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ABSTRACT: Previous studies on mammalian peroxidases and cytochrome P450 family 4 enzymes have
shown that a carboxylic group positioned close to a methyl group of the prosthetic heme is required for
the formation of a covalent link between a protein carboxylic acid side chain and the heme. To determine
whether there are additional requirements for covalent bond formation in the P450 enzymes, a glutamic
acid or an aspartic acid has been introduced into R480bse to the heme 5-methyl group. Spectroscopic

and kinetic studies of the resulting G248E and G248D mutants suggest that the carboxylate group
coordinates with the heme iron atom, as reported for a comparablesfp4btutant [Girvan, H. M.,
Marshall, K. R., Lawson, R. J., Leys, D., Joyce, M. G., Clarkson, J., Smith, W. E., Cheesman, M. R., and
Munro, A. W. (2004)J. Biol. Chem 279, 23274-23286]. The two P45@., mutants have low catalytic
activity, but in contrast to the P4p; mutant, incubation of the G248E (but not G248D) mutant with
camphor, putidaredoxin, putidaredoxin reductase, and NADH results in partial covalent binding of the
heme to the protein. No covalent attachment is observed in the absence of camphor or any of the other
reaction components. Pronase digestion of the G248E R4bBlutant after covalent attachment of the
heme releases 5-hydroxyheme, establishing that the heme is covalently attached through its 5-methyl
group as predicted by in silico modeling. The results establish that a properly positioned carboxyl group
is the sole requirement for autocatalytic formation of a hepm@tein link in P450 enzymes, but also

show that efficient covalent binding requires placement of the carboxyl close to the methyl but in a manner
that prevents strong coordination to the iron atom.

The cytochromes P450, a ubiquitous superfamily of heme- Scheme 1: Catalytic Cycle of Cytochrome P&50

containing monooxygenases, are involved in a wide range OH,

of physiological transformations1¢3). Many of these ROH  _pan_ RH
transformations involve the hydroxylation of hydrocarbons, Hzo\)’ \&(Hzo
but the enzymes are generally promiscuous and readily R-OH R-H
oxidize a broad spectrum of substrates and functionalities. —Fell— —Fell—

The crystal structures of approximately a dozen P450 \(e
enzymes are now available, but the prototypical and best / ot

characterized in terms of both mechanism and structure is R'Hg R-H

P45Q.,! an enzyme fronfPseudomonas putidhat normally —FeV= —Fe''—

oxidizes camphor to Bxahydroxycamphor4—6). In P45Qm

as in all P450 enzymes for which structures are available, “ZO‘\ ) /‘Oz

the proximal ligand to the heme iron atom is a highly R-H oo R-H oo-

conserved cysteine thiolate and the distal ligand in the resting —Fell— <~ —Fell—

ferric state is a water moleculd)( With a few exceptions, 3

all P450 enzymes require a set of NADH- or NADPH- aThe iron structure represents the heme group of cytochrome P450,

dependent redox proteins to provide reducing equivalents toRH a hydrocarbon substrate, and R-OH the resulting hydroxylated
the heme center7}. In the case of P45@, the reducing product.
equivalents are provided by putidaredoxin (Pd), an-ron
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Scheme 2: Proposed Mechanism for Covalent Binding of the Heme to the Protein during Catalytic Turnover of the CYP4
P450 Enzymes Involving Oxidation of the Glutamic Acid Carboxylate Group to a Radical, Followed by Hydrogen Abstraction
from the Heme Methyl, Internal Electron Transfer To Generate the Cation, and Trapping of the Cation by the Regenerated
Carboxylate Anion
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Fe(ll), the heme can react with,@ form what is formally remains uncertain, in the peroxidases covalent linking of the
an Fe(llly-superoxide complex5j. A second reducing  heme to the protein is absolutely required for catalytic activity
equivalent reduces this P450 complex to the Feflll) (20).
hydroperoxide staté]. The next step in the catalytic process  Formation of the hemeprotein ester bond in both the
is normally heterolysis of the ©0 bond to give what is  p450 enzymes and mammalian peroxidases has been pro-
thought to be a highly reactive Fe(#D porphyrin radical  posed to result from an autocatalytic process initiated by
cation @, 13). This ferryl intermediate then reacts with the formation of the Fe(I\VA=O porphyrin radical cation (“Com-
substrate, in the case of a hydrocarbon by abstracting apound 1”) (16-18, 20). The first step of the probable
hydrogen atom, leading to a rebound reaction in which the mechanism for covalent heme binding is oxidation of the
resulting hydrocarbon radical and an Fe(hQH species  glutamate to a carboxylic radical with concomitant reduction
recombine to give the hydroxylation produdt3}. Product  of the porphyrin radical cation to give the Fe(’D species
release then returns the enzyme to its resting state. (“Compound II"). Abstraction of a hydrogen atom from the
In P45Qam as in the vast majority of P450 enzymes, the heme 5-methyl by the carboxyl radical then yields a
heme cofactor is dissociable, as the only direct interactions methylene radical that, through an internal electron transfer,
between the heme and the peptide chain are the bond betweet$ converted to a carbocation (Scheme 2). Trapping of the
the Fe and the cysteine thiolate ligand and ionic, hydro- carbocation by the glutamate carboxylate directly yields the
phobic, and van der Waals interactions of the porphyrin ester. An alternative, but less likely, mechanism involves
framework with active site residues)( The only known  deprotonation of the 5-methyl of Compound | by the
exceptions are the members of the extensive CYP4 family carboxylate anion followed by two intramolecular electron
of mammalian fatty acid hydroxylaseb4—18). Thus, in rat transfers to give the same carbocation intermediate. Both of
liver CYP4A3, an ester linkage is formed between a methyl these mechanisms require the formation of Compound I or
group of the heme and a glutamate residue, Glu3 . ( its P450 equivalent.
Subsequent studies of CYP4A3 and CYP4AS, in which the A corollary of the proposed autocatalytic mechanism is
glutamate is conserved, established that the site of esterifi-that any P450 enzyme with a suitably positioned glutamic
cation on the heme is the C5 methyl groug) Mutation acid residue should be able to form an ester bond to a heme
of the glutamate to an alanine precludes formation of the methyl group. This assumes, however, that no other feature
covalent link. Although some of the resulting CYP4 mutants of the active site is specifically required for hermgrotein
without the covalent heme bond are virtually inactive, others cross-linking. This laboratory has recently demonstrated with
(e.g., CYP4Al and CYP4A11) retain most of their catalytic a mutant of horseradish peroxidase in which a properly
activity (17). This covalent attachment mirrors that observed located phenylalanine was replaced with a glutamic acid that
in the mammalian peroxidases, in which the heme is this is indeed the case for the mammalian peroxidaz®s (
covalently linked to the protein through ester bonds to two In the P450 arena, a test of the hypothesis was attempted
of the heme methyl groupd 9—21). In contrast to the P450  with P45Qys by introducing a glutamic acid residue into
enzymes, in which the function of covalent heme attachmentthe active site at the position (A246E) equivalent to that
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Table 1: Sequence Alignment of the | Helices of P4k@nd the was then subcloned into _the pUC19 Ve_Ctor' _and this plasmid
CYP4A Enzymes from Humans (CYP4A11) and Rats (CYP4AL, was used for mutagenesis. The following primers were used
-4A2, -4A3, and -4A8) to prepare the mutants. Underlined codons represent the base
Drorein A Tomment o the Tiiclices pair changes that were made to affect the amino acid point
£ mutations. For the P45, G248E mutant, the forward
248 primer was 56C CTG TTA CTG GTC GAG GGC CTG
GAT ACG G3 and the reverse primer wa&X%5 GAC AAT
P450,, SDEAKRMCGLLLVGGLDTVVNFLSFSMEFLAK GAC CAG CTC CCG GAC CTA TGC C3For the P45Qu,
G238D mutant, the forward primer was@&C CTG TTA
321 CTG GTC GAC GGC CTG GAT ACG Gand the reverse
CYP4All DKDLRAEVDTFMFEGHDTTASGISWILYALAT primer was 8C CGT ATC CAG GCC CTC GAC CAG TAA
cypaal DKDLRAEVDTFMFEGHDTTASGVSWIFYALAT CAG C_;C3. The mutations were conflrmepl by sequence
analysis. The mutated P45Qgenes were excised, reinserted
CYP4A2 DEDLRAEVDTFMFEGHDTTASGSGISWVFYAL . . . .
into the pCWori plasmid, and then used for protein expres-
CYP4A3 DEDLRAEVDTFMFEGHDTTASGISWVFYALAT

sion and purification as previously reportezb).

CYP4AS DKDLRAEVDTFMFEGHDTTASGISWIFYALAT Spectroscopic MethodsReduced CO difference and

absolute spectra were recorded on a Hewlett-Packard 8452
#Numbered residue E321 is for CYP4Al1l. The numbers for the diode array spectrophotometer. For formation of reduced CO

other glutamic acid residues vary slightly. species, a solution of P45@ (wild-type, G248E, or G248D)

) ) o was placed in a cuvette with a sidearm equipped with a
occupied by the glutamic acid in the CYP4 enzy_miég,( stopcock for introduction of gases, and a second chamber
23). It was found that the carboxylate was coordinated 10 that contained a few milligrams of sodium dithionite (excess).
the iron, and although a low catalytic activity was observed, The cuvette was sealed with a rubber septum, and the enzyme
no heme-protein covalent bonding occurr_ed. In the study ggution was purged under a stream offtr 15 min. After
presented here, we have mutated Gly248 in CYP101 to bOthpurging was complete, the enzyme solution was mixed with
Glu and Asp and report here that, as in P40(22, 23), the dithionite and then CO was introduced into the cuvette.
the carboxylate appears to bind to the heme iron. However,The P450 content was determined using the method of
both the G248E and G248D mutants retain low camphor gmura and Sato2(). In the absence of independently
hydroxylating activity, and in the case of the G248E mutant, getermined absorbance coefficients for the proteins with
the heme becomes covalently bound to the polypeptide Vviacgyalently bound heme, we have assumed that the coef-
an ester linkage to the C5 methyl group. These results provideficients are the same as for the wild type~ 100 000 ML
clear evidence that (a) covalent attachment of the heme toc-1 for the Soret band). Substrate binding data were
the peptide chain in CYP4A enzymes proceeds via an qgjlected on a Varian Cary 1E UWisible dual-beam
autocatalytic mechanism, (b) the only critical requirement gpectrophotometer. To obtain substrate binding difference
for successful attachment is juxtaposition of .the carboxylate spectra, camphor dissolved in ethanol was titrated into the
group and the heme methyl, and (c) efficient covalent protein sample. The ethanol concentration in the final sample
binding, as in the CYP4 enzymes, requires positioning of \y35<3%. The spectral binding constatwas determined
the carboxyl side chain to allow covalent binding without fom the hyperbolic plot of the peak to trough absorbance
allowing its coordination to the heme iron. change versus the ligand concentration.

EXPERIMENTAL PROCEDURES HPLQ—UV Ana_llysis of the P45Q, G248E_Prote_in_Prior
to injection, protein samples were desalted into distillg@®H

Materials.5-OH heme was obtained from a Pronase digest TFA was added to a final concentration of 0.1% (v/v), and
of CYP4A3 as previously describetiq). All other chemicals the concentration of the solution was made 30% (v/v) in
were obtained from Sigma (St. Louis, MO). All enzyme acetonitrile (containing 0.05% TFA). The samples were
manipulations were carried out at pH 7.4 (20 mM potassium analyzed on an HP 1090 Series Il LC instrument equipped
phosphate and 100 mM KCI) unless otherwise stated. Thewith a diode array detector and a VYDAC protein C4 column
wild-type P45Q.m, Pd, and PdR were expressed and purified (5 mm x 150 mm). The solvent gradient consisted of a
as previously reported26). Wild-type and mutant P45, mixture of buffer A (0.1% TFA in water) and buffer B
were desalted prior to each reaction using a PD-10 column(0.05% TFA in acetonitrile) with a flow rate of 1 mL/min.
(Amersham Biosciences, Piscataway, NJ). The bound and unbound heme species were separated with

Structure Modeling The 1.8 A resolution structure of  a linear stepwise gradient of 30% buffer B for 5 min, from
P45Q.m Was used to model a glutamic acid into helix | at 30 to 50% buffer B from 5 to 25 min, from 50 to 95% buffer
position 248 ), the position that corresponds to Glu321 in B from 25 to 35 min, 95% buffer B from 35 to 50 min, and
CYP4A11 when the sequences are aligned (Table24). (  then adjusted back to 30% buffer B for 10 min. The free
The point mutation was modeled into the P4&aG&tructure heme eluted at 16 min and the bound heme around 28 min.
using SYBYL (Tripos Associates). The heme group and protein were monitored at 400 and 280

Preparation of the P45Q,, G238E/C334A and G248D/ nm, respectively. The amount of bound heme was calculated
C334A Double MutantsThe C334A P45Qmgene, prepared  from the areas of the 400 nm peaks at 16 and 28 min.
as previously described?®), was kindly provided by L. Autocatalytic ReactionThe P45@,,, G248E mutant (ap-
Wong (Oxford University, Oxford, U.K.). The P45Q gene proximately 15«M) was incubated with 2 mM NADH, 30
was excised from the pCWori/P45Q plasmid by digesting M Pd, 15uM PdR, and 1uM catalase fo3 h at 37°C in
it with Ndd and Xbad restriction enzymes. The P45Qgene the presence and absence of camphor (1.1 mM). The
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Gly 248 , Glu 248

WT G248E

Ficure 1: Active site of camphor-bound wild-type P453@showing the position of Gly248 (PDB entry 1DZ4), at left. Model of the active
site of G248E P45Q. showing that @ of Glu248 could be as close as 2.7 A to therfiethyl group of the heme, at right. This figure was
generated using PYMOL3Q).

percentage of covalently bound heme was analyzed by theTable 2: Distance between the Carboxyl Oxygens and the Heme
HPLC procedure described above. The time dependence oMethyls and Fe in the P450, G248E and G248D Models

covalent heme binding was monitored for the reaction of 2 pg5q_ = carboxyl distance to methyl groups and Fe of the heme (A)
mM NADH, 30 uM Pd, 15uM PdR, 1.1 mM camphor, and  mutant oxygen 1-CH 3-CHs 5CH; 8-CH; Fe

1 uM catalase incubated at 3C. The samples removed at Gy g 9.9 59 57 95 45
various times for HPLC analysis were first quenched by O, 10.3 7.8 3.1 8.7 5.0
desalting into distilled water. G248D Q 10.3 7.1 4.4 8.6 4.0

0 8.1 8.3 5.4 7.7 5.6

Gas Chromatographic Analysis of Product Formation.
Wild-type (1 uM), G248E (100uM), or G248D (15uM)
P45Q.m was mixed with 2 mM NADH, 3Q«M Pd, 15uM
PdR, 1uM catalase, and 1.1 mM camphor (final volume of
2 mL) and incubated at 37C. For the G248E and G248D

mutants, the substrate and product were extracted with _LC__MS Analysis of t_he Digested Productsollowing
CH,Cl, (3 x 200uL) from 200L aliquots of the incubation digestion, the concentrations of the P450 samples were made

mixture taken at increasing time points up to 3 h. For the 40% in methanol and formic acid was added to a final

wild type, a single aliquot was taken after 30 min. The CHC| concentration of 0.1% (v/v). LEMS was performed on a

: Waters Micromass ZQ apparatus coupled to a Waters
layer was dried over anhydrous Mgs©@oncentrated te:50 X .
uL, and injected onto an HP 5980 series Il gas chromato- Alliance HPLC system (2695 separations module, Waters

graph equipped with an Agilent Technologies (Palo Alto, 2487 dLIJa| absorbance detector) (?]quippedI with an Xterra MS
CA) DB-10 capillary column. A 20 min linear temperature C18 column (2.1 mmx 50 mm). The samples (74.) were

gradient from 40 to 280C was employed. On the basis of injec'ged directly Qnto the C18 column. The ;olvent gradient
the control reaction using wild-type P45Q (28), camphor consisted of a m|>_<ture_of_ 0.1% formic acid in water (buffer
eluted at 6.8 min and Bxchydroxycamphor at 9.8 min. A) and 0.1% fo”'?'c acid in methanol_ (butfer B) with a ﬂOW.
Pronase Digestion of G248E P45Qand CYP4A3The rat.e of 0.2 mL_/mm. Th.e heme species were separ_ated with
solution of G248E (15M) after autocatalysis (see above) a linear stepwise gradient %f 45% buffer B for 2 min (fr_om
was concentrated 5-fold (final volume of 200) and loaded 0 to 2 min), from 45 to 70% buffer B from 2 to 12 min,

. 95% buffer B from 12.1 to 15 min, and 45% buffer B from
onto a Sephadex G25 column (7.5 mL). The proteins were : ’
eluted with digestion buffer (50 mM Tris, pH 8.0), and 15.1 to 17 min. The detector was set at 400 nm. The MS

samples with an/z > 0.8 were collected. Pure wild-type settings were as follows: capillary voltage, 3.5 kV; cone

P45Q.m G248E P45Qm and CYP4A3 (all as isolated) were voltage, 50 V; dgsolva}tlop temperature, 250; source

exchanged into digestion buffer (50 mM Tris, pH 8.0) and telmpsratur(;, 126C; adnﬂ lonization mode, B 5-OH-heme

diluted to a concentration of 10M. Pronase (1 mg/mL, eluted at 12 min and heme at 14 min.

containing calcium acetate), from a 20 mg/mL stock solution, RESULTS

and imidazole (15 mM) were added to each sample followed

by incubation for 18 h at 37C. Model In CYP4AL11, the heme is covalently linked to the
HPLC Analysis of the Digested ProductBollowing protein via an ester linkage to Glu321 in helix4( 17).

digestion, the P450 samples were made up to 15% aceto-An alignment of the sequences of the | helices of R450

nitrile (v/v) containing 0.1% TFA (v/v). The samples (200 human CYP4A11, and rat isoforms CYP4A1l, -4A2, -4A3,

uL) were loaded directly onto a VYDAC C4 column (0.5 and -4A8 shows that the equivalent position in P450s

mm x 150 mm). The solvent gradient consisted of a mixture Gly248 (Table 1). In the computer model of the P4a0

of buffer A (0.1% TFA in water) and buffer B (0.1% TFA  G248E mutant prepared by in silico replacement of the

in acetonitrile) with a flow rate of 1 mL/min. Heme and appropriate amino acid in the crystal structure of R450

5-HO heme were separated with a linear stepwise gradientthe glutamic acid is positioned close to the 5-methyl of the

of 15% buffer B for 5 min, from 15 to 40% buffer B from  heme (2.7 A) (Figure 1 and Table 2). The structure in Figure

5 to 25 min, from 40 to 95% buffer B from 25 to 35 min, 1 is the acceptable rotamer with the closest approach of the

and 95% buffer B from 35 to 50 min, followed by adjustment glutamate to any methyl group on the heme. The carboxyl

back to 15% buffer B for 10 min. 5-HO heme eluted at 27
min, and heme eluted at 32 min.
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FIGURE 2: Spectroscopic properties of the G248E and G248D R4530utants. (A) Ferric G248E P45@,[7 uM in 50 mM potassium
phosphate and 100 mM KCI (pH 7.0)] (solid line) and enzyme reduced with dithionite in the presence of CO (dashed line). The latter
spectrum is shown aftea 2 hanaerobic incubation in the presence of excess dithionite and CO. (B) Ferric G248RH#50M in 50

mM potassium phosphate and 100 mM KCI (pH 7.4)] (solid line) and enzyme reduced in the presence of CO (dashed line). The reduced
CO spectrum represents a 10 min anaerobic incubation in the presence of excess dithionite and CO.

Table 3: Camphor Binding Constants and Camphor Hydroxylating Activities of Wild-Type, G248E, and G248R.P450

WT G248E G248D
absorbance (nm)
camphor-free form 417,532, 568 420, 538, 568 418, 536, 570
camphor-bound form 397,517, 538, 582 426, 540, 568 426, 546, 572
Ks(camphor) gM) 1 50+ 3 11+1
activity (no. of turnovers/min) 2154 ~0.1 ~0.5

aFrom ref25.

oxygens sit above the plane of the heme group on the distalsmall shoulder that slowly grew in over the course of 2 h.
side approximately 4.5 A from the Fe. In the homology- In the G248D mutant, the 450 nm band grew over ap-
based model of CYP4A11, the glutamic acid oxygen is 7.8 proximately 10 min with the final spectrum appearing to be
A from the 5-methyl group of the hem&4). When Gly248 a combination of P450 and P420 (Figure 2B). P420 is an
is replaced with Asp, the carboxylate oxygen is predicted to inactive form of P450 enzymes in which the axial cysteinate
be 4.4 A from the C5 methyl group, as would be expected ligand is either protonated or displacezh).
from the shorter side chain of Asp compared to Glu, and Ligand Binding The binding constants for camphor were
4.0 A from the heme iron atom. On the basis of this model, investigated for the P45, G248E and G248D mutants
it should be possible for the heme in the G248E and possibly (Table 3). Camphor binding was perturbed in the mutants
G248A P45@,, mutants to bind covalently to the protein if as compared to that in wild-type P45Q The Soret band in
the only requirement for binding is appropriate positioning wild-type P45Q,shifted from 417 to 397 nm upon binding
of the heme. of camphor (Figure 3A and Table 3). This shift, along with
Protein Expression and Spectroscopic Characterization. those of the Q-bands, is characteristic of the conversion of
The C334A mutant of P45Q, was chosen as the starting low-spin to high-spin Fe(lll). In contrast, both the G248E
point for our experiments because removal of this surface and G248D mutants of P45@ exhibited small red shifts in
cysteine increases the stability of the enzy@8),(prevents their Soret bands upon binding of camphor, and very small
dimerization 25), and allows the protein to run as a single changes in the Q-bands (Figure 3B,C and Table 3). The
peak on HPLC. Previous studies have shown that the spectratlifferences between the wild type and G248E and G248D
properties and initial rates of camphor hydroxylation by P45Q.mare further emphasized in the camphor-free minus
C334A P45Q,m are identical to those of the wild typ2%). camphor-bound difference spectra (Figure 3, insets). On the
The C334A P45Q,, mutant will be called wild type in this  basis of a comparison with the equivalent Y¥isible spectra
paper. In contrast to wild-type P4&@, which has a low- of the A246E mutant of P4%@s (22, 23), the camphor-
spin Fe(lll) Soret maximum at 417 nm that shifts to 410 nm bound forms of both G248E and G248D P4&0mutants
upon reduction to the low-spin Fe(ll) state, the P450  remain predominantly in the six-coordinate low-spin Fe(lll)
G248E mutant exhibited a Soret maximum at 420 nm (Figure state.
2A and Table 3). Attempts to reduce this enzyme with  Camphor Hydroxylation Actity. Both G248E and G248D
dithionite did not produce significant changes in the spec- mutants hydroxylate camphor to eéxchydroxycamphor,
trum, suggesting that the protein could not be reduced. Thealbeit at greatly reduced rates relative to the wild-type
G248D P45@,, mutant had a Soret maximum at 418 nm enzyme (Table 3). Wild-type P45@ has a turnover number
(Figure 2B), and again no significant changes were observedof greater than 2000 mia (30). When expressed as turnover
on reduction with dithionite. However, both the G248E and numbers per minute, the activities of both mutants were less
G248D mutants gave rise to reduced CO spectrax(= that 0.1% of that of the wild type (Table 3). The conversion
450 nm) in the presence of dithionite and CO; however, this of camphor to Sexchydroxycamphor with the P45,
process was inefficient, and in neither case was a quantitativeG248E mutant did not go to completion, with a maximal
shift to the 450 nm spectrum obtained (Figure 2B). In the yield of ~75% after~3 h (75uM P45Q,, G248E and 1.1
G248E mutant, the Fe(H)CO complex was observed as a mM camphor). The enzyme appeared to be inactive after
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Ficure 3: Camphor-bound and camphor-free spectra representing camphor binding to (A) wild-type, (B) G248E, and (C) G248DP P450

[5 uM enzyme, 50 mM potassium phosphate, and 100 mM KCI (pH 7.4)]. Insets show the camphor-bound vs camphor-free difference

spectra.
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Autocata|ytic Attachment of the HentdPLC is a standard Ficure 5: HPLC traces of the G248E and G248D P4sOnutants

; ; i« (3 nmol) after catalytic turnover. (A) The 400 (solid line) and 280
way to determine whether a heme prosthetic group is nm (dashed line) traces of G248E P4&aMfter incubation for 3 h

cova[e_ntly att_acheq toa proteimz(—z_l). Under denaturing ¢ 37°C in the presence of 36M Pd, 154M PdR, 2 mM NADH,
conditions, dissociable heme (monitored at 400 nm) elutes 1.1 mM camphor, and AM catalase. The spectra to the right show
before the polypeptide chain (monitored at 280 nm) on a the UV—visible spectra of the peaks at 27 (left) and 28 min (right).
hydrophobic column, whereas heme that is covalently linked The peak assigned as heme bound to 456 denoted with the

. . . . arrow. (B) The 400 nm HPLC trace of G248E P4&0ncubated
to the protein coelutes with the polypeptide chain. The HPLC for 3 h at 37°C under turnover conditions in the absence of camphor

of the P45Q,,» G248E mutant, as isolated and purified from (30 uM Pd, 154M PdR, 2 mM NADH, and 1uM catalase). (C)
the cell paste (Figure 4), showed that the heme elutes as arhe 400 nm trace of G248D P4&f incubated fo 3 h at 37°C
single peak at 16 min, with only a very small, broad peak under turnover conditions (3oM Pd, 154M PdR, 2 mM NADH,
representing less than 1% of the heme associated with thel-1 MM camphor, and &M catalase).
polypeptide chain. The spectrum of the free heme has aheme peaks at 16 and 28 min indicated that 10% of the heme
characteristic Soret band at 397 nm (Figure 4, inset). The became covalently attached afgeh when the concentration
corresponding HPLC traces for the G248D mutant were of P45Q,, was less than 1&M. The UV—visible spectra
essentially identical to those of wild-type P4&0(data not  associated with the 27 min (Figure 5A) and 28 min (Figure
shown). 5A) peaks confirmed the presence of a significant amount
When the G248E mutant was incubated with Pd, PdR, of heme associated with the latter but not the former
catalase, camphor, and NADH, a new peak appears in thepolypeptide. If camphor was excluded from the reaction, only
400 nm trace at 28 min (Figure 5A), and this was associateda trace of the 28 min peak appears (Figure 5B).
with a protein peak in the 280 nm trace that appeared as a When the P45Q,, G248E mutant was incubated under
shoulder on the 27 min peak corresponding to heme-free catalytic conditions, the percentage of covalently bound heme
P45Q.m (Figure 5A). We have attributed this peak to heme increased with time (Figure 6). This covalent binding was
covalently bound to P4%Q, the small change in the associated with camphor hydroxylation and was nearly
hydrophobicity associated with heme attachment giving rise complete after 3 h. The linear fit of the time points at 220
to the slightly delayed elution time. Integration of the two min gave a rate for the covalent attachment of AVI/h (60
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10 Digestion of the P45Q,G248E MutantPronase digestion
8 « ° of heme proteins in which the heme is attached to the peptide
via an ester linkage to a heme methyl can be used to identify
the position of covalent attachmerit4j. Figure 7B shows
the result of digesting recombinant wild-type CYP4A3 in
which 30% of the heme was attached to the protein as
0 : . . ; purified from the expression syster4j. There are two
0 100 200 300 400 500 peaks in the HPLC trace at 27 and 32 min. Previous studies
Time (min) have shown that the four possible hydroxymethyl derivatives
EI%J(F;E 6: rercenta?e Otf_ hen;?_ covaflentlybb?und t?j th? G248E of heme are separated by the HPLC system employed here
am Protein as a function of time ol incubation under Wrnover 71y The peak at 27 min represents 5-HO heme and the peak
(F:I'?l\qdll\ﬁfg?‘i,ag.irrﬁl\/gs(?a/:n,\ghl:(;??gﬁg ;E/I#C'\gt;(aj:sé)s.ﬂ MPAR, 2 4t 32 min free heme. A digest of the G248E mutant in which
_ i 10% of the heme was attached to the protein yielded a trace
#M G248E P45Qyy). After incubation fo 5 h at 37°C under  gjmijlar to that observed for CYP4A3, consistent with the
catalytic conditions, the enzyme was no longer active toward formation of 5-OH heme (Figure 7A). The peak at 27 min
camphor hydroxylation, but after overnight incubation, the jg clearly lower for G248E P45Q, than for CYP4A3,
percentage of bound heme appeared to increase to as MucBonsistent with the lower extent of covalently bound heme
as 40% of the final heme content (data not shown). This i, the starting P45@y G248E sample.
apparent Increase in _the amount of bound heme was To positively identify the 27 min peak in Figure 7, the
accompanied by a significant bleaching of the total recovereddigested samples of CYP4A3 and P450G248E were
heme (bound plus unbound), complicating interpretation of analyzed by L&-MS. The insets in Figure 7 clearly show
the slow increase in the fraction of bound heme observed atyat the mass of the 27 min peak is that of a monohydrox-
long time periods. Bleaching can be assessed by CaICUIat'”gyIated heme (632 amu instead of 616 amu). Both the elution
the total areas of the peaks in the 400 nm HPLC traces priortime and the mass of the product seen following digestion
to and after covalent attachment. We have not investigatedof heme-bound G248E are consistent with the formation of

Fhe source of this. bIe;aching, a reaction that is weII'-known 5-HO heme. These findings imply that the heme is bound
in the hemoprotein field (e.g., r&f1), but have restricted in the G248E P45Q, mutant via an ester linkage between

the time frame of_our studies t6.5 h during which the the carboxylate side chain of Glu248 and the 5-methyl of
amount of bleaching was not significant%%) and the the heme

enzyme retained catalytic activity.

In the CYP4 enzymes, mutation of the glutamate that pscyssiON
covalently links the heme to an aspartate alters the outcome
of the covalent attachment procedd)( As an aspartate is The UV—visible spectra of the P45Q, G248E and G248D
shorter than a glutamate, the formation of the covalent link mutants, like that of the wild-type enzyme, indicate that the
becomes less efficient but oxidation of the C5 methyl group resting forms of the enzymes are low-spin Fe(lll) (Figure
of the heme continues unabatedl7), resulting in the 2). However, once camphor binds, the spectra of the mutants
formation of noncovalently bound 5-HO heme in which the differ significantly from that of the wild type (Figure 3). The
carbocation intermediate (Scheme 2) is trapped by waterhigh-spin five-coordinate Fe(lll) state of camphor-bound
rather than by the carboxylate group. This species is morewild-type P45Q,m is characterized by a Soret band at 397
polar than native heme and elutes earlier than heme onnm and a broad Q-band centered at 550 nm. In contrast, the
reverse-phase HPLQAY). Since the P45Q, G248E mutant Soret bands of the G248E and G248D mutants upon binding
was able to covalently bind heme, the G248D mutant was of camphor are red shifted and theand 8 bands remain
also subjected to HPLC analysis after incubation under well resolved. As judged from the spectroscopic substrate
turnover conditions. In contrast to the G248E mutant, no binding assay (Table 3), camphor binds more weakly to the
heme eluted with the G248D protein peak (Figure 5C), and mutant proteins than to the wild type. This suggests that the
no new peaks indicative of the formation of hydroxylated carboxylate side chain forces the heme to remain in the low-
hemes were observed in the 400 nm HPLC trace. spin Fe(lll) state even when camphor is bound. Recent work
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Ficure 7: Comparison of the covalently bound hemes from G248E Rd5iiter incubation under turnover conditions and wild-type
CYP4AL. (A) The 400 nm trace of Pronase-digested G248E R4%® nmol) in which 10% of the heme was covalently attached. (B) The

400 nm trace of Pronase-digested recombinant CYP4A1 (1 nmol) as isolated. In the insets are the mass spectra of the peaks at 12 min (5
HO-heme) in the LEMS traces of Pronase-digested G248E R4k(nset in A) or wild-type CYP4AL (inset in B), where these peaks
correspond to the 28 min peaks in panels A and B (see Experimental Procedures).
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on the A246E mutant of P45Q; showed that in the resting  clearly reflects the low catalytic activity of the mutant
state the iron is largely coordinated to the glutamate carboxyl enzyme, which is largely determined by a nonoptimal
group and the overall conformation of the enzyme is close positioning of the carboxyl group that allows its coordination
to that of the substrate-bound form even though the iron to the heme iron. Recombinant CYP4A enzymes that have
remains low-spinZ2, 23). Once a fatty acid substrate has less than 50% of the heme covalently attached have been
bound, the glutamate carboxylate is bound to the heme toisolated, but the spectra of these enzymes indicate that the
an even greater extent. Despite this ligation, the A246E carboxylate side chain in these proteins is not coordinated
P45Qys mutant retains significant activity but does not give to the iron atom 14—17). After catalytic turnover of the
rise to heme covalent binding. The WWVisible spectral recombinant CYP4 proteins, something approaching quan-
characteristics of the P4§@ G248E and G248D mutants titative heme covalent binding is achieved. It is not surprising
are very similar to those of the A246E P4/0 mutant, as that the CYP4A active sites have been fine-tuned to position
expected if the carboxylate also coordinates to the heme ironthe carboxylate at precisely the right distance to prevent iron
atom in the P45Q,, mutants. coordination and yet allow trapping of the cationic heme
Compared to that of the wild-type enzyme, binding of CO intermediate, whereas this has not been achieved in the
to both P450 mutants under reducing conditions is very slow, P45Q.m» mutants. This is also illustrated by the failure of the
and in the case of the G248E P450mutant, no more than  corresponding P45g; mutant to covalently bind the heme
a fraction of the protein can be converted to the CO-bound at all 22, 23). It should be noted, however, that coordination
state. Access to the distal pocket in the G248E mutant of the glutamate carboxylate to the heme iron may be
appears to be much more limited than in the wild-type prevented in the CYP4 enzymes not only by positioning but
enzyme, with the G248D mutant lying somewhere between also by secondary mechanisms such as hydrogen bonding
the two. This is reflected in the 50-fold weaker binding of interactions.
camphor to the G248E than to the wild-type protein and the  The failure to detect either covalent binding or modifica-
greatly reduced activity of the former (Table 3). The changes tion of the heme methyl in the G248D mutant indicates that
in properties caused by the mutation reflect, at least in part, the aspartate carboxyl group is incorrectly placed for reaction
coordination of the glutamate to the iron even in the with the heme methyl. In the case of the CYP4 enzymes,
substrate-bound state, in analogy to the results found with mutation of the normal glutamate to an aspartate results in
P45Qs (22, 23). An aspartate at position 248 behaves in a methyl oxidation but not covalent binding because water now
similar fashion, but with somewhat smaller effects on competes effectively with the carboxylate for trapping of the
substrate affinity and catalytic activity. The modeling studies carbocation 17). Thus, a small shift in the position of the
readily explain why the Glu248 binds heme covalently but carboxyl in enzymes evolved to carry out the reaction results
the Asp248 does not, but they do not explain why the Asp248 in dissociation of methyl oxidation from heme covalent
mutation has weaker effects on substrate binding and binding. In this situation, the aspartate mutant is 5-fold more
catalysis (Table 3). Thus, the Glu248 carboxyl can approachactive in the oxidation of camphor, presumably because it
the 5-methyl more closely than the carboxyl of Asp248 coordinates less tightly to the heme iron. However, the
(Table 2), but both carboxyls place an oxygen approximately aspartate in the mutant is unable to abstract the hydrogen
the same distance (4-@.5 A) from the Fe. However, the  from the heme methyl group. The model of the G248D
structure modeling is based on the side chain rotomer with mutant (Table 3) suggests that the aspartate carboxyl oxygens
the closest approach of the carboxylate to the 5-methyl, andare positioned-2 A further from the heme C5 methyl group
alternative rotamer positions are possible. than the corresponding glutamate carboxyl oxygen in the
The observation of camphor hydroxylation with both the G248E mutant. The aspartate in the G248D mutant is thus
G248E and G248D P45Q, mutants shows that both positioned so that it is either not oxidized to the radical or
enzymes are capable, albeit slowly, of producing the activatednot able to abstract a hydrogen from the heme methyl.
ferryl radical cation species. This is an essential step in the Incorrect positioning is clearly related to the difference in
proposed autocatalytic mechanism for covalent attachmentthe lengths of the aspartate and glutamate side chains, as
of the heme in the CPY4 enzymek7( 18). HPLC analysis  well as to the fact that the side chains are flexible and could
of the G248D P45Q,, mutant after turnover showed the differentially interact with other active site residues. In the
presence of only free unmodified heme, but similar analysis absence of actual crystal structures, it is not possible to
of the G248E mutant showed that up to 10% of the heme precisely define why one chain length works and the other
became attached to the protein during camphor hydroxyl- does not.
ation. The heme is attached via its 5-methyl substituent, as Covalent attachment of the heme in the G248E R450
found in the CYP4A enzymed () and as predicted by the  mutant provides strong support for the proposed mechanism
model used to design the mutant (Figure 1 and Table 1).for formation of a hemeprotein ester bond in the CYP4
Complete pronase digestion of the G248E R45hutant enzymes. The activated ferryl intermediate appears to have
following turnover releases 5-HO heme (Figure 7), again as an inherent ability to activate an appropriately placed
found for CYP4A8 (7). The P45Q,,, G248E mutant is thus  carboxylate side chain. No unusual properties of the active
a mimic of the CYP4A enzymes, and the observation of site are required for formation of the ester bond, although
covalent binding of the heme upon introduction of a carboxy! interactions of the carboxyl group could help prevent its
into a protein with a very low level of sequence identity coordination to the heme iron atom. This result concurs with
indicates that the ability to covalently bind the heme group our observations on the mammalian peroxidadés-21),
is unlikely to require additional specific act site assistance  and with our finding that introduction of a carboxyl side
The lower extent of heme covalent binding in the P4%0  chain into horseradish peroxidase results, as in the mam-
G248E mutant (10%) than in the CYP4 enzyme®%%) malian peroxidases, in the formation of a henpeotein
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covalent link 21). We have also recently demonstrated that

horseradish peroxidase can oxidize acetic acid to a carboxy!
free radical species that adds to the meso carbon of the heme

but also, to a small extent, converts the heme to a hydroxy-
methylheme 32). Thus, although the active site species in

the peroxidases and P450 enzymes are considerably different,17.
the collective evidence indicates that in the P450 enzymes,

as in the peroxidases, the formation of a covalent bond

between a heme methyl and a protein carboxyl group is 1s.

primarily the result of propinquity and requires no active

assistance by protein residues other than the carboxyl group

involved in the reaction.
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