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ABSTRACT Termination of transcription by Escherichia coli
RNA polymerase in vitro appears to depend primarily on two
structural features of the termination site-a G+C-rich region of
dyad symmetry and a series of terminal uridine residues in the
transcript. To determine whether these two features are sufficient
to specify p-independent termination in vitro, we have introduced
new sequences within a tryptophan (trp) operon structural gene
to create two sites with these characteristics. Transcription with
wild-type RNA polymerase in vitro demonstrates that discrete ter-
mination occurs at one of these new sites, although at a low level.
Use of the mutant RNA polymerase rpo203, which is more sen-
sitive to certain weak terminators than is the wild-type enzyme,
increases termination at both sites. We have compared the activity
ofour synthetic terminators with those ofseveral termination sites
in the E. coli trp operon. Under normal conditions of transcription
in vitro, termination becomes more efficient with an increase in
the length of the stem in the RNA hairpin or an increase in the
number of consecutive uridine residues. Transcription with the
rpo203 polymerase and with ribonucleotide analogs gives changes
consistent with these general trends. These results support a
model for termination involving separate but essential roles for
the RNA hairpin and the stretch of uridines in the transcript.

Termination of transcription by Escherichia coli RNA poly-
merase generally occurs at specific sites on a DNA template.
Although termination is modulated by the transcription ter-
mination factor p in vivo (1), many terminators function in vitro
in the absence of p. Sequence comparison of p-independent
termination sites reveals common features (2, 3). These include
a G+C-rich region of dyad symmetry, which can result in an
RNA hairpin, and a series of terminal uridine residues in the
transcript immediately 3' to the region ofdyad symmetry. Our
studies have suggested that these two features reflect the in-
volvement of both RNA-RNA and RNA-DNA interactions in
termination at p-independent sites (4). The presumed role of
the RNA hairpin in inducing a pause by RNA polymerase is
supported by experimental evidence (2, 5, 6). The extreme in-
stability ofrU-dA base-pairing (7) probably enhances the release
ofthe nascent transcript at the run ofuridines. According to our
model, the balance between elongation and dissociation ofRNA
polymerase at a termination site depends on the potential sta-
bility of the RNA hairpin and the weakness of the interaction
between the terminal region ofthe transcript and the template.

Results obtained by varying conditions of transcription in
vitro are consistent with this model. Termination can be af-
fected not only by nucleotide sequence, but also by the nature
of the incorporated ribonucleotides and the RNA polymerase
(4, 8-10). Our previous studies have focused on the trp atten-
uator termination site (trp a) as a model system. Removal offour

of the eight terminal uridine residues from this site by the dele-
tion trp a1419 eliminates termination of transcription in vitro
(4, 11). Incorporation into the nascent transcript of the nucleo-
tide analog 5-iodocytidine 5'-triphosphate (ICTP), which
strengthens G-C base pairing, partially restores termination at
this altered site. Termination can also be restored by the RNA
polymerase mutation rpo203 (12). Comparison of this mutant
polymerase with the wild-type enzyme (rpo') under several
conditions suggests that the rpo2O3 enzyme is more sensitive
to the instability ofa rU-dA hybrid and therefore requires fewer
uridine residues for termination to occur (4). The importance
of the rU-dA base-pairing in termination is supported by the
observation that incorporation of the analog 5-bromouridine 5'-
triphosphate (BrUTP) into the RNA, which would strengthen
the transcript-template interaction, increases readthrough lev-
els at trp a (4).
A major prediction of this hypothesis (4) is that termination

of transcription in vitro should occur at any site where dyad
symmetry sufficient for hairpin formation is followed by a series
of thymidines in the DNA sequence. We report here the con-
struction and analysis of two such synthetic terminators. In ad-
dition, studies of both synthetic and natural termination sites
using base analogs and the rpo203 polymerase begin to distin-
guish between the relative contributions to termination of the
RNA-RNA and RNA-DNA interactions.

MATERIALS AND METHODS
Preparation of Plasmids and Templates. Isolation of the trp

a and trp a1419 template fragments has been described pre-
viously (4). A plasmid carrying the trp a135 mutation was the
generous gift ofC. Yanofsky. This mutant terminator is identical
to trp a except for aT to G base change within the run ofuridines
(13). The plasmid pWU11, containing the trp terminator (trp
t) next to the trp promoter, is described in Wu et al. (14). The
plasmid pLD102, which was used in construction of synthetic
terminators, is described in Christie and Platt (15). After diges-
tion with the appropriate restriction endonucleases, template
fragments were isolated by electrophoresis on polyacrylamide
gels in 50 mM Tris-borate (pH 8.3)/1 mM EDTA and eluted
electrophoretically in 40 mM Tris-acetate (pH 7.9). EcoRI and
BamHI linkers (Collaborative Research, Waltham, MA) were
phosphorylated by incubation with ATP and phage T4 polynu-
cleotide kinase (Boehringer Mannheim). Blunt-end ligation re-
actions were carried out in 10 1.l containing 0.5 ,ug of linker,
0.8 pmol ofpLD102, 70 mM Tris-HCl (pH 7.6), 20 mM MgCl2,
10 mM dithiothreitol, 400 AuM ATP, and 1 (Weiss) unit of T4

Abbreviations: ICTP, 5-iodocytidine 5'-triphosphate; BrUTP, 5-bro-
mouridine 5'-triphosphate.
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DNA ligase (P-L Biochemicals) and were incubated 16-18 hr
at 40C. Ligation mixtures were subsequently heated to 650C for
10 min to inactivate the enzyme; diluted into the appropriate
digestion buffer, and digested with restriction endonuclease
EcoRI or BamHI. The resulting linear plasmid molecules were
purified by electrophoresis in horizontal 1.4% agarose slab gels
in 40 mM Tris-borate (pH 8.3)/1 mM EDTA. The DNA was
eluted from the agarose by electrophoresis into hydroxylapatite,
recovered in 1.0 M sodium phosphate (pH 6.5), and chroma-
tographed on Bio-Gel P60 (Bio-Rad). The plasmid DNA was
then religated in 50 jl with 0.02-0.05 unit of T4 DNA ligase
for 16-18 hr at 40C and used to transform W3110 trpAAEI.
DNA was isolated from ampicillin-resistant colonies and screened
for the presence of-the- new EcoRI or BamHI restriction site.

In Vitro Transcription. Wild-type E. coli RNA polymerase
and the mutant rpo2O3 polymerase were purified by the method
of Burgess and Jendrisak (16). The rpo2O3 polymerase was also
a gift from W. McClure. [a-32P]GTP (10-30 Ci/mmol; 1 Ci
= 3.7 X 1010 becquerels) was obtained from New England
Nuclear. The base analogs ICTP and BrUTP were a gift from
A. Waldrop and D. Ward. Standard 10-,ul transcription reaction
mixtures included 0.2-1.0 pmol of template, 0.05-0.2 ,ug of
wild-type polymerase or 0.2-1.0 ,g of rpo2O3 polymerase, 20
mM Tris-acetate (pH 7.9), 0.1 mM EDTA, 0.1 mM dithio-
threitol, 4 mM Mg(OAc)2, 150 mM KC1, 200 uM each ATP,
CTP, and UTP, and 3-4 ,tCi (about 15 ,M) [a-32P]GTP. We
have previously shown that this GTP concentration is high
enough to avoid transcription artifacts (4, 6). The base analogs
ICTP and BrUTP were used in place ofCTP and UTP, respec-
tively, at final concentrations of200 ,uM. Incubations were car-
ried out for 10-20 min at 37°C. Reactions were terminated by
adding 100 j.u of 0.3 M sodium acetate/i mM EDTA/0.5 mg
of tRNA per ml. After ethanol precipitation, the samples were
analyzed by electrophoresis on 7% or 10% acrylamide/7 M urea
gels. RNA bands were located by autoradiography and were
quantitated by excising the transcripts from the gel and mea-
suring their radioactivities directly in the 3H channel ofa liquid
scintillation counter (terenkov radiation) or by scanning the
autoradiographs with a densitometer.

RESULTS
Construction and Analysis of Synthetic Terminators. To de-

termine whether the two features common to p-independent
termination sites are sufficient to specify termination, we con-
structed synthetic sites with these characteristics. DNA se-
quence analysis oftrpC (17) revealed a region ofdyad symmetry
at nucleotides 73-80 that included a Bal I cleavage site and was
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FIG. 1. Construction ofsynthetic termination sites. DNA sequence
of the trpC region surrounding the Bal I site in the parental plasmid,
pLD102, and the new sequences after insertion of the EcoRI and
BamHlI linkers are shown. Insertion of a single intact linker was con-

firmedbyDNA andRNAsequence analysis. Boxes indicate the regions
of dyad symmetry; the nucleotides contributed by the linkers are

overlined.

1 2
.1

3 4 5 6

_04 -4 -T

FIG. 2. Termination at the synthetic sites. BstNI fragments (see
Fig. 3) were isolated from the plasmids and used in standard tran-
scription reactions with either wild-type (rpo+) or rpo203 polymerase.
This autoradiograph of the in vitro transcription products demon-
strates that termination occurs on templates carrying the synthetic
terminators. The bands arising from termination at the new sites (Fig.
1) are designated by a T; RT indicates the trp-promoted readthrough
transcript. Lane 1, pLD102, rpo'; lane 2, pLD102, rpa2O3; lane 3,
pGC301, rpo+; lane 4, pGC301, rpo2O3; lane 5, pGC302, rpo+; lane 6,
pGC302, rpa2O3. The prominent band of intermediate molecular
weight is trp-promoted, and terminates in the trpC coding sequence at
what may be a naturally occurring polar site.

followed by four T residues (Fig. la). The plasmid pLD102, in
which trpC was fused to the trp promoter by the internal dele-
tion trpALD102 (15) provided an ideal starting point, because
no termination occurs in vitro at this site (Fig. 2, lanes 1 and
2). We increased the dyad symmetry by inserting an 8-base pair
EcoRI linker (G-G-A-A T-T-C-C) or a 10-base pair BamHI linker
(C-C-G-G-A-T-C-C-G-G) into the Bal I site, creating the plas-
mids pGC301 and pGC302, respectively (Fig. 1). Because only
four T residues follow the dyad symmetry, we did not expect
these sites to function well with wild-type RNA polymerase.
With the more sensitive rpo2O3 polymerase, however, termi-
nation should be detectable even at a very inefficient site. The
rpo2O3 polymerase can indeed terminate transcription at the
trpC301 site, though wild-type polymerase cannot (Fig. 2, lanes
3 and 4). The trpC302 site can cause termination oftranscription
with both rpo2O3 and wild-type polymerase molecules to a de-
tectable extent (Fig. 2, lanes 5 and 6). The addition of p to the
standard transcription reaction mixtures has no detectable effect
on termination. These results confirm that dyad symmetry fol-
lowed by a run of uridines in the transcript can cause p-inde-
pendent termination.

Transcription with rpo2O3 Polymerase and Ribonucleotide
Analogs. To assess the relative contributions of the strength of
the hairpin and the polyuridine stretch in regulating the amount
of termination, we compared transcription termination at the
synthetic sites and four other .terminator structures derived
from sites in the trp operon. The DNA templates used for in
vitro transcription are summarized in Fig. 3.

Fig. 4 illustrates the sequence and presumed secondary
structure of the transcript at each termination site. We tran-
scribed each template with both wild-type and rpo2O3 poly-
merases, and separated the transcription products by gel elec-
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FIG. 3. Templates used in comparative studies of termination
sites. The heavy lines indicate coding sequence, and the genes are
named above. Distances are measured in nucleotides from the begin-
ning of trp-promoted transcription. The open boxes correspond to re-

gions of terminator sequence. (a) The trpC301 and trpC302 synthetic
terminators. The site of insertion of the linkers is shown, by the tri-
angle. (b) The trp t template isolated'from pWU11 (11). (c) Template
containing the trp a1419 deletion, which is fused to trpC. (d) Template
for the wild-type trp attenuator and the point mutant trp a135.

trophoresis. The terminated species transcribed from each
template were analyzed by standard two-dimensional electro-
phoresis/homochromatography of T1 ribonuclease digestion
products to verify that they corresponded to the transcripts in-
dicated in Fig. 3. From the relative yield of the terminated and
readthrough transcription products, we calculated the amount
of termination obtained with each polymerase. Termination is
greater in all cases with the more sensitive rpo2O3 enzyme, the
most dramatic effects occurring at those sites having the shortest
stretch of uridines. This supports the previous suggestion (4)
that this mutant polymerase is' more sensitive to the transcript-
template instability.
The two ribonucleotide analogs used in these studies increase

the stability ofbase-pairing. Incorporation ofICTP should affect
primarily the strength of the RNA hairpin, whereas BrUTP
should stabilize the terminal rU-dA interaction. Templates con-

taining each of the six terminators shown in Fig. 4 were tran-
scribed using each ofthe analogs. In addition, the rpo2O3 poly-
merase was used in combination with these base' analogs; this
allows us to alter the response to the hairpin and tran-
script-template interactions separately or simultaneously. The
products of these transcriptions are displayed inFig. 5. 'The
results are summarized in Table 1 and discussed below.

DISCUSSION
Sites for p-independent termination oftranscription in- vitro are

characterized by the potential to form a hairpin followed by a

terminal stretch of uridines in 'the transcript. We have dem-
onstrated that these two'features are sufficient to define a ter-
mination site, by constructing two synthetic terminators within
the trpC gene of E. coli. In addition, we have compared these
synthetic sites with several other terminators. The transcripts
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FIG. 4. Sequence and presumed secondary structure of transcripts
at their termination sites. The dashed lines delineate linker sequences
inserted during terminator construction. The extent of termination
with wild-type (rpo+) and rpo203 polymerases is expressed as mol %.

The exact location ofthe 3' end has been determined previously for the
tip a, trp a1419, trp a135, and trp t transcripts. For the two synthetic
terminators, two-dimensional analysis of oligonucleotides narrowed
down the endpoint to within the predicted region (data not shown).
Because our intent in these studies was to determine the extent of ter-
mination we did not further pursue the identity of the 3' ends.

differ from one another in the length and composition of the
hairpins and in the number ofuridine residues, and their struc-
tures are presented in Fig. 4. The three attenuator derivatives
have essentially the same hairpin (the trp a135 stem is longer
by one G-C base pair), but differ from each other in the number
of terminal uridines. Conversely, four of the terminators have
the same number of terminal uridine residues, allowing us to
compare the effect of variations in the hairpin on termination
efficiency.

If the role of the RNA hairpin is to induce pausing by poly-
merase and the role of the polyuridines is to promote dissocia-
tion of the transcript from the template, several specific pre-

dictions can be made as to the relative efficiencies of these
terminators. An increase in the strength of the hairpin should
enhance termination, whereas an increase in the stability ofthe
interaction between the transcript and the template in the ter-
minal U-rich region should increase readthrough.' Our obser-
vations are generally consistent with these predictions (Table
1).

Consequences of Variations in the Hairpin. The initial step
in the events leading to termination of transcription is believed
to be a pause ofthe transcription complex on the template; RNA
polymerase has been shown to hesitate at regions ofdyad sym-
metry regardless of whether termination can, occur, and this
pause can be accentuated by factors that increase the strength
of the hairpin '(5, 6, 18). Previous studies on the trp a1419 tem-
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FIG. 5. Autoradiographs of in vitro transcripts from the various terminator templates. The first three lanes are transcription with rpo' and
normal ribonucleotides (lane 1), BrUTP (lane 2), or ICTP (lane 3); The next three lanes are rpa203 and normal ribonucleotides (lane 4), BrUTP
(lane 5), or ICTP (lane 6). RT indicates the trp-promoted readthrough RNA, T is the terminatedspecies. (a) trpC301, (b) trpC302, (c) top t, (d) trp
a1419, (e) trp a135.The band beneath the species designated T represents a strong pause in the tip leader region and has been discussed elsewhere
(6). (f) tip a. For transcripts with incorporated analogs, the digestion products from Ti ribonuclease can vary considerably in their positions on a
two-dimensional analysis relative to their normal counterparts. Thus, interpretation of oligonucleotide patterns of these species cannot always
provide unambiguous identification. We verified for the tip leader transcript containing ICTP that the RNA was indeed trp promoted, and therefore
we believe'that the criterion of apparent size on acrylamide gels provides valid identification of the transcripts. In several cases (for example, lane
3 in a and b), new transcription products appear with the analogs. Two-dimensional analysis ofT1 ribonuclease products demonstrated that these
transcripts are not tip promoted, and we did not pursue their identity.

plate suggested that ICTP, which increases the strength ofGC
base pairs, can increase the extent of termination (4). The stud-
ies presented here have allowed us to compare terminators with
stems ranging from six to eight base pairs and to assess the rel-
ative effects of strengthening the stem on their termination
potential.

In general, terminators with shorter stems in the hairpins are
less effective than terminators with longer stems. Among the
four terminators that have only four terminal uridines, the least
efficient is trpC301, with a stem ofonly six base pairs (Fig. 4a).

Increasing the stem by a single G-C base pair to yield the
trpC302 terminator increases termination at this site (Fig. 4b).
rhe trp a1419 site, which resembles trpC302 in base compo-
sition and length of the stem in the hairpin, is also a very poor
terminator (Fig. 4d). The trp t terminator, with the strongest
hairpin, is the most efficient ofthese weak sites. The rpo2O3 and
wild-type polymerases respond in essentially the same way to
these changes in stem length, as would be-expected if the
rpo203 mutation primarily affects the response to the rU-dA
interaction. This does not preclude the possibility that other

f
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Table 1. Effect of ribonucleotide analogs and a mutant polymerase on termination of transcription

No. of GCs/ No. of rpo+ rpo2
Terminator stem length uridines NTPs BrUTP ICTP NTPs BrUTP ICTP

(a) trpC301 5/6 4 0 0 0 26 21 36
(b) trpC302 6/7 4 8 4 6 35 30 24
(c) trpt 7/8 4 25 8 25 45 15 41
(d) trpal419 6/7 4 3 6 64 35 17 79
(e) trp al35 7/8 6 65 21 90 80 61 94
(f) trp a 6/7 8 95 76 99 98 93 94

Numbers indicate the extent of termination in mol %. The ratio of radioactivities incorporated into the terminated and read-
through species (see Fig. 5) was corrected for the difference in length, based on the number of G residues in each transcript.
For the purposes of these calculations, readthrough species other than the run-off transcript were not taken into account. The
values reported here are the average of at least two separate experiments in all cases and are accurate to within ±5%.

features of termination regions might also influence the ability
of the mutant polymerase to terminate.

Incorporating ICTP into the transcripts does not give a con-

sistent pattern. While termination at the trp a1419 and trp a135
sites is increased dramatically by the analog, termination at trp
t and the synthetic terminators by either polymerase is insen-
sitive to ICTP. This cannot simply be related to hairpin
strength, because trp t and trpC301 have the strongest and
weakest stems, respectively. Some particular feature of the re-

gion around the attenuator may be especially sensitive to in-
corporation of ICTP. We have not been able to control for the
contribution of loop size and composition, the actual sequence
ofbase pairs within the stem, or the role that sequences flanking
a terminator might play.

Consequences of Alterations in the Uridine Stretch. Al-
though RNA polymerase pauses at regions of dyad symmetry,
termination of chain elongation is not a necessary consequence

of such a pause. The extreme instability of the rU-dA hybrid is
postulated to play an important role in permitting release of the
nascent transcript (7), and our results are in complete agree-
ment with this hypothesis. The run ofuridine residues following
the hairpin at termination sites is critical for termination of tran-
scription in the absence of factors such as p...Decreasing the
number of uridines at. the attenuator site from eight to six by
the trp a135 mutation severely depresses termination, even

though the strength of the hairpin is increased (Fig. 4e). The
trp a1419-deletion, which removes four of the eight uridines,
eliminates termination of transcription at this site in vitro. All
ofthe terminators with only.four uridine residues are extremely
inefficient; two of them, trp a1419 and trpC301, are incapable
of allowing termination by wild-type polymerase, one termi-
nates at a very low level (trpC302), and one, trp t, functions with
an efficiency of 25-30%. Confirmation that a strong hairpin
alone is insufficient for termination was provided by inversion
ofthe trp t site. This effectively removes all ofthe uridines while
preserving the hairpin, .and eliminates termination (data not
shown).
We can vary the effect ofthe rU-dA interaction in two ways-

by transcription with the mutant polymerase rpo2O3 or by in-
corporation of the nucleotide, analog BrUTP. The rpo2O3 en-

zyme appears to be more sensitive than rpo' to an rU-dA hybrid
region, and it enhances termination at all of the sites we ex-

amined. BrUTP stabilizes the rU-dA interaction, making dis-
sociation of the RNA from the DNA more difficult, and results
in a decrease in termination at all of these. sites. As expected,
the rpo203 polymerase can partially reverse the BrUTP effect
(see Table 1).

These results all support a simple model for p-independent
termination of transcription. Analysis 'of our synthetic termi-
*nation sites confirms that a region of dyad symmetry capable

of forming a stable hairpin in the RNA, followed by a series of
consecutive uridines, can cause RNA polymerase to cease elon-
gation in vitro in the absence of additional factors. Moreover,
characterization of p-independent terminators with highly dif-
fering efficiencies illustrates the contributions ofstructure to the
efficiency of termination. There appears to be a minimum re-
quirement for a hairpin sufficient to induce RNA polymerase
to pause, and increasing the strength ofthe hairpin can increase
termination. However, even at strong pause sites, the extent
of termination is highly dependent on the- weakness ofthe tran-
script-template interaction. The precise nature of the interac-
tion between the secondary structure of the transcript and the
polymerase molecule is not yet understood. The behavior of
polymerase at sites lacking the uridine residues, such as p-de-
;pendent terminators and sites ofpremature termination oftran-
scription in polarity, must be responsive to additional factors.
How these factors mnodulate cessation ofRNA synthesis remains
to be determined.
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