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More than 70% of the RNA synthesized by T7 RNA 
polymerase during run-off transcription in vitro can be 
incorrect products, up to twice as long as the expected 
transcripts. Transcriptions with model templates indi­
cate that false transcription is mainly observed when 
the correct product cannot form stable secondary struc­
tures at the 3'-end. Therefore, the following hypothesis 
is tested: after leaving the DNA template, the polymer­
ase can bind a transcript to the template site and the 
3'-end of the transcript to the product site and extend it, 
if the 3' -end is not part of a stable secondary structure. 
Indeed, incubation of purified transcripts with the po­
lymerase in transcription conditions triggers a 3'-end 
prolongation of the RNA. When two RNAs of different 
lengths are added to the transcription mix, both gener­
ate distinct and specific patterns of prolonged RNA 
products without any interference, demonstrating the 
self-coding nature of the prolongation process. Further­
more, sequencing of the high molecular weight tran­
scripts demonstrates that their 5' -ends are precisely de­
fined in sequence, whereas the 3' -ends contain size­
variable extensions which show complementarity to the 
correct transcript. Surprisingly, a reduction of the UTP 
concentration to 0.2-1.0 mM in the presence of 3.5-4.0 mM 
of the other NTPs leads to faithful transcription and 
good yields, irrespective of the nucleotide composition 
of the template. 

Run-offtranscription in vitro using bacteriophage RNA poly­
merases (Chamberlin and Ryan, 1982) was developed during 
the last decade as an efficient method for the synthesis of 
biologically active RNA (Melton et al., 1984; Krieg and Melton, 
1984). Among the known variants of this technique the systems 
based on T7 RNA polymerase are the most widely used. This 
enzyme can be isolated in large amounts from an overproduc­
ing Escherichia coli strain (Davanloo et al., 1984), and a num­
ber of suitable plasmid vectors containing the strong class III 
T7 promoters (Dunn and Studier, 1983) or synthetic DNA 
(Milligan et al., 1987) can be used as templates. 

The transition from small scale transcription assays as de­
scribed in the early reports (Chamberlin et al., 1970; Chamber­
lin and Ring, 1973) to large scale synthesis of RNA requires an 
increase in the input of nucleoside triphosphates to the milli­
molar level (Milligan and Uhlenbeck, 1989; Weitzmann et al., 
1990). The optimal concentration ofnucleotides can depend on 
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the particular template in use (Milligan and Uhlenbeck, 1989), 
and it has been shown that an excess ofnucleotides (more than 
4 mM each) can inhibit the polymerization (Draper et al., 1988). 
In general, an upper value of 2-4 mM for all four NTPs com­
bined with a magnesium concentration of 14-22 mM gives 
satisfactory yields. 

The fidelity of the in vitro transcription process is usually 
sufficient for low scale synthesis. However, non-coded 3' pro­
longation of run-off transcripts has been reported as one or 
two extra nucleotides in the case of synthetic DNA templates 
(Milligan et al., 1987), or as very long RNA chains in the case of 
linearized plasmid templates with 3' overhanging ends ("snap 
back" effect; Schenborn and Mierendorf, 1985, Weitzmann 
et al., 1993). 

Using in vitro run-off transcription with T7 RNA polymer­
ase, we found that more than 70% of the products could be 
aberrant transcripts which were longer than the coded RNA 
(> 15 additional nucleotides). We analyzed the reasons for this 
dramatic mis-synthesis and observed that the processivity of 
the T7 RNA polymerase is specifically very sensitive to the 
UTP concentration. Under conditions where the initial concen­
trations of all four NTPs were the same, a new phenomenon 
was revealed: after a faithful run-off transcription, the T7 RNA 
polymerase can accept a former transcript as second template 
and extend this RNA at the 3' -end in a self-coded fashion, if the 
3' -end is not folded into a stable secondary structure. Reduc­
tion exclusively of the UTP concentration enables an efficient 
synthesis of correct products but effectively prevents that of 
false products. 

EXPERIMENTAL PROCEDURES 

Materials-Deoxynucleoside triphosphates as well as all the restric­
tion enzymes (except Ssp!), calf intestine alkaline phosphatase, T4 
polynucleotide kinase, T4 DNA ligase, poly(U)- and oligo(dT)-cellulose 
were purchased from Boehringer Mannheim. Ssp! and the Klenow 
fragment of E. coli DNA polymerase were from New England Biolabs 
and mung bean nuclease from U. S. Biochemicals. The ribonucleoside 
triphosphates and the inorganic pyrophosphatase were from Sigma. 
Plasmid pSP65 and RNasin (40 units/~.tll were obtained from Promega 
Biotec, [32P]UTP, [32P]CTP, [32P]ATP, and [32P]GTP from Amersham. 
The oligodeoxyribonucleotides were synthesized on an Applied Biosys­
tems 380B DNA synthesizer and purified by high performance liquid 
chromatography on a Hypersil ODS 5-C18 column. Chemical synthesis 
of RNA was performed on an Applied Biosystems 392 DNA/RNA syn­
thesizer using phosphoramidite chemistry (Scaringe et al., 1990). The 
plasmid pTZDec-m, a derivative form pTZ18R (Pharmacia) coding for 
the decacodon 0-mRNA (see Table 1), was a kind gift from Drs. H.-J. 
Rheinberger and B. Lewicki, MPI Berlin. The T7 RNA polymerase was 
isolated from the E. coli strain BL21 containing the plasmid pAR1219, 
according to published procedures (Davanloo et al., 1984). 

Construction of Plasmid DNA Templates-Oligodeoxynucleotides 
were synthesized containing the sequence to be cloned (50-60 nucleo­
tides, see corresponding RNA sequences in Table 1). A short comple­
mentary oligo(DNA) served as a primer for double-stranded DNA syn­
thesis (Cobianchi and Wilson, 1987). The sequence corresponding to the 
0-mRNA (Table I) was deleted by successive digestions of pTZDec-m 
plasmid with EcoRI, mung bean nuclease, and Hpal, respectively; and 
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the 5'-phosphorylated double-stranded sDNAs were inserted into the
pTZDec-m plasmid by blunt-end ligation.

The sequence of a tRNAPhe gene from E. coli together with a T7
promoter sequence was cloned at the SmaI site of the plasmid pSP65.
The double-stranded sDNA insert was obtained in the following way.
Two oligo(DNA)s were synthesized, the first contained the sequence of
the T7 promoter and the sequence corresponding to that of tRNAPhe
from nucleotide 1 to 40, the second contained the sequence complemen­
tary to that of tRNAPhe from position 22 to 76 (18 nucleotides are
complementary to the first oligo) plus a BstNI site for linearization. The
recombinant plasmids were used for transformations of E. coli DH5
according to standard procedures. The positive clones were sequenced
in both directions in the region of the insert.

Large Scale Plasmid Preparations-Large scale preparation of
plasmid was done by means of a protocol combining alkaline lysis
(Birnboim, 1983) and polyethylene glycol precipitation (Lis, 1980), fol­
lowed by anion-exchange chromatography purification on QIAGEN col­
umns. This combination of methods yields about the same amount and
quality of plasmid DNA as the standard protocols (Sambrook et al.,
1989) and has the advantage of not requiring the use of RNase A during
the preparation, thus avoiding the risk of contamination of the tran­
scription templates. The run-off transcription templates were then pre­
pared by incubation of the purified plasmids with the appropriate
restriction enzymes.

In Vitro Transcription Assays-The assays were performed using a
set of conditions optimized according to previous reports (Milligan and
Uhlenbeck, 1989; Weitzmann et al., 1990). The standard analytical
assays were performed in 25 IJ-I of a transcription mix containing 40 mM
Tris-HCI, pH 8.0 (37°C), 22 mMMgCI2 , 1 mM spermidine, 5 mM dithio­
erythitol, 100 ug/ml of bovine serum albumin (RNase and DNase free),
1 unit!IJ-I ribonuclease inhibitor (RNasin), 5 units/ml of inorganic pyro­
phosphatase, 0.5 pmol (-1 IJ-g) of linearized plasmid DNA template (or
1 pmol of synthetic DNA templates), 3.75 mM (or the indicated values)
each of ATP, GTP, CTP, and UTP, and 40 IJ-g/ml (or the indicated
amount) of purified T7 RNA polymerase. The components were mixed
at room temperature and incubated at 37°C for the times indicated (3
h standard). The transcription products were analyzed by cold trichlo­
roacetic acid precipitation in order to estimate the extent of reaction
(when a 32p label was included), and by electrophoresis in denaturing
polyacrylamide gels to determine the quality of the RNA synthesized.
The electrophoretical patterns were visualized by autoradiography
and/or via staining with ethidium bromide or toluidine blue. The syn­
thetic DNA templates were assembled by annealing a 17-mer oligode­
oxynucleotide with the sequence of the region -17 to -1 of the consen­
sus class III T7 promoter to a template DNA strand containing
complementary sequence of the promoter followed by that of the RNA to
be synthesized. In assays where purified RNA was used as sole tem­
plate, it was added in amounts ranging from 0.25 to 20-fold molar
excess over polymerase.

Transcript Purification-The transcription products of the plasmids
pTZDec-m, pTDMS, and pTDLS (linearized with BamHl) were purified
after phenol-chloroform extraction of the transcription mix by chroma­
tography on oligotd'I'j-cellulose (Sambrook et al., 1989) followed by
ion-exchange chromatography on QIAGEN columns. Transcripts ob­
tained from the pTMF template (linearized with Sspl) or synthetic DNA
templates were purified by polyacrylamide gel electrophoresis under
denaturing conditions.

RNA Sequencing-The run-off transcript of the plasmid pTZDec-m
was sequenced with the chain termination method (Hahn et al.,
1989) using avian myeloblastosis virus reverse transcriptase (from
Pharmacia-PL Biochemicals) and a synthetic DNA primer. The tran­
scripts derived from the pTMF template were directly labeled at the
5' -end by including [y2P1GTP in the in vitro transcription reaction. The
sequences were determined with the enzymatic sequencing method
using the RNA Sequencing Kit from Pharmacia-PL Biochemicals.

The sequencing of the 27-mer product obtained from transcription of
MF-mRNA was performed using the phosphorothioate method of Gish
and Eckstein (1988) with slight modifications as described in Schatz et
al. (1991). Five transcription reactions were performed in parallel, in
four of which 20% of one nucleotide was replaced by the corresponding
[aS1NTP. The fifth reaction was lacking [aS1NTPs, and the correspond­
ing product was used as control for detecting spontaneous chain dis­
ruptions. The transcription reactions were performed under standard
conditions (see above) in a total volume of 50 p.l containing 200 pmol of
MF-mRNA as template and 20 pmol of T7 polymerase. The transcrip­
tion products were separated on a polyacrylamide gel, the bands visu­
alized by UV shadowing, and the transcripts corresponding to the
"27-mer" band were extracted. After 5' -labeling, 10 IJ-I (~200,000 dis-

integrations/min) were treated with 1 p.l of a 10 roM J 2 solution in
ethanol, incubated for 1 min at room temperature, precipitated with
ethanol, and analyzed by polyacrylamide gel electrophoresis.

Secondary Structure Predictions-The secondary structure of mini­
mum free energy for the synthetic RNA molecules was determined with
the program FOLD (Zuker and Stiegler, 1981) using the energy param­
eters defined by Turner and co-workers (Freier et al., 1986), and/or the
program MFOLD (Zuker, M., 1989).

RESULTS

Transcription under Standard Conditions-The startling ob­
servation was derived from analytical in vitro transcription
assays performed with templates designed for the synthesis of
small model mRNAs devoid of strong secondary structure (see
Table I). Under standard conditions (all NTPs at 3.75 mx), the
products obtained with the plasmid templates revealed a sur­
prising phenomenon. In the cases of pTZDec-m, pTDMS and
pTDLS (decacodon template series) the calculated transcrip­
tion efficiency (RNA copies synthesized per template) sug­
gested more than quantitative utilization of the ATP added to
the assay, if one assumes exclusive synthesis of the expected
transcript; the calculated ATP consumption was 12-15%
higher than the total input of non-labeled ATP (the label
was incorporated as an [32P1NTP different from ATP in these
cases).

The gel analysis of these transcripts showed a second anom­
aly which might be the reason for the mis-estimate. The RNA
synthesized ran in .the sequencing gel as a smear starting at
the position of the full-length transcript and going to higher
molecular weights (Fig. lA, lanes 4-6). The track correspond­
ing to the MF-mRNA transcript (Fig. lA, lane 7) also showed a
smear ranging from the expected 46-mer to the region corre­
sponding to about 75 nucleotides. The RNA obtained from the
synthetic DNA templates similarly showed a non-homogeneous
electrophoretic pattern (Fig. 1C, lane 2). It is clear that the
assumption of exact transcription was not justified. Since the
nucleotide composition of the longer transcripts is not known,
the transcription efficiency calculation based on one radioac­
tive nucleotide is not reliable. In contrast, the unmodified
tRNAPhe transcript consisted of a single product of the right
size (Fig. 1C, lane 4). At first glance it appeared that the partial
homopolymeric nature of the model mRNAs could be the cause
of the aberrant transcription as indicated in previous reports of
"slippage" of T7 RNA polymerase on poly(A) tracks (Milligan
and Uhlenbeck, 1989). However, a second series of templates
with balanced base composition and lacking homopolymeric
tracks gave similar results (data not shown).

Kinetics of the MF-mRNA synthesis were performed by sub­
jecting the samples withdrawn from the transcription assay at
various times to gel electrophoresis and analyzing the resulting
autoradiogram by densitometry (Fig. lB). At the onset of incu­
bation predominantly correct products were synthesized, as
evidenced by the main band product with the expected 46
nucleotides. However, the longer the incubation for transcrip­
tion lasts the more false, overlong products are produced,
reaching a comparable level with the expected product after
180 min of incubation (Fig. 1B). The apparent lag period
between the incubation start and the efficient synthesis of
high molecular weight products indicates that the synthesis of
longer RNA is a secondary process which needs an induction
time. This induction time appears to be inversely related to the
speed of RNA synthesis ti:e. with more enzyme the lag period is
smaller, data not shown) and seems to be different for every
template. These observations suggest that a minimal concen­
tration of transcripts is required for the onset of aberrant
transcription.

Secondary Structure at the 3' -Ends ofProducts and Aberrant
Transcription-The observation that some templates reproduc-
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TABLE I
Structure of the various transcripts

Decacodon O-mRNA, model mRNA for E. coli systems; the main structural elements are Shine-Dalgarno element (in bold face) with a
7-nucleotide long spacer to the initiation codon (underlined), a coding region containing 10 unique codons followed by a stop codon, and a polytA)
tail (57-nt long). The two additional variants of the decacodon were designed to have a medium §tability (decacodon MS-mRNA) and low stability
(decacodon LS-mRNA) in their predicted secondary structures (according to the program FOLD) when compared with the original mRNA
(decacodon O-mRNA). The MF-mRNA contains two unique codons for methionine (M) and phenylalanine (F). The 14-mRNA contains a Shine­
Dalgarno element, an 8-nt spacer, and a coding region composed of 14 codons.

Template Transcript

Plasmid templates

pTZDec-m Decacodon
(BamHI digested) O-mRNA

(143 nt)

pTDMS Decacodon
(BamHI digested) MS-mRNA

(132 nt)

pTDLS Decacodon
(BamHI digested) LS-mRNA

(131 nt)

Decacodon
pTDLS LS-mRNA
(BglII digested) (short-form)

(56 nt)

pTMF MF-mRNA
(SspI digested) (46 nt)

pSTtPhe tRNAPhe
(BstNI digested) (unmodified)

(76 nt)

Synthetic DNA
templates
MF-mRNA MF-mRNA

template + T7
promoter

14-mRNA template 14-mRNA
+ T7 promoter (65 nt)

RNA sequence

1 10 20 30 40
GGGAAUUCGG'ACACGGUGAC'CAGAGCCCUC'AAAGGAGGUU'UGAAGU
AUGA-CUUCAAUCUU'CGCUCAGGUU'AACGACUAA' (A) 57'GGGG'AUC

50 60 70 140

1 10 20 30 40
GGGCCCGGAG'GUUUGAAGUA'UGGCUUCUAU'CGUUUUCCAG'
ACCGAACGUU'AACUUAAGCA'ACGACUAA' (A) 57'GGGGA'UC

50 60 130

1 10 20 30 40
GGGCCCGGAG'UUUAAAAUAU'GCAAUCUAUC'UUCACCGUUU'
ACGAACGCUA-AAGAUCUAAA'CGACUAA' (A) 57 'GGGGAU'C

50 60 130

1 10 20 30 40
GGGCCCGGAG'UUUAAAAUAU'GCAAUCUAUC'UUCACCGUUU'
ACGAACGCUA'AAGAUC

50

1 10 20 30 40
GGGAAAAGAA'AAGAAAAGAA'AAUGUUCAAA'AGAAAAGAAA'AGAAAU

1 10 20 30 40 50
GCCCGGAUAG'CUCAGUCGGU'AGAGCAGGGG'AUUGAAAAUC'CCCGUGUCCU'
UGGUUCGAUU'CCGAGUCCGG'GCACCA

60 70

See above

1 10 20 30 40
GGGACCAAGG'AGGAAAAGAA'AAUGAAAGCA-ACCGCAACCG'CAACU
AUGAU'AUCAAUAAUA'AUAAU

50 65

ibly yielded exact products whereas others provided large
amounts of overlong products was a surprise. A possible reason
could be seen in the fact that the transcripts systematically
differed in their capability to form secondary structure at the
3'-end region. For example, unmodified tRNAPhe is obviously
able to form the known secondary structures of the wild type
tRNA since the transcript was functional in aminoacylation
assays and in poly(Phe) synthesis with poly(U) programmed 70
S ribosomes from E. coli (data not shown). It follows that the
3' -end of the tRNAPhe transcript should have only four nucle­
otides which are not involved in secondary structure. In con­
trast, the other transcripts listed in Table I (except the short
form of the decacodon LS-mRNA) show a low overall tendency
to form double helices and their 3' -end regions are not involved
in stable secondary structures (as predicted with the programs
FOLD and MFOLD; data not shown).

The template for the decacodon LS-mRNA offered a conve­
nient system to test the importance of secondary structure at
the 3'-end of the correct transcript with regard to the quality of
transcription. Upon restriction with BamHI, this plasmid
serves as a template for the synthesis of the long form of the
decacodon LS-mRNA, which contains a poly(A) tail of 59 adenyl
residues and is thus free of secondary structure at the 3'-end
(Fig. 2A). When restricted with BglII the plasmid codes a short
form of the mRNA which lacks the polyt.A) tail and carries a
secondary structure motif at the 3' -end (Fig. 2B). The results of
parallel transcription assays with both forms of the template

were striking: products with 3' -end secondary structure show
one main product corresponding to the expected length practi­
cally free of longer transcripts (Fig. 2B), whereas large
amounts (-60% of the toluidine blue-stainable material) of
prolonged false transcripts were found with the RNA contain­
ing the poly(A) tail (Fig. 2A).

One possible explanation for the appearance of high molec­
ular weight products is that after running off the T7 RNA
polymerase can rebind the previously synthesized RNA and
continue the RNA synthesis thus making longer transcripts. A
prerequisite for an RNA to function in that way is a loose 3' -end
free of secondary structure. It is not yet clear at this point
whether one RNA molecule can serve as template for the pro­
longation of another RNA molecule or the template RNA is
prolonged at its own 3'-end (self-coding; Fig. 3C).

Self-coded Transcript Extension-The possibility of using
RNA as template for the DNA dependent T7 RNA polymerase
has in fact already been described by Chamberlin and Ring
(1973) and Kornaska and Sharp (1989), among others. We
confirmed that poly(U) could indeed be used as template, yield­
ing a rate of polymerization of 0.3-0.5 nucleotides/s and en­
zyme (at saturation; data not shown), which is about 100-fold
slower than in the presence of a DNA template under the
conditions used. Furthermore, the fact that for detectable tran­
scription the concentration of RNA template must be approxi­
mately 20 times higher than that of DNA templates indicates a
higher affinity of the enzyme for DNA templates.
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FIG. 1. Gel e lectrophoresis analysis
o f differe n t in vitro transcription
prod ucts. 4-,.d samples from the indi­
cated sta nda rd transcription as says were
a pplied to appropriate sequencing gels .
After separation the gels were stained
with toluidine blue or ethidium bromide
and, when in dicated, expo se d for 12- 48 h
at - 80 · C to a n x-ray film . A, 10% se ­
que ncing gel, ethidiu m bromide staining:
lan e 1, 0.16-1.77-ki lobase RNA molecular
we ight standards; lan e 2, tRNA"he (0.02
A 260 unit s); lan e 3, 5 S rRNA (0.02 A26 0
units ); lane 4 , pTZD ec-m transcript; lan e
5, pTDM S trans cr ipt ; lane 6, pTDL S tran­
scri pt ; lane 7, pTMF transc ript. Autora­
diogr am (lan es 4-7). B, sca ns of a n a uto­
radiogr am . 1 pm ol (2 J.Lg) of SspI­
restricted pTMF was incubated at 37 · C
in 50 J.LI of standa rd transcription mix
containing [a2PIATP (30 cpmlpmol) with
T7 RNA polym er ase a t a final concentra­
tio n of 4 ug/ml . At the indica te d times (0,
15, 30, 60 , a nd 180 min ), 5-J.LI sa mp les
were tak en , frozen in liquid nitrogen , a nd
dried under vac uum. Th e material was
the n dissolved in 5 J.LI of RNA sample
buffer a nd run in a 15% seq ue ncing gel.
Th e qu al ity of the RNA sy nthesized was
a na lyze d by densitomet ry of t he corre­
sponding a utoradiograms (B, left pan el ).
The a rea in arbitrary un its , (A. U. ) from
the peaks cor responding to th e main band
(*) a nd the longer RNAs, . , res pectively,
are plot ted against t he ti me of incubation
(B, right) . C, 15% polyacryla mide-u rea
gel. Tolui din e blue staining: lane I , 5 S
rRNA (0.02 A 26 0 units ); lan e 2, 14-m RNA
transcript (65 nt ), lane 3 , pTDLS tran­
script ; lane 4, pSTtPhe transcript (76 nt );
lane 5, tR NA"h,. from E. coli (0.03 A 260
uni ts ).

When a small RNA practically lacking predictable secondary
st ructure was used as template (MF-mRNA, for sequence see
Tab le I) the polymerization was also efficient (up to 1600 nt.'
polymerized/ug ofT7 RNA polym erase in standard conditions,
data not shown). Th e products of a transcription incubation
including [32P1UTP as lab el were analyzed by gel elect rophore­
sis . Th e corresponding autoradiogram (Fig. 3A , lan es 1--3)
showed no products with the len gth of the starting template (46
nt) bu t ra th er a gr oup of short ab erran t products 5-26 nucl e­
ot ides long (about 20% of the synthesized RNA); a st rong band
corresponding to a 27-28-mer (- 40% of the total RNA) is also
pr esen t , suggesti ng that the RNA is mainly used as templa te at
about th e middle of the seque nce , and re latively large a mounts
of long transcripts (- 40%) also appear which are longer than
the start ing template. Simil ar results with respect to nucl eo­
t ide incorpora t ion and size distribu t ion of the transcri pts were
obtained using chemically synthesized RNAs having totally
unrelated seque nces bu t pr eserving th e size and th e lack of
predictable secondary structure as comm on features (data not
shown).

In order to determine the seque nce of the strong band with
about 27 nt, the transcription was repeated , but now allowing
for random incorporation of a few phosphorothioated nucl eo­
tides at either A, G, C, or U positions. The oligon ucleot ides
corresponding to the 27-m er were isolated, lab eled at the ir

I Th e abbrevi ations used a re: nt, nu cleotidets); cpm, counts/min.

3' -ends with 32 p , and then cleav ed with iodine at th e phospho­
rothioated positions and separa ted on a sequence gel (Gish and
Eckstein, 1988). Fig. 4 demonstrates that th e oligonucl eotid es
were complementary to th e 5' -end of the MF-mRNA. Th e pro­
longation of th e t rans cri pts exceeded th e 23 nt identified on th e
seque nce gel, since the last one (3 '-C, see Fig. 4) and the first
2- 3 nucl eotid es (AAG·5') could not be detected for techn ical
reasons. For conveni ence we call the respective band the "27­
nt" produc t. The fact that a clea n seque nce pattern is obtained
indicates that th e 27 nt band contains one defin ed transcript. It
is the re fore clear that the 27-nt oligomer is the produ ct of a
defin ed de novo synthesis starting at a position which is about
19 nu cleotides from the 3 '-end of the te mplate MF-mR A.

Th e fact that the addition of the non-labeled MF-mRNA
yie lds two more or less defin ed product families (Fig. 3A ), one
shorter (about 27 nt) and one longer (50- 80 nt ) than the added
MF-mRNA with 46 nt, could be explai ned as follows. The MF­
mRNA binds around its 27th nucl eotide to the template site of
th e T7 RNA polymerase. Th en eithe r de novo synthesis (Fig.
3C, left) occurs yie lding the 27-nt long products; in other cases
th e polym erase prolongs added MF-mRNAs for about 27 nucle­
otid es yie lding the 75-nt pr oducts . It is possible that a template
mRNA se rves to prolon g its own 3' -end at the later process.

In the next experiment we wanted to ana lyze the fate of th e
input MF-mRNA, which th erefore carries a 32p label a t th e
5 '-end. The transcription was performed with non-lab eled
NTPs (Fig. 3A , lan es 5- 9). Th e radioactivity was distributed
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A
6Gt" = -3.7 kcal/mol

B
6Gt" = -3.7 kcaVmol

FIG. 2. Predicted secondary struc­
tures and in vitro transcription with
two forms of the pTDLS template. The
optimal predicted secondary structures
and their fiG; were determined for the
long (A) and the short (B) forms of the
decacodon LS-mRNA (see Table l) using
the program MFOLD (S.D. = Shine­
Dalgarno sequence). The scans of autora­
diograms correspond to analytical assays
where 0.5 pmol of pTDLS digested with
BamHI (A) or BglII (B) were incubated in
standard transcription conditions during
3 h at 37°C. 5-t-t1 samples of the transcrip­
tion mix were applied to a 10% sequenc­
ing gel, and after separation the nucleic
acids were stained with toluidine blue.

100

b;\ I k Jl]
i} i} i} i}

top main band top main band
(I 32-mer) (56-mer)

between the original mRNA band (see lane 5) and a smear of
overlong products of up to 80 nt comprising about 60% of the
original input (determined by densitometry of the autoradio­
gram and by direct counting of gel slices) and showing a pat­
tern of the main products (Fig. 3A, lane 6) very similar to that
observed when a pTMF DNA template is used. These results
again indicate that the T7 RNA polymerase uses the RNA as
transcription template and is also able to prolong this RNA at
the 3'-end. Interestingly, the input of RNA template, which
varied from 10- to 0.5-fold molar excess over polymerase, had
practically no effect on the pattern of 3' -end prolonged products
(Fig. 3A, lanes 6-9). The fact that the same pattern is seen even
at the lowest input ofMF-mRNA is in favor of the view that the
prolongation process is a self-coding mechanism (Fig. 3C,
right).

A rigorous test of this view is made in the next experiment.
[
3 2P1MF-mRNA (46 nt) is mixed with various amounts of non­

labeled decacodon O-mRNA (143 nt). Both mRNAs can trigger
different patterns of overlong products in a transcription assay.
A self-coding mechanism (Fig. 3C, right) will show in the mix­
ture experiment the two distinct patterns without any inter­
ference, whereas the possibility that "one RNA molecule serves
as template for the prolongation of a second RNA molecule"
(intermolecular mechanism; Fig. 3C, center) implies a signifi­
cant change in the pattern of radioactive prolonged RNAs. Fig.
3B, lanes 1-4, shows that increasing amounts of decacodon
O-mRNA do not at all interfere or disturb the distribution of
the overlong products derived from MF-mRNA. Ethidium bro­
mide staining of a second sequencing gel reveals that the de­
cacodon O-mRNA also triggered its distinct pattern of pro­
longed RNA (Fig. 3B, lanes 7-10) independently of the presence
of MF-mRNA. It follows that the 3'-end prolongation is most
probably an intramolecularly coded, i.e. a self-coded process.

Sequencing the Products-According to the conclusions of the
preceding section the extended transcripts must all have a
defined 5'·end but various 3' extensions, which should be com­
plementary to the RNA template. This expectation was checked
by sequencing the transcripts produced in a preparative assay
(3.75 mM NTPs were used in these cases) and purified as
described under "Experimental Procedures." The DNA tem­
plate for the MF-mRNA was selected for this purpose.

After transcription under standard conditions, using
[ 32P1GTP as label and pTMF (Sspl restricted) as template, the
full-length transcript and one sample from the area containing
products with a higher molecular weight were isolated after

polyacrylamide gel electrophoresis (Fig. 5A) and sequenced
using enzymatic techniques. The sequencing patterns (Fig. 5, B
and C) confirmed the expected sequence of the full-length tran­
script and revealed that the secondary bands (in a range of
50-70 nucleotides) contain a 5'-end with a sequence identical
to the correct transcript (Fig. 5B) and 3' prolongations with
apparent complementarity to the correct transcript (Fig. 5, C
and D). It follows that the aberrant transcripts are not the
result of false transcription initiation or errors in the elonga­
tion process but rather of an extended synthesis (Fig. 5D).
Sequencing of the heterogeneous transcripts from the template
for the O-mRNA (Table I and Fig. lA, lane 4) also revealed
defined 5'-ends expected for the correct transcript (data not
shown).

What Avoids Self-coded 3' -End Prolongation of Tran­
scripts?-We have identified three parameters which influence
the extent of false transcription. One parameter already men­
tioned is the time of transcription incubation. At the beginning
predominantly correct products are produced, whereas false
transcripts accumulate at the end oflong incubations (Fig. 1B).

A second parameter is the concentration of T7 RNA polym­
erase. With the template for the decacodon LS-mRNA used in
the experiment shown in Fig. 6, one should perform the reac­
tion with an enzyme concentration of less than 10 J.Lg/ml to
avoid most of the smear of higher molecular weight products.
However, adjusting the enzyme concentration for every indi­
vidual template in order to achieve precise transcription is not
always advisable, since for a number of templates the enzyme
concentration had to be reduced below 4 J.Lg/ml, which is too low
for preparative purposes.

The third parameter was a surprise. A strong and specific
effect of the UTP concentration on the accuracy of transcription
was found. Fig. 7A shows the transcription of the MF-mRNA
(46 nucleotides) under conditions where the concentration of
the nucleotides was systematically changed (one by one) in a
range covering preparative and analytical conditions (3.75 mM
to 188 J.LM). The autoradiogram reveals that a reduction of ATP
or GTP lowers the efficiency of transcription with apparently
no effect on the proportion of correct/incorrect products. The
reduction of CTP seems to have no effect in the range of con­
centrations used, probably due to the fact that the transcript
has only 1 cytosine. In sharp contrast, reduction of UTP pre­
dominantly reduces the synthesis of incorrect products. When
we evaluated the gels quantitatively (Fig. 7B), the following
results were obtained. At the lowest UTP concentration applied
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FIG. 3. RNA d ependent in vitro
transcription with T7 RNA polymer­
a se , MF-mRNA a s template. A , autora­
diograms from 15% se quencing gel s . Left
pan el , lanes 1-3: 125 , 250 , and 500 pmol
of non-labeled MF-mRNA, resp ectively,
were incubated in 25 ILl of sta nda rd tran­
script ion mix containing 3 .75 mxt of each
ATP, GTP, CTP, a nd ["2PlUTP (20 cpm/
prnol) and 25 pmol ofT7 RNA polymerase
during 4 h a t 3 7 °C. Lan e 4 correspond s to
a control incubation omitting the MF­
mRNA. Right pan el, lan es 6-9: 250, 62 ,
25, and 12 .5 pmol of 5 '-32P-labeled MF­
mRNA (390 cpm/prnol ), re spectively , were
incubated a s indicated a bove in the pres­
ence of non-labeled NTPs. Lane 5 corre­
sponds to a control incubation containing
25 pmol of [32PlMF-mRNA a nd omit t ing
the T7 RNA polym era se . B , left panel ,
a u torad iogra m from 10% seque nc ing ge ls .
Lanes 1-4, 100 pmol of5' -32P-label ed MF­
mRNA (260 cpmJpmol) were incubated in
standa rd transcription condition s with
non-labeled NTPs , 100 pmol of T7 RNA
polymerase , a nd 0 (no addit ion ), 50, 100 ,
a nd 200 pm ol of ge l-pu r ifie d non-labeled
decacodon O-mRNA, resp ectively . Lane 5
corresponds to a control incubation omi t ­
ting NTPs a nd decac odon O-mRNA. Right
pan el , eth id ium bromide staining. Lan e 6
corresponds to lan e 5, a nd lanes 7-10 cor ­
respond to lanes 1-4 in the a utoradio­
gram (left pan el ); lan e 11, untreated de­
cacodon O-mRNA. C, three model s for
RNA -coded RNA sy nt hesis .

(188 JLM) the most accurate t ranscription was obse rve d an d the
correct transcripts amo unted to about 80% of the total tran­
scribed pro ducts, whereas the maximal amou nt of correct prod­
ucts (100 %) was found at 0.7 mxt UTP. Variation of the CTP
concentration did not affect the accuracy of t ranscription; only
25% of the total transcripts were correct, whereas the yie ld of
correct transcri pts showed a shallow max imum at 0.7 mMCTP
reaching 86% of the best yie lds foun d in the UTP series . Re­
duction of the ATP or GTP had a disast rous effect. Th e yield of
correct transcript s went down to 3%, whereas the synthesis of
incorrect transcripts increased to over 90%.

Qualitatively, the same results were observed with various
plasmid templates an d synthetic DNA te mplates coding for
t ranscripts wit h wea k secondary structure at the 3 '-end an d
with differen t nucleotide compositions For example, the oli­
go(DNA) contain ing the fragment of a tRNA gene correspond­
ing to posit ions 1- 40 of tRNAPhc plu s the T7 promoter was
transc ribed. The transcription yielded mainly overlo ng prod­
ucts of about 60 nt. Th e pro longation compleme ntary to the
first 20 nucl eotides of tRNAPhc containe d only 3 U residues.
Neverthe less, a reduct ion of the UTP concentration du ring
transcription grossly pr evented the synthesis of overlong tran-

scripts (da ta not shown ). It follows that the strong and specific
effect observed with decreasing the UTP concentration is not
re lated to the uridine content or nucleoti de composition of th e
transcripts.

DISCUSSION

The ru n-off in vitro t ranscription system with T7 RNA
polym erase has been used for the synthesis of short (less than
100 nucleotides; Groebe and Uhlenbeck, 1988; Sampson and
Uhlen beck, 1988; Milligan and Uhlenbeck, 1989) and long
RNAs (e.g. 16 Sand 23 S rRNA; Negre et al., 1989; Weitzmann
et al., 1990 ). The transition from small scale to large scale
assays require d some changes of the transcription syste ms to
improve the yield of synthetic RNA. Major changes are the
inclusions of rib onuclease inhibitor and inorganic pyrophos­
phatase, which significantly improve the quality and the yield
of prod ucts (Cunningham and Ofengan d, 1990); minor im­
provements are the ad ditions of polyethyleneglycol and Triton
X-100 (Mill igan and Uh lenbeck , 1987). Furthermore, the con­
centrations of nucleotides have to be increased, an d it is nor­
mally assumed that an increa se in th e nu cleotide concent ration
has no major effect on the quality of the RNA synthesized.
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FIG. 4. The sequence of the short 27-nt transcript of the MF·
m RNA (46 n t ). Th e sequence was assessed with the phosph oroth ioa te
meth od (Gish an d Eckst ein , 1988). A , G, U, and C, transc ripts contain­
ing the respect ive phosph oroth ioated nucleotides. 0 , tra nscript with out
phosph oroth ioa ted nu cleotid es but otherwise treated as th e thi oat ed
tra nscripts . Bottom , th e seq uence of the tra nscri pt is compare d to that
of the MF·mRNA use d as a te mplate. For details see "Experi mental
Procedu res."

MF - mRNA (46 nt)
-. 10 20 27

I I I

S'·GGGAAAAGAA AAGAAAAGAA AAUGUUCA4GA4GA 4GA3U-3'

3'·(C)CCUUUUCUU UUCUUUUCUU UUACA(AG}-S'..
sequence of the transcript (27 nt)

3' -protruding en ds. Th is term describes the fact that an RNA
polymerase engaged in transc riptio n can, upon reaching the
5' -end of the te mplate strand, turn to use the 3'-protruding end
as a second template (a DNA to DNA jum p) continuing the
synthesis towa rd plasmid-sized transcripts (Schenborn and
Mierendorf, 1985). Furthermore, the RNA extensions described
in this pa per were also produced with sing le-stranded DNA
te mplates, which can not t rigge r a snap back event. The tem­
plate-ind ependen t addition of a few nucleotides at the 3'-end of
sma ll transcripts observed by Uhlen beck an d colleagues (Mil­
ligan et al., 1987) can also not explain the resu lt s , since the
additions found in the cases reported her e are much longer.

Several observations reported in the lit erature as well as the
res ults pr esen ted here led to a possibl e explanation for the
aberra nt transcript ion. First, it is kn own th at the T7 RNA
polymer ase (as well as many other RNA polymer ases) can
accept RNA as te mplate (Cha mberlin and Ring, 1973;
Kornaska and Sh arp, 1989, 1990). Second , as shown in Fig. IB ,
th e production of high molecul ar weight RNA appears to be a
late event during th e tran scription incubation. Third, in all
cases where the phenomenon is visible th e expected tra nscript
has a 3'-end region which appea rs to be free from stable sec­
ondary structure (Fig. 2). Fourth , the pr esence of two different
RNAs both with 3'-ends lacking stable secon da ry structures
triggers a pattern of over long pr oducts independently from
each othe r. And finally, seque ncing of the high molecu lar
weight RNA revealed that it consists of a 5 ' port ion identical to
the expected tra ns cript plus a variable 3' pr olongation, which
shows appare nt complementari ty with the transcript itself
(Fig. 3D ). It follows that the synthes is of aberrant transcripts is
not related to abnormal transcription initiation. Th e problem
starts when the "ru n-off ' process is completed.

Th e data suggest the following. Durin g the run-off transcrip­
t ion and afte r the production of a certain amount of t ra nscript,
the RNA can serve as substrate for a se lf-coded 3'-end prolon­
gation. A certain amount of t ra nsc ript is required becau se the
RNA has to compet e with th e DNA for the template site, which
has a higher affinity for DNA. Thi s explains th e lag of appea r­
ance of false transcripts in th e kin etic s shown in Fig. IE. In
order to be fully efficient in thi s process, the RNA mu st have a
3'-end free of second ary structures. This means th at at suffi­
cient concentrations of RNA th e T7 RNA polymerase swap from
a DNA to an RNA template. A stable second ary stru cture at the
3'-end of a transcript obviously prevents th e bind ing to the
product site and possibly also to th e template site of the polym­
erase (Figs. 2 and 3C). Sinc e a seconda ry structure involving
th e 3' -end will form only afte r th e re lease of the res pective
tran script , the RNA has pr obabl y to be released before it can
occupy the template site and wit h its 3' -end the product site of
the T7 RNA polymerase. After the self-coding process, the
overlong pr oducts have now 3' -ends which are self complemen­
tary, are the refore involved in stable secondary structures, and
thus cannot serve as te mplate again preven ting a further pro­
longation. Th is expla ins why overlong products have a length of
less than twice that of the correct transcript . Our observations
concerning the importance of a seconda ry structure at the
3'-end of a transcript agree well to what is known about the
requ irements for te rmination. T7 RNA polymerase terminates
efficiently in vitro at a G:C rich hairpinIU stretch structure
(Dunn and Studier , 1983). Th e hairpin formation is important
for disrupting DNA (template)-RNA (tra ns cript) in ter actions
as well as in teractions between RNA and polymerase (Sousa et
al ., 1992, and refer ences there in).

Three param et ers of the tran scription assay wer e shown to
affect th e relative am ount of aberra nt transcription: the tim e of
transcrip tion incubation (Fig. IB), th e stoichiometry of T7 RNA
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However , it is fre que ntly see n that the synthesis of full -length
t ra ns cript is accompanied by pr oduction of higher and lower
molecular weight products du rin g large sca le transcriptio n as ­
says using T7 an d also othe r bacterioph age RNA polymer ases
(Milligan et al., 1987, Ling et al., 1989, Padd ock, 1989).

Th e transcription system previously opt imized by us for the
synthes is of a model mRNA coding for a decap eptid e (see "Ex­
perimen tal Procedures") was used to test the te mplates for
differen t heteropolymeric mRN As. Th e system works effi­
cien tly with respect to the incorporatio n of rib onucl eotides in
RNA, but the fidelity of the synthesis is far from opt ima l. In all
cases pr esented in Fig. 1, the synthes is of th e expecte d tran­
scripts was accompa nied by a sign ificant pr oduction of RNA
with higher molecular weights than expecte d, th e only excep­
tion bein g the transcription with th e tRNA Phc template. Since
all th e plasmid templates used in thi s experime nt had 5'­
protruding or blunt ends, th e observed phenomenon is differ ent
from th e sna p back effect observed with DNA te mplates having



Se lf-coded 3'-Extens ion of R un-off Transcripts

A B

6305

c

A
A

A
A

G

AU -22 nl
C A

A
G U

uU
U
u (X)

A - 3'-l:nd of the
AA exp ected transcript

o

A
A

A
A

C
U

U
-

-
-

-

A lk. hydrol .

A C'u ! control
~ A!U I 1

" AU

-- GAM"

G A""- A- G AA
AA..

U
G- U G- U- A
A

AA- G
A

A
A

A- G

A

A
A

A

• G

A

A

A

A

• G

G

J-B

l-C

46 III - [

75 III -[

FIG. 5. The sequence of the T7 tran­
sc r ip ts is prolonged at the 3 '-end. 5
pmol of th e MF-mRNA DNA temp late
(pTMF) were incubated in standard con­
ditions (a ll NTP s at 3.75 m xr) in th e pres­
ence of[:l2PIGTP (40 cpm/pmol), Th e tran­
scr iption product s were then sepa ra te d in
a 17% se que ncing gel (autoradiogr am in
A ) from which two sections were cut and
the RNA extra cted. One sect ion corre­
sponded to th e position of th e expecte d
tran script (46 nt; B ) and th e oth er corre­
sponded to an RNA about 20 nt longer (C).
The seque nces of these two RNAs were
det ermined enzyma tically showing that
th e 46-nt long RNA corresponds to th e
expecte d transcript (8), an d the longer
fragment contains an identical 5 ' region
followed by a 3' prol ongation (C ) whic h
shows compl ementarity to the expecte d
transcript. D, self-coding model showing
the complem entarity betw een th e MF­
mRNA seque nce and the 3' exte nsio n.

D
T7 RNA polymerase

~ template RNA template.................£ site (former transcript).... .... L
GPo-A "-- ...

AA:" A 4A AAA C U UG UA A ~ OA ' ~A A G A AA A AAAA GOO 5'
A; U X UUUU OA AC A UU U .....3.:

AG~ A A \ , I :
. ---- ..
••••••• ~·· 3 ' - e xt end ed sequence

...................

polymerase used relati ve to the DNA template (Fig. 6), and the
concentrations of nu cleotides . Fig . 6 demonstrates that, when
the amount of enzyme surpasses a critica l level , the synthesis
of "smeared" produ cts with a high molecu lar weight is exacer­
bated . It follows that an adj ustment of the enzy me amo unt
could be sufficie nt for a synthesis with tole ra ble amounts of
seconda ry produ cts . However, the enzyme reduct ion is not a
pr acti cal solution in general, since the enzy me concentration
must be reduced to inefficient low levels for man y te mplates.
Since higher concentration of polym erase lead s to enhanced
synthesis resulting in high concentration of RNA in the tran­
scri ptio n assay, a transcript-coded transcript ion is favored un­
der these conditions . Th us, lowering the polym erase conce ntra­
tion improves the transcription quality not by infl uen cing the
mode of action of the polymerase, but rathe r by lowering the
synthesis of a possible RNA template an d the re fore does not
provide a rea l improvement. According to the results in Fig. 7,
man ipula tion of the nucleotide concentrations dr am aticall y af­
fects the produ ction of high molecular weight RNA. The reduc-

tion of purine nucleotides and CTP caused a decrease in th e
yie ld of transcripts without improving the fidelity of transcrip­
tion . In contrast, when the UTP concentration was decreased , a
strong re duction in the synthesis of high molecular weigh t
RNA was observed without a severe effect on the yield of th e
expected transcript. The same phenomenon was observ ed with
different templates coding for RNAs with unrela ted sequences
an d nucleot ide composition (with or without homopolymeric
tracks ) but all preservi ng the lack of secondary structure at th e
3'-end.

Since there is no clear correlation between th e composition of
the transcripts an d the effects ofUTP, th e data sugges t that at
high concentrations the UTP is an allosteric effector of th e T7
RNA polymerase inducing a conformation which facilitates th e
acceptance of RNA as a template. Thi s hypothesis is st ill spec­
ula tive but has some su pport from th e following observations .
In analytical assays using micromolar concentrations of all four
nu cleotides , it has been shown that a redu ct ion of the pyrimi­
dines , especially the UTP, triggers an increased production of
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Toluidine blue staining Autoradiogram
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FIG. 6. T he conce n tration of T 7 R NA p ol yme r a se a ffects t h e q uality of the transcripts. 1 J1.g (0.5 pmol ) sa mples of the decacodon
LS-mRNA DNA templa te (pTDLS) wer e inc ubated in 25 J1.1 of standa rd transcription mix containing [:l2P lATP (2 cp rn/pmol ) with th e indicated
a mou nts of T7 RNA polym erase (2.5- 40 ug/m l) during 3.5 h at 37 °C. Samples of6 J1.l from every incuba tion wer e a pplied to a 10% seque ncing gel.
Lane 1, 0.16-1.77-kilo base RNA molecular weig ht standards; lane 2, tRNAl'hc (0.02 A 2 6 0 u nits ); lan e 3, 5 S rRNA (0.02 A 2 6 0 units); lanes 4-8,
incubations with 40 ,20, 10,5, and 2.4 J1.g ofT7 RNA polymerase/ml of incu bation mix , respectively. Th e autoradiogra m shows lan es 4-8.
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FIG. 7. Influence o f the concentra­
t ions of n ucIeot ides on the a cc u r a cy
of th e tran sc ription. 0.5 pmol of th e
MF-mRNA template (pTMF) wer e incu­
bated in 25- J1.1 a liquots under standa rd
conditions a dj usting th e concentration of
one nucl eot ide a t a time to th e followin g
values: 3.75 mxt (standa rd conditions ); 1.4
mxr ; 0.7 rnxr; 0.35 mM and 0.188 msr . 17
parall el incubations changing th e concen­
trati on of ATP, GTP, CTP, a nd ["2PlUTP
(2 cprn/pmol) as well as a control omit ting
th e pla smid wer e performed . After 3.5-h
incubation at 37 °C th e reactio n was
sto pped, a nd sa mples from eve ry incub a ­
ti on were a pplied to a 10% se que nci ng gel.
Th e corresp onding autora diograms wer e
analyze d by den sitometry. A, a utora dio­
gr ams: lan es 1- 4 , UTP increasing from
0.\88 mxt to 1.4 rnxt; lan es 5- 8 , cor re­
sponding variation of CTP; lan es 9-1 2,
variation of ATP ; lan es 13-16, variation of
GTP; lan e 17, starting conditions (a ll nu ­
cleot ides at 3.75 mxr ). B , results of densi­
tomet ry : _ , fraction of corr ect transcript s
in % of th e total RNA synthesiz ed; 0 ,
a mounts of correct transcript in a rbit ra ry
units.

Concentration of reduced nucleotide (mM)

abo rtive transcripts (Ling et al., 1989 ) indicating loose enzyme­
RNA complexes, i.e. the processivity of the enzyme is reduced
when th e UTP concentration is lower than that of the other
nucleotides . A redu ced processivity a t decreased UTP condi­
tion s would certainly counteract the tendency to self-coded
transcript prolongation.

It is not clear whether RNA-coded de novo synthesis or
self-coded 3'-end extension events occur in vivo. However , the
intracellular mola r ratio of ATPfUTP in E. coli is similar to that
which we foun d optimal for an accurate run-olTtranscription
(the ATP concentration in vivo is about 3 mxr, while that ofUTP
is about 0.8 mxt; Neuhard and Nygaard, 1987 ), suggesting that
these ty pes of acti vit ies of the T7 RNA polym erase are not
common events (or consti tute par t of well controlled processes)
insid e the livin g cell . In vitro, a reduct ion of the UTP conce n­
tration to 0.2-1.0 mxtwhil e keeping the othe r nucleot ides in the
ran ge of 3.5-4 mM(here the ba se composit ion of the expecte d
transcri pt should be taken in to account) is generally applicable
and improves the fideli ty of transcript ion, as well as giving

a high yiel d of correct RNA synthesized with T7 RNA
polym erase.
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