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Abstract

A new drug target-- the "switch region"--has been identified within bacterial RNA polymerase
(RNAP), the enzyme that mediates bacterial RNA synthesis. The new target serves as the binding
site for compounds that inhibit bacterial RNA synthesis and kill bacteria. Since the new target is
present in most bacterial species, compounds that bind to the new target are active against a broad
spectrum of bacterial species. Since the new target is different from targets of other antibacterial
agents, compounds that bind to the new target are not cross-resistant with other antibacterial
agents. Four antibiotocs that function through the new target have been identified: myxopyronin,
corallopyronin, ripostatin, and lipiarmycin. This review summarizes the switch region, switch-
region inhibitors, and implications for antibacterial drug discovery.

Introduction

Bacterial RNAP as atarget for antibacterial therapy

Bacterial RNAP is a proven target for broad-spectrum antibacterial therapy [reviewed in 1-
4] The suitability of bacterial RNAP as a target for broad-spectrum antibacterial therapy
follows from the fact that bacterial RNAP is an essential enzyme (permitting efficacy), the
fact that bacterial RNAP subunit sequences are highly conserved (providing a basis for
broad-spectrum activity), and the fact that bacterial RNAP-subunit sequences are not highly
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conserved in eukaryotic RNAP I, RNAP I1, and RNAP Il (providing a basis for therapeutic
selectivity).

The rifamycin antibacterial agents--notably rifampin, rifapentine, rifabutin, and rifamixin--
function by binding to and inhibiting bacterial RNAP [1-6]. The rifamycins bind to a site on
bacterial RNAP adjacent to the RNAP active center and prevent extension of RNA chains
beyond a length of 2-3 nt. The rifamycins are in current clinical use in treatment of both
Gram-positive and Gram-negative bacterial infections [1-6]. The rifamycins are of
particular importance in treatment of tuberculosis; the rifamycins are first-line anti-
tuberculosis agents and are among the few antituberculosis agents able to kill non-
replicating tuberculosis bacteria [7]. The rifamycins also are of importance in treatment of
bacterial infections relevant to biowarfare or bioterrorism; combination therapy with
ciprofloxacin, clindamycin, and rifampicin was successful in treatment of inhalational
anthrax following the 2001 anthrax attacks [8], and combination therapy with ciprofloxacin
and rifampicin, or doxycycline and rifampicin, is recommended for treatment of future cases
of inhalational anthrax [9].

The clinical utility of the rifamycin antibacterial agents is threatened by the existence of
bacterial strains resistant to rifamycins [1-6]. Resistance to rifamycins typically involves
substitution of residues in or immediately adjacent to the rifamycin binding site on bacterial
RNAP--i.e., substitutions that directly decrease binding of rifamycins [1-6].

In view of the public-health threat posed by rifamycin-resistant and multidrug-resistant
bacterial infections, there is an urgent need for new classes of antibacterial agents that (i)
inhibit bacterial RNAP (and thus have the same biochemical effects as rifamycins), but that
(ii) inhibit bacterial RNAP through binding sites that do not overlap the rifamycin binding
site (and thus do not share cross-resistance with rifamycins.

Bacterial RNAP "switch-region" as a target for antibacterial therapy

Recent work has identified a new drug target--the "switch region"--within bacterial RNAP
[10-14; reviewed in 15-17]. The switch region is a structural element that mediates
conformational changes and contacts required for RNAP to load DNA into the RNAP
active-center cleft during transcription initiation (Fig. 1; [11-20]). The switch region is
located at the base of the RNAP "clamp" and serves as the "hinge" that mediates opening of
the RNAP clamp to load DNA into the RNAP active-center cleft and mediates closing of the
RNAP clamp to retain DNA in the RNAP active-center cleft (Fig. 1A; [11-20; A.C. and
R.H.E., unpublished]). Five segments of the switch region, termed "switch 1" through
"switch 5," undergo changes in local conformation upon clamp opening and closing (Fig.
1B; [11,12,18-20]); switch 1 and switch 2 undergo particularly large changes in local
conformation (Fig. 1B). Residues of switch 1, switch 2, and switch 3 make direct contacts
with the loaded, unwound DNA template strand inside the RNAP active-center cleft [20—
22], raising the possibility that direct contacts between the switch region and the loaded,
unwound DNA template strand may coordinate, and mechanically couple, DNA loading,
DNA unwinding, and clamp closure [18-20,23]. Residues of switch 2 and switch 3 also
make up one wall of the RNAP RNA exit channel [20-22] and make direct contacts with the
nascent RNA product in transcription elongation complexes [21,22].

Compounds that bind to the switch region and interfere with an essential switch-region-
dependent conformational change, DNA contact, or RNA contact will inhibit bacterial
RNAP [10-17]. Since the switch region is highly conserved across both Gram-positive and
Gram-negative bacterial species, inhibitors that function through the switch region typically
will inhibit RNAP from both Gram-positive and Gram-negative bacterial species [10-12].
Since the switch region does not overlap the rifamycin binding site, inhibitors that function
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through the switch region typically will not share cross-resistantance with rifamycins (Fig.
1A; [10-12]).

Four natural products that bind to the switch region, inhibit bacterial RNAP, and exhibit
broad-spectrum antibacterial activity have been identified: myxopyronin (Myx),
corallopyronin (Cor), ripostatin (Rip), and lipiarmycin (Lpm) (Figure 2; [10-14]).

Myxopyronin (Myx)

RNAP-inhibitory and antibacterial activities—Myx is an a-pyrone antibiotic (MW =
417 Da for Myx A and 431 Da for Myx B) produced by the Myxobacterium Myxococcus
fulvus Mf50 (Figure 4A; [24-26]). Myx potently inhibits both Gram-positive bacterial
RNAP and Gram-negative bacterial RNAP (IC50s in the low nanomolar range; Table 1;
[11,12,24,27]) but does not inhibit eukaryotic RNAP [24]. Myx exhibits potent antibacterial
activity against drug-sensitive and drug-resistant strains of a broad spectrum of Gram-
positive bacteria, including Staphylococcus aureus, Enterococcus faecalis, Enterococcus
faecium, Streptococcus pneumoniae, Clostridium difficile, Mycobacterium tuberculosis, and
Bacillus anthracis (MICs = 1-13 pg/ml; Table 2; [12,24,27,28]). Myx also exhibits potent
antibacterial activity against some Gram-negative bacteria, including Haemophilus
influenzae, Moraxella catarrhalis, and Francisella tularensis (MICs = 6.1-16 pg/ml; Table
2). The absence of antibacterial activity against other Gram-negative species is attributable
to cellular-uptake barriers and efflux, as illustrated by the absence of activity against wild-
type E. coli but high activity against an rfa tolC mutant of E. coli, which has defects in
cellular-uptake barriers and efflux (Table 2; [11,12,27]). Effects of Myx are bacteriocidal at
concentrations ~2 to ~4 times MIC [A.S., J.M., and R.H.E., unpublished]. Myx exhibits no
cross-resistance with rifampin (Table 2; [11,12,27,28]), and Myx exhibits no cross-
resistance with other small-molecule inhibitors of RNAP that function through sites other
than the switch region (CBR703, MccJ25, GE23077, streptolydigin, sorangicin, and
salinamide; [D.D., J.M., and R.H.E., unpublished]) When co-administered with rifampin,
Myx exhibits superadditive ("'synergistic') antibacterial activity [A.S. and R.H.E.,
unpublished].

The frequency of spontaneous resistance to Myx is comparable to the frequency of
spontaneous resistance to rifampin (4 x 1078 vs. 5 x 1078; measured in S. aureus [29; A.S.
and R.H.E., unpublished]. However, the biological fitness of Myx-resistant mutants is lower
than the biological fitness of rifampin-resistant mutants (measured in S. aureus; [A.S., D.D.,
and R.H.E, unpublished]. All Myx-resistant mutation confer non-zero fitness costs, and a
majority of Myx-resistant mutations confer >10%/generation fitness costs [A.S. and R.H.E.,
unpublished]; in contrast, two rifampin-resistant mutations confer zero fitness costs, and
only a minority of rifampin-resistant mutations confer >10%/generation fitness costs [30;
A.S. and R.H.E., unpublished]. In view of the strong correlation between biological fitness
of resistant mutations and clinical prevalence of resistance mutations [30-33], the finding
that Myx-resistant mutants have lower biological fitness than rifampin-resistant mutants
suggests that Myx-resistant mutants will have lower clinical prevalence than rifampin-
resistant mutants.

A preliminary rat pharmacokinetics study indicates that Myx has good plasma half-life upon
iv administration (tp.5 = 5.2 h) and good systemic bioavailability upon oral administration (F
=75%) [T.K. and R.H.E., unpublished]. Myx exhibits no acute toxicity in mice at doses of
up to at least 100 mg/kg sc [24].

The above properties make Myx an attractive lead compound for antibacterial drug
discovery, and, accordingly, efforts to optimize and validate Myx as an antibacterial
therapeutic agent are in progress. Syntheses of Myx have been developed [27,34,35], and
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more than 100 novel Myx analogs have been synthesized [34,35; Y.W.E., A.Z., J.S., and
R.H.E., unpublished]. The availability of high-resolution structural information for the
RNAP-Myx complex (see below; [12,13]) has enabled structure-based optimization of Myx
and has resulted in the design and synthesis of novel Myx analogs more potent than Myx B
[Y.W.E., AZ,J.S., and R.H.E., unpublished]. (One Myx analog synthesized prior to the
availability of high-resolution structural information had been reported to be more potent
than Myx B: 7-desmethyl-Myx B [34,35]. However, this compound in fact is less potent
than Myx B [Y.W.E., A.Z., J.S., and R.H.E., unpublished].) The Myx biosynthetic locus of
M. fulvus Mf50 has been cloned and sequenced, and efforts to accomplish efficient
surrogate-host production of Myx and Myx analogs are in progress [S.S., R.R.N., and
R.H.E., unpublished]. Antibacterial efficacy studies in animal models of infection are in
progress [Y.W.E. and R.H.E., unpublished].

Target and mechanism—The Myx target within RNAP was identified by isolation and
sequencing of Myx-resistant mutants following high-level mutagenesis of E. coli RNAP
subunit genes in vitro [11,12]. Substitutions conferring Myx-resistance were obtained in
RNAP B subunit (RpoB) residues 1255, 1275, 1278, 1279, 1283, 1285, 1291, 1298, 1315,
1320, 1322, and 1326, and in RNAP B' subunit (RpoC) residues 345, 1351, 1352, and 1354
[11,12]. Sequenced Myx-resistant mutants of S. aureus map to equivalent residues of S.
aureus RNAP, indicating that the Myx target is the same in E. coli and in S. aureus [29;
A.S., D.D., and R.H.E., unpublished]. In the three-dimensional structure of RNAP, the sites
of substitutions conferring Myx-resistance define a single determinant with dimensions of
~20 A x ~20 A x ~10 A ("Myx target"; Fig. 3A; [11,12]). The Myx target is located in the
RNAP switch region and encompasses a significant fraction of the RNAP switch region,
including switch 2 and segments of B and ' adjacent to switch 2. The Myx target does not
overlap the rifampin target, consistent with the observation that Myx does not exhibit cross-
resistance with rifampin (Fig. 3A; [11,12]). All residues of the Myx target are conserved in
bacterial RNAP, consistent with the observation that Myx exhibits broad-spectrum activity
against bacterial RNAP [11,12]. Three residues of the Myx target are not conserved--and
indeed are radically different--in eukaryotic RNAP (B residues 1275, 1279, and 1322),
consistent with observation that Myx does not exhibit activity against eukaryotic RNAP
[11,12]. Transcription initiation involves: (i) binding of RNAP to promoter DNA to yield an
RNAP-promoter closed complex, RPc, in which DNA is outside the RNAP active-center
cleft and fully double-stranded,; (ii) isomerization of the RNAP-promoter closed complex to
yield a catalytically competent RNAP-promoter open complex, RPo, in which DNA is
inside the RNAP active-center cleft and 14 bp of DNA are unwound; (iii) synthesis of the
first ~10-15 nt of the RNA product as an RNAP-promoter initial transcribing complex,
RPitc; and (iv) breakage of RNAP-promoter interactions to yield an RNAP-DNA elongation
complex, RDe [reviewed in 36]. Biochemical experiments indicate that Myx inhibits
transcription initiation by inhibiting the isomerization of RPc to RPo [12,13]. (Rifamycins
inhibit transcription initiation at a later stage: synthesis of RNA by RPitc [1-6].)
Experiments with promoter subfragments indicate that Myx interferes with interactions
between RNAP and the promoter DNA segment comprising positions —11 to +15, which is
the DNA segment that must be loaded into the RNAP active-center cleft and unwound
during the isomerization of RPc to RPo [12]. Single-molecule fluorescence resonance
energy transfer (SmFRET) experiments show that Myx interferes with opening of the RNAP
clamp, show that the clamp is predominantly open in RPc in the absence of Myx, and show
that the clamp is closed in RPc in the presence of Myx.[A.C., D. Wang, Y. Korlann, B.T.
Nixon, S. Weiss, and R.H.E,, unpublished].

Crystal structures have been determined of Thermus thermophilus RNAP holoenzyme in

complex with Myx A (Fig. 4; [12]) and in complex with 7-desmethyl-Myx B [13]. The
structures show definitively that Myx binds in the RNAP switch region, define contacts
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between Myx and RNAP, and define effects of Myx on RNAP conformation [12,13]. Myx
binds within a nearly completely enclosed, predominantly hydrophobic, binding pocket
formed by switch 1, switch 2, and adjacent segments of 8 and B' (Fig. 4A,B). The binding
pocket is crescent-shaped, has dimensions of ~25 A (measured along the curve of the
crescent) x ~5 A x ~4 A and has a volume of ~500 A3 (Fig. 4A,B). The binding pocket
connects to an adjacent hydrophobic pocket having a volume of ~120 A3 (Fig. 4A). The
adjacent hydrophobic pocket is located close to the terminus of the Myx dienone sidechain,
and, as such, potentially is able to accommodate the sidechain extension present in Cor (see
below). The Myx a-pyrone ring contacts  residue 1322 and 3’ residues 343-345 and 1352
(Fig. 4B,C; residues numbered as in E. coli RNAP). The Myx dienone sidechain contacts 8
residue 1326 and B’ residues 334-338, 1323-1328, and 1352 (Fig. 4B,C; residues numbered
as in E. coli RNAP). The Myx enecarbamate sidechain makes direct or water-mediated
contacts with B residues 1271-1279 and 1291 and B’ residues 343-344, 801-805, and 1348-
1351 (Fig. 4B,C; residues numbered as in E. coli RNAP). Myx alters the local conformation
of a nine-residue segment of switch 2 (' residues 336-344; residues numbered as in E. coli
RNAP). This segment of switch 2 previously has been shown to adopt different
conformations in open, partly closed, and fully closed clamp conformational states (Fig.
1B). This segment of switch 2 also previously has been shown to contact the DNA template
strand in transcription elongation complexes [20-22]. Based on the available functional and
data, two mutually non-exclusive models have been proposed for the mechanism by which
Myx inhibits the isomerization of RPc to RPo. According to the first model, Myx interferes
with switch-region conformational changes required for opening of the RNAP clamp to load
DNA into the RNAP active-center cleft ("hinge jamming" model; [12]). According to the
second model, Myx interferes with contacts between the switch region and the unwound
DNA template strand required for DNA unwinding [13].

Corallopyronin (Cor)

RNAP-inhibitory and antibacterial activities—Cor is an a-pyrone antibiotic (MW =
542 Da) structurally related to Myx, differing by possession of a seven-carbon side-chain
extension (Fig. 2B; [37]). Cor is produced by the Myxobacterium Corallococcus coralloides
Cc ¢127 [37]. The RNAP-inhibitory and antibacterial activities of Cor parallel those of Myx,
but generally are lower in potency (Table 1,Table 2; [11,12,37]). The rifampin-cross-
resistance, spontaneous-resistance-frequency, and resistance-fitness-costs properties of Cor
are essentially identical to those of Myx (Table 2; [11,12,28,38]).

Progress toward a synthesis of Cor has been reported [39].

The Cor biosynthetic locus of C. coralloides Cc c127 has been cloned and sequenced [40].
The Cor biosynthetic locus exhibits striking similarities in gene sequence and gene order to
the Myx biosynthetic locus [40; S.S., R.R.N., and R.H.E., unpublished]. The proposed
pathway of Cor biosynthesis entails synthesis of a first polyketide-derived chain by a hybrid
methyloxycarbonyl-glycine-specific nonribosomal peptide synthase (NRPS) and Type-I
polyketide synthase (PKS), synthesis of a second polyketide-derived chain by a Type-I PKS,
and cleavage and joining of the two polyketide-derived chains [40].

Target and mechanism—The Cor target within RNAP was identified by analysis of
Cor-cross-resistance properties of previously identified Myx-resistant mutants of E. coli and
by direct isolation and sequencing of Cor-resistant mutants following high-level
mutagenesis of E. coli RNAP subunit genes in vitro (Fig. 3B; [11,12]). The Cor target
completely overlaps the Myx target and consists of all residues of the Myx target plus one
additional residue: B residue 1326 [11,12]. The additional residue is inferred to interact with
the seven-carbon sidechain extension present in Cor but not in Myx [11,12]. Consistent with
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this inference, in the structure of the RNAP-Myx complex, beta residue 1326 is located
close to the ligand dienone sidechain terminus, the point of attachment of the seven-carbon
sidechain extension present in Cor (Fig. 4A-C). Further consistent with this inference, in the
structure of the RNAP-Myx complex, B residue 1326 forms one wall of an adjacent
hydrophobic pocket that would have sufficient volume to accommodate the seven-carbon
sidechain extension present in Cor if residue 1326 is Leu (as in wild-type RNAP) but not if
residue 1326 is Trp (as in Cor-resistant RNAP substituted at position 1326) (Fig, 4A,C).
Sequencing of spontaneous Cor-resistant mutants of S. aureus indicates that the Cor target is
the same in S. aureus as in E. coli [38].

Cor, like Myx, inhibits the isomerization of RPc to RPo [12], interferes with interactions of
RNAP with promoter positions —11 to +15 [12], and interferes with opening of the RNAP
clamp [A.C., D. Wang, Y. Korlann, S. Weiss, and R.H.E,, unpublished]. The mechanism of
action of Cor is likely to be identical to the mechanism of action of Myx [12].

Ripostatin (Rip)

RNAP-inhibitory and antibacterial activities—Rip is a 14-membered macrocylic-
lactone antibiotic (MW = 494 Da) structurally unrelated to other switch-region-target
inhibitors (Fig. 2C; [41,42]). Rip is produced by the Myxobacterium Sorangium cellulosum
So ce377 [41,42]. The RNAP-inhibitory and antibacterial activities of Rip roughly parallel
those of Myx, but are narrower in spectrum and generally lower in potency than those of
Myx (Table 1,Table 2; [11,41]). The rifampin-cross-resistance, spontaneous-resistance-
frequency, and resistance-fitness-costs properties of Rip are essentially identical to those of
Myx (Table 2; [11,12,28,41]).

Several laboratories are at work on development of a synthesis for Rip [43-46].

Target and mechanism—The Rip target within RNAP was identified in the same
manner as the Cor target (Fig. 3C; [11,12]). Surprisingly--in view of the lack of structural
similarity between Rip, Myx, and Cor--the Rip target completely overlaps the Myx and Cor
targets and is identical, residue for residue, to the Cor target (Fig. 3A-C; [11,12]).

Rip, like Myx and Cor, inhibits the isomerization of RPc to RPo [12], interferes with
interactions of RNAP with promoter positions —11 to +15 [12], and interferes with opening
of the RNAP clamp [A.C., D. Wang, Y. Korlann, S. Weiss, and R.H.E., unpublished]. The
mechanism of action of Rip is likely to be similar or identical to the mechanisms of action of
Myx and Cor [12].

Lipiarmycin (Lpm): RNAP-inhibitory and antibacterial activities

RNAP-inhibitory and antibacterial activities—Lpm (also known as clostomicin,
tiacumicin, diffimicin, PAR-101, OPT-80, fidaxomicin, and Dificid; MW = 1,058 Da) is an
18-membered macrocyclic-lactone antibiotic produced by Actinomycete species, including
Actinoplanes deccanensis, Micromonospora echinospora and Dactylosporangium
aurantiacum hamdenensis (Fig. 2D; [47-54; reviewed in 55-60]).

(The proliferation of names is unfortunate. Lipiarmycin is the name applied to Lpm isolated
from A deccanensis; clostomicin, is the name subsequently applied to Lpm isolated from M
echinospora; tiacumicin is the name subsequently applied to Lpm isolated from D.
aurantiacum; and diffimicin, PAR-101, OPT-80, fidaxomicin, and Dificid are successive
trade names applied to Lpm isolated from D. aurantiacum. Lpm isolated from A.
deccanensis and D. aurantiacum have the identical major component, Lpm A3 [52,54], have
nearly identical minor components [52,54] and have indistinguishable RNAP-inhibitory and
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antibacterial activities [Y.W.E., A.S., and R.H.E., unpublished].) Lpm inhibits both Gram-
positive bacterial RNAP and Gram-negative bacterial RNAP (Table 1; [49,50,61,62]). Lpm
exhibits potent antibacterial activity against most Gram-positive bacteria and exhibits
especially potent antibacterial activity against the Gram-positive bacterium Clostridium
difficile (MIC = 0.012 pg/ml for C. difficile; Table 2; [28,48,51,53,63-66]). Lpm also
exhibits antibacterial activity against some Gram-negative bacteria (Table 2). Lpm exhibits
no cross-resistance with rifampin [10,28,59,65-67] or with other RNAP inhibitors that
function through sites other than the switch region [D.D., and R.H.E., unpublished]. The
frequency of spontaneous resistance to Lpm is comparable to, or lower than, the frequency
of spontaneous resistance to rifampin (3 x 1078 vs. 5 x 1078; measured in S. aureus; A.S.
and R.H.E., unpublished]).

Lpm exhibits an LD50 of =500 mg/kg upon ip or sc administration in mice [48,63] and an
LD50 of >1000 mg/kg upon oral administration [55,56,60]. Systemically administered Lpm
exhibits essentially zero systemic bioavailability (tg 5 < 10 min; [55,56]). Orally
administered Lpm also exhibits essentially zero systemic bioavailability but exhibits
excellent gastrointestinal-tract bioavailability [55-60]. The combination of high antibacterial
activity against C. difficile, high gastrointestinal-tract bioavailability upon oral
administration, and low systemic bioavailability and systemic toxicity upon oral
administration make Lpm extremely well suited for treatment of C. difficile-associated
diarrhea [55-60] (Orally administered Lpm provides essentially a topical treatment of the
gastrointestinal tract [55-60].) Results of a 2009 Phase |11 clinical trial indicated that orally
administered Lpm is non-inferior to the current standard of care, vancomycin, for treatment
of C. difficile-associated diarrhea [59,60]. Results of a 2011 Phase 11 clinical trial confirmed
that orally administered Lpm is non-inferior to vancomycin and indicated that orally
administered Lpm results in lower levels of recurrence [68]. On May 27, 2011, Lpm
(fidaxomicin/Dificid) was approved by the US Food and Drug Administration (FDA) for
treatment of C. difficile-associated diarrhea [69].

The near-zero systemic bioavailability of Lpm upon systemic or oral administration implies
that Lpm is unlikely to be useful for treatment of systemic infections without structural
optimization or formulation changes [69].

The Lpm biosynthetic loci of the D. aurantiacum and A. deccanensis producer strains have
been characterized and exhibit strong similarities in gene sequence and gene order [70; S.S.,
R.R.N., and R.H.E., unpublished]. The proposed pathways of Lpm biosynthesis entail
synthesis of a polyketide-derived macrocycle by a Type-1 PKS, synthesis of a dichlorinated
homoorsenellic acid moiety by an iterative Type-1 PKS and a FADH2-dependent
halogenase, and synthesis and incorporation of two carbohydrate moieties.

No synthesis of Lpm has been reported. However, more than ten Lpm analogs have been
prepared by fermentation of the D. aurantiacum and A. deccanensis producer strains in the
presence of unnatural precursors [71; Y.W.E., and R.H.E., unpublished], and more than
twenty Lpm analogs, including analogs with higher potencies than Lpm against S. aureus
and Enterococcus spp., have been prepared by fermentation of engineered gene-disruption
mutants of the D. aurantiacum and A. deccanensis producer strains producer strains [70,72;
S.S., and R.H.E., unpublished].

Target and mechanism—The Lpm target within RNAP was identified by the sequencing
of spontaneous Lpm-resistant mutants of Bacillus subtilis [10,61], and by the isolation and
sequencing of Lpm-resistant mutants following high-level mutagenesis of E. coli RNAP
subunit genes in vitro [10]). Substitutions conferring Lpm-resistance were obtained in 8
residues 1251, 1256, 1302, 1319, 1321, and 1325, and in B' residues 249 and 337 (residues
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numbered as in E. coli RNAP [10]). The Lpm target was further defined by the isolation and
sequencing of more than 100 additional Lpm-resistant mutants following high-level
mutagenesis of E. coli RNAP subunit genes in vitro [D.D., R.Y.E., E.S., S.D., and R.H.E.,
unpublished]. The sequencing of Lpm-resistant mutants from a different B. subtilis strain, S.
aureus, E. faecalis, and M. tuberculosis indicate that the Lpm target is the same in these
organisms [65-67; A.S. and D.D., unpublished]. (It recently has been reported that deletion
of residues 513-519 of E. coli transcription initiation factor 6’0 confers resistance to Lpm
[14], but this report is erroneous [S.C. and R.H.E. unpublished].)

In the three-dimensional structure of RNAP, the sites of substitutions conferring Lpm-
resistance define a determinant with dimensions of ~35 A x ~25 A x ~20 A ("Lpm target";
Fig. 3D; [10; D.D., R.Y.E,, E.S,, S.D., and R.H.E., unpublished]). The Lpm target
encompasses the RNA exit channel and part of the switch region, including parts of switch 2
and switch 3.

The Lpm target is adjacent to the Myx/Cor/Rip target, but does not overlap, or only
minimally overlaps, the Myx/Cor/Rip target (Fig. 3A-D). The Myx/Cor/Rip target is
centered on switch 1 and the C-terminal part of switch 2. In contrast, the Lpm target is
centered on the N-terminal part of switch 2 and switch 3.. No high-level Lpm-resistant
mutant shows high-level cross-resistance to Myx, Cor, or Rip--and vice-versa [D.D. and
R.H.E., unpublished].

The Lpm target does not overlap the rifampin target (Fig. 3D), consistent with the
observation that Lpm does not exhibit cross-resistance with rifampin [10,65-67].

Based on the location of the Lpm target within the structure of RNAP, Lpm would be
expected to interfere with RNAP switch-region function, RNAP RNA-exit-channel function,
or both. Biochemical results indicate that Lpm--like Myx, Cor, and Rip--inhibits the
isomerization of RPc to RPo [14; S.C., S.Y.D., J.M., and R.H.E., unpublished], interferes
with interactions of RNAP with promoter positions —11 to +15 [S.C., J.M., and R.H.E.,
unpublished], and interferes with opening of the RNAP clamp [A.C., D. Wang, Y. Korlann,
S. Weiss, and R.H.E., unpublished]. Therefore, the mechanism of action of Lpm may be
similar, at least in part, to the mechanisms of action of Myx, Cor, and Rip.

Novel switch-region inhibitors

Overview

The finding that two structurally unrelated chemotypes--the a-pyrone chemotype
represented by Myx and Cor and the 14-membered macrocyclic-lactone chemotype
represented by Rip--inhibit RNAP through the Myx/Cor/Rip target suggests that the Myx/
Cor/Rip target is highly "druggable™ and provides a precedent for seeking additional
chemotypes that inhibit RNAP through this target [12]. The availability of high-resolution
structural information for the RNAP-Myx complex [12,13] enables structure-based in silico
screening of virtual compound libraries in order to identify candidate compounds likely to
inhibit RNAP through the Myx/Cor/Rip target [4]. In work to date--involving in silico
screening for candidate ligands, followed by in vitro confirmation of RNAP inhibition,
followed by in vitro confirmation of Myx-cross-resistance of RNAP inhibition--three novel,
structurally unrelated, inhibitors that inhibit RNAP through the Myx/Cor/Rip target have
been identified and confirmed [C.X., S.L., and R.H.E., unpublished]. Characterization of the
antibacterial activities of the new inhibitors and determination of structures of the RNAP-
inhibitor complexes are in progress.

With the 2011 FDA approval of Lpm (fidaxomicin/Dificid) for treatment of C. difficile-
associated diarrhea [69], the RNAP switch region now is a proved target for antibacterial
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drug discovery and antibacterial therapy. With the recent determination of high-resolution
structures of RNAP in complex with switch-region inhibitors [12,13], determination of
targets of switch-region inhibitors [10-12], and determination of mechanisms of action of
switch-region inhibitors [12—14], the tools now are in place to proceed rapidly with rational,
structure- and mechanism-based, optimization of known switch-region inhibitors and
discovery of new switch-region inhibitors.

Highlights
« Bacterial RNA polymerase is a proven target for antibacterial therapy.

e The "switch region" is a new inhibitor binding site within bacterial RNA
polymerase.

e The "switch region" does not overlap the rifamycin binding site.

¢ Inhibitors that function through the switch region are not cross-resistant with
rifamycins.

e Myxopyronin, corallopyronin, ripostatin, and lipiarmycin function through the
switch region.
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Figure 1. RNAP clamp and RNAP switch region

(A) Conformational states of the RNAP clamp (two orthogonal views) [11,12]. Structure of
RNAP showing open (red), partly closed (yellow), and fully closed (green) clamp
conformations, as observed in crystal structures (PDB 113Q, PDB 1HQM, PDB 1I6H).
Cirgle, switch region; dashed circle, binding site for rifamycins; violet sphere, active-center
Mg

(B) Conformational states of the RNAP switch region (stereoview) [11,12]. Structure of
RNAP switch 1 and RNAP switch 2 (B’ residues 1304-1329 and B’ residues 330-349;
residues numbered as in E. coli RNAP) showing conformational states associated with open
(red), partly closed (yellow), and fully closed (green) clamp conformations, as observed in
crystal structures (PDB 113Q, PDB 1HQM, PDB 116H). Gray squares, points of connection
of switch 1 and switch 2 to the RNAP main mass. Colored circles, points of connection of
switch 1 and switch 2 to the RNAP clamp.
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Figure 2. Structures of inhibitors that function through the RNAP switch-region
(A) Myx A (R = n-propyl) and Myx B (R = n-butyl). (B) Cor A. (C) Rip A. (C) Lpm A3.
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Figure 3. Targets of inhibitors that function through the RNAP switch-region

(A) Target of Myx [11,12]. (B) Target of Cor [11,12]. (C) Target of Rip [11,12]. (D) Target
of Lpm [10; D.D., R.Y.E., E.S., S.D., and R.H.E., unpublished]. Each panel shows two
orthogonal views of RNAP. Red, sites of substitutions conferring moderate- to high-level
resistance (=4-fold resistance) to the specified inhibitor; blue, sites of substitutions
conferring resistance to rifamycins; violet sphere, active-center Mg2*. The Myx, Cor, and
Rip targets overlap essentially in toto. The Lpm target is adjacent to, but does not overlap, or
only minimally overlaps, the Myx, Cor, and Rip targets (compare bottom subpanels of D to
bottom subpanels of A-C).
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Figure 4. Crystal structure of the RNAP-Myx complex (PDB 3DXJ)

(A) Binding pocket for Myx [12]. Cyan, surface representation of the binding pocket and the
adjacent hydrophobic pocket. Gray, ribbon representation of RNAP backbone. Green, Myx
carbon atoms; red, Myx oxygen atoms. RNAP residues are numbered as in T thermophilus
RNAP and, in parentheses, as in E. coli RNAP.

(B) Contacts between RNAP and Myx (stereoview) [12]. Gray, RNAP backbone (ribbon
representation) and RNAP sidechain carbon atoms (stick representation); green, Myx carbon
atoms; red, oxygen atoms; blue, nitrogen atoms. “W,” ordered bound water molecule.
Dashed lines, H-bonds.

(C) Schematic summary of contacts between RNAP and Myx [12]. “W”, ordered bound
water molecule. Red dashed lines, H-bonds. Blue arcs, van der Waals interactions.

Curr Opin Microbiol. Author manuscript; available in PMC 2012 October 1.



1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Srivastava et al. Page 18

Table 1
RNAP-inhibition efficacies of inhibitors that function through the RNAP switch region

1C50 (UMD

RNAP
Myx Cor Rip Lpm

Gram-positive bacterial RNAP
Staphylococcus aureus RNAP 001 02 4 0.4

Gram-negative bacterial RNAP
Escherichia coli RNAP 001 02 06 6

aCompounds were Myx B (synthesized as in [27]; provided by Y.W.E.), Cor A (isolated as in [37]; provided by R.J. and H.l.), Rip A (isolated as in
[41]; provided by R.J. and H.1.), and Lpm A3 (isolated as in [48]; provided by S.D.).

bData are from fluorescence-detected transcription assays [73], using a DNA fragment containing the bacteriophage T4 N25 promoter,
recombinant S. aureus RNAP oA holoenzyme (produced by co-expressing the S. aureus rpoA, rpoB, rpoC, and rpoZ genes in E. coli, expressing

the S. aureus sigA gene in E. coli; and combining purified products in vitro), and E. coli RNAP o0 holoenzyme (Epicentre, Inc.) [S.L. and R.H.E.,
unpublished].
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Table 2

Antibacterial efficacies of inhibitors that function through the RNAP switch region

Minimum Inhibitory Concentration (pg/ml)a'f

Organism

Myx Cor Rip Lpm
Gram-positive bacteria
Staphylococcus aureus ATCC12600 MSSA 1.0 4.9 13 35
Staphylococcus aureus BAA-1707 MRSA (MW2) 1.3 4.9 13 4.0
Staphylococcus aureus BAA-1717 MRSA (USA300) 13 49 169 3.2
Staphylococcus aureus ATCC12600-Rif RRSA (BH516V) 1.0 8.0 13 4.5
Staphylococcus aureus ATCC12600-Rif RRSA (BH526N) 1.0 10 13 45
Staphylococcus aureus ATCC12600-Rif RRSA (BH526Y) 1.0 8.0 13 2.8
Staphylococcus aureus ATCC12600-Rif RRSA (BS531L) 1.0 8.0 13 2.3
Enterococcus faecalis ATCC19433 7.8 >40 >40 74
Enterococcus faecium ATCC19434 11 7.1 13 21
Streptococcus pneumoniae ATCC49619 2.9 55 >40 4.1
Clostridium difficile ATCC9689 31 0.78 31 0.012
Mycobacterium tuberculosis H37Rv 1.6 3.1 >40 3.1
Bacillus anthracis Vollum-1B 13 13 >40 0.78
Gram-negative bacteria
Escherichia coli DH5a. >40 >40 >40 >40
Escherichia coli D21f2tolC (rfa tolC) 0.4 0.8 11 2
Haemophilus influenzae ATCC33391 16 >40 >40 >40
Moraxella catarrhalis ATCC25238 6.1 12 13 11
Francisella tularensis SCHU4 13 >40 >40 25

aCompounds were Myx B (synthesized as in [27]; provided by Y.W.E.), Cor A (isolated as in [37]; provided by R.J. and H.l.), Rip A (isolated as in
[41]; provided by R.J. and H.1.), and Lpm A3 (isolated as in [48]; provided by S.D.).

bData for S. aureus. E. faecalis., E. faecium., and E. coli are from spiral gradient endpoint assays performed essentially as in [74-76] (A.S., D.D.,
and R.H.E., unpublished data). Assays employed exponential-gradient plates containing 150 mm x 4 mm Mueller-Hinton Il cation-adjusted agar
(BD, Inc.) and 0.1-40 pg/ml of test compound. Plates were prepared using an Autoplate 4000 spiral plater (Spiral Biotech, Inc.). Saturated
overnight cultures were swabbed radially onto plates, and plates were incubated for 16 h at 37°C. For each culture, the streak length was measured
using a clear plastic template (Spiral Biotech, Inc.), the test-compound concentration at the streak endpoint was calculated using the program SGE
(Spiral Biotech, Inc.), and the MIC was defined as the calculated test-compound concentration at the streak endpoint.

CDa’(a for S. pneumoniae, H. influenzae, and M. catarrhalis are from spiral gradient endpoint assays, performed as above, except that plates
contained GC Il agar (Teknova, Inc.)and were incubated in a 5% CO2/95% air atmosphere in an Anoxomat Mark Il (Mart Microbiology, Inc.)

(A.S. and R.H.E., unpublished data).

dData for C. difficile are from anaerobic broth microdilution assays [77] (A.S. and R.H.E., unpublished data).

eData for M. tuberculosis are from microplate Alamar Blue assays [78] (M.T., N.C., and R.H.E., unpublished data).

fData for B. anthracis and F. tularensis are from aerobic broth microdilution assays [79] (M.T., N.C., and R.H.E., unpublished data).

Imicso.
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