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ABSTRACT. Cytochrome P45{,3-F87G reacts with aromatic aldehydes and hydrogen peroxide to generate
covalent heme adducts in a reaction that may involve the formation of a stable isoporphyrin intermediate
[Raner, G. M., Hatchell, A. J., Morton, P. E., Ballou, D. P., and Coon, M. J. (2000jorg. Biochem

81, 153-160]. Electron paramagnetic resonance spectra for the proposed isoporphyrin intermediates
generated using two different aromatic aldehydes suggest that, in each case, the heme remained coordinated
to the apoenzyme via the cysteine thiolate, the metal center remained ferric low spin, and a slight distortion
in the geometry of the pyrrole nitrogens occurred. Characterization of the resulting heme adducts via 1D
and 2D NMR showed conclusively that the heme was modified aytheeso position alone, and mass
spectral analysis indicated loss of formate from the aldehyde prior to alkylation. The enzyme derivatives
in which the hemes were covalently altered retained the characteristic UV/vis and EPR spectral properties
of a P450, indicating that the heme was properly ligated in the active site. The modified enzymes were
able to accept electrons from NADPH in the presence of lauric acid at a rate comparable to that of the
unmodified forms, although oxidation of the lauric acid was not observed with either modified enzyme.
Oxidation of 4-nitrophenol and 4-nitrocatechol was observed for both derivatives. However, 4-nitrocatechol
oxidation was completely quenched in the presence of superoxide dismutase. The results are consistent
with heme modification occurring through a peroxo-dependent pathway and also suggest that modification
results in altered catalytic activity, rather than complete inactivation of the P450.

Aldehydes are known to reduce detectable levels of starting heme or the resulting heme adduct, and was
cytochrome P450 enzymes in rat liver microsoni@swhile stabilized by branching in the parent aldehyde. The spectral
in a reconstituted system a variety of aldehydes have beenproperties of this intermediate led to its identification as an
shown to be potent mechanism-based inactivators of certainisoporphyrin, in which a heme meso-carbon was converted
rabbit liver isoforms 2). The cytochrome P450-dependent from an sp- to an sp-hybridized carbon. A similar inter-
formation of a reactive alkyl radical, with subsequent attack mediate has been reported for heme modification involving
of this radical at the enzyme’s heme prosthetic group, hashorseradish peroxidasé,(6) and myoglobin 7). Subse-
been implicated in the destructive effects of aldehydes on quently, the isoporphyrin underwent deprotonation, resulting
microsomal P450 isoform$). Structural features that appear in the observed meso-alkyl-substituted heme, which was
to influence the destructive power of the aldehydem)® characterized by electronic absorption spectrophotometry and
unsaturation and branching in tleposition. With certain atomic absorption spectroscopy. Although no NMR analysis
aldehydes, the heme group is completely destroyed, whereasvas reported, comparison of the spectral data to that obtained
with others, an alkyl-heme derivative appears to be very in an earlier study involving P45, in which NMR and
stable. It is unclear whether the enzymes possessing themass spectrometry were used, suggested a similar heme
covalently modified heme retain any catalytic activity. structure in the BM3-F87&experiments §).

In a recent study, cytochrome P4R@-F87G was shown The wild-type cytochrome P45(Q; is a fatty acid hy-
to catalyze the peroxide-dependent deformylation of aromatic droxylase with a very high degree of regio- and stereo-
aldehydes in a reaction that resulted in the covalent modi- selectivity. However, it has been reported that mutation of
fication of the heme prosthetic group of the enzyde The Phe-87 altered the selectivity of the enzyme, due to removal
reaction was monitored by stopped-flow spectrophotometry of a steric barrier within the active sit®)( Furthermore,
and appeared to involve the proposed P450 peroxo pathwaythe F87A mutant was shown to be more effective in the
The only observable intermediate in this reaction hada oxidation of p-nitrophenoxycarboxylic acids than the wild-
of 430 nm, a lower extinction coefficient than that of the

1 Abbreviations: P45us, cytochrome P45Qys; 3PP, 3-phenylpro-
T This investigation was supported by a Cottrell College Research pionaldehyde; 3PB, 3-phenylbutyraldehyde; NOE, nuclear Overhauser
Award (Grant CC4924) from the Research Corporation and The effect; BM3-F87G, cytochrome P45@; with Phe-87 mutated to Gly;

University of North Carolina at Greensboro. F87G-3PP, the F87G mutant of P4§9 in which the heme was
*To whom correspondence should be addressed: tel, (336) 334- modified using 3PP; F87G-3PB, the F87G mutant of R¢5th which
4519; fax, (336) 334-5402; e-mail, gmraner@uncg.edu. the heme was modified using 3PB.
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type enzyme, suggesting that the open space provided by Preparation of Heme Samples for NMR Analyisitive
elimination of the aromatic side chain at position 87 allowed iron protoporphyrin IX was purchased from Sigma Chemical
improved access of aromatic substrates to the activeldlfe (  Co. for use as a control in the NMR studies. Approximately
In addition, several other groups have shown that mutations1.0 umol was dissolved in 0.5 mL of pyridings, and the
in the active site can result in BM3 mutants with substantial sample was reduced under nitrogen using stannous chloride.
activity toward aromatic substrate$1( 12). The modified hemes were prepared using a variation of the
In the current study, we have further examined the putative methods used by Raner et al. and Kuo et4l8]. Enzyme
isoporphyrin intermediate generated in the reaction of either samples, in 100 mM phosphate buffer, pH 7.4, containing
3-phenylbutyraldehdye or 3-phenylpropionaldehyde with 15% glycerol, were diluted to a final concentration of B
P45Q@u3-F87G, in the presence of hydrogen peroxide. We uM in a reaction mixture containing 2.5 mM aldehyde, 100
have done this by trapping the intermediate using liquid mM phosphate, pH 7.4, and2.5 mM HO,. The reaction
nitrogen and subsequent analysis by electron paramagnetiavas carried out at 7C for 30—60 min with constant mixing,
resonance (EPR) spectroscopy. In the previous study byafter which the enzyme was diluted 1:5 with 50 mM
Raner et al. 4) it was concluded that the-meso position phosphate buffer (pH 7.4) and 15% glycerol and then loaded
was the site of attachment, based on the assumption that th@nto a DE-52 ion-exchange column equilibrated in 50 mM
aldehyde phenyl group occupied the region of the active site phosphate buffer (pH 7.4) at “C. After the column was
that was made available by the mutation of Phe-87, and thiswashed with 5 column volumes of equilibration buffer to
site was adjacent to themeso carbon. In addition, differ- remove aldehyde and.B,, the enzyme was eluted using
ences in the rates of deprotonation of the proposed isopor-the equilibration buffer containing 0.400 M NaCl. To these
phrin intermediates generated with 3PP and 3PB suggestednzyme samples was added 0.5% glacial acetic acid, which
the addition was to a sterically hindered position on the heme, resulted in precipitation of the enzyme. The denatured sample
which was consistent with the-position. In the present study  was then centrifuged, and the supernatant, which contained
the alkylated hemes generated as products of this reactiorthe flavin from the reductase domain, was discarded. The
have been purified and subjected to analysis by 1D and 2D pellet contained greater than 90% of the heme from the
NMR in an effort to confirm this assignment. Finally, the enzyme sample. The pellet was treated with acetonitrile
catalytic properties of the enzymes containing covalently containing 0.1% TFA for 16 h at20 °C in the dark, which
altered hemes have been determined using the substrategesulted in the efficient extraction of the heme from the
lauric acid, 4-nitrophenol, and 4-nitrocatechol. Product protein pellet. This procedure was repeated two more times
formation and NADPH consumption rates have been moni- to maximize the yield. The combined samples were then
tored and compared to the rates observed for wild type anddiluted with distilled water to a final composition of 35:65

the F87G mutant of P45()s. acetonitrile:HO, and TFA was added in sufficient quantity
to produce a 0.1% mixture. The sample was applied to a
EXPERIMENTAL PROCEDURES Whatman solid-phase extraction column (200 mg, C-18) to

concentrate and remove residual protein. After being washed

ChemicalsThe compounds 3-phenylpropionaldehyde and with 10 column volumes of 0.1% TFA, the heme sample
3-phenylbutyraldehyde were purchased from Sigma-Aldrich, was eluted in 100% methanol containing 0.1% TFA. Fol-
along with NADPH, IPTG, heme, and the substrates 4-nitro- lowing evaporation of the methanol, the sample was taken
phenol and 4-nitrocatecholC]Lauric acid was obtained from  up in 60:40 acetonitrile:fD containing 0.1% TFA and
Novartis Crop Protection (Greensboro, NC). Buffers and submitted to HPLC purification using a C-18 reversed-phase
media reagents were purchased from Fisher Scientific andcolumn. The purified sample was again applied to a solid-
were of the highest grade available. phase extraction cartridge and eluted as described above.

Enzyme PreparatianEscherichia colicells expressing Electrospray Mass Spectral Analysi&. sample of the
wild-type and the F87G mutant cytochrome PggaDwere heme that was modified with 3PP and dissolved in methanol
a gift from Dr. David Mullen (Tulane University, New was analyzed by direct infusion into an LCQ advantage ion
Orleans, LA). The cells were grown and induced according trap mass spectrometer operating in the positive ion mode
to the method described by Raner et 4). The purification at a flow rate of 25Q:L/min. The final heme concentration
of P45@um3 and BM3-F87G has also been reported in the for this analysis was 2@M.
literature @). Enzyme concentrations were calculated onthe NMR Measurement3 he purified heme sample in metha-
basis of the method of Omura and Satt8)(using an nol was taken to dryness, redissolved iyCOn the presence
extinction coefficient of 91000 cnt M~* at 450 nm for the of 5 uL of triethylamine, and dried again under reduced
reduced vs reduced CO difference spectrum. The enzyme pressure at 48C. This procedure was repeated two more
samples used for heme extraction and NMR analysis weretimes. The heme was dissolved in 30D of pyridine-ds,
purified by a slightly different procedure in an attempt to and 50 mg of SnGlwas dissolved in 20@L of the same
optimize the vyield of enzyme. Following cell lysis and solventin a separate vial. Each sample was purged repeatedly
centrifugation, the clarified sample was subjected to anion- by a freeze/thaw cycle under reduced pressure. The two
exchange chromatography on a DE-52 column equilibrated mixtures were then combined in an NMR tube under an
in 50 mM phosphate buffer (pH 7.4) containing 15% argon atmosphere. Additional pyridigewas added to bring
glycerol. After the column was washed with 10 volumes of the volume to 70QiL. The final concentrations of the heme
this same buffer, the protein was eluted by the addition of samples were 1.1 and 0.97 mM for 3PB and 3PP, respec-
0.15 M NaCl to the wash buffer. The P450 eluted from the tively. Concentrations were determined using an extinction
column under these conditions as the major protein compo-coefficient of 104000 M! cm™* at 408 nm, as reported
nent in the sample, as determined by SIFAGE. previously @).
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Experiments were carried out using a Bruker Avance 300
NMR spectrometer equipped with an inverse probe, operating
at an'H frequency of 300.13 MHz. The instrument was
programmed with a delay time of 1.3 s and a mixing time
of 300 or 800 ms. Processing of the spectra was performed
on an Indy Silicon Graphics data station. NOESY spectra
were obtained with 1K data points in thedimension and
a 1K block of 128 scans, each in tliedimension. Free
induction decays were zero-filled once in both dimensions
and apodized with a sine function.

EPR ExperimentsEPR samples were prepared by com-
bining P450 (2Q«M) with the aldehyde (2.5 mM) and @,
(1—3 mM) at 0°C in 80 mM phosphate buffer, pH 7.4. At
various reaction times ranging from 1 to 60 min, 1.0 mL
samples were removed and rapidly frozen in EPR tubes using
liquid nitrogen. Control samples were prepared in which
either HO, alone or HO, and aldehyde were left out. Spectra
were recorded using a Bruker Model EMX 6/1 EPR
spectrometer at a microwave power of 0.504 mW and a
frequency of 9.482 GHz. All spectra were taken at 10 K,
and the temperature was controlled using an Oxford Instru-
ments ESR 900 cryostat.

Catalytic Actiities of the Natie and Modified Enzymes
Enzyme purification and heme modification were carried out I ] I I
as described previously in this paper. The enzymes modified 2500 3000 3500 4000
using 3PP and 3PB were analyzed by HPLC in an attempt Gauss
to determine accurate enzyme concentrations. AubO Ficure 1: EPR spectra at 10 K for (A) BM3-F87G, (B) BM3-
aliquot of each modified enzyme sample was injected onto F87G in the presence of 2.5 mM 3-phenylbutyraldehyde, (C) as in
a C-18 RP-HPLC column under the isocratic solvent condi- (B) but following 10 min incubation with aldehyde and 3.0 mM

: . RO . 0 H,0, at 0°C, and (D) as in (B) but following a 30 min incubation
tions of 60:40 acetonitrile:pD containing 0.1% TFA. The ith aldehyde and b0, at 22°C. All samples contained 20M

heme peaks were integrated, and t_he areas were cqmp_are\g%ol 100 mM phosphate buffer at pH 7.4, and 15% glycerol.
to the area of known amounts of native heme. The extinction ) ) ) )
different from that of the native heme. the literature {4) except that the substrate concentration was

The rates of NADPH oxidation by wild-type P45, varied between 1.0 and 10.0 mM and the reactions were

BM3-F87G, F87G-3PP, and F87G-3PB were measured usingduénched with 6% perchloric acid following a 10 s incuba-
a High-Tech Model SFA-11 stopped flow, connected to an tion. The rate of oxidation of 4-nitrocatechol by the wild-
HP-8452 diode array spectrophotometer. One syringe con-YP€: P458u3-F87G, and its two covalently modified forms
tained a solution of 0.4@M enzyme and 0.80 mM lauric ~ Was determined as follows: Reaction mixtures consisted of
acid in 100 mM phosphate buffer, pH 7.4. The other syringe 0-1-0.5 mM 4-nitrocatechol and 1.0 mM NADPH in 100
held a solution of 2.0 mM NADPH in 100 mM phosphate MM phosphate buffer at pH 7.9. The reactions were carried
buffer, pH 7.4, also containing 0.80 mM lauric acid. The Outfor4 minat37C ina water bath, quenched by addition
two solutions were mixed in equal proportions at’g87 and of 0.4 volume of 6% perchloric acid, and centrifuged to
the rate of NADPH oxidation was determined by monitoring r€mOve precipitated material. All assays were performed in
absorbance changes at 340 nm. Rates were determined ovefuplicate, and samples were injected onto a C-18 HPLC
the initid 5 s of thereaction, and experiments were carried €olumn using a previously described HPLC systeinaith

out in multiples of five or more. A minimum of 20 trials ~ @n isocratic mobile phase of 65%® and 35% acetonitrile

were performed with each of the four different forms of the (containing 0.1% TFA) at a flow rate of 1.0 mL/min, with
enzyme. detection at 350 nm. Identical experiments involving aromatic

The ability of wild-type P45gys, BM3-F87G, F87G-3PP, substrates were als_o carried out in the presence of 250 units
and F87G-3PB to affect the oxidation of three different Of catalase, 250 units of SOD, or 250 units of both.
substrates was also assessed. First, hydroxylatioHGaf RESULTS
labeled lauric acid was measured. Reaction mixtures con-
sisted of 0.2Q«:M P450, 0.10 mM lauric acid with a specific EPR Characterization of the Intermediate Formed in the
activity of 8.4 mCi/mmol, 100 mM phosphate buffer, pH Reaction with Aromatic Aldehydes and Hydrogen Peraxide
7.4, and 1.0 mM NADPH. The reactions were carried out Cytochrome P45(,3-F87G was purified to homogeneity,
for 10 min at 37°C, after which the protein was precipitated and the EPR spectrum of the purified enzyme was recorded.
by addition of 0.4 volume of 6% perchloric acid. Following The spectrum in Figure 1A shows the characteristic signal
centrifugation, 5QuL of the supernatant was injected on a for a low-spin, ferric cytochrome P450 enzyme, wgthialues
C-18 RP-HPLC column with a mobile phase of 60:40 of 1.92, 2.25, and 2.4116). Upon addition of 2.5 mM
acetonitrile:HO. The hydroxylated product was detected 3-phenylbutyraldehyde, the component of the EPR signal
using an IN/VS-RAM radiomatic flow detector. The centered at 2.41 split into two signals, one with= 2.41

Derivative EPR Intensity
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Table 1: Observed-Values in the EPR Spectra for Various
BM3-F87G Complexes during Reaction with® and Aldehydes
aldehyde enzyme form g-values
none Fe(lln) 2.41,2.25,1.92
3PB* Fe(ll) (2.44,2.41),2.25,1.92
intermediate 2.39,2.21,1.93
Fe(ll) modified (2.44,2.41, 2.39), 2.25,1.92
3PP Fe(lll) (2.44,2.41), 2.25,1.92
intermediate 2.40,2.22,1.93
Fe(lll) modified (2.40, 2.37), 2.26, 1.92
aNumbers in parentheses indicate that this component of the signal
was split.
and the other witlg = 2.44 (Figure 1B). The sample was
treated with 3.0 mM KO, (final concentration) at OC for
10 min and frozen in liquid nitrogen, with the resulting i
7 5 5 4

L

2.39. The spectrum shown in I_:lgure_ 1D was recorded for a IGURE 2: NMR spectrum of the purified heme adduct generated
sample that had been treated in an identical manner, exceply the reaction of BM3-F87G with 2.5 mM 3-phenylpropionalde-
that, following the addition of kD>, the reaction mixture  hyde and 2.5 mM kD,. The reaction was carried out in 100 mM
was incubated at room temperature for 30 min. The samephosphate buffer, pH 7.4, containing 15% glycerol for 30 min
experiment was carried out using 3PP instead of 3PB, andPetween 4 and 8C.

results for the second aldehyde were very similar to the first.

In each case an intermediate was observed witly the.25

component shifting tg = 2.21, and upon being allowed to

spectrum shown in Figure 1C. This intermediate was
characterized by a signal witlpvalues of 1.93, 2.21, and ‘ T T

ppm

stand at room temperature, the= 2.21 component returned

to its starting position ofg = 2.25 while the low-field

component remained split. The only notable difference was

that, with 3PB modification, the low-field component was .

ppm -1.0 -1.5

split into three peaks, while 3PP modification resulted in
two peaks. Theg-values for both sets of spectra are
summarized in Table 1.

Spectroscopic Analysis of the Modified Hemes Produced
in the Reaction with Aldehyde and Hydrogen Peroxigkemi-
purified cytochrome P4%:-F87G (described in Experi-
mental Procedures) was combined with either 3PP or 3PB,
along with hydrogen peroxide, and the reaction was moni-
tored using UV/vis spectrophotometry. The heme modifica-
tion was characterized by a shift in the enzyme Soret
maximum from 418 to 430 nm, as previously reportdfl (= p : T p I :

The I’ESL'J|.ting modified hemes were removgd from the protein Ficure 3: NMR spectrum of the purified heme adduct from the
and purified by HPLC. Electronic absorption spectra of the reaction of BM3-F87G with 2.5 mM 3-phenylbutyraldehyde and
two hemes were also recorded and were consistent with those.5 mM H,0,. The reaction was carried out in 100 mM phosphate
reported by Kuo et al. in a study involving the 2B4 isoform buffer, pH 7.4, containing 15% glycerol for 30 min between 4 and
(8). Each displayed &nay at 408 nm, consistent with meso- ?R;%nzhg)ae'ﬂiﬂﬁgfngfgdvjﬁ{cm :X%i”ﬁgien”h;’;a; ﬁtm]'th][emo;fhe
heme addition by an alkyl group (data npt §h0wn). Mass of the proton signals. The signal a)':l.zg ppm Waspnot c?bservedy
spectral data for the 3PP-modified heme indicated a molarn the 3-phenylpropionaldehyde spectrum and has therefore been
mass of 719.5 Da, compared to 615.5 Da for the wild-type assigned to the branching methyl group on the aldehyde.

heme.

The NMR spectrum of the reduced 3PP modified heme and integration of the meso proton signals in this spectrum
in pyridine-ds is shown in Figure 2. Of particular interest indicated a 1:1:1 ratio. The aldehyde 3-phenylbutyraldehyde
are the proton signals between 9 and 10 ppm, which contains a single chiral center, and the parent aldehyde used
correspond to the meso protons of the heme. In this spectrumjn the modification reaction was an enantiomeric mixture.
only three meso protons could be observed in the region It would appear that the splitting of nearly all of the proton
between 9 and 10 ppm. With the 3PB-modified heme, many signals in the NMR spectrum of this heme was the result of
of the proton signals appeared to be split, as indicated bythe presence of two isomeric forms of the modified heme.
Figure 3, which shows the 1D NMR spectrum for this  Assignment of the meso proton signals for the 3PP-
derivative. The spectrum was very complex, relative to the modified sample was straightforward using two-dimensional
3PP spectrum, due to the splitting, which did not appear to NMR analysis. The NOE interactions between the meso
be consistent with simple scalar coupling. Two of the meso protons and the methyl protons are illustrated in Figure 4A.
protons appeared as doublets, while one appeared as a singlefiteractions could be observed between the meso proton at
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Ficure 4: NOESY regional maps of the heme adduct formed in tb@Ftlependent reaction of BM3-F87G with 3-phenylpropionaldehyde.
The interaction between the meso and methyl protons is shown in panel A, the interaction between methyl pratspopiwshic acid
protons is shown in panel B, and the interaction between methyl and vinyl protons is shown in panel C.

9.71 ppm and two sets of methyl protons at 3.44 and 3.57 Tapje 2: NMR Chemical Shifts and NOESY Interactions of the
ppm. Cross-peaks were also observed for the meso protors-phenylpropionaldehyde Heme Adduct
at 9.89 ppm and the methyl signal at 3.46 ppm, as well as

chemical shift

for the meso proton at 9.98 ppm and the methyl signal at proton (ppm) interaction
3.57 ppm. On the basis of the integration of the methyl proton =~ 9980 3-methyl
signals, the peak at 3.57 ppm corresponded to two distinct  g-meso 0.898 5-methyl
sets of methyl protons with the same chemical shift. Figure  5-meso 9.718 1-methyl, 8-methyl
4B shows the 2D NMR spectrum in the region of the methyl ~ 1-methyl 3.567 d-meso

P, : : 3-methyl 3.567 a-meso
protons and thex-propionic acid protons, and Figure 4C 5-methyl 3442 a-propionic,d-meso
illustrates the interactions between vinyl groups and the meso  g_methyi 3.460 a-propionic:ﬁ-meso

protons. The observed NOE interactions for the 3PP-modified
heme used in this study are summarized in Table 2. Similarly, methyl signals. The two remaining meso protons each
the meso protons of the 3PB-modified enzyme showed NOE interacted with a single methyl group. The complexity of
interactions with several methyl groups (Figure 5). In the spectrum, due to the presence of two stereoisomers of
particular, the meso proton corresponding to a doublet signalthe 3PB-modified heme, made complete assignment of all
centered at 9.76 ppm showed cross-peaks with two distinctthe methyl signals impossible.
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Table 3: NADPH Consumption Rates for the Wild-Type, F87G
Mutant, and F87G-3PP and F87G-3PB Forms of B#50
turnover number

enzyme [nmol min~* (nmol of P450)7]
e PA45Gus 2663+ 178
BM3-F87G 1230+ 74
F87G-3PP 1094- 64
F3.4 F87G-3PB 1203t 102

min~! nmol? for the 3PB- and 3PP-modified forms,
respectively, which were similar to that of the unmodified
form (1230 nmol mint nmol1). All three were about 50%
as active as the wild-type enzyme (2663 nmol mhinmol1)
under identical conditions. Although reactions were moni-
tored for 1 min, the rates were calculated on the basis of the
initial 5 s of thereaction. This is because the kinetics were
not linear over the full 1 min. In fact, at the end of 1 min,
the enzymes all appeared to be virtually inactive. Although
the initial rates of the two modified forms appeared to be
\ K , , : similar, they appeared to be more susceptible to turnover-
ppm 10.0 9.9 9.8 9.7 dependent inactivation so their rates of catalysis dropped off
Ficure 5. NOESY regional map of the heme adduct formed in  more sharply than the unmodified forms.
the H0,-dependent reaction of BM3-F87G with 3-phenylbutyral-  The apijlity of the F87G, and modified forms, to catalyze
g?&gﬂi' ilr;(l)%irlactuon between the methyl protons and the rnesofat_ty acid oxidation was examined usiﬁ’@-labeleq lauric _
acid as a substrate. Wild-type BM3 catalyzed this reaction

3.5

3.6

N

r3.7

Fopm

0.50 |- very efficiently. For example, following a 10 min incubation
030 - in the presence of 0.2M wild-type enzyme, 100% of the
o HC-labeled lauric acid was converted to more polar metabo-
§ 0.10 lites. Under the same conditions, the F87G mutant converted
5 I only 17% of the lauric acid to products. Increasing lauric
= -0.10 \/\/ acid or NADPH concentration did not affect the amount of
030 T product formed in this reaction, though the amount of lauric
050 ‘ J ‘ ) acid oxidized did increase with increasing amounts of

enzyme. The products formed in the reactions of both wild-
type and F87G had identical retention times of 45.5 min
Wavelength (nm) under the HPLC conditions employed, compared with 55.0
FiGURE 6: Reduced- CO difference spectrum for the covalently min for lauric acid, but we could not confirm the regio- or
mgﬁiﬂnﬁgﬁg]gpﬁgci%yr?faanéetﬁzr';p'eechVSﬁq F\’Arlgge;;i% %Sege:tcrf(i)t(’)e%tereoseIectivity of the enzymes. When the experiment was
tempzrature in 100 mM phbsphate bFl)Jffer, pH 7.4. The spectrumrrl:arrled out using the F87G.'3PP or FS?G'?’.PB dgrlvatlves,
was recorded~10 s after addition of dithionite to the sample. NO Product or decrease itC-labeled lauric acid was
Subsequent scans showed a decrease in the 460 nm absorban@served.
with a corresponding increase at 424 nm, suggesting the reduced Cytochrome P45§,3 can affect the oxidation of 4-nitro-
— CO complex was unstable under these conditions. phenol, and the product of this reaction, 4-nitrocatechol,
can be further oxidized to 2,3,4-trihydroxynitrobenzene as
Catalytic Properties of the Modified Enzyméleme determined by NMR and MS analysis (unpublished experi-
modification via the peroxo pathway did not lead directly ments). Both reactions require NADPH ang @ the current
to loss of heme by the enzyme. For example, following study, we have shown that the covalently modified forms of
treatment with 3PB (or 3PP) and hydrogen peroxide, the the enzyme were as active in carrying out the oxidation of
enzyme could be further purified by ion-exchange chroma- 4-nitrocatechol as the unmodified form, consistent with the
tography in order to remove excess aldehyde and peroxideresults involving NADPH oxidation rates. However, oxida-
and still retained its spectrophotometric properties. Whereastion of the 4-nitrocatechol was inhibited in the presence of
the unmodified enzyme showedAgax for the reduced vs  SOD and catalase (Table 4). Subsequent experiments showed
reduced— CO difference spectrum of 450 nm, thgax for that the SOD completely eliminated 4-nitrocatechol oxida-
the modified enzyme was 460 nm (Figure 6). Furthermore, tion, whereas the effect of catalase on this activity was
in the presence of the substrate lauric acid, the enzymesmodest (Figure 7). In contrast, the oxidation of 4-nitrophenol
modified with both 3PP and 3PB retained their ability to was not dramatically affected by either SOD or catalase as
accept electrons from NADPH, as determined by NADPH indicated in Table 4. If anything, this activity increased
consumption assays. The initial rates of NADPH consump- slightly in the presence of SOD and catalase. The oxidation
tion by 3PP- and 3PB-modified BM3-F87G, along with of 4-nitrophenol by the modified enzymes occurred with a
unmodified BM3-F87G and the wild-type enzyme, are lower catalytic efficiency than with the unmodified F87G
summarized in Table 3. According to the data, the enzymesmutant. The reduced efficiency was primarily the result of
had NADPH consumption rates of 1203 and 1094 nmol k. values that were less than one-fifth that of the F87G,

400 420 440 460 480 500
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EPR in an attempt to further characterize this species. At

Table 4: Catalytic Activities of Different Forms of P45 h -
low temperatures (012 °C), the intermediate appeared to

4';;?&%2%?” 4'2%3;2;??0' be much more stable than at 2€ and did not readily
: convert to the final product. This greatly facilitated the
reaction ( nflr\”/l) miﬁfg(;‘nngl) ‘ﬁfﬁ'?’nggrpgl preparation of samples for EPR analysis. The use of both
- 3PP and 3PB resulted in the formation of intermediates with
"SV'(')thg% catalase 16;53 %ig 13'3* 2 very nearly identical EPR spectra.
’ The general shape ampvalues associated with the EPR
;%7DG+ catalase 2;% 8-‘3‘ jé-gi g? 5(2)-8i 26 signal of this intermediate indicate that the iron atom remains
T ' ' ' in the ferric low-spin state and also that coordination to the
F87G-3PP 2210 8.1+ 1.0 76.1+ 4.0 protein thiolate is probably maintained during the course of
SOD catalase  4.30.6 8.2+0.7 0.0 the heme group modificatiorl6, 17). High-spin ferric P450
F87G-3PB 1.0£0.2 4.6+0.3 355+ 1.8 complexes, for example, are characterized by rhombic EPR
SOD+ catalase ~ 1.8:0.5 6.0+0.7 0.0 signals withg-values of~8, 4, and 1.818). Furthermore, a

2 The product 4-nitrocatechol was monitored after a 10 s incubation change in the axial ligand upon formation of this intermediate
at 37°C. b Activity was measured at pH 8.0 using a 4.0 min incubation would likely result in a more profound change in the EPR
at 37°C and a substrate concentration of 0. spectrum. Sono et all9) and Sono and Dawso&(), using
a variety of external ligands, showed that tdpealues for

¢[ @ ferric low-spin cytochrome P450 complexes all fall within

a relatively narrow range (2.49..92). In contrast, heme-
containing enzyme complexes in which nitrogen atoms
occupy the fifth coordination site (i.e., myoglobin) have a
broader range of-values (2.63-1.78).
As the modification reaction proceeded to completion, the
B EPR spectrum began to strongly resemble that of the resting
form of the enzyme. Once again, it can be concluded that
although the heme had been chemically altered, the iron
remained coordinated to the cysteine thiolate, and the enzyme
remained in the low-spin form. This is also consistent with
the observed shift (to 460 nm) in the Soret peak for the
Retention Time (min) reduced— CO spectrum of the modified forms, since the
FIGURE 7: A portion of the HPLC chromatograms showing the Ccharacteristic spectral shift of the Soret peak in P450 enzymes
effects of catalase and SOD on the BM3-F87G-catalyzed oxidation upon CO binding has been attributed to the electron-donating
of 4-nitrophenol and subsequent oxidation of the product 4-nitro- properties of the cysteine thiolate ligangily.

catechol. The reactions were carried out for 20 min at°G7 An interesting feature of th tra is that the low-fiel
Samples consisted of (A) 06M BM3-F87G, 2.5 mM 4-nitro- eresting feature of these spectrais that the low-field

phenol, 100 mM phosphate buffer, pH 7.4, and 1.0 mM NADPH, component of the Sign_al was split ir_]to two pegks in_the
(B) same as (A) with addition of 250 units of catalase, and (C) Presence of aldehyde; it became a single peak in the inter-
same as (A) with addition of 250 units of SOD. Under these mediate and either returned to a double peak (with 3PP) or
conditions, 4-nitrophenol had an HPLC retention time of 9.1 min. pecame a triple peak (with 3PB). The initial appearance
of the signal atg = 2.44 was likely due to the formation
of a complex between the aldehyde substrate and heme
iron. LeLean et al.Z2) recently reported the EPR spectra
for the 3PP and cyclohexanecarboxaldehyde complexes of
P45Qg4(A2—27), which indicated similar shifts in the low-
field component on aldehyde binding. The presence of
two distinct signals in BM3-F87G may simply indicate
incomplete binding of the aldehyde under these conditions.
The intermediate spectrum had a single low-field signal
at g = 2.39, suggesting that the aldehyde no longer was
influencing the axial symmetry of the complex. Figure 8
AN a TeauCE 0 50% By, WIS VB 11 Same o S et e K s oo,
period of time, F87G-3PP retained25% of its activity. species b is the proposed isoporphyrin complex that corre-
DISCUSSION spon_ds to the s_pectral intermediatg reported here. According
to this mechanism, the deformylation of the parent aldehyde
In the previous studies by Raner et dl), @n isoporphyrin results in the generation of a fertitiydroxy porphyrin
species was proposed as an intermediate in the reaction otomplex in which the resulting alkyl radical has recombined
cytochrome P45§,3-F87G with aromatic aldehydes and with the porphyrinz-cation radical to produce an alkylated
hydrogen peroxide. This assignment was based on theheme, in which the-meso carbon has a distorted tetrahedral
observed decrease in the extinction coefficient of the Soretgeometry. The component of the signal centeregl-at2.25
peak and the appearance of an absorption peak in the 700 in the resting enzyme was shifted to 2.21 in the intermediate
900 nm region. We have examined this intermediate using spectrum, consistent with a distortion of the ligand field

Absorbance at 350 nm

C

T T
4.00 4.80 5.60 6.40 7.20 8.00

while K, values were comparable. It is worth noting that
the wild-type enzyme was a less efficient oxidizer of
4-nitrophenol than the F87G mutant, as indicated by a 6-fold
increase irKy, and~50% reduction irkeae

Time course experiments were carried out using the F87G
mutant and F87G-3PP to establish the linearity of the reaction
involving 4-nitrophenol. Consistent with the NADPH oxida-
tion results, the reaction rate decreased with time for both
enzymes; however, the F87G-3PP derivative was particularly
sensitive to inactivation. For example, within 20 s, the F87G
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substrate access channel

P450pm3-F87G + H,O,

OH
CH, +
¢ 3-phenylpropionaldehyde
H
S-Cys (b) (a) o}

0o

3PB 3PP [

S-Cys (©)

Ficure 8: Proposed mechanism for the modification of the heme
prosthetic group of P45Qs-F87G in a reaction involving hydrogen
peroxide and 3PP.

associated with the porphyrin pyrrole nitrogens. This distor- Ficure 9: Proposed structures of the heme adducts generated in
tion could easily be rationalized in terms of as-bybridized the HO-dependent reactions of 3-phenylpropionaldehyde and
carbon in the meso position of the porphyrin, as proposed. 3-Phenylbutyraldehyde with BM3-F87G.

The bonding geometry at themeso carbon would allow
the phenyl ring from the attached phenylethyl group to extend In an attempt to confirm the position of alkyl group
above the plane of the porphyrin and effectively close off attachment, the heme adduct formed in the reaction of
the substrate access channel, thus preventing additionaP45Qys-F87G with 3PP was examined using 1D and 2D
aldehyde binding to the metal center. As the reaction NMR. The presence of three meso proton signals in the 1D
proceeds, the aromatization of the porphyrin ring, with loss spectrum indicated that the initial assumption in which
of a proton, pulls the phenylethyl group down toward the modification had occurred at a meso position was correct.
plane of the macrocycle allowing additional aldehyde to bind, The specific meso position where the modification occurred
resulting in splitting of the low-field signal. was determined by assigning each of the remaining meso

It was previously assumed)(that the modification of the  proton signals. The observed NOEs between the signal at
heme occurred at a meso position of the porphyrin ring on 9.71 ppm and two different methyl protons clearly identified
the basis of comparisons with the rabbit liver 2B4 isoform. it as thed-meso proton, as this is the only position capable
In studies by Kuo et alg) it was shown that aldehydes could of interacting with two methyl groups. The remaining two
be activated by P45f, in one of two ways, both of which  meso protons, at 9.89 and 9.98 ppm, showed NOE inter-
resulted in heme adduct formation. The first involved a actions with one methyl proton each. Since the and
putative oxenoid iron intermediate and the generation of an -protons each lie in the vicinity of a single methyl group,
aldehyde-derived alkoxy radical, which added to the por- we conclude that the modification by 3PP occurred at the
phyrin y-meso carbon. The second was believed to occur y-meso position (Figure 9). To assign tfreandg- protons,
via a peroxide-dependent mechanism, resulting in deformyl- additional NOE interactions were examined.
ation of the aldehyde and alkyl radical addition to theneso The a-propionic acid protons interacted with the methyl
heme position. The two types of adducts could be distin- protons at 3.43 and 3.46 ppm, which identified these groups
guished on the basis of the wavelength maximum of their as the 5- and 8-methyls, respectively. The methyl protons at
Soret peaks. In the current study involving P4aRF87G, 3.46 also interacted with th&meso proton, indicating that
the heme adducts were clearly of the second type, with Soretthis signal could be assigned to the 8-methyl protons. The
peaks at 408 nm, and mass spectral analysis of the F87Gpeak at 3.43 ppm was then assigned to the 5-methyl protons.
3PP heme confirmed addition of a phenylethyl group (104 Since the 5-methyl protons would be expected to show an
Da) to the heme. The X-ray crystal structure of the BM3 interaction with the-meso proton, we could assign the
enzyme and the positioning of the Phe side chain in the wild- signal at 9.89 ppm to th@&-meso proton. The remaining meso
type enzyme, relative to the heme, argue for the attack proton signal at 9.98 ppm, therefore, was assigned to the
occurring at they-meso position in BM3-F87G. However, a-meso proton. These values agree very well with those
the previous study on BM3-F87G did not directly address reported by Kuo et al.8). However, in the current study,
the regioselectivity of the alkylation. we do not observe methyl peaks at 3.74 and 3.29 ppm as
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reported in the previous study. Rather, a single peak at 3.57to produce mobile reactive species with access to sites around
ppm that integrated as six protons appeared to represent théhe porphyrin ring system. The reaction of these aromatic
remaining two methyl groups. This signal also appeared in aldehydes in BM3-F87G is unusual in that it is highly
the previously reported spectrum for the 3PP-modified heme regiospecific and results in a stable, intact enzyme that
in 2B4 but was not assigned. The NOE data shown here appears capable of accepting electrons from NADPH and
clearly indicate that these methyl groups interacted with the carrying out substrate oxidations. Generally, when protein
0-meso om-meso protons, consistent with their identification adduct formation is described, it refers to a destructive
as the 1- and 3-methyl groups. process that abolishes catalytic activity, so the resulting
The 1D spectrum of the 3PB-modified heme was much enzyme is of little or no value for subsequent mechanistic
more complicated. Two of the meso proton signals appearedstudies. This is the case with N-alkylated hemes generated
to be doublets, but all three integrated as single protons.in the reactions of ethylen&8), TTMS (24), 5-phenylpen-
Many other proton signals appeared to be split in a similar tyne 5), and a variety of other compound®6( 27) with
fashion, suggesting that there were two structurally similar, microsomal cytochrome P450.
but not identical, molecules present in the sample. The parent The 3PP- and 3PB-modified forms of the enzyme were
aldehyde, in this case, 3PB, had a chiral center at theboth shown to be capable of accepting electrons from
p-carbon, and the sample used to generate the heme addudiADPH as determined using stopped-flow NADPH con-
was a mixture of the two enantiomers. It is therefore likely sumption assays with lauric acid as the substrate. In fact,
that there was no stereochemical selectivity for either of the attachment of the alkyl group to thhemeso position of BM3-
isomers in this modification reaction, since both appeared F87G had very little effect on the rate at which electrons
to be equally represented in the product heme. Peakwere transferred from NADPH. However, whereas BM3-
assignments were made using NOE data, as with the 3PPF87G was less active than wild type in the hydroxylation of
sample. The singlet signal at 9.97 ppm and the doublet lauric acid, the F87G-3PP and F87G-3PB forms showed no
centered at 9.94 ppm were assigned todhand-protons. activity at all. This is in contrast to the NADPH oxidation
It was not possible with this sample to distinguish these results indicating that both modified forms were approxi-
protons from one another due to the complexity of the mately equal to F87G in their activity. One likely explanation
spectrum. The doublet centered at 9.75 was assigned to thés that the modified enzymes utilize the electrons from
0-meso proton because of its interaction with two different NADPH in an unproductive manner, such as the formation
methyl signals. Once again, the only signal missing was the of H,O, or superoxide from @ Why these enzymes are
y-meso proton, indicating that 3PB modified the heme at incapable of inserting oxygen into the substrate is unclear;
the y-meso position. however, the activation energy required to cleave an unac-
It should also be noted that in the 3PB-modified heme tivated C-H bond is considerable. One possible explanation
the chiral carbon was well removed from the porphyrin ring is that the activated P450 intermediate in the modified
system and would not be expected to cause large changes irnzymes is not a sufficiently strong oxidizing agent to carry
the chemical shifts through scaler coupling interaction. For out the initial hydrogen abstraction necessary to catalyze the
example, six bonds separated the chiral carbon from eitherreaction. This may also be the case with Mn-substituted
the o- or -positions on the modified heme, yet one or both P45Qam, in which iodosobenzene can serve as an oxygen
of these signals appeared as a doublet, indicating theatom donor to produce the Mn(¥)0O complex, but this
stereochemistry of the chiral carbon had far-reaching effects.activated form of the enzyme is more stable than the
One explanation for this is that steric crowding in the vicinity analogous iron complex and cannot readily abstract a
of the propionate groups caused a distortion of the planar hydrogen atom from camphol®). Alternatively, the at-
heme, and the distortion was sensitive to the stereochemistnjtached alkyl groups may somehow sterically hinder the
of the attached chiral carbon. Alternatively, the phenyl ring substrate lauric acid from penetrating the active site.
of the attached alkyl substituent may lie to one side of the To explore these possibilities further, two aromatic sub-
heme or the other (i.e., closer to tffemeso hydrogen in  strates, 4-nitrophenol and 4-nitrocatechol, were chosen as
one isomer and closer to tllemeso hydrogen in the other), probes for P450 catalytic activity. In the reactions involving
depending on the isomeric form of the aldehyde involved. 4-nitrocatechol oxidation, the activities of the wild-type,
The corresponding ring currents associated with the phenylF87G, F87G-3PP, and F87G-3PB enzymes were comparable.
group could then alter the chemical shifts of protons that lie The effect of SOD and glutathione on this reaction indicated
above or below it. that hydroxylation occurred due to the uncoupled oxidation
An additional signal was observed in the 3PB-heme of NADPH and generation of superoxide. In contrast,
spectrum at-1.20 ppm that was not observed for the 3PP- 4-nitrophenol oxidation was clearly not the result of NADPH
heme. The signal integrated as three protons and appearedncoupling, as neither SOD nor catalase had a significant
as a doublet. Given the splitting of most of the proton signals effect on product formation. In addition, substrate binding
in the 3PB spectrum, it could easily be viewed as two as reflected byK,, for the wild-type enzyme was much
separate singlet peaks, which would be consistent with its weaker than for the F87G mutant, which is consistent with
assignment to the branching methyl group on the attachedthis oxidation occurring in the active site, since the F87G
phenylisopropyl group. The upfield shift suggests that the mutant is known to better accommodate aromatic substrates.
methyl group was positioned above the planar ring system It is difficult to rationalize the lowK, values associated
of the heme. with the modified enzymes since the modification is expected
Heme adduct formation is not uncommon in P450 to replace the bulky phenyl ring that was removed from the
catalysis, as the catalytic cycle is known to generate highly wild-type enzyme through mutagenesis, which could effect
reactive intermediates, which in turn can react with substratessubstrate binding. However, tig, andVmax values obtained
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