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Abstract

Aromatase (CYP19A1) is an integral membrane enzyme that catalyzes the removal of the 19-
methyl group and aromatization of the A-ring of androgens. All human estrogens are synthesized
from their androgenic precursors by this unique cytochrome P450. The crystal structure of active
aromatase purified from human placenta has recently been determined in complex with its natural
substrate androstenedione in the high-spin ferric state of heme. Hydrogen bond forming
interactions and tight packing hydrophobic side chains closely complement puckering of the
steroid backbone, thereby providing the molecular basis for the androgenic specificity of
aromatase. In the crystal, aromatase molecules are linked by a head-to-tail intermolecular
interaction via a surface loop between helix D and helix E of one aromatase molecule that
penetrates the heme-proximal cavity of the neighboring, crystallographically-related molecule,
thus forming in tandem a polymeric aromatase chain. This intermolecular interaction is similar to
the aromatase-Cytochrome P450 reductase coupling and is driven by electrostatics between the
negative potential surface of the D-E loop region and the positively charged heme-proximal
cavity. This loop-to-proximal site link in aromatase is rather unique - there are only a few of
examples of somewhat similar intermolecular interactions in the entire P450 structure database.
Furthermore, the amino acids involved in the intermolecular contact appear to be specific for
aromatase. Higher order organization of aromatase monomers may have implications in lipid
integration and catalysis.

1. Introduction

Cytochrome P450 aromatase (CYP19A1) uses with high specificity the androgenic
substrates androstenedione, testosterone, and 16a-hydroxytestosterone as substrates and
converts them to their respective estrogens, estrone, 17p-estradiol, and 17p,16a-estriol,
respectively [1-3]. The reaction requires coupling with its redox partner cytochrome P450
reductase (CPR) for the transfer of electrons from NADPH. 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. Human microsomal P450s
catalyze metabolism of a wide variety of endogenous and xenobiotic compounds and drugs
with low substrate specificities. However, those in the sex-steroid biosynthesis pathways,
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such as aromatase and 17a-hydroxylase/17,2-lyase (CYP17A1) have high substrate
specificity [6].

More than 70% of all breast cancers are estrogen-dependent [7]. Inhibition of estrogen
biosynthesis by aromatase inhibitors (Als) constitutes one of the modern therapies for
postmenopausal estrogen-dependent breast cancer [8,9]. Aromatase has been the subject of
biochemical and biophysical investigations for the past 40 years [10]. Until recently, lack of
a crystal structure of aromatase had impeded understanding of the mechanism of action at
the molecular level and development of rationally designed Als with higher specificity and
efficacy. Using aromatase purified from term human placenta, we have been able to
elucidate the crystal structure of the enzyme, delineate the molecular determinants of
androgenic specificity and propose a mechanism for the third step of the aromatization
reaction [11].

In the crystal, interestingly, aromatase molecules are linked by a head-to-tail intermolecular
interaction via a surface loop between helix D and helix E of one aromatase molecule that
penetrates the heme-proximal cavity of the next molecule, thereby forming in tandem a
polymeric aromatase chain. This intermolecular interaction, analogous to the aromatase-
Cytochrome P450 reductase coupling, is driven by electrostatics between the negative
potential surface of the D—E loop region and the positively charged heme-proximal cavity.
There are only a few examples of similar head-to-tail oligomerization in the P450 structure
database. Here, we analyze in molecular detail this higher order organization of human
aromatase, and compare it with other P450 structures in the 3-D structure database of
Protein Data Bank (PDB) [12].

2. Experimental

2.1. Determination of the crystal structure of human placental aromatase

Details of purification of aromatase from human placenta, crystallization and structure
determination have already been published [11,13] (PDB ID code for the coordinates:
3EQM). Only a brief account is being provided here. An immunoaffinity chromatography
column made with the highly specific monoclonal antibody mAb 3-2C2 was used for the
purification of aromatase. Freshly purified aromatase was crystallized by the vapor diffusion
technique. The purification and crystallization experiments were conducted at 4°C.
Diffraction data sets were gathered at the beam lines A-1 of Cornell High Energy
Synchrotron Source, Cornell University, Ithaca, NY and 191D of Advanced Photon Source,
Argonne National Laboratory, Argonne, IL. The crystals were cryo-cooled at the liquid
nitrogen temperature using glycerol as the cryo-protectant. The diffraction data was
complete to 2.90e resolution. The space group is P3,21 and the unit cell parameters are
a=b=140.2¢, ¢=119.3¢, a=p=90°, y=120°. The structure was solved by molecular
replacement method coupled with Bijvoet difference Fourier synthesis utilizing the Fe-
absorption edge datasets. The final refined model contained 452 amino acid residues (Ser45
to Asn496), a heme group, one androstenedione molecule, 35 solvent waters, and 2
phosphate ions (3792 total atoms). A putative model for the 33 amino-terminal residues
(Asnl2 to Thr44), consisting of a trans-membrane helix with terminal residues Ile16 and
Val38, was built through the weak electron density trace, but not included in the refinement.

2.2. Analysis of the oligomeric structures

Oligomeric structure was constructed by applying the crystallographic symmetries using

Coot [14] and analyzed by Chimera [15]. Illustrations shown in Figs. 1 and 2 were drawn
using Chimera. The coordinates all other P450 crystal structures were obtained from the

Protein Data Bank [12].
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2.3. Structure-based sequence alignment

Owing to low homology, structure-based alignment of the sequences of D-E and K-L loops
of aromatase and four other P450s (CYP101, CYP124, CYP245A1 and CYP3A4) was
carried out. CYP3A4 and CYP101 were included as representative P450 structures. MOE
[16] packages of software were used to least-square superimpose the structures in a region-
specific manner. The 3-D alignment provided the information on the lengths of the peptides
to compare.

3. Results

3.1. The D-E loop to proximal site interaction

The proximal site is the surface cavity behind the cysteine thiolate ligand of the heme
moiety and the distal site comprises the substrate-binding pocket. The D—E loop consists of
residues Val178-Thr179-Asn180-Glu181-Ser182Gly183-Tyr184-Val185-Asp186 between
helices D and E (Fig. 1A). The nine-residue long loop inserts itself in the heme-proximal
cavity of the neighboring molecule. The proximal cavity, shown by depicting the van der
Waals surface in Fig. 1B, is comprised primarily of residues 354—361 from the K helix,
418-432 from the K-L loop and 440-444 from the L helix. The D—E loop makes several
polar contacts, forming five hydrogen bonds and one salt bridge with residues within the
cavity. The hydrogen bonds are: backbone O of Tyr 184 to ND2 of Asn421 (3.02 e),
backbone N of Asn180 to ND2 of ASN 421 (3.58 ¢), OD of Asn180 to backbone N of
Val422 (3.75 ¢), OG of Ser182 to OH of Tyr361 (3.27 ¢), and OG of Ser182 to OE2 of
Glu357 (2.80 ). In addition, there is Coulombic interaction between two charged side chains
OE1 of Glu181 to NZ of Lys440 (3.78 »), and a hydrogen bond between backbone O of
Glul76 and backbone N of Arg425 (3.47 ). Together, these provide additional stability to
the loop-proximal cavity association. Furthermore, calculation of electrostatic potentials at
these two interacting regions shows that electrostatic attraction between the two oppositely
charged surfaces, and their shape complementarity could actually be responsible for driving
the head-to-tail dimer formation (D. Ghosh et al., unpublished data). The D-E loop is
primarily negatively charged (Glu181, Asp186), whereas the heme-proximal site contains
predominantly positively charged side chains (Lys108, Lys354, Lys420, Arg425, Lys440,
Lys448).

In the aromatase crystal, this head-to-tail intermolecular interaction between the D-E loop of
one monomer and the proximal cavity of the other through shape complementarity and
electrostatic interactions generates a polymeric aromatase chain about the 3,-screw axis, as
illustrated in Fig. 1C. Additionally, two polymer chains pack about a 2fold rotational
symmetry axis normal to the screw axis, forming the P3,21 space group symmetry. The
formation of an open proximal cavity is made possible by a long K-L loop and two helices
K and L that line the cavity optimally in depth to accommodate the D-E loop (Fig. 1B). The
innermost point of the loop, the OE1 atom of Glu181, is 10.4¢ from the heme Fe of the
neighboring monomer (Fig. 1A).

3.2. Intermolecular interaction via the proximal site in other P450’s

We have analyzed the intermolecular interaction and crystal packing for all 54 P450
structures available in the Protein Data Bank [12] (Table 1). Only in three cases the
interactions involve the proximal sites. Furthermore, only two of those display a similar
albeit less pronounced D-E loop to proximal site association, shown in Figs. 2A and B. Like
aromatase, both CYP245A1 and CYP124 form oligomers in the crystals via crystallographic
symmetry. In the CYP245A1 oligomer (Fig. 2A(l)) the D-E loop consisting of GIn143-
Argl44-Arg145-Prol146-Aspl47-Leul48Val149-Glul50-Gly151-Phe152-Alal53 forms a
hydrogen bond, NH2 of Arg145 to OG of Ser 61 (2.79¢) and two salt bridges, NH2 of
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Argl44 to OE2 of Glu352 (2.79¢), and NH1 of Arg144 to OE1 of Glu352 (2.78¢) (Fig.
2A(11)). The two interacting surfaces, therefore, have mixed positive and negative charges,
unlike aromatase. In addition, access to the proximal cavity is partially blocked by the
helices L and B’ and the K-L loop (Figs. 2A(11) and 2A(111)). Consequently, only a part of
the D-E loop is inserted into the shallow proximal cavity, unlike aromatase. The closest
approach to the heme iron is 11.7 « of NE of Arg144 side chain.

The D-E loop, Pro157-Asp158-Arg159-GIn160-Alal61-Aspl62, in the CYP124 oligomer
(Fig. 2B(1)) is considerably shorter than those in aromatase and CYP245A1. It makes two
hydrogen-bonding contacts, OE1 of Glu160 to ND2 of Asn383 (3.48 ¢), and backbone O of
Pro157 to NH1 of Arg83 (3.10 ¢), and two salt bridges, OE1 of Glu 160 to NH1 of Arg386
(2.88 ¢), and OD2 of Asp158 to NH2 of Arg386 (2.84 ¢) to the proximal cavity. Again, the
cavity itself is shallow, partially blocked by helices L and B’ and the K-L loop (Figs. 2B(l1)
and 2B(I11)). The D-E loop penetrates the cavity minimally and residues Pro157 and
Aspl58 stay outside the cavity (Fig. 2B(111)). The closest approach of a D-E loop atom to
heme iron is 11.3« by CB of Asp158.

3.3. Analysis of amino acid sequences

Alignment of the sequences of the D-E loop of the P450’s of interest and the most common
region of the proximal site, the residues from the K-L loop, are shown in Fig. 3. It suggests
very little, if any, conservation of the D—E loop residues among the P450’s. Based on the 3-
D structure alignment, the loop also has a wide range of variability in terms of its length, and
aromatase has one of the longest. Interestingly, while the other D—E loops in Fig. 3 have
mixed charged residues, all charged residues in aromatase are Glu and Asp. Among the
elements that make up the proximal cavity, the K-L loop is the longest and perhaps shows
some homology (Fig. 3). The part of the loop associated with the proximal site is
considerably longer in aromatase than in CYP124 and CYP245A1. The shortening of this
section of the loop is partially responsible for limited opening to the proximal cavity in these
two P450 structures. There is a propensity of Arg and Lys side chains in the positively
charged proximal cavity of aromatase, which is reflected as well in the K-L loop. However,
the same is not strictly true for other P450’s. The strictly conserved Phe-Gly pair of the loop
is closest in space to the Cys thiolate ligand to heme as the Phe side chain packs against the
porphyrin moiety and the Cys side chain, thus providing an explanation for the conservation.
All in all, sequence comparison in the regions of intermolecular association suggests some
unigueness of aromatase, and rationale for the distinctive quaternary organization.

4. Discussion

Analysis of the crystal structure of aromatase elucidates that Coulombic forces between the
two oppositely charged surfaces and their shape complementarity could actually be
responsible for driving the head-to-tail dimer formation, which could be the basis for higher
order organization of aromatase. This is consistent with a recent report providing evidence
for aromatase dimer, and possibly higher order oligomer formation within the lipid
membrane for both full length and N-terminal modified enzyme [17]. This association is
akin to the results from docking of CPR with aromatase demonstrating that the highly
negatively charged FMN-binding domain of CPR binds to the positively charged proximal
surface of aromatase through electrostatic attractions [18]. It is possible that in fact an
aromatase oligomer, and not a monomer, associates with the electron donor through
electrostatic interactions. The association between the loop and the proximal residues by
polar and electrostatic interactions, as well as complementarity of the conjoining interfacial
surfaces are probably sufficient for maintaining the specific quaternary organization.
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Additionally, the negatively charged D-E loop-to-proximal site interaction could also
influence the electronics of the neighboring active site heme only 11« away. This interaction
may be important for the maintenance of the integrity of heme oxidation state, and for
molecule-to-molecule transfer of electrons that drives the hydroxylation reaction. In the
interaction between P450cam and its electron donor putidaredoxin, a proximal site Gln
residue was shown to control electron transfer rate by modulating the redox potential of the
heme iron and an Arg residue to regulate the formation of electron transfer pathway [19, 20].

However, CPR couples to a P450 with the FMN-binding domain near the same proximal
cavity [21,22]. The current working hypothesis is that CPR-binding and loop-to-proximal
cavity association are mutually exclusive. One possible way to achieve this would be if CPR
binds not to a monomeric aromatase, but to a higher order organization with an open
proximal end, or by displacing a monomer in a closed or cyclized oligomeric state. The
oligomerization could also be a means of protection of aromatase in its resting low spin or
substrate-bound high spin ferric state, until CPR couples to the proximal site by displacing
the neighboring aromatase molecule.

A recent report suggests increased aromatase activity due to phosphorylation of Tyr361 by
nongenomic signaling of 17p-estradiol in breast cancer cell lines [23]. Tyr361 at the
proximal site is involved in a hydrogen-bonding interaction with the D—E loop.
Phosphorylation of this residue would significantly alter the electrostatic potential of the
proximal cavity. Furthermore, a phosphorylated Tyr361 would interfere with the D—E loop
insertion and oligomer formation. Oligomeric aromatase could thus be self-protective by
preventing a kinase from constitutively binding and phophorylating at the proximal site.
More in-depth analysis of the molecular basis for the coupling and functional consequences
thereof is underway and will be published elsewhere.
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Oligomer chain

Fig. 1. Intermolecular interaction in human placental aromatase

(A) A close-up view of the “head-to-tail” association of the D—E loop of the green molecule
and the proximal cavity of the gold molecule. Intermolecular hydrogen bonds and salt
bridges are indicated by dashed lines and the distances in angstrom are given. (B) The
proximal site is shown by the van der Waals surface to illustrate the depth of the cavity. (C)
Two polymeric aromatase chains formed by “head-to-tail” association in the crystal, each
about a 3, crystallogarphic screw axis, are shown. The chains pack against each other about
a 2-fold rotation axis shown. A magnified view of the boxed region of interaction is shown
in (A) and (B). The protein backbone colors and viewing direction are same in all panels.
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Fig. 2. Similar D-E loop to proximal site intermolecular association in other P450s

(A) CYP245A1 and (B) CYP124: (1) Two oligomer chains in the crystal, (1) Close-up view
of the boxed region in (I). The intermolecular polar interactions and the closest distance of
approach to heme Fe are indicated. See text for more details. (111) Rendering of the proximal
cavity by van der Waals surface illustrates their shallowness.
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Cytochrome | Structure-based Structure-based sequence

sequence alignment alignment against the KL loop

against the DE loop (418-432) of CYP19A1

(176-186) of CYP19A1
CYP19A1 |l7EEVTNESGYVD 418F . ——_AKNVPYRYFQPFGF
CYP101 144pQGQCNFTED 338y~ - —--DFSRQKVSHTTFGH
CYP124 157PDRQAD- R T PNPHLGFGG
CYP245A1 | 4'RA---QRRPDL 350 e AERQVGFGL
CYP3A4 166TGKPVT 419F SKKNKDNIDPYIYTPFGS

Red = Strictly conserved
Blue = Partially conserved

Fig. 3. Structure-based alignment of the sequences of the D-E and K-L loops of aromatase

(CYP19A1), CYP124, CYP245A1 and two other representative P450’s
The alignment shows variability of the lengths and low homology among the sequences.
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