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ABSTRACT. Cytochromes P450 3A4 and 3A5, the dominant drug-metabolizing enzymes in the human
liver, share>85% primary amino acid sequence identity yet exhibit different regioselectivity toward
aflatoxin B1 (AFB1) biotransformation [Gillam et al., (199B)ch. Biochem. Biophys. 313,/4—384].

P450 3A4 apparently prefers AFBldhydroxylation, which results in detoxification and subsequent
elimination of the hepatotoxin, over AFBAdxo8,9-oxidation. In contrast, P450 3A5 is incapable of
appreciable AFB1&-hydroxylation and converts it predominantly to #-8,9-oxide which is genotoxic.

To elucidate the structural features that govern the regioselectivity of the human liver 3A enzymes in
AFB1 metabolism and bioactivation, a combination of approaches including sequence alignment, homology
modeling, and site-directed mutagenesis was employed. Specifically, the switch in AFB1 regioselectivity
was examined after individual substitution of the divergent amino acids in each of the six putative substrate
recognition sites (SRSs) of P450 3A4 with the corresponding amino acid of P450 3A5. Of the P450 3A4
mutants examined, P107S, F108L, N206S, L210F, V376T, S478D, and L479T mutations resulted in a
significant switch of P450 3A4 regioselectivity toward that of P450 3A5. The results confirmed the
importance of some of these residues in substrate contact in the active site, with residue N206 (SRS-2)
being critical for AFB1 detoxification via @& hydroxylation. Moreover, the P450 3A4 mutant N206S
most closely mimicked P450 3A5, not only in its regioselectivity of AFB1 metabolism but also in its
overall functional capacity. Furthermore, the other SRS-2 mutant, L210F, also resembled P450 3A5 in
its overall AFB1 metabolism and regioselectivity. These findings reveal that a single P450 3A5 SRS
domain (SRS-2) is capable of conferring the P450 3A5 phenotype on P450 3A4. In addition, some of
these P450 3A4 mutations that affected AFB1 regioselectivity had little influence on testostgrone 6
hydroxylation, thereby confirming that each substrd®d50 active site fit is indeed unique.

Cytochromes P450 (CYPs, P450s) 3A4 and/or 3A5 phically expressed. P450 3A5 is detected in approximately
represent the major components of the human liver microso-25—30% of the adult livers examined, in which it represented
mal P450 complement and are involved in the metabolism 6—100% of the entire hepatic 3A contei% (7). P450 3A5
of over 60% of clinically relevant drugsl(2). These expression is apparently neither sex-specific nor unlike that
enzymes are also responsible for the activation and detoxi-of P450 3A4, drug-inducible, but may be age-related with
fication of hepatotoxic carcinogens such as aflatoxin B1 significantly greater expression in adolesceris7). Al-
(AFB1)! (3—5). While P450 3A4 is the major isoform in  though the protein sequences of P450s 3A4 and 3A5 are
the adult liver, P450 3A5 has been proposed to be polymor- highly similar @), human liver microsomal P450 3A5 as well
as vaccinia virus-expressed P450 3A5 are catalytically
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AFB1 Metabolism by P450 3A4 Structural Mutants

Scheme 1: P450-Dependent AFB1 Metabolism

OCH,3
endo-8,9-oxide

active than P450 3A4, the P450 3A5 enzyme purified from
Escherichia coliexpressed cell membranes may be driven
into a higher catalytic gear by manipulating the conditions
for its functional reconstitutionlQ). It is to be underscored,
however, that although such specialized conditions shed som
light on the catalytic potential of the enzyme, they are not
physiologically relevant. Physiologically, the inherent struc-
ture—function differences between the two enzymes (P450
3A4 vs P450 3A5) would prevail. However, even under
these specialized reconstitution conditioRg,50 3A5 was
incapable of appreciably detoxifying AFBiia its 3a-
hydroxylation and largely produced the genotoxic exo-8,9-
epoxide(Scheme 1)10). It is conceivable that this failure
of P450 3A5 may enhance the genotoxicity of AFB1 in
individuals with near-exclusive P450 3A5 content.
Although P450s 3A4 and 3A5 are 84% identical in their
primary sequenceg], their functional differences indicate
that key differences in their active sites must exist. Unfor-
tunately, no X-ray crystal structures for the mammalian
P450s are available, but P450 homology models based o
the crystallographic structures of P450s 101 (cam), 102 (BM-
3), 107A1 (eryF), and 108 (terp), coupled with alignment

OCH3
exo-8,9-oxide

based on comparative analyses of amino acid and coding

sequences, hydropathy profiles, and secondary structur
predictions {1—-18), have identified putative substrate
recognition sites (SRS) for P450s of the 1 and 2 families.

Sequence inspection of closely related P450 isoforms, such
as 2B1 and 2B2, 2A4, and 2A5, 2C3, and 2C4, reveals the

critical importance of SRS46—24). Key differences could
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Detailed SRS analyses of P450s of the 3A family are just
becoming available 28—30); 3A sequences have been
aligned with those of P450s 101, 102, 107A1, and/or 108
(12, 17, 18), and homology-based P450 3A4 models have
also been constructe®1—33). These analyses have re-
vealed thathe 3A family, in common with other mammalian
P450s, conforms to theverall topology of the bacterial P450
structures Although, in common with other P450s, SRS-4
and SRS-5 of P450s 3A are the only domains whose amino
acid sequences can be aligned rather unambiguously with
those of prokaryotic P45047, 18), other residues in SRS-1
and SRS-3 regions, corresponding to helix B—C loop,
and helix G, respectively, might play a role in substrate
binding. Furthermore, although the closely related P450s
3A4 and 3A5 differ in 78 out of 503 amino acids, 17 of
these variations fall within the 6 putative SRS domains (Chart
1). Any or all of these active site differences could influence
the substrate binding and thereby account for the divergent
catalytic behavior of P450 3A5 with a given substrate. These
considerations, coupled with our knowledge that allelic
variants and site-directed mutants of P450s with different
catalytic properties have been particularly useful in pinpoint-
ing individual amino acid residues of potential functional
relevance, led us to examine whether individual differences
dn the SRSs of P450s 3A4 and 3A5 would similarly identify
the key determinants of their regioselectivity in AFB1
metabolism.

EXPERIMENTAL PROCEDURES

Materials. Testosterone and its hydroxylated metabolites,
AFB1, AFQ1,6-aminolevulinic acid (ALA), NADPH, glu-
tathione (reduced form), sodium cholate, catalase, CHAPS,
lysozyme, DETAPAC, and purified rat liver glutathione
Stransferase (GST) were purchased from Sigma (St. Louis,
MO). L-a-dilauroylphosphatidylcholine L-a-dioleyl-sn
glycerophosphatidylcholine, and phosphatidylserine were
obtained from Doosan Serdary Research Laboratories (En-
glewood Cliffs, NJ). DNase and RNase were purchased from

nBoehringer-Mannheim (Indianapolis, IN). Cytochrore
(bs) and cytochrome P450 reductase were purified from male
rat liver microsomes according to previously reported
methods 84). The glutathione adduct @xa8,9-oxide of
AFBlwas enzymatically synthesized from the corresponding
exo08,9-oxide (a gift from Prof. R. Harris, Vanderbilt
University), purified by HPLC, and characterized spectrally
(35). All other reagents were of the highest commercial
purity.

Design of Site-Directed Mutants of CYP3/&Rrimary

be singled out in select amino acid residues in certain SRS@mino acid sequence alignment was carried out according
regions that confer functional competence and/or divergence,t0 Nelson et al. 17). The putative substrate recognition

novel catalytic specificities and/or activities as well as
specific regio- and stereoselective targeting of a given
substrate18), and the susceptibility of each structural mutant

region was determined according to the alignment of P450
3A4/P450 3A5 with that of P450s 101, 102, 107A1, and 108
and several mammalian P450s whose substrate recognition

to mechanism-based inactivators [chloramphenicol and its '€gions were determined previously7(18). The putative
ana'ogues’ SecobarbitaL ethyny|naphtha|ene' or aminoben5|te'd|rected mutants selected were as follows: SRS'l,

zotriazole and its analogue®3—27)]. Such structure

P107S, F108L, and 1120L; SRS-2, N206S and L210F; SRS-

function relationships suggest that specific SRS alterations3, 1238V; SRS-4, V296A; SRS-5, 1369V, M371l, and

can profoundly influence active site events. However, for a
given mutant, the findings markedly differed with each

V376T; SRS-6, S478D, L479T, and G4800Q.
Site-Directed Mutagenesis of P450 38DNAs for P450s

substrate employed, underscoring the relative importance of3A4 and 3A5 engineered to code for deletions of the

each individual substrateactive site fit 3, 25).

N-terminal residues-312 and substitution of residue Ser18
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Chart 1: Substrate Recognition Sites (SRS) of P450s 3A4 and 3A5
SUBSTRATE-RECOGNITION SITES OF P450s 3A4 & 3A5
SRS-1
384 101 VFTNRRPFGPVGFMEKSAISIAED
3a5 VFTNRRSLGPVGFMEKSAISLAED
SRS-2
384 204 VENTEKEKLL
3a5 VESTKEKETL
SRS-3 SRS-4
3a4 238 I CVFPRE 294 ELVAQSIIFIFRA TTSS
3a5 VSLFPKD ELAAQSIIFIFA TTSS
SRS-5 SRS-6
324 368 PIAMRLERYV 476 KL SLGGLLQP
3a5 PYAIRLERT KLDTQGLLQP

Table 1: List of Oligonucleotides and Screening Restriction Enzymes for Each P450 3A4 Mutation

mutation oligonucleotide primer restriction enzyme

P107S 5CAC AAA CCG GAG GTC GTT TGG TCC AGT GGG-3 Stu (—)°
5'-CCC ACT GGA CCA AAG GACCTC CGG TTT GTG-3

F108L B-CAC AAA CCG GAG GCC GTT GGG TCC AGT G-3 Std (—)
5-CAC TGG ACC CAA CGG CCT CCG GTT TGT G*3

1120L 5-GAA AAG TGC CAT CTC TTT GGC TGA GGA TGA AG-3 BsiXI (+)

N206S 5CAA GAC CCCTTT GTG GAA AGT ACC AAG AAG CTT TTAAG-3 Rsd (+)
5-CTT AAAAGC TTC TTG GTACTT TCC ACA AAG GGG TCT TG-3

L210F 5-AAA GAATGGATC CAA AAAATC AAATCT TAAAAACTT CTT GGT GTT-3 ' Hindlll (—)
5-TTT TTG GAT CCATTC TTT CTC TCA ATAACA GTC-3

1238V 5-CTTGAAGT ATT AAACGT GTG TGT GTT TCC AAG-3P AfllIE(+)

V296A 5-GTC CGA TCT GGA GCT GGC GGC CCA ATC AAT TAT C-3 Sad (—)
5'-GAT AAT TGA TTG GGC CGC CAG CTC CAG ATC GGA C-3

M371I 5-TCC CAATTG CTATTC GAC TTG AGA GGG TC-& Tad (+)

V376T 5-GCT ATG AGA CTT GAG AGG ACC TGC AAA AAA GAT GTT GAG-3 BspM (+)
5-CTCAACATCTTT TTT GCA GGT CCT CTC AAG TCT CAT AGC-3

S478D 5-CTG AAATTAGAC CTT GGAGGACTT CTT CAACC-3 Sty (+)
5-GGT TGA AGA AGT CCT CCAAGG TCT AAT TTC AG-3

L479T 5-CTG AAATTA AGC ACA GGA GGACTT CTT CAACC-3 Hindlll (=)
5-GGT TGA AGA AGT CCT CCT GTG CTT AAT TTC AG-3

G480Q 5-CTG AAATTAAGC TTACAAGGC CTT CTT CAACC-3 Std (+)

5-GGT TGA AGA AGG CCT TGT AAG CTT AAT TTC AG-3

2 The underlined nucleotide(s) was/were altered to introduce the desired mutadienerated via classical oligonucleotide-directed mutagenesis

(36). ¢+ or — refers to gain or loss of indicated restriction site.

with Phe and incorporated into the pCW vector, were gifts
from Dr. R. Estabrook (SW Medical School, Dallas, TX).
The 3A4 cDNA was removed from the pCW vector and
inserted into pBluescript K& for generation of some of the

using the Expand High Fidelity PCR system (Boehringer-
Mannheim, Indianapolis, IN) and the plasmid template
pSE3A4His 80). The corresponding oligonucleotide pairs
are listed in Table 1. Standard PCR conditions were used

mutants. QuikChange site-directed mutagenesis kit (Strat-to generate the mutated cDNA. All mutants were screened
agene, La Jolla, CA) was used for the generation of the by restriction enzyme digestion and confirmed by DNA
following mutants: P107S, F108L, N206S, V296A, V376T, sequencing.

S478D, L479T, and G480Q. The oligonucleotide pairs for

Expression of Wild-Type P450s 3A4 and 3A5 and of P450

each mutant are listed in Table 1. Mutants 1120L, 1238V, 3A4 Point Mutants. The wild-type and mutant P450s 3A4
and M3711 were constructed by the classical oligonucleotide- were expressed i&. coli XL-1 blue cells,E. coli DH5aF
directed mutagenesis methods using uracil-containing single-cells, orE. coli Topp3 cells according to published methods

stranded DNA from a 3A4/pBluescript KSphagemid and
the oligonucleotides listed in Table Bg). The mutated

(9, 10). Typically, a single colony from 2YT-Agar plate
containing 10Q:g/mL carbenicillin was innoculated into 100

P450 3A4 cDNAs were subsequently transferred to the pCW mL of LB media containing 10Q«g/mL carbenicillin and
expression vector using standard cloning techniques. Mutantincubated overnight at 37C with shaking at 250 rpm. The

1369V was constructed as described previoug§).( The

overnight culture was used to seel L of TB broth

mutant L210F was constructed by site-directed mutagenesiscontaining 0.2% BactoPeptone, &@/mL ampicillin, and
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appropriate amount of trace element @4, 37) and uL and stored at-20 °C. The following components were
incubated at 37C, with shaking at 250 rpm. The heme added in strict order: lipid mix (22g/mL), sodium cholate
precursor ALA (75 mg/L) was added when @B.mreached (200 ug/mL), cytochromebs (200 pmol), cytochrome P450
~0.3. P450 expression was induced by IPTG (238 mg/L) reductase (400 pmol), solubilized bacterial membrane P450s
when ODRo nm reached 0.5, at which time the incubation (100 pmol), and reduced glutathione (3 mM). The mixture
temperature was lowered to 3C. Bacterial cells were  was incubated at room temperature followed by the addition

harvested at 2626 h after induction, except for tHe. coli of water, Hepes buffer (50 mM, pH 7.85), catalase (200 units/
Topp3 cells expressing the 1369V mutant which were mL), DETAPAC (1 mM), MgCh (30 mM), AFB1 (50uM
harvested~72 h after induction. in 5 uL of methanol), purified rat liver glutathion&

CHAPS Solubilization of E. coli-Expressed P45@acte- transferase (0.2 mg/mL), and NADPH (1 mM) in a final
rial cell membranes were prepared and solubilized accordingvolume of 0.5 mL. Because higher concentrations of
to John et al. 38) with modifications (inclusion of protease = CHAPS are inhibitory, its final concentration in the incuba-
inhibitors during solubilization) as describe@4). The tions was limited to 0.2%. The reaction was initiated by
membrane pellets obtained from cell lysates were washedthe addition of NADPH and stopped by the addition of 25
once by resuspension in 80 mL of Mops buffer (100 mM uL of 1.47 M formic acid after incubation with shaking (200
Mops, pH 7.4, 10% glycerol, 1 mM EDTA, and 0.2 mM rpm) for 20 min at 37C. After vortexing, the protein was
dithiothreitol) and resedimented. After resuspension in 20 pelleted by centrifugation, and the supernatant was filtered
mL of Mops buffer, 0.5% CHAPS was added and the mixture through a Nylon membrane filter (Rainin Nylon-66, 0.45-
stirred gently at £C for 4 h. The mixture was clarified by ~ um pore size) and analyzed by HPLC as reported by Ueng
centrifugation at 1000@pat 4°C for 30 min, the supernatant et al. @1). Metabolites were characterized by comparison
was obtained, and the P450 content was assayed by thdo authentic synthetic standards and quantified by integration
method of Omura and Sat89). The solubilized membrane of peak areas. In preliminary studies, cochromatography of
fractions were aliquoted and kept-a80 °C until use. the P450 3A4-dependent AFB1 metabolites with authentic

Immunoblotting of E. coli-Expressed Wild-Type and P450 GSH-AFB1 ende and exco8,9-oxides revealed that the
3A4 Mutants. The authenticity of the expressed P450s as enzyme exclusively catalyzed AFEkc8,9-oxide formation,
3A proteins was verified by Western immunoblotting of the thereby confirming the findings of Ueng et ailj. The
solubilizedE. coli membranes against polyclonal anti-P450 formation of AFB1 exo8,9-oxide was assessed by the

3A IgGs raised in rabbits. combined yields of the corresponding GSH adduct and the
Testosterone Metabolism by Solubilized Recombinantdiol formed during the reaction.
Enzymes.Testosterone hydroxylase activity of the solubi- ~ Computer Modeling of CYP3A4The molecular model

lized P450 proteins was determined as descrid€yl after of cytochrome P450 3A4 was constructed previou8i$),(
initial optimization of the assay conditions using the wild- and the crystal structure of AFB#Z%) was obtained from
type enzyme and different molar ratios of P450 reductasethe Cambridge Structural Database. The structures were
and/or cytochromés. From these preliminary studies, the displayed on a Silicon Graphics workstation using Insightll
molar ratio of P450 3A4:reductadeof 1:4:2 was selected software (MSI, San Diego, CA). Energy minimization and
with regard to near-optimal activity as well as conservative molecular dynamics simulations were carried out with the
use of reagents and was adopted in all subsequent assays ddiscover program, version 2.97 (MSI), using the consistent
the P450 3At or its structural mutants. Briefly the assay valence force field. The parameters for heme and ferryl
conditions were as follows. The reagents were added at 40xygen were as descibed by Paulsen and Ornsd&irig).

°C in the following order: lipid mix (-o-dilauroylphos- Aflatoxin B1 was docked into the active site of the P450
phatidylcholinet-a-dioleyl-snglycerophosphatidylcholine: ~ 3A4 model in a reactive binding orientation leading to either
phosphatidylserine, 1:1:1, w/w; 1@j), sodium cholate (100  ex08,9-epoxidation or &-hydroxylation. In the case of
uQ), cytochromebs (20 pmol), P450 reductase (40 pmol), epoxidation, the distance betweep & AFB1 and ferryl
P450 3A4 or mutant (10 pmol), and GSH (1.5 mmol). The oxygen wa 3 A toallow for van der Waals contacts between
above mix was reconstituted at room temperature for 10 min these atoms leading to the initial electron abstraction from
and then placed back in ice. The following reagents were the substrate and the subsequent 8,9-epoxide formation. For
then added in order: Hepes buffer (50 mM, pH 7.85), 3o-hydroxylation, the g—ferryl oxygen distance was 3.7
catalase (100 U), DETAPAC (1 mM), water (g.s. 0.5 mL), A and the H, was directed toward the O atom{Hvas 2.6
MgCl, (30 mM), and }“Cltestosterone (0.25 mM). The A from ferryl oxygen) to promote hydrogen bonding which
mixture was preincubated at 3T for 2 min, and NADPH is then followed by hydrogen abstraction. In both cases, the
(1 mM) was added to start the reaction. The reaction was enzyme-substrate interactions were optimized by minimiza-
terminated with 1 mL of ChCl,. The metabolites were tion of the side chains of protein residues witts A from

extracted twice with 2 mL of CkCly, dried down under B the substrate. The steepest descent method and harmonic

and assayed by HPLC with radioquantitation as described potential were used, with a nonbond cutoff of 10 A, and the

previously @0). energy minimization was carried out to a maximum gradient
AFB1 Metabolism by Recombinant Enzymegsinctional of 1 kcal mort A=1, The nonbond interaction energy, both

assay of AFB1 metabolism by native and mutant enzymes electrostatic and van der Waals forces, between the substrate
was conducted as described by Ueng et 4ll) (vith some and the enzyme was evaluated with the Docking module of
modifications to improve the enzyme activity and stability. the Insightll package.

Lipid mix (L-a-dilauroylphosphatidylcholine:o-dioleyl-sn In addition to AFB1 bound in a reactive binding orienta-
glycerophosphatidylcholine:phosphatidylserine, 1:1:1, w/w) tion, a second AFB1 molecule was docked into the active
was sonicated in water at a stock concentration ofu@b site of P450 3A4 using molecular dynamics. For these
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simulations, the first AFB_]' molecule _Wa_s f'Xed'_Wh'I? the Table 2: Regioselectivity of Testosterone Hydroxylation by P450s
second molecule along with the protein side chains within 5 3a4 and 3A5 and Their Structural Mutafts
A from it was allowed to move. Initially, the system was

testosterone (T) hydroxylation

minimized with the steepest descent method and then S (nmol of OH-T formed/nmol of P450/min)
subjected to 1-ps molecular dynamics simulations followed yomains  P450s [BOHT 23-OHT 63125-OHT
by energy minimization, as described preV|ouSI§B,(3_3). AL 268+391 1855006 145
The interactions of the second AFB1 molecule with the grg.1  p1o7s 9.57 0.99 9.67
protein were also evaluated. F108L 9.79 0.34 28.8

120L  14.9 0.78 19.2
RESULTS SRS-2  N206S 148011 ND

L210F  27.4 1.54 17.8

Optimization of P450, P450 Reductase, and Cytochrome gggj '\?23986VA 23'8 4 (%&9 is;'g

bs Ratios in the Reconstituted System preliminary studies, SRS-5 1369V 238 249 0.56
we examined the requirement for cytochroime(bs) and M371Fc  18.7 1.29 14.5
the molar ratios of P450 3A4, P450 reductase, bafbr V376T 387 3.01 12.9
optimal testosterone #Bhydroxylase activity (results not ~ SRS6 Li‘%iD l§8é6 11613 1%365'6
shown). The P450 anls ratios were initially maintained G480Q 252 1.5 20.0
at 1:1, and the reductase molar ratios varied from 2 to 15, 3A5wt 4554237 0.79+0.22 5.76

yielding near-maximal aCtiVity_?élg'S nmol of @-hydrox- ) aValues listed are meatt SD of at least three individual determina-
ytestosterone/nmol of P450/min) between 3 and 5 mol equiV tions or the mean of two individual determinations. The variability

of reductase. Next, when the P450:reductase molar ratiosbetween each of the duplicate values wzB9%. ® ND, nondetectable.
were maintained at 1:4, and tlhe molar equivalents were ¢ A hydroxylated testosterone metabolite that coeluted with authentic
varied from 0 to 3, near-maximal activity-@1.5 nmol of ]}O?Gr;](e);;;’]"gso?';‘Zgg;;ﬁirna.ted at the rate of 0:89.25 nmol of OH-T
64-hydroxytestosterone/nmol of P450/min) was observed

with 2 mol equiv ofbs. This ratio also afforded maximal
conservation of the protein reagents and was adopted in all
subsequent experiments. It appeared that with some P45
3A4 mutants studied, thies and reductase were important
in stabilizing the P450 chromophore in the reconstituted
system and that the stability of the P450 3A4 enzymes in
the reconstituted system was critically dependent on the strictIts

adherence to the indicated order of addition of the various was found to oxidize AFB1 to yield thexghydroxy (AFQ1)
components. andexo8,9-oxide metabolites, at a metabolic ratio of 2.55
Authenticity of the Expressed P450s as 3A Proteiter for AFQ1/8,9-oxide formation, while P450 3A5, as shown
P450 expressiork. colimembranes were prepared, solubi- previously (L0, 45), was found to predominantly favexo
lized, and routinely subjected to Western immunoblotting g 9-oxidation over 8-hydroxylation, with a corresponding
against rabbit polyclonal anti-P450 3A 1gGs to confirm the ratio of 0.33 (Table 3). The rates of AFBXo8,9-oxidation
relatedness of the expressed P450s to the P450 3A4 proteiyng 3u1-hydroxylation of P450 3A5 were also found to be
(I’esultS not ShOWh). Additional confirmation was derived re|ative|y much lower ;@75% and l%, respective|y) than
from their ability to regio- and stereoselectively hydroxylate those of P450 3A4, confirming previous report§,(45). A
the testosterone molecule at the @nd -sites (see below).  cursory inspection of the data (Table 3) revealed that the
Regioselectiity of Testosterone Hydroxylation by P450s most pronounced effects were elicited by mutations in P450
3A4 and 3A5 and 3A4 MutantsThe functional relatedness 3A4 SRSs 2, 4, 5, and 6. Accordingly, mutation of P450
of the P450 3A4 mutants to its parent P450s 3A4 and 3A5 3A4 SRS-2 residue Asn206 to the corresponding P450 3A5
was verified by determining the relative hydroxylation of Ser residue yielded a mutant that was notably deficient in
testosterone at thef6 and 23-positions (Table 2). Test- catalyzing AFB1 &-hydroxylation and somewhat sluggish
osterone B-hydroxylation serves as a diagnostic functional in catalyzing AFBlexa-8,9-oxidation resulting in an AFB1
probe for most P450s 3A. The near-comparable activities regioselectivity profile that more closely resembled that of
of P450 3A4 mutants L210F, 1238V, 1369V, M3711, V376T, P450 3A5 than that of P450 3A4. Similarly, the mutation
S478D, L479T, and G480Q revealed that they compared of P450 3A4 SRS-2 residue Leu210 to the P450 3A5 residue
favorably to the wild-type in their ability to hydroxylate Phe yielded an enzyme with considerably reduced ARB1 3
testosterone at thes2 and g-positions. The other P450 hydroxylase andxo8,9-oxidase activities, with metabolic
3A4 mutants (P107S, F108L, 1120L, and V296A) examined ratios that also approached those of P450 BA50nly a
exhibited testosteroneféhydroxylase activities at values minor effect on the AFB1 regioselectivity profile was
intermediate between those of P450s 3A4 and 3A5, while observed with the P450 3A4 SRS-4 mutant V296A, given
their testosteronefhydroxylase activities were more com- the comparablex70%) lowering of each metabolic pathway.
parable to that of P450 3A& rather than that of P4503A4.  On the other hand, the mutation of P450 3A4 SRS-5 residue
Mutant N206S exhibited a drastically reduced testosteronelle369 to the corresponding P450 3A5 residue Val not only
64-hydroxylase activity, with nondetectable testostergfte 2  lowered the AFB1 8-hydroxylase activity by 75% but also
hydroxylase activity. Nevertheless, the ability of most of inhibited theexo8,9-oxidase activity by>92%, such that
the P450 3A4 mutants to hydroxylate testosterone atflre 2 the resulting mutant exhibited an apparent metabolic ratio
and g3-positions indicated their fidelity to each of these 3A of 8.5 for AFQ1/8,9-oxide formation. In contrast, the P450

functions. Of the mutants examined, only M371l appeared
o0 deviate from this typical 3A functional behavior by
exhibiting the additional and somewhat unusual capability
of appreciably hydroxylating testosterone to a metabolite that
coeluted with the 18-hydroxytestosterone standard.
Regioselectity of AFB1 Metabolism by P450 3A4 and
Mutants. Consistent with previous reports, P450 3A4
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Table 3: Regioselectivity OF AFB1 Hydroxylation by P450s 3A4  €X08,9-epoxidation or &-hydroxylation, only residues 120,
and 3A5 and Their Structural Mutapts 369, 478, 479, and 480 of the residues studied are found

AFB1 hydroxylation (nmol of AFB1 metabolite within 5 A from the sgbstrate molecule (se_e Figures 1 and

SRS formed/nmol of P450/min) 2). However, the active site of P450 3A4 is large enou_gh

domains P450s AFQL _ 89-epoxide AFQL/89-epoxide O accommodate two AFB1 molecules, in agreement with
the positive cooperativity observed experimentadly, 46).

3A4wt  2.044+0.32 0.80+0.14 2.55

SRS-1  P107S  1.11 1.01 1.10 Thgrefor_e, a second AFB1 molecule was glso placed in the
F108L 0.97 0.74 1.31 active site of the model, as shown in Figures 1 and 2.
1120L  2.65 0.96 2.76 Additional amino acid residues such as 206, 210, and 238,
SRS-2 Ll\zlig?rs ooigs 00é239 004258 which are found withi 5 A from the second AFB1 molecule,
SRS-3 1238V 1.67 0.89 1.88 can now interact with the substrate. Furthermore, molecular
SRS-4 V296A 0.51 0.27 1.89 dynamics simulations (up to 3 ps) indicated that the second
SRS-5 1369V 0.51 0.06 8.50 substrate molecule may move freely within the active site
M37ll  2.23 1.34 1.66 and is able to approach other active site residues, such as
vsier 0.4z 0.35 1.20 296 or 376. On the basis of docking results, major effects
SRS-6 S478D 0.14 0.15 0.96 ' : ocKing » May
L479T 0.20 0.17 1.18 of residue replacement at positions 206, 210, and 369 can
G480Q 0.46 0.29 1.59 be linked to the alteration in the size of the amino acid side
3ASWt 0.02 0.06 0.33 chain: a decrease in the case of N206S and 1369V and an
a AFQ1 is the 3-hydroxylated AFB1 metabolite. 8 @oEpoxides increase in the case of L210F. Furthermore, Asn206 may

were assayed by the combined yield of their GSH adducts and the diol form hydrogen bonds with the second AFB1 molecule (not
species. Values listed are the meanSD of at least four individual - Py

determinations or the mean of at least two individual determinations. shown), Wh'.Ch may aﬁeCt Substrate 9X|datlon'. On the other
The variability between each of the duplicate values w&86. ® Traces hand, mutation of residues that can interact with AFB1 only
of AFM1 (9a-hydroxy AFB1) were detected. transiently, such as 296 or 376, led to only minor alterations

in activity.

3A4 SRS-5 mutant V376 T showed a minor tendency toward DISCUSSION
the P450 3A5 AFBL regioselectivity profile largely because
of a~80% decrease in AFBlo3hydroxylation but only a The above findings clearly reveal that not only does the
56% decrease in 8,9-epoxidation. The P450 3A4 SRS-5P450 active site structure critically influence the catalytic
mutant M371l, on the other hand, showed a negligible switch course of the P450 reactions but also that each individual
toward the P450 3A5 regioselectivity profile largely because substrate-active site fit is unique. Thus, the active site
of its relatively enhanced (167%) capacity for AFB1 8,9- differences between P450s 3A4 and 3A5 appear to critically
epoxidation. As predicted from homology modeling and influence the regioselectivity of AFB1 oxidation to a much
molecular docking exercises, the divergent residues in thegreater extent than that of testosterone oxidation. In
P450 3A5 SRS-6 region also considerably influenced its particular, residues Asn206, Leu210, Val296, lle369, Val376,
function. Accordingly, P450 3A4 SRS-6 mutants S478D and Ser478, Leu479, and Gly480 in the putative SRS domains
L479T showed marked>90% decreases in AFBlo3 2, 4, 5, and 6 of P450 3A4, respectively, appear to be
hydroxylation ancdk80% decreases iexa-8,9-epoxidation, essential for the enzyme’s catalytic generation of the 3
with a consequently altered AFB1 regioselectivity profile. hydroxy AFB1 metabolite, AFQ1. The replacement of these
Much lesser effectsx78% and 64% decreases, respectively) residues with the corresponding residues of P450 3A5 led
on AFB1 3x-hydroxylation andexo8,9-epoxidation were  to the drastic reduction, if not virtual abolition, of AFB1
manifested by the P450 3A4 SRS-6 mutant G480Q, with 3a-hydroxylation (Table 3). These four P450 3A4 SRS
consequently negligible alteration of the AFB1 regioselec- regions are also important for the expression of the P450
tivity profile (Table 3). 3A4 exo8,9-epoxidase activity, as mutations to the corre-

The P450 3A4 SRS-1 mutants P107S and F108L also sponding P450 3A5 residues reveal (Table 3). Furthermore,
exhibited some switch toward the P450 3A5 AFBL1 regiose- the mutations of P450 3A4 SRS-2 residues Asn206 and
lectivity profile, albeit not as marked as that of N206S and Leu210 to the corresponding P450 3A5 residues Ser and Phe
L210F mutants. Accordingly, P450 3A4 SRS-1 mutants are sufficient to endow each mutant with the P450 3A5
P107S and F108L exhibited decreases:45—-50% in AFB1 phenotype, with near-comparable AFB1-oxidizing activities
3a-hydroxylation, with little altered 8,9-epoxidation, that and metabolic ratios, thereby revealing the critical influence
accordingly affected the overall regioselectivity profile. of each residue as a determinant of this phenotype. Col-
However, P450 3A4 SRS-3 mutant 1238V showed little lectively, these findings reveal that the SRS domains 2, 4,
decrease in AFB1@hydroxylation and no decreaseerc 5, and 6 of P450 3A4 are critical for anchoring AFB1 in an
8,9-epoxidation, with a correspondingly negligible switch orientation that favors oxidation of the substrate at opposite
toward the P450 3A5 AFBL1 regioselectivity profile. Onthe (extreme) ends of the molecule. However, these P450 3A4
basis of these results with 1238V mutant and our computer structural criteria cannot be generalized to its metabolism
modeling studies, the other P450 3A4 SRS-3 mutants of other substrates, since in contrast to their marked influence
(C239S, V240L, R243K, and E245D) were predicted to have on AFB1 metabolism, P450 3A4 mutants L210F, 1369V,
even lesser effects and were not tested. V376T, S478D, L479T, and G480Q had little, if any, effect

Computer Modeling.To gain some insight into enzyme on testosterone/® or 25-hydroxylation (Table 2).
substrate interactions during AFB1 metabolism, we docked It is well-recognized, however, that the active site of P450s
this substrate into the active site of the P450 3A4 model. 3A is sufficiently large to accommodate more than one
When AFBL1 is docked in an orientation leading to either its substrate molecule at a time, as thaaphthoflavone (-
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Ficure 1: AFB1 docked into the active site of the P450 3A4 model in an orientation allowing fooitsy8roxylation, with the second
substrate molecule also present in the active site. AFB1 molecules are displayed with all hydrogens and shown in black. The 3A4 residues
studied are labeled and also shown in black, as is the heme moiety. Although the substrate molecule bourdridiagorientation (the

molecule close to heme) can interact with only a limited number of protein residues, the second molecule may move close to other residues
comprising the active site of P450 3A4.

Ficure 2: AFB1 docked into the active site of the P450 3A4 model in an orientation allowing fer@8,9-epoxidation, with the second

substrate molecule also present in the active site. AFB1 molecules and heme are shown in black. The 3A4 residues studied are labeled and
also shown in black. The AFB1 molecule bound in an orientation leading to its epoxidation (the molecule close to heme) can interact with

a limited number of protein residues, but the second AFB1 molecule may be in contact with other active site residues.

NF) activation of P450 3A4-dependent metabolism of influence AFB1 metabolism, even though the residues altered
phenanthrene 4¢), AFB1 (3, 4, 45), and the steroids are not in direct contact with the specific molecule targeted
progesterone and testostero@g)(reveals. Furthermore, the for metabolism.

catalytic behavior of P450 3A4 with regard to both AFB1 Indeed such a “relay effect” may account for the loss of
metabolic pathways, as revealed by typical sigmoida S AFB1 3a-hydroxylation in the P450 3A4 N206S mutant.
kinetic plots, attests to positive cooperativity between AFB1 Docking of AFB1 in the P450 3A4 molecular model, coupled
molecules within the P450 3A4 active si#y 46). Indeed, with energy minimization and molecular dynamics simula-
molecular docking studies confirm that the P450 3A4 active tions, suggests that when AFB1 is docked in thetinding

site is sufficiently large to accommodate two and even orientation in the active site, a second AFB1 molecule can
perhaps three AFB1 molecules, simultaneously. Thus, givenbe docked in an orientation that would allow for hydrogen
such substrate packing, any spatial alteration of the activebond formation with Asn206 (not shown). The second
site cavity through mutation of individual active site residues molecule is then close enough to the first for van der Waals
that spatially interferes with this stacking could profoundly interactions, which would stabilize it$x3binding orientation.
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However, when AFB1 is bound in an orientation leading to might allow far greater mobility of testosterone within its
exo-8,9-oxidation, the distance between the first molecule active site to enable oxidative attack at either end of the
and the hydrogen-bonded second molecule is too large forsteroid molecule.

direct interactions to occur. When Asn206 is replaced by  Furthermore, it appears that SRS regions other than 2, 4,
Ser, the second AFB1 molecule can no longer form hydrogen 5, and 6 must participate in determining the overall functional
bonds with Ser due to steric overlaps with other residues. potential of the P450 3A4 and P450 3A5 enzymes. For
This may lead to increased mobility of the second molecule, instance, Pro107 and Phe108 residues in the P450 3A4 SRS-1
which would be unable to stabilize the-dinding orientation domain, although seemingly protected from AFB1 by helix
of the first. On the other hand, AFB1 epoxidation by the B', exert some influence on AFB1 regioselectivity by
P450 3A4 N206S mutant would be affected to a lesser extent,lowering its 3r-hydroxylation to a considerably greater extent
in agreement with the experimental results. Similarly, when than itsexa-8,9-oxidation, when the residues are mutated to
Leu210 is mutated to Phe, the steric bulk of this aromatic the corresponding residues of P450 3A5. It is possible that
residue would interfere in the H-bonding of the Asn206 with residues Prol07 and especially Phel08 are part of the
the second AFB1 molecule, thereby accounting for the substrate access channel and thus influence ARRlive
observed decrease in AFBoidydroxylation, with a lesser  site fit. Their localization in this domain may also account
effect on AFB1 8,9-epoxidation. On the other hand, 11e369 for their reduced activity with testosterone as the substrate
is relatively close to the substrate bound in either a (Table 2). The putative SRS-1 substrate-contacting 1le120
3a-binding orientation or an orientation allowing for its residue, on the other hand, exhibits little effect on either of
epoxidation (Figures 1 and 2). Therefore, the substitution the individual metabolic pathways or on AFB1 regioselec-
of lle to Val at this position would directly influence either tivity, when replaced with the corresponding P450 3A5
substrate binding orientation and account for the lowering residue Leul20, given the conservative nature of this
of both AFB1 metabolic pathways. Such direct influence particular mutation. It is conceivable that the mutation of
of the P450 3A4 1369V mutation on the target substrate is this residue to a less bulkier residue could affect AFB1
also observed with progesteror29) (see below), but not  metabolism.

with testosterone, since as in that rep@8)( we have found Mutation of the single divergent residue, Val296 in SRS-4
that there was little effect on testosterong- 6or 253- of P450 3A4 to the corresponding P450 3A5 residue Ala296,
hydroxylation (Table 2). on the other hand, results in generally lowered activities of

The relatively reduced overall AFB1-oxidizing capacities both AFB1 metabolic pathways. This residue is located at
of several individual P450 3A4 mutants that incorporated the N-terminal part of helix | and thus may affect the volume
the corresponding residues of P450 3A5 suggest that severabf the active site cavity and also may interact with the second
regions of the P450 3A5 active site structure must act in AFB1 molecule. Substitution of Val296 with the P450 3A5
concert to significantly dampen the AFB1 metabolic capacity residue Ala would increase the volume of the active site and
of P450 3A5t relative to that of P450 3A4t, with AFB1 lead to increased mobility of AFB1, consistent with the
exo8,9-oxidation gaining relative prominence over the observed lowering of both activities. Residue (M371) other
virtually abolished &-hydroxylation pathway. So how are than 1le369 in the P450 3A4 SRS-5 domain also appears to
the differences in the active site structures of these two influence its AFB1 regioselectivity profile, as mutations to
enzymes manifested as differences in their function? It is the corresponding residue of P450 3A5 reveal. The M371l
unlikely that an unfavorable redox potential of the AFB1  mutant affects the regioselectivity profile by largely enhanc-
P450 3A5 enzyme complex with consequent impairment of ing theexa8,9-oxidation. This residue apparently comprises
its reduction by P450 reductase is primarily responsible for the substrate access channel and thus could influence the
its relatively inferior catalytic capacity, since the functional AFBl—active site fit.
differential between the two enzymes persists even when this  The critical influence of this P450 3A4 SRS-5 region is
rate-limiting electron donation step is circumvented by underscored by the recent report that SRS-5 structural
surrogate @donors, cumene hydroperoxide (CuOOH) and mutants profoundly affect its regioselectivity of progesterone
iodosobenzenetf). Itis far more likely that this P450 3A5  hydroxylation and/or its testosterong-ydroxylase activity
functional deficit is due to a substratactive site fit that (29). For instance, the P450 3A4 1369V mutant exhibited
allows considerably greater substrate mobility than that of dramatically reduced progesteronexidydroxylase activity,
P450 3A4. Indeed, the analysis of amino acid differences while the P450 3A4 A370V showed a marked increase in
within the SRSs reveals that the majority of P450 3A4 this activity. Apparently, residues 369 and 370 are found
residues in those regions are replaced with smaller aminowithin 4 A from the docked substrate and thus can interact
acids in P450 3A5, which may increase the volume of the through hydrophobic forces. Indeed mutation of 1le369 to
active site. Furthermore, two separate observations seem td/al decreases the van der Waals contacts with the substrate
support this view: (i) The detection of AFM1, the 9a- with consequently increased substrate mobility within the
hydroxylated product, albeit in traces, after AFB1 incubation active site and loss of progesteronedlydroxylase activity.
with the P450 3A®&it suggests that the P450 3A5 active site Conversely, mutation of Ala370 to Val enhanced these
region that accommodates the AFB1 furan moiety might be interactions, which is reflected in considerably higher
somewhat more flexible (or less constrained) than that of progesterone I6hydroxylase activityZ9). The P450 3A4
P450 3A4, which fails to produce this metabolite in detect- L373H mutant, on the other hand, retained reactivity at the
able amounts. (ii) The appreciable formation of$16 63- and l1l@-progesterone sites as well as at thg- 6
hydroxytestosterone (or a metabolite that coelutes with it) testosterone position but additionally produced a novel
by the P450 3A4 M371l mutant, in addition t@-6and 25- metabolite of each steroi@9). Itis interesting in this regard,
hydroxytestosterones, suggests that this P450 3A5 featurehat in our hands, another P450 3A4 SRS-5 mutant M371l
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also produced a novel testosterone metabolite that comigrategrovided the plasmid for the expression of the P450 3A4

with 163-hydroxytestosterone.

mutant 1369V. We also thank Dr. Kung Ming Covitz, Dept

Collectively, these findings strongly support the notion that Of Biopharmaceutical Sciences, UCSF, for her expert advice
although key residues can be singled out as critical for a and helpful suggestions in the generation of the mutants by
particular function, the global architecture of the individual the Kunkel method.

active site participates in the intricate fine-tuning of the
enzyme’s catalytic interaction with any given substrate that
ultimately defines its particular metabolic trajectory. This
global P450 3A4 active site architecture apparently also
dictates why the enzyme predominantly produces the geno-
toxic AFB1 exa8,9-oxide instead of the equimixture of the
ende andexa8,9-epoxides produced by human liver P450
1A2 (41). Molecular docking studies of AFB1 in the P450
3A4 active site reveal that the P450 3A4 active site structure
cannot accommodate AFBL1 in an orientation conducive for
its endo8,9-oxidation.

Although P450 3A5 appears to favor the AFB1 genotoxo-
genic metabolic pathway, the genotoxic potential of P450
3A5 is but a mere fraction of that of P450 3&# As such,
is the genotoxic potential of P450 3A5 of any clinical
significance? As discussed earlier, given its overall negli-
gible detoxification of AFB1, the P450 3A5 preference for
the genotoxi@xa-8,9-oxidation pathway would be of concern
to individuals that predominantly express this hepatic iso-
form. While human liver P450 1A2 also metabolizes AFB1
to AFM1 (a major metabolite) and a mixture ehde and
exo-8,9-oxides, its relative role in AFB1 activation to the
genotoxicexo-8,9-oxide apparently is secondary to that of
P450 3A4, in a direct comparison of the two enzymes in
metabolic as well as carcinogenic bioactivation assays,
according to one reporé{). However, this particular issue
remains controversialq, 46) and may actually relate to the
relative activity of each P450 isoform at a given (micromolar
or submicromolar) AFB1 substrate concentration. Further-
more, although the P450 1A2-catalyzed AFM1 formation is
a detoxification process, the overall extent of such detoxi-
fication is considerably inferior to that (AFQ1 formation)
of P450 3A4 and secondary to its own potential for AFB1
ende and exo8,9-oxidation. Thus, the relative risk of
hepatocarcinogenic AFB1 bioactivation would be enhanced
in individuals that not only exhibit a high content of both
P450 1A2 and P450 3A5 but are also chronically exposed
to low-grade dietary AFB1, given (i) the overall relatively
poor capacity for AFB1 detoxification expected in this
population, (ii) the lack of human GST enzymes capable of
detoxifying the ende and exc8,9-oxides, and (iii)) the
inability of human epoxide hydrolase to significantly enhance
the detoxication oende and exo8,9-oxides 48). Given
this scenario, a retrospective analysis to determine whether
the population infected with the hepatitis B virus that was
also found to be at risk for AFB1 hepatocarcinogenesis in
epidemiological studies is a population that predominantly
exhibited the P450 3A5 phenotype would be of clinical
interest.
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