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Background: Antibiotic tagetitoxin inhibits bacterial RNA polymerases (RNAPs) and RNAP III from eukaryotes.
Results:We constructed a structural model of tagetitoxin bound to the transcription elongation complex.
Conclusion: Tagetitoxin interacts directly with the �� subunit trigger loop, stabilizing it in an inactive conformation.
Significance: Results have implications for designing new antibiotics and understanding principles of RNAP functioning and
regulation.

Tagetitoxin (Tgt) inhibitsmultisubunit chloroplast, bacterial,
and some eukaryotic RNA polymerases (RNAPs). A crystallo-
graphic structure of Tgt bound to bacterial RNAP apoenzyme
shows that Tgt binds near the active site but does not explain
why Tgt acts only at certain sites. To understand the Tgt mech-
anism, we constructed a structural model of Tgt bound to the
transcription elongation complex. In this model, Tgt interacts
with the �� subunit trigger loop (TL), stabilizing it in an inactive
conformation.We show that (i) substitutions of the Arg residue
of TL contacted by Tgt confer resistance to inhibitor; (ii) Tgt
inhibits RNAP translocation, which requires TL movements;
and (iii) paused complexes and a “slow” enzyme, inwhich theTL
likely folds into an altered conformation, are resistant to Tgt.
Our studies highlight the role of TL as a target through which
accessory proteins and antibiotics can alter the elongation com-
plex dynamics.

RNA polymerases (RNAPs)3 undergo complex conforma-
tional transitions at all stages of transcription. These transitions
frequently serve as targets for antibiotics and regulatory cellular
proteins. The �� trigger loop (TL), a highly flexible element of
the enzyme that is required for catalysis and substrate selection,
also serves as a target for RNAP inhibitors. A structure of the
Thermus thermophilus (Tth) transcription elongation complex
(EC) bound to the antibiotic streptolydigin (Stl) revealed a “pre-
insertion” intermediate, as well as dramatic structural transi-
tions of the �� TL (1). Structures of the yeast RNAP II elonga-

tion complex (2) and core enzyme (3) bound to a fungal toxin
�-amanitin suggest that the inhibitor acts through restricting
the TL mobility. These and other crystallographic data led to
the widely accepted model of the nucleotide addition cycle,
common for all multisubunit RNAPs, wherein the metamor-
phic TL undergoes a sequence of structural transitions, most
notably between a substrate-free partially unstructured ran-
dom coil state and the NTP-bound �-helical hairpin state (trig-
ger helices, THs), with every nucleotide added to the nascent
RNA (1, 4–8). The central role postulated for the TL in this
model makes it a natural target for regulatory inputs, including
those by small molecules.
Tagetitoxin (Tgt), 4-O-acetyl-3-amino-1,6-anhydro-3-de-

oxy-D-glucose 2-phosphate, a phytotoxin produced by Pseu-
domonas syringae pv. tagetis, causes apical chlorosis in infected
plants. This effect has been attributed to inhibition of the bac-
terial type chloroplast RNAP (9). Tgt also efficiently inhibits
bacterial RNAPs and RNAP III from yeast, insects, and verte-
brates in vitro but not single-subunit phage RNAPs and nuclear
RNAPs I and II (9, 10). We have reported a structure of Tgt
bound within the secondary channel of Tth RNAP holoenzyme
near the active site of the enzyme (Fig. 1). Tgt makes contact
with several residues in the � and �� subunits of the core RNAP
(�2���� subunit composition); we showed that substitutions of
these residues in the Escherichia coli (Eco) RNAP confer resist-
ance to Tgt in vitro (11).
Both structuralmodeling and biochemical analysis suggested

that Tgt, which is an uncompetitive inhibitor of RNAP (10, 11),
can bind to the EC together with an NTP substrate. We specu-
lated that Tgt stabilizes a catalytically inactive enzyme interme-
diate through a Tgt-bound “inhibitory” Mg2� ion observed in
the crystal (11). Nucleotide addition by all RNAPs requires two
Mg2� ions: a catalytic ion (Mg1), which coordinates the
�-phosphate of NTP and the 3�-O of the RNA, and the NTP-
binding ion (Mg2), which coordinates the �-, �-, and �-phos-
phates of the incoming NTP (12). The precise positioning of
these ions through interactionswith the active site carboxylates
is required to facilitate an in-line nucleophilic attack of 3�-OH
on NTPs P� and to stabilize the pentavalent transition state.
The Tgt-bound Mg2� ion is coordinated by the active site

* This work was supported, in whole or in part, by National Institutes of Health
grants (to I. A., E. N., S. M. N., and T. C.).

□S The on-line version of this article (available at http://www.jbc.org) contains
supplemental Methods, Figs. S1–S5, and additional references.

1 To whom correspondence may be addressed: Ohio State University, 270
Aronoff, 318 West 12th Ave., Columbus, OH 43210. Tel.: 614-292-6777;
E-mail: artsimovitch.1@osu.edu.

2 To whom correspondence may be addressed: New York University School of
Medicine, 550 First Ave., MSB 378, New York, NY 10016. Tel.: 212-263-7431;
E-mail: evgeny.nudler@nyumc.org.

3 The abbreviations used are: RNAP, RNA polymerase; BH, bridge helix; EC,
elongation complex; Eco, Escherichia coli; NTP, nucleotide triphosphate; Stl,
streptolydigin; Tgt, tagetitoxin; TH, trigger helice; TL, trigger loop; Tth,
Thermus thermophilus.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 286, NO. 46, pp. 40395–40400, November 18, 2011
© 2011 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in the U.S.A.

NOVEMBER 18, 2011 • VOLUME 286 • NUMBER 46 JOURNAL OF BIOLOGICAL CHEMISTRY 40395

http://www.jbc.org/cgi/content/full/M111.300889/DC1


��Asp-460 (the residue numbers correspond to the Eco RNAP)
andmay compromise binding of theMg2 ion.Our observations
that Tgt inhibits all catalytic reactions of RNAP (11) are con-
sistent with this model.
However, this mechanism does not explain why Tgt inhibits

RNA chain elongation only at some sites. Analysis of transcrip-
tion by the yeast RNAP III led to a hypothesis that Tgt acts to
increase RNAPpausing at sites at which enzyme is delayed even
in the absence of the inhibitor (13). These sites occur between a
pyrimidine and a purine residue, an arrangement that is char-
acteristic of pausing. Thus, it appears that Tgt targets RNAP
only at pause-inducing sites and may thus act as a conforma-
tion-specific inhibitor. Presently, there is no structure of the
paused bacterial EC, whereas the available co-crystal structure
of Tgt and holoenzyme (11) offers no feasible explanation for
these preferences. Careful examination of the co-crystal struc-
ture also revealed a substantial number of Tgt interactions with
the crystallographic solvent, indicating that the Tgt binding
pose in solution can differ in some details from the reported
one. Additionally, Tgt binding valences in the EC could digress
from the ones observed in the co-crystal due to presence of
nucleic acids, substrate, and conformational changes accompa-
nying transcription.
During structural studies of a small molecule binding to the

bacterial RNAPs, the target is often a reflection of convenience
or happenstance rather than of biological relevance. In addi-
tion, alternate structures have been reported for apparently the
same ligand-target combinations (14–17), likely reflecting idio-
syncrasies of the crystallization and structure-solution proce-
dures. This could be potentially ameliorated by subjecting the
crystallographic structures to molecular dynamic simulations
of their behavior in solution, taking into account conforma-
tional flexibility, entropic effects of solvation/water exclusion,
etc., as singularly different crystallographic structures might
converge on a single lowest energy-solvated binding pose. To
the best of our knowledge, none of the reported inhibitor-bac-
terial RNAP structures had been subjected to such simulations.
The pattern of site-specific effects of, and differential

responses of RNAP locked in “slow” and “fast” states to, the
inhibitor suggest that Tgt fails to act on the ECs paused at
strong regulatory sites. To understand the molecular basis of

this specificity, we constructed a structural model of Tgt bound
to the Tth EC to determine whether a compatible site existed
for Tgt in the Tth EC. A compatible site was found contacting
the folded TL, but requiring a change in its position; this repo-
sitioning readily explains the dramatic effect of Tgt on all types
of catalysis. The model predicts that ��Arg-933 is required for
Tgt function; indeed, resistance conferred by a substitution of
Arg-933 for Asn (present in RNAP II) explains why RNAP II is
insensitive. We propose that paused ECs, in which the TL is
believed to be mobile/unfolded as a result of a formation of a
pause RNA hairpin (18), backtracking (19), or fraying of the 3�
end of RNA (20), cannot bind to Tgt and are thus resistant to
the action of the inhibitor.

EXPERIMENTAL PROCEDURES

Proteins and Reagents—All general reagents were obtained
from Sigma and Fisher. NTPs were from GE Healthcare. PCR
reagents were from Eppendorf. Restriction and modification
enzymes were fromNEB. [�-32P]NTPs were from PerkinElmer
Life Sciences. Oligonucleotides were obtained from Integrated
DNA Technologies. DNA purification kits were from Qiagen.
Tgt was from Epicenter Technologies. Core wild-type and
mutationally altered RNAPs were purified as described previ-
ously (21). Overexpression plasmids for ��Q504A (pIA847),
��R933A (pIA846),��H936A (pIA853), and��R933N (pIA940)
were constructed in pVS10 (21) by site-directed mutagenesis.
Transcription Assays—Templates for in vitro transcription

were generated by PCR amplification. For steady-state abortive
initiation assays, linearT7A1promoter pIA171 (22) template (2
nM), holo-RNAP (50 nM), ApU (100 �M), and [�32P]CTP were
mixed on ice in 50 �l of TGA2 (20 mM Tris acetate, 20 mM

sodium acetate, 2 mM magnesium acetate, 5% glycerol, 1 mM

DTT, 0.1 mM EDTA, pH 7.9). Tgt was added at the indicated
concentrations; reactions were transferred to 37 °C for 20 min
and then quenched by the addition of an equal volume of 10 M

urea in 45 mM Tris borate, pH 8.3, 50 mM EDTA. For pause
assays, halted ECs were formed on a linear pIA171 or pIA349
(21) template (30 nM) with holo-RNAP (40 nM), ApU (100 �M),
and starting NTPs (10 �M CTP, ATP, and CTP, 10 �Ci if
[�-32P]CTP, 3000Ci/mmol) inTGA2 for 15min at 37 °C. Tran-
scription was restarted at 37 °C by addition of 150 �M ATP,
UTP, CTP, 15 �M GTP, and 10 �g/ml heparin. Reactions were
quenched at the indicated times as above. Products were ana-
lyzed on 7 M urea, 10% (w/v) acrylamide:bisacrylamide (19:1)
denaturing gels, and RNA quantities were determined from
PhosphorImager scans of the gels. The assay was repeated at
least three times for each variant tested.
Exonuclease Assays—His6-tagged Eco RNAP was immobi-

lized on Co-nitrilotriacetic acid beads (Clontech) and walked
along the linear DNA template labeled on the nontemplate
strand to a desired position, as described previously (23). The
halted ECs were probed with ExoIII (New England Biolabs) as
described in Ref. 24 and the supplemental Fig. S4 legend.

RESULTS AND DISCUSSION

TgtDoesNotAccentuate Long Lived Pauses—To test whether
Tgt preferentially affects the paused RNAP, we used templates
that encode the well characterized hairpin-dependent his and a

FIGURE 1. Tgt in a co-crystal with Tth RNAP holoenzyme (Protein Data
Bank code 2BE5). Tgt is shown as purple sticks, the �� BH and TL as teal and
orange schemes, respectively. The catalytic Mg2� ion is indicated by a red
sphere, the catalytic Asp triad by dark blue sticks.
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backtracked ops pause sites (22) (Fig. 2). We performed single-
round elongation assays by first forming the halted ECs using
limiting subsets of initiating NTPs, then adding all four NTPs
together with heparin (which inhibits reinitiation) and analyz-
ing RNA products at different time points (from 5 to 360 s). On
both templates, addition of Tgt induced pauses at many sites
(e.g. C41 and C45 on the ops template and U45 and U68 on the
his template) and caused a delay in accumulation of the run-off
transcript. Surprisingly, however, transcription at either of the
strong, long-lived ops and his pause sites was largely unaffected.
These results suggest that although Tgt may act on a distinct
state of the EC, the stabilized paused complexes are resistant to
inhibition. Instead, Tgtmay be specific for an actively transcrib-
ing RNAP.
Tgt Preferentially Inhibits Fast RNAPs—To test this hypoth-

esis, we compared the effect of Tgt on transcription by fast and
slow RNAPs. Over the years, many amino acid substitutions in
the � and �� subunits that confer altered responses to regula-
tory signals during elongation have been isolated (25–29). The
fast RNAPs readily transcribe through pause and termination
signals whereas the slow variants terminate and pause more
efficiently. We compared the effect of Tgt on the wild type, the
fast (RpoB5101; �P560S,T563I), and the slow (RpoB8; �Q513P)
enzymes to Tgt during formation of halted A29 ECs (Fig. 3).
The altered enzymes contain substitutions 15� Å away from
the Tgt binding site (Fig. 3), indicating that they are unlikely to
affect the antibiotic binding directly. We found that the fast
RNAP was hypersensitive to inhibition, whereas the slow

enzyme was more resistant than the wild type. This result is
consistent with the failure of Tgt to affect RNAP at pause sites
(Fig. 2) because fast and slow RNAPs would be expected to
spend less andmore time, respectively, off the active elongation

FIGURE 2. Paused transcription complexes are resistant to Tgt. Radiolabeled halted G37 and A29 complexes were formed on pIA171 (A) and pIA349 (B)
templates. These template encode the his and the ops pause signals (shown below). Halted were incubated with Tgt (5 �M) for 2 min at 37 °C and challenged
with NTPs and heparin. Aliquots were withdrawn at the indicated times and separated on a 10% denaturing gel. Positions of the halted RNAs, the paused RNA
species (U43 at ops, U71 at his site), the run-off transcripts and several other RNA products are indicated with arrows.

FIGURE 3. Fast and slow enzymes respond differently to Tgt. Top, radiola-
beled A29 complexes formed on pIA171 template in the presence of
increased concentrations of Tgt (indicated above each lane) with the wild-
type (left), RpoB5101 (center), or RpoB8 (right) RNAPs during a 15-min incuba-
tion at 37 °C. Reactions were quenched and analyzed on a 10% denaturing
gel. Bottom, Distances (in Å) between crystallographic (Protein Data Bank
code 2BE5) Tgt (shown as purple sticks and semitransparent spheres) binding
site and the positions of fast (blue) and slow (red) amino acid substitutions in
RNAP. The residues are numbered as in E. coli.
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pathway. The simplest explanation of these data is that a par-
ticular RNAP state may be required for the Tgt binding and
action.
In Silico Evidence Indicates TL Role in Inhibition by Tgt—We

hypothesized that the TL/TH may play a role in Tgt binding.
The TH forms a triple-helical bundle with the catalytic ��
bridge helix (BH) and interacts directly with the substrate NTP
to “close” the active site and create a perfect catalytic alignment
of the active site residues, the 3�-OH, and the NTP phosphates
(1). Pausing involves changes in the TL conformation (18–20)
that prevent the TH formation and thus the active site closure.
In the Tgt-RNAP binary complex, the TL is largely disordered
(see supplemental Fig. S1), and Tgt would clash with the TH if
modeled into theNTP-bound EC in the orientation captured in
the holoenzyme.
Thus, we hypothesized that Tgtmay adopt a different docked

conformation in the NTP-bound EC. To test this hypothesis in
the setting of the low resolution of the target crystallographic
structures of RNAP, we first posed the null hypothesis that
therewould be no structurally compatible site for Tgt in the EC.
We reasoned that predicting the actual induced-fit conforma-
tion of Tgt bound to the EC starting from a low resolution
structure of a slightly distorted conformation of the EC would
be nearly impossible, but proving that there is at least one com-
patible site and then assessing whether it was compatible with
the experimental datawould not be. Testing the null hypothesis
required a computational molecular docking protocol that
could take small induced-fit changes and alternative conforma-
tions of the TL into account. To accomplish this, we used four-
dimensional docking of Tgt to a grid representation of the EC
(see supplemental Methods). The grid representation “softens”
potentially obstructing full atom hard spheres such as distal
side chain atoms, so that slightly distorted Tgt binding pockets
in the structure can still be evaluated relative to othermolecular
surface sites, and the four-dimensional approach can accom-
modate induced-fit in theTL conformation. Absence of a struc-
turally compatible site for Tgt (e.g. lack of a large enough
pocket) can accurately be estimated by docking, and, if the null
hypothesis is rejected, a list of preferred contact sites can be
identified.
The results show a structurally compatible docking site for

Tgt that is dependent on an altered TL conformation (Fig. 4),
thereby rejecting the null hypothesis and suggesting that Tgt
can interact with the EC. Furthermore, themodel is remarkably
consistent with the mutational analysis, suggesting that this
specific alternative complex conformation may underlie the
effect of Tgt on RNA chain elongation. In the final model, Tgt
finds a preferred docking site on the Tth EC with the NTP
present in the insertion site, but with theMg2 ion removed and
the TL slightly distorted and shifted �4 Å toward the catalytic
site. In this alternative conformation, the TL bends toward the
docked Tgt from its crystallographic position. The NTP
remains Watson-Crick paired with the template DNA, but
forms a different set of contacts with the RNAP than those seen
in the EC, and forms a hydrogen bondwithTgt. Tgt participates
in an extensive polar contact and hydrogen bonding network,
which includes Lys-780, Arg-783, Lys-908,Met-1238, and Arg-
1239 of the �� subunit, as well as the �-phosphate of the NTP.

Thus, our analysis reveals a structurally compatible site for Tgt
in the EC, which is consistent with themutational data andmay
explain the effects of Tgt on catalysis.
Interactions with the TL Residue Arg-933 Are Critical for Tgt

Action—In the model we have generated, Tgt stabilizes the
foldedTL in a catalytically unproductive configuration through
direct contacts with the side chain of ��Arg-1239 and the back-
bone of��Met-1238 (Fig. 4) in the foldedTL.��Arg-1239 inter-
acts with the NTP phosphates in bacterial and yeast ECs (1, 6),
and its substitution for Ala confers modest defects on nucleoti-
dyl transfer (8). To test whether this residue is required for Tgt
function,we constructed anAla substitution of the correspond-
ing Eco ��Arg-933. We also constructed Ala substitution of
��His-936, a residue that also interacts with the NTP phos-
phates in the EC but does not interact directly with Tgt in the
model.
We introduced Ala substitutions into the Eco rpoC gene by

site-directed mutagenesis, purified the altered RNAPs, and
tested their response to Tgt using a steady-state transcription
assay in vitro (Fig. 5B). As a control, we used RNAPwith��Gln-
504 substituted with Ala; Gln-504 (Arg-783 in Tth) makes
direct contact with the acetyl group of Tgt in the binary com-
plex (supplemental Fig. S1) and in the model (Fig. 5A) and is
essential for inhibition of Eco RNAP by Tgt (11). An increase in
Tgt concentration to 32 �M led to a �90% decline in the syn-
thesis of the ApUpC transcript by the wild-type Eco RNAP. In
contrast, ��Q504A and ��R933A RNAPs retained 55–60%
activity even at 32�MTgt. The��H936A substitution conferred
weaker resistance (supplemental Figs. S2 and S3); we hypothe-
size that the effect of this substitution is exerted through its
impact on the TL structure/deformability and/or creating a
pocket next to the Tgt binding site. These results support the
importance of the Tgt/��Arg-933 contacts inferred from the
model.
The observed contacts between Tgt and ��Arg-933 could

also explain the differential effect of Tgt on eukaryotic enzymes.
Indeed, in the Tgt-sensitive RNAP III ��Arg-1239 is conserva-
tively substituted for a Lys, whereas the Tgt-resistant RNAP II
contains a structurally and chemically distinct Asn at this posi-
tion (Fig. 5A). In support of this idea, we found that Eco RNAP

FIGURE 4. Tgt interacts with the TL in the Tth EC model. RNA (red scheme),
nontemplate DNA (blue scheme), template DNA (black scheme), and substrate
NTP (green sticks) are shown; the other colors are as in Fig. 1.
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with ��Arg-933 substituted for Asn was highly resistant to Tgt
(Fig. 5C).
Tgt May Stabilize the Folded TL to Inhibit Translocation—

Following nucleotide addition, RNAP releases PPi and moves 1
nucleotide downstream. At some point during this transition,
the TH unfolds, and the incoming NTP binds to a posttranslo-
cated inducing the TL3TH transition. Upon misincorpora-
tion, RNAP backtracks to thread the nascent RNA through the
active site; backtracking is incompatible with the folded TL. By
stabilizing the folded TL, Tgt would be expected to inhibit
RNAP translocation in either forward or reverse direction. To
test this prediction, we used exonuclease footprinting to deter-
mine the translocation register of the RNAP (Fig. 6).
In EC35 formed by the wild-type RNAP (Fig. 6, left), the

enzymeoccupied the post- andpretranslocation states at a ratio
of 90:10. As expected, addition of a substrate analog AMP sta-

bilized the posttranslocated state (93:7). Tgt shifted equilib-
rium to the pretranslocated state both in the absence and in the
presence of the substrate analog (36:64 and 48:52, respectively).
The ��R933A RNAP was mostly in a posttranslocated state,
whichwas further stabilized byAMP, both in the absence and in
the presence of Tgt (Fig. 6, right). Tgt also stabilized the pre-
translocated state in a backtrack-prone EC33 (supplemental
Fig. S4), blocking reverse translocation. Thus, Tgt inhibits
RNAP translocation in either direction.
These observations are consistent with a model in which

structural transitions of the TL control equilibrium between
the posttranslocated (TH) and pretranslocated (TL) states; the
bound Tgt will stabilize the TH and inhibit its unfolding into
theTL.However, this effect is unlikely to play amajor role in the
Tgt inhibitory mechanism, as the translocation is preceded by
the chemistry (NTP condensation) step, also inhibited by Tgt.
Control of Transcription byMotions of the TL—Multisubunit

RNAPs carry out a complex reiterative process of mechano-
chemical work, which requires a certain degree of conforma-
tional mobility of their subunits and/or domains, characteristic
of allmacromolecularmotors (30). Range ofmotions associated
with transcription varies greatly from small oscillations of a
catalytic loop (31) to large scale ratcheting of the entire RNAP
(32). Intermediate scale transitions of the metamorphic TL are
thought to play crucial roles in transcription mechanism and
regulation. NTP-dependent refolding of the TL into TH allows
the RNAP to sample substrate concentrations, read out the
state of the EC, and link catalytic and mechanical steps in a
robust fashion still amenable to regulation. Folded TH com-
pletes the substrate binding site and appears to play a role in the
catalytic step as well, after which it (together with BH) acts as a
molecular pawl in RNAP translocation along the nucleic acid
scaffold (32). Conformation of theTLmay also restrict action of
some transcription factors, such as Gre (5), to particular ECs.
The TLwas crystallized in a number of different states, some

apparently mobile or statistically disordered, and coarse-
grained analysis of Tth RNAP structures indicated that the TL,
together with the BH, possesses a number of amino acid resi-

FIGURE 5. Substitutions of Eco ��Arg-933 (Tth Arg-1239) abolish inhibi-
tion by Tgt. A, polar contacts between Tgt (purple sticks) and amino acids
(orange and gray sticks) in the model of Tgt/EC (shown in Fig. 4; the color
scheme is preserved). B and C, inhibition of abortive transcription on the T7A1
promoter by Tgt. Formation of the radiolabeled ApUpC RNA was followed as
a function of Tgt concentration (from 0 to 32 �M) with the wild-type or altered
Eco RNAPs. The key is shown in the figure.

FIGURE 6. Tgt inhibits RNAP translocation. The translocation registers of
the EC35 formed on a template shown on top with the wild-type or ��R933A
Eco RNAPs determined by ExoIII footprinting; Tgt (60 �M) and AMP (1 mM)
were added where indicated. The stop positions that correspond to the post-
and pretranslocated ECs are shown by arrows, and their ratios are shown
below each lane. See also supplemental Fig. S4.
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dues with increased flexibility/deformability (33). Taking
advantage of this pliability, Tgt binds to the TH concurrently
with the substrate and, by inducing deformation of the TH tip,
disrupts chemical (NTP condensation) and subsequent
mechanical (translocation) steps. An unrelated RNAP inhibitor
Stl binds to, and in the path of a proposed movement of, the
unfolded TL in apo-RNAP, thereby blocking transcription
prior to binding of the substrate (16, 17). In a context of the EC,
Stl binds together with the substrate, forming contacts with the
downstreamDNA and displacing a partially folded TH (1). The
variablemode of Stl binding, invariably trapping the TL, is con-
sistent with its inhibitory effects on initiation, elongation, and
pyrophosphorolysis. Consistent with their ability to trap the
TL, Tgt and Stl have similar effects on RNAP translocation
(supplemental Fig. S5) and fail to affect the his paused com-
plexes (Fig. 2A andRef. 8), suggesting that an altered state of the
TL that is thought to exist in a paused EC is incompatible with
binding of either antibiotic.
The proposed mechanism of Tgt underscores the key role of

the TL in modulation of RNAP activity by antibiotics and cel-
lular accessory proteins. Those regulators that bind in the sec-
ondary channel could interact with the TL directly whereas
others may alter the TL folding indirectly, through coupled
changes in other flexible elements of the RNAP.
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