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ABSTRACT: Prompted by our previous homology model of cytochrome P450 2B1 based on the 3-D structure
of P450cam [Szklarz, G. D., Ornstein, R. L., & Halpert, J. R. (1994) J. Biomol. Struct. Dyn. 12, 61—78],
we constructed 11 new site-directed mutants at positions 100, 111, 205, 209, 291, 477, and 480 and
expressed the enzymes in Escherichia coli. The mutations at positions 209, 477, and 480 affected
androstenedione and progesterone hydroxylation as predicted by the model. For example, the lle-477 —
Ala and Ile-480 — Ala mutants retained <5% activity with androstenedione and progesterone but were
active with benzphetamine, whereas the Leu-209 — Ala mutant catalyzed 21-hydroxylation of progesterone.
Mutations at the other positions, i.e., 100, 111, 205, and 291, did not change enzyme activity, contrary to
predictions. Therefore, an improved molecular model of cytochrome P450 2B1 was constructed. An
alignment of the P450 2B1 sequence with P450 BM-3, P450cam, and P450terp was optimized using data
from site-directed mutagenesis at 27 positions in various cytochromes P450 2B and docking of
androstenedione into the active site of the known crystal structures. Because all three structures were
found to be suitable templates for P450 2B1, the new model was formulated on the basis of the
crystallographic coordinates of the three proteins using a consensus strategy, a modeling method based
on distance geometry calculations. The new model provides a means to explain alterations in regio- and
stereospecificity of steroid hydroxylation upon residue substitution at key amino acid positions, including

positions 114, 206, 209, 290, 302, 363, 367, 477, 478, and 480 in P450 2B1.

Cytochromes P450 are a superfamily of heme-containing
enzymes that catalyze the monooxygenation of a variety of
substrates ranging from endogenous compounds such as
steroids or prostaglandins to xenobiotics such as drugs and
environmental pollutants (Guengerich, 1993). Many forms
of P450! display broad substrate specificities, but individual
isoforms often exhibit strict regio- and stereospecificity
toward some substrates, e.g., steroids. In recent years, much
effort has been devoted to understanding the structural basis
for such specificity and to elucidation of structure—function
relationships of these enzymes [e.g., Johnson (1992) and
Korzekwa and Jones (1993)].

To date, four bacterial P450 structures have been solved
by X-ray crystallography: P450cam (P450 101), a camphor
hydroxylase from Pseudomonas putida (Poulos et al., 1985,
1987), P450 BM-3 (P450 102), a fatty acid monooxygenase
from Bacillus megaterium (Ravichandran et al., 1993),
P450terp (P450 108), an o-terpineol monooxygenase from
Pseudomonas sp. (Hasemann et al., 1994), and P450eryF, a
6-deoxyerythronolide B hydroxylase from Saccaropolyspora
erthrea (Cupp-Vickery & Poulos, 1995). Although these
bacterial enzymes display low (15—20%) amino acid se-
quence identity with eukaryotic P450s, certain regions of the
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sequence, such as the heme binding site, the oxygen binding
site, and the site of interactions with redox partners, are
highly conserved (Nelson & Strobel, 1988, 1989), implying
conservation of structure. Furthermore, comparison of
known structures indicates that the topology of all the
enzymes is similar, especially in the heme binding core
region (Hasemann et al., 1995; Cupp-Vickery & Poulos,
1995). Since none of the eukaryotic P450s has been
crystallized, molecular models of various mammalian en-
zymes have been constructed (Vijayakumar & Salerno, 1992;
Laughton et al., 1993; Koymans et al., 1993) to explain
substrate specificity and to relate enzyme function to its
structure.

Site-directed mutagenesis together with the concept of
substrate recognition sites (Gotoh, 1992) has been success-
fully applied to identify residues responsible for substrate
specificity in many cytochromes P450 of family 2. These
key residues include residues 117, 209, and 365 in the mouse
2A subfamily (Lindberg & Negishi, 1989; Juvonen et al,,
1991; Iwasaki et al., 1993), residues 114, 206, 290, 302, 363,
367, and 478 in 2B enzymes (Aoyama et al., 1989; Kedzie
et al,, 1991; He et al., 1992, 1994; Halpert & He, 1993; Luo
et al., 1994; Hasler et al., 1994), residues 112—115, 301,
359, and 364 in the 2C subfamily (Imai & Nakamura, 1989;
Kaminsky et al., 1992; Hsu et al., 1993; Straub et al.,
1993a,b, 1994, Richardson & Johnson, 1994), and residue
380 in P450 2D1 (Matsunaga et al., 1990). Since structure—
function relationships of rat cytochrome P450 2B1 have been
of major interest in our laboratory in the last few years
(Kedzie et al., 1991; He et al., 1992, 1994; Halpert & He,
1993; Luo et al,, 1994), we recently developed a three-
dimensional model of this enzyme based on the crystal
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structure of P450cam (Szklarz et al., 1994). The model
correctly assigned positions for 9 out of 10 2B1 residues
studied by site-directed mutagenesis and allowed a plausible
explanation of some of the changes in regio- and stereospeci-
ficity caused by certain amino acid substitutions. Further-
more, the model indicated other residues which may be
important for enzyme activity.

Therefore, in the present investigation, we constructed
single mutants of P450 2B1 at positions 100, 111, 205, 209,
291, 477, and 480, which were predicted by the model to be
important for steroid hydroxylation. The mutant proteins
were expressed in Escherichia coli and assayed with an-
drostenedione and progesterone as substrates. An improved
model of P450 2B1 was built on the basis of three known
crystal structures, P450cam, P450 BM-3, and P450terp, using
consensus modeling methods. We have utilized a novel
approach to refine the sequence alignment using data from
site-directed mutagenesis in combination with docking of
substrate into the active site of known structures and
estimating the feasibility of interactions between the substrate
and key residues. Our new model possesses coordinates
which are weighted averages of all reference proteins and is
in agreement with site-directed mutagenesis data for cyto-
chromes P450 2B.

EXPERIMENTAL PROCEDURES

Materials. Primers for site-directed mutagenesis and DNA
sequencing were obtained from the University of Arizona
Macromolecular Structure Facility (Tucson, AZ). The
pKK?233-2 E. coli expression plasmid was purchased from
Pharmacia (Alameda, CA), and Topp3 cells were from
Stratagene (La Jolla, CA). Growth media for E. coli were
obtained from Difco (Detroit, MI). Restriction endonucleases
and DNA modification enzymes were purchased from
GIBCO-BRL (Grand Island, NY). Androstenedione, ben-
zphetamine, NADPH, dilauroyl-L-3-phosphatidylcholine
(DLPC), and CHAPS were obtained from Sigma (St. Louis,
MO). ["“C]Androstenedione and [““C]progesterone were
purchased from DuPont-New England Nuclear (Boston,
MA). TLC plates [silica gel, 250 uM, Si 250 PA (19C)]
were obtained from J. T. Baker Inc. (Phillipsburg, NJ).
HEPES was purchased from CalBiochem Corp. (La Jolla,
CA). All other reagents and supplies not listed were obtained
from standard sources.

Site-Directed Mutagenesis and Expression of P450 En-
zymes in E. coli. Wild-type P450 2B1 cDNA was introduced
into the pKK233-2 expression vector as described previously
(John et al., 1994). The second codon had been modified
from GAG to GCT to increase expression in E. coli (John
et al.,, 1994). The USE mutagenesis kit from Pharmacia
(Piscataway, NJ) was used for the introduction of specific
base changes into the P450 2B1 cDNA to produce the
following single mutants of P450 2B1: Thr-100 — Lys, Tyr-
111 — Phe, Thr-205 — Ser, Leu-209 — Ala, Ser-291 —
Thr, Ile-477 — Ala, and Ile-480 — Ala. The unique
restriction site eliminated in the process of mutagenesis was
a Sall site in the vector. The substitution of Ile with Leu or
Val at positions 477 and 480 was carried out by PCR. The
mutants were constructed in the pKK233-2 vector by
replacing a 380 bp Bg/II fragment from the second codon-
modified wild type with the corresponding fragment from
the mutants. All mutated codons were confirmed by double-
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stranded sequencing using a Sequenase 2.0 kit from the U.S.
Biochemical Corp. (Cleveland, OH). Plasmids containing
the P450 2B1 wild-type and mutant cDNAs were transformed
to Topp3 cells. E. coli were grown and CHAPS-solubilized
membranes prepared as described previously (John et al.,
1994; He et al., 1995).

Substrate Metabolism by Expressed P450 2B1 and 2Bl
Mutants. The assays of steroid hydroxylase activity were
performed as described earlier (John et al., 1994; He et al.,
1995), except that 5 pmol of P450 and 17.5 pmol of rat liver
NADPH-P450 reductase were used in each enzymatic
reaction. Androstenedione and progesterone metabolites
were then resolved on TLC plates (Hasler et al., 1994; John
et al., 1994; He et al., 1995). 21-Hydroxyprogesterone was
identified by autoradiography through comparison with the
standard in three different development systems: benzene/
ethyl acetate/acetone (10:1:1 v/v/v), chloroform/ethyl acetate/
ethanol (20:5:1 v/v/v), and ethyl acetate/n-hexane/acetic acid
(16:8:1 v/v/v). Identification of the metabolite as 21-
hydroxyprogesterone was further confirmed by atmospheric
pressure chemical ionization—tandem mass spectral analysis
with a Finnigan TSQ 7000 instrument (Finningan MAT, San
Jose, CA). Collision-induced dissociation of the [M + H]*
ion at m/z 331 yielded principal fragments at m/z 109 and
m/z 97. The observed product ion spectrum was identical
to that produced from a 21-hydroxyprogesterone standard
under identical conditions. Benzphetamine N-demethylation
was measured by the formation of formaldehyde (Nash,
1953), as detailed elsewhere (He et al., 1995).

Molecular Modeling. General. The crystallographic
coordinates of P450cam were obtained form the Brookhaven
Protein Data Bank (Poulos et al., 1987), and those of P450
BM-3 (Ravichandran et al., 1993) and P450terp (Hasemann
et al., 1994) from Dr. Julian A. Peterson, University of Texas
Southwestern Medical Center at Dallas. The P450 2Bl
structure was modeled using INSIGHTIVCONSENSUS
software (Biosym Technologies, San Diego, CA) on a Silicon
Graphics workstation. Energy minimization and molecular
dynamics calculations were performed using the DISCOVER
program (Biosym Technologies, San Diego) with the con-
sistent valence force field. The parameters for heme and
ferryl oxygen were as described by Paulsen and Ormnstein
(1991, 1992).

Sequence Alignment. To align the P450 2B1 sequence to
those of P450cam, P450 BM-3, and P450terp, we utilized
the structure-based alignment of these three proteins, obtained
courtesy of Dr. Julian A. Peterson, University of Texas
Southwestern Medical Center at Dallas. The starting point
for this multiple alignment was the previously published
alignment 2 between P450 2B1 and P450cam (Szklarz et
al., 1994), which was refined manually with HOMOLOGY
(Biosym Technologies, San Diego). Structurally conserved
regions (SCRs) were determined on the basis of scores of
Dayhoff’s mutation matrix and the Engleman and Steitz
hydrophobicity index for each pair of sequences (i.e., 2B1—
P450cam, 2B1—P450 BM—3, and 2B1—P450terp). Ad-
ditionally, we utilized data from site-directed mutagenesis
of cytochromes P450 2B in conjunction with docking of
androstenedione, a substrate of P450 2Bl1, into the active
site of P450cam, P450 BM-3, and P450terp to evaluate and
further optimize the alignment. The procedure is described
in Results.
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Table 1: Metabolism of Androstenedione and Progesterone by Wild-Type and Mutant P450 2B1 Expressed in E. coli®

androstenedione progesterone

150-0OH 166-OH 160-OH total activity % 1645:16a. 160-OH’ %
WT¢ 0.2 22.4 2.8 25.5 100 8.0 6.7 100
T100K 0.1 12.9 1.3 14.3 56 10.1 32 48
YI11F 0.1 12.7 1.6 14.4 57 7.7 1.8 27
T205S 0.2 14.4 22 16.8 66 6.6 7.6 113
L209A“ 0.1 14.8 32 18.1 71 4.7 13.74 204
S291T 0.2 17.3 2.8 20.2 79 6.2 10.0 149
1477A 0.01 0.4 0.04 0.45 1.2 10.0 0.3 5
1477V 0.1 12.5 1.1 13.7 54 11.3 1.2 18
1477L 0.2 12.2 1.2 13.5 53 10.2 5.0 75
1480A 0.01 0.1 0.02 0.13 0.5 5.0 0.2 3
1480V 0.2 12.3 1.7 14.2 56 7.2 1.5 22
1480L 0.4 259 34 29.7 117 7.5 1.5 22

@ All values reported are derived from duplicate incubations performed as described in Experimental Procedures and are expressed in nmol of

product min~! (nmol of P450)~!, ¢ 16a-Hydroxyprogesterone is a major metabolite produced by P450 2B1 (Swinney et al., 1987). < WT, wild type.
4 This mutant was found to produce 21-hydroxyprogesterone, ca. 0.5 nmol min™' (nmol of P450)~!. which was not detected in the case of the

wild-type enzyme.

Modeling the P450 2B1 Structure. After the SCRs were
determined, coordinates of the model were calculated using
CONSENSUS. This program employs distance geometry
calculations which allow the use of several reference proteins
simultaneously. Within SCRs, coordinates of the model are
weighted averages of coordinates of reference proteins.
Three different structures obtained were evaluated by docking
androstenedione into the active site in a manner similar to
that employed in optimizing the sequence alignment. The
best structure, structure 1, was further modified using the
BIOPOLYMER program (Biosym Technologies, San Diego)
to achieve the best agreement with experimental data.
Modified regions were then minimized, side chains first and
then all atoms, using the steepest descent method and
harmonic potential to a maximum gradient of 5 kcal mol™
A-1. The nonbond cutoff was 8 A and the dielectric constant
was 1.0. Some loops, e.g., the B'—C loop, were optimized
with one cycle of combined molecular dynamics and
minimization, as described earlier (Szklarz et al., 1994). The
final refinement of the model involved minimization of the
whole structure in the presence of water. Water molecules
were from soaking the protein using a sphere of 25 A and a
layer of 3 A. The minimization was thus performed on a
protein—water association, using at first the steepest descent
method until the gradient was less than 5 kcal mol™' A~
and then conjugate gradients to a maximum of 1 kcal mol™!
A (Szklarz et al., 1994). The model was verified with the
Profiles-3D program (Biosym Technologies, San Diego),
which measures the compatibility between the protein
sequence profile and its 3-D profile (Bowie et al., 1991;
Luthy et al., 1992).

Docking of the Substrate into the Active Site. The docking
of the substrate had a double objective: (1) refinement of
the sequence alignment and evaluation of initial CONSEN-
SUS structures, as described above, and (2) explanation of
specificity of substrate hydroxylation by P450 2B1. In both
cases, the substrate was placed in a reactive binding
orientation, with the oxidation site fixed at 5.6—6 A from
the heme iron and the C—H bond aligned with ferryl oxygen,
heme iron, and sulfur of Cys-436, as described earlier
(Szklarz et al., 1994). This results in a hydrogen-bonding
distance between ferryl oxygen and the hydrogen atom to
be abstracted from the substrate. Two substrates, andros-
tenedione and progesterone, were docked into the final

model. The oxidation site was fixed at C,¢, C;5, or Cs and,
additionally, at C,; for progesterone, with ferryl oxygen
bound to the iron. Conformational analysis of progesterone
was performed with the SEARCH COMPARE module of
INSIGHTII. The nonbond interaction energy between the
steroid and the protein, both electrostatic and van der Waals
forces, was evaluated with the DOCKING module of the
INSIGHTII package to find low-energy binding orientations.
To optimize enzyme—substrate interactions, the steroid was
fixed in a low-energy binding orientation and the residues
in contact with the substrate (less than 4 A distance) were
minimized using the steepest descent method until the
gradient was less than 5 kcal mol~! A~! (Szklarz et al., 1994).
Since the conformational changes introduced were highly
localized, the rms deviation upon minimization was in the
range of 0.03—0.14 A for the backbone and 0.08—0.26 A
for all atoms.

RESULTS

Catalytic Activities of P450 2B1 Mutants. Our earlier
model of P450 2B1 (Szklarz et al.,, 1994) based on the
structure of P450cam indicated that several residues not
previously studied may affect the activity of the enzyme.
Therefore, to test that model, we constructed single mutants
of P450 2B1 at various locations in the vicinity of the active
site. The mutants were T100K in the B—C loop, Y111F in
helix B’, T205S and L209A in helix F, S291T in helix I,
and I477A, 1477V, 1477L, 1480A, 1480V, and I480L in
B-sheet 4 and the neighboring loop.> The mutants and the
wild-type P450 2B1 were expressed in E. coli, a system
which allows for high levels of expression (John et al., 1994).
The expression levels of P450s in E. coli cultures were in
the range of 140—330 nmol L~', and the solubilized
membrane preparations were obtained with about 30%
recovery, yielding about 50—100 nmol L~'. The substrates
used to verify enzymatic activities of P450 2B1 mutants were
androstenedione and progesterone, shown to be metabolized
efficiently by the enzyme in earlier studies [e.g., He et al.

? The last region was designated in our previous studies (Szklarz et
al.,, 1994) as sheet -5 according to the nomenclature introduced by
Poulos et al. (1985, 1987). In this paper, we use the nomenclature for
the secondary structural elements proposed by Peterson and colleagues
(Ravichandran et al., 1993; Hasemann et al., 1994, 1995).
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(1992, 1994)]. The results for these two steroids are
presented in Table 1. In the case of androstenedione, the
most striking decrease in activity is observed with the [477A
and I480A mutants, to about 1% or less of the wild-type
activity. In contrast, the mutation of Ile at these positions
to either Val or Leu does not cause such a major change.
The 1477A and 1480A mutants also display <5% of wild-
type activities with progesterone. Therefore, these two
mutants were also tested with another substrate, benzphet-
amine, to verify whether they are active enzymes. The Ile-
477 — Ala mutant metabolized benzphetamine at a rate of
11.3 nmol min~' nmol~! and the Ile-480 — Ala mutant at a
rate of 12.8 nmol min~! nmol™' compared with 33 nmol
min~' nmol~’ in the case of the wild-type enzyme. Another
interesting mutant is L209A, which, in addition to increased
rates of progesterone 16a-hydroxylation, forms the novel
metabolite 21-hydroxyprogesterone at the rate of ca. 0.5 nmol
min~' nmol~! (Table 1). This is in contrast to the wild-
type enzyme, which hydroxylates progesterone mainly in the
16a-position (Swinney et al., 1987). Furthermore, 21-
hydroxyprogesterone was not detected as a metabolite in the
case of other mutants of P450 2B1 at positions 114, 206,
302, 363, 367, and 478 (Luo et al., 1994; He et al., 1995).
Thus, position 209 seems to be unique in its ability to confer
21-hydroxylase activity toward progesterone in cytochrome
P450 2B1 upon mutagenesis to alanine. Overall, major
changes in steroid hydroxylase activity were observed upon
mutations at three (209, 477, and 480) out of seven positions
suggested by our previous model.

P450 Sequence Alignment and Model Building. To build
a new model of P450 2B1, we used a structure-based
alignment of P450cam, P450 BM-3, and P450terp. This
alignment was refined by incorporation of the data from site-
directed mutagenesis of cytochromes P450 of the 2B
subfamily and docking of androstenedione into the active
site. The underlying assumption is that key residues should
be able to interact with the substrate.

The initial alignment established equivalence between 27
residues of P450 2B enzymes studied by site-directed
mutagenesis (listed in Table 2) and appropriate residues of
P450cam, P450 BM-3, and P450terp. The three crystal
structures were then superimposed using heme as a basis,
and those residues were displayed. Next, androstenedione
was docked into the active site in a 168-binding orientation
and manually rotated along the Ci;s—H¢p axis to place the
molecule in the vicinity of residues of interest. The 164-
binding orientation was chosen because androstenedione is
hydroxylated by P450 2B1 mainly in the 168-position
(Waxman, 1988). Docking of androstenedione made it
possible to evaluate whether a given residue may interact
with the substrate, as judged by its distance (less than 4 A)
and orientation with respect to the substrate.

The sequence refinement procedure may be illustrated by
the example of the region at the end of helix F and the
beginning of the F—G loop, containing residues 204, 205,
206, and 209 of P450 2B1. In that region, the structure of
P450terp is quite different from those of P450cam and P450
BM-3, and no coordinates are available for the F—G loop
since it is disordered in the crystal (Hasemann et al., 1994).
Thus, only P450 BM-3 and P450cam were used to model
this region and were included in the SCR, as shown in Figure
1. However, two alignment possibilities can be considered.
In alignment A, Arg-204 of P450 2B1 aligns with Glu-183

Biochemistry, Vol. 34, No. 44, 1995 14315

Table 2: Residues Studied by Site-Directed Mutagenesis in P450
2B Enzymes and Their Equivalents in Crystal Structures of P450
BM-3, P450cam, and P450terp, According to the Alignment in
Figure 1

secondary effect?

structure 2Bl BM-3 cam terp (ref)?
B1—5—B’ loop T100 S72 P86 G75 —(a)
helix B’ [107 V78 A92 N83 —(b)
helix B’ Yill A8 Y9  F87 —(a)
B’—C loop 1114 G855 199 S101  +(b,c.f h)
E—F loop D192 PI170 —{d)
helix F L199 MI177 L177 MI80 —(b)
helix F E200 V178 K178 LI81 — (b)
helix F R204 D182 DI182 Q185 —¢(b)
helix F/loop T205 EI83 Q183 D18 —(a)
helix F/loop F206 Al84 MI184 FI187 + (e f g)
F—G loop L209 K187 PI&7 VI + (a)
helix G 1234 F205 F193 F211 —(b)
helix G K236 E207 EI195 E214 —(pH
helix I 290 Y256 R240 A259 + (b h)
helix I S§291 Q257 M241 Y260 - (a)
helix I 292 1258 (C242 Y261 —(b)
helix I T302 T268 T252 T271 +(f g
helix I S303 T269 V253 T272 —(g)
K—31—4 loop S360 W325 F292 T31l -—(g)
K—A1-4 loop V363 A328 V295 V314 +(b.ef g h)
K—B1—4 loop 1365 +(h)
sheet S1—4 V367 F331 D297 FE317 +(fg)
sheet 54—1 K473 K434 K392 V410 —(b,g)

p4—1—F4—21loop S475 E435 S393 T412 —(b)
B4—1—P4—-21oop 1477 L437 1395 F414 +(a)
Pa—1—P4—-21oop G478 T438 V396 V415 +(c.e.fii,))
sheet f4—2 1480 K440 G398 G417 +(a)

¢ Alteration in activity upon mutation is designated with a (+) (key
residues) and is represented by changes in the steroid hydroxylase
profile and/or major decrease in activity (to <5% wild type); no change
in activity is denoted with a (—). This was studied in cytochromes
P450 2B1, 2B4, 2BS, and 2B11. * References: a, present study; b,
Hasler et al., 1994; ¢, Halpert & He, 1993; d, Zongshu Luo, unpublished
data; e, Luo et al., 1994; f, He et al,, 1995; g, He et al.. 1994: 4, Born
et al., 1995; i, Kedzie et al.. 1991; j, He et al.. 1992.

of P450 BM-3 and GIn-183 of P450cam, Thr-205 of 2B1 is
equivalent to Ala-184 in P450 BM-3 and Met-184 in
P450cam, Phe-206 of 2B1 aligns with Met-185 of P450
BM-3 and Thr-185 of P450cam, and Leu-209 of P450 2B1
aligns with Leu-188 of P450 BM-3 and Asp-188 of P450cam.
The alternative alignment B is shown in Figure 1, where
residues 204, 205, 206, and 209 of P450 2B1 correspond to
residues 182, 183, 184, and 187, respectively, of P450 BM-3
and P450cam. When androstenedione is docked into the
crystal structures, both Met-184 and Thr-185 of P450cam
and Ala-184 and Met-185 of P450 BM-3 are close to the
substrate. However, site-directed mutagenesis data indicate
that among residues 204, 205, 206, and 209 in P450 2B
enzymes only one residue, Phe-206, should be able to interact
with androstenedione (Tables 1 and 2). In alignment B,
when residues 182, 183, 184, and 187 of P450cam and P450
BM-3 are displayed, only Met-184 of P450cam and Ala-
184 of P450 BM-3, which correspond to Phe-206 of 2B1,
are close to the substrate, in agreement with the data. Similar
analysis was performed for other regions of the P450 2B1
sequence for which the mutagenesis data were available. The
final alignment is shown in Figure 1, and the residues that
have been studied in 2B enzymes and their equivalents in
bacterial P450 structures are listed in Table 2.

The analysis of the superimposed crystal structures shows
that the P450 fold is well preserved, as reported by Hasemann
et al. (1995). Furthermore, the residues of P450 BM-3,
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Bl : meptillllallvgfllllvrghpksrgnfPPGPRPLPl1lgn--11qldrggLLNSFMQLRekyg---DVFTVhlg 71
BM3 TIKEMPQPKTFGELKNLPLLNTDK--PVQAILMKIADELG---EIFKFEAP 45
CAM : NLAPLPPHVPEHLVFDFDMYNPSNLSAGVQEAWAVLQESNV--PDLVWTRCN 59
TERP: MDARATIPEHIARTVILPQGYA----DDEVIYPAFKWLRDEQPLAMAHIE 46
A 1-1
Bl : p-rpVVMLCgTDTIKEALvgqaeDFSgrgt-iaviePIFKEY--—--—------ gvifang----eRWKALRRFSLa 130
BM3 G-RVTRYLSSQRLIKEACDE--SRFDKNLS--QALKFVRDFA-—~~===~~—— GDGLFTSWTHEKNWKKAHNILLP 105
CAM : G--GHWIATRGQLIREAYED-YRHFSSECP--FIPREAGEAY--~---==~-- DFIPTSMDP--PEQRQFRALANQ 117
TERP: GYDPMWIATKHADVMQIGKQ-PGLFSNAEGSEILYDQNNEAFMRSISGGCPHVIDSLTSMDP-~-PTHTAYRGLTLN 119
1-2 B 1-5 B' c
Bl tmrdfgmgkrsvEERIQEEAQCLVEELrks--QGAPLApt f1 £qCITANIICSIVEgerfd-~--- ytdrqfLRLL 189
BM3 SFSQQAMKG--YHAMMVDIAVQLVOKWERLNADEHIEVPE-DMTRLTLDTIGLCGFNYREN-SFYRDOPHPFITSM 177
CAM : VVGMPVVDK--LENRIQELACSLIESLRP---QGQCNFTEDYAEPFPIRIFMLLAGLPEED--=-=======~ IPHL 177
TERP: WFQPASIRK--LEENIRRIAQASVQRLLDF--DGECDFMTDCALYYPLHVVMTALGVPEDD-==~=======~ EPIM 180
D 3-1 E
Bl : ELFYRtfsllssfssqvfeffsgflkyfpgahrqISKNLQEILDYIGHIVEKHRatldpsaprDFIDTYLLrmEKE 275
BM3 : VRALDEAMNKLQ------- RANPDDPAYDENKRQFQEDIKVMNDLVDKIIADRKASGE -~QSDDLLTHMLN--GKD 242
CAM : KYLTDOMTRPD----=--~—=—-————=———— GSMTFAEAKEALYDYLIPIIEQRRQKP----GTDAISIVAN--GQV 228
TERP: LKLTQDFFGVHEPDEQA-~--VAAPRQSADEAARRFHETIATFYDYFNGFTVDRRSCP----KDDVMSLLAN--SKL 247
F G H 5-1
Bl ksnhhTEFHHENLMISLLSLFFAGTETSSTTLRYGFLIMLKyPHVAEKVQKeidqgvigshrlptlddrskmpyTDA 351
BM3 -PETGEPLDDENIRYQIITFLIAGHETTSGLLSFALYFLVKNPHVLOQKAAEEAARVLVDP-VPSYKQVKQLKYVGM 316
CAM : ---NGRPITSDEAKRMCGLLLVGGLDTVVNFLSFSMEFLAKSPEHRQELIERPER---=——=———~m——-cw—-w- IPA 283
TERP:. ---DGNYIDDKYINAYYVAIATAGHDTTSSSSGGAIIGLSRNPEQLALAKSDPAlL --=-—-=——=-=———-———— IPR 302
5~2 I J
Bl : VIHEIQRFsdlvpigVPHRVIkKkdTMFrg-YLLpknTEVYPiLSSALhdpqyf-dhpdsfnpehfldangalkksea 425
BM3 : VLNEALRLWPTAP-AFSLYAKEDTVLGGEYPLEKGDELMVLIPQLHRDKTIWGDDVEEFRPERFENPSAI--PEHA 389
CAM : ACEELLRRFSLV--ADGRILTSDYEFHG-VQLKKGDQILLPQMLSGLDERENA-CPMHVDFSRQKVS~==—===== 346
TERP: LVDEAVRWTAPVK-SFMRTALADTEVRG-QNIKRGDRIMLSYPSANRDEEVFS-NPDEFDITRFPNR-======~- 366
K 1-4 2-1 2-2 1-3 K'
Bl : FMPFSTGKRICLGEGIARNELFLFFTTILONFSVSshlapkdidlTPKesgigkIPptYQICFsar 491
BM3 : FKPFGNGQRACIGQQFALHEATLVLGMMLKHFDFEDHT---NYELDIK-ETLTLKPEGFVVKAKSKKIPLGG 457
CAM : HTTFGHGSHLCLGQHLARREIIVTLKEWLTRIPDFSIA-~PGAQIQHK-SGIVSGVQALPLVWDPATTKAV 414
TERP: HLGFGWGAHMCLGQHLAKLEMKIFFEELLPKLKSVELS----GPPRLVATNFVGGPKNVPIRFTKA 428
L 3-3 4-1 4-2  3-2

FIGURE 1: Sequence alignment between P450 2B1, P450cam, P450 BM-3, and P450terp. Residues contained in helices and sheets of P450
2B1 are shown in capital letters, and each 10th residue is marked with a dot above the 2B1 sequence. Helices are indicated by letters and
B-sheets by numbers below the sequences. Structurally conserved regions (SCRs) are shown in bold. In some cases, €.g., helix A or helix

G, only two structures may have served as templates.

P450cam, and P450terp equivalent to key residues 290, 302,
363, 367, and 480 of P450 2B1 occupy similar coordinates
in all three proteins and are able to interact with docked
androstenedione (not shown). A similar situation is observed
in the case of those P450 BM-3 and P450cam residues that
correspond to key residues 206, 477, and 478 of P450 2B1.
This led us to conclude that, basically, any of the P450
structures may be used for modeling of P450 2B1 due to
high conservation of the core structural elements. We
decided to use the Consensus modeling method, not previ-
ously used for modeling P450s, in which the coordinates of
the model are weighted averages of the coordinates of the
bacterial proteins and thus may better describe the 2B1
structure. In some regions, e.g., helix B’ and the B’~C loop,
the known proteins display high structural diversity, and the
evaluation of the model was based solely on site-directed
mutagenesis data in conjunction with docking of andros-
tenedione, as described above.

3 The coordinates of the model are available from the corresponding
author. E-mail address: Szklarz@tonic.pharm.arizona.edu.

The model of P450 2B1 is presented in Figure 2, showing
the location of residues studied by site-directed mutagenesis.
Key residues, i.e., those which affect regio- and stereospeci-
ficity of steroid hydroxylation, are clustered close to heme
and the active site, while other residues studied are farther
from the active site.

Active Site of P450 2B1 and Enzyme—Substrate Interac-
tions. The active site of the P450 2B1 model, with key
residues displayed, is shown in Figure 3. One can distinguish
the upper part of the pocket, containing residues 114 and
290, and the lower part, with residues 478 and 480. These
two groups of residues cannot interact with the substrate
androstenedione simultaneously, when it is docked in a 16~
or 16f3-binding orientation. The analysis of enzyme—
substrate interactions was performed for these two orienta-
tions, since they reflect major products of androstenedione
hydroxylation. Ile-114 located in the upper pocket interacts
mainly with ring A on the S-face of androstenedione in 16c-
and 168-binding orientations (Figure 4), while Ile-290
interacts with ring A in the 16a orientation only (not shown).
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FIGURE 2: Ribbon representation of the P450 2B1 model showing the location of amino acid residues studied by site-directed mutagenesis
in the 2B subfamily. Heme is shown in red, key residues are in purple, and the other residues studied are in yellow. All of these residues

are listed in Table 2.

Soe >~
I 363) UK
7 rare S Bo2l\
o
450

FIGURE 3: Stereoview of the active site of P450 2B1. Key residues are shown in purple, heme is in red, and the C, trace is in blue.

Gly-478 is closest to Cg of androstenedione when docked in
a 16-binding orientation (Figure 5) and to Cyy in a 16a
orientation. Phe-206 contacts the a-face when androstene-
dione is bound in a 165 orientation in the lower or upper
pocket, and Ser-302 and Val-363 may interact with various
atoms of ring D in 16a- and 16/5-binding orientations in both
the upper and lower pocket (Figures 4 and 5). Generally,
the identity of substrate atoms in proximity to a given residue

will depend upon the particular orientation assumed by the
substrate.

Interpretation of Site-Directed Mutagenesis Results. To
analyze site-directed mutagenesis data, we docked a steroid
substrate in various reactive binding orientations into the
model of P450 2B1 in which key amino acid residues were
replaced to mimic the mutants. Docking of androstenedione
in 160-, 16/-, and 15a-binding orientations confirmed key
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FIGURE 4: Androstenedione docked into the upper part of the binding pocket of the P450 2B1 model in a 168-binding orientation. The

substrate is shown in gray, with all hydrogens displayed.

FIGURE 5: Androstenedione docked into the lower part of the binding pocket of the P450 2B1 model in a 163-binding orientation. The
side chains of Ile-477 and Ile-480, with all hydrogens displayed, are shown in gray, as is the substrate. The side chain of Ala, in black,
is superimposed on Ile in both the 477 and 480 positions. Upon replacement of Ile with Ala in either of these positions, there are no longer
any interactions between the substrate and the side chain, and androstenedione is not held in a 16/ orientation.

roles of residues 114, 206, 290, 302, 363, and 478 (not
shown), in agreement with the data and our previous model
(Szklarz et al., 1994).

With the new model, we were able to explain the effect
of a Val-367 — Ala mutation, which was not possible earlier
(Szklarz et al., 1994). Figure 6 shows androstenedione
docked in a 6$-binding orientation in the V367A mutant. If
Ala is present, the substrate can be easily accommodated in
this new orientation, while the presence of a bigger Val may
hinder the substrate from assuming this position. Further-
more, the substitution of Val with a bigger Leu can not only
prevent 6S3-hydroxylation but also impede binding of an-
drostenedione in 16a- and 16f3-binding orientations (not
shown), resulting in a decrease in activity. This is in
agreement with experimental data, which showed that the
replacement of Val-367 with Ala conferred androgen 63-
hydroxylase activity, while the 16-hydroxylase activity of

the V367L mutant was significantly decreased (He et al.,
1994).

The effect of mutations at positions 477 and 480 is shown
in Figure 5. These two residues appear to play a role in
holding the substrate in a 16/3-binding orientation through
multiple hydrophobic interactions: Ile-477 contacts the
a-face of the substrate, while Ile-480 interacts with the -face
of androstenedione. Upon mutation of either residue to Ala,
the side chains are too far from the substrate for the
interactions to be maintained. This may result in the
increased mobility of the substrate in the active site and lack
of ability of the mutant to keep androstenedione in a 16
orientation. A similar situation occurs in a l6a-binding
orientation, where Ile-477 and Ile-480 interact with the f-face
of the steroid and their replacement by Ala may likewise
reduce the ability of the enzyme to hold the substrate in the
proper orientation (not shown), which leads to a substantial
decrease in 16a-hydroxylation (Table 1). Increased substrate
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FIGURE 6: Androstenedione docked into the active site of the P450 2B1 model in a 63-binding orientation upon replacement of Val-367
with Ala. The substrate is shown in gray, as is the side chain of Val-367 superimposed on that of Ala (black). Both residues are shown
with hydrogens included. When Val is present, as in the wild-type enzyme. van der Waals overlaps occur between the substrate and the
amino acid side chain, preventing androstenedione from assuming a 6 orientation.

FiGURE 7: Progesterone docked into the active site of P450 2B1 in a 21-binding orientation upon replacement of Ile-209 with Ala. The
side chain of Ile is shown in gray; all hydrogens are displayed, superimposed on the side chain of Ala (black). The larger Ile does not allow

the substrate to assume a 21 orientation due to van der Waals overlaps.

mobility or alternate binding orientation was advanced as a
probable cause of the decrease in regiospecificity of camphor
hydroxylation by a P450cam Val-247 — Ala mutant (Atkins
& Sligar, 1989). Such an interpretation may also explain
the lack of significant changes in hydroxvlation of andros-
tenedione by those 477 and 480 mutants in which Ile was
replaced by relatively large Val and Leu residues, which can
still retain hydrophobic interactions with the substrate.

Mutation of Ile-209 — Ala caused 21-hydroxylation of
progesterone, not detected in the wild-type enzyme (Table
1). Progesterone is bigger than androstenedione due to the
presence of a two-carbon side chain at Cj;. Thus, the
hydroxylation of progesterone at C,; requires an enlarged
active site that would accommodate that side chain. The
substitution of Ile with Ala allows progesterone to bind in a
21 orientation (Figure 7), while the presence of the much
larger Ile would hinder the substrate from assuming this
orientation.

DISCUSSION

Modeling mammalian cytochromes P450 has been con-
sidered useful when combined with experimental data
(Poulos, 1991; Laughton et al., 1993). This approach has
been applied by Graham-Lorence et al. (1991), who com-
bined modeling and site-directed mutagenesis to study
structure—function relationships of aromatase, and by Iwasa-
ki et al. (1993, 1994), who modeled the active site of P450
2A4 to interpret enzyme—substrate interactions and the role
of key residue 209. Recently, Zhou et al. (1994) tested the
molecular model of aromatase (Laughton et al., 1993) using
site-directed mutagenesis coupled with inhibitor studies and
demonstrated how experimental studies may help to correct
the model. In our previous work (Szklarz et al., 1994), we
built a model of P450 2B1 based on P450cam and showed
its usefulness for interpretation of site-directed mutagenesis
results. Moreover, the model also suggested other residues
likely to be essential for enzyme function.
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Although not all residues postulated by that model proved
to be important modulators of P450 2B1 activity with
androstenedione or progesterone, we identified three ad-
ditional key positions, 209, 477, and 480, two of which, 209
and 480, were not included in the six substrate recognition
sites (SRSs) proposed by Gotoh (1992). So far, only five
SRSs, SRS-1, SRS-2, SRS-4, SRS-5, and SRS-6, have been
confirmed experimentally in P450 2B1 (He et al., 1994). The
analysis of known crystal structures and multiple sequence
alignment of various P450s suggest that, in addition to
sequence hypervariability of the SRSs, there is spacial
hypervariability in SRS-1 (B’ helix), SRS-2 (C-terminal
region of the F helix), and SRS-3 (N-terminal region of the
G helix). Moreover, SRS-3 is not likely to be present in
most P450s, including mammalian enzymes (Hasemann et
al., 1995). This is supported by site-directed mutagenesis
data, which showed that the substitution of SRS-3 residues
234 (Hasler et al., 1994) and 236 (He et al., 1995) did not
affect the activity of P450 2B11 and 2B1, respectively.
Likewise, our present model does not predict any role for
residues 234—241, which constitute SRS-3 in 2B enzymes.
Thus, although Gotoh’s hypothesis has served well in
identification of key amino acid residues, one must exercise
some caution when extending the SRS concept to eukaryotic
P450s. Modeling may have a substantial advantage here,
since it relies on the three-dimensional structure, and the
possible role for residues of interest can be inferred from
docking of various substrates into the active site.

In modeling a new structure, the sequence alignment as
well as the choice of reference proteins is of crucial
importance. Since until recently only one P450 structure,
that of P450cam, was available, all earlier models used
P450cam as the only reference protein (Zvelebil et al., 1991;
Vijayakumar & Salerno, 1992; Koymans et al., 1993;
Laughton et al., 1993; Braatz et al., 1994; Szklarz et al.,
1994). Recently, the crystal structures of P450 BM-3 and
P450cam were utilized to model thromboxane synthase, and
the former structure proved to be a better template for the
synthase (Ruan et al., 1994). In the case of cytochrome P450
2B1, the sequence identity with any of the solved cyto-
chromes is very low (below 20%), and the choice of the
reference protein is difficult. Moreover, docking of andros-
tenedione into known structures has shown that any of them
may be a suitable template for modeling and led us to employ
consensus modeling methods, in which all reference protein
coordinates are utilized to build a model. The basis for the
model building was therefore the structure-based alignment
of P450 2B1, P450cam, P450 BM-3, and P450terp. This
type of alignment is more accurate than that produced from
sequence conservation alone, particulary in the regions of
low sequence identity (Hasemann et al., 1995). Furthermore,
the regions with reasonable sequence conservation need not
always superimpose in space. The structure-based alignment
establishes overall P450 fold found in known structures,
which can be extended to other cytochromes P450 (Hase-
mann et al., 1995). Our alignment of P450 2B1 is essentially
the same as that proposed by Hasemann et al. (1995), with
minor differences such as the alignment of helix B” and the
B’—C loop, sheet 33—1, helix F, or sheet 55—1.

The refinement of our alignment utilized a novel approach
based on site-directed mutagenesis data for cytochromes
P450 2B and docking of the P450 2B1 substrate andros-
tenedione into the active site of the known structures.

Szklarz et al.

Enzymes within the 2B subfamily display high sequence
identity and thus should have very similar structures.
Consequently, the data from site-directed mutagenesis of one
2B enzyme should be applicable to another, as was found
experimentally in the case of residues 114 and 363 of P450
2B1 (Halpert & He, 1993; He et al., 1994; Luo et al., 1994)
and 2B11 (Hasler et al., 1994).* Since our refinement
procedure relies heavily on experimental data, it should lead
to the optimal structure consistent with those data. This
approach may be of particular advantage for modeling
regions of high variability among known P450s, such as
helices B’, F, or G, where the sequence alignment remains
uncertain. Similar methods might also be employed to model
other P450 enzymes for which site-directed mutagenesis data
are available.

It has been demonstrated that related cytochromes of the
P450 2 family share the same substrate recognition sites,
which should be reflected in their three-dimensional struc-
tures. Many of these enzymes have been extensively studied
by site-directed mutagenesis, often in conjunction with
sequence alignment with P450cam and/or P450 BM-3. Due
to the overall conservation of the P450 fold (Hasemann et
al., 1995), there is no uncertainty as to the location of key
residues which are part of highly conserved structural
elements, such as helix I (Imai & Nakamura, 1989; Hanioka
et al., 1992; Fukuda et al., 1993; Hasler et al., 1994; He et
al., 1994). In other regions of the active site, both the
alignment and its structural implications are a question of
some debate. The region of helix B” and the B'—C loop
has been studied in the 2A subfamily (Lindberg & Negishi,
1989; Iwasaki et al., 1994), 2B subfamily (Aoyama et al.,
1989; Halpert & He, 1993; Hasler et al., 1994), and 2C
subfamily (Straub et al., 1993a,b, 1994; Richardson &
Johnson, 1994). The alignments proposed for this region in
P450 2C (Straub et al., 1994; Richardson & Johnson, 1994)
differ from the alignment we used (Figure 1), but since this
region is hypervariable in crystal structures, we can expect
it to possess a unique topology. In our model, the structure
of this region is consistent with the data from site-directed
mutagenesis of cytochrome P450 2B1 and the postulated role
of residue 114, as well as the equivalent residue 113 in 2C3
(Straub et al., 1993a,b). The C-terminal end of helix F
contains key residue 209 in P450 2A4 and 2AS (Lindberg
& Negishi, 1989; Juvonen et al., 1991; Negishi et al., 1992;
Iwasaki et al., 1993) equivalent to residue 206 in P450 2B1
(Luo et al., 1994; He et al., 1994). The alignment of this
helix in our present model is the same as used by Iwasaki et
al. (1993), who mapped this residue to Met-184 of P450cam,
as described in Results. Another interesting region is the
K—p1—4 loop and the S1—4 sheet containing several key
residues, such as residue 365 in P450 2A4/2A5 (Lindberg
& Negishi, 1989), residues 363 and 367 in P450 2B1 and
2B11 (Luo et al., 1994; He et al., 1994, Hasler et al., 1994),
or residues 359 and 364 in the 2C subfamily (Kaminsky et
al., 1992; Hsu et al., 1993). The alignment of 2C3 proposed
by Richardson and Johnson (1994) places Thr-364, which
is equivalent to residue 366 of P450 2B1, at the position
corresponding to Phe-331 of P450 BM-3 and Asp-297 of
P450cam, which leads to a one-residue shift when compared

4 This also is true for residues 114, 363, and 367 in P450 2B4/2B5,
as suggested by recent site-directed mutagenesis results (Vicki Burnett,
manuscript in preparation).
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to our alignment. In our model, the region containing
residues 364—366 forms a loop which allows key residues
363 and 367 to interact with the steroid substrate. Residue
367 is essential for 63-hydroxylation of steroids in P450 2B1
(He et al., 1994) and 2BS,* as shown in Figure 6. Residue
366 is also close to the substrate, and its mutation may
likewise effect steroid hydroxylation, as observed for the
equivalent residue 364 in 2C3 (Richardson & Johnson, 1994).

Docking of the substrate into the active site of the enzyme
model has been successfully utilized to interpret enzyme—
substrate interactions and the possible role of key amino acid
residues (Graham-Lorence et al., 1991; Zvelebil et al., 1991;
Iwasaki et al., 1993, 1994; Koymans et al., 1993; Laughton
et al., 1993; Szklarz et al., 1994; Zhou et al., 1994). Our
previous studies with a P450 2B1 model showed that
hydrophobic interactions are mainly responsible for binding
the substrate in the active site and that there may be several
substrate binding orientations (Szklarz et al., 1994). The site-
directed mutagenesis results were also satisfactorily explained
for key residues 114, 290, 302, 363, and 478. However,
the location of other key residues was not correct. In the
present studies, the positions of residues 206, 209, and 367
were changed, and the results from docking of steroid
substrates are now in agreement with site-directed mutagen-
esis data. Thus, Phe-206 interacts with androstenedione in
various 16a and 168 orientations (see Figures 4 and 5), while
residue 209 may only effect binding of progesterone in a 21
orientation (Figure 7). Furthermore, Val-367 is now placed
in a position in which it may effect 63-hydroxylation of
androstenedione (Figure 6). Other residues, such as 100,
111, and 205, which were predicted to effect steroid
hydroxylation according to our earlier model, cannot directly
interact with the substrate, in agreement with the data.
Therefore, the present model is superior to the previous one,
since it is consistent with all available site-directed mutagen-
esis results.

Our analysis of the 11 mutants studied in the present
investigation indicated that only three of them, at positions
209, 477, and 480, affect the metabolism of androstenedione
or progesterone (Table 1). There was some variation in the
activities of other mutants, possibly due to an effect of a
particular substitution upon the volume of the active site,
e.g., in the case of residues 111 or 291. Although they may
be within 4 A distance from the substrate, these residues
cannot interact with the steroid directly due to a “screen”
effect of other residues. For example, residue 111 is unable
to interact directly with androstenedione bound in a 1643
orientation due to the presence of side chains of residues
114 and 206, among others (Figure 4). However, if residues
111 or 291 are mutated to smaller or larger residues, they
may influence conformations of their closest neighbors in
contact with the substrate, and this can lead to a slight
decrease or increase in activity without changing the ratios
of metabolites or with only a minor change in ratios
depending upon the residue.

Our present studies support the validity of modeling P450
structure when combined with site-directed mutagenesis data.
Such an approach may provide valuable insight into enzyme
regio- and stereospecificity and lead to predictions, which
can be verified experimentally. This can be of great
advantage in the rational design of drugs and inhibitors, as
well as enzymes with altered substrate specificity.
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