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ABSTRACT: The cytochrome P450 (CYP) isoforms involved in xenobiotic metabolism are enzymes whose
substrate selectivity remains difficult to predict due to wide specificity and dynamic pretabstrate
interactions. To uncover the determinants of specificity for cytochrome CYP2C9, a novel library of
benzbromarone (bzbr) inhibitors was used to reevaluate its pharmacophore. CoMSIA was used with the
bzbr ligands to generate both quantitative binding models and three-dimensional contour plots that pinpoint
predicted interactions that are important for binding to 2C9. Since this class of compounds is more potent
than any other toward 2C9, the small molecule properties deemed most ideal by the software were used
to address proteinligand interactions using new mutagenesis and structural data. Nine new bzbr analogues
provide evidence that specific electrostatic and hydrophobic interactions contribute the most to 2C9’s
specificity. Three of the new analogues are better isosteres of bzbr that contain bulky groups adjacent to
the phenol and have increaseld;pvalues. These ligands test the hypothesis that anionic substrates bind
with higher affinity to 2C9. Since they have higher affinity than the previous nonacidic analogues, the
importance of bulky groups on the phenol ring appears to have been underestimated. COMSIA models
predict that these bulky groups are favorable for their hydrophobicity, while a negative charge is favored
at the ketone oxygen rather than the phenol oxygen. The overlap of this ketone with electronegative
groups of other 2C9 substrates suggests they act as key positive charge acceptors.

Xenobiotic oxidation in humans is catalyzed in large part Multiple substrates have also been shown to occupy the same
by just a handful of cytochrome P450s (CYPsyhich are binding pocket of some P450s simultaneouSly Therefore,
members of a superfamily of monooxygenases. These selecthe precise properties giving rise to a P450’s affinity for a

isoforms function to tranlsform generally small, Iipophili'c new drug are not always evident without knowledge of
molecules such as drugs into more water soluble metabolites ¢josely related compounds.

One isoform, CYP2C9, contributes to the metabolism of . )
nearly one-fifth of all drugs). This is significant because Nevertheless, computational tools are capable of generating
2C9 has been implicated in potentially dangerous eidiyg three-dimensional quantitative structtiactivity relation-
interactions, which result from drugs competing for the same Ships (3D-QSARs) for P45040—13). CoMFA is one such
P450 @, 3). To prevent such problems, it would be computational method that may be used to predict binding
advantageous to formulate predictive models for binding affinity; however, no such model based on the potent
affinity, as well as other variables controlling pharmaco- benzbromarone (bzbr) derivatives has been reported. The fact
kinetics. that bzbr is so potenK{ = 19 nM) makes it an ideal probe
The roadblock to such quantitative models is the increas- for studying 2C9 behavior because the interactions it makes
ingly evident role of both substrate and enzyme motion in (or lacks) with 2C9 are most favored thermodynamically.
determining P450 behavio#(5). For instance, 2C9 has a  To build the modelsK; values had to be determined for
preference for acidic substrate 7), but substrate affinity  seyeral new analogues, which were designed to test the role
may depend on the population of distinct binding modes, f hi_ and the positioning of different groups on the benzoyl

the closing of the enzyme over the substrate after binding, fing. By using our previous 2C9 alignment rules, we

gnq the'S|z_e of the substrate. While large substrates h"’Weestablished cross-validated CoMFA and CoMSIA models
limited binding modes, some smaller substrates tumble freely

-~ . . . based on these novel bzbr derivatives (Figure 1). When the
and can be oxidized in multiple locations as a res8Jt ( ) . : .
bzbr ligands were included with a more diverse data set,
T This work was supported by National Institutes of Health Grants including Warf_a”n’ sulfaphenazole, and NSAID analogues,
GMO032165 and ES009122. the model gained the depth to prediGtvalues that span
¥ School of Molecular Biosciences. more than 4 orders of magnitude. In addition, the resulting
§ Department of Chemistry. h h tob ful litative tool that
1 Abbreviations: 3D-QSAR, three-dimensional quantitative strueture P armacop ore_ Qppears 0 be a uselul quaiita |ve_ ool tha
activity relationship; bzbr, benzbromarone; CoMFA, comparative explains the affinity of many of the 58 compounds in terms
_mo_IecuIar flelc_i analysis; CoMSIA, comparative molecular 5|m|!ar|_ty of their electrostatic, hydrophobic, and steric properties. The
indices analysis; CYP, cytochrome P450; ESI-MS, electrospray ioniza- . . . .
tion mass spectrometry: GEMS, gas chromatography and mass Predicted enzymesubstrate interactions are also discussed
spectrometry; NSAIDs, nonsteroidal anti-inflammatory drugs. with respect to the 2C9 crystal structurkd).
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1 2 3 4 5 6
parent bzbr 3,5"-dimethyl-4"-hydroxy bzbr alcohol benzyl-bzbr cyclohexane analog 3,5"-dimethyl-4"-methoxy
(ethyl) (ethyl) (ethyl) (ethyl) (methyl) (ethyl)
19.4 +/-17.5 40.6 +/- 8.3 72.7 +/-20.7 78.8 +/-15.5 322 +/- 89 442 +/-94
4.5 8.6 8.8 8.6 NA NA
o
OH I Br
N CHs 0 N OH OH
CHs, CHs Cl I Br
7 8 9 10 1 12
4"-dimethylamino analog ~ 3"-hydroxy analog  2"-methoxy analog 3,5"-dichloro-4"-pyridine analog
(ethyl) (methyl) (methyl) (ethyl) (methyl) (methyl)
598 +/- 130 1530 +/- 470 1860 +/- 390 3480 +/- 1300 1.0 9.6
NA 8.4 NA NA 5.2 N.D.
o Cl o Br o Br Oj/l©\ Oj;\©\
OH OH 0 OH 0
Cl Br Br CHs; CHj;
13 14 15 16 17
(ethyl) (n-butyl) (ethyl) (methyl) (methyl)
203 91 232 414 796
4.2 52 NA 8.4 NA

Ficure 1: Structures and properties of bzbr analogues used in all models.

EXPERIMENTAL PROCEDURES

. . . . analogues).

ChemicalsFine chemicals were purchased from Sigma- o o )
Aldrich (St. Louis, MO), Acros (Morris Plains, NJ), and Ki Determlnathn.lnhmltlon constants were obtamgd by
Lancaster Synthesis (Windham, NH). Solvents were from keeping §-warfarin concentrations constant and varying the
Fisher Scientific Co. (Pittsburgh, PA) and J. T. Baker @mount of inhibitor which was used at three or more
(Phillipsburg, NJ). concentrations. It is important to note thatvalues for b_zbr

Protein Purification, Warfarin Metabolite Assay, and pKk ~ @nalogues were derived with only one substra8ewrfarin,
Determination Detailed methods regarding protein prepara- for consistency. It is likely that other substrates will give
tion, hydroxywarfarin analysis,{a determination, and data d|ﬁergntKi_vaIues wnh mlcrosqmal P450s, especially those
fitting can be found in Locusoet al. (15). Briefly, native ~ that give rise to atypical kinetics. NeverthelessS;avalue
human 2C9 was expressed fr@podoptera frugiperdésfo), is still one of the most mformatlve binding constants b_ecause
purified, and reconstituted into uniformly sized liposomes it considers the proportional occupancy of binding sites by
with purified cytrochrome P450 reductase and cytochrome both the substrate and inhibitor.
bs, which were expressed Hscherichia coli C-7 hydroxyl- A second note should be made regarding the use of kinetic
ation of (§-warfarin by the reconstituted enzymes was models. To obtain a concentration of inhibitors that is less
assessed by GE&VIS (16). The pH of all enzyme incubations  than theK;, the steady-state assumption that the free substrate
was 7.4. Acid dissociation constants were determined by concentration is not affected by binding to the enzyme was
adding the phenolic inhibitors to 0.1 M potassium phosphate not valid for some inhibitors. Fd{; values near or less than
buffer prepared at pH values ranging from 2.0 to 12.0 and the concentration of P450 (20 nM), inhibitor concentrations
monitoring the appearance of phenolate in either the 300 nmwill be overestimated. No corrective factors in the competi-

(analogues3 and 4) or 350 nm regions (all other acidic
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tive inhibition equation or non-steady-state treatment were derivatization with diazomethane gives the followingyz
used. Therefore, the very lo¥ values will not be true; 452.05 (M, 1), 278.98 (M- 173, 6), 173.17 (M- 279, 100).
values. The tru&; values would be even lower. An example Cyclohexane Analogueb). The cyclohexane analogue
of the data fit to the competitive inhibition model is provided was synthesized using cyclohexane carbonyl chloride and
as Supporting Information. 2-methylbenzofuran. This time, the reaction was quenched

Physical MeasurementbIMR spectra were collected on  after 30 min and the mixture purified over silica with 2%
a Varian Mercury 300 MHz instrument with CD{Cas the ether in hexanes to give a clear liquid: yield, 954;NMR
solvent. 0 1.36 (m, 6H), 1.93 (m, 4H), 2.77 (s, 3H), 3.07 (m, 1H),

SynthesisAll compounds (Figure 1) were synthesized by 7.31 (m, 2H), 7.46 (m, 1H), 7.82 (m, 1H); G&AS m/z
acylation of benzofurans with the respective acid chloride 242.17 (M, 39), 158.97 (M- 83, 100).

using an AIC} catalyst. Compoundd, 5, 8, and 9 were 3,5'-Dimethyl-4'-methoxy Analogue6j. This analogue
synthesized and purified over silica gel as previously was synthesized using the acid chloride of 3,5-dimefhyl-
described 15). The acid chlorides for compounds 6, 7, anisic acid. Two products were observed, and the desired
and 10 were generated using trichloroacetonitrile and tri- product had the loweR:. Purification was carried out with
phenylphospine as reported by Jagtgal. (17). Generally, 2% ethyl acetate in hexanes to give a clear oil: isolated yield,

synthesis was carried out on a 1.0 or 2.0 millimole scale. 49%;'H NMR ¢ 1.33 (t, 3H), 2.32 (s, 6H), 2.87 (g, 2H),
First, the respective benzoic acid was added to 5 mL of 3.79 (s, 3H), 7.24 (m, 2H, ArH), 7.46 (m, 2H, ArH), 7.55
toluene or CHCI, and 2.0 equiv of trichloroacetonitrile under (s, 2H, ArH); GC-MS nvz 308.18 (M, 15), 173.10 (M-
argon at room temperature. This was followed by the slow 135, 20), 163.07 (M- 145, 44).

addition of 2.0 equiv of triphenylphosphine in 1 mL of the 4"-Dimethylamino Analogue 7f. This analogue was
same solvent and stirring for an additional 10 min. The synthesized using 4-(dimethylamino)benzoic acid and-CH
2-methyl- or 2-ethylbenzofuran (1.0 equiv) was added CIl, as the solvent. Purification was carried out over silica
followed by 2.0 equiv of anhydrous Alglland the mixture  with 20% ethyl acetate in hexanes to obtain a yellow solid.
was stirred until the majority of the benzofuran had reacted The desired product was one of two products observed and
as monitored by TLC. The workup method used before had the higheR; value: isolated yield, 20%; mp 7576 °C;
purification in each case involved quenching the reaction *H NMR ¢ 1.33 (t, 3H), 2.90 (g, 2H), 3.08 (s, 6H), 6.65 (d,
with an ice/water mixture, extracting with ether, drying over 2H, ArH), 7.20 (m, 2H, ArH), 7.44 (m, 2H, ArH), 7.81 (d,
MgSQ, and distilling away the solvent and/or concentrating, 2H, ArH); GC—MS m/z293.09 (M, 68), 278.02 (M- CHj,
unless otherwise noted. Purification was carried out with 60 100), 148.05 (M— 145, 63).

200 mesh silica gel after every step. A few purified 3'"-Hydroxy Analogue®). The 3-hydroxy-bzbr analogue
compounds, as judged by TLC, NMR, and MS, were without halogens was synthesized using 2-methylbenzofuran
obtained as oils that only crystallized upon long-term andm-anisoyl chloride followed by phenol deprotection with
refrigeration. Those that readily formed solids were recrystal- AICI; to give a yellow oil: isolated yield, 44%H NMR 6

lized from hexanes and GBI,. The double prime nomen-  2.55 (s, 3H), 6.06 (s, 1H, OH), 7.25 (m, 8H, ArH). Via GC
clature used for the benzoyl ring of bzbr follows the literature MS, derivatization with diazomethane gives the following:

precedent18). m/z 265.87 (M, 100), 250.06 (M- CHs, 37), 159.03 (M—
3,5'-Dimethyl-4'-hydroxy Analogue?). Anhydrous AIC} 107, 64).
(2 equiv) was added t6 in chlorobenzene at 90C and 2""-Methoxy Analogue9). This analogue was synthesized

stirred for 2 h. Purification over silica gel was carried out with 2-methylbenzofuran ana-anisoyl chloride. White
with 20% ether in hexanes and gave a light yellow solid: crystals were obtained: isolated yield, 31%; mp-93 °C;
isolated yield, 85%; mp 118120 °C; *H NMR 6 1.33 (t, IH NMR 6 2.47 (s, 3H), 3.71 (s, 3H), 7.04 (m, 2H, ArH),
3H), 2.82 (s, 6H), 2.87 (q, 2H), 5.16 (s, 1H, OH), 7.24 (m, 7.20 (m, 2H, ArH), 7.46 (m, 4H, ArH); GEMS m/z 265.66
2H, ArH), 7.46 (m, 2H, ArH), 7.55 (s, 2H, ArH). Via GE (M, 100), 251.01 (M— CHgs, 58), 158.89 (M— 107, 61).
MS, derivatization with diazomethane gives the same product 3,5'-Dichloro-4"-pyridine Analogue 10). 2-Ethylbenzo-
aso6. furan was acylated with the acid chloride of 2,5-dichloro-
Benzbromarone AlcohoB). Bzbr (0.2 g) was added to 1 isonicotinic acid. CHCI, was used as the solvent. The major
g of dry silica gel and 1.2 equiv of NaBtand ground with product as judged by TLC was the desired product and was
a mortar and pestle for 20 mirL9). The reaction mixture  subsequently purified with 10% ethyl acetate in hexanes to
was added directly to a gravity silica column and purified give a white solid: isolated yield, 5%; mp 186408°C; 'H
using 20% ether in hexanes to give a white soligOD  NMR 6 1.37 (t, 3H), 2.95 (g, 2H), 7.33 (m, 2H, ArH), 7.53
exchange was used to differentiate the phenol and alcohol(m, 2H, ArH), 7.55 (s, 2H, ArH); GEMS m/z 319.02 (M,
carbon protons: isolated yield, 10%; mp %46 °C; H 70), 173.07 (M— 147, 100).
NMR 6 1.33 (t, 3H), 2.16 (s, 1H, OH), 2.82 (q, 2H), 5.85 Alignment.The minimized structures of bzbr analogues
(s, 1H, OH), 5.99 (s, 1H), 7.23 (m, 3H, ArH), 7.41 (m, 1H, resulting from semiempirical calculations could nearly be
ArH), 7.55 (s, 2H, ArH); ESI-MS1/z 425.0 (M+ 1). superimposed withSj-warfarin (Figure 2A). Therefore, bzbr
Benzyl-Bzbr Analogued]. Synthesis was accomplished structures were aligned so as to overlie the geometr@ef (
with 2-ethylbenzofuran angh{acylphenoxy)acetic acid with  warfarin used in our previous modelk3j. The C-6 position
phenol deprotection and bromination carried out as describedof the benzofuran was placed between the C-7 and C-6
above 4 was purified as a white solid: isolated yield, 35%; positions of the warfarin fused ring because it is the primary
mp 112-115°C; *H NMR 6 1.36 (t, 3H), 3.17 (q, 2H), 4.19  aromatic hydroxylation product formed in humais,(20).
(s, 2H), 5.89 (s, 1H, OH), 7.34 (m, 2H, ArH), 7.35 (s, 2H), This was followed by minor changes in the torsion angles
7.51 (m, 1H, ArH), 7.90 (m, 1H, ArH). Via GEMS, of the s carbonyl so that the benzoyl ring of bzbr could be
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Ficure 2: (A) Alignment of bzbr (yellow) with §)-warfarin in FiIGURe 3: Representative plot of actual vs predicted ligand activities
the ring-opened and ring-closed forms. (B) Complete alignment of from the cross-validated neutral 2C9(58) CoMSIA model.
2C9bzbr(17).

—1. All other bzbr derivatives with phenols ha&pvalues

overlaid with the phenyl ring of warfarin. As a result, the greater than 8.3.
ketone oxygen of bzbr nearly overlies the keto oxygen of  Resulting models were only considered meaningful if their
warfarin. Two compounds that deviated from this template cross-validated correlation coefficient (also known as
were the bzbr alcohol3] and benzyl-bzbr4) (Figure 1).  predictive g?) exceeded 0.3. Cross-validation weeds out
Since the bzbr alcohol has arfg@rbon connecting the two  models that merely fit data by testing how well a model
aromatic systems, the aromatic groups are shifted closer topredicts the affinity of ligands left out of the data s2p)
each other. Benzyl-bzbr deviates in the opposite manner withTherefore, a highe? value denotes smaller deviations
the extra methylene group elongating the distance betweenbetween actual and predicted affinities and higher potential
the two ring systems. The complete alignment can be predictive ability, whereas negativ@ values denote the
visualized in Figure 2B. opposite. Leave-one-out cross-validation was used in every

Comparatbe Molecular Field Analysis (COMFA) and case to determine the optimal number of components, which
Comparatbe Molecular Similarity Indices Analysis was limited to five due to the size of the 2C9bzbr(17) library.
(CoMSIA) ModelingCoMFA is one example of ligand-based @? values between 0.38 and 0.75 are reported in Table 1,
molecular design software with the ability to derive three- and a plot of actual versus predicted activities is represented
dimensional quantitative structuractivity relationships (3D-  in Figure 3. As an additional test, thi§ values were
QSARSs). Using regression analysis on the charges for eachscrambled randomly two times, and no correlation with
atom of each molecule in a three-dimensional aligned library, activity was made sincg? was always less than0.2.
CoMFA can correlate physicochemical properties with Contour plot levels were viewed between 80 and 90 for
values obtained by experiment. Two utilities of CoMFA favored fields and 20 and 10 for disfavored fields, depending
analysis are its use as a tool in predictiigyalues of ligands  on the size or number of fields. If different fields were
and in constructing contour plots that allow the visualization blocking each other or were too numerous, the viewing levels
of predicted favorable and unfavorable properties of the were changed to focus on the most prominent fields.
ligands in three dimensions.

Ligands were created with SYBYL version 6.81f and RESULTS AND DISCUSSION

minimized using the AM1 Hamiltonian in the included A cationic site or H-bond donor has long been postulated
MOPAC module. The resulting structures were then aligned g exist within the active site of CYP2C9 based on the
with (§-warfarin as described above, and partial charges number of acidic substrates that are metabolized. For
were calculated using the MNDO Hamiltonian in MOPAC. instance, there is a distinct structural similarity between the
All models were obtained using primarily the program NSAIDs (e.qg., ibuprofen, flurbiprofen, and naproxen) car-
defaults with 2.0 kcal/mol column filtering for COMFA/  poxylate group in relation to the site of metabolisi). (
CoMSIA and an attenuation facton = 0.3) for COMSIA. Several studies have aimed to locate and better define such
The smallest grid size was the default 2.0 A block. The a feature since a definitive property like this helps explain
inverse natural logarithm of the inhibités values was used  the biochemistry of 2C9 and other CYPs that possess wide
against the various descriptors to generate QSARS using asubstrate specificity. It was previously hypothesized that bzbr,
partial least-squares algorithm. 1 value is also known as  the most potent 2C9 inhibitor reported in the literature,
biological activity in a QSAR model, and it was entered as derives its potency from being an anion near physiological
its inverse value so the higher numbers represent higherpH 7.4. The combination of two halogens and a ketone on
activities or affinity in this case. The logarithm is taken since the phenol ring lowers theky of the phenol to less than
the K value is related to the CoOMFA descriptors (energies) 5.2, and therefore, bzbr exists as a phenolate anion, at least
by an exponential relationship. in solution. As evidence of the importance of the anion, the
For models produced from only the 17 bzbr analogues, affinity of analogues with the acidic phenol hydrogen
two forms of the library [2C9bzbr(17)] were used. The replaced with a methyl groudq) or with a K, above 8.3
neutral library had no formal charges associated with any (16) was markedly decreased. Two additional features
ligands. An anionic library contained five ligandsgnd11— revealed by constructing bzbr analogues were a preference
14) that are fully ionized at physiological pH (7.4) according for small side chains on the benzofuran ring and a second
to their K, values (Figure 1) and were given a charge of role for the halogens to provide steric bulk or hydrophobicity.
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Table 1: CoMFA and CoMSIA Model Statistics
descriptor fractioh q?P r2 components standard error @n)
Anionic Library?

CoMFA
electrostatic/steric 0.46/0.54 0.494 0.942 3 0.591
CoMSIA
electrostatic/steric 0.77/0.23 0.484 0.917 3 0.708
electrostatic 0.564 0.930 5 0.679
steric negative
hydrophobicity 0.536 0.708 2 1.23
electrostatic/hydrophobicity 0.56/0.44 0.606 0.942 4 0.593
Neutral Library
CoMFA
electrostatic/steric 0.40/0.60 0.542 0.985 5 0.324
CoMSIA
electrostatic/steric 0.77/0.23 0.611 0.986 5 0.301
electrostatic 0.578 0.928 5 0.688
steric negative
hydrophobicity 0.529 0.724 2 1.19
electrostatic/hydrophobicity 0.55/0.45 0.601 0.974 5 0.413
Large Library 2C9(58)
CoMFA
electrostatic/steric 0.58/0.42 0.643 0.847 4 0.910
CoMSIA
electrostatic/hydrophobicity/steric 0.41/0.42/0.17 0.752 0.894 4 0.868

2 Fraction of descriptors that best described the model when more than one wa8Asef.approaches unity, thk; predictediS Closer to the
Ki actuas SO this value, unlike?, partly reflects the predictive ability of cross-validated modeBxpected error irk; predictions in natural log units.
dThe five compounds with i, values of<5.2 were entered into the models with a charge-af

With this information, the most potent 2C9 inhibitor, (Figures 4 and 5). These plots show polyhedron-shaped fields
2-methyl-3-(3,5-diiodo-4-hydroxybenzoyl)benzofurdr), in three dimensions around the periphery of the tested
was synthesized and characterized to haMg.g of 1.0 nM ligands. The colors of these interaction sites show where
against §-warfarin. In this study, we have expanded the steric bulk is favorable (green) or unfavorable (yellow) and
number of bzbr analogues. The first reason is to develop electron density is favorable (red) or unfavorable (blue) on
better nonanionic isosteres of bzbr to further test the anionicthe ligands.

binding site hypothesis. Simply stated, since 2C9 substrates Qyerall, electrostatic and steric features each contribute
are _anionic, then 2C9 would have an H-bond d'onor or other 3imost equally to describing the generated models (Table
positively charged group to complement negatively charged 1) pyt it was thought that since four of the five tightest
substrates. The second reason for making bzbr analogues waginders were anionic, the anionic library would provide the
to develop 3D-QSARs for (1) predicting the binding affinity  pest model. In fact, this held true until the trio of less acidic

of untested compounds as a screen for emligig interac-  gnajoguesq—4) with affinities closer to that of bzbr were
tions and (2) using the predicted spe_c:|f|C|ty Qetermlnants asentered into the models, at which point charge state was
a probe for important substrat®450 interactions. unnecessary for generating models. Predictive accuracy was

Modeling MethodologyNine new bzbr analogue2+10) actually better for the neutral COMFA model according to
(further details below) were synthesized to probe 2C9 the standard errors (Table 1). The final CoMFA models from
specificity (Figure 1). This expanded our initial series of bzbr both versions of the library placed electropositive fields (blue)
analogues to 17 compounds. Most new compounds havenear the phenol hydrogen, indicating a preference for less
affinities lower than the original eight with sonkg values electron density here (Figure 4A,B). This was unexpected
reaching into the low micromolar range, but many of khe  since negative charge near the phenol oxygen was thought
values are not far from that of sulfaphenazol€200—-300 to increase affinity. Instead, both models predict favorable
nM) (13, 23), the most potent 2C9 inhibitor reported before electron density (red) elsewhere around the benzoyl ring,
bzbr 24). In actuality, the range of affinities was beneficial indicating that the distribution of the negative charge is
since it provided more depth to the activities of the bzbr favorable. In terms of steric interactions, both CoMFA
data set by expanding th€§ range to exceed 3 orders of models predict an unfavorable steric interaction (yellow) at
magnitude. Because the first step in a 3D-QSAR study, the benzofuran C-2 position as suggested by the preference
determining biological activity (i.e K; values), was com-  for small side chains in the following order: methylethyl
pleted with a sufficient range oK; values, the bzbr > butyl (Figure 4A,B). The main difference in sterics is the
derivatives were next tested for the ability to create a 3D- well-defined favorable (green) and unfavorable (yellow)
QSAR that connects the tight binders (i.e., borderline steric interaction adjacent to the phenol in the anionic model
picomolarkK;) to the weaker binders such as sulfaphenazole that is less defined in the neutral model (Figure 4A,B).
and beyond. CoMSIA 3D-QSARs from a Small Bzbr Librarjhe

CoMFA 3D-QSARs from a Small Bzbr Librarfyart of specific COMSIA descriptors (electrostatic, steric, and hy-
the power of COMFA (and CoMSIA) comes from the ability drophobicity) were evaluated separately and in combinations
to visualize the results of a given model as a contour plot to see how the results differed from the results with the
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Ficure 4: Contour plots of CoMFA and CoMSIA models derived from 2C9bzbr(17). The color scheme is as follows: green and yellow
for favorable and unfavorable steric interactions, respectively, red and blue for favorable and unfavorable electron density, respectively,
and magenta for favorable hydrophobicity. (A) Neutral CoMFA model. (B) Anionic CoMFA model. (C) Neutral CoMSIA model with
electrostatics, hydrophobicity, and steric descriptors.

ties. No significant advantage over the CoMFA models was
observed with respect t values, though the neutral models
are expected to have better predictive accuracy based on their
lower standard error (Table 1). In addition, only one
insightful result was gained from the contour plots, and that
was the positioning of favorable hydrophobic interactions
(magenta) above the area corresponding to both bromines
of bzbr (Figure 4C). As with CoMFA, the locations of
predicted electrostatic interactions were not readily interpret-
able in terms of a 2C9 pharmacophore as the electropositive
(blue) and electronegative (red) sites did not correspond to
any particular moiety in any of the bzbr analogues (Figure
4C). When the steric descriptor was added, the expected
unfavorable steric feature (yellow) at the benzofuran side
chain and a favorable steric feature (green) adjacent to the
phenol arose in the contour plots (Figure 4C). While the

) former interaction agrees with boit values and the CoMFA
FicURe 5. Contour plot of the neutral COMSIA model derived from e the latter is less clear since the affinity of compounds
the 58-compound library. Bzbr is yellow, warfarin cyan, and .
sulfaphenazole magenta. Hydrophobicity (magenta fields) and the With larger groups at the bzbr phenol depends on the presence
unfavorable steric interaction at the benzofuran side chain (yellow, Of the adjacent bulky groups. Overall, the change in model
in the rear) remain important in a more diverse library. Favorable statistics was small and the contribution of sterics to the

electron density on the bzbr ketone (red) is thought to be a key model small when this property was included in CoMSIA
property underlying most 2C%ubstrate interactions and is pre- models

dicted for the first time.

2C9 3D-QSARs from a Larger LibraryVhile the model
CoMFA models. In contrast to those of COMFA, CoMSIA's is potentially useful for predicting<; values of similar
fields are generated from similarity indices instead of compounds, one must be cautious about interpreting the
Lennard-Jones and Coulombic potential energd&s. (This results from a 17-compound library as a definitive 2C9
is useful since similarity indices can be adapted to describe pharmacophore. Hydrophobic interactions and steric re-
several properties in addition to electrostatics and sterics suctstraints localized to the bzbr halogens and benzofuran side
as hydrophobicity, a descriptor not available with COMFA. chain, respectively, appear to be likely. However, the
Molecular similarity is also generally thought to provide more electrostatic interactions making up the other half of these
contiguous, easily interpretable fields because a Gaussianinodels remain questionable due to their inconsistencies in
type function is used in their construction. The color scheme the contour plots. Much of the discrepancy no doubt lies in
in the CoMSIA contour plots (Figure 4C) is the same used the small size of the libraries and the fact that the chemical
for COMFA (Figure 4A,B) with the addition of magenta used diversity is limited to the benzoyl phenol ring.

to denote hydrophobicity. Therefore, bzbr analogues were added to warfarins,
CoMFA suggested electrostatics contributes-46% and sulfaphenazoles, and NSAIDs from our previous library
sterics contributes 5460% to the affinity of the bzbr  published as 2C9(41) to make a 58-compound library called
analogues. To test whether the isolated descriptors arrived2C9(58) (3). Bzbr easily overlaid the phenyl rings of the
at the same answer, the same libraries were subjected tavarfarin analogues and sulfaphenazoles with its ketone being
CoMSIA analysis. CoMSIA models made from the neutral in the vicinity with the warfarin C-2 keto oxygen and
and anionic 2C9bzbr(17) libraries produced the best QSARssulfaphenzole sulfonamide oxygens (Figure 5). In fact, bzbr
(leave-one-out? > 0.3) by combining electrostatics and and sulfaphenazole are both acidic 2C9 ligands that, upon
hydrophobicity as opposed to electrostatic and steric proper-ionization, can delocalize more electron density to these
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Scheme 1: Two Resonance Structures of Benzbromarone noted in the literature. Each of the new compounds in Figure
1 (2—10) was synthesized to probe specific features thought
to be important in binding to 2C9. Here, the major features
of bzbr analogues and other 2C9 substrates are analyzed
according to the 2C9(58) model shown in Figure 5.

One of the most frequently mentioned properties of 2C9
substrates, including bzbr, is their acidity. Three novel bzbr
analoguesd—4) closer in structure to the parent bzbr were
synthesized to further test the role of the phengl.geach
compound had aKy, that was at least 3 units higher than
those of the anionic analogues and closely retained the steric
features of bzbr. The best isostere is the 3,5-dimethylphenol
(2) whose only difference is substitution of the electron-

spatially similar oxygens through resonance (Scheme 1). As
evidence, the MNDO-assigned partial charge on the bzbr \* , : : )
ketone was found to increase upon ionization fre.2g ~ Withdrawing bromines with methyl groups with almost
to —0.35. Sulfaphenazole’s oxygens -a0.8 already have identical van der Wa:als radii. When bzbr is redu_ced to an
the highest charges in the data set in the protonated state. If/CON0I @), the ketone’s absence is responsible for increasing
is tempting to equate the conjugated oxygens in these 2C9th€ Ka of the phenol. The benzyl derivativé)(places a
substrates with the role of the carboxylate group in the Methylene carbon between the ketone and phenol ring,
NSAIDs. One of the reasons warfarin is one of the weaker thereby insulating the phenol from the ketone. The major
inhibitors could be its ability to form a hemiketal rather than difference with these compounds is the preservation of the
a resonance-stabilized anion, a phenomenon convincinglyf@vorable bulky groups adjacent to the phenol. Because the
demonstrated to occur in the 2C9 active sié)( Remark- previous nonacidic analogues for bzbr were much poorer
ably, the expanded library COMSIA model, aligned with the binders than bzbr, it was thought that these three Iess_aC|d|c
aromaticr-stacking region, electronegative oxygens, and the analogues that.preserve'd .the surrounding bulky sgbstltuents
primary site of metabolism, generated a QSAR that spansWould have higher affinity. The compounds did have
an unprecedented range Kf values, from 48:M to 1.0 increased potency over the bzbr analogu_e with a methyl-
nM. In addition, the final library used only neutral bzbr Plocked phenolX7) or the bzbr analogue without halogens
analogues so knowledge of the charge state was not required(16). In fact, these better isosteres of bzbr have onty2

As with the bzbr models, the COMSIA models weighted Umes highei; values than bzbr withif. values more than
electrostatics and hydrophobicity as being best able to define3 UNits higher £8.5). This means they are less than 10%
the K; data according tog? values. When sterics was ionized in solution under reaction cqn_d|t|ons atpH 7.4. 1t
combined with other descriptors, it always represented the @PPears that decreased phenol acidity2ef4 was only
most minor contributor to the models. After models based Slightly deleterious to their activity, while bulky substituents
on the single descriptors and every permutation of descriptors®n the same aromatic ring were quite favorable.
were compared, a representative model with the higpest While the anionic bzbr derivatives still remained the most
and the smallest number of components was chosen. Thigpotent 2C9 inhibitors, albeit by a minimal margin, the
model contained equally contributing electrostatics and CoMSIA model did not predict any electronegative group
hydrophobicity, and a weaker steric contributor. near the phenol oxygen even though charge features ac-

A contour plot of this expanded CoMSIA model, 2C9- counted for half of the model. Yet the 2C9(58) CoMSIA
(58), demonstrated a few similarities and differences with model did predict a favorable electronegative interaction at
the 2C9bzbr(17) library, and gave more insight into the the bzbr ketone, which aligned closely with the oxygens of
properties of the bzbr benzofuran and ketone regions (Figuresulfaphenazole and warfarin (Figure 5). Hence, the quantita-
5). An unfavorable steric feature (yellow) was close to the tive model agrees with the observation that a similarly placed
bzbr benzofuran side chain even in this much more diverseelectronegative group, not necessarily from an ionized
data set. A new favorable steric interaction (green) overlaid substrate, is favored. The fact that bzbr and sulfaphenazole
the site of metabolism. This time, no electrostatic interactions can delocalize more charge onto their oxygens through
were found in the benzoyl ring, but favored electron density resonance in the ionized state may give them an edge over
(red) was found near the oxygen-rich area, which correspondswarfarin, which likely binds as the ring-closed, hemiketal
to the bzbr ketone and sulfaphenazole sulfonamide oxygenstautomer to 2C9 (Figure 6). Ever, though not very acidic,
Less electron density (blue) was favored around the bzbrshows increased affinity over new compouddwhich is
benzofuran ring and corresponded to sulfaphenazole’s acidicunable to delocalize electron density to its ketone because
hydrogen. Finally, two hydrophobic interactions (magenta) of its metapositioned phenol. Such an interaction with this
around the bzbr halogens still remain in the larger model, specific oxygen was noted in a recent publication for human
highlighting the importance of this property. P450 2C9 14). (9-Warfarin was cocrystallized into a

Important Features of Bzbr AnalogueBy pooling the hydrophobic pocket some distance from the heme where the
bzbr analogues with diverse groups of warfarin analogues 2-keto oxygen is accepting an H-bond from the backbone
and sulfaphenazoles, we could predict a more logical set ofamide of F100. On the basis of these considerations, a
predicted interactions with CoMSIA methods while increas- scheme whereby the ketone of bzbr accepts an H-bond from
ing the predictive range over that achieved with just bzbr backbone amide nitrogens or another positively charged site
analogues. In particular, the predicted interactions accountis consistent with the literature and predicted by the atomic
for many observations of bzbr analogues and other substrategharges used to derive the CoMSIA model.
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Ficure 6: Conceptual arrangement of various 2C9 ligands in which relative affinity is explained in terms of bzbr properties.

An electropositive interaction was predicted just above the hydrophobic interactions with specific sites on the enzyme
bzbr benzofuran and, after closer examination, best overlapsas predicted by CoMSIA.
the sulfaphenazoles’ acidic sulfonamide hydrogens. Although  Steric features were minor components in defining the data
this can be interpreted as a region that corresponds to aset in COMSIA models, but display parallels between bzbr
negative charge or H-bond acceptor in the enzyme, this resultand warfarin analogues. Sterics alone were incapable of
may reflect more the polarizability of groups in this area. generating any QSAR as evidenced by negatjggalues,
More polarizable compounds are better able to put negativeand the electrostatic/steric model contributed less to sterics
charge on the oxygen for an interaction with the enzyme. (21%) (Table 1). In addition, all permutations of descriptors

Hydrophobic interactions (magenta) are equally important that included sterics weighted it as the most minor component
to electrostatics as judged by the model statistics. Hydro- in explaining the data. Nevertheless, an unfavorable steric
phobicity could produce cross-validated models on its own interaction at the side chain of the benzofuran (C-2) was
(Table 1). The strong dependence and distinct placement offound in both models based on the small bzbr(17) library
hydrophobic interaction sites over the bzbr halogens suggestand the larger 2C9(58) library. In the smaller data set, this
these substituents play a key role in binding. All halogenated finding is likely due to a preference for small side chains in
bzbr analogues, like the tightest binding diiodo compound this position of bzbr (compar#2 to 14). In the larger data
(12), support this, as does a recent study by Egatll. set, sulfaphenazoles have no steric bulk here. Conversely,
(27), which predicts two hydrophobes in the 2C9 hetero- select forms of warfarin may contribute to this prediction.
activator binding site. Three additional bzbr analogues The highest-affinity warfarin-like compounds are the phen-
suggest 2C9 contains a hydrophobic region near the benzoylprocoumon isomers, dicoumarol, and th&)A(1([R)-warfarin
ring, which is the location of the aromatic interaction site alcohol (Figure 6)13). Phenprocoumons, lacking the acetyl
used in the alignment. Analogug possesses a simple group of warfarin, have the smallest side chain at the
cyclohexane moiety attached to the ketone and hqsaaver predicted sterically restricted site and bind witKaalmost
than theK; values of several having aromatic rings. The 10 times lower than that of warfarin. Dicoumarol lacks this
dimethyl phenol methyl ethe6) and the 4-dimethylamino side chain altogether and binds with an affinity similar to
analogue 1) have affinities resembling that of the bzbr that of phenprocoumon. The C-11 warfarin alcohols are
methyl ether 15) and so likely make van der Waals contacts incapable of forming the hemiketal structure, but only one
with their bulky substituents as well. Moving a methoxy diastereomer seems to be able to take advantage of being
group from the favorable C*4(17) to the C-2' position Q) anionic due to steric differences. TheSp(1([R) isomer has
decreases affinity, but it is less clear that this can be attributeda K; of 0.1 M, while the 9R),11(R) isomer has & of 37
solely to a lack of van der Waals contacts since the position «M. With the substrate alignment described above, it appears
of the substituent could alter the conformation of the benzoyl the side chain of the &) isomer is positioned in the
ring. unfavorable steric site because of its low activity. No such

In the case of 2C9, it appears the hydrophobicity of bias is evident between the smaller side chainsRpf &nd
bzbr is favored for enthalpic reasons. No obvious relation- (S)-phenprocoumon.
ship of logP or logD with any specific range & values One issue to consider with using warfarin itself (not the
was found in a two-dimensional plot, and the logP and alcohol) to address steric arguments is the fact that the
logD values only deviated by2 units except for a few  recently determined crystal structure’s electron density
compounds that had intermediate activities (data not shown).appears to fit the ring-opened form of warfarin. Although
If it is true that there is no correlation between the bzbr this is in disagreement with Het al. (26), it is possible this
lipophilicities and their affinity, then most of the favorable conformation represents a nonproductive binding mode and
steric interactions in the CoMFA models are really favorable that the tautomer equilibrium shifts to close the ring during
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approach to the heme. Another possibility is that the amino
acid substitutions made to the F-helix and® loop regions
(K206D, 1215V, C216Y, S220P, P221A, 1222L, and 1223L)
required to crystallize the enzyme may have created a ring-
opened warfarin binding conformation that is an artifact since
some of the mutated residues surround the binding pocket.

- 1._.
Differences in the solvation of the active site of the mutated el .fr-“;-i}_
enzyme versus the wild-type enzyme would also be expected hydrophobic
to alter the structure of warfarin. As a lipophilic environment pocket

drives the formation of ring-closed warfari@8), stronger
or altered solvation of the active site could keep warfarin in
its ring-opened formZ9).

The CoMSIA 2C9(58) model also contained one favorable
steric site, which was located at the site of metabolism
(green) (Figure 5). This could represent either a van der
Waals interaction with the | helix due to its proximity to the
distal heme surface, the heme itself, or a more distant binding
mode. For instance, in the 2C9 crystal structure, this region
is nearly in contact with F114, a residue that is important
for 2C9'’s warfarin metabolic profile and tight binding of
sulfaphenazole30).

The poorest binder of the data set is one exception where
the smaller 2C9bzbr(17) library better fits the qualitative
steric observations. The dichloropyridine derivativi)(
differs from bzbr only by having a nitrogen within the
aromatic ring at the '4position instead of a phenol, yet this
must somehow be responsible for increasingkh2 orders
of magnitude above that of bzbr. Derivativ8sand 9 are
the next two poorest inhibitors, and all three of these
compounds lack a substituent at C-&o there appears to
be a specific steric requirement at the-%'" positions of
the aromatic benzoyl ring, and the models based on the
smaller library do predict a favorable steric interaction (green)
above this position (Figure 4C).

Application of CoMSIA Models to Enzym8ubstrate
Interactions. The recent publication of a crystal structure
shows warfarin bound in the ring-opened form in a position
far removed from the heme iron and, hence, the oxidizing
species 14). Warfarin is bound in a hydrophobic pocket
comprised of F476, which is-stacking with warfarin’s
phenyl ring, with the 2-keto oxygen of warfarin accepting
an H-bond from the backbone amide of F100. This is
reproduced with bzbr in Figure 7A, which is very similar to
warfarin with respect to composition and geometry. The
H-bond agrees with the finding that warfarin analogues
display highly dependent metabolism profiles based on the
presence of the C-2 keto oxygen, regardless of the tautomeric
form (26). Sulfaphenazole also shares some of the sameFiGURE 7: Proposed binding modes of bzbr created from Protein

features: an aromatic ring and similarly positioned elec- Data Bank entry 10G5 using MidasPI6( 37). (A) How bzbr
would interact with F476 (cyan) and accept an H-bond from the

backbone amide of F100 in analogy to warfarin. (B) In metabolism
mode, bzbr could dip toward the heme and switch to an edge-to-
face interaction with F114 while ion pairing with R108 on the
flexible B'—C loop. (C) The bromines (green) are also capable of
making van der Waals contacts with, B, and G helix residues in

tronegative sulfonamide (Figure 5).

Given the positioning of warfarin, this binding mode could
not possibly be a catalytically important binding orientation.
Even rotation of warfarin is not likely since P367 and L366
would prevent its approach to the heme. This structure is

also inconsistent with the metabolically active binding mode the metabolism binding mode.

in that ring-opened warfarin is bound, while it has been

established that metabolism occurs from the ring-closed form conformation. (3) The binding mode represented is an artifact
(26). A number of possibilities could explain this discrepancy of the mutagenesis of the enzyme needed to make it
with the most obvious being the following. (1) The binding amenable to crystallization.

mode in the reported crystal structure is one of two sites in ~ With respect to the first point, it is particularly telling that
the active site that can bind warfarin. (2) A conformational warfarin is the substrate cocrystallized with the enzyme.
change converts the enzyme into the metabolically activatedWhile ample evidence exists for atypical kinetics and two
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substrates binding to 2C9 with a few substrates, warfarin is binding mode as shown in Figure 7C. This also places the
one of the most studied 2C9 substrates, and no evidence oprimary aromatic metabolized position (C-6) directly above
atypical kinetics has been presented for this substrate. It isthe heme at-3 A.
possible that the slow turnover of this substrate or fortuitous  If it is assumed that bzbr binds in the more distant binding
kinetics obscure the observation of two substrates binding pocket, it is difficult to reconcile which binding pocket the
simultaneously; however, given the data available thus far, COMSIA model describes because each interaction could
this is the least likely of the possibilities presented above. occur in both locations. Aromatic interactions of F476 and
Thus, while it is possible that this binding location is involved F114 with the benzoyl ring are possible, and the bromines
in the heteroactivation of other substrates such as theor methyl substituents on the benzoyl ring would be located
activation of flurbiprofen by dapson8&Y), it seems unlikely next to hydrophobic regions in the enzyme at both sites
that warfarin binds at this location, and then subsequently (Figure 7). Both binding sites place the unfavorable steric
moves to a catalytically active binding site. interaction site for bzbr into a limited but not entirely
The second possibility that the crystallized structure restricted space either near the region of F476 (Figure 7A)
undergoes a conformational change to a structure responsibler between the | and F helices (Figure 7C). That leaves the
for turnover is supported by mutation of R108 and D293, ion pair, but distinguishing between an ion pair like the one
an unpublished crystal structure of 2C9, and the primary envisioned between the ketone and R108 or an H-bond as
structure of the B-C loop. The R108 residue has been found in the hydrophobic pocket is complicated by R108
implicated in the binding and/or metabolism of acidic flexibility. It is difficult to measure the more favorable
substrates bzbr, diclofenac, flurbiprofen, and warfa8®) ( scenario, a solvated R108 residing on the enzyme’s surface
Activity toward diclofenac and warfarin metabolism is nearly or the displacement of active site solvent and loss of H-bonds
abolished in R108F mutants where hydrophobic substratein the B helix needed to bring R108 into contact with D293
pyrene is unaffected, yet this residue is pointing out into and substrate. All that is known is that the D293 mutant
solution in the crystal structure. Another observation is that stabilities described above suggest burying R108’s positive
the overall structure of | helix mutants D293N and D293V charge is favorable.
is destabilized relative to wild-type 2C9. What is the link In conclusion, 3D-QSARs may be useful tools for probing
between these residues? It turns out that a conformationalthe biochemistry of CYPs. Although often built with the
change allows R108 to form an anion-binding site right near assumption of a catalytically active orientation where the
the heme. An unpublished structure presented by E. F.site of metabolism is aligned, they can be used to probe
Johnson depicts an unwound iilix whose R108 is facing  protein structure and how it relates to the substrate binding
inward, anchored to D293 and interacting with the acidic mode, dynamics, and possibly non-Michaeldenten kinet-
substrate flurbiprofer( 33). Therefore, D293 mutants could ics as observed with dapson81). As an example, a
alter metabolism by decreasing the amount of time the@® guantitative CoMSIA model constructed from diverse sub-
loop spends forming the R108 anion-binding pocket. The strates and a remarkable range of activities suggest that the
flexible nature of the R108-containingBC loop is thought role of hydrophobicity in 2C9 substrates was underestimated.
to originate from the primary structure of 2C9 at G96, R97, Electrostatics was an equally good descriptor, and the overlap
and G98 and G109, F110, and G111. These two Gly-X-Gly of a common electronegative site in non-NSAID substrates
motifs are located on both ends of théilix and appear  such as sulfaphenazole, phenytoin, and tolbutamide helped
to be conserved among several members of the 2 faBdly ( conceptualize a more general 2C9 pharmacophore. Though
35). different results could be produced using a substrate other
Finally, the same mutagenesis findings and crystal- than warfarin to assess inhibition, the model described here
lographic information also support the possibility that mu- should prove to be useful with its straightforward alignment
tagenesis carried out for crystallization purposes could haverules.
produced an artifact. It may be that no substrate motion or
B'—C loop movement is required and that the significant ACKNOWLEDGMENT
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