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fact that monoprenylated Rab:REP complexes
appear to be more stable than the diprenylated
species indirectly supports this assumption (23).
The structure provides a basis for analysis of
disease-causing mutations in RabGDI, such as
I100P (I92P in mammalian nomenclature),
which leads to familial mental retardation in
humans. This mutation is characterized by reduced Rab extraction from the membranes (7).
gI100 is located in the CBR and is part of a
group of nonpolar residues on the surface of the
RabGDI molecule that form an extended hydrophobic patch with a central cavity on the
lower part of domain II (Fig. 2A). This assembly is involved in binding of the C-terminus of
Ypt1 via interaction with Val191 and Leu193 and
induces a 90o turn in the C-terminus, which
directs it over the effector loop toward the
lipid-binding site. Mutations in this hydrophobic patch are expected to have a twofold effect.
First, they will impair C-terminus binding and
will reduce the affinity of the RabGDI molecule
for Ypt. Second, and possibly more important,
they will perturb the orientation of the Ypt
C-terminus in the vicinity of the effector loop
and the lipid-binding domain. This is likely to
interfere with GTPase interaction with molecules assisting delivery and removal of Rab
proteins to and from the membrane. Consistent
with this model, mutations in residues Thr105
and Tyr227, which are part of the same hydrophobic patch, were also shown to interfere with
membrane extraction of Ypt/Rab proteins (22,
24). Therefore, the ␣-RabGDI mutation I92P
associated with mental retardation compromises the interaction with the peptide part of the
C-terminus, and not the integrity of the isoprenoid-binding site, as initially proposed (9).
The structure also provides additional insights into the mechanism of RabGDImediated delivery of Rab proteins to the
membranes. At least three structural elements
of the complex were proposed to regulate
loading of Rab proteins onto membranes: the
hypervariable region of the Rab C-terminus,
the conjugated isoprenoids, and the effector
loop of RabGDI (4, 16, 25). All these elements are closely associated and well exposed in the Ypt1:RabGDI complex, making
them clearly accessible to the putative membrane receptor (Figs. 1A and 2A).
In summary, we suggest a model in
which RabGDI initially recognizes the
globular core domain of the Rab/Ypt molecule by the Rab-binding platform interaction with switch I and II regions. This
relatively low affinity binding is followed
by interaction of the initially disordered
C-terminus with the hydrophobic patch of
the CBR. This stabilizes the interaction of
domain II of RabGDI with the membrane
over the buried geranylgeranyl moieties. A
conformational change leads to opening of
the hydrophobic cavity between helixes D
and E in domain II and facilitates extraction
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of the first geranylgeranyl lipid from the
bilayer (Fig. 4). The second lipid follows
and is accommodated in the vicinity of the
first lipid-binding site. This mechanism
helps to explain the detrimental effect of
mutations leading to weaker binding of the
Rab C-terminus.
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A New Class of Bacterial RNA
Polymerase Inhibitor Affects
Nucleotide Addition
Irina Artsimovitch,1* Clement Chu,2 A. Simon Lynch,2†
Robert Landick1†
RNA polymerase (RNAP) is the central enzyme of gene expression. Despite availability of crystal structures, details of its nucleotide addition cycle remain obscure.
We describe bacterial RNAP inhibitors (the CBR703 series) whose properties illuminate this mechanism. These compounds inhibit known catalytic activities of
RNAP (nucleotide addition, pyrophosphorolysis, and Gre-stimulated transcript
cleavage) but not translocation of RNA or DNA when translocation is uncoupled
from catalysis. CBR703-resistance substitutions occur on an outside surface of
RNAP opposite its internal active site. We propose that CBR703 compounds inhibit
nucleotide addition allosterically by hindering movements of active site structures
that are linked to the CBR703 binding site through a bridge helix.
Bacterial RNAPs typically consist of five
polypeptides: ␤,⬘␤, ␣, and . ␤⬘ and ␤ form
a main channel that holds the RNA 3⬘ OH in
1
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the active site, an 8 to 9 base pair RNA:DNA
hybrid, duplex DNA in front of the hybrid,
and single-stranded RNA upstream from the
hybrid. A secondary channel connects the
active site to the surrounding solution and
may serve as a passageway for entering nucleoside triphosphates (NTPs), exiting pyrophosphate, or both. Within the main channel,
bacterial and eukaryotic RNAPs are nearly
identical in structure; thus, the mechanism of
transcription by the multisubunit RNAPs of
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all cellular life forms appears to be the same
(1, 2). Nucleotide addition occurs by two
Mg2⫹-catalyzed second-order nucleophilic
displacement (SN2) of the RNA 3⬘ OH on the
␣ phosphate of a NTP; the 3⬘ nucleotide and
the NTP are bound in subsites i and i⫹1,

respectively. Steps in the cycle of NTP entry,
catalysis, and translocation of the 3⬘ nucleotide from i to i⫹1 are thought to require
movements of active site structures, in particular a long ␣ helix that spans the main
channel in front of the active site, called the F

Fig. 1. CBR703 inhibitors of bacterial RNAP. (A) Chemical structures of relevant inhibitors from
the CBR703 series. CBR703,
CBR9379, and CBR9393. (B) Inhibition of in vitro transcription by the CBR703 class of inhibitors. Wild-type and mutant
RNAPs were prepared from
strains that overexpress RNAP
(11). Inhibitors were added at
increasing concentrations to reactions containing 30 nM wildtype or mutant RNAP, 25 nM T7
A1 promoter-containing DNA
template, 50 M ApU dinucleotide, and 10 M each of ATP,
GTP, and [␣-32P]CTP. After separation of the A29 RNA in a
denaturing polyacrylamide gel
(inset), the quantity of halted
A29 RNA formed after 10 min,
relative to the amount produced
without inhibitor, was measured
and plotted as a function of
CBR703 inhibitor concentration
(plot for CBR9379 shown; symbols deﬁned in table at right).
High concentrations of the
CBR703 class of inhibitors only partially blocked the activity of some mutant RNAPs; therefore, both a
residual activity and concentration of the inhibitor that produced half-maximal effect (IC50) were
determined.

or “bridge” helix (3–5). The precise nature of
these movements is unknown.
Four inhibitors of RNAP are well characterized, although many others are known.
Rifampicin binds bacterial RNAP in a pocket
that contacts nascent RNA in transcription
elongation complexes (TECs). Rifampicin
blocks synthesis of RNAs longer than 2 to 3
nucleotides but cannot bind to or inhibit
TECs (6). ␣-amanitin binds within the secondary channel of eukaryotic RNAPII, where
it contacts the bridge helix and a coiled coil at
the outer rim of the secondary channel (the
funnel helices). ␣-amanitin inhibits nucleotide addition at all stages of transcription,
possibly by restricting movement of the
bridge helix, partially blocking the secondary
channel, or both (7). Many amino acid substitutions confer resistance to rifampicin or
␣-amanitin; importantly, all occur in the inhibitor binding sites (6, 7). Other substitutions identify overlapping but distinct binding
sites near the secondary channel and active
sites for streptolydigin and microcin J25,
which affect bacterial RNAP similarly to
␣-amanitin’s effect on RNAPII (8, 9).
We isolated a new class of bacterial
RNAP inhibitor by screening a large library
of compounds for inhibition of transcription
by Escherichia coli RNAP (10). The progenitor compound, C0340703 (N-hydroxy-N⬘phenyl-3-trifluoromethyl-benzamidine) (Fig.
1A), is hereafter designated “CBR703.” Variants of CBR703 were synthesized that gave
increased potency, including CBR9379 (3-[3-

Fig. 2. Effect of the CBR703-type inhibitors on different stages of transcription. (A) Effect of CBR9379 on initiation. ApUpC was formed from ApU
dinucleotide (150 M) and [␣-32P]CTP using open complexes formed by E.
coli RNAP on a T7 A1 promoter DNA (40 nM each) in a standard abortive
app
initiation assay (10 min, 37°C) (13). 䡩, no inhibitor; V max
⫽ 1.0 ⫾ 0.03;
app
KCTP ⫽ 20 ⫾ 1 M. ▫, 1 M CBR9379; V max
⫽ 0.59 ⫾ 0.03; KCTP ⫽ 35 ⫾ 3
app
M. , 5 M CBR9379; V max ⫽ 0.36 ⫾ 0.02; KCTP ⫽ 49 ⫾ 4 M. (B) Effect
of CBR9393 on transcript elongation. A26 TECs immobilized on Ni2⫹-NTA
(nitrilotriacetic acid) agarose were formed on a  PR DNA template using
His6-tagged RNAP by standard methods (14) and were then allowed to
elongate the RNA transcript for the times indicated with 10 M CTP, UTP, and
GTP in the absence or presence of 20 M CBR9393. The 10-s lane without
CBR9393 was underloaded. (C) Effect of CBR9379 on transcriptional pausing.
A29 TECs were formed on a T7 A1 promoter-his pause DNA template and
were then allowed to elongate the RNA transcript at 10 M GTP with 150 M
each of ATP, GTP, and CTP using standard methods (15). P, his pause RNA. RO,
run-off RNA. P*, U45 pause activated by CBR9379. (D) Effect of CBR9379 on
pyrophosphorolysis of A26 RNA at 0.5 mM PPi, as described (24, 25). (E) Effect
of CBR9379 on GreA-stimulated hydrolysis of nascent RNA in A26 TECs, at
0.4 M GreA as described (24, 25). The RNAs labeled pNpN are a heterogeneous set of cleavage products (typically dinucleotides) that accumulates near
the bottom of the gel as cleavage proceeds (the jagged line indicates where
a portion of the gel image was removed to conserve space).
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(2,6-Dichloro-phenyl)-ureido]-N-hydroxyN⬘-phenyl-5-trifluoromethyl-benzamidine)
and CBR9393 ({4-[3-(4-Fluoro-phenyl)-1Hpyrazol-3-yl]-2-trifluoromethyl-phenyl}-(2piperazin-1-yl-ethyl)amine) (Fig. 1A) (10).
To verify the cellular target of CBR703 and
to locate its binding site, we isolated derivatives of E. coli tolC strains that became
resistant to CBR703 (10). These mutations
were mapped to clusters near the middles of
the rpoB and rpoC genes (encoding ␤ and ␤⬘,
respectively). Growth of some CBR703resistant strains also proved to depend on
CBR703; suppressor mutations that restored
CBR703-independent growth affected nearby
amino acids (figs. S1 and S2; table S1).
To verify that CBR703 directly inhibited
RNAP, we purified both wild-type E. coli
RNAP and RNAPs carrying the CBR703resistance substitutions using an overexpression system for E. coli RNAP (11). We found
that CBR703 directly inhibited RNA synthesis by RNAP in vitro, that the mutant RNAPs
were resistant to significantly greater concentrations of CBR9379 than was wild-type
RNAP, and that the sensitivity of RNAP to
CBR703 derivatives paralleled their inhibition of growth of E. coli tolC strains (Fig.
1B). These results establish that bacterial
RNAP is the cellular target of CBR703 and
related inhibitors.
We then asked which step in the transcription cycle was affected by the CBR703-type
inhibitors. CBR703 did not affect formation
of promoter complexes by RNAP (12). To
examine initiation of RNA synthesis, we
looked for inhibition of CTP (cytidine
triphosphate) reaction with ApU dinucleotide
in T7 A1 promoter complexes [ApUpC is
formed in a single-turnover, steady-state reaction and is released when the next required
NTP, GTP (guanosine triphosphate), is absent (13)]. CBR9379 inhibited ApUpC formation even at high concentrations of CTP
(Fig. 2A). This is consistent with noncompetitive, allosteric inhibition; however, the complex nature of the RNAP catalytic cycle precludes rigorous interpretation of these steadystate kinetics.
To determine whether the CBR703-type
compounds inhibit nucleotide addition during
transcript elongation, we tested their effect on
preformed, immobilized TECs [A26 complexes halted on a  PR template (14)]. Upon
addition of NTPs without inhibitor, RNAP
paused before addition of C31 and C32 (Fig.
2B). Inclusion of CBR9393 slowed these
steps, but more dramatically inhibited addition of U29 and U30. Thus, CBR9393 preferentially slows nucleotide addition at certain
template positions. Most transcripts were extended upon addition of high concentrations
of NTPs [chase (Fig. 2B)], and the effect of
CBR9379 was eliminated by washing
CBR9379-treated A26 TECs with buffer
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(12). Thus, CBR9393 reversibly inhibits nucleotide addition but does not covalently
modify RNAP or dissociate the TEC. (RNAP
is incapable of elongating transcripts once
they are released.)
The preferential effect of the CBR703type inhibitors at certain template positions
also was evident during transcription of a
template encoding the well-characterized his
pause site (15) (Fig. 2C). CBR9379 both
greatly slowed escape from the his pause site
and activated a weak pause before addition of
U45 on this template. Thus, CBR703-type
compounds inhibit nucleotide addition at certain template positions, which often are positions at which the 3⬘ RNA nucleotide is
uridine; 3⬘ uridine reacting with a purine NTP
is, on average, the slowest nucleotide addition catalyzed by E. coli RNAP (16).
CBR703-type inhibitors could block any
step in nucleotide addition: NTP-binding, catalysis, translocation of RNAP along DNA,
or translocation of RNA from the i⫹1 to the

i site (the two translocation steps likely are
obligatorily coupled). To determine whether
they inhibit catalysis rather than NTP binding, we tested two reactions in which
RNAP’s catalytic cycle is reversed: pyrophosphorolysis (Fig. 2D) and GreAstimulated hydrolytic cleavage of nascent
RNA in RNAP’s active site (Fig. 2E). Both
reactions were inhibited by low concentrations of CBR9379. Thus, CBR703-type compounds inhibit all known catalytic functions
of RNAP, even those that should not be
affected by direct inhibition of NTP binding.
To determine whether CBR703-type inhibitors affect translocation of RNAP, we
examined their effect on reverse translocation
of RNAP uncoupled from catalysis [backtracking (17, 18)] using two approaches.
First, we measured the rate at which polynucleotide phosphorylase (PNPase) shortened
nascent RNA protruding from the downstream side of a backtracked TEC. PNPase
removes single nucleotides from a RNA 3⬘

Fig. 3. Effect of the CBR703
class of inhibitors on reverse
translocation by RNAP (gray
oval). (A) Reverse translocation monitored by PNPase digestion of C147 nascent RNA.
C147 TECs were formed as
described previously (17), gelﬁltered to remove NTPs, and
then incubated at 37°C for the
times indicated in a solution
of 20 mM tris-HCl, pH 7.9, 20
mM NaCl, 5 mM MgCl2, 5%
glycerol, 10% DMSO (dimethyl sulfoxide), 0.1 mM DT T (dithiothreitol) containing 1 mM
sodium phosphate, PNPase
(Sigma, St. Louis, MO catalog
#P6264) at 0.25 U/ml, and
CBR9379 inhibitor where indicated (more highly puriﬁed
samples of PNPase did not
work in this assay; the Sigma
PNPase preparation lost substantial activity during storage
for several months). A sample
taken at the last time point
was incubated with 500 M
of each NTP for 5 min (lane
C). No RNA shortening was
observed in the absence of
added phosphate. Initial rates
of backtracking, as reﬂected
by C147 RNA disappearance, were 1.7 ⫾ 0.2 ⫻ 10⫺1 min⫺1 without CBR9379 (▫) and 3.4 ⫾ 0.3 ⫻
10⫺1 min⫺1 with CBR9379 (䡩). PNPase cleaved puriﬁed C147 RNA at an initial rate of 1.2 ⫾ 0.2
⫻ 10⫺1 min⫺1 with or without CBR9379 (the slower cleavage of free RNA may reﬂect a higher
concentration of free RNA relative to TECs, or RNA structure that inhibits PNPase access, but
absent when RNA emerges from a TEC; data not shown). (B) Reverse translocation monitored by
exoIII digestion of A38 nontemplate DNA strand. A38 TECs were formed on a 32P-labeled linear
template derived from pIA349 (11) in 20 mM Tris䡠HCl, pH 7.9, 20 mM NaCl, 5 mM MgCl2, 0.1 mM
DT T, and 5% glycerol in the presence of the Eco RIEQ111 roadblock protein bound to the upstream
end of the template (26, 27). After addition of 10% v/v (volume for volume) DMSO or CBR9379
(in DMSO), exoIII (Boehringer Mannheim) was added to 0.025 U/l and the reaction was incubated
at 37°C for the times indicated. Based on the ﬁrst four data points, the rates of backtracking
sufﬁcient to allow cleavage of nontemplate DNA past the initial barrier to exoIII digestion were
9.8 ⫾ 0.4 ⫻ 10⫺1 min⫺1 without added CBR9379 (▫) and 9.6 ⫾ 0.5 ⫻ 10⫺1 min⫺1 with CBR9379
(䡩) present.
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terminus by reaction with inorganic phosphate (Pi) to yield nucleoside diphosphates.
We formed halted TECs that contain a 147-nt
G-less RNA and that backtrack readily (17),
and we incubated them with PNPase and Pi
after removal of NTPs by gel filtration (Fig.
3A). The rate of nascent RNA cleavage varied among batches of PNPase, suggesting it
depended in part on impurities in the preparations. However, three aspects of the results
were reproducible. First, cleavage depended
on the presence of Pi. Second, addition of
NTPs allowed re-extension of the shortened
RNAs, verifying that they were still present
in active TECs. Third, rather than inhibiting
reverse translocation, CBR9379 increased the
rate of RNA shortening ⬃twofold.
We also examined the rate at which a
3⬘ 3 5⬘ processive exonuclease III (exoIII)
shortened the nontemplate DNA strand in
A38 TECs (11) formed on a modified T7
A1 promoter template (Fig. 3B). The rate of

backtracking was 3 to 6 times faster than
observed by PNPase cleavage, possibly because exoIII acts on TECs backtracked by
fewer nucleotides than PNPase, which cannot access RNA until it emerges from the
secondary channel. For exoIII, the rate of
backtracking was unaffected by CBR9379.
Thus, the CBR703 inhibitor class does not
affect translocation of either RNA or DNA
through RNAP.
A putative binding site for the CBR703
class of inhibitors is defined by the location
of amino acid changes that yield resistance
(Fig. 4). CBR703 appears to bind to a
surface-exposed groove at the junction of the
␤⬘ bridge helix and the ␤ subunit. This site is
distinct from all known inhibitor binding sites
on RNAP. The pattern of resistance substitutions suggests distinct pockets, which could
contact the different planar rings of CBR703
(Fig. 4C). Because CBR703 inhibited nucleotide addition but not translocation, the effect

of bound CBR703 must be communicated
from this surface-exposed binding site to the
active site (Fig. 4B). Thus, CBR703 appears
to be an allosteric inhibitor, blocking nucleotide addition without sterically occluding
either the main channel or the secondary
channel of the enzyme.
We propose that CBR703-type compounds inhibit RNAP because their interactions with the surface-exposed part of the
bridge helix prevent the helix from assuming
a conformation that is required for nucleotide
addition. The bridge helix is known to be
conformationally flexible; it and a nearby
structural element called the trigger loop assume different interdependent conformations
in different RNAP crystals (1–4). A bridgehelix distortion in one conformation occludes
the i⫹1 site, and the trigger loop may block
NTP binding in another, leading to proposals
that these conformations could be involved in
NTP binding (5) or translocation (3, 4). Al-

Fig. 4. Location of
CBR703-resistant substitutions on RNAP. (A)
Structure of a TEC based
on the structure of Thermus thermophilus RNAP
(4) adjusted by removal
of A and the ␤⬘ nonconserved region, inclusion
of RNA and DNA strands
based on TEC models and
structures (3, 28), and
adjustment of RNAP mobile domains (29) to the
positions observed in a
TEC structure (3). Subunits are colored as indicated below, and relevant features are labeled.
The double-headed arrow indicates the path of
the secondary channel,
which opens to the active
site from behind the surface of RNAP shown. The
locations of ␣-carbon traces highlighted in
panel (B) are shown within a semitransparent
RNAP. (B) Stereo view of RNAP active site and
inhibitor-binding regions. Viewing angle is the
same as in (A), but highlighting the active site
Mg2⫹(orange), three 3⬘-most RNA:DNA hybrid
bp (DNA, green; RNA, red), bridge helix (pink),
and segments of ␤ (cyan) and ␤⬘ (pink) subunits at which CBR703-resistant substitutions
(cyan and magenta) and their suppressors
(gray) occur (ﬁg. S1). The locations of ␣-amanitin (yellow) in a Saccharomyces cerevisiae
RNAPII cocrystal and of rifampicin (orange) in
a Thermus aquaticus RNAP cocrystal are shown
(6, 7). The alternate bridge helix conformation
observed in S. cerevisiae RNAPII also is shown
(magenta). The possible path of NTPs or PPi
through the secondary channel is shown by a
double-headed arrow. The ﬁgure is rendered
for conventional stereoviewing. (C) Close-up
view of the putative CBR703 binding groove in
surface representation. To expose the groove, RNAP is rotated up 48°, left 17°, and counterclockwise 30° relative to the orientation in (A) and (B).
Portions of the funnel helices are removed for clarity.
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though CBR703 binding could block these
steps allosterically, several arguments lead us
to suggest that bound CBR703 inhibits a
bridge-helix function in nucleotide addition.
First, CBR703-type compounds do not inhibit reverse translocation (Fig. 3) and do inhibit
catalytic events that do not require NTP binding (Fig. 2). Second, these compounds inhibit
a single nucleotide-addition reaction that
does not require translocation [ApU ⫹ CTP
(Fig. 2A)]. Third, an ability of CBR703 to
shift the energetics of bridge-helix conformations readily would explain how some substitutions make cells dependent on CBR703 for
growth, whereas others outside the CBR703
binding site restore growth (figs. S1 and S2;
table S1). Fourth, substitutions in the
CBR703 binding site (e.g., ␤⬘FV773) substantially alter transcript elongation and pausing even when inhibitor is absent (12, 19).
Finally, because particular sequences also
may affect active site geometry (16, 20), this
idea can explain why elongation at some
template positions is especially sensitive to
CBR703.
How bridge-helix and trigger-loop conformations facilitate nucleotide addition and
how CBR703 compounds affect them remain
to be determined. One possibility to consider
is that bridge-helix deformation in the active
site disrupts the helix dipole. Alternation between a deformed and continuous bridge helix could generate positive and negative
charges at the active site proximal helix termini in the deformed conformation, which
could be coupled to charge dynamics on
NTP, PPi, RNA, and DNA during nucleotide
addition. CBR703 binding could reinforce or
oppose these dynamics through interactions
near the N-terminus of the bridge helix. Although this idea differs from the proposed
role of the O-helix in DNA polymerases (21),
it is consistent with previous proposals that
an active site conformational change ratelimits DNA polymerases (22) and that conformational linkage exists between the active
site of RNAP and a surface-exposed patch
that includes the CBR703 binding site (19).
CBR703 compounds do not inhibit human
RNAPII (23), which is not surprising because
sequences around the CBR703 binding site
are not conserved. Thus, systematic variation
of the CBR703 structure informed by highresolution structures of additional bacterial
RNAPs holds great promise for rational design of drugs specifically targeted to major
classes of bacterial pathogens.
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Immune Control of Tuberculosis
by IFN-␥–Inducible LRG-47
John D. MacMicking,1* Gregory A. Taylor,2,3 John D. McKinney1
Interferon-␥ (IFN-␥) provides an essential component of immunity to tuberculosis
by activating infected host macrophages to directly inhibit the replication of
Mycobacterium tuberculosis (Mtb). IFN-␥–inducible nitric oxide synthase 2 (NOS2)
is considered a principal effector mechanism, although other pathways may also
exist. Here, we identify one member of a newly emerging 47-kilodalton ( p47)
guanosine triphosphatase family, LRG-47, that acts independently of NOS2 to
protect against disease. Mice lacking LRG-47 failed to control Mtb replication, unlike
those missing the related p47 guanosine triphosphatases IRG-47 or IGTP. Defective
bacterial killing in IFN-␥–activated LRG-47–/– macrophages was associated with
impaired maturation of Mtb-containing phagosomes, vesicles that otherwise recruited LRG-47 in wild-type cells. Thus, LRG-47 may serve as a critical vacuolar
trafﬁcking component used to dispose of intracellular pathogens like Mtb.
Mycobacterium tuberculosis (Mtb) currently infects a third of the human population, claiming
more lives each year than any other bacterial
pathogen and rivaled only by the acquired immunodeficiency syndrome (AIDS) virus as a
communicable cause of death (1). In developing countries, as many as 40 to 80% of individuals with AIDS will also develop tuberculosis
(TB), indicating a key role for CD4⫹ T cells in
1
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the immune control of Mtb infection (1, 2).
CD4⫹ T cells secrete IFN-␥ that in turn activates macrophages, the host cell in which Mtb
chiefly resides and replicates, to inhibit bacterial growth (2). IFN-␥–induced expression of
the antimicrobial enzyme NOS2 (3) is largely
considered responsible for restricting Mtb replication via NO generation (4–6). Yet whether
NOS2 accounts for all of the activity ascribed to
IFN-␥ has long been subject to debate (2, 3).
This question takes on greater importance in
light of three recent developments: (i) the
choice of IFN-␥ as a surrogate marker for vaccine efficacy and latent TB detection in humans
(2, 7), (ii) the discovery of IFN-␥–related genetic mutations that predispose people to TB
and other intracellular bacterial infections (8),
and (iii) a realization that the response to IFN-␥
is far more complex in mammals than was first
envisaged (6, 9). Each development highlights
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Materials and Methods
Identification of CBR703-type inhibitors
The progenitor compound of the CBR703 inhibitor series, C0340703 (N-hydroxy-N’phenyl-3-trifluoromethyl-benzamidine, 280.25 Daltons; CBR703 in Fig. 1A of the
report), was identified in two independent high-throughput screens (HTS) targeted
against the σ70 holoenzyme form of Escherichia coli RNA polymerase. An initial HTS of
~220,000 compounds utilized an assay that employed a “G-less cassette” transcription
template (S1) and monitored the incorporation of a radio-labeled ribonucleotide into an
RNA product of 274 nucleotides, with RNA product capture through adsorption onto
DE81 beads (S2). A second HTS of ~350,000 compounds employed a novel HTS
methodology wherein the detection of RNA products was achieved through the use of a
plate-capture technology that employs antibodies specific for RNA:DNA hybrids (S3).
The C0340703 compound was tested in a series of assays that employed either
core (β′βα2ω) or holoenzyme (β′βα2ωσ70) forms of Escherichia coli RNA polymerase
and yielded 50% inhibitory concentrations (IC50’s) in the 10-20 µM range, depending on
the assay format and conditions employed. However, despite it’s relatively weak
potency, the compound series was pursued further as no significant inhibition of other
classes of nucleic acid polymerases of bacterial, viral and mammalian origin was
observed (IC50’s of >200 µM).
Antibacterial assays revealed little or no activity against either Gram-negative or
Gram-positive species, with minimal inhibitory concentrations (MIC’s) typically greater
than 128 µM. However, the MIC for Escherichia coli tolC mutant strains was found to
be in the 16-24 µM range. The TolC protein forms a channel that traverses the outer
membrane of the cell and acts as an export channel for small molecules through
association with a series of inner membrane localized drug efflux pumps of the root
nodulation division (RND) family (S4). Hence, it seemed likely that the lack of
antibacterial activity of the C0340703 compound against wild-type E. coli strains was not
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due to a failure in either cell uptake or permeation but rather due to specific efflux from
the cell. Subsequent experiments indicated that neither the AcrAB nor the EmrAB efflux
systems, both of which are known to associate with the TolC protein in forming tri-partite
RND efflux pumps, represent the inner membrane partner for the TolC protein in
effluxing the C0340703 compound.
Isolation of CRB703-resistant mutants
To test whether RNA polymerase was the specific cellular target of the C0340703
compound, we undertook a series of genetic experiments employing E. coli tolC strains.
Briefly, C0340703-resistant mutants were isolated on rich growth medium with
compound in the 2- to 4-fold MIC range with, or without, prior treatment of cells with the
chemical mutagen N-methyl-N’-nitro-N-nitrosoguanidine (NTG). Serial passage of the
resulting mutants through compound-containing and compound-free media confirmed the
isolation of both C0340703-resistant mutants and C0340703-dependent mutants.
Localization of the C0340703-resistant mutations to the rpoBC region of the
chromosome was initially done by bacteriophage P1 mediated transduction through
demonstrating linkage to a variety of well characterized rpoB mutant alleles that confer
resistance to rifampicin, and to an engineered rpoC::(His)6::kanamycin-resistance
construct (S5). As determined by reciprocal P1-mediated genetic transduction studies, all
C0340703-resistant mutations mapped to the rpoBC region, and this was subsequently
confirmed by DNA sequence analysis (Fig. S1, Table S1).
Isolation of suppressors of CBR703-resistance mutations
Plating of the C0340703-dependent mutants on compound-free media resulted in the
isolation of derivatives that either retained the resistance phenotype but grew on
compound-free media, or became re-sensitized to C0340703 (Fig. S2, Table S1). DNA
sequence analysis of the rpoBC regions of the parental C0340703-dependent mutants
revealed specific mutations in either the rpoB or rpoC loci that were in all cases retained
in the C0340703-independent derivatives. However, the latter strains acquired secondary
mutations in either the rpoB or rpoC loci. It is assumed from this analysis that specific
combinations of substitution mutations yield RNA polymerase enzymes that are either
C0340703-resistant or C0340703-sensitive. Details of the molecular analysis of two
C0340703-sensitive strains that contain multiple substitution mutations in rpoC are
included in Fig. S1 and Table S1.
The specificity of the C0340703 compound in targeting RNA polymerase was
further substantiated through metabolic labeling studies using E. coli tolC strains which
revealed primary effects on RNA biosynthesis and delayed, secondary effects on protein
and cell wall biosynthesis. No significant effects on DNA biosynthesis were observed
under the conditions employed (data not shown).
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Optimization of CRB703-type inhibitors
An initial synthetic chemistry program was directed toward both improving the
potency of the inhibitor series at both the biochemical and antimicrobial level, and
establishing the structure-activity relationships (SAR’s) for each property (S6-S8). These
efforts included (i) derivatization of the “A” ring at the 3’, 4’ and 5’ positions, (ii)
derivatization of the “B” ring at the 4’ and 5’ positions, and (iii) substitution of the Nhydroxyamidine moiety (linking rings “A” and “B”) (positions illustrated in Fig. S3).
The combined efforts of (i) and (ii) resulted in the identification of a number of distinct
sub-series each of which had discrete inhibitors with IC50’s in the 0.25 to 1µM range.
These included the CBR9379 compound (3-[3-(2,6-Dichloro-phenyl)-ureido]-N-hydroxyN’-phenyl-5-trifluoromethyl-benzamidine) with an IC50 of 0.3µM and an MIC of 0.5 µM
versus E. coli tolC mutant strains (Fig. 1A in report). Most importantly, for each subseries, a good correlation was observed between the biochemical IC50’s determined for
the E.coli σ70 holoenzyme and the MIC’s determined for E. coli tolC mutant strains (data
not shown). Indeed, the most potent inhibitors were found to have antibacterial activity
against wild-type E. coli strains with the most potent compounds having MIC’s in the 1632 µM range.
The N-hydroxyamidine moiety of the progenitor compound (C0340703) and derivatives
thereof was predicted to represent a metabolic liability for the series as oxidation to the
corresponding amidine compounds was anticipated and observed in rat liver extracts
(data not shown). Further, as the corresponding amidine compounds of potent Nhydroxyamidine inhibitors were observed to be inactive in both biochemical and
antibacterial assays, we undertook an effort to identify a functional “bioester”
replacement that would not represent a metabolic liability. One such replacement is the
pyrazole system exemplified in the CBR9393 compound ({4-[3-(4-Fluoro-phenyl)-1Hpyrazol-3-yl]-2- trifluoromethyl-phenyl}-(2-piperazin-1-yl-ethyl)amine) which has an
IC50 of 2.5µM and an MIC of 8-16 µM versus E. coli tolC mutant strains (Fig. 1A in
report).
Subsequent mutational resistance studies confirmed RNA polymerase as the
primary cellular target of all of the chemically distinct sub-series described herein (data
not shown). However, for some of the most potent compounds, spontaneous resistance
was not observed in the 4-8X MIC concentration range through plating up to 1010 freshly
grown cells implying that multiple target site mutations are necessary to confer
resistance. Consistent with this interpretation, it was observed that mutants selected as
resistant to relatively weak inhibitors did not necessarily confer high level resistance
(>2X MIC) resistance to potent inhibitors within the same chemical sub-series.
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Fig. S1. Locations of CBR703-resistant substitutions and suppressors in the β′ and β subunits of
RNAP. Major domains of the subunits (wide sections) are labeled following the nomenclature of the
Darst and Kornberg groups (S9, S10). Conserved sequence regions of RNAP (S9, and refs. therein)
are indicated with letters. SI1-3 indicate sequence insertions present in E. coli, but not most
bacterial RNAPs (S11). The locations of substitutions are shown relative to secondary structure
elements in β′ and β as designated for T. thermophilis RNAP (PDB 1IW7; Ref. S12). α-helices
(tubes) and β-sheets (arrows) are numbered consecutively from the N-terminus of each subunit.
Resistance-substitutions are colored by subunit ( β, blue; β′, pink; as shown in Fig. 4 of the report),
with substitutions causing dependence on CBR703 for growth underlined. Grey, suppressors of
CBR703-dependence (dotted lines indicate specificity of suppression).
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Fig. S2. Inhibition of bacterial growth by CBR703 inhibitors. Efficiency of plating for a series of E.
coli strains was measured by spotting culture dilutions (10 µl) on LB medium or LB medium containing 36 µM of CBR703. Strain A [WT (tolC-)] is PB3 [rpoB+, rpoC+, ∆(tolC)] and is a representative CBR703-sensitive strain. Strain B (βSF642) is TKEC109 [rpoB(SF642), rpoC+,
tolC210::Tn10] and is a representative CBR703-resistant strain bearing a single substitution mutation in β. Strain C (β′PL750) is TKEC140 [rpoB+, rpoC(PL750), ∆(tolC)] and is a representative
CBR703-dependent strain bearing a single substitution mutation in β′. Strain D (β′PL750, β′DY727)
is TKEC151 [rpoB+, rpoC(PL750, DY727), ∆(tolC)] and is a derivative of strain C that bears two
substitutions in β′ and is both CBR703-independent and sensitive. Fresh liquid cultures were prepared in LB (strains A, B and D) or LB plus 36 µM CBR703 (strain C). Cells were then harvested
by centrifugation, washed in LB, and plated in 10-fold serial dilutions (~2 x 106 to 20 colonyforming units columns 1and 6, respectively).
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Fig. S3. Structure of C0340703: the progenitor compound of the CBR703 series.
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Table S1. Characterization of E. coli tolC mutants with altered sensitivity to
C0340703 (CBR703).
Mutant phenotype

rpoB mutation*

rpoC mutation*

C0340703-resistant

Pro560Leu (1)**

none

C0340703-resistant

Lys639 duplication (1)

none

C0340703-resistant

Arg637Cys (4)

none

C0340703-resistant

Arg637Ser (1)

none

C0340703-resistant

Ser642Phe (1)

none

C0340703-resistant

Ser642Pro (1)

none

C0340703-dependent

Glu562Val (1)

none

C0340703-dependent

none

Phe773Val (1)

C0340703-dependent

none

Pro750Leu (2)

C0340703-sensitive

none

Phe773Val plus Arg744Cys

C0340703-sensitive

none

Pro750Leu plus Asp727Tyr

* Amino acid residue numbers in the E. coli β or β′ subunits, encoded by rpoB or rpoC,
respectively.
** Numbers in parentheses indicates the number of independent mutants isolated.
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