pH does not require any adjustment. Store at room
temperature.

. 0.5x TBE buffer: 47 mM Tris, 45 mM boric acid, 1 mM

EDTA, pH 8.3. Mix 100 mL of 5x TBE buffer with 900 mL
of water. Store at room temperature.

. 40% Acrylamide:bisacrylamide solution: See Subheading 2.3,

step 4.

4. Ammonium persulfate (10%): See Subheading 2.3, step 5.

N Ul

. TEMED: See Subheading 2.3, step 6.
. Fixing solution: See Subheading 2.3, step 7.

3. Methods

3.1. Gel Casting
for Tris-Glycine
System

. 6% Polyacrylamide gel: Mix 1.8 mL of 40% acrylamide:

bisacrylamide, 1.2 mL of 50% glycerol, 2.4 mL of 1.5 M Tris—
HCI (pH 8.8), 6.6 mL of water, 12 uL of TEMED, and 120 uLL
of 10% ammonium persulfate. This mixture is sufficient for two
gels. Cast gels using 8 x 10-cm gel plates with 0.5-mm spacers.
Insert a 10-well comb in each gel. Allow the gels to polymerize
for 30 min. Transfer gels into a vertical gel running apparatus
and fill the buffer reservoirs with 1x Tris-glycine gel running
bufter (see Notes 6 and 7).

. 10% Polyacrylamide gel: Mix 3.0 mL of 40% acrylamide:

bisacrylamide, 1.2 mL of 50% glycerol, 2.4 mL of 1.5 M Tris—
HCI (pH 8.8), 5.4 mL of water, 12 pLL of TEMED, and 120 pL.
ot 10% ammonium persulfate. This mixture is sutficient for two
gels. Cast gels using 8 x 10-cm gel plates with 0.5-mm spacers.
Insert a 10-well comb in each gel. Allow the gels to polymerize
for 30 min. Transfer gels into a vertical gel running apparatus
and fill the buffer reservoirs with 1x Tris-glycine gel running
buffer.
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3.2. Gel Casting 1. 6% Polyacrylamide gel: Mix 1.8 mL of 40% acrylamide:

for TBE System bisacrylamide, 0.6 mL of 50% glycerol, 1.2 mL of 5x TBE buf-
fer (0.5x final concentration), 8.4 mL of water, 12 ulL of
TEMED, and 120 pL of 10% ammonium persulfate. This mix-
ture is sufficient for two gels. Cast gels using 8 x 10-cm gel
plates with 0.5-mm spacers. Insert a 10-well comb in each gel.
Allow the gels to polymerize for 30 min. Transfer gels into a
vertical gel running apparatus and fill the buffer reservoirs with
0.5x TBE butffer (see Notes 6 and 7).

2. 10% Polyacrylamide gel: Mix 3 mL of 40% acrylamide:
bisacrylamide, 0.6 mL of 50% glycerol, 1.2 mL of 5x TBE buf-
fer (0.5x final concentration), 7.2 mL of water, 12 uL of
TEMED, and 120 pL of 10% ammonium persulfate. This mix-
ture is sufficient for two gels. Cast gels using 8 x10-cm gel
plates with 0.5-mm spacers. Insert a 10-well comb in each gel.
Allow the gels to polymerize for 30 min. Transfer gels into a
vertical gel running apparatus and fill the buffer reservoirs with

0.5x TBE buffer.

3.3. CsrA-RNA Gel 1. Make up to 8 twoftold serial protein dilutions in CsrA dilution

Shift Analysis (Fig. 1) buffer. The concentration of RNA should be at least tenfold
lower than the lowest protein concentration used in the bind-
ing reaction.

a b
TRAP (uM) 0 .01 .02 .04 .08 .16 .32 .641.28 0 TRAP (uM) 0 .01 .02 .04 .08 .16 .32 641.28 0

-
— v Bound| - .
el 1L L L L L PR T T ] L L ™

TBE buffering system Tris-glycine buffering system

0.6

0.4

Fraction RNA bound

0.2

0
0 02 04 06 08 10 12 14
CsrA (uM)

Fig. 1. Gel mobility shift analysis of CsrA-csrA RNA interaction. 5" end-labeled csrA RNA (0.1 nM) was incubated with the
concentration of CsrA shown at the top of each lane. Samples were loaded onto 10% polyacrylamide gels with a 37.5:1
acrylamide:bisacrylamide ratio. Positions of bound and free RNA are shown. (a) TBE buffering system. (b) Tris-glycine
buffering system. The TBE buffering system gave superior results in this particular case. The simple binding curve for these
data is shown below the gel. The K, for this reaction was calculated to be 30 nM CsrA.
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Shift Analysis (Fig. 2)
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2.

Label ten Eppendorf tubes (0.65 mL) 1 through 10. Add 2 uL.
of protein dilution buffer to tubes 1 and 10. Add 2 pL of each
protein dilution into tubes 2 through 9. As the bound and free
RNA species run close to one another with the small CsrA
protein, it is helpful to have unbound controls (no CsrA) in
the first and last lanes of the gel.

. Dilute 5" end-labeled RNA (gel purified) to 1 nM in TE and

heat to 85°C for 3 min. Slow cool for 10 min at room tempera-
ture (see Note 8).

. Prepare binding mixture (80 uL). Mix 10 puL of 10x CsrA

binding buffer, 10 uL of 1 nM RNA (0.1 nM final concentra-
tion), 15 uL of 50% glycerol, 2 uL. 1 M DTT, 1 puL of RNasin,
2 uL of 10 pg/uL yeast tRNA, 10 puL 5% xylene cyanol, and
30 uL of DEPC-treated water. Mix well. Add 8 pL to each
tube containing protein dilution buffer or protein (see Notes 5

and 9).

. Incubate tubes at 37°C for 30 min in a heat block and then

immediately load 2-5 pL aliquots onto a polyacrylamide gel
(see Note 10).

. Gel running for TBE system: Pre-run the gel using 0.5x TBE

for 10-15 min at 200 V (constant). Wash the wells with gel
running buffer using a syringe and needle. Load the gel and
run for 1-2 h at 200 V (constant).

. Gel running for Tris-glycine system: Do not pre-run the gel.

Wash the wells with 1x Tris-glycine gel running buffer using a
syringe and needle. Load the gel and run at 12 mA (constant)
and 150 V (maximum) for 2-3 h (see Note 11).

. Transfer the gel to Whatman paper, cover with plastic wrap and

dry in a gel dryer. Place the dried gel overnight in a
Phosphorimager cassette. Scan and quantify the bound and
free RNA species using ImageQuant software (Molecular
Dynamics) (see Notes 12 and 13).

. Fit the binding data to simple and cooperative binding equa-

tions (see Note 14).

. Make up to 9 twofold serial dilutions of protein in TRAP dilu-

tion buffer. The concentration of RNA should be at least ten-
fold lower than the lowest protein concentration used in the
binding reaction.

. Label ten Eppendorf tubes (0.65 mL) 1 through 10. Add 2 pL.

of protein dilution buffer to tube 1. Add 2 pL of each protein
dilution to tubes 2 through 10.

. Dilute 5" end-labeled B. subtilis trp leader RNA (gel purified)

to 1 nM in TE and heat to 85°C for 3 min. Cool slowly for
10 min at room temperature (see Note 15).
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Fig. 2. Gel mobility shift analysis of TRAP-frp leader RNA interaction. 5" end-labeled frp leader RNA (0.1 nM) was incubated
with the concentration of TRAP shown at the top of each lane. Samples were loaded onto 6% polyacrylamide gels with a
37.5:1 acrylamide:bisacyrylamide ratio. Positions of bound and free RNA are shown. (a) TBE buffering system. (b) Tris-
glycine buffering system. The Tris-glycine buffering system gave superior results in this particular case. The K, for this
reaction was calculated to be 17 nM TRAP.

. Prepare binding mixture (80 pL). Mix 16.7 uL of 6x TRAP

binding buffer, 10 uL of 1 nM RNA (0.1 nM final concentra-
tion), 5 uLL of 20 mM L-tryptophan, and 48.3 pL of DEPC-
treated water. Mix well. Add 8 pL to each tube containing
protein dilution buftfer or protein (see Note 16).

. Incubation: Same as for CsrA-RNA interaction (see Note 10).

See Subheading 3.3, step 5.

. Gel running for TBE system: Same as for CsrA-RNA interaction.

See Subheading 3.3, step 6.

. Gel running for Tris-glycine system: Same as for CsrA-RNA

interaction (see Note 11). See Subheading 3.3, step 7.

. Gel handling and quantification (see Notes 12 and 13). See

Subheading 3.3, step 8.

. Fit the binding data to simple and cooperative binding equa-

tions (see Note 14).

4, Notes

. Establishing and maintaining RNase-free conditions is a critical

consideration. Gloves should be worn at all times to prevent
the introduction of RNases from your fingers. Do not use
pipeters that have been used for procedures containing RNase
A (e.g., plasmid miniprep procedures). While DEPC inhibits
RNases, it is critical to ensure that DEPC is destroyed by auto-
claving. It is recommended that chemicals and solutions used
for RNA work be used exclusively for that purpose.

. A nonspecific RNA competitor must be included in the bind-

ing reaction in large excess over labeled RNA to prevent
nonspecific protein—-RNA interactions. Although tRNA is
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routinely used as a competitor, a pilot experiment must be
performed to determine whether tRNA is suitable for any given
protein. For example, tRNA interferes with CsrA binding to its
targets. Instead, total yeast RNA was found to be an effective
nonspecific competitor for CsrA-RNA binding studies.

. Binding conditions, such as pH and the concentration of mon-

ovalent and divalent salts, must be determined empirically.

. PCR products containing a T7 RNA polymerase promoter are

used as DNA templates. RNA is synthesized in vitro with a
commercially available transcription kit by following the manu-
facturer’s protocol. Gel-purified RNA is dephosphorylated with
calf intestinal alkaline phosphatase and subsequently 5’-end
labeled with (y-32P)-ATP and T4 polynucleotide kinase (4).
Labeled RNAs are gel purified and suspended in TE bufter.

. Inclusion of glycerol and xylene cyanol in the binding reaction

simplifies gel loading. Glycerol also protects diluted proteins
from denaturation. Both CsrA and TRAP remain active in their
binding buffers at low concentrations. However, inclusion of
acetylated BSA at 100 ug/mL (final concentration) to binding
reactions may be required for less stable proteins.

. The concentration of the polyacrylamide gel is an important

consideration for gel shift analysis. The size of the protein and
the RNA length must be taken into consideration to obtain
adequate resolution of bound and free RNA species. In gen-
eral, separation of these species is not a problem for a large
protein such as TRAP (MW =91.6 kDa). In this case, we typi-
cally use 100-200 nucleotide transcripts and obtain good sepa-
ration in 6% gels. However, adequate separation with small
RNA binding proteins such as CsrA (MW =13.7 kDa) is more
challenging. In general, the separation with CsrA improves as
the transcript size is decreased (e.g., 100-16 nucleotide).
However, care must be taken to ensure that unbound (free)
short RNAs do not run too close to the gel front. Thus, for
small RNA binding proteins we suggest trying a variety of
RNA lengths and/or acrylamide concentrations (e.g., 8, 10
and 15%) in gels. Resolution may also be improved using dif-
ferent acrylamide:bisacrylamide ratios (e.g., 37.5:1 vs. 19:1).

7. We use the Hoefer SE 250 Mighty Small II 10 x8 cm electro-

8.
9.

phoresis units. Other similar vertical slab gel systems can be
substituted.

CsrA binds to hundreds of E. coli mRNAs (6, 8, 10, 11).

As CsrA and TRAP do not contain cysteine residues, reducing
agents such as DTT are not required. However, DTT is
required to maintain activity of RNase inhibitor (RNasin).
Therefore, DTT should be included in the binding reaction if
RNasin is used. RNasin may be omitted if proper RNase-free
conditions are maintained.
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10.

11.

12.

13.

14.

The length of time required to establish an equilibrium in
which association and dissociation of the protein—RNA com-
plex are balanced must be determined empirically. A time
course of binding (e.g., 10, 30, 60 min) should be performed
using the same protein dilution. Equilibrium is obtained when
the fraction bound no longer increases with time.

Each protein—RNA pair requires appropriate pH and salt con-
centrations for interaction. Loading of large reaction volumes
(more than 10 pl) containing salt concentrations above
150 mM may disturb gel running and/or the shape of the
bound and free RNA bands. In general, gels run in TBE bufter
are more sensitive to salt perturbation than gels run in Tris-
glycine buffer. Loading smaller volumes of binding reactions
containing lower salt concentrations provides better separation
and sharper bands.

High percentage polyacrylamide gels do not stick well to
Whatman paper. Gels <10% will stick to Whatman paper. Be
careful so as not to tear or distort the shape of the gel during
this process.

Fractionation of the binding reaction in native gels may result
in dissociation of protein—-RNA complexes during gel running.
The newly released RNA will run between the free and bound
species, sometimes running as a smear. Because this newly
released RNA was part of a protein—RNA complex at the time
of gel loading, it should be considered as bound RNA for cal-
culation of the apparent K value.

Calculation of the apparent equilibrium binding constant (K )
(3, 12): provided that the concentration of RNA used in the
binding reaction was at least tenfold lower than the lowest pro-
tein concentration used, you can assume that the concentra-
tion of free protein does not change during the binding
reaction. In this case the binding data can be fit to the simple
binding equation:

f=AxE /(K +5),

where fis the fraction of RNA bound, A is the maximal frac-
tion of RNA bound, P, is the concentration of total protein,
and K is the equilibrium binding constant. If you are unable
to use an RNA concentration that is at least tenfold lower than
the lowest protein concentration, a more complicated quadratic
equation must be used to determine K, (13). To determine
whether the binding reaction is cooperative, it is advisable to
also fit the data to the Hill equation:

f=(AxE /S:)"/ A+ /S5)"

where fis the fraction of RNA bound, A is the maximal fraction

of RNA bound, P, is the concentration of total protein, § . is
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the equilibrium binding constant, and # is the cooperativity

coefficient.

15. TRAP binds to 11 (G/U)AG repeats in the B. subtilis trp

leader (3).

16. L-tryptophan activates TRAP such that it can bind to the
B. subtilis trp leader (3).
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Chapter 13

RNase Footprinting of Protein Binding Sites
on an mRNA Target of Small RNAs

Yi Peng, Toby J. Soper, and Sarah A. Woodson

Abstract

Endoribonuclease footprinting is an important technique for probing RNA—protein interactions with single
nucleotide resolution. The susceptibility of RNA residues to enzymatic digestion gives information about
the RNA secondary structure, the location of protein binding sites, and the effects of protein binding on
the RNA structure. Here we present a detailed protocol for using RNase T2, which cleaves single stranded
RNA with a preference for A nucleotides, to footprint the protein Hfq on the 7poS mRNA leader. This
protocol covers how to form the RNP complex, determine the correct dose of enzyme, footprint the pro-
tein, and analyze the cleavage pattern using primer extension.

Key words: Footprinting, Primer extension, RNA, RNA protein interactions, RNase T2, Sequencing gel

1. Introduction

In bacteria, noncoding small RNAs (sRNAs) play a critical role in
posttranscriptional gene regulation (1). These sSRNAs bind target
mRNAs directly to either activate or repress translation. The major
class of SRNAs requires the ubiquitous and abundant RNA binding
protein Hfq as a cofactor for regulation (2). In the best studied
cases, such as OxyS inhibition of /A (3, 4), Spot42 inhibition of
4alK (5), and DsrA activation of 7poS (6, 7) it is clear that Hfq
binding to both the sSRNA and its mRNA target is important for
correct regulation. Unlocking the mechanism behind the forma-
tion and function of these RNPs is a growing area of research.
“Footprinting” methods are important tools for probing the
structures and composition of RNPs (8), including those contain-
ing sRNAs or their mRNA targets (9-11). These methods assay
the ability of a specific protein or cellular extract to protect an RNA
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of interest from cleavage or modification by chemicals or
endonucleases (12). An important advantage of footprinting meth-
ods is that they can have single nucleotide resolution, allowing for
a very accurate determination of where proteins are binding and
how that binding affects the RNA.

A variety of endonucleases with different cleavage specificities
have been widely used to probe the structure and protein binding
properties of RNAs (13). Different endonucleases have different
nucleotide specificities, and probing all the residues in an RNA of
interest requires using combinations of multiple enzymes.
Commonly used enzymes for structure probing include RNase A,
which cleaves 3’ of single stranded U and C nucleotides; RNase
T1, which cleaves 3' of single stranded G nucleotides; RNase T2,
which cleaves 3’ of all single stranded nucleotides with a preference
for A nucleotides; and RNase V1, which, in contrast to the enzymes
above, cleaves double-stranded RNA (13). As these enzymes are
much larger than chemical footprinting reagents such as dimethyl-
sulfate or hydroxyl radical, their cleavage pattern is less affected by
dynamic “breathing” of the RNA structure.

Here we describe nuclease footprinting of the Hfq protein on
the 7poS mRNA leader, which is a regulatory target of the sSRNA
DsrA (14, 15). RNase T2 was chosen for this example because Hfq
has a preference for single stranded A and U rich RNA, and the
putative Hfq binding site in the 7poS leader is an (AAN), repeat
element (6). However, the protocol can be easily adapted for other
ribonucleases.

For RNAs around 100 nucleotides or less, it is common to
footprint 5'-end labeled RNAs and resolve the cleavage products
directly with a polyacrylamide sequencing gel. An example of this
approach is the use of RNase T1 and RNase T2 to footprint the
sRNA DsrA (87 nucleotides) and a short (140 nucleotide) section
of the 7poS mRNA leader (10). Because of the length of the 7poS
RNA we used in the following protocol (324 nucleotides), we ana-
lyzed the RNase T2 cleavage pattern by extension of a **P-labeled
primer to generate cDNAs that were then resolved on a sequencing
gel (Fig. 1). The methods we present for 5’-end labeling, determin-
ing the RNase T2 dose response, and footprinting of the Hfq—7poS
RNP complex are suited for direct analysis of radiolabeled RNA or
indirect analysis of the cleavage pattern by primer extension.

The primer extension protocol we present here uses P-labeled
primers and resolves the cDNAs with a traditional polyacrylamide
sequencing gel. However, by using fluorescent dye-labeled prim-
ers, the cDNAs may be analyzed with a DNA sequencer (16, 17).
The DNA sequencer provides longer reads (=400 bases) and more
automated quantitation of footprinting products.

Correct dosing is vital for RNase footprinting experiments.
Useful data requires that each RNA that is cleaved by RNase be
cleaved no more than once, but that there are sufficient cleavage
events for robust detection. These conditions are met when 80-85%
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Fig. 1. Protocol for RNase footprintin

g analyzed by primer extension. The accessible single stranded regions of assembled

RNPs are exposed to RNase under single-cleavage conditions. cDNAs are generated by primer extension of the RNase-
treated RNA using *2P-labeled primers. The cDNAs are resolved on a polyacrylamide sequencing gel and regions of protec-
tion from RNase cleavage are identified.

of the RNA remains undigested (18). Therefore, the first step in an
endoribonuclease footprinting experiment is establishing the dose-
response for the particular RNA and RNase being used.

Here we describe methods to label primers and use primer

extension to generate cDNA for analysis on sequencing gels, how

to

generate a dose-response curve to determine the optimal con-

centration of RNase T2, and how to footprint a protein on an
RNA with RNase T2.

2. Materials

All solutions should use RNase-free deionized water purified to

18

2.1. RNP Footprinting 1.

Components

O 0 N O\ Ul

10

MQ of resistivity.

5x Tris sodium potassium (TNK) RNA folding buffer: 50 mM
Tris-HCI pH 7.5, 250 mM NaCl, 250 mM KCI.

. Protein storage buffer: 50 mM Tris—-HCI pH 7.5, 250 mM
NH,CI, I mM EDTA, 10% glycerol (v/v).

. Tris EDTA (TE) buffer: 10 mM Tris-HCI pH 7.5, 1 mM
EDTA.

. 50 uM Hfq, protein in storage bufter (see Note 1).

. 1.25 uM in vitro transcribed 7poS RNA in TE (see Note 2).
. RNase T2 (see Note 3).

. 0.05 mg/mL yeast carrier tRNA.

. Tris buffered phenol.

. 24:1 Chloroform:isoamyl alcohol.

. 3 M Sodium acetate pH 5.3.
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2.2. Primer Labeling
Gomponents

2.3. Primer Extension
Components

. 10x Polynucleotide kinase bufter: 700 mM Tris-HCI pH 7.5,

100 mM MgCl,, 50 mM DTT (see Note 4).

2. 3.3 uM gel-purified custom DNA primer (see Note 5).

NN

0 N O Ul W N

.y 32P-ATPD.

. T4 Polynucleotide kinase.

. Superscript III first strand buffer (provided with enzyme).
. 0.1 mM DDT (provided with enzyme).

10 mM dNTP mix (10 mM of each dNTP in H,0).

. Individual 2.5 mM ddNTP solutions (in H,O).
. 200 nM *P-labeled primer.

. 1.25 pM 7poS RNA for sequencing.

. RNase T2 treated 7poS RNA samples.

. Superscript III reverse transcriptase (Invitrogen).

2.4. Polyacrylamide 1. 10x Tris borate EDTA (TBE) buffer: 1 M Tris, 830 mM boric
Sequencing Gel acid, 10 mM EDTA.
Components 2.40% 29:1 acrylamide:bisacrylamide solution: mix 116 g of
acrylamide powder, 4 g bisacrylamide powder and bring the
volume up to 300 mL with RNase-free water (see Note 6).
3. Urea pellets.
4. 45 cmx35 cm glass plate, 43 cmx 35 cm offset glass plate,
0.2 mm spacers, comb.
5. Medium binder clips (see Note 7).
6. 10% APS.
7. TEMED.
8. 2x Formamide/TBE dye: 9.50 mL deionized formamide,
400 pL 10x TBE, 50 pL 2% bromophenol blue (BP) dye,
50 uL 2% xylene cyanol (XC) dye (see Note 8).
3. Methods

3.1. Primer Labeling

1.

2.

All reactions should use RNase-free deionized water purified to
18 MQ of resistivity.

Mix 3 pL of 3.3 uM gel-purified primer, 1 pL. of 10x PNK
buffer, and 5 puL of y 3?P-ATP in a 1.5 mL microcentrifuge
tube. Vortex and centrifuge briefly (see Note 9).

Add 1 puL (10 U) of T4 polynucleotide kinase. Mix by gentle
tapping and centrifuge briefly.
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3.2. RNase T2
Dose Response

3.

Incubate 30 min at 37°C.

4. Incubate reaction for 10 min at 65°C to inactivate the enzyme.

10.

11.

12.

13.

Add 40 puL of H,O. Vortex and centrifuge briefly.

. Purity with a size exclusion column such as a TE-10 column

(Clontech).

. Store labeled primer at -20°C.

. For each reaction, mix 2 pl. of TNK buffer, 2 uL of protein

storage buffer, 1 uL of TE, and 1 puL of H,O in a 1.5 mL
microcentrifuge tube.

. Renature 1.25 pM 7poS transcript by heating at 80°C for 1 min

followed by 5 min at room temperature.

. Add 2 pL of renatured 1.25 pM 7poS RNA to salt mix from

step 1. Incubate RNA 5-10 min at room temperature (see
Note 10).

. Create serial dilutions of RNase T2. It is best to start with a

decadal series, for instance: 0.0, 0.005, 0.05, 0.5, and 5 U /uL.
RNase T2. Keep the RNase dilutions on ice (see Note 11).

. Add 2 pL of each RNase T2 dilution to a reaction tube from

step 3. Incubate at room temperature for 1 min.

. Quench the reactions by adding 10 pL of buffered phenol, and

immediately vortexing vigorously (see Note 12).

. For each reaction, add 189 uL of H,O, 1 uL of 0.05 mg,/mL

yeast carrier tRNA, and 190 pL of phenol to bring the volume
to a level suitable for extraction. Vortex vigorously and centri-
fuge at maximum g for 5 min to separate layers (see Note 13).

. For each reaction, transfer the aqueous layer to a clean 1.5 mL

microcentrifuge tube and add 200 puL of 24:1 chloroform:
isoamyl alcohol. Vortex vigorously and centrifuge as in step 7.

. For each reaction, transfer aqueous layer to a clean 1.5 mL

microcentrifuge tube and precipitate the RNA with 20 puL of
3 M sodium acetate and 600 pL of cold 100% ethanol, over-
night at -20°C (see Note 14).

Centrifuge the precipitated RNA from step 9 in a microcentri-
fuge at maximum g for 30 min at 4°C. Decant the
supernatant.

Wash the pellets with 500 pL of cold 70% ethanol and centri-
fuge at maximum g again for 5 min. Decant the supernatant.
Dry the pellets under vacuum (e.g., SpeedVac Concentrator or
equivalent), then resuspend the pellets in 10 uL of H,O.
Perform primer extension reactions on 2 UL from each nucle-

ase digestion reaction, and run the cDNAs on a sequencing gel
according to the protocols in Subheadings 3.3 and 3.4.
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3.3. Primer Extension Primer extension reactions should be assembled on ice.

1.

10.
11.

12.

3.4. Run Sequencing 1.

Gel

Make a sequencing cocktail by mixing 10 pL of v 3?P-labeled
primer from Subheading 3.1, 5 uLL of 10 uM dNTP mix, 2 pL
of 1.25 uM 7poS RNA, and 29 pL. of H,O. This cocktail will go
into four sequencing reactions and a pausing control, each
containing 0.5 pmol RNA (see Note 15).

. Add 3.8 pL of each ddNTP to a separate 0.5 mL thick walled

PCR tube. Add 3.8 uL of H,O to a fifth tube for the pausing
control (see Note 16).

. Add 9.2 pL of sequencing cocktail to each sequencing tube

and the pausing control. Vortex and centrifuge briefly.

. Make a reaction cocktail by mixing 2 puL ofy 3?P-labeled primer,

1.5 uL of 10 mM dNTP mix, and 7.5 uL of H,O for each
sample to be reverse transcribed.

.Add 2 pL of experimentally treated RNA from either

Subheading 3.2 or 3.6 to a 0.5 mL thick-walled PCR tube.

. Add 11 pL of reaction cocktail to each tube from step 5. Mix

by vortexing and centrifuge briefly.

. Anneal the sequencing and experimental reactions from steps

3 and 6 by incubating at 65°C for 5 min and then returning
to ice.

. Make a reverse transcription (RT) cocktail by mixing 4 uL of

5x first strand buffer, 1 uL of 0.1 M DTT, 1.75 uL of H,O,
and 0.25 pL of Superscript I1I reverse transcriptase for each
primer extension reaction to be performed (total number of
sequencing and experimental reactions, including the pausing
control).

. Add 7 uL of RT cocktail to each reaction. Mix by tapping and

centrifuge briefly.
Incubate reactions at 55°C for 30 min.

Precipitate the reactions overnight at —~20°C with 2 uLL of 3 M
sodium acetate and 60 uL of cold 100% ethanol.

Centrifuge, wash, and dry the precipitated cDNA as in steps
10-12 in Subheading 3.2 (see Note 17).

Make 100 mL of 8% acrylamide gel solution by mixing 48 g of
urea pellets, 10 mL of 10x TBE, and 20 mL of 40% 29:1
acrylamide:bisacrylamide. Bring up to 100 mL with H,O, dis-
solve the urea by incubating at 65°C, then degas the solution
for 10 min in a side-arm flask using an aspirator (see Note 18).

. Add 350 pL of 10% APS and 35 puL of TEMED to the gel

solution, mix gently, and use a 60 mL syringe to inject it
between clamped sequencing gel plates separated by 0.2 mm
spacers. Insert comb (see Note 19).
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3.5. Dose-Response
Data Analysis

3.6. Footprinting Hfq
Protein on the rpoS
mRNA

3.

Mount the sequencing gel on a gel electrophoresis apparatus
and add 1 L of 1x TBE running buffer. Pre-run the gel at
55 W for 30 min.

. Resuspend the cDNA from Subheading 3.3, step 12 in 5 uL of

formamide /TBE dye. Vortex and centrifuge briefly.

. Heat cDNA samples at 95°C for 30 s then load them onto the

8% sequencing gel.

. Run the gel at 55 W until the bromophenol blue is at the bot-

tom of the gel (about 2 h).

. Separate the plates and pull the gel off the plates with piece of

3 mm Whatman filter paper cut to size (see Note 20).

. Cover the gel with plastic wrap and dry it under vacuum.

. Expose the gel to a phosphor screen, and then scan it with a

phosphorimager (see Note 21).

. After scanning the gel, use image analysis software such as

ImageQuant (Molecular Dynamics) or NIH Image J (19) to
quantify the intensity (pixel volume) of the full-length primer
extension product (FL). Separately quantity the volume of all
other bands in the lane, but excluding full-length product and
the unextended primer. These bands are ¢cDNA fragments
derived from RNase T2 cleavage products (P) (Fig. 2a).

. For each lane, calculate the fraction full-length cDNA with the

following formula: FL. /(FL+P). This is taken to represent the
amount of uncleaved RNA.

. Divide the fraction of full-length cDNA for each RNase T2

concentration by the fraction of full-length ¢cDNA in the zero
T2 lane to obtain the normalized fraction of full-length
cDNA.

. Plot the logarithm of the normalized fraction full-length

against RNase T2 concentration (a semi-log plot; Fig. 2b).
Fitting the data with an exponential decay function will give a
straight line. Use the line to determine the nuclease concentra-
tion that gives ~80% full-length (uncleaved) RNA. For exam-
ple, in Fig. 1b, this would correspond to 3 U/uL RNase T2.
Use this concentration in future experiments.

. Make an Hfq hexamer dilution series consisting of: 50, 25, 15,

5, and 0.5 uM Hfq, in protein storage buffer. Add 2 pL of
each dilution or 2 puL of buffer to seven separate 1.5 ml micro-
centrifuge tubes (one no RNase T2 control, and six reactions
containing 0, 0.1, 1, 3, 5, and 10 uM Hfq that will be digested
with RNase T2). Keep protein stocks and dilutions on ice.

. Assemble a cocktail of 7poS RNA as in Subheading 3.2, steps

1-3, omitting the protein storage buffer.
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Fig. 2. RNase T2 footprinting of Hfg—rpoS complex. (a) Representative sequencing gel showing the RNase T2 dose response
for the rpoS mRNA leader. An RNA-only pausing control (P) is followed by ddNTP generated sequencing lanes (A, G, C, and U).
The next seven lanes are folded rpoS RNA reacted for 1 min with increasing concentration (U/uL) of RNase T2. The
positions of cDNAs generated from the full-length or cleaved RNAs, as well as the primer, are indicated. (b) Semi-log plot
of the dose response, calculated by dividing the counts in the full-length band by the total counts in the cleaved bands,
omitting the primer. Full-length percentages are normalized to the zero RNase T2 lane. The data are fit with an exponential
decay function. The RNase concentration that gives ~80% full-length (dashed line) is used in future experiments. (c)
Footprinting Hfq on the rpoS leader. Folded rpoS RNA is incubated with increasing concentrations of Hfq hexamer for
5-10 min then reacted with 3 U/uL RNase T2 for 1 min. Boxed bands indicate representative nucleotides that are protected
(filled triangles) or deprotected (empty triangles) with increasing Hfd,.

. Add 6 uL of RNA cocktail to each protein dilution and the no

RNase T2 control and incubate for 5-10 min at room
temperature.

. Add 2 pL of 3 U/uL RNase T2 (as determined by the dose-

response experiment) to each reaction tube except the no
RNase T2 control (add 2 uL of H,O to the control) and incu-
bate for 1 min at room temperature.

. Quench the RNase with phenol and extract the reactions with

phenol and chloroform as in Subheading 3.2, steps 6—10 (see
Note 22).

. Reverse transcribe 2 pL of each sample and run the cDNA on

a sequencing gel according to the protocols in Subheadings 3.3
and 3.4.
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7.

Scan the gel and analyze to find changes in cleavage levels as a
function of Hfq. Bands whose intensity decreases as the con-
centration of Hfq, increases are considered to be protected, for
example the bands marked with filled triangles in Fig. 2c.
Protections can be due to either direct Hfq binding or struc-
tural changes in 7poS RNA as a result of Hfq binding. Hfq
binding can also increase cleavage in some bands, for example
those marked with empty triangles in Fig. 2¢. These enhance-
ments are due to structural changes in 7poS. Dark bands in the
no RNase T2 control lane (the bands circled in Fig. 2¢ for
example) indicate strong natural pause sites inherent to the
RNA and those regions of the sequence should not be ana-
lyzed for Hfq-dependent changes. To quantify changes in band
intensity, use ImageQuant or Image ] as in Subheading 3.5, or
use the program Semi-Automated Footprinting Analysis
(SAFA) (20).

4, Notes

. Hfq hexamers used in these experiments were purified by pass-

ing lysate containing untagged protein over a Co* column

(21, 22).

. RNAs were transcribed with T7 RNA polymerase from plas-

mid or PCR DNA templates containing T7 promoter sequences
according to the protocol found in (6) and purified by dena-
turing gel electrophoresis according to (23).

. RNase T2 has optimal activity at pH 4.5 (13). However, it is

active and stable at physiological pH (13). The experiments
detailed here were conducted at pH 7.5 and the RNase T2 was
diluted into the pH 7.5 TNK butffer.

. To keep the DTT fresh, remake this buffer often and avoid

large numbers of freeze /thaw cycles.

. We find it most cost effective to gel purify primers in the lab.

We run 1-5 nmol of primer on a 10% acrylamide preparative
gel, visualize the band by UV shadowing, cut it out of the gel,
and elute the primer by rocking in TEN (10 mM Tris-HCI pH
7.5,1 mM EDTA, 250 mM NaCl) 16-24 h at 4°C. The cluted
primer is removed from the gel slice and precipitated.

. Acrylamide is a neurotoxin, so wear a mask, gloves, and a lab

coat when working with powdered acrylamide, and take care
to avoid spilling or dispersing the powder.

. These are sold by most office supply stores.
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8.

10.

11.

12.

13.

14.
15.

16.

17.

18.

Deionizing the formamide in the loading dye improves the
quality of band resolution in the sequencing gel. To deionize
formamide, add 1-2 g of AG501-X8 Resin (Bio-Rad) to 10 mL
formamide and shake 4-16 h at 4°C.

. To label a smaller RNA for direct readout of RNase cleavage,

use 40 pmol of in vitro transcribed RNA, dephosphorylated
with calf intestinal phosphatase.

Two uL of 1.25 uM RNA is 2.5 pmol of RNA. The protocol
presented here uses 0.5 pmol of RNA per primer extension
reaction, so that one cleavage reaction will contain enough
material for five primer extensions. Primer extension reactions
should use 0.25-1.0 pmol of RNA. In the case of a smaller
RNA that doesn’t require primer extension to read out the
cleavages, use 1 uL of 3P-labeled RNA, with the concentra-
tion depending on binding properties of the protein of interest
but containing at least 10° cpm/uL.

More accurate dose information will be obtained by repeating
the dose response as well as using the initial results to refine the
range of RNase T2 concentrations tested.

If a labeled RNA is being cleaved and analyzed directly without
primer extension, quench the reaction with 2 uLL of 10 mM aurin
tricarboxcylic acid (ATA), add an equal volume of formamide /
TBE dye, load the RNA directly on to the gel, and proceed
from step 17 of Subheading 3.3. Do not use ATA if proceed-
ing to primer extension because the ATA will inhibit the reverse
transcriptase and is hard to remove from the reaction.

Adding carrier tRNA increases the amount of total RNA in the
reaction, improving the precipitation efficiency.

For a faster precipitation step, use 30 min at —-80°C.

When directly analyzing labeled RNA, sequencing is generated
by nuclease digestion of denatured RNA.

The pausing control differs from the no RNase reaction in that
the RNA being reverse transcribed is never incubated in reac-
tion conditions and never phenol /chloroform extracted. Itis a
useful check on the quality of input RNA and any effects of
processing, but does not need to be quantified for background
subtraction.

Pellets can be stored 1-2 days at —-20°C. Once they are resus-
pended in loading buffer, proceed directly to the sequencing
gel.

The gel solution must be cooled to room temperature or
below, or else polymerization will be too fast to cast a usable
gel. In our experience, degassing for 10 min cools the solution
sufficiently.
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19.

20.

21.

22.
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To prevent leaking gel solution, tape the bottom and sides of
the plates before clamping them with binder clips. The comb
should also be clamped to ensure proper well formation.

A thin spatula works well for separating the plates. Remove the
spacers then insert the spatula blade from the bottom and
slowly apply leverage. After covering the gel with plastic wrap it
is usually necessary to trim away excess filter paper and plastic.

Depending on the number of counts loaded and the sensitivity
of the phosphorimager, gels can be exposed from 3 to 24 h. It
is useful to save the gel after scanning in case rescanning is
required.

Process the no RNase T2 control the same as the reactions that

are digested with RNase T2.

We would like to acknowledge Richard Lease, Subrata Panja, and
Sarah Soper for providing reagents, technical advice, and useful
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Chapter 14

Computational Identification of SRNA Targets

Brian Tjaden

Abstract

Many small noncoding RNAs (sRNAs) in bacteria act as posttranscriptional regulators by base pairing to
their message targets. TargetRNA is a program that predicts the targets of a SRNA by identifying messages
with significant potential to base pair with the sSRNA. Since base pairing potential alone is insufficient to
accurately identify SRNA targets, TargetRNA integrates several additional features of RNA interactions
when predicting regulatory targets of a SRNA. In this chapter, we provide a detailed guide on how to use
TargetRNA to identify targets of sSRNA regulation.

Key words: sSRNA target prediction, SRNA regulatory targets, TargetRNA

1. Introduction

1.1. Base Pairing The best studied group of sSRNAs in bacteria corresponds to trans-
Between sRNAs acting regulators that base pair to their message targets. In contrast
and Their Targets to cis-acting sSRNAs, the trans-acting sSRNAs typically have limited

complementarity to their targets, often pairing over a region of one
to two dozen nucleotides. Within the region of interaction between
a sRNA and one of its message targets, a few mutational studies
have suggested that only about 4-9 nucleotides are essential for
regulatory effect (1).

As in the case of microRNAs in eukaryotes, trans-acting SRNA
regulators that bind via base pairing to messages typically affect the
translation and stability of their targets. Commonly, these sSRNAs
inhibit the translation of their mRNA target, ¢.g., by binding in
the neighborhood of the translation initiation site and blocking
ribosome binding. Either as an alternative or complement to ribo-
some occlusion, sSRNAs may decrease the stability of the message
and target it for degradation by RNase E (2, 3). Thus, sRNAs
often act stoichiometrically where they are degraded along with
their targets. Less commonly in cases studied to date, sSRNAs can

Kenneth C. Keiler (ed.), Bacterial Regulatory RNA: Methods and Protocols, Methods in Molecular Biology, vol. 905,
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1.2. The TargetRNA
Approach for
Predicting sRNA
Targets

activate translation, e.g., by freeing translation initiation sites that
would otherwise be occluded by an inhibitory secondary structure
(4, 5). One sRNA can interact with multiple mRNAs (reviewed in
ref. (6)), enabling sSRNAs to be effective participants in bacterial
global responses to specific, often stress related, conditions. In
Escherichin coli, where they are perhaps best understood, there are
approximately 100 such trams-acting sRNAs. Because pairing
between a sSRNA and its target is imperfect and over a short region,
computational methods for predicting sSRNA regulatory targets
have met with only moderate success, often generating large
numbers of false positive predictions.

TargetRNA operates under the assumption that the base pairing
potential of two nucleotide sequences, corresponding to a sSRNA
and a mRNA target, can serve as a predictor, albeit imperfect, for
the interaction of the two RNAs (7). Base pairing potential of two
nucleotide sequences is determined using one of two hybridiza-
tion scoring methods. The individual base pair model of hybrid-
ization scoring is analogous to the Smith-Waterman dynamic
program (8), except that instead of assessing homology potential,
base pairing potential is assessed. The stacked base pair model of
hybridization scoring is based on stacking and destabilizing ener-
gies of interacting nucleotides (9, 10), specifically stacked base
pairs, bulge loops, and internal loops of hybridizing RNAs. The
stacked base pair model determines the minimum free energy of
hybridization for two RNAs without allowing intramolecular base
pairing (11).

Once TargetRNA computes the hybridization scores for two
RNAs, the statistical significance of the interaction is assessed (11).
Ten thousand random RNA sequences are generated such that the
nucleotides in the random sequences are drawn from the distribu-
tion of nucleotides in the candidate target sequences. The hybrid-
ization score is calculated for each of these random sequences and
the sSRNA sequence. The resulting distribution of 10,000 hybrid-
ization scores is used to estimate a p-value for a sSRNA:mRNA
hybridization score by determining the probability of observing a
score, by chance, equal to or less than the given sSRNA:mRNA
hybridization score.

In addition to the base pairing potential of a SRNA and a candi-
date target, other features may be suggestive of sSRNA:mRNA
interactions. Many interactions contain a seed, representing the
initial interaction between a sSRNA and its target, corresponding to
a stretch of consecutive unpaired nucleotides in a hairpin loop of a
sRNA that first base pairs with the target message. sSRNAs often
base pair with their targets in the 5 UTR of the message.
Interactions are often conserved in closely related species, and
RNA secondary structures can play important roles in facilitating
interactions. By considering these and other features when predicting
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sRNA:mRNA interactions, TargetRNA aims to distinguish true
targets from messages that have base pairing potential to a sSRNA
but are not a target of the sSRNA.

We begin below with a detailed explanation of using TargetRNA
to identify regulatory targets of a SRNA. We discuss all of the vari-
ous options and advanced features of the program, and we provide
guidance on interpreting the results. Our goal is to provide a step-
by-step tutorial on using the program as well as an understanding
of the results so that the utility and limitations of the application
may be fully fathomed.

2. Materials

TargetRNA is available for use via a web interface (http://
snowwhite.wellesley.edu/targetRNA/). The companion
program, RNATarget, is similarly available via a web interface
(http://snowwhite.wellesley.edu/targetRNA/
index_2.html).

3. Methods

3.1. Basic Usage
of TargetRNA

3.1.1. Program Input

3.1.2. Program Output

TargetRNA takes as input the name of a genome and the nucle-
otide sequence of a sSRNA gene. The sSRNA sequence may be either
DNA or RNA. The input sequence need not correspond precisely
to the gene sequence, for example if the exact transcription initia-
tion and termination sites are not known, but input sequences that
correspond well with the extent of a SRNA gene are more likely to
yield accurate results, i.e., higher sensitivity and specificity. When a
TargetRNA user submits a SRNA sequence, a message appears in
the web page indicating the estimated amount of time required for
TargetRNA to analyze the sequence and process the results. Given
the name of a genome and an input sSRNA sequence, TargetRNA
considers the base pairing potential of the sSRNA with each mRNA
from the genome. mRNAs for a genome are determined from a
RefSeq .ptt file retrieved from that National Center for
Biotechnology Information (12).

Once TargetRNA processes an input SRNA sequence, four sets of
information are output. First, the input sSRNA sequence is output
along with the minimum free energy secondary structure of the
sequence as computed by RNAfold from the Vienna RNA package
(13). Second, the parameter settings are output so that the user has
a record of the particular parameter values that generated the out-
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3.2. Advanced Usage
of TargetRNA

3.2.1. SRNA Parameters

3.2.2. Target Parameters

put results. Third, a summary of mRNA targets predicted by
TargetRNA is output. Predicted targets are listed in order from
the most significant to the least significant. The summary list of
predicted targets includes the name of the predicted gene target,
any synonym name for the gene, the raw hybridization score com-
puted by TargetRNA for the sSRNA and mRNA, the p-value of the
sRNA:mRNA interaction, and a graphical representation of where
the predicted interaction occurs within the SRNA sequence. While
the third set of information output by TargetRNA contains a
summary of the predicted targets, the fourth set of information
output contains detailed information about each predicted target
and its interaction with the input SRNA. The detailed information
includes an annotation of the predicted target, the location of the
interacting regions within the sSRNA and the mRNA, a graphical
representation of the interacting base pairs, and a link to further
information about the target at the Entrez Gene database (14).
Finally, a link at the bottom of the output web page enables output
in text rather than HTML format. Figure 1 illustrates Targe tRNA’s
output when executed with default parameter values on the
sequence for the sSRNA GcevB in E. coli. Four of the targets pre-
dicted by TargetRNA in Fig. 1, dppA, cycA, oppA, and ilvC, have
been shown to be regulated by GevB (15-17).

TargetRNA offers a number of advanced options for specialized
analyses. The advanced options can be grouped into one of three
categories: those relating to the sSRNA, those relating to the target,
those relating to the scoring system used by TargetRNA.

Many sRNA sequences contain Rho-independent hairpin termina-
tors. TargetRNA offers an option whereby it attempts to identify
such a terminator and remove it from the input sRINA sequence.
Since most but not all SRNA terminators do not participate in an
interaction with a mRNA target, excluding these regions may
reduce false positive predictions from TargetRNA.

By default, TargetRNA searches for interactions around the ribo-
some binding site of a mRNA, specifically from 30 nucleotides
upstream of the start of translation to 20 nucleotides downstream
of the start of translation. However, this region can be modified by
the user as desired, including focusing the search to the entire
mRNA or to the 3" UTR of the message. TargetRNA can require
the existence of a seed region in all predicted interactions. A seed
region is meant to represent a stretch of consecutive unpaired
nucleotides in a hairpin loop of a SRNA that first base pairs with the
target message. By default, a seed of nine consecutive base pairs,
disallowing G:U wobble pairs, is required of all predicted interac-
tions, but the length of the seed and the inclusion of wobble pairs
may be adjusted by the user. Also, rather than considering all
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Fig. 1. The figure shows output from the Target RNA web server when the SRNA GevB in Escherichia coliis input. The
sequence for GevB is shown followed by a link to GevB’s predicted secondary structure. The search parameters are then
indicated in yellow followed by a summary of the 20 target predictions. At the boftom of the figure, details for the first of
the 20 predictions are shown.
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3.2.3. Scoring Parameters

3.3. RNATarget

messages from a genome, TargetRNA can analyze a single message
for its propensity to interact with a sRNA. Analyzing a single
message rather than all messages may be useful when exploring the
parameter space for a particular high-confidence sRNA:mRNA
interaction.

TargetRNA outputs candidate targets whose hybridization score
with the sSRNA has a p-value at or below a threshold of 0.01, by
default (see Note 1). The p-value threshold can be set by the user.
By default, TargetRNA uses an individual model for hybridization
scoring, however a stacked base pair model for hybridization scor-
ing may be selected (see Note 2). The stacked base pair model for
hybridization determines the minimum free energy of hybridiza-
tion for two RNAs. Finally, beyond the reference genome being
searched, the user can select any set of other bacterial genomes in
which to search for orthologous sSRNA:mRNA interactions. For
each predicted sSRNA:mRNA interaction, TargetRNA will search
for similar sSRNA sequences and similar mRNA sequences in other
genomes and if it finds putative orthologs then it will compute and
output a predicted sSRNA:mRNA interaction for the orthologous
pair of RNAs.

RNATarget is a companion program to TargetRNA. While
TargetRNA predicts mRNA targets of a given sSRNA, RNATarget
predicts sSRNAs that regulate a given mRNA target (see Note 3).
RNATarget takes as input the name of a genome and a mRNA. It
then screens all intergenic regions of the genome for sequences
that evince significant hybridization with the mRNA. Such inter-
genic sequences are output as possible regions containing regulat-
ing sSRNAs. In Fig. 2, output from RNATarget is shown after
using the program to search for a possible SRNA that regulates the
known mRNA target dppA.

RNATarget offers a number of advanced options that can be
specified by the user. Either the name of the mRNA or any subse-
quence of a mRNA can be input to the program. A specific region
within the mRNA sequence can be specified either around the 5’
UTR or the 3" UTR. By default, RNATarget uses the region of
the mRNA from 30 nucleotides upstream of the start of transla-
tion to 20 nucleotides downstream from the start of translation.
As in the case of TargetRNA, a seed region can be specified for
RNATarget. The seed corresponds to an initial interaction
between the two RNAs represented by a stretch of consecutive
base pairs. By default, RNATarget only identifies interactions
with a seed of at least 9 base pairs. Further, the seed may be
permitted to contain G:U wobble pairs or not at the user’s discre-
tion. Finally, a p-value can be specified such that only interactions
with significance at or below the p-value will be reported. By
default, the p-value threshold is set to 0.01.
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A tool for identifying non-coding RNAs that regulate a given mRNA

= Ay I=CorargetREA
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TargetREA

Home Advanced Search Options Contact

Candidate regulators for mRNA: dppA

Species Before Start Codon After Start Codon Hybndization Seed GU Pairs in Seed P-value
Rank IG mRINA  Score Pvalue IG_start  IG_stop mRINA_start mRINA_stop
1 dppA. . yhyW dppA -150 1.48783e-06 1 30 -30 -1
2 osmY.. .yyU dppA -86 0.00220347 241 266 =27 2
3 gevA L ygdl dppA -84 0.00245038 152 210 -30 18
4 ydjL...yeaC dppA =76 0.00817033 108 137 -29 3
5 il yK dppA -63 0.00915752 13 29 -30 -14
3 gevA ygdl 350 nucleotides
Score: -84 Pvalue: 0.00245038
IG (gevA.. ygdD) 152 UUUUAUCGGAAUGCGUGUUCUGGUGAACUUUUGGC UUACGGUUGUGAUGUUGUGUUGUY 210
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Fig. 2. The figure illustrates output from RNATarget after searching for intergenic sequences with significant potential to
hybridize with the message target dppA in E. coli. The search parameters are shown in yellow followed by a summary of the
five intergenic regions demonstrating base pairing potential with the target dppA. At the boftom of the figure, details of the
predicted hybridization between dppA and the third predicted intergenic sequence are shown (only the third of the five is
shown for brevity). The third predicted intergenic sequence corresponds to GevB, a known regulator of dppA, and the pre-
dicted hybridization corresponds exactly with that predicted by Targe t RNA in Fig. 1 when searching for targets of GcvB.

4, Notes

1. With its default parameter settings including a p-value thresh-
old of 0.01, TargetRNA predicts on average ten mRNA tar-
gets for a SRNA. At this level of significance, TargetRNA
correctly identifies 21% of 73 documented sSRNA:mRNA inter-
actions involving 24 sRNAs in E. co/i (18).

2. TargetRNA offers two models for hybridization scoring. The
individual base pair model is the default and it is the faster of
the two, typically requiring only seconds to screen a genome.
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The stacked base pair model is computationally more intensive
and, as a result, increases the time required for calculating base
pair binding potential by a factor of approximately five for most
sequence inputs. Since the individual base pair model generally
yields better results in less time, it is the default and recom-
mended model for most applications.

. RNATarget, the converse program of TargetRNA, is not a

general purpose sRNA gene finder. It identifies intergenic
sequences that demonstrate significant base pairing potential
to a mRNA regulatory target. It does not employ information
such as transcription signals, RNA secondary structure, or

conservation to identity candidate sRNA sequences.
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Chapter 15

Detection of SRNA—-mRNA Interactions by Electrophoretic
Mobility Shift Assay

Teppei Morita, Kimika Maki, and Hiroji Aiba

Summary

Electrophoretic mobility shift assay is a simple, rapid, and sensitive technique to analyze the RNA-RNA
interaction. A 3?P-labeled RNA is incubated with another unlabeled RNA and subjected to electrophoresis
on a native polyacrylamide gel. If two RNA molecules base pair stably, the movement of the probe RNA
through the gel is retarded resulting in a characteristic band corresponding to the RNA duplex. Here, we
describe the methods to study the interaction of an Hfq-binding small RNA (sRNA) and its target mRNA.
Although we focus on the interaction of SgrS and its target ptsG mRNA, the methods can be applied to
the analysis of base pairing between any sSRNAs and their targets.

Key words: Electrophoretic mobility shift assay, RNA-RNA interaction, Base pairing, sSRNA, Hfq,
Native polyacrylamide gel, In vitro transcription

1. Introduction

This chapter deals with the methods to detect the interaction
between base-pairing small RNAs (sSRNAs) and their target mRNAs
in vitro by using the electrophoretic mobility shift assay (EMSA).
EMSA was first used to detect the binding of the purified in
Escherichin coli Lac repressor protein to the /ac operator DNA (1, 2).
Since then, it had been developed widely as a powerful technique to
study DNA~-protein interaction. The method also has been success-
fully used to analyze RNA-protein interaction and RNA-RNA
(DNA) base pairing. The assay is a simple, rapid, and sensitive to
detect the interaction of a nucleic acid with other macromolecules.
It permits quantitative and kinetic analysis of complex formation
between two or more molecules. The basis of EMSA is the change

Kenneth C. Keiler (ed.), Bacterial Regulatory RNA: Methods and Protocols, Methods in Molecular Biology, vol. 905,
DOI 10.1007/978-1-61779-949-5_15, © Springer Science+Business Media, LLC 2012
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in the electrophoretic mobility of an RNA (DNA) molecule on a
non-denaturing or native gel upon binding with other molecules.

We focus on the interaction of an Hfq-binding sSRNA SgrS and
its target prsG mRNA. However, the methods can be applied to the
analysis of base pairing between any sRNAs and their targets.
Briefly, both **P-labeled 5’ portion of pzsG mRNA and unlabeled
SgrS RNA are prepared. The labeled RNA probe is incubated with
the unlabeled RNA and subjected to electrophoresis on a native
polyacrylamide gel. If two RINA molecules base pair stably, the
movement of the probe RNA through the gel is retarded resulting
in a characteristic band corresponding the RNA duplex. First, we
describe a basic protocol to detect the duplex formation between
two RNA molecules. By using this protocol, we defined the SgrS
region required for base pairing with pzsG mRNA. Then, we
describe the protocols to measure the kinetics of the duplex forma-
tion, and to examine the effect of Hfq.

The Htq-binding sRNAs act by impertfect base-pairing to regu-
late the translation and stability of target mRNAs under specific
physiological conditions (3, 4). SgrS, an example for this class of
sRNAs, is induced in response to accumulation of glucose phos-
phates and down-regulates the pzsG mRNA encoding the glucose
transporter IICBC* in E. coli (5). Hfq, originally identified as a host
factor required for the in vitro replication of the RNA phage Qf in
E. coli (6), is an RNA binding protein extensively involved in sSRNA
action (7, 8). Hfq has been shown to stimulate the base pairing
between a given sSRNA and its target mRNA in vitro either by acting
as an RNA chaperone. We showed that Hfq dramatically enhances
the rate of duplex formation between ptsG RNA and SgrS (9).

2. Materials

2.1. Electrophoresis
Gomponents

1. 0.7% Agarose gel: Dissolve 0.7 g agarose by heating in 100 mL
of 0.5x TBE (45 mM Tris base, 45 mM boric acid, 1 mM
EDTA) and add 5 pL of 5 mg/mL ethidium bromide. We
used 52 mm x 60 mmx 10 mm gels.

\9]

. 30% Acrylamide solution: 29% acrylamide, 1% N, N™-methylene
bisacrylamide.

. Ammonium persulfate (APS): 10% solution in H,O.
. N,N,N’,N'-tetramethylene diamine (TEMED).
. Loading buffer: 50% glycerol, 0.1% bromophenol blue.

. 2.5x TBE electrophoresis buffer: 225 mM Tris base, 225 mM
boric acid, 5 mM EDTA.

QN Ul W W
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2.2. RNA Preparation
Components

2.3. EMSA
Components

7.

6% Polyacrylamide native gel: Mix 2 mL 30% acrylamide
solution, 2 mL 2.5x TBE, and 6 mL H,0. Add 50 uL of 10%
APS and 12 pL. of TEMED (see Note 1). Gel dimensions
(Wx Hx D): 85 mmx70 mmx 1 mm.

. 4% Polyacrylamide native gel for EMSA: Mix 4 mL 30% acryl-

amide solution, 6 mL 2.5x TBE, 3 mL 50% glycerol, and
17 mL H,O. Add 150 pL of 10% APS and 36 pL of TEMED
(see Note 1). We used 150 mmx 150 mmx 1 mm gels.

. Vector containing T7 promoter: We used pBluescript SK(-)

(Stratagene) to clone the DNA for the RNA sequence of
interest (see Note 2).

. Plasmids containing the DNA for the RNA sequence of inter-

est: We used pTH111 harboring the p#sG gene (10) and pQES-
grS1 harboring 97§ gene (9).

. PCR primers: We used an upstream primer containing Kpnl

site and a downstream primer containing Sacl site to clone the
DNA template into pBluescript SK(-). An upstream primer con-
taining T7 promoter sequence and a downstream primer
containing Flag tag sequence were used to amplify the DNA
template for in vitro transcription.

. In vitro transcription kit. We used CUGA®7 in vitro transcrip-

tion kit (Nippon Genetech).

. [0-32P]-UTPD.

6. Gene Elute Minus EtBr Spin Columns (Sigma).

10.

. Phenol /chloroform: Mix 200 mL phenol saturated with TE

and 200 mL of chloroform.

. TLC plate PE SIL-G/UV254 (GE Healthcare).

. Gilbert buffer: 0.5 M ammonium acetate, 10 mM magnesium

acetate, 1 mM EDTA, 0.1% SDS.

Other reagents: deionized water; 99.9% ethanol; 70% ethanol;
3 M sodium acetate (pH 5.5); TE (10 mM Tris-HCI pH 8.0,
1 mM EDTA).

. sSRNA of interest: We used SgrS RNA and synthetic RNA oli-

gomers corresponding the base-pairing region of SgrS (see
Note 3).

. Target RNA: We used *?P-labeled p#sG' RNA (see Note 4) and

32P-labeled ptsG -flayy RNA (see Note 5).

. Binding butffer 1: 20 mM Tris-HCI, pH 8.0, 1 mM DTT, 1 mM

MgCl,, 20 mM KCI, 10 mM Na,HPO,-NaH,PO,, pH 8.0.

. Binding buffer 2: 10 mM Tris—HCI, pH 8.0, 50 mM NaCl,

50 mM KCl, 10 mM MgCl,, 200 ng/mL yeast tRNA.

. Hfq-His, (see Note 6).

6. Whatman 3MM filter paper.
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3. Methods

3.1. Preparation
of DNA Template
for RNA from Plasmid

We use CUGA®7 in vitro transcription kit for preparation of RNAs.
In brief, the DNA template for the RNA sequence of interest (SgrS
or 5’ portion of ptsG mRNA) is cloned downstream of the T7 pro-
moter of pBluescript SK(-). The resulting plasmid is linearized with
a restriction enzyme. An in vitro transcription results in a run-off
transcript containing the RNA sequence of interest. The DNA
template can also be generated by PCR using an upstream primer
containing the T7 promoter sequence. Chemically synthesized
RNA oligomers can also be used for base-pairing reaction.

1.

Clone the DNA template for SgrS or 5’ portion of ptsG RNA
(ptsG') between Kpnl and Sacl sites of pBluescript SK(-) (see
Notes 7 and 8).

. Purify the resulting plasmid.
. Digest 10 pg of the purified plasmid with Sacl in 50 pL of reac-

tion mixture. Add an equal volume of phenol /chloroform. Mix
by vortexing. After centrifugation at 13,000x g for 5 min at
room temperature, transfer the aqueous phase to a fresh tube.

. Add 0.1 volume of 3 M sodium acetate (pH 5.5). Mix well and

add 2.5 volumes of ethanol. Mix well and store at -20°C for
15 min. Recover the DNA by centrifugation at 13,000 x g for
10 min at 4°C. Wash the pellet with 70% ethanol and recentri-
fuge at 4°C. Dissolve the precipitated DNA in 50 uL of TE.

. Add 0.1 volume of loading buffer. Fractionate the DNA sam-

ple by electrophoresis on 0.7% agarose gel containing ethidium
bromide.

. Cut out the linearized DNA band with a razor blade under a

long-wave UV irradiation.

. Extract DNA from the gel slice using Gene Elute Minus EtBr

Spin Columns. Add an equal volume of phenol/chloroform.
Mix by vortexing. After centrifugation at 13,000 x4 for 5 min
at room temperature, transfer the aqueous phase to a fresh
tube.

. Add 0.1 volume of 3 M sodium acetate (pH 5.5). Mix well and

add 2.5 volumes of ethanol. Mix well and store at —20°C for
15 min. Recover the DNA by centrifugation at 13,000 x4 for
10 min at 4°C. Wash the pellet with 70% ethanol and recentri-
fuge at 4°C. Dissolve the precipitated DNA in 10-20 puL of TE.

. Check the quality and amount of the DNA by gel electrophoresis

and by measuring the optical density at 260 nm (see Note 9).
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3.2. Preparation
of DNA Template
for RNA by PCR

3.3. In vitro
Transcription and
Purification of RNA

1.

Amplify a DNA template containing the p#sG'-flagy RNA by
PCR using an upstream primer possessing 17 promoter
sequence and a downstream primer (see Note 5). Check the
PCR product by gel electrophoresis.

. Add 0.1 volume of 3 M sodium acetate (pH 5.5). Mix well and

add 2.5 volumes of ethanol. Mix well and store at -20°C for
15 min. Recover the DNA by centrifugation at 13,000 x g for
10 min at 4°C. Wash the pellet with 70% ethanol and recentri-
fuge at 4°C. Dissolve the precipitated PCR product in 20 pL
of TE.

. Add 0.1 volume of loading bufter. Fractionate the PCR product

by electrophoresis on 6% polyacrylamide native gel.

. Remove one glass plate and cover the exposed gel surface with

plastic wrap. Place a TLC plate containing florescent material
against the wrapped surface of the gel, turn upside down, and
remove another glass plate. Locate and cut out the DNA band
with a razor blade under UV irradiation.

. Place the gel slice on a glass plate and chop it into fine pieces

with a razor blade. Transfer the pieces to a tube and add 800 pL.
of Gilbert buffer and incubate at 37°C on a rotating wheel
overnight.

. Centrifuge at 13,000 xg for 5 min at room temperature and

transfer the supernatant to a fresh tube. Add an equal volume
of phenol /chloroform. Mix by vortexing. After centrifugation
at 13,000 x g for 5 min at room temperature, transfer the aque-
ous phase to a fresh tube.

. Add 0.1 volume of 3 M sodium acetate (pH 5.5). Mix well and

add 2.5 volumes of ethanol. Mix well and store at -20°C for
15 min. Recover the DNA by centrifugation at 13,000 x4 for
10 min at 4°C. Wash the pellet with 70% ethanol and recentri-
fuge at 4°C. Dissolve the precipitated DNA in 10-20 uL of TE.

. Check the quality and amount of the DNA by gel electrophoresis

and by measuring the optical density at 260 nm (see Note 10).

. Transcribe 0.05-1 pmol of DNA template (either linearized

plasmid or PCR product) by using CUGA®7 in vitro transcrip-
tion kit according to manufacturer’s instruction (see Note 11).
When needed, add [o-#P]-UTP to the reaction mixture to
obtain uniformly **P-labeled transcripts (see Note 12).

. Add 0.1 volume of 3 M sodium acetate (pH 5.5). Mix well and

add 2.5 volumes of ethanol. Mix well and store at -20°C for
15 min. Centrifuge at 13,000 xg for 10 min at 4°C. Wash the
pellet with 70% ethanol and recentrifuge at 4°C. Dissolve the
precipitate in 20 uL of TE.

. Add 0.1 volume of loading bufter. Fractionate the sample by

electrophoresis on 6% polyacrylamide native gel.
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3.4. Analysis of Base
Pairing Reaction with
or Without Preheating

. Remove one glass plate and cover the exposed gel surface with

plastic wrap. Place a TLC plate containing florescent material
against the wrapped surface of the gel, turn upside down, and
remove another glass plate. Locate and cut out the RNA band
with a razor blade under UV irradiation.

. Place the gel slice on a glass plate and chop it into fine pieces

with a razor blade. Transfer the pieces to a tube and add 800 pL
of Gilbert buffer and incubate at 37°C on a rotating wheel
overnight.

. Centrifuge at 13,000 xg for 5 min at room temperature and

transfer the supernatant to a fresh tube. Add an equal volume
of phenol /chloroform. Mix by vortexing. After centrifugation
at 13,000 x 4 for 5 min at room temperature, transfer the aque-
ous phase to a fresh tube.

. Add 0.1 volume of 3 M sodium acetate (pH 5.5). Mix well and

add 2.5 volumes of ethanol. Mix well and store at -20°C for
15 min. Recover the RNA by centrifugation at 13,000 x g for
10 min at 4°C. Wash the pellet with 70% ethanol and recentri-
tfuge at 4°C. Dissolve the precipitated RNA in 50 puL of H,O.

. Check the quality and concentration of RNA by gel electro-

phoresis and by measuring the optical density at 260 nm.

Examples of the experiment are shown in Figs. 1 and 2. The full-
length SgrS RNA can form quickly an RNA duplex with 32P-labeled
ptsG' -flag RNA when the mixture is preheated (Fig. 1b, lane 2) but
it takes longer times to form the duplex without preheating (Fig. 2).
The preheating is able to bypass the Hfq-mediated step by melting
RNA secondary structure. RNA Oligl4 is sufficient to form a sta-
ble duplex while Oligo8 is unable to form the stable duplex
although it contains the critical bases for pairing with pzsG mRNA
in vivo (Fig. 1).

1.

Mix 0.2 pmol of 3*P-labeled p#sG -flag RNA with 0.4 pmol of
SgrS RNA or synthetic RNA oligomers in 3—10 pL of binding
buffer 1 on ice (see Notes 13 and 14).

. Incubate the reaction mixture at 70°C for 5 min and then cool

down to 30°C. Skip this step to analyze base pairing without
preheating.

. Incubate the reaction mixture at 30 or 37°C for various

times.

. Add 0.2 volume of loading bufter, load the mixture onto a 4%

polyacrylamide native gel in 0.5x TBE containing of 5% glyc-
erol, and run the gel at 20 mA until the bromophenol blue
migrates to 2/3 of the gel at 4°C.

. Vacuum dry the gel on a Whatman 3MM filter paper for

autoradiography.
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3.5. Kinetic Analysis
of Base Pairing

) TR e v
ptsGMRBRNA 5'-AAAGCACCCAUACUCAGGAGCACUCUCAAUUAUGU-3'
* k ok k K * k ok ok Kk ok Kk % * k ok k * * * * * %
SgrS RNA 3'-AAAUGUGGUUAUGAGUCAGUGUGU-ACUACGUCCG-S5'
187 181 174 168 157
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Fig. 1. Detection of SgrS—ptsG interaction by EMSA. (a) The nucleotide sequences of ptsG
mRNA and SgrS RNA around the base-pairing region. The SD sequence and the initiation
codon of ptsG mRNA are underlined. The asterisks indicate the predicted base pairs
between SgrS and ptsG RNAs (5). The bold letters represent the crucial base pairs for SgrS
action (9). Oligo31, 20, 14, and 8, representing the whole or part of the predicted base-
pairing region of SgrS, are chemically synthesized. (b) Duplex formation between ptsG'-
flag RNA and SgrS RNA or RNA oligomers. The 3P-labeled ptsG’-flag mRNA (0. 2 pmol)
was incubated with 0.4 pmol (a) of each of the indicated RNA in 3.5 uL of binding buffer
at 70°C for 5 min and then cooled down to 30°C. Samples were analyzed by EMSA on a
4% native polyacrylamide gel after the addition of 0.7 uL of RNA loading buffer. The
figures have been redrawn based on the data published previously (12).

An example of kinetic analysis is shown in Fig. 3 (9). The duplex
formation between SgrS and pzsG' RNA proceeds very slowly in
the absence of Hfq (see also Fig. 2) while it occurs rapidly in the
presence of Hfq, indicating that Hfq stimulates the rate of base
pairing reaction (compare odd lanes and even lanes).
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- + SgrS RNA

120 0 30 60 120 time for duplex formation (min)

S - ' — SgrS-ptsG’-flag duplex

. - — pisG’ -flag RNA

1 2 3 4 5

Fig. 2. Formation of SgrS—ptsG duplex without preheating. 32P-labeled ptsG'-flag RNA (0. 2 pmol) was incubated with SgrS
RNA (0.4 pmol) in 3.5 puL of binding buffer at 37°C for indicated times. Samples were analyzed by EMSA on a 4% native
polyacrylamide gel after adding 1 uL of RNA loading buffer. The figure has been redrawn based on data published previ-
ously (11).

0 1 2 5 10 15 20 time (min)
-+ - 4+ - 4+ - + - 4+ - 4+ - 4+ HigHISg
o - . - " % | —SgrS-ptsG’duplex

m - . . & » — ptsG’ RNA

1 2 3 4 5 6 7 8 9 10 11 12 13 14

Fig. 3. Time-course for duplex formation. 32P-labeled ptsG@ RNA (0.2 pmol) was incubated with SgrS RNA (0.4 pmol) and/or
Hfg-His, (1 pmol) in 20 L of binding buffer 2 at 37°C. At indicated times, the samples were treated with phenol and were
analyzed by EMSA on a 4% native polyacrylamide gel. The figure has been redrawn based on data published previously (9).

1. Mix 0.2 pmol of **P-labeled ptsG' RNA with 0.4 pmol of SgrS
RNA with and without 1 pmol of Hfq-His, in 20 uL of bind-
ing bufter 2 on ice.

2. Incubate the reaction mixture at 37°C for 0-20 min.

3. Add an equal volume of phenol (see Note 15). Mix by vortex-
ing. Centrifuge at 13,000 xg for 5 min at room temperature.
Transfer 15 pL of the aqueous phase to a fresh tube and add
2 uL of loading buffer.

4. Load each sample onto a 4% polyacrylamide gel in 0.5x TBE
containing 5% glycerol (see Note 16).

5. Run the gel at 20 mA until the bromophenol blue migrates to

2 /3 of the gel at 4°C Vacuum dry the gel on a Whatman 3MM
filter paper for autoradiography.
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4. Notes

10.

11.

12.

13.

. Deaerate the acrylamide solution under reduced pressure prior

to addition of TEMED.

. Any other plasmid vectors containing SP6, T7, or T3 promot-

ers can be used.

. The SgrS RNA prepared by in vitro transcription consists of

the whole region of SgrS (+1 to +227) and additional sequences
derived from the vector and /or primers at both ends.

. The ptsG' RNA prepared by in vitro transcription consists of

the 5’ portion of ptsG mRNA (from +1 to +120) and addi-
tional sequences derived from the vector and/or primers at

both ends.

. The ptsG' -flag RNA prepared by in vitro transcription consists

of the ptsG region (from +55 to +455) and the sequence for
Flag tag at 3’ end.

. Hfq-His, was purified from cells harboring pQE80L-Hfq-His

as described (11).

. The DNA templates for the 5’ portion of ptsG mRNA (from

+1 to +120) and for SgrS RNA (+1 to +227) were amplified
by PCR from the plasmid pTHI111 harboring the ptsG gene
and pQESgrS1 harboring sg7S gene, respectively, using an
upstream primer containing Kpnl site and a downstream
primer containing Sacl site. The amplified DNAs were digested
with Kpnl and Sacl. The linearized DNAs were inserted between
Kpnl and Sacl sites of pBluescript SK(-).

. Other restriction sites within the multicloning sites of pBlue-

script SK(-) also can be used for cloning.

. The linearized DNAs were used as DNA templates for in vitro

transcription to generate the pzsG' RNA and SgrS RNA.

The ptsG'-flay DNA was used as a DNA template to generate
the ptsG' -flag RNA.

We added 1 puL (20 unit) of RNase inhibitor (SIN-101,
TOYOBO LIFE SCIENCE) in the reaction mixture to pre-
vent RNA degradation.

The specific activity of the RNA probe can be adjusted by
changing the ratio of labeled and unlabeled UTP in the reac-
tion. Other [0-¥P]-nucleoside triphosphates (NTPs) can also
be used during the transcription to achieve uniform labeling of
RNA.

The amounts of RNAs used in a reaction mixture can be
increased or decreased depending on the specific activity of
32P-labeled probe RNA.
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14.

The ptsG' -flayy RNA can be used also as an mRNA template for

in vitro translation reaction by PURESYSTEM (11). The pres-
ence of Flag tag allows one to detect easily the translation
product by using anti-Flag antibody.

15.
16.

Add phenol together with Hfq-His, for time 0.

Skip the steps 3 and 4 to observe the ternary complex contain-

ing SgrS, ptsG', and Hfq on the gel. The relative amount of
Hfq-His, to SgrS or pzsG' RNA should be reduced to detect a
clear band corresponding to the ternary complex.
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Chapter 16

Activity of Small RNAs on the Stability
of Targeted mRNAs In Vivo

Guillaume Desnoyers and Eric Massé

Abstract

Northern blots are extremely useful to monitor the steady state level of small regulatory RNAs (sRNAs) as
well as their target mRNAs. In combination with the drug rifampicin, which blocks cellular transcription,
Northern blots can be used to determine the stability of SRNAs and mRNAs. Here we describe a protocol
to assess the activity of the SRNA RyhB on the stability of targeted mRNAs sodB, fumA, and iscRSUA. We
also describe how to identify a SRNA-induced initial cleavage site on a target mRNA. This protocol can be
used for any sSRNAs and their target mRNAs.

Key words: Small RNA, RNAse E, RNA degradosome, mRNA decay, Translation initiation

1. Introduction

Bacterial small RNAs (sRNAs) typically function by pairing to
sequences located in the 5’-end of their target mRNAs at or near
the translation initiation region (1). In most cases, the result of a
sRNA-mRNA pairing is either activation or repression of transla-
tion initiation, which in turn affects mRNA stability. In cases where
the sSRNA activates the initiation of translation, the protective effect
of elongating ribosomes against cellular ribonucleases will likely
increase the mRNA stability (2, 3). In contrast, when the sRNA
represses the initiation of translation, there is frequently the forma-
tion of a ribonucleoprotein (RNP) complex whose function is to
destroy both the sSRNA and mRNA (4-7). This RNP complex is
composed of the SRNA and its target mRINA, the RNA chaperone
Hfq and the endoribonuclease RNase E (8, 9). Thus, the turnover
of a targeted mRNA can vary dramatically, depending on the
expression level of the sRNA and its function.

Kenneth C. Keiler (ed.), Bacterial Regulatory RNA: Methods and Protocols, Methods in Molecular Biology, vol. 905,
DOI 10.1007/978-1-61779-949-5_16, © Springer Science+Business Media, LLC 2012
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A relatively straightforward approach to address the effect of a
sRNA on its targeted mRNAs is to compare the level of a given
mRNA in the presence or absence of the regulatory sRNA.
Genomic methods such as microarray analysis and RNA sequenc-
ing have been used in the past to successfully identify new targets
for sSRNAs (10-13). Although they are very informative, these
techniques often require validation to confirm the expression levels
of sSRNA and mRNA. A technique of choice for the validation of
cellular RNA levels is to perform Northern blottings, which allow
a highly specific and direct visualization of a sSRNA or mRNA using
an RNA or DNA probe. Northern blotting also gives additional
information on the size and alternative processing products of a
given RNA. In addition, the use of the antibiotic rifampicin, which
specifically blocks RNA polymerase-dependent transcription initia-
tion, helps to monitor the effect of a sSRNA on the stability of a
given mRNA.

Recently, we have combined the use of Northern blotting and
construction of the reporter gene /acZ (B-galactosidase) fused to
mRNAs to determine the minimal sequence necessary for sSRNA-
induced degradation of a mRNA (7). By constructing various
lengths of sodB, iscRSUA, and fumA target mRNAs fused to the
lncZ gene, we showed that the sSRNA-induced initial cleavage of a
target mRNA was frequently located far downstream, sometimes
hundreds of nucleotides away from the sSRNA pairing site.

Here, we describe a protocol to assess the effect of any given
sRNA on the stability of a target mRNA. The approach described
here is based on a previously published result from our laboratory
(Fig. 2 of (14)). Briefly, ritampicin is used to stop transcription and
total RNA is extracted with hot phenol. RNA is then resolved on a
denaturing polyacrylamide gel and analyzed by Northern blotting.
Using this technique, we have determined that the iron responsive
sRNA RyhB destabilized the 3’ region of the iscRSUA polycis-
tronic mRNA (zscSUA) but that it had no effect on the upstream
5" region (iscR) (Fig. 1). Moreover, the protocol described here
can be used to study the effect of any sRNA on the stability of any
mRNA. We also give a brief description of how to determine the
sRNA-dependant initial cleavage site on a target mRNA as we have
previously published (Fig. 1 of (7)).

2. Materials

RNA is highly sensitive to degradation. It is therefore of great
importance to take special precautions to avoid any RNases con-
tamination. In this respect, all solutions should be prepared with
sterile ultrafiltered water. RNase-free chemicals should be used and
clean laboratory gloves should be worn during all the operations.
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Fig. 1. RyhB decreases the stability

of the iscRSUA transcript, not the iscR transcript. (@) Northern blot on total RNA

extracted from wild-type and AryhB cells and hybridized with an iscR-specific probe. Cells were grown in LB media to an

0D

600

of 0.5, at which point 2.2’-dipyridyl was added (200 uM final) for 10 min to induce the expression of RyhB and

iScRSUA. Rifampicin was added (250 pg/mL final) at time 0 to block transcription. Total RNA was extracted at indicated
times. 16S rRNA was used as a loading control. (b) Densitometry analysis of three Northern blots performed as in

(a). (Reproduced from (14)).

2.1. RNA Extraction
Gomponents

1.

2.

. Phenol-chloroform-isoamyl

LB media: Dissolve 10 g of tryptone, 5 g of yeast extract and
10 g of NaCl in 1 L of water. Sterilize by autoclaving.

8x Lysis solution: 320 mM sodium acetate (pH 5.2), 16 mM
ethylenediaminetetraacetic acid (EDTA), 8%w/v sodium
dodecyl sulfate (SDS).

. Phenol-water: Thaw phenol crystals at 65°C and preheat an

equal volume of ultrafiltered water to the same temperature.
Carefully mix equal parts of hot phenol and hot water in a glass
cylinder or beaker. Add 0.1% (final concentration) 8-hydroxy-
quinoline and mix with care (phenol is highly corrosive and
can cause severe skin burns!). Incubate for 5 min at 65°C.
Aliquot the water-saturated phenol in 50 mL conical tubes.
Keep at -20°C until further use.

alcohol: Mix water-saturated
phenol, chloroform, and isoamyl alcohol at a 25:24:1 ratio.



248 G. Desnoyers and E. Massé

5. Rifampicin: 12.5 mg/mL solution in methanol (see Note 1).
6. Agitating heating block that accommodates 1.5 mL tubes.

2.2. Acrylamide Gel 1. 10x TBE: 0.89 M Tris, 0.89 M boric acid, 0.02 M EDTA (pH
Electrophoresis 8.0): Dissolve 108 g of Tris base and 55 g of boric acid in
Components 700 mL of water. Add 40 mL of EDTA 0.5 M (pH 8.0). Adjust

the volume to 1 L with water.
. Acrylamide: 40% solution in water.
. Ammonium persulfate (APS): 10%w/v solution in water.
. N, N, N, N'-tetramethyl-ethylenediamine (TEMED).
. Urea.

. Formamide loading dye: 95% formamide, 0.5x TBE,
0.025%w /v of xylene cyanol and 0.025%w /v of Bromophenol
blue.

N Ul R W

2.3. Acrylamide Gel 1. Positively charged nylon membrane designed for nucleic acid
Blotting Gomponents transfer.

. 3 mm Blotting paper.
. Electroblot transfer device.
. Transfer buffer: 0.5x TBE.

. UV cross-linker.

[S2NN" SN I \S)

—

2.4. Membrane . Formamide.
Hybridization 2. 20x SSC: 3 M NaCl, 0.3 M trisodium citrate.

Components 3. Denhardt’s reagent: 1% Ficoll 400, 1% PVP (polyvinylpyrroli-
done), 1% BSA.

4. Salmon sperm DNA.

5. PCR product serving as a template for the RNA probe tran-
scription (see Note 2).

6. 10x Transcription buffer for T7 RNA polymerase (Ambion).
Supplied with T7 RNA polymerase.

7. 100 mM ATP, CTP, GTP and UTP nucleotides.
8. RNase Out (Invitrogen).
9. a[*?P]JUTP (0.37 MBq,/uL).

10. T7 RNA polymerase 20 U/uL.

11. Turbo DNase (Fermentas).

12. G50 Sephadex resin (Sigma-Aldrich).

13. Wash solution #1: 1x SSC, 0.1% SDS.

14. Wash solution #2: 0.1x SSC, 0.1% SDS.

15. Phosphorimager screen (GE Healthcare).

16. Phosphorimager and ImageQuant software.
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3. Methods

3.1. RNA Extraction

. Dilute an overnight bacterial culture 1,/1,000 in 50 mL of LB

medium containing the appropriate antibiotics (if necessary).
Typically, we use a wild-type E. coli K-12 strain containing the
endogenous copy of the RyhB sRNA and a strain harboring a
chromosome deletion of the sSRNA gene as control.

. Mix 85 uL of 8x lysis solution with 685 uL of water-saturated

phenol-water in 1.5 mL tubes. At least 15 min before the RNA
extraction, preheat the phenol-lysis solution mix to 65°C in an
agitating heating block (see Note 3).

. Once the cells are at an OD, of 0.5, induce the expression of

the sSRNA by the addition of 2,2’-dipyridyl (iron chelator) to a
final concentration of 200 uM (see Note 4).

. Incubate for 10 min and add rifampicin to a final concentra-

tion of 250 pug/mL (see Note 5).

. At the designated time, take out 600 UL of the bacterial cul-

ture and mix with the preheated phenol-lysis solution mix.
Initial time (Time 0) is typically selected immediately before
the addition of rifampicin. Given the relatively short half-lives
of bacterial mRNAs, a short time course is suggested (0, 1, 2,
4,6, 8 and 10 min).

. Using the agitating heating block, incubate with shaking

(1,400 rpm) for 5 min at 65°C (see Note 3).

7. Centrifuge the tubes for 15 min at 16,000 x 4.

10.
11.

12.
13.

14.
15.

. Perform a phenol-chloroform-isoamyl alcohol extraction of

the aqueous phase by mixing an equal volume of PCI with the
aqueous phase (~550 pL). Mix the phases by vortexing vigorously
and spin 15 min at 16,000 x g. Remove the aqueous phase (top
layer) to a new tube and repeat the phenol-chloroform-isoamyl
alcohol extraction once.

. After the second phenol-chloroform-isoamyl alcohol extrac-

tions, remove the aqueous phase (top layer) to a new tube and
add 3 V of 95% ethanol and allow precipitation to proceed for
1 h at -80°C (see Note 6).

Centrifuge at 16,000 x4 at 4°C for 20 min.

Discard the supernatant and wash the pellet with 500 pL of
ice-cold 75% ethanol.

Centrifuge at 16,000 x4 at 4°C for 5 min.

Discard the supernatant and air-dry the pellet for about
10 min.

Resuspend the pellet in 15 pL of 10 mM Tris buftfer.
Quantitate the RNA using a spectrophotometer (see Note 7)
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3.2. Acrylamide Gel 1. Prepare a 4% acrylamide (see Note 8), 8 M urea gel by mixing
Electrophoresis 1 mL of 40% acrylamide, 1 mL of 10x TBE and 5 g of urea.
Add water to 10 mL final volume.

2. Slightly heat the mix to completely dissolve urea.

3. Add 100 pL of APS and 10 pL. of TEMED, and pour the mix
inside a gel cassette.

4. Insert a 10-well comb immediately avoiding introduction of
any air bubbles.

5. Prepare the RNA samples by mixing 5 pg of RNA (complete
to 2.4 uLL with water) and 12.6 pL of formamide loading dye.

6. Assemble the migration apparatus and fill the upper and lower
reservoir with 1x TBE.

7. Heat the samples for 2 min at 90°C before loading and flush
all the wells with a syringe to remove leached urea.

8. Load the sample and run migration at 100 V. Use the tracking

dye to determine the right amount of time to run your samples
(Fig. 2).

3.3. Electro-Transfer 1. Set up the transfer system as shown in Fig. 3.
2. Prepare 1 L of transfer bufter (0.5x TBE).

% Xylene cyanol Bromophenol
polyacrylamide blue

4 165 nt 30 nt

6 110 nt 25 nt

8 75 nt 20 nt

10 55 nt 10 nt

Fig. 2. Relative mobility of tracking dyes on a denaturing polyacrylamide gel. Adapted
from ref. (15).

Transfer cassette

/ Blotting paper

Y Fiberpad

3 Nylon membrane

—_ Polyacrylamide gel

Fig. 3. Schematic representation of the transfer system described in this paper.
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3.

10.
11.

12.

3.4. Probe 1.

Hybridization

Cut out a nylon membrane slightly larger than the size of the
acrylamide gel. Pre-wet in water for 2 min and then equilibrate
for 5 min in the transfer buffer.

. Cut out two pieces of 3 mm blotting paper of the size of the

fiber pads and pre-wet in transfer buffer.

. Open the transfer cassette in a glass dish containing 1-2 cm

deep of transfer buffer. Place one soaked fiber pad onto the
transfer cassette (black side of the Biorad transfer cassette at
the bottom).

. Place one pre-wetted blotting paper onto the fiber pad.
. Place the gel onto the blotting paper.

. Lay the nylon membrane over the gel. It is important to remove

any air bubbles by pressing in a rolling motion with a pipette
over the membrane.

. Lay the second pre-wetted blotting paper over the nylon mem-

brane and again press by rolling with a pipette to remove any
air bubbles and to make sure that the gel and the membrane
are in close contact.

Cover with the second pre-wet fiber pad and close the cassette.

Place the cassette in the buffer tank and fill to the maximum
with transfer buffer.

Transfer at 4°C for 2 h at 100 mA or overnight at 30 mA.

After the transfer, remove the membrane and place on a tray.
Gently wash with 0.5x TBE. Cross-link (1,200 J) using a UV
crosslinker.

. Prepare the pre-hybridization solution (20 mL total): Mix

10 mL of formamide, 5 mL of 20x SSC, 2 mL of 10% SDS,
2 mL of 50x Denhardt’s solution, 800 pL of water and 200 puLL
of salmon sperm DNA (incubate the salmon sperm DNA for
5 min at 95°C before using). Pre-heat the pre-hybridization
solution to 60°C for 10 min.

. Place the cross-linked nylon membrane in a hybridization bot-

tle, RNA facing the inside. Add the pre-hybridization solution
and incubate at 60°C for a minimum of 4 h in a rotating
hybridization oven (see Note 9).

. Transcribe an RNA probe by mixing the following compo-

nents: 2 puL of 10x transcription bufter, 2 pL. of 4 mM ATP/
CTP/GTP mix, 2 uL of 0.1 mM UTP, 7.5 uL of water, 0.5 uL.
of RNase Out, 2 pL. of a PCR product which contains the T7
RNA polymerase promoter (~0.5 pug of DNA), 3 uL of UTP-
o-P32 and 1 pL (20 U) of T7 RNA polymerase.
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. Incubate for 2 h at 37°C.
. Add 1 puL of DNase Turbo.
. Incubate for 15 min at 37°C.

o N O U

. Complete the volume to 100 pL and perform a phenol-chlo-
roform extraction.

9. Purity the probe on a G-50 Sephadex column.

10. Add the radiolabeled RNA probe into hybridization bottle and
hybridize for a minimum of 4 h (see Note 9).

11. After the hybridization, discard the pre-hybridization solution
containing the RNA probe. Wash three times for 15 min with
the wash solution #1 and once for 15 min with the wash solu-
tion #2 (see Note 10). Perform all the washes at 65°C.

12. Wrap the membrane in a plastic wrap and expose onto a phos-
phorscreen cassette (see Note 11).

13. Scan the phosphorscreen with the Typhoon scanner.

3.5. Data Analysis 1. Using an image analysis software (e.g., ImageQuant), quantify
the intensity of each band of interest.

2. Subtract the background value (the intensity of an area of the
same size than your bands of interest) to the value of each band
of interest.

3. Relativize the value of each band to the value of the band at
time 0, which correspond to 100% of RNA level.

4. Using scientific graphing software (e.g., GraphPad Prism), plot
a graph (relative RNA level (%) vs. time after ritampicin (min))
and calculate the half-lives of each RNA species of interest
(value at which there is 50% of RNA left compared to time 0).

5. Compare the half-lives values obtained in the presence and
absence of sSRNA expression to determine the effect of a given
sRNA on the stability of a target mRNA.

3.6. Method for 1. Construct translational and transcriptional (see Note 12)

Mapping a sRNA- fusions of a gene of interest with the /acZ gene (see Note 13).

Induced Initial Vary the length of the gene of interest included in the fusion as

Cleavage Sites done in Fig. 4.

on a mRNA 2. Extract the RNA as described above from strains harboring the
different lacZ fusions and expressing or not the sRNA of
interest.

3. Perform a Northern blot analysis as described above. Use a
probe specific to the lacZ gene.

4. The initial cleavage site is located in the region included
between the longest sSRNA-resistant fusion and the shortest
sRNA-sensitive fusion.
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Fig. 4. Minimal sequence requirement for sSRNA-induced mRNA degradation in vivo. (a) Description of the different
constructs used to determine the minimal sodB sequence to generate RyhB-induced mRNA degradation. (b) Northern blots
with a lacZ-specific probe showing the effect of RyhB expression (after 10 min) on various transcriptional sodB-lacZ con-
structs. The expression of endogenous sodB transcript and RyhB is also shown. 16S ribosomal RNA was used as a loading
control. (c) Northern blots using a lacZ-specific probe showing the effect of RyhB expression (after 10 min) on various
translational SodB-LacZ constructs. The expression of endogenous sodB transcript and RyhB is also shown. 16S ribosomal
RNA was used as a loading control. (Reproduced from (7)).



254

G. Desnoyers and E.

Massé

4, Notes

10.

11

12.

. Rifampicin is toxic. Always wear protective gloves when working

with it. In addition, always use a fresh solution (maximum shelf
life is 2 weeks).

. This PCR product should contain a T7 polymerase promoter

sequence (taatacgactcactatag) and produce an anti-sense RNA
of approximately 300 nts.

. If an agitating heating block is not available, a regular heating

block maintained at 65°C can be used and the sample-phenol
mix should be mixed every 20 s.

. When working with a sSRNA other than RyhB, use the appro-

priate physiological conditions that allow expression of the
sRNA (different growth phase or inducer). It is also possible to
work with plasmids (e.g., pBAD), which allow the expression
of'a given sRNA following the addition of arabinose.

. The time of sSRNA expression before the addition of rifampicin

needs to be carefully selected. A significant level of sRNA
expression is preferred. Furthermore, the level of target mRNA
must be enough to allow visualization by Northern blotting.

. It is also possible to precipitate the RNA overnight at —-80°C.

. Using a spectrophotometer, measure the absorbance of your

sample at 260 nm (A, ). A solution of RNA at 40 ug,/mL has
an A, of 1 for a path length of 1 cm. It is also possible to
assess the purity of your RNA sample. For purified RNA, the
A, /A, ratio should be approximately of 2. A ratio <2 sug-
gests protein contamination while a ratio >2 suggests phenol

contamination.

. Depending on the size of the RNA of interest, a final concen-

tration of acrylamide between 4 and 10% is possible. Both the
sRNA and its mRNA target can be detected on the same acryl-
amide gel by preparing a two acrylamide concentration gel. We
typically use 10% (bottom) /5% (top) acrylamide gels.

. The pre-hybridization and hybridization steps can be performed

from 4 h up to 48 h.

Waste containing radioactive material should be discarded in
the radioactive waste.

. Exposure time of the membrane can be from a few seconds to

a few days, depending on the expression level of the RNA of
interest as well as the strength of the probe.

In transcriptional fusions, both the gene of interest and the
B-galactosidase gene harbor a translation initiation region,
which allows independent translation from each other.
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However, in translational fusions both genes are in-frame and
produce a single fused peptide.

13.

For more details on the cloning procedures to construct tran-

scriptional and translational B-galactosidase fusions, please

refer to (7).

Acknowledgments

We thank Gilles Dupuis for comments on the manuscript. This
work was funded by an operating grant MOP69005 to E.M. from
the Canadian Institutes for Health Research (CIHR). G.D. is a
Ph.D. Scholar from the FQRNT (Fonds Québécois de la Recherche
sur la Nature et les Technologies). E.M. is a FRSQ (Fonds de I
Recherche en Santé du Québec) Junior 11 Scholar.

References

1.

2.

Waters LS, Storz G (2009) Regulatory RNAs
in bacteria. Cell 136:615-628
Deana A, Belasco JG (2005) Lost in transla-

tion: the influence of ribosomes on bacterial
mRNA decay. Genes Dev 19:2526-2533

. Prévost K, Salvail H, Desnoyers G, Jacques JF,

Phancuf E, Massé E (2007) The small RNA
RyhB activates the translation of shiA mRNA
encoding a permease of shikimate, a compound
involved in siderophore synthesis. Mol
Microbiol 64:1260-1273

. Massé E, Escorcia FE, Gottesman S (2003)

Coupled degradation of a small regulatory
RNA and its mRNA targets in Escherichin coli.
Genes Dev 17:2374-2383

. Morita T, Maki K, Aiba H (2005) RNase

E-based ribonucleoprotein complexes: mechan-
ical basis of mRNA destabilization mediated
by bacterial noncoding RNAs. Genes Dev
19:2176-2186

. Ikeda Y, Yagi M, Morita T, Aiba H (2011) Hfq

binding at RhIB-recognition region of RNase
E is crucial for the rapid degradation of target
mRNAs mediated by sRNAs in Escherichia cols.
Mol Microbiol 79:419—432

. Prévost K, Desnoyers G, Jacques JF, Lavoie F,

Massé E (2011) Small RNA-induced mRNA
degradation achieved through both translation
block and activated cleavage. Genes Dev
25:385-396

10.

11.

12.

13.

14.

15.

. Caron MP, Lafontaine DA, Mass¢ E (2010)

Small RNA-mediated regulation at the level of
transcript stability. RNA Biol 7:140-144

. Vogel ], Luisi BF (2011) Hfq and its constella-

tion of RNA. Nat Rev Microbiol 9:578-589
Massé E, Vanderpool CK, Gottesman S
(2005) Effect of RyhB small RNA on global
iron use in Escherichin coli. ] Bacteriol
187:6962-6971

Papenfort K, Pfeiffer V, Mika F, Lucchini S,
Hinton JC, Vogel J (2006) SigmaE-dependent
small RNAs of Salmonella respond to mem-
brane stress by accelerating global omp mRNA
decay. Mol Microbiol 62:1674-1688

Guillier M, Gottesman S (2006) Remodelling
of the Escherichin coli outer membrane by
two small regulatory RNAs. Mol Microbiol
59:231-247

Beisel CL, Storz G (2011) The base-pairing
RNA spot 42 participates in a multioutput
feedforward loop to help enact catabolite
repression in  Escherichia coli. Mol Cell
41:286-297

Desnoyers G, Morissette A, Prévost K, Massé E
(2009) Small RNA-induced differential degra-
dation of the polycistronic mRNA iscRSUA.
EMBO J 28:1551-1561

Sambrook J, Russell DW (2001) Molecular
cloning: a laboratory manual, vol 2. Cold
Spring Harbour, New York



Part Vi

Interactions of Regulatory RNA
with RNA Polymerase and the Ribosome



Chapter 17

Native Gel Electrophoresis to Study the Binding
and Release of RNA Polymerase hy 6S RNA

Karen M. Wassarman

Abstract

RNA-protein interactions are critical in diverse aspects of gene expression and often serve to mediate
regulatory events. Many procedures are available to gain information about RNA—protein interactions.
They span from initial identification of an interaction, such as through co-immunoprecipitation studies, to
highly detailed atomic resolution definition of the interaction gained from crystallographic and NMR
studies. One of the most versatile techniques uses native gel electrophoresis to study RNA—protein com-
plexes, which is often called band shift, gel retardation, or electrophoretic mobility shift assays. Gel shift
assays have been used to study a plethora of RNA—protein interactions in all organisms, but here we will
use the 6S RNA:RNA polymerase interaction from Escherichin coli as an example to direct discussion of
questions that can be addressed, including the ability to follow the dynamics of complexes over time.

Key words: 6S RNA, RNA polymerase, pRNA synthesis, RNA—protein interaction, RNA complex,
EMSA

1. Introduction

In the simplest terms, gel shift assays rely on the fact that an RNA-
protein complex is larger than the RNA alone, and the “shift”
refers to the change in apparent size of the free RNA to a larger
species. However, factors in addition to mass of the RNA—protein
complex influence migration distance, most notably charge and
shape of the complex, and therefore the distance of the “shift” is
not a true indication of size (see ref. (1, 2)). However, the binding
of a protein and the altered migration allow for the fraction of
RNA in a bound or free state to be easily analyzed. One of the big
advantages of gel shift assays is the ease with which they can be carried
out in any lab with basic molecular biology equipment, and the

Kenneth C. Keiler (ed.), Bacterial Regulatory RNA: Methods and Protocols, Methods in Molecular Biology, vol. 905,
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high sensitivity that requires low quantities of RNA and protein.
In addition, depending on the nature of questions being addressed,
protein purity is often not a factor and assays can even be carried
out using crude cell lysates. In all cases, appropriate controls to
monitor specificity of detected complexes are necessary for inter-
pretation of complexes detected. Gel shift assays do require fairly
high affinity interactions between RNA and protein to maintain
complexes in the gel, but there is an apparent increase in the stabil-
ity of RNA-protein complexes in gels compared to solution (3),
making this assay amenable to study a wide range of interactions.
The most straightforward question that can be addressed by a
gel shift assay is whether a given RNA and a given protein form a
complex. Typically a purified, labeled RNA of interest is incubated
with a purified protein of interest and then free RNA is separated
from bound RNA on a native gel, such as shown for 6S RNA bind-
ing to the 67° containing form of RNA polymerase (Ec”°) (Fig. 1).
Once a complex is detected, the specificity of that complex can be

a invitro b invivo
WT M5
Eo’® - + 4+ -+ +

NTPs - - + B B + S (0]

— —RNA:EG7? —

*

- —RNA:pRNA _ -
- —— (00 RNA e
1 2 3 4 5 6 1 2

Fig. 1. Native gel separation of the 6S RNA:RNA polymerase complex from free 6S RNA
and the 6S RNA:pRNA duplex. (a) In vitro assay using 20 nM labeled wild-type 6S RNA (WT)
or an inactive mutant RNA (M5) was incubated in the absence of RNA polymerase (/anes 1
and 4) or in the presence of 20 nM active Ec"® RNA polymerase followed by incubation in
the absence (/anes 2 and 5) or presence (lanes 3and 6) of 100 uM NTPs to promote pRNA
synthesis. Reactions were incubated with 0.1 mg/mL heparin prior to loading onto a 5%
polyacrylamide, 0.5x TBE, 5% glycerol gel, and the gel was run at room temperature for
2 h. Note the presence of a low level of alternatively folded 6S RNA present in the input
RNA, readily identified as it is present in the free RNA lane (marked with asterisk).
(b) Analysis of in vivo generated complexes. Cell lysate from stationary phase cells (S) or
cells in outgrowth (O; 2 min after dilution of stationary phase cells into LB) was incubated
with 0.1 mg/mL heparin and loaded onto a native gel as above. 6S RNA containing com-
plexes were detected by Northern analysis using an RNA probe specific for 6S RNA.
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tested by making mutations in the presumed RNA binding site, in
the RNA binding region of the protein, or by competition with
other specific and /or nonspecific RNAs. Alternatively, for an RNA-
protein complex for which there is little information about the
requirements for binding, examining RNA mutants and protein
variants can be very helpful for defining the region or nature of the
interaction. For instance, in the case of 6§ RNA, which is a mostly
double-stranded RNA with a large central single-stranded bulge,
mutant RNAs that decrease the single-stranded bulge abolish bind-
ing activity (e.g., M5 RNA in Fig. 1a) (4). Testing protein variants
also identified residues within the specificity subunit of RNA poly-
merase, 6’°, which are required for 6S RNA binding (5).

In addition to determining qualitatively whether an RNA and
protein interact, gel shift assays can be used to quantitatively deter-
mine binding constants and kinetic parameters dictating the inter-
action. For example, the binding constant for CsrA binding to 4fg
mRNA and association rates of 6S RNA for RNA polymerase have
been determined by gel shift assays (5, 6).

Finally, gel shift assays can be quite facile at studying changes
in complexes over time or as a result of the influence of additional
factors. For example, the Escherichia coli 6S RNA has been shown
to be a template for RNA polymerase to generate a product RNA
(pPRNA) (7). Denaturing gels easily demonstrated the de novo
generation of pRNA upon incubation of 6§ RNA:RNA poly-
merase complexes with substrate nucleotide tri-phosphates (NTDs).
However, the real biological significance of this reaction is likely to
be the release of RNA polymerase from 6S RNA through the pro-
cess of pRNA synthesis. Gel shift assays readily demonstrated this
release (Fig. 1a), as well as allowing the identification of various
intermediate complexes through differential labeling techniques
(7). Specifically, 6§ RNA-containing complexes were identified by
following labeled 6S RNAs under different conditions (e.g., tRNA
polymerase, NTPs), and complexes that contained the pRNA were
identified by performing reactions with labeled nucleotides that
were incorporated into pRNA to allow detection of pRNA con-
taining complexes.

Interestingly, the 6S RNA is released from RNA polymerase as
a 6S RNA:pRNA duplex that migrates differently from free 6S
RNA (see Fig. 1a). The ability to follow generation of 6S RNA:pRNA
duplexes was instrumental in demonstrating that the pRNA syn-
thesis reaction occurs in vivo during outgrowth from stationary
phase (Fig. 1b; (7)). In this case, neither purified RNA nor protein
was used, but instead native gel electrophoresis was used to exam-
ine in vivo generated complexes by fractionating a crude cell lysate
and the complexes of interest were identified by Northern analysis
using a 6S RNA-specific probe.

Here we outline the method for a typical gel shift assay that
can be used to analyze an RNA protein interaction such as 6§ RNA
and RNA polymerase. Labeled RNA is generated in vitro and gel
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purified prior to binding assays. Purified RNA is incubated with
purified protein or protein complexes. The extent of complex for-
mation can then be visualized after separation of free and bound
RNA by native gel electrophoresis.

2. Materials

2.1. In Vitro RNA
Synthesis

2.2. In Vitro Gomplex
Formation

2.3. Cell Lysates

p—

N-RE-"REN TN RN

. Phage RNA polymerases (available commercially).
. 10x transcription bufter: 400 mM Tris (pH 7.8), 200 mM

NaCl, 60 mM MgCl,, 20 mM Spermidine, 100 mM DTT.

. Nucleotide tri-phosphates: o-[**P]-CTP, 3,000 Ci/mmol,

2 mM ATP, 2 mM GTP, 2 mM UTP, and 0.5 mM CTP
(see Note 1).

. Linear template DNA, 1 mg/mL.
. TEpH 7.5: 10 mM Tris (pH 7.5), 1 mM EDTA.

5 M ammonium acetate.

. 3 M sodium acetate.

. Ethanol.

. Megascript kit (Ambion, Applied Biosystems).

. DNase I, RNase free.

. 5x TBE: 0.445 M Tris base, 0.445 M boric acid, 10 mM

Na,EDTA, pH 8.3.

. Formamide load buffer: 80% formamide, 1x TBE, ~0.1% each

xylene cyanol and bromophenol blue.

. Gel elution buffer: 10 mM Tris (pH 7.5), 0.3 M sodium

acetate, 5 mM EDTA, 0.1% SDS.

. 10x HM buffer: 200 mM Hepes (pH 7.9), 50 mM MgCI,.

. 10x HK buffer: 200 mM Hepes (pH 7.9), 1.2 M KCL

. 50% Glycerol.

. 0.1 MDTT.

. Purified protein (e.g., RNA polymerase available from

Epicentre).

. Heparin, 1 mg/mL.
. Total yeast RNA, 10 mg/mL.

. Lysis buffer: 20 mM Tris (pH 7.5), 150 mM KCI, 1 mM

MgCL,, 1 mM DTT.

2. Glass beads, 0.1 mm diameter, RNase free (see Note 2).

. Heparin, 1 mg/mL.



2.4. Native Gel
Electrophoresis

2.5. Detection
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1. 30% Polyacrylamide (37.5:1) such as Protogel (National
Diagnostics).

. 50% Glycerol.

. 10% Ammonium persulfate.

. TEMED.

. Native load dyes: 50% glycerol, 0.5x TBE, ~0.1% cach xylene
cyanol and bromophenol blue.

g o N

6. Heparin, 1 mg/mL.

1. Whatman 3MM paper and plastic wrap.
2. Phosphor screen/Phosphorimager.

3. Uncharged nylon membrane, such as Hybond N (GE
Healthcare).

4. 0.5x TBE: 0.0445 M Tris base, 0.0445 M boric acid, 1 mM
Na EDTA, pH 8.3.

3. Methods

3.1. Preparation
of Purified RNA
for In Vitro Studies

For all methods here, care must be taken to work in an RNase-free
environment and with RNase-free materials (see Note 3). In addition,
safety precautions for use and disposal of radiolabeled material
must be followed.

To generate RNA in vitro, phage RNA polymerase (e.g., T3, SP6,
or T7) is used to transcribe off a linearized DNA template (see
Note 4). Both labeled and unlabeled RNAs are done similarly, but
the specific activity of the RNA desired depends on the concentra-
tion needed in the reaction (see Note 5).

1. For [3?P]-labeled RNA, mix 5 pL. of 10x transcription buffer,
1 pL of a-[3*P]-CTP (5 uCi), 0.5 uL of 0.5 mM CTD, 1 uL
cach of 2 mM ATP, 2 mM GTP, and 2 mM UTP, 1 uLL of DNA
template at 1 mg/mL (see Note 6), 1 uL of phage RNA poly-
merase, and 38.5 Ul of water, and incubate for 1 h at 37°C. If
higher yields are desired, after the first incubation add an addi-
tional 1 uL of phage RNA polymerase and incubate for 1 more
hour at 37°C.

2. Ethanol precipitate the RNA taking safety precautions because
the samples contain a high level of 3*P (see Note 7). Add 50 uL.
of TE pH 7.5, 100 puL of 5 M ammonium acetate and 500 L.
of ethanol, incubate on ice for at least 20 min, centrifuge for

15 min, remove the supernatant, and wash the pellet with
~1 mL of 75% ethanol (see Note 8).
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3.2. Preparation

of Samples to Examine
In Vitro Generated
Gomplexes

10.

. Resuspend the RNA pellet in 7.5 pl. of formamide load

buffer.

. RNAs must be purified on denaturing polyacrylamide gels;

typically 6% polyacrylamide with 0.4 mm spacers and wells
~1.5 cm wide are used for 6S RNA. RNAs are visualized after
exposure to a phosphor screen or film, and RNA bands are
excised from the gel and eluted overnight at 37°C in 500 uL
gel elution bufter.

. RNA is then ethanol precipitated (add 1/10 volume 3 M

sodium acetate, 2.5 volumes ethanol, incubate on ice >20 min,
spin 15 min, remove supernatant), resuspended into water,
and quantified by counting in a scintillation counter.

. For unlabeled RNA, repeat step 1 but omit radiolabeled CTP

and include unlabeled CTP at the same concentration as the
other NTDPs. Alternatively, Megascript kits are considerably
more efficient at generating high quantities of unlabeled RNA
(see Note 9).

. Following the reaction, add 1 pL of DNase I (RNase free) and

incubate at 37°C for 20 min.

. Ethanol precipitate the RNA as in step 2.
. Resuspend the RNA in 10-15 pL of formamide load buffer

(see Note 10).

Unlabeled RNA should be gel purified similarly to step 4 except
1 mm thick spacers and 10 mm wide wells are used, RNA is
visualized by UV shadowing (8) (see Note 11), RNA bands are
eluted overnight at 37°C in ~2 mL gel elution buffer, and
RNA is quantified by absorbance at 260 nm.

. To prepare RNA for binding assays, labeled RNA (10° cpm)

and unlabeled RNA (195 nM) are mixed in 1x HM buffer to
allow for folding (see Note 12-14).

. RNA and protein are mixed together under conditions

appropriate for binding, such as 50 mM Hepes pH 7.9,
150 mM KClI, 5% glycerol, 1 mM DTT, 1 mM MgCl, with
6S RNA at 20 nM and RNA polymerase at 20 nM (4)
(see Notes 15 and 16).

. The specificity of an interaction should be monitored by adding

a competitor (e.g., heparin, nonspecific RNA, or specific RNA
“sink”) followed by further incubation to allow nonspecific or
short-lived complexes to dissociate. For 6§ RNA, 1.1 uL of
1 mg/mL heparin is added to a 10 uL reaction, followed by
incubation for 2 min at room temperature (see Note 17).

. Samples should be loaded onto the gel immediately (see

Subheading 3.4).



17 Native Gel Electrophoresis to Study the Binding and Release... 265

3.3. Preparation To study in vivo generated complexes, a cell lysate needs to be
of Samples to Examine  used. There are many methods to make cell lysates including soni-
In Vivo Generated cation, French press, and bead beater. The following is one simple
Complexes method that is particularly useful for generation of small volume

lysates which can be readily applied to preparation of multiple sam-
ples in parallel.

1. Collect ~10'° cells by centrifugation and resuspend in 200 pL
of lysis buffer (see Note 18).

2. Add 200 pL of glass beads, vortex for 30 s followed by 15 s on
ice, and repeat nine times more.

3. Add 400 pL additional lysis buffer and spin in a microcentri-
fuge tube for 10 min at 4°C. The supernatant is the cell lysate
and should be used immediately (see Note 19).

4. Typically, 10 puL of cell lysate is separated by Native gel electro-
phoresis (see Subheading 3.4).

3.4. Preparation 1. To make a gel, mix 8.3 mL of 30% polyacrylamide, 5 mL of 5x
of a Native TBE, 5 mL of 50% glycerol, and 31.7 mL of water. Add 500 uLL
Polyacrylamide Gel of 10% ammonium persulfate and 50 pL of TEMED to the gel

mix, pour into taped plates (17 cmx 15 cmx 1 mm), and insert
acomb (10 well comb, each well 10 mm width). Let polymerize
completely (220 min) (see Note 20).

2. Set up the gel on a gel box with 0.5x TBE for running bufter,
and gently rinse out wells with 0.5x TBE. Pre-run for 30 min
at 200 V at room temperature (see Note 21).

3. To load each sample, add an equal volume of native load dyes,
quickly but gently mix by pipetting up and down, and load one-
half of the sample onto the running gel before moving on to
the next sample (see Note 22). For time-sensitive samples (such
as those treated with heparin to reduce nonspecific interactions)
the samples should be loaded on a precise time course that
matches the time course of heparin addition (see Note 23).

4. Continue running the gel at 200 V at room temperature for
2 h (see Note 24).

3.5. Detection 1. If complexes are labeled to allow direct detection, open the gel
of Complexes plates, place two sheets of dry 3MM paper larger than the gel
onto the gel. If the complexes are not labeled, start at step 4.

2. Peel off the paper and the gel should stick well to the paper
(see Note 25). Cover the gel with plastic wrap and dry the gel
>1 h at 80°C on a gel drier.

3. Expose the gel to a phosphorimager screen and visualize
on a phosphorimager. Analyze results as described in
Subheading 3.6.
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3.6. Analysis
of Results

4. If complexes are not labeled, Northern analysis can be done
(see Note 26) after transfer of RNA to nylon membrane by
electroblotting as below (see Note 27).

5. For Northern analysis, soak the gel in 0.5x TBE for 5-10 min.
Also wet a nylon membrane about the same size as the gel in a
separate dish of 0.5x TBE.

6. Remove the gel from the soaking dish while still on the glass
plate (e.g., use the glass plate to support the gel as it is lifted
out of the solution) (see Note 28).

7. Wet two sheets of 3MM paper slightly larger than the gel and
place on the gel.

8. Flip over the glass plate/gel /paper stack and gently peel the
paper with the gel stuck to it off the glass plate.

9. Place the gel and paper (paper side down) onto a sponge from
the transfer device.

10. Place the nylon membrane about the same size as the gel onto
the gel.

11. Roll out any bubbles between the gel and membrane with a
glass tube or pipet.

12. Wet two more sheets of 3MM paper slightly larger than the gel
and place on top of the membrane.

13. Roll out any bubbles with glass tube or pipet.

14. Put the gel/membrane sandwich into the tank filled with 0.5x
TBE. The membrane should be towards the positive pole.

15. Transfer overnight at 10 V at 4°C.

16. Remove the membrane, keeping track of which side was against
the gel (i.e., the side with the RNA on it) and bake between
two sheets of 3MM paper at 80°C, such as on a gel drier.

17. Probe the membrane according to your favorite method. We
prefer to use RNA probes generated by the same method as in
Subheading 3.1, steps 1 and 2. Gel purification of the RNA
probe is not necessary (see Note 29).

The presence of a shifted band compared to free RNA (e.g., the
location of RNA on the gel without added protein) indicates an
RNA-protein complex has formed. More complicated questions,
and deserving of some consideration, are whether the complex(es)
detected is specific and biologically relevant. Specificity can be
addressed by examination of mutant RNAs and proteins, which
also provide more information about the nature of the interaction.
However, they often require much additional work. At a minimum,
binding of an unrelated RNA to the protein of interest can be
assessed by inclusion of nonspecific RNA (total RNA, e.g.) or
chemicals such as heparin to test if they disrupt the complex. In the
case of RNA polymerase, which has a fairly high nonspecific RNA
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binding activity, differentiation between specific interaction with
6S RNA and nonspecific interactions was readily distinguished by
challenge with either heparin (as in Fig. la) or by inclusion of
nonspecific RNA in binding reactions (4). Biological relevance is a
harder question, but looking at interactions in more complex situ-
ations (a cell lysate, e.g.) and by other techniques is likely to help
ascertain when and why the complex of interest might be impor-
tant. For 65§ RNA, genetic and phenotypic studies have character-
ized roles for 6§ RNA in regulation of transcription and cell survival
(reviewed in ref. (9)).

In some cases, a specific shifted species is not observed, but
instead the RNA smears throughout the lane on native gels. Such
results may indicate the lack of a specific complex, but might also
result if the gel conditions are not as well suited to the RNA—protein
complex of interest. For example, the 6S RNA:RNAP interaction
was not well resolved in gels lacking glycerol, which may serve to
stabilize RNA polymerase. Experimentation with binding and gel
conditions often can resolve these difficulties to allow native gel
electrophoresis to be applied to many diverse systems.

4, Notes

1. We typically use labeled CTP, but any a-labeled NTP can be
used with adjustments to unlabeled nucleotide concentrations.
Nonradioactive labeling methods also could be used (10, 11),
but we prefer P to avoid potential interference of the addi-
tion of bulky chemical groups to our RNA.

2. To ensure the beads are RNase-free, bake them at 190°C for
2 h and store in clean bottles. Optimal bead diameter depends
on cell size; 0.1 mm beads work well for E. coli and Bacillus
subtilis. Some commercial glass beads are more variable in size
than others; Thomas Scientific glass beads are recommended.

3. Gloves are used at all times in the lab. Glassware is baked at
190°C for 2 h prior to use, or sterile plastics are used. Equipment
and reagents are kept for RNA work only. Water is autoclaved
in baked glassware, but no further treatment is required or
recommended.

4. We typically use a linearized plasmid containing a phage pro-
moter to generate a run-off RNA. Care should be taken to
generate an RNA as close to the endogenous RNA as possible.
Phage RNA polymerases prefer to initiate with GGG, but we
have found initiation with GG does not reduce efficiency of 68
RNA transcription significantly and decreases the number of
changed nucleotides at the 5" end of the RNA. In addition,
design of a restriction site to generate a run-off RNA with an
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10.

11.

12.

appropriate 3’ end is necessary. Alternatively, PCR products
can be used for in vitro reactions.

. The specific activity desired depends on whether one chooses

to spike hot RNA into a reaction where most of the RNA con-
centration comes from unlabeled RNA, or if the labeled RNA
is at the concentration needed in the reaction. The method
here describes how to make a high specific activity RNA that
would be supplemented with unlabeled RNA to use at concen-
trations >1 nM in binding reactions.

. After restriction digestion of plasmid DNA to make linear tem-

plate, it is best to avoid phenol extraction as carryover of phe-
nol can be inhibitory in the transcription reaction. Reactions
should be directly ethanol precipitated after restriction diges-
tion and resuspended in water.

. If desired, free label or excess NTPs can be removed prior to

ethanol precipitation using G-50 microspin columns.
Centrifuge the columns at 3,000 x4 for 1 min to remove stor-
age bufter, place the column in a clean microcentrifuge tube,
load 50 pL of the transcription reaction onto the column, and
centrifuge the column for 2 min at 3,000 xg. The RNA will
flow through the column and is collected in the clean tube.

. Using ammonium acetate as the counter ion in ethanol pre-

cipitation removes a higher percentage of free label in ethanol
precipitation.

. Follow the Megascript protocol for generation of small RNAs,

which includes an incubation time of 4-6 h at 37°C.

Unlabeled RNA can be stored at -80°C indefinitely. Gel
purified labeled RNA should be used within a couple of days
for best results.

For UV shadowing, place gel between two sheets of plastic
wrap and put against a white background (e.g., 3MM paper).
In the darkroom using a handheld UV lamp, shine 254 nm
light onto the gel and you should see a dark band (“shadow”)
appear. Circle with a marker to facilitate cutting out the band.
Minimize time of UV exposure of gel to prevent RNA degra-
dation and crosslinking.

We find that 10* cpm of labeled RNA per 10 uL reaction is
optimal to obtain a reasonable signal (e.g., high enough radio-
activity to detect easily, low enough to work with comfort-
ably). For 6S RNA prepared as stated, the final concentration
will be 20 nM in the protein binding reaction. If a higher or
lower concentration is desired, unlabeled RNA can be increased
or decreased in the folding mixture, or the ratio of hot to cold
input CTP in the in vitro transcription reaction generating the
RNA can be altered to make the desired concentration of RNA
in 10* cpm/10 pL reaction.
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13. Some RNAs require a more active folding regimen, such as
heating to 90°C followed by slow cooling, but 6§ RNA does
not require further steps for folding beyond being present in
1x HM butffer for >2 min.

14. In some cases, it might be desired to generate RNA—protein
complexes using unlabeled RNA. For example, complexes
containing the 6§ RNA-templated pRNA can be detected by
incubating unlabeled 6S RNA:Ec6”° complexes with labeled
nucleotides to generate labeled pRNA to follow by native gel
electrophoresis.

15. Typically, binding is assessed with near equimolar ratios of 6S
RNA and active RNA polymerase at 20-40 nM, at room tem-
perature for 5-15 min. However, the concentrations, timing,
and temperature of incubation will depend on the specific
experiment. For example, binding may be slowed by decreas-
ing temperature and concentrations to allow measurement of
association rates (see ref. (5)). Conditions and timing of bind-
ing will vary depending on RNA:protein complex studied, and
optimal conditions should be determined experimentally.

16. Alternatively, cell lysate can be used as a source of protein, in
which case incubation is typically done in lysis bufter. If the
lysate is fairly concentrated (e.g., ~2 mg/mL protein as pre-
pared here), heparin treatment is required to simplity higher
order complexes and allow samples to run into the gel.

17. The time of incubation with and choice of competitor will
depend on the dissociation rate of the complex of interest. We
typically use a 2 min incubation at room temperature with
0.1 mg/mL heparin to remove most nonspecific RNA:RNA
polymerase interactions with no effect on specific 6S
RNA:RNAP complexes. Alternatively, competitor can be added
into the binding reaction; total yeast RNA at 100 uL/mL
abolishes most nonspecific RNA binding to RNA polymerase
while not effecting 6§ RNA:RNAP complex formation or
stability.

18. DTT should be added to lysis buffer immediately before use.
Buffer should be chilled to 4°C before use.

19. The lysis buffer volume to bead ratio is critical for efficient
lysis. Vortexing should be done in 2 mL flat bottomed micro-
centrifuge tube to maximize bead mixing. Additional lysis buf-
fer is added after vortexing to facilitate recovery of the extract.
These volumes and cell concentrations work well for E. colz and
B. subtilis.

20. Gel dimensions can be altered, but this type of gel works well
for our studies. Reducing the gel thickness or well width
decreases the capacity of the gel system to allow separation of
cell lysate effectively and to run with minimal band distortion
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21.

22.

23.

24.

25.

26.

27.

28.

29.

across wells. In addition, running time and voltage may need
to be altered for different gel dimensions to prevent warming
of gel during the run time.

Samples must be timed reasonably well to allow a 30 min pre-
run, although +£10 min does not appear to alter gel perfor-
mance significantly. Ifbinding reactions are done at temperatures
below room temperature, such as for kinetic studies, it is rec-
ommended that gels are run at 4°C rather than room tempera-
ture. In this case, gels and running buffer should be chilled to
4°C before use, and migration distances into gel will be altered
relative to gels run at room temperature.

Loading a running gel results in a slight variation in migration
distances of the same RNA across the gel. It is reccommended
to load the samples in order (e.g., left to right or right to left)
to avoid apparent discontinuity in gel migration distances.

I find 10 s per sample is the limit for how fast an experienced
researcher can load samples and remain precisely on time;
>15-20 s is more reasonable for newer researchers.

Gels can be run for shorter or longer times depending on opti-
mal distances for the complexes of interest, and the size/
structure of free RNAs examined.

Native gels are very soft and easy to distort, so care should be
taken to prevent stretching or pulling on the gel. Two sheets
of 3MM paper are used to help prevent bleed through of radio-
activity onto the gel drier.

Technically western analyses also could be done to examine
proteins, but this type of native gel is best at differentiating free
and bound nucleic acid and is not as useful for proteins. For
example, RNA polymerase generally smears throughout the
gel when not complexed with nucleic acid so it is difficult to
quantify “free” protein.

Uncharged nylon membrane is preferred for use with RNA
probes. Semi-dry blotting is difficult to make uniform across
polyacrylamide gels forRNA:protein complexes and is not
recommended.

Native gels are very soft and easily distorted, so care should be
taken to move the gel around on a hard surface such as a glass
plate to support the gel shape.

For RNA probes 100-300 nucleotides in length, Northern
blots can be done by hybridization in 50% formamide, 1.5x
SSPE, 1% SDS, 0.5% Blotto (powdered milk) at 55°C.
Membranes are equilibrated with hybridization buffer without
probe (prehybridization, 12.5 mL per blot in hybridization
bottles) for >30 min at 55°C. The RNA probe (>10°¢ cpm rec-
ommended) is heated to 90°C with 100 uLL 10 mg/mL cRNA
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Chapter 18

Ribosome Purification Approaches for Studying Interactions
of Regulatory Proteins and RNAs with the Rihosome

Preeti Mehta*, Perry Woo*, Krithika Venkataraman*, and A. Wali Karzai

Abstract

Ribosomes are large complexes of RNA and protein that perform the essential task of protein synthesis
in the cell. Ribosomes also serve as the initiation point for several translation-associated functions.
To perform these tasks efficiently, ribosomes interact with a myriad of nonribosomal proteins and RNAs.
Given that most of these interactions are transient, purification of the interacting factors in complex with
the ribosome can be a challenging undertaking. Here, we review methods commonly used to isolate ribo-
somes and study ribosome-associated factors. We also discuss crucial parameters for designing and execut-
ing ribosome association studies. Finally, we present a detailed protocol for reporter based enrichment
assays that are employed to selectively isolate ribosomes translating a particular message of interest. These
protocols can be used to study a wide range of ribosome-associated functions.

Key words: tmRNA, SmpB, trans-translation, Ribosome, Translation, Sucrose gradient

1. Introduction

The bacterial 70S ribosome is a 2.7 MDa particle composed of two
subunits, the large or 508 subunit and the small or 30S subunit.
Basic techniques to isolate bacterial ribosomes were developed in
the 1960s and 1970s (1-4), and are still widely used with relatively
minor modifications. Most of these techniques require differential
or density gradient ultra-centrifugation of cell lysates to yield ribo-
somes or ribosomal subunits of varying purity (Fig. 1). Crude
ribosomes can be obtained by ultra-centrifugation of clarified cell
lysate at 100,000 xg. Tight-coupled ribosomes are compact and
highly active ribosomal particles prepared by sucrose cushion cen-
trifugation (5, 6). Linear sucrose gradients are the predominant
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Kenneth C. Keiler (ed.), Bacterial Regulatory RNA: Methods and Protocols, Methods in Molecular Biology, vol. 905,
DOI 10.1007/978-1-61779-949-5_18, © Springer Science+Business Media, LLC 2012

273



274 P. Mehta et al.

Cushion Gradient
| ol | |
o 2
Ribosome Preparation: 5 & £ g g8 &
P 5 (5] L I} ~ rs} @
puammy =
: B — —
e e p— b e
—_ — = =
_ — = = Coomassie stained
;_“__—__’ ::--__-: o protein gel
‘_._:__‘ -':—‘ s ——
—— - - — -— — -_’E
= —
el el
e N ] EtBr stained
| . o — S— q RNA gel
1 2 3 4 5 6

Fig. 1. Protein and RNA profile of ribosomes purified by various isolation techniques. From leftto right, lane 1: crude ribosomes,
lane 2: tight-coupled ribosomes from sucrose cushion, /ane 3: ribosomes enriched post sucrose cushion, /anes 4, 5, and 6
are 70S, 508, and 30S ribosomal profiles, respectively, from an analytical sucrose gradient. Top: Coomassie stained protein
gel. Bottom: ethidium bromide (EtBr) stained RNA gel showing the 23S and 16S rRNA bands.

option for obtaining ribosome profiles, separating polyribosomes
and intact 708 ribosomes from the 30S and 508 subunits. Selection
of the optimal method depends on the application, the protein or
RNA of interest, and the specific requirements of the experiment.

In addition to decoding genetic information for protein
synthesis, ribosomes also serve as a platform for a number of
co-translational processing events such as protein folding (7, 8),
enzymatic processing of the nascent polypeptide chain (9), and
degradation of defective or nonstop mRNAs (10, 11). These
processes require the ribosome to associate with a number of
nonribosomal proteins and RNAs during the course of its function.
Furthermore, ribosomes are known to associate with several regula-
tory and translation quality control factors. These include the
SmpB-tmRNA ribosome rescue complex (12) and stress/starvation
sensors such as RelA (13) and RelE (14). Non-ribosomal factors
can interact with actively translating ribosomes or with one of the
two ribosomal subunits. Knowing where these ribosome-binding
factors lie on the functional ribosome landscape can provide
significant information about their cellular roles. For instance,
ribosome maturation factors usually associate with individual sub-
units and may not be present on mature 70S particles (15).
Enzymes involved in post-translational modifications of the nascent
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polypeptide generally associate with the large subunit of the intact
ribosome. Initial information on the binding site and subunit pref-
erence of a protein or RNA of interest can be obtained by Western
or Northern blot analysis of a linear sucrose gradient profile of
ribosomes. More directed experiments should then be designed to
further characterize these interactions.

Factors that interact with functional ribosomes, particularly
those that interact transiently or in a stage-specific manner with
translating ribosomes, are best studied by isolating translationally
active ribosomes. Such active ribosomes can be obtained either by
polyribosome preparations, which can be arduous, or by specially
designed affinity purification protocols that enable the enrichment
of actively translating ribosomes using marked nascent polypeptide
or RNA tags (16-18). Reporter based ribosome enrichment pro-
vides a powerful method for isolating ribosomes actively translat-
ing a particular mRNA. A protocol for enriching ribosomes
translating a nonstop mRNA that lacks in-frame stop codons was
developed in our laboratory to study zrans-translation factors. This
protocol can be easily tailored to study other translation-associated
functions. In this approach, a reporter mRNA encoding an
N-terminally His6-tagged protein is expressed in the desired strain.
Total ribosomes are isolated and passed over a Ni**-NTA column
to specifically capture/enrich ribosomes translating the reporter
transcript. Eluted ribosomes can then be used for Western or
Northern blot analysis to determine if the factor of interest associ-
ates with the captured ribosomes (Fig. 2a). We typically use an
N-terminally His6-tagged A-cI-N nonstop reporter mRNA to
study trams-translation factors ((16, 19, 20) and Fig. 2b).
Quantitative estimation of the differential enrichment of trans-
translation factors (SmpB, tmRNA, or RNase R) on ribosomes can
be obtained by using a nonstop reporter and a control “normal”
reporter that contains an in-frame stop codon (Fig. 3, and (19)).
Modifications of this method can afford a simple and powerful
means of isolating active ribosomes, which can then be analyzed
for the relevant interactions. Any affinity tag or epitope can be used
to capture the protein, RNA, ribosome, and/or a combination of
these factors. However, care must be exercised to ensure that the
placement of the epitope does not interfere with the biological
function of these factors. For instance, we have demonstrated that
the SmpB protein is essential for recognition of stalled ribosomes
by tmRNA (12), and that the C-terminal domain of SmpB plays a
critical role in accommodation of tmRNA into the ribosomal A-site
(21). Therefore, appending a His6 epitope, or any other epitope,
to the C-terminus of SmpB would be a poor choice, as it severely
affects the biological function of the protein. In contrast, append-
ing an N-terminal His6 tag to SmpB does not interfere with its
biological activity and has been successfully used to identify SmpB
interacting partners (22).
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Fig. 2. Reporter based enrichment assay for ribosome-associated frans-translation factors. (@) Schematic representation
of a ribosome enrichment experiment. Total ribosomes can be obtained via any of the methods described in the main text.
Isolated total ribosomes comprise a mixture of those translating normal cellular mRNA, or the reporter nonstop mRNAs
encoding a His6 epitope tag. Stalled and rescued frans-translating ribosomes can be separated from the normal ribosome
pool by using a suitable affinity column. The figure depicts enrichment of ribosomes translating a nonstop mRNA encoding
an N-terminal His6-tagged reporter protein using a Ni#*-NTA affinity column. Enriched ribosomes are subjected to Western
blot analysis, using antibodies specific to the protein of interest. (b) Representative Western blot showing enrichment of
SmpB on ribosomes translating A-cl-nonstop mRNA. Cushion purified total ribosomes were segregated into normal and
stalled or trans-translating ribosomes using Ni?*-NTA column chromatography. Total and eluted enriched ribosomes were
normalized by A, and resolved by electrophoresis on a 10% SDS-acrylamide gel. The gel was used for electrophoretic
transfer and Western blot analysis using anti-SmpB antibodies. SmpB was enriched on captured ribosomes translating the
reporter nonstop mRNA.

While designing co-purification experiments, careful consideration
should be given to buffer composition. Protein—ribosome interac-
tions exhibit a range of salt sensitivities. For example, ribosomal
protein S1 and trigger factor are at the two extremes of the salt
sensitivity spectrum. Interactions of S1 with the ribosome are
known to be highly salt sensitive, with S1 falling off the ribosome
at as low as 100 mM NH,Cl (23). In contrast, interactions of trig-
ger factor with the ribosome are highly resistant to salt washes,
with trigger factor remaining bound to the ribosome at >500 mM
NH,CI (24). In general, proteins with binding sites within the
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Fig. 3. Selective enrichment of RNase R on ribosomes, translating a nonstop mRNA, is
dependent on its C-terminal tail. (a) Ribosomes were enriched for fractions translating the
A-cl nonstop and stop reporter mRNAs and tested for presence of RNase R using Western
blot analysis. A C-terminal truncation variant of RNase R (RNase R7?%) was also tested in
this assay. (b) Quantitation of the fold-increase in levels of RNase R on ribosomes translat-
ing nonstop message compared to the control stop message. The level of RNase R is
higher on enriched ribosomes that are stalled on the defective nonstop reporter mRNA.
RNase R"" enriches more on stalled ribosomes than the C-terminally truncated RNase R7%.
This result illustrates that the ribosome enrichment assay is specific and quantitative.

interior of intact 70S ribosome are more resistant to dissociation as
compared to surface bound proteins.

Most ribosome-binding proteins will pellet along with crude
ribosomes under low stringency salt conditions (<100 mM NH,Cl).
A caveat to be mindful of is that use of low stringency condition
could result in higher background signal, due largely to association
of proteins that do not normally bind ribosomes or have any trans-
lation related function. Therefore, it is preferable to isolate ribo-
somes using either higher stringency conditions or the sucrose
cushion approach (Fig. 1). However, it should be kept in mind that
the higher stringency approaches might also cause the dissociation
of some ribosome-surface associated factors. Consequently, the
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optimal method for one’s favorite ribosome-associated factor often
needs to be empirically determined. Use of non-physiological salt
concentration can result in artifactual interactions and erroneous
conclusions. For instance, SmpB and tmRNA are essential compo-
nents of the ribosome rescue system that function as a complex
during all stages of the trams-translation process (20, 25, 26).
SmpB had been suggested to interact with the ribosome in the
absence of tmRNA. However, some of these interactions were
most likely due to nonspecific and off-pathway binding of SmpB to
stalled ribosomes. Indeed, work done by Sundermeier et al. (20)
convincingly demonstrated that the reported SmpB-ribosome
interactions in the absence of tmRNA were non-physiological and
attributable to the use of low stringency salt conditions during
ribosome purification and binding studies.

Another important aspect while designing ribosome associa-
tion studies is the scale of the experiment. At any given time, only
a fraction of ribosomes in the cell may be associated with the pro-
tein or RNA of interest. These interactions can also be very tran-
sient and labile. This makes detection of these factors in small-scale
cultures very difficult. The amount of starting material should
depend on the sensitivity of the detection method and the nature
of the interaction. Plasmid-borne expression of the desired protein
or RNA is sometimes used to improve the signal, as it shifts the
equilibrium towards greater interaction. However, over-expression
might lead to increased nonspecific interactions that can be mis-
leading. It is therefore important to keep the expression of the
factor of interest as close to its endogenous level as possible.

As discussed above, isolation of auxiliary factors in context of
the ribosome needs robust and physiologically relevant ribosome
isolation techniques. Here, we provide a compilation of methods
routinely used in our laboratory to obtain ribosomes, with special
emphasis on ribosome—protein interactions. Finally, we provide
details of specialized protocols developed in our laboratory to
study interactions of ribosomes with RNase R and other trans-
translation factors. This protocol can be readily adapted to study-
ing specialized factors that transiently associate with ribosomes in
other functional contexts. Particular care has been taken to main-
tain, as much as possible, physiologically relevant buffer and salt
conditions during the entire processing and purification process.

2. Materials

All solutions should be prepared using ultrapure Milli-Q or DEPC
treated water (see Notes 1 and 2). All plasticware and glassware
should be new or treated with RNase ZAP (Ambion) (see Note 3).
All reagents are analytical grade or higher. All buffers should be
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filter sterilized and stored at 4°C (see Note 4). Change gloves
frequently to minimize RNase contamination (see Note 1).

1.

2 M Tris pH 7.5: Weigh 242.27 g of Tris and transfer to a glass
beaker. Add 750 mL of Milli-Q water. Mix using a magnetic
stir-bar and adjust the pH to 7.5 using HCI (see Note 5).
Adjust the volume to 1 L with Milli-Q water.

. 1 M MgCl,: Add 95.21 g of MgCl, to 700 mL of water. Adjust

the volume to 1 L with Milli-Q water. Use caution while mix-
ing MgCl, in water, as the reaction is exothermic.

. 500 mM EDTA: Add 186.12 g of EDTA to 800 mL of water.

Adjust the pH to 8.0 with NaOH. Adjust the volume to 1 L
with Milli-Q water, filter, and store at room temperature.

. 100 mM PMSE: Dissolve 0.87 g of PMSF (phenylmethylsulfonyl

fluoride) in 50 mL of ethanol and store at -20°C (see Note 6).

. Buffer A: 20 mM Tris (pH 7.5), 300 mM NH,CI, 10 mM

MgClL,, 0.5 mM EDTA, 6 mM B-mercaptoethanol (f-ME)
(see Note 7), 10 U/mL SuperASE-In (Ambion).

. Buffer B: 20 mM Tris (pH 7.5), 300 mM NH,CI, 10 mM

MgCl,, 2 mM B-ME.

. Buffer C: 20 mM Tris (pH 7.5), 300 mM NH,CI, 10 mM

MgClL,, 2 mM B-ME, 250 mM Imidazole. Store away from
light at 4°C.

4. Storage Buffer: Buffer A containing 10% glycerol.

. Wash Buffer: 20 mM Tris pH 7.5, 100 mM NaCl, 10 mM

MgCL,

LB broth: Dissolve 25 g of LB broth Miller mixture per 1 L of
water. Sterilize by autoclaving.

1.

1.

Wash buffer (see Subheading 2.2)

Prechilled 32 mL French press cell.

2. Buffer A (see Subheading 2.2).

. PMSF and DNase I (RNase free).

. Lysozyme.

2. Bacterial protein extraction reagent: B-PER (Pierce # 78243).

. DNase I (RNase free).

. Buffer A (see Subheading 2.2).

2. Beckman Ultra-Clear centrifuge tubes (# 344058).

. Beckman SW28 swinging bucket rotor and ultracentrifuge (see

Note 8).
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Ribosomes

2.8. Gradient Purified
Ribosomes

2.9. Reporter Based
Enrichments Assays

[ 2 O I S R

O 0 N N Ul B W

[ —
— O

N N Ul b W

. Buffer A (see Subheading 2.2).

. Storage buffer (see Subheading 2.2).

. 32% Sucrose solution in Buffer A.

. Beckman polycarbonate bottles (# 355649).

. Beckman 50.2 Ti rotor and ultracentrifuge.

. Buffer A (see Subheading 2.2).

. 10% and 40% Sucrose solutions in Buffer A.

. Storage buffer (see Subheading 2.2).

. 20 mL syringes.

. Stainless steel blunt-end large bore needle.

. 18 gauge or 22 gauge needles.

. Beckman Ultra-Clear centrifuge tubes (# 344058).

. Beckman SW28 swinging bucket rotor and ultracentrifuge.
. BioComp Gradient Master 107ip.

. UV-transparent 96 well plates.

. Plate reader (Molecular devices SpectraMax M5E, or

equivalent).

. Buffer B (see Subheading 2.2). Depending on the Ni**-NTA

slurry used for purification, Buffer B can contain 10 mM
Imidazole.

. Ni**-NTA resin (GE Healthcare # 17-5318-02 or Sigma-

Aldrich # P6611).

. Buffer C (see Subheading 2.2).
. Bio-Rad micro-Biospin columns.
. Collection tubes.

. Suitable antibodies for detection of protein of interest.
. Materials for SDS-PAGE and Western blot analysis.

3. Methods

3.1. Cell Gulture
and Preparation
of 830 Extracts

. Grow cells to mid-log phase, Optical Density at 600 nm of

~0.5 (OD,,,=0.5), in LB using baffled flasks at 37°C with vig-
orous shaking (250 rpm). Culture volumes and growth condi-
tions can be varied depending on the nature of the experiment
(see Note 9). Generally, the N-terminally His6-tagged reporter
of interest is induced at OD,,~0.5 for 1 h.
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2. Harvest and wash cells with Wash Buffer (see Subheading 2.2).
The cell pellet may be stored at —~80°C. Perform all subsequent
manipulations at 4°C.

3. Although a myriad of cell lysis methods exist, we routinely use
either the French press or chemical lysis method. For isolating
intact and functional ribosomes, we use the French press
method for cell lysis. The French press cell should be prechilled
at 4°C. Resuspend cell pellets in Buffer A (15 mL Buffer A
containing 0.1 mM PMSFE /L of culture) and transfer to a pre-
chilled French press cell (see Note 10). Lyse cells by passage
through a French press at 10,000 psi. Collect the lysed cells at
arate of ~15 drops per minute. Add DNase I to a final concen-
tration of 5 U/mL and incubate for 15 min at 4°C. Spin the
cell lysate at 30,000xyg for 30 min. To avoid transferring
unwanted cellular debris, recover the top 75-85% of the super-
natant and spin again at 30,000 x4 for 30 min. The superna-
tant obtained in this step is referred to as the S30 fraction.

For analytical gradients and culture volumes of less than 200 mL,
we use the chemical lysis approach. Resuspend cell pellets in Buffer
A (100 uL /100 mL of culture) containing 0.4 ug,/uL of lysozyme.
Incubate at RT for 1 min. Freeze cells at -80°C. Add 500 pL of
B-PER cell lysis reagent containing 10 U/mL of DNase I and
10 mM MgCl,. Incubate on ice for 5 min. Subject cells to two
additional cycles of freezing at —-80°C and thawing on ice (see Note
11). Adjust the volume up to 1 mL with Buffer A and spin at
30,000 x g for 30 min at 4°C. To avoid transferring unwanted cel-
lular debris, use the top 75-85% of the supernatant for ribosome

preparation.
3.2. Crude Ribosome This method separates ribosomes from the majority of other lower
Preparations molecular weight cellular components.

1. Spin the S30 fraction from a 750 mL culture at 100,000 x g for
1 h in Ultra-Clear centrifuge tubes, using a Beckman SW28
rotor. Culture volumes can vary depending on the experiment.

2. Rinse the resulting crude ribosome pellet with Buffer A, with a
gentle swirling motion. It is important to note that a salt wash
procedure will remove some ribosomal proteins thus generat-
ing a heterogeneous ribosome population (see Note 12).

3. The ribosome pellet can be resuspended in any buffer of choice
for further analysis. If intact ribosomes are required for down-
stream processing, use a buffer containing 10 mM MgCl,. For
subunit preparations, resuspend the ribosome pellet in low
MgCl, Buffer A (containing 1 mM MgCl,) before layering on
a sucrose gradient. The quality of the ribosome preparation
should be checked at this stage (see Note 13).
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3.3. Tight-Coupled
Ribosomes

3.4. Gradient Purified
Ribosomes

Tight-coupled ribosomes refer to compact and highly active
ribosomal particles purified via a sucrose cushion.

1. Prepare 32% sucrose solution in Buffer A.

2. Transfer 12.5 mL of 32% sucrose solution to an ultracentri-
fuge tube and carefully layer an equal volume of the S30 super-
natant on top by pipetting along the walls of the tube (see
Note 14). The tube must be filled to the brim to prevent crack-
ing during ultra-centrifugation. The exact volumes can vary
depending on the tube used.

3. Normalize weight across the tubes using Buffer A (see
Subheading 2.2).

4. Spin in a Beckman 50.2 Ti rotor at 100,000 x4 for 16 h at 4°C.

5. Discard the supernatant. The resulting ribosomes form a clear
pellet. Occasionally, the clear ribosome pellet may be covered
with a brown film. Wash the pellet in Buffer A to remove the
brownish material. Resuspend the tight-coupled ribosomes in
a buffer of choice for downstream processing. Ribosomes can
be flash frozen in storage buffer and kept at -80°C for long-
term storage.

Sucrose gradients are used to separate intact ribosomes from the
individual subunits. Analytical gradients are used to determine the
profile of ribosomes and subunits in cells. Gradients can be used to
separate polyribosomes and 70S ribosomes from the 50S and 30S
subunits based on their density. Fractions from analytical gradients
can be used to determine the binding sites of non-ribosomal pro-
teins on the ribosome. Small cultures (100-200 mL) are sufficient
for this analysis. For this purpose, S30 fractions from chemically
lysed cells (maximum 1 mL, 100-200 A, units) can be directly
layered on a gradient (see below). Preparative gradients from larger
cultures may be needed to observe more transient interactions. For
preparative gradients, crude ribosomes (see Subheading 3.2), or
tight-coupled ribosomes (see Subheading 3.3) are completely
resuspended in Buffer A and used. For ribosomal subunit prepara-
tions, it is important to limit the magnesium concentration in the
buffer to 1.0 mM. Below, we provide a detailed protocol for pre-
parative gradients:

1. Resuspend tight-coupled ribosomes (see Subheading 3.3), or
crude ribosomes (see Subheading 3.2), in 1 mL Buffer A for
isolating 70S ribosomes and in low MgCl, Bufter A (contain-
ing 1 mM MgCl,) for subunit preparations. Typically, we use
ribosomes isolated from 750 mL cultures.
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2.

Prepare a 10—-40% linear sucrose gradient. Linear sucrose gra-
dients can be prepared in several different ways. We generate
linear sucrose gradients using the BioComp Gradient Master
107ip (see Note 15).

. Load resuspended ribosomes (250-500 pL volume) onto a

40 mL 10—40% sucrose gradient. The percent range of the gra-
dient can be varied when better resolution of the 70S ribo-
somes, or one of the subunits, is required. Overloading the
gradient can impair the ability of the gradient to sufficiently
resolve ribosomal subunits.

. Spin the gradients at 82,705 x4 for 16 h in a Beckman SW28

rotor.

. Fractionate the gradient either by using a fraction collector (see

Note 16) or as follows: Mount the gradient tube onto a ring
stand. Carefully pierce the bottom of the tube with an 18- or
22-gauge needle and remove the needle such that the flow is
drop-wise (see Note 17). Fast flow rates can reduce resolution
and make it more difficult to collect precise fractions. Collect
the fractions in a 96 well plate, approximately 300 uL per well.

. Determine the A,  values for each fraction by using a plate reader.

260
Fractions might need to be diluted to obtain readings within the

accuracy range of the spectrophotometer (see Note 18).
Remember to use UV-transparent plates and mix the fractions
well before measurement.

. Plot the A, values against the fraction number to determine

260

the profile of the 70S, 508 and 30S fractions (Fig. 4).

. The concentration of intact 70S ribosome and its subunits can

be calculated based on the observation that 1 A, unit of 508

260
is equivalent to 36 pmol/mL, 1 A

Lo unit of 308 is equivalent
to 72 pmol/mL, and 1 A, unit of 70S is equivalent to
24 pmol/mL (27).

0

. Pool and flash freeze the required fractions in liquid nitrogen

and store at -80°C. Glycerol can be added to a final concentra-
tion of 10% to serve as a cryo-protectant.

Crude ribosome pellets (see Subheading 3.2) or tight-coupled
ribosomes prepared by the sucrose cushion method (see
Subheading 3.3) can be used to perform ribosome enrichment
assays. Generally, a 750 mL starting culture is required per enrich-
ment experiment.

1.

Resuspend ribosome pellets in 5 mL of Buffer B (enrichment
bufter) by gentle rocking at 4°C. The bufter normally contains
10 mM Imidazole, unless a different source of Ni**-NTA is
used for downstream processing (see Note 19).
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Fig. 4. A, profile of S30 extract separated on a sucrose gradient. S30 extract from 100 mL
of cell culture was layered onto a 10-40% sucrose gradient and spun at 82,705 x g for
16 h in a Beckman SW28 rotor. Fractions were collected in a UV-transparent 96-well plate
and normalized for volume. A, readings were obtained using a plate reader and plotted
vs. fraction number.

2. Centrifuge the resuspended sample at 30,000 x4 for 30 min.
Carefully transfer the supernatant to a fresh tube.

3. Add 40 pL of Buffer B equilibrated Ni**-NTA resin (GE
Healthcare) and incubate for 2 h at 4°C.

4. Mount a 1 mL Bio-Rad spin column onto a collection tube.
Load the ribosome-Ni**-NTA slurry into the column. Allow
the liquid to drain by gravity flow. The column should not be
spun at this stage, and care must be exercised to prevent the
resin from drying out.

5. Wash the column by addition of 1 mL of Bufter B. Allow the
resin to settle for 1 min before opening the stopcock to permit
even flow of the buffer through the settled resin. Repeat this
procedure four times.

6. To elute bound ribosomes, wipe the bottom of the column
with Kimwipe paper and transfer it to a collection tube. Add
200 pL of Bufter C, allow it to stand for 1 min, and then spin
in a microcentrifuge at 6,000 x4 for 1 min. Repeat the elution
step by addition of another 200 puL of Buffer C.

7. Quantify the eluted samples by measuring A, values. Assess
enrichment of the factor of interest using Western or Northern
blot analysis (see Note 20, and Fig. 5).
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Ni?*-NTA source: Sigma Sigma
10 mM Imidazole: + -

meseR— | T v e

Fig. 5. Ribosome enrichment and the effect of Imidazole on the Ni2+-NTA resin. Ni*-NTA
resins from various manufacturers have different binding capacities and exhibit distinct
sensitivities to the presence of Imidazole in enrichment buffer (Buffer B). We typically use
Ni2+-NTA resin from GE Healthcare with enrichment Buffer B that contains 10 mM
Imidazole. We have also used Ni**-NTA slurry from Sigma-Aldrich. However, Ni+-NTA
slurry from Sigma-Aldrich has lower binding capacity and does not work well with buffers
containing Imidazole. To illustrate this point, we chose Ni?*-NTA slurry from Sigma-Aldrich
and performed ribosome enrichment assays in the presence or absence of 10 mM
Imidazole in the Buffer B. Shown is a Western blot of enriched ribosomes probed with
anti-RNase R antibodies.

4. Notes

Ribosome isolation protocols are generally robust and, with a little
care, can yield reproducible and clean preparations. Certain impor-
tant considerations and precautions are listed below:

1. To prevent RNase contamination, several important guidelines
must be followed.
(a) Use RNase-free water.
(b) Wear disposable gloves to prevent contamination by ribo-
nucleases present on your hands.
(c) Use prewrapped disposable plasticware when possible.
(d) Use reagents of the highest quality available.
(e) Filter-sterilize all buffers for long-term storage.

2. DEPC treatment is commonly used to inactivate RNases.
DEPC inactivates RNases by covalent modification. It is a
strong but not an absolute inhibitor of RNases. Direct treat-
ment of buffers with DEPC is not recommended because
DEPC reacts with primary amines. As an alternative, high qual-
ity Milli-Q water can be used. DEPC treatment of water can be
accomplished as follows:

(a) Add DEPC to a final concentration of 0.1% to water.
(b) Incubate at 37°C overnight.
(c) Autoclave to degrade DEPC.
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10.

11.

12.

13.

. Glassware can be made RNase free by incubating in 0.1%

DEPC overnight at 37°C followed by autoclaving for 30 min.
Alternatively, use commercially available products such as
RNase ZAP (Ambion).

. All manipulations must be carried out at 4°C. We recommend

that all solutions be prepared 1 day in advance to permit
sufficient time for cooling.

. The pH adjustment of Tris-containing solutions should be

done at the final working temperature.

. PMSEF is toxic and should be handled with care. A stock solu-

tion of PMSF can be prepared in isopropanol, methanol, or
ethanol at a concentration of 100 mM. It can be stored at
-20°C. However, long-term storage is not recommended.
PMSEF should be added to solutions and buffers immediately
before use.

. Reducing agents (B-ME/DTT) should always be added to

buffers immediately before use.

. To help minimize potential RNase activity, we recommend

prechilling rotors and centrifuges.

. Broad specificity periplasmic RNases can be avoided by using

an RNase I deficient strains, such as MRE600 or the Keio
RNase I knockout strain. E. cols K12 strains A19, D10, or
CAN20-19E can also be used. For functional studies, it is pref-
erable to use RNase I deficient strains. However, with a little
care, intact and fully functional ribosomes can easily be isolated
from wild type E. coli strains.

It is advisable to maintain low concentrations of EDTA in buf-
ters during the initial stages of cell lysis and S30 preparation,
even in the presence of MgCl,, to prevent metal-induced RNA
cleavage. For isolation of intact 70S ribosomes the MgCl, con-
centration should be much higher (tenfold or more) than the
EDTA concentration.

Additional freeze—thaw cycles can be used if required. If the
lysate is very viscous add an additional 2 U/mL of DNase I
and incubate for 1-5 min at room temperature

It is important to keep in mind that a salt wash procedure on
any ribosome pellet will partially remove some ribosomal pro-
teins, and can thus generate a heterogeneous ribosome popu-
lation. A number of ribosomal proteins have been observed to
dissociate with a buffer containing 0.5 M NH,CI (28).

The quality of a ribosome preparation should be determined
by standard RNA gel analysis. The integrity of 16S, 23S, and
5S rRNA can be directly visualized using 1.0-1.5% formalde-
hyde agarose gels (see Fig. 1).
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14. Care must be taken while layering the cleared cellular lysate on
top of 32% sucrose solution. Two distinct layers should be
observed in order to achieve consistency between experiments.

15. There are several protocols available for making sucrose gradi-
ents. These alternative protocols can be used if a gradient
maker is not available. For example, Luthe (29) provides a
simple and reproducible protocol that does not require any
special equipment. Here, we describe a method using a
BioComp Gradient Master 107ip.

(a) Prepare a 10 and a 40% sucrose solution in Buffer A. For
subunit preparation, use Buffer A containing 1 mM
MgClL,.

(b) To layer 10% sucrose solution on top of the 40% sucrose
solution, we use a BioComp marker block to designate the
half-full point in the centrifuge tube. This point can vary
depending on the type of tube-cap that is used. The long
cap is designed to leave a 10 mm gap above the finished
gradient and a short cap is designed to leave a 4 mm gap
above the finished gradient. We prefer using the long cap.
Using the marker block, make a half-full mark on the tube
with a fine-tip permanent marker. Gently pipette the 10%
sucrose solution to the half-full mark. Place an equivalent
volume of the 40% sucrose solution in a syringe equipped
with a blunt-end stainless steel needle. The stainless steel
needle must be sufficiently long to span the length of the
centrifuge tube. Insert the tip of the needle to the bottom
of the tube and slowly dispense the 40% sucrose solution
to upwardly displace the 10% solution. It is important to
maintain the distinct interface between the two solutions.

(c) Add approximately 1 mL of the 10% sucrose solution to
the top, gently close the tube with the long BioComp cap,
and place the tubes in the BioComp Gradient Master.
When inserting the cap, it is important to ensure that there
are no air bubbles trapped inside the tube. The presence of
any air bubbles can interfere with gradient formation.
Select the parameters of the desired gradient (10-40% w /v
sucrose in this case) according to the manufacturer’s
instructions. Once the gradient is ready, carefully remove
the cap and load the desired volume (250-500 pL) of your
ribosome sample.

16. A density gradient fractionator available from Teledyne Isco
can be used when fractioning the sucrose gradient instead of
the described method. This system allows the A, of a frac-
tionated sample to be monitored throughout the fractionation

process.
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17.
needle and stopcock.
18.
19.
20.
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Chapter 19

Analysis of Aminoacyl- and Peptidyl-tRNAs
by Gel Electrophoresis

Brian D. Janssen, Elie J. Diner, and Christopher S. Hayes

Abstract

During protein synthesis, ribosomes translate the genetic information encoded within messenger
RNAs into defined amino acid sequences. Transfer RNAs (tRNAs) are crucial adaptor molecules in this
process, delivering amino acid residues to the ribosome and holding the nascent peptide chain as it is
assembled. Here, we present methods for the analysis of aminoacyl- and peptidyl-tRNA species isolated
from Escherichin coli. These approaches utilize denaturing gel electrophoresis at acidic pH to preserve the
labile ester bonds that link amino acids to tRNA. Specific aminoacyl- and peptidyl-tRNAs are detected by
Northern blot hybridization using probes for tRNA isoacceptors. Small peptidyl-tRNAs can be differenti-
ated from aminoacyl-tRNA through selective deacylation of the latter with copper sulfate. Additionally,
peptidyl-tRNAs can be detected through metabolic labeling of the nascent peptide. This approach is
amenable to pulse-chase analysis to examine peptidyl-tRNA turnover in vivo. We have applied these methods
to study programmed translational arrests and the kinetics of paused ribosome turnover.

Key words: Aminoacyl-tRNA, Gel electrophoresis, Northern blot hybridization, Peptidyl-tRNA,
Peptidyl-tRNA hydrolase, Pulse-chase analysis, Ribosome pausing, Translation

1. Introduction

Ribosomes use aminoacyl-tRNAs as precursors for the assembly of
protein chains during translation. This strategy serves at least two
purposes. First, activation of amino acids as acyl esters helps to pro-
mote peptide bond formation on the ribosome. Second, the cova-
lently linked tRNAs are essential nucleic acid adaptors that decode
the genetic information within mRNAs. Apart from translation ini-
tiation, all aminoacyl-tRNAs are delivered to the ribosome A site,
where base-pairing interactions between codon and anticodon
are monitored. Cognate codon—anticodon interactions promote

Kenneth C. Keiler (ed.), Bacterial Regulatory RNA: Methods and Protocols, Methods in Molecular Biology, vol. 905,
DOI 10.1007/978-1-61779-949-5_19, © Springer Science+Business Media, LLC 2012
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full accommodation of aminoacyl-tRNA into the A site for
transpeptidation with the nascent peptidyl-tRNA, which is bound
within the ribosome P site. As a result, the nascent peptide chain
transferred onto the A-site tRNA, and the P-site tRNA is deacy-
lated. Subsequent ribosome translocation repositions the deacylated
and peptidyl-tRNAs into the E and P sites (respectively) and pres-
ents a new codon in the A site for decoding. Thus, the ribosome
iteratively adds new amino acid residues to the C-terminus of the
nascent polypeptide, which remains linked to tRNA continuously.
This elongation cycle is repeated until a stop codon is presented in
the A site. Protein release factors bind to A-site stop codons and
promote hydrolysis of P-site peptidyl-tRNA to release newly syn-
thesized proteins from the ribosome. Although aminoacyl-tRNAs
play a central role in protein synthesis, they also perform other
extra-ribosomal functions. In some bacteria, aminoacyl-tRNAs are
used to modify membrane lipids and the peptidoglycan cell wall,
and can also be involved in the synthesis of antibiotics (1).

Cellular aminoacyl-tRNA levels are largely determined by the
relative rates of synthesis by aminoacyl-tRNA synthetases and con-
sumption by the ribosome. In Escherichin coli and other bacteria,
aminoacyl-tRNA synthesis is often limited by amino acid availabil-
ity. Acute amino acid starvation leads to an abrupt decrease in tRNA
aminoacylation and an attendant halt to protein synthesis. The
resulting deacylated tRNA is a potent signal of nutritional stress in
bacteria and plays a critical role in redirecting gene expression to
adapt to amino acid starvation (2, 3). Deacylation of specific tRNAs
can also occur during the overproduction of heterologous proteins
in E. coli, resulting in translational pausing and poor protein yields.
This phenomenon is often associated with non-preferred or “rare”
codons, which are typically decoded by low-abundance tRNA isoac-
ceptors. Although protein production can usually be increased
through over-expression of the limiting isoacceptor, the underlying
deficit is due to selective aminoacylation rather than the absolute
level of tRNA (4-6). The over-expressed tRNAs compete more
effectively with synonymous isoacceptors for aminoacylation,
thereby providing sufficient aminoacyl-tRNA to support translation.

The first method to analyze aminoacyl-tRNAs in complex bio-
logical samples was described by Ho & Kan (7). Their method
utilizes acid-urea polyacrylamide gel electrophoresis followed by
Northern blot hybridization to detect specific aminoacyl-tRNAs.
This approach exploits a small gel mobility shift to resolve amino-
acylated tRNA from deacylated tRNA. Although the mass differ-
ence between aminoacyl- and deacylated tRINAs is generally small
(<1%), acid-urea gel electrophoresis has been used successfully with
several tRNAs and is capable of differentiating N-formyl-methionyl-
tRNAM from deformylated methionyl-tRNAM< (5, 8-10). More
recently, Tao Pan, Mins Ehrenberg, and their colleagues have
developed a microarray approach to quantitatively monitor the
aminoacylation of all tRNA isoacceptors (4). This elegant approach
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gives a comprehensive view of tRNA aminoacylation, but requires
specialized reagents and equipment that may not be available to
many researchers.

Acid-urea gel electrophoresis can also be used to detect and
quantify peptidyl-tRNAs in biological samples. As outlined above,
peptidyl-tRNAs are intermediates of protein synthesis and are gen-
erally bound stably to the ribosome P site. However, in some
instances peptidyl-tRNA dissociates from the ribosome in process
termed “drop-off” (11-15). Drop-off occurs frequently with small
peptidyl-tRNAs (three to seven amino acid residues), but these
abortive translation products are rapidly broken down into con-
stituent peptide and tRNA by peptidyl-tRNA hydrolase (Pth). Pth
is an essential enzyme in bacteria, but peptidyl-tRNA drop-off
products can be detected and studied in conditional pz& mutants
(12, 16, 17). Pth is unable to hydrolyze ribosome-bound peptidyl-
tRNA (18, 19), and therefore peptidyl-tRNAs isolated from pti*
cells most likely occupy the ribosome P site at the time of extrac-
tion. Thus, in principle, it is possible to infer the positions of
ribosomes on a given mRNA by identifying the associated
peptidyl-tRNAs. In practice, it is difficult to detect individual pep-
tidyl-tRNA species even during gratuitous protein overproduction
(20). Presumably, this reflects the asynchrony of protein synthesis,
in which each of the many nascent peptidyl-tRNA intermediates is
present at a low level. However, specific peptidyl-tRNAs accumu-
late to relatively high levels during translational pauses (20-24).
In these instances, the position of the arrested ribosome can be
determined by identitying the tRNA isoacceptor that is linked to
the nascent chain.

Here, we apply acid-urea gel electrophoresis and Northern
blot hybridization to detect and differentiate aminoacyl- and pep-
tidyl-tRNA isolated from E. coli cells. Peptidyl-tRNAs carrying
nascent peptides of ten or more amino acid residues are readily
resolved from aminoacyl-tRNA on acid-urea gels, but it is often
difficult to unambiguously identify smaller peptidyl-tRNAs. In
these instances, aminoacyl-tRNAs can be specifically deacylated
using copper sulfate treatment. We employ this strategy to detect
small peptidyl-tRNAs that dissociate from the ribosome in response
to erythromycin treatment. Finally, we present a pulse-chase pro-
tocol to examine the turnover of specific peptidyl-tRNAs in vivo.

2. Materials

All solutions should be prepared using NANOpure water (Thermo-
Barnstead) or equivalent source of 18 MQ-cm resistivity water. All
chemical and radioactive wastes should be disposed of according to
the appropriate institutional safety protocols.
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2.1. Alkali Treatment

2.2. Copper Sulfate
Treatment

2.3. Acid-Urea
Polyacrylamide
Gel Electrophoresis

N UL R W — 0 N N U R W

—

. AcE storage buffer: 10 mM sodium acetate (pH 5.0), 1 mM

EDTA.

. 1 M Tris-HCI (pH 8.9).

. 10 mM ethylenediaminetetraacetic acid (EDTA) (pH 8.0).
. 3 M sodium acetate (pH 5.0).

. Ice bucket.

. Microcentrifuge.

. 95% Ethanol.

. 75% Ethanol.

. AcE storage buffer: 10 mM sodium acetate (pH 5.0), 1 mM

EDTA.

. 100 mM CuSO,.

. Microcentrifuge.

. 95% Ethanol.

. 75% Ethanol.

. AcE loading buffer: 8 M urea, 10 mM sodium acetate (pH 5.0),

1 mM EDTA, 0.01% xylene cyanol, 0.01% bromophenol blue.

. 3 M sodium acetate (pH 5.0).

2. 500 mM ethylenediaminetetraacetic acid (EDTA) (pH 8.0).

. AcE gel-loading buffer: 8 M urea, 10 mM sodium acetate pH

5.0, 1 mM EDTA, 0.01% xylene cyanol, 0.01% bromophenol
blue.

4. Urea (98% or greater purity).

. 30% Acrylamide: bisacrylamide (29:1) solution.

6. 10% Ammonium persulfate (APS), prepare every few weeks

10.

and store at 4°C.

. N,N,N’,N'-tetramethylethane-1,2-diamine (TEMED).

. Prepare gel solution in 15 mL conical tube: add 3 g of urea,

0.6 mL of 1 M sodium acetate (pH 5.0), 12.5 pL of 500 mM
EDTA (pH 8.0) and 1.2 mL of 30% acrylamide solution (29:1
acrylamide:bisacrylamide). For 12% gels, add 2.4 mL of 30%
acrylamide solution. Add water to a final volume of 6 mL and
mix solution on a rotisserie at room temperature until the urea
is completely dissolved.

. Sodium acetate electrophoresis running buffer: 100 mM

sodium acetate (pH 5.0), 1 mM EDTA. Prepare in prechilled
(4°C) water.

Mini-Protean 3 (Bio-Rad) or equivalent mini-gel electropho-
resis system.



2.4. Northern Blot

2.5. Pulse-Chase
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1.

10x TBE: 0.89 M Tris-HCI (108 g/L), 0.87 M boric acid
(54 g/L), 6.4 mM EDTA (1.86 g/L).

. 20x §SC: 3 M sodium chloride (175.32 g/L), 0.3 M sodium

citrate (88.23 g/L), adjust to pH 7.0 with 1 N HCI and
filter.

. 10% Sodium dodecyl sulfate (SDS).

4. 100x Denhardt’s solution (250 mL): 5 g Ficoll 400, 5 g poly-

12.

13.

14.
15.
16.
17.

vinylpyrrolidone, 5 g bovine serum albumin (fraction V),
freeze 50 mL aliquots at ~20°C for long-term storage.

. Hybridization solution (50 mL): to 29 mL of water, add 5 mL

100x Denhardt’s solution, 15 mL 20x SSC and 0.5 mL of 10%
SDS.

. Whatman 3MM Chr filter paper: cut four pieces

(70 mmx90 mm) for each gel to be transferred.

. Nylon membrane (0.45 um pore, Nytran® SPC, Whatman).
. Semi-dry electrotransfer apparatus.

. Power supply.

10.
11.

Adenosine 5’-triphosphate [y-32P]-labeled (3,000 Ci/mmol).

Bacteriophage T4 polynucleotide kinase (PNK) and 10x reac-
tion buffer.

Oligonucleotide probes: E. coli tRNA " probe, (5’-CAC CCC
ATG ACG GTG CG); E. coli tRNA " probe, (5-CTT GGC
AAG GTC GTG CT); and E. coli tRNA *¢ probe, (5-CCT
CCG ACC GCT CGG TTC Q).

Sephadex G-25 spin columns equilibrated in 10 mM Tris—HCI
(pH 8.0), 1 mM EDTA (see Note 1).

Bambino II rotisserie hybridization oven.
Plastic food wrap.
8 x 10-in. Phosphorimaging screen.

Phosphorimager.

. MOPS-tricine-NaCl solution: 0.5 M 3-morpholinopropane-

1-sulfonic acid (MOPS), 0.05 M tricine, 0.625 M NaCl
(pH 7.4).

. FeCl, /trace metal solution (for 100 mL): 5 g FeClL,-4H,O,

184 mg CaCl,-2H,0, 64 mg H,BO,, 40 mg MnCl,-4H,0,
18 mg CoCl,-6H,0, 4 mg CuCl,-2H,0, 340 mg ZnCl,
605 mg Na,MoO,-2H,0, 8 mL concentrated HCI, q/s to
100 mL.

. O solution (500 mL): 28.8 g MgCl,-6H,O, 10 mL of FeCL,/

trace metal solution, q/s to 500 mL and filter to sterilize.

. § solution: 275 mM K,SO, (4.8 g/100 mL).
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10.
11.
12.
13.

14.

15.
16.
17.

18.

19.
20.
21.
22.

23.

24.
25.
26.
27.
28.
29.
30.

. N solution: 3.74 M NH,ClI (20 g/100 mL).

. 0.5 M K,HPO, (dibasic).

. 1 mg/mL thiamine-HCI.

. 40% p-glucose.

. MOPS defined media (10 mL): To 8.97 mL of sterile water

add 20 uL of O solution, 800 puL of MOPS-tricine-NaCl solu-
tion, 10 uL of S solution, 50 uL. of N solution, 26.4 uL of
0.5 M K,HPO,, 100 puL of 40% p-glucose, 10 uL. of 1 mg,/mL
thiamine-HCI. Supplement with appropriate antibiotics and
all amino acids (final concentration 20 pg/mL) except
L-methionine and 1-cysteine. MOPS defined media is based on
the protocol of Neidhardt et al. (25).

125 mL Erlenmeyer flask with cap.
Ice bucket.
1 M isopropyl B-p-1-thiogalactopyranoside (IPTG).

Radiolabeling solution: [**S]-L-methionine and 1-cysteine
(1,175 Ci/mmol, MP Biomedicals).

Chase solution: unlabeled L-methionine and L-cysteine,
25 mg/mL of each.

50% Trichloroacetic acid (TCA).

Microcentrifuge.

Cell wash buffer: 50 mM Tris-acetate (pH 7.0), 1 mM
EDTA.

Cell lysis buffer: 1% SDS, 50 mM Tris-acetate (pH 7.0), and
1 mM EDTA.

2% Cetyltriethylammonium bromide (CTABr).
0.5 M sodium acetate (pH 5.0).
100% Acetone.

AcE storage buffer: 8 M urea, 10 mM sodium acetate (pH
5.0), 1 mM EDTA.

AcE gel-loading buffer: 8 M urea, 10 mM sodium acetate (pH
5.0), 1 mM EDTA, 0.01% xylene cyanol, 0.01% bromophenol
blue.

30% Methanol.

15x15 cm Tupperware® or equivalent plastic container.
3MM Chr filter paper (Whatman).

Plastic food wrap.

Gel dryer and vacuum pump.

8 x 10-in. Phosphorimaging screen.

Phosphorimager.
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3. Methods

The methods outlined in Subheadings 3.1, 3.2 and 3.3 are
designed to analyze total cellular RNA prepared by the one-step
guanidinium isothiocyanate (GITC)-phenol extraction method
of Chomczynski & Sacchi (26, 27). Commercially available
extraction reagents (e.g., TRIzol® or TRI Reagent®) yield the
same results at a significantly higher cost. GITC-phenol extrac-
tion performs well for the isolation of peptidyl-tRNAs carrying
nascent chains up to 80 residues in length (Fig. 1), but is not
suitable for the recovery of peptidyl-tRNAs with longer nascent
chains. Presumably, larger peptidyl-tRNAs partition to the organic
phenol phase during extraction due to their higher protein con-
tent (see Note 2 for analysis of large peptidyl-tRNAs). GITC-
phenol reagents are typically buffered with acetate to pH~5, so
the labile ester bonds within aminoacyl- and peptidyl-tRNAs are
stabilized during extraction. Once isolated, RNA samples must
be stored at acidic pH to preserve aminoacyl-tRNA. We use dilute
sodium acetate (10 mM, pH 5.0) supplemented with 1 mM
EDTA for long-term storage of RNAs. In contrast to the original
report by Ho & Kan (7), we have observed no appreciable tRNA
deacylation in samples that have been subjected to multiple
freeze—thaw cycles.

;9 number of
a nascent chain residues
]
<

5 13 15 20 30 60 80

anti-tRNA Pro
Northern blot

tRNALPO_| ™ = o

Fig. 1. Analysis of peptidyl-tRNAs by Northern blot hybridization. Total RNA was extracted
from E. coli cells expressing peptides containing a C-terminal Pro-Pro motif. The Pro-Pro
nascent peptide interferes with translation termination, causing the accumulation of pep-
tidyl prolyl-tRNA,™ on paused ribosomes (20, 34). RNA samples were resolved on an
acid-urea 6%-polyacrylamide gel followed by Northern blot hybridization with a radiola-
beled oligonucleotide probe specific for E. colitRNA,”. The number of nascent chain resi-
dues encoded by each expression construct is indicated above the lanes. Peptidyl
prolyl-tRNA,” is not detected in the uninduced sample (no IPTG).
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3.1. Alkaline pH
Treatment of RNA

. Pipette 50 ug of total E. cols RNA into a microfuge tube (e.g.,

25 puL of a 2 mg/mL RNA solution). Add water to 40 uL,
then 5 pL of 10 mM EDTA (pH 8.0) and 5 pL. of 1 M Tris—
HCI (pH 8.9). Spot 2 uL of the sample onto pH indicator
paper to confirm pH > 8.0.

2. Incubate at 37°C for 60 min.

. Add 3 M sodium acetate (pH 5.0) to a final concentration of

0.3 M.

. Add 2.5-volumes of ice-cold 95% ethanol and incubate on ice

for 10 min.

. Precipitate RNA by centrifugation in a microcentrifuge at

13,000 x g for 10 min at 4°C.

. Remove the supernatant and wash once with 70% ethanol fol-

lowed by centrifugation at 13,000 x 4 at 4°C.

. Remove supernatant and dissolve the RNA pellet in 10-20 pL.

of AcE storage buffer for gel electrophoresis. We typically load
2.5-10 pg of total RNA per lane on a 1.0 mm thick mini-gel.
Therefore, the concentration of the re-dissolved RNA should
be at least 0.5 pg/mL to minimize the volume of the loaded
sample.

. Perform gel electrophoresis and Northern blot analysis as

described in Subheadings 3.2 and 3.3. Representative results of
this procedure are presented in Fig. 2.

PTG - - + +
base - + -
peptidyl-
tRNACY -
: - anti-tANA3GlY
Northern blot
Gl
tRNA;Y — wr -
- |
arginy|_ antl'tRNAZArg
RNALAMG < . Northern blot
2
tRNAzArg/- . - ’ ’

Fig. 2. Northern blot analysis of aminoacyl- and peptidyl-tRNAs. Total RNA from E. coli cells
carrying an inducible secM mini-gene construct was extracted and analyzed by acid-
urea gel electrophoresis. Subsequent Northern blot hybridization was conducted with
probes for tRNA,® and tRNA,**. The SecM nascent peptide induces a site-specific trans-
lational arrest with the codon corresponding to Gly'® in the ribosome P site (21, 35). The
resulting peptidyl glycyl-tRNA,® is detected by Northern blot upon induction with IPTG.
Treatment at alkaline pH (+base) promotes the deacylation of both peptidyl glycyl-tRNA &
and arginyl-tRNA,*e.
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Treatment of RNA

19 Analysis of Aminoacyl- and Peptidyl-tRNAs by Gel Electrophoresis 299

1.

NeBC RN Bio)\

10.

Fig.

Pipette 30 ug of total RNA into a fresh 1.5 mL microfuge tube
(e.g., 15 uL of a 2 mg/mL RNA solution), then add AcE
storage buffer to 27 pL.

. Add 3 uL of 100 mM CuSO, to the RNA solution (10 mM
CuSO, final concentration).

. Incubate at 37°C for 1 h.

. The deacylated samples may be analyzed directly. Add 5 puL of
AcE gel-loading buffer to 5 uL of CuSO,-treated RNA and
perform acid-urea gel electrophoresis and Northern blot
hybridization (Subheadings 3.3 and 3.4). Figure 3 shows an
application of this procedure to detect peptidyl-tRNA drop-oft
products induced by erythromycin. Alternatively, deacylated
samples may be precipitated for long-term storage following
steps 5 through 10 below.

. Add 1.0 mL 95% ethanol, invert to mix and incubate at -80°C
for 1 h.

. Centrifuge at 13,000 x g for 15 min at 4°C.
. Remove supernatant and add 1.0 mL 75% ethanol.
. Centrifuge at 13,000 x g for 10 min at 4°C.

. Carefully remove supernatant with a pipette and allow the
RNA pellet to air dry.

Dissolve RNA pellet in AcE storage bufter.

CuSO4 - + + -
erythromycin — - + +
arginyl- peptid;ﬂ;g
(RNAA - ‘ - tRNA;
tRNAAT9 7 T

3. Deacylation of aminoacyl-tRNA with copper sulfate. Total RNA was isolated from

E. coli pth(ts) cells grown at the permissive temperature (30°C) with and without 100 pg/

mL

of erythromycin. Erythromycin induces drop-off of small peptidyl-tRNAs from the ribo-

some (36). These drop-off products are rapidly hydrolyzed in ptf* cells, but can be
detected in pth(ts) cells even at the permissive temperature. RNA samples were treated
with copper sulfate (CuSO,) as described in Subheading 3.2 and run directly on an acid-
urea 12% polyacrylamide gel. Northern blot hybridization was performed with a probe for
tRNA,*. The migration positions of deacylated tRNA*¢, arginyl-tRNA*¢ and peptidyl

arg

inyl-tRNA* are indicated.
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3.3. Acid-Urea
Polyacrylamide
Gel Electrophoresis

The following procedures exploit gel mobility shifts to separate
deacylated tRNA from aminoacyl- and peptidyl-tRNAs. We rou-
tinely use 12% polyacrylamide mini-gels (70 mmx90 mm) to ana-
lyze aminoacyl-tRNAs. This system can resolve tRNAs carrying
large (e.g., Trp) and basic (Arg, Lys and His) amino acid residues
from the corresponding deacylated tRNAs (8, 28). However, larger
gel systems are required to separate most other aminoacyl-tRNAs
from their deacylated counterparts. A portion of each RNA sample
should be incubated at alkaline pH to hydrolyze aminoacyl- and
peptidyl-tRNA esters. These base-treated samples should be
included in each experiment to determine the gel migration posi-
tion of deacylated tRNA. In general, peptidyl-tRNAs are easily
resolved from deacylated and aminoacyl-tRNAs, and therefore 6%
polyacrylamide gels and shorter periods of electrophoresis may be
used for their analysis. Small peptidyl-tRNAs (two to four amino
acid residues) can be differentiated from aminoacyl-tRNA by treat-
ing samples with 10 mM CuSO, (29). Cu’* ions promote the
deacylation of aminoacyl-tRNA, but have little effect on peptidyl-
tRNA. Therefore, direct comparison of untreated and CuSO,-
treated samples can reveal peptidyl-tRNAs that migrate near
aminoacyl-tRNA.

1. Prepare the acid-urea polyacrylamide gel solution in a gradu-
ated 15 mL conical polypropylene tube.

2. Assemble the Mini-Protean 3 gel-casting stand according to
manufacturer’s instructions.

3. Add 70-100 pL of 10% APS to the gel solution and invert
gently to mix.

4. Add 7-10 pL of TEMED to initiate gel polymerization. Invert
gently to mix and pour (or pipette) the solution into the gel
cast. Insert a 10-well comb and ensure that no bubbles are
trapped beneath the comb. Polymerization is typically com-
plete within 20-30 min at room temperature (see Note 3).

5. After polymerization is complete, carefully remove the comb
from the gel and assemble into the Bio-Rad Mini-Protean 3
apparatus.

6. Add cold sodium acetate-EDTA running buffer to the upper
and lower electrophoresis chambers. Use a needle and syringe
to carefully wash the un-polymerized acrylamide and urea from
the wells. Because urea continually diffuses from the gel into
the sample wells, it is important to remove the urea with a
needle and syringe immediately prior to sample loading. Failure
to do so results in diffuse samples and significantly reduces
resolution during electrophoresis.

7. Load the gel with 2.5-10 pg of total RNA. Samples may be
denatured at 95°C for 3 min if desired (see Note 4).



3.4. Northern Blot
Analysis
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8.

10.

11.

Perform electrophoresis at 100 V (constant voltage) at 4°C in
a cold room (see Note 5). Run 6% polyacrylamide gels for
105 min to analyze peptidyl-tRNAs, and 12% gels for up to 6 h
to analyze aminoacyl-tRNAs.

. After electrophoresis, remove the gel sandwich from the appa-

ratus. Carefully remove the gel and soak in 0.5x TBE in a small
plastic container.

. Soak the nylon membrane in 0.5x TBE buffer in a separate

container.

. While the gel and membrane are soaking, assemble the transfer

apparatus: wet a piece of Whatman filter paper in 0.5x TBE
and place on the transfer apparatus; roll a 15x 100 mm glass
test tube (or equivalent) over the wetted filter paper to remove
air bubbles; pour a small amount (1-2 mL) of 0.5x TBE butfter
onto the filter paper; carefully hold the gel in the Tupperware
container and pour out all excess buffer.

. Carefully place a dry piece of filter paper onto the gel and lift.

Place the gel (filter-paper side down) onto the first wetted
filter paper. Roll carefully to remove air bubbles. Place the
wetted nylon membrane directly onto the gel, followed by
the remaining two wetted filter papers. Roll carefully to
remove air bubbles. Use a large Kim-wipe to remove excess
transfer buffer.

. Place the top electrode (anode) onto the sandwich and transfer

at 650 mA (constant current) for 30 min.

. Disassemble the transfer apparatus. Remove the nylon mem-

brane and incubate in 5x SSC briefly (1-2 min).

. Cross-link the RNA to the nylon membrane using a Stratalinker

or other UV light source for 2 min.

. Wash the blotted membrane with 10-15 mL of 0.1x SSC,

0.1% SDS at 65°C in a rotisserie hybridization oven for 30 min.
We perform hybridizations in disposable 50 mL polypropylene
conical tubes.

. Remove the wash solution and add 10-15 mL of pre-

hybridization solution.

Incubate for 1 h at the hybridization temperature. The hybrid-
ization temperature is 15°C below the calculated melting tem-
perature (7T ) of the oligonucleotide probe.

Label the oligonucleotide probe with [y-32P]-ATP and T4
PNK. In a microfuge tube add: 33 pL water, 4 uL. 10x PNK
buffer, 2 uL oligonucleotide (10 uM) and 1 pL [y-32P]-ATPD.
Add 1 pL of PNK and mix gently by pipette. Incubate at 37°C
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3.5. Pulse-Chase
Protocol

for 40 min. Stop the reaction by incubating at 70°C in a water
bath for 10 min, and collect reaction by centrifugation. Pipette
the reaction onto a microspin G-25 gel filtration column to
remove free radiolabeled ATP.

12. Add the radiolabeled oligonucleotide probe to the hybridiza-
tion solution and incubate in the rotisserie oven overnight.

13. Decant the hybridization solution into a 50 mL polypropylene
conical tube. Hybridization solutions can be frozen and reused
several times.

14. Wash the membrane with 10-15 mL of 6x SSC, 0.1% SDS for
5 min at room temperature. Repeat this wash step two more
times. Decant the wash solutions into the appropriate
[32P]-waste container.

15. Wash the membrane with 10-15 mL of 6x SSC, 0.1% SDS for
20 min at 10°C below the calculated T, for the oligonucle-
otide probe.

16. Remove the membrane with tweezers and blot onto a KimWipe
to remove excess fluid. Wrap in plastic food wrap and expose
to a phosphorimager screen (248 h) or X-ray film (1-3
days).

17. Visualize by phosphorimager or film developer.

The following pulse-chase approach is used to monitor peptidyl-
tRNA turnover in vivo. E. coli cells are grown in defined media and
pulsed with [*S]-L-methionine/L-cysteine to radiolabel nascent
peptide chains. The decay of [**S]-labeled peptidyl-tRNA is moni-
tored following the addition of excess unlabeled L-methionine /1-
cysteine. For this analysis, peptidyl-tRNAs are purified from bulk
cellular proteins using CTABr precipitation. Once isolated, the
peptidyl-tRNAs can be hydrolyzed and specific nascent chains
immunoprecipitated for subsequent SDS-PAGE analysis as
described (30, 31). Alternatively, plasmid-borne over-expression
systems can be used to increase the level of peptidyl-tRNAs of
interest. We have used this approach to study specific peptidyl-
tRNAs in unfractionated CTABr precipitates (20). If multiple
peptidyl-tRNAs are observed in [*S]-labeled samples, then the
species of interest can be identified by Northern blot hybridiza-
tion (see Note 6).

1. Grow E. coli cells overnight at 37°C in MOPS-glucose defined
media supplemented with the appropriate antibiotics
(see Note 7).

2. Resuspend the overnight culture in 10 mL of pre-warmed
MOPS media to an optical density at 600 nm (OD_ ) of 0.05.

600)
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3. Place flask in a rotary shaker and incubate at 37°C with shaking
(250-300 rpm) until the culture grows to OD_ ~0.5.

600
4. Prepare prechilled microfuge tubes containing 20 pL of 50%
TCA. Prepare one tube for each time point in your experiment.
Label the tubes and place on ice for use in step 7 below.

5. Add 15 pL of 1 M IPTG to induce expression of the plasmid
construct. Incubate culture for 15-30 min.

6. Add 20 pL of [*S]-L-methionine/L-cysteine solution (final
concentration of 20 uCi/mL) to the culture.

7. Incubate for 2 min with shaking.

8. Add 80 pL of chase solution (final concentration 0.2 mg/mL,
see Note 8) to the flask and rapidly mix by swirling.

9. Remove 1.0 mL of the culture and rapidly transfer into a
microfuge tube containing 20 uL of 50% TCA on ice. Mix
briefly, cap tube, and place into ice.

10. Continue to swirl culture by hand or on shaker. Remove
1.0 mL aliquots every 15 s for the first minute, then at 30-60 s
intervals for the next 2 min.

11. After all culture aliquots have been removed, centrifuge all the
sample tubes at 13,000 x4 for 2 min in a microcentrifuge to
collect cells (see Note 9).

12. Carefully remove the supernatant by pipette and dispense into
a [¥S]-waste container.

13. Add 1.0 mL of cell wash buffer to each tube—do not resuspend
the cell peliet.

14. Centrifuge at 13,000xg for 5 min and remove the
supernatant.

15. Resuspend the cell pellet in 100 pL of cell lysis buffer, and
allow cells to lyse at room temperature for at least 20 min. Cell
lysates can be frozen at this point and the protocol can be
resumed at step 16 at a later time.

16. Remove cell debris by centrifugation at 13,000 x 4 for 10 min.
Carefully remove supernatant and transfer to a fresh microfuge
tube.

17. Remove 45 uL of each cell lysate and place in a fresh microfuge
tube; freeze the remaining 55 pL of cell lysate as a backup
sample. Add 0.5 mL of 2% CTABr solution and 0.5 mL of
0.5 M sodium acetate (pH 5.0) solution. Cap and invert tube
to mix.

18. Place in an ice water bath for 20 min.

19. Thaw precipitates at 30°C for 10 min.
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20.
21.
22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.
33.

Centrifuge at 13,000 x4 for 30 min.
Carefully remove supernatant and add 1.0 mL of 100% acetone.

Centrifuge 13,000 x4 for 10 min. Carefully remove superna-
tants and allow pellet to air-dry until the acetone evaporates.

Resuspend pellets in 25 pl. of AcE gel-loading buffer (see
Note 10).

Determine the absorbance at 260 nm (A

,e0) Of €ach reaction.
Load equivalent A, units onto the acid-urea polyacrylamide
gel.

Load 10 pL of each sample onto an acid-urea polyacrylamide
gel and perform electrophoresis (100 V constant voltage) at
4°C for 105 min.

Disassemble the Mini-Protean 3 apparatus and carefully sepa-
rate the glass plates.

Submerge the glass plate to which the gel is attached in 30%
methanol.

Gently shake the gel for 10 min at room temperature to remove
urea.

Decant the methanol into an [¥S]-waste container.

Place a piece of dry filter paper onto the gel and carefully lift
the gel from the glass plate.

Cover the gel with plastic food wrap and place in a gel dryer at
75°C under vacuum until the gel is completely dehydrated.

Expose the dried gel to a phosphorimaging screen for 8-16 h.

Image the screen and quantify the appropriate peptidyl-tRNA
species using phosphorimager software. Fit exponential decay
equations to the experimental data using DeltaGraph (RedRock
Software) or equivalent software package:

single-exponential decay : N(¢) = N ™

single-exponential half-life : ¢

2 =In2 /A

double-exponential decay : N(¢) = Nje ™"+
double-exponential half-life: 7} , =In2/(A, +4,)

where N =peptidyl-tRNA at #=0 s, A is the decay constant, #is
time, A_and A, are constants for two independent decay pro-
cesses. Multiple exponential decay equations generally yield
better fits, but should only be used if the decay process is known
to occur through multiple independent pathways. Typical
results from these procedures are presented in Fig. 4.
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Fig. 4. Pulse-chase analysis of peptidyl-tRNA turnover. (a) Autoradiogram illustrating pep-
tidyl-tRNA turnover using [*S] pulse-labeling and acid-urea gel electrophoresis. Samples
were taken at the indicated time points for tRNA isolation as described in Section 3.5.
Radiolabeled species corresponding to methionyl-/cysteinyl-tRNAs and peptidyl-tRNAs
are indicated. (b) Fitting of exponential decay equations. Peptidyl-tRNA signal intensities
in (a) were quantified using Quantity One software (BioRad) and the data fitted to a dou-
ble-exponential decay equation to calculate composite half-life (7,,) as described in
Subheading 3.5.

4. Notes

1. Pre-packed, disposable Sephadex G-25 gel filtration spin col-
umns are available from GE Healthcare and a number of other
commercial vendors. We prepare our own spin columns using
recycled silica-based mini-prep spin columns (e.g., Qiagen or
Promega). Used mini-prep columns are loaded with up to
750 uL of Sephadex G-25 slurry equilibrated in 10 mM Tris—
HCl (pH 7.5), 1 mM EDTA. Centrifuge the column at
3,000x g for 2 min to remove the void volume. Pipette the
labeling reaction (40-50 pL) onto the resin and spin at
3,000 x g for 2 min to collect the [**P]-labeled oligonucleotide
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probe. Single-stranded oligonucleotides bind poorly to the
silica resin and are therefore recovered efficiently.

. Although larger peptidyl-tRNAs are difficult to isolate with

GITC-phenol, they can be precipitated from whole-cell SDS
lysates using CTABr. Follow the procedures in Subheading 3.5,
steps 11 through 16, and analyze by Northern blot hybridiza-
tion. This procedure has been used successfully to isolate tRNAs
carrying up to 166 amino acid residues (20, 30, 31).

. Deprotonated TEMED is required to initiate acrylamide/

bisacrylamide polymerization. Therefore, acid-urea polyacryl-
amide gels polymerize more slowly than Tris-buffered gels.
Riboflavin /visible light and other initiator strategies are some-
times used to initiate polymerization at acidic pH (32, 33).
However, we find that higher concentrations of both APS
(100 pL of 10% solution per 6 mL gel) and TEMED (10-
15 pL per 6 mL gel) are sufficient to promote polymerization
at acidic pH. If polymerization requires more than 20 min,
prepare a fresh 10% APS solution.

. Nucleic acid samples are usually heat denatured prior to poly-

acrylamide gel electrophoresis. In principle, high temperatures
could promote deacylation, but we have seen no difference
between unheated samples and those incubated at 95°C for
3 min. Peptidyl-tRNAs are typically more stable than aminoacyl-
tRNAs and can be heated without degradation. The acid-urea
gels described here possess no stacking mechanism and there-
fore it is critical to minimize the loaded sample volume.
For optimal resolution of aminoacyl-tRNA from deacylated
tRNA, we recommend a maximum volume of 10 uL (5 uL
sample +5 Ul AcE loading buffer). If using larger gels, then
sample volumes may be increased accordingly.

. Polyacrylamide gels buffered with 100 mM sodium acetate

draw high currents during electrophoresis. This results in sub-
stantial Joule heating, which can readily fracture glass plates.
We conduct electrophoresis in a 4°C environmental room
using currents ranging from 17 to 22 mA (corresponds to
100 V for the Bio-Rad Mini-Protean 3 apparatus). Although
the Mini-Protean 3 and other electrophoresis apparatuses can
run multiple gels simultaneously, we recommend running indi-
vidual gels to reduce Joule heating.

. Multiple peptidyl-tRNA species may be observed in [¥*S |-labeled

CTABr precipitates (see Fig. 4). Northern blot analysis can be
used to unambiguously identify these radiolabeled peptidyl-
tRNAs through the correlation of gel migration positions (20).
Briefly, peptidyl-tRNA is isolated from [**S]-labeled and unla-
beled cells. The labeled and unlabeled samples are run in adja-
cent lanes on an acid-urea polyacrylamide gel, followed by
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10.

electrotransfer to nylon membrane. The membrane is then cut
between the two lanes, and the unlabeled section is subjected
to Northern blot hybridization with a [32P]-labeled oligonu-
cleotide probe. After hybridization and washing, the two mem-
branes are carefully realigned with one another and exposed to
a phosphorimager screen.

. E. coli cells undergo growth arrest for several hours after trans-

fer from rich broth into defined MOPS-glucose medium.
Therefore, we recommend overnight culture in MOPS-glucose
medium prior to running the experiment. Most prototrophic
E. coli strains will reach mid-log phase within 4-5 h if seeded
from an overnight MOPS-glucose culture.

. In our experience, 1-methionine /1-cysteine chase solutions lose

their effectiveness within hours after preparation. Treatment of
the chase solution with reducing agents (e.g., dithiothreitol or
B-mercaptoethanol) exacerbates the problem. Therefore, we
recommend preparing fresh L-methionine/L-cysteine chase
solution immediately prior to each pulse-chase experiment.

. Radioactive contamination of the rotor and interior surfaces

of the microcentrifuge commonly occurs during this proce-
dure. To minimize contamination, stretch a small piece of
Parafilm® M around the microcentrifuge tube caps prior to
centrifugation.

CTABr precipitates can be distributed diffusely over the inte-
rior surfaces of microfuge tubes. To dissolve the entire sample,
take care to pipette gel-loading buffer onto all surfaces that
may have collected the precipitate. Adherence to this proce-
dure will significantly increase the tRNA concentration in the
samples.
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Chapter 20

In Vitro Trans-Translation Assays

Daisuke Kurita, Akira Muto, and Hyouta Himeno

Abstract

Trans-translation is a bacterial quality control system in protein synthesis facilitated by transfer-messenger
RNA (tmRNA). Here, we describe the in vitro system using purified factors to evaluate the two steps of
trans-translation: peptidyl-transfer from peptidyl-tRNA to alanyl-tmRNA and decoding of the resume

codon on tmRNA.

Key words: tmRNA, SmpB, Ribosome, Translation, Trans-translation, Cell-free protein synthesis

1. Introduction

During protein synthesis, ribosome may stall on an incomplete
mRNA for which the stop codon is missing. Bacteria employ a
rescue system called #rams-translation mediated by tmRNA to
resolve the stalled ribosome (1—4). tmRNA is a unique molecule
acting as both tRNA and mRNA. tmRNA enters the A-site of the
stalled ribosome in an alanine-charged form to receive the nascent
polypeptides from the P-site peptidyl-tRNA. Subsequently, tmRNA
serves as mRNA using a short open reading frame with a termina-
tion codon within tmRNA. By switching the template from the
stop codon-less mRNA to the mRNA domain on tmRNA, protein
synthesis is completed and the nascent polypeptide is tagged with
a specific sequence as the degradation signal, allowing the stalled
ribosomes to be recycled for a new round of translation (5, 6).
Several factors, such as SmpB (7-9) and EF-Tu (10-12), have
been identified to be involved in trans-translation. Smp3B is essen-
tial for tmRNA association with the ribosome. EF-Tu delivers
alanyl-tmRNA to the ribosomal A-site in a GTP-dependent manner
like aminoacyl-tRNA in the canonical translation. S1, a component
of the small subunit of the ribosome, has also been identified as a
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tmRNA binding factor (13-15), although its involvement in
trans-translation remains controversial (16-18).

Several kinds of cell-free trans-translation systems have been
developed in Escherichia coli and Thermus thermophilus (2, 16,
19-22). In an earlier study from our group, an in vitro trans-
translation system has been developed to evaluate tag-peptide syn-
thesis using cell extracts from E. coli (2, 19, 21). Later, we have
developed the assay system composed of purified factors from E.
coli, which we describe in this chapter, allowing us to evaluate the
activity of two steps of trans-translation (23-25) (Fig. 1).

Initially, ["*C]polyphenylalanine is synthesized from ['*C]phe-
nylalanyl-tRNA™* and a synthetic mRNA (UUC), , which has ten
consecutive UUC codons, to produce a ribosome stalled at the 3’
end of mRNA. To measure the activity of trans-transfer (peptidyl-
transfer from polyphenylalanyl-tRNA to alanyl-tmRNA), the stalled
ribosome is incubated with [3HJalanyl-tmRNA. Reaction is
quenched with hot 5% trichloroacetic acid (TCA). The precipi-
tated polypeptide ([**C]polyphenylalanyl-[*H Jalanine) is recovered
by filtration with a mixed cellulose membrane and the radioactivity
on the membrane is measured by a liquid scintillation counter.
Incorporation of [*H]Jalanine into the polypeptide fraction is
observed in the presence of SmpB and reaches a plateau within
10 min (Fig. 2).

After trans-transfer reaction, translocation of tmRNA from the
A-site to the P-site should occur, allowing the resume codon on
tmRNA to be set at the A-site. To measure the activity of decoding
of the resume codon, the stalled ribosome is incubated with unla-
beled alanyl-tmRNA and [*H Jalanyl-tRNA*® together. The poly-
peptide (polyphenylalanyl-alanyl-[*HJalanine) is recovered by the
same procedure as that in the t7ans-transfer reaction. This system
can be applied to the initiation shift assay of resume codon by using
corresponding aminoacyl-tRNA instead of [*H Jalanyl-tRNAA* (see
Note 1).

2. Materials

1. E. coli strain: W3110AssrAAsmpB (in which the ss7A and smpB
genes are disrupted by a chloramphenicol-resistant gene),
BL21(DE3)AssrA (in which the ss7A gene is disrupted by a
kanamycin-resistant gene).

2. pGEMEX-II expression vector.

3. LB broth (10 g tryptone, 5 g yeast extract and 5 g
NaCl/1 L).

4. Alumina.
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E P A

Truncated
mRNA

70S ribosome

\

Alanyl-tmRNA

Decoding
of the resume codon

Fig. 1. Schematic model of trans-translation. Ribosome stalled at the 3’ end of mRNA
contains peptidyl-tRNA in the P-site. Alanyl-tmRNA/SmpB enters the empty A-site to
receive the nascent polypeptide from the peptidyl-tRNA in the P-site (trans-transfer).
The resulting peptidyl-alanyl-tmRNA/SmpB moves from the A-site to the P-site to set the
resume codon on tmRNA in the A-site. And then aminoacyl-tRNA corresponding to
the resume codon enters the A-site to receive peptidyl-alanine from P-site peptidyl-
alanyl-tmRNA/SmpB.
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Fig. 2. Time course of frans-transfer. ['“C]phenylalanine (dotted line) and [*H]alanine (solid line) incorporated into the
polypeptide fraction are quantified in the presence (closed circle) and absence (open circle) of SmpB. The experimental
details are described in Subheading 3.8.

5. Mortar.
6. Centrifuge Ware (Hitachi).

7.70S A-bufter: 10 mM Tris-HCI (pH 7.5), 10 mM MgCl,,
60 mM NH,Cl and 7 mM 2-mercaptoethanol.

8. 70S B-buffer: 10 mM Tris-HCI (pH 7.5), 10 mM MgCl,,
1,000 mM NH,CI, and 7 mM 2-mercaptoethanol.

9. Sucrose cushion: 10 mM Tris-HCI (pH 7.5), 10 mM MgCl,,
1,000 mM NH/ I, 20% sucrose, and 7 mM
2-mercaptoethanol.

10. Gradient Mate (Towa Kagaku).

11. 708 stock buffer: 10 mM Tris-HCI (pH 7.5), 10 mM MgCl,,
60 mM NH,CI, 10% glycerol, and 7 mM 2-mercaptoethanol.

12. ARS-A buffer: 20 mM Tris-HCI (pH 7.5), 10 mM MgCl,,
50 mM KCl, 10% glycerol, and 1 mM dithiothreitol.

13. ARS-B buffer: 20 mM Tris-HCI (pH 7.5), 10 mM MgCl,,
300 mM KCl, 10% glycerol, and 1 mM dithiothreitol.

14. ARS stock buffer: 60 mM Tris-HCI (pH 7.5), 10 mM MgCl,,
50% glycerol, and 10 mM dithiothreitol.

15. tmRNA buffer: 10 mM Tris-HCI (pH 7.5), 10 mM MgCl,,
and 60 mM NH,CL.

16. tmRNA folding bufter: 10 mM HEPES-KOH (pH 7.5), 5 mM
MgCl,, and 20 mM NH,CL

17. TM buffer: 10 mM Tris-HCI (pH 7.5) and 10 mM MgClL,.

18. Isopropyl-B-thiogalactopyranoside (IPTG).
19. RNase-free DNase.
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Urea dye: 0.1% xylene cyanol, 0.1% bromophenol blue, and
7 M urea.

10x TBE buffer: 890 mM Tris-borate, 890 mM boric acid,
and 20 mM EDTA.

Handheld UV lamp (254 nm).

Fluorescent TLC plate.

Seamless cellulose tubing (molecular cut off of 14,000 Da).
Vacuum filter system.

Radiolabeled amino acids: [ '*C]r-phenylalanine, [ *H Jr-alanine,
[*H]r-arginine, and [*H]r-glutamine.

Unlabeled r-alanine.

SP-sepharose.

Ni-NTA agarose.

Amicon Ultra-15 (Millipore).

SmpB-A buffer: 50 mM HEPES-KOH (pH 7.5), 100 mM
KCl, and 7 mM 2-mercaptoethanol.

SmpB-B buffer: 50 mM HEPES-KOH (pH 7.5), 1,000 mM
KCl, and 7 mM 2-mercaptoethanol.

SmpB-C buffer: 50 mM HEPES-KOH (pH 7.5), 200 mM
KCl, 20 mM imidazole, and 7 mM 2-mercaptoethanol.

SmpB-D buffer: 50 mM HEPES-KOH (pH 7.5), 200 mM
KCl, 500 mM imidazole, and 7 mM 2-mercaptoethanol.

SmpB wash buffer: 50 mM HEPES-KOH (pH 7.5), 200 mM
KCl, 1,000 mM NH,Cl, and 7 mM 2-mercaptoethanol.

SmpB stock bufter: 50 mM HEPES-KOH (pH 7.5), 100 mM
KCl, 10% glycerol, and 7 mM 2-mercaptoethanol.

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) equipment.

10% Ammonium persulfate (APS) solution.

TEMED.

Silver staining kit.

10x Aminoacylation buffer: 600 mM Tris—-HCI (pH 7.5),
100 mM MgCl,, 300 mM KCl, and 100 mM dithiothreitol.

Aminoacylation mixture: 1x aminoacylation buffer, 3 mM
ATP, 10 uM radiolabeled or unlabeled amino acid, 25 A4, of

tRNA or 4 A, tmRNA with 1 uM SmpB (see Note 2), and

260
corresponding aminoacyl-tRNA synthetase.

DEAE sepharose.

EF-A bufter: 50 mM Tris-HCI (pH 7.8), 20 mM NaCl, 7 mM
MgCl,, 7 mM 2-mercaptoethanol, and 5 uM GDP.
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45.
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48.

49.
50.
51.

52.

53.

54.
55.
56.
57.

EF-B buffer: 50 mM Tris-HCI (pH 7.8), 500 mM NaCl,
7 mM MgCl,, 7 mM 2-mercaptoethanol, and 5 uM GDP.

EF-C buffer: 50 mM Tris-HCI (pH 7.8), 500 mM NacCl,
7 mM MgCl,, 300 mM imidazole, 7 mM 2-mercaptoethanol,
and 5 uM GDP.

EF stock buffer: 50 mM Tris—-HCI (pH 7.8), 20 mM NacCl,
7 mM MgCl,, 10% glycerol, 7 mM 2-mercaptoethanol, and
40 pM GDP.

10x TMND buffer: 800 mM Tris-HCI (pH 7.8), 70 mM
MgCl,, 1,500 mM NH,Cl, and 25 mM dithiothreitol.

E. coli tRNA™¢ (Sigma).
Synthetic mRNA: (UUC), .

Stalled ribosome mixture: 1x TMND buffer, 200 uM GTPD,
2 mM spermidine, 2 uM (UUC), ;) mRNA, 200 nM 70S ribo-
some (see Note 3), 200 nM ["C]phenylalanyl-tRNA, 2 unM
EF-Tu, and 60 nM EF-G.

tmRNA mixture: 1x TMND buffer, 200 uM GTP, 2 mM sper-
midine, 100 nM [*H Jalanyl-tmRNA, and 1 uM SmpB.

tmRNA +tRNA mixture: 1x TMND buffer, 200 uM GTPD,
2 mM spermidine, 100 nM unlabeled alanyl-tmRNA, 1 uM
SmpB, and 100 nM [*H Jalanyl-tRNA.

Trichloroacetic acid.
Mixed cellulose ester membrane (Advantec).
Sampling Manifold (Millipore).

Liquid scintillation counter.

3. Methods

3.1. Preparation of 70S
Ribosomes

2-Mercaptoethanol should be added to buffers immediately before
use. All procedures should be carried out at 4°C.

1.

Grow cells (E. coli W3110AssrAAsmpB) in 15 L of LB broth at
37°C in the absence of chloramphenicol (see Note 4) until
mid-log phase (A, =0.5).

600

. Harvest the cells by centrifugation at 3,000 x 4 (Hitachi R9AF

rotor) for 5 min at 4°C and wash the cell pellet with 20 mL of
70S-A bufter.

. Store the cells at —-80°C overnight.

. Crush the cells in a cold mortar with double volume of alu-

mina in a cold room until cells get wet (approximately
15 min).
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. Dissolve in 25 mL of 70S-A buffer.

. To remove alumina and cell debris, centrifuge at 9,000 x4

(Hitachi R10A2 rotor) for 30 min at 4°C. Keep the super-
natant and discard the pellet.

. Centrifuge twice at 25,000 x g (Hitachi P65A rotor) for 30 min

at 4°C. Keep the supernatant and discard the pellet each time.

. Centrifuge at 300,000 x4 (Hitachi RP8OAT rotor) for 30 min

at 4°C.

. Discard the supernatant and rinse the pellet with 8§ mL of

70S-A buffer rapidly.

Dissolve in 16 mL of 70S-B buffer with the help of a spatula
and gently stir for 60 min at 4°C.

Lay 2 mL of this solution on 1 mL of sucrose cushion solution
in a Centrifuge Ware.

Centrifuge at 300,000 x g4 (Hitachi RPSOAT rotor) for 90 min
at 4°C.

Discard the supernatant and rinse the pellets with 8§ mL of
70S-A buffer rapidly.

Dissolve in 8 mL of 70S-A bulfter.

Gently lay an appropriate amount of solution (about 100 A4,

units per bucket) on a 5-20% sucrose density gradient pre-
formed using Gradient Mate (Towa Kagaku) in 70S-A buffer.

Centrifuge at 80,000 x4 (Hitachi P28S rotor) for 4 h at 4°C.

Measure A, , to identify the fractions containing 70S
ribosomes.

Collect the 70S peak fraction and dilute it with an equal vol-
ume of 70S-A buffer.

Centrifuge at 300,000 x4 (Hitachi RPSOAT) for 2 h at 4°C.

Discard the supernatant and dissolve the precipitate in 1 mL of
708 stock bufter.

Measure A, to determine the concentration (1 A

unit=24 pmol).

260

Freeze small aliquots (100 uL) with liquid nitrogen and store
at —-80°C (see Note 5).

3.2. Preparation Aminoacyl-tRNA synthetases (ARS) were roughly purified from
of Alanyl-, Arginyl-, cell extract.

or Glutamyl-tRNA
Synthetase

2.

1.

Grow cells (W3110AssrAAsmpB) in 12 L of LB broth with
34 pg/mL chloramphenicol until late-log phase (A=
0.8-1.0).

Harvest the cells by centrifugation at 3,000 x g (Hitachi ROAF
rotor) for 5 min at 4°C and wash them with 20 mL of ARS
bufter.
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3.3. Preparations
of tmRNA

. Store at -80°C overnight.

. Crush the frozen cells in a cold mortar with double volume of

alumina in cold room for 15 min.

. Dissolve in 25 mL of ARS buffer.

6. To remove alumina and cell debris, centrifuge at 9,000 x4

10.

11.

12.

(Hitachi R10A2 rotor) for 30 min at 4°C. Keep the superna-
tant and discard the pellet.

. Centrifuge at 25,000 xg (Hitachi P65A rotor) for 30 min at

4°C. Keep the supernatant and discard the pellet.

. Centrifuge at 300,000 x g (Hitachi RP8OAT rotor) for 30 min

at 4°C.

. Recover the supernatant and apply it to 30 mL of DEAE-

Sepharose column that has been equilibrated with ARS-A buf-
fer. Elute with a linear gradient of KCI from 50 to 300 mM in
ARS bufter (AlaRS is typically eluted at 80-140 mM KCI).

Determine the fractions containing ARS by aminoacylation
assay as described below (see Subheading 3.6).

Concentrate the solution and exchange it with ARS stock but-
fer using an Amicon Ultra-15 once.

Store at -30°C (see Note 5).

All procedure must be done with gloves to avoid contamination of
RNases.

1.

Grow overproducing cells (E. colz BL21(DE3)AssrA harboring
pGEMEX-II in which the gene for tmRNA is placed under the
control ofa T7 promoter) in 12 L. of LB broth with 50 pg/mL
ampicillin and 25 pg/ml kanamycin until early log phase
(A,,,=0.3).

600

2. Add 12 mL of 0.5 M IPTG and grow at 37°C for another 2 h.

O 0 NN O

10.

. Harvest the cells by centrifugation at 3,000 x 4 (Hitachi R9AF

rotor) for 5 min at 4°C and wash them with 20 mL of tmRNA
butffer.

. Store at -80°C overnight.

. Crush the frozen cells (expected mass: 15 g) in a cold mortar

with double volume of alumina (30 g) in cold room until cells
become wet (typically 15 min).

. Add 60 mL of tmRNA bufter.

. Add 60 mL of phenol and 6 mL of 10% SDS.

. Shake at 37°C for 30 min.

. Centrifuge at 11,000 x4 (Hitachi R10A2 rotor) for 10 min at

room temperature and collect the upper layer.

Add another 60 mL of phenol and shake at room temperature
for 10 min.
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Centrifuge at 11,000 x g (Hitachi R10A2 rotor) for 10 min at
room temperature and collect the upper layer.

Add 6 mL of 3 M sodium acetate (pH 5.2) and 180 mL of
ethanol.

Vortex and cool at -30°C for 30 min.

Centrifuge at 11,000 x g (Hitachi R10A2 rotor) for 20 min at
4°C and discard the supernatant.

Dissolve the pellet in 120 mL of water and add 12 mL of 3 M
sodium acetate (pH 5.2).

Cool the resulting nucleic acid fraction on ice.

Add 310 pL of 2-propanol per 1 mL of nucleic acid fraction in
1.5 mL microcentrifuge tubes (approximately 150 tubes).
Mix the contents by inversion.

Centrifuge at 9,000y (Hitachi T15A39 rotor) for 5 min at
4°C and transfer the supernatant to a new tube.

Add 520 pL of 2-propanol per tube.

Mix the contents by inversion.

Centrifuge at 15,000 x g (Hitachi T15A39 rotor) for 10 min at
4°C and discard the supernatant.

Rinse the pellets with 70% ethanol.

Dissolve in 100 puL. of TM butter per tube.

Add 3 pL of RNase-free DNase (5 U/ulL) per tube and incu-
bate at 37°C for 1 h.

Add 50 pL of Urea dye per tube and electrophorese on a 5%
polyacrylamide gel containing 7 M urea until xylene cyanol
reaches the bottom of the gel.

Detect tmRNA band by UV shadowing on a fluorescent TLC
plate: Cover the gel with plastic wrap. Place the plastic-wrapped
gel on the fluorescent TLC plate. Visualize nucleic acid bands
by a handheld UV light source (254 nm). Cut the tmRNA
band.

Recover the RNA by electroelution: Put the gel into Seamless
Cellulose Tubing (molecular cut-oft of 14,000 Da). Fill the
tube with 0.1x TBE (approximately 40 mL). Run at 250 V for
30 min. Filter the resulting solution using Vacuum Filter
System.

Add 4 mL of 3 M sodium acetate (pH 5.2) and 100 mL of
ethanol.

Cool the solution at -80°C for 15 min.

Centrifuge at 15,000 x g (Hitachi T15A39 rotor) for 20 min
at 4°C.

Rinse the pellets with 20 mL of 70% ethanol.
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3.4. Preparation
of SmpB

33.
34.

35.

36.

37.
38.
39.

40.

Dissolve in 10 mL of tmRNA folding buffer.

Heat at 75°C for 5 min and cool slowly back to room tempera-
ture for 1 h.

Add 1 mL of 3 M sodium acetate (pH 5.2) and 25 mL of
ethanol.

Centrifuge at 8,000 x4 (Hitachi R10A2 rotor) for 20 min at
4°C.

Rinse the pellets with 5 mL of 70% ethanol.

Dissolve in 2 mL of H,O.

Measure A, to determine the concentration (1 A,

unit=330 pmol).
Store at —-30°C.

. Grow overproducing cells of E. coli BL21(DE3)AssrA harbor-

ing pGEMEX-II in which the gene for His-tagged SmpB is
placed under the control of a T7 promoter in 6 L of LB broth
with 50 pg/mL ampicillin and 25 pg/mL kanamycin until
mid-log phase (A ,,=0.5-0.7).

600

2. Add 6 mL of 0.5 M IPTG and grow at 37°C for another 2 h.

. Harvest the cells by centrifugation at 3,000 x g (Hitachi ROAF

rotor) for 5 min at 4°C and wash them with 20 mL of SmpB-A
buffer.

4. Store at -80°C overnight.

11.

12.

. Resuspend the cells in 25 mL of SmpB-A bufter and lyse the

cells by sonication.

. To remove cell debris, centrifuge at 9,000 x 4 (Hitachi R10A2

rotor) for 30 min at 4°C. Keep the supernatant and discard the
pellet.

. Centrifuge at 25,000 xg (Hitachi P65A rotor) for 30 min at

4°C. Keep the supernatant and discard the pellet.

. Centrifuge at 300,000 x g (Hitachi RPSOAT) for 30 min at 4°C.
. Recover the supernatant.
10.

Apply the supernatant to 30 mL of SP-Sepharose column that
has been equilibrated with SmpB-A buffer. Elute SmpB with a
linear gradient of KCI from 100 to 1,000 mM in SmpB-A buf-
fer (SmpB is typically eluted at 500-700 mM KCI).

Carry out SDS-PAGE to detect the fractions containing SmpB
by means of band mobility.

Apply the fractions containing SmpB to 10 mL of Ni-NTA
agarose column that has been equilibrated with SmpB-C buf-
fer (no buffer exchange is required). Wash the column with
30 mL of SmpB-wash buffer. Elute SmpB with a linear gradi-
ent of imidazole from 20 to 500 mM (SmpB is typically eluted
at 130-240 mM imidazole).
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of tRNA

3.6. Aminoacylation
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13. Carry out SDS-PAGE to detect the fractions containing SmpB
by means of band mobility.

14. Concentrate the solution and exchange the buffer with SmpB
stock buffer using an Amicon Ultra-15. The final concentra-
tion is typically 20-200 pM (in 500 pL).

15. Freeze the small aliquots (100 pL) of SmpB in liquid nitrogen
and store at —-80°C (see Note 5).

E. coli tRNA™ is available from Sigma. Preparation of other tRNAs
is described below. All procedures must be done with gloves to
avoid contamination of RNases.

1. Grow cells (E. coli W3110AssrAAsmpB) in 12 L of LB broth
with 34 pg/ml chloramphenicol until mid-log phase
(A,,,=0.5).

600
2. Harvest the cells by centrifugation at 3,000 x g (Hitachi ROAF
rotor) for 5 min at 4°C and wash them with 20 mL of tmRNA
bufter.

3. Store at -80°C overnight.
4. Follow the steps 5 through 16 of Subheading 3.3.
5. Add 450 pL of 2-propanol per 1 mL of nucleic acid fraction in
1.5 mL microcentrifuge tubes.
6. Mix the contents by inversion.
7. Centrifuge at 9,000 x g (Hitachi T15A39 rotor) for 5 min at
4°C and transfer the supernatant to a new tube.
8. Add 380 pL of 2-propanol per tube.
9. Mix the contents by inversion.
10. Follow the steps 22 through 38 of Subheading 3.3.
11. Store at -30°C.

tRNA™¢ and tmRNA are aminoacylated with radiolabeled-
phenylalanine and -alanine, respectively, using their corresponding
aminoacyl-tRNA synthetases. For trams-transfer assay, different
kinds of radioisotopes should be used to distinguish between the
two amino acids. Typically, [*C]phenylalanine and [*H Jalanine are
used. In the case of resuming assay, tmRNA and tRNAA* are amin-
oacylated with unlabeled- and *H-labeled alanines, respectively.

1. Incubate 400 pL of reaction mixture at 37°C for 15 min.

2. Add 8 uL of acetic acid (see Note 6), 80 uL of 7.5 M ammo-
nium acetate, and 400 pL of phenol.

3. Vortex and centrifuge at 11,000 x4 (Hitachi T15A39 rotor)
for 3 min at room temperature.

4. Recover the upper (aqueous) layer.
5. Add 1 mL of ethanol and vortex.
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3.7. Preparation
of Elongation Factors

11.
12.
13.

14.

. Cool the mixture at —-80°C for 5 min.
. Centrifuge at 11,000 x4 (Hitachi T15A39 rotor) for 15 min

at 4°C.

. Discard the supernatant and dissolve the pellet in 300 pL of

0.3 M sodium acetate (pH 5.2).

. Add 900 pL of ethanol and cool at —-80°C for 5 min.
10.

Centrifuge at 11,000 x4 (Hitachi T15A39 rotor) for 15 min
at 4°C.

Discard the supernatant.
Dissolve the pellet in 50 pLL of 2 mM sodium acetate (pH 5.2).

Withdraw 1 pL and spot on a cellulose ester membrane. Dry
the membrane and measure the radioactivity to assess amino-
acylation efficiency.

Store at -30°C (see Note 5).

Protocols for purifying EF-Tu and EF-G are the same.

1.

Grow overproducing cells of E. colz BL21(DE3)Ass»A harbor-
ing pPGEMEX-II in which the gene for EF-Tu or EF-G is placed
under the control of a T7 promoter in 6 L of LB broth with
50 pg/mlL ampicillin and 25 pg/ml kanamycin until mid-log
phase (A =0.5-0.7).

600

2. Add 6 mL of 0.5 M IPTG and grow at 37°C for another 2 h.

11.

. Harvest the cells by centrifugation at 3,000 x 4 (Hitachi R9AF

rotor) for 5 min at 4°C and wash them with 20 mL of EF-A
butffer.

. Store at -80°C overnight.
. Resuspend the cells in 25 mL of EF-A butffer and lyse the cells

by sonication.

. To remove cell debris, centrifuge at 9,000 x4 (Hitachi R10A2

rotor) for 30 min at 4°C. Keep the supernatant and discard the
pellet.

. Centrifuge at 25,000 xg (Hitachi P65A rotor) for 30 min at

4°C. Keep the supernatant and discard the pellet.

. Centrifuge at 300,000 x g (Hitachi RPS80AT) for 30 min at 4°C.
. Recover the supernatant.
10.

Apply it to 30 mL of DEAE Sepharose column that has been
equilibrated with EF-A buffer. Elute EF-Tu or EF-G with a
linear gradient of NaCl from 20 to 500 mM (EF-Tu is typically
eluted at 130-180 mM NaCl).

Carry out SDS-PAGE to detect the fractions containing EF-Tu
or EF-G by means of band mobility.



3.8. Trans-Transfer
Assay

3.9. Resuming Assay

12.

13.

14.

15.

10.
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Apply fractions to 10 mL of Ni-NTA agarose column that has
been equilibrated with EF-A buffer. Elute EF-Tu or EF-G with
a linear gradient of imidazole from 0 to 300 mM (EF-Tu is
typically eluted at 50-90 mM imidazole).

Carry out SDS-PAGE to detect the fractions containing EF-Tu
or EF-G by means of band mobility.

Concentrate the solution and exchange the buffer with EF
stock buffer using Amicon Ultra-15. The final concentration is
typically 100-1,000 uM (in 500 pL).

Freeze the small aliquots (100 pL) of EF-Tu or EF-G in liquid
nitrogen and store at -80°C (see Note 5).

. Incubate 40 pL of “stalled ribosome mixture” for 10 min at

37°C.

.Add 10 pL of “tmRNA mixture” to “stalled ribosome

mixture.”

. After different periods of incubation at 37°C, withdraw a 10

pL aliquot of the mixture.

. Put the aliquot into a test tube containing 5 mL of hot 5%

TCA, which has been preheated at 90°C for 5 min.

. Incubate for 10 min at 90°C to hydrolyze the ester bond

between polypeptide and tmRNA.

. After incubation, put the test tube on ice for 10 min.

. Recover the precipitated peptide by filtration with a mixed cel-

lulose membrane using a Millipore Sampling Manifold.

. Wash the membrane with 5 mL of cold 5% TCA twice.

. Dry the membrane and measure the radioactivity by a liquid

scintillation counter.

Plot the level of radioactivity (fmol that has been calculated
from dpm) vs. incubation time.

. Incubate “stalled ribosome mixture” (see step 1 of

Subheading 3.8) for 10 min at 37°C.

. Add 10 pL of “tmRNA + tRNA mixture” to “stalled ribosome

mixture.”

. Follow the steps 3 through 10 of Subheading 3.6.

4. Notes

. It has been reported that mutation(s) at the upstream region

of the tag-encoding sequence or the addition of aminoglyco-
side such as paromomycin or neomycin causes the initiation
shift of the resume codon (19, 21, 24). In this system, such an
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initiation shift can be detected by using [3H Jarginyl-tRNA or
[*H]glutaminyl-tRNA (corresponding to the -1 or +1 shifted
resume codon, respectively, in E. coli tmRNA) instead of [*H]
alanyl-tRNA (20).

. Aminoacylation of tmRNA is enhanced by the presence of

SmpB at the appropriate concentration (8, 9).

. It is critical that ribosomes are added just prior to incubation

to form the stalled ribosome.

. To exclude the effect of chloramphenicol on the 508 subunit,

cells should be grown in the absence of chloramphenicol.

. Refrozen factors (aminoacyl-tRNA, -tmRNA, ribosome, and

purified proteins) retain sufficient activities.

. Aminoacylated-tmRNA or -tRNA is stable under an acidic

condition.
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