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Single Mutations Change CYP2F3 From a Dehydrogenase of 3-Methylindole to an
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ABSTRACT: Pulmonary cytochrome P450 2F3 (CYP2F3) catalyzes the dehydrogenation of the pneumotoxin
3-methylindole (3MI) to an electrophilic intermediate, 3-methyleneindolenine, which is responsible for
the toxicity of the parent compound. Members of the CYP2F subfamily are the only enzymes known to
exclusively dehydrogenate 3MI, without detectable formation of oxygenation products. Thus, CYP2F3 is
an attractive model to study dehydrogenation mechanisms. The purpose of this study was to identify
specific residues that could facilitate 3MI dehydrogenation. Both single and double mutations were
constructed to study the molecular mechanisms that direct dehydrogenation. Double mutations in substrate
recognition sites (SRS) 1 produced an inactive enzyme, while double mutants in SRS 4 did not alter 3MI
metabolism. However, double mutations in SRS 5 and SRS 6 successfully introduced oxygenase activity
to CYP2F3. Single mutations in SRS 5, SRS 6 and near SRS 2 also introduced 3MI oxygenase activity.
Mutants S474H and D361T oxygenated 3MI but also increased dehydrogenation rates, while G214L,
E215Q and S475I catalyzed 3MI oxygenation exclusively. A homology model of CYP2F3 was precisely
consistent with specific dehydrogenation of 3MI via initial hydrogen atom abstraction from the methyl
group. In addition, intramolecular kinetic deuterium isotope studies demonstrated an isotope effect (Ku/
Kp) of 6.8. This relatively high intramolecular deuterium isotope effect confirmed the initial hydrogen
abstraction step; a mutant (D361T) that retained the dehydrogenation reaction exhibited the same deuterium
isotope effect. The results showed that a single alteration, such as a serine to isoleucine change at residue

475, dramatically switched catalytic preference from dehydrogenation to oxygenation.

INTRODUCTION

Dehydrogenation or desaturation is considered an uncom-
mon pathway among cytochrome P450-mediated reactions
(). In many instances, the products of the dehydrogenation
reaction pathway are toxic and can form adducts with
proteins and DNA (2—5). Bioactivation by a dehydrogenation
pathway is also responsible for the toxicity of the pneumo-
toxicant 3-methylindole. Cytochrome P450-mediated oxy-
genation of 3-methylindole (3MI)! produces the stable
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metabolites, 3-methyloxindole and 3-hydroxy-3-methylox-
indole via a common precursor, the 2,3-epoxide (6). The
epoxide precursor and 3-hydroxy-3-methylindolenine are
reactive and can possibly form adducts with proteins and
DNA. However, extensive studies have shown that dehy-
drogenation of 3MI, leading to the formation of the highly
reactive imine methide, is the major bioactivation route that
leads to the ultimate pneumotoxicity of the compound (7—9).
Covalent adducts of the 3-methyleneindolenine to both
protein (10, 11) and DNA (/2) have been identified.

In addition to the toxicity associated with dehydrogenation-
dependent intermediates, this process may produce adverse
drug/drug interactions. CYP1A2-catalyzed dehydrogenation
of furafylline produces an imidazomethide intermediate that
inactivates the enzyme by covalent attachment (/3). This
dehydrogenation-dependent, mechanism-based inactivation
may also be operative in the inhibition of CYP2B6 by the
antiestrogenic compound tamoxifen (/4). Indeed, dehydro-
genation of 3MI to 3-methyleneindolenine by human CYP2F1
inhibited this enzyme at concentrations above 300 uM (15),
and both CYP2F1 and CYP2F3 are inactivated by 3MI (/6).
The increasing importance of this unique cytochrome P450
pathway to the fields of toxicology and drug metabolism
merits extensive research into the biochemical parameters
that direct selective dehydrogenation. Because of its specific-
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ity for dehydrogenation, and subsequent bioactivation of the
pneumotoxicant 3MI, CYP2F3 is an attractive choice to gain
understanding of the dehydrogenation reaction pathway, but
the mechanisms that govern this pathway have not been
elucidated. Therefore, elucidation of the key structural
elements responsible for catalytic specificity, leading to
dehydrogenation by CYP2F3, is of considerable interest.

Site-directed mutagenesis along with homology modeling,
based on the X-ray coordinates of P450 crystal structures,
have been employed extensively to investigate the mecha-
nisms of substrate-enzyme interactions, and to identify
putative amino acids involved in substrate binding and
catalysis (/17—19). In 1992, Gotoh (20) proposed the exist-
ence of six substrate recognition sites (SRS) for the P450
family 2. These SRS were based on the alignment of 51 P450
family 2 sequences and 8 bacterial sequences. A vast majority
of amino acid residues and chimeric fragments, identified
as critical elements of substrate specificity for the CYP2
subfamily, fall within or near the putative SRS. Mutations
in SRS regions 1, 4, 5 and 6 have been demonstrated to alter
the selectivity and specificity of the CYP2 subfamily enzyme-
catalyzed reactions (2/). Because of the obvious importance
of the SRS residues in substrate recognition and catalytic
specificity, a sequence comparison focusing on the SRS
regions was performed (Figure 1), and the results utilized to
guide the rational design of mutants of CYP2F3.

CYP2EI is an enzyme that is expressed primarily in
hepatic tissues, but has been demonstrated to be present in
lung as well (22). The enzyme plays an important role in
the metabolism of drugs and is involved in the biotransfor-
mation of several xenobiotic compounds to toxic intermedi-
ates (23). Interestingly, 2E1 selectively catalyzes the oxy-
genation of 3MI (24) and therefore it offered a valuable
comparative tool to interrogate the mechanisms of selectivity
between P450-mediated oxygenation and dehydrogenation
pathways. CYP2F1 selectively dehydrogenates 3MI, and is
84% identical to 2F3. Therefore, the sequence of the human
homologue, CYP2F1, was also compared to 2E1 when the
specific sites of substitution from the 2F3 sequence to 2E1
sequence were made. Both single and double mutants were
chosen within the SRS regions to correspond to chemically
significant differences between the 2F1 and 2E1 amino acid
residues; that is, a strategy that changed the SRS residues in
CYP2FS3, to the corresponding homologous residues in 2E1,
was employed to convert 2F3 into an enzyme that oxygenates
3MI. Specific residues and residue pairs were selected for
replacement based on differences in chemical characteristics
between 2F3 and 2E1 at the respective positions. Additional
credibility for the choice of mutation sites was applied when
literature precedence demonstrated the catalytic importance
of the specific residue. The residue pairs in CYP2F3 that
were targeted for substitution with the corresponding CYP2E]
residues were only chosen when they were conserved
between CYP2F1 and CYP2F3.

Recent advances in the modification, expression, and
crystallization of microsomal P450s have enabled the de-
termination of structures of major human P450s by X-ray
crystallography including 3A4 (25), 2C9 (26), 2C8 (27), 2A6
(28) and 1A2 (29). Sequence similarity between P450s of
the same family are high; hence, structures of the different
P450 family 2 genes served as excellent templates for
homology modeling studies with 2F3. Therefore, in addition
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to site-directed mutagenesis, a homology model for 2F3 was
constructed based on previously published X-ray coordinates
of 2C8, 2C9 and 2A6, and docking studies of 3MI within
the 2F3 active site were conducted. The homology model
helped us confirm the relative position of these mutations
within the active site of CYP2F3, and if they were not within
the active site, pointed to alterations that the specific
mutations introduced to the mutant enzymes.

In addition to the elucidation of the key structural elements
responsible for 3MI dehydrogenation, studies were also
conducted to see if mutations altered the hydrogen abstraction
step, a putative crucial component of CYP2F3-mediated 3MI
dehydrogenation. Although lung selective cytochrome P450
isozymes, CYP2F1 (human form) and CYP2F3 (goat form),
selectively catalyze the 3-methyl dehydrogenation of 3MI
(24), the exact mechanism by which these enzymes dehy-
drogenate 3MI has yet to be firmly elucidated. Previous
mechanistic studies using goat lung microsomes and 3MI-
d2 demonstrated an isotope effect (kn/kp) of 5.5, suggesting
that the mechanism of dehydrogenation does involve an
initial hydrogen abstraction (30). However, goat lung mi-
crosomes are not pure preparations. In addition to CYP2F3,
they certainly contain several other P450 enzymes, including
CYP4B2 that was cloned from goat lung, and demonstrated
to be an efficient dehydrogenase enzyme. Therefore, the
isotope effect obtained through these studies could not be
accurately attributed to any specific P450. Therefore, it was
important to measure inter- and intramolecular deuterium
isotope effects with pure CYP2F3.

MATERIALS AND METHODS

Chemicals. The QuickChange mutagenesis system was
purchased from Stratagene (La Jolla, CA). Restriction
enzymes: Nde I, Xba I, EcoR I and Dpn I were obtained
from Gibco, BRL (Gaithersburg, MD). Other enzymes: T4
DNA ligase was obtained from Gibco, BRL (Gaithersburg,
MD) and Pfu-turbo DNA polymerase was obtained from
Stratagene (La Jolla, CA). Escherichia coli: DH5a were
obtained from Gibco BRL (Gaithersburg, MD). NADPH
reductase microsomes were purchased from Gentest. 3-[(/V-
acetyl-L-cystein-S-)methyl] indole (3MINAC) was synthe-
sized as previously described (30). Bacterial Media: Lauria
Bertani (LB) and Terrific Broth (TB) were obtained from
Sigma (St. Louis, MO) as dry premixtures. Tris-acetate,
magnesium acetate, potassium phosphate, sucrose, EDTA,
dithiothreitol, sodium chloride, potassium chloride, ethidium
bromide, J-aminolevulinic acid, ammonium acetate and
3-methylindole were obtained from Sigma (St. Louis, MO).
Isopropyl thiogalactopyranoside (IPTG) and agarose for
electrophoresis was obtained from Fisher (Pittsburgh, PA).
Ampicillin was obtained from Boehringer Mannheim (In-
dianapolis, IN). DNA purification: large-scale plasmid
purification kit (Midi), Ni-NTA beads and QIAEX II gel
extraction kit were obtained from Qiagen (Santa Clarita, CA).
Slide-A lyzer dialysis cassette was obtained from Pierce
(Rockford, IL). All other chemicals were purchased from
Sigma Aldrich.

Sequence Analysis and Rationale. All sequence alignments
and comparisons were performed using the Accelrys GCG
software package (Accelrys Inc., San Diego, CA) with the
Seq Web interface, or the MODELER program that was used



9758 Biochemistry, Vol. 47, No. 37, 2008

2F3
2E1

1 48
MDSISTAILL LILALICLLL T..TSSKGKG RLPPGPRALP FLGNLLQLRS
MSALGVTVAL LVWAAFLLLV SMWRQVHSSW NLPPGPFPLP IIGNLFQLEL
1 50

49 98
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2F3 QDMLTSLTKL SKEFGAVYTV YLGPRRVVVL SGYQAVKEAL VDQAEEFSGR
2E1 KNIPKSFTRL AQRFGPVFTL YVGSQRMVVM HGYKAVKEAL LDYKDEFSGR
51 100
99 SRS 1 148
2F3 GDYPAFFNFT GIAFSNG DRWKALRKYS LQILRNFGMG KRTIEERILE
2E1 GDLPA.FHAH R GIIFNNG PTWKDIRRFS LTTLRNYGMG KQGNESRIQR
101 149
149 198

2F3 EGHFLLEELR KTQGKPFDPT FVVSRSVSNI ICSVIFGSRF DYDDDRLLTI
2E1 EAHFLLEALR KTQGQPFDPT FLIGCAPCNV IADILFRKHF DYNDEKFLRL

150

199 SRS 2

199

SRS 3 248

2F3 IHLINENFQI MSSPWGEMYN IFPNLLDWVP GPHRRLFKNY GRMKNLIARS
2E1 MYLFNENFHL LSTPWLQLYN NFPSFLHYLP GSHRKVIKNV AEVKEYVSER

200

249

249

SRS 4 298

2F3 VREHQASLDP NSPRDFIDCF LTKMAQEKQD PLSHFFMDTL LMTTLLFG

2E1 VKEHHQSLDP NCPRDLTDCL LVEMEKEKHS AERLYTMDGI TVT LFFA

250

299

299

348

2F3 GTETVGTTLR HAFRLLMKYP EVQVRVQEEI DRVVGRERLP TVEDRAEMPY
2E1 GTETTSTTLR YGLLILMKYP EIEEKLHEEI DRVIGPSRIP AIKDRQEMPY

300

349 SRS 5

349

398

2F3 TDAVIHEVQR FIIPMSLP HRVTRDTNFR GFTIPRGTDV ITLLNTVHYD
2E1 MDAVVHEIQR FLVPSNLP HEATRDTIFR GYLIPKGTVV VPTLDSVLYD

350

399

399

448

2F3 PSQFLKPKEF NPEHFLDANM SFKKSPAFMP FSAGRRLCLG EALARMELFL
2E1 NQEFPDPEKF KPEHFLNENG KFKYSDYFKP FSTGKRVCAG EGLARMELFL

400

449

449

SRS 6

2F3 YLTAILQSFS LQPLGAPEDI DLTPLGLG NVPRPYQLCV RAR~
2E1 LLCAILQHFN LKPLVDPKDI DLSPIGFG CIPPRYKLCV IPRS

450

FIGURE 1: The aligned protein sequences of CYP2F3 and CYP2E1 and mutations. The numbers above the sequences correspond to the
CYP2F3 sequence, and the numbers below the sequences correspond to the CYP2E1 sequence. The single and double mutations that were
successfully mutated to produce active enzymes are shown in large bold type. The double mutations (both residues mutated simultaneously)
are boxed. The six substrate recognition sites are indicated with bold type. All mutants were changed from the 2F3 sequence to the

corresponding 2E1 residues.

to construct the molecular model of CYP2F3. Human
CYP2E1 exclusively catalyzes oxygenation of 3MI to the
stable metabolite 3-methyloxindole (37). These enzymes
exhibit 50% sequence identity. However, within the SRS
regions 4, 5 and 6 the sequence identity drops to 36%. It
was therefore reasonable to hypothesize that differences
existing between CYP2F3 and 2El, contribute to, if not
control the difference in, catalytic selectivity. A pairwise
global sequence alignment of CYP2F3 and CYP2EI is
presented in Figure 1. Focus was placed on differences in
SRS regions 1, 4, 5 and 6. Mutations in these regions have
been demonstrated to alter the selectivity and specificity of

the CYP2 subfamily-catalyzed reactions (217). Specific single
and pairs of adjacent CYP2F3 residues were selected from
these regions that were different from the corresponding pair
from CYP2EL. The residue pair from 2F3 was then replaced
with the pair from 2El. The specific residue pairs are
indicated in Figure 1. The residue pairs were chosen based
on their potential to produce a local structural and/or
chemical change to the enzyme, and with consideration of
similarities to the sequences of other 2-family enzymes for
which information from mutagenesis studies was available.

Consideration was also placed on the human homologue,
CYP2F1, when choosing specific sites for substitution from
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2E1 to 2F3. As described previously, 2F1 also selectively
dehydrogenates 3-methylindole, and is 84% identical to 2F3.
Therefore, differences between 2F1 and 2F3 may account
for differences in catalytic efficiency, but not the catalytic
selectivity for 3-methyldindole dehydrogenation. Therefore,
we only replaced the residue pairs in CYP2F3 with the
corresponding 2E1 residues when the pairs were conserved
between 2F1 and 2F3.

Other Single Amino Acid Mutations. A sequence com-
parison of members of the CYP2 subfamily, of the region
immediately downstream of SRS 2 that contained the
SSPWGEM sequence, showed that residue 215 (glutamine)
was highly conserved, except for P450 2F3, where residue
215 is glutamic acid. Therefore, residue 215 in 2F3 (glutamic
acid) was targeted for site-directed mutagenesis. In addition,
in 2F3 the adjacent residue (214) is a glycine, while in most
other members of the CYP2 subfamily, including 2EI, this
residue is leucine. Since changes in side-chain length have
been shown to alter substrate binding and catalysis in 2B1
(32), residue 214 was also targeted for site-directed mu-
tagenesis. The specific mutations in this region outside SRS
2 are shown in Figure 1.

Facilitation of Bacterial Expression of P450 2F3 and
Mutants. Cytochrome P450s are membrane bound proteins.
The hydrophobic membrane-spanning domain was removed
(residues 3—21) and several positively charged residues were
substituted at the N-terminus to increase expression and
solubility. In addition, a C-terminal [His]s tag was incorpo-
rated to aid in the purification of P450 2F3 by affinity
chromatography. The truncated proteins are highly expressed
in E. coli and can be released from the membrane using high
salt conditions (33). Modification of the N-terminal region
of functional P450 significantly enhances the level of
expression (34), but the enzyme’s catalytic properties are
usually not altered (35). In addition to incorporating the
N-terminal mutations, 5° Nde I and 3’ Xba I restriction
endonuclease sites were incorporated into P450 2F3 cDNA.
This was done in order to facilitate cloning into the
expression vector, pPCWOri+ (a gift from Dr. Fred Guenger-
ich, Vanderbilt University, Nashville, TN). Amplification of
the modified P450 2F3 cDNA was performed by PCR and
verified by gel electrophoresis. A double restriction digest
using Nde I and Xba I was performed and P450 2F3 cDNA
was subcloned into the same unique sites in the expression
vector.

Introduction of Mutations to CYP2F3. Site-directed mu-
tagenesis of CYP2F3 was performed by QuickChange
mutagenesis kit, obtained from Stratagene (La Jolla, CA).
Complementary mutagenic oligonucleotide primers were
designed and ordered from Integrated DNA technologies,
Inc. (IDT, Inc.). Mutagenesis reactions were carried out
according to the manufacturer’s instruction. The reaction
mixture contained 50 ng of pCW2F3, 125 ng of each
mutagenic oligonucleotide, 1 4L of a INTP premixture, 5
uL of the manufacturer-supplied reaction buffer, 2.5 units
of Pfu-turbo thermostable polymerase and water to a final
volume of 50 uL. PCR reactions were performed under the
following conditions: 1 cycle at 95 °C for 30 s, followed by
16 cycles of 95 °C for 30 s, 55 °C for 1 min and 68 °C for
17 min (2 min/kb of plasmid length). The reaction mixtures
were then cooled on ice for 2 min and the methylated parental
strand was digested for an hour with 10 units of Dpn I
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Approximately 3 uL of the Dpn I-treated DNA was used to
transform library efficiency DHS5a E. coli competent cells.
Ampicillin resistant colonies were picked and grown in LB
media and a plasmid miniprep was performed using estab-
lished methods. A restriction digest analysis was performed
with Nde I and Xba I in order to verify the correct insertion
of the CYP2F3 cDNA insertion in the pCW vector. These
enzymes excise the P450 cDNA from the expression vector.
In addition, full-length sequencing of the P450 cDNA was
performed in order to confirm the correct incorporation of
the desired mutations. The mutant P450 enzymes were then
utilized for expression studies.

Expression of P450 2F3 and Mutant Enzymes. Expression
of the mutant enzymes was performed according to a
previously established method for cytochrome P450 expres-
sion in bacterial systems (36). Bacterial clones containing
the mutant enzymes were streaked on LB agar plates
containing 100 ug/mL ampicillin and incubated at 37 °C for
12—16 h. Individual colonies were picked and used to
inoculate 5 mL of LB media containing 100 xg/mL ampi-
cillin. The starter cultures were then used to inoculate 500
mL of TB (Terrific Broth) media containingl00 ug/mL
ampicillin, bactopeptone (1 g/0.5 L), I mM thiamine, and
the trace elements, FeCl;, ZnCl,, Na,MoQ,, CaCl,, CuCl,
and H3BO;. The culture was incubated at 37 °C for 2 h at
which time 0.5 mM J-aminolevulinic acid was added. The
culture was incubated until the absorbance at 600 nm (Ago)
was approximately 0.8—1.0. At this time, the culture was
induced with 1 mM isopropyl-thiogalactopyranoside (IPTG)
and both the temperature and rotation rate were reduced to
30 °C and 110 rpm, respectively. Incubation continued for
16—20 h postinduction, at which time the bacterial cells were
harvested by centrifugation at 4000g for 20 min, the
supernatant was decanted, and the cells were stored at —70
°C until further use.

Preparation of Bacterial Membrane Fractions. Bacterial
membranes were prepared by subtle modifications of previ-
ously established methods (33). The bacterial cell pellets were
resuspended in 50 mL (10% total culture volume)of 20 mM
potassium phosphate buffer (pH 7.4) containing 20% glyc-
erol. Lysozyme (0.2 mg/mL) was added to the suspension
and incubated for 30 min on ice. The suspension was
centrifuged at 10000g (9500 rpm). The pellet containing the
spheroblasts was then resuspended in 25 mL (5% total culture
volume) 10 mM potassium phosphate buffer (pH 7.4)
containing 10% glycerol and 0.5% CHAPS. A protease
inhibitor cocktail was added in a 1000-fold dilution (25 uLL
for 25 mL resuspension). The suspension was then sonicated
with four 25-s bursts at 50—60% power from a 1.2-cm
diameter probe. The suspension was transferred to a clean
ultracentrifuge tube, and the membrane fraction was collected
by ultracentrifugation at 105000g (33 000 rpm) for 1 h. The
supernatant, which contained the protein, was stored at 4
°C until further use. The P450 spectrum was checked at each
step of the procedure as described below. The pellet left after
ultracentrifugation containing the inclusion bodies and other
undisrupted cells was resuspended in 5 mL 20 mM potassium
phosphate buffer (pH 7.4) containing 20% glycerol and 0.5%
CHAPS and the procedure repeated for extraction of any
remaining P450. P450 content of prepared membrane frac-
tions was determined by subtle modifications of a previously
established method (37).
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Purification of Mutant Enzymes. Purification of the histi-
dine-tagged mutant enzymes was done using Ni-NTA beads
purchased from QIAGEN. The purification protocol was
based on slight modifications of the manufacturer’s instruc-
tions. To the supernatant from bacterial membrane prepara-
tion, 0.25 M NaCl, 10 mM f mercaptoethanol and 15 mM
imidazole were added. The supernatant was then loaded onto
a 5 mL polypropylene column (Qiagen) packed with 2 mL
of Ni-NTA beads and allowed to flow-through. P450 content
of the flow-through was checked to ensure optimal binding.
If optimal binding was not achieved, the flow-through was
reapplied to the column. The column was then washed three
times with 10 mM potassium phosphate buffer containing
0.5% CHAPS, 0.5 M NaCl, 10% glycerol and increasing
concentration of imidazole (10 mM, 20 mM and 40 mM).
The flow-through from all three washes was analyzed for
P450 content to ensure that the protein of interest was not
lost during the washing steps. The protein in the column was
then eluted with the buffer, but the imidazole content in the
buffer was increased to 300 mM. The eluted protein was
concentrated using centricon tubes (MW cut off 30 000) and
dialyzed overnight in a Slide-A lyzer dialysis cassette (0.5—3
mL, MW 3500) in 2.5 L 10 mM potassium phosphate buffer
containing 10% glycerol. The P450 spectrum and protein
content were checked at each step and the specific activity
of the protein was calculated. The purified protein was stored
at —70 °C for further use.

Incubations of CYP2F3 and Mutant Enzymes. CYP2F3
dehydrogenates 3MI to form the highly reactive 3-methyl-
eneindolenine. This reactive methylene imine intermediate
can be trapped with exogenously added nucleophiles, like
N-acetyl-L-cysteine (NAC), and detected by mass spectrom-
etry (Figure 2). The oxygenated metabolite, 3-methyloxin-
dole, can be directly detected and quantified by mass
spectrometry. Incubations were performed as follows; 100
pmol of P450 2F3 or mutant enzyme was warmed with 300
pmol cytochrome P450 NADPH reductase and 100 mM
potassium phosphate buffer (pH 7.4) for 10 min at room
temperature. After preincubation, 4 mM NAC and 3MI
concentrations ranging from 20—500 uM were added to a
total volume of 250 uL.. The mixture was allowed to warm
for an additional 3 min at 37 °C before initiating the reaction
with 2 mM NADPH. Incubations were carried out at 37 °C
for 30 min and the reaction was stopped by adding an equal
volume of ice cold acetonitrile. Time-dependent analyses of
products showed that the activities of CYP2F3 and its
mutants were linear for more than 30 min. The proteins were
precipitated by centrifugation at 7000g for 20 min. The
samples were then concentrated by evaporation, to a volume
of 200 4L using a Savant speed-vac, placed on the lowest
temperature setting. Control incubations were performed in
the absence of NADPH or enzyme. It has been previously
demonstrated that thioglycolic acid can trap oxygenation-
dependent intermediates of 3-methylindole (38). Thioglycolic
acid alkylates the intermediate 3-hydroxy-3-methylindolenine
at the C-2 position, and the conjugate then undergoes a cyclic
esterification to form a thio-lactone adduct. The oxygen atom
introduced by the P450 oxygenation remains trapped within
the lactone ring (Figure 2). In order to determine if any
NADPH-dependent oxygenated metabolites were formed in
the metabolism of 3MI by the mutant enzymes, 4 mM
thioglycolic acid was added to the incubations as an
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alternative trapping agent. The rest of the incubation condi-
tions were unchanged.

Liquid Chromatography/Mass Spectrometry (LC/MS). Me-
tabolites were analyzed on a Finnigan LCQ Advantage Max
quadrupole ion trap mass spectrometer, interfaced with a
Finnigan Surveyor LC pump and autosampler. Metabolites
were separated on a Phenomenex Luna C;g column (5 um,
250 mm x 2.0 mm) using an organic phase of acetonitrile
and an aqueous phase containing 0.1% (v/v) formic acid at
a flow rate of 0.4 mL/min. The linear gradient was: 10% to
35% organic in 6 min, 50% organic at 10 min, 55% organic
at 15 min, 95% organic at 19 min, isocratic for 2 min and
back to 10% organic at 25 min. The column was equilibrated
for 10 min between injections. Mass analysis was ac-
complished with ESI-SIM by monitoring ions at m/z 291
[M — H]™ for the thiol adduct (3MINAC) of the dehydro-
genated metabolite, 3-methyleneindolenine, and m/z 210 [M
-+ H]* for the internal standard phenyloxindole; and using
ESI-SRM to monitor ions at m/z 147 [M + H]" for the
oxygenated metabolite, 3-methyloxindole under the following
conditions: capillary temperature, 215 °C; source voltage,
5.0 kV at 80 uA with the sheath gas pressure set at 50 psi
No. In addition, the amounts of 3MINAC and 3-methylox-
indole were calculated by the ratio of their peak areas to the
internal standard, compared to a standard curve. All quan-
tifications were performed using Finnigan Xcaliber LC
QUANT software.

LC/MS/MS of the Thioglycolic Acid Conjugate. Liquid
chromatography was performed as previously described.
Mass analysis was accomplished by monitoring ions using
ESI-SIM/MS/MS for the parent ions of m/z 222 and 223.
Positive daughter ions were monitored.

In addition, ionization was also accomplished by atmo-
spheric pressure chemical ionization. Tandem mass spec-
trometry of the thioglycolic acid adduct was performed using
the first quadrupole to select the parent ion, m/z 222, for
collision-induced dissociation. The radio frequency quadru-
pole was used as a collision cell, using argon as the collision
gas. Positive daughter ions were monitored by the third
quadrupole.

Homology Modeling of P450 2F3 and 3MI Docking
Studies. the P450 2F3 model was generated using MOD-
ELER (8v2). Briefly, an alignment of the 2F3 sequence,
based on the chain A of CYP2A6, CYP2C8 and CYP2C9
templates was generated using the command “salign” in
MODELER, and then the 3D model of 2F3 was produced
automatically by MODELER using its “automodel” class.
A total of 15 models were generated. The final model was
picked by using the value of the MODELER objective
function (an arbitrary structural energy number) with primary
emphasis on the best stereochemical parameters. Both DOPE
potential in MODELER and PROCHECK (v.3.5.4) were
used to evaluate the stereochemical quality of the model,
and these results were compared with the three original
templates.

AutoDock (version 3.05, Scripps Research Institute, La
Jolla, CA) was used to predict the binding modes of 3MI in
the active site of the P450 2F3 homology model. The 3MI
structure was constructed by HyperChem 7.5 (Hypercube,
Inc., Gainesville, FL), with the energy minimized using the
molecular mechanics method (MM?2), and then prepared by
AutoDockTools (ADT, Scripps Research Institute, La Jolla,
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FIGURE 2: Thiol trapping of oxygenation- and dehydrogenation-dependent reactive intermediates of 3-methylindole. Pathways 1a, 1b, and
Ic illustrate formation of the dehydrogenated reactive intermediate, 3-methyleneindolenine, and trapping of the electrophile with NAC. X
= H corresponds to 3MI, X = D corresponds to 3MI-d3, and X = HD, corresponds to 3MI-d2. [2-?H]-3-Methylindole is the deuterium-
labeled substrate for pathways 2a and 3a. Pathways 2a, 2b, 2c, 2d, and 2e illustrate formation of the oxygenated reactive intermediate,
3-hydroxy-3-methylindolenine, and trapping of the electrophile with NAC or thioglycolic acid. 3-Methyloxindole is formed from ring
opening and hydride shift of the epoxide (6). Pathways 3a, 3b, and 3c illustrate formation of the dehydrogenated intermediate,
3-methyleneindolenine, and trapping with thioglycolic acid. Pathway la — 1b - Formation of 3-methyleneindolenine from 3MI, followed
by nucleophilic attack by N-acetyl-L-cysteine at the 2 position to form the C-2 adduct. Pathway la — 1c - Formation of 3-methyleneindolenine
from 3MI, followed by nucleophilic attack by N-acetyl-L-cysteine at the 3 position to form 3MINAC. Pathway 2a — 2b — 2c¢ - Formation
of the C-2 adduct by ring opening of the 2,3-epoxide to form 3-hydroxy-3-methylindolenine, followed by nucleophilic attack at the 2-position
by N-acetyl-L-cysteine and subsequent dehydration with the loss of the C-2 deuterium. Pathway 2a — 2b — 2d - Thioglycolic acid trapping
of the oxygenation-dependent reactive intermediate 3-hydroxy-3-methylindolenine and cyclic esterification of the conjugate to form a
thiolactone adduct. The cyclic thiolactone adduct retained the C-2 deuterium. Pathway 2a — 2b — 2e - Trapping of the oxygenated metabolite,
3-hydroxy-3-methylindolenine with thioglycolic acid to form a 2-position adduct that dehydrates to aromatize with a loss of HOD. Pathway
3a — 3b - Thioglycolic acid trapping of the dehydrogenated intermediate and formation of the 2-position thioglycolic adduct. The adduct
loses the C-2 deuterium during tautomerization to aromatize. Pathway 3a — 3c- Thioglycolic acid trapping of the dehydrogenated intermediate
and formation of the 3-position thioglycolic adduct. The adduct retains the C-2 deuterium.

CA) with Gasteiger atomic charges assigned and flexible
torsions defined. The P450 2F3 model was prepared by
adding polar hydrogens, partial charges, and solvation
parameters. AutoGrid (version 3.06) function in the Au-
toDock package was used to define the active site boundary
of P450 2F3 by generating a grid box (30 x 30 x 30 A)
that was large enough to encompass the active site. Five
hundred searches were executed by Lamarckian genetic
algorithm (LGA) in AutoDock to optimize the 3MI confor-

mation and orientation in the active site. The lowest-energy
poses were chosen for analysis. Both AutoGrid and Au-
toDock were run within the Cygwin UNIX Shell (Red Hat,
Inc., Raleigh, NC) on Microsoft Windows, and the results
were visualized with ADT and PyMol software (DeLano
Scientific LLC, Palo Alto, CA).

Synthesis of Deuterium Isotopologs of 3MI. The 3MI-d3
(CDs-methyl labeled 3MI) and 3MI-d2 (CHD,-methyl la-
beled 3MI) deuterated analogues of 3MI (see Figure 2 for
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structures) were synthesized by the general method of
reduction of indole derivatives with LiAlD4 (39). 3-Meth-
ylindole with a deuterium substitution at the C-2 position,
[2-?H]-3-methylindole, was previously synthesized in our
laboratory (6). The isotopic purities of the synthesized
deuterium compounds were determined using Brauman’s
least-squares method for isotopic analysis, as described by
Korzekwa et al. (40).

Noncompetitive Intermolecular Deuterium Isotope Effect.
Separate experiments with 3MI and 3MI-d3 substrates were
carried out. Briefly, 100 pmol of P450 2F3 or the D361T
mutant with 300 pmol NADPH cytochrome P450 reductase
microsomes (Gentest) and 100 mM potassium phosphate
buffer (pH 7.4) for 10 min at room temperature. After
preincubation, 4 mM NAC and 3MI or 3MI-d3 concentra-
tions ranging from 10—200 uM were added to a total volume
of 250 uL.. NAC was added to the incubation in order to
trap the highly reactive and unstable 3-methyleneindolenine
intermediate as its thiol adduct, 3MINAC. The mixture was
allowed to preincubate for an additional 3 min at 37 °C
before initiating the reaction with 2 mM NADPH. Incuba-
tions were carried out at 37 °C for 20 min and the reaction
was stopped by adding an equal volume of ice-cold aceto-
nitrile. The proteins were precipitated by centrifugation at
7000g for 20 min. After protein precipitation, 4 nmole of
the internal standard, 3-phenyloxindole (3POI), was added
to each vial and the samples were then concentrated by
evaporation to a volume of 200 uL using a Savant speed-
vac, placed on the lowest temperature setting. The samples
were then analyzed by both HPLC and LC/MS as described
below. The experiment was repeated 2 more times on
different days.

Intramolecular Deuterium Isotope Effects. The isotope
effects were determined in a similar manner to those
described above, with the following exception, 0.15 mM of
3MI-d2 was used as the substrate for the incubations.
Concentrations higher than 0.15 mM inhibited the formation
of 3SMINAC, presumably because 3MI is a substrate inhibitor.
In addition, the reactions were stopped after 12 min, within
the linear portion of the rate of product formation. The
samples were analyzed by LC-MS as described below.

High Pressure Liquid Chromatography Analysis. Initial
analysis of the samples was conducted using high-pressure
liquid chromatography, with UV detection. The samples were
injected using a single sample injection port, into Beckman,
126 series binary pumps, at a flow rate of 1 mL per minute.
The metabolites were separated by a Phenomenex (Torrance,
CA) Luna column, 5 u, C18 IP (250 mm x 4 mm, 5 um),
and an instrument controlled gradient. The gradient condi-
tions were as follows: 10% to 35% organic after 5 min, 50%
organic at 10 min, 55% organic at 15 min, 95% organic at
19 min, isocratic for 2 min and back to 10% organic at 25
min. The phases were acetonitrile and ammonium acetate
(10 mM), respectively. The organic and aqueous phase
metabolites were detected by UV absorbance at 254 nm using
a Beckman 166 detector.

Liquid Chromatography—Mass Spectrometry. Metabolites
were analyzed on a Finnigan LCQ Advantage Max quad-
rupole mass spectrometer composed of a Finnigan Surveyor
LC pump and autosampler and coupled to a diode-array
UV —vis detector. Separation was achieved on a Phenomenex
Luna C;s column (5 gm, 250 mm x 4.0 mm) using a linear
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gradient and 0.4 mL/min flow rate as described above. The
column was re-equilibrated for 10 min between injections.
Metabolites were detected and verified by UV absorbance
at 280 nm, the maximum absorbance of 3MINAC. Mass
analysis was accomplished by monitoring ions by ESI using
the selective ion monitoring mode under the following
conditions: capillary temperature, 215 °C; source voltage,
5.0 kV at 80 uA with the sheath gas pressure set at 50 psi
N,. The mass spectrometer was operated in the negative-
ion mode to monitor the thiol adduct (3MINAC) of 3-me-
thyleneindolenine at m/z 291 [M — H]™ and m/z 293 [M —
H]~, for the intermolecular deuterium isotope studies (incu-
bations with 3MI and 3MI-d3). For the intramolecular
deuterium isotope studies (incubations with 3MI-d2), ions
with m/z 292 [M — H]™ and m/z 293 [M — H]~ were
monitored. In addition, ions with m/z 210 [M + H]™ for the
internal standard, phenyloxindole was monitored in all
incubations. The isotopomers were quantified by peak area
ratio comparison with a 3MINAC standard curve using 3POI
as the internal standard. All quantifications were performed
using Finnigan Xcaliber LC QUANT software.

CALCULATIONS

Kinetic Deuterium Isotope Effect. The velocity of 3MI-
NAC formation (nmol 3MINAC/min/nmol P450) from
separate incubations with 3MI and 3MI-d3 was calculated
from a 3MINAC standard curve using 3POI as the internal
standard. A Michaelis—Menten kinetic analysis with the
velocity vs substrate concentration was performed and the
data points were plotted using KaleidaGraph. A Lineweaver—
Burke graph of 1/nmol 3MINAC/min/nmol P450 vs 1/[3MI]
was also plotted and the Vi, and the K,, were determined
from the y and x intercept respectively. In addition, the rate
constant, k = Vi./Kn was calculated for each product and
the intermolecular deuterium isotope effect (ku/kp) was then
determined by dividing the rate constant ky, for the unlabeled
3MI by the rate constant kp, for the deuterated analog (3MI-
d3). The intramolecular deuterium isotope effect was cal-
culated by dividing the ion intensity obtained from the
metabolite peak of m/z 293 (dideuterated metabolite that lost
the hydrogen on the methyl group) by the ion intensity of
the peak with m/z of 292 (monodeuterated metabolite that
lost one of the two deuteriums on the methyl group). The
d2/dl ratio thus obtained was corrected for the statistical
probability for the removal of a hydrogen or deuterium by
dividing by 0.5, the expected ratio in the absence of an
isotope effect. The contribution of each isotopic peak, based
on the mass scan of unlabeled standard was determined by
monitoring the primary ion for each isotope species. The
ion intensities were corrected for the ion overlap due to other
isotopic species, by subtracting the percent contribution of
each isotope from the metabolite of interest. This then gives
a series of simultaneous equations, which was solved by the
least-squares analysis method of Brauman (40).

RESULTS

Mutation Strategies. In order to maximize changes in
product selectivity, we initially mutated two residues simul-
taneously for most of the SRS sites. The SRS 1 double
mutation produced a holoenzyme, but the CO-reduced
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difference spectrum absorbed only at 420 nm, indicating that
the enzyme was probably denatured during the expression
process. Double mutations in SRS 4, 5, and 6 were viable,
and the double mutations in SRS 5 and 6 regions introduced
oxygenase activity. Therefore, we subsequently chose to
mutate individual residues in SRS 5 and 6, along with a few
additional sites that were potentially important residues
according to our sequence analysis and molecular modeling
studies. The single mutation of Y101L in SRS 1, and single
mutations, G214L and E215Q, were also produced (see
Discussion for mutation strategies). The results for the double
and single mutants are presented together for clarity.

Construction and Expression of Mutant CYP2F3 Enzymes.
Molecular models revealed that the tyrosine at position 101
was closely aligned with substrates in the active site of 2F3,
and amino acid alignments divulged that the 2E1 enzyme
substituted leucine, a residue with profoundly different
chemistry. However, the SRS 1 single mutant, Y101L, did
not produce a protein with a viable P450 spectrum, despite
multiple attempts with varying temperatures, induction
protocols, etc. Similarly, attempts to make Y101F mutant
were not successful. Both double and single amino acid
mutations to SRS regions 1, 4, 5 and 6 were successfully
introduced, as confirmed by full-length sequence analysis
within the P450 cDNA region of the expression vector
pCW2F3. High P450 expression levels, similar to the wild
type enzyme were achieved for single mutations, D361T (120
nmol/500 mL culture) and E215Q (102 nmol/500 mL culture)
mutants. The P450 expression levels were approximately
30—40% lower for the SRS 6 mutants, S474H (80 nmol/
500 mL culture) and S475I (69 nmol/500 mL culture) and
for the G214L mutant (65 nmol/500 mL culture). The levels
of P450 expression achieved for the double mutants were
typically lower than that achieved for the single mutations.
Expression levels for the SRS 4 double mutant enzyme
(H293A, N294D) was approximately 50 nmol/L. Expression
levels for the SRS 5 double mutant (A360I, D361T) were
between 10 and 15 nmol/liter of culture, while the enzyme
content for the SRS 6 double mutant (S474H, S4751) was
between 6 and 10 nmol/L culture.

Double mutations in SRS 1 did not produce a spectrally
active enzyme. In addition, spectrally active P450 was not
obtained for the SRS 5 single mutant (A360I). Since the
mutants were fully sequenced and the sequence verified
before expression, the lack of expression of spectrally active
enzyme was not due to any unwanted mutations in the
cDNA. Earlier P450 expression studies have shown that low
P450 yields in cultures could be due to a decrease in the
inherent levels of plasmid expression in cells. Such a decrease
in plasmid expression levels could occur due to the toxicity
and/or loss of the expression vector from cells, and therefore
it was necessary to use freshly transformed cells for P450
expression. This phenomenon has been observed in P450
2B4 expression in JM109 (DES) pLys cells and P450 2E1
expression with the PJL2 plasmid (4/). Extremely low
expression levels were obtained when old DHS-a transfor-
mants were used. However, significant increases in expres-
sion levels were obtained by using freshly transformed cells
(42). To determine if toxicity of the expression vector was
a factor in the lack of P450 expression in the SRS 1 mutants
and A360I mutant, we used fresh DH5-o. transformants for
the expression studies. However, in spite of several attempts

Biochemistry, Vol. 47, No. 37, 2008 9763

with freshly transformed cells, we still did not see any P450
expression in these particular mutants. Therefore, lack of
spectrally active P450 in these mutants is not an artifact of
the toxicity and/or loss of the expression vector. It seems
reasonable to assume that mutations to this region of CYP2F3
may introduce inherent instability to this specific isozyme.
Additional study is required to explain the lack of expressed,
functional enzyme for these mutants.

Characterization of Single Mutant Enzymes by LC/MS -
Detection of Dehydrogenated Metabolites. The dehydroge-
nated metabolite, 3-methyleneindolenine, was trapped as its
N-acetyl-L-cysteine adduct (3MINAC) and then analyzed.
The detection and analysis of all metabolites were performed
using LC/MS. As expected, the N-acetyl-L-cysteine adduct
of the methylene imine (3MINAC, Figure 2, pathway la —
1c) was detected in incubations containing CYP2F3. Interest-
ingly, the formation of 3MINAC was increased in both the
SRS 5 (D361T) and SRS 6 (S474H) mutants. No detectable
formation of 3SMINAC was observed with the S4751, G214L,
and E215Q mutants. The detection and verification of this
adduct was based on comparison with pure 3MINAC
standard, previously synthesized in our laboratory.

In addition to the 3MINAC peak, another major peak with
an m/z 291 was detected. Although the formation of this peak
was seen with incubations of all of the enzymes, the intensity
of the peak varied widely between wild type 2F3 and the
different mutants. A 3.5-fold increase in the intensity of this
peak, compared to the wild type P450 2F3 was observed
for the S474H and the G214L mutants. In addition, 1.5—2
fold increases were observed for the D361T, S4751 and
E215Q mutants. In an attempt to identify this peak, incuba-
tions containing deuterium isotopologs of 3MI were carried
out. When [2-?H]-3-methylindole was used as substrate, the
major peak had a deprotonated m/z of 291, indicating the
loss of the 2-position deuterium atom. Based on the loss of
a deuterium from this adduct, this peak could either be the
C-2 position adduct of NAC, formed through a dehydroge-
nation pathway (Figure 2, pathways la — lc), or an
oxygenation metabolite formed via epoxidation at the 2, 3
position of 3MI, followed by a nucleophilic attack by NAC
at C-2 and subsequent dehydration (Figure 2, 2a — 2b —
2¢) (38). Both metabolites would lose the deuterium atom.
The NAC could possibly add to either the epoxide or its
ring-opened iminium electrophile; both pathways would
produce the thioether, which would dehydrate to form an
indole with its C-2 adduct. These pathways were described
previously (38).

As described previously, it has been demonstrated that
thioglycolic acid can trap oxygenation-dependent intermedi-
ates of 3MI (38). In further attempts to identify the C-2
position adduct of 3MI, and to track the pathway of its
formation, incubations that contained thioglycolic acid and
[2-?H]-3-methylindole were carried out. The adducts were
analyzed with ESI. Figure 3 shows a representative ion
chromatogram found in the incubation mixtures. Four
NADPH-dependent peaks were formed, and two of these
peaks eluted closely to each other, with retention times of
10.3 and 10.6 min. Based on their m/z ratios of 223, these
peaks were presumed to be diastereomers of the cyclic thiol-
lactone adduct of 3-hydroxy-3-methylindolenine. As shown
in Figure 2, (pathway 2a — 2b — 2d), this adduct would
retain the 2-position deuterium. These peaks had an identical
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FIGURE 3: Representative total ion chromatogram for incubations of CYP2F3 with [2-2H]-3-methylindole and thioglycolic acid. Closely
eluting peaks with m/z ratios of 223 (RT: 10.3 and 10.6 min) were the diastereomers of the cyclic thiolactone adduct of 3-hydroxy-3-
methylindolenine. The peak with an m/z of 222 (RT: 15 min) was the C-2 adduct, formed either by trapping of the oxygenated metabolite,
3-hydroxy-3-methylindolenine, or trapping of 3-methyleneindolenine. The thioglycolic acid adduct with an m/z of 223 (RT: 14.7) was most
likely an adduct at the exocyclic carbon of the methylene imine. BP = molecular ion.

MS/MS fragmentation pattern to the previously identified
thiolactone adduct (38). Another major peak, with an m/z of
222, eluted at 15 min. This peak could be the 2-position
adduct of the oxygenated metabolite, 3-hydroxy-3-methylin-
dolenine (Figure 2, pathway 2a — 2b — 2e) or the 2-position
adduct of the methylene imine, which would also have a
m/z of 222 (Figure 2, pathway 3a — 3b). In addition, a minor
thioglycolic acid adduct with a retention time of 14.7 and
m/z of 223 (deuterium retention) was detected. This peak
was most likely the 3-position adduct of the methylene imine
(Figure 2, pathway 3a — 3c).

Incubations with 3MI-d3 were also performed. The pair
of peaks eluting at 10.3 and 10.6 min retained the 3
deuterium atoms (data not shown). This observation was
consistent with the assignment of these peaks as the
diastereomeric cyclic thiolactones, formed by addition of
thioglycolic acid to 3-hydroxy-3-methylindolenine at the 2
position, followed by lactone ring closure, since this adduct
should retain all three deuterium atoms. The adduct peak at
15 min also retained all three methyl deuterium atoms. These
results suggest that this adduct peak was comprised of the
thioglycolic acid adduct of the oxygenated metabolite,
3-hydroxy-3-methylindolenine, at the 2 position that failed
to undergo ring closure, but was subsequently dehydrated.
As explained previously, all the mutant enzymes showed
increased formation of this adduct. Since the SRS mutations
were based on a sequence alignment with P450 2E1, an
enzyme that efficiently oxygenated 3MI (/5), increased
formation of this metabolite in the S474H and G214L
mutants could be due to increased oxygenation efficiency,
leading to increased formation of 3-hydroxy-3-methylindo-
lenine. When 3MI-d3 was employed as the substrate, the
thioglycolic acid adduct at the exocyclic methylene position
(elution time of 14.7 min) disappeared. These results could
have been caused by “metabolic switching” from dehydro-
genation to oxygenation upon deuterium substitution at the
methyl position.

Characterization of Single Mutant Enzymes by LC/MS -
Detection of Oxygenated Metabolites. The oxygenated
metabolite, 3-methyloxindole, is stable and was directly
analyzed by LC/MS. As expected, 3-methyloxindole was not
detected in incubations containing 2F3. Interestingly, 3-me-
thyloxindole was detected in incubations containing the SRS
5 (D361T) and the SRS 6 (S474H and S475I) mutant
enzymes. This peak was verified based on the retention time
of pure 3-methyloxindole. No formation of 3-methyloxindole
was seen in the G214L and E215Q mutants. This observation
was surprising because it seems reasonable to assume that
both 3-hydroxy-3-methylindolenine and 3-methyloxindole
arise from rearrangements of the 2,3-epoxide (Figure 2). The
formation of 3-methyloxindole was found to be both
NADPH- and enzyme-dependent. These intriguing results
showed that single amino acid mutations, D361T, S474H,
and S4751, introduced a new catalytic ‘oxygenation” function
to the enzyme.

Characterization of Double Mutant Enzymes by LC/MS.
Metabolite characterization was also performed in the double
mutants. Incubations were performed as described above,
using N-acetyl-L-cysteine as a trapping agent for the dehy-
drogenated metabolite 3-methyleneindolenine. Additional
incubations were also performed using the alternative thiol
trapping agent thioglycolic acid. The oxygenation-dependent
reactive intermediate 3-hydroxy-3-methylindoline can be
trapped with this agent as described previously. Similar to
the results obtained from analysis of the single mutants, an
NADPH-dependent adduct with a deprotonated m/z of 291
was detected in incubations of the wild type CYP2F3 and
both SRS 5 (A3601I, D361T) and SRS 6 (S474H, S4751)
mutants. When incubations were performed using 3-(*Hs-
methyl)-indole as a substrate, an adduct with a deprotonated
m/z of 293 was formed. This indicated that a shift of two
mass units had occurred; therefore one of the deuterium
atoms was lost to a dehydrogenation (dedeuteration in this
case) process. These data strongly support the conclusion
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FIGURE 4: Kinetics of formation of 3MI metabolites by 2F3 and
the mutant enzymes. Data points represent the mean of three
separate experiments. The X-axis is 3MI concentration in micro-
molar. The Y-axis is nmol product formed/min/nmol P450.

that the SRS 5 and SRS 6 mutant enzymes had retained the
ability to dehydrogenate the substrate 3-methylindole at the
methyl position. Thioglycolic acid-trapped adducts of oxy-
genation-dependent 3-methylindole reactive intermediates
were analyzed using atmospheric pressure chemical ioniza-
tion, monitoring positive ions. As seen in the case of single
mutants, incubation mixtures containing SRS 5 (A360I,
D361T) and SRS 6 (S474H, S4751) double mutant enzymes,
showed the presence of an NADPH-dependent peak with a
protonated molecular ion with m/z of 222. This was indicative
of the cyclic thiol-lactone adduct of an oxygenation-
dependent reactive intermediate of 3MI. The formation of
this adduct was increased in the mutant enzymes, and was
not formed in the absence of NADPH. These data show that
double mutations to CYP2F3 in SRS 5 and SRS 6 introduced
3-methylindole-oxygenase catalytic function to the enzyme
and that 3-hydroxy-3-methylindolenine was being formed.

Quantitative and Kinetic Analysis of Dehydrogenated and
Oxygenated Metabolites. Quantitative analysis for the forma-
tion of 3MI metabolites was performed and the kinetic
parameters V. and K, were determined. Figure 4 shows
the relative formation of each metabolite in incubations with
2F3 and the mutant enzymes. The top panel showed the
formation of the dehydrogenated metabolite, the 3-position
adduct of NAC. Quantitation was performed based on a
standard curve generated using the pure 3MINAC standard.
The SRS 5 (D361T) and SRS 6 (S474H) mutants showed
approximately a 2-fold increase in the formation of the
dehydrogenated metabolite. Formation of 3MINAC was not
detected in incubations of the S475I, G214L, and E215Q
mutants. The bottom panel showed the formation of the
oxygenated metabolite, 3-methyloxindole. This metabolite
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was quantified with a standard curve generated with a pure
standard. As expected, no detectable formation of 3-methy-
loxindole was seen with 2F3. However, 3-methyloxindole
formation was detected in the SRS 5 mutant (D361T) and
both the SRS 6 (S474H and S475I) mutants, showing clearly
that an oxygenase activity was introduced to the enzymes.
Interestingly, 3-methyloxindole formation was not detected
in the G214L and E215Q mutants, but ring-oxygenated
metabolites of 3MI were produced by these mutant enzymes
(data not shown). These data clearly indicate that mutations
in the SRS 5 and 6 regions introduced an oxygenation
function to the enzyme.

Table 1 shows the kinetic constants, V. and K, for the
formation of the metabolites. Since inhibition of enzyme
activity was observed at higher substrate concentrations, to
accurately estimate Vi, and Ky, the data points were fitted
to a substrate inhibition model and plotted using Graph Pad
Prism Software. For the formation of 3MINAC peak, it was
seen that the V.« values did not change significantly for the
D361T and S474H mutants, while the K., values were halved.
The Viya/Km values showed a 2-fold increase in the dehy-
drogenase activity for the D361T mutant. 3-Methyloxindole
was not produced in incubations with 2F3, but it was detected
in incubations with the SRS 5 (D361T) and SRS 6 (S474H
and S475I) mutants and to a lesser extent with the S474H
mutant. The dehydrogenase activity was completely abol-
ished in incubations with the G214L and E215Q mutants.

Homology Modeling and 3MI Docking Studies. The
purpose of the homology modeling and docking studies was
predominantly to map the relative position of the investigated
mutants within or around the enzyme active site, and to
identify potentially important active site residues. Three-
dimensional models of CYP2F3 were based on the X-ray
crystal structures of P450 2A6 and 2C8 and 2C9. Initially,
CYP2AG6 was used as a single template to produce a model,
but substrate docking was not commensurate with regiose-
lective oxidation of 3MI because the B—C loop of CYP2F3
that contains several large aromatic residues (Y101, F104,
F105 and F107) interfered with the packing of the amino
acid side-chains of helices I and G. CYP2C9 was also used
as a single template, but the ensuing models were incomplete,
because the regions 38—46 and 215—222 of CYP2C9 were
missing from the 1r9% PDB entry that was used as the
template. Several active site residues, such as Y101 and E215
of CYP2F3, were not located in favored regions in the
Ramachandran plot for the model. Therefore, a multiple
template strategy using coordinates for 2A6, 2C9 and 2C8
was employed to improve the quality of the model by
relaxing the restraints of the templates in regions where they
varied. Models that exhibited the best values for the
MODELLAR objective function were evaluated for good
stereochemical parameters before a final model was chosen
for molecular docking studies with substrate 3MI.

Figure 5A represents the overall fold of CYP2F3 molecule
with all o-helices and f-sheets identified. The active site of
CYP2F3 adapted its templates, which includes the heme
forming the base, the B—C loop and helices F/G and I
forming the roof, and SRS 5/6 forming the rest of the outer
surfaces of the cavity. In the B—C loop of 2F3, a well
structured B” helix was observed, the similar structure as seen
in P450 2A6, 2C8 and 1A2, rather than a less structured
loop in P450 2C9 and 3A4. Measurement of the cavity
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Table 1: Kinetic Constants of 3MI Metabolites®
2F3 D361T S474H S4751 G214L E215Q
3MI Dehydrogenation to Form 3MINAC
Kn (uM) 70 £ 13 36 £6.0 35+84 ND ND ND
Viax 62+£19 5.8£05 6.9+£0.8 ND ND ND
VIK 0.08 £ 0.013 0.16 £ 0.02 0.2 £0.03 ND ND ND
3MI Oxygenation to Form 3-Methyloxindole
Ky (uM) ND 138 + 16 122 £ 13 118 £20 ND ND
Vinax ND 1.44 £ 0.09 4+0.72 4.9 £0.74 ND ND
VIK ND 0.01 £ 0.001 0.032 £ 0.003 0.04 £ 0.003 ND ND

“ Purified CYP2F3 or mutant enzymes (100 pmol) and 300 pmol of NADPH cytochrome P450 reductase were incubated with various concentrations
of 3MI and NAC (4 mM) for 30 min, and the metabolites quantitated by LC/MS. The units of the Vpgx values are nmol/min/nmol P450. The values
represent the means £ SD of three separate experiments. ND = product not detected.

demonstrated that the active site of CYP2F3 is smaller
compared to CYP2C8/9, but larger than the active site of
CYP2A6. This was expected because CPY2F3 showed a
propensity to catalyze the oxidation of smaller molecules
much more efficiently.

Docking studies were performed, and the most energeti-
cally favorable 3MI orientation in the active site of the
CYP2F3 model, obtained by automated molecular docking
studies, is shown in Figure 5B. This pose positions the
3-methyl hydrogen atom of 3MI closest to the heme iron
with a distance of 4.6 A (Figure 5B). This low energy
orientation predicts preferential dehydrogenation at the
methyl position for CYP2F3, a result identical to the
experimental results with recombinant CYP2F3. Other 3MI
orientations were also indicated, but they were less energeti-
cally favorable. These higher energy orientations would
theoretically predict the oxidation of the benzene ring of 3MI
to form phenols. Again, the docking studies precisely
correlated with the experimental data, because phenols have
not been identified from incubations of recombinant CYP2F3
with 3ML

CYP2F3 residues Phe206 on helix F (SRS 2), residues
Thr302, Gly298 and the adjacent peptide bond with Phe297
of Helix I (SRS 4), as well as residues Ile363 and Leu367
(SRS 5) provide van der Waals contacts that restrain the
substrate in this position. The positions of the mutated
residues in SRS 5 (D361), SRS 6 (S474 and S475) and
residues G214 and E215 relative to the substrate binding site
are depicted in Figure 5. The D361 residue is approximately
12 A away, while residues S474 and S475 are approximately
11 A away from the bound 3MIL.

In addition to the SRS 4 and 5 residues, mapping of an
SRS 1 residue Y101 is also shown. This residue maps
directly over the bound substrate and the catalytic heme.
Tyrosine residues have been shown to participate in the P450-
mediated radical transfer reactions, so it appeared that this
phenolic group could play a vital role in stabilization of the
putative benzylic indolylmethyl radical intermediate. Unfor-
tunately, despite numerous attempts, mutation of the tyrosine
residue produced a protein that did not form a reduced CO-
binding spectrum. It is possible that Y101 serves a vital role
to maintain the stability of the enzyme.

Synthesis of Deuterated Analogs of 3MI. The two methyl-
deuterated analogs of 3MI were successfully synthesized by
reduction of indole derivatives with LiAID,. Isotopic purity
of the deuterated analogs as determined by LC/MS and the
least-squares analysis method was: 3MI-d2: 0.8% d1, 99.2%

d2 and no detectable traces of dO or d3; 3MI-d3: 0.59% d2,
99.4% d3 and no traces of dO or dl.

Noncompetitive Intermolecular Deuterium Isotope Studies.
The noncompetitive intermolecular deuterium isotope studies
were conducted by separate incubations with 3MI and 3MI-
d3 substrates. The dehydrogenated metabolite, 3-methyl-
eneindolenine, was trapped by NAC, forming 3MINAC, as
explained in the Materials and Methods and analyzed both
by HPLC and LC/MS. The kinetic parameters, V. and Ky,
for the formation of 3MINAC, from the d0 and 3MI-d3
substrates is shown in Table 2. Deuterium substitution
decreased the V. from 3.6 & 0.8 nmol MINAC/min/nmol
P540 to 1.9 £ 0.31 3MINAC/min/nmol P450. Decreases in
Vmax Values upon deuterium substitution is an indication of
an isotope effect. The K, values for the metabolism of 3MI-
d3 were decreased from 42 £ 15 uM to 24 + 8 uM. The
catalytic efficiencies, Vi./Kn, for 3MINAC formation from
both the unlabeled 3MI and the deuterated analog (3MI-d3)
were calculated and the overall intermolecular kinetic
deuterium isotope effects were obtained by dividing the rate
constant for the unlabeled 3MI by the rate constant of the
deuterated substrate (ku/kp). An intermolecular isotope effect
of 1.1 was obtained for CYP2F3. As explained previously,
the retention time of the 3MINAC peak was close to that of
the C-2 adduct peak. The C-2 adduct peak is most likely
formed through a combination of the oxygenation and
dehydrogenation pathways and therefore the intermolecular
isotope effect was also calculated by analyzing the 3MINAC
peaks using LC/MS. This was done in order to ensure that
the correct peak was being quantified. Similar results were
obtained in these studies as well. The V. values decreased
from 5.6 nmol 3MINAC/min/nmol P540 to 3.8 nmol/min/
nmol P450 for CYP2F3 (data not shown). Although such a
low isotope effect usually indicates that an initial hydrogen
abstraction is not the rate limiting step in the dehydrogenation
of 3MI, intermolecular kinetic isotope effects are very prone
to masking effects (43). Therefore, the results are not
conclusive.

Intramolecular Deuterium Isotope Studies. Intramolecular
deuterium isotope studies were carried out by incubations
with 3MI-d2. This substrate has two positions that are
equivalent in all respects except for deuterium substitution.
The ion peak intensity of the di-deuterated metabolite
(metabolite that lost the hydrogen on the methyl group), was
divided by the ion peak intensity of the mono-deuterated
metabolite (metabolite that lost the deuterium on the methyl
group) and this value was also divided by 0.5 to obtain an
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FIGURE 5: Homology model of P450 2F3 (A) and docking of
substrate, 3MI, in the active site (B). A, all secondary structural
o-helices and f-strands are shown in green and are labeled. Also
shown are SRS 1 in magenta, SRS 2 in orange, SRS 3 in marine,
SRS 4 in yellow, SRS 5 in red, and SRS 6 in blue. The heme is
represented with sticks and is colored cyan. B, all secondary
structures are portrayed with a transparent cartoon in the back-
ground, with the heme, 3MI, and important active site residues
shown as colored sticks (the heme is pink, 3MI is green, SRS 5
mutated residues A360 and D361 are yellow, SRS 6 mutated
residues S474 and S475 are orange, mutated residues G214 and
E215 are red, residues 1362 and 1363 are cyan, Y101 is pink, and
F206 is blue). The figures were produced with PyMOL.

intramolecular deuterium isotope effect of 6.8 for SMINAC
metabolism by 2F3 (Table 2). The intramolecular deuterium
isotope effect values given above were obtained after
correcting for the ion overlap, and percentage deuterium
incorporation by the Brauman’s least-squares analysis method.
This relatively high intramolecular isotope effect was
observed for both the wild-type CYP2F3 and the D361T
mutant. Metabolic switching caused by an isotope effect for
the mutant was not found. Thus, it is possible that uncoupling
of the catalytic cycle of the mutant enzyme occurred to
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Table 2: Deuterium Isotope Effects of CYP2F3

Intermolecular Isotope Effect
substrate Kin” Vinax Vul Vp© ke knlkp

3MI-dO 42+ 15 3.6+£08 1.9 0.09 1.1
3MI-d3 24 £8 1.9+ 0.31 0.08

Intramolecular Isotope Effect

miz 293 milz 292
(hydrogen (deuterium  isotope  isotope isotope
enzyme  abstraction)  abstraction)  ratio® effect’ effect®
2F3 21045 6963 3 6 6.8140.75
28219 7480 3.8 7.5
17712 5209 34 6.8

“Intermolecular K., and V. values were based on the rates of
3MINAC formation from separate incubations with unlabeled 3MI or
3MI-d3. The results show mean and standard deviations from four
separate experiments. Intramolecular deuterium isotope effects were
determined with 3MI-d2 as the substrate. The values are arbitrary peak
areas for the respective ions. Each row corresponds to the results of one
experiment. ” K, in uM. ©Ratio of the Vi (nmol 3MINAC/nmol P450/
min) with 3MI as the substrate to Vi.x with 3MI-d3 as the substrate.
dCatalytic efficiency k = Vma/Km. ¢ Ratio of the intensity of the peak
that lost the hydrogen to the peak that lost the deuterium. / Isotope ratio/
0.5 — the theoretical ratio in the absence of an isotope effect. * Mean +
SD of the isotope effect from the isotope effects of each individual
experiment.

produce excess water. These results indicate that C—H bond
breakage through an initial hydrogen abstraction is most
likely the rate limiting step for the wild-type and mutant
enzymes. In addition, the D361T mutant catalyzed both
dehydrogenation and oxygenation, but introduction of oxy-
genation did not appear to change the mechanism of
dehydrogenation.

DISCUSSION

Three dimensional homology models of the major xeno-
biotic metabolizing P450 enzymes have been constructed and
used in conjunction with site-directed mutagenesis studies
to elucidate the molecular determinants of substrate specific-
ity. In addition, substrate docking studies within the active
site of the enzymes have helped identify key amino acid
residues involved in substrate binding and catalysis and aided
in the analysis of P450 inhibition and activation (44). The
concept of substrate recognition sites by Gotoh (20) has
provided an excellent roadmap to understand the basis of
P450 specificity. Many of the site-directed mutagenesis
studies today focus on the SRS regions. Molecular docking
studies can predict changes in regio- and stereospecificity
of substrate binding upon site-directed mutagenesis and
therefore, the results of site-directed mutagenesis studies are
now being extensively validated using homology modeling
and substrate docking studies (45, 46).

Mutations at positions 477 and 480 of SRS 6 region of
2B5 affected the metabolism of androstenedione and proges-
terone, while mutation at position 209 (SRS 4) altered the
regiospecificity of progesterone hydroxylation (47). Studies
on the metabolism of 7-alkoxycoumarins by CYP2B1 and
its mutant enzymes showed that residues 363 (SRS 5) and
478 (SRS 6) were important in substrate orientation (32). In
addition, residues from SRS 6 (477, 478, 480) were shown
to be important for substrate selectivity (48, 49). Structure—
activity relationships of CYP2C9 were also extensively
characterized using mutagenesis and homology modeling.
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Mutations in SRS 1 (V113L/F114L) showed increased
enzyme activity, while all mutations in SRS 5 (L362A/L.362I)
exhibited lower enzyme activity (50).

The site-directed mutagenesis presented in this work
focused initially on double mutations in SRS 1, 4, 5, and 6
of P450 2F3. Double mutation to SRS 4 (H293A and N294D
in the I helix) did not change the nature of the catalytic
activity of 2F3, while double mutations in SRS 5 (A3601I
and D361T) and 6 (S474H and S475I) introduced 3-meth-
ylindole oxygenase activity to CYP2F3. This was demon-
strated by the production of an oxygenation-dependent
reactive metabolite by both mutant enzymes, and by the
production of 3-methyloxindole.

Since double mutations in SRS 5 and 6 introduced 3MI
oxygenation, we mutated each of these sites individually to
determine which residues were critical for this dramatic
alteration in substrate oxidation. The specific mutations were
A360I, D361T, S474H and S4751. In addition, both double
and single mutations in SRS 1 were also evaluated. As shown
in Figure 5, the tyrosine residue (Y101) lies within the B—C
loop and maps directly over the bound substrate, and it is
conserved in CYP2F1 and CYP2F3.

The last two single mutations corresponded to two residues
that mapped just to the C-terminal side of the SRS 2 region.
The Q215 residue is highly conserved in all of the P450
family 2 genes, except for 2F3 and 2F1, where it is replaced
by a glutamic acid, and we reasoned that introduction of an
acidic functional group might have important consequences.
Thus, we mutated the glutamate to the corresponding residue
of CYP2EI, glutamine.

In addition, we chose to mutate the neighboring glycine
(position 214). The corresponding residue in CYP2EI and
other CYP2 subfamily members is a highly conserved
leucine. We opined that increases in the side chain length
may alter/hinder substrate binding due to increased van der
Waals overlap, because G214 is located in the F helix, an
important component of P450 enzymes. Changes in side-
chain length have previously been shown to alter substrate
binding and catalysis in 2B1 (32). The highly conserved
glutamic acid and glycine residues of CYP2F1 and CYP2F3
could be vital to confer dehydrogenation activity to the
enzymes.

In spite of several attempts, spectrally active holoenzymes
were not obtained for the SRS 1 double (G110D, N111R),
SRS 1 single (Y101L) and the SRS 5 single (A360I) mutants.
It seems likely that perturbations to these regions affect
enzyme stability. However, the site-directed single mutations
of P450 2F3 in SRS regions 5 (D361T) and 6 (S474H and
S4751), introduced significant oxygenase activities. Altered
enzyme catalysis was indicated by the formation of the
oxygenated reactive metabolite, 3-hydroxy-3-methylindole-
nine by these enzymes. In addition, the stable oxygenated
metabolite, 3-methyloxindole, was formed in the three SRS
5 and 6 mutations but was not detected in incubations with
2F3. Thus, the introduction of oxygenase activity by the
single mutants corresponded precisely to the results from
the double mutant enzymes.

Docking studies with 3MI showed that although the SRS
5 and 6 residues were outside the normal sphere of active
site residues, they produced profound changes in substrate
catalysis, possibly through stereochemical interactions with
their neighboring residues within the active site of CYP2F3,
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such as the downstream residues 1362 and 1363 in SRS 5.
To better understand these results, molecular models of the
mutant enzymes would be helpful, but unfortunately the
process to rationalize and validate them is difficult using
current homology modeling techniques. However, it can be
postulated that these mutations change the substrate orienta-
tion in such a way so that additional metabolic sites are
opened up, especially on the indole ring. Interestingly, in
addition to an increase in the oxygenase function, the 3MI
dehydrogenation capability was increased 2-fold in the
D361T mutant. It is possible that this specific mutation
increases the van der Waals contacts within the active site,
causing the stabilization of the binding orientation and
decreased substrate mobility, leading to the overall increase
of enzyme activity. Another reasonable explanation for
increased enzyme activity of the mutant is allosteric coop-
erativity. Binding of an allosteric effector—potentially a
substrate molecule—at a site near the aspartate residue at
361 might be more facile with threonine at this residue, and
might produce higher rates of dehydrogenation of 3MI at
the active site of the mutant than the native enzyme.
However, allosteric cooperativity would probably be opera-
tive for both the normal and mutant enzymes.

The S4751, G214L, and E215Q mutant enzymes com-
pletely abolished the dehydrogenase activity of P450 2F3.
3MI docking in the active site of CYP2F3 showed the
3-methyl group pointing directly at the heme, which is an
orientation that would considerably favor the dehydrogena-
tion pathway. Since the proximity of the methyl group to
the catalytic heme may be required for efficient metabolism
through a dehydrogenation pathway, it is likely that the
orientation of the substrate changed in these mutant enzymes.
The site-directed mutagenesis and homology modeling
studies have identified specific amino acid residues within
the SRS regions of 2F3 that direct the catalysis of 3MI. These
studies clearly show mutations in SRS 5 (D361T) and 6
(S474H and S475I) introduced oxygenase activity. In addi-
tion, residues S475, G214 and E215 are probably important
in maintaining optimum substrate orientation conducive for
dehydrogenation, since site-directed mutagenesis of these
residues completely abolished the dehydrogenase activity of
the enzyme. Many recent studies have shown that P450
enzymes have highly dynamic tertiary structures, so it is
probable that more distal residues such as the serine at 474,
aspartate at 361, and glutamate at 215 would alter interactions
of proximal residues such as tyrosine at 101 and phenyla-
lanine at 206, to change dehydrogenation specificity.

The only mutation that simultaneously lost dehydrogena-
tion and gained oxygenation was S4751. It is unlikely that
the steric effects of an isoleucine side chain replacing a serine
residue at a position outside the active site would lead to
such a major catalytic change. Rather, the loss of a hydrogen
bond donor at this site may have abolished a hydrogen bond
network and decreased the stabilization of radical or cationic
intermediates. We opine that stabilization of the 3-methylin-
dolyl radical or cation, formed by hydrogen atom abstraction
or by hydrogen atom abstraction followed by one-electron
oxidation, could be a major mechanism for dehydrogenation
specificity. Stabilization of the cationic benzylic intermediate
by water molecules would be the most attractive and
consistent mechanism. A similar mechanism of dehydroge-
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nation, that is, cationic intermediate stabilization, has been
postulated (57).

The noncompetitive intermolecular deuterium isotope
studies revealed a decrease in the Vi, upon deuterium
substitution for both CYP2F3 and the D361T mutant.
Although a decrease in V. upon deuterium substitution is
an indication of a kinetic isotope effect, the results cannot
be considered conclusive. The value of Vi, depends not only
on the rate constant for the isotopically sensitive step but
also on the product release step. Any changes in product
release due to deuterium substitution will affect the V.
independent of the isotopically sensitive step and it has been
shown previously that deuterium substitution can affect the
rate of product release (52).

The K,, values on deuterium substitution decreased from
42 uM to 24 uM for 2F3. However, the K, values also
depend not only on the isotopically sensitive step, but also
on the kinetics of substrate binding and rate of product
release. Therefore, decreases in the K, value upon deuterium
substitution in a multistep enzyme reaction pathway cannot
be attributed to one particular reaction step (43). The effect
of deuterium substitution on the velocity of the reaction, Vy/
Vb, was determined to be 1.9, while the effect of deuterium
substitution on the catalytic efficiency, ku/kp [(V/IK)u/(V/IK)p]
was 1.1. Although such low isotope effects suggest that
cleavage of the carbon—hydrogen bond is probably not the
rate limiting step (53), the results cannot be considered
conclusive. The V/K value is dependent on not only the rate
constant of the isotopically sensitive step, but on all rate
constants up to and including the first irreversible step (43)
and therefore, low isotope effects such as these could be due
to an inherent masking of the isotope effect, and not because
cleavage of the carbon—hydrogen bond is not rate limiting.

Due to the inherent isotope masking effects seen with
intermolecular deuterium isotope studies, we also performed
intramolecular deuterium isotope studies with 3MI-d2, using
purified CYP2F3. Intramolecular deuterium isotope studies
are less susceptible to inherent isotope masking (43). The
intramolecular isotope effect (ky/kp) of 6.8 was obtained for
2F3. Interestingly, the same intramolecular isotope effect for
dehydrogenation was observed for the D361 T mutant, despite
the fact that this mutant produced both the dehydrogenated
product and 3-methyloxindole. It seems feasible that alterna-
tive substrate orientations in the mutant enzyme could
produce either the dehydrogenated product with essentially
the same mechanism, which would be expected to exhibit a
similar isotope effect as the native enzyme, or a different
substrate orientation could direct formation of the epoxide
and subsequently, 3-methyloxindole.

The relatively high intramolecular deuterium isotope effect
suggests that the dehydrogenation of 3MI occurs through
an initial hydrogen abstraction. The maximum inherent
isotope effect for a carbon-centered oxidation, in the absence
of tunneling is 9 (54), and therefore the intramolecular
isotope effect observed in this case is lower. This lower
isotope effect suggests that the formation of 3-methylenein-
dolenine shows a high commitment to forward catalysis, and
although dehydrogenation of 3MI occurs through an initial
hydrogen abstraction, the hydrogen abstraction is most likely
only partially rate limiting.

In conclusion, the studies presented here have provided
vital structural and mechanistic information that are highly
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relevant to the understanding of the biochemistry of CYP2F
subfamily enzymes. Mutations to specific regions of CYP2F3
abolished its capacity to dehydrogenate 3MI and introduced
the alternate oxygenation pathway. The kinetic isotope
studies with purified 2F3 concur with goat lung microsomal
results (30), and strongly advocate that CYP2F3 dehydro-
genation of 3MI is mediated through an initial hydrogen
abstraction mechanism. Dehydrogenation specificity may be
attributed to stabilization of the subsequent intermediate (the
methylindolyl radical or cation) through the serine at residue
475.
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