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Abstract
Staphylococcus aureus is the leading cause of hospital-acquired infections in the United States.
The emergence of multi-drug resistant strains of S. aureus has created an urgent need for new
antibiotics. S. aureus uses the sortase A (SrtA) enzyme to display surface virulence factors
suggesting that compounds that inhibit its activity will function as potent anti-infective agents.
Here we report the identification of several inhibitors of SrtA using virtual screening methods that
employ the relaxed complex scheme, an advanced computer-docking methodology that accounts
for protein receptor flexibility. Experimental testing validates that several compounds identified in
the screen inhibit the activity of SrtA. A lead compound based on the 2-phenyl-2,3-dihydro-1H-
perimidine scaffold is particularly promising and its binding mechanism was further investigated
using molecular dynamics simulations and by conducting preliminary structure activity
relationship studies.
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Introduction
Staphylococcus aureus is a leading cause of hospital- and community-acquired infections in
the United States and produces a wide spectrum of diseases, ranging from minor skin
infections to osteomyelitis, meningitis, endocarditis, septicemia, and toxic shock syndrome
(1, 2). The widespread occurrence of methicillin-resistant S. aureus (MRSA), which is often
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resistant to many commonly used antibiotics in addition to methicillin (3), makes treatment
difficult. In 2011, there were 80,000 cases of invasive MRSA infection in the United States,
which resulted in more than 11,000 deathsa. The effectiveness of vancomycin, which was
once regarded as a drug of last resort to treat MRSA infections, has been marginalized by
the emergence of vancomycin-resistant strains (4). Moreover, S. aureus resistance to newer
generation drugs such as linezolid and daptomycin has also now been reported (5, 6). This
creates an urgent need for new therapeutic agents to treat MRSA infections, preferably ones
that do not lead to rapid emergence of drug-resistant strains.

One potential attractive approach to treat infections caused by S. aureus and other pathogens
is to use small molecules that effectively strip the bacteria of their surface proteins, which
frequently function as virulence factors (7). S. aureus and many other Gram-positive
pathogens use sortase enzymes to anchor surface proteins to their cell walls (8–10). In S.
aureus, 21 distinct surface proteins are anchored to the cell wall by the extracellular sortase
A (SrtA) enzyme (11). This cysteine transpeptidase catalyzes the formation of a peptide
bond between a cell wall sorting signal located at the C-terminal end of the precursor surface
protein and the cell wall precursor molecule lipid-II (9). The lipid-II linked protein product
is then incorporated into the peptidoglycan by the transglycosylation and transpeptidation
reactions that synthesize the cell wall (9). Many surface proteins attached to the cell wall by
SrtA are virulence factors that play key roles in the infection process by promoting nutrient
acquisition from the host, bacterial adhesion and immune evasion (11). Disrupting the
display of these proteins by blocking the activity of SrtA using a small molecule could
therefore effectively reduce bacterial virulence and thus promote bacterial clearance by the
host. Indeed, numerous animal model studies of S. aureus infection have shown that srtA−

strains of S. aureus are significantly attenuated in their virulence, underscoring the
therapeutic potential of a small molecule SrtA inhibitor (12–16). Attractively, SrtA
inhibitors may also be less likely to induce selective pressures that lead to drug resistance, as
srtA− strains do not exhibit impaired growth outside of their human host in culture medium
(17).

A number of different strategies have been employed to search for sortase inhibitors (7, 18).
These include screening natural products (19–31) and small compound libraries (32–35), as
well as synthesizing rationally designed peptidomimetics and small molecules (36–41).
Structures of SrtA in its apo- and substrate-bound forms (42–44) have now been determined
enabling pharmacophore and three dimensional quantitative structure-activity relationships
to be established for a select number of inhibitors (45, 46). Currently this structural
information has been employed in one virtual screen for sortase inhibitors, which made use
of the crystal structure of SrtA determined in its unbound state (47). However, virtual
docking efforts were hindered because the structure used in this study exhibited significant
conformational heterogeneity and mobility, presumably because the protein was not co-
crystallized with its sorting signal substrate. In subsequent work, our group determined the
three-dimensional structure of SrtA bound to its sorting signal substrate. This new structure
may be better suited for virtual screening approaches as its active site becomes
conformationally ordered, and undergoes substantial changes in its structure, upon binding
the substrate (43, 48–50). We therefore used it as a starting point for virtual screening effort
in which the relaxed complex scheme (RCS) method was used to account for receptor and
ligand flexibility during docking. Experimental testing of compounds identified in this
analysis revealed that (2-(2,3-dihydro-1H-perimidin-2-yl)-phenoxy)-acetic acid inhibits SrtA
with an IC50 value of 47 ± 5.9 µM. Molecular dynamics simulations and a preliminary

aCenters for Disease Control and Prevention. 2011. Active Bacterial Core Surveillance Report, Emerging Infections Program
Network, Methicillin-Resistant Staphylococcus aureus, 2011. http://www.cdc.gov/abcs/reports-findings/survreports/mrsa11.html.
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structure activity relationship study of this lead compound provide insight into its binding
mechanism, and strategies to improve its activity.

Methods and Materials
Initial screen against the NMR structure

A 70% cluster of the clean lead-like library was obtained from the ZINC databaseb and
consists of 33,161 small molecules (51). The LigPrep programc in Schrödinger Suite 2011
was used to prepare the ligands. Protonation states were assigned at pH 7.0 ± 2.0 with Epikd

(52, 53). A total of 55,789 ligands were generated that had distinct structures,
stereochemistries, and charge and tautomerisation states. All 55,789 ligands were docked
into the lowest energy NMR structure of SrtA bound to a substrate analog (holo-SrtA, PDB
ID: 2KID). The receptor was processed using the default Protein Preparation Wizarde,
which employs a restrained, partial energy minimization. Grids were generated by Glidef

(54–56) with the grid box set around the substrate analog using default settings. The
substrate analog was excluded in grid calculations. Docking was done with Glide using SP
settings.

Molecular dynamics (MD) simulations and clustering
The MD simulations used in the current study have been described previously (48). Briefly,
six 100-ns conventional MD simulations were performed on holo-SrtA using the
AMBER99SB-ILDN force field with the simulation package NAMD (57, 58). In three of
these simulations the sorting signal remained in the active site, whereas in the other three the
sorting signal adopted metastable states outside of the active site. The three simulations in
which the sorting signal remained in the active site were chosen for clustering, as
conformations from these simulations are likely to be more representative of the bound state
than when the sorting signal was not bound near the catalytic triad. From the last 80 ns of
each of these MD simulations, 1,600 frames at regularly spaced intervals were extracted,
which yielded a total of 4,800 frames. These frames were aligned by the protein Cα atoms in
the active site (residues 90–112, 120–130, 161–176 and 183–196) and clustered by root
mean square deviation (RMSD) conformational clustering using the gromos algorithm as
implemented in GROMACS 4.5 (59). Twenty-one clusters were obtained with an RMSD
cutoff of 1.35 Å. The centroid member of each cluster was presumed to best represent
members of the ensemble and was selected for subsequent docking studies.

Relaxed complex screen
Five hundred top scoring ligands from the initial screen using the NMR structure of holo-
SrtA were docked into each of the 21 representative centroid structures. Procedures used for
receptor preparation, grid generation and docking are the same as those described for the
initial screen using the NMR structure. The compounds were ranked according to three
ensemble-based criteria. First, the compounds were ranked by computing the average of the
scores obtained from docking to the 21 centroid conformers (ensemble-average). Second,
the compounds were ranked by the population-weighted ensemble-average scores, which
were calculated according to Eq. 1:

bZINC clean lead-like subset, 70% cluster. Downloaded on Oct 26, 2011 from http://zinc.docking.org.
cLigPrep, version 2.5, Schrödinger, LLC, New York, NY, 2011.
dEpik, version 2.2, Schrödinger, LLC, New York, NY, 2011.
eSchrödinger Suite 2011 Protein Preparation Wizard; Epik version 2.2, Schrödinger, LLC, New York, NY, 2011; Impact version 5.7,
Schrödinger, LLC, New York, NY, 2011; Prime version 3.0, Schrödinger, LLC, New York, NY, 2011.
fGlide, version 5.7, Schrödinger, LLC, New York, NY, 2011.
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(1)

, where Ē is the weighted ensemble-average score, wi is the size of cluster i, and Ei is the
docking score of the compound docked into the centroid of cluster i. Third, the compounds
were ranked by the best score they obtained from any of the docking calculations to the 21
centroid conformers (ensemble-best).

Compounds and reagents
Select lead compounds identified from the docking calculations were purchased from
ChemBridge Corp. (San Diego, CA, USA), Enamine Ltd. (Ukraine), Sigma-Aldrich Co.
LLC (St. Louis, MO, USA) and Vitas-M Laboratory Ltd. (the Netherlands), or synthesized
in house. The fluorogenic substrate used in the enzyme assays (Abz-LPETG-Dap(Dnp)-
NH2) was purchased from Pepnome Ltd. (China). All other reagents that were used were
purchased from Sigma-Aldrich Co. LLC (St. Louis, MO, USA) or Thermo Fisher Scientific
Inc. (Waltham, MA, USA), unless noted otherwise.

Enzymatic assays
Compounds were tested for SrtA enzymatic inhibition using an established Förster
resonance energy transfer (FRET) assay. Work made use of SrtAΔN59, which consists of
residue 60–206. The purification and FRET assay protocols have been described previously
(32, 42). Briefly, 20 µL of SrtA (final assay concentration of 1 µM in FRET buffer: 20 mM
HEPES, 5 mM CaCl2, 0.05% v/v Tween-20, pH 7.5) was incubated with 1 µL of test
compound solution (dissolved in Me2SO, final assay concentration of 0.08–400 µM) for 1
hour at room temperature. Subsequently, 30 µL of substrate solution in FRET buffer (37.5
µM final assay concentration) was added to the mixture and the fluorescence was monitored
using excitation and emission wavelengths of 335 and 420 nm, respectively. IC50 values
were calculated by fitting three independent sets of data to Eq. 2 using SigmaPlot 6.0g:

(2)

, where νi and ν0 are initial velocity of the reaction in the presence and absence of inhibitor
at concentration , respectively. The term h is Hill’s coefficient.

The activities of fluorescent compounds that could not be reliably assayed by FRET were
tested using a high performance liquid chromatography (HPLC) assay as previously
described (37). Briefly, 1 µM SrtA was pre-incubated with inhibitors for 30 min at 37°C to
account for any time-dependent inactivation. Reactions were performed in a total volume of
100 µL with all reagents dissolved in FRET buffer. The assay was started by adding to the
enzyme a mixture containing 1 mM Abz-LPETG-Dap(Dnp)-NH2 and 1 mM NH2-Gly3-OH
(Sigma). After one hour, the reaction was quenched by adding 50 µL of 1 M HCl. A 100 µL
of the quenched reaction mixture was then injected onto a reverse phase XSELECT™ HSS
C18 5 µM 3.0 × 50 mm HPLC column (Waters Corp., Milford, MA) and its components
separated using a linear gradient from 3–45% acetonitrile/0.1% trifluoroacetic acid applied
over a period of 25 min. For each inhibitor the fractional activity remaining relative to
uninhibited controls was calculated by measuring the difference in percent product

gSigmaPlot 6.0, SPSS, Inc., Chicago, IL, 2000.
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formation (Abz-LPETGGG-OH) measured at 215 nm. IC50 values were calculated as
described previously and are the average of three measurements.

Induced Fit Docking and Molecular Dynamics Simulations
The compound determined experimentally to have the lowest IC50 value (hereafter called
“Compound 1”) was computationally redocked to the NMR structure using the Schrödinger
Induced Fit protocolh (60, 61). This protocol accounts for receptor flexibility using a three-
step method that includes an initial docking calculation with Glide, refinement of residues
within 5 Å of the small molecule’s docked pose using Primei (62, 63), and a redocking stage
that uses Glide. In this protocol, Glide was used as previously described, and the default
parameters were used for Prime.

Molecular dynamics simulations of compound 1 were performed using a combination of the
AMBER99SB-ILDN force field for the protein, and GAFF for the small molecule (64, 65).
Partial charges for GAFF were determined from a RESP fit to quantum calculations at the
HF/6-31G* level of theory. The complex was solvated in a triclinic box of TIP3P water
molecules with sufficient sodium and calcium ions to create a neutral simulation box of
approximately 150 mM NaCl. Following relaxation with the default protocol in Maestroj, a
50 ns MD simulation was performed with Desmondk (66). Hydrogen bond analysis was
performed with the Hydrogen Bonds plugin in VMD using a donor-acceptor distance of 3.5
Å and an angle cutoff of 30° (67).

Results and Discussion
Virtual screening approaches are increasingly being used to identify lead molecules in drug
discovery efforts (68). Typically, these campaigns make use of a single experimentally
determined protein structure which is used by computational docking algorithms to predict
the relative binding affinities and poses of a large number of small molecules (47).
However, in solution, proteins are thought to adopt an ensemble of interchanging
conformers (metastates), with the experimentally determined structure presumably
representing an average of the low energy conformers sampled experimentally (69, 70). In
principle, small molecule binding to any one of the conformers in the ensemble might
stabilize it and thereby shift the population equilibrium towards this conformation (71).
Therefore, using only one, or a few, static experimentally determined protein structures in
virtual screening may fail to discover high affinity binding small molecules that could be
developed further into drugs. To account for protein flexibility in virtual screening, a
number of techniques have been developed that in many instances allow for protein-side
chain movement during the docking process (72). However, to account for full protein
motion, docking to multiple structures obtained from x-ray crystallography, NMR, or
molecular dynamics (MD) simulations is necessary (72, 73). In this study we make use of
the relaxed complex scheme (RCS), a virtual screening approach that combines the dynamic
structural information afforded by MD simulations with docking algorithms. This method
uses receptor snapshots generated from MD simulations to search for small molecule
binders via docking, therefore explicitly accounting for the flexibility of both the receptor
and the ligands (74, 75). A number of high affinity binders have been discovered through the

hSchrödinger Suite 2011 Induced Fit Docking protocol; Glide version 5.7, Schrödinger, LLC, New York, NY, 2011; Prime version
3.0, Schrödinger, LLC, New York, NY, 2011.
iPrime, version 3.0, Schrödinger, LLC, New York, NY, 2011.
jMaestro, version 9.2, Schrödinger, LLC, New York, NY, 2011.
kDesmond Molecular Dynamics System, version 3.0, D. E. Shaw Research, New York, NY, 2011. Maestro-Desmond Interoperability
Tools, version 3.0, Schrödinger, New York, NY, 2011.
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RCS (76–78), including the FDA approved drug raltegravir which targets HIV-1 integrase
(79–81).

NMR and MD studies have revealed that S. aureus SrtA is a highly dynamic protein
suggesting that virtual screening approaches would benefit from the application of the RCS
(43, 48, 49, 82). In particular, two of its active site loops, the β6/β7 and β7/β8 loops, undergo
major conformational changes when SrtA binds to its sorting signal substrate. The largest
changes occur in the β6/β7 loop, which is unstructured and flexible in the apo-state, and
transitions into a structured loop containing a 310 helix when bound to the substrate analog
(Figure S1a). Because structures generated from MD simulations are particularly well suited
for improving the predictive power of docking results to flexible proteins (83), we therefore
used the RCS method to conduct a virtual screen of compound libraries to identify inhibitors
of the SrtA enzyme.

Virtual screening using the RCS
The procedures used for virtual screening are summarized in Figure 1. A total of 33,161
compounds were downloaded from the ZINC database. 55,789 ligands were then obtained
after accounting for their different charge states, stereoisomers and tautomerization states.
We performed the screen in two stages, since it was computationally intractable to dock all
55,789 ligands to the NMR structure, as well as to numerous structures generated from MD
calculations. In the first stage, all 55,789 ligands were docked to the substrate bound form of
the enzyme determined by NMR (hereafter, called holo-SrtA). This structure was chosen for
docking because it presumably represents the enzymatically active form of the protein, and
the atomic positions of the active site residues are well defined unlike structures of the
enzyme determined in its apo-state. Moreover, previous studies have shown that the ligand
bound structures of proteins which are generally less flexible, are more amenable to
predictive docking experiments as compared to unliganded protein structures (84). Small
molecules were docked to holo-SrtA after the in silico removal of the bound sorting signal.
The top 500 compounds based on their docking scores were then chosen for the second
round of screening using the RCS approach.

To prepare for the second round of screening that made use of the RCS, six 100 ns MD
simulations of the NMR derived structure of the holo-SrtA were performed (48). A total of
4,800 snapshots from these calculations were clustered into 21 groups of related conformers
using an RMSD-based clustering algorithm. The centroid member for each cluster was
considered to be the best representative of each group and was used in subsequent analyses.
As expected, an overlay of the 21 centroid structures reveals that most of the structural
differences between the centroids occur in the β6/β7 loop (Figure S1b). In the second round
of screening, each of the 21 centroid structures was docked to the top 500 ligands derived
from the first screen. To evaluate the docking results, three approaches were used. First, the
compounds were ranked by computing the average of the scores obtained from docking to
the 21 centroid conformers (ensemble-average). Second, the compounds were ranked by
their modified ensemble-average scores such that the number of conformers each centroid
structure represents was taken into account (population-weighted ensemble-average). Third,
the compounds were ranked by the best score they obtained from any of the docking
calculations to the 21 centroid conformers (ensemble-best). For further analysis, the top 15
ligands in each ranking category were considered for experimental testing, which after
accounting for redundancy corresponded to 24 unique compounds.

Experimental screening of SrtA inhibition
A FRET-based assay was used to experimentally evaluate the inhibitory activity of lead
compounds identified in the virtual screen. Of the 24 unique molecules, a total of 16
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compounds were tested experimentally that were either purchased (14 total) or synthesized
in house (2 total). The remaining eight compounds were not characterized experimentally as
they were deemed too expensive to purchase, as well as too difficult to synthesize in house.
However, of these eight compounds, a total of three closely related analogs were purchased
and tested. Thus, of the initial 24 lead molecules identified in the virtual screen, a total of 19
lead molecules or closely related compounds were tested experimentally for their ability to
inhibit SrtA. The FRET assay was used to evaluate 17 of the 19 compounds, while the
remaining 2 molecules were fluorescent and needed to be tested with an HPLC assay.

Eight out of nineteen compounds tested had an IC50 between 47 and 368 µM (see Table 1).
The most active compound identified from this screening is compound 1, which had an IC50
value of 47.2 ± 5.9 µM. It is interesting to note that most of the experimentally determined
inhibitory compounds that were deemed the best molecules using the RCS approach did not
rank highly in the first stage of the virtual screen when they were docked only to the NMR
structure. For example, compound 1, which has the lowest IC50, ranked 77th when docked to
the NMR structure, but it ranked 9th when docked to the ensemble using the ensemble-best
ranking method. This result illustrates the utility of the RCS method, since given limited
resources, without application of the RCS method the initial low ranking of compound using
conventional approaches may have resulted in it not being tested experimentally. It is also
interesting to note that each of the different ranking methods (ensemble-average, population-
weighted ensemble-average or ensemble-best) produced a comparable number of
experimentally verified hits, and that most of these verified potent molecules were detected
by only one of the three ranking methods. This highlights the usefulness of using different
methods to rank ligands docked to an ensemble of structures.

Our virtual screen using the RCS yielded a higher hit rate than previously reported virtual
screen that made use of more traditional methods. Previously, a virtual screen for sortase
inhibitors was reported that made use of the structure of apo-SrtA, the only structure that
was available at that time. A total of ~150,000 compounds were virtually screened for
binding (47). After experimental testing of the leads identified from the screen, 7.4% were
inhibitory; a total of 8 out of 108 experimentally tested compounds in this study had IC50
values ranging between 75 to 400 µM (47). In contrast, 42.2% of the lead molecules we
tested that were identified in our virtual screen were active; a total of 8 out of 19 molecules
experimentally tested had IC50 values ranging between 47 to 368 µM. Because the virtual
screens were performed by different research groups using different docking algorithms and
virtual compound libraries, it is not possible to rigorously explain why we obtained a higher
hit rate. However, there seems to be two likely reasons for this difference. First, we used the
structure of holo-SrtA as the receptor in the initial docking calculations, which may yield
better results than docking to apo-SrtA as its active site is more rigid and well-defined.
Second, our analysis made use of the RCS, which accounts for protein motion by docking
ligands to an ensemble of structures obtained from MD simulations.

Compound 1: Structure and dynamics of its predicted binding mode
Compound 1 was chosen for additional characterization as it has the lowest IC50 value and a
number of derivatives of this molecule could readily be purchased. To further investigate the
binding pose of compound 1, it was redocked into the NMR structure using the “Induced
Fit” workflow in Maestro, which combines both docking and protein rearrangement stages
(see Methods for more details) (60, 61). The structure of compound 1 is based on a 2-
phenyl-2,3-dihydro-1H-perimidine scaffold. It contains a dihydroperimidine (DHP) group
and a phenyl ring with an oxyacetic acid group attached at the ortho position. In the docking
pose the molecule is positioned in the active site with the DHP group placed underneath the
β6/β7 loop, and the phenyl ring projected towards the active site H120, C184, and R197
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(Figure 2a). Specificity for this orientation is achieved by interactions that originate from the
carboxyl group of the small molecule, which simultaneously forms hydrogen bonds to the
catalytically important residues R197 and H120 within the active site (Figure 2a). A
predicted hydrogen bond between the backbone of P163 and the amine of the DHP group in
the small molecule also presumably stabilizes ligand binding (Figure 2a). In the binding
pose the naphthalene ring of the DHP group is wedged into a hydrophobic pocket formed by
V166, I182, A118 and V161. This positioning orients the phenyl ring towards several
potential hydrogen bonding groups within the enzyme’s active site (e.g. the side chains of
T183, C184, and the backbone of G119) suggesting that molecules in which this ring are
appropriately modified could exhibit improved binding selectivity and affinity.

To gain insight into the dynamics of the bound state, a single, 50 ns MD simulation of
SrtA:Compound 1 complex was performed. Over the course of the simulation, the structure
of the protein resembled most closely several of the centroid structures, with the RMSD of
the active site residues calculated to be as low as 1 Å. By the end of the simulation, the
structure of the complex was structurally most similar to several of the centroid structures
(active site RMSD ~ 1.5 Å) and less similar to the NMR structure (active site RMSD ~ 2.5
Å). RMSD calculations of the ligand relative to the protein show that the molecule
experiences motions that result in atomic displacements on the order of 2–3 Å relative to the
initial pose. Interestingly, a major excursion from the binding mode can occur transiently
which causes a >5 Å displacement from the initial binding pose, as well as a return to
conformation that is very similar to the initial binding pose (less than 1.5 Å from the induced
fit docking results) (Figure 2b). This larger excursion is caused by movement of the
naphthalene ring within the hydrophobic pocket formed underneath the β6/β7 loop.
Presumably, the addition of nonpolar substituents to this ring to fill this pocket could further
improve binding affinity. The side chain of R197 maintained hydrogen bond contacts with
compound 1 for 53% of the simulation, primarily with atoms in the carboxylic acid group.
Other contacts were more transient, with the most dominant interactions to compound 1
being between the NH in the DHP group and the backbone of A104 (11% of the simulation),
the backbone of G167 (8% of the simulation), and the backbone of A92 (4% of the
simulation). Early in the simulation the side chain of H120 flipped such that the hydrogen
bonds between it and compound 1 were broken, and in the course of the simulation they did
not reform. Overall, these results indicate that a reasonable strategy in lead development
may be to create additional contacts to stabilize compound 1 in the binding site to increase
the propensity of these hydrogen bonds.

Preliminary structure activity relationship study of compound 1
To develop compound 1 further, we performed a similarity search on the ChemBridge small
molecule database. A total of 22 compounds with the 2-phenyl DHP scaffold were
identified. Based on the docking and MD calculations, 10 of these compounds were
purchased and their inhibitory activity determined experimentally. These molecules contain
polar substituents in the phenyl ring to facilitate hydrogen bonding to the active site, and
include a smaller compound that only contains the 2-phenyl DHP scaffold (summarized in
Table 2). Compounds containing naphthalene ring substituents may also exhibit improved
binding, but were not tested in this study because they are not available for purchase from
ChemBridge. The scaffold compound 1–1 did not inhibit SrtA, which is probably the result
of missing hydrogen bonds to the active site R197 and H120, which underscores the
importance of having polar groups on the phenyl ring. Compounds containing a nitro group
(1–5) or chloro group (1–6 and 1–7) at the para position are the most active with IC50 values
close to, or less than, 100 µM. The retention of activity after modification of the phenyl ring
is presumably because these polar groups form favorable interactions with the side chains of
R197 or H120 within the active site. Interestingly, compounds containing a substituent at the
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meta position of the phenyl ring (1–2, 1–4, 1–8, 1–9 and 1–10) are less active or even
inactive. This may be due to steric clashes at this site in the small molecules with residues
projecting from the β2/α1 loop, or from the β7 and β8 strands. Lower activity was also
observed when the nitro or chloro group at the para position was replaced by a smaller
fluoro group (compare 1–3 with 1–5 and 1–6). Unfortunately, none of the compounds
inhibited SrtA better than our lead, probably because the substituents in the phenyl ring are
not long enough to interact with both the active site R197 and H120. Future work will focus
on synthesizing compounds with phenyl rings containing longer polar groups, and will
explore different substituents on the naphthalene ring to increase contacts to the
hydrophobic pocket.

Conclusions and Future Directions
A virtual screen identified molecules containing the 2-phenyl-2,3-dihydro-1H-perimidine
scaffold as possible inhibitors of the S. aureus SrtA enzyme. A structure activity relationship
analysis indicates that the best molecule in this class, (2-(2,3-dihydro-1H-perimidin-2-yl)-
phenoxy)-acetic acid, inhibits the activity of SrtA with an IC50 value of 47.2 ± 5.9 µM. MD
simulations of this molecule bound to SrtA provide insight into its binding mechanism and
serve as the foundation for future structure guided studies to uncover analogs that might
have increased potency. Our virtual screen made use of the RCS and had a significantly
higher success rate in identifying inhibitor compounds of SrtA as compared to conventional
methods, highlighting the improved predictive power of the ensemble docking approach (85,
86). The 2-phenyl-2,3-dihydro-1H-perimidine-based lead compound discovered in this study
is a promising candidate for further development into a therapeutically useful anti-infective
agent that can be used to treat infections caused by MRSA, and other multi-drug resistant
bacterial pathogens.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Overview of the two-staged virtual screening procedure that used the Relaxed Complex
Scheme. In the first stage, small molecules from the ZINC compound library are docked
using the program Glide to the NMR structure of substrate bound form of SrtA (PDB ID:
2KID). In the second stage, six 100 ns MD simulations of the NMR structure are performed
and their snapshots are clustered by an RMSD-based algorithm, generating 21 clusters. The
top 500 compounds obtained from the first screen are then docked using Glide to 21 centroid
structures that represent each of the 21 clusters. Finally, the compounds are ranked by three
different methods and the top 15 compounds in each ranking category are selected for
experimental testing.
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Figure 2.
(a) Docking pose for compound 1 generated in "induced fit docking" calculations. Residues
H120, P163, and R197 from SrtA are explicitly represented, along with their intermolecular
hydrogen bonds to the small molecule (yellow lines). The remainder of SrtA is shown by a
surface representation, with non-polar residues in grey, polar residues in green, acidic
residues in red, and basic residues in blue. (b) Root-mean squared deviation (RMSD) of the
position of the compound relative to its initial binding pose in SrtA at various time points
during the 50 ns molecular dynamics simulation.
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Table 2

Preliminary structure activity relationship study of compound 1

Compound R1 R2 R3 R4 IC50 (µM)

1 (lead) OCH2COOH H H H 47.2 ± 5.9

1–1 H H H H >400

1–2 H Cl H H >400

1–3 H H F H 276 ± 29

1–4 H OH OCH3 H >400

1–5 H H NO2 H 80 ± 5

1–6 H H Cl H 89 ± 12

1–7 Cl H Cl H 111 ± 9

1–8 H OCH3 OH H 231 ± 60

1–9 H OCH2CH3 OH H >400

1–10 H OCH3 OH Br 136 ± 20
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