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Discovery of Novel Inhibitors of the NorA Multidrug Transporter of Staphylococcus aureus
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Four novel inhibitors of the NorA efflux pump of Staphylococcus aureus, discovered through a virtual
screening process, are reported. The four compounds belong to different chemical classes and were
tested for their in vitro ability to block the efflux of a well-known NorA substrate, as well as for their
ability to potentiate the effect of ciprofloxacin (CPX) on several strains of S. aureus, including a NorA
overexpressing strain. Additionally, the MIC values of each of the compounds individually are reported.
A structure—activity relationship study was also performed on these novel chemotypes, revealing three
new compounds that are also potent NorA inhibitors. The virtual screening procedure employed FLAP,
a new methodology based on GRID force field descriptors.

Introduction

The emergence of drug resistance in different species of
bacteria is a growing cause of concern.' These bacteria include
strains of S. aureus that are resistant to vancomycin>* and to the
recently discovered linezolid,>” often considered “the last line
of defense” against S. aureus strains demonstrating multidrug
resistance (MDR®). Even though new methods of treatment
have been developed or are about to be made available,® the
restoration of clinical efficacy of antibacterials against which
resistance has developed remains an important goal.

Antibiotic resistance mechanisms include alteration or
modification of the target site,” degradation of the antibiotic
molecule,” and reduction of effective intracellular antibiotic
concentration via changes in membrane permeability' and/or
membrane-based efflux pumps.'"!*> The latter mechanism is
of special interest because, much like the widely studied hu-
man P-glycoprotein (Pgp, also known as ABCBI1), bacterial
MDR efflux pumps have been shown to transport a wide
variety of structurally unrelated compounds without altera-
tion or degradation.?

Of particular concern among resistant microorganisms is
the alarming rise of methicillin-resistant Staphylococcus aur-
eus (MRSA) strains that are highly virulent.'* The proportion
of healthcare-associated staphylococcal infections that are
due to MRSA has been increasing: 2% of S. aureus infections
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in U.S. intensive care units were MRSA in 1974, 22% in 1995,
and 64% in 2004."° Invasive MRSA infections occur in
approximately 94000 persons each year and are associated
with about 19 000 deaths. Approximately 86% of these infec-
tions are healthcare-associated, while the remainder are com-
munity-associated.'®

The S. aureus NorA efflux pump, which is a member of the
major facilitator superfamily (MFS), is known to play a
major role in the development of resistance to the quinolone
drugs'” by reducing their concentration inside the target
pathogens.!""'? This leads to a decrease in efficacy and a
greater chance for the emergence of high-level target-based
resistance.'® ?” When quinolones are being used as antibac-
terials against pump-related resistant strains, the inhibition of
NorA by efflux pump inhibitors (EPIs) may restore the
original efficacy of the compounds, unless some other resis-
tance mechanism is also present. Different classes of com-
pounds have already been shown to be capable of doing this,
including 1,4-benzothiazine derivatives,*! N-caffeoylphe-
nalkylamide derivatives,? piperine analogues,”>** flavonolignan
and flavone compounds,'® 2-aryl-5-nitro-1H-indoles,> omepra-
zole analogues,” benzo[b]thiophenes,””® fluoroquinolone® and
6-amino-8-methylquinolone ester derivatives,™ fractions of
plant extracts,’'>* and some mammalian Pgp inhibitors.*>-*¢
Kaatz and co-workers have been studying the inhibition of
various bacterial efflux pumps for several years. They have
identified a substantial number of diverse compounds with a
marked NorA inhibitory activity including phenothiazines,
thioxanthenes, selective serotonin reuptake inhibitors, and a
variety of phytochemicals.”***!~** For a more in-depth review
see ref 37.

Only one high-throughput screening study®® and a limited
number of QSAR studies concerning the inhibition of NorA
are reported in the literature.**-***° These models, generated
using different methodologies, are mostly local in terms of
chemical diversity and explain how slight modifications in
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Table 1. Representative Molecules from the Training Set'
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“The full list of molecules is available as Supporting Information.

chemical structure can be correlated with the observed
activity within the homologous series. Our group has also
attempted to model NorA inhibition for a limited series of
molecules in the past, with varying degrees of success and a
limited applicability domain.?!-** This previous work has
convinced us that a more global model for NorA inhibition
is required.

The aim of the work presented here is to bring together
this large and chemically diverse data set (Table 1) into a
single, global in silico model for NorA inhibition with a
large validity domain. The model was used to select a
number of compounds from a public database that were
subsequently tested for their NorA-inhibitory activity.

Results

Data Set. The data set used in this work was built using
compounds that have been tested against the same strain,
with the same experimental procedure, yet reported in
different publications.?!2>27:30:36:41:424445 "Ethidium  bro-
mide (EtBr)* efflux assays were performed and published
for all the molecules using S. aureus 1199B (SA-1199B) as the
test strain and employing identical experimental protocols.
The same experimental methods have been used for the in
vitro experiments presented in this work. Details are given in
the Experimental Section.

Since the computational method being used is discrimi-
nant while the percentage of efflux inhibition obtained from
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Training Set

Active Molecules (NorA Inhibitors) / Inactive Molecules (NorA Non-inhibitors)
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Figure 1. Scheme for the Flap process (refer to the section Com-
putational Methods for details).

the experimental data is continuous, in order to define a
training set, each compound was classified into one of three
classes based on its experimental percentage inhibition value.
In order to ensure that the classification was homogeneous,
all percentage inhibition values were taken from experiments
performed using 50 uM test compound. Molecules produ-
cing a reduction in EtBr efflux of 50% or less were considered
as noninhibitors of NorA, while those with an observed
reduction of 70% or greater were considered as efflux pump
inhibitors. Since none of the compounds for which data are
available at different concentrations show reduced efflux
inhibition at higher concentrations, or vice versa, molecules
with an observed reduction of 70% or more at a concentra-
tion lower than 50 uM were also considered as inhibitors,
while molecules with an observed reduction of 50% or less at
a concentration higher than 50 uM were also considered as
noninhibitors. Molecules with intermediate efflux reduction
were not used in the training set.

The data set is summarized in Table 1, while the full list of
compounds is given in the Supporting Information. A total
of 17 active molecules and 41 inactive molecules formed the
training set of the model. It is noteworthy that the molecules
represented by 4, 6, and 9 are all noninhibitors. The presence
of such inactive molecules within the training set is impor-
tant, as they form part of the criteria upon which the in silico
model is built.

Model. The computational procedure applied in this work
makes use of the most recent advances of the FLAP
software,*®*” which has been previously used successfully for
ligand-based virtual screening projects,” > pharmacophore
hypothesis generation,’’>* and high-throughput virtual
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screening of proteins.”> FLAP is now a virtual screening and
model-development program based on 3D molecular similar-
ity, measured through common GRID*~%® molecular inter-
action field (MIF) volumes.

FLAP functions by selecting a user-specified number of
molecular structures as “templates” from a list of candidates,
then superimposing the test molecules onto these templates
and comparing the resulting MIF volume overlaps. Scoring
functions are used to assign numerical values to the extent of
MIF volume overlap of the two molecules. These scores
represent the chemical differences between the template
molecule being used and the screening molecule being tested
and are hence a measure of the likelihood of the molecule
being tested having an activity similar to that of the template
compound. The procedure is schematized in Figure 1, and
details are given in the Experimental Section.

Virtual Screening. Using the training set summarized in
Table 1, a NorA inhibition model with an r* value of 0.95
was developed using FLAP. This model was then used to
screen a large commercial database in an attempt to find
novel inhibitor chemotypes.

A database of about 300000 compounds was prepared
from the Specs catalogue.”® All structures present in the
catalogue were downloaded as sdf files from the Specs
database and then cleaned by removing all salts, noncovalent
complexes, and nondruglike molecules. A total of 295182
compounds were retained. These compounds were then
passed to FLAP in order to generate a database upon which
the virtual screening was performed.

In the first selection step, all compounds in this database
were subjected to a quick screening using FLAP in order to
evaluate whether their molecular structure was roughly
similar to that of any of the template molecules. This step
was necessary to eliminate compounds that would otherwise
have been obvious outliers and more importantly to enrich
the selected fraction in molecules that have a good possibility
of being NorA inhibitors.

All molecules with a calculated distance score lower than
0.925 toward any one of the two templates (3348 structures)
in the first selection step were then projected onto the FLAP
model a second time. This round of calculations, while
employing the same FLAP algorithm, made use of linear
discriminant analysis (LDA) modeling, which implies that
the types of interactions that the molecules being screened
are able to have were evaluated with more precision.

Thirty molecules that were predicted to be the strongest
inhibitors were then selected. This selection was done on the
basis of which molecules were commercially available at the
time in the amounts required for the biological assays while at
the same time attempting to keep as high a chemical diversity as
possible. These 30 compounds, which are shown in Table 2,
formed the so-called “candidates” set. Note that, as shown in
Figure 2, in each of the two selection steps performed in order to
arrive at this final selection of compounds, only the top ~1% of
the available compounds were selected.

To the best of our knowledge, no activity studies have been
published for any of the 30 selected compounds with the
exceptions of 15, 16, 34, and 38 which are patented as a method
for altering the lifespan of eukaryotic organisms,> 20 which is
patented as an antipsychotic agent,”" 28 which is a patented
antiviral agent,®' and 40 which is an antiarrhythmic.®

EtBr Efflux Inhibition Results. All candidate compounds
were first evaluated for their ability to inhibit the efflux of EtBr.
These tests were performed at 50 uM against SA-1199B using
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Table 2. The 30 Candidate Molecules
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“MIC values were only measured when the % EtBr efflux inhibition was >70%.

reserpine (1) as the reference compound (Table 3). The SA-
1199B strain contains a point mutation in gr/4 (topoisomerase
IV A subunit gene), resulting in an amino acid substitution in
GrlA (A116E), and also overexpresses the NorA efflux pump
(norA++) by way of a promoter up-mutation.’*¢*

Thirteen of the tested compounds demonstrate >20%
inhibition of EtBr efflux in the SA-1199B strain. Four compounds,

including 4-methyl-N-[2-(1-methyl-1 H-pyrrol-2-yl)-1 H-benzimid-
azol-5-yl]benzenesulfonamide (16), 2-{[3-(benzyloxy)benzyl]-
amino}-1-phenylpropan-1-ol (21), 4-({[3-cyano-6-ethyl-4-(tri-
fluoromethyl)-5,6,7,8-tetrahydroquinolin-2-ylJthio }methyl)-
benzoic acid (23), and 3-{5-[(Z)-(3-sec-butyl-2,4-dioxo-1,3-
thiazolidin-5-ylidene)methyl]-2-furyl}-4-chlorobenzoic acid
(28), exhibit a strong inhibitory activity (> 70%). These four
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molecules were considered as “hits”. In three cases (16, 21,
and 28) this inhibition is comparable to that of the reference
compound reserpine (=80%).

Two of these compounds (23 and 28) display variable
intrinsic antibacterial activity, whereas such activity is totally
lacking in the other two compounds (16 and 21). In the latter
cases, the observed inhibition of EtBr efflux can be attributed
solely to the inhibition of the NorA efflux pump (Table 3).

For those compounds with a percentage of inhibition of
EtBr efflux greater than the threshold of 70%, a dose-
response curve has been built (Figure 3). The dose-response
curves confirm that compounds 16, 21, 23, and 28 are as
potent inhibitors of EtBr efflux as the reference compound
reserpine. Furthermore, compounds 16 and 21, which are
devoid of intrinsic antibacterial activity, are slightly stronger
inhibitors than reserpine at concentrations greater than
30 uM.

Ciprofloxacin Synergistic Activity Results. Further studies
were performed on the four active hits in order to evaluate
whether the observed inhibition of EtBr efflux, and hence the
inhibition of the NorA efflux pump of S. aureus, can actually
restore the original antibacterial activity of ciprofloxacin
(CPX) against both wild-type and resistant S. aureus strains.
For this purpose checkerboard assays were performed using
two pairs of S. aureus strains, SA-K 1902 (norA-)/SA-K2378
(norA++) and SA-1199 (nord wild-type)/SA-1199B
(norA++ and A116E GrlA), aswell as S. aureus ATCC25923
(control, wild-type strain) (Figure 4).

The intrinsic antibacterial activity of each of the com-
pounds being investigated on each test strain was evaluated
with the aim of highlighting any possible antibacterial
activity that could interfere with the assessment of synergistic
activity with CPX based on NorA inhibition (Table 3).

Among the tested compounds 23 displayed the best anti-
bacterial activity. The other compounds have less or no
antibacterial activity, with MICs of around 50 ug/mL for
28, 100 ug/mL for 21, and > 100 ug/mL for 16. The last can
be considered to be devoid of any antibacterial activity.

As can be seen in Figure 4, three of the four hits (21, 23,
and 28) do not exhibit a significant reduction of the MIC of

Screening database 300,000
—————— First selection (Distance) = = = = = -
Selected subset 3,000

- = Second selection (Model)- -

Acquired
& tested 30

Figure 2. Scheme summarizing the entire virtual screening process,
from the initial database to the final hits discovered.
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CPX (2- to 4-fold reduction) in the strains with a basal
expression of the NorA pump (SA-K1902 and SA-1199)
and in the wild-type S. aureus ATCC25923 strain. Only
compound 16 displays a synergic activity with CPX against
S. aureus ATCC25923 and SA-1199, with an 8-fold reduc-
tion of the antibacterial MICs at 3.13 and 0.78 ug/mL,
respectively. Considering that compound 16 is devoid of
any intrinsic antibacterial activity and that these strains have
a basal expression of NorA efflux pump, it could be pro-
posed that other non-NorA efflux pumps are involved in the
synergistic activity of 16 with CPX (Figure 4).

Compound 16 is the most interesting of the four hits
because, besides being devoid of any intrinsic antibacterial
activity against all the tested strains (> 100 ug/mL), it is more
potent than compounds 21 and 28 against SA-K2378 (32-
fold reduction of CPX MIC at 3.13 ug/mL) and slightly
better than 21 against SA-1199B, with a 4-fold MIC reduc-
tion at 6.25 ug/mL and an 8-fold reduction at 25 ug/mL
(Figure 4).

The intrinsic antibacterial activity of compound 21 is not
significant (=100 ug/mL in most strains, 50 ug/mL in SA-
K2378), while it displays a good synergistic activity. In fact,
compound 21 was shown to reduce the MIC of CPX on SA-
K2378 by 4-fold at only 3.13 ug/mL and by 16-fold at 12.50
ug/mL. With respect to SA-1199B, compound 21 reduces the
MIC of CPX by 4-fold at 12.50 ug/mL and by 16-fold at 25
ug/mL (Figure 4).

The synergic activity with CPX of compound 23 is heavily
influenced by its evident intrinsic antibacterial activity (6.25
ug/mL in most strains, 12.5 ug/mL on SA-K1199) (Table 3).
It is still possible to consider the synergic activity with CPX
of compound 23 at a concentration that is <'/4 of its
respective MIC against the strains included in the assays
and in doing so probably to reduce this interference. 23
reduces the MIC of CPX 16-fold in the SA-K2378 strain at
1.56 ug/mL. However, against SA-1199B the 2-fold MIC
reduction at this concentration is negligible (Figure 4).
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Figure 3. Dose-response curve of EtBr efflux inhibition in SA-1199B
for 16, 21, 23, and 28 and the reference compound reserpine (1).

Table 3. MICs of Hit Compounds against S. aureus Strains Included in the Tests

S. aureus strains, MIC (ug/mL)

SA-K 1902 SA-K2378 SA-1199 SA-1199B
compd ATCC25923 (WT) (norA-) (norA++) (norA WT) (norA++/A116E GrlA)
16 > 100 >100 >100 >100 >100
21 100 100 50 100 >100
23 6.25 6.25 6.25 12.50 6.25
28 50 50 50 25 50
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Figure 4. Effect of compounds 16, 21, 23, and 28 on the MIC of ciprofloxacin against S. aureus ATCC25923, SA-K 1902, SA-K2378, SA-1199,
and SA-1199B. Reserpine (1) was included as a reference compound for tests against SA-1199 and SA-1199B.

16

Figure 5. Structure—activity relationship study of the four hits. The highlighted areas represent the regions in which modifications have been made.

Compound 28 reduces the MIC of CPX by up to 32-fold same compound on that strain. A synergic activity with CPX
against SA-K2378 at 12.5 ug/mL, whichis '/, of the MIC of the due to the intrinsic antibacterial activity of 28 is hence excluded,
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Table 4. Structures and Data for the “Analogues”
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“Percent reduction of EtBr efflux in SA-1199B by 50 #M test compound. ” Not tested.

and the potentiation of the MIC of CPX should therefore be
solely due to the inhibition of the NorA pump. Even in the SA-
1199B strain, which is characterized by the overexpression of
the NorA pump and a substitution mutation in topoisomerase
1V, 28 is capable of reducing the MIC of CPX by 8-fold (from
10 to 1.25 ug/mL) at 12.5 ug/mL, restoring the susceptibility of
the strain to the quinolone antibacterial (Figure 4).

Considering the synergistic antibacterial activity with
CPX against SA-1199B, all four tested compounds (16, 21,
23, and 28) are more potent than the reference compound
reserpine, at least at concentrations higher than 6.25 ug/mL.
From the data obtained (reported in Figure 4) it is possible to
confirm that for compounds 16, 21, 23, and 28, the observed
inhibition of EtBr efflux leads to a potent synergic effect with
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the quinolone antibacterial CPX, which is caused by the
inhibition of the NorA efflux pump.

Validation of the Hits. It was deemed necessary to inves-
tigate these hits further, in particular to decide whether these
compounds were spike actives or else members of a series of
potentially active compounds. Structures and substructures
similar to those of the four discovered hits were searched for
in the ZINC database.®>® These searches resulted in a large
number of “analogue” compounds for each of the hits, of
which a small sample of three to five molecules were selected
for each hit. The selected compounds all differed from the
“parent” compound in definite, but relatively minor, ways
(see Figure 5). The molecules acquired and tested are listed in
Table 4, together with the results of the biological assays
performed.

Almost all the analogue compounds exhibit a slight to mod-
erate inhibitory effect on the efflux of EtBr in SA-1199B, with the
exceptions of 42, 46, and 47 which are completely inactive, while
compounds 41 and 45 demonstrate impressive 94.3% and 88.4%
reductions of EtBr efflux, respectively, without any intrinsic
antibacterial activity. These two compounds are more potent
than any of the original hits discovered and of reserpine itself.

Dose-response curves (Figure 6) and CPX synergistic
activity assays in the SA-1199 and SA-1199B strains
(Figure 7) were also created for each of the three “analogue”
compounds which surpassed the 70% efflux inhibition
threshold (41, 45, and 55). The dose-response curves for
the three “analogue” compounds (41, 45, and 55) confirm
that all these structures are good inhibitors of EtBr efflux.
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E
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Figure 6. Dose-response curve of EtBr efflux inhibition for com-
pounds 41, 45, and 55 against SA-1199B. For a comparison with
their respective hits and reserpine (1), refer to Figure 3.
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Only compound 45 is slightly more active than the parent hit
compound and reserpine (Figure 6).

From the isobologram of the synergistic activity for the
three compounds against SA-1199 (NorA WT) strain, it can
be observed that compounds 41 and 45 show a slight
synergistic activity with CPX (from 2- to 4-fold MIC re-
duction), while 55 reduces the MIC of CPX by more than
8-fold at 3.13 ug/mL, which is less than '/, of its MIC (25 ug/mL)
against the strain. Compounds 41, 45, and 55 are slightly less
potent than their “parent” hits 16, 21, and 28 in reducing the
MIC of CPX against SA-1199B and more potent than the
reference compound reserpine at concentrations higher than
25 ug/mL. This confirms that the inhibition of the S. aureus
NorA efflux pump can actually restore the original antibac-
terial activity of CPX.

Discussion and Conclusions

Using the novel FLAP procedure and starting from a large
and chemically diverse data set, four novel inhibitors of NorA
have been discovered. These four compounds were the hits
obtained from a total of 30 tested compounds, implying a hit
rate of ~13%. Three of these compounds (16, 21, and 28) are
as potent as reserpine at 50 4uM, with compounds 16 and 21
being stronger EtBr efflux inhibitors at concentrations above
30 uM.

Compound 23 and, to a lesser extent, compound 28 exhibit
intrinsic antibacterial activity, while compounds 16 and 21 can
be considered to be devoid of such activity. Compounds with a
high intrinsic activity might be interesting for further devel-
opment, since they might result in compounds that exhibit
antibacterial activity and are capable of inhibiting efflux
pumps.

All four compounds exhibit a better synergistic activity
than reserpine with CPX in the bacterial strains overexpres-
sing the NorA efflux pump at concentrations greater than 6.25
ug/mL. Because of its intrinsic antibacterial activity, it is not
known whether or not the CPX activity potentiation observed
for compound 23 is due to its inhibition of the NorA efflux
pump. For the other three hits, it is presumed that the
inhibition of NorA is the main mechanism through which
the observed increase in efficacy of CPX is obtained.

The synergistic results for compound 16 show that, unex-
pectedly, this compound also potentiates the effect of CPX
against S. aureus ATCC25923 and SA-1199. A possible
reason for this could be that 16 is capable of blocking efflux
pumps other than NorA which also transport CPX, thus
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bringing about the observed effect. This hypothesis could be
tested when S. aureus strains overexpressing pumps other than
NorA are made available.

The testing of compounds analogous to the four active hits
has allowed us to speculate on which parts of their structures
are most important in causing inhibition of NorA. From the
compound 16 analogues tested, it appears that limited mod-
ifications to the sulfone and amide group (41) do not cause a
significant change in inhibitory activity, whereas modifica-
tions to the substituents of the imidazole ring (compounds 42
and 43) drastically reduce the observed activity. Changing the
I-methylpyrrole ring with a furan ring (compound 44) only
brings about a slight decrease in inhibitory power.

Molecule 45 shows that the methyl group of the 2-(1-
phenyl-1-propanol) moiety is unnecessary for the observed
activity in molecule 21 and can be replaced with a 2-(1-phenyl-
l-ethanol) scaffold without a decrease of activity, while
molecule 47 shows that the O-benzyl group is essential. The
introduction of a benzyl group onto the secondary nitrogen
causes a complete loss of activity.

All analogues of compound 23, which had a modification in
either the fused ethylcyclohexane or the benzoic acid, pro-
duced structures with poor in vitro activity. This implies that
both parts of the original compound are essential for the
observed activity and that the inhibition effect in vitro is
probably brought about through a very specific binding
mode.

Compound 55 demonstrates that cis—trans tautomerism at
the only bond in which this is possible in the parent molecule
does not seem to affect the observed activity of the molecule.
Compounds 53 and 54 show that modifying the sec-butyl
chain on the imidic nitrogen causes a complete loss of activity.
Compound 57 shows that replacing the substituted phenyl
ring with a pyrridolidine ring also causes a complete loss of
activity. The central furan ring appears to be also essential to
retain the inhibitory activity.

In conclusion, a NorA model for EtBr efflux inhibition has
been created. By use of the predictions of this model, four hits
from a total of 30 tested compounds have been discovered.
Dose-response curves, synergistic activity studies, and preli-
minary SAR studies performed on these hits have shown that
compound 16 and to a lesser extent compound 21 seem to be
ideal candidates for further investigation.

Experimental Section

Purity of Tested Compounds. Purity of the active compounds
(16, 21, 23, 28, 41, 44, 45, and 55) was determined by '"H NMR
and LC—MS according to the UV trace at 230 and 254 nm and is
reported in the Supporting Information. Purity was found to be
over 95% for all compounds tested. Screening compounds
11—40 were all purchased from Specs.>® Derivative compounds
41—43 and 47, 49, 51, and 52 were also purchased from Specs.
Compounds 44, 45, 56, and 57 were purchased from ChemDiv.*’
Compound 45 was purchased from ChemBridge.*® Compounds
46 and 53—55 were purchased from Vitas-M.%> Compounds 48
and 50 were purchased from KeyOrganics.”” Compound codes
from the vendors are available as Supporting Information.

Bacterial Strains. The strains of S. aureus employed were
ATCC 25923 (wild-type), SA-1902 (norA-deleted), and SA-
1199B (overexpressing norA and also possesses an A116E GrlA
substitution).®*** In addition SA-K2378, which overexpresses
norA from a multicopy plasmid, also was used. This strain was
produced by cloning norA and its promoter into plasmid pCU1
and then introducing the construct into SA-K1902.”!
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Microbiologic Procedures. MICs were determined in du};)licate
by microdilution techniques according to CLSI guidelines.”” The
effect of combining reserpine and chlorpromazine or scalar dilu-
tions of freshly prepared solutions of each test compound on the
MICs of CPX also was determined. Checkerboard combination
studies were performed as described previously.”

EtBr Efflux. The loss of EtBr from S. aureus SA-1199B was
determined fluorometrically as previously described.”® Experi-
ments were performed in duplicate, and the results were ex-
pressed as the mean total efflux over a 5 min time course. EtBr
efflux of SA-1199B in the presence of test compounds was
compared to that determined in their absence, and percent
reduction in efflux was calculated. The effect of increasing
concentrations of test compounds on EtBr efflux was deter-
mined to generate dose-response profiles.

Computational Methods. The computational tools employed
in this work all form part of the FLAP package, which is a tool
designed principally for model creation and virtual screening.
As with other GRID-based methods applied to virtual
screening,‘w‘75 ~78 FLAP makes use of reference molecules, also
called “templates”, as common targets for structural compar-
ison of all the molecules in the database. What makes it almost
unique is that the templates can be chosen by the program in an
automatic manner. This is only possible because FLAP is also a
model-development program: the choice of templates is based
on which molecules would produce the best superpositions for
the molecules in the data set which exhibit the desired activity, as
described below. These template structures serve as the base
upon which molecular comparison is performed for other
molecules.

In order to perform template selection, FLAP requires a
training set of “active” and “inactive” molecules, as well as a
list of candidate template molecules, which are usually the active
molecules of the training set. The number of molecules used in
the training set and the number of “uncertain” molecules that
were excluded from this set are highlighted in Table 1. The full
list of molecules can be found in the Supporting Information.
Each of the training set molecules is first superimposed onto
each of the templates, and their pairwise similarities are eval-
uated on the basis of the common volumes of their correspond-
ing MIFs.

FLAP performs superposition by comparing the structures of
ligand and template using the atoms of the structures them-
selves. The individual atoms are combined into all possible
groups of four points, called quadruplets. This is a computa-
tionally very efficient short-cut. The approach adopted is to use
the quadruplets to search for as large a number of superposi-
tions as possible, yet proceed with the orientation and scoring of
the resulting structures only when their superposition produces
a potentially favorable result. This allows for a larger number of
superpositions to be sampled from all those mathematically
possible, without making the computational time required
impractical.

A potentially favorable superposition (also known as a
“solution”) is said to be found when each of the points of one
quadruplet is within a given distance of an individual point in the
quadruplet it is being compared to. When this occurs, FLAP will
orient the two structures and their MIFs to fit onto the super-
imposed quadruplets and then proceed to score the overlap of
the MIF volumes.

A score is assigned to the overlap of each of the probes being
used and to the overlap of several probe combinations. These
scores are the “probe-scores”. An entire set of probe-scores are
produced for each of the solutions found, yet for each molecule,
only the best score is saved for each of the probes used and for
each of the probe combinations. Of course, these saved scores do
not necessarily refer to the same solution.

The final probe-scores saved for each molecule are then
combined into a single score value, referred to as a “distance-
score”. This distance-score represents the overall similarity
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between the molecule being investigated and the template being
employed and can be used as a rough estimate of how similar
two structures are in terms of the interactions they are capable of
having.

Finally, the templates chosen from the list of candidates are
those that give the best distance-scores for the active molecules
and the worst distance-scores for the inactive molecules. The
templates chosen by the algorithm as the most representative
molecules of the training set are molecules 1, 63, and 98 (refer to
the Supporting Information).

FLAP was then used to produce a linear discriminant analysis
(LDA) model. In general, LDA model scores are superior to
distance-scores, since they represent the similarity of the molecule
being studied to an entire set of molecules rather than to a single
template molecule. In order to create such a model, FLAP
therefore needs to refer to the training set again (Table 1).

The LDA models were implemented in the FLAP function by
performing a linear combination of the probe-scores and their
combinations. “LDA-scores” are calculated for each of the
molecules in the set by combining a fixed number of the various
scores produced previously. All possible probe-score combina-
tions are attempted. The combinations of probe-scores that
produce the highest LDA-scores for the active molecules and
the lowest LDA-scores for the inactive molecules are then saved
into the LDA model, since they best describe the observed
inhibitory activity. The original probes used in this analysis
were the default probes DRY, O, N1, and H. The probe-scores
selected in the created LDA model were H, H*NI1*H,
H*DRY*H, and the Global Product.

The prediction of external compounds is performed by super-
imposing the test molecules onto the optimally selected tem-
plates and evaluating their probe-scores using the procedure just
described. The selected probe-scores are then combined into the
LDA-score according to the rules saved in the LDA model. In
the virtual screening scenario, where hundreds or thousands of
molecules are being studied, this LDA-score represents the
likelihood of the individual screening molecules of being active.
The standard procedure is therefore to rank the list of screened
molecules by their LDA-score, then selecting the top fraction.

Supporting Information Available: Compound name, molec-
ular structure, SMILES code and biological data for the mole-
cules tested; experimental data demonstrating the purity of the
active compounds. This material is available free of charge via
the Internet at http://pubs.acs.org.
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