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ABSTRACT

We previously showed that: (i) E.coli threonyl-tRNA
synthetase (ThrRS) binds to the leader of its mRNA and
represses translation by preventing ribosome binding
to its loading site; (ii) the translational operator shares
sequence and structure similarities with tRNAT; (iii)
it is possible to switch the specificity of the translational
control from ThrRS to methionyl-tRNA synthetase
(MetRS) by changing the CGU anticodon-like sequence
to CAU, the tRNAMet anticodon. Here, we show that
the wild type (CGU) and the mutated (CAU) operators
act as competitive inhibitors of tRNAT"" and tRNAMet
for aminoacylation catalyzed by E.coli ThrRS and
MetRS, respectively. The apparent K,y of the MetRS/
CAU operator complex is one order magnitude higher
than that of the ThrRS/CGU operator complex.
Although ThrRS and MetRS shield the anticodon- and
acceptor-like domains of their respective operators, the
relative contribution of these two domains differs
significantly. As in the threonine system, the interaction
of MetRS with the CAU operator occludes ribosome
binding to its loading site. The present data
demonstrate that the anticodon-like sequence is one
major determinant for the identity of the operator and
the regulation specificity. It further shows that the
tRNA-like operator obeys to tRNA identity rules.

INTRODUCTION

The expression of the E.coli thrS gene encoding for threonyl-
tRNAThr gynthetase (ThrRS) was shown to be negatively
autoregulated at the translational level in vitro and in vivo (1—3).
A cis-acting element (the translational operator) was localized
upstream from the AUG initiation codon (4). Moine and
coworkers (5) showed that the binding of ThrRS to the operator
inhibits its own translation by occluding ribosome binding at the
translational initiation site, and that tRNAT" competes with the
operator for ThrRS binding. Therefore, tRNA™ acts as an anti-

repressor by displacing ThrRS from the mRNA, restoring the
accessibility to the ribosome. Detailed probing experiments (6,
7) evidenced that the translational operator is folded in four well-
defined domains (Fig. 1). Domain 1 contains the Shine and
Dalgarno sequence and the translational initiation codon. Domain
2 shares sequence and structure analogies with the anticodon arm
of tRNAT™". It contains the threonine anticodon CGU in a seven
base-loop and sequence similarities with the anticodon stem.
Domain 3 may serve as an articulation between domains 2 and
4. Finally, domain 4 displays similarities with the acceptor
domain. It contains a ACCA sequence (with A _o; homologous
to the 3’ terminal A of tRNA) located at an equivalent distance
from the two G_,;,-C_g9 and U_;5-A _7¢ pairs analogous to the
C,-G5; and As-Ugg pairs conserved in the four E.coli tRNATH
isoacceptors. Domains 2 and 4 that display analogies with specific
domains of tRNAT" are shielded by ThrRS (6, 7). From a
theoretical analysis, it was suggested that G4, and Uss in the
anticodon, and base pairs C,-G;, and As-Ugg are involved in
threonine specificity (8). A recent study of Hasewaga et al. (9)
proved the role of the C,-G;, pair as a recognition element.
Recent studies revealed that a relatively small number of
nucleotides govern tRNA identity and that the specificity of a
tRNA can be switched by transplanting its recognition elements
in other tRNA species (for reviews see, 10—12). In the case of
E.coli tRNAMet (13—15) and tRNATHr (9, 16), the anticodon is
one major determinant of aminoacylation specificity.
Furthermore, changing the CAU anticodon of elongator
tRNAMet into GGU (threonine anticodon) switches the identity
from methionine to threonine (17). Recently, it was showed that
by changing the CGU threonine anticodon-like sequence in the
thrS translational operator by CAU (methionine) causes the
expression of ThrRS to become regulated by the intracellular
concentration of methionyl-tRNA synthetase (MetRS) (18).
Altogether, these observations strongly suggest that ThrRS
recognizes the operator and its cognate tRNA in a similar way.
In the present work, we used the fact that the translational
repressor is also an enzyme to define the dissociation constant
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of the operator/repressor complex in the wild type and switched
situation when MetRS represses thrS expression with a CAU
mutation in the anticodon-like sequence (18). In both cases, we
showed that the operator acts as a competitive inhibitor of the
cognate tRNA aminoacylation catalyzed by the enzyme. We
measured also the relative importance of the anticodon-like and
acceptor-like domains on the stability of the CGU operator/ThrRS
and the CAU operator/MetRS complexes. Our data further
indicate that the translational regulation mechanism of the CAU
operator by MetRS is similar to that described for ThrRS.
Altogether our results provide clear evidence that the thrS
operator mimics the tRNA structure and that it is possible to
specifically modulate the recognition by the corresponding
aminoacyl-tRNA synthetase, using tRNA identity rules.

MATERIALS AND METHODS
Preparation of the biological material

RNA transcripts. The wild-type mRNA fragment (WT)
corresponding to nucleotides —211 to +61 (+1 being the A of
the thrS translational initiation codon) and the various RNA
mutants (BS4-9, U_,;;BS4-9, U_,;WT and AV (deletion of
C-22 to G42)) were obtained by inserting Hinc 1I-Hind 111
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fragments from M13mp8A20-10 recombinants between the Hinc
II-Hind 11 sites of pTZ18R (18, 19). After plasmid purification,
the DNAs were linearized by Hind III (58 nucleotides
downstream from the AUG initiation codon) and transcribed by
in vitro transcription with T; RNA polymerase. M6-1 RNA was
transcribed in vitro by SP¢ RNA polymerase from the pSP65
plasmid derivative according to (6). Prior use, the RNA fragments
were renatured by incubation at 50°C for 5 min and cooled at
20°C for 20 min in the appropriate buffer.

Enzymes and tRNAs. E.coli ThrRS, purified from the
overproducing strain AB 5311 AMA20-10 pUB4 (2) was prepared
according to (20). E.coli MetRS was a generous gift of G. Fayat,
Y. Mechulam and S. Blanquet (Palaiseau). AMV-reverse
transcriptase was from Life Sciences Inc. E.coli tRNAMet was
purchased from Boerhinger-Mannheim and E. coli tRNA; was
from Subriden RNA.

Aminoacylation assays

Methionine acceptance. The reaction mixture used (55 pl)
contained 20 mM Tris-HCl (pH 7.6), 7 mM MgCl,, 2 mM
ATP, 10 mM 2-mercaptoethanol, 0.1 mM EDTA, 21.5 uM
[3H]methionine (2500 cpm/pmol, Dositek). Initial rates of
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Figure 1. Secondary structure model of the wild-type thrS operator, as deduced from (7, 19). The model is shown in the proposed L-shape conformation and the
different domains are indicated. The invariant nucleotides in the four tRNA™ isoacceptors are shadowed: the anticodon sequence (9, 16, 17) and the base pair
C-G (9, 19) are involved in threonine identity. The studied mutations are indicated. The deduced secondary structure of domain 4 of U_,(;BS4-9 and U_,;WT
is shown in the insert. The reactivity of Watson—Crick positions from DMS and CMCT modifications are indicated: nucleotides reactive under native conditions
are encircled and the reactivity is proportional to the intensity of the circle (from marginal to strong); nucleotides unreactive under both native and semi-denaturing
conditions are squared, (+) denotes an increased reactivity after removal of magnesium (semi-denaturing conditions). The absence of symbol means not determined.



reactions (v;) were measured according to (15), at different
tRNAMet concentrations (0.04 to 0.65 uM) in the absence and
in the presence of mRNA as competitors : 20 and 40 uM for
BS4-9, WT and U_,;BS4-9, 40 uM for AV. Samples were
equilibrated at 25°C for 5 min before adding purified E.coli
MetRS, and incubated from 1 to 7 min at 25°C. Aliquots of 10
ul were taken out at different time intervals and layered on
Whatman 3MM papers. Unbound amino acid was removed by
extensive washing with 5% TCA, then with ethanol. Bound
amino acid was measured by liquid scintillation. Control
experiments in the absence of RNAs or of enzyme were done
in parallel.

Threonine acceptance. Reaction mixtures (130 pl) were as
described in (20): 50 mM Hepes-NaOH (pH 7.5), 16 mM
MgCl,, 4 mM ATP, 10 mM DTE, 0,1 mg/ml bovine serum
albumin, 100 uM [“C]threonine (400 cpm/pmol, Dositek). The
initial rates of reactions were measured at different concentrations
of E.coli tRNA;™ (0.09 to 0.75 uM), in the absence and in the
presence of competitor RNAs (0.1, 0.25 and 0.5 uM of WT,
0.25 and 0.4 uM of U_;;WT, 2 uM of BS4-9 and 3 uM of
AV). Samples were equilibrated 5 min at 37°C before addition
of purified E.coli ThrRS. Incubation was from 1 to 8 min at
37°C. Aliquots of 25 ul were taken out and treated as above.

Probing and footprinting experiments

RNA-MetRS complexes were formed by incubating the mRNA
fragments (60 nM) with increasing concentrations of MetRS
(from 10 nM to 5 uM) for 10 min on ice. Probing with RNase
T, (to test single-stranded Gs), dimethylsulfate (DMS) (to test
A(N-1) and C(N-3)) and 1-cyclohexyl-3-(2-morpholinoethyl)
carbodiimide metho-p-toluene sulfonate (CMCT) (to test G(N-1)
and U(N-3)) of the mRNA either free or complexed with the
enzyme were conducted according to (5). Modified bases or
cleavages were identified by primer extension, as described in
(21). Incubation controls were run in parallel in order to detect
nicks or pauses of reverse transcription. The DNA primer used
was a 5’ end labeled oligodeoxyribonucleotide complementary
to nucleotides +47 to +61.

Inhibition analysis of the translational initiation complex
formation (toeprinting)

The formation of the translational initiation complex and
toeprinting conditions were adapted from Hartz et al. (22). The
oligonucleotide used as a primer was the same as above.
Experimental conditions are strictly identical to those described
in (5), except that we used E.coli tRNALYS (U*UU) to form the
translational initiation complex instead of initiator tRNAMe!,

RESULTS AND DISCUSSION
Structural features of the different mRNA mutants used

The secondary structure model of the thrS operator and the
different mutants studied are shown in Figure 1. All mutants
display a total or partial loss of control of thrS expression by
ThrRS (19, Table 1). Their conformation was monitored by a
variety of chemical and enzymatic structure probes and compared
to the wild-type (WT) mRNA conformation. The G to A
substitution at position —32 (BS4-9) has no effect on the overall
conformation of the mRNA leader (6). The G to A substitution
at position —40 (M6-1) disrupts a G-C pair and results in an
extensive conformational rearrangement encompassing domains
1, 2 and 3 (6). In AV, the anticodon-like domain (nucleotides
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—22 to —42) was deleted, but the stable stem-loop structure of
domain 4 is still preserved as shown by chemical probing
(unpublished result). In both U_;;;WT and U_,(;BS4-9, the
bulged nucleotide A _,y; was replaced by U. Unexpectedly, in
both RNAs the mutation induces local reactivity changes in the
acceptor-like domain: the uridines —80, —81, —82 and —107
become marginally reactive under native conditions, and the base
pair U_gs-A_ 6 is stabilized (Fig. 2). This result suggests a
local rearrangement of domain 4 that involves the following base
pairs: U_gy-A_111, U_g;-A_j10, G-g3-C_108 and G_g4-U_ 7,
leading to a continuous helical structure (Fig. 1). The two bases
C_ 00 and U_g, are either stacked inside the helix or involved
in a non canonical interaction.

The operator acts as a competitive inhibitor of tRNA
aminoacylation

The ability of WT and BS4-9 mRNAs to compete with tRNAT
and tRNAM® for aminoacylation with ThrRS and MetRS,
respectively, was studied. From these experiments, the
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Figure 2. Probing experiments on WT and U_;(;BS4-9 mRNAs. (a) Gel
electrophoresis fractionation of products resulting from modifications with DMS
(WT and U_,(;BS4-9) and CMCT (U _(;BS4-9). Native conditions: (lane 0)
incubation control, (lane 1) 5 min for DMS, 15 min for CMCT, (lane 2) 10 min
for DMS and 30 min for CMCT; semi-denaturing conditions: (lane 3) 2 min
for DMS and 5 min for CMCT, (lane 4) 5 min for DMS and 15 min for CMCT.
Lanes A, C, G, U are sequencing products generated in the presence of ddTTP,
ddGTP, ddCTP and ddATP, respectively.
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dissociation constant of the complexes between the enzyme and
the competitor mRNAs was deduced. Competition curves are
shown in Figure 3 and results are summarized in Table 1. In
the threonine system, the apparent K, (K'y,) value of tRNATH
increases in the presence of WT mRNA, whereas the maximal
velocity (V) remains unchanged (see Fig. 3a). It clearly
shows that the WT mRNA acts as a competitive inhibitor of
tRNAT" aminoacylation. The deduced dissociation constant of
the WT/ThrRS complex (K4 = 0.1 + 0.03 uM) is close to that
of the tRNAT™/ThrRS complex (Kq4 = 0.1 uM) determined by
filter binding assays (5). The finding that the inhibition is

competitive provides evidence that the binding site for the
operator is identical or overlaps the binding site for the
tRNA™ . However, it cannot be totally excluded that the
operator interacts at a different site and obstructs binding of the
tRNA either by conformational changes of ThrRS or by steric
hindrance. Interestingly, AV (Ky = 1.55 + 0.3 uM) and BS4-9
Ky = 1.75 £ 0.3 uM) still bind to ThrRS and also behave as
competitive inhibitors, but their dissociation constant is strongly
increased as compared to that of the WT/ThrRS complex (Table
1). Footprinting data indicate that ThrRS does not interact with
the anticodon-like region of BS4-9 but shields only the acceptor-

Table 1. Table summarizing the apparent dissociation constant values calculated for mRNA
and the effect of thrS mRNA leader mutations on the repression caused by ThrRS or MetRS
on (-galactosidase synthesis from thrS-lacZ fusions.

MetRS ThrRS
mRNAs Repression Ky (1077 M)  Repression Ky (1077 M)
(in vivo) (in vivo)

BS4-9 11.8 11+£3 1.05 17.5+3
WT 2.3 33+3 14.5 1.0+3
U_,;BS49  nd 17343 nd nd
U_sWT nd nd 24 3.043

1.04 > 100 1.05 155+3

The repression is given by the ratio of 3-galactosidase values obtained with a plasmid control
to that obtained in the presence of the overproducing plasmid pUB4 (for ThrRS) and pNAV7
(for MetRS). The values for the repression induced by MetRS are from (18) and those for ThrRS
are from (19). In each experiment, apparent michaelian constant values were derived from iterative
non-linear least-squares fits of the theoretical equation to the experimental values (from Fig. 1).
To note is that the same K; value could be detected by using various mRNA concentrations
suggesting that in the RNA concentration range used, the competitive inhibition is linear. Therefore,
we assumed that the K; corresponds to the dissociation constant (K;) of the operator/ThrRS
complex. The dissociation constants were calculated (i) from the slope of the plot of K’ as
a function of the mRNA concentration or (ii) by using the equation K', = K, [1 + (I)/K;]
where (I) is the concentration of the competitor mRNA, K; the dissociation constant for the
competitor mRNA, K, the michaelian constant of the tRNA and K’/ the michaelian constant
of the tRNA in the presence of the competitor mRNA. K, values are for the tRNAT" (2.5 107
M) and for the tRNAMet (1.15 1077 M). The experimental errors have been defined from two

to three independent experiments.
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Figure 3. The (CAU) and (CGU) operators act as competitive inhibitors of tRNAMet and tRNATM aminoacylation by MetRS and ThrRS, respectively. Initial rates

of reaction were measured in the absence (filled triangle) and in the presence of the WT mRNA and several mutant
indicated concentration. (a) tRNATY aminoacylation catalyzed by E.coli ThrRS; (b) tRNAMet

are described in material and methods.
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aminoacylation catalyzed by E.coli MetRS. The experimental conditions



like arm (5). Also the footprint of ThrRS in the acceptor-like
arm of AV remains unchanged as compared to the WT operator
(unpublished result). Therefore, the deletion of the anticodon-
like domain and even the ponctual mutation in the anticodon
strongly affects the binding of ThrRS, most probably by loss of
specific contacts. Furthermore, U_;,;WT which displays a
continuous helix in the acceptor-like domain (Fig. 1) has an
apparent K, reproducibly higher (0.3 + 0.03 uM) than that of
the WT/ThrRS complex. The reduced binding affinity of the
synthetase for this mutant probably results from the local
rearrangement in the acceptor-like domain. This result also
provides evidence that the acceptor-like domain contributes to
the stability of the WT/ThrRS complex, consistent with in vivo
data showing that the U_,y; mutation reduces the efficiency of
regulation (19, Table 1).
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Using the same approach, we showed that BS4-9 behaves as
a competitive inhibitor of tRNAM® aminoacylation catalyzed by
E.coli MetRS (Fig. 3b, Table 1) with a dissociation constant of
1.1 + 0.3 uM, one order of magnitude higher than that
determined for the WT/ThrRS complex (Table 1). Strikingly,
the WT mRNA also acts as a competitive inhibitor for tRNAMet
aminoacylation (Fig. 3b, Table 1) with a dissociation constant
reproducibly three times higher than that for the BS4-9/MetRS
complex (K4 = 3.3 = 0.3 uM). This result is correlated with
in vivo data showing that the WT also reduces the efficiency of
thrS regulation by MetRS (18, Table 1). As expected, deleting
the anticodon-like domain (AV) does not significantly modify the
Michaelian parameters of tRNAMet aminoacylation (K, =
0.115 pM), even at high AV concentration (40 uM). Otherwise,
the double mutant U_,;;;BS4-9 is as efficient as BS4-9 in

Figure 4. MetRS shields the anticodon- and acceptor-like domains of BS4-9. (a) CMCT probing of WT and BS4-9 mRNAs in the presence of increasing concentrations
of MetRS, as indicated. A, C and G are sequencing lanes. (b) Secondary structure model of BS4-9 in the L-shape conformation summarizing thg effect of Mt:tRS
binding. The reactivity changes induced by the enzyme at G(N1) and U(N3) are indicated: protected nucleotides are encircled and the degree of protection is proportional
to the intensity of the circle (from strong to minor). RNase T, cuts protected by MetRS are shown by arrows: strong and medium prf)tecuoq are d_enoted by a filled
square and empty square, respectively. The intensities of the reactivity changes have been determined from three different experiments in which the gels were

densitometrically scanned.
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competing for tRNAMe® aminoacylation, in contrast to
U_o7WT in which the same mutation reduces the competition
strength (Fig. 3b, Table 1). These results indicate that the
acceptor-like domain does not (or very little) contribute to the
stability of the BS4-9/MetRS complex. It has to be noted that
the [Mg2*]/[ATP] ratio is different in the threonylation (r = 4)
and in the methionylation (r = 2.35) assays. However, in the
magnesium concentration used (from 5 to 15 mM), probing and
footprinting experiments revealed no significant effect of
magnesium on the conformation of the operator and on the
synthetase footprint suggesting that the stability of the
operator/repressor complex is not drastically affected by the
magnesium changes (results not shown).

These results stress the importance of the anticodon-like
sequence in the operator in defining MetRS recognition. This
is corroborated by Meinnel and co-workers (15) who showed
that a tRNA fragment corresponding to the anticodon arm of
tRNAMet is sufficient to compete with the tRNA for MetRS
binding, the formation of this complex being dependent on the
presence of the cognate CAU anticodon sequence (15).
Interestingly enough, the measured dissociation constant for this
tRNA fragment (33 uM) is higher to that determined for the
BS4-9/MetRS complex (1.1 + 0.3 uM), suggesting the presence
of additional contacts in the operator. However, it appears that
MetRS recognizes BS4-9 with a lower affinity than the initiator
tRNAMet (K = 0.11 M) and than ThrRS does for the WT
mRNA. One can assume that elements contributing to methionine
specificity are missing in BS4-9, and/or that several nucleotides
in the mRNA may negatively affect MetRS recognition. Recently,
Martinis and Schimmel (23) showed that a RNA minihelix
corresponding to the acceptor stem of tRNAM¢t is sufficient to
confer aminoacylation by MetRS, indicating the importance of
the conserved base pairs G,-C7;, C3-Gyo and A5; for methionine
specificity. To note is that the two conserved base pairs in the
acceptor stem of tRNAM® are respectively replaced in BS4-9 by
the base pairs C_79-G_,j; and G_75-C_ 3 as compared to the
ACCA _p7sequence. However, it has to be noted that a duplex
containing the acceptor stem of tRNAV2l can not be
aminoacylated by MetRS (23) whereas this tRNA bearing the
anticodon methionine can be charged by the enzyme (14). This
apparent contradiction indicates that the interaction of MetRS to
the anticodon CAU is sufficient to overcome the lack of some
of the recognition elements in the acceptor arm, as it is probably
in the BS4-9 operator. However, there is a striking difference
between the acceptor arm of the tRNA and the acceptor-like
domain of the operator if we assumed that the ACCA sequence
of the mRNA correspond to the 3’ terminal sequence of the
tRNA. In the operator, this sequence is not free but is prolonged
by a hairpin loop (Fig. 1). Both genetic and biochemical
investigations are currently in progress in order to define more
precisely the molecular bases of the operator-repressor
recognition in the acceptor-like domain.

MetRS shields the anticodon-like arm but also the acceptor-
like domain of the CAU operator

The conformation of BS4-9 was probed by the use of RNase T,
and CMCT, in the presence of increasing concentrations of
MetRS. A typical experiment is shown in Figure. 4a and the
results are summarized in Figure 4b on the secondary structure
model of the operator region of the mRNA. The binding of
MetRS to BS4-9 causes significant reduction of reactivity in both
anticodon- and acceptor-like domains. The strongest protections

are observed in the anticodon-like loop (at U_,9, U_3; and
U _35) and at U_g4;. Protections are also induced in the external
loop (U_g; to U_g;) and near the bulged U _g, of the acceptor-
like domain. Weak protections are observed in the connecting
loop of domain 3. The protection induced by MetRS at the
different sites appears to depend on MetRS concentration in a
nearly similar extent. MetRS does not induce any detectable
protection on WT mRNA (Fig. 4a) and on M6-1 in a
concentration range of 10 nM to 1 uM. Furthermore, we showed
by using RNase T, footprinting that tRNAM¢ (1 uM) is able to
displace equally the anticodon- and acceptor-like domains of
BS4-9 from the enzyme (results not shown).

The fact that the anticodon-like domain of BS4-9 is shielded
by MetRS but not by ThrRS (5) strongly suggests the existence
of specific contacts between the anticodon-like CAU sequence
and MetRS. This result is well correlated with the fact that
methionine acceptance can be conferred to different tRNA species
by inserting a CAU anticodon (15, 24, 25), and that the enzyme
tightly binds to C,, at the wobble position of the initiator
tRNAMet (24, 26, 27). Our results show that ThrRS (5) and
MetRS both shield the anticodon-like region as well as the
acceptor-like domain of the wild type and switched thrS mRNA,
respectively. Strikingly, both enzymes shield the external loop
of domain 4 which has no equivalent in tRNA if we assume that
the ACCA _ 7 sequence is analogous to the 3’ extremity of the
tRNA. In the case of the WT/ThrRS interaction, genetic studies
showed that the anticodon-like domain is essential and that the
acceptor-like domain also participates to the control (7, 19). In
the case of the BS4-9/MetRS complex, our in vitro results indicate
that the anticodon-like sequence is the main element of
recognition. Possibly, the MetRS-induced protections in the
acceptor-like domain result from steric hindrance or from
additional contacts which are not essential for specificity. The
existence of such additional contacts apparently not crucial for
the function have already been reported in several aminoacyl-
tRNA synthetase/tRNA complexes by footprinting experiments
(e.g. 28—30). Interestingly, CMCT probing reveals that ThrRS
induces an increased reactivity of G_3, (5), while MetRS does
not, suggesting that the geometry of the anticodon-like loop is
different in the two complexes. Since the structure of the WT
and BS4-9 appears to be identical (6) (Fig. 1), the conformational
differences in the anticodon-like loop are most likely due to an
adaptation of the RNA dictated by the enzyme. Conformational
changes in tRNA structure upon enzyme binding have been
evidenced by the determination of the X-ray crystallographic
structures of E.coli glutaminyl-tRNA synthetase/tRNASIM (31)
and yeast aspartyl-tRNA synthetase/tRNAASP (32) complexes,
belonging to different classes (33), and showed that the two
enzymes interact with their cognate tRNAs in different ways.

MetRS competes with the ribosome for binding to the CAU
operator

In order to test whether the bound MetRS occludes ribosome
binding on the CAU operator (BS4-9), we used the primer
extension inhibition analysis (toeprinting) deviced by Hartz et
al. (22). This approach uses the fact that the elongation by reverse
transcriptase (from a DNA primer annealed to the mRNA
dowstream from the initiation codon) is blocked at position + 16
by the formation of the ternary [30S/mRNA/initiator tRNA]
complex. Toeprinting was already used to show that ThrRS and
the ribosome compete for binding to the WT mRNA (5). Earlier
work of Hartz et al. (34—35) showed that a toeprint could also
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Figure 5. MetRS and 30S subunit compete for binding to BS4-9. Toeprinting
experiments are conducted with BS4-9 and WT mRNAs in the presence of
increasing concentrations of MetRS (as indicated). The ternary complex was formed
with tRNA;Lys instead of initiator tRNAMet, The toeprint +16 is indicated by
an arrow. U is a sequencing lane. Two stops at position +10 and + 12 are observed
in the control lanes. These unspecific stops are unreproducibly observed and
probably result from intrinsic fragility of the mRNA.

be obtained with elongator tRNAs 15 nucleotides downstream
from the first base of the recognized codon (in the vicinity of
the AUG initiation codon). Therefore, in the present experiments,
the ternary complex was formed with the E.coli tRNALYS
(U*UU), instead of the initiator tRNAMe, in order to avoid
competition between tRNAMe* and BS4-9 for MetRS binding.
Unexpectedly, the 30S/tRNALY/BS4-9 ternary complex still
yields one major toeprint at position + 16, most probably resulting
from an incorrect interaction between the anticodon UUU of
tRNALYs and the AUG codon (Fig. 5). The toeprint at position
+14 corresponding to the reading of the cognate codon
(AAA ) appears to be the minor one and is almost absent with
the WT mRNA (Fig. 5). An incorrect toeprint was also detected
with the ternary complex formed by the 30S subunit, a transcript
RNA containing the gene 32 ribosome-binding site and tRNALY
(34) and with the rpsO mRNA/30S/tRNALY ternary complex
(C. Philippe, personal communication) but to a different extent.

The presence of increasing concentrations of MetRS decreases
the yield of the toeprint (between 1 and 10 uM of enzyme). This
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result is in reasonable agreement with the K value for the
BS4-9/MetRS complex (1.1 + 0.3 uM) despite the fact that the
experimental conditions used for the toeprint and for the
competition experiments are slightly different. On the opposite,
the addition of ThrRS to the ternary 30S/tRNAMe/BS4-9
complex was shown to have no effect on the yield of toeprint
even at a concentration of 10 uM of enzyme (5). Control
experiments shows that MetRS fails to inhibit toeprinting (results
not shown) with M6-1, in which the anticodon-like arm is totally
reorganized but the acceptor-like arm remains unaffected (6). This
result indicates that the acceptor-like domain by itself is unable
to ensure MetRS-mediated inhibition of ribosome binding, as it
is for ThrRS (5). Our results show that MetRS and the 308
subunit specifically compete for the binding to BS4-9, indicating
that MetRS acts as a repressor by occluding the binding of the
30S subunit to its translational initiation site. Therefore, MetRS
represses the expression of the gene controlled by the CAU
operator by a mechanism identical to that described for ThrRS
with the wild type operator (5).

When increasing concentrations of MetRS are added to the
ternary complex formed with the WT mRNA, a significant
decrease of the toeprint is observed, but only at higher MetRS
concentration (10 uM) (Fig. 5b). In agreement with the
competition experiments, it further confirms that the WT mRNA
is weakly recognized by MetRS. These results are also consistent
with the in vivo data that evidenced a weak repression of the
expression of the thrS mRNA by MetRS (18). This result reflects
a low but specific binding of MetRS, since this effect was not
observed with a mRNA leader having the anticodon region
deleted or containing an arginine or a glutamine anticodon (18).

CONCLUDING REMARKS

The comparative study of the CAU operator/MetRS and the GCU
(WT) operator/ThrRS complexes stresses the fact that the
operator obeys to the same identity rules as their parent tRNAs
and further confirms that the specific recognition of tRNAs or
tRNA-like structures (here a mRNA operator) is governed by
a small number of nucleotides. In both cases, the interaction of
the enzyme to the anticodon-like sequence is essential to prevent
the binding of the ribosome to its translational initiation site. The
present work also shows that with both ThrRS and MetRS, the
operator behaves as a competitive inhibitor of tRNA
aminoacylation catalyzed by the cognate enzyme. In particular,
with ThrRS, the dissociation constant of the CGU operator/ThrRS
complex is almost identical to that of the tRNAT™Y/ThrRS
complex. Furthermore, the mutant having the anticodon deleted
still binds to ThrRS and also acts as a competitive inhibitor. This
indicate that the acceptor-like domain contributes to the stability
of the complex between the CGU operator and ThrRS while it
does not (or poorly) in the complex between the CAU operator
and MetRS. The possibility to switch the specificity of the control
from ThrRS to MetRS and the fact that the thrS leader mRNA
is a competitive inhibitor of tRNA aminoacylation are the first
direct evidences for the existence of molecular mimicry between
the translational operator and tRNA. They strongly suggest that
the operator and the tRNA bind to the same or overlapping sites
in the enzyme and that all the recognition elements for ThrRS
binding are present in the thrS operator region. This is also
supported by the isolation of ThrRS mutants that have an effect
on the autoregulation but also on the aminoacylation of tRNATY
(16). Therefore the mRNA should be able to adopt a tRNA-like
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structure. Genetic data (19) and conformational studies in solution
combined with graphic modeling (to be published) indicate that
the loop (domain 3) connecting the anticodon-like and the
acceptor-like domains help to orientate these two domains with
respect to each other. This articulation confers to the mRNA a
more relaxed conformation (as compared to the classical tRNA),
a property which facilitates its adaptation on its cognate
aminoacyl-tRNA synthetase as well as its interaction with the
ribosome.
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