
Molecular Microbiology (1993) 8(2), 343-355

Conservation and evolution of the rpsU-dnaG-rpoD
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Summary

The macromolecular synthesis (MMS) operon con-
tains three essential genes {rpsU, dnaG, rpoD) whose
products (S21, primase, sigma-70) are necessary for
the initiation of protein, DNA, and RNA synthesis
respectively. PCR amplifications with primers com-
plementary to conserved regions within these three
genes, and subsequent DNA sequencing of rpsU~
dnaG PCR products, demonstrate that the three genes
appear to be contiguous in 11 different Gram-negative
species. Within the Gram-negative enteric bacterial
lineage, the S21 amino acid sequence is absolutely
conserved in 10 species examined. The putative nut^
antlterminator sequence in rpsU consists of two
motrfs, boxA and boxB, conserved in primary
sequence and secondary structure. The terminator
sequence, Ti, tocated between rpsU and dnaG is
conserved at 31 positions in nine enterobacterial
species, suggesting the importance of primary
sequence in addition to secondary structure for tran-
scription termination. The intergenic region between
rpsU and dnaG varies in size owing to the presence or
absence of the Enterobacterial Repetitive Intergentc
Consensus (ERIC) DNA element. The rpoD gene con-
tains rearrangements involving a divergent sequence,
although two carboxy-terminal regions which encode
functional domains are conserved in primary
sequence and spacing. Our data suggest that primary
sequence divergence and DNA rearrangements in
both coding and non-coding sequences account for
the interspecies variation in operon structure.
However, MMS operon gene organization and cis-
acting regulatory sequences appear to be conserved
in diverse bacteria.

Received 3 September, 1992; revised 24 November, 1992: accepted 30
November, 1992, • For correspondence. Tel, (713) 798 6350; Fax (713) 798
5073.

Introduction

The Esoheriohia coli macromolecular synthesis (MMS)
operon contains three genes, rpsU, dnaG, and rpoD,
whose gene products, S21. primase, and sigma-70 initiate
protein, DNA. and RNA synthesis respectively (Lupski ef
ai, 1983; Burton etai, 1983; Lupski and Godson, 1984;
1989). Ribosomal protein S21 facilitates translation initi-
ation either by enabling the interaction of the mRNA
ribosome-binding site (RBS) and the complementary 3'
end of the 16S rRNA (Backendorf et ai, 1981; Kyriatsoulis
et ai. 1986) or by promoting ribosomal subunit associ-
ation (Melancon et ai. 1990). Primase synthesizes the
primer RNA (pRNA) to begin leading (van der Ende etai,
1985) and lagging (Lark, 1972) strand DNA synthesis for
chromosomal replication. DnaG may also play a role in
chromosome partitioning as evidenced by two alleles,
dnaG2903 and parB, which display abnormal nucleoid
segregation phenotypes (Grompe et ai, 1991). Sigma-70
represents the principal sigma factor of £ coli and
facilitates the recognition of specific promoter sequences
by the RNA polymerase holoenzyme complex (Helmann
and Chamberlin, 1988; Dombroski et ai, 1992). The three
genes in the MMS operon enoode products involved in
initiation of the three principal informational macromol-
ecules of the cell; DNA, RNA, and protein. The fact that
these genes are contained in a single MMS operon
suggests a need for co-ordinate regulation of macromol-
ecular synthesis.

The presence of an RNA transcript that encompasses all
three genes (Burton etai. 1983) and polar effects of dnaG
amber mutations on downstream rpoD gene expression
(Nakamura, 1984) demonstrate that these genes are in one
operon. The MMS operon exemplifies a complex operon
structure whereby three genes which regulate distinct
biosynthetic processes can be co-ordinately regulated in
a single operon while individual genes within the operon
can be expressed at different levels (Lupski and Godson,
1989). C/s-acting regulatory sequences, located within
intergenic sequences as well as within structural genes,
account for differences in expression between individual
genes. Regulation by transcription termination (Smiley ef
ai, 1982; Lupski etai, 1983; 1984; Burton etal.. 1983),
antitermination (Lupski et ai, 1983; 1984; Peacock et ai,
1985; Almond et ai, 1989). codon usage differences
(Smiley et ai, 1982; Konigsberg and Godson, 1983),
retroregulation (Burton et ai. 1983), and multiple
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promoters (Lupski ef ai, 1983; 1984; Burton et al.. 1983;
Nesin ef al.. 1988) probably contribute to differences in
gene expression.

The MMS operon was initially described in E coli.
Analysis of the MMS operon in the closely-related Gram-
negative enterobacterium, S. fyph/mur/um (Erickson etal.,
1985), revealed conservation of the operon gene structure
in addition to significant similarities between coding and
regulatory sequences. The distantly-related Gram-posi-
tive bacterium. Bacillus subtilis (Wang and Doi, 1986),
contains the dnaG and rpoD genes juxtaposed in a single
operon. Upstream of dtiaG is a gene designated P23
whose function is unknown. Recently DNA sequence
information has established the presence of dnaG just
upstream of rpoD in the obligate intracellular bacterium,
Rickettsia prowazekii (Marks et al., 1992; Marks and
Wood, 1992). Conservation of MMS operon structure
throughout extensive phylogenetic distances under-
scores the significance of co-ordinate regulation of genes
initiating macromolecular synthesis.

We examined the conservation and evolution of MMS
operon structure in diverse bacterial species. Degenerate
oiigonucleotide primers that matched conserved DNA
sequences in MMS operon genes were used in the
polymerase chain reaction (PCR) to determine if these
coding sequences were contiguous. DNA sequencing of
MMS operon PCR products from 11 different Gram-nega-
tive bacterial species enabled us to examine the level and
pattern of primary sequence conservation within
expressed and non-coding intergenic sequences and to
study the evolution of the complex MMS operon. The
MMS operon appears to be conserved in diverse bacterial

species. Conservation of the MMS operon structure
throughout bacteria suggests functional importance for
maintaining genes whose products are involved in initiat-
ing the synthesis of the major intormationai macromol-
ecules of the celt within a single regulatory unit.

Results

PCR-based strategy to evaluate operon conservation

An approach based on the PCR was developed to
evaluate the conservation of MMS operon structure in
diverse bacterial species. Coding sequences in essential
genes which are conserved by functional constraints
represent potential primer binding sites for evolutionary
studies. If two or more genes are contiguous, PCR with
primers in opposing orientations will yield specific amplifi-
cation products provided that the primer binding sites are
conserved and the distances between these two primer
binding sites do not exceed the limits of polymerase
extension.

The feasibility of utilizing individual oiigonucleotide
primers to recognize single divergent DNA sequences was
tested initially with dnaG-rpoD intergenic sequence pri-
mers. The dnaG-rpoD intergenic sequence differs in
length and primary sequence between species (Smiley ©f
a/., 1982; Burton et at., 1983; Erickson etal.. 1985; Wang
and Doi, 1986; Marks and Wood, 1992). PCR primers,
Ss2, Sc i , and Sf2B, exactly matched genus-specific
dtiaG-rpoD intergenic sequences from B. subtilis. E. coli.
and S. typhimurium, respectively fTable 1; Fig., IA). With
genomic template DNAs from these three bacterial

Table 1. PCR primer sequences and conditions.

PCR
primers Pnmer sequences

PCR (denature;
anneal; extend)

ALL1I
ALL3I

ALL4I

Bs2
ALL3I

ALL3I

RPSU-S'ATG-SamHI
ALLIR-l-EcoRI

RPSU-5ATG-f CO RI
ALL1R-l-SamHI

St2B

(+) 5'- CA I TGCTTTGG I TG I GGl GCG I I IGGCAA-3'
(-) 5'- GCCTGICIGATCCACCA I GTI GC I TA I GT-3'

See Versalovic etat. (ig91b)
See Versalovic et al. [1991b)

{ + ) 5- GATCGCTTAACCTCATCATG-3'
see above

(+) 5- TTATCGTTGGCGGTAAACAACCGTTGG-3'
see above

{+) 5'- TTGGATCCACATGCCGGTAATTAAAGTACGTG-3'
(-) 5'- TTGAATTCTTGCC I I I CGC I CC I CA I CCAAAGCA I TG-3'

(+) 6*- TTGAATTCACATGCCGGTAATTAAAGTACGTG-3'
(-) 5'- TTGGATCCTTGCC I I I CGC I CC I CA I CCAAAGCA I TG-3'

{+) 5- CGACAGCTATACCGTCGACACC-3'
see above

we. 30s:
A7-S(yc. 1 min;
65''C. 8 min
SCrC. 30 s;
55"C, 1 min;
7O''C, 5 min
90"C, 30 s;
60°C, 1 min:
70°C, 5 min
90-C, 30 s;
60°C. 1 min;
7CC. 5 mm
90't;, 1 mm;
42°C. 1 min;
ycC. 5 min
BCC, 1 min;
42"C. 1 min;

;, 5 min

. 30s;

. 1 mln;
70°C. 5 min.

(+), sense strand; (-)• antisense strand; I, inosine.
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Fig. 1. MMS Operon PCR amplifications with
intGfgenic and intragenic primers,
A. Specific PCR products were obtained by
amplification of MMS operon sequences in differ-
ent bacterial species. Template DNAs Include the
eukaryotic species, Saccharomyces cerevisiae
and Homo sapiens, as negative control samples.
Eacti primer set listed below the gel was used
with each of ihe five different template DNAs
listed above the gel. The DNA molecular weight
marker In lane 1 (far left) was a 1 -kb ladder (BRL).
Gel was 1 % agarose-i x Tris-acetate-EDTA and
contained 0.5iJ.g of ethidium bromide per mi,

B. Schematic diagram ol oligonucleotide primers
which match conserved Intfagenic sequences In
rpsU-dnaG-rpoD MMS operon. Arrowheads rep-
resent the 3' ends of primers available for poly-
merase extension in the PCR, Arrow labels
represent the names of primers whose
sequences are listed in Table 1,

ALL21 ALUl

B

RPSU 5' ATG

rpoD

ALL11

ALL4I

species, intergenic sequence primers amplified genus-
specific PCR products of the expected size when used in
combination with the conserved intragenic rpoD primer.
ALL3I (Table 1; Fig. 1A).

The ability of oligonucleotide primers to recognize
multiple conserved sequences from the MMS operon in
different genera was then evaluated. Published coding
sequences within rpsU, dnaG, and rpoD were analysed
from different bacterial species (Wang and Doi, 1986;
Burton et ai, 1983; Erickson et ai. 1985; Smiley et ai,
1982; Lupski ef a/., 1983; Helmann and Chamberlin, 1988)
and highly conserved domains within each gene were
selected as primer binding sites. Conserved domains
were selected as regions which contained a minimum
number of nucieotide substitutions in sequences of 20-30

nucleotides with approximately 50% GC content. Since
rpsU DNA sequences differed at only two positions
between E. co//and S. typhimurium, primers which exactly
matched the absolutely conserved amino terminus of
rpsU (RPSU-5'ATG-eamHI. RPSU-5'ATG-£coRI) were
synthesized (Table 1). For dnaG and rpoD. degenerate
primers were designed with inosine residues inserted at
ambiguous positions (see the Experimental procedures;
Table 1) to permit mismatches between less than perfectly
conserved sequences in different species. PCR experi-
ments with these primer pairs {Table 1), ALL11. ALL3I and
ALL2I, ALL4I, yielded amplification products of the expec-
ted sizes with B. subtilis, E. coli, and S. typhimurium
genomic template DNAs (Fig. 1/^. Oligonucleotide pri-
mers matching conserved intragenic sequences amplified
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108

P.

ShLgella sp.

E.coli

— C.divarsuB

S. typblmurium

K. pneumoniae

' y.pseudotubercuiosis

— Y.entBrocolltica

'— S.marcescens

H.Influenzaa

Fig. 2. rpsU-dnaG PCR amplifications of bacterial species and
corresponding ONA sequence alignment,
A, rpsU-dnaG PCfl amplifications with the primer set, RPSU-
5'ATG-SamHI and ALLIR-l-EcoRI (Table 1; Fig- IB), No
template DNA was added to the negative control lane. The
DNA molecular weight marker was a 1-kb ladder (BRL),
B, Multiple DNA sequence alignment of rpsU coding
seqiiences from 11 different bacteriai species. Primary DNA
seqiience of codons 9-72 are shown in the top line for E. coli
{Eco) (Lupski etat., 1983; Burton ef a/., 1983), Dots represent
bases that are identical to E. coli. Shi. Shigella (GenBank
LOI 760); Kpn. K. pneumontae {L0M57): Cdi. C. divarsus
{LOI 754); Sty. S. typhimurium {Erickson et al.. 1985); Esa. E.
sakazakii (101755): Pvu. P. vu/ffans (LOI 758); Yen. Y. entgroco-
mica (L01761); Yps, Y. pseudotuberculosis (LOI 762); Sma. S.
marcescens (LOI 759); Hin, H. influenzae (LOI 756). Dots above
boxed sequence indicate nuloq baxA. Asterisks above boxed
sequence indicate nufeq t>oxB. The E. coll and S. typhimurium
DNA sequences were determined in this study and matched
published sequences {Lupski ef al., 1983: Burton et al., 1963:
Ericksonefa/,, 1985),

C, Phylogenetic tree based on qysU DNA sequence alignment
and derived by DeSoete least-squares distance matrix method.
H. in^uemae represents tree root.
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MMS operon evolution in bacteria 347

similarly-sized products from all bacterial species with
established MMS operon structures. Eukaryotic tempiate
DNAs failed to yield any PCR products (Fig. 1A). All other
pairwise combinations of primers: RPSU-5'ATG plus
ALUR-I, RPSU-5'ATG plus ALL3I, RPSU-5'ATG plus
ALL4I. and ALLII plus ALL4I {Fig. IB) gave PCR amplifi-
cation products of the expected sizes with E. coli, S.
typhimurium, and B. subtilis (data not shown). These
results demonstrate that primer pairs which recognize
conserved sequences in adjacent genes may be used to
evaluate operon structure in different species.

Conservation of MMS operon structure in baoteria

The PCR-based strategy to evaluate operon conservation
was next applied to bacteria in which the MMS operon
structure had not been previously examined. Since the
size of the MMS operon (>4 kb) approximates the limits of
polymerase extension in the PCR, our strategy divided this
operon into two sections. First, oligonucleotides matching
the conserved amino termini of rpsU (RPSU-5'ATG-
SamHI, RPSU-5'ATG-£coRI; Table 1) and dnaG (ALL1R-
l-SamHI, ALL1R-l-£coRI; Table 1) on opposite strands
were used to examine the contiguity of rpsU and dnaG.
Secondly otigonucleotide primers matching the amino
terminus of dnaG (ALL11; Table 1; Fig. 1B) and the carboxy
terminus of rpoD (ALL3I; Table 1; Fig. IB) on opposite
strands were used to evaluate whether the contiguous
arrangement of these two genes was maintained.

Nine different Gram-negative bacterial species yielded
apparent rpsU-dnaG PCR products of similar size (Fig.
2A). Four exceptions, Citrobacter amalonaticus, Citrobac-
ter diversus, Citrobacter freundii, and S. typhimurium,
yielded larger rpsU-dnaG amplification products which
were subsequently shown to be due to the presence of the
ERIC repetitive DNA element in the intergenic sequence
(Figs 2A and 5B; see below). DNA sequences obtained
from these PCR products confirm that rpsU lies adjacent
to dnaG in these organisms (Fig. 2B; data not shown).

PCR amplification between the 5' end of dnaG (ALL11)
and region 2 of ipoD (ALL3I) yielded similarly-sized
products greater than 3 kb in length in 10 Gram-negative
species, indicating that dnaG appears to lie adjacent to
rpoD in these organisms (Fig. 3). One enterobacterial
species, Yersinia pseudotuberouiosis, failed to yield a
distinct ALL11-ALL3I or ALL11-ALL4I amplification pro-
duct. However, single rpsU-rpoD PCR amplification pro-
ducts of the expected size were obtained from Y.
pseudotuberculosis, as well as other species examined in
Fig. 3, with primer pairs RPSU-5'ATG. ALL3I and RPSU-
5'ATG, ALL4I (data not shown). Together with the rpsU-
dnaG sequencing data {Fig. 2B; data not shown), these
results indicate that the MMS operon appears to be
conserved in V. pseudotuberculosis and the ALL11 primer

3054 bp -

2036 bp

1636 bp

MMS
Operon

1 \

AUlI

dnsG rpoD

w
•y.'.-..

A
, / \,

ALL3I

Fig, 3. dnaG-rpoO PCR amplifications ot bacteriai species, PCR amplifi-
cations were performed with the primer set, ALLl I and ALL3I (Table 1;
Fig. IB). No template DNA was added to the negative controi iane.

binding site in dnaG may have diverged in this species. An
apparent dnaG-rpoD PCR product which is smaller in size
(-2.4 kb) appears in selected Gram-positive species (Fig.
3; see below). These dnaG-rpoD PCR products yielded
prominent hybridization signals when probed with radio-
labelled E. CO//ALLl L-ALL3I PCR amplification product
(data not shown), indicating the relatedness of these single
PCR products (Fig. 3) with the E. coli dnaG-rpoD product.
Therefore the contiguous operon structure. rpsU-dnaG-
rpoD, appears conserved in enterobacteria and the
related Gram-negative species, Haemophilus influenzae.
The MMS operon from Gram-positive bacteria appears to
lack rpsU (data not shown) but seems to maintain dnaG
adjacent to rpoD {Fig. 3).

Conservation of rpsU coding sequence in Gram-
negative bacteria

The rpsU-dnaG PCR produots (Fig. 2A) from 11 different
bacterial species were cloned and sequenced. Primer
sequences were eliminated from analysis thereby en-
abling the inclusion of 192bp of 216 total bp. No amino
acid differences were detected in the 63 residues exam-
ined in the rpsU gene from 10 enterobacterial species
(Table 2; Fig. 2B). One extreme example, Proteus vuigaris,
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has 28 nucieotide differences with E. coli and yet retains
100% amino acid identity (Table 2; Fig. 2B). The phy-
iogenetic tree generated (Fig. 2C) by the rpsU DNA
sequence alignment (Fig. 2B) corresponds with entero-
bacterial species relationships established previousiy by
ribosomal RNA sequence comparisons (Ochman and
Wilson. 1987) and DNA hybridization studies (Sakazaki ef
ai. 1976). Only the most distantly-related, non-enteric
bacterium, K influenzae, reveals scattered amino acid
substitutions, or —80% identity, for the rpsU sequence
under study (Table 2; Fig. 2B).

Conservation of the antitermination sequence

The MMS operon putative transcription antitermination
sequence nut^ is located within the rpsU gene upstream
of terminator Tl (Lupski etat., 1983). The E. co//nufeq site
shows high sequence similarity to the lambda nut site
{Lupski et al.. 1983) and appears to function as an
antiterminator when cloned upstream of MMS operon
rho-independent terminators T, and T2 (Almond ef al.,
1989). Known nut sequences including nut^ contain two
conserved motifs, boxA (Olson et ai, 1982) and boxB
(Rosenberg etal., 1978), which are important for antitermi-
nator function (Das, 1992). The putative nut^q sequences
among 11 different Gram-negative bacterial species were
analysed (Fig. 2B). The £ coli nut^ boxA primary
sequence contains the core GCTCT sequence found in
boxA sequences in bacteria! rrn operons and phages
lambda, 21, and P22 (Friedman et ai, 1990). This
sequence is completely conserved in nine of 11 bacteria
analysed, with single base changes observed in Entero-
bacter sakazakii and Haemophilus influenzae (Fig. 2B).
boxB secondary structure is conserved in all baoteria
studied, with a GAAAAA loop in all cases except one (Fig.
2B). All changes in the stem preserve boxB secondary
structure if G;U base pairing is allowed. The single
nucieotide change in the loop occurs in E sakazakii, with
the third base position in the loop representing an A to G

transition (Fig. 2B). An analogous loop substitution pre-
viously failed to affect antitermination at the lambda nut
site (Doelling and Franklin, 1989). Cautious interpretation
of sequence similarity is necessary here because the nt/fgq
sequence is embedded within the highly conserved rpsU
coding sequence.

Conservation of the transcription terminator 7j in Gram-
negative bacteria

The rpsU-dnaG intergenic sequences were obtained from
11 bacterial species. A structure resembling a transcrip-
tion terminator was identified in the rpsU-dnaG intergenic
region of all MMS operons examined. Not only was the
terminator stem-loop secondary structure conserved in all
of these bacteria, but the primary sequence was con-
served in 10 enterobacterial species (Fig. 4). Five bacteria
had 100% sequence identity with the E co//Ti stem loop
at 31 positions, while three others had a single base
insertion within this conserved stem, increasing the
thermodynamic stability of the terminator (Fig. 4). The Ti
stem loop of P. vuigaris has 83.3% identity with that of E
coli at 30 positions, with three of five substitutions
occurring within the loop (Fig. 4). H. influenzae, which is
distantly related to E coli. had less apparent primary
sequence similarity to the E. coli T, sequence but did
possess a more stable terminator stem-loop structure in
its rpsU-dnaG intergenic sequence (Fig. 4). The DNA
sequence flanking T, in the rpsU-dnaG intergonic region
was less conserved (data not shown).

Evolution ofthe rpsU-dnaG intergenic ERIC repetitive
DNA element

A 126bp ERIC repetitive DNA sequence was identified in
the rpsLhdnaG intergenic sequence of S. typhimurium
(Sharpies and Lloyd, 1990; Hulton etai, 1991). Interest-
ingly this ERIC element comprised the difference in length
between the rpsU-dnaG intergenic sequences of S.

TaUe 2. rpsU primary sequence conservation.

Bacterial species

Escherichia coli
Shigella sp.
Klebsiella pneumoniae
Citrobacter diversus
Salmonella typhimurium
Enterobacter sakazakii
Yersinia pseudotuberculosis
Yersinia enterocolitica
Serratia marcescens
Proteus vuigaris
Haemophilus influenzae

No. DNA
changes

0
1
2
2
9

13
15
15
28
59

%DNA
similarity

100.0
99,4
99.0
99.0
95.3
93.2
92.2
92.2
85,4
69,3

No. amino
acid
changes

0
0
0
0
0
0
0
0
0

13

% Amino acid
similarity

100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
79-7
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Fig. 4. Ti terminaior structures and standard free
energy values for Gram-negative bacteria. T, pri-
mary sequences, stem loop structures, and free-
energy values are depicted for 10 different enter-
obacterial species and Haemophilus inftuenzae.
Standard free energies were calculated using the
TOLD program of GCG (Zuker and Stiegler, 1981}
for determination of thermodynamic stability of
RNA molecules.

A. £ coti. Shigetia sp., C. diversus. S. typhimu-
rium, K. pneumoniae. and E. sakazakii. AG =
-66.2kj mo|-'.
B. Y. pseudotubercuiosis. Y. enterocotitica. and
S. marcescens. i G = -69.3kJ mol '.
C. P. vulgaris. AG = -71,4kJmol '.
D. H. intlaenzae. AG = -81.5kJ mol '.

typhimurium (235 bp) and E coli (iiObp), which com-
pletely lacks an ERIC sequence (Fig. 5A). Newly obtained
rpsU-dnaG intergenic sequences from eight of 10 entero-
bacterial genera (Fig. 2B) lacked ERIC sequences {data
not shown). The size of the rpsU-dnaG Intergenic
sequence of C. diversus is intermediate in length by PCR
amplification (Figs 2A and 5B} and sequence analysis
(data not shown). A partial ERIC sequence was identified
in C. diversus (Fig. 5A) and this element represented the
difference in size of the rpsU-dnaG intergenic region (data
not shown). This ERIC remnant (ERIC) consists of the
ends of ERIC, 35 and 21 bp, minus the 70bp conserved
central core of the sequence (Fig. 5A), ERIC from C.
diversus shares 84% DNA sequence identity with the
corresponding positions of the S. typhimurium rpsU-
dnsG ERIC sequence. Nine clinical isolates of C. diversus
yielded rpsU-dnsG PCR products of identical sizes,
suggesting that the same partial ERIC element is present
in all strains of this species (Fig. 5B). Interestingly, three C.
freundii and four C. amatonaticus isolates yielded rpsU-
dnaG PCR products which are similar in size to those
obtained with six different Salmonella isolates (Fig. 5B).
Subsequent DNA sequencing of these products indicated
that an intact ERIC element is present between rpsU anti
dnaG in C. freundii and C. amalor)aticus (data not shown).
However, the rpsU-dnaG intergenic ERIC element in
these two species lies in the reverse orientation relative to
the ERIC element present in S. typhimurium (Fig. 5A).

Evolution of the rpoD gene in bacteria

Comparisons of amino acid sequences from £ coti rpoD
(Burton etai., 1981) and sigma factors from other species
established the existence of four conserved domains in
these genes (Gribskov and Burgess, 1986; Helmann and

Chamberlin, 1988; Lonetto etai., 1992). Genetic (Gardella
et ai, 1989; Siegele et at., 1989) and biochemical
(Dombroski et al., 1992) evidence suggests that the most
highly conserved domains, regions 2 and 4, interact with
the -10 and -35 promoter boxes respectively.

A substantial size difference was observed initially
between the rpoD genes of E coli (Fig. 6A; (Burton et at.,
1981)) and B. subtilis {F\g. 6B; (Wang and Doi, 1986)). The
larger E. coli rpoD gene contains a divergent sequence
between conserved rpoD regions 1 and 2 (Fig. 6A) that is
absent in B. subtilis, other Gram-positive bacterial
species, and the cyanobacterium, Anabaena sp. (Fig. 6B).
Between E coti and Pseudomonas aeruginosa, this
divergent RpoD sequence is identical at 36.4% of
positions and contrasts with 92.4% identity in the carboxy
terminus which includes conserved regions 2, 3, and 4
(Tanaka and Takahashi, 1991). PCR amplification
between dnaG and rpoD yields smaller products from
Gram-positive bacteria (-2.4 kb) (Fig. 3) which may corre-
spond to the lack of this divergent rpoD sequence. R
aerugitiosa and Myxococcus xanthus belong to the same
phyla (Woese, 1987) as E coti and contain larger rpoD
genes with 700-800 bp separating conserved regions 1
and 2 (Fig. 6A). Other enterobacterial species and H.
influenzae yielded dnaG-rpoD PCR products of similar
size as E coli (Fig. 3) suggesting that these species also
contain the larger rpoD gene.

In contrast to the polymorphic length of the 5' half of
rpoD, the 3' half of rpoD consists of highly conserved
domains 2 and 4 which are separated by conserved
distances in known sigma factors (Helmann and Cham-
berlin, 1988; Lonetto et al., 1992). PCR amplifications
beween regions 2 and 4 yielded specific products
approximately 50Qbp in size In all species examined (Fig.
7), indicating conservation of distance between regions 2
and 4.
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350 J. Versalovic et al.

rpsU
E.cott I

rpsU
S. typhimurium \

rpsU
C. diversus ~\

C. amalonaticus
C. freundit

B

MMS
opeion rosU rpoD

Rg. 5. Evolution of the ERIC element in the
rpsU-dnaG intergenic sequence ot entaro-
bacteria.
A. Schematic diagram illustrates the evolution of
the ERIC repetitive DNA sequences in the rpsU-
dnaG intergenic sequence of S. typhimurium. C.
freundii. C. amatonaticus. and C. diversus. The
shaded boxes represent the ends of EflIC; the
wavy line represents the central core sequence.
The arrowheads indicate the orientation of ERIC.

B. PCR amplifications between rpsU and dnaG
with the primers RPSU-5'ATG-SamHI and
ALL1 R-t-£col in different enterobacterial strains.
No template ONA was added to the negative
control lane.

HPSU ALL1R-1
5'ATG fcoRI
SamHI

Discussion

The MMS operon represents a unique operon because it
contains genes whose products initiate the synthesis of
the three principai informational macromolecules of the
cell, DNA, RNA. and protein. In this paper we have
demonstrated that these genes are maintained in a
contiguous operon structure in diverse bacterial species.
Specific domains within coding regions and regulatory
sequences display high levels of primary sequence con-
servation. In contrast, divergent coding sequences and
extragenic repetitive DNA elements tolerate DNA
rearrangements during evolution while maintaining the
MMS operon structure.

The rpsL/, dnaG, and rpoD genes represent conserved
coding sequences for essential biochemical functions.
rpsU illustrates dramatic differences in amino acid and
nucleotide substitution rates which likely reflect effects of
selective pressures on protein structure and function.
Presumably few amino acid differences in S21 can be
tolerated without disturbing its role in translation initiation.
We have demonstrated that the 3' end of rpoD contains
highly conserved regions 2 and 4 which are separated by a
fixed distance in different species. This fixed distance may
reflect its role in promoter recognition of conserved
sequence motifs {-10 and -35 boxes) which are
separated by fixed distances in the DNA (Hawley and
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MMS operon evolution in bacteria 351

proposed InsertlorVdelelion

Bacterial
Species

Alignmenl of Region 1 BpoD Length
3' Boundary (*)

E. coti

S. typhtmurium

P. aeruginosa

R. prowazekU

M. xanttius

B

., A K R I E D G I n q V qc

.. A K R 1 E D G I nq v q c

.. A K R I E E G i re v m s

,. A K R 1 E E G r k tmt a

.. A K R I E D G e ke V I r

(aa)

613

615

617

635

708

B. subtitis

L. monocytogenes

S. aureoladens hrdA

S. coeticolor hrcSA

S. coeticotor hrdB

Anabaena sp.

A Q K I E E G d e e s k r

A K R i E A G d i e a k g

A R R V E A G I f a e e k

A R R V E A G i f a e e k

A K R I E A G I r a ed k

371

NA

393

396

442

A R K I A D L I e l e r v . . 390

Fig. 6. Evolution of RpoD divergent sequences in bacteria.
A. Schematic diagram illustrates the conserved regions 1. 2, 3, and 4 in
RpoO from proteobacteria and the corresponding amino acid sequence
alignment. £. co//(Burton ef a/., 1981). S. typhimurium {Er'ickson et ai.
1985), P. aeruginosa (Tanaka and Takahashi, 1991). M. xanthus (Inouye,
1990).
B, Schematic diagram and the corresponding amino acid sequence
alignment of RpoD from Gram-positive bacteria and cyanobacteria. S.
subtitis fWang and Doi. 1986), L monocytogenos (L. Katz, personal
communication), S. aureofaciens {hrdA, GenBank accession No.
M90410). S. coelicotor {hrdA. GenBank accession No. X52980; hrdB.
GenBank accession No. X52983). Anabaena sp. (Brahamsha and Hasel-
kom, 1991). Multiple amino acid alignment of the region 1 botindary
junction of RpoD is shown. Asterisk indicates the location of alignment.
Left side of alignment (upper case letters) represents carboxy-terminal
end of conserved region t. Right side of alignment (lower case letters)
signifies amino-terminal end of divergent region between regions 1 and
2. Dots indicate continuation of RpoD amino acid sequence on either
side of this alignment. NA. indicates that the complete amino acid
sequence is not available.

McClure, 1983). Region 2 of RpoD can be aligned by
primary amino acid sequence with the human transcrip-
tion initiation factor RAP30 (Sopta etai., 1989), indicating
extreme functionai conservation of this domain. Therefore
both primary sequence and gene structure are preserved
In these essential genes.

Transcription terminator T, partially accounts for the
extreme difference in expression between rpsU and dnaG
(estimated ratio = 1000:1) {Lupski and Godson, 1989). T,
of the E coli MMS operon (Smiley et al., 1982) is a
rho-independent terminator in the rpsU-dnaG intergenic
sequence that has previously been demonstrated to have
transcription termination function (Lupski et aL, 1983;

1984; Burton et al., 1983; Katayama ef al., 1989). Recent
studies indicate that both primary sequence and second-
ary structure comprise important elements of transcription
terminator function. In lambda, specific nucleotide substi-
tutions which theoretically enhance the thermodynamic
stability of the stem-loop structure can diminish the ability
of this sequence to function as an effective transcription
terminator (Cheng et al., 1991). The hty operon in the
distantly related enterobacterial species E. coli and P.
vulgaris contains an intergenic rho-independent termina-
tor which is identical at 37 of 46 positions (Koronakis etai.,
1988). The results of the present study demonstrate that
despite considerable divergence in the surrounding rpstj-
dnaG intergenic sequence, transcnption terminator T,
displays a high degree of primary sequence conservation
in enteric bacteria. These data support a role for primary
sequence, in addition to secondary structure, in termina-
tor function.

In contrast to conserved coding and regulatory
sequences, DNA rearrangements within non-essential
coding sequences may occur if essential gene function is
unaffected. The divergent sequence in rpoD between

Fig. 7. PCR amplifications within rpoD genes between conserved
regions 2 and 4. Intra-rpoD PCR amplification between conserved
carboxy-terminal domains, regions 2 and 4. PCR primer set included
ALL2I and ALL4I (Table 1; Fig. 1 BJ. No template DNA was added to the
negative control lane.
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352 J. Versatovic et al.

conserved regions 1 and 2 appears dispensable by DNA
sequence analysis. The lack of this divergent sequence in
the Gram-positive lineage suggests that it is non-essential
for Sigma factor function. It is likely that an insertion or
deletion event occurred in this region of rpoD during
bacterial evolution. An enrichment of amino acid substi-
tutions was described previously in this same RpoD region
from S. typhimurium (Erickson etai., 1985), Interestingly,
the £ colirpoDSOO allele has a 42 bp deletion within region
1 adjacent to the site of this evolutionary rearrangement
(Hu and Gross, 1983; Helmann and Chamberlin. 1988).

ERIC sequences (Hulton et al., 1991), otherwise known
as intergenic repeat units (IRUs) (Sharpies and Lloyd,
1990), show high levels cf primary sequence conservation
among different loci in different species (Sharpies and
Lloyd, 1990; Hulton ef at., 1991), ERIC-like elements
appear to be conserved in diverse bacterial species, such
as Klebsiella pneumoniae, Rhizobium metiloti. Deinococ-
cus radiophilus and Xenorhabdus luminescens (Versalo-
vic et al., 1991a; Lupski and Weinstock, 1992; Meighen
and Szittner, 1992). We describe the first example of a
truncated ERIC element at the same location as an intact
ERIC element in another species. An insertion/deletion
event has apparently occurred which results in an ERIC
remnant (ERIC) lacking the central 70bp core in C.
diversus {Fig. 5A). C. freundii and C. amalonatious are
more closely related to each other than to C. diversus by
biochemical profiles (Farmer, 1981). Interestingly, these
two species share an inverted, intact ERIC sequence (Fig.
5A) which probably arose secondary to the inverted repeat
structure of ERIC (Sharpies and Lloyd, 1990). The com-
plete absence of ERIC in the MMS operon rpsU-dnaG

intergenic sequence of most enterobacteria and the
occurrence of DNA rearrangements within ERIC
sequences argue against an essential role in gene regula-
tion or structure in this operon.

In summary the MMS operon structure appears to be
conserved in diverse bacterial species. Both intergenic
and intragenic sequences have evolved not only by single
base substitutions but also by DNA rearrangements
involving blocks of contiguous sequence. Conservation of
MMS operon structure during millions of years of evolution
suggests that the MMS operon plays an important func-
tionai role in the cell.

Experimental procedures

Isolation of genomic DNA

Sources of bacterial strains and/or genomic DNA are shown in
Table 3. Chromosomal DNA was prepared by the method
published previously for Gram-negative and Gram-positive
bacteria (Versatovic et at.. 1991a), DNA was quantified by
spectrofluorometry (Versalovic et at., 1991a). Genomic DNA
samples from all bacterial species examined were checked for E.
coti genomic DNA contamination by PCR screening with oligo-
nucleotide primers E d and ALL3I (Table 1) and 36 cycles of
amplification.

Oligonucleotide synthesis and design

Oligonucleotides were synthesized using a Model 380B DNA
synthesizer (Applied Biosystems Inc.) located in the Nucleic Acids
Core Facility in the Institute for Molecular Genetics, Baylor
College of Medicine. DNA sequence information from published
sequence data (Wang and Doi, 1986; Burton et at., 1983; Erickson

Table 3. Bacterial strains used as DNA sources.
Bacterial species

Bacitius subtitis
Caryophanon latum
Cttrobacter amatonaticus
Cttrobacter diversus

Cttrobacter freundii
Enterobacter sakazakti
Escherichia coti
Escherichia coli
tiaemophitus inftuenzae
Ktebstetta pneumoniae
Usteria monocytogenes
Proteus vutgaris
Salmonella sp.
Salmonella typhi
Satmonetla typhimurium
Serratia marcescens
Shigetta sp.
Yersinta enterocotitica
Yersinia pseudotubercuiosis

Strain

DB2

4398.4402.4403.4611
4036,4277, 4407. 4409,
4575, 4576. 4582, 5043*
4198,4351,4508
4585*
HBIOr
W3no
1775*
•

5032
ATCC 13315*
2956.4039, 4077, 4320
2304
LT2'
•
170*
8081 v,08"
P-:inv::TeX'

Source

R, Doi
New England Biolabs, inc.
C. Woods
C. Woods

C. Woods
E. Mason
M. Winkler
Y. Kohara
E. Mason
New England Biolabs, Inc.
E, Mason
New England Blolabs, Inc,
E. Mason
E, Mason
B. D. Erickson
New England Biolabs, Inc,
E. Mason
V, Miller
R. Isberg

• Indicates sources of rpsU-dnaG sequence information shown in Figs 2B and 4.
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MMS operon evolution in bacteria 353

etat.. 1985; Smiley e(a^ 1982; Lupski ef a/., 1983: Helmann and
Chamberlin, 1988) was used for primer design. Inosines (1) were
incorporated into ambiguous positions of oligonucleotide primers
matching conserved coding sequences. Recognition sequences
of specific restriction enzymes (e.g. fiamHI, EcoRi) were added
to the 5' ends of RPSU 5'ATG and ALL1 R-l. Dried oligonucleotide
pellets were resuspended in water (Fisher) and quantified by
UV-VIS spectrophotometry with absorption measured at 260nm.

PCR conditions

PCR amplification reactions (Versalovic et al., 1991a) were
performed in an automated thermal cycler (Perkin-Elmer/Cetus
DNA Thermal Cycler 9600) with different oligonucleotide primer
sets (Table 1) by initial denaturation (94''C, 9 min) followed by 30
cycles of denaturation, annealing, and extension with a single
final extension. The temperature and time of the last two steps
varied according to the primers utilized (Table 1). Five microlitres
of each PCR reaction were electrophoresed in 1 % agarose gels
containing 1 x TAE (Tris acetate-EDTA; (Maniatis et at.. 1982)},
0.5 p.g ml ' ethidium bromide (EtBr). Gels were photographed
with 60s exposure to Polaroid Type 55 film.

Cloning of rpsU-dnaG PCR products prior to DNA
sequencing

Oligonucleotide primers matching rpsU (RPSU 5'ATG} and dnaG
(ALLIR-I} coding sequences were modified by the addition of
EcoR\ (RPSU-5 'ATG-ECDRI , ALL1R-I-ECORI) or BamHI (RPSU-
5'ATG-BamHI, ALLIR-l-SamHI) sites at the 5' ends (Table 1}.
PCR products obtained after amplification of template DNAs
(RPSU-5'ATG-5coRI, ALL1R-l-BamHI or RPSU-5'ATG-eamHI.
ALL1R-l-£coRI} were immediately extracted once with 100 p.! of
phenol and once with IOOfi.1 of chloroform (Fisher). Aqueous
phase was precipitated at -20°C for 1 h in 0.33M sodium acetate
and 2.5 volumes of ethane! (Maniatis et al.. 1982}. Precipitated
DNA was resuspended in 15^1 water (Millipore}. PCR-amptified
DNA and pTZ19R (Mead ef at., 1986} vector DNA were digested
by E'coRI (25U; Boehringer Mannheim) and by BamHI (20U;
Boehringer Mannheim) and gel-purified. DNA was precipitated
and resuspended in water as described above. Resuspended
DNA (1-3|xl) was ligated into EcoB\-. BamHI-digested pTZ19R
with T4 DNA ligase (1 U; Boehringer Mannheim) (Maniatis ef al.,
1982}at16°C, 12h.

Ugated DNA (1 \j.\) was added to transformation-competent
(Chung etai, 1989) XLI-Blue E co//cells (Stratagene}. Cells were
plated on MacConkey agar (Difco) containing 1 % supplemented
lactose (Sigma}. lOfigml ' tetracycline (Sigma}, and 80(i,g ml " '
timentin (Beecham Laboratories). White colonies indicated the
presence of insert (Jennings and Beacham, 1990) in the multiple
cloning site of pTZ19R and were selected for plasmid miniprep
(Zhou ef al., 1990} analysis.

DNA sequencing

DNA sequencing was performed by the Nucleic Acids Core
Facility in the Institute for Molecular Genetics at Baylor College of
Medicine with automated fluorescent DNA sequencing tech-
nology (Smith ef a/., 1986). The fpsU/psU-dnaG intergenic, and
dnaG DNA sequences were directly stored by the Model 373A

sequencing station (Applied Biosystems, Inc.). Sequences were
first inspected by visual examination of hard-copy chromato-
grams containing the actual DNA sequence output from the
sequencing station. Sequences were imported into the Eugene
molecular biology analysis system (Lawrence af at,, 1989). TTiree
independent clones from each species contained the rpsU-dnaG
insert in each of two orientations (sixfold coverage for each
species examined). Final DNA sequences contained/psUcodons
9-72 (including termination codon}, the entire rpsU-dnaG inter-
genic region, and the first five codons of dnaG.

DNA sequence comparisons

DNA sequences were initially aligned and compared with the JHEIN
program (Hein, 1990} within Eugene (Lawrence et at., 1989).
Sequences were exported to a Macintosh II (Apple Computer Inc.}
microcomputer and analysed with GENEWORKS version 2.0 (Inteili-
genetics Inc.). Multiple DNA sequence alignments were
generated within GENEWORKS by the CLUSTAL method (Higgins and
Sharp, 1988). Sequence alignments were subsequently edited
manually. Alignments were next exported to the Genetic Data
Environment (GDE) version 2.0. Phylogenetic trees were
generated using the DeSoete method within GDE. Terminator T,
and the antitermination site (nuteq) RNA sequences were first
analysed with HAIRPINS in Eugene. These sequences were next
exported to Genetics Computer Group (GCG Inc.} version 7.0
(GCG Inc.) (Devereux ef at.. 1984} in a VAXAfMS minicomputer
(Digital Equipment Corp.}. RNA secondary structures were ana-
lysed with the FOLD program (Zuker and Stiegler, 1981) within
GCG.
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