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ABSTRACT Induction of the Bacillus subtilis sacB gene
and sacPA operon and Escherichia coli bgl operon is mediated
by structurally homologous antiterminators encoded by the
sacY, sacT, and bglG genes, respectively. When activated, these
proteins prevent early transcription termination at terminators
located in the leader regions of the three operons. BglG was
previously shown to bind in vitro to an imperfectly palindromic
29-nucleotide RNA sequence located upstream of the termina-
tor and partially overlapping with it [Houman, F., Diaz-
Torres, M. R. & Wright, A. (1990) Cell 62, 1153-1163].
Similar motifs, here termed ribonucleic antiterminators
(RATS), strongly conserved in sequence and in position, are
found in the leader of both sacB and sacPA. Mutations were
created in sacB RAT and tested in B. subtilis; this showed that
sacB RAT is the target for SacY-mediated induction of sacB
and that a stem-loop structure in the mRNA is required for
regulatory function. Mutations increasing the similarity of the
sacB RAT with those of sacPA or bgl rendered sacB inducible
by SacT or BglG, respectively; most of these changes did not
strongly affect induction by SacY, suggesting that the nucleo-
tides at these variable positions act as negative specificity
determinants.

Induction of the Bacillus subtilis levansucrase (sacB) gene by
sucrose and the Escherichia coli B-glucoside (bgl) operon by
B-glucosides is controlled by similar transcriptional antiter-
mination mechanisms (1-3). In both systems, transcription
initiates constitutively from the promoter; in the absence of
inducer, most transcripts terminate at a terminator located in
the leader region, between the promoter and the first gene; in
the presence of inducer, a trans-acting protein (antitermina-
tor) is activated and prevents early transcription termination
(1, 2). Sucrose induction of the B. subtilis sucrase (sacPA)
operon appears to follow a similar mechanism (4, 5). The
antiterminator BglG is encoded by the first gene of the bgl
operon. Between bglG and the second gene (bglF) lies a
second BglG-controlled terminator (6). In B. subtilis, the
sacY and sacT gene products are required for induction of
sacB and sacPA, respectively (3-5). BglG, SacY, and SacT
are very similar proteins, with 48% identity between SacY
and SacT and 30% between SacY and BglG (5). It was shown
in vitro that BglG is an RN A-binding protein that recognizes
a specific sequence located upstream of each of the two bg!
conditional terminators (7). These 29-nucleotide sequences
partially overlap with the terminators; thus, binding of BglG
to these sequences, hereafter referred to as ribonucleic
antiterminator (RAT) sequences, might prevent the forma-
tion of the termination structures. Similar RAT sequences are
present in the sacB and sacPA leader regions and overlap
with the terminator sequences in exactly the same way (5).
This suggests that they are binding sites for SacY and SacT
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in the leader of sacB and sacPA mRNAs, respectively. The
same model can therefore be proposed for the three systems:
when activated by the inducer, the antiterminator binds to the
RAT sequence in the nascent mRNA as soon as it emerges
from the transcription complex; this binding prevents forma-
tion of the terminator structure, allowing transcription read-
through. This general model raises several questions. How
does binding of the antiterminator to the RAT element
prevent terminator formation? Is it by direct sequestration of
nucleotides required for terminator formation or by stabili-
zation of a secondary structure of the RAT, itself sequester-
ing critical nucleotides? Do the mRNA sequences upstream
of RAT have any role? SacY and SacT control the expression
of sacB and sacPA, respectively, although weak crosstaltk
can be detected under certain conditions (4). This raises the
question: What determines the specificity of the RNA/
antiterminator interaction? To test the model for the sacB/
SacY system, we constructed mutants of the sacB RAT
region and developed a system allowing in vivo measurement
of the interactions between SacY and these mutant leader
regions. This experimental system was also used to identify
the nucleotides that control the specificity of the interaction
between one RAT and its cognate antiterminator.

MATERIALS AND METHODS

Bacterial Strains, Transformation, and Transduction. The
E. coli strain used, TGI (3), was transformed by the calcium-
shock procedure. B. subtilis was transformed by using nat-
ural competence. SPB lysate was prepared by thermoinduc-
tion, and B. subtilis strains were transduced as described (8).
B. subtilis GM856 (sacBA23, SPBSA1) was derived from
strain PY480 (8); sacBA23 is a deletion mutant of sacB (9); the
SPBSA1 prophage, whose genotype is SPBc2A2::Tn917::
lacZ (see Fig. 1), was constructed by replacing the transpo-
son present in PY480 prophage, with the Tn917-lac transpo-
son present in pTV32 (10). All B. subtilis strains used are
isogenic derivatives of GM856; GM882 contains the sacXYA3
allele (3); GM904 contains the sacTA4 allele in which a Bcl
I-Bgl 11 deletion has removed all the sacT coding sequence
except the first 16 and last 4 codons. GM905 is GM856 with
both the sacXYA3 and sacTA4 deletions. The sacXYA3 and
sacTA4 alleles were introduced into GM856 chromosome by
using the in vivo allele-exchange methodology previously
described (3). GM906 was obtained by transformation of
GM905 with the replicative plasmid pBG4 expressing the E.
coli bglG4 gene and conferring phleomycin resistance.
GM982, a sacY-overexpressing GM904 derivative, was ob-
tained by replacing the 1-kilobase-pair Sal I-Sst 1 segment
containing the 5’ end of sacX (3) in the GM904 chromosome
with the aphA’ cassette, a kanamycin-resistance gene devoid
of transcription terminator (11); this substitution created an
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aphA'::sacY transcriptional fusion that expressed high levels
of SacY and that was constitutively active because of the
sacX deletion.

Plasmids. pBG4 is replicative in B. subtilis and contains the
bglG4 gene, coding for a B-glucoside-independent BglG vari-
ant, under control of the inducible spac promoter. pBG4 was
constructed in two steps: first, the bglG4-containing Eco109-
Pvu 11 fragment from pT70AC-G4 (12) was inserted at the
Xba 1 site of pDG148 (13); second, 5 base pairs were deleted
at the Ecol09 site regenerated at the bglG4 5’ end to optimize
the distance between the ribosome binding site and the
initiation codon of the bglG4 gene. Plasmid pIC38 was
obtained by ligation of the large Nar I-Pvu Il fragment of
pUC18 (14) with a Nar I-Hpa 1 fragment of the plasmid
pTSBG6.3 (15), which contains a tripartite fusion of the B.
subtilis trpE promoter (—48 to +16, constitutive), the leader
region of sacB (—20 to +199, plus the five first codons of
sacB), and the 5’ end of lacZ (Fig. 1).

B. subtilis Liquid Cultures and B-Galactosidase Assays.
MMHG is MM minimal medium (9) containing 0.25% (wt/
vol) casein hydrolysate and 1% (wt/vol) glucose; CHg me-
dium is minimal C medium (4) containing 0.25% (wt/vol)
casein hydrolysate and 1% (wt/vol) glucitol. Strains GM856,
GM904, and GM982 were grown in MMHG medium; strains
GMS856 and GM904 were induced (i.e., SacY-activated) by
addition of 2% (wt/vol) sucrose. Strain GM882 was grown in
CHg medium and induced (i.e., SacT-activated) by addition
of 0.1% (wt/vol) sucrose. Strain GM906 was grown in CHg
medium in the presence of phleomycin (0.2 ug/ml); the
spac::bglG4 fusion was induced by addition of 0.5 mM
isopropyl B-p-thiogalactoside. Samples of cultures (4) were
assayed for B-galactosidase activity by the method of Miller
(16).
In Vitro Mutagenesis. The small BamHI-HindIII fragment
of pIC38 (Fig. 1) was inserted into pBluescript (Stratagene).
Double-stranded plasmid DNA was used for site-directed
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FiG. 1. Genetic system for phenotypic characterization of mu-
tations in the sacB leader region. (a) Structure of the tripartite fusion
of a constitutive promoter (trpEp), a BamHI-Xba 1 linker, the
promoter-free sacB leader region (hatched box), and the 5’ end of the
lacZ gene (black box); the sacB leader is the —20 to +199 sacB
regulatory region plus the first 5 codons of the sacB coding sequence
(sacB’); sacB'’ is fused in frame to the eighth codon of the lacZ coding
sequence by a HindI1l linker. Restriction sites: E, EcoRI; B, BamHI;
X, Xba 1; A, Acc I; H, HindlIl. (b) pIC38 contains the tripartite
fusion, a chloramphenicol-resistance gene (Cm’) functional in B.
subtilis, and the ampicillin-resistance gene (Ap’) and replication
origin (ori) from pUC18; some unique restriction sites are indicated.
N, Nar 1. (c) GM856 contains the Tn9/7-lac transposon inserted into
a thermoinducible SPB prophage (not to scale). (d) GM856 transfor-
mation to Cm” with pIC38 DNA created a trpEp::'sacB’::lacZ fusion
within the SPB prophage. SPB8 phage lysate prepared from the
transformant can be used to transduce the fusion into recipient
strains.
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mutagenesis (17). After mutagenesis, single-stranded DNA
was prepared and the sequence of the BamHI-Acc 1 or Acc
I-HindIII fragment was checked (14). The mutated fragments
were then substituted for the wild-type fragments in pIC38.

RESULTS

The sacB RAT may form several different stem-loop struc-
tures. Assuming that sacB, sacPA, and bgl RAT elements
(Fig. 2a), which are the putative targets of homologous
regulatory proteins, form similar structures in vivo, we have
constructed a model for the sacB RAT that is a compromise
between stability (18) and applicability to the four RAT
sequences (Fig. 2b). The differences between the four RAT
sequences lie only in bulges or in the loop, except for bglF
RAT, where a pair of compensatory differences are present
in the stem (Fig. 2). The predicted stabilities (18) of the
proposed RAT structures (AG = —4 to —5 kcal/mol) are
much lower than those of the associated terminator struc-
tures (AG = —18 to —30 kcal/mol). This model is similar to
that previously proposed for bgiG RAT (7).

The system to test in vivo mutations created in the sacB
leader region is schematized in Fig. 1. An integrative plasmid
(pIC38 or a mutant derivative) can be inserted by homologous
recombination into the lacZ gene present within the SPB
prophage in GM856. This results in a tripartite fusion of a
constitutive promoter, the sacB leader region, and the lacZ
reporter gene. SPB phage lysate prepared from the trans-
formant can be used to transduce the fusion into mutant
strains; depending on the recipient, the B-galactosidase ac-
tivity is a marker for the in vivo interaction of SacY, SacT,
or BglG with the sacB wild-type or mutant leader sequence.

Substitution Analysis of the sacB Leader Sequence Upstream
of RAT. There is no similarity between the sequences up-
stream of the two bgl RATs (19). The model proposed for the
regulation of this operon did not assign any role to them (7).
Those present upstream of sacB and sacPA RATs are dis-
similar, except for the three nucleotides preceding the 5’ end
of the RAT, and dissimilar to the corresponding bgl se-
quences (Fig. 2a). To test whether the sacB RAT sequence
is sufficient, upstream of the terminator, for efficient induc-
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sacB TCGCGCGGGTTTGTTACTGATAAA GCAGGCAAGACCTAAAATG
sacPA ATAAGCGGGATTGTGACTGGTAAA GCAGGCAAGACCTAAAATT
bglG  AATGACTGGATTGTTACTGCATTC GCAGGCAAAACCTGACATA
bglF  GAGTAAAGGATTGTTACCGCACTAAGCGGGCAAAACCTGAAAAA
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FIG.2. (a) Sequences upstream of the conditional terminators of
the B. subtilis sacB gene and sacPA operon and the E. coli bgl
operon. The terminator sequences overlap with the four RAT
elements in exactly the same way. (b) Predicted secondary structures
of sacPA, sacB, bglG, and bglF RAT elements. sacPA and sacB
RAT sequences differ at three positions (indicated by arrows in
sacPA RAT); five positions are identical in the two bg! RATSs but
differ in the sacB RAT sequence (indicated by triangles in bglG and
bglF RATS); a pair of compensatory differences in a stem region of
bglF RAT is marked with black circles.
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FiGg. 3. Substitutions upstream of sacB RAT. The heterologous
sequences substituted upstream of sacB RAT are in boldface letters.
The mutations were introduced into the trpEp::'sacB’::lacZ fusion of
pIC38 (schematized at the top) by replacement of the BamHI-Acc 1
(B-A) fragment: a C — A point mutation created a Nru I site
(pIC38Nru); the replacement of the sequence located between this
site and the BamHI site led to pIC38.S; and deletions internal to the
polylinker led to the pIC38.SA set of plasmids. Hyphens indicate
gaps introduced for sequence alignment. The 5’ end of RAT is
underlined. A black circle indicates the first nucleotide of sacB
mRNA in B. subtilis wild type; in the trpEp::'sacB’::lacZ test fusion
the transcription initiates 23 nucleotides upstream of the BamHI site.

tion of sacB, the sequence located upstream of RAT was
replaced by heterologous sequences (Fig. 3). First, we cre-
ated an Nru I site centered 4 bases upstream of the 5’ end of
the sacB RAT sequence (mutation Nru). Second, the se-
quence present upstream of this site was replaced with a
polylinker (substitution S). In a third step, deletions were
created in the polylinker (Fig. 3). Plasmids carrying these
substitutions were inserted into SPBSA1 prophage as de-
scribed in Fig. 1. The lacZ reporter gene was inducible by
sucrose in mutant Nru but the g-galactosidase activity was
only 80% that of wild type (Table 1). Inducibility was
preserved by substitutions S and SA1, but expression of lacZ
reached only 55% that of the wild type. Substitutions SA2,
SA3, SA1A2, and SA3A4 had more drastic effects: inducibility
was completely lost in the SA3 mutant, and lacZ expression
was largely constitutive in SA1A2. Two other substitutions by
longer and entirely dissimilar and independent sequences

Table 1. lacZ expression in GM856 derivative strains containing
a trpEp::'sacB’::lacZ fusion with mutations in the sacB leader
region

B-Galactosidase activity,

units
Mutation — Inducer + Inducer
Wild type (pIC38) 1 22
Nru 1 18
S - 12
SAl - 12
SA2 2 10
SA3 - -
SA1A2 4 10
SA3A4 1 5
2A - -
19U 1 1
20A - -
6A - -
6A/23U - 3
6C/23U - -
6C/23G - 8

Mutations are described in Figs. 3 and 4. Cultures were grown and
induced and extracts were prepared and assayed as described in
Materials and Methods. Assays were repeated three to five times
with samples from independent clones. Standard deviations were
15% or less of the mean when activities of 4 units or more were
measured, and 40% or less of the mean for smaller activities. One
representative result is given for each strain/mutation combination.
—, 0.5 unit or less.
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were also created: one led to a phenotype similar to that of
substitution S, the other to constitutive (and non-overinduc-
ible) expression of lacZ (data not shown). Overall, these
results show that the upstream context of RAT is important for
optimal functioning of the system, but also that some se-
quences dissimilar to that of the wild type can supply an
appropriate context.

Genetic Evidence for Stem—Loop Pairing of sacB RAT. To
test the secondary structure model, mutations were created
in sacB RAT and tested in B. subtilis. The 2A, 6A, 19U, and
20A mutations (Fig. 4), expected to alter the proposed
structure, abolished the inducibility of the lacZ reporter gene
(Table 1). The 6A/23U double mutation, which consists of 6A
plus the presumed compensatory mutation, restored signifi-
cant inducibility to lacZ. Furthermore, in the 6C/23G double
mutant (G-C — C-G), lacZ was inducible. This demonstrates
that pairing between the nucleotides at positions 6 and 23 is
essential for sacB RAT function. The probable lower stability
of the RAT structure in the 6U/23A mutant and a possible
modification of RAT three-dimensional geometry in the 6U/
23A and 6C/23G mutants could be the reason for the weaker
level of lacZ induction. These substitutions could also affect
direct interactions between the antiterminator and the nucle-
otides 6 and/or 23.

Mutagenesis of the Nucleotides in sacB RAT That Differ
from Those in sacPA RAT. The sacPA and sacB RAT
sequences differ at only three positions. According to the
model, these nucleotides are unpaired. We replaced each of
these three nucleotides in sacB RAT with those present in
sacPA RAT (mutations 3A, 8G, and 13G; Fig. 4). The
mutated fusions were introduced into strain GM882 [A(sacY),
sacT*], where B-galactosidase activity reflects the SacT
antitermination activity. Mutation 3A had a significant pos-
itive effect on B-galactosidase activity, 13G had a weaker
positive effect, and 8G appeared to be neutral (Table 2). The
phenotypes of the 3A/8G double mutant and 3A/8G/13G
triple mutant showed that the effects are cumulative (Table
2). In GM904 [A(sacT), sacY*], 3A and 13G appeared to be
neutral whereas 8G had a negative effect. The neutrality of
3A and 13G could reflect an intrinsic neutrality. Alterna-
tively, SacY could be abundant and therefore saturate sacB
RAT; this is unlikely, since SacY appears limiting in the wild
type (3, 15). This was confirmed: the SPBSA1::pIC38 mutant
and wild-type phages were transduced into the SacY-
overproducing strain GM982. B-Galactosidase activities
were about 20-fold higher than those obtained in induced
GM904; the presence of 3A, 8G, and 13G led to 85%, 50%,
and 110% of wild-type activity, respectively. Thus, mutations
3A and 13G have little effect on induction of the fusion by
SacY.

The U at position 3 and A at position 13 of sacB RAT thus
appear to prevent interaction with SacT without being re-
quired for the interaction with SacY. The mutation 8G seems
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FiG. 4. Mutations in sacB RAT. Conserved nucleotides in sacB,
sacPA, and bgl RAT sequences are in boldface letters.
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Table 2. Phenotype of sacB RAT mutations in different genetic
backgrounds

B-Galactosidase activity, units

GM904 GM882 GM906

(sacY?) (sacT?) (bglG4)
Mutation —i +i —i +i | +i
Wild type (pIC38) - 13 - 4 - 4
3A - 13 - 34 - 11
8G - 6 - 5 ND ND
13G 1 19 1 11 ND ND
3A/8G - 11 - 28 ND ND
3A/8G/13G 1 15 1 45 ND ND
13C 1 16 ND ND 1 5
26A/t 1 14 ND ND 1 5
26A 3 17 ND ND ND ND
t 1 19 ND ND ND ND
3A/26A/t 1 11 ND ND 1 25
3A/13C/26A/t 1 14 ND ND 1 40
16U - 11 - 3 - 3

Mutations are described in Fig. 4, except the t allele, which is a
compensatory mutation of 26A (see text). Cultures, extracts, assays,
and standard deviations are described in Table 1 legend. —i/+i,
Culture in the absence/presence of inducer; —, 0.5 unit or less; ND,
not done.

to lower the affinity of the RAT sequence for SacY without
increasing that for SacT, so the G at position 8 might play a
similar, symmetrical, role in sacPA RAT. It is clear, how-
ever, that changing the nucleotides at position 3 or 13 of the
sacB RAT to those present in the sacPA RAT increases sacB
induction by SacT.

Mutations in sacB RAT That Allow Recognition by BgiG.
Role of the Loop. The sacB, bglG, and bglF RAT sequences
differ at several positions, most of them being in the loop.
There are only five positions where the nucleotides present
in both bgl RATs are the same but different from that present
in the sacB RAT (Fig. 2b). We replaced the nucleotides
present at three of these positions in sacB RAT with those
present in the two bgl/ RATs (mutations 3A, 13C, and 26A;
Fig. 4). The mutation 26A, a G — A substitution, affects both
sacB RAT and the 5’ end of the terminator; it was therefore
associated with the mutation t (a C — T substitution 61
nucleotides downstream) expected to compensate the desta-
bilizing effect of 26A in the terminator structure. These
mutations were tested in strain GM906 [A(sacY), A(sacT),
bglG4]. Mutation 3A had a positive effect on the interaction
with BglG, whereas 13C and 26A appeared to be neutral
(Table 2). There was synergy between 3A and 13C or 26A:
when 26A was associated with 3A, lacZ expression was
double that with 3A alone. When 13C was introduced into the
3A/26A double mutant, lacZ expression again doubled (Ta-
ble 2). This demonstrates the involvement of residues at
positions 3, 13, and 26 of bglG RAT in the efficient interaction
with BglG. In GM904 [A(sacT), sacY*], the presence of the
3A, 13C, and 26A mutations, either independently or in
combination, had no significant effect on lacZ expression
(Table 2).

The central parts of the two bgl RATs (i.e., the upper part
of the loop) are different (Fig. 2). BglG can also efficiently
interact with the 3A/13C/26A mutant sacB RAT, which is
identical to bg/G RAT except for the loop. A mutation (16U
Fig. 4) in the loop of sacB RAT was neutral for induction by
SacY, SacT, or BglG (Table 2). These observations suggest
that recognition by the antiterminator is largely independent
of the nucleotides of the top of the loop in RAT sequences.

DISCUSSION

The bgl, sacB, and sacPA RAT sequences have the potential
to form similar stem-loop structures (Fig. 2); since their 3’
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end overlaps with the 5’ end of the terminator sequences, the
proposed structure for RAT and that of the terminator cannot
both form simultaneously. However the predicted stability of
the RAT structure is lower than that of the terminator. The
antiterminator might stabilize the RAT structure, thus pre-
venting the formation of the terminator. Mutations expected
to destabilize the sacB RAT structure (2A, 6A, 19U, 6C/23U,
and 20A) were shown to abolish induction of the sacB’'::lacZ
gene fusion, although mutations affecting nucleotides sup-
posed to be unpaired (3A, 8G, 13G, 13C, 16U, and 26A) had
little effect on induction of the fusion by SacY, with the
exception of 8G, which had a weak negative effect. The
mutations that abolished induction may affect the interaction
between RAT and the antiterminator, base pairings crucial
for the RAT structure, or both. But the phenotype conferred
by two pairs of compensatory mutations (6A/23U and 6C/
23G) gave strong evidence for the pairing of nucleotides at
positions 6 and 23. We conclude that this pairing is necessary
for efficient function of sacB RAT in vivo and underline that
the phenotypes of all mutations were consistent with the
proposed model (Fig. 5).

The sequences upstream of the four RAT sequences differ.
However, the sequence upstream of the sacB RAT has arole:
substitutions with heterologous sequences significantly low-
ered or abolished induction of the reporter gene. Assuming
that these substitutions did not modify the stability of the
mRNA the results suggested that the wild-type sequence
upstream from sacB RAT gives the context required for the
folding of RAT in the nascent mRNA before completion of
transcription of the terminator. This could be important for
such a target because RN A molecules begin folding as they
are synthesized, and sequences could become Kinetically
trapped in a structure that is not the one required for function.
A similar (non-neutral) role has been attributed to the se-
quence context of the RNA target of the human immunode-
ficiency virus Rev protein (20). In E. coli, sequences linked
to promoters can affect the efficiency of downstream Rho-
independent termination sites, probably by provoking the
change of the RN A polymerase conformation from a resistant
to a competent state for termination (21). Such a phenome-
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Fic. 5. Structural model of sacB RAT and specificity determi-
nants. Conserved nucleotides in the four RAT sequences are in
boldface letters; the 29 residues of sacB RAT are numbered as in Fig.
2; the 6 bases overlapping the terminator are indicated. Base pairing
between nucleotides 6 and 23 (indicated by a triple hyphen) was
demonstrated with pairs of compensatory mutations; point mutations
at positions indicated by black circles abolished RAT function; the
positions framed (U-A base pairs) are CG in bgiF RAT. Nucleotides
at positions indicated by arrows are involved in the control of the
specificity of the RAT/antiterminator interaction: the thickness of
the arrow is proportional to the magnitude of the phenotype of the
mutation; recognition by the antiterminator appears largely indepen-
dent of the nucleotides of the upper part of the loop (positions 14-17).
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non, if it exists in B. subtilis, could explain the phenotype of
some of the mutants.

BglG binding to bgiG RAT has been demonstrated in vitro
(7). Mutant sacB RAT with nucleotide 3 or 13 replaced by that
present in sacPA RAT was an efficient target for SacT;
similarly, sacB could be efficiently induced by BglG when
substitutions made sacB RAT more similar to bg/ RAT. This
shows that the RAT sequences are the in vivo targets of the
antiterminator proteins.

An unexpected observation was the synergic effect ob-
served between a mutation (3A) that increased sacB induc-
tion by BglG and mutations (13C and 26A) that appeared
neutral. The in vivo experimental procedure used in this
study results in data reflecting a sum of interactions and
events. RAT mutations might differentially affect the asso-
ciation and dissociation parameters of the RAT/antitermina-
tor complex; 3A may be particularly efficient with BglG by
increasing the turnover of the complex and, therefore, the
concentration of free BglG; 13C and 26A may stimulate the
association without stimulating induction if they do not
increase the turnover. The synergy could also reflect a
two-step process in the RAT/antiterminator binding, asso-
ciated with a conformational change of the target: a U at
position 3 could prevent the transition from a poor to an
efficient interaction with BglG; nucleotides 13 and 26 might
affect the interaction only after this transition. These detailed
mechanisms are, however, speculations.

Mutations of sacB RAT that result in sacB induction by
SacT or BglG did not strongly affect induction by SacY; the
nucleotides at positions 3, 13, and 26 in wild-type sacB RAT
appear to prevent binding with noncognate antiterminators
and therefore play a role of negative specificity determinants.
This type of specificity determinant has been described for a
few RNA-protein interactions (22). In the case of yeast
tRNAA®P, three posttranscriptional modifications are essen-
tial to prevent mis-aminoacylation by arginyl-tRNA synthe-
tase (23).

In conclusion (Fig. 5), some bases in the stem regions of the
model appear to be paired and thus determine the formation
of the sacB RAT structure required for function. Some of the
unpaired bases control the specificity of the RAT/
antiterminator interaction: the residues 3U, 13A, and 26A of
sacB RAT appear to be negative specificity determinants.
The results do not allow us to identify the bases that directly
interact with the antiterminators; this function may be ful-
filled by some of the paired nucleotides and/or the unpaired
nucleotides conserved in the four RAT sequences and located
in the immediate proximity of the nucleotides involved in
negative specificity discrimination.

Sequence similarities among the three RAT/antiterminator
systems suggest that they evolved from one common ances-
tor. The original regulatory system might have been dupli-
cated to control expression of different metabolic pathways
in the same cell. Our results suggest that the divergence of the
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duplicated regulatory systems could have occurred by selec-
tion of substitutions that reduced inappropriate interactions
rather than increasing the appropriate ones. '
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