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Abstract
Enoyl-acyl carrier protein (ACP) reductase, FabI, is a key enzyme in the bacterial fatty acid
biosynthesis pathway (FAS II). FabI is an NADH-dependent oxidoreductase that acts to reduce
enoyl-ACP substrates in a final step of the pathway. The absence of this enzyme in humans makes
it an attractive target for the development of new antibacterial agents. FabI is known to be
unresponsive to structure-based design efforts due to a high degree of induced fit and a mobile
flexible loop encompassing the active site. Here we discuss the development, validation, and
careful application of a ligand-based virtual screen used for the identification of novel inhibitors of
the Francisella tularensis FabI target. In this study, four known classes of FabI inhibitors were
used as templates for virtual screens that involved molecular shape and electrostatic matching. The
program ROCS was used to search a high-throughput screening library for compounds that
matched any of the four molecular shape queries. Matching compounds were further refined using
the program EON, which compares and scores compounds by matching electrostatic properties.
Using these techniques, 50 compounds were selected, ordered, and tested. The tested compounds
possessed novel chemical scaffolds when compared to the input query compounds. Several hits
with low micromolar activity were identified and follow-up scaffold-based searches resulted in the
identification of a lead series with sub-micromolar enzyme inhibition, high ligand efficiency, and
a novel scaffold. Additionally, one of the most active compounds showed promising whole-cell
antibacterial activity against several Gram-positive and Gram-negative species, including the
target pathogen. The results of a preliminary structure-activity relationship analysis are presented.

INTRODUCTION
Academic laboratories have a unique opportunity to fill a critical research void as the
pharmaceutical industry continues to take smaller role in the arena of infectious diseases
drug discovery. Increasingly, university laboratories are at the forefront of research in the
areas of infectious disease target identification, validation, and exploration. An example of
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such, the enzymes of the fatty acid biosynthesis pathway (FAS II) in bacteria, represent
attractive targets for antimicrobial drug design because their mammalian counterpart (FAS I)
uses a single, multifunctional enzyme with low sequence similarity.1, 2 This provides an
opportunity to selectively target this essential bacterial pathway without interfering with
mammalian enzymes that could result in off-target effects or toxicities. Enoyl-acyl carrier
protein (ACP) reductase, FabI, is a rate-controlling enzyme in the FAS II pathway, which
makes it stand out as an ideal target among the FAS II enzymes. The FabI enzyme catalyzes
the reduction of a double bond in enoyl-ACP to acyl-ACP as a key step in the bacterial
production of fatty acids (Figure 1). The enzyme is a member of the SDR superfamily and
uses NADH (or NADPH, depending on species) as an essential cofactor.3 It was initially
believed that inhibition of FabI would result in broadspectrum antibacterial activity.
However, it is now known that FabI is one of at least four, species specific, enoyl reductase
isozymes which carry out this reaction, the other known enzymes being FabK, FabL, and
FabV.4–6 While certain bacteria, such as S. aureus and E. coli, express FabI as the sole enoyl
reductase enzyme in their FAS II pathway, others, such as members of the Bacillus genus,
have been shown to express both FabI and FabL. Additionally, P. aeruginosa appears to
express both FabI and FabV (an isozyme first discovered in Vibrio Cholerae) 6, 7, while S.
pneumonia, Enterococci, and Clostridium do not express FabI at all; in these species FabK
performs the key reductase step. Due to the large differences in sequences, and in some
cases, enzyme mechanism, between the enoyl-ACP reductase enzymes, inhibitors of FabI
are typically not active against FabK, FabL or FabV. The implication of this is that the FabI
enzyme is now considered to be a candidate for the design of specific, narrow-spectrum
antibacterial agents, targeting species which express only FabI as the FAS II enoyl reductase
enzyme. Francisella tularensis, the target pathogen in these studies, has been shown to rely
on the FabI enzyme as the sole enoyl reductase in its fatty acid synthesis pathway, making it
an attractive target for specific antibacterial drug design.8

Francisella tularensis is the causative organism of the zoonotic disease, tularemia. It is a
non-motile, Gram-negative aerobe that can be transmitted to humans by a variety of
mechanisms, including insect vectors, contaminated food, water, or soil, and by aerosol
inhalation.9 Because of its low infective dose (10 to 50 organisms in aerosol), ease of
cultivation, rapid onset, and potentially high morbidity and mortality, F. tularensis has been
classified as a Category A biowarfare agent by the Centers for Disease Control.9, 10 The
current standard of treatment for tularemic infections is aminoglycoside antibiotic therapy,
typically with streptomycin or gentamicin. Alternatively, tetracycline or chloramphenicol
are recommended as secondary treatment options.11 Although these medications are
effective, there are several disadvantages to their use, including the need for a parenteral
route of administration with the aminoglycosides, the contraindication for use of
tetracyclines in children and pregnant women, and the high rate of bone marrow toxicities
seen with chloramphenicol. The lack of a safe and effective oral antibiotic that can be used
for the treatment of a wide-spread tularemia outbreak has led to a renewed interest in
antimicrobial drug design targeting F. tularensis, and the organism’s reliance on the FabI
enzyme for synthesis of the fatty acids that are incorporated into its cell membrane make this
a promising route of investigation.12, 13

There have been some recent studies that have called into question the viability of FAS II
enzymes as antimicrobial drug targets for Gram-positive pathogens.14 This is due to a
proposed mechanism by which Gram-positive organisms are able to uptake exogenous fatty
acids from the host, thereby bypassing inhibition of the FAS II pathway. However, in a
recent paper, Balemans et al. provide strong evidence demonstrating the in vivo essentiality
of FabI in S. aureus.15 Their work shows that inhibitors of FabI are able to rescue the animal
in a mouse infection model. Other earlier reports have also shown that inhibitors of FabI
have antimicrobial activity and in vivo efficacy against S. aureus.16, 17 Similarly, there is
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strong evidence demonstrating the viability of FabI as an antibiotic target in F. tularensis, as
inhibitors of FabI have also been found to rescue animals in an F. tularensis infection model
in mice.12 Thus, despite some controversy on the in vitro essentiality of some enzymes in
the FAS II pathway, there is strong in vivo evidence demonstrating the efficacy of FabI
inhibitors as antibacterial agents in animal infection models for at least two pathogens - S.
aureus and F. tularensis.

There are a variety of published crystal structures of the FabI enzyme from several clinically
important pathogens that provide insight into both the enzyme mechanism as well as the
binding conformation of known inhibitors.18–20 In keeping with the known mechanism of
the SDR enzyme class, the active site of FabI contains a conserved tyrosine residue (Tyr156)
and a conserved lysine residue (Lys163).18 The tyrosine residue is responsible for stabilizing
the transition state during hydride transfer from the NADH (or NADPH) cofactor to the
substrate as well as donating a proton to the enolate anion formed during the reaction. The
lysine residue is believed to be involved in stabilizing the NADH cofactor by forming
hydrogen bonds to the hydroxyl groups of the nicotinamide ribose.18 A key flexible loop
involving residues 191 to 205 has been shown to interact with the acyl carrier protein during
substrate binding and enclose the active site during inhibitor binding.21 In co-crystal binary
structures with NAD+ (or NADP+ depending on the bacterial species), this flexible loop is
disordered, but in ternary structures that include a bound inhibitor, the loop is shown to fold
over the active site and adopt an α-helix conformation. This implies a high degree of loop
mobility in the absence of substrate or inhibitor. Loop ordering during inhibitor binding has
been proposed to be the mechanism of the slow-binding inhibition seen with some inhibitor
classes.12 The structure of the F. tularensis FabI enzyme has been solved by two groups; the
first shows the position of the NAD+ product in a binary complex with the enzyme while the
second shows a ternary complex of the enzyme, NAD+ product, and the known inhibitor,
triclosan.12, 19 Figure 2a shows the second published F. tularensis structure, solved by our
group.19 The flexible loop (red) is visible, enclosing the active site in a helix conformation.
Figure 2b, from the same structure, focuses on the active site and highlights the van der
Waals binding interactions between the triclosan inhibitor, the flexible loop, and key active
site backbone atoms.22 Additionally, the hydrogen bond donating tyrosine residue (Tyr156)
is shown.

The majority of inhibitor classes that have been published to date are competitive with
respect to the substrate and NADH and uncompetitive with respect to NAD+.12, 23–25

Although the known inhibitors show a large degree of structural variety (Figure 3), an
analysis of the co-crystal structures that have been published reveals two key conserved
features. The first is the presence of an aromatic ring or planar group containing delocalized
electrons that can engage in π-stacking interactions with the aromatic nicotinamide ring of
NAD+. The second is the presence of a hydrogen bond accepting group that engages the
active site tyrosine residue, Tyr156, in the active site. Figure 3 shows the structures of
representatives from several classes of known inhibitors for which co-crystal structures are
available. The key hydrogen bond acceptor and π-stacking groups are indicated.

With the wealth of published co-crystal structures of FabI available to facilitate drug
discovery efforts it would seem likely that structure-based design studies would have
produced a variety of inhibitory compounds.18, 19, 26 However, most of the known inhibitors
that have been published have been identified by traditional high-throughput screening
efforts.16, 17, 27–30 In fact, very few studies have been published that report the identification
of FabI inhibitory compounds by purely structure-based design methods.31 A docking
validation study by Irwin, et al. specifically discusses difficulties obtaining good enrichment
values when docking to InhA, the enoyl reductase enzyme from M. tuberculosis.32

Additionally, our own efforts to identify inhibitory compounds of F. tularensis FabI by

Hevener et al. Page 3

J Med Chem. Author manuscript; available in PMC 2013 January 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



molecular docking have met with little success. As shown in Figure 4, the active site of the
FabI enzyme undergoes significant conformational changes with respect to several key
residues as well as the flexible loop itself when binding the different classes of inhibitors.22

We theorize that the ability of the key flexible loop to adopt varied conformations with
respect to the class of the bound inhibitor is the root cause of the failure of molecular
docking studies to identify novel FabI inhibitors.

As an alternative strategy to our ongoing structure-based design efforts, we have begun a
ligand-based design project using the structures of known inhibitors and a variety of
methods, including: comprehensive pharmacophore modeling, multidimensional QSAR, and
Shape/Electrostatic Matching. Presented herein are the results of our work toward the
discovery of novel F. tularensis FabI inhibitors by the use of a ligand-based electrostatic and
shape matching protocol. The study used the programs ROCS and EON (OpenEye Scientific
Software, Inc.) to search a commercially available compound library using a carefully
validated screening protocol.33, 34

METHODS
The virtual screen involved two stages: a preliminary shape-only matching stage which used
carefully validated molecular shape queries based upon each of the four main active
scaffolds shown in Figure 3; and a second, refinement stage, in which the top ROCS scoring
conformers were filtered by comparing their electrostatic profiles to the most active of the
known scaffolds. The combination of shape matching followed by an electrostatic
comparison step for refinement is a relatively novel approach, but has been successfully
applied against other targets.35–37 A key advantage to the use of shape-matching as a virtual
screening strategy is that only the structures of the known actives are required; interestingly,
the use of the actual binding conformations of the known actives in the screen may not
strongly influence the final screening results.38 The active compounds used for both the
shape query and the electrostatic comparisons were selected after careful validation. The
known active compounds used in these studies were downloaded from the BindingDB
database based upon their published activity against both S. aureus and E. coli.39 After
removal of compounds with unclear activity and those not clearly falling within the four
main scaffolds, the active compounds included 25 in the ‘Indole’ class, 33 in the ‘Amide’
class, and 14 in the ‘Imidazole’ class. The diphenyl ether, triclosan, is also listed in the
BindingDB. An additional set of diphenyl ether active compounds, not included in the
BindingDB, was added based upon their published activities, bringing the total to 16
diphenyl ethers.12 Structures and activities of all known active compounds used in these
studies are included in the supporting information.

ROCS and EON Query Construction and Validation
Figure 5 shows a workflow for the screening protocol that was developed and utilized in
these studies. The first two steps of the protocol involved building and validating the shape
and electrostatic queries that would be used for each of the four compound classes in the
virtual screens. In the first step of query building, five shape queries were built for each
scaffold by sequentially adding the five most active compounds from each class, beginning
with the most active (i.e. 1, 1+2, 1+2+3, etc.). This produced progressively larger and less
restrictive shape queries, shown in Figure 6. The query conformation for each active class
was taken from a representative co-crystal structure, in three cases, or, in one case, from
induced fit docking using the Glide/Prime algorithm of Schrödinger, LLC.40, 41 As stated
above, these methods have been shown to perform well in the absence of macromolecular
structural information, but in this case co-crystal structures for three of the active scaffolds
have been published: the ‘amides’, the ‘imidazoles’, and the ‘diphenyl ethers’.16, 17, 19, 28

Although there is a partial structure of FabI with an ‘indole’ inhibitor bound, the flexible

Hevener et al. Page 4

J Med Chem. Author manuscript; available in PMC 2013 January 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



loop is not visible and the ligand is only partially visible.27 Therefore, induced fit docking
was performed to generate a conformation for the indole class of inhibitors that was used to
generate the ROCS queries. Shape queries were validated by testing their ability to select the
remaining active conformer from each respective active class from a selection of decoy
compounds taken from the DUD decoy database.32 In order to remove any potential bias,
the InhA decoys (M. tuberculosis enoyl-ACP reductase), which numbers just over 3,000
unique compounds, from the DUD database were filtered into subsets by comparing them to
the average and range of molecular weight and AlogP for each active class. This produced a
subset specific to each active class that was used for the validation studies (details provided
below in Experimental). A multi-conformational validation library, consisting of actives and
decoys, was generated using the program, OMEGA, and used in the final validation runs.42

Areas under Receiver-Operating Characteristic Curves (AU-ROC) and Enrichment Factors
at 1% (EF 1%) were calculated to validate the shape queries.43 In cases where the validation
metrics were not significantly different, the least restrictive shape query was selected for the
virtual screen.

Similarly, the EON electrostatic queries were built and validated by using the most active
compounds from each class of known inhibitors. In this case, queries were built using only
one compound, which is a requirement of the program. The most active compounds from
each class were investigated for use as the EON query compound in combination with the
ROCS queries discussed above (Table 1). The best performing combination for each active
class, as determined by calculation of EF 1% (where EF 1% is the enrichment factor at 1%
of the total library screened), was selected for use in our screening protocol. Additionally,
the optimum percentage of compounds passing the ROCS step and taken into EON
refinement, the EON input pH model (neutral versus charged), and the charge calculation
method for the query and database compounds were investigated at this stage. Finally, a
comparison was made between the ROCS shape-only query followed by EON refinement
and the use of ROCS plus pharmacophore features without EON refinement. Although
ROCS includes this pharmacophore feature matching utility, recent publications have shown
increased success in hit identification by incorporating EON as a refinement step in the
screening protocol using ROCS shape-only matching.35–37 Figure 7 shows an electrostatic
potential surface mapped onto the imidazole query compound (A), and hit compound (B,
discussed below) identified from that query.

Virtual Screen and Compound Selection
Following the development and validation of the shape and electrostatic queries, the best
performing query combinations were selected for each of the four active scaffolds and a
production run was undertaken against the high-throughput screening library of the vendor,
ASDI. The library consists of approximately 65,000 compounds that were pre-filtered for
drug-likeness and to remove any compounds with known reactive and toxic functional
groups. The compounds were then prepared in 3D format and charges loaded using the
LigPrep program of Schrödinger, LLC.44 After the filtering and preparation steps, the final,
multi-conformational version of the screening library was generated using the program,
OMEGA.42 The best performing ROCS query for each active compound class was used to
screen the ASDI library, following which the top 10% of ranked compounds, totaling 6,500,
were selected for refinement by EON. Three top-ranked conformations for each of the
compounds taken into the EON stage were generated by ROCS using the ‘EON_input’ flag,
which was found to increase enrichment in the validation studies (see discussion below).
The top 10% of EON ranked compounds (1% overall), was carried forward for analysis and
selection for ordering and testing. As with ROCS, the best performing EON query from the
validation studies was selected for the production run.

Hevener et al. Page 5

J Med Chem. Author manuscript; available in PMC 2013 January 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



The total number of ASDI compounds passing through both stages of virtual screening was
approximately 650 for each FabI active class. Because this number included a large degree
of similar compounds, with respect to scaffold and chemical class, a diversity analysis was
undertaken using the program Canvas (Schrödinger, LLC).45, 46 Sixty-five compounds with
maximum diversity, based upon Tanimoto calculations using MACCS structural keys, were
selected as a subset for final visual inspection.47 Finally, 15 compounds from the 65 were
chosen to be ordered and tested for each active class (total 60 compounds) based upon a
final visual inspection. Hydrophilicity was considered and compounds with hydrogen
bonding functional groups were preferentially selected to increase compound solubility and
facilitate the bioassay. Also considered was the similarity of potential compounds to
compounds that had already been tested based upon previous molecular docking studies
(data not shown). The final set of compounds that were ordered and tested were all ranked
highly by the ROCS/EON screening protocol, had a high degree of dissimilarity to each
other, and possessed novel scaffolds with respect to the known active compound classes and
previously tested compounds. The structures of all compounds tested are included in the
Supporting Information.

RESULTS AND DISCUSSION
Validation Results

A thorough virtual screening protocol validation was performed to answer the following
questions: Does a shape-only ROCS query combined with an EON electrostatic comparison
refinement step improve enrichment and/or potential for scaffold-hopping over a shape plus
pharmacophore feature ROCS query? What is the optimum number of actives from each
scaffold that should be used to build the shape query? Which compound should be used for
the electrostatic query? Which is the best shape and electrostatic query combination for each
active class? And how many (what %) of hits should be saved from each query? Table 1 lists
the key validation results for each of the shape and electrostatic queries that were
investigated. Additional validation results are included in Supporting Information.

The top section of Table 1 shows the AU-ROC values (as reported by the ROCS program)
and EF 1% (vide infra) for all ROCS shape-only combinations investigated for each active
class. The values in bold and italics indicate the query chosen to use in the production runs.
Although the AUC and EF 1% for the ‘diphenyl’ ROCS shape query were less robust than
the top 1 and top 2 queries, we chose to use this query rather than the first or second. We
believed that the performance of the top 2 queries was an artifact related to the large degree
of similarity between the ‘diphenyl’ compounds, and thus chose to use the larger shape
query formed by using the top 3, which would allow for a greater possibility of selecting
new scaffolds in the production run. Identical results for all shape queries investigated were
seen with the ‘indole’ and ‘amide’ active classes. Because the top 4 and top 5 ‘indole’ shape
queries were nearly identical with respect to shape and volume, we selected the top 4 query
for use in the production runs; the top 3 query was selected for the ‘amide’ class for similar
reasons. Interestingly, with the ‘imidazole’ shape query, the top 1 query significantly
outperformed all other combination shape queries for this class. The reason for this was not
readily apparent. The top 1 shape query was selected for the production runs in the
‘imidazole’ class.

It should be noted that our calculation for EF 1% differed from that reported in the ROCS
literature, so that direct comparison between ROCS/EON and ROCS results could be made.
The following equation was used to calculate enrichment factors:
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where a is the number of active compounds in n top-ranked compounds of the total
validation set of N compounds containing A active compounds.48 While use of the above
equation allowed for comparison between ROCS and ROCS/EON results, we note the
dependence of the EF value on the ratio of actives to inactives in the validation sets and thus
we are only able to compare results within a specific active class due to the different ratios
(see Experimental).

The EON validation results shown in Table 1 (middle section) reflect only the ROCS shape
queries used in the final production runs. The full validation results for all ROCS/EON
query combinations are given in Supporting Information. When using EON in combination
with the diphenyl top 3 ROCS query, we noted similar performance (as determined by EF
1%) for each of the five most active diphenyl compounds. We therefore selected
diphenyl_11 as the EON query compound (see Supporting Information), as it was the most
active of the diphenyl compounds (triclosan being #2). The second most active ‘amide’
compound outperformed the first when used to refine the ROCS results and was selected as
the EON query compound for this class. We noted here that the EF 1% actually worsened
after EON refinement. This was specific only to the ‘amide’ class of compounds. Similar
results were seen with all active ‘indole’ compounds, therefore the most active of the top
five was chosen for the EON query. Finally, with the ‘imidazole’ class, the fifth most active
compound was chosen as the EON query compound. Although the EF 1% was the same for
the fourth and fifth compounds in this class, the EF 2% for #5 was actually improved over
#4 (data not shown).

When comparing ROCS with the use of pharmacophore descriptors versus ROCS shape-
only followed by EON refinement we compared the EF 1% for the optimum ROCS (Shape-
only)/EON query combinations (reported in Table 1) with the EF 1% for the ROCS plus
pharmacophore method for each of the four active scaffolds (Table 1, bottom section). It can
be seen from this data that in all but one case the ROCS/EON combination and the ROCS/
Pharmacophore method led to identical results. With the ‘amide’ class of compounds,
ROCS/Pharmacophore was able to identify one more active compound in the top 1% of
screened compounds than ROCS/EON. With all other active classes, the results were perfect
for both methods. Considering the nearly identical results of both methods, we believe it is
preferable to use the combination of ROCS (shape-only) followed by EON refinement, as
the use of electrostatic potential matching over pharmacophore point matching may improve
the possibility of scaffold-hopping and the identification of novel inhibitory classes.

During our validation studies we compared the use of the ‘eon_input’ flag when running
ROCS and noted that EON enrichment was improved for all scaffolds when this setting was
enabled. This setting enables the ROCS query to be written to the beginning of the FILE and
up to 3 conformers for each ROCS ‘hit’ compound. Though it increased EON computational
time, all subsequent production runs used this setting enabled. EON query compounds were
still separately defined as determined by the validation studies discussed above. With respect
to the ideal percentage of ROCS hits to take into the EON refinement step, we noted that all
active compounds were typically ranked within the top 10% of the ROCS hits; therefore this
was selected as the cutoff. Finally, although a small improvement in enrichment was seen
when using RM1 charges generated by MOPAC for EON queries during our validation runs
(data not shown), we ultimately used the default MMFF charges for the production query.
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This was because the small gain in enrichment from loading RM1 charges was not deemed
to outweigh the computational expense of loading RM1 charges to the screening library.

Initial Hits and Analysis
Of the 60 compounds selected from the ASDI screen for ordering and testing, 50 were
available (see Supporting Information). The available compounds were purchased and tested
using an assay that was developed for the F. tularensis FabI in our laboratory (see
Experimental Section below). The assay is a fluorimetric assay that monitors the change in
fluorescence of NADH as it is converted by the enzyme to NAD+. Of the 50 compounds
tested, 3 had activity at or above the threshold we set for ‘hits’ of 40% inhibition when
tested at a concentration of 100 μM (Table 2). Compounds 1 and 2 were the most interesting
of the three, with high ligand efficiency and very reproducible activity when confirmatory
assays were performed.49 Compound 3 displayed enzyme inhibition that was difficult to
reproduce due to solubility issues (the average activity is given in Table 2). Solubility issues
also prevented us from determining an IC50 value for this compound. For these reasons,
compound 3 was not selected for follow-up work.

Interestingly, the three hit compounds were obtained from only two of the four ROCS/EON
queries, with compounds 1 and 2 hitting on the imidazole query and compound 3 hitting on
the amide query. A possible reason for the failure of the indole query to identify hit
compounds is the use of induced-fit docking to generate the conformation ultimately used
for the ROCS query. While the three other queries were generated from co-crystal
structures, this query was generated by a docking pose that may have been incorrect. Our
use of the active diphenyl-11 as the EON query compound over triclosan may be the reason
for the failure of the diphenyl query to identify hits (Supporting Information). Although the
published activity of diphenyl-11 is greater than triclosan, and it outperformed triclosan in
our validation studies, it does not contain a key para-halogen substitution on the B-ring that
is present in triclosan (see Figures 3 and 6). This halogen substitution has been shown in at
least one study to be essential for activity, and has been proposed to act as a halogen bond
donor to key backbone atoms in the active site (see Figure 2B).50, 51 In fact, this information
guided our selection of compound 2 for testing after noting the para-substituted chlorine
during the visual inspection stage.

Of the two remaining hit compounds, after removal of compound 3 from consideration, we
selected compound 2 for scaffold-searching and SAR expansion studies. The reason for this
selection was two-fold. First, although compound 1 possessed slightly higher ligand
efficiency, compound 2 displayed greater potency in our activity studies (IC50 of 27 μM
versus 63 μM). Second, the benzimidazole scaffold, upon preliminary investigation of
commercial availability of similar compounds, showed a much greater selection and
diversity in the commercially available compounds matching its scaffold than did the
thiazole scaffold of compound 1.

Scaffold Searching and SAR Development
After initial hits were identified and confirmed, the compounds were inspected for novelty,
synthetic accessibility, and commercial availability. The most promising compound, 2,
representing a previously unknown active scaffold, was selected for SAR expansion studies.
Substructure searches were employed to identify compounds matching the scaffold using the
SciFinder substructure searching tool (see Experimental).52, 53 Commercially available
compounds matching the active scaffold were ordered and tested to expand the SAR of the
inhibitor class. Table 3 lists the structures and activities of the compounds that were ordered
and tested from the scaffold search.
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Compound 2, the initial hit compound, is 1-(4-chlorobenzyl) benzimidazole. As discussed
above, this compound was selected after visual inspection of the ROCS/EON query matches
in part because of a known preference of the FabI enzyme for inhibitors with a para-halogen
substituted benzene ring. Our initial scaffold search used the structure of 2, including the
chlorine substituent. As can be seen from data shown in Table 3, there is very little tolerance
for linkers other than a methylene group between the two ring systems. Substituting a
methanone group for the methyl group in compound 4 led to a nearly complete loss of
activity. This is likely due to a repositioning of the para-chlorine substituted phenyl group
planar to the benzimidazole system due to the change in hybridization of the linker group
from Sp3 to Sp2 and a resulting loss of a key binding interaction. We observed a nearly
three-fold reduction in inhibitory activity (from 27μM to 85μM) when the halogen
substituent was shifted from the para position to the meta position (compound 5), indicating
a preference for the para chlorine substituent in this series. We also observed that an
additional halogen substituent on the benzene ring led to a nearly 10-fold increase in activity
over compound 2, with the 3,4-dichlorobenzyl (compound 6) being favored above 2,4-
dichlorobenzyl (compound 7). Finally, methyl group substitutions on the benzimidazole
group at the 5 and 6 positions also led to an increase in activity, which, when combined with
the 3,4-dichlorobenzyl group (compound 9), showed 100-fold improvement over the hit
compound 2 (IC50 0.3 μM). With compounds 8, 9 and 10 we also saw a slight preference for
3,4-dichloro substitutions over 4-chloro and 2,4-dichloro substitution..

A subsequent scaffold search was performed to investigate the dependence of activity of this
series on the para-halogen substitution. The 4-bromo substituted compound 11 showed
nearly identical activity to the initial hit compound 2, while the 4-fluoro substituted
compound, compound 12, showed a significant loss of activity. This may indicate that there
is a requirement for a halogen bond donating atom on the benzyl group, as fluorine atoms
are not able to form halogen bonds.51 Replacement of the 4-chloro group with 4-methoxy
and removal, compounds 13 and 14, respectively, also resulted in a significant decrease in
activity. A para-methyl substituent (compound 15) was also investigated and showed a
similar loss of activity. While it would have been informative to investigate para-hydroxyl
and para-amino substitutions, we were not able to obtain these analogs from a commercial
source. Finally, compound 16 confirmed the importance of the Sp3 methylene linker
between the halogenated benzene ring and the benzimidazole group. In future studies we
intend to explore the SAR of this series by testing ethylene linking groups. We partially
explored the effect of substituents at the 2-position of the benzimidazole group with a
methyl and an amino group. We found the electron donating methyl group was well
tolerated at the 2-position (compound 17, IC50 3.2μM) as it did not significantly affect the
activity when compared with compound 6 (IC50 4.7μM). However, an amino substituent at
this position resulted in the complete loss of activity (compound 18, IC50 >100μM). The
SAR map shown in Figure 8 summarizes our current SAR knowledge of this benzimidazole
series.

Antibacterial Testing of Lead Compounds
We tested the antibacterial activity of our lead compounds, 6, 8, 9, 10, and 17 against the
Gram-negative bacterial pathogens F. tularensis, Y. pestis, and E. coli and Gram-positive
bacterial pathogens B. anthracis and S. aureus along with the MRSA strain (Table 4).
Compound 9 was found to have significant antibacterial activity against both Gram-positive
and Gram-negative bacterial pathogens suggesting that this compound could be expanded to
additional pathogens in addition to the original F. tularensis target. The notable exception is
the high-level resistance of E. coli which can be explained by bacterial efflux pump activity.
Our E. coli strain BW251113TolC- is the BW251113 strain with the gene for part of the
efflux pump TolC deleted. The antibacterial activity of compound 9 increases over 32 fold
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from >200 μg/mL to 6.25 μg/mL against this mutant. This implies that compound 9 is
effluxed by TolC. F. tularensis, like E. coli, also possesses a multidrug efflux system made
up of three components: an inner membrane AcrB protein, a periplasmic membrane fusion
protein (AcrA), and the outer membrane pore TolC.54 While we observed promising
antibacterial activity against F. tularensis with MIC values of 4.3 μg/ml, 7.8 μg/ml, 9.4 μg/
ml, 15.6 μg/ml for compounds 8, 9, 17 and 6, respectively, there is still a possibility that our
compounds may be affected in part by these efflux pumps. Gil et al. point out that efflux
pump mutants (deletion of the two TolC orthologs) in F. tularensis showed increased
sensitivity to the common antibiotics streptomycin, gentamicin, tetracycline, and
chloramphenicol, among others, while little or no change in sensitivity was observed for
ampicillin, vancomycin, and erythromycin, which implies a variable response of the TolC
pump to different antibiotic scaffolds.55 While our data demonstrates promising antibacterial
activity against F. tularensis, we speculate that modifications to the chemical scaffold may
improve activity, in part, by further limiting any partial TolC mediated efflux against this
organism and may potentially expand the accessibility of compound 9 to additional bacterial
species. We also noted limited antibacterial activity with compound 9 against the Gram-
positive pathogens B. anthracis and S. aureus, the latter having recently been shown to
depend upon FabI for essential fatty acid synthesis.15 This promising data suggests the
ability of our novel scaffold to penetrate both Gram-negative and Gram-positive bacterial
membranes and further implies a potential for target expansion.

CONCLUSIONS
In this work, we have used a unique strategy of shape matching and electrostatic comparison
to perform a ligand-based virtual screen which identified several low micromolar hits from
the ASDI catalog. Substructure and similarity follow-up searches on the most active of the
hit compounds yielded a series of benzimidazole analogs with a key, para-halogen
substituted benzyl group that possessed activity in the nanomolar range. This work
demonstrates the utility of ligand-based virtual screening methods for the identification of
hit compounds; even, as in this case, when structure-based methods have proven intractable.
The lead compounds from this promising series have been shown to possess whole-cell
antibacterial activity against both Gram-positive and Gram-negative bacterial pathogens,
including our target species, F. tularensis, which indicates a potential for further
development against additional bacterial targets. Studies that are currently underway and
planned for the future involve the scaling up of the virtual screen to larger, commercially
and publically available compound libraries; continuing the expansion of the benzimidazole
scaffold SAR through synthetic development; testing of the most active compounds in the
series against additional bacterial species; and pharmacokinetic and metabolic stability
studies.

EXPERIMENTAL
Induced-Fit Docking

The Glide/Prime induced fit docking algorithm of Schrödinger, Inc. was used to dock the
most active of the ‘indole’ class, Indole-3, for use in generation of conformer input to the
ROCS program (see Supporting Information for the structures of all active FabI inhibitors
used in these studies).40, 41 The co-crystal structure of F. tularensis with bound NAD+ and
triclosan (pdb code 3NRC, A chain) was used as the receptor for the docking calculations.19

The pdb structure was prepared using Schrödinger’s ‘Protein Preparation’ workflow.
Hydrogens were added and all waters were deleted from the structure. The NAD+ cofactor
was assigned a formal charge of −1 and included in the receptor for all docking calculations.
Charges were loaded using the OPLS 2005 force field. The added hydrogens were optimized
for H-bond assignment using exhaustive sampling and an all-atom minimization was
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performed to an RMSD convergence of 0.30 Å. For docking calculations, a 15 Å box was
generated centroid to the triclosan ligand. Compounds were flexibly docked with ring
conformational sampling enabled. Non-planar amide bonds were penalized. Default settings
were used for the Glide and Prime programs with residues 191-205 explicitly added to the
Prime refinement. Glide XP precision was enabled for the re-docking final step of the
algorithm.

Validation Library Preparation
Known FabI active compounds were downloaded from the BindingDB database.39 After
removal of any compounds not clearly falling within the four main scaffolds (i.e. natural
products), and removal of compounds with unclear or poor activity, the remaining actives
included 25 indoles, 14 imidazoles, 33 amides, and 1 diphenyl (triclosan). The diphenyl
active set was brought to a total of 16 using compounds that had been separately reported.13

SD files for all active compounds used in these studies are included in the Supporting
Information. The InhA decoy set of compounds was downloaded from the DUD
database.32, 56 The decoy compound set contained 3,014 unique compounds, which were
then filtered by molecular weight and AlogP to produce four subsets specific to each active
class. The average molecular weight and AlogP values for the active and decoy sets are as
follows: diphenyl actives, 233.04 (range 186.2 – 303.5), 3.5 (range 2.86 – 5.05); diphenyl
decoys (500 compounds), 346.12 (range 322.39 – 354.46), 3.83 (range 2.87 – 4.99); indole
actives, 401.36 (range 276.33 – 467.3), 4.55 (range 2.63 – 6.56); indole decoys (1000
compounds), 393.78 (range 370.4 – 466.28), 4.07 (range 1.45 – 6.42); imidazole actives,
267.34 (range 254.35 – 332.32), 3.15 (range 1.82 – 4.2); imidazole decoys (529
compounds), 361.32 (range 323.41 – 384.83), 3.12 (range 2.5 – 3.5); amide actives, 372.69
(range 293.36 – 448.51), 2.46 (range 1.41 – 3.41); amide decoys (588 compounds), 376.24
(range 350.35 – 419.36), 3.11 (range 2.5 – 3.5). SD files for all decoy compound subsets
used in these studies are included in the Supporting Information. The top five compounds
from each active class were set aside for query building and aligned to their respective co-
crystal (or docked) conformations. The remaining active compounds and decoys for each
class were pooled into four validation libraries. The libraries were prepared using
Schrödinger’s LigPrep program.44 Compounds were converted to 3D, minimized and
charges loaded using the OPLS 2005 force field. Protonation states were generated using
Epik for pH range 7.3 to 7.5. Salts were removed if present and multiple tautomeric states
were generated. Specified chiralities were maintained or varied up to four stereoisomers per
compound if absent. Subsequently, OMEGA was used, with default settings, to generate
multi-conformational libraries for each validation library that were used as the final
validation sets.42

Screening Library Preparation
The ASDI screening library compounds, numbering approximately 65,000 compounds and
dated December 28, 2010, were downloaded from
http://orders.asdi.net/ASDIOnline31/Downloads.aspx in SD format. The library was
prepared for screening using LigPrep and OMEGA as discussed above for the validation
libraries. Additionally, a series of chemical filters was applied to the library during
preparation to exclude any reactive groups (using Schrödinger’s reactive group filter),
compounds with molecular weight not falling within 150 to 650, a total charge greater
than +1 or less than −1, greater than 10 rotatable bonds, greater than 10 hydrogen bond
acceptors, and greater than 5 hydrogen bond donors.

ROCS and EON Settings
Final settings for the ROCS and EON production run were derived from the validation
results discussed above (see Results and Discussion). The final ROCS shape queries used
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were derived from the 3 most active diphenyl compounds, the four most active indole
compounds, the three most active amides and the most active imidazole compound (see
Supporting Information). During validation, when pharmacophore points were added to
ROCS shape queries, Implicit Mills-Dean color FF was used, with Tanimoto Combo
ranking. During production runs against the ASDI library, Shape Tanimoto ranking was
used and the ‘shape-only’ option was enabled. Additionally, the eon_input flag was enabled
for all production runs. Default MMFF charges were used for the query and database
compounds in both the validation and production EON runs. Both ROCS and EON were run
in parallel using PVM on a four-processor linux workstation.

Scaffold Search
The substructure search tool of the SciFinder database (https://scifinder.cas.org) managed by
Chemical Abstracts Services (CAS, a division of the American Chemical Society) was used
to perform all scaffold follow-up searches discussed above.52, 53 The search was specific for
commercially available, single component compounds. The initial substructure search
included the para-chlorine substituent and was essentially compound 2 with an explicit
hydrogen defined at the 2-position to decrease the number of hits. Once the preference for a
methylene linking group was discovered, subsequent searches also explicitly defined
hydrogens at this position. The para-chlorine atom and the 2-position explicit hydrogen were
removed from the substructure search to identify commercially available compounds with
different substitutions at these positions.

Test Compounds
Compounds 1, 2, and 3 were purchased from ASDI, compounds 4 through 9 and 11 through
16 were purchased from ChemBridge, and compounds 10, 17 and 18 were purchased from
Specs. The purity of the compounds has been determined by LC-MS and/or NMR to be
≥95%. LC-MS data and NMR spectra for each compound listed in Tables 2 and 3 have been
included in Supporting Information.

Protein Expression and Purification
The gene for FabI (from F. tularensis subsp. tularensis Schu4) was commercially
synthesized (Bio Basic Inc., Canada) after codon optimization. The gene was ligated into a
pET-15b vector with an N-terminal His tag and transformed into Escherichia coli BL21
(DE3) cells. The cells were grown at 310 K and induced with 1 mM IPTG when the OD
reached 0.5. The cells were harvested after an additional 4 h of growth. Sonication was used
to lyse the cells and the supernatant was loaded onto a nickel-chelated His-Trap column (GE
Healthcare) and eluted with a stepwise gradient of imidazole in 50 mM Tris, 500 mM NaCl
pH 8.0. The final purification step used a size-exclusion column (Superdex-200 26/60 from
GE Healthcare) previously equilibrated with buffer consisting of 50 mM Tris, 100 mM NaCl
pH 8.0 with 1 mM DTT. The FabI enzyme was soluble when overexpressed and was
purified to >98% purity.

FabI Assay
The FabI reaction converts one molecule of NADH and crotonyl-CoA into NAD+ and
butyryl-CoA. The assay was conducted at room temperature in a 384-well plate. 40 μL of
the assay solution contains 50 mM Tris pH 8, 100 mM NaCl, 0.1 mg/mL BSA, 0.01% triton,
2 mM TCEP, 200 μM NADH, 200 μM crotonyl-CoA and 0.2 μM of purified FtuFabI. The
reaction was initiated by the addition of 10 μL of crotonyl-CoA. Enzyme activity was
recorded using a BMG LabTech plate reader and following the rate of decrease in
fluorescence of NADH at 450 nm (excitation wavelength 340nm). The IC50 values for
compounds were determined by varying the concentrations of inhibitor in the assay solution.
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We have determined that <3 % DMSO in the assay solution does not affect enzyme activity;
hence 1 μL of the inhibitor dissolved in 100% DMSO was added to the assay solution.
Reactions were allowed to pre-incubate in the assay solution for 30 minutes before adding
10 μL of crotonyl-CoA (final concentration of 200 μM) to initiate the reaction. The resulting
data were used to calculate the percent inhibition values versus the non-inhibited control
which consisted of DMSO without compound. The percent inhibition (%I) was determined
using the equation %I = (( AC − AI )/AC ) * 100 where AC = activity of the control
(uninhibited) and AI = activity with the inhibitor. The percent inhibition data were plotted as
a function of inhibitor concentration and the data were fit via non-linear regression to the
Hill equation using the Origin software.

MIC Determination
The minimum inhibitory concentration (MIC) was tested against E. coli (BW251113 strain),
F. tularensis, B. anthracis, S. aureus, and methicillin-resistant S. aureus. LB media was
added to each well in a row on a sterile 96-well flat bottom tissue culture plate. 96 μL of
media was added to the first column and 50 μL was added to all subsequent wells. The
compounds to be tested were added to the first column for a final well volume of 100 μL.
Inhibitors were then serially diluted (2-fold) across the columns of wells by pipetting and
mixing 50 μL of solution. The extra 50 μL was discarded from the final well. Ciprofloxacin
was used as a control in these studies. Prior to setting up the MIC plates, the appropriate
bacterial cultures were grown to mid log-phase and subsequently diluted to an OD600 =
0.004 with fresh LB media. 50 μL of this bacterial culture was added to each well of the
plate and the plate was then incubated at 37 °C overnight without shaking. For each
compound the first clear well with no signs of visible growth was reported as the MIC value.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

ACP acyl-carrier protein

AU-ROC area under the receiver operating characteristic

EF enrichment factor

FAS fatty acid synthase

NADH nicotinamide adenine dinucleotide

NADPH nicotinamide adenine dinucleotide phosphate

QSAR quantitative structure-activity relationship

SDR short-chain dehydrogenase/reductase
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Figure 1.
FabI Enzymatic Reaction
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Figure 2.
A. The F. tularensis FabI co-crystal structure showing bound triclosan and the key flexible
loop (red).19 B. triclosan bound in the FabI active site (with surface), flexible loop (red),
NAD+ cofactor and key interacting residue and backbone atoms.
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Figure 3.
Representatives from the four most populated classes of known FabI inhibitors. Red regions
indicate Pi-stacking groups and hydrogen bond acceptors are indicated by blue arrows. The
diphenyl ether compound shown is triclosan.
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Figure 4.
The FabI flexible loop position from co-crystal structures with three inhibitors shows the
variability in the flexible loop position and two key loop residues.
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Figure 5.
Virtual screening protocol employed in this study.
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Figure 6.
ROCS Shape Queries. A. Diphenyl shape query generated from the top 3 most active
diphenyl compounds. B. Indole query generated from the top four indole compounds. C.
Amide query generated from the top three amide compounds. D. Imidazole query generated
from the most active imidazole compound.
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Figure 7.
Electrostatic potential mapped as a surface to the imidazole query (A), and the hit compound
2 (B).
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Figure 8.
Benzimidazole SAR Map
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