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ABSTRACT
Genetic analysis of the autogenous control of the S10 ribosomal protein

operon of Escherichia coli has suggested that the secondary or tertiary struc-
ture of the leader transcript is important for this regulation. We have there-
fore determined the secondary structure of the leader by enzyme digestion and
chemical modification. Our results suggest that the 172 base leader exists in
two forms, differing only immediately upstream of the Shine-Dalgarno sequence
of the first gene. We discuss the possibility that the equilibrium between
these alternate structures is important for the L4-mediated regulation of
translation of the S10 operon. We have also determined the structure of sever-
al mutant transcripts. Correlation of these structures with the regulatory
phenotypes suggest that a hairpin about 50 bases upstream of the first gene is
essential for the control of translation of the operon. Finally, our results
show that a two base substitution in an eight base loop destabilizes the
attached stem.

INTRODUCTION
The synthesis of most ribosomal proteins (r-proteins) in Escherichia coli

is regulated by autogenous control. That is, one of the proteins encoded by a
given r-protein operon is not only a structural component of the ribosome, but
also a regulatory protein. When this protein accumulates in excess of the
specific binding sites available on nascent rRNA, it specifically represses its
own operon. In the S10 r-protein operon, the autogenous control is mediated by
the product of the third gene, IA, which is a repressor of both transcription
and translation (1-5). The regulation of transcription is due to L4-stimulated
transcription termination (attenuation) in the leader (4,6). Translation is
probably regulated at the level of initiation at the first ribosome binding
site in the operon.

Our laboratory has previously isolated mutations in the S10 leader which
eliminate autogenous control at the transcription level, the translation level,
or simultaneously at both levels (5,6). The analysis of these mutants demon-
strated that extensive regions of the 172 base leader are required for the
autogenous control. For example, base substitutions as far as 66 bases up-
stream of the initiation codon of the first gene eliminate both transcription
and translation control. Also, attenuation control is abolished by a deletion
100 bases upstream of the site of transcription termination (5; L. Lindahl, R.
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H. Archer and J. M. Zengel, unpublished results). That such extensive parts of
the leader are required for the L4-mediated control suggests that specific
secondary or tertiary structures may be essential for the regulation. In fact,
the phenotypes of a particular set of mutations manipulating a potential hair-

pin structure within the leader indicate that secondary structure is indeed

important, at least for the translation control (5).
To further our understanding of the regulation of the S10 operon, we have

determined the secondary structure of the first 200 bases of the transcript
from the wild-type operon and from several mutants. Based on in vitro struc-

ture mapping data and computer analysis, we have derived two secondary struc-

tures for the 172 base S10 leader, differing only in the region just upstream
of the Shine-Dalgarno sequence. We propose that the S10 leader may exist as an

equilibrium between these alternate forms and that L4 might modulate this equi-
librium and thereby inhibit translation initiation.

Our structure analysis confirms that a hairpin structure previously pro-

posed to be important for L4 control (4,5) does indeed exist in the S10 leader.
Furthermore, analysis of transcripts containing base changes in this hairpin
structure indicates that loss of translation control by L4 correlates with
changes in the secondary structure of this region. This conclusion is espe-

cially interesting since the affected region is 40 bases upstream of the Shine-
Dalgarno sequence. Surprisingly, these experiments revealed that base sub-
stitutions within the loop of this structure affect the stability of the stem.

MATERIALS AND METHODS
Plasmid Construction

To make pT724 (Fig. 1) we isolated from pLL36 (4) a FnuDII-SstI fragment
carrying the beginning of the S10 operon, starting two bases upstream of the
transcription initiation site and ending within the Shine-Dalgarno region of
the S10 gene. This fragment was inserted between the HincII and SstI sites of

M13mpl8 (7) to create phage derivative M62. We then added the 3' adjacent
region of the S10 operon by inserting the SstI-EcoRI fragment containing the
intact S10 gene and 5' half of the L3 gene (Fig. 1). All the cloned S10 operon
DNA was then transferred from the resulting phage, M65, to a T7 promoter vec-

tor, pT7-2 (US Biochemical Corporation), using the HindIII site in the M13
linker and the EcoRI site in the L3 gene.

pIM68 was constructed by first inserting the HindIII-EcoRI fragment from
M65 (described above) into pIBI21 (International Biotechnologies, Inc.), a T7

promoter vector carrying the origin of replication from fl phage. The vector
DNA between the T7 promoter and the beginning of the S10 leader was then dele-
ted by site-directed mutagenesis (8) using a 30-mer oligonucleotide consisting
of the 15 base sequences on either side of the desired deletion.

Plasmid pIM62 was constructed by digesting pIM68 with SnaBI (which cuts in
the middle of the S10 leader) and EgoRI. The created gap was then filled with
the SnaBI-EcoRI fragment from phage M62 (described above). Mutant versions of
pIM62 were constructed by replacing the SnaBI-SstI fragment with the correspon-
ding fragment from M13 phages with the indicated base substitutions (5).
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RNA labeling
RNA was synthesized in vitro using T7 RNA polymerase (US Biochemical

Corporation) and a linearized template. Transcription reactions were incubated
at 370C for 1 hr and contained (in 50 pl): 50 mM Tris-HCl pH 7.5, 5 mM MgC12,
10 mM dithiothreitol, 100 units RNasin ribonuclease inhibitor, 400 MM each of
ATP, CTP, GTP, and UTP, and 120 units of T7 RNA polymerase. Transcripts were
labeled at the 5' end by adding 200 pCi y[32P]GTP or labeled throughout by
adding 10 pCi [35S]UTP. The in vitro synthesized RNA was purified by extrac-

tion with phenol and chloroform-isoamylalcohol (24:1).
For in vivo labeling of RNA, a culture of E.coli strain LL308 (1) con-

taining plasmid pLFl harboring the 5' end of the S10 operon (9) was grown in

MOPS medium (10) containing 0.2 mM phosphate. At about 108 cells per ml, 1.5
mCi 32po4 was administered to 3 ml of culture for 3 minutes. The cells were

then lysed as described previously (3) and extracted with phenol and chloro-
form:isoamyl alcohol (24:1).
Digestions of RNA

Secondary structure analysis by partial enzyme digestion was done essen-

tially as described (11,12). About 2x106 cpm of 5' end-labeled RNA or 40 ng of
unlabeled transcript was preincubated in 3 pl digestion buffer for 10 min at

370C, after which 1 Ml enzyme was added and incubation continued for 5 min at

370C. The final reaction was 4 pl and contained 200 mM NaCl, 10 mM MgC12, 20
mM Tris-HCl pH 7.5, 2.5 mg/ml yeast RNA, and an amount of RNase Vl or RNase T2
which had been determined experimentally to digest only a small fraction
(estimated to be less than 25%) of the radioactive RNA. For RNase Vl, that
corresponded to 1 pl of a 1:100 or 1:200 dilution of the enzyme stock generous-
ly donated by Dr. J. Vournakis (units not determined). For RNase T2 (Sigma), 5-
7.5 units were added.

Sequence markers were produced from 5' end-labeled RNA essentially as
described previously (13). About 2x106 cpm of RNA was partially digested at
600C for 5 min in a 4 pl reaction mixture containing 20 mM Na-citrate pH 3.5,
10 mM EDTA, 7.5 M urea, 2.5 mg/ml yeast RNA, and 0.5-1 unit of RNase Tl or
0.5-1 unit of RNase U2. Similar aliquots of RNA were hydrolyzed partially in 4

pl 50 mM Na2C03/NaHCO3 (pH9.0) containing 5 mg/ml tRNA at 90°C for 1 min, 3
min, or 5 min.
Dimethyl sulfate modification

The procedure was adapted from published methods (14). About 40 ng RNA
was incubated for 5 min at 370C with 1 pl dimethyl sulfate or at 2°C for 90 min
with 1 pl dimethyl sulfate diluted 1:6 in ethanol. Reactions (50 Ml) contained
80 mM K-HEPES pH7.8, 300 mM KC1, and 20 mM MgC12, and were stopped by adding 20
Ml of a solution containing 0.1 M Tris-acetate pH 7.0, 1.5 M Na-acetate and 0.1
mM EDTA.
Primer Extension

About 1 ng (2x105 cpm) 5' [32P04]end-labeled primer (15) was mixed with
approximately 40 ng RNA in a 7 pl reaction containing 50 mM KC1 and 50 mM Tris-
HCl pH 7.5. The mixture was incubated at 900C for 1 min and then cooled slowly
to room temperature. The primer was extended in a 5 pl reaction containing 1.5

8907



Nucleic Acids Research

p1 annealing mixture, 0.5 pl lOx reaction buffer (250 mM Tris-HCl pH7.5, 250 mM

KC1, 50 mM MgC12 ), 0.3 pl 0.1 M dithiothreitol, 0.5 pl deoxytriphosphate mix-

ture (1 mM each of dATP, dCTP, dGTP, dTTP), and 0.5 p1 (5 units) reverse tran-

scriptase. Sequencing reactions also contained 15 pM of one of the four
dideoxy ribonucleotides. After incubation at 45°C for 30 min, 2 p1 of a solu-
tion containing 2 mM of each of the four dNTPs was added and the incubation was

continued for another 15 min. The experiment in Fig. 3 was done with non-
radioactive primer; the DNA was labeled by adding 10 pCi [35S]dATP.
Gel electrophoresis

RNA fragments were electrophoresed at 40 V/cm through 0.3 mm thick 8%
polyacrylamide gels containing 8 M urea, 89 mM Tris-borate (pH 8.3) and 2.5 mM

EDTA.
Analysis of transcripts by hybridization and RNase protection

Radioactive transcripts were analyzed essentially as described (16,17).
For analysis of in vivo labeled RNA we used an amount of RNA originating from
about 0.5 ml cells. For analysis of in vitro synthesized RNA we used

approximately 5 ng. In addition to the radioactive RNA, each hybridization
reaction (20 p1) contained 25 pg yeast RNA, 1 pg of single-stranded DNA from
phage M62 (see above) and 4 p1 5x hybridization buffer [3.75 M NaCl, 0.25 M
HEPES-HCl (pH 7.0) and 5 mM EDTA]. The reaction was incubated at 680C for 10
minutes, cooled to 50°C and incubated an additional 2 hrs. After chilling on

ice, 160 p1 Tl buffer [10 mM HEPES-HCl (pH 7.5), 200 mM NaCl, 1 mM EDTA] con-

taining 30 units RNase Tl was added and incubation continued for 30 minutes at

30°C. The RNAse was then inactivated with proteinase K (0.2 pg/ml) at 37°C for
30 min. The mixture was chilled and filtered slowly through a 25 mm S&S BA85
nitrocellulose filter which was then rinsed with 1 ml Tl buffer (without RNase

T1). RNA was extracted from cut-up filters by boiling for 5 min in 0.5 ml 5 mM

EDTA containing 10 pg yeast RNA.

RESULTS
Synthesis of S10 leader transcripts

Transcripts for secondary structure mapping of the S10 leader were syn-
thesized in vitro with T7 RNA polymerase. To obtain templates for such tran-

scription, we first constructed the plasmid pT724 (Fig. 1) containing a T7
promoter adjacent to a portion of the S10 operon beginning immediately upstream
of the initiation site used by the E. coli RNA polymerase (see below) and

ending in the second gene. T7 RNA polymerase transcripts from this plasmid
contain 30 vector-encoded bases at the 5' end before the actual S10 leader
transcript begins. Because we were concerned that these additional bases might
affect the structure of the S10 leader transcript, we constructed a deletion
derivative of pT724, called pIM68 (Fig. 1), lacking the unwanted vector DNA
between the three G's of the natural T7 promoter and three G's at the 5' end of
the S10 leader (Fig. 2). Since pIM68 does not contain a normal T7 promoter
sequence, we were not certain of the start site used by T7 RNA polymerase for
transcription of this template. We therefore determined the sequence of the 5'
end of the transcript by primer extension in the presence of dideoxy ribonucle-
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Figure 1. Maps of plasmids used as templates for in vitro transcription.
Horizontal arrows indicate in vitro transcripts made by T7 RNA polymerase. The
thickened regions of the horizontal arrows representing pT724 transcripts indi-
cate the transcribed portion of the T7 promoter (PT7) and linker region. Ver-
tical arrows indicate positions of restriction sites used for construction of
the plasmids (HindIII, HincII/FDQII, SnaBI, SstI and EcoRI) or for truncating
the templates (BclI and EcoRI sites). The SstI site overlaps with the Shine-
Dalgarno region for the SlO gene.

otides. Gel electrophoresis of the products from these reactions showed bands
consistent with the sequence of the 5' end of the SlO leader, as well as a
strong band in all four tracks at the position corresponding to the most up-
stream of the three G's at the 5' end of the SlO leader (Fig. 3). These re-
sults demonstrate that the T7 RNA polymerase initiates transcription of pIM68
at the first of these three G's (Fig. 2).

We next wanted to compare the start site of the transcript from pIM68 with
the start site used in vivo by E. coli RNA polymerase at the S10 promoter. The
5' end of the in vivo transcript was previously located to one of the three G's
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sequence deleted in pIM68 and pIM62

transcrbed S10 operon DNA
portion of T7
promoter Hindlil site

transcription
start sites
for: GGGAGACCCAAGCTTGCATGCCTGCAGGTCCGGGCTTGTC
T7 pol. t (pT724) -1 t (pIM68, plM62)

E.coll pol. 1 t 2 (in vivo)

Figure 2. Summary of transcription initiation sites of the T7 and E. coli RNA
polymerases. The sequence shown is that of pT724. Bases deleted to construct
pIM68 and pIM62 are indicated. The HindIII site used to transfer the S10 lead-
er sequence to the T7 promoter vector is also shown. The vertical arrows indi-
cate the start sites determined for transcription by the T7 RNA polymerase in
vitro (Fig. 3) or the E. coli RNA polymerase in vivo (Fig. 4). Position +1
(indicated by an asterisk) is the principal start site for in vivo transcrip-
tion by the E. coli RNA polymerase (see text). The start site for T7 RNA poly-
merase on pT724 has not been determined experimentally, but is presumed correct
because this plasmid carries the wild-type T7 promoter.

at the beginning of the leader (18). To define which of the three G's is the
start site, we compared the 5' end of the in vivo transcript with the 5' end of
the T7 RNA polymerase in vitro transcript by hybridization-RNase protection

A C G T

G

G

T
C

G

G

Figure 3. Sequencing of the 5' end of a transcript made in vitro from pIM68 by
T7 RNA polymerase. An unlabeled primer complementary to the region between
bases 13 and 25 was extended in the presence of [35S] dATP and dideoxy nucleo-
side triphosphates as described in Materials and Methods. The lanes are iden-
tified by bases complementary to the incorporated dideoxy ribonucleotides to
match the sequence in Figs. 2 and 7.
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Figure 4. Mapping of the in vivo E.coli RNA polymerase start site in the S10
operon. Radioactive RNA was hybridized to single-stranded DNA from the M13
derivative M62 and then treated with RNase Ti. The protected hybrids were
collected on nitrocellulose filters, eluted, and electrophoresed through a
denaturing 8% polyacrylamide gel. Left lane: 32P04 pulse-labeled RNA from E.
coli strain LL308 carrying the plasmid pLFl. Right lane: 35S-UTP labeled tran-
scripts made in vitro from pIM68 with T7 RNA polymerase. Unmarked arrows indi-
cate protected hybrids. Positions of RNA molecular weight markers are indi-
cated with arrows labeled with the length (in bases) of each marker.

(16,17). Radioactive transcripts synthesized in vivo by the E.coli RNA poly-
merase or in vitro by the T7 RNA polymerase were hybridized to single-stranded
DNA from phage M62 (see Materials and Methods) which contains almost the entire

S10 leader, beginning one base upstream of the three G's (C -2) and ending at

the Shine-Dalgarno region of the S10 gene. Non-hybridized parts of the tran-

scripts were digested by Tl nuclease and the protected RNA fragments were ana-

lyzed on a denaturing polyacrylamide gel (Fig. 4). Since both the in vivo and

in vitro transcripts extend beyond the downstream end of the insert in M62 and
are therefore cleaved by Tl nuclease at precisely the same point at the 3' end,
variations in the size of the protected fragments must be due to differences at

the 5' ends. For the transcript made by the T7 RNA polymerase only one sig-
nificant protected fragment was observed, corresponding to a transcript initi-
ated at the first of the three G's at the beginning of the S10 leader. The E.
coli in vivo transcript gave two protected fragments running one and two bases
faster than the protected fragment from the T7 polymerase transcript. This
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Figure 5. Enzymatic structure mapping of 5' end-labeled transcript from pT724.
Aliquots of the transcript were partially degraded under various conditions as
explained in Materials and Methods. C: RNA incubated in the buffer used for
secondary structure analysis without enzyme. OH: Alkali hydrolysis products.
Tl and U2: Products after partial digestion with RNase Tl and RNase U2, re-
spectively, under denaturing conditions (sequence tracks). CV and T2: Products
after partial digestion with RNase Vl and RNase T2, respectively, under non-
denaturing conditions (tracks for structure mapping). G's and A's in the se-

quence as determined from the Tl and U2 tracks are indicated on the left. The
brackets on the right indicate the loops of the hairpin structures discussed in
the text.

experiment therefore suggests that the E. coli RNA polymerase has a major start
at the second G and a minor start at the third G. We conclude that the tran-
script made by the T7 RNA polymerase from pIM68 begins only one base upstream
of the principal start site used in vivo by the E. coli RNA polymerase (Fig.
2).

To obtain defined 3' ends on the in vitro transcripts, the plasmids pT724
and pIM68 were digested with restriction nucleases BclI or EcoRI (Fig. 1),

8912



Nucleic Acids Research

generating termination sites at the beginning of the S10 gene or within the L3
gene, respectively. A third plasmid, pIM62, containing only the S10 leader
sequence and no structural genes of the S10 operon, was linearized with EcoRI

(Fig. 1).
Structure mapping of the S10 leader

Our first approach to analyzing the secondary structure of the S1O leader
transcript was to partially digest 5' end-labeled transcripts with the single-
strand specific T2 RNase (19) and the double-strand specific cobra venom RNase
VI (20). Fractionation of the products on denaturing polyacrylamide gels (Fig.
5) revealed a repeated motif of bands produced by RNase T2 cleavage at several
consecutive bases bracketed by bands generated by RNase Vl, suggesting the
presence of stem-loop structures. We call these five hairpin structures HA
through HE, named in the direction from the 5' to the 3' end (Fig. 5).

The data shown in Fig. 5 were generated using transcripts from pT724 trun-
cated at the BclI site. However, the pattern of digestion in the S10 leader
region was the same irrespective of which of the transcripts shown in Fig. 1
was used for the experiment (data not shown). Thus, it appears that the struc-
ture of the S10 leader is not affected detectably by extensions of the tran-
script at the 5' or 3' ends.

No cuts beyond approximately base +145 could be mapped accurately using
the 5' end-labeled transcript. We therefore examined RNase Vl sensitive sites
further from the 5' end by partial digestion of unlabeled transcripts followed
by reverse transcription of the cleaved RNA. Results from this experiment,
shown in Fig. 6, lanes 3 through 6, extend and confirm the RNase Vl cleavage
data obtained with the end-labeled transcripts.

For additional structure information, unlabeled transcripts synthesized
from pIM68 truncated at the BclI site (Fig. 1) were partially modified with
dimethyl sulfate (DMS), which methylates bases in single-stranded regions (21).
The modified RNA was then used as template for reverse transcription. Since
reverse transcriptase is unable to transcribe Me-A or Me-C, it terminates be-
fore the modified bases (22). An example of the results is shown in Fig. 6,
lane 2. Many of the methylated bases identified in this way correspond to

positions cut by RNase T2 in the previous experiment, consolidating the struc-

ture information already obtained by the enzymatic analysis.
Construction of structure models

To construct secondary structure models we compared the experimental data
to various computer-generated folding patterns, making minor adjustments to

these patterns to accommodate results not compatible with the computer predic-
tions. We generated a folding pattern of the first 200 bases of the S10 operon
sequence using the classic algorithm of Zuker and Stiegler (23) and two dif-
ferent sets of parameters for the free energies of base pairing and loop forma-
tion: the values estimated by Salser (24) and those recently determined by
Turner and coworkers for RNA helix formation at 37°C (25). Both sets of energy
rules gave essentially the same folding pattern. This structure is illustrated
in Fig. 7A. It has a calculated free energy of about -46 kcal/mol using the
parameters of Freier et al. (25) disregarding contributions from the unpaired
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bases at the end of helices. The contributions of individual hairpins are given
in the legend to Fig. 7. The model contains all five of the hairpin structures

identified by the enzymatic structure mapping in Fig. 5 and has one additional
hairpin (called HG) containing the Shine-Dalgarno region and the initiation
codon of the S10 gene. All six hairpins including their bulges are supported

by the experimental results (Fig. 7A). Likewise, most of the single-stranded

regions connecting the stem-loops are compatible with the data. However, two

regions are ambiguous. One of these is between positions 87 and 93, for which
the structure mapping data generated evidence for both single- and double-
strandedness. This region is part of an imperfect stem at the bottom of HE,

suggesting that the base pairing in this region could be unstable. Alterna-

tively, the region could be involved in two different structures which are in

equilibrium with each other. The other region of ambiguity is around base 153,

which also generated unclear structure data and will be discussed further

below.
The computer program used above only displays the folding pattern which

has the minimal calculated free energy. Given the uncertainties which still

exist in the free energy values for base pairing and loop formation, it would

be desirable to inspect alternative folding patterns with calculated AG values

less favorable than the value of the optimal solution. A program which allows

the user to view any possible folding pattern, irrespective of AG value, has

recently been designed by Zuker (26) and tested by J. Jaeger and D. Turner

(personal communication). We used this program to view all the possible fold-

ing patterns of the S10 leader with AG values within 10% of the optimal solu-

tion. The energy parameters used were the 370C values determined by Freier et

al. (25), with additional recent refinements (D. Turner., personal communica-

tion). This procedure generated 21 different folding patterns, most of which

were essentially identical to the model shown in Fig. 7A, differing only with

respect to minor modifications of base pairing around some bulges. A few mo-

dels differed radically in the regions of hairpins HA, HB and HC, but could be

eliminated by comparison with our structure probing data.

A very interesting variation in the folding pattern was seen between bases

135 and 155, the region generating the ambiguous structure mapping information

Figure 6. Chemical and enzymatic structure mapping of unlabeled transcript
from pIM68. Aliquots were incubated with DMS or RNase Vl as described in
Materials and Methods. The modified or partially cleaved transcripts were then
reverse transcribed using a primer complementary to bases 24-39 of the S10
gene. T, C, G, A: Reverse transcription of unmodified transcript in the pre-
sence of dideoxy ribonucleotides (sequence markers). The lanes are identified
by bases complementary to the incorporated dideoxy ribonucleotides to match the
sequence in Fig. 7. Bases are numbered according to the system in Fig. 7. 1:
Mock sample for DMS modification. 2: DMS modification at 37°C. 3 and 4: RNase
Vl (1:100 dilution) digestion for 5 and 1 min, respectively. 5 and 6: RNase Vl
(1:200 dilution) digestion for 1 and 5 min, respectively. 7: Mock sample for
RNase Vl digestions. The bands in the control lanes (1 and 7) are due to spon-
taneous stops and pauses in the reverse transcriptase reaction. The few dif-
ferences between the patterns in the two lanes are apparently due to the dif-
ferent buffer conditions in the RNase Vl and DMS reactions.
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previously pointed out. Varying numbers of the U's in the distal end of HE
were eliminated from HE and base paired with A's in the region between bases
150 and 160. The most extreme of these models, shown in Fig. 7B, has a calcu-
lated AG value of -42 kcal/mol, or approximately 10% higher than the model in
Fig. 7A. Given that a number of the parameters for calculation of free energy
have not been tested experimentally (25,27), the difference between the calcu-
lated free energies of the two models is probably not significant. Virtually
all the structure mapping information which does not fit the model in Fig. 7A
is in agreement with the structure in Fig. 7B. However, some structure probing
data are satisfied by Fig. 7A, but not by Fig. 7B. Thus, even though the model
in Fig. 7A is compatible with the bulk of the structure mapping data, no single
model is fully compatible with all structure mapping data. Our interpretation
of this finding is that the S10 leader exists in an equilibrium between two or
more structures. Because of the relative strength of the cutting with RNases
T2 and Vl in the ambiguous regions, we suggest that the S10 leader exists main-
ly in the form shown in Fig. 7A under the conditions used in our experiments.
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Figure 7. Models of the secondary structure of the leader of the S10 operon.
The sites of RNase cleavages and DMS modifications observed in the experiments
illustrated in Figs. 5 and 7, as well as several other similar experiments not
shown, are summarized by the symbols explained in the boxes. HA through HG
indicate hairpin structures discussed in the text. The calculated free ener-
gies (in kcal/mol) of individual hairpins in model A are: -3.7 (HA), -5.5
(HB), -5.7 (HC), -8.8 (HD), -15.2 (HE), and -7.1 (HG). The total AG of model A
is -46 kcal/mol. In model B, the calculated free energy of the shortened hair-
pin HE is -11.5 kcal/mol and of HF +0.5 kcal/mol. The overall calculated AG of
model B is -42 kcal/mol.

Structure mapping of mutant transcripts
We have previously analyzed the regulatory response to L4 oversynthesis in

a series of mutants carrying two-base substitutions in the upper stem-loop of
hairpin HE (see Discussion and ref.5). This part of the leader contains a 9
base sequence (bases 117 through 125) also found in 23S rRNA at the binding
site for r-protein L4 (18). Furthermore, this region is immediately upstream
of the site of L4-mediated transcription termination, which occurs around base
140 (4; J. M. Zengel and L. Lindahl, unpublished observations). The mutations
had been designed to test the role of transcript structure in the L4-mediated
regulation of the operon. One mutant RNA (the "stem mutant") contained a two
base substitution in the ascending side of the upper stem (Fig. 8) and was

expected to cause disruption of the hairpin structure. A second mutant RNA
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Figure 8. Enzymatic structure determination of transcripts with mutations in
hairpin HE. A. The sequence of the loop and upper stem of the hairpin is
shown for the wild-type sequence ("Wild") with the indicated base changes in
the "Loop", "Stem" and Compensatory ("Comp") mutants. The positions of the
base substitutions relative to the start of transcription are indicated in
parentheses. B. End-labeled transcripts from derivatives of pIM62 containing
the various base substitutions were partially digested with RNase T2. Only
bands corresponding to the bases in the loop and upper stem of HE are shown,
since no differences were seen in other parts of the molecule. The closed
circles indicate the positions of relevant base substitutions.

(the "compensatory mutant") contained the same two base substitutions as well
as two other base changes on the descending side of the upper stem which we
expected would restore the basic stem-loop structure but with a different pri-
mary sequence. The last of the mutant RNAs (the "loop mutant") contained a two

base substitution in the loop of the HE structure which, according to computer
predictions, would not affect the secondary structure.

To determine if our predictions for the various mutant structures were
correct, we used partial digestion with RNases T2 and Vl to map the structures
of 5' end-labeled transcripts from derivatives of pIM62 carrying the various
mutations. As expected, the stem mutation made the bases in the upper stem of
HE accessible to cleavage with RNase T2 (Fig. 8). That is, the base substitu-
tions disrupted the stem. The digestion patterns of the remaining parts of the
mutant molecule were indistinguishable from the results of the wild-type tran-
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script (data not shown), indicating that the disruption of the upper stem of HE
is local and does not lead to major rearrangement of the RNA structure. The
RNA molecule from the compensatory mutant also yielded the predicted result:
changing the sequence on the other side of the stem to allow base pairing of
the two sets of two-base substitutions restored the digestion pattern to that
of the wild-type hairpin structure (Fig. 8).

A surprising result was obtained with a mutant changing bases 113 and 114
in the loop of HE. Since these two bases are not immediately adjacent to the
HE stem, and thus probably do not co-stack with the bases in the stem, we had
expected that the base changes would have no effect on the stability of the
stem. However, we found that the loop mutation made several bases at the top
of the stem accessible to digestion with RNase T2 (Fig. 8), indicating that the
base changes in the loop in fact destabilize the stem.

As part of our mutant analysis, we had also constructed a mutant, called
A72, removing bases 15 through 86 of the SlO transcript, i.e. most of the 5'
half of the leader. This mutation eliminated the L4-mediated attenuation, even
though it left intact all but two of the bases constituting hairpin HE, includ-
ing the sequence around the attenuation site (5). To see if the deletion might
have indirectly altered the structure of hairpin HE, we analyzed the structure
of the A72 mutant transcript made from a deletion derivative of pIM62. The
RNase T2 and Vl digestion patterns of the RNA downstream of the A72 deletion
were the same as we had previously observed for the wild-type transcript (Fig.
9), indicating that HE has virtually the same structure in the A72 transcript
as in the wild-type transcript.

DISCUSSION
Secondary structure models

Extensive portions of the leader region of the S10 r-protein operon of E.
coli are required for the autogenous control of both transcription attenuation
and translation (5), suggesting that the secondary or tertiary structure of the
leader plays a role in mediating the regulatory responses. In the present
investigation, we have examined the secondary structure of the leader. By
comparing structure mapping data with the 21 computer-generated folding pat-
terns with the lowest calculated free energies, we conclude that there is one

model, shown in Fig. 7A, which accounts for most of the experimental data. For

about 90% of the leader sequence this model is unambiguous in the sense that
all computer models which can satisfy the experimental observations include
hairpins HA through HE and HG. However, it is possible that minor details such
as the exact length of stems or the exact position of bulges could deviate
slightly from the model shown in Fig. 7A.

There are two regions where the model in Fig. 7A does not fit the struc-

ture mapping data or where the diester bonds were cleaved by both RNase T2 and
RNase VI. These ambiguous regions include bases 86 through 92 and 145 through
154. In fact, none of the 21 models we examined were totally compatible with
all the experimental data from these regions. Hence, we propose that the lead-
er structure is in equilibrium between two or more secondary structure forms
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which are very similar but differ with respect to the ambiguous regions defined
above. One plausible alternate structure is shown in Fig. 7B. Collectively the
two structures in Fig. 7 can account for all data obtained with chemical modi-
fication and RNase T2 digestion and for all but two of the cleavages (after
bases 146 and 147) observed with RNase Vl. The proposed alternate structure
(Fig. 7B) contains one hairpin (HF) not present in the model in Fig. 7A. Being
composed of only AT base pairs, the HF hairpin is intrinsically very weak, but
it might be stabilized by forming a coaxial helix with the lower stem of HE.
Structure of mutant transcripts

For most of the mutant RNA molecules we analyzed, the predicted secondary
structure agreed with the actual experimental data. However, we were surprised
to find that base changes in the loop of the HE hairpin structure disrupt base-
pairing of the upper stem. The destabilizing effect-of the HE loop mutation
suggests that the 8 base loop is not entirely flexible. It appears to have a

specific structure which can be perturbed by base substitutions, such that the
altered shape of the mutated loop necessitates the breaking of base pairs at

the top of the stem in order to maintain the continuity of the RNA backbone.
The change of the loop shape could have two reasons. Perhaps the stacking
interactions between bases in the loop are sufficiently strong to bestow a
preferred conformation on the loop. For example, it is possible that the mu-

tant loop has a different shape because it contains three consecutive purines,
where the wild-type loop only has two. Alternatively, bases in the loop could
base pair with another single-stranded region elsewhere in the molecule to

generate a specific structure. However, the latter possibility seems less
likely, since all diester bonds in the HE loop were accessible to the single-
strand specific probes, but none were cleaved with double-strand specific Vl
nuclease. Recently, it was proposed that loops containing CUUCGG are associ-

ated with exceptionally stable hairpins (28). None of the loops in the pro-
posed structures of the S10 leader contain this motif, but it is possible that
the sequence AAUPy found in four of the S10 loops also could be a stabilizing
element in hairpin structures.
Transcript structure and the regulation of the S10 operon

The models in Fig. 7 are consistent with our previous genetic analysis of
the autogenous control of the S1O operon, which suggested that a specific sec-
ondary structure in the upper portion of hairpin HE is essential for the L4-
mediated control of translation (5). In these genetic studies, we observed
that base changes on either side of the putative stem eliminated L4-mediated
translation control. Furthermore, "compensatory" base changes which restored
the stem-loop structure, but with a different primary sequence, also restored
translation regulation. The mutant analysis also showed that the translation
control could be disrupted by base substitutions in the HE loop, a result which
we originally interpreted as an indication that a specific base sequence in the
loop is critical to the regulatory mechanism. However, since the secondary
structure analysis indicates that the upper stem of HE is disrupted at the top
by the base substitutions in the loop, we cannot be sure if the phenotypes of
the loop mutants are due to a direct role of the primary base sequence of the
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Fig-ure 9. Enzymatic structure determination of the transcript from a mutant
with a 72 base deletion in the 5' end of the leader. End-labeled transcript
from a pIM62 derivative lacking bases 15 through 86 was partially digested with
different RNases. C: RNA incubated in the buffer used for secondary structure
analysis without enzyme. OH: Alkali hydrolysis products. Tl and U2: Products
after partial digestion with RNase Tl and RNase U2, respectively, under de-

naturing conditions (sequence tracks). CV and T2: Products after partial di-
gestion with RNase Vl and RNase T2, respectively, under non-denaturing condi-
tions (tracks for structure mapping). The numbers on the left correspond to
base numbers in the wild-type sequence (Fig. 7).

loop in translation control, or to a requirement f-or stable base-pairing within
the adjacent stem structure. In any event, further experiments are required to

clarify how base substitutions 60-70 bases upstream of the first structural

gene of the operon can influence the L4-mediated regulation of translation
initiation. The secondary structure models presented here suggest a working
model for the translation control. Namely, translation control could be accom-

plished by an 14-mediated shifting of the proposed equilibrium between the
structures show-in in Figs. 7A and 7B. It has been established that hase pairing
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of the Shine-Dalgarno region or of the initiation codon can inhibit translation
initiation (see e.g. ref. 29 for a discussion). Moreover, experiments with fd
phage gene IX have shown that base pairing in the region immediately upstream
of the Shine-Dalgarno region can also strongly affect ribosome binding to mRNA
(30). In both structure models shown in Fig. 7A and B, the Shine-Dalgarno
sequence is base paired and therefore not immediately available for interaction
with the 16S rRNA. Perhaps the ribosome requires the single-stranded region
upstream of the Shine-Dalgarno sequence (bases 146-157, Fig. 7A) to form its
initial association with the message; once bound it presumably could gain
access to the Shine-Dalgarno sequence and initiation codon, and begin trans-
lation. Formation of hairpin HF would sequester the single-stranded region and
thereby block ribosome binding. This hairpin is intrinsically very weak (es-
sentially no calculated free energy gain is associated with its formation), but
it may be stabilized by binding of L4 to the messenger and/or by making a joint
helix with the lower part of hairpin HE.

Analysis of translation regulation of three mutations agree with the pro-
posed model. First, an 8-base deletion of the single-stranded region between
hairpins HE and HG reduces the translation efficiency by about ten-fold (L.
Lindahl and J. M. Zengel, unpublished observations), compatible with the notion
that a single-stranded segment upstream of the Shine-Dalgarno sequence is re-

quired for efficient translation initiation. Second, bases 15 through 86 can

be deleted without measurable effect on the translation regulation (5). This
deletion does not affect the structure of HE (Fig. 9) and leaves possible the
switch into an alternate structure. Third, deletion of bases 94 through 142,
which precludes formation of HF but leaves the single-stranded region upstream
of HG intact, results in elimination of translation control, but leaves trans-
lation efficiency nearly wild-type (5). We plan to test this hypothesis fur-
ther by creating mutations in the S10 leader sequence which manipulate the
stability of hairpin HF.

The secondary structure models offer less insight into the mechanism of
L4-mediated attenuation. We know that L4 causes termination of transcription
within the string of U's around base 140 of the leader (4; J. M. Zengel and L.
Lindahl, unpublished experiments). Thus, hairpin HE appears to function as a
rho-independent terminator whose strength is in some way modulated by L4. The
secondary structure data support the existence of this terminator-like struc-
ture but cannot explain the role of IA. Moreover, even though leader RNA from
the compensatory mutant assumes the same secondary structure as wild-type RNA,
the compensatory base changes do not restore transcription control by L4 (5).
On the other hand, the 113,114 loop mutation, which disrupts base pairing ad-
jacent to the loop, leaves IA-mediated attenuation control intact. And final-
ly, a deletion removing 72 bases from the 5' half of the S10 leader abolishes
transcription control yet leaves essentially all the HE hairpin structure
intact (Fig. 9), indicating that the sequences upstream of HE are also required
for transcription control. At this point we have no simple model to account
for all these observations. However, since we now have defined the structural
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domains within the S10 leader, we can design mutations which delete or alter

specific domains to test their contribution to this control mechanism.
Comparison of structures of S10 leader and 23S rRNA

The central feature in current models for autogenous control of r-protein
synthesis is that the regulatory r-protein binds directly to its own messenger
RNA, presumably via structural similarities between the mRNA leader and the
appropriate binding site on rRNA. Indeed, specific binding of the regulatory
r-protein has been demonstrated for the L10 (31) and alpha operons (32). Al-
though we have not yet demonstrated a specific interaction between IA and the

S10 leader, we assume that L4 asserts its regulatory role by binding to a spe-

cific target in the S10 leader. However, we cannot see any homology between
the secondary structures of the S10 leader and the regions around base 300 and

base 600 of the 23S rRNA to which protein IA has been cross-linked (33,34) and
which therefore presumably constitute at least part of the L4 binding domain on

23S rRNA. There is an interrupted primary sequence homology consisting of
several segments of 3 to 9 bases each of which are found both in the S10 leader

and around base 600 of 23S rRNA (18). However, genetic experiments in our

laboratory have failed to demonstrate any special regulatory role for these

homology regions (4-6; J. M. Zengel and L. Lindahl, unpublished experiments).
At this time it is therefore not clear whether the primary sequence homology is

relevant for the interaction of L4 with its messenger. Furthermore, the cross-
linking of L4 to two different regions of the 23S rRNA suggests that the homol-

ogy, if it exists, may be found at the three dimensional level. Further
characterization of the IA interaction with rRNA and mRNA should be very inter-

esting.
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