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Abstract
Aromatase is an enzyme required for the conversion of androgens to estrogens. Estrogens are female
sex hormones involved in the development and growth of breast tumors. It has been of significant
interest to investigate the structure-function relationship of aromatase since its inhibitors have shown
great promise in fighting breast cancer. Aromatase belongs to the cytochrome P450 family, and forms
an electron-transfer complex with its partner, NADPH-cytochrome P450 reductase (CPR), during
the aromatization reaction. Aromatase is found to be widely expressed in vertebrates with unique
substrates androstenedione and testosterone, but with various catalytic capacities reflecting species
differences in Km, Vmax, and etc. This report will summarize current progress in sequence-function
correlation analysis of the aromatase protein family and molecular characterization of the interaction
between aromatase and CPR. These studies may lead to a novel field for the development of new
inhibitors which interfere with the interaction between aromatase and CPR in order to inhibit the
aromatization reaction.

1. Introduction
Aromatase is the rate-limiting enzyme in estrogen biosynthesis. Its important roles in breast
cancer and reproductive dysfunction have led to a tremendous interest by investigators
worldwide to study this enzyme. Aromatase, cytochrome P450 19A1, is found to be expressed
within the gonads and brain of vertebrates, with additional expression in the placenta of
primates and artiodactyls, and broad expression in humans [1–3]. To date, the aromatase protein
family has been found to have a single form in amphibians, reptiles, birds, and most mammals,
except for pigs having ovarian, embryonic, and placental forms and fish having brain and
ovarian forms. All these forms are active with the same substrates: testosterone and
androstenedione [1,2,4–7]. The amino acid sequence of aromatase is well conserved among
all the vertebrates from a phylogenetic analysis [7]. However, the aromatase family shows a
marginal divergence of functional characteristics, reflecting differences in Km, Vmax, binding
affinity for the androgen substrate, and response to aromatase inhibitors [5,8–13]. The
correlation between sequence and function in the aromatase family is unclear.

Cytochrome P450 enzyme forms an electron-transfer complex with NADPH-cytochrome P450
reductase (CPR). CPR is composed of four domains: the FMN-binding domain, connecting
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domain, FAD-binding domain, and the NADP-binding domain, as revealed by the crystal
structure of CPR solved in 1997 [14]. During the aromatization reaction, electrons are
transferred from NADPH, through FAD and FMN, to the heme of aromatase, then to the
androgen substrate. Upon receiving electrons from reductase, aromatase converts androgens,
including androstenedione and testosterone, to estrogens estrone and estradiol, respectively.
The membrane binding site of CPR is situated around the residue V64 and near some
hydrophobic patches of the surface [14]. These membrane binding sites enable a CPR molecule
to sit on the membrane surface. Aromatase is also a transmembrane protein with an N-terminal
transmembrane helix. The crystal structure of aromatase presented at the IXth International
Aromatase Conference by Dr. Debashis Ghosh reveals residues associated with the membrane,
including the N terminus up to the A helix, and other loops near the C terminus [15]. Thus, the
interactions between CPR and aromatase should include the interaction of their hydrophobic
membrane binding portions. In addition, electrostatic attraction through cytoplasmic domains
could also contribute to their interaction. However, the detailed mechanism of how aromatase
and CPR interact is not yet fully understood.

2. Correlation of amino acid sequence with function in the aromatase protein
family

To better understand the mechanism responsible for function divergence, members of the
aromatase protein family, about one hundred and fifty members, were applied for multiple
sequence alignments at ensembl (www.ensembl.org). These members are from fish,
amphibians, reptiles, birds, and mammals. The sequence alignments (Fig. 1) show the most
diverse sequences are at the N-terminal transmembrane domain, and the C-terminus. The major
internal sequences are well conserved, including several important regions, the B′-C loop, I
helix, and the b-4 sheet. The F–G loop, which is diverse among P450s, is also well conserved
among aromatase family members. Human aromatase active site residues I133, F134, E302,
D309, T310, and S478, predicted from previous studies [16,17] and confirmed by the newly
solved crystal structure of aromatase [15], are highly conserved. Their percentage identities
are 99.4%, 100%, 100%, 98.2%, 98.8%, and 95.9%, respectively.

Although the physiological significance of sequence divergence at the N- and C-termini of the
aromatase family members is not well understood, it suggests that the enzyme can tolerate
sequence modification at the N- and C-termini for its expression and purification. The N-
terminal transmembrane domain serves a structural role (anchored to the ER membrane) rather
than a functional role, thus deletion of the N-terminal transmembrane sequence of human
aromatase for its expression in E. coli doesn’t affect its catalytic activity [17–19]. Attachment
of a His-tag to the C-terminus of aromatase to facilitate purification also maintains its activity
[17,19]. Unexpectedly, the β4 sheet, which has been proposed to be located in the active site
of aromatase and confirmed by the recently solved crystal structure [15], exhibits sequence
divergence. This may actually contribute to differences in functional characteristics of the
aromatase family members. Interestingly, active site residue serine in the β4 sheet (human
aromatase S478) remains highly conserved among all the species. Another active site residue,
histidine (human aromatase H480), exhibits species divergence: histidine in amphibians,
reptiles, birds, and mammals, while glutamine at this position in fish. In a previous study, we
have found that the human aromatase mutant H480Q has lower Km and Vmax values than the
wild type enzyme [20]. To fully understand the relationship between amino acid sequence
divergence and function divergence among the aromatase family, extensive enzyme functional
studies and bioinformatics studies on sequence-function correlation will be needed.
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3. Protein-protein interaction between aromatase and reductase
Aromatase forms an electron-transfer complex with CPR. Studies of the interaction between
these two proteins will help us to understand the mechanism of the aromatization reaction.
With two available purified proteins in our laboratory, recombinant aromatase and full-length
CPR, we performed kinetic analysis. The kinetic analysis demonstrates the binding of CPR
and androstenedione to aromatase is non-competitive, indicating that CPR and the androgen
substrate bind to different sites of aromatase [21]. CPR binds to aromatase with a much smaller
Km value than androstenedione, which demonstrates that CPR binds more strongly to
aromatase than to the androgen substrate [21].

What is the mechanism for the strong interaction between aromatase and CPR? The interactions
between CPR and aromatase may include the interaction of two hydrophobic membrane
binding portions and electrostatic attraction. Literatures have shown that the FMN domain of
CPR contains multiple carboxylate groups, including aspartate and glutamate, which would
form ion pairs with basic residues on P450s [22–24]. To check for potential electrostatic
interaction between aromatase and CPR, we calculated the surface electrostatic potential of
the crystal structure of aromatase (PDB: 3EQM) and CPR (PDB: 1AMO) by PYMOL. As we
expected, the FMN binding domain onto which aromatase binds is mainly negatively charged,
and the proximal surface of aromatase is highly positively charged, which agrees with the fact
that the androgen substrate binds to the distal side of aromatase (Fig. 2).

Previous direct rigid docking of the 3-D structure model of aromatase into the crystal structure
of CPR generated an initial contact between aromatase and CPR, and suggested that CPR may
adopt a structural rearrangement when it forms a complex with aromatase [25]. Recently, we
decided to use a flexible step-wise docking approach. Firstly, the crystal structure of aromatase
was docked with the FMN domain of CPR. The docking model with the highest score was
picked from 20,000 decoys produced from ZDOCK [26] software version 3.0.1. This docking
model allows electrostatic interaction between two acidic residues, E115 and D147, of CPR,
and a basic residue, K108, of aromatase. The distance between the N5 atom of FMN and the
heme iron is 22 Å, which is similar to the distance in the crystal structure of P450BM3, a self-
sufficient enzyme with the heme domain and the reductase domain linked together on a single
polypeptide [27]. The FAD domain and the NADPH domain were then docked into the
complex. The model with the highest docking score is shown in Fig. 3. This final docking
model allows the N-terminal transmembrane domains and the membrane binding portions of
two proteins to face the same orientation. Our analysis has also revealed that the FMN-binding
domain of CPR undergoes a structural rearrangement, allowing the proximal surface of
aromatase to fit in the cleft between the FMN- and FAD-binding domains of CPR, and forms
an electrostatic interaction. A flexible hinge between the FMN and FAD domains may facilitate
the conformational changes of the FMN domain [14,27].

This docking model predicts that residue K108 of aromatase is involved in the electrostatic
interaction with CPR. This residue is well conserved among the aromatase family. Mutagenesis
data confirm a basic residue at this position is important for aromatization [21]. Future studies
will be needed to determine whether residue K108 is indeed involved in the electrostatic
interaction with reductase.

4. Conclusion
The crystal structure of aromatase in complex with androstenedione, presented at the IXth
International Aromatase Conference by Dr. Ghosh [15], provides an insight into the active site
of aromatase. However, a crystal structure only captures a single state of a protein and provides
a static snapshot of one conformation. Thus, additional biochemical studies are required to
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address unsolved mysteries about this enzyme. In this report, we analyzed the relationship
between amino acid sequence and function of the aromatase protein family, and presented a
binding model of aromatase with its electron-transfer partner CPR. Future directions include
bioinformatics studies on sequence-function correlation and validation of the aromatase-CPR
binding model.
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Fig. 1. Multiple amino acid sequence alignments of 150 aromatase family members
Blue indicates well-conserved residues, and grey indicates residues with low conservation. The
secondary structure of human aromatase is indicated by box (α-helix) and arrow (β-sheet)
above the alignments. The sequences were aligned using Ensembl BLAST Server
(www.ensembl.org).
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Fig. 2. Electrostatic potential surface of CPR and aromatase
The electrostatic potential surface mapped onto the surface of the crystal structure of CPR
(left) and aromatase (right). The positive potential is shown in blue, and the negative potential
is shown in red. NADP, FAD, FMN, and HEME are shown in stick representation, and colored
in purple, cyan, yellow, and green, respectively. The electrostatic potential was calculated with
the APBS Plugin in PyMOL [28].
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Fig. 3. A binding model of aromatase with CPR by step-wise docking
The aromatase-CPR complex is displayed as secondary structure cartoon and colored in
green (CPR), and blue (aromatase). NADP, FAD, FMN, HEME, and androstenedione are
shown in stick representation, and colored in orange, blue, purple, red, and yellow, respectively.
The docking model was produced from ZDOCK [26] software version 3.0.1.
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