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ABSTRACT

Expression of the trpEDCFBA operon of Bacillus subtilis is regulated by transcription attenuation and translation control
mechanisms. We recently determined that the B. subtilis trp leader readthrough transcript can adopt a Mg**-dependent tertiary
structure that appears to interfere with TRAP-mediated translation control of trpE. In the present study, sequence comparisons
to trp leaders from three other Bacillus sp. were made, suggesting that RNA secondary and tertiary structures are phylogeneti-
cally conserved. To test this hypothesis, experiments were carried out with the trp leader transcript from Bacillus stearother-
mophilus. Structure mapping experiments confirmed the predicted secondary structure. Native gel experiments identified a
faster mobility species in the presence of Mg>*, suggesting that a Mg>*-dependent tertiary structure forms. Mg”>*-dependent
protection of residues within the first five triplet repeats of the TRAP binding target and a pyrimidine-rich internal loop were
observed, consistent with tertiary structure formation between these regions. Structure mapping in the presence of a competitor
DNA oligonucleotide allowed the interacting partners to be identified as a single-stranded portion of the purine-rich TRAP
binding target and the large downstream pyrimidine-rich internal loop. Thermal denaturation experiments revealed a Mg>*- and
pH-dependent unfolding transition that was absent for a transcript missing the first five triplet repeats. The stability of several
mutant transcripts allowed a large portion of the base-pairing register for the tertiary interaction to be determined. These data
indicate that RNA secondary and tertiary structures involved in TRAP-mediated translation control are conserved in at least four
Bacillus species.
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INTRODUCTION pabA (trpG) and yhaG genes, involved in tryptophan bio-
synthesis and transport, respectively (Babitzke et al. 1994;
Yang et al. 1995; Du et al. 1997; Sarsero et al. 2000). TRAP
consists of 11 identical subunits arranged in a single ring
(Antson et al. 1994, 1995). Cooperative binding of 11 tryp-
tophan molecules activates TRAP to bind single-stranded
RNAs that contain multiple (G/U/A)AG triplet repeats
with the RNA wrapping around the periphery of TRAP
(Otridge and Gollnick 1993; Babitzke et al. 1994; Ba-
bitzke and Yanofsky 1995; Babitzke et al. 1996; Antson et al.
1999).

Reprint requests to: Philip Bevilacqua, Department of Chemistry, The Several secondary structures and a tertiary structure have
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7024. the last six of the 11 (G/U)AG triplet repeats (Fig. 1A;
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Expression of the Bacillus subtilis tryptophan biosynthetic
trpEDCFBA operon is regulated by the trp RNA-binding
attenuation protein (TRAP) by transcription attenuation
(Shimotsu et al. 1986; Kuroda et al. 1988; Gollnick et al.
1990; Babitzke and Yanofsky 1993) and translation control
mechanisms (Kuroda et al. 1988; Merino et al. 1995; Du
and Babitzke 1998). TRAP also regulates translation of the
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RNA structure conservation in the Bacillus trp leader
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nation (Yakhnin and Babitzke 2002).
Once transcription has proceeded into
the trp operon structural genes, the trp
leader RNA can adopt a secondary
structure such that the ¢rpE Shine-Dal-
garno (SD) sequence is single-stranded
and available for ribosome binding (Fig.
2A). If TRAP is bound to a readthrough

& 100

10\63 JA transcript, however, a different second-
S:A Ya cad _-RNAP pause site ary structure forms that sequesters the
Ug A a0 40 50 110 1?0 130 trpE SD sequence in the trpE SD block-
AG8AAuumAAueAauumouummAAum wuAuwy. .. ing hairpin (Fig. 2B; Kuroda et al. 1988;
Merino et al. 1995; Du and Babitzke
1998). Furthermore, a long-distance
Mg**-dependent  tertiary  structure
forms in this transcript that appears to
interfere with TRAP-mediated trpE
translation control by inhibiting TRAP

B & Terminator binding (Fig. 2; Schaak et al. 2003).
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50_‘\3?‘ - \Qt RNA structural studies indicated that
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@?\50\*0 N\ A;Yanoﬂ ”O Sudershana et al. 1999; Babitzke and
‘? UUAUGUUUAUUC UUAILY Gollnick 2001). In the present study, a
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FIGURE 1. Model of the transcription attenuation mechanism of the B. subtilis trpEDCFBA
operon. (A) Under tryptophan limiting conditions, TRAP is not activated. During transcription
the 5 stem—loop and antiterminator structures form. Antiterminator formation prevents for-
mation of the overlapping intrinsic terminator, resulting in transcription readthrough into the
trp operon structural genes. (B) Under excess tryptophan conditions, TRAP is activated. Dur-
ing transcription TRAP can interact with the 5’ stem—loop and bind to the (G/U)AG repeats
as they are synthesized. TRAP binding prevents formation of the antiterminator, thereby
allowing formation of the terminator, resulting in termination of transcription before RNA
polymerase can reach the trp operon structural genes. NusA stimulates RNA polymerase,
pausing at U107, which allows additional time for TRAP to bind. The (G/U)AG repeats are
indicated in bold type, and the terminator is shown in green. The mutually exclusive antiter-
minator and terminator structures overlap by four nucleotides (outlined in red). The 11
subunits of TRAP are shown in blue, yellow, red, and orange; the tryptophan molecules are
shown in green. The structure of TRAP and wrapping of the RNA around the periphery of the
protein are based on crystal structures (Antson et al. 1995, 1999). Numbering is from the start

of transcription.

by preventing formation of an overlapping intrinsic termi-
nator (Kuroda et al. 1988; Babitzke and Yanofsky 1993;
Otridge and Gollnick 1993; Babitzke et al., in press). Tryp-
tophan-activated TRAP can bind to the 11 (G/U)AG repeats
and prevents formation of the antiterminator. Thus, the
overlapping terminator hairpin forms and transcription ter-
minates in the trp leader region (Fig. 1B). In addition,
NusA-stimulated RNA polymerase pausing at U107, the
nucleotide that just precedes the critical overlap between
the antiterminator and terminator structures, provides ad-
ditional time for TRAP to bind RNA and promote termi-

phylogenetic comparison of the trp lead-
ers in B. subtilis, Bacillus stearother-
mophilus, Bacillus pumilus, and Bacillus
caldotenax was carried out, suggesting
that each RNA has the potential to form
a tertiary interaction between the single-
stranded TRAP binding target and a
large, downstream pyrimidine-rich in-
ternal loop. Native gels of the B. stearo-
thermophilus trp leader transcript re-
vealed a Mg”*-dependent species with
faster mobility, consistent with a Mg**
dependent tertiary structure. To test
whether this was the tertiary structure
predicted from the phylogenetic com-
parison, the B. stearothermophilus trp
leader RNA was probed using a variety of techniques. RNA
structure mapping experiments established that the Mg**-
dependent tertiary structure could be disrupted by a com-
petitor DNA oligonucleotide that base pairs to nucleotides
36-61, making the internal loop susceptible to nuclease
cleavage. Furthermore, thermal denaturation experiments
revealed a Mg**-dependent transition that was stabilized by
lowering the pH. Monitoring of this transition in wild-type
and several mutant transcripts allowed the base-pairing reg-
ister of the majority of this tertiary structure to be deter-
mined.
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RESULTS AND DISCUSSION

The potential to form secondary
and tertiary structures in trp operon
readthrough transcripts is
phylogenetically conserved

A comparative analysis of the B. subtilis,
B. stearothermophilus, B. pumilus, and B.
caldotenax trp leader RNA sequences
and possible RNA structures is shown in
Figure 3. Previous work had shown that
the 5’ stem—loop is conserved in all four
organisms (Sudershana et al. 1999).
Each of the trp leader transcripts also
contains multiple NAG triplet repeats,
as well as overlapping antiterminator
and terminator structures, suggesting
that all four organisms regulate tran-
scription of the trp operon by a similar
attenuation mechanism (Babitzke and
Gollnick 2001). We examined the trp
leader sequences to see whether they
share translation control features as
well. Although there is very little se-
quence conservation, all four trp leader
RNAs share common structural features
known to be involved in regulating trpE
translation in B. subtilis. Eleven appro-
priately spaced triplet repeats are pres-
ent downstream from the 5’ stem—loop
in the trp leaders of B. subtilis (seven
GAG, four UAG) and B. caldotenax
(eight GAG, three UAG), whereas 12 re-
peats are contained in the trp leaders of
B. stearothermophilus (nine GAG, two
UAG, one CAG) and B. pumilus (seven
GAG, three UAG, one AAG, and one
CAG). In each case, the first five to six
triplet repeats are predicted to be single-
stranded, and the remaining six to seven
repeats are predicted to be involved in
formation of the lower stem of a large
secondary structure with the terminator
hairpin at its apex (Fig. 3). These struc-
tures are similar to what was verified
experimentally in the B. subtilis trp op-
eron leader (Schaak et al. 2003). For
simplicity, we refer to the entire second-
ary structure below the pyrimidine-rich
internal loop as the lower stem, despite
the presence of several bulged residues.
Each of these large secondary structures
also contains an anti-SD sequence near
its 3" end that is capable of sequestering
the trpE SD sequence in a hairpin. In
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RNA structure conservation in the Bacillus trp leader

each case the 6-7-nucleotide SD sequence is embedded
within flanking nucleotides that lengthen the predicted
SD:anti-SD interaction to 9-11 base pairs. Each predicted
SD:anti-SD base-pairing register also contains one or two
bulges or single-base mismatches, although their sequence
is not conserved. The occasional helix defects may help
prevent this pairing from being too strong, thereby allowing
it to switch conformations with reasonably fast kinetics.

As previously mentioned, the secondary structures of all
four trp leader transcripts contain a large pyrimidine-rich
internal loop at the base of the terminator hairpin (Fig. 3).
Large regions of unstructured nucleotides are relatively rare
in RNA, suggesting that this conserved feature may be im-
portant. In each case, the internal loop appeared capable of
forming a long-range tertiary structure with the purine-rich
single-stranded residues contained in the upstream repeats
of the TRAP binding site. This tertiary structure was verified
for B. subtilis and shown to participate in the trpE transla-
tion control mechanism (Schaak et al. 2003). Thus, it ap-
peared that the #rpE translation control mechanism might
be conserved in these four Bacillus species. We studied for-
mation of this long-range tertiary structure in the thermo-
phile B. stearothermophilus, as the structure might be par-
ticularly stable (see below). It should be noted that the
details of the pairings in B. pumilus and B. caldotenax have
not been determined experimentally; therefore, no base-
pairing registers are shown for these organisms, although
clear possibilities exist (Fig. 3).

The trp leader of B. stearothermophilus adopts a
Mg?*-dependent tertiary structure: Native gel analysis

The presumed B. stearothermophilus trp leader tertiary
structure contains a higher GC content than that of B. sub-
tilis and was predicted to be more stable. To test the B.
stearothermophilus trp leader for a tertiary structure, 5" end-
labeled trp leader RNA containing nt 1-232 was renatured
under various salt conditions and fractionated on a native
polyacrylamide gel. When the RNA was renatured in
TK M, (40 mM Tris-HCI, pH 8.0, 0 mM KCl, 0 mM

MgCl,; Fig. 4, lane 1), a major species (78%) with slower
mobility and a minor species (21%) with faster mobility
were observed. Because secondary structures are more com-
pact than unfolded structures, they tend to have faster elec-
trophoretic mobility. Thus, the minor population of RNA
may have weak or partial secondary structure interactions
in the absence of added K* and Mg*" (see below). Upon
renaturation in TK;,,M, (40 mM Tris-HCI, pH 8.0, 100
mM KCl, 0 mM MgCl,; Fig. 4, lane 2), the major and minor
species were reversed with the percentages of faster and
slower mobility species being 58% and 32%, respectively,
consistent with monovalent ions promoting secondary
structure formation. In addition, a third, faster mobility
band was observed under these conditions, accounting for
about 10% of the sample. Because tertiary structures are
more compact than secondary structures, they tend to have
faster electrophoretic mobility. Thus, this population of
RNA may have weak or partial tertiary structure interac-
tions in the absence of Mg*" ions.

When the RNA was renatured in TK;,,M, (40 mM Tris-
HCI, pH 8.0, 100 mM KCl, 4 mM MgCl,; Fig. 4, lane 3), the
mobility of the fastest species increased further and was
more abundant (31%), consistent with formation of Mg**-
dependent tertiary structure. Thus, by comparison to the
salt dependence of structure formation observed for B. sub-
tilis trp leader RNA (Schaak et al. 2003), we initially as-
signed the three species in the native gel as largely unfolded
(slow mobility), secondary structure (intermediate mobil-
ity), and tertiary structure (fast mobility; Fig. 4). These as-
signments were confirmed by salt-dependent structure
mapping (see below). Even though this long-range interac-
tion appears to involve primarily base-pairing (see below),
we refer to it as a tertiary structure, because it has an I-type
pseudoknot topology and involves compaction of the struc-
ture (Pleij 1993). Both the slow and intermediate mobility
species were also observed in TK,,,M,, possibly due to the
dissociation of ions and refolding of the RNA upon gel
loading or during electrophoresis. Adding 4 mM MgCl, to
the gel or increasing the MgCl, concentration in the rena-
turation step to 25 mM did not significantly increase the
fraction of the fastest migrating species (data not shown). It

should be noted that similar native gel
experiments with the B. subtilis trp

FIGURE 2. Model of the trpE translation control mechanism. (A) In the absence of TRAP
binding, trp operon readthrough transcripts can adopt a secondary structure in which the trpE
SD sequence is single-stranded and available for ribosome binding. This secondary structure
was predicted from mfold v3.1 using experimental constraints determined herein. The tertiary
structure model (lower structure) predicts that 24 nt in the 5’ (magenta) and the 3" (blue) sides
of the pyrimidine-rich internal loop base pair with the same colored residues between nt 33 and
60 containing the single-stranded (G/U)AG repeats (the secondary structure defects are omit-
ted for clarity; Schaak et al. 2003). (B) When TRAP binds to trp operon readthrough tran-
scripts, a structural rearrangement occurs in the RNA such that the trpE SD sequence becomes
sequestered in a stable hairpin (trpE SD blocking hairpin) by pairing with the anti-SD sequence.
Formation of this structure inhibits ribosome binding. The (G/U)AG repeats are shown in bold
type; the sequences involved in the trpE SD blocking hairpin are shown in orange; the termi-
nator hairpin that forms in #rp operon readthrough transcripts is shown in green. Numbering

is from the start of transcription.

leader transcript did not reveal any
Mg**-dependent bands in native gels
(data not shown), even though a Mg**-
dependent structure was shown to form
by structure mapping and thermal de-
naturation experiments (Schaak et al.
2003). The absence of a Mg**-depen-
dent band in B. subtilis was likely due to
the extensive A-U and G-U content of
the base-pairing, compared to the
higher G-C base-pairing content in B.
stearothermophilus.
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FIGURE 3. Comparison of trp leader RNA secondary and tertiary structures for (A) B. subtilis, (B) B. stearothermophilus, (C) B. caldotenax, and
(D) B. pumilus. Conserved primary and secondary structural features include a 5" stem—loop, 11 or 12 NAG triplet repeats (bold), a terminator
hairpin (green), an anti-SD sequence that is capable of sequestering the trpE SD sequence (orange), and a pyrimidine-rich internal loop and/or
bulge. In addition, each leader is predicted to form a long-range tertiary interaction between a pyrimidine-rich internal loop and/or bulge and
the single-stranded triplet repeats. Identically colored interacting segments (magenta or blue) are shown for B. subtilis and B. stearothermophilus.
A weak interaction of nt 55-59 and the 3’ side of the pyrimidine-rich internal loop may also occur for B. stearothermophilus (see text), although
its register is uncertain and therefore not shown. The base-pairing details for the tertiary structures have been worked out for B. subtilis (Schaak
et al. 2003) and B. stearothermophilus (this report); however, formation of the tertiary structure has not been examined in B. pumilus or B.
caldotenax, and the register of base-pairing is uncertain.

tured (Fig. 5A, lane 1). With the exception of the G residues
in the last two triplet repeats and those predicted to be
base-paired in the terminator hairpin, the G residues were
cleaved with nearly equal efficiency. Upon renaturation in
TK,0oM, (favoring secondary structure; Fig. 5A, lane 2), the
majority of the G residues between 62 and 97 were pro-

Structure mapping experiments

RNase T1 was used to probe the accessibility of G residues
in the B. stearothermophilus trp leader RNA as a function of
salt concentration. 5’ end-labeled trp leader RNA contain-
ing nt 1-232 in TK M, was found to be relatively unstruc-
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FIGURE 4. Native gel mobility of the B. stearothermophilus trp leader
transcript. 5 *P-labeled RNA (1-232) was renatured under various
salt conditions and fractionated on a 6% native polyacrylamide gel.
Lane I, RNA renatured in TK M,; lane 2, RNA renatured in TK,,,M,;
lane 3, RNA renatured in TK,,,M,. Assignments for each RNA spe-
cies, based on structure mapping under these conditions (see Fig. 5),
are indicated.

tected from RNase T1 cleavage, consistent with formation
of the lower stem between nt 62 and 191 (Fig. 5B). Within
this stretch, G67, G78, and G87 remained accessible to
RNase T1 cleavage, consistent with their location in bulges
(Fig. 5B). Furthermore, G113, G117, G133, and G136 re-
mained accessible to RNase T1 cleavage, consistent with
their locations in the 5’ side of the pyrimidine-rich internal
loop or the hairpin loop at the apex of the structure. The G
residues between 36 and 61 also remained accessible to
RNase T1 cleavage in TK, M, (Fig. 5A, lane 2), consistent
with the first five triplet repeats remaining single-stranded.
Although predicted to be base-paired, G102 and G103 were
also cleaved by RNase T1. These data suggest that either
these bases do not pair with C158 and C159 under these
conditions, creating a slightly larger internal loop, or that
being adjacent to the internal loop causes them to be dy-
namic.

Renaturation in TK,, M, (favoring tertiary interactions)
altered the structure further, with G residues between 36
and 61, as well as G102, G103, G113, and G117 in the 5’ side
of the pyrimidine-rich internal loop, being protected from
RNase T1 cleavage (Fig. 5A, lane 3; Fig. 5B, asterisks). Pro-
tection of these residues is consistent with their involvement
in a Mg**-dependent tertiary structure. Also, the 5’ stem—
loop residues G32 and G35 are more protected from RNase
T1 cleavage in TK,,,M,, consistent with the known ability
of Mg** to strengthen RNA secondary structure as well as
promote tertiary structure (Laing et al. 1994). The cleavage
patterns of the bulged nucleotides G78 and G87 were rela-
tively unchanged upon the addition of Mg**, consistent
with the absence of substantial secondary structure rear-

A 0 0 4 [MgCly] (mM)
0 100100 [KCI] (mM)
~COHTI 1 2 3

: y<— 140
o “ < 130
L 120

Terminator r
Hairpin
Pyrimidine-Rich
Internal Loop
(5' side) =,

(G/U)AG Repeats
in Secondary
Structure

(G/U)AG Repeats in
Single-Stranded
Segment

B x> o
1303 140
. 4

x ¥ 12000 150
cGC ll“(‘rl\u UUUUC
v i
UgCr. ceccY

1o ‘%0{:‘/{0‘160

%

C
90-8¢-170

"“9

B
{ A~'8lanti-SD

Emnomo o
> OO0
éﬂ
COP»>C

105 ug 7oa§
Uy, aC.
GR* a0 50 g 290 2}0 220
5' AAg CCAAGC ANCAQCUGAGAACGAGH UGCA& GL%%AAUC GGAGAAAGGGAUG... 3'
AA Ad AL AL 6'0 SD Met
* Kk % * % % % * %

FIGURE 5. Ion dependence of B. stearothermophilus trp leader RNA
structure formation. (A) 5’ **P-labeled RNA (1-232) was subjected to
partial RNase T1 digestion to probe RNA structure under various salt
conditions. C is the untreated RNA, OH™ is a limited alkaline hydro-
lysis ladder, and T1 is a limited RNase T1 digest under RNA dena-
turing conditions. Lane I, RNA renatured in TK;M; lane 2, RNA
renatured in TK;,,M,; lane 3, RNA renatured in TK,,,M,. Important
secondary structural features are given on the left side of the gel,
including triplet repeat number. (B) Sites of RNase T1 cleavage su-
perimposed on the secondary structure. Filled and open triangles in-
dicate sites of strong and weak cleavage, respectively, in TKj;y,M,.
Asterisks (*) indicate sites of reduced cleavage upon the addition of 4
mM Mg?". Numbering is from the start of transcription.
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rangement upon formation of tertiary structure. Impor-
tantly, the G78 and G87 data also provide an internal con-
trol establishing that reduction in RNase T1 cleavage is not
simply due to inhibition of enzyme activity by Mg**
(Schaak et al. 2003). Although not predicted to pair in the
tertiary interaction, G67 became protected upon the addi-
tion of Mg>*, perhaps because formation of the tertiary
structure sterically hinders the access of RNase T1 to the
base of the lower stem or because Mg** promotes formation
of a non-Watson—Crick secondary structure. Overall, these
results support formation of a tertiary structure in the B.
stearothermophilus trp leader RNA which is similar to that
predicted from the phylogenetic alignment.

To determine the interacting partners of the Mg**-de-
pendent tertiary structure, RNA structure mapping experi-
ments were repeated in the presence of a competitor DNA
oligonucleotide complementary to nt 3661 (Fig. 6). The
competition experiments were performed with a transcript
containing nt 1-191 to remove the possibility of the com-
peting SD:anti-SD pairing. Quantitation of lanes 3 (no
competitor) and 6 (with competitor; Fig. 6) in TK,,,M,
revealed a fourfold increase in cleavage of G113 and G117
and a twofold increase in cleavage of G102 and G103 in the
presence of the oligonucleotide competitor. As all four of
these residues are located in the pyrimidine-rich internal
loop, these data show that hybridization of the competitor
oligonucleotide to nt 36-61 affects residues in the distant
internal loop, consistent with a long-distance tertiary inter-
action between the single-stranded segment containing the
first five triplet repeats and the pyrimidine-rich internal
loop. Note that loss of cleavage of all G residues between nt
36 and 61 in lanes 4, 5, and 6 of Figure 6 confirmed that the
competitor DNA hybridized to the expected RNA segment,
and gain of cleavage of G residues in the internal loop (Fig.
6, lane 6) confirmed that RNase T1 activity was not inhib-
ited by TK,y,,M,. It should also be noted that the 1-191
transcript appeared to have secondary structure in the ab-
sence of added monovalent ions (TK,M,; Fig. 6, lane 1).
This contrasts with observations for the 1-232 transcript
(Fig. 5A, lane 1) for which the competing SD:anti-SD pair-
ing was possible. Thus, the absence of competing structures
might allow this transcript to be structured even in the
absence of added monovalent ions.

Thermal denaturation studies

Thermal denaturation experiments were carried out with
the B. stearothermophilus trp leader RNA renatured under
various conditions to test whether a unique transition was
observable in the presence of Mg”*. Transcripts that con-
tained nt 1-191 of the B. stearothermophilus trp leader
were renatured in either TK,,,M, (pH 8.0) or TK,, M, (pH
8.0) and melted from 5°C-95°C with a step of 0.1°C. For
RNA renatured in TK,,,M,, transitions were observed
with T, values of 61°C and 85°C (Fig. 7A, black). On the
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FIGURE 6. B. stearothermophilus trp leader RNA structure formation
in the absence and presence of a competing oligonucleotide. 5’ **P-
labeled trp leader RNA (1-191) was subjected to partial RNase T1
digestion without or with a DNA oligonucleotide complementary to nt
36-61. Samples in lanes I-3 were renatured in the absence of the
competing oligonucleotide; samples in lanes 4-6 were renatured in the
presence of 10 pM oligonucleotide. C, OH™, and T1 are as in Figure 5.
Important secondary structural features are given on the lef side of the
gel, including the triplet repeat number. Arrowheads indicate sites of
increased cleavage in the presence of competing oligonucleotide and
TK, oM. Numbering at the right is from the start of transcription.

basis of the large change in hypochromicity and the lower
melting temperature, we tentatively assigned the transi-
tion at 61°C to the lower stem (Fig. 3). Similarly, the tran-
sition at 85°C was assigned to the terminator hairpin on
the basis of the T, calculated from nearest-neighbor
thermodynamic parameters using mfold (Mathews et al.
1999; Zuker et al. 1999), and an empirical correction for
ionic strength (Tinoco and Schmitz 2000), which predicted
a T, of 80°C, in good agreement with the experimental
value.

In the presence of 4 mM Mg”" the two transitions at 61°C
and 85°C were further stabilized to 74°C and 93°C, respec-
tively, and a new transition appeared at 42°C (Fig. 7A, red).
The unfolding transition of the lower stem in TK,,,M,
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moved to a T, of ~74°C and also contained a low-tempera-
ture (65°C) shoulder, suggesting that the lower stem un-
folds in at least two steps. That the 65°C and 74°C transi-
tions in TK,,,M, have a combined area similar to the 61°C
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transition in TK, M, further supports this notion. The
details of this portion of the folding were not analyzed
further. The new Mg**-dependent transition at 42°C was
therefore likely due to the long-range tertiary interaction
between the pyrimidine-rich internal loop and the single-
stranded segment containing the first five triplet repeats.
The T, of this transition was higher than that observed for
the AU/GU-rich base-pairing in B. subtilis (39°C) under
similar conditions (Schaak et al. 2003), as expected, and the
difference was even greater at pH 7.0 and lower (see below).

To confirm that the Mg**-dependent transition was due
to the melting of tertiary interactions, 5’-deletion tran-
scripts containing only nt 36-191 or 62-191 were renatured
in TK,,,M, and melted (Fig. 7B). According to the model
depicted in Figure 3B, the 36-191 transcript would still be
capable of forming the tertiary structure, whereas the 62—
191 transcript would not. The melting profiles of all three
transcripts were nearly identical above 60°C (Fig. 7B), con-
sistent with formation of similar secondary structural ele-
ments. Importantly, between 20°C and 60°C the melting
profiles of the 1-191 (black) and 36-191 (red) transcripts
were virtually identical with a transition near 42°C, whereas
the 62-191 transcript (green) lacked this Mg*"-dependent
transition. These data demonstrate that the 42°C transition
is not due to melting of the 5’ stem-loop. Instead, the data
strongly support assignment of this transition to melting of
a Mg**-dependent tertiary structure similar to that shown
in Figure 3B. As a further control, a synthetic RNA oligo-
nucleotide containing nt 36-61 was melted in TK,, M, to
test whether the 42°C transition was possibly due to self-
structure of 36—61; no discernible transition was found for
this transcript (data not shown). Melting of the long-range
tertiary structure before secondary structure experimentally
supports a hierarchical folding pathway for this RNA (Brion
and Westhof 1997; Tinoco and Bustamante 1999; Schaak et
al. 2003).

RNA tertiary structures are often stabilized at lower pH
because proton binding can facilitate non-Watson—Crick
base pair formation, such as A*eC wobble pairs, as well as
the close approach of negative charge (Wang et al. 1991;
Connell and Yarus 1994; Legault and Pardi 1997; Ravin-
dranathan et al. 2000). Thus, transcripts containing nt
1-191 were melted at pH 6.0, 7.0, and 8.0 in the presence of
100 mM KCI and 4 mM MgCl, (Fig. 7C). The melting
profiles for all samples were nearly identical above 60°C
(data not shown), consistent with the absence of protonated

FIGURE 7. Thermal denaturation curves for B. stearothermophilus trp
leader RNA. RNAs were melted from 5°C-95°C at pH 7.0 and 8.0, and
from 20°C-60°C at pH 6.0 at a step of 0.1°C, and the data were
smoothed over 3°C before taking the first derivative. No transitions
were found from 5°C-20°C, so these data are not shown. (A) 1-191
renatured in either TK, oM, pH 8.0 (black) or TK,,,M,, pH 8.0 (red).
(B) 1-191 (black), 36-191 (red), or 62-191 (green) renatured in
TK, o oM,, pH 8.0. (C) 1-191 renatured in TK,,,M,, pH 8.0 (black),
MoK, ,\M,, pH 7.0 (red), or MeK,,,M,, pH 6.0 (green).
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base pairs in the secondary structure (Fig. 3B). However,
the Mg**-dependent tertiary transition was found to be
further stabilized with decreasing pH. The T, ;s were ap-
proximately 42, 44, and 47°C at pH 8.0, 7.0, and 6.0, re-
spectively, consistent with a strong pH dependence. Melts at
pH 6.5 and 7.5 also fit the observed trend (data not shown).
These data show that the tertiary structure contains at least
one nucleotide that has a significantly upward-shifted pK,,
suggesting that there may be a base pair within the tertiary
interaction that requires protonation, such as an A*eC base
pair (Wang et al. 1991; Connell and Yarus 1994; Legault and
Pardi 1997; Ravindranathan et al. 2000).

Models for the tertiary interaction

Four base-pairing models were considered for the long-
range tertiary interaction (Fig. 8). These models were de-
veloped by applying a combination of phylogenetic com-
parison and structure prediction (Mathews et al. 1999;
Zuker et al. 1999). Because mfold does not predict pseudo-
knot interactions, this modeling was accomplished by con-
necting nt 36-61 with 100-121 via a stable UUCG tetraloop

Model 1 Model 2
56-ATY-148 56-A=U-148
Cﬁ v 3' sid cR-0
side B
A=U 3' sid
cu-g_ﬁ-.c. ckﬁ'ﬁ"‘; side
y@ - U-154 G-U-154
c U
ssTBS 2:8—1 08 ssTBS g
G-U Ag—c-114
o
- 5' side A-U
&g ot 5'side
8
37-C=G-117 38-G-C~121
Model 3 Model 4
54-G=G-103 54-G=G-103
c.A=U,a Q_H
GEAG—C” CeG=C~G
G c GeA-G
Cg-c UE=Cu,
A-U .
ssT8S | ce@-y 5' side ssTBS GAG_CGC 5' side
GeA-C C“Q—H‘G
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5 e
37-C-63117 38-6-¢ 121

FIGURE 8. Base-pairing models for tertiary interactions in B. stearo-
thermophilus trp leader RNA. Models 1 and 2 contain interactions
between the single-stranded TRAP binding site (ssTBS) and both the
5" and 3’ sides of the pyrimidine-rich internal loop (See Fig. 3). In
contrast, models 3 and 4 contain only interactions between the ssTBS
and the 5’ side of the pyrimidine-rich internal loop. Models 3 and 4
may also have interactions to the 3’ side of the internal loop, but are
not shown here. Models 1 and 2 have similar pairings at the fop of the
structure, as do models 3 and 4, whereas models 1 and 3 have similar
pairings at the base of the structure, as do models 2 and 4. Note that
models 1, 3, and 4 have the potential for an A*eC base-pairing inter-
action, which is stabilized by lower pH. Mutants used to test the
models are shown, and numbering is from the start of transcription.
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to create a hairpin, with the UUCG residues prohibited
from base-pairing in the calculation. Potential interactions
to the 3’ side of the internal loop were modeled by inspec-
tion. Models 1 and 2 involve interactions between the first
four single-stranded triplet repeats and both sides of the
internal loop, whereas models 3 and 4 involve interactions
between the same four triplet repeats and the 5" side of the
internal loop only. Moreover, models 1 and 2 have similar
pairings at the top of the structure, as do models 3 and 4,
whereas models 1 and 3 have similar pairings at the base of
the structure, as do models 2 and 4. A series of single mu-
tations as well as compensatory changes were introduced to
test these models, and their effects on the stability of the
tertiary interaction were examined by thermal denaturation.

To distinguish between models 1 and 2 versus models 3
and 4, the top of the structure was varied. G51 as well as its
possible pairing partners, C152 (models 1 and 2) or C106
(models 3 and 4) were mutated and melts were conducted.
It should be noted that all melts were at pH 6.5 to favor
tertiary structure formation (see above). Changing G51 to a
C would destabilize the interaction in all four models. How-
ever, mutating C152 to a G would only have an effect if
model 1 or 2 was correct, whereas mutating C106 to a G
would only have an effect if model 3 or 4 was correct.
Finally, the compensatory change G51C:C152G would only
restore the interaction if model 1 or 2 was correct, whereas
the compensatory G51C:C106G would only restore the in-
teraction if model 3 or 4 was correct. Changing G51 to a C
resulted in loss of a distinct tertiary structure melting tran-
sition (Fig. 9A,B, blue), consistent with all four models.
Importantly, the C152G mutation had no effect on the ter-
tiary transition (T, = 45°C; Fig. 9A, green), whereas C106G
significantly destabilized the tertiary structure (T, = 33°C;
Fig. 9B, green). The compensatory G51C:C152G double
mutation did not restore the tertiary transition; instead, a
very broad transition between ~30°C and 40°C was ob-
served (Fig. 9A, red). These results are inconsistent with
models 1 and 2. In contrast, the G51C:C106G compensa-
tory mutation (Fig. 9B, red) fully restored the tertiary tran-
sition, with a T, of 45°C equivalent to that of wild-type
(Fig. 9B, black). These data support both models 3 and 4, in
which the majority of the interactions are to the 5’ side of
the internal loop. It should be noted that the fourth triplet
repeat involving G55 and G57, as well as G59, might inter-
act weakly with the U-rich 3’ side of the internal loop,
because these G residues showed Mg**-dependent protec-
tion from RNase T1 cleavage (Fig. 5). An interaction with
both sides of the pyrimidine-rich internal loop would be
consistent with what was found for B. subtilis (Schaak et al.
2003) and could coexist with either model 3 or 4. However,
any such interactions do not appear to involve C152, and
because there are a number of redundant base-pairing pos-
sibilities to the 3’ side of the internal loop, the base-pairing
register of this portion of the interaction was not further
pursued.
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FIGURE 9. Thermal denaturation curves for wild-type and mutant B. stearothermophilus trp leader RNAs. All RNAs (36-191) were melted from
5°C-95°C at pH 6.5 with a step of 0.1°C, and the data were smoothed over 3°C before taking the first derivative. Data from 15°C-95°C are
provided. (A) Plots for wild-type (black), G51C (blue), C152G (green), and G51C:C152G (red). (B) Wild-type (black), G51C (blue), C106G
(green), and G51C:C106G (red). (C) Wild-type (black), C37G (blue), G117C (green), and C37G:G117C (red). (D) Wild-type (black), C41G
(blue), G117C (green), and C41G:G117C (red). (E) Wild-type (black), G40C (blue), C114G (green), and G40C:C114G (red). (F) Wild-type

(black), G44C (blue), C114G (green), and G44C:C114G (red).

To differentiate between models 3 and 4, the base of the
structure was altered. The potential pairing partners of
G117 (C37 in model 3 and C41 in model 4) and C114 (G40
in model 3 and G44 in model 4) were tested. Consistent
with both models, changing G117 to a C destabilized the

tertiary interaction, lowering the T, to 37°C (Fig. 9C,D,
green). Mutating C37 to a G actually led to a slight stabi-
lization of the tertiary transition, resulting in a T,, of 47°C
with a sharp transition (Fig. 9C, blue). In contrast, mutating
C41 to a G produced a broad transition for the tertiary
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interaction with a slightly lower T, of 44°C (Fig. 9D, blue).
Inspection of model 4 revealed the possibility of the C37G
mutation creating a wobble pair between G37 and U122,
which may be available to the 5’ side of the internal loop
instead of the terminator hairpin, on the basis of mfold
predictions (data not shown). The C37G:G117C compen-
satory mutation exhibited a T, of 45°C (Fig. 9C, red) that
was similar to wild-type (Fig. 9C, black), but with a some-
what broader transition. In contrast, the C41G:G117C
compensatory mutation resulted in a slightly higher T, of
47°C with a sharp transition (Fig. 9D, red), comparable
to wild-type (Fig. 9D, black). These data largely support
model 4 as being most stable under these conditions (pH
6.5 and 4 mM MgCl,), although they do not entirely ex-
clude model 3.

Next, the base-pairing partners of C114 were tested. The
C114G single mutation resulted in a lowered T,, of 39°C
and a very broad melting transition (Fig. 9E,F, green). The
G40C mutation had a significantly lower T,, of 36°C, al-
though it retained a rather sharp transition (Fig. 9E, blue).
The G44C mutation also resulted in a lower T, of 41°C
and a very broad melting transition (Fig. 9F, blue). Both the
G40C:C114G (Fig. 9E, red) and the G44C:C114G (Fig. 9F,
red) compensatory mutations partially restored the ter-
tiary interaction, with observed T,, values of ~39°C and
42°C, respectively. The T, s of both compensatory mutants
were slightly lower than the wild-type T, of 45°C (Fig. 9E,
black, Fig. 9F, black), suggesting that although the structure
depicted in model 4 may dominate over that shown in
model 3, an equilibrium may exist between the two struc-
tures.

The potential contribution of the A*eC base pair in mod-
els 3 and 4 to the stability of the tertiary structure was tested
with A42G and A50G mutations, respectively. If model 3
was correct, the A42G mutation was expected to stabilize
the tertiary interaction and eliminate the pH dependence of
the transition, while having little effect on the tertiary in-
teraction and not eliminating the pH dependence if model
4 was correct (A-U base pair converted to a GeU wobble).
The A50G mutation, on the other hand, was expected to
stabilize the tertiary structure in both models 3 and 4, but
only if model 4 was correct would the pH dependence be
eliminated. Both single mutations led to significant stabili-
zation of the tertiary interaction (T, =53°C) and elimi-
nated the pH dependence for this unfolding transition (Fig.
10), with all other transitions remaining identical above
60°C (data not shown). These data strongly support the pH
dependence of the melts coming from an A*eC base pair.
Moreover, stabilization of the tertiary interaction and elimi-
nation of pH dependence for both mutant transcripts fur-
ther support an equilibrium between the pairings in models
3 and 4, which can be shifted by the introduction of par-
ticular mutations. As both pairings contain an A"eC wobble
pair, it is possible that the population of these states in the
wild-type sequence is a function of pH.
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FIGURE 10. Thermal denaturation curves for A*eC to GC mutant B.
stearothermophilus trp leader RNAs. All RNAs (36-191) were melted
from 5°C-95°C with a step of 0.1°C, and the data were smoothed over
3°C before taking the first derivative. Plots for (A) A42G and (B) A50G
melted in TK,,,M,, pH 8.0 (black), MoK,,,M,, pH 7.0 (red), or
CK,yoM,, pH 6.5 (green).

Conclusions

Although the trp operon transcription attenuation and
translation control mechanisms have been most extensively
studied in B. subtilis (Babitzke and Gollnick 2001; Gollnick
et al. 2002), it is now apparent that these mechanisms are
conserved in other Bacillus species. Our phylogenetic com-
parisons suggest that the secondary structural features criti-
cal to regulation are conserved, as is the tertiary interaction.
The results herein indicate that a Mg**-dependent tertiary
structure forms in the trp operon leader transcript of B.
stearothermophilus. This tertiary interaction is more stable
than in B. subtilis, as evidenced by a compact Mg*"-depen-
dent species on a native gel, as well as a more stable un-
folding transition, especially at lower pH. Because the ter-
tiary structure appears to interfere with the ability of TRAP
to regulate translation of #rpE in B. subtilis, the tertiary
structure may regulate translation of #pE in other Bacillus
species as well.
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MATERIALS AND METHODS

Plasmids

Plasmid pJS9 was constructed by PCR using Bsttrpl (Chen et al.
1999) as the template. The PCR product was digested with EcoRI
and BamHI and ligated into the same sites of the pTZ18U
polylinker (U.S. Biochemical), resulting in a plasmid containing nt
1-232 of the B. stearothermophilus trp leader region. This plasmid
was used to generate transcripts for the initial Mg>*-dependent
RNase T1 structure mapping experiments. Plasmids pJS15 and
pJS17 were constructed by PCR using pJS9 as the template. The
PCR products were digested with EcoRI and BamHI and ligated
into pTZ18U, resulting in plasmids containing nt 1-191 and 36—
191 of the B. stearothermophilus trp leader region, respectively.
Plasmid pJS16 was constructed similarly except that the digested
PCR fragment was ligated into the EcoRI-BamHI sites of the
pUC19 polylinker (New England Biolabs), resulting in a plasmid
containing nt 62-191 of the B. stearothermophilus trp leader re-
gion. Plasmids pJS15, pJS16, and pJS17 were designed to eliminate
the potential for formation of various #rp leader RNA structures
and were used to generate transcripts for thermal denaturation
experiments. Plasmid pJS15 was also used to generate transcripts
for the oligonucleotide competition studies. Plasmids pJS27
(G51C), pJS28 (G44C), pJS29 (C41G), pJS30 (G40C), pJS3l
(C37G), pJS32 (C114G), pJS33 (G117C), pJS34 (C152G), pJS54
(A42G), pJS55 (C106G), and pJS57 (A51G) were generated using
pJS17 as template, mutagenic primers, and the QuikChange kit
(Stratagene). All compensatory mutations were generated using
the same method. Plasmid pJS45 (G51C:C152G) used pJS34
(C152G) as template; plasmids pJS46 (G44C:C114G) and pJS50
(G40C:C114G) used pJS32 (C114G) as template; plasmids pJS51
(C37G:G117C) and pJS52 (C41G:G117C) used pJS33 (G117C) as
template; and pJS56 (G51C:C106G) used pJS27 (G51C) as tem-
plate. These plasmids were also used to generate transcripts for
thermal denaturation experiments. All mutations were confirmed
by automated DNA sequencing.

RNA structure prediction and
phylogenetic comparison

Prediction of trp leader RNA structures for B. pumilus, B. caldo-
tenax, and B. stearothermophilus used a combination of the struc-
tures predicted by mfold (Mathews et al. 1999; Zuker et al. 1999)
and visual comparison with the structural features determined for
B. subtilis (Figs. 1, 2). RNA structure predictions were carried out
using mfold v3.1, unless a T,, prediction was required, in which
case v2.3 was used.

Preparation, purification, and radiolabeling of RNA

For in vitro structure mapping (pJS9 or pJS15) and UV melting
(pJS28-34, pJS45-46, pJ]S50-52, and pJS54—57), the respective pu-
rified plasmid DNA (QIAGEN) was digested with BamHI and
subjected to run-off transcription using the MegaScript in vitro
transcription kit (Ambion). The RNA was gel-purified, concen-
trated by ethanol precipitation, dissolved in TE buffer (10 mM
Tris-HCI, pH 8.0, 1 mM EDTA), and stored at —20°C. The RNA
concentration was determined spectrophotometrically. The 5’

end-labeled RNA used for structure mapping was prepared by
dephosphorylation of the gel-purified transcript with calf intesti-
nal alkaline phosphatase and subsequent labeling with polynucleo-
tide kinase and [y-’*P]ATP. Radiolabeled transcripts were gel-
purified as described for unlabeled RNA. The RNA concentration
was determined by scintillation counting.

Native gel mobility assay

5" end-labeled trp leader RNA (4 nM) containing nt 1-232 was
denatured in TE buffer at 90°C for 1 min to eliminate potential
dimerization products, and allowed to cool to room temperature
for 10 min. The RNA was then renatured in TK,M, (40 mM
Tris-HCI, pH 8.0), TK,,\M, (40 mM Tris-HCI, pH 8.0, 100 mM
KCl), or TK, ,oM,, (40 mM Tris-HCI, pH 8.0, 100 mM KCl, 4 mM
MgCl,) at 50°C for 10 min, and allowed to cool to room tem-
perature for 10 min. Glycerol was added to 10% final concentra-
tion, and the samples were fractionated on a 6% (29:1 acrylamide/
bis)/0.5X TBE native gel at 330 V for 4-5 h. The temperature of the
apparatus was controlled by an external bath that flowed into a
heat exchanger located behind the gel plates. The external bath
temperature was 12°C, and the actual gel temperature was mea-
sured at 16°C by insertion of a thermocouple probe into the gel
(Bevilacqua and Bevilacqua 1998). Gels were dried, visualized us-
ing a PhosphorImager (Molecular Dynamics), and quantified us-
ing ImageQuant software (Molecular Dynamics).

Structure mapping

Structure mapping experiments were carried out using 5’ end-
labeled RNA (4 nM final concentration) and G-specific RNase T1
(Sigma). Titrations were carried out to establish conditions under
which ~90% of the RNA remained uncleaved after treatment
(0.017 U/pL of RNase T1). The RNA was denatured in TE buffer
at 90°C for 1 min and allowed to cool for 10 min at room tem-
perature. The RNA was then renatured in TK,M,, TK,,,M,, or
TK, oM, at 50°C for 10 min, and allowed to cool to room tem-
perature for 10 min. Samples were heated to the reaction tem-
perature for 10 min prior to adding RNase T1. RNase T1 reactions
were carried out at 37°C for 10 min, and subsequently stopped by
adding an equal volume of 95% formamide loading buffer con-
taining 20 mM EDTA and immediate placement on dry ice.
Samples were quantified by scintillation counting so that an equal
number of counts were loaded per lane. Samples were fractionated
by 8.3 M urea/6% polyacrylamide gel electrophoresis. Sequencing
lanes for G residues were prepared by limited digestion with RNase
T1 (0.2 U/uL) under RNA denaturing conditions of 50% urea at
50°C, and limited hydrolysis ladders were prepared by treating
RNA with alkali. Control samples were prepared in the same way
except that RNase T1 was omitted. Reactions that were carried out
in the presence of the DNA oligonucleotide complementary to
positions 36—61 of the trp leader transcript were renatured in 1X
TE at 90°C for 1 min in the presence of 10 uM oligonucleotide. All
other steps were carried out as described above. Gels were dried
and visualized using a PhosphorImager.

Thermal denaturation
Transcripts used in thermal denaturation experiments were pre-

pared by in vitro transcription as described above. RNAs were
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renatured at 90°C for 1 min in TE, followed by slow cooling at
room temperature for 10 min. RNAs were further renatured in
TK, goM, or TK; 4oM, at 50°C for 10 min, followed by slow cooling
at room temperature for 10 min. To test the pH dependence of
tertiary structure formation, RNAs were renatured in TK, M,
(Tris-HCl buffer, pH 8.0), HK,,(M, (HEPES buffer, pH 7.5),
MoK, ,oM, (MOPS buffer, pH 7.0), CK,,,M, (cacodylate buffer,
pH 6.5), or MeK, ,,M, (MES buffer, pH 6.0) at 50°C for 10 min,
followed by slow cooling at room temperature for 10 min. Mutant
trp leader RNAs were renatured in CK,,,M, (pH 6.5) at 50°C for
10 min, followed by slow cooling at room temperature for 10 min.
Thermal denaturation profiles were obtained at 260 nm in 10-mm
pathlength cuvettes using a Gilford Response II spectrophotom-
eter equipped with a temperature controller. Samples were heated
at a rate of ~0.1°C/min over a range of 5°C-95°C (pH 8.0, 7.0, and
6.5) or 20°C-60°C (pH 7.0 and 6.0), and readings were taken every
0.1°C. Absorbance data was smoothed over a 3° range prior to
taking the first derivative to determine the melting temperatures;
larger temperature windows distorted the T, of closely spaced
transitions, and so were not used.
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