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The major human liver drug-metabolizing cytochrome P450 enzymes P450 3A4 and P450
3A5 share >85% amino acid sequence identity yet exhibit different regioselectivity toward
aflatoxin B1 (AFB1) biotransformation [Gillam et al. (1995) Arch. Biochem. Biophys. 317, 74-
384]. P450 3A4 prefers AFB1 3R-hydroxylation, which detoxifies and subsequently eliminates
the hepatotoxin, over AFB1 exo-8,9-oxidation. P450 3A5, on the other hand, is a relatively
sluggish 3R-hydroxylase and converts AFB1 predominantly to the genotoxic exo-8,9-epoxide.
Using a combination of approaches (sequence alignment, homology modeling and site-directed
mutagenesis), we have previously identified several divergent residues in four of the six putative
substrate recognition sites (SRSs) of P450 3A4, which when replaced individually with the
corresponding amino acid of P450 3A5, resulted in a significant switch of the characteristic
P450 3A4 AFB1 regioselectivity toward that of P450 3A5 [Wang et al. (1998) Biochemistry 37,
12536-12545]. In particular, residues N206 and L210 in SRS-2 were found to be critical for
AFB1 detoxification via 3R-hydroxylation, and the corresponding mutants N206S and L210F
most closely mimicked P450 3A5, not only in its regioselectivity of AFB1 metabolism but also
in its overall functional capacity. We have now further explored the plausible reasons for such
relative inactivity of the SRS-2 mutants by examining N206S and additional mutants (L210A,
L211F, L211A, and N206E) and found that the dramatically lowered activities of the N206S
mutant are accompanied by a loss of cooperativity of AFB1 oxidation. Molecular dynamics
analyses with an existing P450 3A4 homology model [Szklarz and Halpert (1997) J. Comput.
Aided Mol. Des. 11, 265] suggested that N206 (helix F) interacts with E244 (helix G), creating
a salt bridge that stabilizes the protein structure and/or defines the active site cavity. To
examine this possibility, several E244 mutants (E244A, V, N, S) were tested, of which E244S
was the most notable for its relatively greater impairment of P450 3A4-dependent AFB1
3R-hydroxylation. However, the results with these E244 mutants failed to validate the
N206-E244 interaction predicted from these molecular dynamics analyses. Collectively, our
findings to date have led us to reconsider our original interpretations and to reexamine them
in the light of AFB1 molecular modeling analyses with a newly refined P450 3A4 homology
model. These analyses predicted that F304 in SRS-4 (I-helix) plays a pivotal role in AFB1
binding at the active site in either orientation leading to 3R- or exo-8,9-oxidation. Consistent
with this prediction, conversion of F304 to Ala abolished P450 3A4-dependent AFB1
3R-hydroxylation and exo-8,9-oxidation.

The cytochromes P450 (P450s)1 play important roles
not only in the biosynthesis of endobiotics, but also in
the metabolic detoxification and/or bioactivation of natu-
ral and foreign chemicals that include drugs, toxins, and
carcinogens (1-3). P450s 3A4 and 3A5 are the dominant

enzymes in the adult human liver that are responsible
for the metabolism of over 60% of clinically relevant
drugs (4-7). Examination of the metabolic capacity of
P450 3A4, the major human liver P450, has led to its
characterization as an unusually versatile catalyst, with
an active site capable of not only accepting very large as
well as small sized substrates, but also accommodating
more than one substrate molecule at a time, thereby
resulting in homotropic and/or heterotropic cooperativity2
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2 Homotropic cooperativity involves interactions between a substrate
and one or more effector molecules of identical chemical structure,
whereas heterotropic cooperativity involves corresponding interactions
between a substrate and effector molecules of different chemical
structure.
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(8-16). On the other hand, P450 3A5 represents a
polymorphic form representing up to 100% of P4503A
content in 25-30% of adult human livers (17, 18).
Although these two P450s share >85% amino acid
sequence identity, they exhibit striking functional dif-
ferences in their catalytic preference of certain substrates
and in their regioselectivity toward aflatoxin B1 (AFB1)
biotransformation (18-22; Scheme 1). Accordingly, while
P450 3A4 apparently prefers AFB1 3R-hydroxylation (to
form AFQ1) which detoxifies and subsequently eliminates
the hepatotoxin, over AFB1 exo-8,9-oxidation, P450 3A5
is incapable of appreciable AFB1 3R-hydroxylation and
converts it predominantly to the genotoxic exo-8,9-oxide
(9, 21-23). In an attempt to elucidate the structural
features that govern the differential regioselectivity of
the human liver 3A enzymes in AFB1 metabolism and
bioactivation, we employed a combination of approaches
(sequence alignment, homology modeling, and site-
directed mutagenesis) to examine whether substitution
of a single amino acid in one of the six putative substrate
recognition sites (SRSs) of P450 3A4 with the correspond-
ing amino acid of P450 3A5 would switch its regioselec-
tivity (23). Of the 3A4 mutants examined, P107S, F108L,
N206S, L210F, V376T, S478D, and L479T exhibited a
significant switch of P450 3A4 regioselectivity toward
that of P450 3A5 (23). The results confirmed the impor-
tance of some of these residues for substrate contact/
orientation in the active site with residues N206 and
L210 (SRS-2) being critical for AFB1 detoxification via
3R-hydroxylation (23). Furthermore, the 3A4 mutants
N206S and L210F most closely mimicked P450 3A5 in
their regioselectivity of AFB1 metabolism and in their
overall functional capacities as defined by relatively low
metabolic ratios of AFQ1/exo-8,9-oxide, thereby revealing
that a single 3A5 SRS domain (SRS-2) was capable of
conferring the 3A5 phenotype on 3A4 (23). We have
extended this finding by examining the specific effect of
the replacement of N206 on the catalytic acceptance and
consequently the observed AFB1 cooperativity and/or
regioselectivity at the P450 3A4 active site. We also
probed whether substitution of other P450 3A4 SRS-2

residues (L210 and L211) known to be involved in
heterotropic substrate-effector interactions and/or sub-
strate specificity of testosterone and progesterone, two
well recognized P450 3A4 steroid substrates (10-12, 16),
would similarly affect AFB1 regioselectivity. These resi-
dues are highly conserved in all P450 3A subfamily
members examined to date, except P450 3A5 which
contains a Phe residue instead of Leu at position 210.
Our findings described below have led us to reconsider
how these residues might be affecting AFB1-active site
interactions and to revise our original hypothesis on the
basis of a refined P450 3A4 homology model.

Experimental Procedures

Materials. Testosterone and its hydroxylated metabolites,
AFB1, AFQ1, δ-aminolevulinic acid (ALA), NADPH, GSH (re-
duced form), sodium cholate, catalase, 3-[(3-cholamidopropyl)-
dimethylammonio]-1-propane-sulfonate (CHAPS), lysozyme, di-
ethylenetriaminepentaacetic acid (DETAPAC), and purified rat
liver GSH S-transferase (GST) were obtained from Sigma (St.
Louis, MO). L-R-dilauroylphosphatidylcholine, L-R-dioleyl-sn-
glycerophosphatidylcholine, and phosphatidylserine were pur-
chased from Doosan Serdary Research Laboratories (Englewood
Cliffs, NJ). DNase and RNase were purchased from Boehringer-
Mannheim (Indianapolis, IN). Cytochrome b5 (b5) and cyto-
chrome P450 reductase were purified from male rat liver
microsomes according to previously reported methods (24). The
GSH adduct of AFB1 exo-8,9-oxide used as a standard was
enzymatically synthesized, purified by HPLC and characterized
spectrally as described previously (25). All other reagents were
of the highest commercial purity.

Site-Directed Mutagenesis of P450 3A4. As previously
(23), the cDNAs for P450s 3A4 and 3A5 engineered to code for
deletions of the N-terminal residues 3-12 and substitution of
residue Ser18 with Phe, and incorporated into the pCW vector
were gifts from Dr. R. Estabrook (University of Texas, SW Med.
School, Dallas, TX). The 3A4 cDNA was removed from the pCW
vector and inserted into pBluescript KS+ for generation of some
of the mutants. The Quick-change site-directed mutagenesis kit
(Stratagene, La Jolla, CA) was used for the generation of the
following mutants: N206S, N206E, E244N, E244A, E244S, and
E244V. The oligonucleotide pairs for each mutant are listed in
Table 1. Double mutant N206E/E244N was generated from

Scheme 1. P450 3A4-Dependent Oxidation of AFB1 to the 3r-Hydroxy (AFQ1) Product and exo-8,9-Epoxide
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N206E with the use of the mutagenesis primers described to
generate E244N. The double mutant N206S/K209M was gener-
ated accidentally in the course of construction of N206S, but
proved functionally interesting and was included in our analy-
ses. The mutated P450 3A4 cDNAs were subsequently trans-
ferred to the pCW expression vector using standard cloning
techniques. The strategies for construction of mutants L210F,
L210A, L211F, L211A, and F304A using the Expand High
Fidelity PCR system (Boehringer-Mannheim, Indianapolis, IN)
and the plasmid template pSE3A4His have been previously
reported (10-12, 16). Standard PCR conditions were used to
generate the mutated cDNAs. All mutant plasmids were screened
by restriction enzyme digestion and confirmed by DNA sequenc-
ing to confirm the presence of the desired mutations and to
verify the absence of extraneous mutations.

Expression of Wild-Type (wt) P450s 3A4 and 3A5 and
P450 3A4 Point-Mutants. The wild-type and mutant P450s
3A4 were expressed in Escherishia coli XL-1 blue cells, E. coli
DH5RF′ cells, or E. coli Topp3 cells exactly as described
previously (23). Bacterial cells were harvested at 20-26 h after
induction.

CHAPS Solubilization of E. coli-Expressed P450s. Bac-
terial cell membranes were prepared and solubilized in the
presence of protease inhibitors during solubilization exactly as
described (23, 24). The solubilized membranes were clarified by
centrifugation at 100000g at 4 °C for 30 min, the supernatant
was assayed for its P450 content by the method of Omura and
Sato (26). The solubilized membrane fractions were aliquoted
and stored at -80 °C until use. The authenticity of the expressed
P450s as 3A proteins was verified by immunoblotting of the
solubilized E. coli-membranes against polyclonal anti-P450 3A4
IgGs.

Testosterone Metabolism by Solubilized Recombinant
Enzymes. Testosterone 6â- and 2â-hydroxylase activities of the
solubilized P450 proteins functionally reconstituted with P450
reductase and/or b5 were determined at a previously determined
optimal molar ratio of P450 3A4:reductase:b5 of 1:4:2 as
described (23, 27). Briefly the assay conditions were as follows

with the reagents added at 4 °C in the following order: lipid
mix (L-R-dilauroylphosphatidylcholine:L-R-dioleyl-sn-glycero-
phosphatidylcholine:phosphatidylserine, 1:1:1, w/w; 10 µg),
sodium cholate (100 µg), b5 (20 pmol), P450 reductase (40 pmol),
P450 3A4 or mutant (10 pmol), and GSH (1.5 mmol). The above
mix was reconstituted at room temperature for 10 min and then
placed back in ice. The following reagents were then added in
order: Hepes buffer (50 mM, pH 7.85), catalase (100 units),
DETAPAC (1 mM), water (q.s. 0.5 mL), MgCl2 (30 mM), and
[14C]testosterone (0.14 µCi; 0.25 mM). The mixture was prein-
cubated at 37 °C for 2 min, and NADPH (1 mM) was added to
start the reaction. The reaction was terminated with 1 mL of
CH2Cl2. The metabolites were extracted twice with 2 mL of CH2-
Cl2, dried down under N2, and assayed by HPLC with radio-
quantitation as described previously (27). The data listed in
Table 3 were obtained from incubations containing only cold
testosterone and the metabolites extracted without added
carrier metabolites and subjected to HPLC with peak area
quantitation for each hydroxylated metabolite. With the latter
assay method, wild-type P450 3A4 gave comparable 2â- and 6â-
hydroxytestosterone values to those obtained with the radioac-
tive assay (Tables 2 and 3).

AFB1 Metabolism by Recombinant P450s. The formation
of 3R-hydroxyAFB1 and AFB1 exo-8,9-oxide (the only epoxide
detected and assessed by the combined yields of its correspond-
ing GSH-adduct and the diols) by native and mutant enzymes
was assayed by the method of Ueng et al. (28) with the
modifications to improve the enzyme activity and stability
described previously (23). Lipid mix (L-R-dilauroyl-phosphati-
dylcholine:L-R-dioleyl-sn-glycerophosphatidylcholine:phosphati-
dylserine 1:1:1, w/w) was sonicated in water at a stock concen-
tration of 0.5 µg/µL and stored at -20 °C. The following
components were added in strict order: lipid mix (20 µg/mL),
sodium cholate (200 µg/mL), b5 (200 pmol), P450 reductase (400
pmol), solubilized bacterial membrane P450s (100 pmol), and
GSH (3 mM). The mixture was incubated at room temperature
followed by the addition of water, Hepes buffer (50 mM, pH
7.85), catalase (200 units/mL), DETAPAC (1 mM), MgCl2 (30

Table 1. List of Oligonucleotides and Restriction Enzymes Used for Screening Each P450 3A4 Mutationa

mutation oligonucleotide primerc restriction enzymed

N206E 5′-CCC TTT GTG GAA GAG ACC AAG AAG C-3′ EarI (+)
5′-GCT TCT TGG TCT CTT CCA CAA AGG G-3′

E244N 5′-CTG TGT GTT TCC AAG GAA TGT TAC AAA TTT-3′ unique site for StyI(+)
5′-AAA TTT GTA ACA TTC CTT GGA AAC ACA CAG-3′

E244A 5′-CTG TGT GTT TCC AAG AGC GGT TAC AAA TTT TTT-3′ BrsBI (+)
5′-AAA AAA TTT GTA ACC GCT CTT GGA AAC ACA CAG-3′

E244S 5′-GTG TGT TTC CAA GAA GCG TTA CAA ATT TTT TAA-3′ e
5′-TTA AAA AAT TTG TAA CGC TTC TTG GAA ACA CAC-3′

E244V 5′-CTG TGT GTT TCC AAG AGT TGT TAC AAA TTT TTT AAG-3′ e
5′-CTT AAA AAA TTT GTA ACA ACT CTT GGA AAC ACA CAG-3′

N206E/E244Nb EarI (+)/StyI(+)
a The sequence of each mutant was verified by DNA sequencing analyses. b No additional primers were employed. Instead, the E244N

mutagenesis primers were used on the N206E template plasmid to get the target mutant. c The underlined nucleotides was/were altered
to introduce the desired mutation. d (+, -) Gain or loss of indicated restriction site. e No restriction site was introduced.

Table 2. Regioselectivity of Testosterone and AFB1 Hydroxylations by P450s 3A4, 3A5, and 3A4 Srs-2 Structural Mutants

testosterone (T) hydroxylationa

(nmol OH-T formed/nmol P450/min)
AFB1 hydroxylationb

(nmol AFB1 metabolite formed/nmol P450/min)

SRS domains P450s 6â-OHT 2â-OHT 6â-/2â-OHT AFQ1 8,9-epoxide AFQ1/8,9-epoxide

3A4wt 26.8 ( 3.91 1.85 ( 0.06 14.5 2.04 ( 0.32 0.80 ( 0.14 2.55
3A5wt 4.55 ( 2.37 0.79 ( 0.22 5.76 0.02 0.06 0.33

SRS-2 N206S 1.66 ( 0.33 NDc 0.11 ( 0.05 0.35 ( 0.06 0.31
L210F 27.4 1.54 17.8 0.15 0.33 0.45
L210A 25.2 0.36 70 0.04 0.37 0.11
L211F 30.1 3.38 8.9 0.19 0.69 0.28
L211A 12.7 1.21 10.5 0.21 0.39 0.53
N206S, K209M ND ND ND 2.22

a Values listed are mean ( SD of at least three individual determinations or the mean of two individual determinations. b AFQ1 is the
3R-hydroxylated AFB1 metabolite. 8,9-Epoxides were assayed by the combined yield of their GSH adducts and the diol species. Values
listed are the mean ( SD of at least four individual determinations or the mean of at the least two individual determinations. c ND,
nondetectable.
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mM), AFB1 (50 µM in 5 mL of methanol), purified rat liver GSH
S-transferase (0.2 mg/mL) and NADPH (1 mM) in a final volume
of 0.5 mL. The final concentration of CHAPS in the incubations
was limited to 0.2%, to prevent the functional inhibition
observed at higher concentrations. The reaction was initiated
by the addition of NADPH and stopped by the addition of 25
µL of 1.47 M formic acid after incubation with shaking (200 rpm)
for 20 min at 37 °C. After vortexing, the protein was pelleted
by centrifugation and the supernatant was filtered through a
Nylon membrane filter (Rainin Nylon-66, 0.45 mm pore size)
and analyzed by HPLC as described previously (23). Metabolites
were characterized by comparison to authentic synthetic stan-
dards and quantified by integration of peak areas as described
previously (23). In assays carried out to examine the homotropic
interactions of AFB1 with P450 3A4 or its N206S mutant, the
AFB1 concentrations were varied between 0 and 100 µM in
otherwise identical incubation systems. The data from these
assays were analyzed by standard Hill plot kinetics as described
previously (9).

Computer Modeling of P450 3A4. Molecular modeling was
performed on a Silicon Graphics workstation using InsightII/
Discover_3 software package (MSI, San Diego, CA). The crystal
structure of AFB1 was obtained earlier from the Cambridge
Structural Database (23). Initial experiments were carried out
with the previously reported P450 3A4 homology model (29),
using the conditions previously described (23).

The P450 3A4 structure was refined from the previous version
(29) by realignment of the F-helix and B′-helix using Homology
and Biopolymer modules of InsightII. The segment from position
197 to 228 (including the F-helix) of P450 3A4 was moved four
residues forward, and the segment from position 103 to 115
(including the B′-helix) was moved two residues backward. In
the new alignment, Leu211 in the F-helix of P450 3A4 now
corresponds to the active-site residues Thr185 in P450101 and
Leu175 in P450107. Phe108 in the B′-helix of P450 3A4
corresponds to the active-site residue Phe78 in P450107. The
coordinates of the F-helix (residues 202-219) were then as-
signed based on the average coordinates of the four P450
bacterial structures, P450s 101, 102, 107, and 108. The loops
before and after the F-helix (residues 197-201 and residues
220-228) were generated with Homology using a random tweak
algorithm. For the B′-helix (residues 108-115), the coordinates
were assigned based only on P450107. The loops before and after
B′-helix (residues 103-107 and residues 116-123) were also
generated. The coordinates of the other regions of P450 3A4
were unchanged from the previous model (29).

After coordinate assignment, the preliminary 3D structure
of P450 3A4 was refined. Energy minimization was performed
by Discover-3/InsightII using a consistent valence force field.
The parameters for the heme group were those described
previously (23, 29). In the first step of structural refinement,
the splice regions between residues 102 and 103, 107 and 108,
115 and 116, 123 and 124, 196 and 197, 201 and 202, 219 and
220, and 228 and 229 were repaired by Homology/InsightII to
avoid steric hindrance in these junction regions. Then all newly

generated loops were optimized using molecular dynamics
followed by energy minimization. The model was then subjected
to minimization on the whole structure. First, all hydrogen
atoms of the P450 3A4 enzyme were minimized, while heavy
atoms were kept fixed. Then, side chains were minimized with
the backbone fixed. This was followed by the minimization of
the structure after soaking it with water using a sphere of 25
Å and a layer of 3 Å. Protein-water association was then
minimized with conjugate gradients to a maximum of 1 kcal
mol-1 Å-1.

AFB1 was automatically docked into the refined 3A4 model
with the Affinity module of InsightII (MSI, San Diego). One
AFB1 molecule was docked into the active site in an orientation
leading either to 3R-hydroxylation or exo-8,9-epoxidation. Then,
a second AFB1 molecule was also automatically docked into the
active site in the presence of the first one at either 3R-
hydroxylation or exo-8,9-epoxide binding orientation.

Results and Discussion

Relative Functional Activities of P450 3A4 SRS-2
Mutants. The values for testosterone 6â- and 2â-hy-
droxylase and AFB1 3R-hydroxylase and exo-8,9 epoxi-
dase activities of wild-type P450s 3A4 and 3A5 have been
reported previously (23). Substitution of N206 in the P450
3A4 SRS-2 region with Ser resulted in marked decreases
of all these activities in confirmation of our previous
findings (Table 2), with the rates of AFB1 metabolite
formation and the AFQ1/8,9-epoxide ratio closely mimick-
ing those of P450 3A5 wild-type. Replacement of L210
in the P450 3A4 SRS-2 region with Phe, on the other
hand, had little effect on the extent or regioselectivity of
testosterone hydroxylation but markedly decreased AFB1

hydroxylation with the rates of AFB1 metabolite forma-
tion and the AFQ1/8,9-epoxide ratio closely mimicking
those of N206S and P450 3A5 wild-type, as shown
previously. Substitution of Leu210 with Ala (L210A)
affected testosterone 2â-hydroxylation but not its 6â-
hydroxylation, in confirmation of previous findings (10).
The L210A mutant also exhibited markedly reduced
AFB1 3R-hydroxylase activity with exo-8,9-epoxidase
activity comparable to that of the other two SRS-2
mutants, N206S and L210F (Table 2). Replacement of
SRS-2 residue L211 with Phe generated a mutant
capable of efficient testosterone 6â-hydroxylation and
even somewhat enhanced testosterone 2â-hydroxylation,
consistent with a previous report (11), but its AFB1 3R-
hydroxylase appeared to be selectively decreased with
little effect on its exo-8,9-epoxidase activity relative to
the P450 3A4 wild-type AFB1 oxidase activities. Substi-
tution of L211 with the smaller Ala residue, on the other
hand, reduced all four activities, thereby revealing the

Table 3. Regioselectivity of Testosterone and AFB1 Hydroxylations by P450s 3A4 and Its Structural Mutants

testosterone (T) hydroxylationa

(nmol OH-T formed/nmol P450/min)
AFB1 hydroxylationb

(nmol AFB1 metabolite formed/nmol P450/min)

P450s 6â-OHT 2â-OHT 6â-/2â-OHT AFQ1 8,9-epoxide AFQ1/8,9-epoxide

3A4wt 28.4 ( 2.57 2.21 ( 0.14 12.9 2.63 ( 0.04 1.07 ( 0.02 2.43
N206S 1.86 ( 0.52 NDc 0.12 ( 0.07 0.38 ( 0.05 0.31
N206E 21.9 ( 1.01 3.41 ( 0.18 6.43 0.77 ( 0.01 0.36 ( 0.05 2.01
E244A 19.6 ( 5.38 1.69 ( 0.08 11.6 1.08 ( 0.14 0.43 ( 0.00 2.52
E244V 37.6 ( 7.23 6.50 ( 1.17 5.78 0.85 ( 0.03 0.50 ( 0.08 1.70
E244N 18.3 ( 3.76 1.12 ( 0.05 16.3 1.08 ( 0.08 0.44 ( 0.08 2.45
E244S 28.2 ( 3.43 7.05 ( 1.07 4.0 0.55 ( 0.12 0.35 ( 0.07 1.57
N206E/E244N 8.32 ( 0.08 0.97 ( 0.04 8.62 0.05 ( 0.01 0.10 ( 0.02 0.50
F304A 15.1 ( 0.65 ND ND ND
a Values listed are mean ( SD of at least three individual determinations. b AFQ1 is the 3R-hydroxylated AFB1 metabolite. 8,9-Epoxides

were assayed by the combined yield of their GSH adducts and the diol species. Values listed are the mean ( SD of at least four individual
determinations. c ND, nondetectable.
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importance of this or a residue of equivalent bulk or
hydrophobicity for P450 3A4 catalyses. Interestingly, the
double mutant N206S/K209M was incapable of either
testosterone 6â- or 2â-hydroxylation or of AFB1 3R-
hydroxylation but was highly active in AFB1 exo-8,9-
oxidation, thereby converting P450 3A4 into a catalyst
predominantly committed to the AFB1 genotoxic path-
way. Together these findings attest to the critical impor-
tance of several P450 3A4 SRS-2 residues in AFB1

oxidation, particularly for its 3R-hydroxylase detoxifica-
tion pathway.

Relative AFB1 Homotropic Interactions of P450
3A4 Wild-Type (wt) and Its N206S Mutant. The above
findings obtained at concentrations of testosterone (0.25
mM) and AFB1 (50 µM) known to elicit maximal homo-
tropic substrate interactions (9-11) revealed that muta-
tions of certain residues in the P450 3A4 SRS-2 domain
differentially affected the metabolism of the two sub-
strates, with marked impairment of AFB1 metabolism
observed with mutants L210F, L210A, L211F, and
L211A. Replacement of L210 and L211 with Ala or Phe
is also known to diminish the R-naphthoflavone (ANF)-
induced heterotropic stimulation of testosterone hydroxy-

lation, in some instances by raising the basal activities
(10, 11) at subsaturating steroid concentrations. N206S
on the other hand, exhibited considerably decreased
metabolism of both substrates, thereby revealing the
critical role of N206 in P450 3A4 catalysis. To determine
whether impaired AFB1 metabolism by N206S reflected
altered AFB1 cooperativity (9, 28), the kinetics of its AFB1

3R-hydroxylase and exo-8,9-epoxidase activities were
compared with those of P450 3A4wt at AFB1 concentra-
tions ranging from 0 to 100 µM. Graphic plots (v vs S) of
these kinetic data revealed that while P450 3A4wt
yielded the expected sigmoidal curve profiles for both
activities previously reported (9, 28), N206S yielded
profiles that could not be classified as sigmoidal (Figure
1). Corresponding plots of Hill transformations of these
data revealed that N206S mutation did indeed lower the
Hill coefficients for AFB1 3R-hydroxylation and exo-8,9-
oxidation, from n ) 2.9 and 2.0 for P450 3A4wt to n )
1.5 and 1.5, respectively. The finding of a Hill coefficient
of n ) 2.9 for AFB1 3R-hydroxylation is entirely consistent
with the triple substrate occupancy previously proposed
for the wild-type enzyme (8, 14). However, the lowering
of this n value to 1.5 suggests that the introduction of

Figure 1. Kinetic analyses of AFB1 3R-hydroxylation and exo-8,9-epoxidation catalyzed by P450 3A4 wild-type and its N206S mutant.
AFB1 metabolism was determined as described (Experimental Procedures). The values plotted are averages of two individual
determinations (panel A). The corresponding Kcat values (min-1) for P450 3A4 wild-type and N206S mutant were 2.23 and 0.15
nmol of 3R-hydroxylated AFB1 metabolite (AFQ1), respectively, and 0.86 and 0.32 nmol of AFB1 exo-8,9-epoxide, respectively. Solid
lines and triangles correspond to P450 3A4 wild-type values and the dashed lines and solid squares to those of the N206S mutant,
respectively. Their AFQ1 and AFB1 8,9-epoxide formation are depicted in the top and bottom parts of panel A, respectively. The
corresponding results fitted to plots of log [v/(Vmax - v)] vs log AFB1 (µM) are depicted in the top and bottom parts of panel B,
respectively. The n values are given in the text.
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the S206 residue in the 3A4 active site affects the ability
of the enzyme to bind more than one substrate molecule
and consequently its sigmoidal Hill kinetics with a rather
dramatic reduction of its AFB1 3R-hydroxylase activity
(Figure 1).

Potential Explanations for the Relative Func-
tional Inactivity of N206S Mutant from P450 3A4
Molecular Modeling Analyses and Their Empirical
Validation through Site-Directed Mutagenesis and
Functional Assays. In the absence of a P450 3A4-AFB1

crystal structure that could explain this finding, we
sought insight into it by computer docking AFB1 into the
active site of a previously described P450 3A4 homology
model (29). Molecular dynamics analyses suggested that
the side chain NH2 group of N206 may form H-bonds with
the carboxyl group of E244, thereby creating a salt bridge
that stabilizes the protein structure and/or defines the
active site cavity through interactions between helix F
(N206) and helix G (E244). To test the validity of these
analyses, we generated several additional P450 3A4
mutants (E244A, E244N, E244S, E244V, and N206E),
with the specific intention of either disrupting this N206-
E244 H-bond or restructuring this H-bond through a
N206E/E244N double mutation (Table 3). All of these
mutants were heterologously expressed in E. coli as
structurally and functionally intact hemoproteins. E244A
and E244N exhibited comparable impairment of AFB1

3R-hydroxylation (AFQ1 formation) and exo-8,9-oxidation,
with little consequent influence on the AFQ1/epoxide
formation ratio (∼2.45). The AFB1 3R-hydroxylation of
E244V and E244S was lowered to a slightly greater
extent than their exo-8,9-epoxidation, with consequently
lowered AFQ1/epoxide ratios. These findings thus reveal
differences in the relative importance of the E244 residue
for each AFB1 orientation within the active site, with
AFB1 3R-hydroxylation being the most affected by sub-
stitution of E244 with Ser. The Glu substitution at N206
on the other hand, affected AFQ1 formation to a slightly
greater extent than exo-8,9-oxidation yielding an AFQ1/
epoxide ratio of ∼2.0, but the resulting protein still
retained appreciable AFB1 3R-hydroxylase activity rela-
tive to N206S (AFQ1/epoxide ratio of ∼0.31). Further-
more, our attempted restructure of the H-bond through
N206E/E244N created an enzyme that was relatively
inactive in both pathways, with an AFQ1/epoxide ratio
of 0.5, thereby revealing the importance of Asn and Glu
in those precise active site positions (N206 and E244). It
is noteworthy that these mutations (with the notable
exception of N206E/E244N) had a significantly lesser
effect on testosterone hydroxylation. Indeed, mutants
E244V and E244S, if at all, exhibited enhanced regiose-
lectivity toward 2â-hydroxylation (Table 3). The finding
that replacement of certain P450 3A4 residues had
quantitatively and/or qualitatively different effects on the
two substrates, testosterone and AFB1, once again un-
derscores the uniqueness of each P450 3A4 substrate-
active site fit.

AFB1 Docking Analyses in a Refined P450 3A4
Model. The above empirically obtained data thus failed
to validate the predictions of a H-bond between N206 and
E244 derived from AFB1 molecular modeling analyses
with the existing P450 3A4 homology model (29). Recent
discovery of similar discrepancies between empirically
derived observations3 and predictions from molecular

modeling with the existing P450 3A4 homology model
(29), coupled with newly acquired insight from the only
mammalian liver P450 X-ray crystal structure reported
to date (30), has led to the refinement of the P450 3A4
homology model to be described in greater detail else-
where.4 Such refinement specifically entails a realign-
ment of the P450 3A4 F-helix by one helical turn such
that residue L211 (rather than F215) now aligns with
Thr185 of P450101 and Leu175 of P450107, as well as a
realignment of the B′-helix. Thus, this F-helix realign-
ment would directly influence the relative positioning
within the P450 3A4 active site of SRS-2 residues at
positions 206, 210, and 211 examined in this study (Table
2), with consequently profound implications for any
analyses of the corresponding mutants. As such, be-
cause of the questionable validity of any structural/
functional interpretations derived from analyses of these
residues with the older P450 3A4 homology model (29),
we have reassessed the relative role of SRS-2 residues
by computer docking analyses of AFB1 in the refined
P450 3A4 homology model with the realigned F-helix. In
this context, it is noteworthy that the F-helix region of
P450s is widely recognized to be not only highly vari-
able in length and amino acid sequence, but also sus-
ceptible to considerable shifts induced by substrate
binding (16, 31).

(1) AFB1 Docking within P450 3A4 Active Site in
an Orientation Leading to 3r-Hydroxylation. Two
AFB1 molecules could be autodocked within the active
site of the refined P450 3A4 model, with the first molecule
bound in an orientation conducive to 3R-hydroxylation
and thus in a “substrate” binding mode, and the second
in the “activator/effector” mode (23). In this docking
mode, N206 appeared to be sufficiently close to the
phenyl group of F304 to enable interactions between the
two side chains (Figure 2). Substitution of N206 to
residues such as Ser could affect these interactions and
consequently the position of the phenyl group of F304
relative to AFB1 substrate and hence AFB1 3R-hydroxy-
lation. In this refined model, L210 appears to be near
both AFB1 molecules, whereas L211 is apparently proxi-
mal to the activator AFB1 molecule. Replacement of each
of these residues could affect the docking of both mol-
ecules in the active site, as Leu at each of these positions
allows an optimal fit of both molecules within the cavity.
Thus, substitution with residues larger or smaller than
Leu could unfavorably alter this AFB1 active site fit and
AFB1 homotropic interactions, and consequently impair
AFB1 3R-hydroxylation.

(2) AFB1 Docking within P450 3A4 Active Site in
an Orientation Leading to exo-8,9-Epoxidation. As
previously, AFB1 can only be docked in an orientation
conducive to exo-, but not endo-8,9-epoxidation (23;
Figure 3). In this AFB1 orientation, a relatively strong
pi-pi interaction between the phenyl group of F304 and
the aromatic ring system of the AFB1 substrate molecule
apparently occurs. Substitution of N206 with Ser appar-
ently alters the interaction between residue 206 and the
F304 phenyl group, but not sufficiently to markedly affect
the pi-pi interactions between F304 phenyl and the
AFB1 aromatic ring system. This possibility is consistent
with the observed very modest impairment of AFB1 exo-
8,9 epoxidation in functional assays of the N206S mutant
relative to that of the wild-type enzyme (Table 2).

3 Halpert and co-workers, unpublished observations. 4 Halpert and co-workers, manuscript in preparation.
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Similarly, substitution of residue L210 and L211 with
Phe or Ala resulted in comparable effects on AFB1 exo-
8,9 epoxidation as those observed with N206S mutant,
thereby suggesting that a pi-pi interaction involving
residue F304 may be strong enough on its own, requiring
only minor assistance from the neighboring 206, 210, and
211 residues to maintain the two AFB1 molecules in an
orientation conducive to exo-8,9 epoxidation of the AFB1

substrate molecule.
Role of F304 in P450 3A4-Catalyzed AFB1 Oxida-

tion. On the basis of P450 3A4 amino acid sequence
alignment with those of bacterial P450s with known
crystal structures, F304 is believed to lie in the highly
conserved I-helix, which contains several residues pro-
posed to be key substrate contact points (16, 32-35). In
particular, residue F304 is proposed to play a pivotal role
in the homotropic and heterotropic P450 3A4-substrate

interactions, given that in conjunction with other active
site residues (L211 and D214) it may provide important
contacts for both substrate and effector (activator) mol-
ecules within the P450 3A4 active site (12, 16). To
determine whether F304 was indeed relevant to P450
3A4 catalyzed AFB1 oxidation, as predicted from our
molecular modeling analyses, we examined the functional
activity of the F304A mutant. Indeed as predicted from
these analyses, replacement of F304 with Ala, completely
abolished both AFB1 3R-hydroxylation as well as AFB1

exo-8,9-epoxidation (Table 3). These findings are entirely
consistent with the apparently pivotal role of F304 on
one hand, in anchoring AFB1 in orientations conducive
to 3R-hydroxylation and exo-8,9-epoxidation potentially
through van der Waals interactions and pi-pi interac-
tions, respectively, while on the other hand, maintaining
the active site architecture through its putative interac-
tions with N206. Thus, not surprisingly, any disruption
of this structural framework, through substitutions of
either F304 or even N206, could result in a P450 3A4
enzyme that is either completely inactive (F304A) or

5 Preliminary findings indicate that the AFB1 oxidation activities
of the K209M mutant are nearly comparable to those of the wild-type
enzyme.

6 Eiselt et al., Pharmacogenetics, in press, 2001.

Figure 2. AFB1 docked into the active site of the refined P450 3A4 model in an orientation conducive to its 3R-hydroxylation. A
second AFB1 molecule (activator) is also shown making contacts with residues L210 and L211 of the F-helix.

Figure 3. AFB1 docked into the active site of the refined P450 3A4 model in an orientation conducive to its exo-8,9-epoxidation. A
second AFB1 molecule (activator) is also shown making contacts with residue L211 of the F-helix.
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functionally sluggish (N206S). The relatively lowered,
albeit significant, testosterone 6â-hydroxylase activity of
F304 mutant relative to that of the wild-type is consistent
with previous reports (12) and confirms that the loss of
its AFB1 oxidation activities is not due to global loss of
function, but selective to AFB1 as the substrate. These
findings once again emphasize the uniqueness of each
P450 3A4 substrate-active site interactions. On the basis
of these analyses, it is plausible that other P450 3A4
residues of the I-helix such as I301 and A305 may also
influence the AFB1-active site interaction. Indeed, mu-
tation of A305 to Phe or Ser has been recently shown to
affect the oxidation of several P450 3A4 substrates
(diazepam, erythromycin, nifedipine, and testosterone)
and/or impair the binding of azole inhibitors to the P450
3A4 heme iron (36).

Conclusions. The above findings clearly underscore
the functional differences between the two human liver
P450s 3A and indicate that a single residue in a single
SRS region (SRS-2 or SRS-4) can profoundly alter the
catalytic function of the enzymes and consequently the
metabolic pathways of drugs and other chemicals, thereby
influencing their relative partitioning through toxic vs
nontoxic pathways. Accordingly, P450 3A4, an enzyme
that is predominantly detoxifying for a hepatotoxin such
as AFB1, can through a single substitution (N206S) be
converted to a largely toxifying entity. This property is
further enhanced with the additional K209M mutation.5
On the other hand, mutation of the SRS-4 residue F304
can totally abolish AFB1 metabolism. These findings with
AFB1 as a probe have a direct bearing for single allelic
variants of the P450 3A4 gene (known and yet to be
discovered) in the human population that may result in
function polymorphisms and consequent alterations of
P450 3A4-dependent metabolic pathways of clinically
relevant drugs as well as other xenobiotics. Recently,
variant alleles of P450 3A4 gene representing the very
first examples of potential human function polymor-
phisms have been identified. One of these variant alleles
(P450 3A4*2) found in 2.7% of the white population,
expressed a P450 3A4S222P mutant enzyme exhibiting
impaired metabolism of the Ca2+ blocker nifedipine,
relative to that of the wild-type (37). Another P450 3A4
variant allele expressed a protein with a L373F mutation
with functional properties considerably different from
those of the wild-type enzyme.6 The identification of such
function polymorphisms in the human population how-
ever, underscores the clinical relevance of examining
structure-function relationships of these important hu-
man enzymes and reveals that a single amino acid
divergence can profoundly influence function, with con-
sequent alterations in drug disposition and clinical/toxic
outcome. Furthermore, in individuals representing
25-30% of the human population that express P450 3A5
as their predominant if not sole isoform, such functional
differences not only may directly influence their relative
susceptibility to AFB1 genotoxicity, but also may directly
impact on the clinical efficacy and drug-drug interac-
tions of chloramphenicol, quinidine and cyclosporine A,
drugs that are differentially metabolized by this isoform.
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