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We investigated the regulation of the S10 ribosomal protein (r-protein) operon among members of the
gamma subdivision of the proteobacteria, which includes Escherichia coli. In E. coli, this 11-gene operon is
autogenously controlled by r-protein L4. This regulation requires specific determinants within the untrans-
lated leader of the mRNA. Secondary structure analysis of the S10 leaders of five enterobacteria (Salmonella
typhimurium, Citrobacter freundii, Yersinia enterocolitica, Serratia marcescens, and Morganella morganii) and two
nonenteric members of the gamma subdivision (Haemophilus influenzae and Vibrio cholerae) shows that these
foreign leaders share significant structural homology with the E. coli leader, particularly in the region which
is critical for L4-mediated autogenous control in E. coli. Moreover, these heterologous leaders produce a
regulatory response to L4 oversynthesis in E. coli. Our results suggest that an E. coli-like L4-mediated
regulatory mechanism may operate in all of these species. However, the mechanism is not universally conserved
among the gamma subdivision members, since at least one, Pseudomonas aeruginosa, does not contain the
required S10 leader features, and its leader cannot provide the signals for regulation by L4 in E. coli. We
speculate that L4-mediated autogenous control developed during the evolution of the gamma branch of
proteobacteria.

All organisms have evolved mechanisms to regulate ribo-
some synthesis so that rapidly dividing cells dedicate a larger
fraction of their mass and energy to manufacturing ribosomes
than do more slowly growing cells. This optimization of me-
tabolism has been particularly well studied in the bacterium
Escherichia coli. Regulation of rRNA synthesis depends, at
least in part, on an unusual sensitivity of rRNA transcription
initiation to the nucleoside triphosphate concentration (9),
which increases with growth rate (2). Ribosomal protein (r-
protein) synthesis is regulated, in turn, in response to the
availability of nascent rRNA molecules. Most r-protein oper-
ons contain a gene whose product functions not only as an
r-protein but also as a repressor of the expression of the
operon (see reference 46 for a review). When r-protein pro-
duction exceeds rRNA synthesis, free regulatory r-proteins
accumulate and each represses expression of its own operon,
usually by inhibiting translation of the r-protein mRNA. This
autogenous control mechanism is believed to coordinate the
production of rRNA and r-protein and to balance the expres-
sion of individual r-protein operons (46) (although additional
mechanisms also contribute to regulating r-protein production
[22, 46]).

The 11-gene S10 operon of E. coli is autogenously regulated
by r-protein L4, encoded by the third gene of the operon (Fig.
1A). Unlike other regulatory r-proteins, L4 inhibits not only
translation but also transcription. Regulation of transcription
is accomplished by L4-mediated termination (attenuation)
within the S10 leader, about 140 bases from the start of tran-
scription (Fig. 1B). This process requires the RNA polymerase
accessory factor NusA and two hairpins in the nascent leader
transcript (35, 36, 47, 51). One of these hairpins is also re-

quired for L4-mediated repression of translation, although dis-
tinguishable attributes of the leader RNA are required for the
two levels of regulation (7, 34).

While the molecular mechanisms of autogenous control of
r-protein synthesis have been studied extensively in E. coli,
knowledge of the control of r-protein synthesis in other organ-
isms remains comparatively sparse. The general organization
of r-protein genes is highly conserved. For example, in systems
as diverse as gram-positive and gram-negative eubacteria, cya-
nobacteria, thermophilic eubacteria, archaea, protist cyanelles,
chloroplasts, and mitochondria, clusters of r-protein genes cor-
responding to the S10, spc, and alpha operons of E. coli are
strikingly similar (16, 42, 43). Nevertheless, the regulatory cir-
cuits identified in E. coli are not universal for all bacteria, since
the positions of promoters and transcription terminators are
not well conserved. For example, in E. coli, the 28 genes in the
S10-spc-alpha region are organized into three consecutive
transcription units (21, 27–29, 38). In contrast, the correspond-
ing genes in Bacillus subtilis appear to be organized into a
single transcription unit (15, 19, 38). Also, genes encoding
r-proteins identified as regulators in E. coli are sometimes
dissociated in other organisms from some or all of the r-
protein genes that they regulate in E. coli. For example, the
gene encoding r-protein S4, the autogenous regulator of the
alpha operon in E. coli, maps outside the S10-spc-alpha cluster
of B. subtilis (10, 14) and regulates only its own synthesis in this
organism (11). Thus, while r-protein gene order in the S10-
spc-alpha region is highly conserved, the molecular mecha-
nisms for regulation of these genes are clearly more diverse.

To learn more about the evolution of regulatory mechanisms
governing r-protein synthesis, we have focused on the regula-
tion of the genes corresponding to the S10 operon of E. coli.
Our earlier experiments suggested that in B. subtilis this gene
cluster is regulated by a mechanism different from the E. coli-
like L4-mediated control (19). To extend these studies, we
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inspected the S10 operons in a variety of eubacterial species
within the gamma subdivision of the proteobacteria, which
includes E. coli. Since the target for L4-mediated autogenous
control is contained within the untranslated leader of the E.
coli operon (7, 35, 48), we concentrated on this region. Our
studies suggest that specific features of the S10 leader structure
that are essential for L4-mediated autogenous control in E. coli
are conserved in several, but not all, branches of the gamma
subdivision, including all of the enterobacteria that we inves-
tigated. Moreover, our regulatory studies confirm that foreign
leaders containing these features are sensitive to L4-mediated
control in E. coli. We speculate that the conservation of these
features reflects a conservation of L4-mediated autogenous
control and therefore that this regulatory mechanism devel-
oped during the evolution of the gamma branch of the pro-
teobacteria.

MATERIALS AND METHODS

Strains, plasmids, and other materials. The E. coli strain was LL308 (23).
Salmonella typhimurium, Citrobacter freundii, Yersinia enterocolitica, Morganella
morganii, and Pseudomonas aeruginosa were obtained from the School of Med-
icine, University of Rochester. We obtained S. typhimurium LT2 and Serratia
marcescens from the American Type Culture Collection and S. typhimurium
MS1868 from M. Suskind via R. Wolf. Haemophilus influenzae was a gift from
G. J. Barcak. Vibrio cholerae was from J. B. Kaper.

Plasmids pLF1 (8), pLF17 (8), pLL235 (20), pSma2R (48), pLL202 (8),
pLL226 (48, 51), pLL229 (48), pACYC-Bsu (19), and pAra-L4 (19) have all been
described previously. The pBAD-L4 plasmids are analogous to pAra-L4 but are
derived from pBAD18 (12).

Restriction enzymes were purchased from New England Biolabs or Promega.

Taq DNA polymerase was from Perkin-Elmer/Cetus, Fisher Biotech, or Pro-
mega. Vent DNA polymerase was purchased from New England Biolabs. Re-
agents and enzymes used for sequencing reactions were purchased from U.S.
Biochemical.

Cloning and sequencing of PCR-amplified DNA. Chromosomal DNA was
prepared according to standard procedures. PCRs to amplify the S10 leader
regions were performed under standard reaction conditions. For genomes for
which we had no a priori S10 operon sequence information (S. typhimurium, C.
freundii, Y. enterocolitica, and M. morganii), the upstream oligonucleotide was L1
(TTGAATTCCTAGCAATACGCTTGCGTTCGGTGGTTAAGTATGTATA
ATG); the underlined sequence corresponds to the 235/210 region of the E. coli
S10 operon (Fig. 1B). The downstream oligonucleotide was L2 (CGAAGCTTT
CCGCGGTTGCTTGATCGA), corresponding to the E. coli S10 structural gene
(Fig. 1B). Amplified DNA was purified by cutting the band from a low-melting-
point agarose gel and passing it through an Elutip column (Schleicher & Schuell)
or a Wizard PCR Prep DNA purification system (Promega). The purified DNA
was digested with the indicated restriction enzymes, cloned into M13mp18, and
sequenced (33). For S. marcescens, the 59 oligonucleotide, O175 (CGTACTAC
TGACGTGACTGG), was derived from the upstream tufA gene, and the down-
stream oligonucleotide was O243 (GCGCTTGGCAGTCTCGACGAT), from
the S10 gene. The amplified DNA was sequenced directly. In all cases, two to five
independent clones or PCR products were sequenced.

For in vivo regulatory studies, heterologous leader/S109 sequences were in-
serted into pLL202 (8), containing a partial lacZ gene (lacking the first eight
codons). The resulting constructs consisted of the E. coli S10 promoter (PS10),
heterologous leader, and proximal 54 codons of the S10 gene, fused in frame with
lacZ9 (Fig. 1C). To analyze only transcriptional control, heterologous leader
sequences (without the S10 gene) were inserted upstream of the intact lacZ gene
in pLL229 (48) (Fig. 1C). In later experiments, the heterologous leader/S109
sequences were cloned downstream of the Ptrc promoter by replacing the B.
subtilis S10 leader/S109 fragment in pACYC-Bsu (19; Fig. 1D). For in vitro
transcription studies, the E. coli leader in plasmid pLL226 (48, 51) was replaced
with the heterologous leader.

Computer analysis. DNA sequence alignments were determined by first using
a multiple-sequence alignment program such as CLUSTAL W (39) and then
manually aligning the sequences to obtain maximum identity. The RNA second-
ary structures were predicted by using Zuker’s MFOLD program on the mfold
server (55), using the energy rules described by Walter et al. (41). Searches for
S10 genes in other bacteria were performed by using BLAST 2.0 (1) on the NCBI
BLAST server (27). The phylogenetic tree was constructed by using the Ribo-
some Database Project server (24, 31).

Labeling and gel electrophoresis of proteins. E. coli cells were grown at 37°C
in AB minimal medium (3) supplemented with 0.5% glycerol, 1 mg of thiamine
per ml, and the appropriate antibiotics. For experiments with cells carrying a
Plac-L4 plasmid and a PS10-foreign leader-S109/lacZ9 or lacZ plasmid, cells were
labeled for 2 min with 50 mCi of [35S]methionine (ca. 1,000 Ci/mmol) per ml
immediately before or 10 min after addition of isopropyl-b-D-thiogalactopyrano-
side (IPTG) to induce L4 oversynthesis and then lysed at 95°C in sodium dodecyl
sulfate (SDS) sample buffer (17). For cells carrying both pAra-L4 and a Ptrc-
foreign leader-S109/lacZ9 or lacZ plasmid, the synthesis of S109/b-galactosidase
(b-Gal9) or b-Gal was first induced by addition of IPTG (to 2 mM). Immediately
before and 15 to 20 min after addition of IPTG, aliquots of the culture were
pulse-labeled and harvested by lysing at 95°C in SDS sample buffer (17). Syn-
thesis of L4 protein was then induced by addition of arabinose (to 0.25%), and
10 to 15 min later aliquots were pulse-labeled and harvested. The total extracts
were fractionated by gel electrophoresis on an SDS–7.5% or 12% (wt/vol) poly-
acrylamide gel (17) and visualized by autoradiography. The 12% gel resolves
small proteins like L4 (22 kDa) and allowed us to confirm that the synthesis of
L4 was increased following arabinose induction; based on earlier studies, we
estimate that L4 synthesis was induced at least threefold (52). The 7.5% gel
provides better resolution of the S109/b-Gal9 fusion protein. The radioactivity in
the S109/lacZ9 protein band was quantified by using a Molecular Dynamics
PhosphorImager. To control for variable loadings, the radioactivity in S109/b-
Gal9 was normalized to the radioactivity in a protein band whose intensity was
not affected by IPTG or arabinose addition.

S. typhimurium MS1868 was grown and pulse-labeled as for E. coli except that
the growth medium included 19 amino acids (no methionine). The source of L4
was plasmid pLL235 (Plac-L4) (20), and the target plasmid was pLF1 (PS10-E. coli
S10 leader-S109/lacZ9) (8, 45) or pSma2R (PS10-E. coli S10 leader-lacZ) (48).

In vitro transcription reactions. Standard 10-ml transcription reaction mix-
tures contained 20 mM Tris acetate (pH 7.9), 4 mM magnesium acetate, 0.1 mM
EDTA, 100 mM potassium glutamate, 20 nM E. coli RNA polymerase, and 20
nM plasmid DNA. Where indicated, r-protein L4 or S7 from E. coli was added
to 160 nM, and NusA from E. coli was added to 40 nM. The DNA template was
pLL226 (48, 51) or a derivative containing a non-E. coli leader. The reaction
components were mixed together with 500 mM each CTP and GTP and incu-
bated at 37°C for 10 min to allow formation of the initiation complex and
incorporation of the proximal several nucleotides. A single round of transcription
elongation was then started by addition of ATP to 500 mM, UTP to 100 mM, 5
mCi of [32P]UTP, and rifampin to 10 mg/ml. Reactions were terminated at the
indicated times by the addition of 8 ml of sequencing stop mix. The RNA
products were heated at 95°C for 2 min before loading on a 8% sequencing gel.

FIG. 1. Maps of the S10 operon and plasmids used for regulatory studies. (A)
Organization of genes in the E. coli S10 operon. (B) Region of the S10 operon
amplified by PCR. The site of L4-mediated termination (att) is indicated by the
arrowhead. Positions of the primers L1 and L2 are indicated by hatched bars.
Open boxes on the primer bars indicate recognition sites for EcoRI (E) and
HindIII (H) introduced during the amplification reaction. (C and D). General
structures of L4 target and L4 source plasmids. Leader-S109/lacZ9 or leader-lacZ
genes driven by E. coli PS10 were introduced into cells carrying an IPTG-induc-
ible Plac-L4 plasmid (C). Leader-S109/lacZ9 or leader-lacZ genes driven by the
IPTG-inducible Ptrc were introduced into cells carrying an arabinose-inducible
Para-L4 plasmid (D). SD-S10 and SD-lacZ refer to the Shine-Dalgarno se-
quences for the S10 and lacZ structural genes, respectively.
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Nucleotide sequence accession numbers. The S10 leader sequences deter-
mined in our laboratory have been deposited in the GenBank database under
accession no. AF089898 (C. freundii), AF089899 (M. morganii), AF058449 (S.
typhimurium), AF058451 (S. marcescens), and AF089900 (Y. enterocolitica). The
H. influenzae leader sequence is found in the database under accession no.
U32761.

RESULTS

Cloning and sequencing of the S10 leader from gamma
proteobacteria. Our Southern analysis of the DNA at the 59
end of the S. typhimurium S10 operon showed that the se-
quence immediately upstream of the promoter has no detect-
able homology with the corresponding E. coli sequence (data
not shown). Therefore, to clone the S10 leader of S. typhi-
murium and other enteric bacteria, we designed an upstream
primer that contained the E. coli promoter (as well as an
EcoRI site to use for subsequent manipulations [Fig. 1B]),
expecting that the promoter regions in the various enterobac-
teria would be sufficiently similar to hybridize to an oligonu-

cleotide containing the E. coli promoter sequence. We also
predicted that the S10 structural gene sequence would be very
similar in all enterobacteria, and so the downstream primer
contained a sequence from the E. coli S10 gene, as well as a
HindIII site for cloning (Fig. 1B). Amplification of chromo-
somal DNA from four species of enterobacteria, S. typhi-
murium, C. freundii, Y. enterocolitica, and M. morganii, gener-
ated PCR products of the expected ca. 270 bases (not shown);
this DNA was then cloned into M13mp18 and sequenced. The
S10 leader region from the enterobacterium S. marcescens was
also amplified and sequenced directly from the PCR product.
Sequences of the five enterobacterial S10 leaders were then
aligned to determine their relationship with the E. coli se-
quence. Recently, we identified the Yersinia pestis S10 leader
sequence via a BLAST search of the DNA sequence database
at the Sanger Centre (44); this sequence was included in our
alignment analysis. As shown in Fig. 2, all six enterobacterial
leaders showed significant primary sequence homology with E.
coli’s, particularly in the 39 two-thirds of the leader.

FIG. 2. Alignment of S10 leader sequences. Bases differing from the E. coli sequence are indicated by white text on black background. The approximate positions
of presumed hairpins are also shown. Ecoli, E. coli; Styph, S. typhimurium; Cfr, C. freundii; Yentero, Y. enterocolitica; Ypestis, Y. pestis; Smarc, S. marcescens; Mmorg, M.
morganii; Hinf, H. influenzae; Vibrio, V. cholerae; Pseudo, P. aeruginosa. Except for the Pseudomonas sequence (see below), the 59 ends of the various leaders were
presumed from potential promoter sequences. The Vibrio leader probably begins about 80 bases upstream of the indicated sequence. The alignment programs did not
identify any significant sequence homology in the Vibrio leader upstream of nucleotide 149, and so only the 39 two-thirds of the leader sequence is shown. The complete
sequence is shown in Fig. 3H. The asterisks below the Pseudomonas sequence refer to likely 235 and 210 sequences for the S10 promoter in this species. Therefore,
the leader is probably much shorter than the leaders of other eubacteria. However, for comparison the sequence upstream of the presumptive transcription start site
is included in the alignment.
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To examine S10 leader sequences in other bacteria, we
searched available bacterial databases, using the E. coli S10
protein sequence as the query sequence in BLAST2 (1) and
then investigating the sequence upstream of the structural
gene. Since the putative S10 leaders of more distant species
shared no primary or secondary structure similarity with E. coli
(data not shown), we focused on species that, like the entero-
bacteria, are members of the gamma subdivision of the pro-
teobacteria. In addition to Y. pestis (44), already described, we
analyzed H. influenzae, whose complete DNA sequence has
been released (5), and V. cholerae (40) and P. aeruginosa (30).
The latter two genomes were in the process of being se-
quenced.

The putative S10 leader sequences of the nonenteric pro-
teobacteria showed very limited sequence similarity with the E.
coli sequence (Fig. 2). For P. aeruginosa, the predicted S10
leader is very short, and only the S10 structural gene and 15 or
so bases immediately upstream could be aligned with the
E. coli sequence. For V. cholerae and H. influenzae, the align-
ment was somewhat more convincing (Fig. 2). Assuming that
we have identified the correct S10 promoter sequences, the
V. cholerae leader is considerably longer.

Secondary structure of the S10 leaders. Our previous studies
showed that two hairpins within the E. coli S10 leader are
required for L4-mediated autogenous control. Hairpin HD
(Fig. 3A) is essential for transcriptional, but not translational,
control (7, 48). Hairpin HE (Fig. 3A) is required for both levels
of control (7). To determine if the S10 leader sequences shown
in Fig. 2 can form comparable hairpins, we used the mfold
computer algorithm (54) to determine possible secondary
structures of each leader.

All of the enterobacterial leaders could in fact generate
structures strikingly similar to the structure from E. coli (Fig.
3B to F). Despite the unimpressive primary sequence homol-
ogy for the H. influenzae and V. cholerae leaders, these two
RNAs also generated secondary structures with remarkable
similarities to E. coli structures in the region containing the
HD, HE, and HG hairpins (Fig. 3G and H). However, the very
short P. aeruginosa leader had no obvious structural similarity
with E. coli’s (Fig. 3I).

Consistent with the primary sequence comparisons (Fig. 2),
the 59 third of the enterobacterial and H. influenzae and V.
cholerae leaders displays limited secondary structure similarity:
while all of the species have leader sequences compatible with
the formation of hairpins HA, HB, and HC, there are signifi-
cant variations between species with respect to details such as
bulges, helix length, and loop size, particularly for the much
longer V. cholerae leader. Variability among these three hair-
pins is not likely to have a significant effect on L4-mediated
regulation of the operon, since their deletion from the E. coli
leader has no measurable effect on autogenous control (48).

The structure of the fourth hairpin (HD) is completely pre-
served among the various enterobacterial species and is indeed
an excellent example of a hairpin whose structure is supported
by compensatory changes during evolution. That is, there are
changes in basepairs in the stem, but none disrupt the helix
(Fig. 3C to F). The H. influenzae and V. cholerae leaders also
form an HD hairpin with 6 bp, although they both have addi-
tional bases in the loop (Fig. 3G and H). These results suggest
that hairpin HD, which is required for L4-mediated transcrip-
tion termination in E. coli (34, 48), is conserved in these pro-
teobacteria.

All of the enterobacterial S10 leader sequences have the
potential to form an extended hairpin similar to the HE hair-
pin of E. coli. There is almost complete sequence conservation
in this region of the leader and therefore insufficient substitu-

tions to provide a phylogenetic proof for this structure. Nev-
ertheless, all of the enterobacteria have sequences compatible
with the salient features of the E. coli HE hairpin: an upper
hairpin consisting of a 5-bp stem and an 8-base loop with
changes in only one base, an extended stem with several inter-
nal loops, and a U-rich sequence on the distal side in the
position corresponding to the site of L4-mediated transcription
termination in E. coli.

Despite having very different primary sequences, the leaders
from H. influenzae and V. cholerae form HE hairpins similar in
size and overall structure to the HE hairpins found in the
enterobacteria, including a U-rich sequence at the base of the
descending side of the hairpin. However, the closing loop of V.
cholerae has six bases, while H. influenzae’s HE hairpin loop
has nine bases.

Our previous studies showed that the upper stem-loop struc-
ture in hairpin HE is involved in both transcription and trans-
lation control by L4 (7, 34) and that the string of U’s near the
descending base of the HE hairpin is required for transcription
control (34, 35). Again, our phylogenetic results suggest that
these structural features are conserved among these pro-
teobacteria.

The most distal hairpin in the E. coli leader, HG, contains
the ribosome binding site and initiation codon for the S10
structural gene. Since the sequence of this region of the leader
is identical in all enterobacterial species, the structure of the
HG hairpin is also preserved. The leaders from H. influenzae
and V. cholerae form similar HG hairpin structures. Further-
more, the single-stranded region between HE and HG, which
may be an entry site for ribosomes initiating translation of the
S10 structural gene (46), is AU rich in all of the species. The P.
aeruginosa leader lacks the single-stranded AU-rich sequence.

In vivo regulation in E. coli with non-E. coli S10 leaders.
Given the conservation of the HD and HE hairpin structures in
the various bacterial species and their critical role in L4-me-
diated autogenous control in E. coli, we suspected that these
foreign S10 operons might also be regulated autogenously by
r-protein L4. We analyze L4 regulation by inducing oversyn-
thesis of the r-protein from a plasmid and then measuring the
effect on the expression of a lacZ gene placed downstream of
the S10 promoter/leader on a second plasmid (7, 48, 53). Since
most of the species analyzed here lack well-developed genetic
systems that would allow conditional oversynthesis of L4, we
tested the regulation of the heterologous leaders in E. coli. We
have shown that L4 proteins from bacteria as divergent from E.
coli as Bacillus stearothermophilus (only 42% amino acid iden-
tity) maintain the features required for autogenous control of
the E. coli leader (53). Therefore, we reasoned that if the S10
operons from closely related species were subject to L4-medi-
ated autogenous control, their leaders should respond to E.
coli L4.

We first analyzed the leaders from the enterobacteria S.
typhimurium, C. freundii, M. morganella, and Y. enterocolitica,
by inserting the heterologous leader/S109 sequences between
the E. coli S10 promoter and lacZ9 (Materials and Methods;
Fig. 1C). Each of these plasmids was transformed into an E.
coli strain already containing a plasmid with an E. coli L4 gene
under control of the lac promoter (Fig. 1C). The effect of L4
was measured by pulse-labeling the cells with [35S]methionine
immediately before and 10 min after inducing L4 oversynthesis
by addition of IPTG and examining whole-cell extracts of
the labeled cells by SDS-polyacrylamide gel electrophoresis
(PAGE). All four of the enterobacterial leader constructs were
sensitive to L4 regulation, as evidenced by the decreased rate
of synthesis of S109/b-Gal9 after induction of L4. Indeed, ex-
pression of S109/b-Gal9 from the heterologous leader clones
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was inhibited by L4 to approximately the same extent as the
protein expressed from the E. coli leader (data not shown).

Although the foreign leaders appeared to be well regulated
by E. coli L4, the plasmids containing these leaders slowed the

growth of the E. coli host, resulting in a selection for mutated
plasmids with no or reduced synthesis of the S109/lacZ9 prod-
uct. Indeed, when we re-sequenced the Y. enterocolitica plas-
mid, we found a mutation in the 235 region of the S10 pro-

FIG. 3. Secondary structure predictions for the S10 leader regions. The secondary structures were predicted by using mfold (55). The computer-predicted E. coli
structure has been confirmed by in vitro structure probing analysis (37). The site of L4-mediated transcription termination in the E. coli leader is indicated. Nucleotides
differing from the E. coli sequence in the alignments shown in Fig. 2 are indicated by the black circles with white text. The Shine-Dalgarno sequence and the AUG
initiation codon for the S10 structural gene are indicated by boxes. entero, enterobacterium.
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moter. Because the constitutive expression of heterologous
leader-S109/lacZ9 constructs appeared to be toxic to the E. coli
host (for unidentified reasons), we modified the system so that
the leader-S109/lacZ9 was expressed from the IPTG-inducible
Ptrc promoter and the L4 gene was expressed from an arabi-
nose-inducible promoter (Fig. 1D). Using this system, we an-
alyzed the E. coli and M. morganii leaders, as well as the more
divergent H. influenzae and V. cholerae RNAs. For comparison,
we also analyzed the P. aeruginosa leader, which shares no
obvious structural similarities with the other proteobacterial
S10 leaders.

The effect of L4 regulation of these leaders was monitored
by first inducing expression of the S109/lacZ9 gene by addition
of IPTG, and then, approximately 20 min later, inducing over-
synthesis of L4 by addition of arabinose. The results (Fig. 4;
Table 1) indicate that not only the M. morganii leader but even
the H. influenzae and V. cholerae leaders, which have little
primary sequence conservation relative to E. coli, contain the
determinants sufficient for autogenous control by L4. Regula-
tion of the M. morganii and H. influenzae leaders was not
significantly different from the regulation of E. coli, but the V.
cholerae leader, whose secondary structure is also less similar
to E. coli’s, was not regulated as well. Not surprisingly, the P.
aeruginosa leader, which has neither primary sequence nor
secondary structure homology with the E. coli leader, showed
no regulation by E. coli L4 (Fig. 4; Table 1).

Since L4 regulates both transcription and translation of the
E. coli S10 operon (7, 47), inhibition of S109/b-Gal9 synthesis in
the E. coli version of the construct analyzed in Fig. 4 is the
product of both levels of control. We have previously described
a fusion plasmid containing the E. coli S10 leader upstream of

an intact lacZ gene with its own Shine-Dalgarno sequence:
synthesis of the b-Gal protein from this plasmid is subject to
only transcriptional control (7). Therefore, to analyze the level
of L4 control mediated by the heterologous leaders, we con-
structed a similar plasmid containing the Ptrc-regulated S10
leader upstream of the SDlac-lacZ sequence (Fig. 1D). The
results, shown in Fig. 5, indicate that both M. morganii and H.
influenzae leaders are sensitive to transcription control by E.
coli L4. Note that we have not directly assayed the response of
these foreign leaders to L4-mediated translation control, be-
cause we have no facile way to monitor translation regulation
in the absence of transcription regulation.

In vitro transcription regulation with heterologous S10
leaders. We also tested the ability of the heterologous leaders
to support L4-mediated transcription termination in a cell-free
transcription reaction with purified E. coli RNA polymerase
and NusA protein. We have previously shown that RNA poly-
merase pauses transiently in vitro at the site in the E. coli
leader of in vivo transcription termination (51). Purified L4
stabilizes the paused transcription complex, facilitating termi-
nation, but only if NusA is also included in the transcription
reaction (36, 49–51). We constructed DNA templates consist-
ing of the E. coli S10 promoter followed by either the E. coli or
a heterologous leader, upstream of a strong transcription ter-
minator from the E. coli rrnC operon (Fig. 6A).

E. coli RNA polymerase in the presence of E. coli NusA
responded to the foreign templates in a similar way to its
response to the native leader. Results with the M. morganii
template are shown in Fig. 6B; we observed similar results with
C. freundii, S. typhimurium, Y. enterocolitica, and H. influenzae
templates (not shown). In the absence of L4 (Fig. 6B, lanes
13-16), the enzyme paused only transiently at the attenuation

FIG. 4. Effect of L4 on in vivo synthesis of S109/b-Gal9 from plasmids carrying foreign S10 leaders. Cells carrying a Para-L4 plasmid and a Ptrc-leader-S109/lacZ9
fusion plasmid (Fig. 1D) with the indicated heterologous leader sequence were grown exponentially. Aliquots of the culture were labeled for 2 min with [35S]-methionine
immediately before or 20 min after the addition of IPTG to induce expression of S109/b-Gal9. Twenty-three minutes after IPTG addition, arabinose (ara) was added
to the culture to induce L4 oversynthesis; after another 15 min, an aliquot was labeled with [35S]methionine. Total protein extracts were fractionated by PAGE and
analyzed by autoradiography. The protein band corresponding to S109/b-Gal9 is indicated by the horizontal arrows. Control experiments showed that the synthesis of
this protein is dependent on the presence of a plasmid carrying the Ptrc-leader-S109/lacZ9 construct, and its regulation is dependent on the leader and on the induction
of an active L4 protein (references 8, 19, 20, and 48 and data not shown). A second band, smaller than the S109/b-Gal9 band, is also induced by IPTG but is not affected
by L4 induction. This protein (F) is the product of the lacZDM15 gene carried by the F9 lac plasmid carried in LL308 (23). It is well resolved in the gels shown in panels
A to C but coelectrophoreses with another band in panel D. Ecoli, E. coli; Mmorg, M. morganii; Hinf, H. influenzae; Vibrio, V. cholerae; Pseudo, P. aeruginosa.

FIG. 5. Effect of L4 on in vivo synthesis of b-Gal from plasmids carrying
foreign S10 leaders. Cells carrying a Para-L4 plasmid and a Ptrc-leader-lacZ fusion
plasmid (Fig. 1D) with the indicated heterologous leader sequence were labeled
as described in the legend to Fig. 4. The protein band corresponding to b-Gal is
indicated by the horizontal arrows. The smaller band that is induced by IPTG (F)
is the product of the F9 lacZDM15 gene. Mmorg, M. morganii; Hinf, H. influenzae;
ara, arabinose.

TABLE 1. L4-mediated regulation of heterologous
S10 leader sequences

Leader S109/b-Gal9 synthesis,
1L4/2L4a

E. coli ................................................................................ 0.078 (0.046)
M. morganii....................................................................... 0.036 (0.016)
H. influenzae ..................................................................... 0.084 (0.030)
V. cholerae ........................................................................ 0.32 (0.11)
P. aeruginosa..................................................................... 0.95 (0.16)

a Calculated as the radioactivity in the S109/b-Gal9 fusion protein after arab-
inose induction of L4 oversynthesis divided by the radioactivity in S109/b-Gal9
before arabinose induction (see Materials and Methods for details). Values in
parentheses are standard deviations. Each leader was analyzed in at least three
different labeling experiments.
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site (corresponding to the cluster of U’s at the base of the HE
hairpin, at nucleotides 140 to 150 in Fig. 3F). In the presence
of E. coli L4 (Fig. 6B, lanes 9 to 12), the stability of the paused
transcription complex was significantly enhanced. The addition
of NusA was required for the L4 effect (not shown).

While pausing occurred at a site in the M. morganii leader
that corresponds to the E. coli attenuation site, the pattern of
paused transcripts was slightly different, probably a result of
the different distribution of U’s around the pause site. Another
difference was that, with or without L4, the pause was not as
stable with the M. morganii leader as with the E. coli leader
(Fig. 6B; compare lanes 1 to 4 with lanes 9 to 12 or lanes 5 to
8 with lanes 13 to 16). Nevertheless, our in vitro studies con-
firm our conclusion from in vivo experiments that the heterol-
ogous S10 leaders contain the determinants sufficient for
NusA-dependent, L4-stimulated transcription termination.

L4-mediated autogenous control in S. typhimurium. Al-
though we could not readily analyze the regulation of the S10
operons within most of the proteobacteria whose leaders we
had analyzed, we were able to characterize the response in S.
typhimurium to the oversynthesis of L4. Our source of L4 was
a previously constructed plasmid, pLL235 (20), which contains
the L4 gene from E. coli under control of the lac promoter.
Since the Salmonella L4 gene encodes a protein with the same
amino acid sequence as the E. coli protein (32), it was not
necessary to construct a plasmid carrying the S. typhimurium
L4 gene. Similarly, we used target plasmids containing the E.
coli leader, since the S. typhimurium leader is nearly identical.

Using the target plasmid pLF1 (PS10-E. coli S10 leader-S109/
lacZ9) (45), we observed that the synthesis of S109/b-Gal9 was
inhibited by oversynthesis of L4 (Fig. 7A) to about the same
extent as we observe in E. coli. Plasmid pLF1 is subject to both
transcription and translation control by L4. To look specifically

at transcription control, we repeated the experiment with
pSma2R (PS10-E. coli S10 leader-lacZ) (48). Again, the extent
of inhibition by L4 was equal to the inhibition that we observe
in E. coli (Fig. 7B). We conclude that S. typhimurium is capable
of L4-mediated attenuation control.

DISCUSSION
Because about 75% of a cell’s mass is made of protein,

protein synthesis is a major drain on the cell’s resources during
growth. This cost includes the biogenesis of ribosomes and
auxiliary proteins such as translation initiation, elongation, and
termination factors. Not surprisingly, all organisms have
evolved mechanisms to regulate the formation of the protein
synthesis apparatus. We are interested in understanding the
evolution of the regulatory mechanisms for control of ribo-
some formation. Since the major r-protein gene cluster corre-
sponding to the S10, spc, and alpha operons of E. coli is pre-
served in many bacteria, archaea, and plastids (16, 42, 43), one
might have expected that gene order and regulation have co-
evolved. Indeed, autogenous regulation, a major principle for
control of r-protein production in E. coli, has been observed in
diverse microorganisms, including the gram-positive bacterium
B. subtilis (11) and the archaeum Methanococcus vannielii (13).
Nevertheless, the molecular mechanisms of this regulation are
different from the mechanisms described for E. coli.

Since our earlier studies had suggested that the E. coli-like
L4-mediated autogenous control mechanism is not the mech-
anism for regulating the S10 cluster in B. subtilis (19), we
investigated the regulation of the S10 operon in bacteria more
closely related to E. coli, focusing on the gamma branch of the
proteobacteria. All of the enterobacteria we analyzed, includ-
ing S. typhimurium, S. marcescens, C. freundii, M. morganii, and
Y. enterocolitica, contain S10 leaders that apparently form sec-
ondary structures that are strikingly similar to the structure
that we have described for E. coli (37). In particular, the 39
region of the S10 leaders contains highly conserved structures
corresponding to hairpins HD and HE that we have shown are
involved in L4-mediated transcription and translation control
(7, 35, 37, 48). Not surprisingly, these leaders all respond to E.
coli L4.

Two more distantly related members of the gamma subdivi-
sion of the purple bacteria, H. influenzae and V. cholerae, also

FIG. 6. In vitro transcription of E. coli and M. morganii leaders. (A) The
general structure of the DNA template, pLL226 or its heterologous derivatives,
is shown. The position of the substituted DNA from M. morganii is indicated by
the solid bar. PS10, E. coli promoter for the S10 operon; att, site of L4-stimulated
transcription termination; trrnC, terminator from rRNA rrnC operon. (B) Tran-
scription reactions were performed in the presence of NusA, and, where indi-
cated, L4. Aliquots were removed at the indicated times after the start of
transcription, fractionated on an 8% urea-polyacrylamide gel, and analyzed by
autoradiography. Relevant portions of the gel are shown. The RT band contains
readthrough transcripts terminated at trrnC; the ATT bands contain attenuated
transcripts reflecting RNA polymerases paused or terminated at the attenuation
site. Ecoli, E. coli; Mmorg, M. morganii.

FIG. 7. Autogenous regulation by L4 in S. typhimurium. S. typhimurium
(Styph) or E. coli (Ecoli) cells carrying the indicated plasmids were pulse-labeled
with [35S]methionine before (2) or 10 min after (1) addition of IPTG to induce
oversynthesis of E. coli L4. See Materials and Methods for details. Total protein
extracts were fractionated by PAGE and analyzed by autoradiography. The
protein band corresponding to S109/b-Gal9 (A) or b-Gal (B) is indicated by the
horizontal arrows. The band just below the b-Gal band in the E. coli lanes (B) is
the product of the F9 lacZDM15 gene. In panel A, “target” refers to the absence
(2) or presence (1) of the PS10-E. coli S10 leader-S109/lacZ9 target plasmid.
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contain leaders that can form E. coli-like HD and HE hairpins.
Furthermore, these leaders also respond in E. coli to r-protein
L4. Taken together with the finding that heterologous L4 pro-
teins from M. morganii, Y. pseudotuberculosis, H. influenzae,
and B. stearothermophilus can substitute for E. coli L4 in the
regulation of the E. coli S10 operon (53), our results suggest
that the L4-mediated regulatory mechanism that we have de-
scribed for E. coli might also govern the regulation of the S10
operons of other enterobacteria and of other closely related
members of the gamma subdivision of the proteobacteria such
as H. influenzae and V. cholerae.

Interestingly, it appears that not all members of the gamma
subdivision utilize an E. coli-type mechanism for regulating the
S10 gene cluster. P. aeruginosa has a much shorter untranslated
sequence upstream of its S10 gene, and neither the primary
sequence nor the computer-predicted secondary structure of
the leader suggests any homology with the E. coli leader. In-
deed, the P. aeruginosa leader is not sensitive to autogenous
control by E. coli L4. Since its leader is also not regulated by
the homologous P. aeruginosa L4 (data not shown), it is likely
that P. aeruginosa utilizes a very different mechanism for reg-
ulating expression of its S10 operon.

We have also surveyed the available sequences of S10 re-
gions of other members of the proteobacteria, using the NCBI
BLAST algorithm (26). So far, we have found no other exam-
ples of leader sequences that form an E. coli-like structure.
Indeed, for most of these proteobacteria (including Rickettsia
prowazekii, Neisseria gonorrhoeae, and Thiobacillus cuprinus),
the S10 gene is located less than 100 nucleotides downstream
of tufA and often appears to be cotranscribed with the tufA
gene. A phylogenetic tree based on the rRNA sequences of
relevant proteobacteria and summarizing our S10 leader stud-
ies is shown in Fig. 8. Although we are still exploring the S10
operon structures of other members of the proteobacterial
branch, our current data suggest that L4-mediated autogenous
control was established during the evolution of the gamma
subdivision of proteobacteria. Our studies indicate that this
control involves L4-stimulated transcription termination.
Whether translation control by L4 is also conserved in these
other bacteria is under investigation.

As already mentioned, previous studies of B. subtilis (11, 15,
19, 38) had suggested that the highly conserved gene order of
the major r-protein gene cluster in gram-negative and gram-
positive bacteria does not ensure that they utilize the same
mechanisms for autogenously regulating the expression of
those genes. The present study reveals that this dichotomy
between gene order and regulatory mechanism exists even
within a more restricted group of the bacterial kingdom.

The evolutionary preservation of r-protein gene order in
eubacteria and the archaea is especially remarkable, since in
general no other major gene clusters are preserved among the

bacteria whose genomes have been sequenced (see, for exam-
ple, references 25 and 42). The similarities in r-protein gene
organization imply that the last common eubacterial/archae-
bacterial ancestor had already established this gene order (4,
42) and that selective pressure maintained this order despite
continual rearrangements of other genes during evolution (42).
We do not yet understand the forces behind either the original
clustering of the r-protein genes or the subsequent preserva-
tion of the gene order. The selfish-operon model (18) accounts
for clustering of nonessential genes but cannot explain the
formation of clusters of essential genes like those encoding
r-proteins. Indeed, the primordial history of these r-protein
clusters precludes reliable speculation about their formation
(18).

In any case, once formed, the r-protein clusters clearly of-
fered a strong evolutionary advantage. Given that these genes
encode proteins that must interact physically, there may have
been selective pressure to ensure that modules of r-protein
genes were exchanged during a recombination event; a similar
argument has been used to explain the functional clusters of
bacteriophage genes (6). Moreover, once the r-protein genes
had been gathered during evolution, the extremely short intra-
genic regions in the cluster would make it very difficult to
survive transpositions disrupting the cluster, since such events
would have a high probability of inactivating these essential
genes (although such events clearly occurred in some species,
since there are examples of extra or missing genes within
the S10-spc-alpha cluster [16, 42]). Finally, the clustering of
r-protein genes into operons provides a mechanism for co-
transcriptional and coupled translational control. The latter
advantage, however, presumably evolved after the primordial
organization of the genes, resulting in a plethora of regulatory
schemes that remain virtually unexplored.
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