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T he last few decades have seen a remarkable in-
crease in bacterial resistance to the major classes
of antibacterial agents (1, 2), rendering many of

these classes useless or marginal for the therapy of se-
rious bacterial infections. Despite the critical need for
new antibiotics and significant advances in target vali-
dation and high-throughput screening technologies,
there has not been a new antibiotic approved for hu-
man use in the postgenomic era, even though consider-
able pharmaceutical company resources have been ap-
plied to discovery efforts focused on generating new
classes of antibiotics to novel bacterial targets. Most of
these efforts have been largely based on whole-cell and
cell-free target-based high-throughput screening strate-
gies with very large synthetic or natural product com-
pound libraries. One hypothesis explaining the lack of
success for this antibacterial drug discovery paradigm is
a lack of chemical diversity compatible with novel anti-
bacterial targets, since most large pharmaceutical com-
pound libraries are derived from efforts focusing on eu-
karyotic target space. In addition, it is believed that the
physicochemical rules describing antibacterial com-
pounds that can penetrate into the bacterial cytoplasm
are considerably different from those commonly used
for eukaryotic drug discovery (3, 4). While some antibi-
otic natural products may have been naturally selected
to possess desirable antibacterial properties, they are
also often very large molecules that do not possess
other desirable drug-like properties and can be less trac-
table for medicinal chemistry lead optimization efforts.
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ABSTRACT As part of our effort to inhibit bacterial fatty acid biosynthesis
through the recently validated target biotin carboxylase, we employed a unique
combination of two emergent lead discovery strategies. We used both de novo
fragment-based drug discovery and virtual screening, which employs 3D shape
and electrostatic property similarity searching. We screened a collection of unbi-
ased low-molecular-weight molecules and identified a structurally diverse collec-
tion of weak-binding but ligand-efficient fragments as potential building blocks for
biotin carboxylase ATP-competitive inhibitors. Through iterative cycles of structure-
based drug design relying on successive fragment costructures, we improved the
potency of the initial hits by up to 3000-fold while maintaining their ligand-
efficiency and desirable physicochemical properties. In one example, hit-
expansion efforts resulted in a series of amino-oxazoles with antibacterial activ-
ity. These results successfully demonstrate that virtual screening approaches can
substantially augment fragment-based screening approaches to identify novel an-
tibacterial agents.
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One possible paradigm to address these antibacterial
discovery issues is fragment-based drug discovery, a po-
tentially rapid, resource-efficient, and productive route
to the identification of novel ligand-efficient hits in the
early phase of the drug discovery process (5−11). This
approach confers several potential advantages. Smaller
compound fragments can feasibly probe a much greater
proportion of the chemical space in the active site of
the target protein (12−14) because they have a limited
number of functional groups and, therefore, are less
constrained in making higher-efficiency shape and elec-
trostatic interactions with the protein bind-
ing site. Furthermore, through a process of
structure-based fragment elaboration and
growing, it is more possible to plan and
build in desirable physicochemical proper-
ties while maintaining ligand efficiency in
the process.

The type II fatty acid biosynthetic path-
way (Figure 1) has long been considered an
excellent target for antibacterial drug discov-
ery, and considerable in vitro and in vivo
data from multiple organisms, enzyme tar-
gets, and inhibitors support this hypothesis
(15−17). We have previously described po-
tent biotin carboxylase (BC) inhibitors iden-
tified by whole-cell screening (18). Bacterial
acetyl-CoA carboxylase (ACCase) is a multi-
functional biotin-dependent enzyme that
consists of three separate proteins: BC, BC
carrier protein (BCCP), and carboxyltrans-
ferase (CT) (19). In the first half-reaction, BC
catalyzes the ATP-dependent transfer of the

carboxyl group from bicarbonate to biotin of
BCCP (Figure 1). In the second half-reaction,
the carboxyl group is transferred from carboxy-
biotinylated BCCP to acetyl-CoA to produce
malonyl-CoA. Because BC catalyzes the first
committed step in fatty acid biosynthesis, is
amenable to sensitive high-throughput enzy-
matic assays (18, 20), and is structurally trac-
table for crystallographic studies, we selected
BC as a candidate for a fragment-based dis-
covery approach. Herein, we present two
complementary fragment-based approaches
designed to identify and advance novel
classes of BC inhibitors. The first approach in-
cluded ligand-based virtual screening (VS) us-

ing 3D shape similarity searching coupled with a high-
concentration ACCase biochemical assay to validate the
VS hits (Supplementary Figure 1a). The starting point
for this screening approach was the previously de-
scribed pyridopyrimidine BC inhibitor 1 (Figure 2), which
has a binding affinity of 5 nM for the Escherichia coli
BC (EcBC) enzyme, high-resolution X-ray crystal struc-
ture (PDB accession code 2v58), and in vitro and in vivo
antibacterial activity (18). The second approach con-
sisted of using the high-concentration biochemical as-
say to screen a large library of proprietary molecular frag-

Figure 1. Type II fatty acid biosynthetic pathway. Gene products known to catalyze the indi-
cated reactions in various bacterial species are underlined.

Figure 2. Chemical structures and selected pharmacophore features of
pyridopyrimidine inhibitor 1 and various VS and NMR fragment hits.
Pharmacophore features are shown in the following colors: hydrogen
bond acceptors are in cyan; hydrogen bond donors are in pink. Ligand
efficiency (LE) (42) was used for selection of the hits. Because LE is
equal to the free energy of binding of a ligand to a receptor binding site
averaged for each non-hydrogen atom, LE prioritizes hits by the aver-
aged binding efficiency of individual ligand atoms and not the absolute
value of potency alone.
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ments and scaffolds followed by saturation transfer
difference NMR (STD-NMR) methods to confirm inhibi-
tor binding to BC (Supplementary Figure 1b). Both ap-
proaches produced several ligand-efficient fragment
hits with different chemotypes (Figure 2). The structures
of fragment molecules bound to the enzyme provided
profound insights into the nature of the fragment�
protein interactions and enabled effective fragment-to-
lead optimization by medicinal chemistry. Several strat-
egies were used to improve upon the potency of frag-
ment hits 2, 3, and 6. In one example, a fragment hit
produced a novel series of BC inhibitors with
mechanism-based antibacterial activity. In addition to
describing several series of novel BC inhibitors derived
from fragment and virtual screening approaches, our
work provides templates for the utilization of computa-
tional or experimental fragment-based methods in drug
discovery that can be applied to other therapeutic
targets.

RESULTS AND DISCUSSION
Identification of BC Inhibitors by Virtual Screening.

The availability of the crystal structure of EcBC in com-
plex with 1 enabled efficient VS guided by 3D shape and
electrostatics surface similarity searching using the
ROCS and EON software programs (21), followed by em-
pirical scoring of the generated hits at the EcBC active
site and subsequent visual inspection to accept or re-
ject the proposed binding modes. A total of 525 com-
pounds from a virtual screen of 2.2 million compounds
(Supplementary Figure 1a) were selected for testing in
the previously referenced ACCase biochemical assay
(18) at a concentration of 30 �M. Of these compounds,
9% (48 of tested VS hits) had IC50 values less than
10 �M. The enrichment provided by this approach was
remarkable because the hit rate of the virtual screening
was approximately 200-fold higher than that achieved in
a traditional HTS screen that utilized the same enzyme
assay (data not shown).

Identification of BC Inhibitors by Fragment
Screening. A library of 5200 fragments was screened in
pools of 10 compounds per well at the concentrations of
98 and 238 �M of each compound (Supplementary
Figure 1b). Screening was performed using the enzyme-
coupled ACCase assay (18). In this screen, 96 fragment
pools exhibited greater than 25% inhibition at one or
both concentrations. Deconvolution of these pools by
STD-NMR assessment of BC binding resulted in 142 hit

compounds. These hits were then individually titrated
in the ACCase enzyme assay, and six fragments were
found to have IC50 values less than 95 �M. Several se-
lected hits with ligand efficiencies ranging from 0.54 to
0.28 are shown (Figure 2).

Fragment Hits Share Similar Pharmacophore
Features. Based on superposition of 2D chemical struc-
tures, the identified fragment hits shared pharmaco-
phore features known to be important for binding to the
BC ATP-binding site (22). All fragment hits had combina-
tions of hydrogen-bond donors and acceptors that are
important for interaction with the hinge region of the en-
zyme (Figure 2). Noticeably, fragment 2 contained an
amine group in the oxazole ring (five-membered hetero-
cyclic ring system), analogous to the amine in the pyri-
midine ring (six-membered heterocyclic ring system) of
compound 1 and fragment 6. It was interesting to note
that while the fragment 3 amine functionality was in a
different position compared with those of compound 1
or fragments 2, 5, and 6, the fragment 4 amine groups
were at both positions. Fragment 4 also showed that the
oxygen atom in the side chain could be used to make
a hydrogen bond, thereby serving an analogous role to
the pyridine nitrogen of inhibitor 1 or the carbonyl oxy-
gen atom of fragment 2 (Figure 2). While all these com-
pound fragments were considered potentially tractable
for synthetic elaboration, fragments 4 and 5 were depri-
oritized as less synthetically attractive than fragments
2 and 3.

Characterization of Fragment Binding Modes. To en-
able effective fragment-based lead optimization, the
binding modes of fragments were characterized using
X-ray crystallography to gain insights into the nature of
the protein�fragment interactions to guide structure-
based compound design strategies. Briefly, the ATP-
binding region of BC can be arbitrarily divided into three
distinct sites: (1) adenine-binding site, (2) ribose-
binding site, and (3) phosphate-binding site (22). The
adenine-binding region consists of the Glu201�Leu204
and Ile157�Lys159 structural segments that encircle
the plane of adenine and residues Leu278 and Ile287
positioned above and below the plane of the base. Ad-
jacent to the adenine-binding site, the ribose-binding re-
gion is formed by the side chains of residues His209,
Gln233, His236, Ile437, and His438 positioned to ac-
commodate the ribose group of the nucleotide. The
binding of inhibitor 1 induces conformational changes
in the ribose-binding region to produce a hydrophobic

ARTICLE

www.acschemicalbiology.org VOL.4 NO.6 • 473–483 • 2009 475



subpocket that encloses the dibromo-benzyl group of
the inhibitor. Hereinafter, this subpocket is referred to
as a hydrophobic enclosure. The phosphate-binding site
includes residues Lys116, Lys159, and the glycine-rich
loop (residues 161�168) that coordinate the phos-
phate groups of the substrate. BC from E. coli and
Pseudomonas aeruginosa can be readily crystallized
with inhibitors using crystallization conditions described
elsewhere (18, 22, 23), yielding high-resolution com-
plex crystal structures. Calculated electron density OMIT
maps (Supplementary Figure 2) were used to unambigu-
ously identify ligands bound to the BC active site. Analy-
sis of the crystal structures indicated that the molecular
fragments bind to the adenine-binding region of the BC
active site (Figure 3a�f). Structure superposition of
EcBC in complex with fragments 2�6 indicated that
the side chains of all key residues in the adenine-
binding region are optimally positioned for binding of
the fragments and remain in the same conformation

upon binding. This
lack of backbone and
side chain motion pro-
vided confidence that
docking methods could
accurately predict bind-
ing modes of frag-
ments and lead com-
pounds during
fragment-to-lead opti-
mization. In particular,
docking compounds
using the GOLD (24) or
Glide (25) software
packages was effective
in reproducing the frag-
ment binding modes
observed in X-ray crys-
tal structures and was
used extensively to se-
lect new compounds
for synthesis and
structure�activity rela-
tionship development.

Fragment-to-Lead
Optimization. To de-
velop alternate inhibi-
tor series in the event

that one or more primary series fail due to other rea-
sons (e.g., poor in vivo efficacy), we enabled fragment-
to-lead optimization approaches including fragment
growing, merging, and morphing. The fragment linking
approach was not applicable because all the identified
fragments interacted with the adenine-binding region of
BC. An effective fragment optimization strategy was
achieved through iterative cycles of (1) library design
(Supporting Information) and modeling-driven evalua-
tion of virtual libraries for synthesis, (2) parallel medici-
nal chemistry synthesis (Supporting Information), (3)
screening of newly synthesized compounds in the AC-
Case bioassay to determine binding affinities, and (4)
cocrystal structure determination of selected leads to ex-
plore ligand�protein interactions and the solvent net-
work structure. The results of optimization for the se-
lected fragment hits are summarized.

Optimization of Fragments 2 and 3 by Fragment
Growing. Fragment growing was accomplished by as-
sessing and exploiting the neighboring ribose-binding

Figure 3. Binding modes of compound 1 and fragments 2�6 to the ATP-binding site of EcBC determined by X-ray crys-
tallography. The ligand molecules and protein residues are shown as sticks and colored in the following atom col-
ors: carbon (ligands), green; carbon (protein), orange; nitrogen, blue; oxygen, red; and sulfur, yellow. Connolly
binding-site surfaces of BC were calculated using the fragment-bound crystal structures and colored by hydrophobic-
ity (hydrophobic areas are in brown and hydrophilic areas are in blue and red). a) View of the binding mode of inhibi-
tor 1. b) View of the binding mode of fragment 2. c) View of the binding mode of fragment 3. d) View of the binding
mode of fragment 4. e) View of the binding mode of fragment 5. f) View of the binding mode of fragment 6a.
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site, which includes the hydrophobic enclosure, using
parallel medicinal chemistry. The design of novel com-
pounds was driven by two criteria: (1) the drug-likeliness
of the compounds characterized by the molecular phys-
icochemical properties and (2) similarity of the com-
pound binding mode to that of inhibitor 1. In library de-
sign, we omitted monomers with multiple reactive
centers, and selected only those final compounds that
had molecular weight below 350 Da and complied with
the empirical Lipinski’s role-of-five (26). Our previous
observation that the hydrophobic enclosure formed by
residues Ile437, His209, Leu278, and His236 contrib-
uted significantly to the potency of pyridopyrimidine BC
inhibitors (18), including compound 1, was pivotal in
guiding new design. Indeed, extending fragments 2 and
3 into the BC hydrophobic enclosure confirmed that it

was possible to increase potency without compromis-
ing their ligand efficiency (Scheme 1, panel a, and
Figure 4, panels a�c; Scheme 1, panel b, and Figure 4,
panels d�f). Considering synthetic feasibility, we rea-
soned that amino-oxazole fragment 2 (IC50 � 21.5 �M,
LE � 0.40) could be more readily analogued as the cor-
responding amides 2a (Scheme 1, panel a). These ana-
logues were accessible from the commercially available
2-amino-1,3-oxazole carboxylic acid ester via amidoly-
sis after straightforward saponification of the ester
(Scheme 2). In the first successful synthetic iteration,
the amide 2b was identified (Supporting Information).
Compound 2b exhibited a 20-fold boost in potency over
the starting fragment 2. A second iteration led to the
dibenzylamide 2c with a net 200-fold potency boost
over the starting fragment. A BC cocrystal structure of

SCHEME 1. Fragment-to-lead optimizationa

aa) Evolution of fragment 2 into lead compound 2d through fragment modification to amide 2a to achieve synthetic feasibility, fragment growing
into the BC hydrophobic enclosure formed by the active-site residues Ile437, His209, Leu278, and His236 to achieve potency, and final optimi-
zation of the side-chain groups of inhibitors. b) Evolution of fragment 3 into lead compound 3c achieved by (1) establishing a hydrogen-bond in-
teraction with the side-chain oxygen atoms of residue Glu201, (2) growing fragment 3a into the hydrophobic enclosure formed by residues Ile437,
His209, Leu278, and His236 of BC, and (3) morphing the dihydropyridopyrimidinone into the quinazoline core. c) Evolution of fragment 6 into
lead compound 6b achieved by merging ligand-efficient scaffold 6a with the dichlorobenzyl group of pyridopyrimidine inhibitors of BC.
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this fragment revealed edge-to-face interactions of the li-
gand with the protein, which was subsequently opti-
mized in the next iteration by selecting more electron-
rich dibenzylamines. This led to the identification of
amino-oxazole 2d (IC50 � 0.007 �M, LE � 0.40) with a

net 3000-fold boost in potency over
the original fragment 2. Compounds
2c, 2d, and related analogues define a
novel lead series with in vitro antibacte-
rial activity as discussed below. Proto-
cols describing the synthesis of amino-
oxazole compounds 2b, 2c, and 2d are
provided in Supporting Information.

Optimization of Fragment 6 by
Merging. Fragment merging involves
combining structural information at the
level of functional groups of the super-
imposed series of compounds and frag-
ments to generate a potent lead com-
pound (27). It is also referred to as
“mixing and matching” of functional
groups from different fragments and
compound series. As an example of
fragment optimization by merging, the
ligand-efficient amino-pyrimidine scaf-
fold of fragment 6a was merged with
the 2,6-dichlorobenzyl group similar to
that of inhibitor 1 via the imidazole
linker (Scheme 1, panel c, and Figure 4,
panels g�i). With an addition of dichlo-
robenzyl, the binding affinity increased
more than 35-fold from 12.0 �M to 334
nM, while maintaining a ligand effi-
ciency of 0.40 and preserving the same
protein�ligand binding mode.

Improving Ligand Diversity by
Fragment Morphing. In addition to
fragment growing and merging, im-
proved ligand diversity and properties

can be achieved using fragment morphing techniques.
To identify unexplored chemical space for a new chemo-
type, the BC fragments and inhibitor 1 were used as
starting structures to define reasonable structural trans-
formations of fragments into new compounds. Struc-

Figure 4. Optimization of fragments 2, 3, and 6 via growing, morphing, and merging. a) View of su-
perimposed inhibitor 1 and initial fragment 2. Hydrogen-bonding interactions between 2 and BC are
highlighted. b) View of superimposed inhibitor 1 and lead compound 2c that accesses the hydropho-
bic enclosure and exhibits 200-fold boost in potency over the initial fragment hit 2. c) View of the (Fo �
Fc) OMIT electron density map of compound 2c calculated by omitting the ligands during simulated
annealing. Map is contoured at 2.0� level and then superimposed with the final refined model. d)
View of superimposed inhibitor 1 and initial fragment 3. Hydrogen-bonding interactions between 3
and BC are highlighted. e) View of superimposed inhibitor 1 and lead compound 3c. f) View of the (Fo

� Fc) OMIT electron density map of compound 3c calculated by omitting the ligands during simu-
lated annealing. Map is contoured at 2.0� level and then superimposed with the final refined model.
g) View of superimposed inhibitor 1 and initial fragment 6a. Hydrogen-bonding interactions be-
tween 6a and BC are highlighted. h) View of superimposed inhibitor 1 and fragment 6b that accesses
the hydrophobic pocket of the BC active site and exhibits 35-fold potency increase over the initial
hit. i) View of the (Fo � Fc) OMIT electron density map of compound 6b calculated by omitting the li-
gands during simulated annealing. Map is contoured at 2.0� level and then superimposed with the
final refined model.”

SCHEME 2. Preparation of amino-oxazole amides 2a�2d via standard chemistry starting from 2-amino-
1,3-oxazole carboxylic acid ester
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tural mutations, such as atom type exchange, atom ad-
dition and removal, bond saturation, unsaturation, and
rearrangement (28, 29) were used to generate a set of
new molecules. Evolution of amino pyrimidine ketone
fragment 3 (IC50 � 60.8 �M, LE � 0.43) was iterated into
a more potent analogue 3c through fragment morphing
and growing (Scheme 1, panel b, and Figure 4, pan-
els d�f). First, the functional amine group was intro-
duced to the compound to establish a hydrogen bond
with the side chain of Glu201. Second, the bicyclic ring

system was aromatized to introduce a benzyl group
into the hydrophobic pocket to gain potency. Moreover,
the amino-oxazole (five-membered ring) of fragment 2
(Figure 5, panel a) was morphed into the amino-
pyrimidine (six-membered ring) of fragment 7 by atom/
bond addition guided by the pharmacophore features
important for the interactions with the enzyme, while the
amino-oxazole carboxamide core group of fragment 2b
(Figure 5, panel b) was transformed into the amino
imidazo-pyridinone core of fragment 8 by cyclization.
Several compounds containing these novel scaffolds
were identified in our proprietary compound collection,
docked into the BC active site, and tested in the bio-
chemical assay. While the biochemical assay indicated
that no significant improvement in potency was
achieved (Figure 5, panels a and b), the desired out-
come of fragment morphing improved structural diver-
sity delivering a wider range of physicochemical proper-
ties, synthetic attractiveness, and tractability of the
compounds.

Antibacterial Activity of Amino-oxazoles Is Due to
Inhibition of Biotin Carboxylase. During optimization of
the amino-oxazole fragment hits (Scheme 1, panel a),
we observed that the most potent BC inhibitors 2c and
2d exhibited antibacterial activity against fastidious
Gram-negative pathogens and efflux-pump-deficient E.
coli, a spectrum of antibacterial activity similar to the
pyridopyrimidine BC inhibitors (typified by compound
1, Table 1). To confirm that the antibacterial activity of
2c was due to inhibition of BC, this compound was ex-

Figure 5. Structural diversity of fragment hits can be en-
riched using fragment morphing. a) Structural transfor-
mation of fragment 2 (five-membered heterocyclic ring
system) to fragment 7 (six-membered heterocyclic ring
system). b) Structural transformation of fragment 2b to
fragment 8.

TABLE 1. Minimal inhibitory concentrations (MIC, �g mL�1) values of the BC inhibitors

Strain (genotype)a, additives 1 2c 2d Linezolid

E. coli (tolC, imp�) 0.125 16 8 8
E. coli (tolC, imp−), 2% HSAb 0.5 32 32 8
E. coli (wild-type) 16 �64 �64 �64
H. influenzae (acrA) 0.125 4 4 8
H. influenzae (acrA, I437T BC) 16 64 64 8
H. influenzae (wild-type) 0.125 �64 �64 16
Moraxella catarrhalis (acrA) 0.5 4 8 8
M. catarrhalis (wild-type) 1 8 16 8
Pseudomonas aeruginosa (mexAB oprM) 32 �64 �64 64

aThe following designate targeted knockouts of efflux pumps or subunits of efflux pumps: tolC, acrA, norA, mexAB, oprM. The imp gene
disruption further sensitizes E. coli to inhibitors. The accC-I437T genotype in Haemophilus results from spontaneously resistant mutants se-
lected in the presence of compound 1. bHSA is human serum albumin.
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amined in an E. coli macromolecular biosynthesis as-
say monitoring RNA, DNA, protein, and fatty acid biosyn-
thesis (18). Compound 2c specifically inhibits
biosynthesis of fatty acids at concentrations consistent
with those that inhibit bacterial growth (Figure 6). Al-
though 2d exhibits a nearly 20-fold improvement in po-
tency against the BC enzyme, this does not translate
into improved antibacterial activity. This observation
highlights one of the major challenges of antibacterial
drug discovery, the frequent lack of correlation between
enzyme target potency and whole-cell activity. Since 2d
and 2c show similar loss in potency between efflux-
proficient and -deficient strains of Haemophilus influen-
zae, differences in antibacterial activity cannot be attrib-
uted to differences in susceptibility to efflux by the
acrA efflux pump. A more likely explanation is a differ-
ence in cellular penetration, target dissociation rate, or
both.

Further support for BC inhibition as the mechanism
of 2c and 2d action is the reduction of antibacterial ac-
tivity against strains containing BC with an I437T muta-
tion, which confers resistance to pyridopyrimidines such
as 1 (18). It is important to note that that the effects of
the I437T mutation on the antibacterial activity of 2c and
2d (16-fold) is considerably less than that observed for
pyridopyrimidine 1 (128-fold, Table 1). This argues that
the amino-oxazoles could offer insights into avoidance
of spontaneous resistance to BC inhibitors.

While fatty acid biosynthesis has long
been considered an excellent target for anti-
bacterial drug discovery (1, 15, 17), a re-
cent report has called into question the util-
ity of inhibitors for treatment of Gram-
positive infections based on data from
Streptococus agalactiae (30). Brinster et al.
(30) presented data indicating that de novo
fatty acid biosynthesis is not essential for S.
agalactiae virulence and, therefore, fatty
acid biosynthesis inhibitors are unlikely to
be efficacious in vivo against this organism.
However, these observations do not neces-
sarily translate to Gram-negative organisms
described here and may not apply to all
Gram-positive organisms (31). Additional in
vitro and in vivo studies must be undertaken
before antibacterials targeting fatty acid bio-
synthesis are discounted as viable thera-
peutic agents.

Amino-oxazoles Are Selective Inhibitors of Bacterial
Biotin Carboxylase. As has been previously noted, the
bacterial BC possesses structural similarity to eukaryotic
protein kinases and the human orthologue (18). To con-
firm the bacterial selectivity of the amino-oxazoles, com-
pound 2c was tested against a panel of over 40 different
human protein kinases (18), as well as the rat liver
acetyl-CoA carboxylase. In all cases, the IC50 of com-
pound 2c was �10,000 nM (data not shown).

Conclusion. Effective NMR and bioassay experimental
screening techniques and computational methods of
fragment screening were designed and optimized for the
bacterial biotin carboxylase enzyme. The screening meth-
ods produced a rich collection of molecular fragments
and starting chemical lead matter that were character-
ized by X-ray crystallography, highly enabling the optimi-
zation process.

The fragment hits were effectively optimized into mul-
tiple novel lead series using concepts of fragment grow-
ing, merging, and morphing. Because of the general na-
ture of fragment screening and optimization, the
methods and strategies we discuss are applicable to
other enzyme or protein therapeutic targets.

The new series of fragment-derived BC inhibitors pos-
sessed antibacterial activity due to inhibition of the tar-
get enzyme and could serve as leads for the develop-
ment of potent new antibacterial therapies.

Figure 6. Effect of various concentrations of 2c on E. coli macromolecu-
lar synthesis. Mid-log phase E. coli cells were exposed to the indicated
concentrations of compound 2c and radiolabeled precursors of DNA
(thymidine), RNA (uridine), protein (leucine), and fatty acids (acetate) as
previously described (18). Incorporation of label relative to untreated
cells, as well as a compound-treated cell growth control, are shown.
Graph symbols are pink squares � protein, orange squares � RNA,
green triangles � DNA, blue plus signs � cell growth, and dark blue
diamonds � fatty acids.
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METHODS
Generation of Protein Reagent. Cloning, expression, and puri-

fication protocols of EcBC were previously described elsewhere
(22) and are available in the Supporting Information. The puri-
fied protein was stored at �80 °C in the buffer consisting of
10 mM HEPES, pH 7.2, 250 mM KCl, and 1 mM tris(2-
carboxyethyl) phosphine hydrochloride (TCEP).

Preparation of a Database for Virtual Screening. A subset of
the Pfizer database of small organic molecules used in virtual
screening by ROCS and EON (OpenEye Scientific Software Inc.)
was prepared using the following preparation steps: (1) remove
compounds containing metals, incorrect atomic valency, and re-

active functional groups using protocols implemented in the
Pipeline Pilot software (Accelrys Software, Inc.); (2) select com-
pounds with a minimum ring size of five; (3) select compounds
with a combined nitrogen and oxygen atom count equal or
greater than two; (4) select compounds with the number of ro-
tatable bonds less than 12; (5) select compounds with the mo-
lecular weight value between 150 and 600 Da; (6) remove any
structural duplicates; (7) validate compound stereochemistry.
Those compounds that contain one or two unknown stereo-
centers were enumerated for all possible stereoassignments.
For those compounds that contain more than two undefined ste-
reocenters, the stereocenters were assigned randomly.

TABLE 2. X-ray intensity data collection and refinement statistics of deviations from ideality and final
refinement parameters and the final R and R-free values

2 2c 3 3c 4 5 6a 6b

PDB deposition

2w6m 2w6n 2w6o 2w6p 2w6q 2w6z 2w70 2w71

Data collection

Space group P212121 P212121 P212121 P212121 P212121 P212121 P212121 P212121

Cell dimensions

a, b, c (Å) 84.24, 106.20,
122.28

84.14, 105.94,
122.45

68.63, 113.37,
121.74

83.986, 106.475,
121.978

84.00, 105.57,
122.05

84.48, 106.90,
122.41

84.23, 106.21,
122.63

80.66, 113.74,
121.79

�, �, � (deg) 90.0, 90.0, 90.0 90.0, 90.0, 90.0 90.0, 90.0, 90.0 90.0, 90.0, 90.0 90.0, 90.0, 90.0 90.0, 90.0, 90.0 90.0, 90.0, 90.0 90.0, 90.0, 90.0

Resolution (Å)a 2.0 (2.07�2.0) 1.87 (1.94�1.87) 2.5 (2.59�2.50) 1.85 (1.92�1.85) 2.05 (2.12�2.05) 1.90 (1.97�1.90) 1.77 (1.83�1.77) 1.99 (2.06�1.99)

Rmerge
a 0.083 (0.505) 0.050 (0.318) 0.102 (0.467) 0.056 (0.487) 0.082 (0.499) 0.057 (0.354) 0.076 (0.540) 0.061 (0.544)

I/(�I) 25.23 (4.47) 39.97 (5.33) 14.45 (2.93) 24.17 (2.71) 16.22 (2.5) 29.58 (4.76) 20.54 (2.35) 23.34 (2.63)

Observationsa 510187 (49265) 494896 (17852) 138321 (11358) 379942 (34135) 264822 (25692) 395276 (39368) 529379 (49707) 339096 (30246)

Unique reflectionsa 74778 (7353) 86865 (6156) 29998 (2989) 89788 (8983) 66405 (6423) 67879 (7030) 107085 (10576) 75853 (7034)

Completeness (%) 99.9 (99.7) 95.2 (68.2) 88.4 (90.0) 95.5 (96.9) 96.9 (94.9) 77.4 (81.2) 99.9 (99.9) 98.1 (92.1)

Redundancy 6.82 (6.7) 5.7 (2.9) 4.61 (3.8) 4.23 (3.8) 3.99 (4.0) 5.82 (5.6) 4.94 (4.7) 4.47 (4.3)

Refinement

Rwork
b 0.1834 0.1753 0.2298 0.1869 0.1840 0.1847 0.1745 0.1935

Rfree
c (5% data) 0.2078 0.2166 0.3080 0.2163 0.2245 0.2195 0.2023 0.2293

No. atoms

Protein (chains A/B) 3449/3447 3425/3425 3425/3433 3433/3005 3449/3447 3449/3447 3444/3450 3440/3434

Ligand/ion 15/15 23/23 14/14 19/0 18/18 15/0 13/13 22/22

Water 810 1062 129 726 701 510 942 672

B-factors

Protein (chains A/B) 21.53/ 19.06/ 31.00/ 21.92/ 21.07 24.32/ 20.81/ 21.77/ 25.55/

26.97 22.97 34.78 29.04 30.90 25.68 29.46

Ligand 25.0/ 19.2/ 39.5/ 23.30 34.5/ 22.6 23.3/ 34.3/

59.0 30.6 50.1 48.5 36.8 47.5

Water 29.53 33.67 25.93 31.73 31.65 28.48 31.15 34.13

RMS deviations

Bond lengths (Å) 0.007 0.009 0.009 0.008 0.008 0.007 0.008 0.008

Bond angles (deg) 0.995 1.224 1.132 1.081 1.057 1.109 1.118 1.942

Ramachandran plot statisticsd

Most favored region 707 (93.0) 705 (92.8) 692 (91.1) 654 (92.0) 702 (92.4) 698 (91.8) 701 (92.2) 703 (92.5)

Allowed region 50 (6.6) 52 (6.8) 65 (8.6) 54 (7.6) 54 (7.1) 58 (7.6) 56 (7.4) 55 (7.2)

Generously allowed
region

1 (0.1) 1 (0.1) 1 (0.1) 1 (0.1) 2 (0.3) 2 (0.3) 1 (0.1) 0

Disallowed region 2 (0.3) 2 (0.3) 2 (0.3) 2 (0.3) 2 (0.3) 2 (0.3) 2 (0.3) 2 (0.3)

aNumbers in parentheses indicate statistics for the high-resolution data bin. bRmerge � �hkl�i|I(hkl)i � 	I(hkl)
|/�hkl�i	I(hkl)i
.
cRwork � �hkl|Fo(hkl) � Fc(hkl)|/�hkl|Fo(hkl)|, where Fo and

Fc are observed and calculated structure factors, respectively. dNumbers in parentheses indicate percent of total non-glycine and non-proline residues.
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Preparation of a NMR Fragment Library. The NMR fragment li-
brary was assembled from compounds available in the Pfizer
proprietary compound collection or ordered from various com-
mercial sources (Supporting Information) using the following
molecular property filters: (1) molecular weight (150 Da � MW
� 300 Da); (2) lipophilicity (clogP � 3); (3) number of hydrogen
bond donors (HBD � 1), and (4) number of hydrogen bond ac-
ceptors (HBA � 3). The final library contained 70% molecules
with two or more functional groups that can enable a rapid hit-
to-lead optimization by medicinal chemistry. The library was
characterized by proton NMR (1H NMR) spectroscopy to ensure
aqueous solubility and compound structural integrity.

ACCase Coupled Enzyme Assay. An enzyme-coupled phos-
phate detection assay was utilized to assess potency of the
compounds as described elsewhere (18). Inhibition data were
fit to the standard IC50 equation.

where vi is the reaction velocity at a given concentration of in-
hibitor [I], v0 is the uninhibited velocity, and n is the Hill slope.
For potent compound 2d (IC50 � 7 nM), the data were fit using
the Morrison equation (32)

where vi is the reaction velocity at a given concentration of in-
hibitor, v0 is the uninhibited velocity, [E]T is the concentration of
enzyme, Ki

app is the apparent inhibition constant, and [I]T is the
inhibitor concentration.

Fragment Screening by NMR. NMR samples contained 2 �M
of EcBC and a screening library pool of 10 compounds, each at
a concentration of 200 �M, in 500 �L of 10 mM deuterated
HEPES buffer, 2 mM DTT, 10 mM KCl, at pH � 7. 1H NMR data
were collected on a Bruker Avance 600 MHz spectrometer
equipped with a 5 mm TXI cryo-probe and an autosampler.
NMR screening experiments were carried out at 298 K utilizing
saturation transfer difference (33) with on-resonance irradiation
at 0 ppm and off-resonance irradiation at �5 ppm (34). The dif-
ference spectra were generated from on- and off-resonance
data collected in an interleaved fashion. Excitation sculpting
was used for water suppression (35). Typically 512 scans with
16 dummy scans were collected per data set. Deconvolution of
the STD-NMR spectra from the pools into individual compound
hits were carried out using an in-house software package.

Crystallographic Characterization of Compounds in Complex
with E. coli BC. To prepare protein�fragment complexes, a
100 mM stock solution of each fragment was dissolved in di-
methyl sulfoxide and mixed with the protein (12 mg mL�1) to a fi-
nal fragment concentration of 5.0 mM. The complex was incu-
bated at 4 °C for 4 h before crystallization. The crystals were
grown at ambient temperature using the hanging-drop vapor dif-
fusion method. Four microliter drops consisted of equal parts
of the protein solution containing each fragment and the reser-
voir solution composed of 0.1 M KCl and 2�8% PEG-800. X-ray
diffraction data from the crystals were collected in-house or at
the Advanced Photon Source facility on beamline 17-ID operated
by the Industrial Macromolecular Crystallography Association

(Table 2). The crystals were mounted in the cryo-loops and
treated with the cryo-protection solutions consisting of 4 parts
of crystallization well solution and 1 part of ethylene glycol. The
final concentration of ethylene glycol in the cryo-protecting solu-
tion was 20�25%. The crystals were moved from the crystalliza-
tion drop to cryo-solution for 3�5 s before being flash-frozen in
liquid nitrogen. Intensity data were measured at about �180 °C.
One X-ray data set was collected for each crystal. Autoindexing
and processing of the measured intensity data were carried out
with the HKL2000 software package (36). The intensity data-
collection statistics are summarized in Table 2. The crystal struc-
tures were solved by molecular replacement using the coordi-
nates of EcBC as the search model (PDB code 2j9g). The
rotation/translation searches were carried out with the MOLREP
program (37). The molecular replacement solution was further
optimized by rigid-body, coordinates, and B-value minimization
using the CNX 2000 (38) (Accelrys Software Inc.) or REFMAC (39)
software programs. Calculated (2Fo � Fc) and (Fo � Fc) electron
density maps were utilized for interactive fitting of protein struc-
tures and ligands into electron density using the COOT soft-
ware program (40). Protein model building was alternated with
coordinate minimization and individual B-factor refinement us-
ing REFMAC (39). Final coordinates were validated using the
PROCHECK validation tools (41). Summary of final refinement
parameters and the final R-work and R-free values are listed in
Table 2.
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