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ABSTRACT Previous work showed that the expression of
the Escherichia coli threonine:tRNAThr ligase (EC 6.1.1.3)-
encoding gene (thrS) is negatively autoregulated at the trans-
lational level and that a region called the operator that is
located between 10 and 50 base pairs upstream of the trans-
lation initiation codon of the thrS gene is directly involved in
that control. The conformation of an in vitro synthesized RNA
fragment extending over the thrS regulatory region has been
investigated using chemical and enzymatic probes. This study
shows that the RNA folds into four well-defined secondary-
structure domains, one of them displaying structural similar-
ities to the anticodon arm of tRNAThF. The conformation of
three constitutive mutants containing single base changes in the
operator region leading to the loss of the regulatory control was
also investigated. The replacement of a base in the anticodon-
like loop does not induce any conformational change, suggest-
ing that the residue concerned is directly involved in the
regulatory process. However, single mutations in or close to the
anticodon-like stem result in a partial or complete reorgani-
zation of the structure of the operator region. These rearrange-
ments should affect the binding of the ligase to the operator,
leading to loss of the regulatory process.

In addition to the classical transcriptional regulation of gene
expression, an increasing number of phage, bacterial, and
eukaryotic genes appears to be regulated at the level of
translation (1-5). In many cases the control has been char-
acterized as a negative autoregulation involving a repressor
protein acting at specific control sites of the target genes or
operons. However, little is known about the mechanism by
which translation is controlled or about the structure of the
mRNA region involved in the regulatory protein recognition.
In bacteria, secondary structure information has been pro-
vided for some of the ribosomal protein operator regions by
computer predictions and by nuclease probing experiments
(6-8).

In the present work, we have investigated in detail the
conformation of a mRNA fragment obtained by in vitro
transcription, containing the translational operator of the
threonine:tRNAThr ligase (EC 6.1.1.3). Previous work has
clearly shown that the expression of the threonine:tRNAThr
ligase gene (thrS) is negatively autoregulated at the transla-
tional level (9, 10). By a genetic approach, Springer et al. (11)
have defined the thrS translational operator as a region
located between 10 and 50 nucleotides (nt) upstream of the
translational initiation codon and more than 100 bases down-
stream of the transcription initiation site. Our results show
that the region located upstream to the initiation codon is
organized in four distinct structural domains. One of these

domains, which corresponds to the genetically defined op-
erator, shares several primary- and secondary-structure fea-
tures with the anticodon arm of some tRNAThr isoaccepting
species. Similar studies were conducted on three mutant
mRNAs containing single base changes in the operator region
leading to a total loss of the regulatory control. This study
establishes a direct correlation between structural aspects
and control.

MATERIALS AND METHODS
Preparation ofRNA Transcripts. A Pst I-HindIII fragment

extending from 1194 base pairs (bp) in front to 57 bp after the
initiator AUG of thrS was cloned from AMBXA20-28 and its
mutant derivatives AMBXA20-28 L6-8, M4-11, and M6-1 (11)
between the Pst I and HindIII sites of vector M13mp8. A Hpa
I-Bgl II fragment extending from 175 bp in front to 710 bp
after the initiator AUG was excised from the M13mp8
recombinants and inserted between the Sma I and BamHI
sites of pSP65 (12). After cesium chloride purification, the
plasmid DNAs were linearized with HindIII (located 57 bp
downstream of the initiator AUG) and transcribed using SP6
RNA polymerase as indicated by the supplier (Promega
Biotec, Madison, WI).
The RNAs transcribed in vitro from the pSP65 derivatives

carrying the thrS regulatory regions add about 35 nt to the 5'
end of the in vivo thrS transcript. Of these nucleotides, 25
correspond to the distance between the SP6 transcription
initiation site and the pSP65-thrS boundary (a Sma I/Hpa I
hybrid site), and "10 nt correspond to the distance between
the Sma I/Hpa I hybrid site and the thrS in vivo transcription
initiation site that is located - 162 nt in front of the translation
initiation codon of the gene (11). This synthesized RNA
should contain the information for the translational control
because the translation of another hybrid mRNA synthesized
in vivo using the trp promoter fused at the same Hpa I site to
the thrS regulatory region was shown to be repressed in vivo
when the ligase concentration is increased (M.S. and
M.G.G., unpublished results).

Probing the RNA Structure. Before the probing experi-
ments, the RNA fragments were renaturated by a 5-min
incubation at 50°C in the appropriate buffer, cooled down at
20°C for 30 min, and then placed on ice. A standard assay
used 0.5 jig of RNA and 1 ug of tRNAPh' as carrier.
Enzymatic digestion. Digestion with RNase T1 (10-3

units), RNase U2 (1 unit), nuclease S1 (25-50 units), and
RNase V1 (0.05 units) was at 20°C in 50 mM Tris HCl, pH
7.5/10 mM MgCl2 (in the presence of 1 mM ZnC12 for
nuclease Si) for 5 and 10 min.

Abbreviations: nt, nucleotide(s); CMCT, 1-cyclohexyl-3-(2-morpho-
linoethyl) carbodiimide metho-p-toluene sulfonate; Me2SO4, dimeth-
yl sulfate.
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Chemical modification. Modification with dimethyl sulfate
(Me2SO4): native conditions, 0.25-0.5 ,l of Me2SO4 in 100 Al
of 50 mM sodium cacodylate, pH 7.5/10 mM MgCl2 for 5 and
10 min at 200C; semi-denaturing conditions, the same condi-
tions but in 100 pA of 50mM sodium cacodylate, pH 7.5/1 mM
EDTA. Modification with diethyl pyrocarbonate: same
buffer conditions as for Me2SO4 but with 20 pl of diethyl
pyrocarbonate for a 15- to 30-min incubation at 20'C. Mod-
ification with 1-cyclohexyl-3-(2-morpholinoethyl) carbodi-
imide metho-p-toluene sulfonate (CMCT): 50 Al ofCMCT (42
mg/ml) in 200 1ul of 50 mM sodium borate, pH 8.0/10 mM
MgCl2 for 5 to 30 min at 20°C (native conditions) or 50 mM
sodium borate, pH 8.0/1 mM EDTA for 5 to 10 min (semi-
denaturing conditions). Reactions were stopped as in ref. 13.
Detection ofthe modifiedpositions. Modified bases or cuts

in the phosphodiester chain were identified by primer exten-
sion. The primer was a 5'-end-labeled oligodeoxynucleotide
complementary to nucleotides 13-26. Synthesis of the
primer, labeling, reverse transcription, and analysis of the
generated cDNA fragments were as described (13, 14).
Elongation controls were run in parallel in order to detect
nicks in the template or pauses of reverse transcription.

RESULTS
Structure probing of the wild-type mRNA and of three
constitutive mutant RNAs was performed over 152 nt (be-
tween - 142 and +10 when +1 is the adenine of the
translational initiation codon). All nucleotides were tested at
one of their Watson-Crick positions with Me2SO4 [adenine
(N-1) and cytosine (N-3)] and CMCT [guanine (N-1) and
uracil (N-3)]. Position N-7 of adenines involved in stacking or
in tertiary interactions was tested with diethyl pyrocarbo-
nate. To estimate the degree of stability of helices, probing
was achieved in the presence (native conditions) and in the
absence (semi-denaturing conditions) of magnesium. The
conformation of the RNAs was also probed with nucleases
specific for single-stranded regions (T1, U2, and Si) and for
double-stranded or stacked regions (RNase V1). Advantages
and limitations of the probing approach have been discussed
elsewhere (15). A typical autoradiograph is shown in Fig. 1,
and results are summarized on the secondary-structure
model of the investigated region, derived from computer
predictions and improved with the present probing results
(Figs. 2 and 3). For convenience, the RNA has been divided
into domains, which will be discussed separately.
Wild-Type mRNA (Fig. 2 a and b). Helix II [( - 49)-( - 44)]

[(-18)-(-13)] and helix III [(-42)-(-36)]4[(-28)-(-22)]
both require the presence of magnesium to be stabilized.
Their low stability is related to a high content in A-U and G-U
pairs. The stability of these two helices at 25°C, estimated
according to Tinoco et al. (16), is only -4.6 and -6.6
kcal/mol (1 cal = 4.184 J), respectively, without taking into
account the flanking structures, which should introduce a
positive term to the free energy. Helix III is mainly cleaved
by RNase V1 on the 5'-strand, and only one cut is observed
in helix II on the 3'-strand. Note that the RNase V1
accessibility may provide useful information on the spatial
arrangement of the different domains of the RNA. In partic-
ular, the absence of cleavage would reflect a steric hindrance
effect. Region B (-43) and [(-21)-(-19)] is an interior
four-base loop. The high reactivity of U-43 at N-3 suggests
that this residue is quite exposed to solvent. On the opposite
strand, the three nucleotides are reactive at Watson-Crick
positions. However, the marginal reactivity of A20 at N-7
together with the increased reactivity of C -21 at N-3 under
semidenaturing conditions, suggest the existence of an in-
trinsic conformation in this loop. Loop A [(- 35)-( - 29)] is a
well-defined external seven-base loop. All nucleotides are
strongly reactive at their Watson-Crick positions, indicating
that they are fully exposed. Strong cleavages are observed
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FIG. 1. Gel electrophoresis fractionation of products resulting
from Me2SO4 (DMS) and CMCT modifications for the wild-type
mRNA. Native conditions lanes: C, incubation control; 1, Me2SO4
for 2 min and CMCT for 5 min; 2, Me2SO4 for 10 min and CMCT for
15 min; 3, CMCT for 30 min. Semi-denaturing conditions lanes: 4,
Me2SO4 for 2 min and CMCT for 5 min; 5, Me2SO4 for 5 min and
CMCT for 10 min. Lanes, A, C, G, and U at right correspond to the
sequencing products generated in the presence of ddTTP, ddGTP,
ddCTP, and ddATP, respectively. At far right wild-type mRNA
positions are indicated.

with single-strand-specific nucleases. Comparison with the
structure of the different isoacceptors of tRNAThr shows
striking sequence and secondary structure similarities to the
anticodon stem and loop (see Fig. 2a). In helix IV [(- 117)-
(-100)]*(-91)-(-74)] most nucleotides are unreactive un-
der native or semi-denaturing conditions, indicating a high
stability of the helix, resulting from its high content in G-C
pairs. Indeed, the free energy of this helix is estimated at - 31
kcal/mol and at -26 kcal/mol with the eight-base exterior
loop. The reactivity ofU -81 at N-3 suggests that this residue
is bulging out. The lack of reactivity of U-85 at N-3 and the
reactivity ofA - 106 and A -107 at both N-1 and N-7 suggest an
equimolecular mixture of two forms-one displaying a
U -85-A - 106 bp and the other one a U -85-A -107 pair. RNase
V1 predominantly cleaves the 5'-strand of the helix near the
apex, indicating a good accessibility of this area. In the
bottom of the helix, a single cut appears at -88. Loop D
[(- 99)-( - 92)] is a well-defined eight-base loop closed by two
G'C pairs. All nucleotides are highly reactive to the chemical
probes, with the exception ofG -92 and A -99 at N-1 and N-7,
respectively. A noncanonical base pair, involving adenine
(N-7, N-6) and guanine (N-1, 0-6), can be postulated. Such
a pairing has been proposed in chloroplastic 5S rRNA (17)
and in the E. coli 16S rRNA binding site of ribosomal protein

Biochemistry: Moine et al.
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FIG. 2. Reactivity of nt - 131 to + 3 in the wild-type mRNA and in mutant L6-8. (a) Reactivity of Watson-Crick positions and accessibility
to enzymatic probes. (b) Reactivity of position N-7 of adenines. RNase cuts are indicated by arrows. A, RNase T1; *, RNase U2; *, nuclease
Si; andl, RNase V1. The size or intensity of a symbol reflects the rate of nuclease digestion. Reactivity towards Me2SO4, CMCT, and diethyl
pyrocarbonate: reactive under native conditions (o, strong, moderate, and marginal reactivities are denoted by bold, thin, and dotted symbols,
respectively); unreactive under native conditions and reactive under semi-denaturing conditions (;Q, low reactivity is denoted by dotted symbol);
unreactive under both native and semi-denaturing conditions (u). +, increased reactivity after removal of magnesium. The loops are denoted
by A-D and helices by I-IV. The anticodon-like arm in the mRNA is boxed. The inset describes the anticodon region of tRNA11F, in which
the sequence similarities with the mRNA are framed. In mutant L6-8, G32 (denoted by an asterisk) is replaced by adenine. This adenine shows
a moderate reactivity at N-1 and a marginal reactivity at N-7 (with an enhanced reactivity under semi-denaturing conditions).

S15 (18). This loop exhibits the major sites of cleavage with
nuclease S1 and RNase T1 confirming that all bases are
exposed. The presence of RNase V1 cuts that extend the set
ofcuts observed on the 5'-strand of helix IV may indicate that
this side of the loop is stacked on the 5'-strand.
Domain I [(- 12)-( + 3)],[( -118)-( -1i31)] that contains the

initiation codon (A'UG) and the Shine-Dalgarno sequence
(U - 2AAGGA7), and region C [(- 73)-(-50)], the hinge
region between helices II and IV, present puzzling problems.
The two strands in domain I exhibit a complex pattern of
reactivity. Different degrees of reactivity at Watson-Crick
positions are found under native conditions, from highly
reactive (A 5UAAA - 1) to unreactive (C - 131, A- 130, C- 121,
C-120, G-9, G-8, and U -6). In the absence of magnesium,
all unreactive bases become reactive, and several others
show an increased reactivity (A -121 U-122 U-124, and G3)
A general increased reactivity of adenines is also observed at
N-7 in the absence ofmagnesium (Fig. 2b). Strikingly, strong
RNase V1 cuts are observed over the Shine-Dalgarno se-
quence, indicating that this region is highly exposed and

revealing an ordered conformation. Indeed, a potential base-
pairing is observed between A -'0GGAUAUAAAAUG2 and
C -131AUUUGUGUACCU -119 (with one of the adenines in
position - 3 to -1 and A122 bulging out). The simultaneous
occurrence of RNase VI cuts and chemical reactivity at
Watson-Crick positions most likely indicates that the helix is
near its melting point. Therefore, both single-stranded and
double-stranded helical forms can be trapped by the probes.
Note that another pairing possibility exists between
A-10GGAU 6 and A-56UUUU52 in loop C. Such a helix
has an extremely low stability (- 1.8 kcal/mol). Our results
do not predict a unique and unambiguous conformation and
more likely reflect dynamic properties. Loop C exhibits an
overall high reactivity at Watson-Crick positions (with an
increased reactivity of C-5 under semi-denaturing condi-
tions) and is readily split by single strand-specific nucleases.
By contrast, adenines are unreactive at N-7, with two
exceptions (A - 64 and A -72) that become more reactive in the
absence of magnesium (with a tremendous increase in the
case of A-6), reflecting the existence of stacking or nonca-

I
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nonical base pairs. The presence of three RNase V1 cuts at
positions - 69, - 59, and - 57 also confirms this interpreta-
tion. The high content of adenine and uracil residues in this
region offers several possibilities for base pairing. However,
the stability of such interactions is probably very low. It is not
very clear whether this region adopts an intrinsic ordered
structure or is involved in tertiary long-range interactions
with some other part of the RNA transcript. No obvious
possibilities can be proposed and as already postulated for
region I, a dynamic equilibrium of different conformations
cannot be excluded.
Mutant L6-8: G32 - A (Fig. 2). The mutation is located

in the anticodon-like triplet. Structure mapping at Watson-
Crick positions and at N-7 of adenines shows that this
mutation does not induce any difference in the reactivity
pattern. Nor does the accessibility to nucleases appear either
to be modified, with the unique exception of the loss of a T1
RNase cut within the anticodon-like loop, resulting from the
replacement of a guanine by an adenine. These results
indicate that the conformation of this mutant remains un-
changed, compared to the wild-type mRNA.
Mutant M4-l1: C 16 U (Fig. 3a). This mutation destroys

the corresponding G-C base pair in the lower part of helix Il,
resulting in a decreased free energy ofthe helix (- 2.4 instead
of -4.6 kcal/mol) 'when the G-C pair is replaced by a G-U
pair. As a consequence of this mutation, the reactivity is
essentially altered in helix II. Nucleotides become more
reactive at Watson-Crick positions as the result of the
destabilization of this helix. The reactivity of A`4 is also
significantly enhanced at N-7. Nevertheless, the reactivity of
adenines - 15 to - 13- at N-7 is only slightly increased under
native conditions and is increased under semi-denaturing
conditions. This is accompanied by a decreased RNase V1
cleavage at A-15; Unexpectedly, new cuts are induced
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around A - 20 and U 48 This observation is rather difficult to
rationalize and might suggest a local reorganization. How-
ever, one cannot totally exclude the occurrence of secondary
cuts. Besides, the reactivity of the other parts of the tran-
script is essentially unchanged, indicating that the structure
is maintained.
Mutant M6-1: G-40 A (Fig. 3b). The single change of a

guanine involved in a G-C base pair in helix III reduces the
stability of the helix from -6.6 to -0.2 kcal/mol. Indeed,
this mutation results in an extensive structural rearrangement
of region - 73 to - 13, whereas the region containing helix IV
and loop D remains unaltered. In particular, most nucleotides
of the anticodon-like loop become unreactive at Watson-
Crick positions and are cleaved by RNase V1. Also, a number
of nucleotides in' region C, which were mostly reactive at
Watson-Crick positions in the wild-type RNA, become
unreactive in the mutant. The Shine-Dalgarno region is still
fully accessible to RNase V1, whereas the reactivity of
A- "AGGAU- is reduced. Although no data are available
in region - 130 to - 115, the postulated helix in region I
appears to be stabilized in this mutant, especially the left-
hand part. From our results, we propose a secondary struc-
ture model of the operator in this mutant, which considerably
differs from the wild-type model. In this model, helices II and
III and loops A, B, and C are replaced by two new helical
structures. The first is a long hairpin with an exterior six-base
loop, interrupted by an interior five-base loop. The second,
located at the 3'-side of the Shine-Dalgarno sequence, is a
five-base pair-helix (possibly containing a noncanonical ANG
base pair). The most striking aspect is the complete rear-
rangement of the nucleotides forming the anticodon-like arm
in the wild-type operator (boxed in Fig. 3b). Note that G 32,
which was found essential in the feedback control is base
paired with U in this mutant.
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FIG. 3. Reactivity of nucleotides -131 to + 3 in mutants M4-11 (a) and M6-1 (b). Reactivity of Watson-Crick positions and accessibility
to enzymatic probes; same symbols as for Fig. 2. The point mutations are located by an asterisk. In mutant M6-1 nucleotides corresponding
to the anticodon-like arm in the wild-type mRNA are boxed. Helix IV and loop D in the three mutants are represented by a dotted line, as their
reactivity remains unchanged.
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DISCUSSION
The present study shows that the mRNA region located
upstream of the thrS initiation codon folds into four distinct
structural domains. First, the Shine-Dalgarno sequence and
the initiation codon possibly interact with a complementary
sequence located about 30 to 40 nt from the transcription
initiation site. The resulting helix is highly unstable and should
display dynamic properties. The second domain is defined as
a long and stable stem-loop structure, and the third domain is
a large bulged loop. The structure of this loop is not well
characterized but displays a certain degree of organization.
The last domain, which corresponds to the genetically defined
operator, contains two weak helices interrupted by an interior
loop. The upper helix shares structure similarities with the
tRNAThr isoacceptors. (i) It contains a seven-base anticodon-
like loop with four nucleotides identical to those of the
tRNA'r isoacceptor (Fig. 2a). Among the four, two corre-
spond to the nucleotides shared by the anticodon sequence of
all known isoacceptors. (ii) It contains an anticodon-like helix
with several base pairs identical to those of the different
tRNAThr isoacceptors. This suggests that threonine:tRNAThr
ligase controls its own synthesis by interacting with the region
that shares structural similarities with its natural substrate.
Indeed, threonine:tRNA' ligase has been shown to interact
with the wild-type mRNA transcript and protects the antico-
don-like arm, but also other unexpected regions like helix IV
and loop D (unpublished results).

Springer et al. (11) have isolated mutants leading to com-
plete loss of control of thrS expression. The replacement of
G -32 in the anticodon-like loop by an adenine does not alter
the conformation of the RNA in mutant L6-8. This strongly
suggests that G 32 is essential for the binding of the threo-
nine:tRNAThr ligase to the anticodon-like arm. This result
has to be correlated with footprinting experiments conducted
on the tRNA Thr-threonine:tRNAThr ligase complex by
Theobald et al. (19). This work suggested that G3s in the
anticodon sequence (analogous to G 32 in the anticodon-like
triplet) is involved in the formation of the complex. Such an
involvement is further confirmed by the fact that the change
G3s C in thrU (the gene for tRNAfhr) strongly decreases
aminoacylation of the corresponding isoacceptor (unpub-
lished results). The crucial role of the anticodon-like arm is
further supported by mutant M6-1, in which the mutation-
induced rearrangement leads to the disappearance of the
anticodon-like arm structure. In the particular case of mutant
M4-11, the regulatory control is lost, though the anticodon-
like arm is unaltered in sequence and secondary structure. It
can be postulated that the destabilization of helix II, which
extends the anticodon-like helix, should result in a lack of a
correct geometry of the anticodon-like arm. In the case of
mutants M4-11 and M6-1, the loss of control is most probably
not due to the mutation of an essential residue but to a
conformational rearrangement. Especially in the case of
M6-1, a single base change causes an extensive rearrange-
ment over 60 nt, which was not predicted by the computer.
Therefore, it appears that the conformation of wild-type and
mutant RNAs should be investigated in parallel to genetic
approaches.
A feedback regulatory mechanism can be imagined, in

which the ligase would bind to the mRNA at the region-
sharing sequence and structure similarities with tRNAThr,
located just upstream of the Shine-Dalgarno sequence, thus
preventing the ribosomes from translating the thrS mRNA. In
line with this, modification of a single base in the anticodon-
like loop that is essential for protein binding or a conforma-
tional change of the anticodon-like region would affect the
binding of the ligase to the operator region, leading to loss of
the control. A well-known example of interaction between a

ligase and a noncognate substrate is provided by the ami-
noacylation of the 3'-end of several viral RNAs displaying
tRNA-like structures (20, 21). Recently, two mitochondrial
amino acid-tRNA ligases, the tyrosine-tRNA ligase of Neu-
rospora crassa (22) and the leucine-tRNA ligase of Saccha-
romyces cerevisiae (23) were shown to be directly involved
in RNA splicing. This specific property of amino acid-tRNA
ligases could also be explained by interactions between the
ligase and tRNA-like structures in introns. Thus, tRNA-like
structures may be involved in a variety ofbiological functions
such as genomic RNA tagging (24) and the control of gene
expression at the levels of both RNA maturation and trans-
lation.
Although both genetic and biochemical investigations tell

us about the sites that are essential for the modulation of the
mRNA translation, precise information about the extent of
the mRNA that is recognized by the ligase and the ribosome
are required. Both genetic and biochemical experiments are
currently in progress to define more precisely the extent of
the thrS translational operator and the nature of the ligase-
mRNA interaction.
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