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Multiple inhibitors of the antibacterial target, Staphylococcus aureus MetRS, were identified by virtual
screening. The process consisted of building a Catalyst� pharmacophore from a ligand-S. aureus MetRS
structure and using this pharmacophore to screen a commercial database. The top hits from this search
were then docked into the S. aureus MetRS structure and this information was used to select compounds
for testing. This resulted in a high hit rate of compounds that are in distinct structural classes from the
known MetRS ligands.

� 2008 Elsevier Ltd. All rights reserved.
New antibacterial agents that act via novel mechanisms are
needed to combat bacterial resistance.1,2 Especially acute is the
need for new agents that have strong antibacterial potency on
resistant Gram-positive bacteria such as methicilin-resistant
Staphylococcus aureus, which is now responsible for over
19,000 deaths per year in the US and is widely resistant to many
current antibiotics.3 Previous studies have demonstrated that
inhibition of bacterial methionyl-tRNA synthetase (MetRS) can
result in compounds with potent Gram-positive antibacterial
activity.4 Consequently, MetRS is an attractive target for the gen-
eration of novel antibacterial classes with potent Gram-positive
activity.

The previously reported inhibitors of the S. aureus enzyme
(SaMetRS) were discovered using a combination of high-through-
put screening and chemical optimization.5–8 Figure 1 illustrates
the structures of several of the lead compounds generated from
these efforts. While compounds such as 2 and 3 have good antibac-
terial activity, they are tightly serum bound and show dramatic
reductions of antibacterial potency in the presence of serum. As a
result, these series are limited to topical antibacterial applications
and new classes are needed for systemic applications.

Virtual screening is a powerful method for identifying inhibi-
tors with new structural chemotypes. In the literature, structures
of E. coli MetRS bound to methionine or a number of methionine
or methionyl adenylate analogs as well as the MetRS structures
from T. thermophlis, A. aeolicus, and P. abyssi are published.9–11 A
recent paper describes the success in using the E. coli MetRS struc-
All rights reserved.
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ture in virtual screening to identify inhibitors of E. coli MetRS.12

However, there is significant sequence divergence between the
Gram-negative and Gram-positive MetRS enzymes. Consequently,
the known MetRS inhibitors lack broad-spectrum MetRS enzy-
matic activity. In docking experiments, we were unable to dock
compounds 1–6 or even fit the dichlorophenyl fragment into
the E. coli MetRS structure. This result confirmed the need for
Gram-positive MetRS structural information to enable lead dis-
covery and optimization efforts aimed at providing Gram-positive
antibacterial agents.

Using a high-throughput, low-volume approach to crystallo-
graphic screening, we identified conditions for crystallizing S. aur-
eus MetRS with small molecule inhibitors, including compounds 1–
4. Analysis of these structures revealed that all four ligands had
three key interactions: (1) hydrogen bond with Asp51 (2) an aro-
matic group fitting a very hydrophobic pocket and (3) a benzimid-
azole or quinolone where the hydrophobic portion of the
heterocycle fits another hydrophobic site. Figure 2 illustrates these
binding interactions with the structure of compound 2 bound to S.
aureus MetRS.

Based on the X-ray structure analysis, a four-point Catalyst�

pharmacophore13,14 was constructed and is shown in Figure 3. This
pharmacophore contains two hydrophobes for the two hydropho-
bic sites, two hydrogen bond donors directed at the two oxygens of
Asp51 and an excluded volume generated from the heavy atoms
of S. aureus MetRS within the binding site. An interesting feature
of this pharmacophore was the inclusion of a second hydrogen
bond donor to Aps51. Compounds such as 2 have only one hydro-
gen bond donor, but it is clear from the X-ray structures that both
oxygens are positioned to accept hydrogen bonds. As a result, this
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Figure 1. Structures of known inhibitors of S. aureus MetRS.

Figure 2. Structure of compound 2 bound to S. aureus MetRS (green represents
hydrophobic surface, red represents negative charge, and blue represents positive
charge).

Figure 3. Four-point Catalyst� pharmacophore generated from the 2-S. aureus
MetRS structure.
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pharmacophore will prioritize compounds that have this extra
interaction. In the aromatic pocket, the pharmacophore was posi-
tioned deep in the pocket in order to prioritize the ligands that best
fill this space. The excluded volume component ensures that li-
gands are retrieved with the proper shape. This pharmacophore
was used to search the ChemDiv diverse collection consisting of
approximately 250,000 compounds. The hits were then scored
with BestFit. The top 461 hits from the Catalyst� search were
docked into the S. aureus MetRS structure using LigandFit15 and
10 poses per ligand were retrieved. The set of docked compounds
were then scored using LigScore and ranked by their consensus
score. At this point, the complexes with the highest computational
score representing 181 different compounds were examined visu-
ally to ensure the ligand fitted the two hydrophobic pockets and
formed hydrogen bonds to the Asp51 residue. From these 181 com-
pounds, 31 compounds were selected for acquisition and enzy-
matic testing.
The 31 purchased compounds were initially evaluated for inhi-
bition of SaMetRS at 100 lM. The IC50 concentration was then
determined for those compounds that displayed 50% or greater
inhibition in the 100 lM assay. These assays were performed by
the previously described method that measures the decrease of
incorporation of [32S]radiolabeled methionine into methionyl-
tRNA by SaMetRS using scintillation proximity assay (SPA) technol-
ogy.16 The results of this testing are shown in Table 1.

As shown in Table 1, the virtual screening process was very suc-
cessful in identifying new MetRS inhibitors. Most (22/31) com-
pounds demonstrated 50% or greater inhibition of S. aureus
MetRS at 100 lM and we were able to measure an IC50 value for



Table 1
Inhibition of S. aureus MetRS by compounds selected by virtual screening

Compound Structure SaMetRS % inhibition at 100 lM SaMetRS IC50 lM
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Table 1 (continued)

Compound Structure SaMetRS % inhibition at 100 lM SaMetRS IC50 lM
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Table 1 (continued)

Compound Structure SaMetRS % inhibition at 100 lM SaMetRS IC50 lM
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16 of these 22 compounds. For the six compounds where an IC50

value was not obtained, significant inhibition was observed at
the highest concentration in the dose–response assay confirming
that these compounds are weak MetRS inhibitors.

These results compare favorably with previously reported con-
ventional high-throughput screening data. In the primary screen, a
diverse 50,000 small molecule library had a hit rate of 0.05% versus
S. aureus MetRS at 20 lM concentration.17 By contrast, 16% of the
compounds selected by the virtual screen have greater than 50%
inhibition at 20 lM. Consequently, virtual screening provides a sig-
nificant and cost-effective solution for identifying inhibitors to the
desired target. Further, because the virtual screening process in-
volves a small number of compounds, screening at higher concen-
trations is feasible. This provides additional chemotypes to
consider for optimization.

The MetRS inhibitors obtained from virtual screening contain
several interesting structural features not found in the known Met-
RS inhibitors. For example, while almost all of the known inhibitors
contain a dihalophenyl ring, multiple (12/22) virtual screening hits
lack a halogenated phenyl that fits the aromatic pocket. This in-
cludes two of the four sub-10 lM inhibitors 18 and 19 (although
18 does contain a chlorophenyl ring the docking results suggest
that this aromatic fits into the benzimidazole site). In the benz-
imidazole pocket, the virtual screening hits generally contain



Figure 4. Structure of compound 18 docked to S. aureus MetRS.
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groups that are predicted by docking to have two hydrogen bond
interactions with the critical Asp51 group. Two types of fragments
were selected: ureas/thioureas and acylhydrazones containing a
phenolic functional group. Interestingly, the acylhydrazone fragment
was also identified in the E. coli MetRS virtual screen but is predicted
to form hydrogen bond to Glu27, which is entirely different from the
binding to the Asp51 residue in S. aureus MetRS. This is consistent
with the observation that the binding pockets of E. coli and S. aur-
eus MetRS differ substantially.

Figure 4 displays the docked structure of one of the virtual hits,
compound 18 with SaMetRS. This pose illustrates the original Cat-
alyst� pharmacophore features are retrieved in the top scoring
LigandFit Docking results. The benzthiazole functionality of com-
pound 18 fits tightly into the aromatic site and the 3-chlorophenyl
urea fits into the benzimidazole site. Both hydrogens of the urea
are positioned to form hydrogen bonds to the Asp51. Conse-
quently, all four of the Catalyst� pharmacophore features are
fulfilled.

In summary, virtual screening resulted in multiple novel inhib-
itor classes of the bacterial target SaMetRS. The virtual screen used
a ligand-protein X-ray structure to develop a Catalyst� pharmaco-
phore which was used to search large commercial databases and
provided a much smaller set of compounds for docking into the ac-
tive site. This method provided an efficient way to find new leads
from a known lead (lead hopping). The newly discovered leads
were generated with a docked pose that should be useful in guid-
ing optimization. We are currently utilizing this information to
optimize these hits into highly potent antibacterial agents.
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