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a b s t r a c t

Aromatase cytochrome P450 (CYP19) converts androgen to estrogen. In this study, the

interactions of four classes of compounds, 17b-estradiol (the product of aromatase), 17-

methyltestosterone (a synthetic androgen), dibenzylfluorescein (a synthetic substrate of

aromatase), and coumestrol (a phytoestrogen), with aromatase were investigated through

spectral analysis using purified human recombinant aromatase and site-directed mutagen-

esis studies using CHO cells expressing wild-type human aromatase or five aromatase

mutants, E302D, D309A, T310S, S478T and H480Q. Spectral analysis showed that a type I

binding spectrum was produced by the binding of 17-methyltestosterone to aromatase and

a novel binding spectrum of aromatase was induced by dibenzylfluorescein. Mutagenesis

experiments demonstrated that residues S478 and H480 in the b-4 sheet play an important

role in the binding of all four compounds. Computer-assisted docking of these compounds

into the three-dimensional model of aromatase revealed that: (1) weak interaction between

17b-estradiol and the b-4 sheet of aromatase facilitates the release of 17b-estradiol from the

active site of aromatase; (2) 17-methyl group of 17-methyltestosterone affects its binding to

aromatase; (3) dibenzylfluorescein binds to the active site of aromatase with its O-deal-

kylation site near the heme iron and residue T310; and (4) coumestrol binds to aromatase in

a manner such that rings A and C of coumestrol mimic rings A and B of steroid. These

structure–function studies help us to evaluate the structural model of aromatase, and to

accelerate the structure-based design for new aromatase inhibitors.
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1. Introduction

The female hormone, estrogen, plays an important role in

breast cancer development. Upon binding to estrogen, estro-

gen receptor (ER) activates transcription of its target genes,

which are responsible for cancer cell proliferation in estrogen-

dependent breast tumor. The most important estrogens in

humans are estrone (E1) and 17b-estradiol (E2), which are
* Corresponding author. Tel.: +1 626 256 4673 63454; fax: +1 626 301 89
E-mail address: schen@coh.org (S. Chen).

Abbreviations: E1, estrone; E2, 17b-estradiol; CYP, cytochrome P45
methyltestosterone; DBF, dibenzylfluorescein; WT, wild-type; CHO, C
receptor; IC50, 50% inhibitory concentration.
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synthesized from androstenedione and testosterone, respec-

tively, by aromatase cytochrome P450 (CYP19) enzyme. The

third-generation aromatase inhibitors (AIs), which include

two triazole derivatives, anastrozole (Arimidex) [1] and

letrozole (Femara) [2], and one steroid analogue, exemestane

(Aromasin) [3], are currently used clinically for the treatment

of hormone-dependent breast cancer in postmenopausal

women [4–7].
72.

0; AIs, aromatase inhibitors; 3-D, three-dimensional; 17MT, 17-
hinese hamster ovarian; 17ME2, 17-methylestradiol; ER, estrogen
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The structure–function characterization of aromatase

would provide useful information for the understanding of

the reaction mechanisms of the enzyme and for the design of

new potent AIs. However, the structural basis of drug binding

to aromatase is not well understood because the three-

dimensional (3-D) crystal structure of aromatase is unknown.

Previous studies from our laboratory and others have made

considerable progress towards characterizing the structure–

function relationship of aromatase [8–14]. Recently, a theore-

tical 3-D model of aromatase (PDB code 1TQA) was built based

on the crystal structure resolved at 2.55 Å of warfarin-bound

human CYP2C9 [14]. We have proposed a new clamping

mechanism of androstenedione and exemestane binding to

the active site of aromatase, based on the results from site-

directed mutagenesis, proteomic analysis, and computer-

assisted protein–ligand docking using the 3-D model of

aromatase [15]. This clamping mechanism provides insight

into the interaction of aromatase with its steroidal ligands.

In this study we investigated the interaction of aromatase

with four classes of compounds, E2, 17-methyltestosterone

(17MT), dibenzylfluorescein (DBF), and coumestrol, each

having its own unique structural features (Fig. 1). E2, the

aromatization product of testosterone by aromatase, has the

same steroid scaffold as testosterone. The major structural

difference between E2 and testosterone is that E2 has a planar

aromatic A ring, while testosterone has a non-aromatic six-

carbon A ring. In a recent publication [15], we discussed how

the androgen substrate binds to aromatase and how the

aromatization reaction occurs; however, how this structural

conversion by the aromatization reaction leads to the release

of E2 from aromatase remains a mystery. 17MT is a synthetic

androgen used to treat men with a testosterone deficiency. It is

also used as a component in contraceptive. 17MT has an extra

17 alpha-methyl group compared to androstenedione and

testosterone, whereas this 17 alpha-methyl makes it a poor

substrate of aromatase [16]. DBF is a fluorescein derivative and

a substrate for CYP enzymes, such as CYP3A4, CYP2C8, and

aromatase. The benzyl ether group at position 6 of DBF (as

shown in Fig. 1) can be O-dealkylated by CYP enzymes [17].
Fig. 1 – Chemical structures of E2
DBF is an effective substrate for aromatase. The relatively

large molecular size of DBF when compared to the steroidal

substrates of aromatase leads us to question how DBF binds to

the active site of aromatase. Coumestrol, a phytoestrogen, has

a similar structural scaffold to a steroid. It is a potent

antagonist for ER; however, it was found to be a weak

competitive inhibitor of aromatase [18].

These four compounds contain special structural char-

acters. The structure–function characterization of aromatase

in this study helps us to examine the accuracy of the predicted

active site pocket of aromatase and the hypothetical clamping

mechanism of ligand binding.
2. Materials and methods

2.1. Chemicals

G418 and fetal bovine serum were purchased from Omega

Scientific (Tarzana, CA); Ham’s F-12 medium was purchased

from BioWhittaker (Walkersville, MD); Hepes buffer was

purchased from Irvine Scientific (Santa Ana, CA); sodium

pyruvate, L-glutamine, and penicillin-streptomycin were

purchased from Cellgro Mediatech (Herndon, VA); [1b-3H]

androstenedione was purchased from PerkinElmer (Boston,

MA); 17MT, E2, DBF, and coumestrol were purchased from

Sigma–Aldrich Co. (Saint Louis, MO); letrozole was provided by

Novartis Pharmaceuticals Corporation (East Hanover, NJ). All

inhibitor stock solutions were prepared in 100% ethanol:

50 mM E2, 100 mM 17MT, 5 mM DBF, 2 mM coumestrol, and

17 mM letrozole.

2.2. Cell line

The aromatase-overexpressing Chinese hamster ovarian

(CHO) cell line was prepared by stable transfection with the

human placental aromatase gene and G418 selection, as

previously described [19]. Cells were maintained with Ham’s F-

12 medium with 15 mM Hepes buffer, 1 mM sodium pyruvate,
, 17MT, coumestrol, and DBF.
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2 mM L-glutamine, 10% fetal bovine serum, and a mixture of

antibodies: 1% penicillin-streptomycin and 1 mg/ml G418.

2.3. Site-directed mutagenesis

The mutant cDNAs were generated by the QuikChange site-

directed mutagenesis kit (Stratagene, La Jolla, CA) using the

WT aromatase expression plasmid pHb-Aro [20] as template,

then transformed into DH5a cells. All mutations were verified

by DNA sequencing. For stable transfections, mutant plasmids

were transfected into CHO cells using lipofectin (Life Tech-

nologies, Inc., Rockville, MD). After 2 weeks of G418 selection,

transfected cells were maintained in media containing 600 mg/

ml G418.

2.4. In-cell aromatase activity assay

Aromatase activity was determined using the tritiated water-

release method [21]. Aromatase-transfected CHO cells were

seeded in six-well plates, and 1 ml of serum-free media

containing both 100 nM [1b-3H] androstenedione and 1 mM

progesterone were added to each well. After incubation at

37 8C for 1 h, the reaction was mixed with dextran-coated

charcoal to remove trace amounts of unreacted substrate.

After centrifugation at 13,000 rpm for 7 min, 300 ml of liberated

tritiated water in the supernatant that was released during

aromatization was added to 3 ml of scintillation liquid, and

counted with a liquid scintillation counter (LS-6500, Beckman

Coulter, Inc., Fullerton, CA). To determine protein concentra-

tion, the remaining cells in each well were solubilized with

0.5 M NaOH and analyzed using the Bradford assay [22].

2.5. Inhibition profile analysis

Inhibitors were included during the 1 h incubation of the

aromatase activity assay. Since these compounds are compe-

titive inhibitors with respect to the androgen substrate, Ki

values for the inhibitors in WT aromatase or aromatase

mutants were determined by Dixon plots (1/v vs. [I]), generated

with the average values of triplicate assays for each data point.

Substrate [1b-3H] androstenedione concentrations ranged

from 16 to 200 nM. E2 and coumestrol concentrations ranged

from 0 to 30 mM. DBF concentrations ranged from 0 to 0.6 mM.

17 MT concentrations ranged from 0 to 1 mM.

2.6. UV–visible spectral analysis

Purified recombinant human aromatase [15] was diluted to a

concentration of 100 mg/ml with buffer A (50 mM potassium

phosphate, pH 7.4, 20% glycerol) in 2 ml, and equally divided

into two methacrylate cuvettes. After a baseline correction

with these two cuvettes in a dual beam recording UV-1700

PharmaSpec UV–Vis Spectrophotometer (Shimadzu Scientific

Instruments, Columbia, MD) from 700 nm to 350 nm, 0.2 mM

17MT, 0.1 mM E2, or 5 mM letrozole was added to the sample

cuvet, stirred, and the difference spectra were recorded. The

absorption spectra of 100 mg/ml ligand-free aromatase, 10 mM

coumestrol, 12.5 mM DBF, and 100 mg/ml aromatase with

12.5 mM DBF were recorded after baseline correction with

buffer A.
2.7. Computer-assisted docking

3-D structural model of aromatase (PDB code: 1TQA) [14] was

selected for structure-based docking. 3-D structure of E2,

17MT, DBF and coumestrol were built by SYBYL (Tripos, St.

Louis, MO). Computer-assisted docking was performed by

Surflex-Dock (Tripos, St. Louis, MO). Androstenedione-binding

pocket described in Hong et al. [15] was defined for ligand-

based protomol generation for the docking of E2, 17MT, and

coumestrol. Automatic protomol generation was selected for

the docking of DBF.
3. Results

3.1. Interaction of E2 with aromatase

The structure of E2 differs from testosterone in the A ring,

which is a planar aromatic ring with a hydroxyl group

attached at carbon 3 (C-3), instead of a non-aromatic six-

carbon ring with a keto group at C-3. In addition, the C-19

methyl group of testosterone is removed during the

aromatization reaction. The structural conversion probably

makes E2 a weaker ligand for aromatase than testosterone,

and leads to the release of E2 from the active site of

aromatase.

To investigate the molecular basis for the binding of E2 to

the active site of aromatase, we determined the Ki (inhibitor

dissociation constant) values for E2 inhibition of androstene-

dione aromatization in CHO cells transfected with WT human

aromatase or five aromatase mutants, E302D, D309A, T310S,

S478T, and H480Q. These five residues are thought to be

present in the active site pocket of aromatase and play critical

roles for the binding of androstenedione and exemestane

[11,13,15,23]. Estimates of Ki were obtained from Dixon plots. A

graphical illustration of this plot is presented in Fig. 2. The

point of intersection of these pairs of lines represents the

value of Ki. As expected, E2, a weak competitive inhibitor of

aromatase, had a high Ki value (i.e., 4.73 mM), which indicates

E2 has low binding affinity to aromatase. The S478T mutant

significantly increased the binding affinity of E2 (Fig. 3A),

which suggests the beta-4 sheet of aromatase plays an

important role in E2 binding.

The UV–visible absorbance spectrum of aromatase induced

by its ligand is associated with ligand-binding type. The UV–

visible absorbance spectrum of CYP is associated with the

coordinate state of the heme iron. In the six-coordinated state,

the heme iron exists as a low spin state, in which the heme

iron exhibits absorbance maximum at near 420 nm. While in

the five-coordinated state, the heme iron exists as a high-spin

state, in which the heme iron exhibits maximum at about

390 nm. Ligand-free aromatase showed an absorbance peak at

approximately 420 nm (Fig. 4A), which is associated with the

low spin heme iron, with a water molecule coordinated in the

6th position of the heme iron. To date, there are three types of

ligand binding spectra of P450s [24,25]. To study the binding

characteristics of E2, the UV–visible absorbance of the mixture

of E2 and purified human recombinant aromatase were

recorded. However, there were no spectral changes for the

aromatase–E2 mixture when compared to the spectrum for



Fig. 2 – Dixon plot of reciprocal rates of aromatization (1/v)

of WT human aromatase as a function of E2 concentration

[I]. Each line represents linear regression analysis of

reciprocal of average rates of aromatization for different

substrate concentrations as a function of E2 concentration.

Substrate concentrations: 1 nM (&), 5 nM (*), 10 nM (~),

and 100 nM (^).
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ligand-free aromatase. This indicates the binding of E2 to

aromatase does not affect the spin state of the heme iron,

probably due to the low binding affinity of E2 to the active site

of aromatase.

To better understand the structural basis for the interac-

tion between E2 and aromatase, E2 was docked into the

androstenedione-binding pocket in the 3-D model of aroma-

tase as described in Hong et al. [15] by means of Surflex-Dock

(Tripos, St. Louis, MO). The docking orientation of E2 similar to

that of androstenedione in Hong et al. was chosen. In the

current model of the aromatase–E2 complex (Fig. 5A), E2 is

localized high above the heme group, due to the removal of the

C-19 methyl group of testosterone.
Fig. 3 – Ki values for the inhibition of the WT human aromatas

*Estimated Ki value due to the low solubility of coumestrol.
3.2. Interaction of 17MT with aromatase

17MT, a synthetic, exogenous androgen, has been widely used

for hormone replacement therapy. 17MT also affects estrogen

formation by inhibiting aromatase activity in a dose-depen-

dent manner [26]. Thus, as a functional androgen and an orally

active inhibitor of aromatase, 17MT may offer therapeutic

potential for the prevention and treatment of hormone-

dependent breast cancer.

The Ki values for 17MT inhibition of androstenedione

aromatization in WT human aromatase and four aromatase

mutants were determined (Fig. 3B). 17MT had a low binding

affinity for aromatase, with a Ki value of 0.60 mM in WT

aromatase, approximately 10–20 times the Km values of

androstenedione [11]. Mutants S478T and H480Q increased

the binding affinity of 17MT, whereas mutants E302D and

T310S did not significantly affect the binding affinity of 17MT

in this study.

UV–visible spectral analysis was used to identify the

binding property of 17MT to aromatase. Aromatase–17MT

mixture had a type I difference spectrum, which was

characterized by an absorbance reduction at 420 nm and

an absorbance peak at around 390 nm (Fig. 4B). Type I

binding spectrum is associated with the binding of sub-

strates or substrate-like inhibitors, and is indicative of the

high-spin, five-coordinated heme iron, which suggests that

17MT binds to the substrate-binding site. As a control, type

II difference spectrum of aromatase was induced by

letrozole, identified by an absorbance increase at 424 nm

and a corresponding reduction at 390 nm (Fig. 4C). Type II

binding spectrum is associated with the interaction of

inhibitors which coordinate to the heme iron, and is

corrected with a low-spin, six-coordinated state of the

heme iron.
e and five mutants by E2, 17MT, DBF, and coumestrol.



Fig. 4 – Ligand-induced absorbance spectra of aromatase. (A) UV–visible absorbance spectrum of ligand-free purified

recombinant aromatase. (B) Type I binding spectrum was produced in the aromatase–17MT mixture. (C) Type II binding

spectrum was produced in the aromatase–letrozole mixture. (D) 1: UV–visible absorbance spectrum of DBF; 2: UV–visible

absorbance spectrum of the aromatase–DBF mixture. (E) Difference spectrum of the absorbance of the aromatase–DBF

mixture minus that of DBF.
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When compared to natural androgens, 17MT has an

additional 17 alpha-methyl group. It is interesting to deter-

mine how this extra methyl group makes it a poor substrate.

17MT was docked into the androstenedione-binding pocket as

described in Hong et al. [15] by Surflex-Dock. 17MT is located

above the heme with its C-19 methyl group pointing to the

iron, and is positioned next to I helix (Fig. 5B). The additional

methyl group of 17MT may contribute to additional contacts

with the B0 and F helices of aromatase, particularly at residues

C124, D222, and A226.

3.3. Binding of DBF in the active site of aromatase

The large compound DBF has been shown to be an effective

substrate for aromatase [17]. Following the O-dealkylation at

position 6 of DBF by P450 enzymes, including aromatase, the

resulting product can be converted to fluorescein through
ester hydrolysis. Thus, a fluorometric assay using DBF

substrate offers a potential approach to screen for aromatase

inhibitors [17,27]. It is unclear how this large molecule, with a

molecular mass of 512.6 Da, binds to the active site of

aromatase.

Our site-directed mutagenesis experiments showed DBF

had high binding affinity to aromatase, and five mutants,

E302D, D309A, T310S, S478T and H480Q, did not significantly

affect the binding affinity of DBF (Fig. 3C). UV–visible spectral

analysis was used to determine the binding characteristics of

DBF. Because DBF has broad absorbance between 400 and

550 nm (Fig. 4D), the difference spectrum of the absorbance of

the aromatase–DBF mixture minus that of DBF were recorded

(Fig. 4E). This DBF-binding spectrum of aromatase, character-

ized by three absorbance peaks (430, 460, and 490 nm), does

not match three previously identified types of ligand binding

spectra of CYPs [24,25], which indicates that DBF may bind to



Fig. 5 – Docking of E2, 17MT, DBF, and coumestrol in the active site of the 3-D model of aromatase. Ligands are shown in

purple above the heme group (colored in red). (A) The docking model of the aromatase–E2 complex. (B) The docking

model of the aromatase–17MT complex. (C) The docking model of the aromatase–DBF complex. (D) The docking

model of the aromatase–coumestrol complex. The heme iron is shown in sphere representation. The 3-D model of

aromatase is displayed as secondary structure cartoon and colored according to sequence succession from blue to red.

Helices B0, F, G, and I are displayed as helical structures. The B0C loop, FG loop, 30-flanking loop of the K helix, and the

b-4 sheet are displayed as loop structures. Amino acid side chains are shown in stick representation. Oxygen atoms

are colored in red, nitrogen in blue, sulfur in yellow, hydrogen in white. The blue dashed line is drawn between the

atoms involved in a hydrogen bond.
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aromatase in a novel manner. The exact nature of the

interaction between DBF and aromatase is unknown.

Computer-assisted molecular docking was used to eluci-

date how this large molecule binds to aromatase. When we

used automatic protomol generation in Surflex-Dock, DBF fits

into the active site of aromatase with its O-dealkylation site

(i.e., position 6 of DBF) near the iron and residue T310 (Fig. 5C).

The docking orientation of DBF is supported by the report that

demonstrated the dioxygen activation mediated by the

conserved threonine (T310 in aromatase) is required for the

O-dealkylation reaction [28]. There are 33 amino acids in the

aromatase active site that are 5 Å from DBF in the docking

complex. Besides those residues involved in the binding of

steroids, there are more residues, which are located at the B0, F,

and G helices, FG loop, and the 30-flanking loop of the K helix,

involved in the binding of DBF.
3.4. Inhibition of aromatase by coumestrol

Coumestrol is a phytoestrogen that occurs naturally in

soybean and forage crops. Phytoestrogens are plant chemicals

that exhibit structural and functional similarity to estrogen.

Some phytoestrogens may play a beneficial role in preventing

breast cancer by competing with estrogen for binding to ER,

and decreasing estrogen levels through inhibiting aromatase

activity. Coumestrol is a strong antagonist for ER, but is a weak

competitive inhibitor for aromatase [18]. The study of

aromatase–coumestrol interaction will help us to better

understand why this planar, estrogen-like molecule is a weak

inhibitor for aromatase.

The site-directed mutagenesis experiments showed that

coumestrol had a high Ki value in WT aromatase, as expected

for a weak inhibitor (Fig. 3D). Mutants S478T and H480Q greatly
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decreased the binding affinity of coumestrol to aromatase,

whereas there were no significant effects on the binding of

coumestrol to the E302D, D309A and T310S mutants. Our

results indicate that active site residues S478 and H480 are

involved in coumestrol binding, which suggests coumestrol

binds to the active site pocket of aromatase. UV–visible

spectral analysis was used to determine the binding char-

acteristics of coumestrol. However, strong UV absorbance of

coumestrol prevented us from analyzing the UV–visible

absorbance of the aromatase–coumestrol mixture.

To better understand how this planar molecule binds to

aromatase, we docked coumestrol into the active site of

aromatase by Surflex-Dock. Due to its small size, several

different docked poses may be reasonable, and thus it is

difficult to determine the orientation of coumestrol in the

active site of aromatase. Because of the structural similarity

between E2 and coumestrol, we thought that rings A and C of

coumestrol might mimic rings A and B of E2. The assumption

that rings A and C of coumestrol mimic rings A and B of E2 was

also used in a previous study about the interaction of

aromatase and flavones [23]. The docked complex based on

this assumption is shown in Fig. 5D. Furthermore, due to the

planar structure and small size of the coumestrol molecule,

coumestrol enters deep into the cleft between I helix and beta-

4 sheet, which results in close contacts between coumestrol

and residues S478 and H480.
4. Discussion

The structure difference between androgen and estrogen is in

the A ring. The fact that this structural conversion causes

dramatically different binding affinity between androgen and

estrogen leads us to propose that the beta-4 sheet, which is

near the A ring from our structural model, must play an

important role in steroid binding. The beta-4 sheet of

aromatase was thought to play important roles in the

clamping mechanism for steroidal substrate binding [15].

Residue S478, located at the beta-4 sheet of aromatase, was

hypothesized to form a hydrogen bond with the keto group at

C-3 of androstenedione, and was thought to be involved in the

aromatization reaction [15]. The present study demonstrated

that residue S478 is also involved in E2 binding to aromatase:

site-directed mutagenesis experiments showed that the S478T

mutant increased the binding affinity of E2. However, the

planar aromatic A ring of E2 probably has weaker interaction

with the beta-4 sheet when compared to the non-aromatic six-

carbon A ring of substrate, and leads to the release of E2 from

the active site of aromatase. In addition, our docking model

showed that E2 is localized high above the heme group, which

may leave extra space allowing a water molecule to re-ligate to

the iron. The re-ligation of a water molecule to the heme iron

following the removal of the C-19 methyl group of testosterone

may also trigger the release of E2 from the active site.

The mutagenesis studies also demonstrated the impor-

tance of the beta-4 sheet on 17MT binding: mutants S478T and

H480Q increase the binding affinity of 17MT. In the current

model of the aromatase–17MT complex, residues S478 and

H480 are located near the A ring of 17MT. Residue S478 forms a

hydrogen bond with the C-3 keto oxygen of 17MT. The larger
side chain of the mutant threonine (at position 478) may form

stronger interaction with 17MT. The replacement of a

histidine residue at position 480 with a glutamine may

stabilize 17MT through the formation of an additional

hydrogen bond between the glutamine and the C-3 keto

oxygen of 17MT. Furthermore, our docking model of the

aromatase–17MT complex reveals additional contacts

between the 17-methyl group of 17MT and the B0 and F helices

of aromatase. However, these additional contacts may cause

steric clash, thereby reducing the stability of 17MT in the

active site of aromatase.

UV–visible spectral analysis using purified recombinant

human aromatase revealed a novel spectrum of aromatase

upon binding of DBF, with three absorbance peaks at 430, 460,

and 490 nm. Absorbance peaks at 430 and 460 nm may reflect a

type III binding. Type III binding spectrum is characterized by

two absorbance maxima at 425–430 and 455–460 nm. The

nature of type III binding has not been elucidated. It has been

proposed that the absorbance at 425–430 nm of type III binding

spectrum could result from a shift in the spin state of the heme

iron or from a stretching of the iron–thiolate bond [29–31].

While the 455–460 nm peak is usually considered to reflect the

interaction of carbene, an uncharged reactive intermediate,

with the iron [30]. Therefore, the 455–460 nm peak of type III

binding spectrum is thought to reflect the formation of P450

metabolic–intermediate complex [30,32–34]. We observed this

novel binding spectrum in the aromatase–DBF complex in the

absence of NADPH-P450 reductase and NADPH. The 430 nm

peak could result from a stretching of the iron–thiolate bond

induced by the interaction of DBF with aromatase in the

vicinity of heme. In the absence of NADPH-P450 reductase and

NADPH, it is unclear whether the 460 nm peak is from the

aromatase metabolic–intermediate complex. This binding

spectrum for DBF suggests that DBF interacts with the heme

iron, and binds to the active site in a novel manner. Our

docking model indicates that strong interaction between

aromatase and DBF (i.e., low Ki of DBF) may result from their

extensive contacts. We did not detect significant changes in

the Ki values in the E302D, D309A, T310S, S478T and H480Q

mutants, which might be a result of the contribution of

multiple amino acids to the binding of DBF.

The beta-4 sheet of aromatase, particularly residues S478

and H480, also plays an important role in the binding of

coumestrol to aromatase. Mutagenesis study showed that the

S478T and H480Q mutants had dramatic effects on the binding

of coumestrol to aromatase, which is supported by the current

model of the aromatase–coumestrol complex showing close

contacts between coumestrol and the S478 and H480 residues.

Similar to E2, the planar A ring of coumestrol might have

weaker interaction with the beta-4 sheet, when compared to

the non-aromatic six-carbon A ring of substrate. This weak

interaction with the beta-4 sheet might account for the low

binding affinity of coumestrol. Planar flavones in previous

studies were shown to have low binding affinity to aromatase

[23], which supports the hypothesis that planar phytoestro-

gens bind to aromatase with lower affinity than the physio-

logical androgen substrates. Phytoestrogen derivative with

substitution at the planar rings can increase its binding affinity

to aromatase. For example, we have found that 4-benzyl-3-(40-

chloropheyl)-7-methoxycoumarin is a potent competitive
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inhibitor of aromatase with respect to the androgen substrate,

having a Ki value of 84 nM [35].

In conclusion, we address the molecular basis for the

interaction of aromatase and four different classes of

substrates and inhibitors with their own unique structural

features. Site-directed mutagenesis experiments provide

useful information on determining the orientation of ligands

in the docking models and evaluating the predicted active site

pocket of aromatase. Conversely, the docking models explain

most of the experimental data. These studies demonstrate

that the beta-4 sheet plays important role in the binding of

different ligands, which supports our previous studies [15]

about the predicted active site pocket of aromatase and the

clamping mechanism for ligand binding.
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