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Several laboratories have demonstrated that activation of drug metabolism by P450s may occur via a
mechanism that resembles allosterism from an enzyme kinetic standpoint. Because the effector drug binding
site may be located in the same P450 binding pocket where the drug substrate is located, the ability to find
and characterize novel effectors (aka heteroactivators) will prove to be important in probing the mechanism
of activation. We have used analogues of the prototypical CYP2C9 heteroactivator dapsone to validate a
simple docking method that can be used to predict heteroactivators based on ligand binding location in a
P450 crystal structure. As proof of concept for the described docking method, a protocol was developed to
discover potential heteroactivators from a virtual chemical library through efficient sortirrgd6f000
compounds. One of the top-scoring compounds identified was verified to be a CYP2C9 heteroaictivator
vitro, and it possessed activity similar to dapsone.

Introduction of this activation was observed vivo, it might dramatically
As the most abundant enzymes involved in the oxidative lower the efficacy of a narrow therapeutic index drug such as

metabolism of xenobiotics in the liver, the cytochromes P450 Phenytoin, or act to rescue overdose.
aid in drug clearanck Therefore, the rate of P450-mediated ~ Herein, we describe a rapid docking methodology that can
drug metabolism will affect the dosing regimen of a drug, and be used to screen virtual chemical libraries for novel P450
possibly, efficacy and/or toxicity. Upon dosing of multiple drugs heteroactivators. In principle, the high-throughput filtering of
whose metabolism is carried out by the same P450 isoform, adrug-like moleculesin silico could be used to quickly find
drug—drug interaction may result via inhibition of metabolidfh.  ligands that bind to a biological targ€tThe method described
More recently, evidence of drugirug interactions that result ~ here was developed using a representative substrate-effector
in an increase in P450 metabolisim sitro have been de-  system, namely CYP2CHlurbiprofen—dapsone. In practice,
scribed*5 The enzyme kinetic profiles in these cases are most the approach required a single molecular dynamics simulation
analogous to allosterism; however, it has been shown that thewith the substrate- and effector-bound P450 to generate a
steric interactions that lead to this heteroactivation can occur suitable docking receptor, followed by two rounds of automated
via the simultaneous binding of a drug substrate and a seconddocking. Despite the use of only a single enzyme structure, the
drug that acts as an effector, to the same P450 enzyme activedocking methodology described here identified a new hetero-
site®~8 Yet, the precise mechanisms by which multiple ligand activator of CYP2C9 that had potencies similar to the prototypi-
binding alters the P450 catalytic cycle to increase the oxidation cal CYP2C9 activator dapsone. Moreover, this new compound
rate of a drug are still under investigation. The discovery of that tested positive for heteroactivatimrzitro was structurally
novel heteroactivators of P450 metabolism could be used to distinct from the control group of dapsone analogues. Hence,
study the mechanisms of heteroactivation and to further dissectone major advantage to library screening is that chemical
distinct steps in the P450 catalytic cy€leinfortunately, finding diversity is generated without the need for chemical synthesis,
new classes of activators is challenging due to the highly though confirmed hits resulting from a screen could be used to
substrate-dependent nature of P450 heteroactivation guide further synthesis and quantitative structtaetivity
Opportunities might also exist in drug development to relationship analysis. It is expected that most commercial or
characterize heteroactivation. While one study demonstrated thanoncommercial docking program can be used for screening
the magnitude of drugdrug interactions resulting from CYP2C9 small molecule P450 effectors.
activation appears to be more modéestvi»o,° in principle,
their prediction by means of a rapid silico screen might be Results and Discussion
useful as a drug interaction screen or in the development of
therapeutic compounds. While these ideas are more theoretical ) ;
more dramatic cases of heteroactivation of CYP2C9 have sinceP€€n Shown, in some cases, to result from thles simultaneous
been reported. Lansoprazole has been shown to activate phen);-)InCIIng of a drug sybstrate and an effector> Though
toin hydroxylation by recombinant CYP2C910-fold 1! and analogous to allosterism, the effect is thought to occur from

both of these compounds are marketed drugs. Even if afractionSUbStr"’Ite and effector _bindiqg to the same enzyme active site
pocket. Furthermore, it is likely that simultaneous effector
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Table 1. Known Activators and Inhibitors of CYP2C9-Mediate§){Flurbiprofen Hydroxylation and Validation of Docking To Predict Activators vs
Inhibitors

no. 00 in vitro | GlideScore | Binding | Prediction | False False
activation with no | site” positive | negative
(%)“ substrate

Ri R present

1 R,=OH, R,=OH 95.0 -7.44 Effector | Activator

2 | Ri=NH,, R,=NH, 64.1 -7.69 Effector | Activator

3 R,=CH;, R,=CH; 50.6 -6.50 Effector Activator

4 | R=H,R=H 40.0 -7.00 Effector | Activator

5 | Ry=acetyl, Ry=acetyl 8.0 -7.54 Substrate | Inhibitor X

6 3.5 -6.13 Effector | Activator

Q
o0
7 ©/S\© No effect -4.76 Inhibitor

8 g,lH No effect -6.95 Substrate | Inhibitor
9 | Ri=COOH, R,=COOH | -5.0 -1.74 Substrate | Inhibitor
10 l;s]l -10.6 -5.86 Inhibitor
11 | Ri=NO,, Ry=NH, -10.6 -7.67 Effector | Activator | X
12 Q‘S’O -17.1 -6.47 Substrate | Inhibitor
vy
H2N N-O
13 Q\S,D N -17.1 -7.34 Substrate | Inhibitor
D
HoN N
14 Qs"o -17.8 -5.79 Inhibitor
o
HaN
15 Q§0 -18.8 -8.18 Effector | Activator | X
S
HeN N
16 | R;=OCHj;, R,=OCHj; -25.0 -6.65 Substrate | Inhibitor
17 0 Inhibitor® -5.79 Inhibitor
18 o] Inhibitor® -6.85 Substrate | Inhibitor

COOH
19 ji Inhibitor -7.00 Substrate | Inhibitor

a Activation of 4-OH flurbiprofen formation by reconstituted CYP2C9; negative numbers reflect percent inhibifiotivators were classified as compounds
that docked at the effector site (described in the text) in at least one of the top three saved conformations; compounds with scores below the weakest
activator (compound) were classified as inhibitors or as having no effé@&ee ref 39.

studies of P450 activation, but also as a potential screens fordegreed?® and variations of the dapsone scaffold were com-
drug—drug interactions. mercially availableln vitro screening was carried out with a
Validation of the Docking Methodology. First, a data set  single substrate concentration while the concentration of dapsone
of CYP2C9 heteroactivators with a range of biological activities analogue was varied. The degree of activation is modestly
was needed. Analogs of dapsone {(4liaminophenylsulfone) altered by substrate concentration while the concentration of
were chosen because dapsone is the prototypical heteroactivatoneteroactivator will determine whether no effect or activation
of nonsteroidal antiinflammatory drugs by CYP2C9, a few results!’ or even if inhibition results as documented with some
analogues were already known to activate CYP2C9 to different activators at high concentratiofsAnalogs of dapsone were
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discovered that were both more and less effective activators of
(9-flurbiprofen hydroxylation, or inhibitors of)-flurbiprofen
hydroxylation (Table 1). In total, 19 compounds were screened
for their ability to alter the rate of3)-flurbiprofen metabolism

in vitro.

Next, a docking protocol was developed to determine whether
the known dapsone heteroactivators could be distinguished from
dapsone analogues that inhibited CYP2C9 metabolisn®ef (
flurbiprofen. However, a CYP2C9 enzyme receptor suitable for
multiple ligand binding had to be generated. This is only now
feasible given the availability of a CYP2E€%urbiprofen
complex crystal structur®,which differs from other mammalian
structures significantly in the substrate recognition sequence
regions?® including the other available CYP2C9 structures.

The complex crystal structure of CYP2€furbiprofen
indicated a binding mode for substrat§)-flurbiprofen that
places the hydroxylation site oB)-flurbiprofen directly over
the distal face of the heme. Though other binding conformations
for (9-flurbiprofen may exist, it seems likely metabolism would
occur from the conformation suggested by the electron density.
Therefore, the remaining active site volume located further away
from the distal side of the heme prosthetic group is likely to be
at least one of the effector binding sites in CYP2C9, but in the
original crystal structure may be too limited (2233%)Ato
accommodate some potential heteroactivators based on the sizes
of known activators amiodarofieand delta-Qetrahydrocan-
nabinol A°-THC)?2 (Figure 1a). Hence, the CYP2C9 receptors
used in docking were acquired from an equilibrated molecular
dynamics trajectory that included bot§flurbiprofen and the
prototypical §-flurbiprofen heteroactivator dapsofién this \
structure the volume of the unoccupied regions of the CYP2C9 rigyre 1. cYP2C9 structure used in the docking of heteroactivators
active site was increased 3-fold to 712 Ahis degree of change  of (9-flurbiprofen metabolism. (A) The ligand binding pocket volume
is striking, but the movement of just a few residues creates a of CYP2C9 available for binding an effector with substra®- (
continuous pocket that extends from the heme group all the way flurbiprofen bound (cyan). A volume calculation was performed with
to the substrate entrance channel near the F-G loop region. |nghenl§90.p_orllt1) clo?r(:]lna{tﬁs{rzn?grentat)' antd rsgbseqﬁently ﬁ‘ﬂer mr?nlechmﬁwr
addition, according to the documented variation in active site p)r/osih el(t:iisg;rol[ljs :g Shown ?neg?:gr']\.’azé’) Aagi(opz‘ac(geb;\lc\jli)h o S?te iore
volumes of CYP3A4 whose volume approximately doubles upon gjgic substrates identified by crystallography and the putative hetero-
binding of large substraté3,t is becoming more apparent that  activator binding site identified by docking. The image is rotated
the large degree of P450 flexibility is integral in conferring the approximately 90 relative to panel A.
ability to bind a diverse array of drugs.

Docking of the dapsone analogues in the presence&Sef ( time required to screen tens of thousands of compounds is on
flurbiprofen indicated no correlation between Glide dOCking the order of a few days using 0n|y two processors of a typ|Ca|
scores and the degree of activation afforded by the compoundsynix or Linux workstation. The first docking step used rigid
(data not shown). Alternatively, docking of the dapsone docking whereby rotamers of the minimized ligands are not
analogues in the CYP2C9 structure that contained no substratescored. This was carried out in the enzyme receptor grid
resulted in the known heteroactivators binding preferentially to containing the substrat&)flurbiprofen, the activation of whose
the effector site (Tab'e l) Five out of six heteroactivators were metabolism we were attempting to predict_ Overa”, this first
correctly predicted if one of the top three ligand conformations docking step was deemed efficient since 76% of the compounds
was bound to the effector site (only phenylsulfone (compound screened were eliminated. Though rigid docking eliminated
4) was not bound to the effector site in its top scoring compounds that might otherwise bind favorably in an alternate
conformation; Figure 1b and Figure 2). Only six out of thirteen conformation, the compounds that were scored still contained
inhibitors bound preferentially in the substrate site or in a manner abundant chemical diversity. The presence of the substrate in
that partially overlapped both sites (Figure 2). However, the the first docking step also aided in the elimination of compounds
inhibitors tended to have GlideScores below that of the weakestthat would most likely have been too large to bind simulta-

heteroactivator, compoun®. Combining binding location  neously with §-flurbiprofen to CYP2C9. Interestingly, the

\

(‘\:Llhﬁlrale :

(flurbiprofen)

heme

needed to prepare the ligands for such screens (Table 2), the

preference and the GlideScore cutoff value-a§.13 resulted
in the prediction of eleven out of thirteen inhibitors.

Screening of a Virtual Library via Docking. To further
validate the docking method used to predict heteroactivators of

known CYP2C9 heteroactivator dapsone was, in fact, found to
be included in the ZINC database of Sigma-Aldrich chemicals
and it successfully made it past this initial screen, though 904
compounds were scored higher than dapsone.

a P450 enzyme, the same CYP2C9 structure was used in the The second docking step was carried out in the enzyme

docking of drug-like molecules compiled in the ZINC data-
base€* for which biological activity was not known. As a
control, a chemical catalog that contained the known CYP2C9

receptor grid that lacked substrate, incorporating the top scoring
compounds that had been manually saved into a single file.
Docking in Glide was then initiated in standard mode where

heteroactivator dapsone was chosen. Though several steps areond rotation was used to optimize ligand binding energies. The
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did not correlate with the percent activation. This was also true
for docking scores obtained in the presence of substrate (data
not shown), suggesting that binding alone is not sufficient for
heteroactivation. In fact, there are quite possibly more reasons
why multiple ligands binding to the same enzyme pocket would
not result in enhanced turnover, including the hindering of
binding, altered enzyme conformation, and disruption of water
networks involved in catalysis. Therefore, it was not possible
to fully evaluate heteroactivation based on the ability of the
docking routine to rank known actives above nonactives by
docking scores alone. Second, docking with a static receptor
will most likely not provide the desired accuracy without further
constraints or more intensive modeling methods, increasing the
amount of required computation time. Preparation of the enzyme
receptor via a molecular dynamics simulation increased the
molecular weight range of compounds that could be screened,
but use of a single receptor still limited the results to a particular

. . compound geometry.
Figure 2. Top scoring docked poses of dapsone analogues correctly e . -
assigned as activators or inhibitors of CYP2C9-media®efl(rbi- Identification of compound0 exemplifies the potential in
profen metabolism based on docking location in the free enzyme. carrying out similar screens for P450 heteroactivators since a

Structures shown in yellow are known heteroactivators, and their new series of leads with potency similar to previously character-
binding location corresponds to the free active site volume available jzed heteroactivators was discovered. None of the ketone-
when the substrat&f-flurbiprofen is present (_se_e Figure lA)._Structures containing dapsone analogues were found to activeje (
shown in blue correspond to known inhibitors d-{flurbiprofen flurbiprofen hydroxylation. Yet, the new activator compound
metabolism. - T .

20 formally contains a ketone and is much more effective than
the single oxygen-containing sulfoxide analogue of dapsone.
Upon closer examination, the crystal structéref this com-

ound indicates it is predominantly in the enol form. In this

automeric form it does resemble an alcohol except that the
oxygen bearing carbon is still $hybridized with a G-O bond
length shorter (1.367 A) than a normal alcohet@ bond (1.43
A). Furthermore, the hydrogen of the alcohol is hydrogen
bonded to the pyridine nitrogen. This renders the enol oxygen

top ten binding conformations, separated by an rms deviation
greater than 0.5, were saved for analysis. As observed with the
dapsone control data set, some compounds clearly possesse
preferences for binding to the substrate or effector site of
CYP2C9. Nine compounds scoring higher than the control
dapsone bound to the effector site in their highest scoring
conformation. Since we wanted to evaluate potential inhibitors
by screening compounds with scores above and below dapsone

the stringency of the screen was increased so that only those$omewhat negatively charged and thus similar to the sulfoxide

compounds that bound to the effector site in at least the top oxygens of dapsone. Thus, the electronic environment between

two scoring conformations were considered potential hetero- g;etitr\]/v % argi;?artlcmrl?gs ct)izonlsliflrr]l'll'?1ri tordapliomne alktl)elIt V;”t\? aI
activators. This reduced the number of compounds scoring aboveths Cdyl . elet ut.c Otﬁ ty. N IeSchj. ayd elp eﬁeat
dapsone to five out of the initial 77 420 compounds. e underlying interactions that are involved in rendering effector

Ten of the top scoring compounds that bound to the effector activity. . )
site of the docking grid in their top two or three scoring In ad_d|t|_on, rather than favor H-bond donating groups on the
conformations were next purchased to test their biological aromatic rings (e.g., compound®nd2), compound0clearly
activity. One compound was no longer commercially available contains potential H-bond acceptors on its pyridine ritigs.
so that six of the compounds chosen had GlideScores belowfact, the chemical diversity in the new heteroactivators discov-
that of dapsone (in the absence of substr&el(rbiprofen). ered here may help uncover the mechanisms(s) behind hetero-
Because the concentration of heteroactivator that gives optimalactivation. Previously, heteroactivators were found to alter
stimulation of P450 metabolism is slightly dependent on substrate binding conformation via steric effettsyt it also
substrate concentration, but highly dependent on activator likely that H-bond donors and H-bond acceptors will have roles
concentratiorf,a log scale of potential activator concentrations 1N P450 activation and catalysis in addition to binding to
was testedn itro against a single substrate concentration. €nzyme. Highly specific water networks that line the P450 active
Rer‘narkab|yl Compounﬁo was near|y as effective as dapsone site and are dependent on h|gh|y conserved amino acids have
in stimulating the hydroxylation of§j-flurbiprofen by CYP2C9 been describédand may be affected by heteroactivators. These
(Table 3) and statistically different from DMSO contrq € networks are thought to act as proton-relay pathways that help
0.05). Four other compoundg1, 22, 23, and24) appeared to protonate the iron-peroxo anion, iron-hydroperoxo, and ferryl-
be weak activators but were not statistically different from the 0x0 P450 catalytic intermediates.
DMSO control (Figure 3). Two of the five remaining compounds  The proposed CYP2C9 effector binding region involved in
tested had no effect orB)\-flurbiprofen metabolism at concen- the heteroactivation of nonsteroidal antiinflammatory drug
trations as high as 10 mM. The remaining three compounds metabolism is made up of multiple P450 substrate recognition
were inhibitors, though this might not rule out their simultaneous sites (SRSP including SRS-1 (B-C loop), 2 (F-helix), 4 (I-
binding with §-flurbiprofen. Torimoto et al. and others have helix), and 6 (C-terminap-strand region 4; Figure 1). These
suggested that multiple ligand binding may be responsible for SRS regions define the segments of the P450 polypeptide, from
partial inhibition of CYP3A45 the N- to C-terminus, that create the substrate binding pocket

There are two caveats with the docking technique that should in P450s. Previously, a CYP2C9 heteroactivator pharmacoph-
be mentioned. First, GlideScores of the new confirmed hetero- ore?® was found to include an aromatic group separated from
activators (Table 3) were generally above dapsone, but the orderan H-bond acceptor by two to three bonds. All of the sulfones
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Table 2. Virtual Screen Protocol for Identification of Potential CYP2C9 Heteroactivators

number of compds

treatment or results

49020
81171
67894
77420
18558
908

5

convert to 3-D structures, d
molecular weight filter
generate alternate ionizatio

ZINC 2-D structures from the Sigma catalog

esalt, neutralize, generate up to four stereoisomers, minimization

n states for groups wit6-p

rigid docking in presence of substre@gflurbiprofen
compounds with scores above the positive control dapsone (compp(@lideScore= -7.47)
flexible docking in absence of substrate and assignment of binding mode preference;

five compounds predicted to be better than the positive control dapsone

10

purchase and screen top ten scoring compoimafo

aFor further details, consult Methods section.

Table 3.
no. in  vitro | GlideScore | Consecutive
activation | with no | conformations
(%)* substrate binding to effector
present site’
2 QP 64.1 -7.69 3
HoN NH
20 |\ (o] 46.0 -7.10 3
7 Ny
Nom
21 N= O 7.7 -7.96 3
OWNJ‘\@
HN F
N
o
22 Q " 6.6 -7.84 3
ot
23 44 -7.84 2
an 2 OO
H
24 v Ny 3.0 -7.96 3
N
LD
/N o
25 NH, No effect | -7.65 2
OANiNKQ
H H
26 N o No effect | -7.36 3
\I\T
: IO
27 50 % | -7.24 3
&N F inhibition
sy at 100 uM
28 \ ~(0 50 % | -6.97 2
S%'(N a inhibition
o ©0| at 100 M
29 | HN NH, 50 % | -7.67 3
H NJQENH inhibition
2 2
at 1 pM

of the dapsone analogues are predicted to make polar interaction
with the hydroxyl of S209 while an aromatic ring in all
heteroactivators (except compou2d stacks with F476. Hence,
even though our study was carried out with a different substrate,
the results may be describing the same binding region. As might
be expected, SRS regions 2 and 6, the site of these residue

are located further away from the heme group where substratet

oxidation occurs (Figure 1a). However, only one of the new
heteroactivators 21) made an H-bonding interaction with
CYP2C9 in its lowest energy minimized conformation. There-
fore, binding energy is expected to arise from additional
hydrophobic interactions with the enzyme and even the substrate

S
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Figure 3. Heteroactivation of $-flurbiprofen hydroxylation via
CYP2C9 by compounds identified through high-throughput docking
of a virtual chemical library. Measurements were conducted in triplicate
and the standard deviations shown as error bars. Optimal concentrations
of heteroactivators were compoug@ (100 «M), compound21 (100

uM), compound22 (0.1 M), compound23 (0.01xM), compound24
(0.01uM). *Statistically different from controlp < 0.05.

whose shape will determine the complementarity of heteroac-
tivator binding to the enzymesubstrate complex.

Conclusions

The current study demonstrates that simple high-throughput
docking methods can be used to discover novel heteroactivators
of cytochromes P450 from a large library of virtual compounds.
In addition, our results suggest we have identified one of the
heteroactivator binding sites for the metabolism of nonsteroidal
antiinflammatory drugs within the CYP2C9 enzyme. Docking
scores, but also the binding location of ligands, were used to
identify potential heteroactivators. The screening process was
highly effective at eliminating compounds at each stage so that
the total percentage of compounds scored as predicted hetero-
activators was<0.03% of the total compounds screened. Most
of the new heteroactivators were weak when testedtro so
that the success rate was not ideal. However, we would stress
two points. Only a single enzyme structure was used in the entire
screening process, and docking is only a screen for binding.
%inding of an effector to a P450 is not expected to be the only
requirement for achieving heteroactivation since simultaneous
ligand binding may also affect the P450 catalytic cycle in a
negative manner. In summary, quickly identifying a diverse set
of compoundsn silico that are readily available for testirig
vitro may benefit the study of P450 heteroactivation as it relates
0 P450 mechanism, druglrug interactions, and drug design.

Experimental Section

Materials. NADPH and other biochemicals, DMSO (99.8%),
and dapsone (4 4liaminophenylsulfone) and its analogues (Table
1) were from Sigma (St. Louis, MO). HPLC grade acetonitrile was
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from Fisher Scientific (Fairlawn, NJ)S(-flurbiprofen, the 4OH- and constant pressure with isotropic molecule based scaling (each
flurbiprofen metabolite standard, and 2-fluoro-4-biphenylacetic acid with a 0.2 ps time constant). The nonbonded pair list was updated
(internal standard) were gifts from the former Pharmacia Corp. every 20 fs, and the particle mesBwald method (PME), for
(Kalamazoo, MI). Compounds tested as potentially new heteroac- inclusion of long-range electrostatic interactions without truncation,
tivators of CYP2C9 were purchased from the Sigma-Aldrich Library was used. The next step in the simulation protocol was 25 ps of

of Rare Chemicals (St. Louis, MO). PME dynamics for inclusion of long-range electrostatic interactions
Drug Metabolism Reactions.Purified, full-length human CYP2C9  without truncation. The PME charge grid spacing was approxi-
and rat cytochrome P450 reductase were expresseddnli and mately 1.0 A, and the charge grid was interpolated on a cubic grid

then solubilized and purified as befdr€YP2C9 was added to 2 with the direct sum tolerance set to 10
equiv of rat cytochrome P450 reductase and the mixture reconsti- Following the 25 ps PME dynamics, the entire structure was
tuted with extruded 1,2-dilaurogrglycero-3-phosphocholine lipid ~ minimized for 1000 steps with 25 kcal/mél of positional restrains
(1 ug/pmol P450) as detailed previouslyFive picomoles of on the solute followedypa 3 psmolecular dynamics run, which
reconstituted CYP2C9 was added to 0.2 mL drug incubations allowed water and the Clion to relax around the solute.
containing 2QuM (S)-flurbiprofen and 50 mM potassium phosphate Subsequently, 600 steps of equilibration with gradual removal of
buffer (pH 7.4). Reactions were carried out in a°&water bath positional restraints by 5 kcal/mdl on the solute were performed.
for 20 min, quenched, and analyzed for flurbiprofen metabolite During the final molecular dynamics run, the system was heated
formation as beforé? All potential heteroactivators were dissolved from 100 to 300 K over 20 ps. After each molecular dynamics
in DMSO to obtain 10 or 100 mM solutions and subsequently simulation, the PME box information was updated to match the
diluted further in DMSO to the desired concentration§)- ( final box coordinates from previous runs. Production runs of
Flurbiprofen concentration was held constant while the potential approximately 2 ns duration, at constant temperature and pressure
heteroactivators were screened on a log scale of concentrations from(T = 300 K/P= 1 atm), were performed after the final equilibration
0.001-1000uM, dependent upon solubility. The concentration of step. All trajectories were stable over the time period of the
DMSO in all enzyme reactions, including controls, was 1%, and molecular dynamics simulations.
all reactions were performed in triplicate. Potential heteroactivators  Docking Methodology. Glide (Schiainger, LLC, New York,
were analyzed using the flurbiprofen HPLC assay to ensure no NY, 2005) was used in preparation of the CYP2C9 receptor and
peaks overlapped with the flurbiprofen metabolite or internal for all docking studies. A single representative structure was taken
standard. from the equilibrated portion (5662000 ps) of the molecular
Preparation of Chemical Library. The Sigma-Aldrich com- dynamics trajectory and used to prepare two CYP2C9 receptors,
pounds (catalog version 2004-01-01) available in the ZINC one with §-flurbiprofen present and one with no ligands present.
databas® (http://blaster.docking.org/zinc/) were downloaded in.sdf The most representative structure, which has the lowest average
format and prepared using the Satlir@er programs (2005 release) rmsd to all other members of its cluster, was determined using the
LigPrep, QikProp, MacroMode| and the various utilities that  cluster analysis routines in MOIL-vie#.Receptors were prepared
accompany this software according to the Preparing a Library using the Protein Preparation and Grid Preparation tools in the
manual (Schidinger, LLC, New York, NY). Further details can  Schrainger Maestro interface. Values for cutoff, neutralization,
be found in Table 2. Conversion of 2-D structures to 3-D was scaling, dimensions of the binding pocket used for grid preparation,
carried out with retention of any specified stereochemistry, and up and treatment of the heme prosthetic group were previously
to four different additional stereoisomers were generated. No described.
tautomers were generated and only the lowest energy ring confor- Dapsone and its analogues (Table 1) were prepared and
mation was used for each compound. Next, a molecular weight minimized using the same methodology as above with the "Schro
filter was used to eliminate compounds with molecular weights dinger software except that the steps were conducted using the
below 120 or above 500. Last, alternate ionization states were Maestro graphic user interface. Four of the dapsone analogues
generated for groups withia values between 5 and 9 and a final  possess g, values close to physiological pH according to calcula-
geometry optimization performed with the OPLS_2005 forcefield. tions with ACD/PhysChem Batch v8.14 (ACD/Labs, Toronto, ON,
Molecular Dynamics. The CYP2C9-flurbiprofen complex Canada). Hence, sulfamethoxazol2)( sulfadiazine 13), sul-
structure (1R90.pdb) was obtained from the Protein Databasefamethazinel5), and ketoprofen(8), having X.s of 5.8, 6.5, 7.5,

(http://www.rcsb.org) and modified to fill in residues-382 and and 4.1, respectively, were also docked in their ionized states. Only
214-220 using Insightll (Accelrys, San Diego, CA), followed by the GlideScores representing the ionized states are provided in Table
molecular dynamics equilibration with botl)¢flurbiprofen and 1. Docking was carried out in standard docking mode with the

dapsone present inside the enzyme as outlined previdukie CYP2C9 receptor that lacked the substr&efiurbiprofen. Default
manually positioned starting conformation of dapsone was chosenvalues for van der Waals scaling, electrostatics, and ligand
based on the highest scoring docking pose of dapsone in the originalminimization were used. The top ten scoring conformations of each
crystal structure containingSS-flurbiprofen, which was reported = compound were saved. During analysis, the docking scores were
using the program AutoDoc¥,and reproduced here using Glide. noted and the frequency in the top three scoring conformations in
Molecular mechanics and dynamics were performed with Sander which a compound was located in the effector (i.e., dapsone) or
module of Amber & and the Cornell 94 force fieléf. The CYP2C9 substrate (i.e.,)-flurbiprofen) binding site were also recorded
structure was loaded into the Amber module xleap, hydrogen atoms(Figures 1 and 2). When the distinction between binding sites was
added, 1 chloride atom added to neutralize the charge, and a watenot evident, the classification was made by preparing an additional
box (TIP3) added so that the dimensions of the box were at leastreceptor with the potential heteroactivator and ensuriSg (
10 A greater than the dimensions of the solute (CYP2C9). Initially, flurbiprofen would dock in the CYP2C9 grid within the default
the water and solute were equilibrated by minimizing the water energy cutoff (0 kcal/mol). Otherwise, if the energy was too high,
and counterion, with CYP2C9 fixed (500 kcal/mBlpositional (9-flurbiprofen was not scored and the potential heteroactivator
restraints on all atoms of the solute), to a gradient convergence ofwas therefore assigned as an inhibitor.
10-3 kcal/motA. This was followed by 25 ps of nonparticle mesh A slightly different protocol was used in screening of the virtual
Ewald (PME) dynamics with CYP2C9 fixed to allow for equilibra- library (Table 2). The first stage of docking was conducted in rigid
tion of water and counterion. All subsequent MD simulations were docking mode with the CYP2CHlurbiprofen receptor and the
performed in the isothermaisobaric ensemble (initial temp 100  minimized ligands, which were segmented into groups of 10 000.
K, 300 K after warm up, 1 atm) using periodic boundary conditions. Compounds that made it through this initial screen based on the
The SHAKE algorithm was applied to hydrogen atoms with a default energy cutoff (O kcal/mol) were then evaluated. The ligands
tolerance limit of 0.0005 A aha 2 femtosecond (fs) time step. A that had the highest GlideScores from each subset, minus those
9 A cutoff was applied to Lennarelones interactions. Simulations  that differed only in ionization state, were recorded. Next, the
were performed using Berendsen temperature coupling algorithm remaining compounds were docked in the CYP2C9 receptor without
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substrate present using the standard docking mode of Glide, which (12) Shoichet, B. K.; McGovern, S. L.; Wei, B.; Irwin, J. J. Lead discovery

allows bond rotation in the ligands. The first ten highest scoring
ligands that were found to occupy the CYP2C9 dapsone/effector
site in at least its first two top scoring (lowest energy) conformations
and were currently commercially available were choserirfeitro
testing.

using molecular dockingCurr. Opin. Chem. Biol2002 6, 439—

446.

Dabrowski, M. J.; Schrag, M. L.; Wienkers, L. C.; Atkins, W. M.
Pyrene.pyrene complexes at the active site of cytochrome P450
3A4: evidence for a multiple substrate binding site Am. Chem.
Soc.2002 124, 11866-11867.

(13)

Vermeulen and co-workers have demonstrated that the presence (14) Hummel, M. A.; Gannett, P. M.; Aguilar, J. S.; Tracy, T. S. Effector-

of explicit waters increases the accuracy of docking pé&sethile
Glide incorporates explicit waters to evaluate water binding
interactions in the calculation of scor&st is possible the docking
poses would be altered if a different treatment for water was used.
However, we suspect a diverse set of ligands may have varying
abilities to also displace predicted or crystallographic waters in
addition to binding to waters. Therefore, for consistency, the effect
of active site waters was not evaluated.

Estimation of Molecular Volumes. The AMBER interface
xleap® was used to solvate the 1R90 crystal strucfcentaining
(S-flurbiprofen or the molecular dynamics equilibrated CYP2C9
structure generated witle)-flurbiprofen and dapsone but with the
dapsone ligand removed. A glycerol molecule crystallized in the
original structure was removed before the calculat®’ A-thick
shell of TIP3P water molecules that was allowed to come within
0.8 A of the enzyme was added. This eliminated the enzyme active
site volume calculation from extending out to the surface of the
enzyme. The MOLCAD multichannel surface feature in Sybyl v7.1
(Tripos Inc., St. Louis, MO) was then used to determine active
site volume with a probe size of 1.5 A.

Statistical Analysis. Statistical comparisons were conducted
using a repeated measures ANOVA with multiple comparisons
(SigmasStat 3.1, Point Richmond, CA). Statistical significance was
set atp = 0.05.
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