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Fluorescent Photoaffinity Labeling of Cytochrome P450 3A4 by Lapachenole:
Identification of Modification Sites by Mass Spectrométry
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ABSTRACT. While photoaffinity ligands (PALs) have been widely used to probe the structures of many
receptors and transporters, their effective use in the study of membrane-bound cytochrome P450s is less
established. Here, lapachenole has been used as an effective photoaffinity ligand of human P450 3A4,
and mass spectrometry data demonstrating the efficient and specific photoaffinity labeling of CYP3A4
by this naturally occurring benzochromene compound is presented. Without photolysis, lapachenole is a
substrate of CYP3A4 and can be metabolized to hydroxylated products by this enzyme. A high-performance
liquid chromatography/electrospray ionization mass spectrometry (HPLC/ESI-MS) procedure was developed
to analyze small amounts of intact purified CYP3A4, and analysis of the labeled protein showed the
presence of one molecule of lapachenole bound per monomer of protein. Photolabeled CYP3A4 peptide
adducts were further characterized by mass spectrometric analysis after proteolytic digestion and isolation
of fluorescent photolabeled peptides. Two peptide adducts accountingfs?o of the labeled peptides

were isolated by HPLC, and both peptides, ECYSVFTNR (positions196) and VLQNFSFKPCK
(positions 459-469), were identified by nano-LC/ESI quadrupole time-of-flight (QTOF) and matrix-
assisted laser desorption ionization time-of-flight (MALDI-TOF) mass spectrometry. The sites of
modification were further localized to positions Cys-98 and Cys-468 for each peptide by nano-LC/ESI
QTOF tandem mass spectrometry (MS/MS). The results provided the first direct evidence for interaction
between the PAL and the putative-B' loop region, which may serve as a substrate access channel or
as a part of the CYP3A4 active site. In conclusion, benzochromene analogues are effective PALs, which
may be used in the study of other cytochrome P450 structures.

Cytochrome P450 (P4508A4, the major P450 isoform  elements responsible for substrate recognition leading to
present in human liver, is of particular clinical significance oxidation by CYP3A4 is of considerable interest.
because of its ability to metabolize a large number of A number of techniques have been employed to locate
therapeutic agents of diverse structute Moreover, intes- active sites and substrate binding sites for enzysubstrate
tinal CYP3A accounts for first-pass metabolism of thera- complexes, including X-ray crystallography of the complex
peutic agents that alter CYP3A expression or activity, a (3, 4), spectroscopic analysis, (6), site-directed mutagenesis
significant potential for drugdrug interactions in vivoZ). (7—9), mechanism-based inhibitiod @ 11), and photoaf-
Because of its general importance in drug metabolism andfinity labeling (12, 13). With eukaryotic cytochrome P450s,
carcinogen bioactivation, elucidation of the key structural which are all intrinsic membrane proteins, the difficulty in
obtaining an X-ray structure still has to be resolved, and most
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¥ University of Washington. Photoaffinity labeling, like mechanism-based inhibition,

; Harvard Medical School. has the advantage of providing direct information concernin
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tagged cytochrome P450 3A4; PAL, photoaffinity ligand; ESI-QTOF the amino acid architecture of proteins in solution; however,
MS, electrospray ionization quadrupole time-of-flight mass spectrom- photoaffinity ligands (PALs) do not require enzymatic

etry; MALDI-TOF MS, matrix-assisted laser desorption ionization time- activity to be utilized as active-site probes. While PALs have
of-flight mass spectrometry; CID, collision-induced dissociation; MS/

MS, tandem mass spectrometry; DLR@;-dilaurylphosphatidylcholine; ~ PE€N widely used to probe the structures of many receptors
DLPS, L-a-dilaurylphosphatidylserine; DOPC;a-dioleoylphosphati- ~ and transporters, their effective use in the study of P450s
dylcholine; CHAPS, 3-(3-cholamidopropyl)dimethylammonio-1-pro-  remains limited. As reviewed by one of uk9j, radiolabeled

panesulfonate; GSH, glutathione (reducgd), NADPH, nicotinamide pa| s have previously been used to probe cytochrome
adenine dinucleotide phosphate (reduced); CH&Ayano-4-hydroxy-
cinnamic acid; TFA, trifluoroacetic acid (GEQ,H); FA, formic acid CYP1A and CYP2B structures. However, no PAL has been

(HCOH). reported so far for CYP3A4, the major human liver P450
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Scheme 1: Formation of Michael Addition-type we constructed complexed models for the identified adducts
Lapachenole Cysteine Adducts using the recent CYP3A4 crystal structur@s,(27).

OCHj

o EXPERIMENTAL PROCEDURES

Materials.Lapachenole was synthesized in our laboratory
as previously described (companion paper in this issue).
SH DLPC, DOPC, and DLPS were purchased from Avanti Polar
Lipids Inc. (Alabaster, AL). GSH, NADPH, imidazole, Triton
X-100, CHCA, TFA, and anhydrous toluene were purchased
from Sigma (St. Louis, MO). Sequencing-grade trypsin was
OCH,3 purchased from Promega (Madison, WI). RapiGest SF was

obtained from Waters (Milford, MA). Emulgen 911 was from
—_—
-~ OO % S—Protein
OH

Kao Chemicals (Tokyo, Japan). A Poros R2 perfusion
column was from PerSeptive Biosystems (Cambridge, MA).
HPLC solvents were of the highest grade commercially
available and were used as received. All other reagents were
analytical-grade.

2 Lapachenole is photoactivated by UV irradiation treatment and EnzymesRecombinant CYP3A4 was produced Es-
forms Michael addition-type adducts with cysteine residues from S . .
CYP3A4 protein. cherichia coliDH5a cells by use of the expression vector

pCW 3A4-His6, kindly provided by Dr. Ron Estabrook. In

isoform. Several studie2(Q—24) have shown that peptides a 2.8 L Fernbach flask, cells were shaken at 150 rpm and
from CYP1A and 2B family isoforms can be covalently 27 °C for 48 h. Media and remaining expression conditions
modified with different types of radiolabeled PALs, which are as described by Gillam et akg]. Pelleted cells were
are usually native or chemically modified substrates. In theseresuspended in resuspension buffer: 100 mM Tris-HCI (pH
studies, photolabeled peptides have been partially character7.4), 50uM testosterone, and 20% glycerol with the addition
ized and have been predicted by molecular modeling to line of protease inhibitor cocktail from Sigma Chemical Co. (1
substrate-binding regions of these enzymes. NeverthelessmL/L of initial culture volume). Lysozyme (5 mg/L) was
in no study has the site of modification been absolutely added to the culture, which was allowed to stir &tGHor
characterized. 1 h. Cells were homogenized and spun at 15@098d the

Lapachenole (Scheme 1) has been demonstrated to exhibiyellowish supernatant was discarded. The pellet was resus-
photochromic behavior to form a coloredquinone allide ~ pended in resuspension buffer by homogenization and
after UV irradiation that converts back to the colorless allowed to stir at 4°C for 1 h after the addition of 1%
benzochromene under ambient ligBb). Previous work in ~ Emulgen 911. The solution was centrifuged at 15@00he
our laboratory has shown that nucleophilic molecules, like red/orange supernatant had imidazole added to a final
glutathione, can trap this-quinone allide intermediate to ~ concentration of 25 mM and was directly loaded onto
form lapachenole GSH conjugates (companion paper in thisProBond nickel resin from Invitrogen. The column was
issue). NMR results suggested that the C-2 position of this washed with 20 column volumes of wash buffer: 100 mM
o-quinone allide intermediate was bound to the sulfhydryl Tris-HCI (pH 7.4), 20% glycerol, 40 mM imidazole, 0.05%
group of glutathione in the lapachenel&SH conjugate.  cholate, and 5@M testosterone. The column was eluted with
Evidence also was presented that lapachenole interacts witf minimal volume of elution buffer: 100 mM Tris-HCI, pH
the active site of CYP3A4. CO binding spectra of CYP3A4 7.4, 20% glycerol, 500 mM imidazole, and 0.02% cholate.
showed the conversion of the ferrous-CO P450 species toThe eluted protein was dialyzed against 100 mM potassium
the inactive P420 form under photolytic conditions. Con- phosphate, pH 7.4, in 20% glycerol and stored-&80 °C.
sistent with these results, substantial loss of enzyme activity Final yields after purification were typically 200 nmol/L of
toward two different substrates was observed when CYP3A4 culture.
was photolabeled by lapachenole. Finally, two different  Both cytochromebs and NADPH-cytochrome P450
active-site-directed substrate/inhibitors of CYP3A4 blocked oxidoreductase were expressedEircoli. Human cytochrome
inactivation of CYP3A4 by lapachenole under photolytic bs expression plasmid was kindly provided by Dr. Ron
conditions (companion paper in this issue). Estabrook and expressed in BL21-DE3 cells under previously

In this study, we show that lapachenole is a substrate of described condition2@). Purification of cytochromés was
CYP3A4 and provide the first mass spectrometric data similar to the purification of CYP3A4. Expression and
demonstrating the efficient and specific photoaffinity labeling purification of NADPH-cytochrome P450 oxidoreductase
of CYP3A4 by this naturally occurring benzochromene was accomplished as described by Chen et34l).
compound. Application of an HPLC/ESI-MS technique made  Instrumentation.Electrospray MS spectra of free and
possible the detection of 1:1 adducts of lapachenole to lapachenole-adducted CYP3A4 were recorded on a Quattro
CYP3A4, following photoaffinity labeling. Identification of |l triple quadrupole mass spectrometer (Micromass, Manches-
the sites of covalent modification was achieved by isolating ter, U.K.). Instrument settings were the following: source
fluorescent photolabeled peptide fragments and identifying temperature 100C, nebulizing gas flow 20 L/h, Ndrying
the adducted amino acid residues by CID mass spectrometrygas 150 L/h, electrospray voltage 3.8 kV, and cone voltage
Finally, in an attempt to gain a better understanding of the 35 V. Data acquisition was carried out framiz 500 to 2000
molecular basis for inactivation of CYP3A4 by lapachenole, with a 5 sscanning time. Protein samples300 pmol) were

Protein
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injected on a Poros R2 perfusion chromatography column distribution of each peak (3 Da), and the collision energy
operated at a flow rate of 0.3 mL/min and interfaced on- was set to 2535 eV. MS/MS spectra were recorded for the
line with the triple-quadrupole mass spectrometer. A Shi- doubly charged molecular ions of adducted peptides; For
madzu LC10AD solvent delivery module (Shimadzu Scien- metabolite studies, LC/MS runs were initially performed with
tific Instruments, Columbia, MD) was used to produce the 1 s survey scansnfz 50—800) to fully characterize the
following gradient elution profile: 1650% solvent B in 5 chromatographic profile of all metabolites observedrféz

min, followed by 50% B for 10 min and 5690% B in 10 = 257.1. The corresponding MS/MS spectra were acquired
min (A = 5% acetonitrile, 0.05% TFA; B- 95% acetonitrile, in subsequent runs with a scan time2s and a collision
0.05% TFA). energy of 42 eV.

MALDI-TOF MS analyses were performed on a Biflex Lapachenole Metabolism by CYP3A/4emixes of CYP3A4
Il instrument (Bruker, Bremen, Germany). The MALDI were prepared as previously describe&®)(with minor
probe was spotted with ZL of a 1:3 (v/v) mixture of the modifications. The incubation mixture (5Qf.) contained
HPLC-purified sample containing the adducted peptides (0.50.3uM CYP3A4, 0.6uM NADPH—P450 reductase, 08V
uL) and a solution of CHCA prepared at 10 mg/mL in 50% cytochromebs, and 0.2 mM lapachenole. The reaction was
acetonitrile/49.9% KD/0.1% TFA. The instrument was initiated by addition of 1 mM NADPH and quenched with
operated in the positive-ion mode with an accelerating 0.1 mL of ice-cold acetonitrile after 30 min of incubation at
potential of 20 kV and an extraction delay of 500 ns. A 37 °C. No NADPH was added in the control incubation.
spectrum was produced by averaging data generated fromSamples (10@L) were analyzed by LC/ESI MS as described
50 laser pulses. above.

On-line nano-LC/ESI MS/MS experiments were performed  Photoaffinity Labeling of Cytochrome P450 3A%he
on an API-US QTOF mass spectrometer (Micromass, photochemical reactor consisted of a Mineralight Model
Manchester, U.K.) equipped with the CapLC system (Waters, UVGL-15 UV lamp (UVP Inc., San Gabriel, CA) and a
Milford, MA). The stream select module was configured with  sample holder mounted on a lab jack to allow sample height
an Opti-Pak Symmetry300,&trap column (Waters, Milford,  adjustment. The focus of the lamp was centered on the
MA) connected in series with a nanoscale analytical column. sample compartment at a lamp-to-sample distance of 1 cm.
The latter was packed according to the pressurized bombThe enzyme solution to be photolyzed consisted of CYP3A4
method described by Kennedy and Jorgensgit) (ith a (3uM), DLPC (220ug/mL), potassium Hepes (50 mM, pH
fused-silica column with an integral frit, PicoFrit (360n 7.4), GSH (10 mM), and lapachenole (26M) in a final
0.d. x 75umi.d. x 25 cm, 15um tip) obtained from New  volume of 0.5 mL. The enzyme solution was first incubated
Objective (Cambridge, MA). In short, the end of the silica at 37°C for 15 min, and then the sample was photolyzed
capillary that is to become the inlet was slipped through a for 1 min taken at room temperature with filtered long-
seal into a pressure bomb containing a slurry of packing wavelength UV light (360 nm). The mixture was kept in
material (5um, 300 A pore, Jupiter G silica gel particles the dark immediately after the irradiation and centrifuged at
from Phenomenex, Torrance, CA) dissolved in 2-propanol 14 000 rpm for 10 min. The supernatant was then analyzed
at a concentration of 25 mg/mL. The packing material was by LC/ESI-MS as described above. The control sample was
forced into the capillary by pressurizing the bomb to 1500 not photolyzed in the presence of the probe. For other
psi; abow 2 h are required to pack a 20 cm long column. samples, reductase and cytochrobgevere also added to
After the gas pressure was slowly released from the bomb,test the labeling of coenzymes.
the inlet of the column was connected to an HPLC pump  Proteolytic Digestion of CYP3A4After photolabeling,
and flushed with acetonitrile fa2 h and Milli-Q water for samples were dialyzed against 50 mM ammonium biocar-
another 2 h. The inlet end of the analytical column was bonate at £C by use of a Slide-A-Lyzer dialysis cassette
connected to a ZU1XC metallic union (Valco, Houston, TX), (10 000 MWCO; Pierce, Rockford, IL). Modified CYP3A4
where the electrospray voltage was applied. protein was then purified from other components by Poros

HPLC-purified lapachenole peptide adductsu{§ were R2 HPLC and evaporated to near dryness by a SpeedVac
injected onto the trap column at 14/min, cleaned up, and  operated at room temperature. Samples were resuspended
back-flushed to the analytical column at Qb/min by in 200 uL of 50 mM ammonium bicarbonate (pH 8.0)
gradient elution. The gradient consisted ef%D% solvent containing 0.2% RapiGest SF (Waters, Milford, MA). Upon
B for 30 min, followed by 50% B for 15 min and 5®0% addition of sequencing-grade trypsin (w/w 1:100), proteins
B for 5 min (A = 5% acetonitrile, 0.1% FA; B= 95% were digested at 37C for 2 h. The reaction was quenched
acetonitrile, 0.1% FA); For metabolite studies, the HPLC with 0.1% TFA.

gradient consisted of-570% solvent B for 40 min, followed Purification of Peptide Adducts by HPLCryptic digests
by 70% B for 15 min and 7690% B for 15 min (A= 5% of CYP3A4 were separated by a Vydac C18 column (2.1
acetonitrile, 0.1% FA; B= 95% acetonitrile, 0.1% FA). 250 mm, Grace Vydac, Hesperia, CA). A Hewlett-Packard

QTOF parameters were set as follows: the electrospray 1046A programmable fluorescence detector (Hewlett-Pack-
potential was set to 3.5 kV (applied to the Valco union), the ard, Palo Alto, CA) was used in tandem with an Hewlett-
cone voltage was set to 40 V, the extraction cone was set toPackard HPLC 1090 series Il system (Hewlett-Packard,
2V, and the source temperature was set t6@0in the case =~ Waldbronn, Germany) to measure the amount of fluores-
of peptide samples, the MS survey scanz(400—1600) cence, with excitation and emission wavelengths of 320 and
had a scan timefd. s and the collision energy was setto 5 420 nm, respectively, and a bandwidth of 20 nm in each
eV to minimize the decomposition of peptide adducts. For case. The flow rate was set at 0.3 mL/min. The gradient
operation in the MS/MS mode, the scan time was increasedconsisted of 12% solvent B for 5 min, followed by -12
to 2 s, the isolation width was set to include the full isotopic 90% B for 70 min (A= 5% acetonitrile, 0.05% TFA; B=
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Ficure 1: Reconstructed nano-LC/ESI MS ion chromatogrammxf257.1 for (A) control and (B) sample incubations of lapachenole with
CYP3A4. The control incubation has no NADPH added. LC/MS runs were initially performédlvéitsurvey scans(z 50—800) to fully
characterize the chromatographic profile of all metabolites observeavior 257.1.

95% acetonitrile, 0.05% TFA). Peaks that contained fluo- for the loss the elements of CO suggests a carbonyl group
rescent peptide adducts were collected manually and sub-that might have arisen from rearrangement of an initially
jected to mass spectrometric analysis. formed epoxide at the 3,4-double bond of the chromene ring.
Lapachenole Adducted CYP3A4 Crystal Structuiidse Metabolites 2 and 3 (Figure 2C) had essentially identical
lapachenole conjugate was drawn and the geometry wasspectra indicative of isomeric oxygenation products. In
optimized by use of ArgusLab 4.0 (Planaria Software, Seattle, contrast to metabolite Ivz = 199 was the base peak in
WA). This was aligned to Cys-98/Cys-468 of the recent their spectra, strongly indicative of oxidation of the C-2
crystal structure of engineered CYP3A26( PDB code methyl groups, which would give rise to geometric isomers.
1WOE) by use of DeepView 3.88) and was then manually ~ Fragment ions atvz = 239 for the loss of KD, and atz
edited into the crystal structure. The structure was manipu-= 227 for the loss of CkD, are consistent with C-2
lated with WebLab Viewer Lite 4.0 (Accelrys, San Diego, hydroxymethyl metabolites. Again, this remains to be
CA) and ArgusLab 4.0, so that it was orientated in a confirmed by NMR experiments. The main purpose of the
geometrically reasonable position with no significant van der results presented here is to show that lapachenole binds to
Waals overlap with the protein, providing us with a working the CYP3A4 active site as shown by the formation of

model of photoprobe-bound CYP3A4. oxidized products.
Purification of Caalently Modified CYP3A4T 0 decrease
RESULTS the complexity of the peptide pool generated from tryptic

Lapachenole Metabolism by CYP3A4pachenole was  digestion of the incubation mixture, HPLC was used to
a substrate for CYP3A4 and was metabolized in an NADPH- separatebs, P450 reductase, and CYP3A4. No major
dependent reaction to three monooxygenated metabolitesluorescent signals were observed if the incubation mixture
(Figure 1). LC/ESI MS/MS of the protonated molecular ions was not subjected to UV irradiation (Figure 3A). In contrast,
at mz = 257.1 revealed two different kinds of oxidation two major fluorescent signals were observed at 9.5 and 22.0
products based on comparisons of the MS/MS spectra withmin in the chromatogram after UV irradiation of the
that of lapachenole itself (Figure 2). incubation mixture (Figure 3B). Mass spectrometric analysis

The more polar metabolite 1 (Figure 2B) showed major of the intense peak eluting at 9.5 min revealed ani{M]*
fragment ions aiwz = 229 (MH" — 28), Mz = 225 (MH" ion atm/z548.2, corresponding to the glutathione conjugate
— 32), andm/z = 215 (MH" — 42). However, most  of lapachenole that has been previously characterized
informative is the lack of a fragment a¥z= 199, the base  (companion paper in this issue). This is expected because
peak in the spectrum of lapachenole, which arises from lossof the high concentration of GSH present in the incuba-
of the elements of propylene from the C-2 dimethyl structure tion mixture to reduce nonspecific protein labeling. The
of the chromene ring. This means that oxidation did not occur second fluorescent peak eluting at 22.0 min was presum-
in that structural unit. Although we have not fully character- ably CYP3A4 apoprotein adducted with lapachenole (Figure
ized any of the metabolites, the significant iomaz = 229 3B).
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Ficure 2: ESI MS/MS spectra of lapachenole and its CYP3A4 metabolites. Tandem mass spectra were obtained for the singly protonated
ions atm/z 241.1 for lapachenole (A) and a¥z 257.1 for the monooxygenated metabolites 1 (B) and 2 (C) at a collision energy of 42 eV
as described under Experimental Procedures.

Characterization of Lapachenole Adducts of CYP3Pal. HPLC conditions. No other adducts were detected associated
further verify that lapachenole formed adducts with CYP3A4, with thebs, P450 reductase, or heme of CYP3A4 in the LC/
the fluorescently tagged protein was subjected to HPLC/ESI- ESI MS analysis (Supporting Information).

MS. Intact and modified CYP3A4 were separated from the  Purification of CYP3A4 Peptide Adduct€ovalently
other components of the reconstituted system by HPLC prior modified CYP3A4 protein was purified from the incubation
to mass spectrometric analysis as described under Experimixture by HPLC on a Poros R2 column. To characterize
mental Procedures. For each protein, an experimentallythe structural modification of CYP3A4 by lapachenole, the
determined molecular mass (MM) was calculated from the modified CYP3A4 (500 pmol) was digested with sequenc-
observed charge state distribution, or ion envelope (usuallying-grade trypsin and analyzed by HPLC coupled with UV
made up of 36-40 charge states), that possessed a sample-detection at 214 nm and fluorescence detection with 320 and
to-sample standard deviation of less than 0.05%. The pre-420 nm as excitation and emission wavelengths, respectively.
dicted average MM of CYP3A4 based on protein sequence More than 40 peptide peaks (Figure 5A) were detected by
is 57 244 Da. As shown in Figure 4, the analysis of the native UV detection at 214 nm during a 90-min gradient run.
CYP3A4 revealed a peak afz57 280+ 3 (the inset). The  However, as shown in Figure 5B, only two major fluorescent
difference between the average of the experimentally deter-peptide peaks (P-1 and P-2) were observed. Fluorescence
mined MM (£SD, based on experiments performed at least from these two peaks accounted for approximately 95% of
three different times) and the predicted average MM of the total fluorescence from tryptic digestion of the CYP3A4
CYP3A4 was 0.06%. When the enzyme was photolyzed with adduct. The relative ratio between peak P-1 at 24.6 min and
0.25 mM lapachenole in 50 mM potassium Hepes buffer at peak P-2 at 25.1 min was 1:0.75. Since the analysis of labeled
room temperature, two protein species were detected withintact CYP3A4 protein by HPLC/ESI-MS showed that one
MMs corresponding to CYP3A4 apoprotein and monoad- molecule of lapachenole bound per monomer of protein,
ducts that incorporated one molecule of lapachenole into onepeptide adducts P-1 and P-2 represented either distinct
CYP3A4 protein (Figure 4). The average MMs of apo- monomeric CYP3A4 adducts or a single adduct of a miscut
CYP3A4 and monoadduct of CYP3A4 were experimentally peptide.

determined to be 57 28& 3 and 57 520+ 3 Da, respec- In a subsequent experiment, the fluorescent peptide peaks
tively. Both protein species were coeluted at 22.0 min during were collected manually for further analysis. To test the
a 30 min gradient run on a Poros R2 column. On the basis stability of these peptide adducts, the collected fluorescent
of the peak heights, approximately 60% of the total native fractions were reanalyzed by HPLC. Greater than 90% of
CYP3A4 protein was covalently labeled by lapachenole after the total amount of fluorescence associated with each peptide
1 min of UV irradiation. The mass shift of 240 Da for the adduct was detectable in the second HPLC chromatographic
adducted CYP3A4 protein suggested that one molecule ofrun.

lapachenole was bound specifically per CYP3A4 protein and  Identification of Lapachenole Modification Sites by MALDI-
the labeling was irreversible under these severely denaturingTOF MS and Nano-LC/ESI QTOF MS/MS Analysisthe



1838 Biochemistry, Vol. 44, No. 6, 2005 Wen et al.

%F |
12 A
Cl)w—
O
c
(0]
Q
3 84
o
o J
= ]
L g4
Q ]
2 ]
T
O 4
[n'd J
5]
I e
0
1 T T — T T T T T T T .
] 5 10 15 20 25 min
Time (min)
%F
] —apachenole GSH Conjugate B
810-
5 Labeled CYP3A4
@ &
o
o
=
L 64
q’ B
2
"('0' 1
T 47
m 4
27 NN
0]
1 T T v T T T T T T -
0 5 10 15 20 25 min

Time (min)

Ficure 3: Covalent binding of photolyzed lapachenole to CYP3A4: HPLC separation of the components of the reconstituted CYP3A4
system after exposure to lapachenole plus photolysis as monitored by fluorescence detection. (A) Nonphotolyzed control; (B) photolyzed
sample. Lapachenole GSH conjugate and P450 eluted at 9.5 and 22.0 min, respectively. CytbghR#tB8 reductase, and heme elute
at 12.5, 15.6, and 6.2 min, respectively. Fluorescence absorption occurring after 22 min was not associated with lapachenole or proteins but
rather appeared to derive from lipids.
MALDI-TOF MS analysis, the peptide adduct P-2 was modified fragments were further analyzed by LC/ESI MS/
observed in both adducted form and free forrm&t 1550.8 MS. Adducted peptides P-1 and P-2 were eluted at 34.5 and
and 1310.7, respectively (Figure 6). The loss of photolabel 36.3 min, respectively, during the LC/MS analysis (Figure
was presumably due to the high energy from the laser beam7A). The MS/MS spectrum of the doubly charged M
in the MALDI-TOF MS. This hypothesis is supported by 2H]?*" ion at m/z 679.80 from the lapachenole-modified
the fact that only adducted peptides were observed for P-1peptide (P-1) with the sequence Glu-Cys-Tyr-Ser-Val-Phe-
and P-2 during the primary ESI/MS analysis but not in CID Thr-Asn-Arg is shown in Figure 7B. In the MS/MS analysis,
analysis (see below). Because of this stability issue, only the singly charged fragment ions{tbs and yi—ys) and
the free peptide form was observed for P-1In@z 1118.5 corresponding ions with loss of B or NH; (bs-15, bs_1s,
but not the adducted form (Figure 6). Interestingly, we also y,-17, Y3-17, and y,—17) were observed. In this spectrum, the
found two oxidized peptide adducts for P-1 and P-2n&t singly charged free peptide ion at/z 1118.53 and ion
1374.6 and 1566.8, respectively (Table 1). The exact resulting from dehydration atvVz 1100.52 were observed
mechanism for this oxidation remains unknown. along with the lapachenole fragment ion ratz 199.08,

To identify sites on CYP3A4 adducted by lapachenole, the suggesting that some of the photolabel was lost during the
collected fluorescent HPLC fractions containing lapachenole- collision-induced dissociation (CID) analysis. The mass of
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Ficure 4: LC/ESI-MS analysis of CYP3A4 photolabeled with lapachenole. Samples were incubated with lapachenole with or without
photolysis and analyzed as described under Experimental Procedures. Deconvoluted spectrum of the apo-CYP3A4 photolabeled with
lapachenole (molecular mass57 280+ 3 Da,n = 6) is shown. (Inset) Deconvoluted spectrum of apo-CYP3A4 from a control incubation
(molecular mass= 57 520+ 3 Da,n = 6).

the fragment ion § m/z 822.42, was 240 Da greater than analysis, the masses of the C-terminal fragment iopaifd
expected for the peptide fragment alone, suggesting that theys) were observed to increase 240 Da, and no mass shifts
lapachenole modification site is close to the N-terminus of were detected for the observed b iong—<bs). These data
the peptide. Moreover, the mass of the singly charged suggest that the lapachenole modification site was located
N-terminal product ion ywas also observed to increase 240 on the C-terminus of the peptide, associated with Cys-468.
Da (m/z= 1229.61), and no other mass shifts were detected Thus, the target amino acids of the lapachenole modification
for the rest of y ions. These results showed that the in CYP3A4 are apparently cysteine residues. Together with
lapachenole modification site was located at the N-terminus the ESI/MS results of photolabeled CYP3A4, these observa-
on Cys-98. The MS/MS spectrum of the doubly charged [M tions suggested that two cysteine residues (Cys-98 and Cys-
+ 2H]?" ion atm/z 775.90 from the lapachenole-modified 468) were modified by lapachenole, but only one molecule
peptide (P-2) with the sequence Val-Leu-GIn-Asn-Phe-Ser- of lapachenole bound per monomer of protein.
Phe-Lys-Pro-Cys-Lys is shown in Figure 7C. In the MS/  Lapachenole Adducted CYP3A4 Crystal Structutasthe

MS analysis, the singly charged fragment iong—bs and basis of the complexed structure constructed from the PDB
Y3—Y10) Were observed. In this spectrum, the singly charged file 1WOE, Cys-98 is located within the putative helix

free peptide ion atw/z 1310.74 and ion resulting from loop region. Figure 8A shows that the photolyzed lapachenole
dehydration atw/z 1292.74 were observed together with the bound to the sulfhydryl group of Cys-98 is located in the
lapachenole [MH+ H]*t ion atm/z 241.10, again indicating  putative B-B' loop, a region of CYP3A4 that has previously
that some lapachenole was lost during the CID process. Thebeen shown to have a profound effect on catalysis and
reason that lapachenole was not fragmenteth#199.08 substrate recognition3d). The CYP3A4 active-site heme

in this spectrum remains unknown. The doubly charged free group is within approximatgl7 A of the Cys-98 lapachenole
peptide ion at/z 655.87 was also observed. In the MS/MS adduct in this complexed structure. Figure 8B shows that
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Ficure 5: Fluorescence detection of CYP3A4 tryptic peptide adducts photolabeled with lapachenole. HPLC separation of the proteolytic
digests of the lapachenole labeled CYP3A4 were monitored by (a) variable-wavelength detection at 214 nm and (b) fluorescence detection
with 320 and 420 nm as excitation and emission wavelengths, respectively. The fraction containing the two major fluorescence peaks
eluted at 24.6 and 25.1 min were collected and analyzed by nano-LC/ESI MS/MS.

the Cys-468 lapachenole adduct is positioned at the end ofthe metabolic fate of many drugs and other chemicals.
the L-helix on which the cysteinal heme ligand, Cys-442, is Identifying sites of substrate recognition and interaction is a

located. critical element in achieving this goal.
In the present work, we determined that the PAL
DISCUSSION lapachenole is a substrate for CYP3A4, but upon photolysis

Previously (companion paper in this issue) we found that it largely inactivates CYP3A4 by forming adducts to cysteine
several chromenes were photoactivated to structures thatesidues in two different regions of the CYP3A4 structure.
rapidly underwent Michael addition reactions with glu- On the basis of enzymatic digestion of the probe-labeled
tathione (GSH) and that one of these chromenes, lapachenoleprotein and mass spectrometric analyses of the labeled
was photoactivated to a product that irreversibly inhibited peptides, Cys-98 of the BB’ loop and Cys-468 at the end
CYP3A4 metabolism. Moreover, evidence was provided that of the L-helix are the major sites of adduction. These data
lapachenole was a photoaffinity ligand that affected the provide the first direct evidence that lapachenole, as a
CYP3A4 active site, since active-site substrate/inhibitors of substrate, physically interacts with the N-terminal SRS-1
this enzyme protected it from lapachenole-mediated photo- domain of CYP3A4. The results significantly extend previous
inactivation. Elucidation of structure/function relationships site-directed mutagenesis and kinetic studies by providing
of cytochrome P450s is an important goal in understanding additional physicochemical evidence for the crucial role of



Photoaffinity Labeling of Cytochrome P450 3A4 Biochemistry, Vol. 44, No. 6, 20051841

100%
13746
® 1637.8
2
©
K
c
=}
2 Free P-1
.fzj 1 1118.5
< Free P2
o 1310.7
7 1566.8 1616.7
Adducted P-2
h 1550.8

1000 m/z 1800

Ficure 6: MALDI-TOF MS of the collected fluorescent peptide fraction (experiment performed on a Biflex Il MALDI-TOF mass
spectrometer).

Table 1: Peptides Identified by MALDI-TOF MS from the LC/MS. Due to their fluorescence, lapachenole-adducted
Fluorescent Fraction proteins and peptides could conveniently be purified by use
sequence molecular of an HPLC system coupled to a fluorescence detector. This
positions mass (Da) sequerce modification was important inasmuch as purification of the adducted
97-105 11185  ECYSVFTNR peptides dramatically decreased the complexity of the tryptic
459-469  1310.7  VLONFSFKPCK peptide pool and thereby increased the ability to analyze the
97-105 13746  E*CYSVFTNR oxidation peptide adducts by mass spectrometry.
igg:igg iggg'g xtgmigﬁﬁgigﬁ oxidation Mass spectrometric analysis of the fluorescent CYP3A4
497-511 1616:7 DGTVSGASTHHHHHH peak revealed two protein SpeCieS with average MMs of
269-282 1637.8  VDFLQLMIDSQNSK 57 280+ 3 and 57 520t 3 Da, as shown in Figure 4. On

= An asterisk indicates the cysteines are adducted by lapachenole.tn€ basis of the peak heights, there is approximately 60% of
the CYP3A4 protein covalently labeled by lapachenole

this domain for substrate recognition and bindig, (27, (Figure 4). Meanwhile, nearly 80% of enzyme activity was
34). lost when the CYP3A4 protein was labeled by lapachenole
Lapachenole is a substrate of CYP3A4 that can be metabo-Under the same conditions (Chart 1 in the companion paper
lized to three different monooxygenated products (Figures in this issue). This difference could result from a difference
1 and 2). The exact chemical structures are not fully charac-in ionization properties between the labeled and unlabeled
terized at this point, but for two of these metabolites, metabo- Proteins, since adducted proteins are often less likely to ionize
lite 2 and 3, the hydroxylation is localized to one of the gemi- as efficiently as their native proteins. The mass shift of 240
nal methy| groups on the chromene ring on the basis of the Da showed that onIy one molecule of Iapachenole was bound
LC/ESI MS/MS analysis. This result is consistent with the Pper molecule of CYP3A4 protein (Figure 4). Monoadduction
previous finding that the incorporation of photolabel into pro- 0ccurred even when the probe concentration was increased
tein was markedly inhibited in the presence of other CYP3A4 t0 1 mM (data not shown). Since loss of CYP3A4 CO
substrates and/or inhibitors (companion paper in this issue).binding capacity and extensive enzyme inactivation were
This result also supports the hypothesis that lapachenolepreviously observed upon photolysis in the presence of
binds, as a substrate, within the active site of CYP3A4.  lapachenole (companion paper in this issue), it is likely that
The chemical structure of lapachenole provided a useful inactivation results from specific covalent modification of
fluorescent tag to detect protein and small peptide adductsthe apoprotein of CYP3A4 by the chromene.
of CYP3A4 as shown in Figures 3 and 5, respectively. The  Trypsinolysis of the adducted CYP3A4 yielded a multitude
excitation and emission wavelengths were selected on theof smaller peptides separated by HPLC and detectable by
basis of the fluorescence spectrum of the lapachenole GSHUV (Figure 5A) but only two major fluorescent peptide
conjugate. Fluorescence was specifically associated with theadducts, P-1 and P-2 (Figure 5B). MALDI-TOF MS analysis
apoprotein of CYP3A4 and not with cytochrorbg P450 of the collected fluorescent peptide fraction showed the
reductase, or CYP3A4 heme as indicated in Figure 3B. This presence of several peptides (Figure 6 and Table 1). Since
finding agrees with the fact that no other protein adducts, the peptides labeled free P-1 and free P-2 do not elute in
except for those associated with CYP3A4, were detected bythis fraction, they apparently result from breakdown of the
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Ficure 7: (A) Nano-LC/ESI MS base-peak chromatogram of the collected fluorescent fraction. Adducted peptides P-1 and P-2 were eluted
at 34.5 and 36.3 min, respectively; Nano-LC/ESI MS/MS spectra of lapachenole-bound CYP3A4 peptide adducts P-1 (B) and P-2 (C) are
also shown (experiment performed in an API-US QTOF mass spectrometer).

lapachenole-adducted peptides. An iomé = 1550.8 for peptides P-1 and P-2, ions for other peptides, including free
the P-2 adduct was observed along with an oxidized productP-1 and P-2, were also present in the ion chromatogram of
at m’z = 1566.8, presumably the cysteine sulfoxide. In the nano-LC-separated sample. Since free P-1 and P-2 do
addition, an ion atm/z = 1374.6 corresponds to a similar not elute in this fraction, they are a result of in-source
oxidized product of the lapachenole-adducted P-1. It is decomposition. It is noteworthy that the lapachenole GSH
assumed that the oxidized products are formed during proteinconjugate also decomposes under these conditions to generate
digestion since there is no indication of major amounts of a base peak ion for protonated GSH and ionsvat= 241
monooxygenated CYP3A4 adducts. Similar behavior was and 199 for protonated lapachenole and its-fMH — 42]*
observed under conditions of nano-LC/ESI MS for these ion, respectively (companion paper in this issue). Although
compounds even when the cone voltage (responsible for in-the decomposition of lapachenole adducts in both MALDI
source fragmentation) was lowered from 40 to 25 V. and ESI is undesirable because it limits the sensitivity for
Although [M + H]* ions were observed for adducted detecting these compounds by reducing their signal intensi-
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in adduct P-1 is on the cysteine residue as determined by
the mass difference of 240 Da between the expected y8 and
*y8 ions. Although the location of lapachenole in adduct
P-2 is less certain, it is most likely on the cysteine residue
rather than proline or lysine since the lapachenole photolysis
product is a conjugated “soft” electrophilic dienone that
would more efficiently react with a “soft” nucleophile, such
as a cysteine thiol group.

Thus, two cysteine residues, Cys-98 and Cys-468, were
identified as the modification sites of lapachenole in the
photolabeled CYP3A4. From the crystal structure, Cys-98
is located within the putative flexible BB' loop region in
close proximity to the proposed SRS-1 region of CYP3A4,
while Cys-468 is located in the end of the L-helix near the
SRS-6 region of the protein (Figure 8). Important insights
have resulted from the cocrystallization of CYP3A4 and its
inhibitor/substrates metyrapone or progestera®). (The
ligand-free and complexed structures diverge at residue
Val95 toward the end of helix B, at the beginning of the
B—B' loop region, but converge again at residue Phel02.
Peptide adduct P-1 (positions-9705) identified in this study
overlaps considerably with this flexible loop region. In the
active-site cavity of CYP3A4, the solvent-accessible molec-
ular surface branches distal to the heme, to form two channels
separated by the BC loop and the Bhelix. Moreover, the
crystal data suggest that small movements of th€CBoop
could facilitate substrate entry into the active site and increase
the active-site volume2@). Other studies have concluded
that the effect of several mutations in the SRS-1 region has
a profound impact on catalysis and/or substrate specificity.
Roussel et al.34) reported that the highly conserved residue
S119 in the SRS-1 region is a key determinant of CYP3A4
specificity and likely to be involved in substrate binding and/
or substrate recognition. In other crystallized P450s, this
region contains the active-site residues V113 and F114 of
CYP2C9 @5), F87 and T88 of P450BM-336), T101 of
P450cam7), G91of P450eryF38), T103 of P450terp39),
and S75 of P450no#(), all of which have been shown to
be involved in substrate interactions. While SRS-1 is one of
the most variable regions among P450s of known crystal

Ficure 8: Formation of lapachenole Michael adducts in CYP3A4. structure, with very different lengths and orientations as well

A partial structure of the complexed CYP3A4 crystal structure is @S Very low sequence identitd), alignment studies have
shown with Cys-98 (A) and Cys-468 (B) adducted by lapachenole. shown that Cys-98 is highly conserved in all CYP3A family

The B—C helix loop region (yellow) is shown with the sulfhydryl  members16). In this respect, our data provide the first direct
group of Cys-98 adducted with lapachenole. The I-helix (cyan), eyjigence that lapachenole, as a substrate, physically interacts

L-helix (green), and F/G helix loop (magenta) are also shown with " . . -
respect to a stick model of the heme (red). The rendering was doneWith the N-terminal SRS-1 region of CYP3A4. These results

in WebLab Viewer Lite 4.0 as described under Experimental Significantly extend previous site-directed mutagenesis and
Procedures. kinetic studies by providing additional physicochemical evi-

dence for the crucial role of this region in its catalytic activity.
ties, such decomposition can be advantageous for locating Although lapachenole modification of another cysteine
the adducts in a MALDI spectrum or in an LC MS/MS  residue, Cys-468, also decreases CYP3A4 activity, visual
chromatogram. One can easily identify these adducts byinspection of the complexed crystal structure (Figure 8B)
screening the MALDI spectra of enriched adduct fractions suggests that Cys-468 is located more on the outer surface
for peaks separated by the molecular weight of lapachenoleof the enzyme. However, Cys-468 is positioned near the
(240.1 Da). This strategy was successful in locating the SRS-6 region at the end of the L-helix of CYP3A4, on which
peptide adduct of P-2 (Figure 6) but failed in the case of the the cysteinal heme ligand, Cys-442, is located. A multiple
adduct P-1 because no signal was detected for the corresequence alignment study shows that Cys-468 is highly
sponding protonated peptide adduct. The MS/MS spectra ofconserved in all CYP3A family members4). A recent study
the two lapachenole adducts shown in Figure 7 have veryhas also shown that Gly-480 in the SRS-6 domain of
strong signals either at/z = 199.1 (Figure 7B) or atWz = CYP3A4 is directly involved in progesterong-6and 21-
241.1 (Figure 7C), which are the ions associated with dihydroxylation @2). Interestingly, on the basis of a crystal
lapachenole as already discussed. The location of lapachenolstructure of CYP3A4Z6), progesterone binds in a position
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distant from the active site. Lapachenole also appears to bind 3.

at a site removed from the active site on the basis of the
photoinactivation studies presented in this paper. The
significance of this apparent second binding site is not clear 4
at the present time.

The conversion of the P450 spectrum to a P420 spectrum
usually indicates that a conformational change in the heme

environment results in the inability of CO to bind to the 5.

active-site heme. As previously observed3)( modest
changes in protein structure are all that is required to effect
a change from P450 to P420. As indicated by the lapachenole-

adducted CYP3A4 structure, the Cys-98 lapachenole adduct 6.

is located in close proximity~7 A) to the CYP3A4 heme
group on the B-B’ helix that forms part of the substrate

access channel. The adduct likely restricts access of substrates 7.

to the active site and induces subtle conformational changes
that affect the heme environment leading to the P420
spectrum. Cys-468, the other site of adduction, is at the end g
of the L-helix on which the cysteinyl group that ligands to

the heme iron, Cys-442, is located. Thus, it is not unreason-
able to conclude that binding of lapachenole at Cys-468

causes enough of a conformational change to affect the Cys- 9.

442 heme iron binding.

In conclusion, we have developed a novel type of fluo-
rescent PAL to probe mammalian cytochrome P450 struc-
tures and characterized modifications of CYP3A4 by pho-
toaffinity labeling with one of these chromenes, lapachenole.
MALDI-TOF MS and LC/ESI MS/MS were used to identify
two distinct peptides that were modified by lapachenole, one
at Cys-98 and the other most probably at Cys-468. Since
both residues are located within relatively flexible loop
regions that have previously been shown to affect substrate

recognition and catalysis, these adducts may inhibit CYP3A4 12.

enzyme activity by inhibiting substrate binding to the active

site directly or by blocking an access channel, or by other
conformational effects that perturb redox partner interactions.
Additional studies are underway with site-directed mutants
to investigate these possible mechanisms.
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