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ABSTRACT The role of alternative RNA secondary struc-
tures in regulating transcription termination at the attenuator of
the tryptophan (trp) operon of Serratia marcescens was examined
in vitro by transcribing mutant DNA templates having deletions
of different segments of the trp leader region. Deletions that re-
moved sequences corresponding to successive segments of pos-
tulated RNA secondary structures either increased or decreased
transcription termination at the attenuator. The results obtained
are consistent with the hypothesis that transcription termination
results from RNA polymerase recognition of a particular RNA
secondary structure, the terminator. This structure forms only in
the absence of an alternative, preceding, RNA secondary struc-
ture, the antiterminator.

Expression of the tryptophan (trp) operon of many enterobac-
terial species is subject to attenuation as well as repression con-
trol (1). Operons concerned with the biosynthesis of histidine,
phenylalanine, threonine, leucine, isoleucine, and valine are
also regulated by attenuation (2-10). In each case, transcription
termination control is coupled to translation of a short peptide
coding region located in the leader segment of the transcript of
the operon. The position of the translating ribosome on the leader
segment of the transcript is believed to be communicated to the
transcribing polymerase through the formation of alternative
secondary structures in the transcript (1-14). One secondary
structure is thought to act as a transcription termination signal,
while the alternative structure prevents formation of this ter-
mination signal. The alternative RNA structures currently be-
lieved to mediate control of attenuation in the trp operon of
Serratia marcescens are shown in Fig. 1. On the basis of in vivo
studies with trp leader deletion mutants that can form only RNA
structure 3:4 (14, 15) and earlier in vivo and in vitro studies of
attenuation in the trp operons of Escherichia coli and S. mar-
cescens (19-21), it was proposed that the hairpin secondary
structure 3:4 is recognized by the transcribing RNA polymer-
ase as the transcription termination signal. This secondary
structure, designated the "terminator," is assumed to form at
high frequency whenever cells have an adequate supply of
tryptophan. It was also proposed that, when cells are starved
of tryptophan, the ribosome translating the leader peptide cod-
ing region stalls over either of the adjacent tryptophan codons,
thereby masking RNA segment 1 (Fig. lb). Under these con-
ditions, hairpin secondary structure 2:3, the "antiterminator,"
would form prior to the synthesis ofRNA segment 4 and thereby
preclude formation of the terminator. The RNA polymerase
molecule engaged in transcribing the operon would then con-
tinue transcription beyond the attenuator. In cells that are in-
capable of initiating translation at the leader peptide start co-

don, secondary structure 1:2 would form and prevent 2:3
formation, thereby facilitating 3:4 formation. In accord with the
latter expectation, tip leader mutants of S. marcescens and E.
coli that are defective in translation initiation show increased
transcription termination at their respective attenuators in vivo
(12, 15).

Secondary structure 1:2 (Fig. la) is the alternative 1:2 struc-
ture we considered previously (14). We favored a theoretically
less stable 1:2 structure at the time but the key deletion mu-
tant, no. 432, that led us to select this less stable alternative,
has been found to have a much larger deletion than previously
supposed. We assume that a second deletion occurred in the
handling of plasmid 432 to give what we now find as the extent
of this deletion. Preliminary nuclease cleavage analyses suggest
that structures 1:2 and 3:4 as drawn in Fig. 1 do form in the
spontaneously folded intact leader transcript (unpublished data).
Secondary structures analogous to those pictured in Fig. la have
been found in studies with the E. coli trp leader transcript (11,
13).
We previously examined the role of the postulated RNA sec-

ondary structures in attenuation in vivo by analyzing the reg-
ulatory behavior of deletion mutants lacking different segments
of the leader region of the trp operon of S. nmrcescens (14, 15).
The results of these studies support the regulatory model we
have described that involves the RNA secondary structure al-
ternatives shown in Fig. 1. In this report, we present the results
of in vitro transcription analyses using DNA restriction frag-
ments having many of the same deletions. The objective of these
studies was to determine whether in a minimal transcription
system RNA polymerase would respond to alternative RNA
secondary structures, as we presume it does in vivo. We find
that the deletions affect transcription termination at the trp at-
tenuator in vitro in complete accordance with the RNA sec-
ondary structure model of regulation by attenuation.

MATERIALS AND METHODS
In Vitro Transcription. Hpa II restriction fragments con-

taining the trp promoter and leader regions of S. marcescens
were used as templates. The restriction fragments were de-
rived from the trp leader deletion plasmids described previ-
ously (14, 15). DNA concentrations were estimated by spotting
DNA solutions on agarose containing ethidium bromide (22).
[a 32P]GTP was purchased-from Amersham. RNA polymerase
holoenzyme, prepared by a modification of the procedures of
Burgess and Jendrisak (23) and Gonzales et al. (24), was gen-
erously provided by R. Fisher. Transcription analyses were car-
ried out under two conditions: (i) low -concentrations of nu-
cleoside triphosphates, RNA polymerase, and DNA template
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FIG. 1. The alternative leader RNA structures believed to mediate
control of attenuation in the trp operon of S. marcescens in vivo. Num-
bering is from the presumed 5' nucleotide of the transcript. The leader
peptide initiation and termination codons are boxed, and tryptophan
codons are indicated by underlining in b. The numbered RNA secon-

dary structures are those postulated to either cause or prevent tran-
scription termination at the attenuator. (a) Structure 1:2 is thought to
form in vivo when ribosomes do not initiate synthesis of the leader pep-

tide (15); under these conditions hairpin loop 3:4, the terminator, is be-
lieved to form and be recognized as the transcription termination sig-
nal. (b) Structure 2:3, the antiterminator, is believed to form in cells
starved of histidine, glycine, tryptophan, orarginine because the trans-
lating ribosome sterically masks the critical portion of RNA segment
1 when it stalls over a relevant codon. Formation of the antiterminator
presumably precludes formation of the terminator and thus allows read-
through into the structural genes of the operon. The various structures
have the following calculated free energies of formation (16-18): 1:2,
AG = -19 kcal/mol (1 cal = 4.18 J); 2:3, AG = - 30 kcal/mol; 3:4, AG
= -19 kcal/mol. The calculated free energy of formation of the hairpin
loop formed by pairing of nucleotides 6-11 with nucleotides 16-21 is
-10.4 kcal/mol. Secondary structures other than those pictured can

theoretically form, as noted previously (14, 19). Numbers in boxes in-
dicate the right-hand end points of the deletions used.

and (ii) high concentrations of nucleoside triphosphates, RNA
polymerase, and DNA template in the presence of spermidine.
Low nucleoside triphosphates. Reactions were carried out for

30 min at 300( in 150 mM KCl/4 mM MgCl2/36 mM Tris ace-

tate, pH 7.8/0.1 mM Na2EDTA/5% glycerol/0. I mM di-
thiothreitol/bovine serum albumin (20 Ag/ml)/150 AM ATP/
150pM CTP/150 AuM UTP/20 ,uM unlabeled GTP/6 pCi of
[a-3 P]GTP/4 nM Hpa II restriction fragment/10 nM RNA
polymerase holoenzyme. The final volume of each reaction
mixture was 25 Al.

High nucleoside triphosphates. Reactions were carried out
for 2 hr at 300C in 120 mM KCL/4 mM MgCl2/40 mM Tris-HCI,
pH 8/10mM 2-mercaptoethanol/4 mM spermidine/15% glyc-
erol/2.7 mM ATP/1.1 mM GTP/1 ACi of [a-32P]GTP/1.4 mM
UTP/0.7 mM CTP/35 nM Hpa II restriction fragment/350 nM
RNA polymerase holoenzyme (25). The final volume of each
reaction mixture was 5 ,ul.

Under both sets of conditions, transcription reactions were
stopped by the addition of an equal volume of stop solution (13).
Each entire reaction mixture was loaded on a polyacrylamide/
7 M urea gel (13) and electrophoresed. Transcription of wild-
type and mutant 101, 202, 310, and 213 templates was analyzed
on 6% polyacrylamide/urea gels and mutant 302, RSA5, 432,
425, 430, and 503 templates, on 10% polyacrylamide/urea gels.

Secondary Structure Analysis. Possible RNA secondary
structures were examined using the computer program of Zu-
ker and Stiegler (16) as modified by R. Feldmann (personal
communication). Calculations of the theoretical stabilities of
predicted structures using this program are based on published
values of stacking and destabilizing energies as compiled by Salser
(17).

RESULTS
Transcription Studies with Restriction Fragments Having

Deletions within the S. marcescens trp Leader Region. The
nucleotide sequences of the trp operon deletion mutant tem-
plates used in this study have been determined (14, 15). The
templates, Hpa II restriction fragments, are 240-400 base pairs
long and contain a functional wild-type trp promoter, an intact
or deletion-containing trp leader region, and ca. 75 base pairs
beyond the normal site of transcription termination. The dele-
tions (Fig. 1) remove different segments of the leader region
and hence the corresponding segments of the leader transcript
that are thought to form secondary structures that control at-
tenuation in vivo (14, 15). Transcription studies were carried
out in vitro under two different conditions. One set of reactions
was carried out with the minimal transcription system used pre-
viously (26) consisting of an Hpa II restriction fragment as tem-
plate, low concentrations of the four ribonucleoside triphos-
phates, one of which was labeled, and E. coli RNA polymerase
holoenzyme. Reactions were also carried out with high con-
centrations of the triphosphates, RNA polymerase holoenzyme,
and DNA template in the presence of spermidine (25). Under
the latter conditions, the molar yield of transcripts is increased
approximately 1000-fold and the polymerization rate more closely
approaches the in vivo rate. In either case, the twb products of
transcription, the terminated transcript and the read-through
transcript, were separated on acrylamide/urea gels and located
by autoradiography. The relevant RNA-containing gel bands
were excised and quantified by determining their radioactivity
in a scintillation counter. Representative results are shown in
Fig. 2.
When the wild-type template was transcribed, RNA poly-

merase molecules either terminated transcription at the atten-
uator to produce a 176-nucleotide terminated leader transcript
or continued to the end of the restriction fragment to form a
250-nucleotide read-through transcript (19). With most dele-
tion-mutant templates, terminated and read-through tran-
scripts were also observed (Fig. 2); however, their size varied
in accordance with the length of the deletion. The relative mo-
lar amounts of read-through transcript and terminated tran-
script were determined with each DNA template. The read-
through percentages are presented in Fig. 3. With all the tem-
plates exhibiting low or moderate levels of read-through (ex-
cept those of wild type and deletion mutants 101 and 202) higher
read-through values were obtained under conditions allowing
increased transcription. The explanation for the read-through
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FIG. 2. Gel electrophoresis of transcription products synthesized
from wild-type (WT) and deletion mutant DNAs. S. marcescens Hpa II
restriction fragments containing the trp promoter and leader regions
were used as templates. The restriction fragments were derived from
the trp leader deletion plasmids described previously (14, 15). Tran-
scription analyses were carried out under two conditions-low (Upper)
and high (Lower) concentrations of nucleoside triphosphates. Down-
ward arrows point to read-through bands while upward arrows point
to terminated bands.

differences under the two conditions is not known; however,
that pattern was consistent whichever condition was used. Un-
der either condition used, about 30% of the RNA polymerase
molecules that transcribed the wild-type template continued
transcription beyond the attenuator. This result is identical to
the in vitro value estimated previously (19). The data in Fig. 3
show that, as the right-hand deletion end point extends further
into the leader region (Fig. 1) and removes more distal seg-
ments of the transcript, read-through is initially unaffected but
then it decreases, increases, decreases again, and finally in-
creases to 100%.

Deletion mutants 101, 202, 310, and 213, with right-hand
end points immediately before RNA segment 1 (Fig. 1), result
in read-through comparable with or less than that observed with
the wild-type template (Fig. 3). Deletion 302, which removes
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FIG. 3. Quantification of in vitro read-through transcription with
wild-type (wt) and mutant templates under two transcription condi-
tions. 0, Low NTP concentrations; El, high NTP concentrations.

part of RNA segment 1, essentially eliminates termination.
Deletion mutant RSA5, which lacks somewhat more of RNA
segment 1, exhibits high read-through but somewhat less than
deletion mutant 302. Deletion 432 removes all ofRNA segment
1; it results in complete read-through. Deletions 425 and 430,
which remove RNA segments 1 and 2 but leave segments 3 and
4 intact, cause efficient termination. Templates having dele-
tions that remove segments 1, 2, and 3, such as 503, give only
a read-through transcript. It is apparent from the summary in
Fig. 3 that the extent of termination in vitro changes in ac-
cordance with the RNA secondary structure model (Fig. 1); ter-
mination increases or decreases as the position of the right-hand
deletion end point extends further into key segments of the leader
region and removes sequences specifying segments of postu-
lated RNA secondary structures.

There are a few results that require additional explanation.
We must explain why some deletions with termini in the same

segment of the leader region give different read-through val-
ues-e.g., nos. 101, 202, and 213 vs. no. 310; nos. 302 and 432
vs. no. RSA5; and no. 425 vs. no. 430 (Fig. 3). These apparent
anomalies will be considered in the Discussion.

DISCUSSION
The in vitro findings summarized in Fig. 3 are in general agree-
ment with the model in which the alternative RNA secondary
structures pictured in Fig. 1 either cause transcription termi-
nation at the trp attenuator or are responsible for its relief (1).
These observations therefore reinforce other data consistent with
the view that the RNA structure we designate the terminator
is the transcription termination signal and that the extent of ter-
mination in vivo and in vitro reflects the frequency of formation
of this structure (1). Formation of the terminator would be ex-

pected to be influenced by the prior formation of other RNA
secondary structures as well as the likelihood that already formed
structures rearrange within an appropriate period to assume
more stable configurations. It is these latter considerations that
we believe can best explain some of the quantitative differences
noted in our in vitro analyses. In Fig. 4, we postulate the RNA
secondary structures that may predominate in the trp tran-
scripts produced from each deletion template. We shall con-

sider the transcript structures in the order presented in the fig-
ure and attempt to explain our in vitro transcription findings on
the basis of these structures.
When the wild-type template is transcribed in vitro, there

is 25-30% read-through (Fig. 3). The secondary structures that
presumably form are A, 1:2, and 3:4. An additional secondary
structure is possible, involving pairing between segments A and
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FIG. 4. Potential secondary structures in wild-type (wt) and deletion mutant trp leader transcripts. Numbering is from the presumed tran-
scription initiation site. Wild-type numbering is used throughout. Bold numbers indicate nucleotides joined by the deletion. Secondary structures
involving segments 1, 2, 3, and 4 are described in Fig. 1. Dashed lines indicate other segments of each transcript that can potentially base pair.

B (Fig. 4 and Table 1). This pairing, if it occurred, would free
segment 2 to pair with segment 3, thereby promoting read-
through. We can account for our findings with the wild-type

template by assuming that structure 1:2 generally forms before
segment 3 is synthesized, permitting 3 to pair with 4 to form
the terminator. Occasional pairing of A with B could cause the
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moderate read-through that is observed.
If we compare the results obtained with templates from wild

type and deletion mutants 101 and 202, we see that they are very
similar. As shown in Fig. 4, the transcripts of these deletion
templates can form the same secondary structures as wild type.

Deletion mutant 310 has lost segment A and therefore cannot
form the A:B structure of wild type. In addition, it can form a
more stable 1:2 secondary structure than wild type (Fig. 4 and
Table 1). Either or both of these differences can explain the ef-
ficient termination that is observed with the 310 template. Mu-
tant 213 has lost somewhat more of the leader region than mu-
tant 310, including segment A of wild type, but its 1:2 structure
is only slightly more stable than the 1:2 structure of the wild
type. It gives read-through values comparable with those of wild
type, although we expect somewhat greater termination.

Deletion mutants 302 and RSA5 have lost most of RNA seg-
ment 1 but can form a normal 2:3 structure. Mutant 302 gives
near complete read-through whereas the RSA5 template gives
appreciable termination, particularly at low triphosphate con-
centrations. The transcripts of both deletion templates can form
a 1:2 structure of reduced stability (Table 1 and Fig. 4). There-
fore this structure cannot explain the reduced read-through ob-
tained with RSA5. However, nucleotides 10-16 and 94-101 of
the RSA5 transcript could pair and form an additional 1: 2 struc-
ture (AG = -6.6). This structure could not form in the 302 tran-
script if the early structure not present in the RSA5 transcript
did form. The alternative RSA5 pairing possibility may be re-
sponsible for the 302 vs. RSA5 difference. Mutant 432 cannot
form a 1:2 structure but can form a near-normal 2:3 structure
(Fig. 4 and Table 1). The high read-through observed with this
template (Fig. 3) is consistent with these structural features.

Deletion mutant 425 has lost RNA segment 1 and a portion
of segment 2. The portion of segment 2 deleted is comple-
mentary to the base of the portion of segment 3 that normally
pairs with segment 4 (Fig. 4). The 425 transcript therefore can
form a normal 3:4 structure and a 2:3 structure of reduced sta-
bility and competing ability (Fig. 4 and Table 1). The occasional
formation of this abnormal 2:3 structure can account for the
moderate read-through observed with this template (Fig. 3).
Mutant 430 has lost all of segments 1 and 2 so that only a normal
3:4 structure can form. This deletion results in highly efficient
termination. Mutant 503 has lost RNA segments 1, 2, and 3 and,
as expected, does not form a terminated transcript.

Our in vitro studies therefore strongly suggest that, in a min-
imal transcription system, alternative RNA secondary struc-
tures can effectively control transcription termination at the trp
attenuator. Furthermore, since very similar patterns of read-
through are observed with the same deletions in vivo (14), it is

Table 1. Estimated stabilities of secondary structures in
S. marcescens leader transcripts

Base pairs AG, kcal/mol
Mutant deleted 1:2 2:3 3:4 A:B*
wt - -19 -29.5 -18.8 -14.1
101 28-40 -19 -29.5 -18.8 -14.1
202 22-44 -19 -29.5 -18.8 -14.1
310 10-63 -25.6 -29.5 -18.8
213 11-73 -22.1 -29.5 -18.8
302 19-81 -12.1 -29.5 -18.8
RSA5 17-88 -12.1 -29.5 -18.8
432 10-99 -28.7 -18.8
425 10-105 -17.2 -18.8
430 10-137 -18.8

likely that the same structures participate in attenuation in vivo.
There are some quantitative differences between our in vivo
and in vitro values, but these may be due to the in vivo effects
of translation, rate of nucleotide polymerization, and interac-
tions of template and transcript with other cell components. It
appears therefore that both in vivo and in vitro formation of the
terminator is the key act that signals transcription termination.
All other events implicated in attenuation in vivo-e.g., syn-
thesis of the leader peptide, stalling ofthe translating ribosome,
competition between alternative RNA secondary structures, and
transcriptional pausing-probably serve no purpose other than
to regulate formation of the terminator. It also seems likely that
a basic feature of attenuation is that throughout the decision-
making period moderately stable secondary structures persist
in preference to their more stable alternatives.
We are grateful to our colleagues, particularly Vivian Berlin, Robert

Fisher, and Malcolm Winkler, for many helpful suggestions. We thank
Michael Chamberlin for suggesting and providing the in vitro transcrip-
tion conditions, Richard Feldmann for the secondary structure program,
and Douglas Brutlag for aiding us with computer analyses. Magda van
Cleemput and Virginia Horn provided valuable assistance. These stud-
ies were supported by grants from the U.S. Public Health Service
(GM09738), the National Science Foundation (PCM-8208866), and the
American Heart Association. I.S. was a Postdoctoral Fellow of the
American Cancer Society, M. K. is a Predoctoral Trainee of the U. S. Public
Health Service, and C Y. is a Career Investigator of the American Heart
Association.

1. Yanofsky, C. (1981) Nature (London) 289, 751-758.
2. Barnes, W. M. (1978) Proc. Nati. Acad. Sci. USA 75, 4281-4285.
3. DiNocera, P. P., Blasi, F., DiLauro, R., Frunzio, R. & Bruni, C.

B. (1978) Proc. Natl. Acad. Sci. USA 75, 4276-4280.
4. Johnston, H. M. & Roth, J. R. (1981)J. Mol. Biol. 145, 731-734.
5. Zurawski, G., Brown, K., Killingly, D. & Yanofsky, C. (1978) Proc.

Nati. Acad. Sci. USA 75, 4271-4275.
6. Gardner, J. F. (1979) Proc. Nati. Acad. Sci. USA 76, 1706-1710.
7. Gemmill, R. M., Wessler, S. R., Keller, E. B. & Calvo, J. M. (1979)

Proc. Nati. Acad. Sci. USA 76, 4941-4945.
8. Lawther, R. P. & Hatfield, G. W. (1980) Proc. Nati. Acad. Sci. USA

77, 1862-1866.
9. Nargang, F. E., Subrahmanyam, C. S. & Umbarger, H. E. (1980)

Proc. Natl. Acad. Sci. USA 77, 1823-1827.
10. Friden, P., Newman, T. & Freundlich, M. (1982) Proc. Natl. Acad.

Sci. USA 79, 6156-6160.
11. Lee, F. & Yanofsky, C. (1977) Proc. Nati. Acad. Sci. USA 74, 4365-

4369.
12. Zurawski, G., Elseviers, D., Stauffer, G. V. & Yanofsky, C. (1978)

Proc. Natl. Acad. Sci. USA 75, 5988-5992.
13. Oxender, D. L., Zurawski, G. & Yanofsky, C. (1979) Proc. Natl.

Acad. Sci. USA 76, 5524-5528.
14. Stroynowski, I. & Yanofsky, C. (1982) Nature (London) 298, 34-

38.
15. Stroynowski, I., van Cleemput, M. & Yanofsky, C. (1982) Nature

(London) 298, 38-41.
16. Zuker, M. & Steigler, P. (1981) Nucleic Acids Res. 9, 133-148.
17. Salser, W. (1977) Cold Spring Harbor Symp. Quant. Biol. 42, 985-

1102.
18. Tinoco, I. P., Borer, N., Dengler, B., Levine, M. D., Uhlen-

beck, 0. C., Crothers, D. M. & Gralla, D. (1973) Nature (Lon-
don) New Biol. 246, 40-41.

19. Miozzari, G. F. & Yanofsky, C. (1978) Nature (London) 276, 684-
689.

20. Stauffer, G. V., Zurawski, G. & Yanofsky, C. (1978) Proc. Natl.
Acad. Sci. USA 75, 4833-4837.

21. Zurawski, G. & Yanofsky, C. (1979)J. Mol. Biol. 142, 123-129.
22. Davis, R. W., Botstein, D. & Roth, J. R. (1980) Advanced Bac-

terial Genetics (Cold Spring Harbor Laboratory, Cold Spring
Harbor, NY), p. 184.

23. Burgess, R. R. & Jendrisak, J. J. (1975) Biochemistry 14, 4634-
4638.

24. Gonzales, N., Wiggs, J. & Chamberlin, M. J. (1977) Arch. Biochem.
Biophys. 182, 404-408.

25. Chamberlin, M., Kingston, R., Gilman, M., Wiggs, J. & deVera,
A. (1983) Methods Enzymol. 100, in press.

26. Winkler, M. E. & Yanofsky, C. (1981) Biochemistry 20, 3738-3744.

503 10-154

wt, Wild type.
*A:B pairing involves nucleotides 7-21 and nucleotides 74-88.

Proc. Natl. Acad. Sci. USA 80 (1983)


