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ABSTRACT: Cytochrome b (cyt bs) is one of the key components in Holo bs,_ . Apo bs
the microsomal cytochrome P450 monooxygenase system. Consensus has & > M d R S
not been reached about the underlying mechanism of cyt by modulation i{é’q‘ ké;“%%;&)ﬁ <\)/g; béga\i’ jj;\
of CYP catalysis. Both cyt bs and apo by are reported to stimulate the ~ \‘:‘%‘ < ’\'-‘“ ; -\:"53;,\‘()
activity of several P450 isoforms. In this study, the surface interactions of CYP3A4 =5 U CYP3A4 CRapn=s
both holo and apo bs with CYP3A4 were investigated and compared for RIS Memb”‘“e"ﬁ

the first time. Chemical cross-linking coupled with mass spectrometric

analysis was used to identify the potential electrostatic interactions between the protein surfaces. Subsequently, the models of
interaction of holo/apo bs with CYP3A4 were built using the identified interacting sites as constraints. Both cyt bs and apo b
were predicted to bind to the same groove on CYP3A4 with close contacts to the B—B’ loop of CYP3A4, a substrate recognition
site. Mutagenesis studies further confirmed that the interacting sites on CYP3A4 (Lys96, Lys127, and Lys421) are functionally
important. Mutation of these residues reduced or abolished cyt bs binding affinity. The critical role of Arg446 on CYP3A4 in
binding to cyt bs and/or cytochrome P450 reductase was also discovered. The results indicated that electrostatic interactions on
the interface of the two proteins are functionally important. The results indicate that apo b can dock with CYP3A4 in a manner
analogous to that of holo bs, so electron transfer from cyt bs is not required for its effects.

icrosomal cytochrome P450s (CYPs) catalyze biotrans- by CYP2B4,* 7-ethoxycoumarin, chlorzoxazone, aniline, and N-

formation of a wide variety of chemically and nitrosodimethylamine by CYP2EI,”> p-nitrophenetole O-
structurally diverse compounds. These reactions account for deethylation by CYP2B1,° and arachidonate by CYP4A7.” On
approximately 85—90% of therapeutic drug metabolism." Each the other hand, some CYPs show higher activity in the presence
reaction cycle of microsomal CYPs requires sequential input of of cyt by than in the absence of cyt bs, such as CYP2A6-
two electrons, WhiChl activates a molecule of oxygen to catalyzed coumarin 7-hydroxylation, CYP3A4-catalyzed testos-
complete the reaction.” In microsomal systems, electrons are terone (TST) 6ﬂ—hydroxylation, CYP2C19—catalyzed S—meph—

transferred .from. NAD PH, through CPR and/or ot bs, to enytoin 4’-hydroxylation,®” etc. Reactions inhibited by cyt by

CYPs. CPR is an indispensable component of the catalytic cycle include CYP2B4-catalyzed benzphetamine demethylation.'® In

because the initial reduction of CYP (the introduction of the contrast, cyt bs shows no effect on CYP1A2- and CYP2D6-
) s

first electron) is catalyzed predominantly by CPR." In contrast, catalyzed reactions,® or benzo[a]pyrene hydroxylation b
the mechanism of the second electron transfer and the role of CYP};,B 41 ! Pyr yaroxy Y

cyt bs in the P450 catalytic cycle are not completely Cyt by affects CYPs by several possible mechanisms.’ One
understood. >
asserts that cyt bs facilitates a fast second electron transfer,

Cyt by exhibits complex effects on CYP-catalyzed reactions. o . o : :
The effects are dependent on both CYP isoform and substrate. which is putatively the rate-limiting step in the CYP catalytic
cycle and therefore stimulates some CYP activities such as in

It can stimulate, inhibit, or have no effect on CYP-catalyzed 1213
CYP2E1l and rabbit CYP2B4.”"~° Cyt bs has also been

reactions. Cyt by may act as an obligate component, or a '
modifier, of a reaction. It has been reported that the activity of suggested to decrease the level of uncoupling of the

more than 20 CYP isoforms can be modulated by cyt b;,

1nclud1ng the majority of the human drug-metabolizing Received: August 8, 2012
CYPs.>® For example, cyt by is absolutely required for the Revised:  October 29, 2012
metabolism of methoxyflurane, prostaglandins Al, E1, and E2 Published: November 14, 2012
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monooxygenase reaction through its interaction with CYPs and
to result in an increased catalytic efficiency. A third proposed
mechanism suggests that a heterodimeric CYP—cyt by complex®
is formed, which is able to accept two electrons from CPR to
form a two-electron-reduced complex species.'* This complex
facilitates formation of the active peroxo P450 species as it
excludes the need of two interactions with CPR. An additional
suggested mechanism is the allosteric effect, in which cyt b
leads to conformational changes of CYPs, resulting in a
modulated catalytic efficiency. This mechanism continues to be
supported by recent data,®”'S but its importance is
unclear.>'%1¢ Among these mechanisms, the two basic roles
of cyt bs are proposed to be electron transfer and an allosteric
effect via a conformational change induced by cyt bs on CYP.
There is no consensus about whether the transfer of an electron
from cyt by is required or whether allosteric effects of cyt b are
involved. Because the effects of cyt b5 on CYPs require complex
formation,'” identification of protein interacting regions and
protein orientation in the redox complexes can be important for
understanding the mechanisms and effects of cyt bs.'®

We have previously defined the structural interaction
between CYP2E1 and cyt bs.'” In the CYP2E1—cyt bs complex
model, the cyt bs heme group protrudes toward the surface of
CYP2E], to which the buried heme of CYP2EL is closest."
CYP2E1 is a CYP isoform whose reactions are highly
stimulated by cyt bs,””*° but not by apo bs (cyt by devoid of
heme).”*® The requirement of the cyt bs heme group for the
CYP2E1l-catalyzed reaction supports the mechanism of
facilitating electron transfer rather than only causing an
allosteric effect for this particular isoform. Intermolecular
electrostatic interactions are the main stabilizing forces for
CYP—cyt by interactions® and contribute to the proper
orientations of the heme prosthetic groups. Overall, this
intermolecular electrostatic interaction can result in a change in
the dielectric constant and the subsequent facilitation of the
electron transfer process.”!

Unlike its effects on CYP2EI reactions, cyt bs mainly exerts
an allosteric effect on CYP3A4 reactions as suggested by
previous studies.”>** Apo by has also been shown to stimulate
some of CYP3A4-catalyzed reactions, such as testosterone 6f-
hydroxylation and nifedipine oxidation, to a slightly lesser
extent than holo bs (natural cyt b).** Nuclear magnetic
resonance (NMR) studies have confirmed that removal of the
heme group from cyt bs has an only minimal influence on its
secondary structure.”~>” The structural effects of heme
removal are highly localized, so the stimulatory effect of apo
bs on CYP3A4 indicates an allosteric mechanism. In addition,
cyt by changes the product regioselectivity and turnover kinetics
of some CYP3A4 reactions, such as triazolam and pyrene
oxidation,”®*’ suggesting topological changes in the active site
of CYP3A4.*® These observations provide additional evidence
of an allosteric mechanism of cyt bs on CYP3A4.

Extending these studies to the surface interactions between
cyt by and CYP3A4 can further elucidate the complicated
mechanism of cyt bs in the stimulation of CYPs. Chemical
cross-linking and mass spectrometry were used to structurally
characterize the sites of interaction between cyt by and CYP3A4
because of the advantage of requiring small amounts of sample
and the high degree of accuracy in determining the structures;
site-directed mutagenesis and metabolic activity assays were
used to confirm the functional importance of the identified
interacting sites. The identified cyt by—CYP3A4 interacting
sites allowed construction of models for the holo/apo bs—
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CYP3A4 interactions by computational calculation. The results
of this study indicate that an allosteric effect of cyt bs
contributes to the modulation of CYP3A4 reactions.

B EXPERIMENTAL PROCEDURES

Materials. Plasmid (His),;HMWHuman-cyt by was kindly
provided by R. J. Auchus (University of Michigan, Ann Arbor,
MI).*"*> Restriction enzymes and other DNA-modifying
enzymes were from New England BioLabs (Beverly, MA).
Platinum Pfx DNA polymerase, T4 DNA ligase, histidine-
tagged recombinant human cyt by, and Vivid 3A4 substrate
DBOMF were from Invitrogen (Carlsbad, CA). The
QuikChange site-directed mutagenesis kit was from Stratagene
(La Jolla, CA). Bactotryptone, bactopeptone, and bactoyeast
extract were from BD Biosciences Clontech (Palo Alto, CA).
Emulgen 911 was from Kao Chemicals (Tokyo, Japan). IPTG
(isopropyl f-p-1-thiogalactopyranoside), §-ALA (S-aminolevu-
linic acid), thiamine, imidazole hydrochloride, protease
inhibitor cocktail, sodium cholate, and dithiothreitol were
from Sigma-Aldrich (St. Louis, MO). The CHT ceramic
hydroxyapatite column (type I, 40 ym particle size) was from
Bio-Rad (Hercules, CA). r-a-Dilauroyl-sn-glycero-3-phospho-
choline (DLPC), r-a-dioleoyl-sn-glycero-3-phosphocholine
(DOPC), and vr-a-dilauroyl-sn-glycero-3-phosphoserine
(DLPS) were from Avanti Polar Lipids, Inc. (Alabaster, AL).
Ni-NTA Superflow was from Qiagen (Valencia, CA). The
cross-linking reagent 1-ethyl-3-[3-(dimethylamino)propyl]-
carbodiimide hydrochloride (EDC) was from Pierce Bio-
technology, Inc. (Rockford, IL). Sequencing grade modified
trypsin was from Roche Applied Science (Indianapolis, IN).
¥0-labeled water (99 atom % '%0) was from Isotec
(Miamisburg, OH). HPLC solvents were of HPLC grade. All
other reagents were of analytical grade.

Site-Directed Mutagenesis of CYP3A4. For site-directed
mutagenesis of CYP3A4, the oligonucleotide primers used in
the generation of CYP3A4 mutations K96A, K127A, K421A,
and R446A were as follows (mismatches indicated by the
underlined bases): K96A forward, 5’ CAA AAC AGT GCT
AGT GGC AGA ATG TTA TTC TGT CTT C 3’; K96A
reverse, 5’ GAA GAC AGA ATA ACA TTC TGC CAC TAG
CAC TGT TTT G 3’; K127A forward, 5" GCT GAG GAT
GAA GAA TGG GCG AGA TTA CGA TCA TTG C 3’;
K127A reverse, 5" GCA ATG ATC GTA ATC TCG CCC
ATT CTT CAT CCT CAG C 3’; K421A forward, 5" CTC
CCT GAA AGA TTC AGC GCG AAG AAC AAG GAC AAC
3’; K421A reverse, 5" GTT GTC CTT GTT CTT CGC GCT
GAA TCT TTC AGG GAG 3’; R446A forward, 5" CCA GAA
ACT GCA TTG GCA TGG CGT TTG CTC TCA TG 3';
R446A reverse, 5’ CAT GAG AGC AAA CGC CAT GCC
AAT GCA GTT TCT GG 3'. For the construction of a
CYP3A4 triple mutant (K96A/K127A/K421A), a CYP3A4
K96A/K421A double mutation was first constructed using the
K421A single mutation plasmid as the template and the K96A
forward and reverse primers; afterward, the K96A/K127A/
K421A triple mutation was constructed using the K96A/K421A
plasmid as the template and the K127A forward and reverse
primers. The mutagenesis was performed using the Quik-
Change site-directed mutagenesis kit according to the
manufacturer’s protocol. The full-length cDNAs of the
CYP3A4 sequence containing the desired mutations were
analyzed at the University of Washington Sequencing Facility.

Protein Expression and Purification. N-Terminally
truncated CYP3A4 and mutations were produced in Escherichia
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coli C41 cells using expression vector pCWhum3A4 (His).
Growth and induction of E. coli C41 cells were performed as
described previously.®® Solubilized membranes were prepared,
and CYP3A4 was purified on the Ni-NTA agarose column as
described in ref 34. The column was equilibrated and loaded
with equilibration buffer [S0 mM KP; (pH 7.4), 20% glycerol,
0.05% sodium cholate, 5 mM imidazole, and 50 uM
testosterone] and then washed with 20 column volumes of
wash buffer [SO mM KP; (pH 7.4), 20% glycerol, 0.05% sodium
cholate, 40 mM imidazole, 100 mM glycine, 0.3 M sodium
chloride, 0.2% Emulgen 911, 20 mM p-mercaptoethanol, and
S0 uM testosterone]. The protein was eluted with a minimal
volume of elution buffer [SO mM KP; (pH 7.4), 20% glycerol,
350 mM imidazole, and 0.02% sodium cholate] and then
dialyzed against hydroxyapatite (HA) equilibration buffer (10
mM KP, 2 mM BME, 0.2% cholate, and 20% glycerol). The
protein was then loaded onto the HA column, washed with HA
wash buffer [25 mM KP, 2 mM BME, and 20% glycerol (pH
7.4)], eluted with 400 mM KP; and 20% glycerol (pH 7.4), and
dialyzed into storage buffer [100 mM KP; (pH 7.4), 20%
glycerol, 0.5 mM EDTA, and 0.1 mM DTT]. The CYP3A4
content was determined by reduced carbon monoxide differ-
ence spectra.34

Apo by was prepared from human cyt bs according to a
previously published protocol.>**3® The expression and
purification of human cyt bs; were conducted according to
previously described protocols.***® The reconstituted holo by
activity was comparable with that of commercial cyt bs from
Invitrogen (data not shown) and was used for the equilibrium
binding assay. In all other holo b assays, commercial holo b;
was used. The expression and purification of rat CPR were
performed as previously described.*”**

Cross-Linking Reactions. Electrostatic interactions are
considered to be the major driving force in cyt bs—CYP3A4
interactions.**~*! Therefore, EDC, a water-soluble cross-linking
reagent, was chosen to “trap” the interaction between cyt bs and
CYP3A4, as EDC can cross-link basic (Lys) and acidic (Asp or
Glu) residues that come very close to each other.*” It generates
amide bonds, with a “zero-length” linker between the bonded
species. The zero-length linker limits the number of
orientations that must be considered in building structural
models based on cross-linking data. CYP3A4 and cyt bs were
reconstituted at a molar ratio of 1:1 in 100 uL of 50 mM KP;
buffer in the presence of liposomes'>* [1:1:1 (w/w/w)
DLPC/DOPC/DLPS lipid mixture, with final concentrations of
10 pM for each enzyme]. The solution was gently stirred for 10
min and held at room temperature for 2 h. Then the chemical
cross-linking reagent EDC was added to a final concentration of
10 mM from a 100 mM stock. The reaction was allowed to
proceed at room temperature for 2 h followed by dialysis
against 50 mM KP; buffer and 50 mM ammonium bicarbonate
buffer to remove EDC and isourea that was generated.

Proteolytic Digestion and Mass Spectrometric Anal-
ysis. Digestion of the cross-linked protein complex was
performed as previously described.'” Subsequent mass
spectrometric analysis for holo by and CYP3A4 cross-linking
was conducted as described previously™ using '®O labeling.
Mass spectrometric analysis of apo bs and CYP3A4 cross-
linking was assessed using a recently published method,*
which has the advantage of not requiring stable isotopic
labeling. An LTQ-Orbitrap (ThermoFisher, San Jose, CA) was
used to acquire all MS data at high mass accuracy (typically
0.1—3.0 ppm) because this limits false positives from the large
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number of possible cross-linked peptide candidates. Cross-
linked peptides analyzed by ESI tend to have twice the charge
of their linear constituents. This allows the data-dependent ion
selection process for collision-induced dissociation (CID) to be
focused only on precursors with a charge state of >3, thus
focusing data acquisition on the peptide more likely to be cross-
linked. The data were analyzed with the open-modification
algorithm Popitam.*® Tandem mass spectra were further
analyzed and sequence matches confirmed and assigned with
the MS3D collaboratory portal***” and University of
Washington Proteomics Center web tools as references.

Testosterone 64-Hydroxylation and Fluorogenic Vivid
3A4 Substrate Metabolism Catalyzed by Wild-Type
CYP3A4 and Its Mutants. Working buffers for CYP3A4
incubations were prepared following a published protocol.*®
Basically, the final reaction buffer contains 0.2 uM CYP3A4, 0.4
uM NADPH-dependent cytochrome P450 reductase (CPR),
02 uM cyt bs, 0.1 mg/mL CHAPS, a 0.02 mg/mL lipid
mixture, 3 mM GSH, and 30 mM MgCl, in 50 mM potassium
HEPES buffer (pH 7.4). The testosterone 6f-hydroxylation
assay was conducted according to a previously described
procedure®® except that 1 ug of 11a-hydroxyprogesterone per
reaction was used as an internal standard. The Vivid Green
assay was conducted according to the supplier’s protocol. Both
assays were conducted at a fixed CYP3A4:CPR:cyt bs enzyme
ratio of 1:2:1 unless otherwise noted.

Equilibrium Binding. For the cyt b;—CYP3A4 affinity
assay, experiments were conducted using the method described
earlier with slightly modified buffer conditions.'®*’ Briefly, the
sample cuvette contained 0.2 uM CYP3A4 in reaction buffer
(pH 7.4) as used for activity assays. The reference cuvette
contained only reaction buffer (pH 7.4). The difference spectra
of the two cuvettes were recorded. Next, cyt by (0—3 uM) was
titrated into both sample and reference cuvettes, and both were
scanned from 340 to 500 nm to monitor the peak heights of the
low-spin (418 nm) and high-spin (390 nm) Soret bands. The
changes in the difference between the two peaks in the absolute
spectra were plotted versus cyt bs concentration to estimate the
binding affinity of cyt bs for CYP3A4. The dissociation constant
(K4) was determined using the following equation as described
in ref 50

AA = AA, ((Ky + [CYP3A4] + [b])/2
— [(Ky + [CYP3A4] + [b5])*/4 — [CYP3A4]
[6]17) 1)

where AA is the change in absorbance difference between 390
and 418 nm, AA_, is the maximal absorbance change,
[CYP3A4] is 200 nM in the assay, [bs] is the concentration
of holo bs or apo bs, and Kj is the spectral dissociation constant
of the CYP3A4—b; complex.

For the TST binding affinity assay, 1 yuM CYP3A4 was used
in a buffer that consisted of 50 mM KP; and 20% glycerol. The
change in absorbance difference between 390 and 418 nm
(AA) was plotted as a function of TST concentration.’">
Apparent dissociation constants were estimated using the Hill
equation (eq 2) with GraphPad:

AA = A X s"/ [Kd(app) + Sn] ()
where A, is the maximal absorbance change, S is the TST
concentration, Ky(,,p) is the apparent dissociation constant (the
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Figure 1. Sodium dodecyl sulfate—polyacrylamide gel electrophoresis analysis of the cross-linking reactions of human cyt b5 and CYP3A4 using
EDC. Holo and apo bs were cross-linked with CYP3A4 at 1:1 molar ratio in the absence and presence of EDC. (A) Holo bs and CYP3A4 reaction:
lane 1, protein ladder; lane 2, holo b5 and CYP3A4 without EDC; lane 3, holo bs and CYP3A4 with EDC. (B) Apo bs and CYP3A4 reaction: lane 1,
protein ladder; lane 2, apo b5 and CYP3A4 with EDC; lane 3, apo b5 and CYP3A4 without EDC.

Table 1. Intermolecular Cross-Linked Peptides in the Holo b;—CYP3A4 Complex”

measured monoisotopic charge measured pegtide

peak (m/z) state mass (Da mass (Da)
781.40 +5 3902.00 3901.78
976.51 +4 3902.04
744.97 +5 3719.85 3719.66
930.95 +4 3719.80
501.29 +4 2001.16 2001.04

calcd peptide

mass matches to intermolecular cross-linked peptides

holo by (48EQAGGDATENFEDVGHSTDAR“?—CYP3A4
(P*TVLVKEC (carbamidomethyl) YSVFTNR'®)

holo by (*EQAGGDATENFEDVGHSTDAR®)—CYP3A4
(*SSAISIAEDEEWKR'*)

holo b5 (*FLEEHPGGEEVLR*)—CYP3A4 (**FSKK*?)

“The peptide digests were analyzed on an API-US quadrupole mass spectrometer (Micromass, Manchester, U.K.) as previously described.'”

substrate concentration that gives an absorbance change of 50%
of A,,,), and n is the Hill coefficient.

Molecular Docking and Energy Minimization. The
high-resolution X-ray crystallographic structure of human
CYP3A4 (PDB entry 1TQN),> the human holo b homology
model made from the bovine cyt bs (PDB entry 1CYO) crystal
structure,”* and the rat apo by NMR solution structure (PDB
entry 1187) were used to construct the model of the CYP3A4—
holo/apo bs complexes. Manual docking of the structures was
accomplished by positioning the structures, using DS Viewer
Pro 6.0 (Accelrys Software Inc.), and the mass spectrometry
cross-linking data as constraints. The distance between the
residue pair in each identified cross-linked peptide was
minimized. Some side chains of the residues on the protein
interacting surfaces were reoriented using DS Viewer Pro 6.0 to
avoid overlap of the side chains. The complex model was
energy minimized using GROMACS (Groningen MAchine for
Chemical Simulation) as previously described.>*~*” Molecular
graphics and analyses were performed with the UCSF Chimera
package (http://www.cglucsf.edu/chimera). The intermolecu-
lar H-bonds revealed are identified through the use of the
FindHBond function in Chimera.’® Because of the ambiguous
sites on apo by in cross-linking with CYP3A4, the ZDOCK
SERVER (http://zdock.umassmed.edu/) was used to predict
the apo bs—CYP3A4 interaction model with identified sites as
constraints.*” The complex with the lowest energy was selected
as the interaction model.

Construction of Membrane Models of Holo/Apo b;—
CYP3A4 Interaction. The orientations of CYP3A4 and holo/
apo bs relative to membranes were modeled using the method
described in ref 60. The angle between the CYP3A4 heme
plane and the membrane was adjusted to 58°, a value that is
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midway between 38° and 78° according to ref 60. The holo/
apo by linker domain conformation was made flexible using the
software package Chimera as suggested by ref 50 and the NMR
solution structure of human cyt by (PDB entry 2196).

B RESULTS

Chemical Cross-Linking. The treatment of an equimolar
mixture of CYP3A4 and human cyt bs or apo bs with EDC
resulted in the formation of cross-linked protein complexes,
with the major complex being a binary complex (cyt bs—
CYP3A4), the molecular mass of which is ~73 kDa (Figure 1).
The band directly above it with a molecular mass of ~90 kDa is
likely to be the (cyt bs),—CYP3A4 complex, and other faint
bands could be complexes with multiple CYPs.

Holo b;—CYP3A4 Interactions Assessed by Mass
Spectrometric Analysis. Three intermolecular cross-linked
peptides of the holo by—CYP3A4 complex were identified with
five precursor ions at different charge status (Table 1) through
mass spectrometric analysis. The sequences of the three cross-
linked peptide candidates were fully confirmed by the tandem
mass spectra with the cross-linked residue pairs successfully
located (Figure 2). In the cross-linked peptides [cyt b
(¥*EQAGGDATENFEDVGHSTDAR®)—CYP3A4 (**TVLV-
KECYSVFTNR'®) and cyt b; (*EQAGGDATENFEDVGH-
STDAR®)—CYP3A4 (MSAISIAEDEEWKR'?)], cross-linked
sites were unambiguously determined to be GluS6 (cyt bs)—
Lys96 (CYP3A4) and GluS6 (cyt bs)—Lys127 (CYP3A4) sites,
respectively (cyt bs numbering according to PDB entry 1CYO).
For example, on the tandem MS spectrum of the first cross-
linked peptide (Figure 2A), the observation of cyt by linear
fragment ions such as bg and a series of y ions, including the
longest y,, ions, indicates that only GluS6 can be the cross-

dx.doi.org/10.1021/bi301069r | Biochemistry 2012, 51, 9488—9500
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Figure 2. Tandem mass spectra for three cross-linked peptide
precursor ions identified from the cyt bs—CYP3A4 complex. Fragment
ions with a superscript x represent the cross-linked fragment ions. Ions
marked with a subscript a are from cyt bs, and ions with a subscript
are from CYP3A4. Identified cross-linked residue pairs are linked by
thick black lines. (A) Ion [M + H]* = 976.4534 for the holo b;
(*EQAGGDATENFEDVGHSTDAR®)—CYP3A4 (“*TVLVKECYS-
VFTNR'®) complex. (B) Ion [M + H]* = 930.9229 for the holo b
(*EQAGGDATENFEDVGHSTDAR®)—CYP3A4 (!!*SAISIAEDEE-
WKR'®) complex. (C) Ion [M + H]* = 501.2670 for the holo b
(**FLEEHPGGEEVLRY)—CYP3A4 (*"?FSKK*?) complex. The
measurement errors of the three ions are 0.2, 0.9, and 2.4 ppm,
respectively.
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linking residue. In addition, all the cross-linking fragments
indicated with signal “x” agree with and further support this
assignment. For the cross-linked cyt bs (*FLEEHPGGEEV-
LRY)—CYP3A4 (*°FSKK*?) peptide, two possibilities of
cross-linking sites were suggested by the spectrum (Figure
2C), Glu37 (cyt bs)—Lys421 (CYP3A4) and Glu43 (cyt bs)—
Lys421 (CYP3A4) sites. Glu37 and Glu43 are adjacent surface
residues on the structure of cyt bs®' and are predicted to be
equally accessible to Lys421 on CYP3A4.

The two peptides on cyt bs identified in cross-linking Wlth
CYP3A4 contain a2—loop—a3 and a4—loop—as$ segments,’
which form the hydrophobic core to which the heme group
binds. On the other hand, the peptides on CYP3A4 contain
helices B” and C, the K"—L loop, and helix L. All three cross-
linked sites are found to be on the proximal surface of CYP3A4,
which has been pre redicted to be the redox partner binding
surface for CYPs.?>®

Apo b;—CYP3A4 Interactions Assessed by Mass
Spectrometric Analysis. Two cross-linked peptide complexes
between apo bs and CYP3A4 were successfully identified
(Table 2). The sequences of the cross-linked peptide
candidates were confirmed by their corresponding tandem
mass spectra (Figure 3). The cross-linked sites on the peptide
apo by (FLEEHPGGEEVLR")—CYP3A4 (''*SAISIAEDEE-
WKR'?®) complex were determined to be Glu37 on apo bs and
Lys127 on CYP3A4. On the peptide apo bs (*EQAGGDAT-
ENFEDVGHSTDAR®)-CYP3A4 ("'VWGFYDGQQPVLAI-
TDPDMIKTVLVK®) complex, Lys91 on CYP3A4 is identified
to be the cross-linked site, while further differentiation among
residues Glu48, Asp53, GluS6, GluS9, and Asp60 on cyt by
involved in cross-linking is difficult because of the complication
of the spectra and the lack of sufficient fragmentation.

Interestingly, the peptide segments identified on apo bs
involved in cross-linking with CYP3A4 are the same as those
on holo by involved in cross-linking with CYP3A4, including
the a2—loop—a3 and a4—loop—asS segments (Tables 1 and 2).
On CYP3A4, the Lys127 residue was identified to be cross-
linked with both holo and apo bg; the Lys91 and Lys96 residues
that were identified to be cross-linked with holo/apo bs are very
close in the three-dimensional structure of CYP3A4.

Modeling of Holo bs—CYP3A4 and Apo b;—CYP3A4
Complexes. Using the cross-linking sites between holo/apo by
and CYP3A4 as constraints and minimizing the energy of the
interactions by protein docking programs, we constructed the
docked models of holo/apo bs—CYP3A4 complexes (Figure 4).
For the apo b;—CYP3A4 docking calculation, the ZDOCK
server was able to calculate different combinations with the
cross-linking sites as constraints, though through the tandem
mass spectrum no differentiation can be made among acidic
residues 48, 53, 56, 59, and 60. The model shown in Figure 4
has the lowest energy according to the docking calculation.

In both interaction models, the interacting surfaces on holo/
apo b include the a2—loop—a3 and a4—loop—aS segments,
with additionally one propionate group of the heme group in
holo by contributing to the interaction with CYP3A4. Holo by
and apo bs; were predicted to bind to the same groove on
CYP3A4 despite the different orientations. The contact regions
on CYP3A4 for holo by are predicted to be helix B, the B—B’
loop, the C—D loop, helices D, J’, and K, the K"—L meander
region, the f-bulge, and helix L (Figure 4A). Those for apo bs
are helix B, the B—B' loop, helix C, the C—D loop, helix D, the
K”—L meander region, and the f-bulge (Figure 4B). Holo bs
and apo bs both approach the B—B' loop region and helix C of
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Table 2. Intermolecular Cross-Linked Peptide Candidates in the Apo bs—CYP3A4 Complex

measured monoisotopic charge measured peptide calcd peptide
peak (m/z) state mass (DES mass (Da) mass matches to intermolecular cross-linked peptides
757.3763 +4 3026.4814 3026.4854 apo by (FLEEHPGGEEVLR")—CYP3A4 (''*SAISTAEDEEWKR'*)
606.1026 +S 3026.4812
1024.8989 +5 51204627 51204582 apo b (“EQAGGDATENFEDVGHSTDAR®)—CYP3A4
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Figure 3. Tandem mass spectra for two cross-linked peptide precursor
ions identified from the apo bs—CYP3A4 complex. Fragment ions with
a superscript X represent the cross-linked fragment ions. Ions marked
with a subscript a are from cyt bg, and ions with a subscript f# are from
CYP3A4. Identified cross-linked residue pairs are linked by thick black
lines. (A) Ton [M + H]* = 757.3763 for the apo bs (**FLEEHPG-
GEEVLRY)—CYP3A4 (''SSAISIAEDEEWKR'?®) complex. (B) Ion
[M + HJ% = 1024.8989 for the apo b (*EQAGGDATENFEDVG-
HSTDAR®)—-CYP3A4 ("'VWGFYDGQQPVLAITDPDMIKTVL-
VK*®) complex. The measurement errors for the two ions are 1.3
and 0.8 ppm, respectively.

CYP3A4 via helices a4 and a$, respectively. In the holo bs—
CYP3A4 model, the CYP3A4 and cyt bs; heme groups are
nearly perpendicular, and the shortest distance between the
heme groups is ~11 A.
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(C)

Lys127

CYP3A4

s

Figure 4. Holo/apo bs—CYP3A4 complex models. CYP3A4 is colored
white, cyt by green, apo b cyan, the heme group of CYP3A4 red, and
the heme group of holo bs orange. The interacting residues on
CYP3A4 and cyt b; are colored magenta and blue, respectively. Protein
regions on CYP3A4 far from the interacting surfaces are truncated. (A)
Top view of the holo bs—CYP3A4 model. (B) Top view of the apo
bs—CYP3A4 model. (C) R446A (golden) illustrated in the holo bs—
CYP3A4 model.
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Table 3. Effect of the Mutations on CYP3A4 Catalytic Activities for Testosterone 6f-Hydroxylation in the Presence and

Absence of Cyt b”

with by

without by

Vax (nmol nmol of

Ve (nmol nmol of

ratio of catalytic efficiency  ratio of V., with and

CYP3A4™! min™') K, (uM) CYP3A4™! min™') K, (uM) with and without by without by
WT 27.8 £2.2 152.6 + 37.5 164 + 1.3 240.2 + 483 2.7 1.7
K96A 16.0 + 1.3 436.8 + 76.0 12.6 + 2.0 470.1 = 149.0 1.3 1.3
K421A 16.6 + 1.7 366.1 + 81.4 83+ 0.8 3139 + 73.7 1.7 2
R446A N/A N/A N/A N/A
triple mutant N/A N/A N/A N/A
“Each point represents the mean + SD (n = 3). N/A means not available.
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Figure S. NADPH-dependent formation of 6f-hydroxytestosterone by CYP3A4 and its mutants. Reactions were conducted using 40 pmol of
CYP3A4, 80 pmol of CPR, and 40 pmol of bs, in a 200 yL reaction volume for 10 min. Each point represents the mean + SD (n = 3).

Site-Directed Mutagenesis of CYP3A4. To confirm the
biological function of the residues on CYP3A4 identified by the
cross-linking study, we conducted site-directed single-point and
multiple substitutions of the three Lys residues of CYP3A4
(Lys96, Lys127, and Lys421) to Ala. In addition, Arg446 was
included in the mutagenesis study, because this residue was at
the interface of the holo b;—CYP3A4 complex model and
therefore was predicted to be of significance for cyt by
interaction. It was postulated that the interactions between
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CYP3A4 and cyt by initiated by electrostatic interaction would
be affected by substitution of the basic Lys residues with neutral
Ala.

The purified CYP3A4 single-point mutations K96A, K421A,
and R446A and triple mutation K96A/K127A/K421A all
showed homogeneous 450 nm peaks in the reduced carbon
monoxide binding difference spectrum (Figure S1 of the
Supporting Information). The expression level of K127A was
extremely low for unknown reasons, so it was not further
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Figure 6. NADPH-dependent formation of Vivid Green from Vivid DBOMF by CYP3A4 and its mutants. Reactions were conducted using 40 pmol
of CYP3A4/mutation, 80 pmol of CPR, and 40 pmol of b, in a 200 uL reaction volume for 15 min. Each point represents the mean + SD (n = 3).

studied. To determine whether their active sites had been
affected by the mutations, a testosterone binding affinity assay
was conducted (Figure S2 of the Supporting Information).
Analysis of the data using the Hill equation yielded Ky, (or
Sso) values of 25 + 12 uM (N = 1.53; R* = 0.99), 71 + 28 uM
(N = 1.45; R* = 0.99), 108 + 34 uM (N = 1.07; R* = 0.995), 30
+ 8 uM (N = 1.34; R = 0.997), and 42 + 25 uM (N = 1.31; R*
= 0.99) for wild-type CYP3A4, K96A, K421A, R446A, and the
triple mutant, respectively. The wild-type apparent dissociation
constant is comparable to that previously reported.’> All
mutated proteins bind to testosterone with apparent Kj values
in a range of 1—4-fold of that of the wild type, suggesting that
the active sites of the mutations were modestly altered by the
mutations. Also, the data indicate that the TST induces smaller-
magnitude spin state changes for the mutants compared to the
wild type. Presumably, these mutations affect the conformation
of either the substrate free enzyme or the ligand-bound
complexes and thus have an impact on the energetics and
solvent effects of substrate binding. Specifically for K421A, the
mutation site is at the K—L loop, partly involved in channel 5 of
CYP3A4’s substrate access—egress channel; however, this
channel 5 (between K and K’ to the active site) has been
found not to open during the computer dynamic simulations of
CYP3A4.°%% An important result of these studies is that the
mutations do not significantly impair TST binding, which can,
therefore, be used to probe the effects of these residues on cyt
bs binding and catalysis in the presence of CPR.

Effect of the Mutations on the Catalytic Activities of
CYP3A4. TST 6f-hydroxylation, a probe reaction of CYP3A4,
was used to measure the activities of wild-type CYP3A4 and the
mutants. The stimulatory effects of cyt by on these enzymes
were compared, as shown in Table 3 and Figure S for a single
concentration of cyt b, with a 1:2:1 CYP:CPR:cyt b; ratio. The
catalytic efficiency (V,../K,) of wild-type CYP3A4, K421A,

9495

and K96A was increased by cyt by 2.7-, 1.7-, and 1.3-fold,
respectively, under these conditions. The V,,,, ratios with and
without b are 1.7, 1.3, and 2, respectively. The results indicate a
complex effect of the cyt by dependence on both V, . and K,
terms for TST hydroxylation. These results indicate that the
Lys96 residue likely plays a more important role than Lys421 in
the functional interaction of CYP3A4 with cyt bs. Interestingly,
the triple mutant K96A/K127A/K421A displayed very low
catalytic activity in the absence and presence of cyt bs. That is,
simultaneous substitution of the three sites depleted the activity
of CYP3A4. It is remarkable that the R446A mutation also
completely abolished CYP3A4 activity. Another probe of
CYP3A4, fluorogenic Vivid 3A4 substrate DBOMEF, was also
tested for activities of wild-type CYP3A4 and its mutants
(Figure 6). The results were very consistent with testosterone
6p-hydroxylation activities. Overall, the mutagenesis study
confirmed the functional importance of the ion pairs identified
by the cross-linking study.

Effect of the Mutations on the Binding of CYP3A4 to
Cyt bs. The catalytic experiments do not explicitly distinguish
between the effects of the mutations on cyt bs binding versus
cyt bs-dependent interactions with TST. To further examine
the effect of the mutations on the binding of cyt bs to CYP3A4,
the affinity of cyt by for wild-type CYP3A4 and its mutants was
measured using a spectral titration method.®*®” As shown in
Figure 7, cyt bs bound to wild-type CYP3A4, K96A, and K421A
with estimated Kj values of 140 + 37, 346 + 198, and 287 + 37
nM, respectively. This suggests that effects of mutations
observed in functional studies may in part be due to the
altered affinity of the protein interactions. The studies do not,
however, clarify any specific molecular mechanism by which
mutation affects Ky, versus V.. in the functional studies. The
binding affinity of cyt bs with R446A was drastically decreased

dx.doi.org/10.1021/bi301069r | Biochemistry 2012, 51, 9488—9500



Biochemistry

0.009+

= WT + holo b5

A K96A + holo b5
0.007+4 v K421A + holo b5

* R446A + holo b5
0.005- X WT + apo b5

0.003

ApAbsorbance

0.001

2000 3000

[b5] nM

L 2

-0.001 1000
Figure 7. Titration of cyt bs to wild-type CYP3A4 and its mutants and
apo b to wild-type CYP3A4. The spectral titration experiment was
conducted using 200 nM CYP3A4 or mutants and titration with cyt b
or apo bs. The magnitude of the absorbance change at 390 nm minus
that at 418 nm was measured following each addition of cyt bs at room
temperature.

as indicated by the binding assay, with a K4 value estimated to
be >1000 uM.

It has been reported that the ratio of cyt bs to CYP can affect
the CYP catalytic rate, as cyt by competes with CPR for the
partially overlapping binding sites on CYPs.">*®*% Results in
Figure 8 reveal a ratio-dependent effect of cyt by on CYP3A4
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Figure 8. Effect of the cyt bs:CYP ratio on the formation of 6f-
hydroxytestosterone by CYP3A4 and its mutants. Reactions were
conducted using varying concentrations of cyt by and a constant ratio
of CYP3A4 (40 pmol) to CPR (80 pmol) for 10 min in a 200 uL
reaction volume. Each point represents the mean + SD (n = 3).

activities, with a stimulatory effect at low ratios, but an
inhibitory effect with increasing bs:CYP3A4 ratios. Both wild-
type CYP3A4 and K421A have their maximal activities at a ratio
of 2:1. K96A reached its highest activity at a bs;:CYP3A4 ratio of
3:1, which is consistent with previous cyt bs binding assays with
the mutated protein. Expectedly, both the triple mutant and
R446A showed very low activity in the presence or absence of
cyt bs.

Effect of the Mutations on the Interaction of CYP3A4
with CPR. Because CPR is expected to share sites of
interaction on CYP with cyt bs, the effects of the mutations
on CYP3A4 activity in the presence of varying concentrations
of CPR were determined. TST 6f-hydroxylation, dependent on
CPR concentrations, exhibited Michaelis—Menten kinetics;
therefore, the apparent K’ cpr was used to illustrate the affinity
of the CYP3A4—CPR interaction.*””® As shown in Figure 9,
wild-type CYP3A4, K96A, and K421A have comparable binding
K'pcpr values (41 + 10, 91 + 21, and 70 + 12 nM,

respectively). CPR binding to R446A and the triple mutant was
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Figure 9. Effect of the CPR:CYP ratio on the formation of 6f-
hydroxytestosterone by CYP3A4 and its mutations. Reactions were
conducted using varying concentrations of CPR and a constant ratio of
CYP3A4 (40 pmol) to cyt by (40 pmol) for 10 min in a 200 uL
reaction volume. Each point represents the mean + SD (n = 3).

abolished. The apparent binding of CPR to CYP3A4 and
mutant CYP3A4 agrees with the earlier proposal that cyt by and
CPR have overlapped binding sites on P450s and they compete
with each other for binding to P450s.%%"!

B DISCUSSION

This investigation of the role of intersurface residues in the
holo/apo bs—CYP3A4 complex provides information about the
structural organization of the complexes and supports the
allosteric roles of holo/apo bs in modulating the catalytic
efficiency of CYP3A4. Apo bs and holo b interact with
overlapping sites on CYP3A4, with different orientations. Both
directly contact the B—B’ loop region of CYP3A4, one of the
major substrate recognition sites (SRSs) of CYP3A4.2
Previous studies have shown that lapachenole, a substrate of
CYP3A4, covalently binds to this loop region.”” This loop
region is also found to be highly flexible by computer dynamics
simulations.®*”* Thus, it is reasonable to postulate that the
contact of cyt by with CYP3A4 can induce conformational
changes in this structural element. The induction of conforma-
tional changes of CYP enzymes has been observed in P450,,,
(CYP101) upon cyt bs binding, whose structural perturbations
happened not only to the proximal surface structural elements,
including helices B and C, but also to those in the distal surface,
including regions for substrate access and orientation.”®
Consequently, it is reasonable to extrapolate that association
of CYP3A4 with cyt bs, even in the absence of effects on rates
of reduction of intermediates in the CYP reaction cycle, can
give rise to the allosteric effect on it. This allosteric effect is
further supported by apo by exhibiting a stimulatory effect on
CYP3A4 (Table 4 and refs 8 and 9).

The interaction sites of the holo/apo bys—CYP3A4 complex
are also found to be consistent with their membrane-associated

Table 4. Comparison of the Effects of Modulation of Holo by
and Apo b; on CYP3A4 Catalytic Activities”

CYP3A4 Vinae (nmol nmol of CYP3A4™" min™")
with holo by 22.7 + 04
with apo by 17.7 £ 2.6
—cyt by 129 + 1.0

“Each point represents the mean + SD (n = 3).
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models under physiological conditions as in Figure 10. CYPs
are embedded in the membrane by an N-terminal membrane

(A)

Holo bs N-terminus

CYP3A4 C-terminus

Figure 10. Orientations of CYP3A4 and holo/apo bs in membranes.
The angle between the CYP3A4 heme (red) plane and the membrane
slab (blue) was adjusted to $8°, a value between 38° and 78° according
to ref 60. The holo and apo bs linker domain conformation was made
flexible according to ref SO as well as the human and rabbit cyt by
NMR structure (PDB entry 2196). CYP3A4 is colored light purple,
holo b green, and apo bs cyan. (A) Holo bs—CYP3A4 interaction
model position relative to the membrane. (B) Apo b;—CYP3A4
interaction model position relative to the membrane.

anchor and the F—G loop,’*”® with 38—78° angles between the
heme plane and the membrane plane® depending on the CYP
isoform. Cyt bs has a flexible 15-amino acid linker domain
between its cytosolic functional domain and the C-terminal
transmembrane domain, which facilitates appropriate positions
of the functional domain to interact with CYPs effectively.>>””
The relative positions of CYP3A4 and cyt by shown in Figure
10 indicate that under physiological conditions, holo and apo b
are able to adopt orientations consistent with the models based
on our cross-linking constraints to interact with CYP3A4
effectively.

A comparison of the structural elements on CYP2EI that
interacts with cyt bs is useful. Our laboratory previously
characterized holo bs—CYP2E] interaction, and it is enlighten-
ing to compare the current holo bs—CYP3A4 model with it. In
the holo bs—CYP2E1 interaction model, the heme groups of
cyt by and CYP2E1 that were involved in the contacts were
predicted to be in an orientation consistent with its electron
transfer role for CYP2E1 catalysis.'” It is worth noting that the
acidic residues on cyt bs at the interacting surface, which are
negatively charged under physiological conditions, are con-
served across species.” In contrast, the distribution of charged
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residues on the surfaces of CYP2E1 and CYP3A4 varies
because of the diversity of CYP isoforms. Thus, driven by
electrostatic forces, cyt bs can position itself differently in
binding to CYP3A4 and CYP2EL." This different orientation
of cyt bs in binding to different CYPs could account for its CYP
isoform-dependent effect. Comparison of the cyt bs—CYP3A4
and cyt bs—CYP2E1 complexes' reveals very significant
differences in binding features. Helix ] found in the
CYP2El—cyt b interaction does not exist in the cyt bs—
CYP3A4 complex. On the other hand, interacting helices B, D,
and K” of CYP3A4 were not seen in the cyt bs—CYP2E1
complex. Most significantly, the B—B’ loop of CYP3A4, a well-
recognized SRS, makes contact with helices @3 and a4
surrounding the heme group of cyt bs. This specific interaction
between cyt bs and the CYP2E1 B—B’ loop does not exist in
the model. Therefore, cyt b5 does not exert a major allosteric
effect on CYP2EI as it does on CYP3A4.

Functional studies (Figures S and 6) using both a classical
substrate, testosterone, and a fluorogenic Vivid CYP3A4
substrate confirmed that the cross-linking sites identified by
mass spectrometry study are important for cyt by and CYP
catalysis. Mutation of Lys96 had a greater impact on the
stimulatatory effect of cyt bg on CYP3A4 than that of Lys421, in
parallel with the lower binding affinity of cyt by with K96A
versus that with K421A. The affinity of the apo bs—CYP3A4
complex is similar to that of the holo by—CYP3A4 complex
(Figure 7), consistent with the similar stimulatory effects of
holo bs and cyt bs on CYP3A4 activity, which can be explained
by our models of their interactions; the models showed that the
holo and apo bs—CYP3A4 complexes both bind to the same
groove on CYP3A4, albeit with a different orientation.

The experiment with varying cyt bs:CYP3A4 ratio suggests
that cyt bs and CPR have overlapping bindin; sites on CYPs
and compete with each other to bind to CYPs”' (Figure 8). At
higher cyt bs:CYP3A4 ratios, CYP3A4 activity was decreased
compared with that stimulated at lower ratios. Similar
observations were also reported by Locuson et al., who found
that at high cyt b;:CYP2C9 ratios (>4), the oxidase activity was
decreased'® and proposed that competition between CPR and
cyt by at very high concentrations of cyt bs would weaken the
essential binding of CPR and slow the transfer of electrons
from NADPH, therefore resulting in a decrease in overall
oxidase activity. In our study, when the cyt bs:CYP3A4 ratio is
varied, at a 3:1 ratio K96A showed maximal catalytic activity.
The stimulatory effects on K96A catalytic efficiency are slightly
lower than those for K421A, possibly because of the higher K4
value of cyt by with K96A versus that with K421A (Figure 7),
because CPR has a comparable affinity with both K96A and
K421A. Noting that there is still strong binding of cyt by to the
single-point mutation, the study also suggests that the sum of
different kinds of interactions, e.g, electrostatic and weak
hydrophobic interactions, altogether makes decisive contribu-
tions to functional cyt bs—CYP3A4 interaction.

The triple (K96A/K127A/K421A) mutation exhibited only
minimal activity in metabolizing either TST or Vivid 3A4
substrate. The triple mutation was, therefore, not considered in
further functional studies. As mentioned previously, both K96A
and K421A retained CPR binding capability and catalytic
activity for both substrates; we therefore suspected that Lys127
might be more important in CPR—CYP3A4 binding.
Alternatively, the three sites synergistically play a pivotal role
in CPR—CYP3A4 binding. R446A exhibited a dramatic
decrease in its activity, indicating the importance of this
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residue in interacting with CPR, an essential redox partner of
P450. In the holo b;—CYP3A4 interaction models, Arg446
appeared to be in close contact with the binding partners.
Arg446 was found to be conserved among human CYP species
such as 2A6, 2C19, 2D6, 2E1, 3AS, and 2J2. Earlier studies of
rabbit CYP2B4 showed that Arg443 (equivalent to Arg446 in
CYP3A4) on CYP2B4 contributes to CPR binding.*’

In conclusion, in this study, we identified the interaction
surfaces of both holo and apo bg with CYP3A4 using chemical
cross-linking coupled with mass spectrometric analysis and
determined the functional importance of the interacting
residues on CYP3A4 using site-directed mutagenesis and
metabolic assays. Computer models of both the holo and apo
bs—CYP3A4 complexes were constructed for the first time at
the atomic level, which illustrated the similarities and
differences in the interaction of holo and apo bg with
CYP3A4. To the extent that apo bs binds at the same surface
as holo b5 and activates CYP3A4 activity, the results support
the possibility that cyt bs plays an allosteric role in CYP3A4
catalytic activity, in addition to possible electron transfer by the
holoprotein. The critical role of Arg446 on CYP3A4 in the
interaction with both cyt by and CPR is also suggested. These
findings provide further insight into the complex mechanisms
of cyt by modulation of CYPs.
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CPR, cytochrome P450 reductase; EDC, reagent 1-ethyl-3-[3-
(dimethylamino)propyl]carbodiimide hydrochloride; IPTG,
isopropyl f-p-1-thiogalactopyranoside; 6-ALA, S-aminolevulinic
acid; TIAM, 2-iodoacetamide; DTT, dithiothreitol; DLPC, L-a-
dilauroyl-sn-glycero-3-phosphocholine; DOPC, L-a-dioleoyl-sn-
glycero-3-phosphocholine; DLPS, vL-a-dilauroyl-sn-glycero-3-
phosphoserine; GSH, glutathione; HEPES, 4-(2-hydroxyeth-
yl)-1-piperazineethanesulfonic acid; BME, f-mercaptoethanol;
TST, testosterone; PDB, Protein Data Bank; SD, standard
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