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ABSTRACT The Bacillus subtilis trpEDCFBA operon is regulated by a transcription at-
tenuation mechanism in which tryptophan-activated TRAP binds to the nascent tran-
script and blocks the formation of an antiterminator structure such that the forma-
tion of an overlapping intrinsic terminator causes termination in the 5= untranslated
region (5= UTR). In the absence of bound TRAP, the antiterminator forms and tran-
scription continues into the trp genes. RNA polymerase pauses at positions U107
and U144 in the 5= UTR. The general transcription elongation factors NusA and NusG
stimulate pausing at both positions. NusG-stimulated pausing at U144 requires
sequence-specific contacts with a T tract in the nontemplate DNA (ntDNA) strand
within the paused transcription bubble. Pausing at U144 participates in a trpE trans-
lation repression mechanism. Since U107 just precedes the critical overlap between
the antiterminator and terminator structures, pausing at this position is thought to
participate in attenuation. Here we carried out in vitro pausing and termination ex-
periments to identify components of the U107 pause signal and to determine
whether pausing affects the termination efficiency in the 5= UTR. We determined
that the U107 and U144 pause signals are organized in a modular fashion contain-
ing distinct RNA hairpin, U-tract, and T-tract components. NusA-stimulated pausing
was affected by hairpin strength and the U-tract sequence, whereas NusG-stimulated
pausing was affected by hairpin strength and the T-tract sequence. We also deter-
mined that pausing at U107 results in increased TRAP-dependent termination in the
5= UTR, implying that NusA- and NusG-stimulated pausing participates in the trp
operon attenuation mechanism by providing additional time for TRAP binding.

IMPORTANCE The expression of several bacterial operons is controlled by regulated
termination in the 5= untranslated region (5= UTR). Transcription attenuation is de-
fined as situations in which the binding of a regulatory molecule promotes tran-
scription termination in the 5= UTR, with the default being transcription readthrough
into the downstream genes. RNA polymerase pausing is thought to participate in
several attenuation mechanisms by synchronizing the position of RNA polymerase
with RNA folding and/or regulatory factor binding, although this has only been
shown in a few instances. We found that NusA- and NusG-stimulated pausing partic-
ipates in the attenuation mechanism controlling the expression of the Bacillus subti-
lis trp operon by increasing the TRAP-dependent termination efficiency. The pause
signal is organized in a modular fashion containing RNA hairpin, U-tract, and T-tract
components.
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The Bacillus subtilis trpEDCFBA operon is regulated by transcription attenuation and
translation repression mechanisms in response to tryptophan by the trp RNA-

binding attenuation protein (TRAP) (1, 2). Three RNA secondary structures that form in
the 5= untranslated region (5= UTR) participate in the attenuation mechanism (Fig. 1).
The TRAP binding target consists of the 5= stem-loop (3) and 11 equivalently spaced
(G/U)AG repeats, six of which are present within the antiterminator structure (4, 5). The
binding of tryptophan-activated TRAP to the triplet repeats results in the RNA wrapping
around the periphery of the protein (6, 7). Thus, bound TRAP prevents the formation of
the antiterminator structure, which allows the formation of the overlapping intrinsic
terminator hairpin and hence the termination of transcription in the 5= UTR. In the
absence of TRAP binding, the formation of the antiterminator allows for transcription
of the entire operon (8–10). Since TRAP must bind before RNA polymerase (RNAP)
transcribes past the terminator, the timing of TRAP binding is crucial for this regulatory
decision. Transcripts that fail to terminate in the 5= UTR are subject to TRAP-dependent
translation repression; TRAP binding to readthrough transcripts promotes the forma-
tion of the trpE Shine-Dalgarno (SD) sequestering hairpin, thereby reducing TrpE
synthesis by inhibiting ribosome binding (11, 12).

In addition to regulating the trp operon, TRAP regulates the translation of trpG (a
tryptophan biosynthesis gene), trpP (a tryptophan transport gene), and ycbK (encoding
a putative efflux protein) by binding to triplet repeats that surround and overlap the
cognate SD sequences (13–16). Thus, TRAP coordinately regulates tryptophan biosyn-
thesis and transport in response to changing tryptophan levels. Another protein, called
anti-TRAP (AT), antagonizes the activity of tryptophan-activated TRAP by competing
with mRNA for TRAP’s RNA binding surface (17–19). Since the transcription and the
translation of the gene encoding AT (rtpA) is regulated by uncharged tRNATrp, B. subtilis
regulates tryptophan biosynthesis by sensing the levels of both tryptophan and
uncharged tRNATrp in the cell (20).

Even though transcription elongation by RNAP is highly processive, it is punctuated
by transient pausing events. Pausing can allow for synchronization of the RNAP position
with RNA folding and/or regulatory factor binding (21–25). Pause signals within the
nascent RNA and DNA template cause isomerization of RNAP such that it enters into an
elemental pause state in which elongation is reversibly inhibited (26). Hairpin-
stimulated pause signals include an RNA pause hairpin and the downstream RNA
sequence (27, 28). The interaction of transcription factors with the transcription elon-
gation complex (TEC) can dramatically alter the efficiency and duration of pausing.
NusA and NusG are two general transcription elongation factors that affect transcrip-
tion, both positively and negatively, in response to specific signals in the nascent
transcript and/or DNA template (29, 30). These two proteins exhibit remarkable flexi-
bility in their ability to affect RNAP’s response to pause signals. NusA from Escherichia
coli increases the pause half-life by stimulating an interaction between the pause
hairpin and the � flap of RNAP (31, 32). As NusA proteins from B. subtilis and E. coli can
substitute for one another in stimulating pausing in vitro (33), it is apparent that their
mechanisms of action are essentially identical. In contrast to NusA, NusG proteins from
these organisms have opposite functions on pausing. Whereas E. coli NusG increases
the transcription elongation rate by suppressing pausing (34, 35), B. subtilis NusG
stimulates pausing by making sequence-specific contacts with the nontemplate DNA
(ntDNA) strand within the paused transcription bubble (28, 33, 36).

RNAP pauses at positions U107 and U144 in the 5= UTR of the B. subtilis trp operon
(22). U107 just precedes the critical overlap between the antiterminator and terminator
structures. Thus, pausing at U107 is thought to participate in the attenuation mecha-
nism by providing additional time for TRAP to bind to the nascent transcript and
promote termination. The U144 pause site is just downstream from the G140 and U141
termination sites (Fig. 1). Pausing at this position participates in the trpE translation
repression mechanism by providing a second opportunity for TRAP binding (23). NusA
and NusG stimulate pausing at both of these positions. As the U144 pause half-life is
much longer in vitro and in vivo, our previous mechanistic pausing studies focused on
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the U144 site (23, 28, 33, 36). Based on the mechanistic insight gained from these prior
studies, we conducted experiments to determine the features of the U107 pause site
that distinguish it from the long-lived U144 pause. We found that features of the RNA
hairpin, the sequence of the RNA between the hairpin and the 3= end of the RNA (i.e.,
U107), and the sequence of the ntDNA within the paused transcription bubble all
contribute to the disparate pause half-lives at these two sites. We further show that
pausing at U107 increases the efficiency of TRAP-dependent termination in the trp 5=
UTR, consistent with pausing at this position providing additional time for TRAP to bind
and interfere with the formation of the antiterminator structure.

RESULTS
Sequence and structural features of the U107 pause signal. Single-round in vitro

transcription assays were used to monitor pausing at U107 and U144 in the B. subtilis
trp leader. Nascent transcripts were labeled at their 5= ends during the first step in
which a 29-nucleotide (nt) halted TEC was formed by the omission of CTP. In the second
step, elongation was resumed by the addition of CTP together with heparin to prevent
further RNAP initiation events. When added, NusA and NusG were included in the
second step of the reaction. Since positions 108 and 145 are both A residues, a limiting
concentration of ATP (10 �M) was used to increase the dwell time of RNAP at each
pause site. The hallmark feature of a pause site is that the corresponding paused
transcript initially increases in abundance and then chases to longer transcripts. This
feature is evident for the U107 and U144 pause sites in the B. subtilis trp operon 5= UTR
(Fig. 2B). Note that some terminated products were also observed under these condi-
tions. The identity of the 3= nucleotide in the active site of RNAP (U107 and U144) is
critical for basal and NusA- and NusG-stimulated pausing (33). Our previous studies of
the U144 pause site also identified a T-rich tract of the ntDNA strand within the paused
transcription bubble as being critical for NusG-stimulated pausing, with residues T135,
T137, T138, and T139 being particularly important (28, 33, 36). Note that the corre-
sponding U-rich tract in the nascent RNA would be within the RNA-DNA hybrid at the
U144 pause site. The finding that the wild-type (WT) NusG N-terminal domain (NGN)
cross-linked to T138, while the cross-linking was greatly reduced or absent in pause-
defective NGN mutants, established that NusG makes sequence-specific contacts with
the ntDNA strand within the paused transcription bubble (36).

FIG 1 Model of the B. subtilis trp operon transcription attenuation mechanism. During transcription, NusA and NusG stimulate RNAP
pausing at U107. Under limiting tryptophan conditions, TRAP is not activated and does not bind to the nascent transcript. RNAP
eventually overcomes the pause and resumes transcription, resulting in the formation of the antiterminator and transcription
readthrough into the trp operon structural genes. Under excess tryptophan conditions, tryptophan-activated TRAP binds to the 5=
stem-loop and the (G/U)AG repeats soon after they are synthesized. Pausing at U107 provides additional time for TRAP binding. Bound
TRAP prevents the formation of the antiterminator, which allows for the formation of the overlapping terminator hairpin such that
transcription terminates at G140 or U141. The 11 TRAP subunits are shown in alternating colors with bound tryptophan shown in
green. The 11 (G/U)AG repeats are indicated in boldface type, while the critical overlapping nucleotides between the antiterminator
and terminator structures are boxed. The U144 pause site is also shown. Numbering is from the start of transcription.
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The precise positions of T135, T137, T138, and T139 within the U144 pause signal are
conserved within the U107 pause signal (T98, T100, T101, and T102) (Fig. 2A). Note that
all four of these U107 pause site residues are present within an internal loop of the
predicted antiterminator structure involved in attenuation (Fig. 1). Thus, we introduced
T-to-A substitutions to assess their role in RNAP pausing with the expectation that these
changes would have a minimal impact on the antiterminator structure. In the presence
of both NusA and NusG, the T98A and T102A mutations reduced the pause half-life
2-fold, whereas the T100A and T101A substitutions had stronger 6-fold pausing defects
(Fig. 2C). Pausing was reduced to a similar extent in the T100A-T101A-T102A triple
mutant. Since both NusA and NusG stimulate pausing at U107 (28, 33), we performed
pausing experiments with the triple mutant template with or without NusA and/or
NusG. Whereas NusA and NusG both stimulated pausing at the WT U107 pause site,
neither protein stimulated pausing of the triple mutant (Fig. 2D). Because the substi-
tution of the equivalent T-tract/U-tract residues at the U144 pause site also resulted in
the loss of pause stimulation by NusA and NusG (28), combined with the prior

FIG 2 Mutations in the T tract/U tract interfere with NusA- and NusG-stimulated pausing. (A) Diagram of the U107 paused transcription bubble
showing the RNA-DNA hybrid in the pretranslocated state and the RNA hairpin. The nontemplate DNA (ntDNA) and template DNA (tDNA) strands
are indicated. Numbering is from the start of transcription. (Inset) Comparison of the ntDNA strands at the U107 and U144 pause sites. The four
T residues that were mutagenized in this study are boxed and shaded. (B) Single-round in vitro transcription reactions were performed with a DNA
template containing the U107 and U144 pause sites in the presence of 1 �M NusA and 1 �M NusG. Positions of the U107 and U144 pause,
terminated, and readthrough (RT) transcripts are marked. (C) Single-round in vitro transcription reactions were performed with wild-type (WT) and
mutant DNA templates, as indicated, in the presence of 1 �M NusA and 1 �M NusG. (D) Single-round in vitro transcription reactions were
performed with WT and T100A-T101A-T102A triple mutant DNA templates in the absence or presence of 1 �M NusA and/or 1 �M NusG, as
indicated. (B to D) Reactions were stopped at the times shown above the lanes. Chase reactions (Ch) were extended for an additional 10 min at
37°C in the presence of 500 �M (each) NTPs. Each experiment was performed at least twice and representative gels are shown. (C, D) The position
of the U107 pause transcript is marked. Pause half-life (t1/2) values and standard deviations are shown at the bottom of each set of lanes.
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demonstration that NusG cross-links to T138 of the ntDNA strand at the U144 pause site
(36), we infer that NusG also makes sequence-specific contacts with the ntDNA strand
at the U107 pause site. Furthermore, since it is known that NusA reduces the rate of
transcription through U-rich tracts (28, 37), our results suggest that the loss of NusA-
stimulated pausing in the T100A-T101A-T102A triple mutant is a consequence of the
reduced number of U residues in the RNA-DNA hybrid.

Another critical component of hairpin-dependent pause signals is the hairpin itself.
Although previous in vitro pausing studies using oligonucleotide competitors provided
evidence for a U107 pause hairpin (22), the presence of a pause hairpin had not been
demonstrated directly. Thus, we deleted nucleotides 73 to 94 encompassing the
presumed U107 pause hairpin (ΔHp) (Fig. 1 and 3A) and found that pausing was
reduced approximately 2-fold compared with that of the WT pause site in the absence
of Nus factors (Fig. 2D and 3B). However, NusA- and NusG-stimulated pausing was
virtually eliminated with the ΔHp template (Fig. 3B). Since Mfold (38) did not predict
any RNA structural changes other than the removal of the pause hairpin, we conclude
that U107 represents a hairpin-dependent pause site and that the hairpin contributes
to pause stimulation by both Nus factors.

The U144 pause hairpin consists of 10 uninterrupted base pairs with a calculated ΔG
value of �12.6 kcal/mol. By contrast, the 9-bp U107 pause hairpin is disrupted by a
2-by-1 internal loop with a ΔG value of only �2.6 kcal/mol. Thus, we compared the
pause hairpin strengths of these two hairpins by replacing the U107 hairpin (Hp107)
with that from the U144 pause site (Hp144). For comparison, we also replaced the U107
hairpin with the strong hairpin from the B. subtilis proS terminator (HpproS, ΔG � �15.5
kcal/mol) (Fig. 3A). The pause half-lives in the presence of both Nus factors were
correlated with hairpin strength, with the strong Hp144 and HpproS resulting in pause
half-lives that were approximately 6-fold longer than that with Hp107 (Fig. 3C).

Pairing of antisense DNA and RNA oligonucleotides to the appropriate position of
the nascent transcript was previously shown to mimic a pause RNA hairpin at the E. coli

FIG 3 The presence and strength of the pause hairpin greatly affect pausing at U107. (A) Structures of the U107 (Hp107), proS (HpproS), and
U144 (Hp144) hairpins predicted by Mfold (38). (B) Single-round in vitro transcription reactions were performed with a ΔHp DNA template
in the absence or presence of 1 �M NusA and/or NusG, as indicated. (C) Single-round in vitro transcription reactions were performed in
the presence of 1 �M NusA and 1 �M NusG with templates containing the U107 pause hairpin (Hp107), a hairpin derived from the proS
terminator (HpproS), the U144 pause hairpin (Hp144), or no hairpin (ΔHp). Note that the time scale for the ΔHp template is in seconds while
those for the other samples are in minutes. (D) Single-round in vitro transcription reactions were performed in the presence of 1 �M NusA
and 1 �M NusG with a ΔHp template in the absence or presence of a DNA oligonucleotide complementary to the region just upstream
of the U tract. The resulting RNA-DNA hybrid generated a synthetic U107 pause hairpin. The oligonucleotide also resulted in an apparent
termination event at position 102 (term). (B to D) Reactions were stopped at the times shown above the lanes. Chase reactions (Ch) were
extended for an additional 10 min at 37°C in the presence of 500 �M (each) NTPs. The position of the U107 pause transcript is marked.
Pause half-life (t1/2) values and standard deviations are shown at the bottom of each set of lanes. Each experiment was performed at least
twice and representative gels are shown.
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his pause site (39). Hence, we tested whether pausing with the ΔHp template could be
restored by annealing a DNA oligonucleotide to the nascent RNA just upstream of the
U tract. Inclusion of a 15-nt antisense DNA oligonucleotide complementary to positions
57 to 71 of the trp 5= UTR (Fig. 1) increased the pause half-life 4-fold in the presence of
both Nus factors (Fig. 3D). Although the natural U107 hairpin resulted in a longer pause
half-life than what was observed with the antisense oligonucleotide (Fig. 3C and D),
these results indicate that a DNA-RNA duplex is capable of mimicking the U107 RNA
hairpin in NusA- and NusG-stimulated pausing. The annealing of the antisense oligo-
nucleotide also resulted in some termination within the U tract upstream of the pause
site, presumably by mimicking a terminator hairpin upstream of a U-rich sequence, a
common feature of intrinsic terminators (Fig. 3D). This phenomenon of oligonucleotide-
mediated transcript release was observed previously (40). In addition, the antisense
oligonucleotide caused nearly 100% transcription termination at residues G140 and
U141, because it disrupted the base of the antiterminator structure by hybridization to
residues 60 to 65, thereby allowing the formation of the attenuator terminator hairpin
(Fig. 1 and data not shown).

Modular arrangement of the U107 and U144 pause signals. The pause half-life
at the U144 pause site is much longer than that at U107 (Fig. 2B) (22, 23, 33). Our results
indicate that the relative strengths of the two pause hairpins are at least partly
responsible for this difference (Fig. 3C). Our results also indicate that the conserved T/U
residues downstream of the U107 and U144 pause hairpins are critical for NusA- and
NusG-stimulated pausing. However, the identities of the non-T/U residues downstream
of the U107 and U144 pause hairpins differ among the two pause sites, and these
differences could contribute to the difference in pause half-lives (Fig. 4A). Thus, we
compared all combinations of hairpins and downstream T-tract/U-tract regions from
the U107 and U144 pause sites. Compared with that of the WT U107 pause site, the
U144 pause half-life is 2.5-fold longer in the absence of Nus factors, 3.5-fold longer in
the presence of NusA, 32-fold longer in the presence of NusG, and 37-fold longer in the
presence of both Nus factors (Fig. 4B and E). Thus, it is apparent that the two pause sites
differ most drastically in their response to NusG. When a hybrid pause site containing
the U144 hairpin and the U107 T tract/U tract was tested (Fig. 4C), the basal and
NusA-stimulated pausing were similar to that for the WT U144 pause site (Fig. 4C and
E) and about 2.5-fold longer than that for the WT U107 pause site (Fig. 4B and C).
However, NusG-stimulated pausing was greatly affected at this hybrid pause site; the
pause half-life was increased �5-fold compared with that for the WT U107 site and
reduced �7-fold compared with that for the WT U144 site. When a hybrid pause site
containing the U107 hairpin and the U144 T tract/U tract was tested (Fig. 4D), the basal
and NusA-stimulated pausing was slightly elevated compared with that for the WT
U107 pause site (Fig. 4B and D) and reduced approximately 2-fold relative to that for
the WT U144 pause site (Fig. 4D and E). As for the Hp144 plus T tract/U tract107 hybrid
pause site (Fig. 4C), NusG-stimulated pausing was greatly affected by the Hp107 plus T
tract/U tract144 hybrid pause site; the pause half-life was increased �6-fold compared
with that for the WT U107 site and reduced �6-fold compared with that for the WT
U144 site. From these data we conclude that the U107 and U144 pause signals are
organized in a modular fashion containing distinct hairpin and T-tract/U-tract compo-
nents. Moreover, our results indicate that both NusA and NusG respond to each of
these modular components.

Pausing at U107 increases TRAP-dependent termination in the trp 5= UTR. In
the transcription attenuation mechanism, the formation of the antiterminator structure
promotes transcription readthrough into the trpEDCFBA operon structural genes by
preventing the formation of the overlapping terminator hairpin (Fig. 1). Since U107 just
precedes the critical overlap between the antiterminator and terminator structures,
pausing at U107 is assumed to provide additional time for TRAP binding. Thus, pausing
at U107, which is stimulated �10-fold by the NusA-NusG combination (Fig. 2D and 4B),
is predicted to increase the TRAP-dependent termination efficiency. To test this pre-
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diction, we performed single-round in vitro termination assays using WT and T100A-
T101A-T102A triple mutant templates. Although the T-to-A substitutions were pre-
dicted to have a minimal impact on antiterminator function, in the absence of Nus
factors, we observed a 2-fold increase in basal termination efficiency (i.e., in the absence
of TRAP) (Fig. 5, left). As the TRAP concentration was gradually increased, the termi-
nation efficiency with the WT and mutant templates both reached �40%. In the
presence of NusA and NusG, the basal termination efficiency was also elevated with
the T100A-T101A-T102A triple mutant template (Fig. 5, right). As was observed in the
absence of Nus factors, the termination efficiency of the mutant template reached
�40%. Importantly, the termination efficiency reached approximately 55% with the WT
template at the highest TRAP concentration, indicating that pausing results in increased

FIG 4 Relative contributions of the pause hairpin and T tract/U tract for pausing. (A) Sequence
comparison of the 107 and 144 pause hairpins, RNA U tracts, and ntDNA T tracts. (B to E) Single-round
in vitro transcription reactions were performed with various DNA templates in the absence or presence
of 1 �M NusA and/or 1 �M NusG, as indicated. Reactions were stopped at the times shown above the
lanes. Chase reactions (Ch) were extended for an additional 10 min at 37°C in the presence of 500 �M
(each) NTPs. The position of the U107 pause transcript is marked. Pause half-life (t1/2) values and standard
deviations are shown at the bottom of each set of lanes. Each experiment was performed at least twice
and representative gels are shown.

NusA- and NusG-Stimulated Pausing Journal of Bacteriology

July 2017 Volume 199 Issue 14 e00223-17 jb.asm.org 7

http://jb.asm.org


TRAP-dependent termination at the trp leader attenuator. These data are consistent
with a model in which NusA- and NusG-stimulated pausing at U107 participates in the
trp operon attenuation mechanism in vitro. We further infer that pausing provides
additional time for TRAP binding. Unfortunately, the increase in basal termination
efficiency of the pause-defective mutant template prevented us from demonstrating
that pausing at U107 participates in the transcription attenuation mechanism in vivo.

DISCUSSION

An in vivo consensus sequence for elemental pause sites was identified for E. coli and
B. subtilis, with pausing occurring every 200 nt on average (41, 42). Structural informa-
tion at elemental pause sites revealed a relaxed open-clamp RNAP conformation,
suggesting that the failure of RNAP to reestablish contacts with downstream DNA
contributes to pausing (43). Although entry into an elemental pause state is a funda-
mental property of RNAP, the majority of these pause events are probably not regu-
latory. Other than a pyrimidine at the pause site and an A residue at the position
immediately downstream of the pause site, the two trp pause sites bear little resem-
blance to the elemental pause site consensus.

Our previous studies demonstrated that NusA and NusG stimulate RNAP pausing at
positions U107 and U144 of the B. subtilis trp leader (22, 28, 33, 36). Although NusA and
NusG stimulate pausing at both of these sites, stimulation at U144 is highly
synergistic (Fig. 2D and 4B and E). Pausing at U144 represses the translation of trpE
by providing an opportunity for TRAP to bind and promote the formation of the
trpE SD-sequestering hairpin (23). Although pausing is generally assumed to provide
an opportunity for regulatory factor binding in attenuation mechanisms (26), this had
not been established for the B. subtilis trp operon.

Both of the trp pause sites are preceded by a 12-nt T-rich sequence in the ntDNA
strand, corresponding to a U-rich sequence in the nascent transcript, most of which
would be part of the RNA-DNA hybrid in the main channel of RNAP. The relative
positions of eight T residues are conserved in both pause signals (Fig. 2A). We
previously demonstrated that several of these T residues in the U144 pause signal
constitute a sequence-specific NusG recognition element (28, 36). Our current work
indicates that the T residues play a similar role in pausing at U107. For example,
the relative importance of the U144 pause site T residues is in the order
T137�T138�T135�T139 (28), which is similar to the order of the U107 pause site
(T100�T101�T98�T102) (Fig. 2A and C). However, the relative contributions of these
conserved T residues differ between the two pause sites. Whereas simultaneous
substitution of T137, T138, and T139 was required to eliminate NusG-stimulated
pausing (28), the substitution of just T100 or T101 had an effect that was similar to the
T100A-T101A-T102A triple substitution (Fig. 2).

In contrast to the conserved T residues, the non-T residues at the U107 and U144

FIG 5 Effect of T-tract/U-tract mutations on TRAP-dependent termination at the trp attenuator. Single-round in vitro transcription reactions were
performed with WT and T100A-T101A-T102A triple mutant DNA templates in the absence or presence of 1 �M NusA, 1 �M NusG, and various
concentrations of TRAP (0, 0.008, 0.016, 0.031, 0.062, 0.125, 0.25, 0.5, and 1.0 �M), as indicated. Positions of the terminated (T) and readthrough
(RT) transcripts are marked. Termination efficiency (%T) is shown at the bottom of each lane. Quantification of results from four experiments and
standard deviations are shown at the right.
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pause sites differ considerably (Fig. 2A). A comparison of the U107 and U144 T tracts
indicates that the non-T residues of the U144 pause site provide a much stronger
NusG-stimulated pausing signal (compare Fig. 4B with D and C with E). The simple
absence of T at position 97 near the U107 pause site cannot explain this difference,
because the T134C substitution at the U144 pause site had little effect on pausing (28).
Instead, the sequence differences between the U107 and U144 T tracts (Fig. 2A),
combined with our extensive mutagenesis study of the U144 pause site (28), suggest
that the A102 and C106 residues negatively impact pausing at U107, whereas positions
A97 and G99 are unlikely to be important for pausing.

Pause stimulation by the RNA hairpin depends on the relative strength of the
secondary structure but not on its specific sequence (Fig. 3A and C). Mutagenesis of the
U144 pause hairpin revealed a sharp drop from full to little pause stimulation in
the narrow range of hairpin stability between ΔG values �8.6 and �6.0 kcal/mol (28),
whereas our current work indicates that a hairpin with a ΔG value as low as �2.6
kcal/mol can stimulate pausing (Fig. 3). Thus, the modular combination of the hairpin
and T tract/U tract leads to a wide range in pause strengths (Fig. 4).

The relative influence of the hairpin and T tract/U tract on pausing depends on the
presence of two general transcription elongation factors. NusA-stimulated pausing is
highly sensitive to the strength of the pause hairpin (Fig. 4) and to the U richness of the
U tract (Fig. 2D) (28). Although NusA is known to stimulate the interaction of the pause
hairpin with the �-flap domain of RNAP (31, 32), our results suggest that NusA may also
assist with hairpin folding, as appears to be the case during intrinsic termination (44).
Since results from previous studies indicate that NusA slows transcription through U
tracts of intrinsic terminators (28, 37), the deficiency of NusA-stimulated pausing with
the T100A-T101A-T102A mutant template may be due to the reduction in the U
richness of the nascent transcript, which would abrogate its effect on slowing the rate
of transcription as RNAP approaches the U107 pause site.

NusG-stimulated pausing is also highly sensitive to the strength of the pause hairpin
(Fig. 4) and the sequence of the T tract (Fig. 2 and 4) (28). NusG makes sequence-
specific contacts with T residues in the ntDNA strand within the U144 paused tran-
scription bubble (28, 36). Since the U107 pause site mutations altered T residues
corresponding to T residues that are critical for NusG-stimulated pausing at U144, the
NusG-stimulated pausing defects at U107 are probably caused by the loss of ntDNA
contacts within the U107 paused transcription bubble. Structure modeling of the
paused elongation complex places the RNA exit channel and ntDNA strand far away
from each other (36), excluding the possibility of direct contact between NusG and the
pause hairpin. Therefore, the pause hairpin likely affects NusG-stimulated pausing via
allosteric communication between two remote regions of the TEC.

The U107 pause hairpin contains 4 of the 11 (G/U)AG repeats that constitute the
TRAP binding target, while the T-tract/U-tract portion of the U107 pause signal is
positioned 4 nt downstream from the last repeat (Fig. 1 and 4A). Therefore, the
disruption of the pause hairpin is the likely mechanism responsible for the previously
observed release of paused RNAP by TRAP binding (22). Once RNAP resumes transcrip-
tion, the terminator hairpin can form, resulting in transcript release at the attenuator
(Fig. 1). Our observation that the T100A-T101A-T102A mutant trp leader template is
defective in pausing (Fig. 2) and TRAP-dependent termination (Fig. 5) is consistent with
a model in which pause stimulation by NusA and NusG provides additional time for
tryptophan-activated TRAP to bind to the nascent transcript such that termination in
the trp leader is increased. Thus, our results provide compelling evidence that NusA-
and NusG-stimulated pausing synchronize the position of RNAP with TRAP binding in
the B. subtilis trp operon attenuation mechanism.

The only function of TRAP binding was long thought to be to prevent antiterminator
formation during attenuation (2). However, recent evidence indicates that TRAP is
capable of inducing efficient termination to the otherwise weak intrinsic terminator in
the absence of a functional antiterminator structure (45–47). In addition to TRAP, NusA
is required to achieve efficient termination in the trp leader (44, 46). One model posits
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that in addition to antiterminator disruption, bound TRAP is capable of promoting
forward translocation of RNAP, thereby leading to more efficient termination (45). The
identification of mutant TRAP proteins that are still capable of binding tryptophan and
RNA but are defective in termination is consistent with this model (47); however,
studies will be required to fully define the interrelationship between pausing, TRAP
binding, and termination.

MATERIALS AND METHODS
DNA templates and proteins. All templates for the U107 pausing and termination assays were

obtained by PCR amplification of the B. subtilis trp leader, in which a cryptic promoter located
between �2 and �30 was converted into a strong consensus promoter along with an extended �10
region to drive transcription initiation from residue �37. Use of this modified cryptic promoter rather
than the natural trp promoter alleviated the requirement for using an RNA trimer oligonucleotide for
initiation to obtain a C-less halted complex and avoided the problems associated with transcription
initiation from two promoters (23). Mutations were introduced using the QuikChange protocol (Agilent
Technologies). Briefly, 185-nt PCR fragments (containing �1 to �182) of the wild-type (WT) and mutant
templates were used as the templates for in vitro pausing and termination assays. B. subtilis TRAP (48),
His-tagged NusA (22), and His-tagged NusG (33) proteins were overproduced and purified as described
previously. His-tagged B. subtilis RNAP was purified as described previously (23, 49).

In vitro pausing assays. Pausing assays and data analysis were performed as described previously
(22, 23, 33). Halted TECs containing a 29-nt transcript were formed in a reaction mixture containing ATP
and GTP (8 �M each), 2 �M UTP, and 1 mCi · ml�1 [�-32P]UTP at 37°C. Transcription elongation was halted
at position 65 of the trp leader due to the absence of CTP. The elongation of halted transcription
complexes was resumed by the addition of all four nucleoside triphosphates ([NTPs] 150 �M GTP, CTP,
and UTP and 10 �M ATP), together with heparin at room temperature (23 to 25°C). When included, NusA
(1 �M), NusG (1 �M), and/or a DNA oligonucleotide (50 �M) were added in the second step of the
reaction. Aliquots of the elongation reaction mixtures were removed at various times, and the last aliquot
was chased for an additional 10 min at 37°C in the presence of 500 �M NTPs. The reactions were stopped
by mixing with gel loading solution, and samples were fractionated through standard 6% sequencing
gels. The pause half-lives were calculated by plotting the relative intensities of the U107 pause bands
against the incubation times and fitting the data with a single exponential equation, as described
previously (22, 50).

In vitro termination assays. In vitro termination assays were performed as described previously (22,
23, 33, 44). Halted TECs containing a 29-nt transcript were formed in a reaction mixture containing ATP
and GTP (8 �M each), 2 �M UTP, and 1 mCi · ml�1 [�-32P]UTP at 37°C. The elongation of halted complexes
was resumed by the addition of 150 �M of all four NTPs for 5 min at 37°C. When included in the reaction
mixtures, NusA (1 �M), NusG (1 �M), and TRAP (various concentrations) together with 1 mM L-tryptophan
were added in the second step of the reaction. TRAP concentrations were 0 nM, 7.5 nM, 15 nM, 30 nM,
60 nM, 125 nM, 250 nM, 500 nM, and 1 �M. The reactions were stopped by mixing with gel loading
solution, and samples were fractionated through standard 6% sequencing gels. The efficiency of
termination was calculated as the fraction of a terminated transcript relative to the sum of all terminated
and readthrough transcripts, as described previously (33).
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