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ABSTRACT

Cytochrome P450 (P450)-catalyzed oxidation of the aromatic
ring of estradiol can result in 2- or 4-hydroxylation. Which of
these products is formed is biologically important, as the 4-
hydroxylated metabolite is carcinogenic, whereas the 2-hydrox-
ylated metabolite is not. Most human P450 enzymes, including
CYP1A1 and CYP1A2, exhibit a high preference for estradiol 2-
hydroxylation, but human CYP1B1 greatly favors 4-hydroxyl-
ation. Here we show that heterologous expression of the human,
monkey, dog, rat, and mouse CYP1B1 enzymes yields active
proteins that differ in their estradiol hydroxylation specificity. The
monkey and dog orthologs, like the human enzyme, preferentially

catalyze 4-hydroxylation, but the rat and mouse enzymes favor
2-hydroxylation. Analysis of the CYP1B1 sequences in light of
these findings suggested that one residue, Val395 in human
CYP1B1, could account for the differential hydroxylation
specificities. In fact, mutation of this valine in human CYP1B1 to
the leucine present in the rat enzyme produces a human enzyme
that has the 2-hydroxylation specificity of the rat enzyme. The
converse is true when the leucine in the rat enzyme is mutated to
the human valine. The role of CYP1B1 in estradiol carcinoge-
nicity thus depends on the identity of this single amino acid
residue.

Introduction

CYP1B1 is an extrahepatic cytochrome P450 (P450) that is
of interest for several reasons. First, it oxidizes a variety of
endogenous molecules, including retinol (Choudhary et al.,
2004), arachidonic acid (Choudhary et al., 2004), melatonin
(Ma et al., 2005), and steroids, particularly 178-estradiol
(Hayes et al., 1996; Shimada et al., 1998a), and thus may play
arole in signaling, hormone action, and development. Support
for this inference is provided by the fact that polymorphisms
in the cypIBI gene are closely associated in humans with
congenital glaucoma (Vasiliou and Gonzalez, 2008; Choudhary
et al., 2009). CYP1B1 polymorphisms have also been linked to
the incidence of breast and lung cancer (Watanabe et al., 2000;
Zheng et al., 2000; De Vivo et al., 2002). Second, CYP1B1
oxidizes a variety of procarcinogenic compounds to their
activated forms, including polycyclic aromatic hydrocarbons
and aryl amines (Shimada et al., 2001a). In contrast to
CYP1A1, human CYP1B1 preferentially oxidizes 17B-estradiol
to the carcinogenic 4-hydroxy rather than to the noncarcino-
genic 2-hydroxy derivative (Hayes et al., 1996; Shimada et al.,
1998a). Studies with knockout mice have suggested that the
susceptibility to 7,12-dimethylbenz[a]anthracene-induced lym-
phomas is determined by CYP1B1 (Buters et al., 1999). This
potential role in carcinogenesis suggests that inhibitors of the
enzyme may have anticarcinogenic properties (Shimada et al.,
2011). Finally, using a CYP1B1 antibody that does not recognize
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CYP1A1l or CYP1A2, studies have shown that CYP1B1 is
specifically or highly selectively expressed in tumors rather
than normal tissues (Murray et al., 1997). This property
makes the enzyme a highly attractive target for the activation
of anticancer prodrugs.

Human CYP1B1 is a protein of 543 amino acids, of which 53
are part of an N-terminal membrane-binding domain, 10 are
located in a proline-rich hinge region, and 480 make up the
globular catalytic domain (Savas et al., 1994; Sutter et al.,
1994). The protein shares 37% sequence identity with
CYP1A1l and approximately the same with CYP1A2. The
structure of human CYP1B1 complexed with a-naphthofla-
vone (ANF) has been determined at 2.70 A resolution (Wang
et al., 2011). Before the structures of CYP1A1l and CYP1B1
were available, homology models were constructed based on
the known structure of CYP1A2 in an effort to understand
why human CYP1A1l favored 2-hydroxylation of 178-estra-
diol, whereas human CYP1B1 predominantly catalyzed 4-
hydroxylation of the same substrate (Itoh et al., 2010). The
authors argued that Ser122 and Phe258 of CYP1Al and
Alal133 and Asn265 of CYP1B1 were particularly important in
substrate recognition, but these predictions are uncertain
because they were based on homology models and were never
experimentally tested.

The association of CYP1B1 with cancer and ocular dis-
orders has stimulated a search for human variants, and more
than 80 polymorphic forms of human CYP1B1 are now known
(Vasiliou and Gonzalez, 2008; Choudhary et al., 2009). The
relative substrate oxidation activities of some of these variants
have been examined. Thus, a range of human CYP1B1 allelic
proteins varying at positions 48, 119, and 432 have been

ABBREVIATIONS: 20H E2, 2-hydroxyestradiol; 40H E2, 4-hydroxyestradiol; ANF, a-naphthoflavone; CPR, NADPH-cytochrome P450 reductase;

EROD, 7-ethoxyresorufin O-deethylase; P450, cytochrome P450.
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heterologously expressed in Escherichia coli, and their activ-
ities in the oxidation of E2 and other substrates have been
examined (Spink et al., 2000; Shimada et al., 2001b; Lewis
et al., 2003). The wild-type is considered to be Arg48,Alal19,
Leu432,Asn453 (RALN). It was found that the Arg48 variants
generally had a modestly higher preference for 4- versus 2-
hydroxylation than the Gly48 variants.

The CYP1B1 orthologs from mouse (Savas et al., 1997) and
zebrafish (Scornaienchi et al., 2010) have been cloned and
heterologously expressed. Mouse CYP1B1 was reported to not
bind or oxidize 178-estradiol. The zebrafish enzyme was shown
to oxidize estradiol, but, in contrast to the human enzyme that
exhibits a 4-hydroxyestradiol (4OH E2)/2-hydroxyestradiol
(20H E2) ratio of approximately 3.44 (Lee et al., 2003), the
zebrafish enzyme favored 2-hydroxylation and gave a 40H
E2/20H E2 ratio of 0.32 (Scornaienchi et al., 2010).

Two electrons are required for each normal catalytic turnover
of a P450 enzyme. For most mammalian P450 enzymes, the
first electron is provided by NADPH-cytochrome P450 re-
ductase (CPR). This flavoprotein can also provide the second
electron, but in some instances cytochrome b5 can function as an
alternative donor of the second electron. The interaction with
cytochrome b5 can therefore accelerate catalytic turnover,
inhibit turnover by competing for binding with CPR, or, through
allosteric interactions, alter the products that are formed; it can
also have no measurable effect. Cytochrome b5 has been
reported to have no effect on substrate oxidation by human
CYP1B1 (Shimada et al., 1997; Yamazaki et al., 2002). In
contrast, cytochrome b5 was found to enhance 7-ethoxycou-
marin O-dealkylation by zebrafish CYP1B1, whereas the
oxidation of 17B-estradiol by this same enzyme was inhibited
by cytochrome b5 (Scornaienchi et al., 2010).

Materials and Methods

Chemicals and Enzymes. The rat (Rattus norvegicus), mouse
(Mus musculus), rhesus monkey (Macaca mulatta), dog (Canis lupus
familiaris), and human CYP1B1 enzymes were coexpressed in E. coli
with the CPR from the corresponding species, except for monkey
CYP1B1, which was coexpressed with the human CPR. These
expressions of the CYP1B1 orthologs were performed by Cypex
(Dundee, UK) using their corporate technology. In addition, human
and rat CYP1B1 and CPR were coexpressed in E. coli in our
laboratory (see below). We obtained purified human cytochrome b5
from Invitrogen (Carlsbad, CA); 17B-estradiol, 4-hydroxyestradiol,
glucose-6-phosphate, and glucose-6-phosphate dehydrogenase from
Sigma-Aldrich (St. Louis, MO); 2-hydroxyestradiol from Cayman
Chemical (Ann Arbor, MI); N-methyl-N-(trimethylsilyl)trifluoroace-
tamide and N-trimethylsilylimidazole from Pierce (Rockford, IL), and
potassium phosphate and chloroform from Fisher Scientific (Rock-
ford, IL).

Expression Plasmids and Site-Directed Mutagenesis. The
bicistronic expression plasmid pCWori encoding human CYP1B1 and
human CPR was a generous gift from F. P. Guengerich. The CYP1B1
sequence is that of the native protein, except that amino acids 2-4
(Gly-Thr-Ser) have been removed (Shimada et al., 1998a) to increase
the yield, and five histidine residues have been added to the C
terminus as a metal affinity tag.

Site-directed mutagenesis of human CYP1B1 was performed via
QuikChange (Agilent Technologies, Santa Clara, CA) to create the
CYP1B1 V395L mutant. The L395V mutant of rat CYP1B1 was made
using overlap extension polymerase chain reaction. The CYP1B1
gene was recloned into a bicistronic plasmid that had not undergone

polymerase chain reaction cycling, and its sequence was confirmed by
DNA sequencing.

Rat CYP1B1 in pCWori and rat CPR in plasmid pACYC, employing
synthetic genes, were provided by Cypex. CYP1B1 was constructed
with an N-terminal OmpA leader sequence plus two extra linker
amino acids (Ala-Pro), which remained on the CYP1B1 protein
following OmpA cleavage. CPR was constructed with an N-terminal
PelB leader sequence.

Enzyme Expression and Purification. The enzymes were
expressed in E. coli DH5a cells, using either dual CYP1B1 and CPR
plasmids or a bicistronic construct. The 1-liter cultures in Terrific
Broth medium were grown at 37°C until an optical density of 1.0 was
reached (wavelength 600 nm), at which time 0.5 mM 8-aminolevulinic
acid and 1 mM isopropyl B-p-1-thiogalactopyranoside were added,
the temperature was reduced to 28°C, and shaking was reduced to
180 rpm. After approximately 30 hours, cells were harvested and
“pbactosome” membrane fractions containing CYP1B1 and CPR were
prepared using previously described techniques (Shimada et al.,
1998a).

Spectroscopic Characterization. Ferrous carbonmonoxy P450
spectra were obtained from dilutions of bactosomes in 0.1 M potassium
phosphate, pH 7.4, 20% glycerol. Reduction was accomplished either
with sodium dithionite or under anaerobic conditions with NADPH and
the endogenous CPR. The concentration of the P450 enzyme was
calculated using a molar extinction coefficient of 91,000 M~ 'em ™! for
the maximum absorbance difference between 450 and 500 nm.

Cytochrome ¢ Reduction Assay. CPR activity was measured at
37°C in 0.1 M potassium phosphate, pH 7.4, using an extinction
coefficient for reduced cytochrome ¢ of 21,000 M~ 'em ™! at 550 nm.

7-Ethoxyresorufin O-Deethylation Assay. The formation of
resorufin was measured against standard curves by fluorescence employ-
ing a Horiba Jobin Yvon (Kyoto, Japan) Fluorolog with excitation and
emission wavelengths of 550 and 585 nm, respectively, and slit widths of 2
and 5 nm.

Estradiol Hydroxylation Assay. Estradiol hydroxylation reac-
tions were performed at 37°C in 0.1 M potassium phosphate, pH 7.4,
with 20 uM estradiol, 5 mM sodium ascorbate, and an NADPH-
regeneration system composed of 1 U/ml glucose-6-phosphate de-
hydrogenase, 5 mM glucose-6-phosphate, and 5 mM magnesium
chloride. Bacterial membranes from the expression systems were
added to a prewarmed reagent mixture and were preincubated for 3
minutes before initiating the reaction by adding 1 mM NADPH.
Aliquots were quenched by adding 1/10 volume of 1 M HCI containing
1 mM sodium ascorbate, and were then immediately extracted with
chloroform. The chloroform was evaporated under a stream of argon,
and the residual extracts were dissolved in high-pressure liquid
chromatography mobile phase.

2-Hydroxyestradiol and 4-hydroxyestradiol were analyzed by
reversed-phase high-pressure liquid chromatography and quantified
using calibration curves of metabolite standards that had been mock
quenched. Separation was done on an Agilent Eclipse XDB-C18
column (4.6 x 150 mm, 5 um pore) with isocratic elution at a flow rate
of 0.8 ml/min of equal parts (v/v) of 0.1% acetic acid in water and 0.1%
acetic acid in 3:2 acetonitrile:methanol. 2-Hydroxyestradiol was
detected by fluorescence, with excitation at 290 nm and emission at
360 nm, and 4-hydroxyestradiol by absorbance at 206 nm. When
present, cytochrome b5 was added under the same reaction conditions.

Sequence and Structure Analysis. Primary sequences were
aligned using ClustalW2 (Larkin et al.,, 2007) and Clustal Omega
(Sievers et al., 2011), and Pymol Molecular Graphics System, Versions
1.2r3pre and 1.5.0.4 (Schrodinger, New York, NY) was used to view the
three-dimensional structures and to generate the figures. The CYP1B1
primary sequences were National Center for Biotechnology Informa-
tion RefSeq NP_000095.2 (human), NP_001253797.1 (rhesus monkey),
NP_001153156.1 (dog), NP_034124.1 (mouse), NP_037072.1 (rat), and
NP_001139180.1 (zebrafish). The crystal structure coordinates for
CYP1B1 and CYP1A2 were PDB ID 3PMO (Wang et al., 2011) and PDB
ID 2HI4 (Sansen et al., 2007), respectively.
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Substrate Docking. Molecular docking of 17B-estradiol with
CYP1B1 (PDB ID 3PMO0) was performed with Autodock Vina (Trott
and Olson, 2010) and a 20 A® search cube centered at (—18.34, 21.5,
—19.82).

Results

Coexpression of CYP1B1 Orthologs with CPR Pro-
duces Functionally Competent Enzyme Systems. The
CYP1B1 human, rhesus monkey, dog, mouse, and rat ortho-
loguous enzymes were coxpressed with the CPR from the same
species, except for the monkey, which was coexpressed with
human CPR because the monkey CPR sequence was not
available. Bacterial membranes from these expressions, carried
out by Cypex, were donated by Cyterix Pharmaceuticals (San
Carlos, CA). The resulting P450 contents, 7-ethoxyresorufin
O-deethylase (EROD) activities, and cytochrome ¢ reduction
activities are shown in Table 1. The EROD activities, in com-
bination with the reductase activities and the observation of
a normal ferrous-CO absorption spectrum, confirm the pres-
ence of functional P450/CPR systems within all the mem-
brane preparations. As a control, it was demonstrated that
ANF (1 uM), a CYP1 inhibitor (Shimada et al., 1998b),
abolished the EROD activity, in agreement with oxidation by
CYP1B1 (data not shown).

CYP1A1, CYP1A2, and CYP1B1 predominantly oxidize
17B-estradiol to the 40H E2 and 20H E2 metabolites, but
they give different product ratios. The 40H E2:20H E2
product ratio for human CYP1B1 has been reported to be 3.44:1,
indicating that the primary product is 4-hydroxyestradiol
(Lee et al., 2003). In contrast, zebrafish CYP1B1, like human
CYP1A1l and CYP1A2, primarily forms the 2-hydroxylated
metabolite, with a reported 40H E2:20H E2 ratio of 0.32:1
(Scornaienchi et al., 2010). Surprisingly, it was reported in
preliminary work that purified recombinant mouse CYP1B1
did not give a detectable 17B-estradiol binding spectrum, and
high level expression in microsomes did not result in detect-
able estradiol hydroxylation (Savas et al., 1997).

We measured 178-estradiol hydroxylation for all five ortho-
logs with increasing amounts of cytochrome b5, a potential
modulator of the activity (Fig. 1). In the absence of b5, the
relative ortholog estradiol activities paralleled the EROD
activities. That is, dog CYP1B1 showed the highest activity,
followed by human and mouse, and finally, rat and monkey.
Cytochrome b5 added in cytochrome b5:P450 molar ratios of 1:1,
4:1 and 8:1 had minimal to no effect on 40H E2 and 20H E2
formation for the human, mouse, rat, and monkey systems.
However, with the dog enzyme, 40H E2 and 20H E2 formation

TABLE 1
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decreased by 38 and 35%, respectively, when the b5:P450 ratio
increased from 0:1 to 8:1. Mouse CYP1B1 produced the 40H E2
and 20H E2 metabolites at overall rates of 0.28 = 0.07 and
1.49 = 0.01 mol of product per min per mol of P450, respec-
tively. Rat CYP1B1/CPR gave similar results of 0.28 + 0.05 min !
and 0.60 = 0.03 min "~ *. In contrast, the human, dog and rhesus
monkey CYP1B1 systems preferentially produced 40H E2 over
20H E2, with the rates for the human enzyme being 1.76 =
0.09 min~! and 0.38 + 0.01 min "2, respectively. The 40H E2:
20H E2 product ratio was therefore highest for the human
system at 4.6, followed by the dog, monkey, rat and mouse
systems at 2.7, 1.5, 0.48, and 0.19. These results clearly show
that the nonrodent species preferentially form the 40H E2
product, whereas the rodent CYP1B1 enzymes, like the zebrafish
enzyme (Scornaienchi et al., 2010), preferentially produce the
20H E2 metabolite.

Identification of Candidate CYP1B1 Residues Mod-
ulating the Specificity of Estradiol Hydroxylation. In
an effort to identify structural determinants responsible for
the contrasting 178-estradiol hydroxylation specificities of
human, monkey, and dog CYP1B1 (group A) versus mouse,
rat, and zebrafish CYP1B1 (group B), we aligned the primary
sequences of the known CYP1B1 orthologs and other CYP1
enzymes (Fig. 2). A search was then performed to identify
amino acid residues that satisfied the following search criteria:
a) identical or similar between mouse, rat, and zebrafish; b)
different between group A and group B CYP1B1; and c¢) in close
proximity to the active site of the CYP1B1 human crystal
structure bound to ANF, a known potent inhibitor of CYP1B1
with structural similarities to estradiol.

Ofthe 21 residues that possessed at least one atom within 5
A of the bound ANF, none of them satisfied all three criteria.
Expanding the distance to 7 A (36 residues) yielded one fitting
the criteria: Val395. To account for differences in binding
between ANF and 17B-estradiol, we expanded the search
radius further, but at 10 A, no other hits were obtained.

Valine 395, which is located in a loop (Fig. 3), has high
homology among P450 enzymes (not shown). At its closest
distance, V395 is 5.4 A from the bound ANF. Given the
structural similarity between ANF and 17B-estradiol, we
thought that the residue at position 395 might be able to alter
17B-estradiol binding and therefore hydroxylation. Further-
more, CYP1A2 has a leucine at the homologous position 382
(Figs. 2 and 4A) and a 2-hydroxylation preference.

Molecular Docking of 17B-Estradiol with CYP1BI1.
The structure of CYP1B1 with bound ANF was used for the
docking of estradiol. The docking program Autodock Vina
(Scripps Research Institute, La Jolla, CA) produced five poses,

The P450 content, protein content, and EROD activities of CYP1B1 ortholog bactosomes

Determined by ferrous CO measurements, the bicinchoninic acid method, and resorufin fluorescence, respectively.

P450 Content

Cytochrome ¢ Reductase Activity

Protein Content EROD Activity

pmol/mg protein nmol/min/mg protein mg/ml nmol/min/nmol
Human 690 220 10.0 4.30 = 0.05
Monkey 632 166 174 2.6 = 0.6
Dog 200 1230 10.0 80.0 = 10
Mouse 220 758 9.1 6.2 = 0.3
Rat 36 1331 15.1 2.99 = 0.01
Human (BD)* 153 490 6.5 152 = 0.9

“Human CYP1B1 Supersomes from BD Biosciences (San Jose, CA) included as a reference point.
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Fig. 1. Estradiol hydroxylation and effect of cytochrome b5. Rates of
formation of 40H E2 and 20H E2. Reactions containing the indicated
molar ratios of cytochrome b5 to P450 were quenched after 5 minutes and
were analyzed directly by high-pressure liquid chromatography. Gray
bars represent 40H and white bars indicate 20H E2. Each pair of bars
corresponds to 0-, 1-, 4-, and 8-fold molar cytochrome b5 (bar patterns:
none, /, \, and x, respectively).

all of which had steroid rings lying roughly coplanar with
ANF and with either ring D or ring A directed toward V395.
Two had ring D toward the heme, of which one is shown in Fig.
4B (yellow), and the other was flipped in the orientation of the
alpha and beta planar faces. Of the other three with ring A
directed toward the heme, one was flipped in «/B orientation,
with the 18B8-methyl group directed toward the I-helix (Fig. 4,
B-D, green). The other two poses were similar, differing
slightly in the angle at which the phenol group was directed
(Fig. 4D, red and light blue) toward V395.

Amino Acid 395 Is the Major Determinant of CYP1B1
17B-Estradiol Hydroxylation Regiospecificity. A hu-
man CYP1B1 V395L mutant was constructed in which the
human valine residue was mutated into a rodent leucine
residue. The complementary reverse rat CYP1B1 L395V
mutant was also constructed. These mutant enzymes were
coexpressed with the corresponding human or rat CPR and
the P450 content, cytochrome ¢ reductase activity, and 178-
estradiol metabolite patterns of the resulting bacterial

human 1A2
monkey 1AZ2
dog 1A2
mouse 1A2
rat 1A2
human 1Al
macaca 1Al
dog 1Al
mouse 1Al
rat 1Al
human 1Bl
monkey 1B1
dog 1Bl
mouse 1B1
rat 1Bl

membranes were determined (Table 2). Cypex used a pro-
prietary expression system with two vectors for coexpression
of the various ortholog CYP1B1 proteins with P450 reductase,
whereas our expressions of wild-type and mutant human
CYP1B1 proteins used a single bicistronic expression plasmid.
Estradiol metabolism by wild-type human CYP1B1 bacto-
somes from Cypex and from our laboratory were compared. Not
unexpectedly, the optimized commercial system had higher 4-
hydroxylation (8.6 + 0.1 versus 3.1 * 0.3) and 2-hydroxylation
rates (1.60 = 0.08 versus 0.62 *= 0.06, at 20 uM estradiol).
However, the product ratios were identical (5.4 *= 0.3 and
5.0 = 0.7).

The cytochrome ¢ reductase activities, which measure the
CPR activities, are shown in Fig. 5A. Most of the membranes
had activities ranging from 360 to 800 nmol min ! mg 1.
However, the CYP1B1 L395V mutant bactosome preparatlon
had significantly higher activity: 7600 nmol min ! mg !
Comparison with Fig. 5B shows that this higher cytochrome ¢
reduction activity did not correlate with a higher rate of 178-
estradiol hydroxylation Fig. 5B and Table 3, presumably
because the cytochrome P450 enzyme was saturated with
reductase at even the lower concentrations. Furthermore, we
compared the 17B-estradiol hydroxylation from independently
obtained bactosome samples of recombinantly coexpressed
human CYP1B1 with human CPR from a commercial source
(Cypex) and from in-house preparations. Although the samples
differed in their cytochrome c reductase activities by 2-fold (150
and 300 nmol/min/mg protein, respectively), hydroxylation
rates and product ratios were the same, with the product ratio
from 5-150 uM estradiol varying between 4.2 = 0.4 and 8 * 2

In confirmation of the predicted importance of this residue,
mutation of Val395 to a Leu in human CYP1B1 inverted
the 40H E2:20H E2 hydroxylation preference from 5.1 to
0.45, a value resembling that of the rat (0.38). Conversely,
mutating Leu395 to a Val in rat CYP1B1 shifted the 40H E2:
20H E2 hydroxylation ratio from 0.38 to 1.8, now favoring
a human-like preference for 4-hydroxylation. The rates of 2-
hydroxyestradiol formation by wild-type and the V395L
human mutant were similar at 0.62 = 0.06 and 0.87 = 0.05
min~!, but the 4-hydroxylation rates varied 8-fold between
wild-type and the V395L mutant, with values of 3.1 = 0.30
and 0.40 + 0.03 min !, respectively. For the wild-type and
L395V rat mutant, the differences were about 2-fold for both
2-hydroxylation, with values of 1.17 + 0.04 and 0.54 = 0.01

: 423
: 423
: 419
1 421
: 421
1 423
: 423
1 427
1 427
1 427
: 436
: 436
: 436
1 436
: 436

Fig. 2. Sequence alignment of CYP1B1, CYP1A1, and CYP1A2 orthologs. Alignment was done with ClustalW. Residue 395 of human CYP1B1 is

marked with an asterisk.



min~!, and 4-hydroxylation, with values of 0.44 * 0.11 and
0.95 * 0.01 min . The differences in 40H E2:20H E2
product ratios thus reflect changes in 4-hydroxylation rather
than 2-hydroxylation. In addition to 4- and 2-hydroxylation,
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Fig. 3. Structure of human CYP1B1 with ANF
bound. Residues in red are those within 7 A of ANF.
(A) The F and G helices are at top and the I helix is
behind ANF. The BC helix has been removed from the
foreground. (B) Top-down view compared with A. The
BC helix is shown upper left, and the F and G helices
have been removed from the foreground.

estradiol metabolism by human P450 enzymes results in 16a-
hydroxylation, primarily by CYP3A4 and CYP1A2 (Yamazaki
et al., 1998; Badawi et al., 2001). In the case of CYP1B1, for
which this is a minor reaction, the human and mouse enzymes
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Fig. 4. Structures of CYP1A2 and CYP1B1. (A) Crystal structure of
CYP1A2 with bound ANF (blue). Leu382 is shown in purple, ANF in blue,
and heme in orange. The I helix is nontransparent. (B) Crystal structure of
CYP1B1 with bound ANF (blue) and docked 17B-estradiol in three
conformations, two with ring A near heme (red, 8 plane away from I helix;
green, B plane toward I helix) and one with ring D near heme (yellow). (C)
Rotated view of B. (D) Closer view of the three poses of docked estradiol
with ring A near heme (additional pose in light blue).

produced less 16a-hydroxyestradiol compared with the rat,
L395V rat, and V395L human enzymes. There was no clear
association of 16a-hydroxyestradiol formation with the 40H
E2:20H E2 ratios.

Discussion

CYP1B1 and CPR were matched, based on the source
organism, to achieve the optimal electron transfer pairing
(except monkey CPR, for which the sequence was not available).
All five CYP1B1 orthologs heterologously coexpressed in
E. coli with the appropriate CPR enzymes are active in the
deethylation of 7-ethoxyresorufin, a common marker activ-
ity, and in the 2- and 4-hydroxylation of 178-estradiol (Fig. 1;
Table 1). To our knowledge, this is the first recombinant
expression and characterization of the rat, dog, and rhesus
monkey CYP1B1 enzymes.

TABLE 2

The P450 content, protein content and cytochrome ¢ reductase activities
of in-house bactosome preparations of human wild-type, rat wild-type,
and mutants

Cytochrome ¢

Reductase Activity Protein Content

P450 Content

pmol/mg nmol/min/mg protein mg/ml
Human 31.1 640 = 30 26.1
Human V395L 33.4 800 = 30 17.0
Rat L395V 10.2 7600 = 1100 354
Rat 47.0 410 = 60 33.0
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Fig. 5. Cytochrome ¢ reductase (A) and estradiol hydroxylation (B)
activities of bactosomes with coexpressed CYP1B1 and CPR.

Mouse CYP1B1 was previously expressed and purified by
Savas et al. (1997), who reported its binding and metabolism
of several polycyclic aromatic hydrocarbons. However, these
authors were unable to detect either spectral changes due to
the binding of estradiol or the hydroxylation of 178-estradiol
by E. coli-expressed mouse CYP1B1. Nevertheless, the me-
tabolism of dimethylbenz(a)anthracene was inhibited by
17B-estradiol, which suggests that 173-estradiol was bound
even if no spectroscopic signature was observed. In contrast,
we have readily observed and quantified the hydroxylation of
17B-estradiol by mouse CYP1B1/CPR. The observed 40H E2:
20H E2 ratio of 0.19 contrasted sharply with the correspond-
ing value of 4.6 for the human enzyme, 2.7 for the dog, and 1.5
for the monkey. Zebrafish CYP1B1 was reported earlier to
exhibit a mouse-like inverse 40H E2:20H E2 ratio of 0.48.
These results highlight the existence of significant interspe-
cies differences among CYP1B1 orthologs that may compli-
cate the interpretation of studies with animal models of the
carcinogenicity of 178-estradiol and other CYP1B1-activated
agents.

Our primary sequence alignment in conjunction with our
analysis of the relationship between the alignment and the
crystal structure of human CYP1B1 pinpointed a single



TABLE 3

Estradiol 4- and 2-hydroxylation by wild-type human, rat, and mutant
CYP1B1

Activities are mol product produced per mol P450 per minute.

40H E2 Activity ~ 20H E2 Activity ~ 40f BZ:20H
min~t
Wild-type human 3.1+0.3 0.62 = 0.06 5.0 = 0.7
V395L human 0.40 = 0.03 0.87 = 0.06  0.46 = 0.05
L395V rat 0.95 = 0.02 054 =001  1.78 + 0.05
Wild-type rat 0.44 = 0.12 117 + 0.04  0.38 = 0.10

residue that was common (valine) in all the orthologs that
favored 4-hydroxylation (human, dog, monkey) but differed in
the orthologs that favored 2-hydroxylation (mouse, leucine;
rat, leucine; zebrafish, threonine). Mutation of this single
amino acid residue from Val to Leu in human CYP1B1 altered
the 40H E2:20H E2 product ratio from >4 to 0.5:1, a value
identical to that observed for the rat enzyme, which has a Leu
at that position. Conversely, mutation of the native Leu in rat
CYP1B1 to Val shifted the 40H E2:20H E2 product ratio to
a more human-like 40H E2 preference of 2:1. The individual
40H E2 and 20H E2 rates of formation showed that the
mutations had a greater effect on 4-hydroxylation, which is
consistent with interference of residue 395 with positioning of
17B-estradiol for 4-hydroxylation. Thus, the amino acid at
position 395 is the principal determinant of the 173-estradiol
hydroxylation regiospecificity CYP1B1 enzymes. Notably, for
human CYP1B1, the rates were similar for samples with
different levels of CPR activity, and product ratios were
similar across a range of estradiol concentrations, from 5—
150 uM.

Comparison with Other CYP1 Family Enzymes. Hu-
man CYP1Al and CYP1A2, the two other CYP1 family
enzymes, preferentially catalyze the 2-hydroxylation of 173-
estradiol. Alignment of the sequences of the CYP1Al,
CYP1A2, and CYP1B1 orthologs from human, monkey, dog,
mouse, and rat shows that human CYP1A2 is unique in
having a Leu at the relevant position (Leu382), whereas the
other CYP1A1l and CYP1A2 isozymes have a Val at that
location. The presence of a Leu in human CYP1A2 and its
preference for 2-hydroxylation are consistent with our results
for the CYP1B1 V395L mutant. We have not found published
data on 17B-estradiol hydroxylation by purified CYP1A2
orthologs from the other mammals and therefore cannot
comment on whether nonhuman orthologs that possess
a Val at the equivalent position have a preference for 4-
hydroxylation.

Comparison of the CYP1B1 and CYP1A2 structures
identified common residues that contact ANF, despite the
different binding orientations of this ligand in the two
proteins (1B1/1A2: F134/F125, F231/F226, F268/F260,
D326/D313, G329/G316, A330/A317, D333/D320, T334/T321,
1399/1386, and L509/1.497). Thus, based on ANF binding,
CYP1A2 Leu382 might be a significant contributor to hy-
droxylation preference. However, this single residue does not
control the hydroxylation specificity for all CYP1A isoforms, as
all the CYP1A1 orthologs have Val at the relevant position yet,
based on the reported human activity, CYP1A1l exhibits a
preference for 2-hydroxylation. In the absence of a structure for
CYP1A1 to compare with those for CYP1B1 and CYP1A2, it

CYP1B1 Specificity Determinants 457

is not possible to know what other active site differences rec-
oncile the presence of a Val with the observed 2-hydroxylation
preference.

The E2 molecule exhibits high conservation in its confor-
mation when observed bound to estrogen dehydrogenase
(PDB ID 1FDS), sex hormone-binding globulin (PDB ID
1LHU), and estrogen receptor (PDB ID 1ERE). This molec-
ular conformation is likely to be shared when bound to
CYP1B1.

The CYP1A2 and CYP1B1 active sites, when ANF is bound,
possess certain ligand binding features that we believe to
exist when E2 is bound. The I helix in P450s is an essential
core helix that bears the commonly observed distal threonine.
In the ANF-bound structures, the I helix provides three
binding features: a surface upon which the planar tri-ring of
ANF lies, and two “bracketing” aspartates (CYP1B1 D326
and D333)—conserved among CYP1A1, 1A2, and 1B1 from
human, monkey, dog, mouse, and rat (except rat 1A2 E318
instead of D333)—on either side of the ANF planar edges. By
nature of its importance in catalysis and heme binding, the I
helix structure should be relatively unchanged regarding the
binding of E2 in place of ANF, placing E2 in a similar planar
orientation as ANF.

The CYP1A2 and CYP1B1 structures have ANF bound in
flipped orientations of the benzo[k]chromen-4-one rings.
While these rings in ANF have planar symmetry, estradiol
possesses an 18B-methyl group and a 178-hydroxyl group on
one side of the steroid plane that add to the planar asymmetry
of the estrogen rings. When the planes of ANF and the
estrogens are approximately aligned with ring A in a similar
position to the phenyl ring of ANF near the heme, the 178-
hydroxy and 183-methyl groups are either directed toward or
away from the I helix.

Three explanations for the observed shift in hydroxylation
preference in going from the human wild-type to the V395L
mutant can be envisioned. First, flipping of the sterol structure
causes one orientation to place the C4 and the other the C2
carbon near the ferryl oxygen, as illustrated by the poses
observed in the docked estradiol (Fig. 4D, red and blue for C2,
green for C4). Second, side-wise sliding of a single sterol
orientation caused by the amino acid change results in a shift
of the preferred site of oxidation. Third, the V395L sub-
stitution specifically interferes with C4 hydroxylation. The
latter rationale is consistent with the observed lowering of C4
hydroxylation rate and relatively unchanged C2 hydroxyl-
ation rate by the V395L substitution. Likewise, the L395V
mutation of rat 1B1 could open access to the closer C4 position
due to the decrease in side-chain bulk.
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