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Abstract: Antimicrobial activity of tri-
methoprim/sulfamethoxazole ~ (SXT)
against  Staphylococcus aureus (8.
aureus) is antagonized by thymidine,
which is abundant in infected or in-
flamed human tissue. To restore the an-
timicrobial activity of SXT in the pres-
ence of thymidine, we screened for
small-molecule inhibitors of S. aureus
thymidine kinase with non-nucleoside
scaffolds. We present the successful ap-

Introduction

Staphylococcus aureus (S. aureus) causes multiple diseases
ranging in severity from minor skin infections to life-threat-
ening conditions, such as endocarditis, pneumonia, and
sepsis.l!! Methicillin-resistant S. aureus (MRSA) has been
widespread and has become a serious pathogenic bacterium,
leading to high morbidity and mortality.>* MRSA is not
only resistant to treatment with -lactams, but often also to
other antibiotics such as aminoglycosides, macrolides, linco-
samides, and fluoroquinolones, because many MRSA strains
possess a multidrug resistant genotype. Moreover, the ap-
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plication of an adaptive virtual screen-
ing protocol for novel antibiotics using
a combination of ligand- and structure-
based approaches.
rounds of virtual screening and in vitro
testing were performed that resulted in
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several non-nucleoside hits. The most
potent compound exhibits substantial
antimicrobial activity against both me-
thicillin-resistant ~ S.  aureus  strain
ATCC 700699 and nonresistant strain
ATCC 29213, when combined with
SXT in the presence of thymidine. This
study demonstrates how virtual screen-
ing can be used to guide hit finding in
antibacterial screening campaigns with
minimal experimental effort.

pearance of vancomycin and linezolid resistance limited op-
tions for therapy against MRSA.** This evolution points to
an urgent need for new anti-MRSA compounds and for the
optimization of established ones with high antimicrobial ac-
tivity.

Folic acid antagonists, such as trimethoprim/sulfamethoxa-
zole (SXT), possess a wide antimicrobial spectrum and show
good antimicrobial activity against S. aureus including
MRSA.*7 These bioactive agents inhibit different enzymat-
ic steps of the folic acid pathway leading to cessation of the
bacterial synthesis of deoxythymidine monophosphate
(dTMP) by thymidylate synthase. However, several bacterial
species including S. aureus possess an alternative pathway
for synthesis of intracellular dTMP by uptake of extracellu-
lar thymidine and subsequent intracellular phosphorylation
to dTMP. Thus, the effect of folic acid antagonists can be an-
tagonized by a high extracellular thymidine concentration as
detected in tissues with necrotic cells such as pus and
sputum from cystic fibrosis patients.®'” Indeed, there are
several reports of unsuccessful treatment with folic acid an-
tagonists, supposedly due to elevated thymidine concentra-
tions in human tissues containing necrotic cells.!*-'"12

We recently showed that, in the presence of thymidine, si-
multaneous inhibition of the folic acid pathway by SXT and
the bacterial thymidine kinase (TK; EC 2.7.1.21) by nucleo-
side analogues, especially halogenated 2’-deoxyuridine de-
rivatives, results in synergistic antimicrobial activity against
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S. aureus."™ Halogenated 2'-deoxyuridine derivatives such as
5-chloro-2'-deoxyuridine (5-CldU) and 5-iodo-2'-deoxyuri-
dine (5-1dU) have been shown to inhibit bacterial TK.['*'¥
However, nucleoside analogues can be associated with cyto-
toxicity when phosphorylated to triphosphates and incorpo-
rated into DNA, thereby leading to single-strand
breaks.’>! Screening for non-nucleoside analogues as po-
tential thymidine kinase inhibi-
tors is therefore of particular
interest for the development of 8. anthracis (PDB: 2i9r)
novel antibiotics. B. anthracis (complete)

This study was aimed at
1) screening for non-nucleoside
analogue inhibitors of S. aureus ! )

= A A B. anthracis (PDB: 2j9r)

thymidine kinase by multistep 8. anthracis (complete)
virtual screening, and 2) deter-
mining the in vitro activity of
these thymidine kinase inhibi-
tors against S. aureus in combi-
nation with SXT in the pres-
ence of thymidine.

S. aureus (ATCC 700699/ATCCC 29213)

S. aureus (ATCC 700699/ATCC 29213)
B. anthracis (PDB: 2j9r)
B. anthracis (complete)

S. aureus (ATCC 700699/ATCC 29213)
B. anthracis (PDB: 2j9r)
B. anthracis (complete)

Results and Discussion

S. aureus (ATCC 700699/ATCCC 29213)

FULL PAPER

ture of SaTK in the presence of a natural ligand (thymidine)
is not known, we used the structure of Bacillus anthracis
thymidine kinase (BaTK, PDB identifier: 2j9r, resolution:
2.7 A)® as template for this purpose as the best available
model. A sequence alignment between BaTK and SaTK ex-
hibits sequence identity of 63% overall and 100% in the
thymidine binding-site residues (Figure 1). Consequently,

MYETYHSGWIECITGSMFSGKSEELIRRLRRGIYAKQ
SH__MYLINQNGWIEVICGSMFSGKSEELIRRVRRTQFAKQ
ML L L LR LSRN S HMY L INQNGWIEVICGSMFSGKSEELIRRVRRTQFAKQ

KVVVFKPAIDDRYHKEKVVSHNGNAIEAINISKASEIMTHNLTNVDVIGIDEVQEFD
HAIVFKPCVK AVPVSASKDIFKHITEEMDVIAIDEVQFFD
HATVFKPCILa S AR I [eIW S KAVPYVSASKDI FKHITEEMDVIAIDEVQFFD

DEIVSIVEKLSADGHRVIVAGLDMDFRGEPFEPMPKLMAVSEQVTKLQAVCAVCGSS
GDIVEVVQVLANRGYRVIVAGLDQDFRGLPFGQVPQLMAIAEHVTKLQAVCSACGSP
GDIVEVVQVLANRGYRVIVAGLDQDFRGLPFGQVPQLMAIAEHVTKLQAVCSACGSP

SSRTQRLINGKPAKIDDPIILVGANESYEPRCRAHHIVAPS
ASRTQRLIDGEPAAFDDPIILVGASESYEPRCRHCHAVPTKQ
ASRTQRLIDGEPAAFDDPIILVGASESYEPRCRHCHAVPTKQR

Figure 1. Sequence alignment of thymidine kinases. The first two sequences represent the alignment that was

Substances that interact with

used for the homology model (63% sequence identity). PDB entry 2j9r of B. anthracis thymidine kinase

misses some parts of the complete sequence (highlighted by black boxes and white letters) in the complete

viral and human thymidine kin-
ases have been studied for
many decades and several com-
pounds have been found that
exhibit high antiviral or anticancer activity."”*¥! In contrast,
inhibitors of bacterial thymidine kinases have not attracted
much attention in antibacterial research.!'>"? In most
bacteria intracellular dTMP can be synthesized by two dif-
ferent pathways, which suggests combinations of bioactive
agents inhibiting both pathways simultaneously."” Thymi-
dine kinase inhibitors impair the salvage pathway for dTMP,
which is initiated by thymidine kinase catalyzing the transfer
of a gamma-phosphate group from adenosine-5'-triphos-
phate (ATP) to thymidine.”" Folic acid antagonists inhibit
different enzymatic steps of the bacterial synthesis of meth-
ylenetetrahydrofolate, an essential cofactor of thymidylate
synthase for generation of dTMP from deoxyuridine mono-
phosphate (dUMP). Simultaneous inhibition of both path-
ways therefore results in an intracellular lack of dTMP?
and synergistic antimicrobial activity in the presence of thy-
midine."”

Comparative protein model: Here we used a virtual screen-
ing protocol to find potential thymidine kinase inhibitors
with non-nucleoside structures. A crucial step of our screen-
ing protocol comprised automated docking of selected com-
pounds into a homology model of S. aureus thymidine
kinase (SaTK). Several bacterial thymidine kinases can be
crystallized, such as thymidine kinases from S. aureus
(SaTK, PDB identifier: 3e2i), Ureaplasma urealyticum, Ba-
cillus cereus, and Bacillus anthracis.">**! As a crystal struc-
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protein sequence, third line. A continuous gap was inserted at the corresponding position. Complete sequence
identity of binding pocket residues (gray boxes) can be observed.

the resulting homology model (SaTK) shows excellent struc-
tural agreement with the template (BaTK), especially in the
thymidine binding site (Figure 2). A continuous sequence
stretch from BaTK comprising 17 residues is missing in the
template structure. This part is predicted to form a helix in
the homology model of SaTK. TKs of ATCC 29213 and
ATCC 700699 have perfect sequence identity. This justifies
employing one homology model for both proteins.

We explicitly did not perform docking studies on an exist-
ing crystal structure of SaTK (PDB identifier: 3e2i).”*! The
need for a homology model regardless of an existing struc-
ture of the target protein is rationalized by the fact that the
structure of SaTK has been crystallized in its apo form (i.e.,
no bound thymidine). It was shown that TKs of several mi-
croorganisms undergo substantial structural changes in a
loop region forming the upper part of the binding pocket
upon thymidine binding.* This renders the existing X-ray
structure of the SaTK in its apo form unsuitable for docking
efforts. It is therefore not surprising that a comparison be-
tween the homology model of SaTK and the respective crys-
tal structure of the apo form exhibits a relatively high root-
mean-square deviation (RMSD) of 3.9 A. This finding origi-
nates from 1) a deviation in the position of the loop region
of SaTK that depends on the missing ligand binding and
2) the fact that a part of the sequence corresponding to the
one missing in the template structure of BaTK is also absent
in the structure of the SaTK apo form (Figure 3).
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Figure 2. Binding-site model of SaTK. Left: Comparison of a homology
model of S. aureus thymidine kinase and the template structure of B. an-
thracis thymidine kinase (PDB entry: 2j9r, chain A), together with bound
native ligand thymidine. The missing part of the template (cf. Figure 1) is
predicted to form a helix (arrow) flanked by two loop regions. Right:
Perfect alignment between amino acid side chains of the model (transpar-
ent) and the template (solid). Identifiers of selected pocket residues of
the model and a short stretch of the backbone (sketched) are shown for
orientation.

”

Figure 3. Comparative “homology” model of SaTK. Comparison of the
homology model of S. aureus thymidine kinase (light gray) and an exist-
ing X-ray apo structure of the same protein (dark gray, PDB entry: 3e2i).
Structural difference can be found mainly in the position of the loop de-
fining the upper part of the binding cavity upon ligand binding (arrow).
Bound glycerol (not shown) does not populate the thymidine binding
pocket in structure 3e2i. As within the structure of thymidine kinase of
B. anthracis that was used as template for homology modeling, an equiva-
lent part of structure 3e2i is missing (dashed circle).

Reference ligands: For our ligand-based screening efforts
we used 5-chloro-2’-deoxyuridine (5-CldU, 3) with a minimal
inhibitory concentration (MIC) of 0.0625 mgL™' against
both S. aureus strains when combined with SXT in the pres-
ence of thymidine (1). The same MICs were determined for
5-iodo-2'-deoxyuridine (5-IdU, 2), another ligand of bacteri-
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al thymidine kinase.'" SXT alone in the presence of thymi-
dine showed MIC values of >128 mgL™! against both S.
aureus strains (not shown). 5-CldU and 5-IdU were chosen
as reference ligands because halogenated 2’-deoxyuridine
derivatives have recently been reported as thymidine kinase
inhibitors showing significantly improved antimicrobial ac-
tivity against S. aureus when combined with SXT in the
presence of elevated thymidine concentrations."”! Moreover,
Kosinska and co-workers showed that thymidine kinase
from Ureaplasma urealyticum exhibits pronounced phos-
phorylation activity with 5-CIdU as substrate.'” In a first
study, we re-docked the natural ligand thymidine and the
screening reference 5-CldU to obtain a reference value for
the assessment of docking scores and to evaluate the perfor-
mance of our docking protocol. Notably, automated ligand
docking was able to reproduce the binding pose of thymi-
dine. Thymidine and 5-CldU achieved favorable comparable
docking scores of 37 and 38, respectively (higher docking
scores suggest better ligand binding; Table 1).

Table 1. Reference compounds and values. Minimal inhibitory concentra-
tion (MIC) values measured for both S. aureus strains, and docking
scores.

Structure MIC [mgL™] Docking
ATCC ATCC score
700699 29213 (ASP)
)
Y
1 N (6]
o \:&z - - 37
thymidine
O,
HO o Y—NH
2 N\_gzo
HO = | 0.0625 0.0625 38
5-iodo-2'-deoxyuridine (5-
1dU)
O,
HO o YNH
3 Nngo
HO = - 0.0625 0.0625 38
5-chloro-2'-deoxyuridine
(5-CldU)

Virtual screening protocol: We followed a stepwise virtual
screening protocol (Figure 4). A diverse screening library
containing approximately 557000 readily available com-
pounds from two different suppliers was prepared. The first
virtual screening step consisted of a rigorous reduction of
the screening library (“negative design”) by similarity analy-
sis of pool compounds with the reference ligand 5-CldU
(Table 1). For this purpose an in-house implementation of a
self-organizing map (SOM)®! was employed to map the
screening pool (represented in a high-dimensional space
spanned by uncorrelated molecular descriptors) to a two-di-
mensional (2D) regular grid, as described.” The SOM al-
lowed for the identification of a cluster of 912 compounds

Chem. Eur. J. 2010, 16, 9630 —9637
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screening compound
. pool

l SOM clustering

557000

pre-filtered library

111

virtual screening

(3 methads)
ranked lists
l docking
(top 50 of each list)
docked compounds
l selection by ranks and
docking results

1% test round
—| re-screening of compound
194 pool with active compounds

27 test round from 1° test round

Figure 4. Virtual screening protocol. The second test round was per-
formed on the complete screening compound library with the best hits
from the first screening round.

that exhibit high similarity to the reference compound
(“positive design”).

These candidate ligands were considered for the next
screening steps. Three ligand-based screening techniques—
each one focusing on a different aspect of ligand similari-
ty—were applied on this small pre-filtered compound collec-
tion with respect to the same
reference ligand (5-CldU):

FULL PAPER

schemes of the methods. Molecules ranked among the top
50 of each individual list were subsequently docked into a
homology model of S. aureus thymidine kinase. Compounds
from the top scoring ranks with plausible docking poses
yielding high docking scores and hydrogen bridges similar to
the reference ligands were considered for further investiga-
tion. We selected and ordered 14 compounds, which were
tested in vitro for their biological activity on S. aureus thy-
midine kinase. A bacterial whole-cell assay was chosen to
see whether virtual screening can cope with antibacterial ac-
tivity without explicitly predicting this property. Out of the
14 tested compounds, seven compounds (4-10) exhibit anti-
microbial activity against S. aureus strain ATCC 700699 and
S. aureus ATCC 29213 when combined with SXT in the
presence of thymidine (Table 2). None of these compounds
had any intrinsic antimicrobial activity (data not shown).
The fact that 50 % of the 14 compounds chosen for in vitro
screening showed antimicrobial activity when combined
with folic acid antagonists argues for an effective first
screening round. Based on the findings of the first screening
two parallel strategies were applied to select compounds in
a second screening round:

1) A second pseudoreceptor model using our software
PRPS was employed to screen the complete compound

Table 2. Results of the first round of virtual screening and in vitro tests. MIC values represent the median of

1) The pharmacophore align-

three experiments.

ment search tool

. Structure MIC [mgL'] Docking Virtual screening rank
(PhAST)®” compares mole- ATCC 700699 ATCC 29213 score (ASP) P18 P2P! PRPS ShaEP
cules by aligning strings of 0
pharmacophoric feature HO\/\O/\NJ\NH
types devised from their 2D 4 SNg 128 128 36 3 2 - -
representation. i
2) Pseudoreceptor point simi- J\ o]
larity (PRPS)?! computes o
pseudoreceptor representa- 5 S/&o 128 128 8 4t - B
tions of molecules based on cl
three-dimensional (3D) con- JOL
i <07 N NH
format;}n& .6 g 128 128 39 17 18 - -
3) ShaEP"” calculates a simi- o}
larity score by comparing F
3D conformers with respect "o NO,
to spatial overlap of shape 7 /’XD\N /©/ 128 >128 31 - - 2 -
and electrostatic potentials. HO H
HO
O\
PhAST was applied in two g //h\ O/ 128 128 2 _ 6 _
different modes of structure Ho © N
canonization (for more infor- HO Ny
mation, see the Experimental M N NH
Secti lting i Lof ° NGl By 32 64 42 - 8 5 -
ection) resulting in a total o — NTSNTg
four individual screening runs. HO '
. . o
Each method provided us with o N s o
a sorted list of the remaining 10 U, S \;l: 32 64 41 - - - 18
912  screening  compounds, OH

ranked according to the scoring
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[a] PhAST with Isomap canonization. [b] PhAST with Prabhakar canonization (cf. Experimental Section).

— 9633

www.chemeurj.org


www.chemeurj.org

CHEMISTRY

G. Schneider et al.

A EUROPEAN JOURNAL

library (~557000 molecules) again. The model was built
from all seven active compounds found in the first
screening round. Reference compounds were aligned ac-
cording to their docking poses.

2) Compound 10 contains a catechol moiety that is buried
deep inside the thymidine binding site according to the
docking hypothesis. This “head group” is of particular in-
terest as it is structurally distinct from nucleosides.
Therefore, we performed a substructure search for com-
pounds featuring this head group.

The top-scoring 100 molecules of the PRPS screening
with the second pseudoreceptor model were docked into the
homology model, and seven compounds were selected for
testing, from which six compounds (11-16) exhibit antimi-
crobial activity in combination with SXT. Compound 16 has
higher activity than the best compounds 9 and 10 found in
the first screening round (Table 3). In addition, we retrieved
50 compounds containing the head group identified as
promising in round one and docked them into the homology
model. Compounds 17-24 were selected for testing accord-
ing to plausibility of generated poses, high docking scores,
and structural variations of the “tail group”. All eight sub-
stances exhibit the desired effect (hit rate 100%) with six
compounds showing improved MIC values with respect to
compounds of test round one. The most potent compound,
24, exhibits a MIC value of 0.25mgL™" on both S. aureus
strains when combined with SXT in the presence of thymi-
dine, which is only fourfold less potent than 5-CldU and 5-
1dU (Table 4). Again, docking of 24 suggests that the head
group is buried in the binding pocket while the methylqui-
noline tail group interacts with the protein surface outside
the cavity (not shown).

Compound 24 has a rather poor ligand efficiency®™! [LE =
—In(MIC)/(no. of non-hydrogen atoms)] of 0.06. For both
reference compounds, 5-IdU and 5-CldU, we obtained an
LE value of 0.16. Although the primary aim of this work
was to identify non-nucleoside inhibitors of SaTK, the moti-
vating findings suggest that there is room for further optimi-
zation with respect to both binding affinity and molecular
mass.

Five compounds (19, 20, 21, 23, 24) exhibit intrinsic anti-
microbial activity. MICs of these compounds in the presence
of thymidine against S. aureus strains ATCC 29213 and
ATCC 700699 are given in Table 5. MICs are substantially
higher than those obtained in combination with SXT. The
fact that the substances tested in this study showed no or
only weak intrinsic antimicrobial activity is consistent with
mainly thymidine kinase inhibition. It is known that some
thymidine kinase inhibitors such as 5-fluoro-2’-deoxyuridine
also inhibit thymidylate synthase and as a consequence have
intrinsic antimicrobial activity.™ Future studies aiming at
hit-to-lead structure optimization should use direct bacterial
thymidine kinase inhibition assays to verify thymidine
kinase being the target of these non-nucleoside antibiotics.

9634 —
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Table 3. Screening results of the second PRPS model based on the active
compounds of the first round. MIC values represent the median of three
experiments.

Structure MIC [mgL™] Docking
ATCC ATCC score
700699 29213 (ASP)
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Conclusion

Our study demonstrates that multistep virtual screening can
help identify bioactive substances from a large screening
compound pool with limited experimental effort. Rapid fo-
cusing on promising candidate structures was possible, so
that inhibitors of bacterial thymidine kinase with non-nu-
cleoside scaffolds were identified. These inhibitory com-
pounds exhibit moderate to high antimicrobial activity when
combined with folic acid antagonists in the presence of thy-
midine, and provide rich opportunity for further optimiza-
tion. Notably, at least two subsequent screening rounds were
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Table 4. Results of substructure screening. The dihydroxyphenyl head group is preserved in all active mole-

cules. MIC values represent the median of three experiments.
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ration of the full potential of
adaptive multistep and multi-

Structure MIC [mgL™] Docking  method virtual screening in

ATCC 700699 ATCC 29213 score (ASP)  early drug discovery projects™
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Experimental Section

Strains and genetic sequence determi-
nation of bacterial thymidine kinase:
S. aureus strain ATCC 700699 is resist-
ant to methicillin (MRSA) and exhib-
its reduced susceptibility to vancomy-
cin.®®! The genetic sequence of its thy-
midine kinase-encoding tdk gene was
published in 2001 as part of the whole
genome sequence.™ Methicillin-sus-
ceptible S. aureus strain ATCC 29213
serves as a quality-control strain for
antibiotic susceptibility testing.” The
chromosomal tdk gene of S. aureus
strain ATCC 29213 was amplified by
polymerase chain reaction (PCR) with
forward primer Pl (5-GCGAT-
TATGTTTTGAAAAAGGTGG-3)
and reverse primer P2 (§5-
GTTCGTATCTTTCTTCTACAA-
TATC-3"). The nucleotide sequence of
the tdk gene of S. aureus ATCC 29213
was determined by cycle sequencing
using an ABI PRISM DNA sequencer
(Applied Biosystems, Foster City,
USA).

Compound library: Virtual screening
was performed with a structurally di-
verse set of compounds from supplier
catalogues of Specs (v01/2009, Specs,
Delft, The Netherlands) and Asinex
Gold and Platinum collections (v11/

0.25 39

Table 5. Intrinsic antimicrobial effect of non-nucleoside analogues. MIC
values were measured in the presence of thymidine (200 ugL™") and ab-
sence of SXT against both S. aureus strains. Values are medians of three
experiments.

MIC [mgL™"]
ATCC 700699 ATCC 29213
19 128 128
20 64 128
21 64 64
23 16 32
24 32 32

required to yield potent hits. The trick was to use informa-
tion gained about the structuring of the chemical space
spanned by the screening compound pool for “adaptive” op-
timization based on iterative learning.”!! We suggest explo-

Chem. Eur. J. 2010, 16, 9630 —9637
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2008, Asinex, Moscow, Russia). Proto-
nation states of all compounds were
standardized (“washed”) using the
“wash” function of MOE (v2008.10,
Chemical Computing Group, Montreal, QC, Canada). Single three-di-
mensional conformations for each screening compound were computed
with the software CORINA (v3.2, Molecular Networks, Erlangen, Ger-
many).

Self-organizing map: The reference compound 5-CldU was added to the
screening library before the calculation of all 184 2D descriptors of MOE
for each molecule. Principal component analysis® revealed that 95% of
the variance in the dataset could be explained using the 40 first principal
components, so these uncorrelated descriptors were used for representing
the screening compound library. We used an implementation of the self-
organizing map (SOM)®! algorithm to further reduce the dimensionality
of the dataset.” The SOM performed a nonlinear mapping from the
original descriptor space (here: 40-dimensional) on a two-dimensional
map. Each molecule is assigned to one of the receptive fields (clusters) of
the SOM. We used a SOM with a topology of 20 x 30 neurons (600 recep-
tive fields) organized as a torus. The SOM was trained in 5x10° cycles.
The parameter defining the decay of weight update during training was
initialized with 1. The initial width of the Gaussian neighborhood func-
tion was 5. Distances were calculated as the Euclidean distance. From

— 9635
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the trained SOM we selected the 912 compounds assigned to the neuron
containing the reference compound for the virtual screening process.

PhAST: The pharmacophore alignment search tool (PhAST) is a string-
based approach to virtual screening.*” It reduces each molecule to an un-
ambiguous linear representation describing its pharmacophoric fea-
tures—called ‘PhAST-sequence’—in three steps: 1) each non-hydrogen
atom in the structure graph is replaced by a potential pharmacophoric
point symbol; hydrogen atoms are removed; 2) vertices of this pharmaco-
phoric feature graph are canonically labeled, and 3) vertex symbols are
concatenated into a string in increasing order of their canonical labels.
For virtual screening, both the screening compound collection (‘library’)
and the query molecules were converted and the resulting PhAST se-
quences were compared using pairwise global sequence alignment.”! As
a result, molecular similarity values are computed from the pairwise
alignments, which were used for the retrieval of molecules with similar
pharmacophoric features from a compound database. PhAST distin-
guishes between nine different potential pharmacophore points: positive
charge; negative charge; aromatic; lipophilic; hydrogen-bond donor; hy-
drogen-bond donor and acceptor; hydrogen-bond acceptor and positive
charge; hydrogen-bond donor and acceptor and positive charge; no inter-
action. The original version of PhAST uses the algorithm of Weininger
et al® for canonization. In this work we employed the algorithm by
Prabhakar and Balasubramanian®®! (referred to as ‘PhAST Prabhakar’)
and the Isomap algorithm“! (referred to as ‘PhAST Isomap’). PhAST
Prabhakar was used with gap open penalty=>5 and gap extension penal-
ty=1; PhAST Isomap with gap open penalty=8 and gap extension pen-
alty=1. With all versions of PhAST the published standard score matrix
was used.”” In contrast to the original version of PhAST, we calculated
the alignment score normalized to the alignment length as a similarity
measure between aligned sequences instead of sequence identity. These
modifications were shown to be superior to the original approach.“!!
PRPS: Pseudoreceptor point similarity (PRPS) is a virtual screening tool
bridging receptor- and ligand-based screening techniques.”® Starting
from a 3D conformation of a ligand, PRPS projects potential interaction
points into the surrounding space mimicking a surrounding “idealized”
receptor pocket. Location of interaction points depends on known pre-
ferred distances and angles of the respective hypothetical interaction, as-
sumed to be possible at this position of the ligand. The type of an interac-
tion point (hydrogen-bond donor, hydrogen-bond acceptor, m stacking
(“aromatic™)) is complementary to the respective potential pharmaco-
phoric point of the ligand. The spatial arrangement of generated interac-
tion points is then transformed into an alignment-invariant representa-
tion as a cross-correlation descriptor. PRPS compares two molecules by
calculating the Euclidian distance between their descriptor representa-
tions. A PRPS model can be computed for a single ligand or for a set of
multiple ligands. In the latter case the model is built based on an align-
ment of all compounds, and projected interaction points are weighted by
the number of molecules that projected them to the same location.

ShaEP: ShaEP is a tool for 3D ligand-based virtual screening that evalu-
ates the similarity between two molecules by means of spatial overlap in
volume and calculated electrostatic potential fields.”” Rigid body align-
ment of the molecules is performed to optimize overlaps. Ligand flexibili-
ty can be addressed implicitly by not only comparing a single conforma-
tion of both molecules but instead by performing an exhaustive pairwise
comparison of conformation ensembles. For ShaEP screenings, up to 10
conformations of both the reference ligand and each screening compound
were generated using the stochastic conformer generation routine of
MOE. Partial charges for every conformation were calculated according
to the MMFF94 parameter set available in MOE. Only the highest score
of all pairwise comparisons was considered for the final ranking of
screening compounds.

Homology model: A comparative protein model (“homology model”) of
SaTK was built using the web service of Swiss Model“** in automated
mode. The crystal structure of Bacillus anthracis thymidine kinase (PDB
identifier: 2j9r, chain A) served as template. The query sequence was de-
rived from S. aureus ATCC 700699 thymidine kinase (access number:
NP_372643).

9636 ——

www.chemeurj.org

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Automated ligand docking: Docking experiments were performed using
the software GOLD!* with the ASP scoring function. Residues F92,
L116, D119, F120, F125, T155, R157, 1170, 1171, L172, V173, G174, and
Y179 defined the binding site. Initial 3D conformations of docked com-
pounds were calculated by CORINA prior to docking.

Microdilution assay: Minimal inhibitory concentrations (MICs) of the po-
tential different thymidine kinase inhibitors alone and in combination
with SXT against S. aureus strain ATCC 700699 and S. aureus ATCC
29213 in the presence of thymidine were determined according to Clini-
cal and Laboratory Standards Institute (CLSI) guidelines with some
modifications.* Therefore, a bacterial suspension (95 pL, exponential
growth phase) of S. aureus strains (ca. 5x10° cellsmL™") in cation-adjust-
ed Mueller-Hinton broth (Becton, Dickinson and Company, Sparks,
USA) supplemented with thymidine (200 ugL™'; Sigma—Aldrich, Munich,
Germany) and with or without trimethoprim/sulfamethoxazole (40 mg)
in a ratio of 1:19 (both Sigma-Aldrich) was added to each well of a 96-
well microtiter plate (Greiner, Monroe, USA). A solution (5 puL) of dif-
ferent potential thymidine kinase inhibitors in various dilutions was
added to each well (range of final concentrations: 0.03125 to 128 mgL ™).
After 20 h of incubation at 37°C, MICs were determined. Experiments
were performed in triplicate.
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