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Abstract

Previously human cytochrome P450 3A4 was efficiently and specifically photolabeled by the
photoaffinity ligand lapachenole. One of the modification sites was identified as cysteine 98 in the
B-C loop region of the protein. Loss of CO binding capacity and subsequent decrease of catalytic
activity were observed in the labeled CYP3A4, which suggested that aromatic substitution on residue
98 triggered a critical conformational change and subsequent loss of enzyme activity. To test this
hypothesis, C98A, C98S, C98F and C98W mutants were generated by site-directed mutagenesis and
expressed functionally as oligohistidine-tagged proteins. Unlike the mono-adduction observed in the
wild-type protein, simultaneous multiple adductions occurred when C98F and C98W were
photolabeled under the same conditions as the wild-type enzyme, indicating a substantial
conformational change in these two mutants compared with the wild-type protein. Kinetic analysis
revealed that the C98W mutant had a drastic 16-fold decrease in catalytic efficiency (Vimax/Km) for
1'-OH midazolam formation, and about an 8-fold decrease in catalytic efficiency (Vmax/Km) for 4-
OH midazolam formation, while the C98A and C98S mutants retained the same enzyme activity as
the wild-type enzyme. Photolabeling of C98A and C98S with lapachenole resulted in monoadduction
of only Cys-468, in contrast to the labeling of Cys-98 in wild-type CYP3A4, demonstrating the
marked selectivity of this photoaffinity ligand for cysteine residues. The slight increases in the
midazolam binding constants (Ks) in these mutants suggested negligible perturbation of the heme
environment. Further activity studies using different P450:reductase ratios suggested that the affinity
of P450 to reductase was significantly decreased in the C98W mutant, but not in the C98A and C98S
mutants. In addition, the C98W mutant exhibited a 41% decrease in the maximum electron flow rate
between P450 and reductase as measured by reduced nicotinamide adenine dinucleotide phosphate
consumption at a saturating reductase concentration. In conclusion, our data strongly suggest that
cysteine 98 in the B-C loop region significantly contributes to conformational integrity and catalytic
activity of CYP3A4, and that this residue or residues nearby might be involved in an interaction with
P450 reductase.
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Introduction

Cytochrome P450 (P450)1 3A4, the major P450 isoform present in human liver, is involved
in the metabolism of more than 50% of clinically used drugs, making it one of the single most
important human xenobiotic-metabolizing enzymes [1]. The large binding pocket in CYP3A4
can accommodate a wide variety of structurally diverse substrates while maintaining
remarkable regioselectivity and stereoselectivity with many compounds. For example, the
enzyme catalyzes the 1'- and 4-hydroxylation of midazolam [2], the 2p3-, 6B-, and 158-
hydroxylation of testosterone, the 6p3- and 16a-hydroxylation of progesterone [3], and the M1-,
M17- and M21-oxidation of cyclosporine A [4]. The size of the active site may also be
responsible for the phenomenon of cooperativity that could be clinically significant due to the
role it can play in enhancing drug-drug interactions [5]. Because of its general importance in
drug metabolism and carcinogen bioactivation, elucidation of the key structural elements
responsible for substrate recognition leading to oxidation by CYP3A4 is of considerable
interest.

LAbbreviations:

P450

human liver microsomal cytochrome P450
CYP3A4

histidine-tagged cytochrome P450 3A4
bs

human cytochrome bg

P450 reductase
rat NADPH-cytochrome P450 reductase

MDZz

midazolam
APAP

acetaminophen
PAL

photoaffinity ligand
DLPC

L-a-dilaurylphosphatidylcholine
DLPS

L-a-dilaurylphosphatidylserine
DOPC

L-a-dioleoylphosphatidylcholine
CHAPS

3-(3-cholamidopropyl) dimethylammonio-1-propanesulfonate
GSH

reduced glutathione
HPLC/ESI MS

high-performance liquid chromatography electrospray ionization mass spectrometry
WT

wild type
TFA

CF3CO2H
NADPH

reduced nicotinamide adenine dinucleotide phosphate
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Despite the wealth of information on the importance, regulation, and substrate specificity of
the cytochrome P450 3A subfamily, structure-function analysis of these enzymes is only now
being rigorously approached. A major step toward this goal has recently been achieved with
the determination of high-resolution structures by X-ray crystallography of modified forms of
human CYP3A4 [6,7]. However, X-ray crystallography, as important as it is, primarily
provides information on static CYP3A4 structures. Several other techniques also have been
employed to characterize P450 active sites and substrate binding sites for enzyme-substrate
complexes, including spectroscopic analysis [8,9], site-directed mutagenesis [10-12],
photoaffinity labeling [13,14] and mechanism-based inhibition [15,16]. Unlike cytochromes
P450 of family 2, CYP3A enzymes within or across species exhibit few dramatic substrate
specificity differences that could provide obvious leads for site-directed mutagenesis of
particular residues. Most of our present knowledge has come from studies using a combination
of site-directed mutagenesis and molecular modeling based upon alignment of sequences with
bacterial P450s [17,18]. Additional studies by Halpert and colleagues with the use of alanine-
scanning mutagenesis identified some amino acid residues necessary for substrate specificity
and flavonoid activation of CYP3A4 [19].

Photoaffinity labeling, like mechanism-based inhibition, has the advantage of providing direct
information concerning active site topology, and photoaffinity ligands (PALS) do not require
enzymatic activity to be utilized as active site probes [20]. In our previous work [21,22],
CYP3A4 was efficiently and specifically photolabeled by the substrate and PAL, lapachenole.
Cysteine 98 in the B-C loop region was subsequently identified as one of the modification sites
using a combination of techniques, including tandem mass spectrometry. The labeled protein
showed loss of CO binding capacity and a dramatic decrease of catalytic activity, which
strongly suggested that large aromatic substitutions on residue 98 triggered critical enzyme
conformational changes and subsequent loss of catalytic activity [21].

In the present work, we have tested this hypothesis by generating different substitutions on
position 98 of CYP3A4 using site-directed mutagenesis. One goal was to use a mutational
substitution to mimic the labeling effects of lapachenole on the wild-type protein. Our results
strongly suggest that cysteine 98 in the B-C loop region significantly contributes to
conformational integrity and catalytic activity of CYP3A4, and that this residue or residues
nearby might be involved in an interaction with P450 reductase.

Experimental Procedures

Materials

MDZ, NADPH, 3-(3-cholamidopropyl) dimethylammonio-1-propanesulfonate (CHAPS),
HEPES, EDTA, reduced glutathione (GSH), imidazole, Triton X-100 and CF3CO,H (TFA)
were purchased from Sigma (St. Louis, MO). Lapachenole was chemically synthesized in our
laboratory (22). 1'-OH MDZ and 4-OH MDZ were obtained from GENTEST (Bedford, MA).
L-a-dilaurylphosphatidylcholine (DLPC), L-a-dioleoylphosphatidylcholine (DOPC), and L-
a-dilaurylphosphatidylserine (DLPS) were purchased from Avanti Polar lipids Inc. (Alabaster,
AL). The QuikChange site-directed mutagenesis kit was from Stratagene (La Jolla, CA). Slide-
A-Lyzer dialysis cassettes were from Pierce (Rockford, IL). A POROS R2 perfusion column
was from Applied Biosystems (Framingham, MA). HPLC solvents were of the highest grade
commercially available and were used as received. All other reagents were analytically grade.

Mutagenesis and Expression of CYP3A4

Recombinant CYP3A4 was produced in Escherichia coli XL1-Blue cells using the expression
vector pPCW 3A4-His6 kindly provided by Dr. Ron Estabrook (University of Texas SW Medical
Center, Dallas, Texas). The same plasmid pCW 3A4-His6 was used as the template for
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amplification reactions with the QuikChange mutagenesis kit (Stratagene, La Jolla, CA).
Oligonucleotide primers used in the mutagenesis procedure were as follows (mismatches
indicated by the underlined bases): C98A forward, 5’
CTAGTGAAAGAAGCTTATTCTGTCTTCACAAACC 3’; C98A reverse, 5’
GGTTTGTGAAGACAGAATAAGCTTCTTTCACTAG 3’. C98S forward, 5’
AAACAGTGCTAGTGAAAGAAAGTTATTCTGTCTTCACAAACCG 3’; C98S reverse,
5 CGGTTTGTGAAGACAGAATAACTTTCTTTCACTAGCACTGTTT 3’. C98F forward,
5 CTAGTGAAAGAATTCTATTCTGTCTTCACAAACC 3’; C98F reverse, 5’
GGTTTGTGAAGACAGAATAGAATTCTTTCACTAG 3’. C98W forward, 5’
GCTAGTGAAAGAATGGTATTCTGTCTTCACAAACC 3’; C98W reverse, 5’
GGTTTGTGAAGACAGAATACCATTCTTTCACTAGC 3’. Dpn | digested DNA was
transformed into XL1-Blue cells, and DNA from several of the resulting colonies was isolated.
The cDNA sequence was checked for the presence of the desired mutation and the absence of
extraneous mutations (University of Washington Sequencing Facility).

Growth and induction of Escherichia coli were performed as described by Gillam et al. [23].
Solubilized membranes were prepared and the P450s were purified on ProBond nickel resin
columns (Invitrogen) under conditions described previously [21]. The column was washed
with 20 column volumes of wash buffer: 200 mM Tris-HCI, pH 7.4, 20% glycerol, 40 mM
imidazole, 0.05% cholate and 50 uM testosterone. The column was eluted with a minimal
volume of elution buffer: 100 mM Tris-HCI, pH 7.4, 20% glycerol, 500 mM imidazole and
0.02% cholate. The eluted protein was dialyzed against 100 mM potassium phosphate, pH 7.4
in 20% glycerol and stored at -80°C. Total protein concentrations were determined by the
bicinchoninic acid method. Bovine serum albumin was used as a standard [24]. SDS-
polyacrylamide gel eletrophoresis was done according to the procedure of Laemmli [25].
Cytochrome P450 content was determined by reduced carbon monoxide difference spectra
using an extinction coefficient of 91 mM-1 cm- with the addition of 1% Triton X-100 to protein
sample before dilution in solubilization buffer (100 mM potassium phosphate, pH 7.4, 20%
glycerol, 0.5% sodium cholate, 1% Emulgen 911 and 1.0 mM EDTA) [26].

Photoaffinity Labeling of CYP3A4

Photoaffinity labeling of CYP3A4 and its mutants was carried out in a photochemical reactor
consisting of a Mineralight Model UVGL-15 UV lamp (UVP inc., San Gabriel, CA) as
described previously [21]. The focus of the lamp was centered on the sample compartment at
alamp-to-sample distance of 1 cm. The enzyme solution to be photolyzed consisted of CYP3A4
(3 uM), DLPC (220 pg/mL), potassium Hepes (50 mM, pH 7.4), GSH (5 mM), and lapachenole
(250 uM) in a final volume of 0.5 mL. The enzyme solution was first incubated at 37 °C for
10 min, and then the sample was taken for 1 min photolysis at room temperature using filtered
long-wavelength UV light (360 nm). The same conditions were used for the mutants. Control
samples contained lapachenole, but were not photolyzed. The samples were then analyzed by
LC/ESI MS as described below.

LC/MS Analysis

Electrospray MS spectra of labeled CYP3A4 WT and mutant proteins were recorded on a
Quattro 11 triple quadrupole mass spectrometer (Micromass, Manchester, UK). Instrument
settings were the following: source temperature 100 °C, nebulizing gas flow 20 L/h, N, drying
gas 150 L/h, electrospray voltage 3.8 kV and cone voltage 35 V. Data acquisition was carried
out from m/z 500 to 2000 using a 5 sec scanning time. Protein samples (~200 pmoles) were
injected on a POROS R2 perfusion chromatography column operating at a flow rate of 0.3 mL/
min and interfaced on-line with the mass spectrometer. A Shimadzu LC10AD solvent delivery
module (Shimadzu Scientific Instruments, Columbia, MD) was used to produce the following
gradient elution profile: 10-50% solvent B in 5 min, followed by 50% B for 10 min and 50-90%
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B in 5 min (A = 5% acetonitrile, 0.05% TFA,; B = 95 % acetonitrile, 0.05% TFA). Proteolytic
digestion and purification of peptide adducts by HPLC were carried out as described previously
[21]. Peaks that contained fluorescently-tagged peptide adducts were collected manually, and
subjected to MALDI-TOF MS and nano-LC/ESI MS/MS analyses as described [21].

MDZ Hydroxylase Assay

Premixes and working buffers for CYP3A4 were prepared using a procedure described
elsewhere [27]. MDZ hydroxylase assay was carried out according to a procedure described
previously [28], with minor modifications. The reconstituted system for the assay contained
0.1 uM P450 3A4, 0.2 uM NADPH-P450 reductase, 0.1 uM cytochrome bs, 0.1 mg CHAPS/
mL, 0.02 mg/mL liposomes (DLPC, DOPC and DLPS), 30 mM MgCl, and 3 mM GSH in 50
mM potassium HEPES buffer, pH 7.4. MDZ dissolved in methanol was added to the
reconstituted system. After preincubation for 5 min at 37 °C, the reaction was initiated by
adding NADPH (1 mM final concentration). The total reaction volume of the assay was 300
pL. The reaction was terminated by addition of 60 pL of 100 mM sodium carbonate after 5
min of incubation at 37 °C. An internal standard solution (D,/3”Cl-labeled 1'-OH MDZ, 100
ng/mL, 10 uL) was added. For kinetic studies with variable reductase concentration, the same
conditions applied in which 50 uM MDZ was added and the P450:reductase ratio was 10:1,
5:1,2:1, 1:1, 1:2, 1:5 or 1:20. For all samples, the assay was carried out in triplicate.

The metabolites were extracted with 1 mL of ethyl acetate. The extracts were dried under a
nitrogen gas stream and the residue was resuspended in 100 pL 50% methanol. Then 40 pL of
the mixture was used for LC/MS quantitative analysis. Samples were injected onto a Zorbax
Eclipse XDB-C8 column (5 um, 2.1 x 50 mm, Agilent) operating at a flow rate of 0.3 mL/min
and interfaced on-line with the mass spectrometer. A Micromass Quattro 11/MassLynx NT DS
in SIR mode was used for detection of the metabolites by monitoring the following masses:
325.9 (MDZ), 341.9 (1'-OH MDZ and 4-OH MDZ), and 345.9 (D,/3’Cl-labeled 1'-OH MDZ).
The calibration curves for 1'- and 4-OH MDZ were prepared over a concentration range (9
different concentrations) between 0.5 and 250 ng/mL). A Shimadzu LC10AD solvent delivery
module (Shimadzu Scientific Instruments, Columbia, MD) was used to produce the following
gradient elution profile: 45% solvent B for 0.5 min, 45%-60% B in 1.5 min, followed by 60%
B for 0.5 min (A = water, 0.1% acetic acid; B = methanol, 0.1% acetic acid).

Nonlinear regression analysis was performed using the program KaleidaGraph 3.6 (Synergy
Software, Inc., Reading, PA) with the Michaelis-Menten equation fitted to the metabolite
kinetic data.

Acetaminophen (APAP) Oxidation Assay

CYP3A4 activity was determined by measuring the amount of GS-3-APAP formed as
described previously [29], with minor modifications. The reconstituted system for the assay
was as described above. Briefly, 1 mM APAP was used for the assay and the reactions were
initiated by addition of NADPH (1 mM final concentration). Incubations were carried out at
37 °C for 10 min followed by the addition of 100 pL of 2 M perchloric acid. The amount of
GS-3-APAP generated was determined by UV detection at 254 nm compared with the standard.

Spectral Binding Studies

Binding spectra were recorded on a Varian CARY 300 spectrophotometer (Walnut Creek, CA).
A solution (1 mL) containing 1 uM protein in 100 mM phosphate, pH 7.4, was divided into
two quartz cuvettes (10 mm path length) and a baseline was recorded between 350 and 500
nm. An aliquot of substrate (MDZ) in methanol was then added to the sample cuvette, and the
same amount of methanol was added to the reference cuvette. The difference spectra were
obtained after the system reached equilibrium (3 min).
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NADPH Oxidation

CYP3A4 was reconstituted with NADPH-P450 reductase and cytochrome bg as described
above. Reconstituted enzyme systems (570 pL) were preincubated for 5 min at 37 °C in the
presence or absence of MDZ (50 pM). Reactions were initiated with the addition of 30 pL of
4.0 mM NADPH, and the decrease in Az4g was monitored for 1 min. UV-visible spectra were
recorded using a Varian CARY 300 spectrophotometer (Walnut Creek, CA). Rates of NADPH
oxidation were calculated using [unk]zsg = 6.22 mM-1 cm1 for NADPH.

H>0O, Formation

Reconstituted systems were prepared as described above. Reactions (570 uL) were initiated
by adding 30 uL of 4.0 mM NADPH and were terminated by adding 1.2 mL of cold
CF3CO2H (3%, wiv) after 1 min incubation at 37 °C. H,O, was determined
spectrophotometrically by reaction with ferroammonium sulfate and KSCN as described
[30].

Molecular Modeling

Results

The Cys-98 of the X-ray crystal structure of CYP3A4 (6, PDB code: 1WOE) was substituted
by a tryptophan residue using the mutate feature of DeepView 3.7 [31]. The structure was
optimized using the NDDO (neglect of diatomic differential overlap) semiempirical method
of PM3 by steepest decent [32,33] with ArgusLab 4.0 (Planaria Software, Seattle, WA).

Photoaffinity Labeling of CYP3A4

In our previous work [21,22], CYP3A4 was efficiently and specifically photolabeled by the
substrate, lapachenole. Two protein species were detected by HPLC/ESI MS with molecular
weights (MWSs) corresponding to the CYP3A4 apoprotein and a monoadduct which
incorporated one molecule of lapachenole into one CYP3A4 protein (Figure 1A). The average
MWs of apo CYP3A4 and the monoadduct of CYP3A4 were experimentally determined to be
57,280 £ 3 and 57,520 + 3 Da (Figure 1A), respectively. The mass shift of 240 Da for the
adducted CYP3A4 protein suggested that one molecule of lapachenole was bound specifically
per CYP3A4 protein and the labeling was irreversible under these severely denaturing HPLC
conditions. Unlike the mono-adduction of the wild-type protein, analysis of the labeled C98F
and C98W mutants revealed that multiple adductions occurred when either protein was
photolabeled with lapachenole under the same conditions as wild-type (Figure 1D and 1E).
The average MWs of the apo C98F mutant and three protein adducts were determined to be
57,319 £ 5, 57,559 £ 5, 57,799 £ 5, 58,039 £ 5, respectively. The average MWs of the apo
C98W mutant and four protein adducts were determined to be 57,355 + 3, 57,595 + 3, 57,835
+3,58,075 + 3, and 58,315 + 3, respectively. The observed mass difference between the
apoproteins for the wild-type and mutants (the insets, Figure 1) further confirmed the presence
of the desired mutants. Furthermore, the mass shift of 240 Da between peaks implies the
addition of 1, 2, 3, and 4 molecules of the PAL to the C98W mutant (Figure 1E). All five
protein species observed for C98W coeluted at 19.2 min during the 30 min gradient run by
reverse phase HPLC on a POROS R2 column. Similar multiple adductions were observed in
the labeled C98F mutant. These data strongly suggest that a Cys — Trp or Phe substitution at
residue 98 causes a conformational change in the protein, resulting in the availability of several
other nucleophilic residues for photoaffinity labeling.

In marked contrast, only one monoadduct was observed upon photoaffinity labeling of either
the C98A or C98S mutant (Figure 1B and 1C). The average MWs of apo C98A mutant and
monoadduct were experimentally determined to be 57,248 + 5and 57,488 + 5 Da, respectively,

Arch Biochem Biophys. Author manuscript; available in PMC 2007 October 5.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wen et al.

Page 7

while the average MWs of apo C98S mutant and monoadduct were determined to be 57,262
=5 and 57,502 £ 5 Da, respectively. These data suggest that a Cys — Ala or a conservative
Cys — Ser substitution at position 98 of CYP3A4 maintains protein conformation. Based on
peak heights (Figure 1), a significantly decreased labeling efficiency was also observed in both
C98A (29%) and C98S (35%) mutants compared to the wild-type protein (68%).

From the tryptic peptides of the C98S mutant, a single major fluorescent peptide peak F-1 was
detected by HPLC (Figure 2), which suggested a fluorescently-tagged peptide adduct in the
generated tryptic peptide pool [21]. ESI MS analysis of this collected fluorescent peptide
fraction revealed that this doubly charged ion (m/z = 775.9 Da, Figure 3A) was the peptide
adduct VLQNFSFKPCK (positions 459-469). The MS/MS spectrum of the doubly charged
[M+2H]%* ion at m/z 775.90 is shown in Figure 3B. In this MS/MS spectrum, the singly charged
fragment ions (bs—b7, y3—Y10) were observed. The singly charged free peptide ion at m/z
1310.73 and ion resulting from dehydration at m/z 1292.72 were observed together with the
lapachenole [M+H]* ion at m/z 241.09, indicating that some lapachenole was lost during the
CID process. The doubly charged free peptide ion at m/z 655.87 was also observed. In the MS/
MS analysis, the masses of the C-terminal fragment ions (y3 and y,) were observed to increase
240 Da, and no mass shifts were detected for the observed b ions (bs—»b5). These data suggest
that the lapachenole modification site was located on the C-terminus of the peptide, associated
with Cys-468. Thus, the peptide adduct F-1 was identified as one of the two cysteine
monoadducts, VLQNFSFKPCK (positions 459-469) and ECYSVFTNR (positions 97-105),
previously characterized after photoaffinity labeling of CYP3A4 WT protein (Figure 3) [21].
However, no adduct was detected to Ser-98 in the C98S mutant. These results clearly showed
that a Cys — Ser substitution prevented photoaffinity labeling of position 98 by lapachenole
in the C98S mutant. This is also consistent with the results when amino acids cysteine and
serine were used to test the reactivity of photolyzed lapachenole, wherein only cysteine was
able to react prior to ring closure of the photolysis product (data not shown).

Determination of Holo- and Apo-P450 content

Total protein concentrations were determined by the bicinchoninic acid method as described
above. For CYP3A4 wild-type, C98A, C98S, C98F and C98W, the total protein concentrations
were 56.5, 90.4, 66.4, 67.4 and 109.1 uM, respectively. Cytochrome P450 content was 49.5,
88.6, 57.8, 60.5, and 82.9 uM, respectively. SDS-polyacrylamide gel eletrophoresis showed
the presence of approximately 10% and 25% impurities in the C98F and C98W mutants
(supporting information).

In Vitro MDZ Metabolism

Previously we have identified cysteine 98 as one of the modification sites in the labeled
CYP3A4 WT protein [21]. Both a loss of CO binding capacity and a dramatic decrease in
catalytic activity were observed in the labeled CYP3A4, which suggested that large aromatic
substitutions on residue 98 might trigger a critical conformational change and subsequent loss
of enzyme activity [21,22]. To examine the mutational effects on enzyme catalytic activity,
we investigated 1'-OH MDZ and 4-OH MDZ formation from MDZ, a common probe for
CYP3A4 activity. As shown in Figure 4, the rates of MDZ hydroxylation by the C98A and
C98S mutants were not significantly different, whereas rates of hydroxylation by the C98W
mutant were dramatically lower compared to the CYP3A4 WT enzyme. Kinetic analysis
revealed a marked 16-fold decrease in catalytic efficiency (Viax/Km) for 1'-OH MDZ
formation by the C98W mutant, and a 7.5-fold decrease in catalytic efficiency (Viax/Km) for
4-OH MDZ formation compared to the WT enzyme (summarized in Table 1). Kinetic
parameters determined from the fit of the experimental data to the Michaelis-Menten equation
showed two very distinct Ky, values (4.73 uM and 53.3 uM for 1'-OH and 4-OH MDZ,
respectively) for the WT enzyme, as reported by others [34,35]. Approximately a 7-fold
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decrease was observed in the formation rate of 1'-OH MDZ by the C98W mutant, with a 2-
fold increase in the Kp,,. Approximately a 10-fold decrease was observed in the formation rate
of 4-OH MDZ by this same mutant with a slight decrease in the K, for this reaction. Therefore,
the ratio of catalytic efficiency (Vimax/Km) for the formation of 1'-OH MDZ vs. 4-OH MDZ
decreased by a factor of approximately two when comparing the C98W mutant enzyme to the
WT enzyme, primarily as a result of an increased K, for 1'-hydroxylation in the mutant form.
A moderate decrease of rates of hydroxylation was also observed for the C98F mutant
compared to the WT enzyme (Figure 4, Table 1).

In contrast, the C98A and C98S mutants displayed similar kinetics for both 1'- and 4-OH MDZ
formation compared to the WT enzyme (Figure 4, Table 1). Only a slight increase of rates of
both 1'- and 4-hydroxylation were observed for the C98A and C98S mutants. Overall the kinetic
data provide evidence that cysteine 98 in the B-C loop region of CYP3A4 is important for
enzyme activity, and that large aromatic substitutions at this position result in a decrease in
enzyme catalytic activity.

Spectral Binding Studies

Binding constants (Ks) and maximal absorbance change (AAmax) due to MDZ binding were
determined using a nonlinear fitting algorithm (KaleidaGraph 3.6, Synergy Software, Inc.,
Reading, PA) on the average absorbance differences between 390 and 420 nm at different
concentrations of midazolam (Figure 5 and Table 1). For the WT enzyme, the K for MDZ was
found to be very close to the Ky, value for 1'-OH MDZ formation, but not for 4-OH MDZ
formation (Table 1). This supports the previous hypothesis that the binding of MDZ in the
orientation for 1’-hydroxylation is responsible for the spectral changes observed upon enzyme-
substrate complex formation [34]. The slight increases in the MDZ binding constants (Ks) in
C98A, C98S and C98F mutants suggested negligible perturbation of the heme environment.
Similar binding constants were observed between the WT and C98W mutant, which suggests
that the mutation of C98W did not markedly perturb the active site of the enzyme around the
heme.

APAP Oxidation Assay

To determine if catalytic activity was similarly affected for substrates other than MDZ, the
CYP3A4 oxidation of APAP was assessed in all five enzymes. As shown in Figure 6, at a
substrate concentration of 1 mM, the rates of APAP oxidation by C98F and C98W mutant were
decreased to approximately 67% and 28% that of the WT enzyme respectively, whereas the
oxidation rates were essentially unchanged in both the C98A and C98S mutants compared to
the WT enzyme.

Reductase Kinetic Studies

A previous molecular modeling study has suggested that the flexible B-C helix loop region of
CYP3A4 might serve as an interface with its redox partner, cytochrome P450 reductase [18].
To investigate the mutational effects on the interactions between CYP3A4 and the reductase,
MDZ 1'-hydroxylation activity was determined using various ratios of P450:reductase as
described in the Experimental Procedures. As depicted in Figure 7, the apparent equilibrium
dissociation constants (Kq) between P450 and reductase were determined to be 0.16 + 0.04,
0.17 £ 0.03, 0.19 £ 0.02, 0.42 + 0.02 and 1.02 + 0.04 uM for WT, and its C98A, C98S, C98F
and C98W mutants, respectively. A significant decrease (approximately 6.4-fold) of the
apparent binding affinity between the C98W mutant and the reductase was observed, while no
apparent change was seen in the C98A and C98S mutants compared to the WT enzyme. An
approximate 2.6-fold decrease of the P450 binding affinity to reductase was also observed in
the C98F mutant. These data suggest that the larger Trp- and Phesubstitutions on position 98
affected P450 interactions with the reductase by decreasing the apparent P450 binding affinity
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to the coenzyme, while the smaller Ala- and conservative Sersub- stitutions have no significant
effects on the interactions.

NADPH Oxidation and Coupling in CYP3A4 Reactions

Results of mutational effects on NADPH oxidation rates are summarized in Table 2. In the
presence of substrate, the rate of NADPH oxidation was significantly decreased in the C98W
mutant (41.5%), while increased rates of NADPH oxidation were observed in both the C98A
(19.6%) and C98S (7.0%) mutants compared to the WT enzyme.

All of the CYP3A4 enzymes showed low coupling efficiencies when product formation and
NADPH oxidation were compared (Table 2). The low activity C98W mutant showed a decrease
in coupling efficiency of over 4-fold (5.0%) compared to the WT enzyme (22.3%) and its C98A
(21.2%) and C98S (23.2%) mutants. These results were paralleled by increased rates of
H»05 production in the C98W mutant in the presence of the substrate MDZ as compared to
the WT enzyme.

Modeling of the CYP3A4 C98W mutant

Based on the structure constructed from a recent CYP3A4 crystal structure (6, PDB code:
1WOE), the substituted Trp-98 is located within the B-B’ helix loop, aregion of CYP3A4 which
has previously been shown to have a profound effect on catalysis and substrate recognition
[35]. Figure 8 shows that Trp-98 is positioned within approximately 4 A of Trp-126 in the C-
helix in this structure.

Discussion

In the present study, we have shown that a Trp or Phe mutational substitution at position 98
markedly decreased CYP3A4 enzyme activity similar to what was observed previously by
photolabeling of this cysteine residue with the bulky aromatic group, lapachenole [21,22]. In
contrast, a conservative Ser or Ala mutation at the same position had no significant effect on
the enzyme activity and protected the protein from photoaffinity labeling by lapachenole at
position 98.

Previous work [21,22] in our laboratory showed the loss of CO binding capacity and a dramatic
decrease in enzyme activity upon CYP3A4 labeling with the PAL lapachenole. One of the
modification sites was identified as cysteine 98 located in the B-C loop region. Since
lapachenole contains a large aromatic structure (Scheme 1), the general hypothesis was that
large aromatic substitutions on residue 98 might trigger an enzyme conformational change and
subsequent loss of catalytic activity. In this study, tryptophan and phenylalanine were chosen
as the substituting residues because of their large aromatic side chains. Multiple adductions
occurred when both C98W and C98F mutants were photolabeled with lapachenole, in contrast
to the specific monoadduction of WT, and its C98A and C98S mutants. Based on the reactivity
of photolyzed lapachenole discussed in the Results, the additional modification sites in C98W
and C98F mutants are likely the free cysteine residues in CYP3A4 except Cys-98, for example,
the previously identified Cys-468 located on the C-terminus and Cys-239, a residue positioned
in the flexible F-G helix loop region of the protein. Although the sites of lapachenole adduction
in the C98W and C98F mutants were not identified, the data suggests that a Cys — Trp or Phe
substitution, but not a Cys — Ala or Ser substitution, at position 98 caused a conformational
change in the protein, resulting in the availability of more nucleophilic residues for
photoaffinity labeling. These results also agree with our previous hypothesis that large aromatic
substitutions on residue 98 induce a conformational change in CYP3A4.
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Along with the protein conformational change in CYP3A4 suggested by mass spectrometry,
we investigated the mutational effect on midazolam hydroxylation activities by CYP3A4.
Among the various substrates available, MDZ is considered one of the best in vitro and in
vivo probes of CYP3A activity [36]. Our data showed two very distinct Ky, values for the two
MDZ metabolites for all three tested enzymes as reported by others [34,37-38], suggesting the
existence of two MDZ binding sites in the CYP3A4 protein. The rates of MDZ hydroxylation
by the C98A and C98S mutants were not significantly different, whereas rates of hydroxylation
by the C98W mutant were dramatically lower compared to the CYP3A4 WT enzyme. A similar
decrease of enzyme activity was also observed in the C98W and C98F mutants, but not in the
C98A and C98S mutants when APAP was used as the substrate. Because C98A displayed
similar enzyme activities compared to the WT enzyme, the data suggests that hydrogen bonding
through cysteine 98 in CYP3A4 makes no critical contribution to the structural maintenance
and activity of this enzyme. While large aromatic substitutions at position 98 result in a decrease
in enzyme catalytic activity, the metabolite ratio of 1'- and 4-OH MDZ formation is also
decreased along with the increasing size of substitution. These results suggested that the
conformational change induced by a large substitution on position 98 favored 4-OH MDZ
formation, compared to 1'-OH MDZ formation.

Despite the decrease of catalytic activity, it is unlikely that residue 98 within the B-C loop
region (encompassing SRS-1) would directly interfere with heme binding as suggested by the
similar MDZ binding constants (Ks) between the WT enzyme and the mutants. This is
consistent with the role of some other residues in the SRS-1 of CYP3A4. Roussel et al. [35]
reported that the highly conserved residue S119 in the SRS-1 region is a key determinant of
CYP3A4 specificity, and is likely involved in substrate binding and/or substrate recognition.
The authors also concluded that although it is possible that substitutions at the residues within
SRS-1 region could trigger a protein conformational change, it is very unlikely that these
residues would be directly involved in heme binding [35]. This hypothesis is further supported
by the recent CYP3A4 crystal structures [6,7], which suggest that small movements of the B-
C loop could facilitate substrate entry into the active site and increase the active site volume,
and residues localized in the SRS-1 region do not directly affect heme binding.

Large aromatic substitutions on position 98 decrease the apparent binding affinity of P450 to
the reductase. Since the mono-oxygenation reaction catalyzed by P450s is dependent on the
association of P450 with its redox partners, a significant decrease in the P450 binding affinity
with reductase would be, at least partially, responsible for the decrease of enzyme catalytic
activity observed in the C98W and C98F mutants. In concert with the decreased P450 binding
affinity with reductase, a large aromatic substitution at position 98 in CYP3A4 interferes with
electron transfer from the reductase to the P450 heme as suggested by NADPH oxidation rates
between the WT enzyme and C98W mutant. This is further supported by the results from our
molecular modeling study. In the constructed CYP3A4 C98W model, the substituted Trp-98
interacts sterically with the residues in the C-helix. The C-helix of CYP3A4 contains charged
residues that are thought to be directly involved in reductase binding [18]. In addition, the
substituted Trp-98 positioned within only 4 A of Trp-126 in the C-helix, a residue that is highly
conserved in all members of human CYP1, 3 and 4 families (http://drnelson.utmem.edu/
humP450.aln.html). This residue is also conserved in 17 out of 20 members of human CYP2
family. Tryptophan may facilitate electron transfer because of its aromatic character which
contains delocalized = electrons to act as donors and acceptors in the transfer [39]. Straub et
al. [40,41] reported that the highly conserved residue Trp-120 in CYP2C2 is a potential
mediator of electron transfer from the reductase. Interestingly, an alignment of the sequences
of CYP3A4 and CYP2C2 shows that Trp-126 in CYP3A4 is equivalent to Trp-120 of CYP2C2
(data not shown). A potential role of Trp-126 in electron transfer in CYP3A4 remains to be
elucidated at this point. Additional studies are underway using site-directed mutants to
investigate these possible mechanisms.
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In summary, we provide evidence that cysteine 98 in the B-C loop region is very important for
maintenance of structure and enzyme activity of CYP3A4, and this residue and/or residues
nearby are involved in interactions with P450 reductase. Our data support the hypothesis that
aromatic substitution on residue 98 of CYP3A4 causes a protein conformational change and
subsequent loss of enzyme catalytic activities.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

LC/ESI MS analysis of CYP3A4. Samples were incubated with lapachenole with or without
photolyzation and analyzed as described in Experimental Procedures. Deconvoluted spectra
of the CYP3A4 wild-type (A), C98A (B), C98S (C), C98F (D), and C98W (E) mutants
photolabeled with lapachenole. The insets show deconvoluted spectra of apo-CYP3A4 wild-
type, and its mutant (MW = 57280 + 3 Da, 57248 + 5 Da, 57262 + 5 Da, 57319 + 5 Da, and
57355 + 3 Da, n = 6 for apo-CYP3A4 wild-type, C98A, C98S, CI8F and C98S mutants,
respectively).
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Purification and identification of the C98S mutant tryptic peptide adduct photolabeled
with lapachenole. HPLC separation of the proteolytic digests of the lapachenole labeled
CYP3A4 monitored by (a) variable wavelength detection at 214 nm and (b) fluorescence
detection using 320 nm and 420 nm as excitation and emission wavelengths, respectively. The
fraction containing one major fluorescence peak F-1 eluted at 27.2 min was collected and

analyzed by nano-LC/ESI MS.
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Figure 3.

Nano-LC/ESI MS analysis of the collected fluorescent peptide fraction. (A) MS profile of
the doubly charged ion (m/z = 775.9 Da) for the F-1 peptide adduct VLQNFSFKPCK. (B)
Nano-LC/ESI MS/MS spectrum of lapachenole-bound CYP3A4 peptide adduct F-1
(experiment performed in an API-US QTOF mass spectrometer).
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Figure 4.

Midazolam (A) 1’- and (B) 4-hydroxylation kinetics by CYP3A4. e, A, W, ¥V and &
represent wild-type, C98A, C98S, C98F and C98W, respectively. All lines through
experimental data points are the fit to the Michaelis-Menten equation.
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Figure 5.

Spectral titration of CYP3A4 with increasing concentrations of MDZ. A, B, C, D and E
represent wild-type, C98A, C98S, C98F and C98W, respectively; F. The solid lines through
the experimental data points show the fit to the equation AA = AAxS/(Ks + S), where Ky is
the binding constant, and AA and AAn,« are the change in absorbance at a particular substrate
concentration (S) and at a saturating substrate concentration, respectively. o, A, B, ¥ and ¢
represent wild-type, C98A, C98S, C98F and C98W, respectively. The MDZ concentration as
well as absorbance change have been adjusted for the dilution caused by the addition of MDZ.
The protein concentration was 1 uM.
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Figure 6.
APAP oxidation activity by CYP3A4 wild-type, and its C98A, C98S, C98F and C98W
mutants. 1 mM final concentration of APAP was used for the assay.
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Figure 7.

Determination of the apparent equilibrium dissociation constant of CYP3A4 to the
reductase. o, A, m, ¥ and & represent wild-type, C98A, C98S, C98F and C98W,
respectively. All lines through experimental data points are the fit to the Michaelis-Menten
equation.
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Figure 8.

A partial structure of the CYP3A4 C98W mutant. The Cys-98 of the X-ray crystal structure
of CYP3A4 (PDB code: 1WOE) was substituted by a tryptophan residue using the mutate
feature of DeepView 3.7 as described in Experimental Procedures. The substituted Trp-98
(green) is shown in a ball and stick model with respect to Trp-126 (purple), Cys-468 (green)
and other residues (yellow) in the C-helix. The I-helix (cyan) is also shown with respect to a
stick model of the heme (red).
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Scheme 1.

Proposed mechanism of formation of the lapachenole-CYP3A4 adducts. Lapachenole is
photoactivated by UV irradiation treatment, and forms Michael addition-type adducts with
cysteine residues on the CYP3A4-HT protein.
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