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ABSTRACT

The Bacillus subtilis thrS gene is a member of the
T-box gene family in Gram-positive organisms whose
expression is regulated by a tRNA-mediated trans-
criptional antitermination mechanism involving a direct
tRNA:mRNA interaction. The complex leader sequences
of these genes share only short stretches of primary
sequence homology, but a common secondary structure
has been proposed by comparing the leaders of many
genes of this family. The proposed mechanism for
the tRNA:mRNA interaction depends heavily on the
secondary structure model, but is so far only supported

by genetic evidence. We have studied the structure of
the B.subtilis thrS leader in solution, in protection
experiments using both chemical and enzymatic probes.
The thrS leader structure was also probed  invivo using
dimethylsulphate and the in vitro and in vivo data are
in good accordance. We have organizedthe  thrS leader
into three major domains comprising six separate
stem—loops. All but one of the short sequences
conserved in this gene family are present in loop
structures. The ACC specifier codon proposed to
interact with the tRNA  Thr 5, isoacceptor is present in
a bulge and probably exists in a stacking conformation.
The proposed antiterminator structure is not visible in
transcripts containing the terminator, but was probed
using a transcript with the 3 '-half of the terminator
deleted and its folding appears consistent with the
regulatory model. The leader sequences, and in
particular the specifier domains, of the other genes of
this family can be folded similarly to the experimentally
solved thrS structure.

INTRODUCTION
The Bacillus subtilisthreonyl-tRNA synthetase gené@rg§) is a

member of a family of Gram-positive genes which are controlle

complementary sequence in thgBoximal half of the terminator
stem, to form an alternative and mutually exclusive antiterminator
structure {). Following starvation for the cognate amino acid, the
resulting uncharged tRNA is thought to interact with the leader
region in two places to stabilize the antiterminator (EjgThe
first of these interactions is with a triplet, the ‘specifier codon’,
encoding the regulatory amino acid in a classical codon:anticodon
base pairingJ). This regulatory codon appears to be bulged out
of a putative stem—loop structure that occurs early in the leader
region of genes regulated in this mannkB,f). The second
interaction is thought to occur by base pairing between the
5-UGGN-3' sequence of the T-box and the complementary
NCCA-3 end of the uncharged tRNA,{0). This latter interaction
is thought to stabilize the antiterminator conformatidkewéeng
RNA polymerase to continue transcription of the structural gene.
An additional level of complexity was introduced with the
discovery of an RNA cleavage site immediately upstream of the
terminator. In the case 4frS cleavage at this site is specifically
increased under threonine starvation conditibfis The mRNA
is processed by a functional analogu&stherichia colRNase
E and the increased stability of the cleaved RNA is thought to
significantly contribute to the final level of inductiob?j.

In the genome sequenceé®$ubtilis(13) a total of 19 genes can
be identified which appear to have the leader elements required
for this type of regulation. In addition to 14 genes coding for
aminoacyl-tRNA synthetases, there are three operons or genes
involved in amino acid biosynthesis, one putative amino acid
transporter and one gene of unknown function. Up to now, all
evidence supporting this regulatory mechanism has come from
genetic experiments. Since the secondary structure of the leader
MRNA is critical to the proposed mechanism of regulation, we
decided to determine the structure ofttin&leader botlin vitro
andin vivoto see whether it fits with the current model. Our data
also permit us to position several short conserved sequence
stretches which are crucial for regulation (C.Condon and
H.Putzer, unpublished resultss), but for which no obvious
fynction has been found.

by tRNA-mediated transcriptional antitermination in response to
starvation for a particular amino acit-). All of these genes MATERIALS AND METHODS

have a highly structured untranslated leader mRNZAO0O nt in

length, culminating in a factor-independent transcription terminator,

Bacterial strains and growth conditions

just upstream of the translation initiation siée7{9). Upstream  Echerichia colistrain IM109recAl, endA1l, gyrA86, thi, hsdR17,

of the leader terminator is a highly conserved sequendiioaft,

supE44, relA1A~, A(lac-proAB) F (traD36, proAB lacl9, lacZ,

called the T-box, part of which can base pair with a conservesM15)] was used for plasmid amplifications and genetic
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SPECIFIER DOMAIN are from Promega. The reaction was carried out a€ 3or
90 min. DNA templates were then digested by RNase-free RQ1
O DNase from Promega and the transcripts were purified on a
NAP-10 column (Pharmacia).

ANTITERMINATOR

C b =< Chemical and enzymatic probingin vitro

{RNA Chemical probingln general, 0.Jug of transcript synthesizéal
vitro was denatured by heating for 1 min at 8followed by
cooling immediately on ice for 1 min. Transcripts were renatured

l in AN (50 mM Na cacodylate, pH 7.5, 5 mM Mg0 mM KCI)

— or AS buffer (50 mM Na cacodylate, pH 7.5, 1 mM EDTA) for
kethoxal and DMS modification and in BN (50 mM Na borate,
pH 8.0, 5 mM MgCJ, 60 mM KCI) or BS buffer (50 mM Na
borate, pH 8.0, 1 mM EDTA) for CMCT modification for 15 min
at room temperature. The renatured RNAs were then incubated

+1 mRNA with either kethoxal (0.25 or 0.5 mg/ml) or DMS (diluted 1/640
or 1/1280 in 20% ethanol) for 5 min at°&or with CMCT (5 or
Figure 1. Model for the regulation of expression of genes by tRNA-mediated 10 mg/ml) for 10 min at 30C in th_e presence ofjg O,f carner
antitermination. The schematic depicts the genetically identified points of L6S rRNA fromLactococcus lactisThe control reactions were
interaction between the mRNA leader and the corresponding tRNA which isdone in the absence of chemical reagents under the corresponding
b_elieved to favour the form_a_ltion of the antiterminator_str_ucture. Filled blaCk,conditions. The reactions were stopped by addition of 25 mM Na
circles represent the specifier codon. The scissors indicate a cleavage S![?orate, pH 7.0, for kethoxal or by ethanol precipitation. The

upstream of the terminator believed to occur in many genes regulated by this . e . .
chemical modifications were analysed by primer extension.

mechanism. Inverted arrows represent the terminator structure.

Enzyme probingAliquots of 0.1ug of transcripts synthesizéu
manipulationsBacillus subtilisstrain HP48 was used in tire vitro were dena_lt.ureq and renatured in AN buffer as describeq for the
vivo DMS modification experiments. It corresponds to strairfneémical modifications. The renatured franscripts were digested
HP18 harbouring thethrS leader overproducing plasmid with RNase T1 (Boehringer l\_/lannhe(l;nA)atJZ(‘r 3 or4x 10° U/HI
pHMS23 (L5). Escherichia colstrains were grown in Luria—Bertani or with RNase V1 (Pharmacia) ak3 or 10" Ujul for 15 min
(LB) broth and B.subtilis strains in M9 minimal medium &t 30C in the presence of @g carrier RNA. RNase CL3
supplemented with trace elemerit€)( Threonine starvation was (Boehringer Mannheim) digestions were performed in the same

achieved by the addition of 6p@/ml bL-threonine hydroxamate buffer at 16 or 2 x 10 U/l fpr 20 min at 30C. Enzyme

to a minimal medium culture at Qg of [D.4. Cells were Cléavages were analysed by primer extension.

harvested 20 min after the addition of threonine hydroxamaterimer hybridization and extension with reverse transcriptase
Arginine starvation was achieved in the same way by the additiomree oligonucleotides were used to analyse the chemical and

of 3 ug/ml arginine hydroxamate for 20 min. enzymatic modifications of thrSleader transcript: HP9'(ECC-
GTCAGCCATTACTGTTCC-3), which is complementary to nt
Plasmid constructs 145-165 of the leader, HP27(BCTTGACTGCTCCATCAG-

GAAATG-3'), which is complementary to nt 329-352 in the

pHMS50 A 0.4 kb fragment was amplified by PCR using WO 0 din
. g sequence of thieSmRNA, and HP106 (FAAAGGGA-
primers, HP128 (AGAATTCTAATACGACTCACTATAGG- CGAGGTTGAAT-3), which corresponds to nt 304-321 in the

gﬁ%?;l—#cef G“ .I_“ T‘%ﬁ%ﬁ%ﬁgg%)ﬁg& ?hzlzlgs(ﬂﬁl—gr:p\l;te terminator. HP106 was used only for the ‘antiterminator’
HMST Ol leofid HP12%3 tai pE Rl cl p transcript. Aliquots of 50-100 nmol of RNA were hybridized
P @). Oligonucleotide contains BOORI CIoNING itk 13 pmol of 5labeled primer in Hil of distilled water as
site, a T7 RNA p°|ymerase promoter and t.he first 21 nt dhtie described 17). Primer extension was performed at®°@5for
leader transcript. Oligonucleotide HP129 is complementary t0 iy iy \yith 1 U AMV reverse transcriptase. Reactions were
364-384 of théhrSmRNA and cantains axibdl cloning site at stopped with formamide containing sample buffer and one half of

l[trsér?s_gr?dﬁnT\r/]i?rg ?rvc\)’rﬁIﬁ:?giesﬂ'tsosggézes's ofthin leader the total reaction was loaded on 6 or 8% polyacrylamide
P P ' electrophoresis gels.

pHMS23 This plasmid overproduces theSleader region from
a replicative plasmid and has been described previaligly ( DMS probing in vivo

Strain HP48 was grown in M9 minimal medium in the presence
(starvation) or absence (normal growth) of threonine hydroxamate
In general, 1ug of template (plasmid pHMS50 digested byor arginine hydroxamate. RNA was modifiedvivo according
EcaRV or EcaNl) was used in the T7 RNA polymeragevitro  to a previously described protocdl8f and the modifications
transcription reaction. The reaction mixture contained 40 mMere revealed by primer extension using oligonucleotides HP9
Tris—HCI, pH 7.5, 6 MM MgGl 2 mM spermidine, 10 mM NaCl, (above) and HP241 '(CGGAATCGTGGTTCCACCC-3,

10 mM DTT, 100 U RNase inhibitor RNasin, 0.5 mM each ATPcomplementary to nt 223-241 of ttieS mRNA immediately
CTP, GTP and UTP and 20 U T7 RNA polymerase. All enzymegpstream of the major processing site at residue 241.

In vitro transcription by T7 RNA polymerase
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Figure 2. Autoradiograms showing the results of chemical probings dhtSdeader region. Transcripts synthesizetlitro from plasmid pHMS50 (Materials and
Methods) were modified by CMCT, kethoxal (K) and dimethylsulphate (DMS) in the presence (native conditions) or absenaeafseng-denditions) of
magnesium and analysed by primer extension. The lanes marked U, G, C and A are sequencing reactions using the sanibereverssstianscriptase reactions.
Lanes marked with plus and minus signs refer to the presence or absence of chemical probes, respectively. Triangles divdicéide thf increasing probe
concentration (for DMS) or increasing incubation times (for CMCT) (Materials and Methods). Native and semi-denaturingscaralitderred to as N and S,
respectively. The position of conserved sequence or structural elements is indicated to the side of the gels.

RESULTS AND DISCUSSION nucleotides towards these chemical probes allows one to

) distinguish paired and unpaired regions.
In this work, we propose a secondary structure model for the

B.subtilisthrSleader region. The model is based on the sensitivitg
of the mRNA to modifications by several chemical probes or
nuclease cleavages in solution. We have chosen similar pfhe thrS leader mMRNA was transcribed vitro by T7 RNA
temperature, ionic strength and divalent ion concentrations for tipelymerase using plasmid pHMS50 as template. 'Hen8
different probes in order to minimize their effects on conformationatorresponds to the last of three possible residues (G) used as
changes of the RNA. transcription start sites by the host polymeias@/o(15). RNAs

The RNases T1 and CL3 are single strand-specific enzymes tiaagre incubated with the different chemical and enzymatic probes
induce ribose phosphate chain cleavage. RNase T1 specificallgscribed above under native (5 mM4¥gor semi-denaturing
cleaves 3of guanosine residues and RNase CL& adenosine, (no Mg?*) conditions. Chemical modification and enzyme
cytosine and, to a lesser extent, thymidine residues. It is alskeavages were detected as reverse transcriptase stops in prime
known as the U-minus enzyme. RNase V1 from cobra venoextension assays and analysed on polyacrylamide gels. The
digests phosphodiester bondsobresidues in double-stranded enzyme cleavages were also detected directly usingn@l
regions or single-stranded regions which are in a stackirig-labelled RNA in order to check for a possible effect of
conformation. The use of a combination of these nucleases allogscondary cleavages on the RNA conformation. No such effect
the identification of unpaired, helical or stacked structures. was detected (data not shown). The autoradiograms of the

Probing with DMS, CMCT and kethoxal allows one to test thehemical modification experiments are shown in Figuitbose
accessibility of each of the four nucleotides at one of theinf the RNase probing in FiguBand the results of both chemical
Watson—Crick positionsl@). DMS methylates position N1 of and enzymatical probings are summarized in Figure
adenine and, to a lesser extent, position N3 of cytosine residueQur results have permitted us to divide the leader sequence into
whereas CMCT modifies position N3 of uridine and, somewhahree major domains: the terminator structure, a central domain
less, position N1 of guanine residues. Kethoxal reacts wittomprising stem—loops I, Il and lll, as well as the largely
unpaired guanine nucleatides, producing a cyclic adduct betweenstructured T-box region, and the specifier domain, preceded by
position N1 and its two carbonyl groups. The reactivity ofa small 5stem—loop structure. The antiterminator structure was

econdary structure of thethrS leader regionin vitro



5382 Nucleic Acids Research, 1998, Vol. 26, No. 23

T V103 T1 V1 CL3 modification under native conditions and RNase V1 cuts were
I R SR observed at the top and bottom of the stem (Bjg.All
1234567UGECA 1234567UGCA nucleotides modified under native conditions are either bulged or

| g£_23 part of the seven residue loop. The three adenosine residues of the
i Az TEs g loop are not accessible to cleavage by RNase CL3, which could
o ¥ FeRL:Fe = H ! g be due either to steric hindrance or reflect a partial pairing with
- |t & S8k the two uridine residues of the loop (F&). While RNase CL3
3 1 ' =z- B is generally assumed to be specific for C only, the enzyme
i H e igesgs =ezis arem preparation used here also cleaved efficiently at A residues (e.g. the
5 . - 4 =s_ o apical loops of stem—loop Il and the terminator).
ey 2= alam “o" " i E = s Stem-loop Il is similar to stem—loop | with a tetraloop and 4 nt
. “uea «T8E U bulged out of the lower part of the stem. All single-stranded
h 5[ £ t::: regions are accessible to chemical modification in the presence of
A 100 " et magnesium and are readily cleaved by RNases CL3 and T4)(Fig.
. S _d Two nucleotides which are based paired in stem-loop, 44 &hd
<E e . gedi" A161, can be chemically modified under native conditions @Ag.
H 0 1 e Their accessibility is probably due to the fact that both residues are
2 = S - at the base of structured regions on either side of the side bulge.
q' L e The well-conserved F-box sequenceA{GUUAC 79 is an

integral part of stem—loop Il. Four of its five residues are involved
in base pairing interactions. The experimental data are largely in
Figure 3. Autoradiograms showing the results of the enzyme probings of thefavour Of. the Str_ucwre pre_sented, Wlth. the. tetraloop and the side
thrSleader region. The lanes marked with a minus sign are control reactions if?Ulg€ being easily accessible to modifications by DMS, kethpxal
the absence of any RNase. T1, V1 and CL3 represent RNase T1, RNase V1 aaihd CMCT as well as to cleavage by RNases T1 and CL3JFig.
RNase CL3 digestions, respectively. Triangles indicate the direction ofPgint mutations within the F-box sequence almost always have

increasing enzyme concentration. The lanes marked U, G, C and A argyamatic effects on basal and induced expression of genes of this
sequencing reactions using the same primer as In the reverse tl’anscrlpta e

reactions. The position of conserved sequence or structural elements @MY (14,20). InthetyrSsystem, where a structure similar to the
indicated to the side of the gels. thrS stem-loop Il can be formed, compensatory mutations

restoring base pairing within the mutated F-box can partially

overcome the expression defect)( underlining the importance
probed using a transcript truncated to prevent formation of tHéf secondary structure in this region. Rolktsl proposed that
terminator. the possibility of forming an alternative structure, in which the

) ] F-box is in an apical loop, was important in the regulation of the
The terminatarWith a calculated free energy of =16 kcal/mol, tthrS gene and Suggested that this phenomenon m|ght be

terminator stem—loop is the most stable structure (per nucleotidgdneralized to include the other genes of this farhily. (Ve see

in thethrSleader. None of the nucleotides in the stem were foungp evidence that this potential alternative structure forms in the
to be accessible to chemical probes, even under semi-denatufRgs leader, eithein vitro under equilibrium conditions or under
conditions. A series of RNase V1 cuts on thei@e of the inducing conditionsn vivo (below).

terminator helix confirms its stable double-stranded nature4fig.  The third structured element in the central region othh®

and B). Strong stop signals are observed at the base of {Bgder is stem—loop IIl (Figl). This structure consists of 10 bp,
terminator structure In reverse transcriptase reactions, Underllnlagnnected by a seven residue |oop_ Nuc|eotig%'s bu|ged

the stability of the terminator (FigA and D; Fig.3). We have  There are two G-U base pairs in the centre of the stem, which
already shown the capacity of the terminator to prematurelyontains three reactive residues in the presence of magnesium,
terminate transcription both V|voand.|n.V|tro (2,15). Given the ~ Giaaand Gos (kethoxal) and b1 (CMCT). While this reflects
stability of the terminator structure, it is clear that the formatiofhe weak interaction between G and U residues, this part of the
of an alternative structure would require additional factors.  stem appears nevertheless to exist predominantly in a helical

Central region The region between the specifier domain and théonformation as evidenced by the RNase V1 cleavages at the

terminatorg forms threg stem—loop structlﬁ)res (1, Il and 11, $ig. %'UZH and the adjacent AdJ; base pairs (FigiB).

and contains a largely unstructured domain centred around the

T-box (nt 218-235). The unstructured region between stem-lodfne specifier domain and thé-&em-loop This is the most

[l and the terminator comprises 33 nt. Almost all of its residuesomplex structure within thilarS leader region and is composed

are accessible to chemical modification under native conditiortf a succession of stems and interior loops. If judged solely by the

(Fig. 4A) and there is only one minor RNase V1 cleavage in thehemical probing data, the double-stranded regions appear very

entire region. It thus appears that this sequence stretch labile since many guanosine and some adenosine residues in the

extremely flexible, despite a potential complementarity over eighi -half of the structure are accessible to kethoxal and DMS,

bases, including four G-U pairs. The lack of single strand-specifiespectively, under native conditions (F&fp). On the other

nuclease cuts suggests, however, that some loose base pairing ntightd, practically none of the complementary residues in the

occur centred around the two possible G-C base pairs, where 8ihalf of the structure are modified under the same conditions.

only RNase V1 cleavage was observed (). There are several reasons, however, why we think the proposed
Stem—loop | is a relatively stable structure. None of theecondary structure is correct. Thdalf of the specifier domain

principal residues in the stem were accessible to chemicgdnnot be folded into a reasonable alternative structure that would
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Figure 4. Summary of the results of the chemid@s) &nd enzymatidg) modifications of théhrSleader region. The RNA sequence is numbered every 10 bases. The
stem—loops are denoted Byssem—loop, specifier domain, stem—loops |, Il and 11, T-box loop and the terminator. Conserved sequences are in redpEedi&CC
codon is in shadowed letters. Green squares represent DMS modifications, red circles represent CMCT modifications andnbmieegiasent kethoxal
maodifications. Black crosses indicate non-specific reverse transcriptase stops in the control experiment. The closegabolepedicate modifications under
native and semi-denaturing conditions, respectively. The arrows in (B) represent the cleavages induced by RNases T{{bbes) &iBV1 (purple), respectively.
Bases that are not marked are unreactive towards the chemical probes. The size of symbols is proportional to the steodjficafitin or cleavage. Broken arrows

represent weaker cleavage sites.

leave the 5half largely unstructured. Moreover, the nucleasedo the other, as can be judged by comparing Figdresd6. The
observation of RNase V1 cleavages within the ACC bulge
do the DMS modification datan vivo, described below. The suggests that these nucleotides exist in a stacking conformation.
RNase V1 cleavage pattern provides evidence in support ofSaich a configuration would increase the stability of the interaction
helical conformation of the stems in the upper, central and lowevith the similarly structured anticodon of the tRNA, a phenomenon
part of the structure (FigB). We attribute the modification of the that, for example, explains the surprising stability of tRNA
G residues, at least partially, to a known denaturing effect of kethoxdimers, held together solely by the complementarity of their
under certain conditions2{). The asymmetrical modification anticodonsZ2). The functional significance of the AG-box and
pattern would then simply reflect the fact that most of the G residughe GNUG sequence is still mysterious but the introduction of

probing experiments support the proposed structure4Bjgas

by accident or design, are in thehalf of the specifier domain.

of this gene family: the specifier codon (ntp8-Ci11), the
AG-box (Asg-Ag3) and the GNUG sequence;$5Gyg). As

point mutations has dramatic consequences on both basal and
The specifier domain contains three well-conserved sequeniteluced expression (C.Condon and H.Putzer, unpublished results;
elements that occur in the same relative positions in the leadér§. Both consensus sequences appear to be part of loop structures
in the upper region of the specifier domain. The AG-box is readily
modified by DMS and kethoxal under native conditions and is
proposed in the model, the specifier codon is indeed bulged, kalso easily accessible to RNases T1 and CL3. On the other hand,
in contrast to the side loop on the opposite side of the structutke apical loop containing the GNUG sequence is much more
is less readily modified by DMS under native conditions. Thatructured, is modified mainly under semi-denaturing conditions,
degree of its modification can vary slightly from one experimeris not accessible to single strand-specific nucleases and is
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Figure 5. Autoradiogram and summary of the results of the chemical probing of the antiterminatothrStleader region. The right hand side shows the
autoradiograms of the chemical modifications. The modified bases were revealed by reverse transcription using oligorRt@®tdeprmer (Materials and
Methods). The sequence complementary to the oligonucleotide is sidelined. The left hand side summarizes the resultscaf tnedifieations. Green squares
represent DMS and blue diamonds kethoxal modifications. Black crosses indicate non-specific reverse transcriptasecsiopsliexperiment. The T-box is in
red. The arrow indicates the processing site seeivo.

susceptible to cleavage by RNase V1 (Hig.The reactivity antiterminator structure (Fid; 3,4,10). This interaction is thought
pattern of the GNUG loop thus resembles that of the specifi¢w favour formation of the antiterminator, which otherwise probably
codon bulge and may be indicative of a stacked conformation does not exist given the much greater stability of the mutually
a long-range tertiary interaction. A potential target sequencaexclusive terminator structure. In the case ofttifgleader, where
suitable for this kind of tertiary interaction can be found betweethe difference il\G between the two structures is 11 kcal, this is
the specifier domain and stem-loop h£6AGC127). However, clearly confirmed by the probing experiments (Big.In order to
compensatory mutations introduced into this sequence in orderdidy the conformation of a potential antiterminator structure, we
restore the non-inducible phenotype of point mutations in th@us used T7 RNA polymerase to synthesize a transthijito
GCUG sequence showed no effect at all (D.Luo and H.Putzefat ends at thEcoN| site within the loop of the terminator. Such
unpublished data). Moreover, Pb(ll) probing oftthi€leader did  a shortened transcript contains all the sequences necessary tc
not reveal any significant tertiary interactions (data not shownjorm the proposed antiterminator structure, but not the competing
We thus think that the modification pattern of the GNUG loogerminator. Moreover, this truncation does not alter the reactivity
observedn vitro is rather due to a stacking conformation. pattern of any of the nucleotides upstream of the potential
We have identified a small secondary structure, termed thgiterminator (data not shown). The chemical modification
5'-stem—loop, between the transcription start site and the basep%f“e between residues;§ and Gqg of the truncatedhrS
the specifier domain (Fig). Atfirst glimpse this stem—loop does |aaderis in agreement with the current regulatory modelgig.
not appear to.t_)e very stable or of much consequence, but guanosine (67 and Gopg and cytosine (&7 and Gsy)
chemical modification and RNase V1 cleavage patterns clearfgiqyes of the antiterminator bulge are modified by kethoxal and
support its existence. We cannot propose a functional role for t'b‘-f\/lS, respectively, under native conditions. On the other hand,

the three guanosine residues£Gyosand A3z making up the
Central part of the stem are only accessible to modification in the

L?;T)'I?/ Iant';Tbghz ggﬁtg.xzm.c?]nsgﬁgﬁg énofchAe': f)lzreesagd absence of magnesium, i.e. under semi-denaturing conditions.
stability but alway Inangh p g T IdUeSince the oligonucleotide used to prime the reverse transcriptase
in both the double-stranded and looped regions. This is especi

apparent in the large potentiaidiem—loop of the.subtilistrpS actions hybridizes to thé-8nd of the transcript, we could not
leader, where 16 out of 20 bp in the stem are A-U base pairs (d alysg the entire antiterminator structure. Due to the length of the
not shown) ranscript and the inconsistent migration of very short RNA

fragments we could not reliably extend the data collection by
The antiterminatorGenetic evidence obtained with three differentdirect (3 or 5) labelling methods. Nevertheless, the structure
genes of the T-box familytyrS thrS and ilv-leu) strongly proposed by Grundy and Henkit),(and shown in Figurg, is
indicates that, during amino acid starvation, the -NCCénd@ of = favoured over an alternative stem—loop structure that can
the wuncharged tRNA interacts with the complementargheoretically form in the shortendéietS leader. In this, theoretically
5-UGGN-3' sequence of the T-box bulged out of the proposethore stable, structure a large bulge forms in 8 of the stem



Nucleic Acids Research, 1998, Vol. 26, No. 23385

SPECIFIER DOMAIN ”/g

In Vive In Vitro In Viva  In Vitro sc” 0 Cy o InVitro &
e — — [+
123456 1234586 .’:;c g In Vivo
M _— il + - oME = el + - L] A "
A »
e - & o+ - - UECA ey - + + + - - UG CA o Reg go Vet b E .
. G u
_-—"W . = i & ﬂ\\c\c“ 80 a in Vitro
& = = —a 1 A c
- - - | =a 2 - = = LRI = RT Stop
Z3i° she cE3[
= ® _ |-ums - = i G—cC
- - L ] : - . = I s Ge Up-
- & = ’ =G 140 & LY T - _E =4 19 m\‘g_:ﬁ'
. . - = - — : —A 43 oA Am
: ¥ .
“: _*:; =4 150 -.;i: " "G—r;c.
. - U— A—100
. S B i BRE=== cA— 7 I
= - . ' F = OA—
- o B e -] - |- AT
i 2 - s =la =
F " = -
= - " - -
= g = = -Cim i - - - = . = ra bl i L w5
M a = = : = = o a=s—in
d T3:. 27 . : - "o vy oc
N ? - = - - - = |-as A Ce=110 & —=0C
a i "y =z A 160 Ly ¥ = e = c_a
=® i == = Pg—c® A—U
- — — o
2 3= == =G 90 G—c 160—8 s Uy
- - * . -_ = cA=—T 1 cs
. o - == W=0A—TU r_ac™™
B L= = 1% - = U =
- - l=A 100 x A G C—g=iio
s B 8 — p R a Am G— Can
- - - C -
TR EREl = i % -= 2 -0a” GV VU Am—iz0 T
11 - = £ ¥ ame L]} u R
- 2 —G 20 = - —-C 118 AE gac ’-’c =} % Am
- Am
2 - ’l- A oa : A
A Gsu A3 A
u c—an & A
H ! i R T A 150 g_:
- - -5 120 @ — 0—=C—
=Wz = A ':‘n-.g_: G—C
G n® 5 c—a
[ L A—U
1=A ac—g G ey
nC—@G @ + U—210
u—Aa u
[ Am & —C
u Am C—G
U _ Am c—a
I Wo—0q u
140 u ‘U
]
I =

Figure 6. Comparison of the vivoand then vitro DMS modifications of théhrSleader region. Thr-HX stands for threonine hydroxamate which was added to the
culture to starve it of threonine. For tinevivotests, bulk RNA was isolated from strain HP48 under normal growth conditions (without threonine hydroxamate) or
under threonine starvation conditions (in the presence of threonine hydroxamate). Control reactions were done in thddltSemmeoboth normal (lane 1) and
threonine starvation conditions (lane 2). Two concentrations of DMS (100 and/200ml culture) were used for the tesisvivo. The direction of increased
concentration is represented by the triangle. Fointlwéro tests, only one concentration of DMS was used. The presence or absence of DMS is denoted by a + ol
—sign. Lanes marked U, G, C and A are sequence reactions using the same oligonucleotide as primer as were usedtiatiseniptaseeeactions. The consensus
sequences in the leader region of the T-box genes are indicated in red. The results of the comparison are summarieeuhitictiecmidary structure of theS

leader. The RNA sequence is numbered every 10 bases. The yellow, blue and red squares indicate the DMS modificatiamsitiosamiyeth vivo only or both

in vivoandin vitro, respectively. A black cross marks a non-specific reverse transcriptase stop in the control experiment. The terminajasttheld-box region

were not probed in thia vivo experiments, because of the processing ahit®messenger RNA that occurs in this region. The processing site is located at nt 241.

The primer HP241 used is complementary to sequences just upstream of this site.

and the T-box sequence is in a completely double-strandetl thrStranscripts are cleaved at this position when expression is
conformation. induced under threonine starvation conditiotis1(2). We thus
chose a reverse transcriptase primer which hybridizes to the
DMS modification of the thrS leaderin vivo 3-end of the processed transcript. The DMS modifications
observed under threonine starvation conditiong/oessentially

Structural probingn vitro necessarily involves an RNA molecule confirm thein vitro data (Fig6), although the specifier domain
whose conformation represents a state of minimal or neappears to be significantly more stalevivo. None of the
minimal free energy. In order to assess the significance of the da@enosine residues in the double-stranded regions, which were
obtainedin vitro described above, we probed timeS leader quite accessible to methylation by DN#Bvitro, were modified
structurein vivo using DMS. While the comparison is limited to in vivo (Fig. 6). At the same time the majority of bulged and
only one probe, DMS being the only one of the probes usddoped regions showed a very similar modification pattevivo
capable of penetrating the bacterial membrane, this methaadin vitro. While the ACC specifier codon was not always
nevertheless provides valuable information on RNA structurmodifiedin vitro, we reproducibly obtained significant modification
during the transcription process itself and in the presence of amy vivo. The central domain containing stem-loops I-lIl also
potential regulatory factors abs@mvitro. We could only analyse showed a very similar reactivity pattern towards DM@voand

the thrS leader up to nt 210 because of an endonucleolytim vitro, as can be judged by the accessibility of single-stranded
cleavage event that occurs at positionig4dvo. Almost 90% of  regions and the non-reactivity of helices (Fp.
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Residues in single-stranded regions which reacted with DM
in vitro under native conditions but were not modifiedivoare xS L R tONS SPECIFIER DOMAIN  ©
of special interest, since they might indicate sites of interactic #tx - + - - + - r. &
with potential regulatory factors. However, there are relatively fey ThrHx - - + - - + P

0, AT A
of such nucleotides: 4, A4g, Asg, Ags, Aisz and Ay (Fig. 6). i i i ;“*@G “céf\c"u'ucc@m
Thus, if an interaction with regulatory factors exists, it involve: 44 Ik ®e 'e® \
only very few nuleotides or the time of interaction is short relativ = ¥
to the half-life of the mRNA. Given that we don't see any -
evidence for the tRNA:mRNA interaction either, even unde
starvation conditionm vivo, we favour the hypothesis that these =
interactions may be short lived. +41

It is interesting to note that some residues in supposed
double-stranded regions, which are not reactive to DMS und
native conditionsn vitro, are modifiedn vivo. These are 3,
C72, Ci34 Ci35 Gis1 and Ggjp, even though guanosine is
normally not modified by DMSin vitro (Fig. 6). These 2 5
differences might reflect the formation of intermediary structure
in the leader as it is being synthesiaredivo or the binding of =
other factors. The non-reactivity ofi#s and As4, and the
accessibility of Gg; to DMS madificationin vivo could, for
example, be explained by alternative folding of stem—loop II. Th
stem can be shifted by 3 nt in thedirection to include nt
A153-U1ss This structure would contain a five residue bulge
(nt 158-162), be compatible with the observed modifications ai
render Ggi accessible. In both cases, the F-box element
involved in base pairing interactions. DMS modification of
guanosine residues leading to chain termination occurednonly
vivo and has been observed previoush)(This may reflect the
formation of a ring-opened derivative of 7-methylguanine found
in cells treated with alkyl&}tmg ag(_an%?g{ which was ,Shown to, Figure 7. Comparison of the DMS modification patténmnvivo under normal
produce premature termination in primer extension reactiongrowth and threonine or arginine starvation conditions. The autoradiogram
using T4 DNA polymerase2{). shows the DMS modifications revealed by reverse transcription using primer

We also compared folding of tharS leaderin vivo under HP9 complementary to nt 145-165. The presence or absence of threonine
normal and inducing conditions. This study was limited to thelYdroxamate (Thr-HX) and arginine hydroxamate (Arg-HX) in the cell cultures

e . . . . . is indicated by + or — signs. Bases corresponding to the specifier codon, the
specifier domain, since we did not obtain clear signals for th@g.-pox and the transcription start point are indicated to the right side of the
central domain under normal growth conditions. During threonineutoradiogram. The arrow indicates the approximate position in the leader up
starvation, significant increases in DMS reactivity occur atto Wh?ch 'the 5half of the Spe_cifier domair_]_shows a differenti_al backgrot_md
numerous residues throughout the specifier domain -(Flgn modlflcgtlon pattern under _d_lfferent condltlong (text). Blue cm_:l_es _hlghllght

. .. . o eee nucleotides which are specifically more sensitive to DMS modification under
the region comprising the first 85 nt or so, it is difficult to aSS€S%conine starvation conditions.
their significance because of an apparent disappearance of the
background signal from this point on in lanes 4 and 5. There are
two possible explanations for this phenomenon. The first is thaaryation (Fig.7). This observation, which also includes the
the region between +1 and +85 is more sensitive to nucleolyligec specifier codon, could be related to the fact that the entire
attack under normal growth conditions and that the decreasggmain seems to be much better definadvothanin vitro. The
stability accounts for the lack of signal. An increased sensitivit,creased compactness of the structure, possibly a result of
of this part of the leader to nucleases under non-inducingeraction of the mRNA with the tRNA and/or other regulatory
conditions is consistent with the observation that the signghctors, might force the bulged regions into a more reactive
corresponding to the transcription start point is 3- to 4-folgonformation. On the other hand, it is also possible that the increased
stronger under starvation conditions relative to non-inducinghagification of these bands is caused by the dissociation of potential

conditions in the control experiment (without DMS), despite the fa@otein factors under starvation conditions, as described above.
that we have previously shown that regulationhd® expression

does not occur at the level of transcription initiatya%). A second Conclusion

possibility (that does not account for the increased transcription Stare

point signal) is that these modifications are significant and th@ur data provide insight into the structural elements oftit&

increased accessibility of these residues during induction is dieader mRNA involved in tRNA-mediated antitermination.

to the dissociation of potential regulatory factors that bind theddany, if not all, of the leaders of this gene family can be folded

regions under normal growth condtions. Experiments are underweythe same or a very similar manner and this holds especially true

to distinguish between these two possibilities. for the specifier domain (data not shown). Despite several
Downstream of nt 85 the background signal is more or less tlatempts, we could not reproducibly demonstrate a direct

same under all growth conditions and several residues areeraction between thbrSleader and tRNRggyisoacceptor.

nonetheless significantly more reactive to DMS during threonin€his was not entirely unexpected since uncharged TRNAU
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alone is insufficient to promote increased termination read-througé
in anin vitro transcription system. One of the reasons might be th
lack of stability of the specifier domaim vitro or the absence of
significant tertiary structure as judged by lead (Pbll) probingg
(data not shown). The interaction with the tRNA alone is
apparently not sufficient to fold the leader mRNA into a higher
order structure which might well ocdarvivo. The identification

of other factors involved in this complex regulatory mechanisnyy
is needed to attribute a more precise function to the different
structural elements. 12
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