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Molecular Mechanism of Transcription Inhibition
by Peptide Antibiotic Microcin J25

ple, Rifampicin, a drug that specifically blocks RNAP
initiation-to-elongation transition, has proven invaluable
in probing the molecular mechanism of transcription
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Nikolay Zenkin,3 Jookyung Lee,4 John T. Lis,1

Sergei Borukhov,4 Michelle D. Wang,2

and Konstantin Severinov3,* initiation and promoter escape. Here we characterize a
more recently identified antibacterial peptide Microcin1Department of Molecular Biology and Genetics

2 Department of Physics J25 (MccJ25) that functions through inhibition of bacte-
rial RNAP (Delgado et al., 2001; Yuzenkova et al., 2002).Laboratory of Atomic and Solid State Physics

Cornell University MccJ25 is a 21 amino acid, ribosomally synthesized
peptide (Blond et al., 1999; Salomon and Farias, 1992)Ithaca, New York 14853

3 Department of Molecular Biology and Biochemistry produced by strains of Escherichia coli harboring a plas-
mid-borne synthesis, maturation, and export systemWaksman Institute

Piscataway, New Jersey 08854 (Solbiati et al., 1999). Interestingly, the structure of
MccJ25 exhibits a highly unusual threaded lasso fold4 SUNY Health Sciences Center at Brooklyn

Brooklyn, New York 11203 (Bayro et al., 2003; Rosengren et al., 2003; Wilson et al.,
2003). Understanding how this structure exerts its effect
on RNAP will be important to both clinical applications
and basic studies of transcription.Summary

Mutations in RNAP that provide resistance to MccJ25
have provided clues to its mechanism of action.21 amino acid peptide Microcin J25 (MccJ25) inhibits

transcription by bacterial RNA polymerase (RNAP). MccJ25-resistance mutations alter RNAP residues ex-
posed on the inside of a 12–15 Å-wide secondary chan-MccJ25-resistance mutations cluster in the RNAP

secondary channel through which incoming NTP sub- nel that branches off from the main active site channel
(Yuzenkova et al., 2002). The secondary channel hasstrates are thought to reach the catalytic center and

the 3� end of the nascent RNA is likely to thread in been proposed to allow a path for nucleotide substrates
to diffuse to the enzyme active site (Korzheva et al.,backtracked transcription complexes. The secondary

channel also accepts transcript cleavage factors GreA 2000; Zhang et al., 1999). Furthermore, Korzheva et al.
(2000) suggested that this secondary channel acceptsand GreB. Here, we demonstrate that MccJ25 inhibits

GreA/GreB-dependent transcript cleavage, impedes the 3�-end-proximal portion of the nascent RNA in un-
productive backtracked elongation complexes. Finally,formation of backtracked complexes, and can be

crosslinked to the 3�-end of the nascent RNA in elon- three independent studies recently have shown that
transcript cleavage factors GreA and GreB, which in-gation complexes. These results place the MccJ25

binding site within the secondary channel. Moreover, duce the endonucleolytic activity of the RNAP catalytic
center and thus rescue backtracked complexes, bindsingle-molecule assays reveal that MccJ25 binding to

a transcribing RNAP temporarily stops transcript elon- within the secondary channel (Laptenko et al., 2003;
Opalka et al., 2003; Sosunova et al., 2003).gation but has no effect on the elongation velocity

between pauses. Kinetic analysis of single-molecule In this work, we studied the consequences of MccJ25
addition on functional properties of RNAP in vitro usingdata allows us to put forward a model of transcription

inhibition by MccJ25 that envisions the complete oc- biochemical and single-molecule biophysical approaches.
Our results support the idea that MccJ25 binds withinclusion of the secondary channel by bound inhibitor.
the RNAP secondary channel and, when bound, com-
pletely prevents traffic through the channel. The resultsIntroduction
are in agreement with the conclusions of the accompa-
nying paper, Mukhopadhyay et al., 2004. The implica-DNA-dependent RNA polymerase (RNAP), the central

enzyme of bacterial gene expression, is a large, multi- tions of this novel form of transcription inhibition on the
mechanisms of RNAP elongation are discussed.subunit target for drug development (Darst, 2001). The

catalytically competent core RNAP has subunit compo-
sition �2���� and a total molecular weight near 400 kDa. Results
Several antibiotics target RNAP and at least one, Rifam-
picin, has found wide use in clinical settings. Both recent Biochemical Data Position MccJ25 in the RNAP
advances in structural understanding of RNAP and the Secondary Channel
development of high-throughput screens promise to We have previously shown that MccJ25 inhibits abortive
greatly enhance the development of additional drugs initiation by E. coli RNAP and that this inhibition occurs
that target this important enzyme. even when MccJ25 is added after promoter complex

Drugs that have high specificity for RNAP have also formation (Yuzenkova et al., 2002), consistent with the
proven to be extremely effective tools for probing tran- idea that MccJ25 targets either a catalytic step of the
scription and regulation of this large machine. For exam- nucleotide addition reaction or interferes with substrate

entry. Figure 1A shows the effect of MccJ25 on pro-
cessive pyrophosphorolysis, a reaction that is the oppo-*Correspondence: severik@waksman.rutgers.edu (K.S.); ka42@

cornell.edu (K.A.) site of phosphodiester bond formation and that consists
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Figure 1. Biochemical Analysis of Transcription Inhibition by MccJ25

(A) MccJ25 inhibits processive pyrophosphorolysis. Stalled EC11 were incubated in the presence of pyrophosphate with or without 50 �M
MccJ25. At the times indicated, aliquots were removed and reactions terminated. Reaction products were analyzed by denaturing PAGE and
revealed by PhosphoImager.
(B) MccJ25 inhibits backtracked complex formation. Stalled EC27 were formed on a T7 A1 promoter template. The complexes were incubated
at 37�C in the absence of NTPs for the times indicated with or without 25 �M MccJ25. The complexes were then supplied with CTP and
incubated for an additional 2 min.
(C) MccJ25 has no effect on intrinsic endonucleolytic cleavage by RNAP. Backtracked EC27 were obtained and transferred to a pH 9.0 buffer.
EC27 were incubated for the times indicated in the presence or absence of 25 �M MccJ25.
(D) MccJ25 decreases the rate of GreA-catalyzed endonucleolytic cleavage. Transcription complexes assembled on a minimal nucleic acid
scaffold (Sidorenkov et al., 1998) were incubated in the presence of increasing concentrations of recombinant GreA protein, with or without
MccJ25.
(E) MccJ25 contacts the 3� end of the nascent RNA. EC7 containing wild-type or mutant, MccJ25-resistant T931I RNAP, were formed on a
rrnB P1 promoter template. The RNA contained a crosslinkable group at its 3�-end. EC7 were supplemented as indicated and crosslinks
induced by UV-irradiation. Reaction products were separated by SDS-PAGE and revealed by PhosphoImager.

of attack by inorganic pyrophosphate on the 3-end of the center or prevents the substrate and product traffic to/
from the catalytic center.nascent RNA, followed by NTP release and backward

translocation of the elongation complex (EC). Stalled EC Figure 1B shows the effect of MccJ25 on the formation
of backtracked, arrested complexes. EC stalled at posi-containing radioactively labeled 11 nt-long nascent RNA

(EC11) were prepared by nucleotide deprivation; EC11 tion 27 of a T7 A1 promoter-containing template (EC27)
were prepared and incubated in the absence of NTPs.were washed to remove unincorporated NTPs and sup-

plied with pyrophosphate in the presence or in the ab- During this incubation, EC27 undergo backtracking and
lose the ability to elongate the nascent RNA when NTPssence of MccJ25. In the absence of MccJ25, nascent

RNA was progressively shortened and most of the initial are added. As can be seen from Figure 1B, �95% of
freshly prepared EC27 were competent to resume tran-transcript was replaced in 3 min by an 8 nt-long product

(Figure 1A, lanes 1–6) (this product is released from the scription and elongate to position �30 upon addition of
CTP (Figure 1B, lane 2; no further elongation occurredcomplex and is thus not a substrate to further pyro-

phosphorolysis). In the presence of MccJ25, pyrophos- since template position 31 specifies a uridine, which is
missing from the reaction), while the remaining 5% ofphorolysis was less efficient; even after a 30 min in-

cubation in the presence of pyrophosphate most EC the EC remained at position 27. The proportion of EC27

capable of elongation decreased markedly after pro-contained 11 nt-long RNA (Figure 1A, compare lanes 6
and 11). We conclude that MccJ25 inhibits both the longed incubation in the absence of NTPs: after a 10

min incubation �90% of EC27 was arrested and unableforward reaction of phosphodiester bond synthesis and
the reverse reaction of pyrophosphorolysis, a behavior to elongate the nascent transcript (Figure 1B, lane 5).

When freshly prepared EC27 was combined with 25 �Mexpected of a drug that either affects RNAP catalytic
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MccJ25 prior to a 10 min incubation in the absence of ary channel, a crosslinking experiment was performed.
NTPs, elongation-competent complexes persisted longer EC7 were prepared on an rrnB P1 promoter-containing
and 85% of EC27 remained able to elongate the nascent template (Borukhov et al., 1993). The nascent RNA was
transcript (Figure 1B, lane 8) (note that in this experi- radioactively labeled and contained photoreactive,
ment, the concentration of CTP added during the chase crosslinkable 4-thiouridine, instead of uridine, at the 3�
step was high enough that elongation proceeded even end. Upon UV irradiation of such EC7, extensive radioac-
in the presence of MccJ25). These results suggest that tive labeling of the �� subunit was observed (Figure 1E,
MccJ25 inhibits transcription arrest by preventing back- lane 1). When the crosslinking experiment was repeated
tracking. with the addition of Gre factors prior to irradiation (the

During backtracking, the portion of the nascent tran- reaction buffer contained no Mg2� to prevent Gre-
script that is proximal to the 3�-end is thought to be induced cleavage of the nascent transcript), the antici-
threaded into the RNAP secondary channel. The EC27 pated radioactive labeling of Gre factors was observed
complex formed at the T7 A1 promoter backtracks by (Figure 1E, lanes 2 and 3). The crosslinked site in the
11 nucleotides, juxtaposing the catalytic center in the Gre factors was previously mapped to a basic patch
arrested state with the phosphodiester bond between region in the coiled-coil domain of Gre (Koulich et al.,
RNA positions 16 and 17 (Komissarova and Kashlev, 1997; Stebbins et al., 1995) that protrudes inside the
1997). Backtracked EC27 can be rescued by an endo- secondary channel according to low-resolution models
nucleolytic cleavage reaction catalyzed by the RNAP of RNAP-Gre complex (Laptenko et al., 2003; Opalka et
active site. The reaction is stimulated by mildly basic al., 2003; Sosunova et al., 2003). Identical crosslinking
pH (Orlova et al., 1995) and generates two RNA frag- experiments performed in the presence of native MccJ25
ments. The 3�-proximal 11 nt-long RNA fragment is re- showed a weak but reproducible radioactive band of
leased from the EC, while the 16 nt-long 5�-end-fragment �8 kDa; increasing concentrations of MccJ25 lead to
remains bound by RNAP. The newly formed 3�-end is increased crosslinking efficiencies (Figure 1E, compare
thus aligned with the active site and can be further elon- lanes 4 and 5). We interpret this band as a crosslink
gated (Surratt et al., 1991). If MccJ25 binds within the between MccJ25 (2.5 kDa) and the 7 nt-long RNA (3 kDa).
secondary channel, one might predict that MccJ25 Importantly, no 8 kDa band was visible when synthetic,
should not affect the endonucleolytic cleavage activity circular MccJ25, which is chemically identical to native
of RNAP in fully backtracked EC27 complexes, because peptide but is biologically inactive, was used in cross-
the 3�-portion of the nascent RNA would occupy the linking experiments (Figure 1E, lanes 6 and 7). Moreover,
MccJ25 binding site. Indeed, as is shown in Figure 1B, the 8 kDa band was also absent when the crosslinking
pH 9.0-induced cleavage of the nascent RNA in arrested reactions contained native MccJ25 and EC formed by
EC27 proceeded at a similar rate in the absence or in the mutant RNAP harboring a T931I substitution in ��, that
presence of MccJ25 (Figure 1B, compare the corre- makes RNAP resistant to MccJ25 (Figure 1E, lanes 11
sponding lanes 2 and 5, 68% and 55% of residual EC27; and 12) (Yuzenkova et al., 2002). These results thus
and lanes 3 and 6, 13% and 15% residual EC27, respec- demonstrate that the 3�-end of the nascent RNA in these
tively). active EC7 is close to, or in contact with, bound MccJ25.

The endonucleolytic activity of RNAP is enhanced by Protein-RNA crosslinking studies establish that the 3�-
transcript cleavage factors GreA and GreB (Borukhov end of the nascent RNA is also close to the �� G loop
et al., 1992). Gre factors insert their long coiled-coil and the F helix (Borukhov et al., 1991; Markovtsov et
domain into the secondary channel, reaching into the al., 1996; Epshtein et al., 2002), two structural elements
catalytic center to help coordinate a Mg2� ion necessary that are part of the secondary channel (Figure 2). We
for the endonucleolytic cleavage reaction (Laptenko et therefore infer, by extension, that MccJ25 binds within
al., 2003; Opalka et al., 2003; Sosunova et al., 2003). the secondary channel.
MccJ25 binding in the secondary channel might affect
Gre factor-dependent cleavage by blocking access of

Kinetics of Transcription Inhibition by MccJ25Gre factors to the catalytic center. To evaluate this pos-
Taken together, the biochemical data presented in Fig-sibility, an artificial EC13 was assembled using a nucleic
ure 1 strongly suggest that MccJ25 binds in the second-acid scaffold containing a 30 nt-long template-strand
ary channel and that amino acid substitutions in theDNA oligonucleotide, fully complementary non-template
secondary channel that lead to MccJ25-resistance de-DNA oligonucleotide, and a 13 nt-long RNA that was
fine the MccJ25 binding site. If the secondary channelradiolabeled at the 5�-end (Sidorenkov et al., 1998). Ad-
serves as a conduit for NTP substrates, and if MccJ25dition of increasing amounts of recombinant GreA to
binding partially occluded the channel, inhibition bythese assembled EC13 resulted in the appearance of 11
MccJ25 might be overcome at saturating NTP concen-nt-long cleavage products (Figure 1D, lanes 2–5). The
trations. However, as can be seen from Figure 2, MccJ25cleavage reaction was dependent on both GreA and
can be docked fully within the secondary channel withRNAP (data not shown), indicating that only RNA assem-
little or no steric clashes. As a result, the opening ofbled in EC was cleaved and that the EC13 were back-
the channel would become wholly occluded, raising thetracked by two nucleotides. Simultaneous addition of
possibility that MccJ25 inhibits transcription elongationGreA and MccJ25 to preformed EC inhibited the cleav-
by completely preventing reactant traffic through theage of the 13 nt-long RNA (Figure 1D, compare, for
channel.example, lanes 5 and 9; 8 and �1% cleavage of initial

To evaluate MccJ25’s ability to inhibit nucleotide traf-EC13), indicating that MccJ25 interferes with Gre factor-
fic, we investigated the kinetics of the abortive synthesisdependent cleavage.

To test directly whether MccJ25 binds in the second- of a CpApU trinucleotide by the RNAP from the T7 A1
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Figure 2. MccJ25 Binding Could Completely
Block the Secondary Channel

(Top) Crystal structure of Thermus aquaticus
RNAP at 3.3 Å resolution (Zhang et al., 1999).
The bridge helix is shown in orange, G loop
is shown in pink, and active site Mg2� is de-
picted as a red sphere. The green contour
encompasses RNAP elements that together
form the secondary channel.
(Bottom left) The part of RNAP highlighted by
the green contour at the top of the figure is
shown in spacefill next to a spacefill model
of the MccJ25 structure (Wilson et al., 2003)
shown in blue.
(Bottom right) The MccJ25 structure docked
within the RNAP secondary channel. A similar
model could be built using the T. thermophi-
lus RNAP holoenzyme structure (Vassylyev et
al., 2002).

promoter. The reactions contained saturating amounts whether MccJ25 is causing additional pausing/stopping
events, or is simply binding to RNAPs that are alreadyof CpA dinucleotide primer and increasing concentra-

tions of the UTP substrate (see Supplemental Figure S1 paused at given locations and thereby enhancing the
observed pause duration.at http://www.molecule.org/cgi/content/full/14/6/753/

DC1). In the absence of MccJ25, the reaction was char-
acterized by an apparent Km value of 1.5 	 0.3 �M,
whereas in the presence of MccJ25 at 10 �M, the appar-
ent Km increased more than 7-fold (Supplemental Figure
S1). In addition, the maximum amount of CpApU synthe-
sized decreased modestly (1.5-fold) in the presence of
10 �M MccJ25 (Supplemental Figure S1). Thus, although
the primary effect of MccJ25 binding is an increased Km

for NTPs, MccJ25 exhibited a mixed mode of inhibition
of the abortive initiation reaction at this promoter.

To gain further insight into the nature of MccJ25 inhibi-
tion, we investigated the effects of MccJ25 on transcrip-
tion elongation under conditions that approximate phys-
iological NTP concentrations. These experiments probe
the interaction between MccJ25 and RNAP when the
substrate is in excess of the average Km for NTPs and
the reaction generally proceeds at Vmax. Radiolabeled
EC20 formed at the T7 A1 promoter (Figure 3, lane labeled
EC20) were washed, equilibrated to room temperature,
and split into two equal reactions. The first reaction was
restarted by addition of NTPs at 1 mM final concentra-
tion (Figure 3, –MccJ25, lanes 1–8) while the second
reaction contained 1 mM NTPs plus 7.6 �M MccJ25
(�MccJ25, lanes 1�–8�). Aliquots of each reaction were
taken and the reaction quenched at various time points
to allow for investigation of the rate and efficiency of Figure 3. MccJ25 Inhibits Transcription Elongation at Saturating

NTP Concentrationstranscription as well as detection of transcriptional
pauses. These data demonstrate three aspects of Radiolabeled EC20 were split into two reactions: one that was re-

started by addition of 1 mM NTPs (–MccJ25, lanes 1–8) and theMccJ25 activity on EC: (1) MccJ25 significantly inhibits
other with 1 mM NTPs and MccJ25 at a final concentration of 7.6the overall rate of transcription elongation; (2) inhibition
�M (�MccJ25, lanes 1�–8�). Aliquots were removed and the reactionby MccJ25 occurs even in the presence of saturating
stopped: 10, 20, 30, 40, 50, 60, 90, and 180 s after addition of NTPs.

NTP concentrations; and (3) the presence of MccJ25 RNA products were separated by denaturing PAGE and visualized
enhances the appearance of transcriptional pauses. using a PhosphoImager. The position of the full-length, 900 nt prod-

uct is shown at right.However, this assay does not allow us to determine
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Figure 4. MccJ25 Increases RNAP Pausing without Altering Active Elongation Velocity

(A) Experimental setup for single molecule analyses of transcription elongation. Stalled EC20 were prepared using a recombinant RNAP bearing
the HA-epitope tag on an �-subunit. EC20 were injected into a flow cell coated with antibody against the HA-epitope and a streptavidin-coated
microsphere bound to a single biotin moiety at the downstream end of the template DNA (4.1 kb, containing the rpoB gene). Transcription
was re-started by addition of NTPs at 1 mM in the presence or absence of MccJ25 at the concentrations noted. Elongation by the RNAP lead
to a decrease in length of the DNA tether (LDNA) that was detected in real-time by monitoring the position of the piezo stage and the displacement
of the microsphere from the trap center as described in Adelman et al. (2002).
(B) Representative elongation profiles of transcription by individual RNAP molecules, plotted as nucleotides versus time (after applying our
filtering procedure). The concentration of MccJ25 present is shown at right. Positions and durations of pauses detected are shown by black lines.
(C–E) Normalized probability distributions representing the fraction of time each RNAP population spends elongating at a given velocity: (C)
in the absence of MccJ25; (D) at 3.8 �M MccJ25; (E) at 7.6 �M MccJ25. The distributions can each be fit by two Gaussian functions, with
one component that represents active elongation velocities centered near 12.5 nt/s (shown by arrow), and one representing the inactive state,
centered near 0 nt/s.

Analyzing the Effects of MccJ25 on Elongation of either 7.6 �M MccJ25 (as in Figure 3) or 3.8 �M
MccJ25. The overall elongation rates obtained for eachby Single RNAP Molecules

The bulk assays presented above are limited by the population of RNAP molecules (total distance/total time)
were as follows: 10.8 nt/s in the absence of MccJ25,complexity of the abortive initiation process (which

makes it difficult to derive mechanistic insights from 8.6 nt/s at 3.8 �M MccJ25, and 7.0 nt/s at 7.6 �M
MccJ25. The decrease in overall transcription rates ob-kinetic data) and do not allow one to distinguish between

effects of MccJ25 on elongation rate, pause frequency, served in the presence of MccJ25 demonstrates an ef-
fect on transcription elongation under single moleculeand pause duration. To probe these parameters, we

undertook an analysis of elongation by single RNAP conditions that is consistent with those observed in our
bulk elongation assay. Figure 4B shows representativemolecules in the presence of MccJ25 using optical trap-

ping. This technique permits detection of elongation by examples of elongation by individual RNAPs in the ab-
sence of MccJ25 (green line) and presence of MccJ25individual RNAP in real-time, revealing the details of

RNAP motion and the kinetic constants that define its at 3.8 �M (blue line) or 7.6 �M (red line). Elongation
profiles are plotted as nucleotides transcribed versustransitions between active and inactive states. The ex-

perimental setup used is depicted in Figure 4A. A stalled time, with positions at which the RNAP halts transcrip-
tion denoted by black lines (Experimental Procedures,EC20 was specifically immobilized on the surface of a

glass flow cell and re-started by addition of NTPs. RNAP Adelman et al., 2002). While the presence of MccJ25
noticeably increases the appearance of pausing/stop-movement was monitored throughout transcription

elongation by measuring the decrease in length of the ping events, the active elongation velocity (represented
by the slope of the line between pauses) does not appeardownstream DNA (LDNA), as described previously (Adel-

man et al., 2002; Wang et al., 1997, 1998). to be altered by MccJ25. These results suggest that
MccJ25 binding induces the RNAP to stop rather thanElongation properties of 30 individual RNAP mole-

cules observed in the absence of MccJ25 were com- merely to slow transcription.
To evaluate whether this is generally true of the RNAPpared to similar populations of RNAP in the presence
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observed in the presence of MccJ25, we plotted the decrease in time each RNAP population spends actively
elongating at each MccJ25 concentration representscombined distributions of instantaneous velocities of

elongation for RNAP observed under each condition the time that otherwise active RNAP are bound and
inhibited by MccJ25, we can derive an apparent KI for(Figures 4C–4E). The instantaneous velocity of elonga-

tion of individual RNAP was calculated from the traces of the MccJ25•RNAP interaction under these conditions.
Performing this calculation on both data sets obtainednucleotides transcribed versus time using an algorithm

that effectively applies a Gaussian low-pass frequency in the presence of MccJ25 (Supplemental Data) yields
an average KI 
 20 �M. We note that we cannot experi-filter to the position versus time data (Adelman et al.,

2002). The resulting normalized probability distributions mentally distinguish between MccJ25-bound and MccJ25-
unbound states of a stopped RNAP, so that this valuereflect the fraction of time that each RNAP population

elongates at a given velocity. In agreement with our solely reflects the fraction of time that MccJ25 serves
to prevent active elongation and does not explicitly mea-previous results, the velocity distribution obtained in the

absence of MccJ25 is characterized by two compo- sure the time that MccJ25 is bound to the RNAP.
By directly observing elongation and pausing bynents: one that represents the active elongation velocity

between pauses, centered around 12.5 nt/s (shown by RNAP molecules in real-time, we are able to measure
the microscopic rate constants for RNAP exiting and re-arrow), and another that represents the paused or inac-

tive state, centered near 0 nt/s (Figure 4C; Adelman et entering the productive elongation pathway. If MccJ25
binding to an actively elongating RNAP halts transcrip-al., 2002). Analysis of the velocity distributions obtained

in the presence of MccJ25 reveals that the distribution tion, this would be detected in our assay as an increase
in the frequency of stopping events observed in theof active elongation velocity remains centered near 12.5

nt/s (Figures 4D and 4E; Supplemental Figure S2), with presence of MccJ25. To evaluate this possibility, we
analyzed the durations of time that each RNAP elon-the presence of MccJ25 eliciting no evident shift of elon-

gation velocity toward slower levels. Instead, MccJ25 gated between pausing/stopping events and compared
the distributions obtained from each RNAP populationdramatically enhances the fraction of time the RNAP

spends in an inactive state, as demonstrated by the (Figure 5A). In good agreement with previous data ac-
quired in the absence of MccJ25, a fit of this distributionmarked increase in area under the peak at 0 nt/s. Neither

the center nor the width of this distribution were altered to a single exponential decay yields a half-life of active
elongation between pauses of 12.1 s (Adelman et al.,by the presence of MccJ25, indicating that the velocity

of a MccJ25-bound complex is indistinguishable from 2002). It has been previously demonstrated that the
short pauses observed on this sequence (containing thethe paused state (Supplemental Data). These results

argue against MccJ25 serving to only partially obstruct rpoB gene from E. coli) are uncorrelated events that are
randomly distributed over the template (within our 1 sthe secondary channel, as that would allow some sub-

strate entry and thus some evidence of slow elongation time resolution; Adelman et al., 2002; Neuman et al.,
2003). The distributions of times between pauses ob-to be observed. Moreover, because our filtering algo-

rithm averages position using a Gaussian envelope with tained in the presence of MccJ25 are also fit by exponen-
tial decay, suggesting that the MccJ25-induced stop-a standard deviation of 1 s, if MccJ25 binding and disso-

ciation events were rapid (on a timescale of �1–2 s), ping events are also likely to be randomly distributed.
However, in the presence of MccJ25, the frequency ofthey would be averaged together with RNAP movement

to yield slow apparent elongation velocities. Thus, the stopping events increases sharply (Figure 5A); at 7.6 �M
MccJ25 the RNAP population stops approximately twicecomplete block to transcription elongation observed in

the presence of MccJ25 is consistent with a long-lived as often as in the absence of MccJ25. Importantly, the
observed half-life of active elongation shows a clearassociation of MccJ25 within the RNAP secondary

channel (compared to our averaging time) that wholly dependence on MccJ25 concentration, indicating that
the rate being measured reflects an intermolecular inter-occludes substrate entry.
action between MccJ25 and the RNAP.

If we attribute the increase in stopping events ob-Probing the Nature of MccJ25 Binding Events
served in the presence of MccJ25 directly to MccJ25The decrease in fraction of time the RNAP spends ac-
binding, the data presented in Figure 5A can be usedtively elongating in the presence of MccJ25 reflects the
to determine the rate of MccJ25 binding at each concen-time that MccJ25 at that concentration is diverting the
tration (i.e., the rate of RNAP-stopping measured in theRNAP away from the productive state. To evaluate more
presence of MccJ25 
 the rate of pausing observed inprecisely the effects of MccJ25 on this balance between
the absence of MccJ25 � the rate constant for MccJ25active versus inactive states, we have employed a pause
binding at the given MccJ25 concentration). Determina-detection algorithm to determine the relative location
tion of these MccJ25 binding rates at both concentra-and duration of pausing/stopping events by individual
tions allows us to calculate an apparent kon for theRNAPs (stopping events shown as black lines, Figure
MccJ25•RNAP interaction of �8 � 103 M�1s�1 (Supple-4B, Adelman, et al., 2002). Whereas, in the absence
mental Data). This rate is extremely slow (compared toof MccJ25, the RNAP population is actively elongating
diffusion, which is 108-109 M�1s�1), which suggests that77.1% of total time, this percentage decreases to 65.2%
a productive MccJ25•RNAP interaction might transitionat 3.8 �M MccJ25 and 54.9% at 7.6 �M MccJ25, demon-
through a slow intermediate, involve a conformationalstrating that MccJ25 significantly reduces the time that
change or depend strongly upon molecular orientationthe RNAP population is engaged in productive elonga-

tion (Supplemental Data). Assuming that the percent during collision.
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we derive an apparent koff 
 0.16 s�1, yielding an appar-
ent MccJ25 binding half-life, t1/2 
 4.4 s. This lifetime is
significantly longer than that characteristic of pausing
on this sequence in the absence of MccJ25 (Figure 5B,
green squares, fit to single exponential decay yields
t1/2 
 1.9 s). Therefore, to test whether our assumptions
lead to a model that is internally consistent, we evalu-
ated our calculated MccJ25 binding half-life using the
pause durations observed in the presence of MccJ25
at 7.6 �M (Figure 5B). In agreement with a relatively long
lifetime for MccJ25 binding events, there is an increased
probability of longer pauses/stops in transcription at 7.6
�M MccJ25 (Figure 5B, red triangles).

In addition, we made use of our prior analysis of the
frequency of stopping events in the presence of MccJ25
(Figure 5A) and the fact that the distribution of pause
durations at 7.6 �M MccJ25 should represent a combi-
nation of short, MccJ25-independent pauses (t1/2 
 1.9 s)
and longer MccJ25-induced stopping events (t1/2 

4.4 s). The results in Figure 5A show that, at 7.6 �M
MccJ25, the RNAP population stops about twice as of-
ten, indicating that approximately half of the stopping
events are MccJ25 dependent. Thus, the observed
pause distributions at 7.6 �M MccJ25 would be pre-
dicted to correspond to a dual exponential distribution
of pause durations comprised of the two component
lifetimes with equal weighting. Figure 5C shows the ex-
perimental data (red triangles, same as Figure 5B), while
the black line represents the distribution predicted by
our calculations. For comparison, Figure 5C also shows
the fit to a single exponential decay of the MccJ25-
independent pauses (green line, t1/2 
1.9 s, from the data
shown in Figure 5B) as well as the single exponential
distribution indicated by our MccJ25 binding half-life

Figure 5. RNAP Stops Transcribing More Frequently in the Pres- (blue line, t1/2 
 4.4 s,). While the observed pause dura-
ence of MccJ25 tions fall between these two lifetimes, neither individual
(A) The number of RNAP-stopping events that occurred within a distribution is a good fit to the experimental data. In
given time interval after the previous event is plotted versus time

contrast, the observed experimental data at 7.6 �Mon a semilog graph (10 s bins) for each RNAP population. Single
MccJ25 (red triangles) exhibits good agreement with theexponential fits of the data give lifetimes of active elongation be-
distribution of pause durations predicted by our modeltween stopping events, shown as lines (0 MccJ25, t1/2 
 12.1 s,

rate 
 0.057 s�1, reduced 2 
 3.1; 3.8 �M MccJ25, t1/2 
 8.3 s, rate 
 (black line), indicating that our model is consistent with
0.083 s�1, reduced 2 
 4.4; 7.6 �M MccJ25, t1/2 
 5.7 s, rate 
 0.121 all data observed.
s�1, reduced 2 
 1.6).
(B) The observed pause durations are shown for RNAP in the pres-

Discussionence of 0 MccJ25 (green squares) and 7.6 �M MccJ25 (red triangles)
as number of events observed vs. time (2 s bins).
(C) The distribution of pause durations at 7.6 �M MccJ25 (red trian- Recent advances in single molecule optical trapping
gles) plotted as number of events versus time (2 s bins), is shown techniques have allowed for direct observation of tran-
with the fit to single exponential decay for pause durations observed scription elongation by individual RNAP molecules,
in the absence of MccJ25 (dotted green line; t1/2 
1.9 s), the calcu-

yielding fundamental insight into mechanisms of RNAPlated distribution of MccJ25 binding lifetimes (dotted blue line; t1/2 

movement (Adelman et al., 2002; Forde et al., 2002;4.4 s) and the predicted, dual exponential, distribution of pause
Neuman et al., 2003; Shaevitz et al., 2003; Schafer, etdurations derived from our model (solid black line). Our predicted

distribution better reflects the observed data (the fit yields a reduced al., 1991, Wang et al., 1998; Yin et al., 1995). We have
2 
 2.9), than does the MccJ25-independent pause lifetime (re- used these novel techniques to monitor elongation by
duced 2 
 12.6) or the calculated MccJ25 binding half-life (reduced E. coli RNAP at varying concentrations of the transcrip-
2 
 6.0).

tion inhibitor MccJ25, measuring both the instantaneous
velocity of RNAP elongation and the occurrence of tran-
scriptional pauses. Following the motion of individualDuration of Stopping Events Observed in the

Presence of MccJ25 Indicates a Long-Lived RNAP in real-time permits dissection of the effects of
MccJ25 on pause frequency or duration from effects onMccJ25•RNAP Interaction

A value for the duration of MccJ25 binding events was the velocity of transcription elongation and allows for
determination of the dynamics of MccJ25-RNAP inter-calculated using the apparent KI and kon described above

and the simple formula KI � kon 
 koff. From these values, actions. Analysis of the instantaneous velocity distribu-
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tions obtained in the presence of MccJ25 reveals that the channel. Moreover, MccJ25-resistance mutations
occur midway through the channel and throughout theMccJ25 significantly increases the percentage of time

the RNAP spends inactive, but has no effect on the secondary channel circumference. Since no MccJ25-
RNA crosslinks are detected in transcription complexesvelocity of active transcription elongation. Moreover, the

distribution of velocity centered near 0 nt/s is not altered formed by MccJ25-resistant RNAP, MccJ25-resistant
mutations must abolish MccJ25 binding and thereforeby MccJ25, which argues against even low levels of

slow elongation by MccJ25-bound complexes (compare define the MccJ25 binding site.
We determine an apparent KI for MccJ25 of approxi-Figures 4C–4E). In fact, the inhibition by MccJ25 ob-

served in single molecule assays appears binary in na- mately 20 �M at saturating NTP concentrations, in
agreement with the accompanying paper (Mukhopadh-ture: the RNAP appears to be either completely unaf-

fected by MccJ25, or the RNAP is totally inactive. The yay et al.) that reports a KD for the MccJ25-RNAP interac-
tion of about 2 �M and an � value of �10. A relativelysimplest interpretation of these data is that, during the

active elongation observed, MccJ25 is not bound to low overall affinity of MccJ25 for the RNAP could confer
an advantage to MccJ25-producing cells, which lackthe RNAP, but that binding of a single MccJ25 molecule

is sufficient to immediately stop transcription elonga- resistance to MccJ25 (i.e., their RNAP are MccJ25 sensi-
tive) and rely on an export pump to minimize the intracel-tion. This all-or-nothing style of inhibition thus indicates

a 1:1 stoichiometry for the MccJ25-RNAP interaction lular concentrations of MccJ25. In this way, a moder-
ately weak MccJ25•RNAP interaction would allowand suggests that MccJ25 binding could act to entirely

block traffic of NTPs through the secondary channel. intracellular MccJ25 levels that remain below a certain
threshold to be tolerable to the MccJ25-producing cells.Understanding the mechanism of MccJ25 inhibition

also requires knowledge of the specific targets of The fact that MccJ25-producing bacteria fail to accumu-
late mutations that render their RNAP MccJ25resistantMccJ25-activity (i.e., identifying if MccJ25 binds to par-

ticular RNAP conformations). To evaluate whether may suggest that such mutations could prove deleteri-
ous in a natural environment.MccJ25 can bind to and inhibit an active RNAP, we

A key result of these studies is the identification ofdetermined the frequency of pausing/stopping events
the RNAP secondary channel as a viable target for inhibi-in the presence of MccJ25. Analysis of the distributions
tors of RNAP activity. Our data support the idea thatof time that each RNAP population actively elongated
this channel serves as a conduit for substrate entrybetween consecutive pauses showed that there is a
and demonstrate that an inhibitor that binds within thestriking increase in the frequency of stopping events
channel can effectively inhibit transcription, even at sat-observed in the presence of MccJ25, which is enhanced
urating NTP concentrations. One current limitation ofat higher MccJ25 concentrations (Figure 5A; data not
MccJ25 as a potential antibiotic is that it is only effectiveshown). This concentration dependence of stopping
against RNAPs from gram-negative bacteria. However,events demonstrates that the rate being measured re-
characterization of the MccJ25 binding site and the dy-flects an intermolecular interaction between MccJ25
namics of inhibition should facilitate selection or designand an actively elongating RNAP. Thus, these results are
of MccJ25 variants that can occlude the wider channelsinconsistent with a model that envisions tight MccJ25
of Gram-positive bacteria and eukaryotes. Further struc-binding to the RNAP throughout elongation. Moreover,
ture-functional analysis of MccJ25 interactions withinour data indicate that active EC are unlikely to be the sole
E. coli RNAP secondary channel should allow rationaltargets of MccJ25 binding. The biochemical evidence
design of MccJ25-based RNAP inhibitors with broaderpresented in Figure 1 demonstrates that MccJ25 can
specificity.bind to stalled EC and inhibit processive pyrophospho-

rolysis and backtracking of the RNAP. In addition, in-
Experimental Proceduresspection of the bulk assays of transcription elongation

(Figure 3) suggests that MccJ25 also enhances the lon- Materials
gevity of existent pauses, potentially through binding to MccJ25 was a gift of Dr. Raul Salomon, University of Tucuman,
an RNAP that is inactive and preventing it from resuming Argentina. MccJ25 was dissolved in water. The sample was pure

as judged by the appearance of a single chromatographic peaktranscription. However, since MccJ25 binding has
during C18 reverse phase HPLC. The concentration of MccJ25 solu-been shown to inhibit backtracking beyond several
tion was determined by quantitative amino acid analysis (performednucleotides (Figure 1B), it is unlikely that the RNAP
at the Protein Chemistry Laboratory of the University of Texas Medi-

would undergo arrest and/or significant movement with cal Branch, Galveston, TX).
respect to the template DNA during such extended MccJ25-sensitive RNAP from E. coli AB259 cells and MccJ25-
pauses. resistant RNAP carrying the T931 substitution in the �� subunit (from

MccJ25-resistant E. coli SBG231cells) were purified as describedThe complete inhibition of transcription elongation
(Yuzenkova et al., 2002). MccJ25-sensitive GreA�/GreB� RNAP waselicited by MccJ25 could be the result of obstruction of
purified from AD8571 E. coli strain (Orlova et al., 1995). His-taggedthe NTP uptake channel or could be caused by inhibition
GreA and GreB factors were purified as described (Koulich et al.,

of catalysis and/or translocation (a combination of these 1997). RNAP bearing an HA-epitope tag on one �-subunit was puri-
two mechanisms is also possible). Strictly speaking, our fied as described in Adelman et al. (2002).
data do not allow us to distinguish between these possi-

In Vitro Transcriptionbilities, though we currently favor the first possibility.
Pyrophosphorolysis was performed using EC11 prepared on a T7 A1The results of crosslinking experiments clearly show
promoter-containing DNA template. EC11 were prepared by supply-that MccJ25 binds within the secondary channel and
ing RNAP-promoter complexes formed in 10 �l of standard tran-

the results of molecular modeling suggest that MccJ25 scription buffer with 10 �M ApU initiating dinucleotide, 0.5 �M
can completely obstruct the channel without contacting �-[32P] ATP (3000 Ci/mmol), and 25 �M GTP. After 10 min incubation

at 37�C, the reaction was supplemented with Ni2�-NTA-agaroseRNAP catalytic site, which is located much deeper in
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