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The 16S rRNA-binding ribosomal protein S15 is a key
component in the assembly of the small ribosomal
subunit in bacteria. We have shown that S15 from the
extreme thermophile Thermus thermophilus represses
the translation of its own mRNA in vitro, by interact-
ing with the leader segment of its mRNA. The S15
mRNA-binding site was characterized by footprinting
experiments, deletion analysis and site-directed
mutagenesis. S15 binding triggers a conformational
rearrangement of its mRNA into a fold that mimics
the conserved three-way junction of the S15 rRNA-
binding site. This conformational change masks the
ribosome entry site, as demonstrated by direct compe-
tition between the ribosomal subunit and S15 for
mRNA binding. A comparison of the T.thermophilus
and Escherichia coli regulation systems reveals that
the two regulatory mRNA targets do not share any
similarity and that the mechanisms of translational
inhibition are different. Our results highlight an
astonishing plasticity of mRNA in its ability to adapt
to evolutionary constraints, that contrasts with the
extreme conservation of the rRNA-binding site.
Keywords: induced-®t mechanism/molecular mimicry/
ribosomal protein S15/RNA±protein interaction/
translational regulation

Introduction

Feedback regulation at the translational level is commonly
used in bacteria and bacteriophages for fast adaptation of
highly expressed proteins to environmental variations and
cellular requirements. A typical example is the coordi-
nated synthesis of ribosomal components during ribosome
biogenesis in Escherichia coli. When synthesized in
excess over rRNAs, primary rRNA-binding proteins
interact with their mRNA and inhibit translation of their
own genes and the other genes in their operon. The
similarities observed between mRNA and rRNA targets
for a number of E.coli ribosomal proteins, such as S7, S8,
L1 (reviewed in Zengel and Lindahl, 1994) and L20
(Guillier et al., 2002), sustain the mechanism based on
mimicry and competition previously proposed by Nomura
et al. (1980). However, in other cases, i.e. E.coli proteins

S4 (Deckman and Draper, 1987; Vartikar and Draper,
1989) and L4 (Freedman et al., 1987; Stelzl et al., 2000),
analogies between both target RNAs could not be obvi-
ously detected, at least at sequence and secondary
structure levels. Although interactions of ribosomal
proteins with their mRNA targets have been studied
intensively for many years, molecular details of transla-
tional repression mechanisms in the expression of
ribosomal protein gene operons remain scarce.

Ribosomal protein S15 is highly conserved among
prokaryotes. It plays a pivotal role in the assembly of the
central domain of the small ribosomal subunit (Held et al.,
1974) and forms one of the bridges between the two
subunits in 70S ribosomes (Culver et al., 1999). The
interaction of S15 with 16S rRNA has been characterized
at high resolution, based on extensive biochemical
investigations (Powers and Noller, 1995; Batey and
Williamson, 1996a,b; Serganov et al., 1996, 2001) and
crystal structures of small ribosomal subunits (Schluenzen
et al., 2000; Wimberly et al., 2000) and isolated
complexes containing Thermus thermophilus S15
(TtS15) (Agalarov et al., 2000; Nikulin et al., 2000).
Brie¯y, S15 binds to 16S rRNA at two highly conserved
recognition sites, namely a three-way junction and a G±U/
G±C motif separated from the junction by one helical turn.
This triggers a conformational realignment that is required
for subsequent binding of other proteins, resulting in the
formation of the subunit platform. The binding of E.coli
S15 (EcS15) to its own mRNA in a region that forms a
pseudoknot causes translation inhibition, as a result of
trapping the ribosome on its loading site (Philippe et al.,
1993). Structural information on the S15±16S rRNA
complex, coupled with the biochemical data on the
mRNA site (Philippe et al., 1990, 1995; BeÂnard et al.,
1994, 1998; Serganov et al., 2002) have allowed the
characterization of the extent of mimicry between the two
RNA targets. It turns out that EcS15 recognizes two sites
on the pseudoknot that, unlike in rRNA, are equally
important for binding. The ®rst is a G±U/G±C motif
analogous to its rRNA counterpart, and the second differs
completely from the rRNA junction (Serganov et al.,
2002). Recently, the mRNA target for Bacillus stearo-
thermophilus S15 (BsS15) was identi®ed (Scott and
Williamson, 2001) and found to contain a bipartite site
for S15 binding. This RNA contains a three-way junction,
which shares no signi®cant similarity with either the E.coli
mRNA or 16S rRNA target. Thus, regulatory systems
identi®ed in E.coli are probably not universal for all
bacteria.

The S15 gene promoter is one of the strongest in
T.thermophilus (Maseda and Hoshino, 1995; Serganov
et al., 1997) and its expression requires negative regula-
tion. We established that TtS15 inhibits its own translation
and determined the thermodynamic and kinetic parameters
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of the interaction. The TtS15 mRNA-binding site was
localized and characterized using footprinting, deletion
analysis and site-directed mutagenesis. We found that
ThS15 triggers formation of the RNA junction that
partially mimics 16S rRNA and, in so doing, masks the
ribosome-binding site. Such interplay of the protein with
the junctional conformation within its mRNA adds a new
variety to existing mechanisms of translational inhibition.
Furthermore, our results highlight an astonishing versatil-
ity and adaptability of regulatory mechanisms that contrast
with the strong constraints associated with ribosome
assembly.

Results

TtS15 represses its synthesis on the level of
translation
The TtS15 gene transcript(s) were analyzed by northern
blot hybridization using RNA isolated from
T.thermophilus cells and 32P-labeled TtS15 DNA as a
probe. A single RNA transcript of ~400 nucleotides in size
was detected (Figure 1A). Since the transcription start
point was mapped at positions ±67/68 (Serganov et al.,
1997), the TtS15 mRNA should end ~50 nucleotides
downstream of the coding region, in a potential
r-independent terminator located between genes coding
for S15 and polynucleotide phosphorylase. Thus, in
contrast to the E.coli system (Portier and Regnier, 1984),
TtS15 is most probably translated from a monocistronic
mRNA, and regulation of its translation cannot be coupled
with the control of upstream or downstream genes.

By analogy to what happens in E.coli, we assumed that
TtS15 is able to repress its own translation through a
feedback regulatory mechanism. Due to a lack of reliable
vector for gene expression in T.thermophilus and toxicity
of TtS15 for E.coli cells (Serganov et al., 1997), we used
an in vitro E.coli cell-free translation system. The natural
mRNA transcript (mRNA1) was translated in the cell
extract in the presence of [35S]methionine, resulting in a
major protein corresponding to labeled TtS15. Addition of
TtS15 to the translation mixture decreased TtS15 synthesis
in a dose-dependent manner (Figure 1B), while back-
ground synthesis of cell-speci®c proteins was unaffected.

Inhibition of TtS15 translation was rescued ef®ciently by
addition of a 16S rRNA fragment from T.thermophilus
containing the TtS15-binding site (rRNAs15), while an
rRNA fragment carrying a mutation that abolishes S15
binding (rRNAs15mut) (Serganov et al., 2001) failed to
derepress translation (Figure 1B). We veri®ed that the
stability of the mRNA was unaffected during the experi-
ment time, and that a spliceosomal protein U1A was
unable to repress translation (data not shown).

TtS15 speci®cally interacts with its mRNA
We tested the ability of TtS15 to bind its own mRNA. The
apparent dissociation constant (Kd) for this interaction was
determined at various temperatures by titrating 32P-labeled
mRNA1 with TtS15, using the nitrocellulose ®lter-binding
assay. We found that TtS15 binds mRNA with high
af®nity (Kd ~5 nM) over a wide range of temperatures
(10±55°C) (Figure 2A and B, Table I). Experimental data
for moderate and high temperatures were easily ®t to a
binding isotherm that assumes one-site binding, in agree-
ment with the measured 1:1 stoichiometry (data not
shown). However, at temperatures <30°C, we obtained
biphasic curves, with the high af®nity component of the
mRNA binding curve decreasing progressively. This
reduction affected the ®tting of experimental data to the
theoretical isotherm, and we were unable to calculate
high af®nity dissociation constants at low temperatures
(0±10°C). The more marked temperature dependence was
observed for the binding of TtS15 to rRNAs15 (Figure 2A
and B). Remarkably, the af®nity of TtS15 for mRNA1 is
10-fold lower than for rRNA at intermediate temperatures
(20±45°C), whereas these differences tend to decrease at

Fig. 1. Autorepression of TtS15 translation in vitro. (A) Northern blot
analysis of T.thermophilus mRNA revealed a single RNA species
encoding S15. (B) Autorepression analysis. mRNA1 was incubated in
the E.coli extract in the presence of [35S]methionine and non-labeled
TtS15 (lanes 3±6). Rescue of TtS15 synthesis was done by either
rRNAs15 (lanes 7±10) or rRNAs15mut (lanes 11 and 12) in the pres-
ence of 0.8 mM TtS15. The repression ratio was calculated after back-
ground subtraction (lane 1) and normalization of the S15 amount using
extract-speci®c protein expression (indicated by asterisks) as an internal
reference.

Fig. 2. Interaction between TtS15 and its RNA targets. (A) Saturation
binding curves with 32P-labeled mRNA1 and rRNAs15 at the indicated
temperature. (B) Temperature dependence of equilibrium binding
constants for complexes of TtS15 with mRNA1 and rRNAs15.
(C) Dissociation kinetics of the S15±RNA complexes. Complexes were
formed with 32P-labeled RNAs, and dissociation was measured by
dilution with excess unlabeled RNA. (D) Initial rate of association
of S15±RNA complexes. The bimolecular rate parameter de®ned in

equation 7 of Riggs et al. (1970) is
1

Rÿ P
ln

P�Rÿ PR�
R�Pÿ PR�, where R, P

and PR are RNA, protein and complex concentrations, respectively.
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higher temperatures (60±70°C) (Figure 2B), probably due
to partial melting of RNA secondary structures and RNA
degradation.

Removal of the 3¢ half of mRNA (mRNA2) did not alter
its af®nity for TtS15 (Table I). Both mRNA1 and mRNA2
were able to compete with the 16S rRNA fragment
(Table I). The deduced apparent Kds were consistent with
those measured from direct binding assays (Table I).
Control 5S rRNA from T.thermophilus was unable to
compete with mRNA and rRNAs15.

Kinetics of S15±mRNA binding
Rate constants for TtS15±mRNA and TtS15±rRNA com-
plexes (Figure 2C and D; Table I) were determined by
®lter-binding assay. Since high temperatures resulted in
RNA degradation, the following experiments were con-
ducted at 45°C, a temperature still permitting growth of
T.thermophilus, although lower than the optimal tempera-
ture of 70°C. Dissociation was monitored by displacement
of the bound labeled RNA by unlabeled RNA, and the
data were ®t to a single exponential. The dissociation
rate curves showed monophasic behavior, indicative of

unimolecular dissociation reactions for all complexes
(Figure 2C). The two mRNA complexes dissociate at the
same rate (koff ~9 3 10±4/s) with a half-life of 15 min,
while the rRNA complex dissociates 4.5-fold slower (koff

~2 3 10±4/s) with a half-life of 65 min (Table I).
Association rate constants (Table I) were estimated

from the initial rate data by applying the integrated rate
equation for a bimolecular reaction (Figure 2D). TtS15
binds mRNA1 with an apparent rate constant (kon) of
25 3 105/M/s, 16-fold slower than for rRNAs15. Due to
limitations of the ®lter-binding technique for direct
measurements of the fast association reaction, this differ-
ence might represent a small overestimation, since the
predicted kons calculated from the ratio between koffs and
Kds are close, but not identical, to the experimental kon

values.

Footprinting reveals TtS15-induced changes in the
5 ¢ region of mRNA
The binding site on mRNA2 of TtS15 was mapped by
hydroxyl radical and RNase footprinting. Hydroxyl
radical-induced cleavage is insensitive to the secondary

Table I. Binding constants for TtS15 interaction with mRNA and rRNA of T.thermophilus

RNA t (°C) Kd direct
(310±9 M)

Kd compet.
(310±9 M)

koff (310±4/s) kon pred.
(3105/M/s)

kon exper.
(3105/M/s)

rRNAs15 0 2.20 6 1.30 ± ± ± ±
rRNAs15 37 0.23 6 0.00 0.28 6 0.09 ± ± ±
rRNAs15 45 0.23 6 0.00 ± 2.13 6 0.25 9.26 25.0 6 8.0
mRNA1 35 4.48 6 0.16 ± ± ± ±
mRNA1 45 4.90 6 0.18 ± 9.57 6 2.50 ± ±
mRNA2 37 3.50 6 0.00 3.30 6 1.32 ± ± ±
mRNA2 45 2.86 6 0.47 ± 9.10 6 1.23 3.18 1.47 6 0.5

Kd direct and Kd compet., apparent dissociation constants from direct RNA±protein binding and competition experiments, respectively; kon pred. and
kon exper., association rate constants calculated from the koff/Kd ratio and determined in the experiments, respectively.

Fig. 3. Footprinting of TtS15 on mRNA2. Hydroxyl radical footprint, short migration (A) and long migration (B). Footprinting with RNase V1 (C)
and RNase T2 (D). TtS15-induced protections and enhancements are shown by arrows and asterisks, respectively. Black, gray and white symbols
re¯ect the intensity of changes (strong, medium and low). Assignment of G83±84, migrating as three bands, is tentative.
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structure of RNA and reveals a precise footprint of bound
proteins, whereas RNases V1 and T2 that cleave double-
and single-stranded RNA regions, respectively, are sensi-
tive to steric accessibility. Representative gels are shown
in Figure 3, and the results are summarized in Figure 4.
The 5¢-terminal region can be folded into three stem±loop
folds (1±3) involving helices H1±H3, consistent with
RNase V1 and T2 cleavages and secondary structure
prediction (Jaeger et al., 1990) (Figure 4). In the free RNA,
the Shine±Dalgarno (SD) sequence appears to be seques-
tered within helix H3, as con®rmed by strong RNase V1
cuts. However, the presence of two bulged residues (A75
and A78) could weaken the stability of this helix, thus
facilitating interaction with the anti-SD sequence, an event
required for 30S subunit binding.

TtS15 induced reactivity changes to hydroxyl radical
treatment between positions 21 and 79 of mRNA at 45°C,
but not at 0°C, as expected from binding experiments. The
TtS15-induced protections from hydroxyl radical cleavage
are clustered into three distinct regions, which coincide

with more extended nuclease footprints. The ®rst site
(nucleotides 25±26/53±58) covers the bottom of helix H2
and the junction with helix H3 (Figure 3A and B).
Protections can be correlated with the reduction of RNase
V1 cleavage at C53. The second site (nucleotides 34±36/
42±44) is localized in the upper part of helix H2
(Figure 3A). The simultaneous occurrence of RNases V1
and T2 cuts at U36 and C37 in the free RNA most probably
re¯ects a local unstable conformation. The cleavage
reduction observed toward the 5¢ side of the loop might
result from either protection or conformational rearrange-
ment of the loop induced by TtS15. Moreover, the 3¢ part
of the loop remained fully accessible to RNase T2, with an
even enhanced cleavage at A39. The third site (nucleotides
64±72) is located in the apical part of helix H3 and
overlaps the initiation codon of the TtS15 gene
(Figure 3B±D). Protections correlate with the decrease of
RNase T2 cleavage.

Notably, the SD sequence is surrounded directly by
sites 1 and 3 and protected from RNase V1 cleavage upon
ThS15 binding. Thus, these results suggest that TtS15
binding most probably prevents access to the ribosome
loading site. Unexpectedly, TtS15 binding also enhanced
RNase V1 cleavages within the 3¢ strand of helix H3. This
could re¯ect stabilization of helix H3 or/and increased
accessibility of this side of the stem following reorienta-
tion of helices. Changes in the RNase V1 cleavage pattern
were also accompanied by the appearance of new RNase
T2 cuts downstream of helix H3 (Figure 3D). Such
pronounced accessibility changes are generally re¯ective
of conformational rearrangements. These data are consist-
ent with TthS15 binding inducing a reorganization of the
spatial arrangement of helices in the mRNA target.

The minimal mRNA contains two S15-binding
regions
A deletion analysis was used to identify further the
structural elements essential for TtS15 binding and to
determine the minimal mRNA fragment still retaining
wild-type-like af®nity for TtS15. The results are summar-
ized in Figure 5A. The full-length mRNA could be
reduced to the ®rst 81 nucleotides (mRNA3) without loss
of TtS15 binding, as expected from footprinting data. On
the other hand, deletion of the 5¢-terminal 80 nucleotides
of mRNA abolished TtS15 binding.

Progressive deletions of the 5¢ part of mRNA3 (mRNAs
4±6) clearly indicate that the short non-paired 5¢ region can
be omitted without reduction of S15 af®nity, whereas the
integrity of helix H1 is required for complex formation
(Figure 5A). However, stem±loop 1 could be shortened or
replaced by variant stem±loops (mRNAs 7 and 8). Thus, in
agreement with the footprinting results, stem±loop 1 is not
directly involved in S15 recognition.

Unexpectedly, stem±loop 3 is not essential for TtS15
binding although protected by the protein. However,
nucleotides A56 and C57 are crucial for TtS15 binding
(mRNAs 9 and 10). This, in turn, suggests that stem±loop 2
is indispensable for TtS15 interaction. Indeed, truncation
of the upper part of stem±loop 2 (mRNA12) severely
affected TtS15 binding. Nevertheless, substitution of the
apical loop and the adjacent U36±A40 pair by a UUCG
tetraloop closed by a C±G pair was tolerated (mRNA11).
Therefore, all elements essential for S15 recognition are

Fig. 4. Summary of hydroxyl radical and nuclease footprinting experi-
ments on mRNA2. The SD sequence and initiation codon are high-
lighted in pink, and the three determined binding sites (sites 1±3) in
light blue. The code is indicated in the insert.
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provided by nucleotides in helix H2 and downstream of
A56±C57. As anticipated from these results, a 46
nucleotide fragment (minimum mRNA), restricted to

these elements and the short version of stem±loop 1,
bound TtS15 with wild-type af®nity (Kd 4.51 6 1.10 nM)
and competed with rRNAs15 for S15 binding as well as
mRNA2.

In addition, deletions found to inhibit TtS15 binding
also decreased the repression level in in vitro translation
assays, when introduced in mRNA1 (Figure 5B). This is
the case for deletion of stem±loops 1 and 2 (G + D1±54),
and deletion or permutation of stem±loop 2 [D21±54,
per(23±54)]. On the other hand, replacing stem±loop 1 by
the short hairpin as in the minimum fragment only slightly
affected translation inhibition. Thus, our results clearly
indicate that translational autorepression of TtS15 synthe-
sis is mediated by binding of TtS15 to its mRNA
5¢-untranslated region (UTR).

mRNA site 1 mimics the rRNA three-way junction
Comparison of the 16S rRNA- (Nikulin et al., 2000;
Serganov et al., 2001) and mRNA-binding regions reveals
a striking resemblance in the folding topology. Both RNAs
contain a long helix (H22 and H2 in rRNA and mRNA,
respectively) with the two binding sites separated by
approximately the same distance. Notably, the invariant
nucleotides constraining the three-way junction between
helices H20, H21 and H22 in 16S rRNA (Serganov et al.,
1996, 2001) are found in the bottom part of helix H2 and
surrounding nucleotides that delineate site 1 (Figure 8A).
Thus, it is tempting to speculate that helices H1, H2 and
H3 of the mRNA might adopt, at least in the presence of
S15, a conformation resembling the rRNA three-way
junction that constitutes the major RNA-binding site of
S15. By analogy to the rRNA site, helices H1 and H2
would correspond to the co-axially stacked helices H21
and H22 in 16S rRNA, and helix H3 to helix H20 that
makes an acute angle with helix H22 (Figure 6A and B).
However, helices H20±22 form a closed three-way
junction in 16S rRNA, while helices H1 and H3 are not
directly connected in the mRNA.

To test this `rRNA mimicry' hypothesis, we mutated
those nucleotides in mRNA that are potentially involved in
forming the junction, in order to check whether they affect
S15 binding as in 16S rRNA (Figure 6A and B). Indeed, a
previous study showed that the rRNA three-way junction
is constrained by an invariant C754±G654´G752 base
triple and that mutation of any of these nucleotides was
deleterious for S15 binding (Serganov et al., 2001). Here
we found that mutations G22C, G55C and substitution of
C57±G80 by G±C dramatically reduced S15 binding,
consistent with potential formation of the C57±G22´G55
base triple. Moreover, these mutations also abolished
autorepression of S15 synthesis in our in vitro translation
assay (Figure 6A). As a corollary to the formation of a
C57±G22´G55 base triple, G80 should not pair with G57.
Indeed, the G80C replacement is tolerated, as in rRNA
(Serganov et al., 2001), and one RNase T2 cut is even
induced at this position upon S15 binding (Figure 4). In
16S rRNA, U652 and A753 form a reverse Hoogsteen pair,
and substitutions of these nucleotides affected S15 binding
to various degrees. Here we found that replacing U20±A56
by A±A or U±A decreased binding by 11- to 65-fold, a
more pronounced effect than that induced by the corres-
ponding mutations in rRNA (~5-fold) (Serganov et al.,
2001). On the other hand, deletion of C21, the equivalent

Fig. 5. Deletion analysis of mRNA. (A) Minimization of the TtS15-
binding site by ®lter-binding assay. The upper part represents a sche-
matic of mRNA3, mutant mRNAs and their effects on binding TtS15.
The relative binding strength (Krel) is expressed as the ratio of the Kds
of mRNA2 and mutant RNA. mRNAs, with diminishing binding, are
shown on a dark background. Shaded boxes represent RNA regions
with nucleotide substitutions. The bottom part of the panel shows de-
tails of mutagenesis. The RNA stem±loops, which were subjected to
truncation and mutagenesis, are shaded in gray. Nucleotide sequences,
replacing the shaded regions, are shown in boxes (white and black for
mutations not diminishing and diminishing TtS15 binding, respect-
ively). Within the RNA sequences, substitutions are shown in italics.
The minimum RNA fragment is shown on the right and hatched.
(B) Schematic representation of the leader regions of selected mRNA1
mutants and their effects on autorepression determined as in Figure 1B.
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of the non-conserved `spacer' U653, reduced binding by a
factor of six, 3-fold less than in rRNA. The moderate effect
of the inversion of the A23±U54 base pair (13-fold) fell in
the same range as those observed for mutations of the
corresponding A655±U751 base pair in rRNA. Mutations
of the G24±C53 and G25±C52 base pairs located above the
junction did not signi®cantly affect S15 binding, as
observed in rRNA.

The present data clearly show that mutations in site 1 of
mRNA and in the three-way junction of 16S rRNA induce
similar effects on S15 binding. In particular, they strongly
support the formation of an mRNA C57±G22´G55 base
triple analogous to its rRNA C754±G654´G752 counter-
part. Subtle differences observed at adjacent positions
most probaby re¯ect more or less stringent constraints
associated with the different topologies of the junctions
(open in mRNA, closed in rRNA). Taken together, our
results suggest that S15 binding induces folding of a 16S
rRNA-like three-way junction in TtS15 mRNA.

mRNA site 2 is not equivalent to rRNA site 2
Site 2 in mRNA does not show signi®cant similarity to the
corresponding site in 16S rRNA. In particular, the
conserved G±U/G±C motif, which makes base-speci®c
contacts with S15 in the rRNA crystallographic structures,
is replaced in mRNA by a G33´G43 mismatch ¯anked by
G±C base pairs (Figure 6A and B). Notably, the conserved
rRNA purine-rich motif, which is not required for primary
S15 recognition but is important for binding of S6 and S18
proteins in the subsequent steps of ribosomal subunit
assembly (Agalarov et al., 2000), is also missing. The
importance of mRNA site 2 was con®rmed by the loss of
S15 binding resulting from truncation of this site in

mRNA12 (Figure 5A). Then, we showed that reversing the
G32±C44 base pair has no effect on S15 recognition, while
its destabilization by the G32C substitution reduced S15
binding by 76-fold (Figure 6A). Formation of a canonical
G33±C43 base pair also signi®cantly affected binding (by
a factor of 36). This contrasts with the corresponding
rRNA site that contributes only modestly to the stability of
the interaction with S15 (Batey and Williamson, 1996a;
Serganov et al., 1996, 2001), but is used to trigger a
conformational rearrangement required for subunit assem-
bly (Agalarov et al., 2000; Serganov et al., 2001). A
bulged residue (C50) is present between sites 1 and 2 in
TtS15 mRNA, and its deletion severely affected S15
binding and in vitro autorepression (Figure 6A). A bulged
nucleotide also exists in 16S rRNAs in which it introduces
some ¯exibility within the helical axis trajectory, thus
allowing proper positioning of the two sites relative to
each other. Indeed, deletion of A746 in E.coli 16S rRNA
prevents binding at site 2, while the af®nity for S15 was
only moderately reduced, since binding at site 1 was
unaffected (Serganov et al., 2001). This suggests that in
mRNA, as in rRNA, the bulged nucleotide is required to
allow binding at both sites. However, in contrast to rRNA,
binding at both sites is essential to anchor TtS15 to its
mRNA target.

TtS15 inhibits its translation through a
`displacement' mechanism
The question of whether TtS15 uses a mechanism similar
to that used by EcS15 to inhibit its translation was
addressed by toeprinting experiments. In such experi-
ments, primer extension with MMLV reverse transcriptase
is used to visualize the formation of binary 30S±mRNA

Fig. 6. Effects of RNA mutations on TtS15 binding. The color code (in the insert) re¯ects binding strength changes, from no effect (green) to a strong
effect (dark red). (A) Site-directed mutagenesis on T.thermophilus mRNA. The mutations are shown and the corresponding Krels (calculated as in
Figure 5A) are indicated. The number in parentheses indicates the repression ratio (calculated as in Figure 1B), which is, for reference, 6.8 for
mRNA1. (B) Summary of site-directed mutagenesis on E.coli rRNA from Serganov et al. (2001) given for comparison.
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and ternary 30S±mRNA±tRNAfMet complexes (Hartz et al.,
1991). Under our experimental conditions, we failed to
detect the transient binary 30S±mRNA complex (left part
of the gel on Figure 7A). However, binding of TtS15 could
be titrated by the appearance of speci®c pauses or
toeprints. Notably, major stops were located on the 3¢
side of site 3 (position 75) and site 1 (A60 and G58),
indicating that reverse transcriptase progression is
impeded by the bound protein and/or stabilization of
the RNA structure. There is no obvious explanation for
the pause at C15. Formation of the stable ternary
30S±mRNA±tRNAfMet complex yielded a canonical
toeprint at G84, 16 nucleotides downstream of the
initiation codon (Hartz et al., 1991), and much weaker
pauses around it (right part of the gel in Figure 7A).
Addition of increasing amounts of TtS15 during the
formation of the ternary complex led to progressive
disappearance of the +16 toeprint, while TtS15-speci®c
pauses appeared on the gel. These results clearly indicate
that TtS15 competes with the ribosome for binding, in
contrast to EcS15 which does not prevent ribosome
binding, but rather stabilizes an unproductive ternary
complex (Philippe et al., 1993). These two mechanisms are
referred to as `displacement' and `entrapment' models,
respectively (Draper, 1993).

Discussion

S15 prevents ribosome binding through an
induced-®t mechanism
Autoregulation of ribosomal protein synthesis through
adjustment of their concentration to that of their rRNA
targets was essentially de®ned through studies in E.coli.
Here, we demonstrate that such a feedback control exists
in extreme thermophilic bacteria. We showed that TtS15,
encoded by a monocistronic mRNA, represses the trans-
lation of its own mRNA in vitro. TtS15 binds its mRNA
with a high af®nity (in the nanomolar range), 20-fold
lower than to 16S rRNA at the same temperature. This is
consistent with an understanding of autoregulation re¯ect-
ing preferential binding of the repressor to rRNA over
mRNA. Deletion analysis and hydroxyl radical footprint-
ing localized the TtS15-binding site within the ®rst 81
nucleotides of mRNA, mostly in the 5¢-UTR. Thus,
because transcription and translation are coupled in
bacteria, translation of mRNA can be inhibited ef®ciently
soon after transcriptional initiation. The mRNA regulatory
site folds into a three stem±loop scaffold, which shares no
resemblance with the pseudoknot fold formed by the
E.coli mRNA site (Philippe et al., 1990). The protein was
found to protect three distinct sites from hydroxyl radical
cleavage and to induce a major conformational change of
the mRNA, as revealed by dramatic accessibility changes
to RNase hydrolysis. In this context, TtS15 binds mRNA
at a slower rate than rRNA and fails to bind mRNA at low
temperature. This suggests that the free mRNA probably
adopts multiple or improper conformations and that one or
both components have to undergo adaptive transitions in
order to bind each other. Such an induced-®t mechanism is
a common theme in RNA±protein recognition (Patel,
1999; Williamson, 2000).

A major ®nding is that mRNA site 1 folds into a 16S
rRNA-like three-way junction upon TtS15 binding, and is

Fig. 7. Competition between TtS15 and 30S subunit for mRNA bind-
ing. (A) Effect of TtS15 on the formation of the ternary mRNA±30S-
tRNAfMet complex revealed by toeprint experiments. Reverse transcrip-
tion stops speci®c for S15 or the ternary complex are indicated by open
and full arrows, respectively. The intensity of the toeprint is propor-
tional to the size of the arrow. (B) A `displacement' model for the S15
autorepression mechanism. The model assumes that TtS15 induces a
conformational change of the mRNA that masks the ribosome entry
site. The different S15±RNA contacts are shown by squares. The
mRNA is either bound to TtS15 and degraded, or bound to the 30S
subunit and committed to the formation of a productive ternary
complex.
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recognized by the protein as the corresponding rRNA site.
These results are supported by striking analogies in
nucleotide composition and effect of mutations
(Figure 6A and B) (Batey and Williamson, 1996b;
Serganov et al., 1996, 2001). By analogy with the rRNA
three-way junction, we can reasonably assume that helices
H1 and H2 (corresponding to H21 and H22 in rRNA) are
stacked co-axially, with helix H3 (the mRNA equivalent
of H20) making an acute angle with helix H2. However,
unlike the rRNA three-way junction, mRNA site 1 is not
suf®cient to ensure stable binding, and requires binding at
site 2. This most probably re¯ects the fact that mRNA
helices H1±H3 do not form a closed junction as in rRNA
and could account for the lower stability of the mRNA
complex. Site 2, located in the upper part of helix H2,
contains a G´G/G±C motif instead of the G±U/G±C motif
conserved in rRNAs. Since U740 makes base-speci®c
contacts with S15 in rRNA, replacement by guanosine at
this position in mRNA (found in <1% of prokaryotic 16S
rRNAs) points to a different recognition pattern for mRNA
compared with 16S rRNA. Strikingly, binding at site 3 that
overlaps the ribosome-binding site does not contribute to
the stability of the mRNA complex. Thus, contacts with
this site are not required for primary interaction but should
result from the S15-induced conformational change and a
movement of helix H3 towards helix H2. Similarly, it was
shown that the interaction of S15 with the tetraloop in
helix H23a of 16S rRNA (Figure 8A) arises as a
consequence of S15-induced conformation change and
does not participate in the initial recognition (Batey and
Williamson, 1996a; Serganov et al., 1996). The strong
S15-induced protections in the initiation codon might
correspond to the S15 contacts found around U580 (helix
H20) in 16S rRNA within the mature 30S subunit
(Brodersen et al., 2002).

Another major consequence of the S15-induced con-
formational rearrangement is the strong reduction in
accessibility of the SD sequence to RNase V1. This is
clearly due to a masking of the strand carrying this
sequence, since the opposite strand becomes much more
accessible to the same RNase, which in turn indicates that
helix H3 is stabilized. By analogy with the three-
dimensional structure of the rRNA complex, the SD
sequence, directly adjacent to the sharp turn of the RNA
strand caused by the C±G´G base triple, should become
less accessible to RNase V1, due to partial shielding by the
protein and the acute angle between helices H2 and H3.
These results strongly suggest that binding of TtS15 to its
regulatory site should mask the ribosome entry site and
prevent ribosome binding. This was con®rmed by
toeprinting experiments, which clearly indicated a com-
petition between S15 and the 30S subunit for mRNA
binding. Thus, a model could be proposed (Figure 7B), in
which stem±loops 1±3 are not structurally constrained in
the absence of TtS15. Although the SD sequence is
engaged in helix 3, the presence of the two bulged residues
A75 and A78 probably lowers the stability of the helix,
thus allowing formation of the initiation complex. When
TtS15 is in excess over its rRNA target, it binds to its
regulatory mRNA site and triggers formation of the rRNA-
like three-way junction that renders the ribosome entry site
inaccessible. Thus, a key element of the regulatory
mechanism is that TtS15 is used to stabilize a conform-
ation of mRNA that is non-competent for ribosome
binding. In addition, the non-translated mRNA might be
degraded immediately upon forming a complex with the
repressor, as shown for the E.coli S15 mRNA (Braun et al.,
1998).

The feedback mechanisms used by S15 in E.coli and
T.thermophilus are notably different, since they involve

Fig. 8. Recognition of rRNA and mRNA targets by S15. (A) The T.thermophilus 16S rRNA-binding site. Nucleotides contacting TtS15 (shown by
green circles) are from the crystallographic structures of S15±rRNA (Nikulin et al., 2000) and S15±S6±S18±rRNA (Agalarov et al., 2000) complexes,
and from the 30S ribosomal subunit (Brodersen et al., 2002). Nucleotides shown in red are conserved in 16S rRNAs. (B) Proposed pseudoknot struc-
ture from E.coli S15 mRNA speci®cally binding EcS15. Hydroxyl radical and ethylnitrosourea (ENU) footprints (Philippe et al., 1995) are indicated.
Nucleotides essential for EcS15 binding are shown in green (BeÂnard et al., 1994, 1998; Serganov et al., 2002). (C) Predicted secondary structure for
the 5¢-UTR of the B.stearothermophilus S15 mRNA interacting with the BsS15 protein (Scott and Williamson, 2001). The SD sequence and initiation
codon are highlighted in pink in (B) and (C).
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`entrapment' and `displacement', respectively. This is also
re¯ected by the 100-fold difference in af®nity observed
between EcS15 and TtS15 for their respective mRNA
targets. Indeed, translation is initiated in prokaryotes by
the binding of 30S subunits and initiator tRNAfMet in a
random order to form a transient `ternary pre-initiation'
complex (Figure 7B), which subsequently is converted
into an irreversible ternary complex (Gualerzi and Pon,
1990). To compete ef®ciently with the 30S subunit for
mRNA binding, a repressor has to bind mRNA with a
much higher af®nity than the 30S subunit or be in large
excess over the 30S subunit (Schlax et al., 2001). That
the af®nity of TtS15 for its mRNA target is ~10-fold
higher than the experimentally determined K30S (2 3
107/M) (Calogero et al., 1988; Schlax et al., 2001) is
compatible with a displacement mechanism. At the
other extreme, repressors acting by an entrapment
mechanism, such as E.coli S4 (Deckman and Draper,
1987; Schlax et al., 2001) and EcS15 (Serganov et al.,
2001), which only needs to stabilize an unproductive
initiation complex without competing with 30S subunit,
can inhibit translation ef®ciently with a modest af®nity in
the range of 107/M.

RNA mimicry and versatility of autoregulation
mechanisms
The case of S15 offers an unprecedented opportunity
to understand how a highly phylogenetic conserved
protein recognizes different RNA ligands. Indeed, detailed
pictures of interactions between S15s from mesophilic
(E.coli) and thermophilic bacteria (T.thermophilus and
B.stearothermophilus) with their rRNA and mRNA targets
are available (Figure 8). An astonishing diversity is observed
at the level of known mRNA regulatory sites. Remarkably,
the three mRNAs all require a bipartite site, while utilization
of mimicry with the rRNA site is limited and versatile.
Indeed, mimicry was restricted to the G±U/G±C motif in the
E.coli mRNA pseudoknot (Serganov et al., 2002) and to the
three-way junction in the T.thermophilus mRNA (this work).
These differences are probably related to the regulation
mechanism used, since the three-way junction is expected to
provide a higher af®nity than the G±U/G±C motif and is
therefore more adapted to the displacement mechanism (see
above). The B.stearothermophilus mRNA contains a G±U/
G±C motif and a purine-rich three-way junction (Scott and
Williamson, 2001). However, the three-way junction does not
display any sequence identity with the rRNA junction, while
the localization of the translation initiation signals and the
topology of the junction are different in both mRNAs.
Although further investigation is required to draw de®nitive
conclusions, it appears that substantial differences should
exist in the recognition mode and related regulatory mech-
anisms.

Taken together, these results indicate that a general
translational control has emerged through evolution,
despite the observed differences. Although very diverse
regulation of S15 is unique at the present time, it is not an
exception. A general scheme of ribosomal protein
L1-mediated control, based on mimicry with the
L1-binding site on 23S rRNA, was shown in mesophilic
and thermophilic archaea and bacteria (Kohrer et al., 1998;
Kraft et al., 1999). A feedback mechanism is conserved in
some proteobacteria in the case of ribosomal protein

L4 (Allen et al., 1999), and in Gram-negative bacteria
in the case of threonyl-tRNA synthetase expression
(Torres-Larios et al., 2002). The latter is also based
on a competition mechanism involving mimicry with
tRNAThr, the usual target of the repressor (Caillet et al.,
2003). Mimicry-based translational regulation in eukary-
otes is rare, mainly because, in contrast to prokaryotes,
transcription and translation are not coupled due to cellular
compartmentalization. Nevertheless, the yeast ribosomal
protein L30 has optimized its regulation by a feedback
mechanism at the level of splicing and translation (Li et al.,
1996). Furthermore, its mRNA-binding site mimics a
conserved site in rRNA, and a similar mechanism appears
to take place in archaea (Vilardell et al., 2000).

These examples highlight the role of RNA mimicry in a
variety of regulatory mechanisms and stress the extraor-
dinary plasticity of mRNAs to ful®ll their regulatory
functions. This diversity contrasts with the extreme
conservation of the prokaryotic rRNA sites, which most
probably re¯ects a strong evolutionary pressure dictated
by strict structural and functional constraints linked to
ribosome assembly. This also suggests that mechanisms
responsible for optimizing expression of ribosomal
components have emerged later in evolution and have
had to adapt to environmental conditions.

Materials and methods

Preparation of biological material
Unlabeled and uniformly radioactively labeled RNAs were obtained by
in vitro transcription with phage T7 RNA polymerase, and puri®ed on
denaturing gels (Serganov et al., 2001). The natural TtS15 transcript
(mRNA1) (nucleotides ±68 to +315) was transcribed from a DNA
fragment obtained by PCR ampli®cation from plasmid pUS1593-7
(Serganov et al., 1997). mRNA2, containing the ®rst 147 nucleotides of
mRNA1 and additional nucleotides AUC at the 3¢ end, was transcribed
from plasmid pUT7mRNA147 linearized by BamHI after cloning of the
corresponding PCR fragment into pUT7 vector (Serganov et al., 1997).
Short mRNAs were transcribed from DNA templates obtained by
annealing of two complementary oligonucleotides, containing the T7
promoter and the sequence of interest. Fragment rRNAs15, corresponding
to nucleotides 559±753 from T.thermophilus 16S rRNA, and a derived
G654C mutant (rRNAs15mut) were prepared as described previously
(Serganov et al., 1997, 2001). Protein TtS15 was expressed in E.coli cells
and puri®ed under non-denaturing conditions using consecutive
chromatographies on CM±Sepharose, hydroxyapatite and Superdex75
(Serganov et al., 1997).

Northern blotting
Total RNA was isolated from T.thermophilus by the hot phenol method
(Serganov et al., 1997), separated by electrophoresis on a 1.5%
formaldehyde±agarose gel, and transferred onto Hybond N membrane
(Amersham Pharmacia Biotech). Northern blot hybridization was
performed with 32P-end labeled DNA 1±384 in 50 mM Na phosphate
buffer pH 6.8 supplemented with 50% formamide, 1% SDS, 53 SSC, 53
Denhardt's solution, 250 mg/ml salmon testes DNA and 100 mg/ml tRNA
at 55°C overnight. The membrane was washed three times with 1% SDS
and 53 SSC at the same temperature and exposed on Biomax MS ®lm
(Kodak).

In vitro autorepression assay
In vitro translation was conducted by incubating mRNAs (0.4 mM) in
25 ml of an E.coli S30 extract (Promega) complemented with
[35S]methionine (New England Nuclear) for 1 h at 43°C. For translation
repression assays, increasing amounts of TtS15 (0.2±1.6 mM) were added
to the translation mixture. In competition experiments, rRNAs15 and
G654C rRNA mutant were added at the speci®ed concentrations.
Translation products were separated by electrophoresis on a 10±25%
SDS±polyacrylamide gel and quanti®ed on a BAS 2000 BioImager
(Fuji).
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Protein-binding assays
Equilibrium and rate binding constants were determined by nitrocellulose
®lter-binding assays in 50 mM Tris±HCl pH 7.5, 20 mM MgCl2, 270 mM
KCl, 5 mM dithiothreitol and 0.02% (w/v) bovine serum albumin (BSA).
Direct binding measurements were conducted as described previously
(Serganov et al., 1996), using 10 000 c.p.m. of labeled RNA (<0.1 pM)
and increasing concentrations of TtS15 (0.01 nM to 0.1 mM). Incubation
times were 90 min at 0±50°C, 60 min at 55°C and 15 min at 60±70°C. The
apparent dissociation constant (Kd) was determined assuming that
complex formation obeys a simple bimolecular equilibrium and the
concentration of the labeled RNA is negligible. Results were ®tted with
the equation:

Q = [S15]/(Kd + [S15])

where Q represents the fraction of labeled RNA bound to the ®lter.
Competition experiments were carried out as described above, using
TtS15 at a concentration of 6 nM, a negligible amount of labeled RNA
and a variable concentration (10 pM to 1 mM) of competitor unlabeled
RNA. Data were ®tted with equation 5 of Lin and Riggs (1972).

The association rates of TtS15±mRNA and TtS15±rRNAs15 com-
plexes were measured under standard conditions with 30 and 3.9 nM
TtS15, and 10 and 2 nM RNA, respectively. Aliquots (50 ml) were
withdrawn at short time intervals and ®ltered. The association rate
constant (kon) was estimated from the initial rate data using equation 7 of
Riggs et al. (1970). To measure the dissociation rate, the complexes were
formed by incubating negligible amounts (10 000 c.p.m./50 ml) of labeled
mRNA or rRNAs15, with 5 or 0.5 nM of TtS15, respectively. After 60 min
incubation, the corresponding unlabeled RNA was added at a 10-fold
excess over protein, and 50 ml aliquots were ®ltered at various time
intervals. The complexes without addition of unlabeled RNA remained
stable during the experiment time. Alternatively, dissociation of the
complex was achieved by diluting the reaction mixture 10-fold with the
incubation buffer, yielding similar results. The dissociation rate constant
(koff) was deduced from the initial rate data after ®tting to equation 4 of
Riggs et al. (1970). All constants are the average of at least two
experiments with standard deviations <30%. Fitting was done using
Microcal Origin software (Microcal Software, USA).

Footprinting
The S15±RNA complexes were formed by incubating mRNA2 (0.5 mM)
and a 3- or 6-fold excess of TtS15 at 45°C for 10 min in 20 ml of buffer B
(50 mM HEPES±Na pH 7.9, 20 mM MgCl2, 270 mM KCl) for nuclease
footprinting and in buffer B supplemented with 0.025% (w/v) BSA and
0.05 mg/ml tRNA for hydroxyl radical footprinting. RNase V1 (0.0025 U)
(Pierce) or T2 (0.17 U) (Sigma) was added to the complex and incubation
was continued for 10 min. The Fe(II)-EDTA-generated hydroxyl radical
cleavage reaction was performed as described previously (Serganov et al.,
1996). The RNAs were reverse transcribed using 32P-labeled oligonucleo-
tide complementary to positions 143±150 or 95±112 of mRNA2.
The resulting cDNAs were analyzed by electrophoresis on 10%
polyacrylamide±8 M urea gels together with sequencing reactions.

Extension inhibition (toeprint) assay
Toeprinting experiments were carried out essentially as described in
Philippe et al. (1993) using 25 nM mRNA2. Primer extension was
conducted with 20 U of MMLV reverse transcriptase (Promega) for
15 min at 37°C from the labeled primer complementary to positions
95±112.
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