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Abstract

Aromatase is a unique cytochrome P450 that catalyzes the removal of the 19-methyl group and
aromatization of the A-ring of androgens for the synthesis of estrogens. All human estrogens are
synthesized via this enzymatic aromatization pathway. Aromatase inhibitors thus constitute a
frontline therapy for estrogen-dependent breast cancer. Despite decades of intense investigation, this
enzyme of the endoplasmic reticulum membrane has eluded all structure determination efforts. We
have determined the crystal structure of the highly active aromatase purified from human placenta,
in complex with its natural substrate androstenedione. The structure shows the binding mode of
androstenedione in the catalytically active oxidized high-spin ferric state of the enzyme. Hydrogen
bond forming interactions and tight packing hydrophobic side chains that complement the puckering
of the steroid backbone provide the molecular basis for the exclusive androgenic specificity of
aromatase. Locations of catalytic residues and water molecules shed new light on the mechanism of
the aromatization step. The structure also suggests a membrane integration model indicative of the
passage of steroids through the lipid bilayer.

1. Introduction

Cytochrome P450 aromatase (CYP19A1) uses with high specificity androstenedione,
testosterone, and 16a-hydroxytestosterone (all with the same androgen backbone) as substrates
converting them to estrone, 17B-estradiol, and 17p,16a-estriol (all with the same estrogen
backbone), respectively [1-3]. The reaction is a three-step process, each requiring one mol of
0o, one mol of NADPH, and coupling with its redox partner cytochrome P450 reductase for
the transfer of all important electrons. Aromatase is the only known enzyme in vertebrates
capable of catalyzing the aromatization of a six-membered ring. The functional human enzyme
is monomeric, comprised of a heme group and a single polypeptide chain of 503 amino-acid
residues. It is an integral membrane protein of the endoplasmic reticulum, anchored to the
membrane by an amino terminal transmembrane domain [4,5], in addition to other membrane-
associating regions. Many soluble bacterial cytochrome P450s including p450cam [6],
P450BM-3 [7], p450terp [8], and p450eryf [9], have been crystallized and structures
determined by X-ray crystallography. More recently, crystal structures of several recombinant,
microsomal human cytochrome P450s (PDB ID codes: 1A2, 2A6, 2A13, 2C8, 2C9, 2D6, 2R1
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and 3A4) have been determined [10-14 and references therein]. Many of these microsomal
P450s catalyze metabolism of a wide variety of endogenous and xenobiotic compounds and
drugs with low substrate specificities.

Aromatase has been the subject of intense biochemical and biophysical investigations for the
past 35 years [1-5,15-34]. Nevertheless, many aspects of the aromatase-catalyzed reaction,
especially the third aromatization step, remain poorly understood. Lack of a crystal structure
of aromatase prompted a number of homology models based on other experimental P450
structures and site-directed mutagenesis data, and generated proposals for androgen-binding
scenarios as well as models for the enzyme’s mechanism of action [2,5,15,20-26,28-33].
However, validation of all these results necessitated an experimental three-dimensional model
of the enzyme showing the binding mode of the steroidal substrate and its interactions with
active side amino acids. Additionally, because inhibition of estrogen biosynthesis by aromatase
inhibitors (Als) constitutes one of the modern therapies for postmenopausal estrogen-
dependent breast cancer [35,36], details of the substrates and inhibitor binding interactions at
the active site have become increasingly critical information for the development of next
generation Als.

The major impediments to aromatase crystallization have been its strong hydrophobic
character, and susceptibility to rapid denaturation in the absence of the protective lipid bilayer.
A number of laboratories have reported purification of aromatase from human placenta [16—
19] and recombinant expression systems [27,33]. Nevertheless, attempts to crystallize either
the placental or a recombinant and modified aromatase have been unsuccessful. Using term
human placenta as a rich source of aromatase and a purification technique that employs a highly
specific monoclonal antibody-based affinity chromatography [34], we have been able to purify
large quantities of the enzyme in the active form under suitable detergent conditions that has
permitted the growth of diffraction-quality single crystals and elucidation of the crystal
structure [37].

2. Materials and Methods

2.1. Purification of aromatase from human placenta

Aromatase was purified from microsomal fraction of human term placenta as previously
described [34,37]. Briefly, an immunoaffinity chromatography column made with the highly
specific monoclonal antibody mAb 3-2C2 was used for the purification of aromatase.
Emulgen913 was used as the detergent during the purification process. All buffer solutions
contained 0.5uM androstenedione. Hydroxyapetite (HA) chromatography was employed to
exchange emulgen with B-D-dodecyl maltopyranoside (BDM), a small-molecule detergent
suitable for crystallization as well as for the retention of aromatase activity for a prolonged
period at 4 °C.

2.2. Crystallization, data collection and structure solution

Details have already been published [37]. Freshly purified aromatase in 200mm phosphate
buffer, ph 7.4, containing 20% glycerol, 0.1mm androstenedione, 20mm dithiothreitol and
1mm BDM was mixed with the reservoir cocktails of 24 to 30% polyethylene glycol 4000 and
vapor diffused in sealed 24-well sitting drop plates against corresponding reservoir solution.
The purification and crystallization experiments were all conducted at 4 °C.

Initially, diffraction data sets to about 3.3A resolution were collected at the A-1 station of the
Cornell High Energy Synchrotron Source (CHESS). Additionally, two data sets, each to about
4A resolution, were measured at the CHESS F-2 station by tuning the beam to the peak and
the inflexion point of the iron absorption edge. Finally, a 2.9A diffraction dataset used for
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solution and refinement of the structure was gathered at the beamline SBC 19-ID-D of the
Advanced Photon Source, Argonne National Laboratory, Argonne, IL. The data was processed
with HKL3000 software package [38]. The space group is P3,21 and the unit cell parameters
are a=h=140.208A, c=119.266A, 0=p=90°, y=120°. There is one aromatase molecule in the
asymmetric unit, with a solvent content of about 79%. A total of 184,295 diffraction intensities
were measured yielding 30,371 unique reflections. The diffraction data was 99.4% complete
to 2.90A resolution with an overall Intensity to sigma ratio of 31.1 and Rmerge 0f 0.067. The
intensity to sigma ratio was 2.8 in the highest resolution shell.

The structure was solved by molecular replacement method using CCP4 package of software
[39], coupled with Bijvoet difference Fourier synthesis utilizing the Fe-absorption edge
datasets. Model building and refinement were performed with Coot [40] and Refmac5 [41]
routines, respectively. The final model contained 452 amino acid residues, a heme group, one
androstenedione molecule, 35 solvent waters, and 2 phosphate ions (3792 total atoms). Models
for 44 amino- and 7 carboxyl-terminal residues could not be built because of weakness of the
their electron densities. Apart from these residues, the electron density for the rest of the
molecule was mostly well defined, except for two short loop/turn regions. In the space of
missing amino-terminal residues, an isolated patch of weak electron density was identifiable
and could be fitted to a four-turn helix. However, owing to weakness of the density, this region
could not be unambiguously modeled. Additionally, electron densities appropriate for 2
detergent molecules were located near the transmembrane region of the enzyme, but were not
included in the final refinement owing to the possibility of multiple orientations of the sugar
moiety or the alkyl chain. A small piece of residual electron density adjacent to the protein
chain near the heme proximal site was also not modeled. The final R factor for all reflections
between 37.77A and 2.90A resolutions was 0.214 and the R-free value was 0.244. The root-
mean squared deviations of bond-lengths and angles from ideal values were 0.009A and 1.32°,
respectively. The average isotropic thermal factor (B) for all atoms was 77.3A2, whereas the
Wilson plot B-value was 94.5A2. There were only 2 violations in the backbone torsion angle
Ramachandran plot, both in weaker loop regions. Chimera [42] was used for visualization and
analysis of the structural results and preparation of illustrations (Figure 2 and Figure 3).

3. Results and Discussion

3.1. Purification and crystallization

One placenta typically yielded 5 to 10mg of aromatase purified essentially to homogeneity
(Figure 1a). The purified enzyme was highly active — the specific activity with androstenedione
as the substrate ranged between ~10 and ~100nmol/min/mg over a large number of purification
experiments. The absorption spectrum of the androstenedione complex exhibited a Soret band
at 394nm (Figure 1b), characteristic of oxidized high-spin ferric (Fe3*) state of the heme iron,
suggestive of the formation of the androstenedione-complex. Reddish-brown color hexagonal
rod-shaped crystals appeared in 7-10 days and continued to grow up to 14-16 days. Typically,
the crystals are about 0.05mm to 0.50mm in lengths, and have a hexagonal cross-section of
about 0.01mm to 0.12mm (Figure 1c).

3.2. The overall structure of aromatase

A ribbon diagram of the overall crystal structure of human placental aromatase is shown in
Figure 2. The tertiary structure consists of 12 major a-helices (labeled A through L) and 10
B-strands (numbered 1 through 10) distributed into 1 major and 3 minor sheets, and follows
the characteristic cytochrome P450 fold. The bound androstenedione molecule at the heme
distal site, the active site of the enzyme, and shown within its unbiased electron density, makes
two hydrogen bond-forming contacts - the 3-keto and 17-keto oxygens with Asp309 side chain
and Met374 backbone amide, respectively (Figure 2). The major B-sheet is a mixed 4-stranded
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sheet that begins near the amino terminus (first two strands are $1:83-88 and $2:93-97) but
ends in two strands from the carboxyl terminal half of the polypeptide chain ($3:373-376 and
6:393-396). A feature somewhat special to the aromatase structure is that the amino-terminal
residues 47-50, which makes one backbone hydrogen bond with 31, adds an extra j3-strand-
like element to this sheet. Each of the three minor sheets consists of two anti-parallel strands
scattered over the polypeptide chain (sheet2: 34:381-383 and [35:386—388; sheet3: 8:473—
475 and p9:479-481; sheetd: $7:458-461 and 310:491-494). Of the 12 major helices, the
lengths, locations and orientations of helices | (293-324), F (210-227), G (242-267), H (278—
287), C (138-152), D (155-174), E (187-205), J (326-341), K (354-366) and L (440-455)
are similar to those found in most of the cytochrome p450s. Other helices, namely A’ (57-68),
A (69-80), B (100-109), B’ (119-126), G’ (232-236), H’ (271-274), J’ (346-349), K’ (398-
404), and K” (414-418) are 1 to 4 turns long and have more variability among P450s in terms
of their locations, lengths and orientations. For instance, when compared with two human
P450s 3A4 and 2D6 that aromatase has the closest resemblance to (~14-18% sequence
identity), the helix A’ in aromatase is longer than a similar one in 3A4 and is not seen in 2D6.
The other notable difference in the secondary structures between aromatase and 3A4 is that
the helix F in 3A4 is separated into two shorter helices by a stretch of polypeptide. As discussed
below, this region of the structure contributes significantly to the constitution of the active site.
Another difference is that the G-helix in aromatase is at least one turn longer than those in 3A4
and 2D6. The F-helix-loop-G-helix region, in general, appears to be different in different p450s.
With the helix G’ in the middle, the loop is tighter in aromatase than in either 3A4 or 2D6,
both of which have longer intervening loops.

Astriking feature of the tertiary aromatase structure is that long loops interconnect well-defined
secondary structure elements, in general agreement with other P450 structures. One example
is the polypeptide between the 2-turn helix K’ and helix L. This stretch of 35 residue
polypeptide (405-439), devoid of much secondary structure except the 1-turn helix K”,
contributes the all important cysteine ligand (Cys437) to the heme iron. Other examples of
long loops are between helices B’ and C, 37 and 38, and 9 and 10, all of which either
contribute active site residues or have roles in the scaffolding of functionally important
elements. Although these loops have little intra-loop interactions through hydrogen bonding,
they stabilize by interacting with other structural elements and are, thus, well defined in the
electron density map. Another feature common to all cytochrome P450s is the ligation of the
heme group via its propionate moieties by arginine and tryptophan side chains through ionic
and hydrogen bonding interactions. These side residues in aromatase are Arg115, Trp141,
Argl145, Arg375, and Arg435, homologous to those in 3A4, 2D6 and others.

3.3. Androstenedione snugly fits in the active site cavity

The active site of aromatase is the distal cavity of the heme-binding pocket and the heme iron
is the reaction center of the enzyme. The active site, thus, is buried deep within the roughly
spherical molecule near its geometrical center. Androstenedione binds with its B-face oriented
towards the heme group and C19 of the methyl group positioned at a distance 4.0A from the
Fe-atom (Figure 2 and Figure 3). The refined Fe-position is displaced roughly 0.2A away from
the heme plane towards the ligand Cys437. The 17-keto oxygen of the substrate is ideally
situated at a distance 2.8A from the backbone amide nitrogen of Met374 to accept a proton
and make a hydrogen bond. The 3-keto oxygen O1 at the other end is at 2.6A from the
carboxylate Ogp of the Asp309 side chain, suggesting protonation of the carboxylate moiety
and the formation of a hydrogen bond. The geometries of these two hydrogen bonds are such
that 3-keto O1 and the water oxygen atom lie roughly in the carboxylate plane. Furthermore,
this water molecule is situated at 3.6A from the guanidinium group of the Arg192 side chain,
which is salt-bridged to Glu483 (not sown). Two water molecules were found hydrogen-
bonded to each other and also to the Ser478 side chain OH, which in turn donates its proton to
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His480 Ng; (Ser4780H---N5;His480: 2.9A; not shown), further away from the active site.
Moreover, the Ser478 side chain is linked via these two water molecules to Arg192 by a weak
hydrogen bond of length 3.4A (Figure 3).

The steroid-binding pocket that snuggly fits an androstenedione molecule is delineated by a
confluence of tight packing hydrophobic residues from various parts of the polypeptide chain.
The residues contributing to the catalytic cleft are 11305, Ala306, Asp309 and Thr310 from
I-helix, Phe221 and Trp224 from F-helix, 11133 and Phe134 from the B’-C loop, Val370,
Leu372 and Val373 from the K-B3 loop, Met374 from 3, and Leu477 and Ser478 from the
38—B9 loop. Additionally, 4 arginine and 1 tryptophan side chains are involved in binding polar
interactions with the heme propionate moieties, as described earlier. Of these, the NH1 atom
of Arg115 approaches O2 (of 17-keto) of androsenedione from a distance of 3.4A (Figure 3).
The hydrophobic residues and porphyrin rings of heme surround and pack against the steroid
backbone from all sides at van der waals distances. Side chains of residues Arg115, 11e133,
Phel34, Phe221, Trp224, Ala306, Thr310, Val370, Val373, Met374 and Leu477 have direct
van der waals contacts with the bound androstenedione molecule. Among these, 11e133,
Phel34, Phe221, Trp224 and Leu477 approach the substrate from the a-face of
androstenedione and follow the contour and puckering of the steroid backbone, while Arg115,
Ala306, and Met374 make contacts at its edge and Thr310, Val370, and Val373 on its p-face.
The combined surface creates a pocket just right in volume and shape to tightly enclose
androstenedione [37]. This is particularly true for the a-face of the ligand where the van der
waals surfaces of the large hydrophobics Phe134, Phe221, and Trp224, dictate the shape. The
volume of the binding pocket is estimated to be no more than 400A3, considerably smaller than
those in 3A4 and 2D6 [11,12].

The only significant opening to the pocket is at the bottom right corner where 3 water molecules,
having hydrogen bonds to Asp309 and Ser478, are located (Figure 3). This leads to a channel
that exits to the exterior of the protein surface. The salt bridging Arg192-Glu483 side chain
pair as well as those of Asp309 and Ser478 line the channel, right underneath the surface
[37]. Itis possible that this channel, although too narrow at points to let steroids through, permits
the passage of the substrate and the product, owing to the flexibility of the surrounding tertiary
structure.

Pro308 plays a key role in the architecture of the active site. The first 5 amino-terminal turns
(Arg293 to Ala306) of I-helix in aromatase have a slightly different orientation — in a direction
away from the active site. Pro308 causes a bend in the backbone and a shift in the helix axis,
bringing it back more towards the active site to follow its normal course. As a result, some
extra space, where the 51 turn of the helix (Met303 to Ala307) otherwise would have been, is
created accommodating the 3-keto end of the A-ring. In a normal course of I-helix, the 5 turn
would have a steric clash with this end of the substrate [37]. Furthermore, as previously
discussed, in addition to the bulky hydrophobic residues and differences in the F-helix that
greatly restrict the available space, the catalytic cleft in aromatase is further constricted by the
altered location and length of the B8—f39 loop that contributes important residues Ser478 and
Leu477 to the active site (Figure 3).

3.4. Structural perspective on the mechanism of aromatization

In a three-step catalytic process that requires 3 mol of O, 3 mol of NADPH, and the
flavoprotein CPR for transferring electrons from NADPH, aromatase converts androgens to
estrogens. There is a general agreement among previously proposed models that the first two
steps are typical P450 hydroxylation reactions. The mechanism of the third step, the
aromatization step unique to aromatase, is not yet clear. Some of the residues derived by
homology modeling and implicated in these proposed mechanisms are, in fact, present in the
active site. For instance, several studies proposed Asp309 to be a catalytically important residue
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[2,23,28-30,33]. However, unlike the proposed models, Asp309 appears to be involved not
only in catalysis but also in substrate binding. On the other hand, Thr310 is highly conserved
in the P450 superfamily and thus was postulated to have the same generic role in hydroxylation
as in other P450s. Novelties of the active site also include the strong substrate anchoring
interaction at the 17-keto end as well as the specificity-defining hydrophobic interactions that
drive the critically important orientation and positioning of the 19-methyl group with respect
to the heme Fe.

A plausible scenario for H2 abstraction 2,3-enolization for the aromatization step based on
the structural data has already been described [37]. Briefly, H2p of the A-ring of the bound
androstenedione that gets abstracted in the aromatization step is close to the Ala306CO---
HOyThr310 pair (C=0-----H2p-C2: 3.7A and C2-H2p----OyH: 3.8A). In the dioxygen
complex of P450cam, the residue pair Thr252-Gly248 carbonyl, and two catalytic water
molecules are involved in the activation of ferrous-dioxygen to the hydroxylating Fe(I\V)=0
species by providing two protons [43]. We propose that in aromatase a similar hydroxylation
mechanism involving the corresponding Thr310-Ala306 carbonyl pair, and catalytic water
molecules (the binding of which could be promoted by dioxygen binding as in P450cam) are
responsible not only for the first two steps, but also for the H2p abstraction of the 2,3-
enolization processes of the aromatization reaction. The H2p abstraction and 2,3-enolization
by tautomerization could be achieved by a nucleophilic attack on H2f-C by the Ala306CO----
HOyThr310 moiety (perhaps along with a water) and a concerted electrophilic attack on the
C3-keto oxygen by a protonated Asp309 side chain [37]. Asp309 thus appears to have a direct
participation in enolization, unlike the indirect roles of Asp251 and Glu244 in hydroxylation
by P450cam and P450eryF, respectively [43,44]. The 1B hydrogen is probably removed
following the Fe-peroxy nucleophilic attack on 19-aldehyde as previously proposed [15,21,
37].

3.5. Membrane integration and its implication

A hydrophobicity plot of aromatase suggests lipid bilayer integration for residues 21-42 and
49-71, with the possibility of partial lipid association for the regions 43-48, 72-80, and 450-
470. The model proposed for membrane integration of aromatase shows that these amino
terminal segments penetrate the membrane and the loop 450-470 near the carboxyl terminus
touches the interior of the bilayer [37]. The model is in agreement with previous proposals
[4,5] that the first 20 residues at the amino terminus of aromatase, having a glycosylation site
at Asn12, reside in the luminal space. This scenario also supports the notion that the residues
21-42 are truly trans membrane, since the bulk of aromatase, with 7 free sulfahydryl groups,
1 cysteine ligand to the heme iron, and no disulfide, must rest in the reducing environment of
the cytoplasm. Furthermore, since a helix has to be at least 7-8 turns and 28-30 residues long
to span the entire lipid bilayer, it is likely the trans-membrane residues 21-42 traverses the
lipid bilayer as an extended polypeptide devoid of secondary or tertiary structures, and hence
are conformationally flexible once removed from the lipid bilayer. This scenario is consistent
with our finding that electron density of the polypeptide chain is weak beyond residue 45
towards the amino terminus. Interestingly, endoplasmic reticulum membrane-spanning 43
residues at the carboxyl terminus of human placental and recombinant estrogenic 17f-
hydroxysteroid dehydrogenase were similarly found to be disordered in the crystal structure
and could not be traced [45].

Based on the structural evidence, we propose that the hydrophobic helix A’ (residues 57-68)
and at least partially helix A (residues 69-80), are embedded into the membrane, thereby

positioning several arginine (Arg64, Arg79 and Arg86) and tryptophan (Trp67 and Trp88, as
well as Trp239 from the F-G loop) residues at the lipid-protein interface, a telltale sign of lipid
integration of proteins [46 and references therein]. Furthermore, electron densities for at least
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2 detergent molecules were identified in the proximity of helix A’, near the Trp67 side chain.
Thus, the lipid integration of aromatase possibly begins with these helices, as the amino
terminus traverses further into the bilayer towards the lumen side. Such amembrane integration
model positions the entrance to the active site access channel on the membrane surface. This
arrangement allows steroids to enter and/or exit the aromatase active site directly from/to the
lipid bilayer, traveling between and across the F-G loop and the B8—39 loop [37], as well as a
P450 reductase molecule to couple at the heme proximal site [47] for the transfer of electrons.
The structure of aromatase thus provides a rationale for its membrane integration.
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Figure 1.

(a) A sodium dodecyl sulfate polyacrylamide gel electrophoretic analysis of purified and
concentrated human placental aromatase. (b) Optical spectrum of purified aromatase (1.6mg/
ml) showing the Soret peak at 394 nm, characteristic of oxidized high spin ferric (Fe3*)-
androstenedione complex. (c) Single crystals of aromatase-androstenedione complex from
various crystallization experiments. Typically, the crystals are 0.1-0.5mm long.
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Figure 2.

A ribbon diagram showing the overall structure of human placental aromatase. The amino
terminus, starting at residue 45, is colored dark blue and the carboxyl terminus ending at residue
496 is colored red. The a-helices are labeled from A to L and B-strands are numbered from 1
to 10. The heme group and the bound androstenedione molecule at the active site are shown.
The bound androstenedione molecule is shown within its unbiased electron density surface
contoured in magenta at ~4.5 times the standard deviation. The hydrogen bond-forming
interactions at the 3-keto and 17-keto end with Asp309 side chain and Met374 backbone amide,
respectively, are also indicated. All 3D illustrations are prepared with Chimera [35].
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Figure 3.

A close up view of the human placental aromatase active site showing the bound
androstenedione molecule within its unbiased electron density surface. Important side chains,
heme and water molecules are depicted in the following element colors: gray (carbon), blue
(nitrogen), red (oxygen), yellow (sulfur) and firebrick (Fe). The carbon atoms of
androstenedione are colored in cornflower blue. The color code is maintained for all figures
throughout the manuscript. The distances are in A.
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