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ABSTRACT Transcription of the tryptophan (trp) operon in Bacillus subtilis is regu-
lated by an attenuation mechanism. Attenuation is controlled by the trp RNA-
binding attenuation protein (TRAP). TRAP binds to a site in the 5= leader region of
the nascent trp transcript in response to the presence of excess intracellular trypto-
phan. This binding induces transcription termination upstream of the structural
genes of the operon. In prior attenuation models, the role of TRAP was only to alter
the secondary structure of the leader region RNA so as to promote formation of the
trp attenuator, which was presumed to function as an intrinsic terminator. However,
formation of the attenuator alone has been shown to be insufficient to induce effi-
cient termination, indicating that TRAP plays an additional role in this process. To
further examine the function of TRAP, we performed a genetic selection for mutant
TRAPs that bind tryptophan and RNA but show diminished termination at the trp at-
tenuator. Five such TRAP mutants were obtained. Four of these have substitutions at
Glu60, three of which are Lys (E60K) substitutions and the fourth of which is a Val
(E60V) substitution. The fifth mutant obtained contains a substitution at Ile63, which
is on the same �-strand of TRAP as Glu60. Purified E60K TRAP binds tryptophan and
RNA with properties similar to those of the wild type but is defective at inducing
termination at the trp attenuator in vitro.

IMPORTANCE Prior models for attenuation control of the B. subtilis trp operon sug-
gested that the only role for TRAP is to bind to the leader region RNA and alter its
folding to induce formation of an intrinsic terminator. However, several recent stud-
ies suggested that TRAP plays an additional role in the termination mechanism. We
hypothesized that this function could involve residues in TRAP other than those re-
quired to bind tryptophan and RNA. Here we obtained TRAP mutants with altera-
tions at Glu60 that are deficient at inducing termination in the leader region while
maintaining tryptophan and RNA binding properties similar to those of the WT pro-
tein. These studies provide additional evidence that TRAP-mediated transcription ter-
mination at the trp attenuator is neither intrinsic nor Rho dependent.
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Expression of the Bacillus subtilis trpEDCFBA operon, which contains six of the seven
genes required for tryptophan biosynthesis, is regulated by the trp RNA-binding

attenuation protein (TRAP) (1, 2). TRAP is composed of 11 identical 75-amino-acid
subunits, each encoded by the mtrB gene (3), which assemble into a symmetric ring
complex (4). TRAP is activated to bind RNA by binding up to 11 tryptophan molecules
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in hydrophobic pockets between adjacent subunits (5). The TRAP binding site in the
203-nucleotide (nt) 5= leader region of the trp transcript, upstream of trpE, consists of
11 (G/U)AG repeats. TRAP binds to this target by wrapping the RNA around the
perimeter of the protein ring (4, 6, 7).

Transcription of the trp operon was originally proposed to be regulated solely by
two competing RNA secondary structures, termed the antiterminator and the termina-
tor (attenuator), which form in the 5= leader region (8, 9). In this model, when
intracellular tryptophan levels are in excess, TRAP binding to the trp leader RNA
prevents formation of the antiterminator structure, which promotes formation of the
attenuator. The attenuator was presumed to function as an intrinsic terminator to halt
transcription within the trp leader region and thus prevent expression of the operon
(Fig. 1). When tryptophan is limiting, TRAP does not bind RNA and the alternative
antiterminator structure forms, allowing transcription to read through into the trp
biosynthetic genes (10). The only role of TRAP in this model is to alter the secondary
structure of the leader RNA so as to promote formation of the attenuator (8, 11).
However, Potter et al. found that formation of the attenuator alone is not sufficient to
cause efficient termination but requires TRAP bound to the nascent transcript to do so
(12). More recently, we also found that TRAP can induce transcription termination in the
trp leader region when the attenuator is mutated or deleted (13). Together these
observations suggest that TRAP plays an additional role in attenuation beyond chang-
ing the folding pattern of the trp RNA (12).

The additional role of TRAP in the termination mechanism may involve interactions
with RNA polymerase (RNAP) or other transcription factors. These interactions may
involve specific contact with TRAP residues other than those that interact with trypto-
phan and RNA. Identifying such residues in TRAP would provide additional evidence for
this novel function. Hence, we performed a genetic selection/screen for TRAP mutants
that are deficient at inducing termination in the trp leader region but retain the ability
to bind tryptophan and RNA. Five TRAP mutants with these properties were obtained.
Four of these have substitutions at Glu60, while the fifth has a change at Ile63, which
is on the same �-strand as residue 60. Glu60 is located on the side of the TRAP ring
opposite the location where tryptophan and RNA bind. Consistent with this location,
E60K TRAP binds tryptophan and RNA with properties similar to those of wild-type (WT)
TRAP but shows a diminished ability to induce termination at the trp attenuator in vitro.

FIG 1 Model of transcription attenuation of the B. subtilis trp operon. Bold black letters designate the
complementary strands of the attenuator (C and D) (highlighted in blue) and antiterminator (A and B) RNA
structures. TRAP is shown as a ribbon diagram, with each subunit in a different color. The 11 (G/U)AG
repeats of the TRAP binding site are circled and numbered in green. Small black numbers indicate RNA
residues relative to the start of transcription. When tryptophan is limiting, the AB antiterminator RNA
structure forms, allowing readthrough of the trp operon. With excess tryptophan, TRAP binds to the nascent
RNA and prevents formation of the antiterminator structure, which allows formation of the attenuator,
leading to transcription termination.
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In addition, E60K TRAP shows decreased association with the B. subtilis transcription
elongation complex (TEC) in vitro. Together these findings suggest that Glu60 plays a
role in TRAP-mediated transcription termination other than binding RNA.

RESULTS
Selection for termination-deficient TRAP mutants yields substitutions at Glu60.

The observation that TRAP can induce transcription termination in mutant trp leader
regions with altered or deleted attenuator segments suggests that TRAP plays an active
role in transcription termination of B. subtilis RNAP beyond altering the RNA secondary
structure in the leader region (13). This additional function may require residues on
TRAP other than those involved in binding tryptophan and RNA. We therefore per-
formed a genetic selection/screen for TRAP mutants that are defective at inducing
transcription termination at the trp attenuator but retain the ability to bind tryptophan
and RNA similarly to WT TRAP.

In B. subtilis NM4909, transcription of the chloramphenicol acetyltransferase (cat)
gene is under the control of the native trp promoter and regulatory region (Fig. 2). Since
this strain carries a deletion of mtrB, which encodes TRAP, the cat gene is constitutively
expressed, yielding resistance to chloramphenicol (CM). However, when WT TRAP is
expressed from pHYp59mtrB, NM4909 is resistant to CM in the absence of tryptophan
but CM sensitive when grown in the presence of tryptophan due to TRAP-mediated
termination in the trp leader region. Strains containing plasmids expressing TRAP
mutants that allow transcription to read through the attenuator in the presence of
tryptophan were selected as those resistant to both tetracycline (pHYp59mtrB) and CM.

Strains expressing TRAP mutants defective in tryptophan and/or RNA binding
activity also allow transcription through the trp leader region, resulting in CM resis-
tance. However, these mutants are unlikely to contain substitutions in residues that are
directly involved in inducing RNAP to terminate. To identify and eliminate TRAP
mutants with defects in tryptophan and/or RNA binding, we screened the CM-resistant
clones for the ability to downregulate translation of a trpP-lacZ translational fusion in
response to tryptophan in B. subtilis NM4909 (Fig. 2). This fusion contains a TRAP
binding site overlapping the translational start site of trpP (14). Thus, when NM4909 is
grown in the presence of tryptophan, TRAP binding to trpP mRNA inhibits translation
initiation of lacZ (14, 15), resulting in white colonies on 5-bromo-4-chloro-3-indolyl-�-
D-galactopyranoside (X-Gal). Mutations that have a negative impact on the tryptophan
and/or RNA binding properties of TRAP allow translation of trpP, yielding blue colonies
in the presence of tryptophan and X-Gal. Therefore, NM4909 strains containing TRAP
mutants that bind RNA and tryptophan but do not terminate transcription efficiently
were identified as CM resistant and white on medium containing CM, X-Gal, and excess
tryptophan.

FIG 2 Gene fusions integrated into the genome of B. subtilis strain NM4909 for selection and screening
of TRAP mutants are shown. TRAP binding sites are indicated by dotted lines. The diagram is not drawn
to scale. (Top) Transcriptional fusion between the trp leader promoter and regulatory region and a
portion of trpE and the chloramphenicol acetyltransferase gene (cat), integrated into the genome at the
amyE locus. This fusion assesses the ability of TRAP mutants to regulate transcription. (Bottom) Trans-
lational fusion between the yhaG leader region and lacZ, integrated at the thrC locus. This fusion tests
the ability of TRAP mutants to bind to a site in the RNA that overlaps the ribosome binding site and the
start codon of yhaG, which downregulates translation of the lacZ fusion.
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Transforming B. subtilis NM4909 with a pool of approximately 5 � 104 pHYp59
plasmids containing mutant mtrB genes yielded approximately 1 � 103 CM-resistant
colonies. The relatively large fraction (�1/50) of randomly mutated mtrB genes that
result in CM resistance is consistent with the presence of only 73 amino acids in TRAP,
of which 4 and 9 have been shown to be essential for binding RNA and tryptophan,
respectively (5). Thirty-four of the CM-resistant colonies appeared light blue to white on
X-Gal. To further assess the RNA binding properties of TRAP in these 34 candidate
strains, we assayed �-galactosidase expression from the trpP-lacZ translational fusion.
For comparison, WT TRAP expressed from pHYp59mtrB in NM4909 resulted in approx-
imately 175 U and 10 U of �-galactosidase activity when grown in the absence and
presence of tryptophan, respectively (Fig. 3A). Twenty-nine of the 34 CM-resistant
clones selected based on their appearance on X-Gal yielded more than 100 U of
�-galactosidase when grown in the presence of tryptophan, suggesting that TRAP was
defective at binding tryptophan and/or RNA in these cells. These clones were not
pursued further. Four of the remaining CM-resistant clones (clones 1, 3, 4, and 5)
yielded less than 25 U of �-galactosidase, indicating that in these strains, TRAP is
capable of downregulating translation of the trpP-lacZ fusion at least 8-fold in response
to tryptophan (Fig. 3A). Clone 2 showed intermediate regulation of the fusion, yielding
approximately 50 U of �-galactosidase activity in the presence of tryptophan.

The results of sequencing of the mtrB genes from the plasmids isolated from these
5 clones are shown in Fig. 3B. Three of the four clones (clones 1, 3, and 5) that showed
the greatest ability to downregulate the trpP-lacZ fusion in response to tryptophan
contained mutations of Glu60 to Lys (E60K). Two of these (clones 3 and 5) had the
single E60K mutation, whereas clone 1 was a double mutant with a T25I change in
addition to the E60K change. Clone 2, which showed intermediate regulation of
trpP-lacZ, was also a double mutant, with mutation of Glu50 to Lys as well as Glu60 to

FIG 3 TRAP mutants from genetic selection/screen. (A) Bar graph showing �-galactosidase activities, in Miller units, expressed
from the yhaG-lacZ fusion in the absence (trp�) or presence (trp�) of exogenous tryptophan (50 �g/ml) for 5 CM-resistant
clones obtained from B. subtilis NM4909 containing plasmids that express mutant mtrB genes. (B) Amino acid sequences of the
wild-type and mutant mtrB genes obtained from the genetic selection/screen, with substitutions highlighted in black boxes.
(C) Ribbon diagram of two adjacent TRAP subunits, shown in green and yellow. Tryptophan molecules are displayed as van
der Waals spheres, and RNA is shown using stick models in CPK colors. Glu60 and Ile63 are shown as red and blue stick models,
respectively.
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Val. Clone 4 contained a mutation of Ile63 to Val. Since three of the four clones with the
greatest ability to regulate the trpP-lacZ fusion (suggesting that TRAP bound RNA
efficiently in these cells) contained changes at Glu60, including two with a single
change to Lys (clones 3 and 5), we focused our attention on this residue as potentially
playing a specific role in TRAP-mediated transcription termination other than altering
RNA folding.

Charge alterations at residue 60 of TRAP inhibit transcription termination
without affecting RNA and tryptophan binding. Selection for CM resistance in
NM4909 is based on impaired TRAP-mediated transcription termination in the regula-
tory trp leader region of the trpE=-=cat fusion. To quantify this effect, we transformed
pHYp59 plasmids expressing WT, E60K, E60R, and E60D TRAP into B. subtilis NM421. This
strain contains a transcriptional fusion of lacZ under the control of the trp promoter and
regulatory region; thus, �-galactosidase expression reflects transcriptional readthrough
of the trp attenuator. The native mtrB gene is deleted in NM421, and approximately 300
U of �-galactosidase activity was expressed from this fusion in the absence or presence
of tryptophan (Table 1). When WT TRAP was expressed from pHYp59mtrB in NM421,
�-galactosidase expression was reduced 45-fold, to 7 U, when the cells were grown in
the presence of tryptophan (Table 1). Changing Glu60 to either Lys (E60K) or Arg (E60R)
impaired the ability of TRAP to induce transcription termination in the trp leader region
approximately 3-fold, such that �20 U (compared to 7 U) of �-galactosidase was
produced in the presence of tryptophan (Table 1). Replacing Glu60 with another acidic
residue (E60D) did not alter the ability of TRAP to regulate transcription of this fusion
in vivo (Table 1). These results show that an acidic side chain at residue 60 of TRAP is
needed to fully induce transcription termination of B. subtilis RNAP at the trp attenuator
in vivo.

The goal of our selection/screen was to identify residues on TRAP that are required
to induce efficient transcription termination at the trp attenuator independent of
tryptophan and RNA binding. Our results show that changing Glu60 to Lys impairs the
ability of TRAP to induce termination. Moreover, the observation that E60K TRAP
downregulated translation of the trpP-lacZ fusion in NM4909 to nearly the same extent
as that with WT TRAP (Fig. 3A) suggests that the mutant protein binds RNA similarly to
WT TRAP. To confirm that the impaired ability of E60K TRAP to induce transcription
termination was not due to changes in the tryptophan or RNA binding properties of the
protein, we examined these activities with purified E60K TRAP compared to WT TRAP.
Consistent with prior studies (4, 5, 16, 17), WT B. subtilis TRAP bound tryptophan, with
an S0.5 of 7.4 �M, and (GAGAU)11 RNA, with a dissociation constant (Kd) of 3.8 nM. E60K
TRAP showed a somewhat greater affinity for tryptophan (S0.5 � 1.4 �M) and a similar
affinity for RNA (Kd � 3.9 nM). Hence, the reduced ability of E60K TRAP to induce
termination at the trp attenuator in vivo does not appear to result from altered
tryptophan or RNA binding activity. These findings are consistent with the location of
Glu60, which is on the side of TRAP opposite the location where tryptophan and RNA
bind (Fig. 3C) (5).

TABLE 1 Regulation of trp leader transcription in vivo

TRAP Trpa �-Galactosidase activity (U)b Fold regulationc

No pHYp59mtrB � 312 � 56
� 286 � 33 1.1

WT � 7 � 1 45
E60K mutant � 23 � 2 14
E60R mutant � 19 � 1 16
E60D mutant � 7 � 1 45
a�, absence of exogenous L-tryptophan; �, presence of 50 �g/ml L-tryptophan.
bValues are the averages � standard deviations for two or three independent experiments, each performed
in triplicate.

cFold regulation of TRAP in response to tryptophan-activated TRAP, calculated by dividing the value for no
pHYp59mtrB plasmid with no added Trp (312 U) by each value for TRAP with added Trp.
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Residue 60 in TRAPs from other species. An amino acid sequence alignment of
TRAPs from 73 bacterial species shows that the sequence is highly conserved between
residues 8 and 69 (Fig. 4). Residues directly involved in binding tryptophan (highlighted
in yellow) and RNA (highlighted in red) (4, 5) are 100% identical among these proteins.
Residue 60 shows an unusual pattern among the TRAP sequences. Only seven TRAPs,
including that of B. subtilis, have acidic residues (Glu or Asp) at position 60 (blue), 17
TRAPs have a neutral polar Asn or His residue at position 60, and one contains Ala
(green). The remaining TRAPs all contain a basic Lys or Arg residue at position 60
(fuchsia).

To further examine the importance of residue 60 in the attenuation mechanism, we
tested the ability of TRAPs isolated from several different bacterial species to induce
termination at the B. subtilis trp attenuator in vitro by using B. subtilis RNAP. Figure 5B
shows a representative denaturing polyacrylamide gel with the results of in vitro
transcription of a double-stranded DNA (dsDNA) fragment containing the trp promoter,
the regulatory leader region, and 116 bp of trpE (the first structural gene of the trp
operon) (Fig. 5A). As seen previously (13), two major RNA products were obtained. Both
transcripts initiate from a modified consensus promoter that initiates at position �37
relative to the start of native transcripts (18) (see Materials and Methods). Readthrough
(RT) transcripts (283 nt) are obtained when RNAP reads through the trp attenuator in
the leader region and continues to the end of the template. In addition, when
transcription terminates at the trp attenuator in the leader region, �103-nt terminated
(T) transcripts are obtained. Adding increasing amounts of WT B. subtilis TRAP increased
the fraction of terminated transcripts produced while decreasing the amount of RT
transcripts, which is indicative of TRAP-mediated termination at the attenuator (Fig. 5B,
lanes 1 to 6). Consistent with the in vivo observations described above, similar amounts
of E60K TRAP yielded less termination than that with WT TRAP (Fig. 5B, lanes 7 to 11).
With 100 nM E60K TRAP, only 13% of the transcripts terminated at the attenuator,
compared to 40% for WT TRAP (Fig. 5B, lanes 6 and 11).

We then compared the abilities of TRAPs from 6 different bacterial species to induce
B. subtilis RNAP to terminate at the trp attenuator in vitro. Three of these have an acidic
residue at position 60, including those of B. subtilis (Glu60), B. licheniformis (Glu60), and
B. pumilus (Asp60). The other three TRAPs tested contain a basic lysine at residue 60.
TRAPs with acidic residues at position 60 yielded 50 to 100% termination when present
at 100 nM in the assay mixture (Fig. 5C, open bars). In contrast, all of the proteins with
Lys at residue 60 displayed only 15 to 20% termination under these conditions (Fig. 5C,
closed bars). All of the TRAPs tested in this assay bound (GAGAU)11 RNA similarly
(apparent Kd of 0.4 to 4 nM), with the exception of Oceanobacillus iheyensis TRAP, which
had a Kd of 22 nM (data not shown). Hence, the presence of a 100 nM concentration of
each TRAP in these attenuation assays should ensure that the differences in termination
observed are not due to differences in the ability of these proteins to bind the nascent
transcript. Moreover, there was no correlation between the affinity for RNA and the
presence of an acidic or basic amino acid at residue 60 (data not shown).

Residue 60 is involved in association with the TEC. The results presented here
indicate that Glu60 is specifically involved in TRAP-mediated transcription termination.
Residue 60 is on the opposite side of the TRAP ring from where tryptophan and RNA
bind to the protein (Fig. 3C). Consistent with this location, changes in residue 60 do not
affect the tryptophan or RNA binding properties of TRAP. Together these observations
suggest that Glu60 may interact with some component of the transcription elongation
complex (TEC) other than the nascent RNA to induce termination. If so, then this
interaction may contribute to the stability of TRAP-TEC. To test this possibility, we used
pulldown assays to compare the association of WT and E60K TRAP with the TEC when
the first 10 (G/U)AG repeats of the TRAP binding site are exposed on the nascent RNA.
To do so, transcription elongation was blocked with a cleavage-defective E111Q mutant
EcoRI (EcoRI*) protein on a template that contains an EcoRI (GAATTC) site starting at
position �116 of the trp leader region (12). EcoRI* bound to the DNA template blocks
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FIG 4 Sequence alignment of TRAPs from different bacterial species. The amino acid sequence alignment was generated using Clustal Omega for 73 TRAP
sequences from bacterial species (39). The residues involved in tryptophan binding (yellow) and RNA binding (red) are highlighted. Acidic residues at position
60 are shown in blue, basic residues are displayed in fuchsia, and uncharged residues are shown in green. Asterisks show positions that are 100% conserved,
colons show positions with conservation of strongly similar amino acids, and dots indicate conservation between weakly similar amino acids. Numbers
correspond to the B. subtilis TRAP sequence. Red asterisks at the left indicate the TRAPs examined for in vitro transcription attenuation with B. subtilis RNA
polymerase (see Fig. 5).
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TECs such that 90 residues have exited from RNAP and are available for TRAP binding
(19–21). After allowing TRAP to bind the nascent transcript, TECs were isolated and
washed, and the amount of associated TRAP was quantified by immunoblotting (Fig.
6A). Reactions in the absence of the EcoRI* block were used to assess the amount of
nonspecifically bound TRAP, which was subtracted from the amount of TRAP pulled
down in the presence of the EcoRI* block to determine the amount specifically pulled
down with the TEC. Using this approach, we found that approximately three times
more WT than E60K TRAP was specifically pulled down with the TEC (Fig. 6A and B).
Since WT and E60K TRAP bind RNA with similar affinities, these results suggest that
Glu60 participates in an interaction with some other component of the TEC and that
this interaction is disrupted by substitution with Lys.

The association of TRAP with the TEC described above may be stabilized by
interactions that are facilitated by close proximity of TRAP bound to the nascent RNA
when RNAP is immediately adjacent to the RNA exit channel. To test this possibility, we
created two different transcription templates that expose 8 or 9 (G/U)AG repeats on the
nascent RNA when RNAP is blocked with EcoRI*. Since the affinities of TRAP are similar
for RNAs containing 8 to 11 (G/U)AG repeats (22), differences in association of TRAP
with these templates should reflect interactions with some other component of the
TEC. The first template (Near) consists of the trp leader region with an EcoRI recognition
site inserted starting at position �106. When transcription is blocked by EcoRI* on this
template, 8 (G/U)AG repeats are exposed on the nascent transcript, with the last repeat
being immediately adjacent to the exit channel on RNAP. The second template (Far)
contains 16 bp inserted between the 3= end of the TRAP binding site and the EcoRI site
at position �106. Hence, when the Far template is transcribed up to the EcoRI* block,
9 (G/U)AG repeats are exposed, and there are �16 nt of RNA between the 3=-most
repeat and RNAP (Fig. 6C). The associations of WT and E60K TRAP with the TEC blocked

FIG 5 In vitro attenuation assays. (A) Schematic diagram of the DNA template used for in vitro transcription attenuation assays.
Transcription initiates at position �37 (relative to the WT trp promoter), from a cryptic promoter modified to match the
consensus �10 and �35 sequences. The two major transcripts produced from this template are shown below the diagram and
include a 103-nt transcript that terminates at the trp attenuator (T) and a 283-nt transcript that reads through the attenuator
and continues to the end of the template (RT). (B) Representative 6% polyacrylamide– 8 M urea gel electrophoresis analysis of
the products of in vitro transcription of the trp leader region by use of B. subtilis RNAP. Reactions were performed in the
absence or presence of various concentrations of WT or E60K TRAP. Positions of readthrough (RT; 283 nt) and terminated (T;
103 nt) transcripts are indicated on the right. The percentage of transcripts terminating at the attenuator (%T) for each reaction
is shown at the bottom of each lane. (C) Bar graph representation of average percent termination from three independent
analyses of in vitro transcription attenuation in the absence or presence of 100 nM TRAPs from several bacterial species. The
TRAPs examined contained either an acidic (open bars) or basic (closed bars) residue at position 60.
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at EcoRI* for each of these templates were compared by using a pulldown assay. We
found that approximately three times more WT TRAP associated with TECs stalled on
the Near template than on the Far template (Fig. 6D). In contrast, the same amount of
E60K TRAP was associated with TECs stalled on both the Near and Far templates.
Together these results suggest that Glu60 interacts with some component of the TEC
and that this interaction is stabilized by tethering TRAP close to the TEC when it is
bound to the nascent RNA.

DISCUSSION

In the original model proposed for attenuation control of the B. subtilis trp operon,
transcription is regulated by two alternative RNA secondary structures in the 5= leader
region (untranslated region [UTR]) (Fig. 1) (11, 23, 24). These structures include an
attenuator (terminator) and an upstream antiterminator. The last three (9) or four (11)

FIG 6 In vitro transcription pulldown assays. (A) Western blots to estimate the amount of WT or E60K TRAP interacting with
the TEC. Transcription was performed with EcoRI* bound to the DNA at a GAATTC recognition site starting at position �116,
which stalls the elongation complex such that the nascent trp RNA is exposed from RNAP up to approximately position �90
after the start of transcription. Reactions in the absence of EcoRI* were performed to measure nonspecific interaction of TRAP,
which was subtracted from the amount of TRAP pulled down in the presence of EcoRI* to determine the amount of specifically
bound TRAP. The blots at the bottom show known amounts of TRAP, which served as a standard for quantification. (B) Bar
graph showing the average for three repeats determining the amount (in femtomoles) of WT or E60K TRAP specifically pulled
down with the TEC. (C) Schematic diagram of the Near and Far transcription templates. (Top) The TEC stalls on the Near
template such that the last triplet repeat of the RNA binding site is directly adjacent to RNAP. (Bottom) The Far template
includes 16 additional RNA residues after the last triplet repeat and the stalled RNAP. (D) Bar graph displaying the averages
for 3 repeats determining the ratio of the amounts of TRAP pulled down with the Near template and the Far template.
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residues of the antiterminator are shared with the attenuator, and hence, formation of
the two structures is mutually exclusive. If the antiterminator forms, transcription
continues through the structural trp genes. TRAP binding to the leader region RNA
induces formation of the terminator and halts transcription prior to trpE. In this model,
the attenuator RNA structure was proposed to function as an intrinsic terminator.
Hence, the only role of TRAP in the attenuation mechanism was to alter the secondary
structure of the nascent trp leader RNA so as to promote formation of the attenuator.
However, recent studies have shown that (i) the trp attenuator is not an efficient
intrinsic terminator (12) and (ii) TRAP can induce termination in the trp leader region in
vivo when the attenuator is mutated or even deleted (13). Together these observations
indicate that TRAP plays an additional, as yet uncharacterized role in the attenuation
mechanism beyond altering the RNA structure in the leader region.

The tryptophan and RNA binding properties of TRAP have been studied extensively
(4, 5, 16, 17), and amino acid residues involved in both activities have been identified
(5). The crystal structure has shown that up to 11 tryptophan molecules bind in pockets
between adjacent subunits and that the RNA wraps around the perimeter of the same
side of the TRAP ring that binds tryptophan (Fig. 3C) (4). No amino acid residues have
previously been identified in TRAP that are specifically required for transcription
termination independent of tryptophan and RNA binding. Here we used a genetic
selection/screen to obtain TRAP mutants with a diminished ability to induce transcrip-
tion termination in the trp leader region while retaining the ability to bind tryptophan
and RNA. The expectation was that such mutants would contain changes in amino acid
residues that are specifically involved in the additional role that TRAP plays in the
termination mechanism.

Five TRAP mutants were obtained that show reduced transcription termination at
the trp attenuator while maintaining RNA and tryptophan binding properties similar to
those of WT TRAP. Four of these mutants contain changes at Glu60, including two
isolates with a single substitution of Lys at residue 60 (E60K); the other two contain
secondary mutations in addition to the change at Glu60. A prior study (5) also found
that changing Glu60 to Ala reduced the ability of TRAP to regulate a trpE=-=lacZ fusion
in vivo 14-fold compared to that of WT TRAP, without altering the tryptophan and RNA
binding properties of the protein. Together the above observations suggest that Glu60
may play a specific role in TRAP-mediated termination distinct from binding trp leader
RNA. Glu60 is located at the start of �-strand F (5), on the opposite side of the TRAP ring
from the location where tryptophan and RNA bind (Fig. 3C). The side chain of Glu60 is
solvent exposed on the surface of TRAP such that it can interact with another factor
when TRAP is in complex with the nascent RNA. The only clone obtained in our
selection/screen that did not contain a substitution at Glu60 was clone 4, in which Ile63
is replaced with Val (I63V). Ile63 is located on the same �-strand as Glu60, and its
hydrophobic side chain faces the interior of TRAP (Fig. 3C). The Ile63 side chain contacts
several residues on adjacent �-strands, including Ile12, Val57, and Met70. Hence, the
subtle change of removing one methyl group when Ile63 is replaced with Val may
perturb the arrangement of this region of TRAP, possibly including Glu60.

The timing of TRAP binding to the leader segment of trp RNA also plays a role in the
attenuation mechanism. TRAP must bind to trp leader RNA before RNAP has transcribed
beyond the trp attenuator for efficient transcription termination to occur (25). Several
features of the system have been identified that influence this timing. Previous studies
have shown that NusA and NusG stimulate B. subtilis RNAP to pause at positions within
the trp leader region (9, 18, 26). Pausing at position 107 has been suggested to provide
time for TRAP to bind the nascent RNA before RNAP progresses beyond the attenuator
region (18, 26). In addition, a stem-loop structure forms at the 5= end of the trp
transcript (5=SL) (Fig. 1) (27). This structure has been shown to increase the rate of TRAP
binding to the leader RNA, and thus the efficiency of termination. One role for Glu60
may involve interaction with the 5=SL. The E60K TRAP mutant was selected as having
a diminished ability to induce transcription termination in the trp leader region in vivo
by use of a gene fusion containing the 5=SL (Fig. 2), and then the purified mutant
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protein was shown to be defective at inducing termination in vitro with a template
lacking the 5=SL. Moreover, photochemical cross-linking studies indicate that the 5=SL
interacts with TRAP in close proximity to His34 and His51 (28). These two residues are
located near the bound tryptophan, which is on the opposite side of TRAP from Glu60
(Fig. 3C). Based on this and other observations, McGraw et al. (28) proposed a model for
the interaction of TRAP with the 5=SL. In this model, the RNA is distant from Glu60.
Together these observations suggest that it is unlikely that the role of Glu60 involves
interacting with the 5=SL.

Transcriptional pausing has also been shown to play a role in TRAP-mediated
control of the trp operon. Canonical intrinsic terminators are composed of a GC-rich
hairpin stem followed by a run of 7 to 9 U residues (29, 30). Transcription of the U tract
induces RNAP to pause, after which formation of the stem-loop induces termination.
Several models have been proposed for the mechanism by which formation of the
stem-loop induces release of the nascent transcript and dissociation of RNAP from the
DNA (31). In the allosteric model, the stem-loop is proposed to interact specifically with
the polymerase to induce termination (32). In the forward translocation model,
formation of the hairpin physically drives the polymerase forward on the DNA in the
absence of nucleotide addition (33). This movement shears the DNA-RNA hybrid
and displaces the 3= end of the nascent RNA from the active site of RNAP, leading
to termination (34, 35).

The GC content of the trp attenuator hairpin stem is low (40%), and the U stretch is
interrupted twice within the first 7 residues (Fig. 1). Alleviating either of these anomalies
converts the attenuator into an intrinsic terminator such that, in the absence of the
competing antiterminator, TRAP is no longer required to induce efficient termination
(12). Both of these features of intrinsic terminators have been shown to be required for
forward translocation (31). Prior studies have shown that the B. subtilis trp attenuator
requires the presence of TRAP bound to the nascent trp mRNA to induce efficient
termination (12). It was proposed that the additional function provided by TRAP
induces forward translocation of RNAP. To do so, TRAP would interact either directly or
indirectly with the TEC, and this interaction may involve Glu60. Consistent with this
suggestion, we found that almost three times more WT than E60K TRAP associated with
the TEC in a pulldown assay with RNAP blocked such that 10 (G/U)AG repeats of the
TRAP binding site were exposed (Fig. 6). Since both proteins bind RNA with similar
affinities, this observation suggests that Glu60 contacts some component of the TEC.
Moreover, this effect depended on TRAP being bound to the nascent RNA immediately
adjacent to the exit channel on RNAP (Fig. 6D). A simple explanation for these
observations is that TRAP (in particular Glu60) interacts directly with RNAP. However,
several attempts to demonstrate a direct interaction between TRAP and RNAP in a
stalled TEC failed (C. Szyjka and P. Gollnick, unpublished observations). Moreover, the
observation that WT TRAP can induce significant transcription termination in a trp
leader region in which the attenuator segment is severely altered or deleted in vivo but
not in vitro suggests that TRAP may interact with an additional factor that is missing in
the purified in vitro transcription system (13).

With the exception of 5 to 7 residues at both the amino and carboxyl ends, the
amino acid sequence of TRAP is highly conserved (Fig. 4). This conservation is partic-
ularly true of residues that are directly involved in binding tryptophan or RNA, which
are 100% conserved. However, residue 60 shows an unusual pattern among the TRAPs
from 73 species aligned in Fig. 4. Only 7 proteins, including that from B. subtilis, contain
an acidic residue at position 60, 17 species contain an uncharged polar residue (Asn or
His), 1 species contains an Ala residue, and the remaining TRAPs (from 48 species) all
contain basic residues. No other residue within the central 60 (from positions 10 to 70)
residues of TRAP shows such wide variation among TRAPs from these species (Fig. 4).
Moreover, we found that purified TRAPs from 3 bacterial species that contain an acidic
residue (Glu or Asp) at position 60 were more active at inducing termination at the B.
subtilis trp attenuator than TRAPs from three species that contain Lys at position 60
when examined using an in vitro attenuation assay with B. subtilis RNAP (Fig. 5A and B).
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These assays were performed at low nucleoside triphosphate (NTP) concentrations to
reduce the elongation rate and to minimize any potential effects of differences in the
rate of TRAP binding to the nascent RNA (25). This, together with the high concentra-
tion (100 �M) of TRAP used in these assays, suggests that the reduced ability of
Lys60-containing TRAPs to induce termination at the B. subtilis trp attenuator is unlikely
to be due to differences in the RNA binding properties of these proteins.

There are differences in the predicted attenuators between bacteria with TRAPs that
contain a Glu/Asp at residue 60 and those with Lys60 (Fig. 7). In general, attenuators
from species with an acidic residue 60 are similar to that from B. subtilis (Fig. 7A). All of
these contain 10- or 11-bp stems with �50% G�C content. In all cases, there are 3 G·C
pairs near the base of the stem, which are usually preceded by a single A·U pair
(although it should be noted that this A·U pair does not appear to form in the B. subtilis
attenuator). In all cases except that of B. pumilus, the U stretch following the stem is
interrupted after the first 2 or 3 U’s.

The attenuators from species with Lys at residue 60 of TRAP show more variation
than those described above. The base-paired stems range from 8 to 16 bp, with GC
contents of 37 to 75% (Fig. 7B). Several of these predicted attenuators, such as that

FIG 7 Predicted trp attenuator structures from various bacteria. RNA attenuator structures were predicted
by Mfold (59) for the trp leader regions of several TRAP-containing bacterial species that contain either an
acidic (A) or basic (B) amino acid at residue 60. SL and %GC indicate the number of base pairs and the
percentage of G·C base pairs in the predicted stems, respectively.
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from Clostridium thermocellum, closely resemble canonical intrinsic terminators with
high-GC-content stem-loops followed by at least 5 uninterrupted U’s. Others, such as
that from B. halodurans, bear little to no resemblance to intrinsic terminators (24).
However, we have shown that B. halodurans TRAP (Lys60) mediates transcription
termination at or near this attenuator both in vivo and in vitro (36). Together the above
observations suggest that residue 60 of TRAP may have evolved to be acidic (such as
in B. subtilis) so as to perform a specific function in the transcription termination
mechanism in conjunction with a particular type of trp attenuator. This mechanism may
involve interacting with another protein that is not involved in the mechanism in other
species. In contrast, the termination mechanism with Lys60-containing TRAP, such as
that in B. halodurans, may be different. Interestingly, recent studies have identified
numerous NusA-dependent terminators in B. subtilis with weak hairpins and U-tract
interruptions (37). We previously found that adding NusA to our in vitro attenuation
assays increased TRAP-mediated termination from mutant attenuators with U-tract
interruptions but did not affect termination from terminators with alterations in the
stem-loop. Thus, while the trp attenuator may have characteristics similar to those of
NusA-dependent terminators, TRAP is still needed for efficient transcription termina-
tion. Therefore, NusA and TRAP may provide similar yet distinct functions in the
transcription termination mechanism at the trp attenuator.

Recent in vitro studies with B. subtilis anti-TRAP (AT) also showed a difference in
function between E60K and WT TRAP (38). AT is a protein antagonist of TRAP that is
produced in response to an accumulation of uncharged tRNATrp (39, 40). AT binds as a
trimer to TRAP and prevents it from binding to RNA, thereby increasing trp gene
expression (41). AT can prevent TRAP-mediated transcription termination by inducing
dissociation of TRAP from the nascent RNA when the protein has bound to fewer than
all 11 (G/U)AG repeats (38). For AT to induce dissociation of TRAP from the nascent RNA,
TRAP must be in close proximity to a stalled RNAP (38). Therefore, an interaction
between TRAP and the TEC appears to be important for AT-mediated dissociation of
TRAP from the nascent transcript. It was found that AT was three times less efficient at
inducing dissociation of E60K TRAP from nascent RNA than at inducing dissociation of
the WT protein (38), which further supports the hypothesis that this mutant TRAP is
deficient in some interaction with the TEC.

MATERIALS AND METHODS
Bacterial strains and plasmids. Escherichia coli K802 was used as a host for plasmid construction

and propagation. B. subtilis strains NM421 (CMr ΔmtrB amyE::[Ptrp-trpL-trpE-lacZ]), NM4409 (CMr ΔmtrB
argC amyE::[Ptrp-trpL=-cat]), and NM4909 (CMr Spectr ΔmtrB argC amyE::[Ptrp-trpL=-cat] thrC::[PtrpP=-=lacZ])
were created as described below and used for selection and screening of TRAP mutants. B. subtilis was
transformed by natural competence (42), and transformants were selected on plates containing Vogel
and Bonner (VB) minimal salts (43), 0.2% acid-hydrolyzed casein (ACH), 0.2% (wt/vol) glucose, 50 �g/ml
5-bromo-4-chloro-3-indolyl-�-D-galactopyranoside (X-Gal), 10 �g/ml L-arginine, and 20 �g/ml tetracy-
cline.

TRAP mutants were selected from a pool of mutants with PCR-induced mutations (44) in the mtrB
gene (1). These genes were expressed from the p59 promoter, which was taken from pHB201 (residues
520 to 892) (45) and inserted between the EcoRI and BamHI sites of pHY300PLK (46). The 3= end of the
WT mtrB gene contains a run of 8 adenine residues followed by a TAA stop codon (3). This region is highly
susceptible to spontaneous mutations that change the TAA stop codon into an AAA Lys codon, which
extends the open reading frame by 6 codons (3). The mutant TRAP produced from this mtrB264 allele is
defective in regulating the trp operon and acts as a dominant negative mutant (3). To prevent a high
background level of this mtrB allele in our selection, we created an alternative version of the WT mtrB
gene, termed mtrB	264. In this mtrB allele, the sequence at the 3= end was altered from GAA AAA AAA
TAA to GAG AAG AAA TGA TAG by QuikChange site-directed mutagenesis (Agilent). These changes do
not alter the Glu-Lys-Lys-Lys sequence at the C terminus of TRAP, but they effectively reduce sponta-
neous mtrB264 mutations. This optimized mtrB sequence was cloned into pHYp59 between BglII and
HindIII sites, creating the plasmid pHYp59mtrB	264. Mutagenic PCR (44) was performed using
pHYp59mtrB	264 as the template, with the primers MtrB Mut PCR For BglII (5=-AGC TAA CAG ATC TCG
CCA GGA CTA ATA AAG ATA GAG G-3= [BglII site underlined]) and MtrB Mut PCR Rev HindIII (5=-TAC TGA
AAG CTT CAG CGG GGA CAG CC-3= [HindIII site underlined]). The resulting PCR products were digested
with BglII and HindIII, ligated into similarly digested pHYp59 (as described above), and transformed into
E. coli K802. Approximately 5 � 104 transformants were selected on LB agar with 20 �g/ml tetracycline,
combined into one pool, and grown for 5 h at 37°C in 100 ml of LB, and plasmids were isolated from the
pool of cells.
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Mutant TRAPs with a decreased ability to induce termination at the trp attenuator were selected in
B. subtilis NM4409, which contains a transcriptional fusion between the trp promoter and 5= regulatory
leader region and the chloramphenicol acetyltransferase (cat) gene. To make this fusion, the native
promoter was first removed from the cat gene. To do so, an EcoRI site was created at position 4094 in
pDH32 (47) by QuikChange site-directed mutagenesis (Agilent). This placed the cat promoter between
two EcoRI sites, at positions 3821 and 4094 of pDH32. This 273-bp EcoRI fragment was removed by
digestion with EcoRI and religation of the plasmid to yield pDH32-ΔPcat. B. subtilis transformed with
pDH32-ΔPcat is chloramphenicol sensitive. The DNA segment between positions �98 and �170 (relative
to the start of transcription) of the trp operon was amplified by PCR, with EcoRI and BamHI recognition
sites introduced into the upstream and downstream ends of the DNA fragment. The PCR product was
digested with EcoRI and BamHI and ligated into the multiple-cloning site of similarly cut pDH32-ΔPcat.
The resulting plasmid, pDH32-PtrpL-cat, has the trp promoter and leader region controlling transcription
of the cat gene. This plasmid was linearized with PstI and integrated as a single copy at the amyE locus
(23) of B. subtilis BG4233 (ΔmtrB argC4) to create NM4409 (CMr ΔmtrB argC amyE::[Ptrp-trpL=-cat]).

A translational fusion between trpP and lacZ was also inserted into NM4409 to allow screening of the
TRAP mutants for the ability to bind tryptophan and RNA. trpP mRNA contains a TRAP binding site
overlapping its ribosome binding site (rbs) and start codon (14). TRAP binding to this site blocks access
to the rbs and inhibits translation of trpP (14, 48). To create a translational fusion between trpP and lacZ,
QuikChange site-directed mutagenesis was used to remove a ClaI site at position 7273 of pDG1729 (49),
making the ClaI site at position 3043 unique (49). The region between the EcoRI and ClaI sites was then
replaced with the EcoRI-ClaI fragment of pRS552 (50) to generate pPDG1729, creating a translational
fusion with lacZ. The DNA region from positions �80 to �50 (relative to the start of transcription) of
trpP was inserted into pPDG1729 between the EcoRI and BamHI sites, resulting in pPDG1729trpP,
containing a translational fusion between trpP and lacZ. pPDG1729trpP was linearized with SmaI,
transformed into NM4409, and integrated at the thrC locus (49) to create NM4909 (CMr Spectr ΔmtrB
argC amyE::[Ptrp-trpL=-cat] thrC::[PtrpP=-=lacZ]).

Genetic selection/screen. B. subtilis NM4909 (ΔmtrB) is CM resistant due to unregulated transcrip-
tional readthrough of the trp leader region in the absence of TRAP. When this strain is transformed with
the plasmid pHYp59mtrB	264, which expresses WT TRAP, the resulting strain remains CM resistant in the
absence of tryptophan. However, when this strain is grown in the presence of excess tryptophan, it is
sensitive to CM due to TRAP-mediated transcription termination in the trp leader region upstream of the
cat gene. We determined the lowest concentration of CM that prevents growth of this strain in the
presence of tryptophan but permits growth in its absence to be 10 �g/ml. Hence, we transformed
NM4909 with our pool of plasmids containing mutant mtrB genes (described above) and selected for
CM-resistant colonies on LB agar containing 10 �g/ml CM, 20 �g/ml tetracycline, and 50 �g/ml X-Gal.
CM-resistant colonies were screened for the ability of TRAP to downregulate translation of the trpP-lacZ
fusion, which yields white colonies on X-Gal, whereas colonies with TRAP mutants defective in trypto-
phan/RNA binding are blue.

In vivo TRAP-mediated regulation of transcription of the trp operon. The ability of mutant TRAPs
to regulate transcription of the trp operon was examined quantitatively in vivo by using B. subtilis NM421
(Cmr ΔmtrB amyE::[Ptrp-trpL-trpE-lacZ]), in which the genomic copy of mtrB is deleted. This strain contains
a transcriptional lacZ fusion containing the trp promoter and leader region and the first 40 codons of trpE
followed by a stop codon and then the entire lacZ coding segment (13). �-Galactosidase assays were
performed as described previously (12, 13).

Amino acid sequence alignment of TRAPs from 73 bacterial species. The amino acid sequence
of B. subtilis TRAP was used to perform a search against a representative microbial genome database by
using a protein query (TBLASTN) (51). The taxonomy report from the search was analyzed, and 73 mtrB
sequences that were annotated as being from identified bacterial species were aligned using Clustal
Omega (39).

TRAP expression and purification. TRAPs were expressed from pET9a plasmids (Novagen) contain-
ing a WT or mutant mtrB gene in E. coli BL21(DE3). TRAP was purified by immunoaffinity chromatography
(52) or with phenyl-Sepharose as described previously (53).

In vitro transcription. The trp leader region was previously found to contain a cryptic promoter that
directs transcription to initiate at position �37 in vitro and, when altered to the consensus �10 and �35
sequences, yields more efficient transcription at low NTP concentrations than the upstream native
promoter (18). We used PCR amplification with the pUCtrpL plasmid (25) as the template and the M13
reverse primer together with a �37trpL primer (5=-CAGCTTGACAAATACACAAGAGTGTGTTATAATGCAAT
TAGAATG 3=) that binds from positions �31 to �42 in the trp leader region and converts the cryptic
promoter into a consensus promoter. PCR products were purified on 1% agarose gels by use of a Qiagen
MinElute gel extraction kit.

Single-round in vitro transcription reactions were initiated in the absence of CTP with 50 �g/ml B.
subtilis �A RNA polymerase (RNAP), 20 nM DNA template, 20 mM Tris-HCl (pH 8.0), 4 mM MgCl2, 0.1 mM
EDTA, 4 mM spermidine, 5 mM dithiothreitol (DTT), 8 �M (each) ATP and GTP, 2 �M UTP, and 1 �Ci
[�-32P]UTP (3,000 Ci/mmol) in 20 �l (12), and reaction mixtures were incubated at 37°C for 10 min. The
B. subtilis RNAP holoenzyme was purified from B. subtilis MH5636 as described previously (54). Tran-
scription of this template in the absence of CTP allows initiation and elongation from positions �37
to �65, yielding a stable transcription elongation complex (TEC) with a 29-nt nascent transcript. A single
round of transcription elongation was induced by addition of all 4 NTPs at 50 �M (each) in the presence
of 0.1 mg/ml heparin, TRAP (0 to 100 nM), and 1 mM tryptophan. Reaction mixtures were incubated at
37°C for 10 min and then stopped by adding an equal volume of stop solution (95% formamide, 20 mM
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EDTA, 0.02% bromophenol blue, and 0.02% xylene cyanol). The samples were heated at 95°C for 2 min,
and the resulting RNAs were separated in 6% denaturing polyacrylamide gels. The gels were dried,
exposed to a phosphorstorage screen, and quantified using a Storm phosphorimager and ImageQuant
software (GE Healthcare). The numbers of U residues in the terminated and readthrough transcripts were
used to calculate the molar percentage of termination (12).

RNA binding assay. 32P-labeled RNA composed of 11 tandem GAGUU repeats was prepared by in
vitro transcription of HindIII-linearized pTZGAGUU-11 (55) by use of T7 RNA polymerase and [�-32P]UTP
as described previously (52). The RNA was gel purified and extracted from 6% (wt/vol) polyacrylamide– 8
M urea gels by crushing and soaking (56). Nitrocellulose filter binding using the (GAGUU)11 RNA in the
presence of WT and mutant TRAPs was performed and analyzed as described previously (57).

Tryptophan binding assay. Fluorescence spectroscopy using competition with 1-anilinonaphthalene-
8-sulfonic acid (ANS) was used to measure tryptophan binding to TRAP (16). Fluorescence intensity was
measured using an LS-50B fluorometer (PerkinElmer) with excitation at 372 nm and emission at 465 nm.
Data were analyzed as described previously (16).

TRAP pulldown assay. Pulldown assays were performed to examine the association of TRAP with the
nascent RNA on stalled B. subtilis TECs. The E111Q mutant EcoRI (EcoRI*) protein binds to its GAATTC
recognition site but does not cleave the DNA (58). EcoRI* bound to the DNA template blocks the TEC
such that the active site of RNAP is stalled approximately 12 to 13 bp upstream of the G of the GAATTC
recognition site (19). EcoRI* was purified as described previously (12). QuikChange site-directed mu-
tagenesis was used to introduce an EcoRI recognition site starting at position �116 (relative to the start
of transcription) of the trp leader DNA in pUCtrpL, creating the plasmid pUCtrpLEco116. Bead-bound
transcription templates were created by PCR amplification of pUCtrpLEco116 (25) with a 5=-biotinylated
�37trpL primer (see “In vitro transcription”) and the M13 reverse primer (18). PCR products were purified
in 1% agarose gels, followed by extraction using a Qiagen MiniElute gel extraction kit. Purified DNA was
coupled to streptavidin MagneSphere beads (Promega) per the manufacturer’s instructions. Site-directed
mutagenesis was also used to modify the pUC119trpLEco116 plasmid to delete the 10th and 11th repeats
of the TRAP binding site, from positions �82 to �91 (relative to the start of transcription), leaving 9
repeats in plasmid pUCtrpLΔ10-11Eco116 (Near template) (38). When the TEC is blocked by EcoRI* on this
template, 8 (G/U)AG repeats of the TRAP binding site are exposed on the nascent transcript, with the 3=
end of the TRAP binding site immediately adjacent to the stalled polymerase. The pUCtrpLΔ10-
11Eco116EX plasmid contains 16 bp of random sequence between the last (9th) repeat and the EcoRI
site. This results in 16 nucleotides of RNA between the 3= end of the TRAP binding site and the stalled
polymerase (Far template), with 9 (G/U)AG repeats of the TRAP binding site exposed on the nascent
transcript (38).

For TRAP pulldown assays, single-round in vitro transcription of bead-bound templates with EcoRI
bound to the DNA was performed with B. subtilis RNAP. To provide enough blocked TECs for TRAP to be
detected by Western blotting, reaction mixtures were scaled up 8-fold, to 160 �l. Transcription was
initiated in the presence of TRAP as described above and then elongated to the EcoRI* roadblock bound
to the DNA, and the TECs stalled on the bead-bound templates were collected by use of a magnet.
Unbound TRAP was removed by washing the beads twice in transcription buffer containing 1 mM
L-tryptophan. Transcription complexes were freed from the beads with 0.15 mg/ml DNase for 15 min at
37°C. The supernatant was filtered through a nitrocellulose membrane. TRAP was detected on the
membrane by using rabbit polyclonal antibodies against B. subtilis TRAP and Amersham ECL Plus Western
blotting detection reagents (GE Healthcare) as described previously (12). Known concentrations of TRAP
filtered onto the same membrane served as standards to quantify the amount of TRAP pulled down with
each template.
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