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RNA polymerase (RNAP) catalyzes the synthesis of RNA
from a DNA template.1 Because this enzyme is essential for

the growth and survival of bacteria, inhibition of bacterial RNAP
is an established strategy for antibacterial therapy; for example,
the rifamycin antibiotics (known RNAP inhibitors) are used in
the frontline treatment of tuberculosis.2 RNAP is considered an
attractive antibacterial drug target since it is well conserved across
bacterial genera but has distinct structural differences from
eukaryotic RNAP.3 This qualifies bacterial RNAP as a target for
broad-spectrum antibacterial therapy and permits the design of
selective inhibitors.3 Despite the number of known inhibitors of
bacterial RNAP,4 the rifamycins are currently the only class of
bacterial RNAP inhibitor approved for clinical use,1 highlighting
the challenge of RNAP as a drug target.

Combating the rise in bacterial resistance to antibiotics is an
important field in drug discovery.4,5 Novel antibacterial agents
with new modes of action offer the best possibility to overcome
existing resistance mechanisms.6 New opportunities to explore
bacterial RNAP as a target have arisen following the 2008 discovery
of the myxopyronin B 1 (MyxB) binding site (Figure 1).7,8 MyxB
is an antibiotic produced from the myxobacterium Myxococcus
fulvus Mxf50, which inhibits bacterial RNAP and the growth
of Gram-positive and some Gram-negative bacteria [1: IC50,
0.92 μM; minimum inhibitory concentration (MIC), 1 μg/mL
Staphylococcus aureus].9,10 MyxB binds to the switch region of
RNAP, where its mode of action has been proposed to involve
either inhibition of the opening and closing of the β0 subunit8 or
stabilization of the refolding of the β0-subunit switch-2 region,
leading to an inactive conformation that cannot bind to template
DNA.7 As bacteria have become resistant to the rifamycins, the
MyxB binding site presents itself as an excellent opportunity for

the design of new RNAP inhibitors as the two antibiotic binding
sites are distant from each other.8

Inspection of the available cocrystal structures7,8 revealed that
theMyxB binding site within RNAP is U-shaped and sandwiched
between two hydrophobic pockets (Figure 1a). MyxB fills this
cavity via the location of lipophilic side chains deep within these
pockets. Additionally, the core pyrone ring of MyxB makes key
interactions with residues near the cavity entrance including, for
example, H-bonds to Lys621 and Ser1084.8 Given the high logP
(7.5) ofMyxB, it is presumed that most of its binding interactions
are hydrophobic,7 although the whole molecule is sensitive to
change, as demonstrated in studies of synthetic analogues.10,11

To date, only desmethyl myxopyronin B 2 (des-MyxB) has been
found to have comparable biological activity to MyxB (2: IC50,
0.34 μM; MIC, 4 μg/mL S. aureus).10

The premise of structure-based ligand design was introduced
in the late 1980s12 and is currently undergoing a revival with the
improvement of computer processing power and the increase in
the number of high-resolution protein crystal structures that are
available.13 New approaches to antibacterial drug discovery are
needed since alternative methods, such as high-throughput screen-
ing (HTS), have failed to identify useful new antibacterial drug
leads, including screening programs against bacterial RNAP.14

SPROUT15 is a powerful software suite for structure-based
molecular design and has been shown to be a successful approach
in the identification of inhibitors of enzymes derived from
infectious agents. This includes penicillin-binding proteins16

and the plasmodia-derived enzyme DHODH,17 as well as in

Received: April 8, 2011
Accepted: July 29, 2011
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the identification of an RNAP inhibitor targeted at the rifamycin
binding site.18 SPROUT utilizes a fragment-based approach
and can be used to design putative ligands with novel scaffolds,
ranked by predicted binding affinity, ligand efficiency, or syn-
thetic accessibility.

We describe here the application of SPROUT to the devel-
opment of the first designed small molecule inhibitors targeted at

the MyxB binding region of RNAP and report a novel scaffold
that shows improved inhibitory activity to that displayed by
MyxB in our assay.

Using the cocrystal structure of T. thermophilus RNAP-des-
myxopyronin B complex (PDB ID: 3EQL),7 the MyxB binding
site was explored using SPROUT. Given the large volume of this
cavity, we focused on the region around the enecarbamate side

Figure 1. (a) MyxB binding region (PDB ID: 3EQL). des-MyxB 2 is shown in gold with key residues of T. Thermophilus RNAP (gray) labeled.
(b) Structure of MyxB. (c) Insert of the enecarbamate side chain and the narrow channel that it fills.

Figure 2. (a) Compound 7 showing predicted interactions with RNAP. (b) AUTODOCK predicted docking poses of compound 7 (blue) within
RNAP (gray): lowest energy pose (pink) and highest populated pose (green). (c) AUTODOCK predicted conformation of compounds 8 (yellow) and
10 (orange) within RNAP (gray).
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chain, since it was narrow and offered a bound inhibitor the
potential for making hydrogen-bonding interactions with residues
Trp1039 and Glu1041 (Figure 1c). Using SPROUT, a substituted
pyridyl-benzamide scaffold was predicted to fill this volume and
make interactions with residues Trp1039, Glu1041, and Gln611
(Figure 2a). Compound 7 was synthesized and tested, along with
MyxB, in an in vitro Escherichia coli RNAP assay using a Kool
NC-45 RNAP template (Epicenter Biotechnologies).19 This
revealed compound 7 to be a weak inhibitor of E. coli RNAP
(IC50, 151 μM) and MyxB to have an IC50 of 46.5 ( 5.9 μM.
Although in our assay, the measured IC50 value for MyxB is
somewhat higher than previously reported,9 we believe that this
is due to a difference in assay conditions since Moy et al. recently
reported20 an IC50 of 24 μM for MyxB using a similar assay
method to that used in the present study.

To probe the possible binding conformations of compound 7,
the molecular docking program AUTODOCK21 was used to
generate and evaluate a range of potential binding poses of 7
within the MyxB binding region of T. thermophilus RNAP. From
these studies, the picolyl group of 7 was predicted to be located
near to the solvent-exposed entrance of the binding cavity and
adopt a range of different conformations of comparable energy
(Figure 2b). We reasoned that restricting the degrees of freedom
of this moiety could increase the binding affinity of this type of
inhibitor. Additionally, we sought groups that could maintain the
polarity within this region of the inhibitor due to its exposure to
solvent at the entrance to the binding cavity. We therefore pre-
pared compounds 8 and 9 where nitrogen-containing hetero-
cycles were substituted for the picolyl group of 7. As predicted by
our modeling, compounds 8 and 9 exhibited a marked increase in
potency (Table 1) and were prepared as shown in Scheme 1.
Commercially available 2-hydroxy-5-nitropyridine 3 was treated

Table 1. Inhibition of E. coli RNAP by MyxB 1 and Pyridyl-
Benzamide Compounds 8�13

Scheme 1. Synthesis of Pyridyl-Benzamide Compounds 7�13a

aReagents and conditions: (a) POCl3, reflux, 18 h, 97%. (b) Pyridinylmethanol/imidazole/triazole, NaH, DMF, room temperature, 1 h, 70�87%.
(c) H2, Pd/C, MeOH, room temperature, 2 h, 60�91%. (d) Substituted benzoic acids, 1-hydroxybenzotriazole, 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide, DMF, 35 �C, 16 h, 60�70%. (e) H2O2, 6 M NaOH, EtOH, 55 �C, 4 h, 80�95%.
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with POCl3 to give 2-chloro-5-nitropyridine 4. Nucleophilic
aromatic substitution using imidazole or 1,2,4-triazole, reduction
of the nitro group and subsequent amide couplings with 4-carbo-
xybenzenesulfonamide gave compounds 8 and 9 (Scheme 1).

To further explore the effect of structural variations upon
RNAP inhibition, a small number of compounds 10�13 were
synthesized where the sulfonamide group present in compound
7was varied. This indicated that a nitrile group (10 and 11) offered
the greatest gain in potency (Table 1). Using AUTODOCK21 to
generate potential binding conformations of 8�13, we observed

a consistent pose for these inhibitors, different to that proposed
for compound 7. This positioned the nitrogen-containing het-
erocycle in the hydrophobic pocket, which binds the dienone
side chain of MyxB (Figure 2c). Compounds 8�13 were now
predicted tomake hydrogen-bonding interactions to Lys621, and
we reasoned that the geometry of this hydrogen bond is optimal
when the nitrile group is present, as in compounds 10 and 11.
Additionally, the NH2 moiety within sulfonamides 8 and 9 and
carboxamides 12 and 13 is needed to make a hydrogen bond
contact to the carbonyl of Phe1032.

To further clarify the importance of the various functional
groups present within these inhibitors, analogues were synthe-
sized where groups, which were predicted to result in the loss of
contacts within the binding cavity, were systematically removed.
In keeping with these predictions, compounds without the sulfon-
amide and terminal N-heterocyclic moieties (14 and 15) were
inactive, as was compound 16 containing the “reverse amide”motif.

Extending the structure�activity relationship (SAR) around
compounds 8 and 9, we synthesized compounds 17�27 in which
the substituents at both ends of the inhibitor were varied
(Table 2). The lack of activity observed for compounds 17�20
appears to underline the strict geometrical requirements for
hydrogen bonding to Lys621. While 18�20 contain a carbonyl
oxygen atom capable of accepting a hydrogen bond from Lys621,
they are unable to make the additional hydrogen bond to

Table 2. Inhibition of E. coli RNAP of Compounds 14�27

* Percentage inhibition at 100 μM E. coli RNAP.

Table 3. Inhibition of Yeast Pol II, Malate Dehydrogenase,
and Chymotrypsin by 8�13

% inhibition ( SDa

compd yeast Pol II malate dehydrogenase chymotrypsin

8 14.7( 5.0 0.5( 0.5 0.0( 0.0

9 9.3( 2.0 1.4( 1.1 0.6( 0.4

10 17.6( 3.3 0.6( 0.4 1.8( 1.4

11 12.0( 3.1 0.0( 0.0 0.0( 0.0

12 10.5( 4.2 0.0( 0.0 0.1( 0.1

13 5.2( 3.6 0.0( 0.0 1.5( 1.5
a Percentage inhibition at 100 μM.
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Phe1032 required for efficient binding of these compounds.
Additionally, the nature of the substitution at the opposite end of
the inhibitors is also important. Although 21�27 all contain
either sulfonamides or nitriles, departure from a five-membered
azole ring at the opposite end of the molecule resulted in
significantly weaker (21, 22, 25, and 27) or total loss (23, 24,
and 26) of activity. We reasoned that both the size of the ring and
the position of ring heteroatoms are important for activity. This is
clearly seen with compound 27, which contains a furan ring
similar in size to imidazole, but the heteroatom at the 2-position
is unable to make a hydrogen bond to Thr1443 predicted to
interact with the imidazolyl moiety of 10 (Figure 2c).

To probe the selectivity of enzyme inhibition, compounds
found to be active in the E. coli RNAP assay were subjected to
specificity assays using malate dehydrogenase and chymotrypsin to
identify promiscuous activity,22 and inhibition against yeast RNA
Polymerase II (Pol II) to ascertain whether compounds were
selective for bacterial RNAP. Compounds 8�13 exhibited no
substantial inhibition of the three enzymes at 100 μM and, there-
fore, appear to be selective inhibitors of bacterial RNAP (Table 3).

MICs were determined for all of the compounds described
using standard susceptibility tests, in triplicate, against S. aureus,
Bacillus subtilis, and E. coli, strains according to the British Society
for Antimicrobial Chemotherapy guidelines (see the Supporting
Information for further details).23 None of the compounds were
found to possess antibacterial activity (>256 μg/mL in all cases),
even in the presence of the outer membrane permeabilizer
polymyxin B nonapeptide (PMBN) and E. coli deficient in the
AcrAB multidrug efflux pump component.

In summary, we have used a de novo molecular design
approach to identify a new series of inhibitors targeting bacterial
RNAP. To our knowledge, they are the first examples of designed
small molecule inhibitors predicted to bind to the MyxB binding
region of RNAP. Compounds 8�13 are of low molecular mass,
have improved potency and ligand efficiency over MyxB, are
selective for bacterial RNAP, and do not appear to be promis-
cuous inhibitors. The compounds may not possess the requisite
physicochemical properties required for antibacterial activity,
since antibacterial agents occupy a unique chemical property space
compared to that for other therapeutic drugs.24Most likely, the lack
of antibacterial activity of these compounds is attributable to poor
cell penetration, and in this connection, further optimization of this
scaffold is in progress. This research advances our understanding of
bacterial RNAP inhibitors with binding sites in nonessential
prokaryotic domains that are distant from the catalytic site.
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