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ABSTRACT. Cumene hydroperoxide-mediated (CuOOH-mediated) inactivation of cytochromes P450 (CYPSs)
results in destruction of their prosthetic heme to reactive fragments that irreversibly bind to the protein.
We have attempted to characterize this process structurally, using puriiedeme labeled, recombinant
human liver P450 3A4 as the target of CuOOH-mediated inactivation, and a battery of protein
characterization approaches [chemical (CNBr) and proteolytic (lysylendopeptidase-C) digestion, HPLC-
peptide mapping, microEdman sequencing, and mass spectrometric analyses]. Thpdgtde adducts
isolated after CNBr/lysylendopeptidase-C digestion of the CuOOH-inactivated P450 3A4 pertain to two
distinct P450 3A4 active site domains. One of the peptides isolated corresponds to the proximal helix
L/Cys-region peptide 429450 domain and the others to the K-region (peptide-338%6 domain). Although

the precise residue(s) targeted remain to be identified, we have narrowed down the region of attack to
within a 17 amino acid peptide (429145) stretch of the 55-amino acid proximal helix L/Cys domain.
Furthermore, although the exact structures of the heme-modifying fragments and the nature of the adduction
remain to be established conclusively, the incremental masse8@2 and 314 Da detected by electrospray
mass spectrometric analyses of the heme-modified peptides are consistent with a dipyrrolic heme fragment
comprised of either pyrrole ring-AD or B—C, a known soluble product of peroxidative heme degradation,

as a modifying species.

The superfamily of hepatic microsomal hemoproteins cyto-  Although no crystal structure is currently available for the
chromes P450 (P450s)lays an important role not only in  eukaryotic membrane bound P450s, the known crystal
the metabolism of xenobiotics and endobiotics but also in structures of the prokaryotic P450s (P450s 101, 102, 108,
the bioactivation and/or detoxification of carcinogens and and 107A1l) have provided useful blueprints for homology
other toxic xenobiotics)(—3). These hemoproteindvif ~ modeling and/or comparative sequence alignment of the
50 kDa) are monomeric, containing one prosthetic heme eukaryotic P450s 4~14). In particular, this combined
(iron—protoporphyrin IX) moiety per molecule of enzyme. exercise reveals that the heme-apoP450 active site domains
The heme-iron is coordinated to the thiolate of a cysteine of the membrane-bound P450s closely resemble those of the
residue, that endows the enzyme with its characteristic oxi- corresponding prokaryotic P450s. The common active site
dative properties. Such coordination also allows the heme motif emerging from these analyses is that of a heme moiety
to exist in a dynamic equilibrium with the hepatic “free” well-sequestered within the protein interior and sandwiched
heme pool. by two helices(proximal L and distal | in P450101)hat
are highly conserved through evolutiofy, @, 10. Accord-
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Ficure 1. Oxidative heme fragmentation: Formation of mono- and dipyrroles. MVM, methylvinylmaleimide; HA, hematinic acid; DPs,
dipyrrolic species. The masses (Da) of the deformylated and formylated species are shown.

therein). Such species may modify the heme and/or proteinacterize the modifying heme species, we examined the
moiety, or even cause the heme to irreversibly modify the CuOOH inactivation of CYP3A4, the major human liver
protein within the active site, in a process termed “suicide” P450 that is responsible for the metabolism of over 60% of
or mechanism-based inactivatioh7( 19. clinically relevant drugs46, 27). In the present study, we
Heme modification of the protein appears to be a common describe the structural characterization of heme-modified
feature of the mechanism-based inactivation of P450s of thepeptides isolated frork. coli-expressed and purified P450
CYP3A subfamilies by radical-yielding agents such as 3,5- 3A4 after its in vitro inactivation by CuOOH. We also
dicarbethoxy-2,6-dimethyl-4-ethyl-1,4-dihydropyridine (DDEP) provide some insight into the methodological conditions
and spironolactonel@—21). This process is characterized required for the successful mass spectrometric characteriza-
by complete rupture of the tetrapyrrolic structure at the meso tion of these otherwise recalcitrant hydrophobic P450 pep-
carbons and hence disruption of the heme chromophore, withtides.
concomitant generation of monopyrrolic fragments [hema-
tinic acid (HA) and methylvinylmaleimide (MvM)] and ~MATERIALS AND METHODS
dipyrrolic fragments [DPs; or the hydroxylated DPs, pro-  Materials Restriction endonucleases, Did8 competent
pentdyopents (PDPs)] and possibly other yet uncharacterizede. coli cells and media for bacterial growth were purchased
reactive species that irreversibly modify the protei®)( from GIBCO-BRL (Grand Island, NY)o-[4-1C]Aminole-
Accordingly, cleavage of the heme alongdtsy axis would  vulinic acid (ALA) hydrochloride was purchased from
yield equimolar amounts of the corresponding ring g DuPont NEN (Boston, MA)d-ALA hydrochloride, Lubrol
D (DP 3) and ring B-ring C (DP 2) dipyrroles, whereas  (poly(oxyethylene 9 lauryl ether)) and other chemicals were
cleavage along thg—4 axis would yield equimolar amounts  purchased from Sigma Chemical Co. (St. Louis, MO).
of the corresponding ring Aring B (DP 4) and ring €ring Dilauroylphosphatidylcholine was obtained from Doosan
D (DP 1) dipyrroles (Figure 1). Serdary Research Laboratories (Englewood Cliffs, NJ).
Such P450 heme degradation is also a characteristic featurésopropyl$-p-thiogalactopyranoside and sodium cholate
of H,O,- or cumene hydroperoxide-mediated (CuOOH- (99% pure) were purchased from Calbiochem Corp. (La Jolla,
mediated) inactivation of P45082—24). Indeed, our previ-  CA). CuOOH was purchased from Aldrich Chemical Co.
ous identification of a heme-modified peptide of CUOOH- (Milwaukee, WI) and lysyl endopeptidase C (Lys-C) was
inactivated 2B1 as a helix L domain, convincingly confines obtained from Wako Chemicals USA, Inc. (Richmond, VA).
such inactivation to the active sit@5). However, despite P450 3A4 Expression in E. col full-length 3A4 cDNA,
of our attempts, the structural characterization of the heme-engineered to code for deletions of the N-terminal residues
modifying species remained elusive. To structurally char- 3—12 and substitution of residue Serl8 with Phe, and
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incorporated into the pCW vector was obtained from Dr. R. to incomplete digestion of the protein. The inclusion of
Estabrook (SW Medical School, Dallas), and expressed in glycerol into the Poros-HPLC fraction containing apoP450
E. coli DH5aF cells as previously describe®8). The not only improved the recovery of the protein during
bacterial cell membranes containing the expressed P450 3A4concentration of the sample but also enabled the solubiliza-
were harvested by centrifugation and solubilized with tion of hydrophobic peptides due to its retention of consider-

detergents. P450 3A4 was isolated from these membranesable amounts of TFA.

and purified to homogeneity by DEAE-Sephacel column

HPLC Peptide Mapping of the CNBr Digedthe super-

chromatography, followed by detergent exchange by passagenatant in 0.1% TFA was subjected to HPLC on a C4 column

through hydroxylapatitet‘C-Heme-labeled P450 3A4 was
similarly obtained except that’C-ALA (0.25 mCi) was
added along with cold ALA (4.2 mgB h after the addition
of the tac promoter isopropyj3-p-thiogalactopyranoside (1
mM) and evey 2 h thereafter, over the neg h for a total

(Applied Biosystems, Aquapore butylum, 220x 2.1 mm)
using a solvent system consisting of 0.1% TFA (A) and 90%/
0.1% acetonitrile/TFA (B) and a stepwise linear gradient of
0% B for 5 min, 0-20% B over 10 min, 28660% B over
100 min, and 66:100% B over 5 min at a flow rate of 0.6

of five doses. The radiolabeled enzyme, isolated and purified mL/min. The elution of the peptides was detected at 214
as above, exhibited a specific activity of 44 450 dpm (40 000 nm, and their radioactivity was monitored by sequential

cpm)/nmol P450.

CuOOH-Mediated Inactiation of P450 3A4The purified
P450 3A4 (1 nmol of"“C-heme labeled and 4 nmol of
unlabeled P450 3A4) was incubated with 0.5 mM CuOOH
in 2.5 mL of 50 mM Hepes buffer containing 20% glycerol,
1 mM EDTA, and 2 mM GSH at 37C for 15 min. The
extent of irreversiblé*C-heme binding to P450 3A4 protein

scintillation counting of 2 min fractions. To further purify
the sample for mass spectrometric analysis, the CNBr digest
was first subjected to a Poros column under conditions
similar to those described above under HPLC isolation of
the intact heme-modified P450 protein. The maj@-heme-
labeled peak fraction was collected and repurified by HPLC
on a C4 column under conditions similar to those described

was determined after the addition of carrier protein (10 mg above.

of rat liver microsomes or bovine serum albumin), precipita-
tion with 5% H,SO/methanol, and subsequent extensive

Tricine SDS-PAGE and Amino Acid Sequencing Analyses
of the ¥C-Heme-Modified PeptideThe “C-heme-labeled

washing with organic solvents to remove the noncovalently HPLC peptide fraction with retention time of 466 min

associated radioactivity, as previously detail28)(
Anaerobic Stopped-Flow Analysidixtures of P450 3A4
(3 uM) and CuOOH (0.52.0 mM) in Hepes buffer were

was subjected to tricine SBFAGE, electrotransferred onto
a polyvinylidene difluoride membrane (ProBlott) which was
subsequently autoradiographed. The radiolabeled peptide

made anaerobic by several cycles of alternating argon andband on the polyvinylidene difluoride membrane was

vacuum exchange for ov@ h inice. Stopped-flow analysis

subjected to amino acid sequencing by microEdman degra-

was performed on a Hi-Tech SF-40 Stopped-Flow spectro- dation as described previouslyH, 25.

photometer (Salisbury, England) interfaced with a Compagq

386 IBM-compatible PC at room temperature (Z3). The

Lysyl Endopeptidase-C (Lys-C) Subdigestion, HPLC Pur-
ification, and Edman Sequencing of the Heme-Modified

CuOOH-mediated inactivation of P450 3A4 was determined Peptide. The'‘C-heme-labeled HPLC fraction obtained after
by the time-dependent decrease in its absolute absorbanc€NBr digestion was concentrated in the presence of glycerol
at 400 nm, monitored by scanning between 300 and 600 nm.(20 4L). The peptide was dissolved in 50 mM Tris-HCI (pH
HPLC Isolation of Heme-Modified P450 Proteiithe 9) buffer with 8 M urea and heated at 6C€ for 30 min.
CuOOH-inactivated P450 3A4 incubation mixture was The solution was adjusted to pH 9 Wil N NaOH and then
subjected directly to HPLC on a Poros column (RH1, diluted o 4 M urea with 50 mM Tris-HCI buffer, pH 9. The
PerSeptive Biosystems), with a solvent system consisting of Lys-C digestion was carried out at 3G overnight, using a
0.1% TFA (A) and 45%/45%/0.1% acetonitrile/2-propanol/ 1:20 molar ratio of Lys-C:peptide as described)( The
TFA (B) and a linear gradient of 30% B to 100% B over 20 digest was subjected to HPLC on a C4 column with the same
min, and subsequently washed with 0.1% TFA at a flow rate solvent system as that described above for peptide mapping
of 3 mL/min. The protein and heme were monitored of the CNBr digest, except that the stepwise gradient was
simultaneously at 214 and 400 nm, respectively. The changed to 0% B for 5 min,-640% B over 100 min, and
radioactivity was measured by sequential scintillation count- 40—100% B over 15 min. Thé“C-heme-labeled HPLC
ing of an aliquot from fractions collected every minute. The fraction so obtained was subjected to microEdman sequenc-

elution of P450 protein was monitored by SBBAGE
analysis.
CNBr Digest of Heme-Modified apoP450 3Athe *C-

ing as described previouslhtg, 25.
Modified Experimental Conditions for Mass Spectrometric
Analyses of Heme-Modified Peptid&€-heme-labeled P450

heme labeled P450 fraction (isolated after the Poros-HPLC) (1-2 nmol; 10 000 cpm) was incubated with CuOOH (1
was concentrated by rotary evaporation in the presence ofmM), GSH (2 mM), at 37C for 15 min as described above.
50uL of glycerol, dissolved in TFA (70%) and digested with At the end of the incubation, the residual CuOOH was
CNBr (20 uL, 1 mgjL in 70% of TFA) in the dark, guenched by the addition of sodium bisulfite (5 mM). The
overnight. The sample was then concentrated to near drynessncubation mixture was then acidified WwitL N HCI (100
washed 3 times with 1 mL of water, solubilized in 0.1% uL) and extracted three times with 2 mL volumes of water-
TFA/water, and finally centrifuged at 14 000 rpm for 10 min. saturated butanone, to remove any adventitious intact heme
More than 70% of thé*C-heme-modified peptide remained or heme-derived fragments. The residual butanone was
in the supernatant. Further digestion of the pellet releasedevaporated off under Nand TFA was added to the aqueous
additional **C-heme-derived species into the supernatant, layer (1 mL; gs to 70%), and the solubilized protein was
thereby indicating that the radioactivity in the pellet was due then treated with CNBr (20 mg) and digested overnight at
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room temperature in the dark. The digests were dried down 0.2 -
under N to near dryness, washed with acetonitrile (50% in
water, 40QuL), and redried. This process was repeated twice.
The washed concentrated digests were then sequentially
dissolved in TFA (25uL), acetonitrile (50uL), and water

(gs 500uL). They were then subjected to HPLC on a C4
column at 0.6 mL/min and a solvent system consisting of
(A) 0.1% TFA in water and (B) 95%/0.08% acetonitrile/
TFA and a linear gradient of 20100% B over 60 min.
Fractions at every 2 min were collected. Most of tHe-
radioactivity eluted in the void peak. The void peak was
collected, dried down, and dissolved in TFA (28),
acetonitrile (10QuL), and water (gs 50@L). The radiola- 0 . . . ' .
beled peptides were further resolved by HPLC on a Rainin 304 366 427 487 546 604
C18-MV column (300 A), with a solvent linear gradient of
5—-100% B over 60 min. Fractions at every 2 min were _ _
collected. Most of the radioactivity eluted broadly between ;'EGSU';? %uglgli_?r?g;g?:g tiﬁ;%‘@iﬁ’,i‘fig',?vé’,fs'pﬁﬁﬁgﬁhgi%%]eér)&aﬁg
18 _and 32. min. This fraction was (.j”ed down and vvhen spectra were obtained after repetitive sc:fnning of the inactivation
radioquantitated was found to contain 250 pmol of radiola- mixture under anaerobic conditions at 23.5 s intervals over the
beled peptides (assuming quantitative retentiof@fheme wavelength range of 366600 nm over a 940 s period as described
radioactivity in the peptides). This fraction was subjected to (Materials and Methods).

MALDI-TOF and ESMS analyses.

Because of the myriad of peptides detected in this fraction RESULTS AND DISCUSSION
by mass spectrometric analyses, subsequent experiments “C-Heme Labeled P450 3A4 Expression in E. cbhe
involved peptide mapping of CNBr digests using HPLC N-terminus (amino acids-312) truncated*C-heme-labeled
conditions further modified to improve the resolution of the P450 3A4 was expressedln coli at a spectrally detectable
peptides. For this purpose, the digests (obtained as describe#450 concentration of 4686600 nmol/L (40 000 cpm/nmol).
above) were subjected to C4-HPLC with a stepwise solvent The P450 3A4 was purified from the detergent solubilized
gradient (flow rate, 0.6 mL/min) consisting of 0%B (for 5 membranes by DEAE-Sephacel column chromatography
min), 0—60% B (over 55 min), and 60100% B (over 5 with a recovery of about 50%.
min). Two min fractions were collected. The major radio-  CuOOH Inactvation of P450 3A4As in the case of P450
labeled peak eluted at 286 min, corresponding to fractions  2B1 (25), incubation of P450 3A4 with CUOOH resulted in
12—-18. Two smaller peaks were also detected-dD and complete loss of the P450 chromophore, althoag©% of
~48 min, respectively. The major peak was further purified the Soret absorbance of the heme still remained. Ap-
by HPLC on a C18 column with a solvent gradient of proximately, 70% of the'C-heme was found covalently
0—100% B over 60 min at a flow rate of 1 mL/min. The bound to the P450 protein. Stopped-flow spectrophotometric
major radioactive peak was found in fractions-13} eluting analysis revealed that the CuOOH-elicited spectral loss of
between 20 and 28 min, corresponding to 112 pred&q0 P450 3A4 monitored at 417 nm, followed pseudo-first-order
cpm) of radiolabeled peptides (assuming quantitative reten-kinetics at 23C with aKinacivaion0f 0.05 mirmt under aerobic
tion of “C-heme equivalents in the peptides). This peak conditions andKinactivation Of 0.02 mir® under anaerobic
fraction was then subjected to LC-ESMS. conditions, respectively (Yin, H., He, K., and Correia, M.

Mass Spectrometric Analysi§he MALDI-TOF mass A., unpublished obseationg. Thus, the inactivation rate
spectrometric analysis of th&C-heme-labeled fraction was lowered under anaerobic conditions, thereby revealing
obtained from the C-18 HPLC-peptide mapping of the CNBr a role for Q in CuOOH-mediated P450 heme destruction.
digest was carried out on a Voyager DE MALDI reflecting This was also the case when CuOOH was replaced by
time-of-flight (TOF) mass spectrometer (PerSeptive Biosys- iodosobenzene (5 mM) as the surrogate oxygen donor, with
tems, Framingham, MA), equipped with delayed extraction. the inactivation rateKapparen: 0.002 mi?) under anaerobic
Samples were mixed with matrix solution (10 g/L of conditions slowed to one-third of tha{parent 0.006 mir?)
a-cyano-4-hydroxycinnamic acid in a 50:50 mixture of in the presence of O(Yin, H., and Correia, M. A,
acetonitrile and 0.2% aqueous TFA) and allowed to air-dry unpublished obseationg. In an effort to trace the chemical
on the target. LC-ESMS analyses were carried out by trajectory of the CuOOH-mediated heme destruction, the
subjecting the sample to HPLC using a LC-Packings C18 course of the reaction was also monitored by scanning
column (0.18 mmx 150 mm; San Francisco, CA) and a stopped-flow spectrophotometry. A time-dependent loss of
linear gradient of solvent A (0.1% formic acid in double heme absorbance at 417 nm was observed, although no
distilled water) and solvent B (0.05% formic acid in ethanol: spectral intermediates in the range of 3%BD0 nm were
propanol, 5:2, v/v) at a flow rate of 14L/min. The HPLC detected (Figure 2). However, a gradual increase in the 300
was online with a PerSeptive Biosystems Mariner Orthogonal- nm absorbance was found with longer incubatignst
TOF electrospray ionization (ESI) mass spectrometer, with shown)

a nominal resolution of 5000 (fwhh), spray tip potential of Isolation of“C-Heme-Modified P450 ProteiThe intact
approximately 3000 V, and nozzle potential of approximately heme-modified P450 was completely separated from heme
75 V. Spectra were acquired by summing s over the and heme fragments by HPLC (Figure 3). However, it was
m/z range 366-2000. found to bind very tightly to the HPLC column such that
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inactivated“C-heme-labeled P450 3A4. The top panel is the HPLC

) ) ] profile monitored at 214 nm over 100 min. The bottom panel depicts
FiIGURE 3: Isolation of CUOOH-inactivatetC-heme labeled P450  the corresponding radioactivity profile determined from liquid

3A4. The incubation mixtures containing native and CUOOH- scintillation counting of an aliquot of the 2 min fractions.
inactivated!“C-heme-labeled P450 3A4 were subjected to HPLC

on a hydrophobic Poros column to separate the protein from kDa

noncovalently bound heme and/or heme derived products. Top A B

panel, shows the HPLC profile with spectrophotometric monitoring

at 400 nm for the intact heme and 214 nm monitoring for the protein

of the native P450 3A4. Middle panel depicts the HPLC profile 144
with spectrophotometric monitoring at 400 nm for the intact heme :
and 214 nm monitoring for the protein of the CuOOH-inactivated

P450 3A4. Bottom panel depicts the corresponding radioactivity 10.6~
of the fractions obtained after HPLC of the native@—) and 8.1
CuOOH-inactivated { @ —) “C-heme-labeled P450 3A4. When
immunoblotted, the only material that cross-immunoreacted with 6.1~
anti-3A 1gGs was found in the 417 and 21323 min peak *
fractions.

Retention time (min)

100% TFA was required to fully dissociate it. Since native MW 3A4 3A4
(non-CuOOH-inactivated) P450 could be easily eluted from STD

this column, this implied that the CuOOH inactivation had

resulted in the exposure of the hydrophobic groups of the FIGURE 5:  Tricine-SDS-PAGE and autoradiography of the
P450 protein. Furthermore, the complete HPLC separation édlf\l_BSrG dgg]stgeikn f;'gl‘igt%rg grfomecﬂggp'ﬁﬁn pf‘rsa?ctlt(ijgn r&igplsnugb of
_Of 14(_:'heme from the P450 protein of the non-Qu_OOH- jected to Tricine-SDSPAGE (A) followed by autoradiography
inactivated sample documented that the radioactivity was (B). The band was also electrotransferred onto ProBlott mem-

exclusively associated with the heme moiety (eluting be- brane and subjected to micro-Edman degradation that yielded:
tween 7.5 and 9 min). This result not only indicates that !sePSYALHRPKYWTEPEKFLPERFSKKNKDNIDPYIYTPFG-

the P450 protein is free of radioactivity derived from any tse?rﬁiﬁiN%Si"A'Tjg';'\gﬁ’ ) 3\5/3523,%Eﬂ;gaéﬁrrzi%%%‘i’% tsoeq;ﬂ‘ce

14C'ALA de(_:omposed during thé. coli expression_ but f'il_so peptides 454502 and 359428, respectively, were also detected.
provides evidence that the covalently bound radioactivity of
the CuOOH-inactivated P450 3A4 protein was derived petely digested peptides. The poor HPLC resolution could
entirely from its*“C-labeled prosthetic heme. Furthermore, st he improved by changing the buffer composition or
the failure of the CuUOOH-inactivated P450 fraction to exhibit repjacing the HPLC column (with a Poros RH1 or a C8
any 400 nm absorbance revealed that the modifying species{p| ¢ column). Tricine SDSPAGE analysis of the heme
was neither the intact heme nor its tetrapyrrolic skeleton mqgified peptide in the 4456 min HPLC fraction yielded
(Figure 3). o _ a somewhat smeared radiolabeled peptide band with ap-
Isolation and Characterization of the Heme-Modified proximateM, ~ 6 kDa (Figure 5). Edman sequencingf
Peptide after CNBr Clezage. C4-HPLC peptide mapping  the first five amino acid residues after electrotransfer of this
of the CNBr digest of the heme modified P450 revealed two phand to Problott membrane yielded two major sequenges |

major radioactive peptide peaks, with retention times of pgya,,, and Kisd ALl 457, consistent with the presence of
44—56 and 66-80 min, respectively (Figure 4). Further
CNBr digestion of the peptide fraction with a retention time

; ; = ; ; N 2 MicroEdman degradation gave the following amino acid yields
of 60—80 min resulted in shifting some of its radioactivity (pmol) through five sequential cycles of sequencing~T0), P (45).

to the 44-56 min peak and some to the void peak. This §'(3s5) v (12), A (39); K 31), L (>44), A (44) L (~40) | (>7); and
result indicated that the 6880 min peak contained incom-  V (= 20), V (nc), N (6.3), E £6), T (>7); nc, not calculated.




Heme Modification of CuOOH-Inactivated P450 3A4

6788.6

1000

Counts

5007

0
3000 5000 7000 9000

Mass (m/z)

FIGURE 6: MALDI-TOF mass spectrum of th¥C-heme-labeled
peptide fraction purified from CNBr digest by HPLC. CNBr digest
was first subjected to HPLC on a Poros column. T#@-heme-
labeled fraction eluting between 11 and 12 mit shown was
further purified by HPLC on a C4 column. The majd€-heme-
labeled peptide fraction eluting between 34 and 36 min was
analyzed by MALDI-TOF mass spectrometry.

CNBr cleaved P450 3A4 peptides 39650 and 454502,
respectively, and a minor sequencgs¥NETzg3 coOrre-
sponding to P450 3A4 peptide 35828. However, the mass
spectrometric analyses of this crude-%6 min fraction were
unsuccessful.

In an attempt to increase the chances of successful mass

spectrometric characterization of tH€-heme-labeled pep-
tide fraction, the CNBr digests were first subjected to HPLC
peptide mapping on a Poros RH-1 column, with further
purification of the relevant fraction eluting between 11 and
12 min, by HPLC on a C4 colum(not shown) MALDI-
TOF analyses of this purified fraction yielded a prominent
peak atm/z 6788.6 (Figure 6), which we believe corresponds
to the 3A4 peptide domainds—Mso[mass 6474.3 (MH)],
modified by a heme fragment of 314.3 Da. This niass
corresponds to a 2-formylated dipyrrolic (DP) species
consisting of either ring A-ring D (DP 3) or ring B-ring C
(DP 2), that is created by scission of the heme moiety along
its a.—y axis (see below)The peptide domain modified is
identical to one of the major peptides identified by Edman

sequencing after electrotransfer of the radiolabeled peptide

band isolated by Tricine-PAGE (Figure 5). Although other

peaks were detected in this spectrum (Figure 6), the structural

identification of the corresponding peptides was not suc-
cessful.

Lys-C Subdigestion and Identification of tH€-Heme-
Modified Peptide.To facilitate their structural character-
ization, the CNBr cleaved peptides (in the-486 min
peak fraction) were subdigested with Lys-C and subse-
quently separated by HPLC (Figure 7). One maf@-heme-
labeled peak was found with a retention timexgf00 min.
Edman sequencidgf the first 10 amino acid residues of
this HPLC fraction yielded three major peptidesgsy
VNETLRLFP3s5 Rs7 ERV(C)(K)a7g and DizgNIDPYIY TPz,
Peptide sequences3—Paz4is a subset of*C-heme-maodified

3 The masses of the unesterified deformylated and 2-formylated DPs
2 and 3, respectively (Figure 1), were estimated from the reported
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FIGURE 7: HPLC-peptide mapping of the Lys-C subdigests of the
44—56 min peptide fraction from CNBr-cleaved P450 3A4. The
fraction eluting at 4456 min after peptide mapping of CNBR
digests oft“C-heme-labeled P450 3A4 was subdigested with Lys-C
(Materials and Methods) and resubjected to HPip@éptide map-
ping on a C4 column. The HPLC profile of the peptides monitored
at 214 nm is shown in the top panel and the corresponding
radioactivity determined by scintillation counting of aliquots is
shown in the bottom panel.

peptide bss—Mys0, identified by Edman sequencing of the
44—-56 min peak peptide fraction from the CNBr digests
(Figure 5), after Tricine SDSPAGE and electrotransfer to
Problott membrane and confirmed by MALDI-TOF analyses
(Figure 6).

Comparative sequence alignment of this heme-modified
peptide (D2s—M4sg) with the sequences of P450s 101, 102,
108, and 107A1 with known crystal structures indicates that
it aligns with the domain corresponding to their proximal L
helix/Cys region. This domain contains the conserved
cysteine (Cys, in P450 3A4) that provides the essential SH
ligand for the heme iron and thus is a very plausible candidate
for heme modification. These results are consistent with our
previous finding that this peptide was also identified as a
site of heme modification of CUOOH-inactivated P450 2B1
(25). Our attempts to structurally characterize the modified
peptides in the entire 100 min Lys-C fraction by mass
spectrometric analyses were however unsuccessful.

Characterization of the Heme-Modified Peptidé&aic-
cessful mass spectrometric analyses required modification
of the above approaches. The goal was (i) to improve the
recovery of the heme-modified P450 3A4 protein, (ii) to
minimize extraneous reactions due to residual CuOOH, and
(iii) to increase the relative abundance of heme-modified
P450 peptides, by circumventing the natural tendency of
these hydrophobic peptides to aggregate and become in-
soluble. The radiolabeled peak fraction eluting between 18
and 32 min (ot shown after HPLC on a C18-MV column
(Modified Procedure, Methods) was subjected to MALDI-
TOF mass spectrometric analysis. Masses for a myriad of
peptides were detecteadt showd. MALDI/Post source

masses of the corresponding esterified PDP products determined bydecay structural analyses revealed that some of these peptides

ClI (CH4 ) mass spectrometry.

4MicroEdman degradation gave the following amino acid yields
(pmol) through 10 sequential cycles of sequencing: V (30), V (nc), N
(15), E(11), T & 7), L (13.9), R (9), L (14), F (6), P (14); DN10),
N (14), I (31), D (9), P (10), Y (8.1), I (9), YX6), T (5.3); and R
(50), L (=26), E (>9), R (18), V (nc); nc, not calculated.

were glycerolated (addition of 74 Da to acidic residues and/
or terminal carboxyl group of the peptide, and/or conceivably
to the propionic acid moiety of the heme pyrrole ring C or

D), an artifact introduced by the high glycerol concentrations
attained on prolonged evaporation of the samples in acidic
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Ficure 8: LC-ESMS analyses of CuOOH-inactivated 3A4 after HPLC peptide mapping using the modified protocol. For experimental
details see Materials and Methods. Peaks markeal, ®, andl are 3t ions corresponding to species with neutral MW of 2378.4, 2452.5,
2841.6, and 2915.6, respectively (see Table 1). The isotopic peak spacing of the triply charged ion peak detectedntz=T®8emd

795.5 which yielded the monoisotopic mass of 2378.4 Da is also shown (inset).

conditions under KN (Medzihradszky, and Burlingame, (see abee)identified by Edman microsequencing of HPLC
personal communicatigi® In the case of at the least one fractions from Lys-C/CNBr subdigests of heme modified
peptide (koePSYALD), the glycerolation was confirmed by  3A4. However the low mass accuracy¥ Da) of these
high-resolution elemental composition analyses. Furthermore,MALDI-TOF analyses led us to seek a more accurate
CNBr digestion under the conditions employed not only alternative.
generated peptide species containing homoserine (m) and To gain more conclusive evidence, CNBr digests were
homoserine lactone (nat the C-terminus, but also appar- subjected to sequential C4/C18 HPLC conditions further
ently resulted in cleavage at the Asp-Pro linkage of the modified to improve the resolution of the peptides (Materials
peptide backbone, a site known to be cleaved at low? pH. and Methods). The major radiolabeled fraction eluting
These combined features together with the detection of between 20 and 28 min from the C18 colunmoi shows),
heme modified species containing the equivalent of one or was subjected to LC-ESMS. Several prominent peaks were
two pyrrole rings (corresponding to any one of the possible detected in the mass spectra (Figure 8, Table 1). Two major
12 different chemical structures) largely contributed not only species (mass 2378.4 and 2452.5 Da) were detected, which
to the broadness of their HPLC elution profiles, but also to we believe correspond to the peptide fragmengsE
the multiplicity of masses detected and the consequentYLDmVVNETLRLFPIAM's;; (mass 2076.1 Da), modified
complexity of structural analyses. Nevertheless, the promi- by a heme fragment with the mass of 302.5 Da, correspond-
nent peaks detected in the MALDI-TOF spectra are consis-ing to either deformylated dipyrrolic DP 2 or 3 and its
tent with the presence of three predominant peptides glycerolated {74 Da) species, respectively. ESMS analyses
(V3sVNETLRLFPIAM/M 371, Re7L ERVCKKDVEINGmM- also revealed a species at mass 2056.8 Da which is consistent
FIPKGWVVM'3g5, and RzYYTPFGSGPRNCIGM/rags, with the heme-modified peptide beingg/2 ERVCKKD-
not only variously modified by one or more heme monopy- VEINGM'sgs (Mmass 1741.9 Da) with a modifying species of
rrolic and/or dipyrrolic fragments but also frequently glyc- mass 314.9 Da (Table 1).
erolated (lOt ShOWI)I. We found it noteworthy, however, that A Species of mass 2841.6 Da, Corresponding to the heme-
these peptides contain the same sequence stretches as thoggdified and end glycerolatedY1Y TPFGSGPRNCIGms
RFALM' 450 peptide fragment (mass 2452.5 Da) was also
5Using model peptides containing one to five acidic amino acid detected. After subtraction of the glycerol moiety (74 Da),
e e ol o ecn S s e g 1 Vieded a heme fiagment wih a mass of 3141 Da
Z\r/]ggoration ur?dyer Nunder acidic but not neutralgcon%itions, and in ’ corresponding to the 2-formylated I_DP 3orDP 2. A Species
the presence of as little as/. of glycerol. of mass 2915.6 Da, corresponding to the additionally
®We believe that the exhaustive conditions used in the CNBr glycerolated species of the heme modified peptide (mass
dlgestlon result in cleavage at sites addltlonal to th.e canonical Met 3841.6 Da) was also detected in this mixture, indicating that
residue. It also appears that internal homoserine residues are detecteIn addition to the terminal COOH of the peptide, the

due to incomplete cleavage of corresponding methionine residdes ( St A - ’ '
45). propionic acid moiety of the heme fragment also is possibly
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Table 1. LC-ES Mass Spectrometric Analyses of CNBr Digests of identified, the structural characterization of these peptides

CuOOH-Inactivated P450 3A4 as active site domains attests to the fact that the CuOOH-
modifying induced heme modificgtio_n is an activ_e site event, wh_ich
theor. mass heme meets several of the criteria for a classical suicide inactiva-
mass found fragment tion. In theory, active site residues of helix | which are in
3A4 peptide (MW)  (MW) glycerol (AMW) close proximity to the heme would also be likely targets.
E3ssYLDMVVNET ---Am’s;;  2076.1 2378.4 302.3 Unfortunately, CNBr cleavage of this domain results in
Essiégm\éVn';‘ET"'Am'm i%?-é gggg-g 74 32%449 peptides o4.7 kDa, which also being highly hydrophobic
PzgYIY_“ij;‘G 18631 21342 74 1971 are not amenable to mass spectrometric analyses, without
PiooYIY --GmuRFALM sy 2452.5 28416 74 314.1 further size reduction.
PiaoY1Y ++-GMmuyssRFALM 450 2452.5 2915.6 74,74 314.1 CuOOH-Mediated P450 Heme Destruction: Mechanistic

@ These monoisotopic masses (MW, Da) were calculated on the basis/MPlications.As discussed earlier, destruction of P450 heme
of the triply charged ion peaks in the mass spectra. The charge state ofdy peroxides (CuOOH or #D;) or by radical yielding agents
each species was determined from the isotope peak spddtnig. (DDEP, spironolactone or Cglis known to result predomi-
conceivable that this mass corresponds to the unmodified peptide nantly in irreversible heme modification of the protein, with

Pa2oY1Y-Lm 450 ¢ A mass of 2841.6 Da consistent with a glycerolated : : ;
and heme modified BY1Y-Lm s and masses corresponding to the a minor fraction of the heme converted to polar monopyrrolic

glycerolated and/or heme-modified peptidegssVNET...Amgz;, and [HA and MVM] and hydroxylated dipyrrolic fragments
Rs7LER....VVmses Were also detected by MALDI-TOF MS analyses.  [propentdyopents (PDPsY1$—24). This result indicates that
However, the mass accuracy a5 Da prevented unambiguous the heme is ruptured at each of the four methene bridges,
interpretation of the data. but unlike the heme oxidation catalyzed by heme oxygenase,
no biliverdin IXo. and CO are detected as major products
glycerolated. We found it noteworthy that a peak at the same (32—35). On the other hand, studies with model heme
mass was also detected by MALDI-TOF analyses of the degradation systerhsvherein hemin (free or as methemal-
crude mixture(not shown) A species of mass 2134.2 Da bumin) was incubated with either exogenousOkl or
was also detected in this peptide fraction, which we believe NADPH and NADPH-P450 reductase (which generat@H
corresponds to the glycerolated peptide fragmems- P in situ), reveal that PDPs along with HCOOH are the major
YIYTPFGSGPRNCIGmus (mass 1863+ 74 Da), modified products 22—24, 32-37). When C-heme specifically
by a monopyrrolic fragment (2-formyl hematinic acid, mass labeled at the four meso carbons is usedG®OOH re-
197 Da), derived from either ring C or D (Table 1). covered from the reaction is found to exceed the yield ex-
Collectively, these findings using different approaches to pected from the oxidation of just one meso-carbon, and
processing and HPLC peptide mapping of the CuOOH- together with the minor amounts &CO and!CO, con-
inactivated P450 (Materials and Methods) have once againcomitantly formed, accounted for nearly the yield expected
identified all of the three initially identified peptides as the from the oxidation of two meso carbor®3, 34. Together,
targets of CuOOH-induced heme modification of 3A4 and these findings reveal that during peroxidative degradation
have narrowed down the region of modification toz,dP of hemin, the tetrapyrrolic skeleton is ruptured at each of
YIYTPFGSGPRNCIGnusRFALM 450, E354YLDMVVNETL- the meso carbons to yield the monopyrroles (HA, MVM)
RLFPIAM 371, and R72LERVCKKDVEINGM'3g6 As dis- and/or along itsa—y or f—0 axis to yield the dipyrrolic
cussed earlier, the identification of peptidgd>M,so cor- fragments PDPs along with HCOORZ—24, 33-37).
responding to P450 3A4 helix L/Cys region, is not surprising, ~ Unlike the findings in model heme systems, the fraction
considering its strategic location and its role in providing of the P450 heme converted to HA, MVM, and PDPs has
the essential thiolate (Cyg) for heme ligation, a feature  been estimated to account for only-130% of the heme
that confers structural viability and catalytic reactivity on lost in purified P450/P450 reductase/NADPH incubations
the enzyme. Residues 43437, 440-444, and 447448 are (23, 24. However, we have found that this can be as low as
within 4—5 A of the heme (Szklarz, Gpersonal com-  2.5% in P450 3A-enriched rat liver microsomes incubated
munication) and thus plausible targets. The identification of with DDEP/NADPH or CuOOH/Nail (19). Furthermore,
EsssYLDMVVNETLRLFPIAM'37; as a target peptide is  this small fraction is predominantly comprised of HA, with
equally plausible given that this segment represents thetraces of MVM and little or no PDP4.0). When PDPs were
K-region in P450 sequence alignmen®s L0. A recently appreciably detected in such microsomal systems, they were
built homology model of P450 3A4 places some of the largely, if not solely, comprised of PDP 2 and/or PDP 3
K-region residues in the active sitg4), with residues 364,  (comprised of rings B and C and/or A and D of hen2g)(

369, and 370 withi 5 A of theheme (Szklarz, Gpersonal It could be argued on these grounds that either heme is only
communication)and thus within striking distance of heme susceptible to cleavage along is-y axis or that if it is
fragments. Furthermore, site-directed mutation ofsbl¢o cleaved along itsf—¢ axis, then the corresponding
Val results in dramatically reduced progesteronen-16

hydroxylase activities30), as well as aflatoxin @& hydroxy- 7 Chemical studies of reactions with model meso-substituted tet-

lase and exo-8,9 epoxidase activiti@$)( thereby confirming raarylmetalloporphyrins artert-butyl hydroperoxidettBuOOH) reveal

. . o . - - the formation of the corresponding isoporphyrins wheteirt-butyl
its strategic position in the active site of the enzyme. nqoperoxy moiety is bound to a meso-substituted carbon, whereas

Similarly, the identification of . ERVCKKDVEINGM'3g5 reactions of the ferric tetraphenylporphyrin wiBuOOH apparently
is not surprising given that residues 372, 373, and 375 appealields the corresponding ferrtert-butyl hydroperoxy complex (Fée—

e ; 0OO0-t-Bu) (41; and references cited therein). It has been suggested
to be within 5 A of theheme moiety (Szklarz, Gpersonal that the latter species might in fact be the precursor of the isoporphyrin

communicatiop and thus plausible targets. Although, the (43) it such species are formed during CuOOH-mediated P450
precise residues modified in these peptides remain to beinactivation, they appear to be too transient to be detected.
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that a PDP, a hydroxylated DP, is engendered (Figure 9).
Finally, although to our knowledge, no DP modified at its
vinyl substituent has been detected during peroxidative heme
degradation, the formation of such protein adducts is
conceivable should a protein radical be generated during this
process. In any event, the resulting structure of the 2-formyl
DP-protein adduct thus would retain at the least two meso
carbons: one intact (bridging the two pyrrole rings) and the
other in the form of a formyl/imine group. This proposal is
consistent with our previous findings of no significant

COH

Ficure 9: Possible mechanisms for DP-protein adduct formation.
These include (1) the formation of a Schiff base between a hydroxy
DP 2 or 3 and an amino group of a peptide residue or (Il) the direct
attack of a peptide nucleophilic residue on 2-formyl DP 2 or 3,

either of which could account for the mass of 314 Da detected for
the heme-modifying species. The corresponding formation of a

differences between the levels of irreversible herpeotein
adducts observed in DDEP- or CUOOH-inactivated P450 3A-
enriched rat liver microsomes containing heme radiolabeled
with either 42“C-ALA (which labels carbons other than the
heme meso carbons) or'8=-ALA (which specifically labels

the meso carbons)9). However, we have also detected DP

peptide adduct of a heme-modifying species (DP 2 or 3) with the

detected mass of 302 Da is also shown (llI). masses of 302 Da, corresponding to deformylated DP 2 or

3, that retain only one meso carbon.

dipyrrolic products (PDP 4 and PDP 1) are irreversibly  Although the cleavage of P450 heme to products that
trapped by the protein and thus never detected. irreversibly modify its protein is known to entail metabolic
Although the heme tetrapyrrolic skeleton is known to be activation of the substrate/oxidant to radical products, either
ruptured beyond spectroscopic recognition during CuOOH- through one-electron oxidations, as in the case of DDEP and
mediated P450 inactivation, the nature of the heme fragmentsspironolactone, or through homolytic cleavage of the hy-
(monopyrrolic and/or dipyrrolic?) that irreversibly modify  droperoxides (kD,, CuUOOH), the precise underlying mech-
the protein remained however to be elucidated. Our identi- anism involved in such an oxidative cleavage remains to be
fication of radiolabeled heme-modified peptides from CuOOH- elucidated. Our finding that CuOOH-mediated P450 destruc-
inactivated P450 3A4 with masses of 302 and 314 Da for tion is inhibited under anaerobic conditiShgrovides
the modifying species implicate the generation of deformy- evidence that molecular Oplays a critical role in this
lated and formylated dipyrrolic species DPs 2 and/or 3, destruction. While it is understandable that exclusion of
respectively. Furthermore, the detection of a mass of 197 molecular Q would impair normal P450-dependent one
for a heme species modifying the same peptidg-fuas electron oxidations of drugs to radical products, it should
would not only argue for the existence of a monopyrrolic not impair the P450-dependent heterolytic/homolytic cleav-
species, 2-formyl HA, derived from further meso carbon age of hydroperoxides. The requirement for moleculgr O
rupture of DP 2 or 3, but would also imply that the HA  thus reveals that a peroxyl radical might be involved in the
moiety is involved in peptide adduction (Figure 9). cleavage of prosthetic heme to products that irreversibly
Although not specifically detected in our studies, itis also modify the P450 protein. Although the known inhibition of
quite conceivable that protein adducts of monopyrrolic the NADPH/NADPH-P450 reductase mediated degradation
MVMs and DPs 1 and 4 are also generated. The formation of hemin by catalase confirms an intermediary role fe®k
of GSH and mercaptoethanol adducts of MVM has been in this process33—35), the corresponding ineffectiveness
reported 88), and at the least one of the peptideggft of superoxide dismutase ruled out a role for the superoxide
Musg) that we identified contains a Cys residue. The anion. We have shown that neither catalase nor superoxide
verification of this possibility and others awaits isolation of dismutase affects DDEP-dependent destruction of rat liver
additional peptides, from the I-helix domain for instance, microsomal P450 3A, thereby excluding a role for external
after further size reduction by proteolytic digestion. peroxide or superoxide anion in this proce$8)(

The elucidation of the precise chemical nature of the In conclusion, CUOOH-mediated inactivation of P450 3A4,
adduct requires additional structural characterization. In results in irreversible binding of several prosthetic heme
principle, the formyl group generated from the cleavage of fragments to the protein at the active site, unlike the
a heme methene bridge could form a Schiff Sasih the peroxidative inactivation of hemoproteins such as myoglobin
€-NH; of a vicinal Lys or a NH donor residue, to yield an  and hemoglobin39—41) or the reductive CBrGlinduced
imine adduct of the dipyrrole and the protein (Figure 9). inactivation of myoglobin 42, 43, wherein the protein is
Since the formyl O would be lost during such Schiff base modified by the intact prosthetic heme moiety. The heme
formation, the retention of 16 Da in the 314 heme fragment adducts isolated after CNBr/Lys C digestion of P450 3A4
mass argues that if this occurs, the resulting species is apertain to two distinct active site domains. One of the
hydroxylated DP (PDP), a species previously reported as apeptides isolated corresponds to the proximal helix L/Cys-
product of peroxidative P450 degradatioB3( 35-37). region peptide 425450 domain and the other to the
Alternatively, an adduct could be generated through the K-region. Although the precise residue targeted, the exact
attack of an amino group (or another suitable nucleophilic structures of the heme-modifying fragments and the nature
moiety) of a vicinal amino acid residue, much the same way

91t is to be noted that rigorous exclusion of @ the system by

8 The chemical instability of Schiff base adducts under the alkaline prolonged ¢2 h in ice) alternate cycles of degassing/evacuation and
conditions (pH~ 9.0) of Lys-C digestion might account for our inability ~ argon is required, given that even traces efa@e sufficient for P450
to detect heme-modified Lys-C peptides by mass spectrometric analysesheme destruction.
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of the adduction remain to be definitively established, the

masses of 302 and 314 Da detected in our studies suggest

that DP 2 or 3 might be a modifying species.
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