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ABSTRACT

CYP2C9 metabolizes a wide range of drugs, many of which are
negatively charged at physiological pH. Therefore, it has been
thought that complementarily charged amino acid(s) are criti-
cally involved in substrate binding. Previous studies have im-
plicated arginine residues at positions 97, 105, and 108 and
aspartate at position 293 in the normal catalytic function of the
enzyme. To elucidate the role of these amino acids in the
substrate specificity of CYP2C9, a series of mutants were
constructed and analyzed for functional activity, thermal stabil-
ity, and ligand binding. Charge-modifying mutations at posi-
tions 97, 105, and 293 decreased catalytic activity toward
diclofenac, (S)-warfarin, and pyrene in a substrate-independent
manner with Arg105 the least, and Arg97 the most, sensitive
amino acids in this regard. Decreases in functional activity
paralleled thermal instability of the mutants, suggesting that

loss of function reflects more generalized structural changes
rather than the absence of a specifically charged amino acid at
these three positions. The R108H mutant was inactive toward
all three substrates because of unexpected nitrogen ligation to
the heme. Conversely, the R108F mutant exhibited substrate-
dependent catalytic behavior, with almost complete loss of
activity toward (S)-warfarin and diclofenac, but preservation of
pyrene metabolism. In addition, the R108F mutation abrogated
the Type | difference spectra induced by flurbiprofen and ben-
zbromarone, obligate anions at physiological pH. These data
identify critical roles for Arg97 and Asp293 in the structural
stability of the enzyme and demonstrate a selective role for
Arg108 in the binding and metabolism of negatively charged
substrates of CYP2C9.

CYP2C9 is the major CYP2C isoform found in the human
liver, constituting from 18 to 30% of total hepatic P450
(Lasker et al., 1998; Rodrigues and Lin, 2001). CYP2C9 ex-
hibits a preference for substrates that are weak acids and
participates in the oxidation of the endogenous eicosanoid,
arachidonic acid, to several isomeric epoxides (Daikh et al.,
1994), some of which seem to play an important role in the
regulation of vascular homeostasis (Fisslthaler et al., 2000;
Busse et al., 2002). Another prominent function of CYP2C9 is
the oxidative metabolism of many clinically important drugs
such as (S)-warfarin, phenytoin, and many of the nonsteroi-
dal anti-inflammatories (Miners and Birkett, 1998). Because
CYP2C9 is one of the most important human P450s involved
in xenobiotic metabolism there is considerable interest in
determining the precise mechanisms whereby substrates are
targeted, bound in the active site, and oriented for regioselec-
tive and stereoselective oxidation.

Because CYP2C9 exhibits selectivity for substrates and
inhibitors that are lipophilic and either weakly acid or neu-
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tral, it would be expected that important ligand interactions
would occur with hydrophobic and hydrogen bond donor or
acceptor residues in the active site of the enzyme. Previous
site-directed mutagenesis studies have provided evidence in
support of a role for Phel14, Val113, and Phe476 in hydro-
phobic interactions with (S)-warfarin and diclofenac and
with the inhibitor sulfaphenazole (Haining et al., 1999; Melet
et al., 2003). Using a variety of computer modeling tech-
niques several groups, including our own, have proposed
Arg97, Argl105, Argl08, and/or Asp293 as important charged
residues in CYP2C9 (Payne et al., 1999; Rao et al., 2000; De
Groot et al., 2002). In addition, alanine scanning mutagene-
sis of B-C loop residues 97 to 108 in CYP2C9 has provided
experimental evidence that Arg97 and Argl08 are determi-
nants of catalytic function (Ridderstrom et al., 2000), al-
though it is not clear whether these two amino acids contrib-
ute to the general structural stability of the enzyme or
contribute via polar interactions with CYP2C9 substrates.
To obtain a more detailed picture of the role that promi-
nent charged residues play in CYP2C9 catalysis, we replaced
the Arg at positions 97, 105, and 108 with Phe and His to
progressively eliminate the positive charge and neutralized
the I-helix acid Asp293. Mutants were purified and charac-

ABBREVIATIONS: P450, cytochrome P450; HPLC, high-performance liquid chromatography.
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terized by spectroscopic and thermal stability analyses and
with regard to their catalytic activity toward model sub-
strates. The results suggest that whereas Arg97 and Asp293
are necessary for maintaining the structural integrity of the
enzyme, Argl08 is a key determinant of binding and metab-
olism of negatively charged substrates by CYP2C9. The lat-
ter finding would not be predicted from the newly available
crystal structure of CYP2C9 (Williams et al., 2003), and
reasons for this apparent discrepancy are discussed.

Materials and Methods

Chemicals and Reagents

Oligonucleotides were purchased from Invitrogen (Carlsbad, CA),
hydroxyapatite was purchased from Bio-Rad (Hercules, CA), and
restriction enzymes were purchased from New England BioLabs
(Beverly, MA). Octyl-Sepharose, flurbiprofen, diclofenac, 7-ethoxy-
coumarin, dNTPs, 8-aminolevulinic acid, dithiothreitol, sodium di-
thionite, and B-NADPH were obtained from Sigma-Aldrich (St.
Louis, MO). (S)-Warfarin was obtained by fractional crystallization
and 7-hydroxywarfarin was synthesized as described previously
(Bush et al., 1983). 3’-Hydroxy,4'-hydroxy, and 5’-hydroxydiclofenac
were provided by Novartis (Basel, Switzerland). Pyrene and 1-hy-
droxy-pyrene were purchased from Supelco (Bellefonte, PA) and
Acros Organics (Santa Clara, CA), respectively. Benzbromarone was
synthesized as described previously (Locuson et al., 2003). Dilauryl
phosphatidylcholine was purchased from Avanti Polar Lipids, Inc.
(Alabaster, AL). HPLC grade solvents were purchased from Fisher
Scientific Co. (Fair Lawn, NdJ).

Mutagenesis and Protein Expression

The CYP2C9 gene was subcloned into the pUC vector as described
previously (Haining et al., 1999). Mutagenesis was performed using
either overlap extension polymerase chain reaction (R105H, R108F,
R108H, D293N, and D293V) or the Transformer site-directed mu-
tagenesis kit (R97F, R97TH and R105F; BD Biosciences Clontech,
Palo Alto, CA). Mutagenic oligonucleotides consisted of the following
sequences: R97F, 5'-GAG GAG TTT TCT GAA TTT GGC ATT TTC
CCA CTG-3’; R97H, 5'-GAG GAG TTT TCT GGA CAT GGC ATT
TTC CCA CTG-3’; R105F, 5'-TTC CCA CTG GCT GAA TTT GCT
AAC AGA GGA TTT G-3'; R105H (forward), 5'-CCC ACT GGC TGA
ACA TGC TAA CAG AGG ATT TG-3'; R105H (reverse), 5'-CAA ATC
CTC TGT TAG CAT GTT CAG CCA GTG GG-3'; R108F (forward),
5'-GAA AGA GCT AAC (TTT) GGA TTT GGA ATT G-3'; R108F
(reverse), 5'-CAA TTC CAA ATC C(AA A)GT TAG CTC TTT C-3';
D293N (forward), 5'-AAC ACT GCA GTT (AAC) TTG TTT GGA
GCT-3’; D293N (reverse), 5'-AGC TCC AAA CAA (GTT) AAC TGC
AGT GTT-3'. Oligonucleotides for the R108H mutant were the same
as those for R108F except that the sequence in parentheses was
changed to CAT in the forward primer and ATG in the reverse
primer. Oligonucleotides for the D293V mutations were the same as
those for the D293N mutation except that the sequence in parenthe-
ses was changed to GTC in the forward primer and GAC in the
reverse primer. External primers used in amplification were: for-
ward, 5'-ACG GCC AGT GAA TTC AAT GGA TTC TCT TG-3';
reverse; 5'-GTA CCG AGC TCG AAT TCG TCA GAT GAC-3'. The
target mutation and integrity of the gene outside this locus were
confirmed by DNA sequencing. CYP2C9 mutants were then sub-
cloned into the EcoRI site of the pFastBac vector (Invitrogen). Bac-
ulovirus construction and protein expression in Spodoptera frugi-
perda cells were performed according to the Bac-to-Bac Baculovirus
Expression System protocol from Invitrogen.

Protein Purification

Purification of wild-type CYP2C9 and the R108F, R108H, D293N,
and D293V mutants were carried out as described previously (Hain-
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ing et al., 1999) on Octyl-Sepharose and hydroxyapatite with omis-
sion of the DEAE-Sepharose step. The R97F, R97TH, R105F, and
R105H mutants did not bind to hydroxyapatite under standard con-
ditions. Therefore, P450 fractions that eluted from Octyl-Sepharose
were first dialyzed overnight against 2 X 1 liters of 5 mM KPi buffer,
pH 7.0, 20% glycerol, and 0.1% Emulgen 911 before application to
hydroxyapatite. Loosely bound enzyme was washed with 5 mM KPi,
pH 7.0, 25% glycerol, and 0.2% cholate until A,g, < 0.02. Emulgen-
free protein was eluted with 300 mM KPi, pH 7.4, 20% glycerol, and
0.5% cholate, and all preparations were dialyzed against 2 X 1 liters
of 100 mM KPi, pH 7.4, 20% glycerol, and 1 mM EDTA before storage
at —80°C. Protein was measured by the Lowry method and heme
concentrations were determined by the pyridine hemochromogen
method using an extinction coefficient of 20.7 mM ™! em™! (Falk,
1964).

Liquid Chromatography/Mass Spectrometry Analysis

Intact protein molecular masses for each of the CYP2C9 mutants
(monoisotopic MH™") were obtained after chromatography on a PO-
ROS2 column using a Micromass Quattro II tandem quadrupole
mass spectrometer. This instrument used MassLynx software (Bev-
erly, MA) and was run in electrospray ionization mode at a cone
voltage of 30 V, source block temperature of 150°C, and a desolvation
temperature of 350°C (Henne et al., 2001).

P450 Measurements

Spectral studies were performed using an Agilent 8453E UV-
visible spectroscopy system unless otherwise noted. Spectral P450
contents were determined according to published methods (Es-
tabrook and Werringloer, 1978), with the modification that methyl
viologen was added in addition to dithionite at a final concentration
of 1.2 uM. A difference spectrum for the R108H mutant versus
wild-type CYP2C9 was obtained by adding equimolar amounts of
enzyme (1 uM based on the pyridine hemochromogen values) to
matched sample and reference cuvettes, respectively, and then scan-
ning from 350 to 500 nm.

Analysis of Thermal Stability of CYP2C9 Mutants

These studies were carried out according to a modification of the
protocol described by Chen et al. (1997). Each P450 preparation (5
uM) was preincubated at 48°C in 100 mM potassium phosphate
buffer, pH 7.4, for 0 to 30 min. At various time points, aliquots were
removed and the reduced CO difference spectra were recorded rela-
tive to the zero time point value. Half-lives for the thermally induced
conversion of P450 to P420 were determined according to first-order
decay kinetics.

Spectral Binding

Purified CYP2C9 was first reconstituted with extruded liposomes
of dilauryl phosphatidylcholine. The final amount of lipid used was
0.2 pg/pmol of enzyme. Wild-type CYP2C9 or the R108F mutant (300
pmol) were then placed into separate cuvettes containing 50 mM
potassium phosphate at pH 7.4 to a final volume of 0.5 ml. After
allowing the sample and reference cuvettes to reach room tempera-
ture, difference spectra were obtained over the range 350 to 500 nm,
after addition of 0 to 150 uM racemic flurbiprofen or 0 to 100 nM
benzbromarone, using a double beam spectrophotometer (DW2000;
Aminco, Lake Forest, CA).

General Enzyme Assay Conditions

Incubation mixtures contained 50 mM potassium phosphate, pH
7.4, 10 to 50 pmol of CYP2C9, 20 to 100 pmol of P450 reductase, 10
to 50 pmol of cytochrome b; (P450/reductase/cytochrome b5, 1:2:1),
0.5 pg of dilauryl phosphatidylcholine extruded through a 0.2-um
filter (Avanti Polar Lipids), 20 uM dithiothreitol, 0.5 mM NADPH,
and appropriate substrate in a final volume of 0.5 ml. All enzymatic
reactions were initiated by the addition of NADPH and conducted at
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37°C. Analysis of (S)-warfarin, diclofenac, and pyrene metabolites
was performed using a Hewlett-Packard model 1050 in line with a
Hewlett-Packard series 1046A fluorescence detector (Hewlett-Pack-
ard, Palo Alto, CA).

Metabolic Assays

Diclofenac. Rates of formation of 4'-hydroxydiclofenac by recon-
stituted enzyme mixtures were determined by HPLC as described
previously (Haining et al., 1999), except that metabolic reactions
were terminated after 15 min. Diclofenac concentrations ranging
from 1.5 to 100 uM were used for determination of kinetic parame-
ters.

(S)-Warfarin. (S)-Warfarin 7-hydroxylation was measured by an
HPLC-fluorescence method (Lang and Bocker, 1995). The substrate
concentration range used for kinetic determinations was from 2 to
100 wM.

Pyrene. Formation of 1-hydroxypyrene was determined by HPLC
using a fluorometric assay with a Nucleosil C;g column (Agilent, Palo
Alto, CA), 4.0 X 125 mm. The flow rate used was 0.8 ml/min, the
column temperature was set to 40°C, and the solvents used were
water (A) and methanol (B). The column was initially equilibrated
with 54:46 A/B, and a linear gradient was applied from 0 to 35 min
to 5:95 A/B and from 35 to 40 min back to 54:46 A/B. The column was
allowed to equilibrate at 54:46 A/B for 5 min between each run.
Metabolic reactions were allowed to proceed for 15 min and were
then quenched with 0.1 ml of acetonitrile. Metabolite was detected
fluorometrically, with excitation and emission wavelengths set at
340 nm and 390 nm, respectively, and a cut-off filter at 345 nm. For
kinetic analysis, the concentrations of pyrene varied from 0.5 to 50
M.

Kinetic Analysis

K, and V.. were estimated using the k.cat program (Biometal-

lics, Inc., Princeton, NJ) and nonlinear regression was performed
using the SYSTAT program (Systat Systems, Inc., Richmond, CA).

Results

Expression, Purification, Heme Contents, and Accu-
rate Mass of CYP2C9 Mutants. CYP2C9 mutants at amino
acid positions 105, 108, and 293 all expressed well in insect
cells, reaching levels that ranged from 200 to 800 nM as
determined by reduced CO difference spectra (Table 1). In
contrast, mutants at position 97, especially R97F, expressed
at consistently low levels (=50 nM). Mutations at positions
97 and 105 also resulted in CYP2C9 proteins that exhibited
altered chromatographic properties during purification.
However, modified isolation protocols were devised that per-
mitted isolation of all mutant enzymes, although the low

TABLE 1
Specific heme content and accurate mass analysis of CYP2C9 mutants

Molecular Mass

Expression

Enzyme Level Sp. Content Expected Observed A

nmol /1 nmol/mg Da Da
CYP2C9 500 18.1 55,627 55,630 +3
RO7F =50 5.3 55,618 _“ _
R97TH =100 8.8 55,608 55,610 +2
R105F 500 14.2 55,618 55,624 +6
R105H 500 14.3 55,608 55,612 +4
R108F 500 174 55,618 55,619 +1
R108H 800 15.7 55,608 55,610 +2
D293N 250 8.6 55,626 55,629 +3
D293V 200 8.1 55,611 55,616 +5

¢ Analysis not performed due to insufficient amounts of the protein.

final yields of R97F limited some of its biochemical charac-
terization (see below). Table 1 also shows the specific heme
contents and accurate masses of intact, wild-type CYP2C9
and the mutant preparations. Mass data obtained by liquid
chromatography/electrospray ionization-mass spectroscopy
of the apo-enzymes agree with calculated molecular weights
within an error of =0.01%. Specific contents ranged from 5.3
to 18.1 nmol/mg. Because SDS-polyacrylamide gel electro-
phoresis analysis (not shown) indicated similar high levels of
purity (80-90% homogeneity), it seems that mutations at
positions 97 and 293 compromise heme binding or retention
in the holo-enzyme.

Functional Activity of CYP2C9 Mutants. The func-
tional capabilities of the CYP2C9 mutants were investigated
using the substrates diclofenac, (S)-warfarin, and pyrene.
Both diclofenac and (S)-warfarin are weak acids and are
considered archetypal CYP2C9 substrates. Pyrene, on the
other hand, is a planar aromatic compound with no func-
tional groups. Metabolic reactions were performed at single
substrate concentrations (50 uM) that were well in excess of
the wild-type K, for each substrate. All mutants displayed
compromised metabolism of at least two of the three sub-
strates. Figure 1 illustrates the relative percentage activity
remaining for each mutant, with reaction velocities for wild-
type enzyme set to 100%. Phe and His mutations introduced
at position 97 caused the most dramatic decreases in hy-
droxylation rates (>98%) for all three substrates. In contrast,
Phe and His mutations at position 105 elicited much more
modest effects, with the R105H mutant exhibiting 40 to 70%
of wild-type activity. Substantial (>80%) and largely sub-
strate-independent decreases in catalytic activity were also
evident for the R108H mutant. However, the most striking
finding was the substrate-dependent metabolic behavior of
the R108F mutant, which exhibited almost complete loss of
activity toward (S)-warfarin and diclofenac but retained a
substantial proportion of the wild-type activity toward
pyrene.

Steady-State Kinetics for Pyrene, Diclofenac, and
(S)-Warfarin Catalyzed by CYP2C9 Wild-Type and the
R108F Mutant. To confirm the unusual catalytic trends
observed for the R108F mutant in the metabolic screen, we
measured steady-state kinetics for substrate metabolism cat-

O 1-hydroxypyrene
O 7-hydroxy-S-warfarin
W 4'-hydroxydiclofenac

100 4 /5

80 1

. e

wt R97F R9TH RI105F RI105H RI108F RI108H D293N D293V
Mutant

Fig. 1. Catalytic properties of CYP2C9 mutants. Diclofenac, (S)-warfarin,
and pyrene metabolite assays were performed as described under Mate-
rials and Methods using 50 uM substrate. The error bars represent the
S.D. from triplicate incubations.

% of Native CYP2C9 Activity




alyzed by this mutant and the wild-type enzyme (Table 2).
Over a wide substrate concentration range, diclofenac 4'-
hydroxylation and (S)-warfarin 7-hydroxylation followed
Michaelis-Menten kinetics for the wild-type enzyme, but
turnover was barely detectable with the R108F mutant. In
contrast, pyrene exhibited sigmoidal kinetics with both en-
zymes and little change in either K_,, or K_.. These data
confirm the unique metabolic processing of pyrene by the
R108F mutant.

Spectral Binding Studies. We next attempted to mea-
sure dissociation constants for substrate binding to CYP2C9
and the R108F mutant, but neither (S)-warfarin, pyrene, nor
diclofenac, the three substrates used in the initial functional
studies, elicited strong spectral changes at ligand concentra-
tions up to 100 uM. By contrast, flurbiprofen readily formed
a type I binding spectrum, as did the high-affinity inhibitor
benzbromarone (Fig. 2). Titration with flurbiprofen (not
shown) provided a K, value of 21 = 1 uM. However, the
magnitude of the maximum spin state change was substan-
tially reduced with benzbromarone, thereby precluding ro-
bust measurement of K, for this ligand. Most significantly,
spectral binding of both flurbiprofen and benzbromarone was
severely attenuated in the R108F mutant (Fig. 2).

Aberrant Spectral Properties of the R108H Mutant.
We then turned our attention to the mechanism underlying
generalized loss of activity observed with the R108H mutant.
CD spectra (not shown) of wild-type CYP2C9 and the R108F
and R108H mutant enzymes provided evidence of well-folded
proteins with no indication of alterations in secondary struc-
ture. However, clues to the mechanism underlying the dif-
ferential catalytic properties of R108H and R108F were ob-
tained from examination of their electronic absorption
spectra. Wild-type CYP2C9 and each of the eight mutants
exhibited an absorption maximum at 451 nm for the Fe?*-CO
complex (Table 3). However, we noted that CO binding to
dithionite-reduced P450 occurred extremely slowly and in-
completely over the course of an hour. In addition, the ferric
form of the R108H mutant exhibited an absorption maximum
at 426 nm, with a similar red shift in the « and 8 bands and
a Bl/a ratio of 1.3:1 (Fig. 3). These spectral properties are
characteristic of a nitrogenous ligand bound form of ferric
P450 (Dawson et al., 1982), in contrast to that of the typical
low-spin ferric species evident for all the other mutant forms
of the enzyme investigated here (Table 3). Further evidence
for this assignment is provided by the inset in Fig. 3, which
shows a type II difference spectrum obtained when the wild-
type enzyme was referenced against an equimolar concentra-
tion of the R108H mutant. Collectively, these data suggest
that the imidazole group of the R108H mutant serves as the
sixth ligand to the ferric enzyme and is only very slowly

TABLE 2
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displaced upon reduction, thereby resulting in a substrate-
independent loss of catalytic activity.

Thermal Stability of CYP2C9 Mutants. Finally, we
probed the generalized loss of function for the Arg97 and
Asp293 mutants by evaluating their thermal stability. A
variety of conditions, including high temperature, has been
shown to convert P450 to P420, an inactive form of the
enzyme (Martinis et al., 1996; Chen et al., 1997). Therefore,
we determined the effect of preincubation at 48°C for 0 to 30
min on the stability of the reduced P450-CO complex for each
mutant. Data are shown graphically in Fig. 4, and the calcu-
lated half-lives of the P450-to-P420 conversion are shown in
Table 4. Mutations at residue 105 exhibited the most modest
effects, with near equivalent half-lives of 13 to 17 min for the
conversion of cytochrome P450 to P420 in the wild-type,
R105F, and R105H forms of the enzyme. In contrast, muta-
tions introduced at position 108 led to protein products that
were more stable than wild-type, with the R108F and R108H
mutants exhibiting half-lives of 24 and 177 min, respectively.
At zero time, only the R97TH mutant exhibited significant
(>10%) amounts of P420. Indeed this mutant proved to be
the most thermally unstable in that no spectral P450 was
detectable after a 5-min incubation at 48°C. Mutations intro-
duced at residue 293 also led to enzymes that were much less
stable than wild-type, exhibiting half-lives of 2 to 3 min.

Discussion

Many CYP2C9 substrates possess at least two noncoplanar
aromatic rings and anionic and/or hydrogen bond acceptor
sites located 6 to 10 A from the hydroxylation site (Ekins et
al., 2001). Therefore, it is reasonable to expect that interac-
tions with both hydrophobic and charged residues in the
active site of the enzyme will dictate substrate binding to
CYP2C9. Site-directed mutagenesis studies (Haining et al.,
1999; Melet et al., 2003) have suggested important roles for
the hydrophobic residues Phell4, Valll3, and Phe476 in
ligand interactions; however, the nature of polar or charge
interactions that dictate the binding and metabolism of
acidic substrates have not been clarified.

During preparation of this manuscript, a crystal structure
of CYP2C9 with (S)-warfarin bound was reported (Williams
et al., 2003). Whereas aromatic interactions with active-site
Phe residues were again highlighted, the structure did not
identify polar or charged amino acid interactions with (S)-
warfarin. In this structure, (S)-warfarin occupied a distal
binding pocket in a relatively capacious active site such that
the position of hydroxylation on the coumarin nucleus ap-
proaches no closer than 10 A to the heme. The authors
speculated that this ‘warfarin binding site’ is too distant for

Steady-state kinetic parameters for substrate metabolism catalyzed by CYP2C9 and the R108F mutant

The error values represent the standard deviation calculated from the best fit values of the curves derived from the Michaelis-Menten [diclofenac and (s)-warfarin] or Hill
equations (pyrene). The Hill coefficients for CYP2C9 and the R108F were 2.2 and 1.8, respectively.

(S)-Warfarin Diclofenac Pyrene
Enzyme Keat K Keat/Kin Keat K Koot Kin Keat K
min~! M ml/nmol P450/min min~! M ml/nmol of P450/ min min~! uM
CYP2C9 0.15 £ 0.01 56 *0.2 0.03 252 2.0 45+ 0.2 5.6 0.36 = 0.06 3.3*+0.6
R108F <0.01 — — <1 — — 0.28 = 0.05 29*+0.6

2 Not determined due to low turnover.
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effective hydroxylation and may represent an initial recogni-
tion site, or allosteric site, in the enzyme. Thus, much re-
mains to be learned about ligand interactions with charged
amino acids residues in CYP2C9, particularly as they relate
to catalytically productive turnover with disparate types of
substrates.

Experimental Approach

To probe the functional role of prominent charged residues
in CYP2C9, we constructed sets of His and Phe mutants at
positions 97, 105, and 108 to progressively eliminate the
positive charge at these positions and maintain, as much as
possible, the steric bulk of the substituent. In addition, we
constructed mutants at position 293 in which a conserved
Asp residue is found in most CYP2 isoforms. This residue has
been implicated in CYP2C9’s interactions with sulfaphena-
zole and coumarin derivatives on the basis of homology model-
ing (Jung et al., 1998; Rao et al., 2000), and the orthologous
amino acid in CYP2C5 (D290) is a substrate contact residue
in one of the conformations of the enzyme that has been
crystallized with a sulfaphenazole analog (Wester et al.,
2003). Therefore, Asn and Val substitutions were made spe-
cifically to neutralize the acidic charge at position 293 in
CYP2C9 while again maintaining steric bulk. The study de-
sign further involved subjecting each of these mutants to
metabolic studies with a series of substrates that progres-
sively changed anionic and acidic character, from diclofenac
(acidic and charged at physiological pH) to (S)-warfarin

]

(acidic, uncharged for the ring-closed tautomer) to pyrene
(nonionic and uncharged). Finally, we evaluated structural
changes in the mutants from CD spectra and by determining
the thermal stability of reduced P450-CO difference spectra.
These experiments were designed in an attempt to differen-
tiate between gross structural effects, instability of the active
site environment, and disruption of specific polar interac-
tions between ligand and enzyme in the loss of functional
activity displayed by many of the mutant proteins. Figure 5
depicts the positions of the mutated residues in CYP2C9
based on the recent crystal structure of the highly engineered
enzyme (Williams et al., 2003).

General Trends

CYP2C9 mutations that diminished or eliminated the
charged group at Arg97, Argl05, or Asp293 decreased cata-
lytic activity in a substrate-independent manner. Loss of
hydroxylation activity was most marked for mutations at
Arg97, with the R97F mutant essentially devoid of activity,
and least evident for mutations at Arg105, where the R105H
mutant retained some 70% of diclofenac hydroxylation activ-
ity. The magnitude of these functional changes closely par-
alleled alterations in the stability of the enzyme active site
inferred from the half-life of conversion of P450 to P420 at
48°C, suggesting that loss of function reflects more general-
ized structural changes rather than the absence of a specifi-
cally charged amino acid at these three positions.
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Fig. 2. Binding spectra of flurbiprofen (A) and benzbromarone (B) to wild-type CYP2C9 and the R108F mutant. Ligands (100 and 0.1 uM, respectively)
were added to P450 solutions at a concentration of 0.6 uM and difference spectra were recorded as described under Materials and Methods.

TABLE 3
Spectral properties of CYP2C9 mutants

Spectra were recorded in 100 mM potassium phosphate buffer, pH 7.4, and contained 0.5 to 1 uM enzyme based on pyridine hemochromogen assay results

Enzyme Fe?*-CO Fe®" Soret band Fe®" « band Fe®™ B band Fe®™ Bla ratio
nm nm nm nm
wtCYP2C9 451 418 573 534 0.96
RI7F 451 418 574 535 1.02
R97H 451 419 572 535 1.01
R105F 451 418 572 535 1.03
R105H 451 418 570 536 1.01
R108F 451 418 571 536 0.98
R108H 451 426 578 545 1.27
D293N 451 417 571 534 1.04
D293V 451 418 569 534 1.11
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Fig. 3. Electronic Absorption Spectra of Ferric CYP2C9 and the R108H Mutant. Purified preparations of wild-type and R108H were diluted to 3 uM
(based on pyridine hemochromogen assay values) and the absorption spectra recorded. Inset, type II binding spectrum observed with the CYP2C9
R108H mutant. The sample contained 1 uM protein in 100 mM potassium phosphate buffer, pH 7.4. An equimolar amount of wild-type enzyme was

used as a reference. A, = 434 nm; A_;, = 412 nm.
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Arg97. Arg97 is conserved in all members of the human
CYP1, CYP2, CYP17, and CYP21 families. Notably, of all the
isoforms expressed in the current study, the Arg97 mutants
posed the greatest difficulties in terms of expression and
stability during purification, and final preparations of the
enzyme contained <50% of the expected heme content. These
observations, coupled with these mutants’ extreme thermal
instability suggest a critical role for Arg97 in heme binding
and maintenance of the structural stability of CYP2C9.
[Davies et al. (2004) have also suggested a critical role for
Arg97 in the protein stability of CYP2C9.] These data and
conclusions complement the new structural data for
CYP2C9 (Williams et al., 2003), which shows the Arg97
side chain binding between the heme propionates (see Fig. 5).

Asp293. Asp293 is an acidic I-helix residue that is highly
conserved among CYP2 enzymes. It maps to Asp301 in
CYP2D6, which has attracted considerable attention as a
candidate for the amino acid that binds the charged amino
group of many CYP2D6 substrates. Based on crystal struc-
ture information for CYP2C5, it has been suggested that
Asp301 in CYP2D6 may hydrogen bond to backbone B’-C
loop residues (Kirton et al., 2002). Wolf and coworkers have

recently extended this interpretation to Asp293 of CYP2C9
based on site-directed mutagenesis studies in bacteria that
failed to correctly incorporate heme into the D293Q and
D293N mutants (Flanagan et al., 2003; Paine et al., 2003). In
the present study, we found that both the D293N and D293V
mutants incorporated heme to ~50% of the nominal content
when expressed in insect cells, thereby permitting a fuller
characterization of their effects on structure and function.
Despite their relative ease of expression using the baculovi-
rus system, the D293N and D293V mutants exhibited large
decreases in catalytic function and substantial reductions in
thermal stability of the P450 complex relative to native
CYP2C9. In the new crystal structure of CYP2C9, Asp293 is
hydrogen bonded to the backbone nitrogen of 1112 (Williams
et al., 2003). When coupled with the present experimental
data, it would seem that that this interaction is critical to the
stability of the heme environment of CYP2C9.

Argl108. The most intriguing results were those obtained
with the Argl08 mutants of CYP2C9. Replacement of the
positively charged Arg residue at 108 with a similarly sized,
but uncharged, Phe residue caused almost complete loss of
activity toward the acidic substrates diclofenac and (S)-war-
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farin, but preserved the mutant’s catalytic efficiency toward
the unfunctionalized molecule, pyrene. Interestingly, both
wild-type CYP2C9 and the R108F mutant exhibited sigmoi-
dal kinetics for pyrene hydroxylation with Hill coefficients of
2.2 and 1.8, respectively. These atypical kinetics may reflect
the proclivity of pyrene to m-stack in the active site of P450s
(Dabrowski et al., 2002), but this was not investigated fur-
ther at this time. The relative behavior of the R108F mutant
toward pyrene is akin to that described recently for the
interaction between spirosulfonamide and Glu216 mutants
of CYP2D6 (Guengerich et al., 2002). In both instances, a
case can be made that substitution of these key charged
residues is a critical determinant of binding of their ‘pre-
ferred’ complementary charged substrates. To explore this,
we attempted to obtain binding spectra for the substrates
used for the functional analysis. However, type I spectra
were difficult to obtain with either (S)-warfarin, diclofenac or
pyrene. Conversely, flurbiprofen and benzbromarone exhib-
ited readily observable type I binding that was abolished
when the R108F mutant was used as the enzyme source. The

TABLE 4

Thermal stability of CYP2C9 mutants
Enzyme % P420 (at 0 min) Half-Life

min

wt2C9 0 16
RI7F — —
R97H 30 <2
R105F 0 17
R105H 0 13
R108F 0 24
R108H 9 177
D293N 0 2
D293V 0 3

“ Analysis was not performed due to insufficient amounts of protein.
® No remaining P450 peak was observed after a 5-min preincubation at 48°C.

pK, values for flurbiprofen and benzbromarone are 4.2 and
4.5, respectively (Anderson and Conradi, 1985; Locuson et
al., 2003), so both are obligate anions at physiological pH.
These data provide strong evidence that Arg108 is a critical
determinant of the binding of negatively charged substrates
to CYP2C9.

The recent crystal structure of CYP2C9 depicts Argl108

Fig. 5. Location of amino acids Arg97, Arg105, Arg108, and Asp293 in the
crystal structure of engineered CYP2C9. This figure was constructed
from the PDB file, 10G5. The mutated amino acids are shown in red, and
the heme is in green. Portions of the F-helix, F-G loop, and G-helix have
been removed to expose the mutated residues.



pointing away from the active site, uninvolved in (S)-warfa-
rin binding (see Fig. 5). Yet in the current studies, the R108F
mutant abrogated (S)-warfarin 7-hydroxylation. To reconcile
these observations, we can consider the possibility that
Arg108 is critical to the initial recognition/docking of acidic
ligands. Alternatively, or even additionally, it is possible that
Arg108 binds (S)-warfarin in a more catalytically productive
orientation than is evident from the recent crystal structure
(Williams et al., 2003). In support of the latter scenario,
crystallographic data from Dr. Eric Johnson’s group show
Arg108 binding to the carboxylate of flurbiprofen in the ac-
tive site of CYP2C9 (Johnson et al., 2003). These emerging
structural observations are very compatible with the spectro-
scopic and functional data presented here, that demonstrate
a critical role for Argl108 in the binding of flurbiprofen and
benzbromarone and in the metabolism of diclofenac and (S)-
warfarin by CYP2C9.

Recent structural studies increasingly demonstrate that
the active site of the CYP2C enzymes is quite flexible and
able to bind ligands in multiple conformations (Wester et al.,
2003). In this context of conformational flexibility, it is nota-
ble that the R108H mutant produced the unexpected effect of
replacing the water molecule normally coordinated to ferric
heme with a nitrogenous ligand. This phenomenon has been
observed previously with certain P450 mutants (Imai and
Nakamura, 1991; Matsunaga et al., 2001),and recently with
highly concentrated preparations of CYP2B4 used in crystal-
lographic studies (Scott et al., 2003). However, in none of
these cases did nitrogen ligation to the heme involve the B'-C
loop. Given the conformationally dynamic nature of the B’-C
loop region of the P450s (Poulos, 2003), at least three possi-
bilities can be envisioned for the structure of the iron-nitro-
gen ligated mutant. First, the R108H mutation might have a
secondary conformational effect on basic residues that lie
closer to the active site, causing their displacement toward
the heme iron. However, this is considered unlikely based on
the crystal structure of CYP2C9, which reveals no basic
residues in the active site when (S)-warfarin is bound in the
distal pocket (Williams et al., 2003). It is more likely that the
His108 residue itself coordinates directly with the heme iron,
although both intramolecular and intermolecular interac-
tions (Scott et al., 2003) need to be considered. Studies are
underway to distinguish between these two possibilities.
Should the intramolecular scenario hold sway, and the B'-C
loop of CYP2C9 oscillate between “out” and “in” conforma-
tions, this could have important implications for ligand rec-
ognition and delivery to the active site of CYP2C9.

In conclusion, the data presented here demonstrate differ-
ent roles for Arg97, Asp293, and Arg108 in enzyme stability
and substrate specificity of CYP2C9. Whereas Arg97 and
Asp293 play important structural roles in the enzyme,
Argl08 emerges as a critical determinant of the binding and
metabolism of acidic substrates. This is based on 1) the
differential selectivity of the R108F mutant for metabolism of
charged and uncharged molecules and 2) loss of the type I
binding spectrum for flurbiprofen and benzbromarone with
this mutant.
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