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We have investigated the regulation of the S10 and spc ribosomal protein (r-protein) operons in Vibrio
cholerae. Both operons are under autogenous control; they are mediated by r-proteins L4 and S8, respectively.
Our results suggest that Escherichia coli-like strategies for regulating r-protein synthesis extend beyond the
enteric members of the gamma subdivision of proteobacteria.

In organisms as diverse as eubacteria, archaea, protist cya-
nelles, chloroplasts, and mitochondria, clusters of ribosomal
protein (r-protein) genes are remarkably similar in organiza-
tion (10, 23, 24). In spite of this striking degree of conservation,
the mechanisms behind the expression of these genes are
clearly diverse, since the positions of promoters and termina-
tors are not well conserved. For example, in Escherichia coli, 28
r-protein genes in the S10-spc-alpha cluster are organized into
three transcription units (12), but the corresponding genes in
Bacillus subtilis are organized into a single transcription unit (8,
11, 21).

In E. coli, most of the r-proteins are under autogenous
control. That is, for a given r-protein operon, a specific r-
protein has evolved to function not only as a component of the
ribosome, but also as a regulatory protein responsible for co-
ordinating expression of its operon with the availability of
rRNA and other r-proteins (28). The 11-gene S10 operon of E.
coli is regulated by r-protein L4, a component of the large
ribosomal subunit, and encoded by the third gene of the
operon. Unlike other autogenously controlled r-protein oper-
ons, which are regulated at the level of translation, the S10
operon is subject to both transcriptional and translational reg-
ulation (30). The two control mechanisms require partially
overlapping but distinct determinants within the 172-base non-
translated region of the S10 mRNA (3, 19).

Previous studies have suggested that L4 proteins from spe-
cies as divergent from E. coli as Bacillus stearothermophilus
have maintained the determinants required for autogenous
control of the S10 operon in E. coli (11, 31). However, the
autogenous control mechanism itself appears not to be so well
conserved. For example, examination of potential secondary
structures of RNA upstream of the S10 gene in other eubac-
terial species suggests that only a subset of species, confined to
some members of the gamma branch of proteobacteria, have
the structural determinants in the S10 leader that are necessary
for L4-mediated autogenous control in E. coli (reference 1 and
unpublished data). Moreover, when heterologous S10 leaders
which can form those critical secondary structures are intro-
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duced into E. coli, they function as regulatory targets for L4,
while those that do not have the potential to form the struc-
tures found in the E. coli S10 leader do not function as regu-
latory elements (1, 11).

To directly address the mechanism for regulating r-protein
synthesis within other eubacteria, we characterized the regu-
lation of the S10 and spc operons in Vibrio cholerae, the most
divergent of the gamma proteobacteria we suspected of using
the same mechanism as E. coli (1).

Regulation of the V. cholerae S10 operon. V. cholerae has a
cluster of 11 r-protein genes that correspond in order to the 11
genes of the E. coli S10 operon (Fig. 1A). We mapped the
transcription start site for this gene cluster by primer extension
analysis of chromosome-derived RNA from V. cholerae strain
JBK70 (ACTXAB::mer; a gift from J. B. Kaper, University of
Maryland School of Medicine). This analysis identified an A
271 bases upstream of the S10 start codon as the first nucleo-
tide of the transcript (data not shown). This nucleotide is
almost exactly at the position of the transcription start site
predicted by sequence gazing. Although the V. cholerae leader
is significantly longer than the E. coli leader, the predicted
secondary structure of the region containing hairpins HD, HE,
and HG is remarkably similar to the E. coli structure (Fig. 1B
and C) (1).

Overexpression of r-protein L4 in E. coli inhibits expression
of the 11-gene S10 operon, preventing synthesis of new ribo-
somes and, as a result, preventing colony formation. To test for
L4-mediated autogenous control in V. cholerae, we cloned the
V. cholerae 14 gene under control of the arabinose promoter
on plasmid pBADI18 (6). Induction of the resulting plasmid
with arabinose in either V. cholerae or E. coli resulted in inhi-
bition of growth (Fig. 2), suggesting that L4 inhibits expression
of the S10 operon in V. cholerae.

To more directly analyze the effect of excess L4 on expres-
sion of the S10 operon in V. cholerae, we tested the effect of
arabinose induction of L4 on expression of an S10 leader-S10'/
lacZ' reporter construct (Fig. 1A). The V. cholerae (or E. coli)
S10 leader and proximal 54 codons of the S10 gene were
amplified by PCR and cloned downstream of an isopropyl-B-
D-thiogalactopyranoside (IPTG)-inducible P,. promoter,
in frame with lacZ'. The resulting plasmid, a derivative of
pACYC-Bsu (Fig. 1) (1, 11), is compatible with the
pBADI18-L4 plasmid. The absence of a lac repressor in V.
cholerae resulted in constitutive expression of the S10'/lacZ’
reporter. Although the constitutive expression did not seem to
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FIG. 1. (A) Maps of the V. cholerae S10 operon and plasmids used for targets of L4-mediated regulation. The reporter gene (S10'/lacZ’ or lacZ)

). RBS-S10 and RBS-lacZ refer to the Shine-Dalgarno regions of the S10 and lacZ genes,

respectively. (B and C) Promoter and leader regions of the V. cholerae and E. coli S10 operons. The secondary structures of the leaders from E.
coli and V. cholerae were described previously (1). The DNA sequences upstream of the transcription start site are shown in lowercase letters, with

the presumptive —35 and —10 sequences indicated. The transcribed regions are shown in uppercase letters. The boxed sequences indicate the
Shine-Dalgarno (SD) sequence and the AUG initiation codon of the S10 structural gene.

is expressed from the IPTG-inducible frc promoter (P,
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FIG. 2. Growth of cells carrying P,,,-L4 plasmids. Either E. coli
(Ec) or V. cholerae (Vc) host cells carrying an arabinose-inducible L4
gene from the indicated source were streaked on Luria-Bertani plates
with or without arabinose and incubated at 37°C for about 24 h. E. coli
L4-AraR is a regulatory-defective mutant of the E. coli L4 protein (25).

negatively affect growth, we also constructed a plasmid con-
taining a lacI? gene in addition to the V. cholerae S10'/lacZ’
gene, making expression of the S10'/lacZ’ reporter IPTG in-
ducible. Since these plasmids are colE1 derivatives, we trans-
ferred the P, ,,,-14 operons to a compatible pACYC177 vec-
tor. Both sets of plasmids yielded essentially the same results.

We measured L4-mediated regulation by pulse-labeling ex-
ponentially growing cells carrying the S10 leader reporter and
L4 source plasmids with [*>S]methionine before and 10 min
after addition of arabinose to induce L4 synthesis (1, 27). The
autoradiogram in Fig. 3A shows that induction of L4 in V.
cholerae does indeed repress expression of the S10'/B-Gal’
fusion protein. The fusion protein migrates very close to an-
other unrelated V. cholerae protein, so quantitation in this
species is less reliable than in E. coli. Nevertheless, induction of
L4 in V. cholerae results in approximately fourfold inhibition.
We conclude from these experiments that V. cholerae employs
L4-mediated autogenous control of its S10 operon.

In E. coli, only the region downstream of hairpin HC (Fig. 1)
is required for L4-mediated regulation (29). Considering that
the V. cholerae S10 leader is significantly longer than the leader
in E. coli, we wondered if the additional sequences are re-
quired for regulation of the V. cholerae S10 operon. To test this
possibility, we systematically deleted one, two, or all three of
the promoter proximal hairpins of the V. cholerae S10 leader
on the pACYC S10'/lacZ’ plasmid, using a QuikChange mu-
tagenesis kit (Stratagene). As shown in Fig. 3B, deletions re-
moving hairpins HA, HB, and HC in the V. cholerae S10 leader
still allowed L4 inhibition of expression. That is, like in E. coli,
the first three hairpins of the V. cholerae leader are not re-
quired for L4-mediated autogenous control.

Hairpin HD is required for efficient L4 control of transcrip-
tion in E. coli (29) and is essential for binding of L4 to the S10
leader in vitro (20), but deletion of HD has little effect on
translation (29). We deleted hairpin HD from the V. cholerae
leader and observed significantly reduced inhibition of expres-
sion of the fusion protein (Fig. 3C). This result suggests that L4
regulates expression of the V. cholerae S10 operon by invoking
premature termination of transcription, as in E. coli. The re-
sidual regulation in the hairpin HD deletion mutant might
reflect still-intact translation control.

As a more direct test for L4-mediated transcription control
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FIG. 3. Regulation of the E. coli (Ec) and V. cholerae (Vc) S10
operons mediated by L4. E. coli or V. cholerae strains with the indi-
cated reporter plasmids and L4 sources were pulse-labeled with
[**S]methionine before (—) or 10 min after (+) induction of L4 by
addition of arabinose. Extracts were fractionated by sodium dodecyl
sulfate gel electrophoresis. The radioactivity in each S10'/lacZ’ or lacZ
fusion protein band was normalized to the total radioactivity in the
same lane. [4-mediated regulation (+L4/—14) was expressed as the
normalized radioactivity in the fusion band after L4 induction divided
by the normalized radioactivity in the fusion band before L4 induction.
Each experiment was performed at least four times. The standard
deviations are shown in parentheses. (A) E. coli or V. cholerae cells
carrying the V. cholerae leader-S10'/lacZ’ plasmid and a P,,, plasmid
harboring the V. cholerae 14 gene. (B) V. cholerae cells carrying an
S10'/lacZ’ plasmid with the wild-type (wt) V. cholerae leader or the V.
cholerae leader containing a deletion of the indicated hairpins. (C) V.
cholerae cells carrying an S10'/lacZ’ plasmid with either the wild-type
V. cholerae leader or a V. cholerae leader with a deletion of the HD
hairpin. The L4 source was V. cholerae. (D) V. cholerae cells carrying
an operon fusion plasmid with the wild-type V. cholerae leader.

in V. cholerae, we constructed a plasmid with an operon fusion
placing the V. cholerae S10 leader from nucleotides 1 to 260
upstream of the complete lacZ gene, including the lac Shine-
Dalgarno sequence, on plasmid pTrc99A-lacZ (Fig. 1). L4
induction resulted in about twofold reduction of lacZ expres-
sion (Fig. 3D). We conclude that the V. cholerae S10 operon is
subject to L4-mediated transcription regulation.

Regulation of the spc operon of V. cholerae. Having found
that the S10 operon of V. cholerae is autogenously regulated by
a process homologous to the E. coli mechanism, we wondered
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FIG. 4. (A) Maps of the V. cholerae spc operon and the plasmid
used for the target of S8-mediated regulation. The map of the spc
operon is based on the genome sequence reported by Heidelberg et al.
(7). (B) Secondary structures of the S8 targets in 16S rRNA and spc
mRNA. The core binding regions of S8 on E. coli 16S (4, 9, 15) and on
E. coli spc mRNA (5) are indicated by filled boxes. The same region is
also required for S8-mediated regulation of the spc operon in E. coli (2,
26). As an analogy, the same region is indicated on the V. cholerae
mRNA. The Shine-Dalgarno sequence and the initiation codon of the
L5 gene are indicated by open boxes. (C) Regulation of the E. coli (Ec)
and V. cholerae (Vc) spc operons mediated by S8. E. coli or V. cholerae
strains with the indicated target reporter plasmid and S8 source were
pulse-labeled with [*S]methionine before (—) or 10 min after (+)
induction of S8 by addition of arabinose. The radioactivity in each
L5'/lacZ' band was normalized to the total radioactivity in the same
lane. S8-mediated regulation (+S8/—S8) was expressed as the normal-
ized radioactivity in the fusion band after S8 induction divided by the
normalized radioactivity in the fusion band before S8 induction. Each
experiment was performed at least two times. The standard deviations
are shown in parentheses.

if other V. cholerae r-protein operons also share autogenous
control mechanisms. We chose the spc operon (Fig. 4A), which
in E. coli is regulated at the level of translation by the binding
of r-protein S8 to a hairpin in the mRNA that includes the
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initiation codon of S5 (2, 5, 17). This hairpin has obvious
structural similarities to the demonstrated S8 binding site in
16S rRNA (Fig. 4B) (9, 16, 18, 26). Comparison of the se-
quences of the spc operons showed that a hairpin similar to the
S8 target hairpin of E. coli could form in V. cholerae (Fig. 4B).

To analyze S8-mediated regulation of the S8 operons of E.
coli and V. cholerae, we inserted the proximal end of the
operon, including the leader, intact genes for L14 and L.24, and
proximal 66 codons of L5, into pACYC-Bsu (11), resulting in
the creation of an LS5'/lacZ’ fusion gene (Fig. 4A). These
plasmids were then introduced into E. coli and V. cholerae
strains also harboring a P,,,,-S8 plasmid, constructed by cloning
the E. coli or V. cholerae S8 gene into pBADI18 (6). Pulse-
labeling experiments showed that arabinose induction of S8 in
E. coli results in almost threefold inhibition of fusion protein
synthesis (Fig. 4C), similar to the fivefold reduction reported
previously (13, 14). Induction of S8 in V. cholerae results in a
twofold inhibition of L5'/B-gal’ synthesis. We conclude that the
spc operon of V. cholerae is autogenously regulated by SS§,
presumably in a fashion similar to what has been described for
E. coli.

Summary. These and earlier studies (1) suggest that the E.
coli-type mechanisms for L4-mediated regulation of the S10
operon and S8-mediated regulation of the spc operon are
widespread among the gamma subdivision of the proteobacte-
ria. However, these mechanisms are not universal to this
group, since Pseudomonas aeruginosa does not utilize the E.
coli-like mechanism for S10 operon control (1). Inspection of
the sequence preceding the LS gene in the spc operon of P.
aeruginosa appears to be incompatible with the structure of the
S8 target in the spc mRNA, suggesting that the spc operon of
P. aeruginosa also does not follow the E. coli paradigm.
Tchufistova et al. (22) recently reported that an E. coli-like
autogenous control mechanism for regulating the S1 r-protein
gene operates in a number of species of the gamma proteobac-
teria, but, again, not in the Pseudomonas group. Taken to-
gether, these observations suggest that autogenous regulatory
mechanisms governing the expression of E. coli r-proteins
evolved in a common ancestor which gave rise to some, but not
all, gamma proteobacteria. The contrast between the wide-
spread organization of the major r-protein gene cluster and the
much more limited distribution of the E. coli regulatory para-
digms suggests that the regulatory mechanisms developed
much later than the gene cluster itself.

We thank J. Kaper for the V. cholerae strain.
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