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Dissertation Abstract

Title of Dissertation: STRUCTURAL BASIS OF THE FUNCTIONAL ROLES OF
HUMAN AROMATASE
Author’s Name: Jessica Lo
Sponsor’s Name: Debashis Ghosh

Human aromatase (AROM) catalyzes the conversion of androgens to estrogens and is a
major breast cancer drug target. Structural investigation has provided insights into the active
site and aromatization mechanism. Utilization of the structural data has permitted rational
design of a series of novel steroidal inhibitors. Investigation of the roles of key amino acids
is facilitated by a recombinant AROM identical in crystal structure to the placental AROM.
We use mutagenesis, chromatography, ultracentrifugation, spectrophotometry, enzyme
kinetics, and X-ray crystallography to probe the roles of critical residues and the molecular
basis of oligomerization. Furthermore, we evaluate the potencies of novel inhibitors and
determine the structural basis of inhibition and selectivity.
A critical active site residue D309 with an elevated pKa remains protonated at neutral pH and
facilitates substrate binding and catalysis. The “gatekeeper” R192, linked to D309 via a
water molecule, is postulated to have a role in proton relay and substrate selectivity. D309N
and R192Q mutants are virtually inactive supporting the hypothesis that both play key roles
in aromatization. AROM oligomerization is driven by the D-E loop of one molecule and
heme-proximal region of another via hydrogen bonding, electrostatic interactions between
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E181 and K440, and shape complementarity. Del7, generated by deletion of 7 residues in the
D-E loop, experiences 65% reduction in activity due to the loss of oligomer formation.
Mutants Del4, E181A, and E181K exhibit normal enzymatic activity, and maintain some
oligomeric interactions. The heme-proximal interface is also the putative coupling site of the
reductase that supplies electrons for aromatization. The site is larger than the active site, and
at least twice as large as other P450s. Mutants K440Q and Y361F of this region are virtually
inactive. Collectively the results suggest functional significance of oligomerization.
Several newly designed AIs are superior to exemestane, the steroidal AI currently used as a
drug, in inhibition and anti-proliferation assays. The C6β-(pent-2-yn-1-yloxy) side chains of
the most potent compounds penetrate the access channel unique to AROM and have the same
conformation as in the enzyme-free state. A structural-based approach can improve drug
efficacy by improving specificity and selectivity, and reducing side effects.
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Chapter 1-Introduction
Estrogen Biosynthesis - The three-enzyme system. The primary interest of the Ghosh lab is
steriodogenesis. Cytochrome P450 aromatase (AROM), estrone/steroid sulfatase (STS), and
17β-hydroxysteroid dehydrogenase type 1 (17β-HSD1) are members of a three-enzyme
system [1] that is responsible for the production of estrogens (Figure 1.1). All three enzymes
are localized to the endoplasmic reticulum membrane - 17-HSD1 is membrane-associated
while
AROM and
STS are
integral
membrane
proteins.
AROM is
the only
enzyme in
the

Figure 1.1-Three Enzyme System for Estrogen Biosynthesis. AROM converts
ASD and TST to E1 and E2 respectively. STS converts E1-S to E1. 17β-HSD1
converts E1 to E2. Collectively, these three enzymes are responsible for estrogen
biosynthesis.

vertebrate world capable of catalyzing the conversion of androgens (androstenedione (ASD),
testosterone (TST), 16α hydroxytestosterone (HTST)) to estrogens (estrone (E1), 17βestradiol (E2), and 16α, 17β-estriol (E3), respectively). AROM works as a complex by
coupling with cytochrome P450 reductase (CPR) with the N-terminal region anchored to the
membrane. The conversion of androgens to estrogen involves three hydroxylation cycles.
Each cycle uses 1 mole of nicotinamide adenine dinucleotide phosphate (NADPH), and 1
mole of oxygen. STS catalyzes the hydrolysis of inactive E1-sulfate conjugate to free E1.

1
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17β-HSD1 is responsible for the reduction of E1 to E2, the most active form of estrogens.
Expression and/or activity of these three enzymes is elevated in breast tumor tissue when
compared to normal breast tissue leading to increased E2 levels [4]. The Ghosh Lab has
successfully crystallized and determined the structures of all three enzymes [5-10].
Another crucial enzyme involved in the steroid metabolism pathway is 5-reductase (5AR).
The NADPH-dependent isozymes of adrenal 5AR, which has three isoforms (5AR1, 5AR2,
and 5AR3), catalyzes the
reduction of ASD to 5androstanedione (5AD) and
TST to dihydrotestosterone
(DHT, the most potent male
sex hormone). Once an
androgen is converted to
DHT or 5AD, it cannot be
aromatized (Figure 1.2)
[11]. The actions of AROM

Figure 1.2- Fork of steroidogenesis. AROM converts TST to, the
most potent estrogen, E2. 5AR converts TST to, the most potent
androgen, DHT. Once TST is converted to DHT, it can no longer
be aromatized.

and 5AR can be viewed as a
fork in the road such that TST could either be aromatized by AROM to E2 or reduced by
5AR to the more potent androgen DHT – never to cross each other’s path again! Therefore,
the plasma levels of estrogen could be influenced by 5AR activity. Since DHT is important
for prostate development and growth [12], 5AR is a target for the prostate cancer therapy. A
future goal of the Ghosh Lab is characterization and crystallization of the isoforms of this
enzyme.
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AROM - A Cytochrome P450. AROM is a member of the cytochrome P450 superfamily, a
family of heme-containing enzymes that are present in both eukaryotes and prokaryotes.
Cytochrome P450s are named for their characteristic absorption band at 450nm observed in
its carbon monoxide-bound form [13]. Cytochrome P450 member families are named with
the abbreviation ‘CYP’ followed by a number indicating the family, a letter for the
subfamily, and another number for the gene. Cytochrome P450 families exhibit great
diversity with low sequence homology amongst members of the superfamily; however, the
overall fold of P450s is well conserved [14]. The most conserved feature is a cysteine
thiolate ligand of the heme iron [15]. There are two classes of P450s, namely: class I and
class II. Class I includes mitochondrial and bacterial P450s that require two separate redox
partners – an iron-sulfur protein and a flavin-containing reductase – for catalysis [16]. The
class II P450s are microsomal monooxygenases that receive electrons from NADPHcytochrome P450 reductase for catalysis [16]. There are 57 human CYPs, about three
quarters of them are involved in the drug and xenobiotics metabolism [17]. The other human
CYPs are involved in steroid biosynthesis, vitamin metabolism and vitamin synthesis [17].
CYPs 7, 11, 17 and 19 are involved in steroid biosynthesis whereas CYPs 24A1, 27B1, and
26B1 play roles in vitamin metabolism and synthesis[18].

The endocrine action of estrogens. The main source of estrogens in pre-menopausal females
is the endocrine system, namely the ovaries; therefore, estrogens act in an endocrine fashion
in premenopausal women [3]. The classical genomic signaling of estrogens is initiated by
binding of estrogen to the nuclear estrogen receptor α/β in the cytoplasm. This leads to
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estrogen-dependent activation and dimerization of estrogen receptor followed by
translocation to the nucleus where estrogen binds to the estrogen response elements located
at the promoter region of target genes [19,20]. The endocrine effects of estrogens are the
result of changes in gene expression upon the binding of the estrogen receptors.

Local and non-genomic actions of estrogens. Dating back to the 1970s, the adipose tissue
was shown to be the major site of estrogen synthesis in post-menopausal females, this
synthesis is the result of adrenal ASD aromatization [21]. Later, several groups were also
able to show presence of AROM and quantify its activity in both benign and BC cells [3,2224]. Subsequently, the synthesis of estrogen in stromal and epithelial BC cells was shown
unequivocally by Dr. Sasano using the laser capture methodology of quantitative PCR of
AROM [25]. Recently, AROM phosphorylation has been observed in an AROMoverexpressing MCF-7 BC cell line [26]. Y361, located on the heme-proximal cavity of
AROM, is phosphorylated by c-Src kinase [26,27]. The downstream effects of AROM
phosphorylation cause the inhibition of PTP1B via a non-genomic autocrine positive
feedback loop involving estradiol, estrogen receptor α, and phosphatidylinositol-4, 5bisphosphate 3-kinase/protein kinase B [27]. The events lead to sustained/increased AROM
phosphorylation and higher enzymatic activity [27]. These observations showed the local
synthesis of estrogen and the presence of AROM in various tissues led to the realization that
in addition to the endocrine effects of estrogen, estrogens can also act in an
autocrine/intracrine (hormone acts on the same cell), and paracrine fashion (hormone acts on
nearby cells) [3].

4

Lo
AROM (CYP19A1) Gene Regulation. A single gene, CYP19A1, located on chromosome
15q21.1 encodes human AROM. CYP19A1 is 123 kilobases (kb) with a regulatory region
spanning 93 kb
(containing ten exon I)
upstream of the coding
region (Figure 1.3).
The coding region of the
gene is 30 kb spanning
from exon II to exon X
with the ATG translation
start site is located on

Figure 1.3-Promoters of the AROM gene. The tissue-specific
expression of AROM is controlled by the action of several promoters.
Each promoter has its own distinct set of enhancers and suppressors.
Adapted from [3].

exon II (Figure 1.3). Since these exons splice onto a common splice site (AG/A\GACT) that
is upstream of the ATG site, the coding region and encoded protein are the same [28].
Alternative promoter usage has allowed production of a varying amount of AROM
depending on the needs of the cell. Distinct promoters that are aberrant in normal tissue
phenotypes drive upregulation of the AROM gene. This promoter switching phenomena is
apparent in BC, endometriosis and ovarian cancer. In normal breast tissue, AROM
expression is regulated by PI.4. In BC tissue, the combined activation of PI.4, PI.7, PI.3, and
PII are responsible for the increased AROM expression [29,30]. Thus, the increased estrogen
production is a result of the increased expression of AROM from these four promoters
[31,32]. The main advantage of this tissue specific regulation of the AROM gene allows for
controlled expression of a particular tissue phenotype. In theory, tissue specific inhibition is
a possibility since AROM expression in a tissue-specific context is driven by separate
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promoters and a myriad of transcriptional factors and co-activators.

Estrogens and AROM: Roles in normal endocrine and physiological function. Estrogen
biosynthesis is essential for maintenance of normal endocrine and physiological function. Its
primary role is the development of female sexual characteristics, which include breasts,
endometrium, and regulation of the menstrual cycle. In addition to its function in the
endocrine system, estrogens and AROM also play a role in neurogenesis [33],
neurotransmission, neuroprotection in brain and CNS [34], cardiovascular protection [35],
bone integrity [36], and fetal growth [37]. In the brain, one of the roles of estrogen is
retention of memory [38], evidenced by the observation that there is a greater likelihood for
the development of neurological disorders such as Alzheimer's and Parkinson’s disease in
post menopausal females [39]. Estrogens may play a role in cardioprotection [35], and a
small portion of patients treated AIs reported ischemic cardiovascular disease [40].
Estrogens play an important role in maintaining the levels of mineralization and the closure
of bone plates in humans [41]. Moreover, the major side effect of treatment with AIs is
osteoporosis [42]. Normal levels of AROM are also essential for fetal development and
sexual differentiation [43-50].

Estrogens, BC, AROM, and AROM Inhibitors. Seventy-five percent of post-menopausal BC
are hormone-dependent [3], prompting AIs to become the gold standard of treatment for BC.
Elevated AROM expression is also present in endometriosis, ovarian and lung cancers [51].
The use of AIs have thus been successful in endometriosis [52] and ovarian cancer [53,54] in
vivo, and lung cancer in vitro [55]. The link between estrogen and cancer was discovered in
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the late 1890s. Beatson et al showed that ovarian ablation lead to tumor regression in
premenopausal women [56], showing for the first time that estrogens depletion is associated
with regression of BC. Subsequently, Santen et al showed that aminoglutethimide (AGT) is
an AI that decreased plasma estrogen levels while preserving adrenal androgen synthesis in
BC patients [57]. AGT is considered the first generation AI although it was later discovered
that it also inhibits several other P450s leading to severe side effects [58]. Drs. Angela and
Harry Brodie’s discovery of the first steroidal (second generation) AI: was the result of
search of nearly 100 steroidal aromatase inhibitors [59]. Formestane (4-OH-A), a derivative
of ASD, was shown to inhibit AROM effectively in vivo and in vitro [60,61]. 4-OH-A went
through numerous clinical trials [62-66]; however, required intramuscular injection resulted
in limited application for clinical use [67]. Fadrozole (FDZ), a non-steroidal secondgeneration AI, exhibited a far superior IC50 and EC50 when compared to AGT [68]. FDZ
caused aldosterone suppression [69] and was not approved for clinical use in the US for this
reason [70-76]. The third generation AIs include the steroidal AI exemestane (EXM), and
non-steroidal AIs letrozole (LTZ) and anastrozole (ANZ). Meta-analysis of randomized
trials of AIs against the estrogen receptor antagonist tamoxifen showed that AIs exhibited a
modest decrease in recurrence and cancer mortality [77]. Moreover, AIs have also been
shown to be efficient in neoadjuvant and adjuvant treatment with response rates between 3570% [78,79] and modest response rates have been observed when patients with metastatic
BC are treated with EXM [78]. Collectively, these observations show that AIs offer superior
benefits when compared to antiestrogens. All three AIs are FDA-approved and inhibit 97%
of AROM activity at clinical doses in vivo [80]. In spite of the high affinities of third
generation AIs for AROM [81], and their promising results in BC treatment and other
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diseases [51,54,55,82]. These drugs lack high specificity to AROM and are associated with
numerous side effects such as hot flashes, fatigue, dizziness, headache, abdominal
discomfort, nausea, joint pain, osteoporosis, weight gain and rash [81,83-89]. Although side
effects are usually mild, severe hepatotoxicity has been reported [9] possibly due to crossreactivity with several other P450s. Novel AIs with high specificity, selectivity, and affinity
for AROM are essential to avoid the side effects associated with current AIs (Chapter 3) [8].

Isolation and purification of AROM. In the 1980s, the groups of Osawa, Hall, Vickery,
Bellino, Muto, Pasonen, Simpson and Mendelson [90-95] were able to purify AROM from
placental microsomes, allowing for the observation that AROM is the only enzyme necessary
for the conversion of estrogens to androgens [3]. The placenta is a rich source of AROM
allowing it to be an ideal choice for extraction of AROM [6]. Several techniques were
utilized in the purification of AROM from placental microsomes including phenyl-sepharose
[90,94], 2', 5’-ADP-sepharose affinity [92], DEAE-cellulose [90], DE52 [94], and
immunoaffininity chromatography columns [91,95]. The specific activities of these
preparations varied from 3-70nmol/min/mg [90-95]. The purification technique developed
by Osawa et al [95] had the highest enzymatic activity, laid the ground work for the method
of AROM purification that ultimately allowed for the crystallization of the enzyme. Osawa’s
group showed that AROM needs to be purified in the presence of a substrate and that
Emulgen 913 was the choice detergent for purification [95]. However, Emulgen 913 is not
suitable for crystallization due to its large size and heterogeneity. This prompted the search
for the ideal detergent for crystallization by Dr. Debashis Ghosh’s Group [96], two
detergents: n-dodecyl-β-D-maltopyranoside (BDM) and n-nonyl-β-D-maltopyranoside were
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determined to be suitable detergents. AROM maintained 80-90% of its activity for several
weeks at 4 °C in the presence of these detergents [96]. The purification of placental AROM
(pAROM) in the Emulgen 913, detergent exchange by hydroxyapatite column into BDM
allowed for the crystallization and structure determination of pAROM-ASD complex [5].
Several groups also attempted to generate recombinant constructs [97-102] of AROM for the
purpose of site-directed mutagenesis experiments. The extraction of AROM from the
placenta also allowed for the determination of its complete sequence by Drs. Carole
Mendelson and Evan Simpson’s groups [103]. The basis for selection of these residues was
sequence alignment to other P450s [98,104] with mutagenesis studies mostly conducted in
whole cells [98,105-107], with a few in the purified enzyme [3,97,105,106,108-112].
Alignment of the sequence with known bacterial P450 structures, albeit with low homology
(<20%), identified the residues that could be in and around the active site. Many of the
experiments revealed residues that are critical for catalysis; however, the structural basis of
these functional roles were never realized until the determination of the pAROM-ASD
structure [5]. In order to properly determine to the consequences of mutagenesis, a
crystallizable recombinant enzyme that has same functional and structural properties of the
native was essential. A recombinant construct, gifted to Dr. Ghosh by Drs. Giovanna Di
Nardo and Gianfranco Gilardi at the University of Torino, was crystallized by Ghosh et al
[113]. The first 39 hydrophobic amino acids of the construct are deleted and 10 hydrophilic
amino acids are added at the N terminus to aid in protein solubilization. A 4XHis-tag has
also been added at the C terminus for purification purposes. This construct is similar to the
one previously reported in the literature [108,111].

9

Lo
Structure of AROM. Numerous homology models were published until 2008. However,
because of the uniqueness of the substrate-binding interactions and the active site cleft, none
was able to describe correctly how these residues interacted with the bound substrate.
Therefore, an experimental 3-D structure of AROM became necessary to resolve decades of
accumulated unsolved
issues. The crystal
structure of pAROM
[5-7,114] was finally
determined by Ghosh
et. al in 2009. It
revealed several
unique properties of
AROM such as the
tight androgen-specific
active site, origin of
substrate specificity,
unconventional proton
donors in substrate

Figure 1.4-Structure of pAROM. A ribbon diagram showing the
secondary and tertiary structures of AROM. The N-terminus, which
begins at N12, is dark blue. The C-terminus, which ends 496, is red.
AROM consists of 12 major α-helicies (labeled A-L) and 10 β-strands
(1-10) distributed into 1 major and 3 minor sheets. The N-terminal
transmembrane helix ANT is shown. The heme group and ASD are
colored grey and pink, respectively. From [2]

binding, residues
involved in catalysis, the access channel, a proton relay network in enolization and
aromatization, nature of membrane integration, and intermolecular association [5,6,8].
AROM maintains the classic P450 fold (Figure 1.4) [14]. The residues that form the
catalytic cleft are I305, A306, D309 and T310 (I-helix), F221 and W224 (F helix), V370,
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L372 and V373 (K-β3), I133 and F134 (B-C loop), M374 (β3 loops), and L477 and S478
(β8-β9 loops).
The packing of these hydrophobic residues form a snug androgen-specific active site that is
much smaller than that of other P450s (400Å2 compared to >>500 Å2 for other P450s), which
reflects AROM’s substrate selectivity [5,6]. The presence of P308 plays a crucial role in the
architecture of active site causing a distortion in the backbone of I-helix brings it towards the
active site [5,6]. The F-helix-loop-G-helix regions contributes to the uniqueness of the
AROM active site [5] since the loop is tighter in AROM compared to other P450s [5,6].
ASD binds to AROM with its β-face oriented towards the heme group and C19 of the methyl
group positioned at a distance 4.0Å from the iron atom. ASD is an extremely hydrophobic
molecule with only the 3-keto and 17-keto groups available for hydrogen bonding formation,
the amino acids responsible for this interaction remained elusive for many years. Previous
homology models concluded that one of the imidazole nitrogen rings in H128 is involved in
hydrogen bonding to the 17-keto [115,116]. However, the AROM-ASD structure revealed
that the 17-keto of ASD makes a hydrogen bond with the backbone amide of M374 [5,6].
Mutagenesis experiments of D309 were performed nearly 20 years ago [97] because
sequence alignment revealed D309 was located in the active site region of AROM. Mutants
of D309 were inactive [97] leading to the conclusion that it had a role in controlling AROM
function, but the role that it served remained unknown. The dual role of D309 in substrate
binding and catalysis was not proposed until the determination of the crystal structure of
pAROM-ASD [5,6]. The crystal structure revealed for the first time that a protonated D309
makes a hydrogen bond with the 3-keto of ASD. For many years, S478 was thought to be
amino acid that was responsible for hydrogen bonding to the 3-keto group of ASD [115].
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Elucidation of the crystal structure led to the proposal that a proton relay is critical in the
enolization of the 3-keto of ASD to 3-OH by tautomerization [5]. A proton is relayed from a
water molecule, to a protonated D309, to the 3-keto group [2,5,6]. D309 was previously
thought to have an indirect role in aromatization, by providing protons for T310 to allow for
the activation of the oxy-ferrous intermediate of AROM [117].
Ghosh et al. also proposed that D309 remains protonated at physiological pH because it is
situated in a network of proton donors. R192 is linked to D309 via a water molecule and
may also have a role in catalysis [118]. Moreover, R192 also forms a salt bridge with E483
at the opening to the active site access channel, and could control the passage of steroid and
water molecules. Both R192 and E483 are termed “gatekeeper” residues for this reason
[118]. The functional properties of these two residues, D309 and R192, and their roles in
AROM activity are explored in greater detail in Chapter 2.

Structural Insights to Aromatization: Characterization of Reaction Intermediates of AROM.
Despite concerted efforts to understand the exact mechanism of the third step, which involves
cleavage of the C10-C19 bond, H1/H2 beta abstraction, enolization of the 3-keto group, and
aromatization of the A-ring, remains unresolved. There are two different hypotheses
speculating the identity of the key intermediate responsible for the aromatization step: (1)
Compound I remains the key active species [109,119] and (2) peroxo-ferric intermediate
becomes the active intermediate [119-122]. The crystal structure of AROM-ASD complex is
consistent with both hypotheses. However, the mechanism proposed by the structure used
the peroxo-ferric intermediate in the aromatization step [5,6]. A more detailed discussion of
these hypotheses is addressed in Chapter 5.

12

Lo
The overall goal of this thesis work is to answer some of the questions posed by the crystal
structure of AROM [5-8]. Structural investigation has given insights into the active site
architecture, aromatization mechanism, roles of critical residues, ligand selectivity, binding
interactions and oligomeric states. The application of site-directed mutagenesis allows us to
address the roles of key residues at the active site, the active site access channel, proximal
cavity, and intermolecular interface (Chapter 2). The enzymatic activity of AROM depends
on substrate binding to the activity site and coupling to the reductase at the heme-proximal
region. Since both sites influence catalytic activity, mutagenesis of residues in these regions
is undertaken to determine the key residues in the modulation of AROM activity (Chapter 2).
Moreover, an intermolecular association between heme-proximal region of one AROM
molecule and the D-E loop of another is observed in both placental and recombinant crystals.
We hypothesize that oligomerization may also have a role in protecting the heme integrity of
AROM, since the D-E loop of a neighboring AROM is only 11Å away from the heme. The
oligomeric surface is perturbed to determine the consequence of interfering with oligomeric
formation (Chapter 2). The oligomeric states of both the pAROM and rAROM are also
examined (Chapter 2). The structural data provide the basis for the development of a series
of novel AIs. Utilizing the crystal structures of several AROM-steroidal complexes, Dr.
Ghosh along with his collaborator Dr. Davies developed a series of C6-substituted-2alkynyloxy compounds [8]. The goal of the next generation of AIs should be high specificity
and affinity for the enzyme with minimal cross-reactivity. We evaluate the potency of these
novel AIs and compare them to those currently used in treatment of hormone-dependent BC
(Chapter 3). In order to further investigate if small molecules and inhibitor binding can
affect enzymatic activity, we scrutinize if there are additional binding sites in AROM. We
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also explore the possibility of the heme-proximal cavity serving as a site of interaction for
small molecules and determine if binding to this site could influence electron transfer and
thus catalysis (Chapter 4). To further understand the mechanism of catalysis and
aromatization, we aim to determine the X-ray structure of the crucial reaction intermediate of
aromatization by capturing the transition with in situ Soret peak measurements. The
oxidation states of AROM can be tracked by spectroscopy allowing the structural data to be
isolated by their Soret peak signatures (Chapter 5). Taken together, the work presented is
geared towards understanding the functionality of this unique enzyme from the structural
perspective.
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Chapter 2 - Structural Basis of the Functional Roles of Aromatase
The work described in this chapter has been published. Lo J, Di Nardo G, Griswold J,
Egbuta C, Jiang W, Gilardi G, Ghosh D (2013) Structural basis for the functional roles of
critical residues in human cytochrome p450 aromatase. Biochemistry 52: 5821-5829.
2.1 - Abstract
Cytochrome P450 aromatase (CYP19A1) is the only enzyme known to catalyze the
biosynthesis of estrogens from androgens. The crystal structure of human placental
aromatase (pAROM) has paved the way towards understanding the structure-function
relationships of this remarkable enzyme. Using an amino terminus-truncated recombinant
human aromatase (rAROM) construct, we investigate the roles of key amino acids in the
active site, at the intermolecular interface, inside the access channel and at the lipid-protein
boundary for their roles in enzyme function and higher order organization. The enzymatic
activity of AROM is controlled by substrate binding to the active site and coupling to
cytochrome P450 reductase to allow for electron transfer. The structure revealed that a D309
forms a hydrogen bond with 3-keto of androstenedione suggesting that D309 can play a role
in substrate binding and catalysis. Replacing the active site residue D309 with an N yields an
inactive enzyme, consistent with its proposed involvement in aromatization. Mutation of
R192 at the lipid interface, pivotal to the proton relay network in the access channel, results
in the loss of enzyme activity. We show that the mutants of K440Q and Y361F of the heme
proximal region critically interfere with the substrate binding, enzyme activity, and heme
stability. Y361D exhibit normal enzymatic activity. An intermolecular interaction was
observed between the heme-proximal region and the surface loop between the D and Ehelices in both pAROM and rAROM crystals. The D-E loop deletion mutant Del7 that
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disrupts the intermolecular interaction significantly reduces the enzyme activity. However,
the less drastic mutants Del4, E181A, and E181K do not. Furthermore, native gel
electrophoresis, size-exclusion chromatography, and analytical ultracentrifugation are used to
show the quaternary organization of the enzyme in solution. As a validation for
interpretation of the mutational results in the context of the innate molecule, we determine
the crystal structure of rAROM to show that the active site, tertiary and quaternary structures
are identical to those of pAROM.
2.2 - Introduction
Armed with the insights drawn from the placental aromatase (pAROM) [4], we aimed to
probe the functional properties of these critical residues (structural properties have been
extensively summarized Chapter 1, Structure of AROM, Page 11-13). In order to determine
the functional properties of key residues, a recombinant construct that functions like the
native enzyme was essential for site-directed mutagenesis. Several attempts were made to
generate a recombinant form of AROM that could be crystallized [5-13]. In 2009, our lab
succeed in crystallizing and determining the crystal structure of a N-terminal transmembrane
domain-truncated (rAROM) [3]. We showed that rAROM and pAROM have identical
tertiary structures. Furthermore, the two structures have the same cell parameters and space
group, indicating that recombinant enzyme folds and packs like the native protein. This
allowed us to utilize our recombinant enzyme for mutagenesis studies. Utilizing our rAROM
construct, we investigate the roles of key amino acids at the active site, inside the access
channel, the proximal region, and intermolecular interface, in enzyme function and higher
order organization.
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The roles of the residues involved catalysis: D309 and R192 have been extensive
summarized in Chapter 1- Structure of AROM and has been published [4,14]. Our goal is to
evaluate the catalytic roles of these residues based upon the new insights from the structure.
A D309N mutant will be used to determine the roles of D309 in substrate binding and
catalysis. A R192Q, the first mutant at this residue, will be used to evaluate its residue in
proton relay and substrate selectivity.
Since AROM is a P450, the enzymatic activity is not only dependent on substrate binding to
the active site; but also coupling to cytochrome P450 reductase (CPR) for the transfer of
electrons. The electron is transferred from nicotinamide adenine dinucleotide (NADPH) to
flavin adenine dinucleotide (FAD) then flavin mononucleotide (FMN) to the heme of
AROM. This hypothesis of electron transfer stems from the crystal structure of bacterial
P450 BM3 [15], which naturally exists as a single polypeptide chain possessing a P450
domain at the N terminus and a reductase domain (containing the FMN and FAD domains) at
the C-terminus [16,17]. The crystal structure of P450BM3 and stimulation experiments of
P450BM3 revealed that FMN moiety of the reductase is closest to heme-proximal region of
P450 such that electron transferred likely occurs via the FMN domain – heme-proximal
region interface [15]. In P450BM3, the distance between the FMN moiety and the heme iron
is 18.4Å [15]. Furthermore, modeling of the docking interaction of rat CPR and a model of
AROM revealed that the FMN moiety is predominantly negatively charged; whereas, the
heme-proximal region is positively charged [10]. Therefore, the maintenance of the surface
potential of the heme-proximal region may be crucial to AROM- CPR coupling. Three
proximal cavity mutants: (i) K440Q (ii) Y361F and (iii) Y361D [3] are generated to test this
hypothesis.
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Another interesting feature shared amongst both pAROM and rAROM crystal structures is a
conserved interaction between the heme-proximal region of one AROM molecule and an
external loop between the D- and E- helices of another AROM molecule [2,3,18]. Based on
the currently solved crystal structures of P450s, this oligomeric interaction appears to be
relatively unique to AROM [18]. This interaction between the two AROM molecules is
driven by hydrogen bonding, electrostatic interactions such as that between E181 and K440,
and shape complementarity [2]. This higher-order oligomerization has also been observed in
vivo via FRET and AFM for AROM and CYP17 [19]. Thereby suggesting that the hemeproximal region has dual roles: (a) coupling to CPR [15] and (b) intermolecular association
[2,18]. To probe and elucidate the physiological significance of oligomerization, we will
perturb the oligomeric interface by generating four D-E loop mutants – (i) Del7, (ii) Del4,
(iii) E181A, and (iv) E181K – and determine their effects. Moreover, we will investigate the
oligomeric state in both pAROM and rAROM by utilizing analytical ultracentrifugation,
native gel electrophoresis, size-exclusion chromatography, and analytical ultracentrifugation
[3].
It is essential to determine the roles of the key amino acids that influence AROM integrity
and activity. In addition to the roles of AROM in breast cancer, ovarian cancer [20] and
endometriosis [21], this enzyme has also been shown to be involved in neuroprotection [22]
and neurogenesis [23,24]. Several mutations to AROM have also been observed clinically.
These mutations (Table 2.1) result an inactive enzyme and AROM deficiency [25-35].
These mutations are rare with each mutation observed in only one or two individuals [25-35].
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Table 2.1: Clinical Mutations of AROM (From [36])
Mutation
Structural Consequence
Y81C/L451P [32]
Y81 - Destabilizes helix A
L415 - Loss of heme
coordination

Functional Implications
Inactive

Phenotype
Incompletely fused epiphyses
Osteopenia
Delayed bone age
Undetectable estradiol
Ambiguous genitalia at birth
Puberty absent
Bone age delayed
Virilizing signs at pubertal age
Tall stature
Diffused bone pain
Indeterminate sexual
characteristics

M85R[26]

Destabilizes helix A and
interferes with membrane
association

Loss of activity (Predicted by 3-D
structure)

M127R/ R375H [30]

M127R - Located in
hydrophobic area, destabilizes
the B-C loop.
R375H - Loss of heme
coordination

Loss activity (Predicted)

R375H [25]

R375H - Loss of heme
coordination

Loss activity (Predicted)

Bone pain
Recurrent forearm fracture
Progressive increase in height

R192H[33]

Loss of proton relay network
necessary for aromatization

Greatly reduced activity

E210K[34]

Loss of the hydrogen bond
Destabilizes D helix

Fully active

Virilization in 46XX
Undervirilization in 46XY
No maternal virilization
Persistent linear growth
Diffuse bone pain

R365Q [27]

Loss of a charge
May alter coupling to CPR or
oligomerization

Inactive

Linear growth
Infertility
Moderate skeletal pain

V370M[35]

Loss of Van der Waals contacts
with the bound ASD

Loss of activity (Predicted)

Ambiguous genitalia at birth
Hyperandrogenism
Delay in bone age

R375C[31]

Loss of heme coordination

Inactive

N411S[28]

Loss of hydrogen bond with
R403 on membrane surface

Inactive

Ambiguous genitalia at birth
Puberty absent
Ovarian cyst
Virilizing signs at pubertal age
Maternal virilization
Ambiguous genitalia at birth

R435C/ C437Y[29]

Loss of heme coordination and
ligation

Inactive

R457X (Premature
Stop Codon) [26]

Interference with membrane
association and transport

Loss of activity (Predicted)
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Puberty absent
Delayed bone age
Multicystic ovaries
Virilizing signs at pubertal age
Ambiguous genitalia at birth
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2.3 - Materials and methods
General. (1-3H, 4-14 C) Androstenedione (ASD) was purchased from Perkin Elmer
(Waltham, MA). n-dodecyl--D-maltopyranoside (BDM) was purchased from Affymetrix
(Cleveland, OH). All columns used for purification were purchased from GE Healthcare
Life Sciences (Pittsburg. PA). All other chemicals were purchased from Sigma Aldrich (St.
Louis, MO).
Buffers. The buffers used for the purification were as follows: Buffer A: 100mM potassium
phosphate buffer (PPB) pH 7.4, 20% glycerol, 0.5mM BDM and 10μM ASD; Buffer A
+100mM NaCl + 100mM histidine; Buffer A + 1M NaCl; Buffer A + 500mM PPB pH 7.4;
and Buffer A with no potassium phosphate.
Expression. The rAROM construct was gifted to Dr. Debashis Ghosh from Drs. Giovanna
Di Nardo and Gianfranco Gilardi at the University of Torino. The rAROM protein is
identical to the human pAROM (except for the missing 39 amino-terminal amino acids, the
10 added hydrophilic amino-terminal residues, and 4 histidine residues added at the carboxy
terminus, which is essentially the same as reported by others) [10,37]. After transformation
of E. coli DH5 competent cells with the pCW Ori+ plasmid containing rAROM, a single
colony was grown for 16 hours in LB+100 μg/ml ampicillin media. A 1:100 dilution of
overnight culture was used to inoculate terrific broth media containing 100μg/ml ampicillin.
The culture was grown to an optimum optical density of 0.6 - 0.8 AU at 600 nm. The
temperature was then decreased to 28 °C, 1mM δ-aminolevulinic acid was added and grown
for an additional hour. At this point, 100μg/ml ampicillin and 1mM isopropyl β-D-1thiogalactopyranoside were added and the protein was expressed for 48 hours at 28 °C. Cells
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were then harvested by centrifugation methods. The media was discarded and the cell pellet
was washed with 0.1M PPB pH 7.4.
Mutagenesis and Expression of mutant rAROM. D309N, R192Q, Del7, Del4, and E181A
mutants were generated using Stratagene QuikChange kit according to manufacturer’s
directions. All primers for mutagenesis were designed utilizing the Stratagene website. Due
to difficulties encountered in generation of the E181K, K440Q, Y361D, and Y361F mutants,
we outsourced to molecular cloning companies. The E181K mutant was generated by
Retrogen, Inc. (San Diego, CA). K440Q, Y361F, and Y361D mutants were generated by
GenScript, USA Inc. (Piscataway, NJ). Growth and expression conditions were the same as
the rAROM wild type (WT).
Solubilization. A pellet was re-suspended in Buffer A with 1mg/ml lysozyme and a scoop of
deoxyribonuclease then stirred at 4 °C for 30 minutes. After 30 minutes, 1% Tween-20 and
1 mM phenylmethylsulfonyl fluoride were added and the solution was stirred for an
additional 30 minutes. Cells were mechanically broken by a microfluidizer or a sonicator. A
high-speed centrifugation at 40,000rpm (185511.4 x g) was performed.
Purification. All purification procedures were carried out at 4°C in 1mM BDM to eliminate
the necessity of a buffer exchange for crystallization purposes. The supernatant from
centrifugation was collected and applied to a 5mL Histrap column and eluted with Buffer A
+ 100mM histidine + 100mM NaCl. Peak fractions containing 50mM to 100mM histidine
were pooled and exchanged into Buffer A to remove excess histidine and salt. rAROM was
further purified via anion exchange chromatography where it was eluted in the flow-through.
The flow-through was applied to a hydroxyapatite column and eluted with Buffer A +
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500mM PPB. rAROM peak fractions were eluted within the range of 200mM to 500mM
PPB. The eluate was exchanged with Buffer A without potassium phosphate to adjust the
potassium phosphate concentration back to 100mM. Further polishing was obtained by
utilizing the following gel filtration columns: GF75 and S200. The detergent exchange is not
necessary for rAROM since the enzyme is purified in BDM.
UV/visible Spectroscopy for Measuring the Soret Peaks. The protein solution was scanned
over the visible range between 250 and 650nm in a Cary50 UV/visible spectrophotometer
with a 1ml quartz cuvette and 1 cm path length. At the crystallization concentrations, 1μL of
the concentrated protein solution was scanned over the visible range between 250 and 650nm
on an Implen NanoPhotometer® with a 0.20mm path length.
Measurement of Activity. Activities of rAROM WT and mutants are measured using the
tritiated water assay, which has been well established and previously published [38]. In order
to determine the kinetics of rAROM WT and mutants, ASD concentrations were varied from
0 to 252nM. Purified rat CPR was used for the measurement of activities. All assays were
performed in quadruplicate. All experiments were performed at least twice. Analyses were
done using GraphPad [39].
AROM Activity Assay by Competitive ELISA: A convenient enzyme-linked immunosorbent
assay (ELISA) that uses a 17-estradiol (E2)-specific antibody has been modified for our
assay purposes based upon a previous publication [40]. An estrone-specific antibody and
androstenedione are used as the substrates for this colorimetric assay. The decrease of
optical density (OD) at 450nm is due to the production of estrone by aromatase. The optical
density was measured using an Epoch Microplate Spectrophotometer. Dependence of
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rAROM activity on the rat CPR concentration was shown utilizing this modified ELISA
assay. The concentration of AROM, ASD, and NADPH were fixed to 0.4nM, 140nM, and
0.5mM respectively. Concentration of rat CPR was varied from 0-80nM.

Analytical Ultracentrifugation. All samples for analytical ultracentrifugation were in Buffer
A+ 1mM DTT. Samples ranged in concentration from 1-30mg/mL and were concentrated
using centricons. Analytical ultracentrifugation experiments and analyses were carried out
by the Cosgrove lab at SUNY Upstate Medical University according to the methodologies
previously published [41]. All experiments were carried out using a Beckman Coulter
ProteomeLabTM XL-A analytical ultracentrifuge equipped with absorbance optics and a
four-hole An-60 Ti analytical rotor. Sedimentation velocity experiments were carried out at
10°C and 60,000 rpm (262,000 × g) using 3-mm two-sector charcoal-filled Epon
centerpieces with quartz windows. For each sample, 300 scans were collected with the time
interval between scans set to 0. The data was analyzed by the program SEDFIT [42] using
the continuous distribution (c(s)) option.
Gel Electrophoresis. Poly-acrylamide gel electrophoresis (PAGE) of pAROM and rAROM
were conducted under denaturing and non-denaturing conditions. Pre-cast 12% and 4-20%
gels in Tris- HCl (Bio-Rad Lab, Hercules, CA) were used for denaturing and non-denaturing
conditions respectively. For denaturing conditions, the gel was run under the following
conditions: 25mM Tris Base, 192mM Glycine, 0.1% SDS at pH 8.3. The sample was
prepared by mixing with a Laemmli sample buffer containing 62.5mM Tris-HCl pH 6.8, 25%
glycerol, 2% SDS, and 0.01% bromophenol blue. The non-denaturing gel was run under the
following conditions: 25mM Tris Base, 192 mM Glycine, and 0.004% SDS. Samples were
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combined with a loading dye containing 62.5mM Tris base, 25% glycerol, 0.01%
bromophenol blue and 0.01% SDS. All samples were run at concentrations ranging from
0.4mg/mL to 35mg/mL.
Native Gel Calibration. The retardation factor was determined by manually measuring the
average distance from the bottom of gel to various points on a protein band. The logarithms
of the theoretical molecular weights of various oligomers were plotted against the retardation
factors of the bands. All points were least square minimized to a straight line using different
molecular weight models. The most plausible model was judged based on the highest
correlation coefficient of the least square fit lines.
Western Blotting. Purified Y361F mutant was resolved by SDS-PAGE and transferred to a
nitrocellulose membrane electrophoretically. The blot was blocked in 25 mM Tris (pH 7.4),
135mM NaCl, 3mM KCl and 0.5% Tween 20 (TBST) supplemented with 5% nonfat milk
(w/v) for 30 minutes at room temperature, and subsequently washed with TBST. The
polyclonal AROM antibody (generated from antisera of rabbits injected with the immunoaffinity purified human AROM) was diluted 1:3000 in blocking buffer and incubated with
the membrane for 1.5 hours after which the membranes were then washed extensively with
TBST buffer and incubated with horseradish peroxidase-linked (GAR) IgG diluted 1:5000 in
TBST supplemented with 5% non-fat milk (w/v). After washing three times with TBST, the
immunoblot signals were visualized by colorimetric detection using the Opti-4CN Substrate
Kit (Bio-Rad, Hercules, CA) following the manufacturer’s protocol.
Protein Concentration Determination. Both Soret peak absorbance at 393nm (A393 ) and
SDS-PAGE were used to determine the protein concentration. The benchmark for the
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correlation between A393 and protein concentration was derived using the native placental
enzyme. The A393 of the native and recombinant enzymes are similar; therefore, the same
method was used for protein concentration determination. The total protein as measured by
Lowry and Bradford measurements was correlated to the A393. Based upon these assays, the
extinction coefficient of AROM was determined to be 0.055μM-1 cm-1. The A393/A280 is
approximately 1.2. Utilizing a SDS-PAGE gel with varying concentration of bovine serum
albumin as a standard, we estimated the concentration of our protein based upon the size of
the band compared to the band size of the standards. The concentrations determined by A393
and SDS-PAGE were averaged to determine the final protein concentration.
Small Angle X-ray Scattering. Any aggregates of rAROM were separated using an S200 size
exclusion column. Both pAROM and rAROM were concentrated using YM30 centricons
and the flow-through was saved as standards for small angle x-ray analysis. Small angle xray data was collected at Cornell High Energy Synchrotron Source (CHESS, Ithaca, NY).
pAROM and rAROM solutions at various concentrations (1, 5, 10 and 20 mg/mL) were
prepared for data collection at 4°C. Background data from the matching buffers (the flowthrough) of the protein solutions were subtracted from the pAROM and rAROM solutions.
The radius of gyration, Rg; the maximum particle dimension, Dmax; and the intraparticle
distance distribution function, (p[r]) were calculated from the scattering data by using the
indirect Fourier transform method program Gnom [43]. The ab initio shape reconstruction
(molecular envelopes) were generated by DAMMIF [44] and averaged with DAMAVER
[45]. A model of the circular hexamer previously generated by Dr. Ghosh [2], was fit into
the DAMMIF-generated molecular envelope in Pymol [46].
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Crystallization. rAROM crystallized under the same conditions as the pAROM [4]. Based
on the protein concentration determined by A393 and SDS-PAGE analysis, the protein was
then concentrated to 30 mg/ml and filtered with a 0.22 m filter. Using protein-to-reservoir
ratios of 2:1 and 3:1, rAROM was mixed with crystallization cocktails containing 24%-30%
PEG4000, 0.5M NaCl, 0.05M Tris-HCl pH 8.5 and vapor diffused in sealed 24-well sitting
drop plates at 4 C. Crystals appeared after 1-6 week of initial set-up and continued to grow
for an additional 2 to 6 weeks after first appearance.
Diffraction Data Collection. Diffraction data set to 3.30Å resolution was collected at the
beamline 19-ID (0.979Å) of the Advanced Photon Source, Argonne National Laboratory,
Argonne, IL. The crystal was flash cooled in a stream of liquid nitrogen using about 40%
glycerol as the cryoprotectant, and maintained at ~100 K during data collection. The data
was recorded on an ADSC Q315 CCD detector and processed with HKL3000 software
package [47].
Structure Refinement. Model building and refinement were performed with Coot [48] and
Refmac5 [49] routines, respectively, on an Intel quad-processor MacPro workstation running
OSX 10.5 operating system. The final model contained 452 amino acid residues, a heme
group, one ASD molecule, 2 solvent waters, and 1 phosphate ion (3729 total atoms). The fit
between the experimental electron density of side chains and the corresponding sequence was
excellent except for a few exposed charged amino acids, such as Ks. The final R factor for
all reflections was 0.216 and the R-free value was 0.248. The root-mean squared deviations
of bond-lengths and angles from ideal values were 0.009Å and 1.27º, respectively. The
average isotropic thermal factor (B) for all atoms was 90.5Å2, whereas the Wilson plot B-
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value was 98.8Å2. Of 407 non-G and non-P residues, there were 4 violations in the backbone
torsion angle Ramachandran plot, all in weaker loop regions. Overall, random coordinate
errors were 0.37Å (on R-free) and 0.27Å (on maximum likelihood). The refined coordinates
and diffraction data have been deposited with the Protein Data Bank (ID code: 4KQ8).
Visualization and Modeling of WT and Mutant Enzymes. Molecular graphics and analyses
were performed with the UCSF Chimera package. Chimera is developed by the Resource for
Biocomputing, Visualization, and Informatics at the University of California, San Francisco
(supported by NIGMS P41-GM103311) [50]. The crystal structure of rAROM was used to
model the mutations generated. The Chimera package was also used for the preparation of
structural illustrations.
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2.4 - Results
Features of the Recombinant Enzyme. An N terminusmodified human AROM construct was generated using a
cloning strategy similar to the one that allowed for
crystallization of P450 2B4 [51]. The typical yields for the
rAROM wild type (WT) range from 10-15mg per liter of
media culture and over 90% purity (Figure 2.1) is achieved
utilizing the purification protocol listed in the methods
section. The activity of rAROM WT is assessed using a wellestablished tritiated water assay [38] and an estrone-based
ELISA [40] adapted for AROM measurement according to
our assay needs. The activities of rAROM WT and pAROM

Figure 2.1- SDS-PAGE
of rAROM WT.
rAROM WT is purified
to greater than 90%
homogeneity. Sample
was loaded at the typical
crystallization
concentration of
30mg/mL. From [3].

are determined to be 3540nmol/min/mg and 4050nmol/min/mg respectively
(Table 2.2) [4]. The
resulting enzyme is soluble
and stable in solution as
evidenced by the sharp
393nm Soret peak (Figure
2.2) with A393:A280 typically
in the range of 1.0 - 1.5.

Figure 2.2- Spectra of rAROM WT. rAROM WT has a sharp
and well-defined peak at 393nm indicative of a well-folded
protein in the high-spin ferric state. From [3].
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Table 2.2-Kinetics parameters for pAROM and rAROM WT (From [3])
Enzyme

Soret
Peak
Type

S.A
(nmol/min/mg)

%
Reduction
in S.A.

Yield

pAROM
[52]

I

WT [3]

I

KM of
ASD
(nM)

Vmax
(nmol/min/mg)

Kcat
(1/min)

Vmax/KM

50.0±2.0

N/A

N/A

16.0±2.0

65.0±2.0

5-6

4.1

40.5±0.5

N/A

15

37.6±5.3

60.6±3.0

3.3

1.6

(mg/L of
culture)

36

Lo
Mutagenesis of Residues Implicated in Catalysis.
Two mutants, D309N and R192Q, are used to
probe the roles of residues involved in catalysis.
The D309N mutation results in a soluble, stable,
homogeneous (Figure 2.3 and 2.4) protein as
evidenced by the sharp 393nm Soret peak and
SDS-PAGE. D309 makes a hydrogen bond with
the 3-keto moiety of the bound ASD [4]. In
addition to being the key residue for substrate
binding (Figure 2.5), a protonated D309 is
hypothesized to play a role in enzyme catalysis
[4,14]. Mutagenesis of D309 to N removes the
negative charge and prevents proton dissociation

Figure 2.3 - SDS-PAGE of rAROM WT,
D309N, and R192Q. The protein
concentrations for WT, D309N and
R192Q are 30, 1, 1mg/mL respectively.
WT gel is imperial blue stained.
D309N/R192Q gels are silver stained.
From [3].

required for catalysis [4].

Figure 2.4-Spectra of rAROM WT, D309N, R192Q. Both D309N and R192Q exhibit a
sharp peak at 393nm indicating that the mutants are well folded. From [3].
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Not surprisingly, the D309N mutant is inactive. D309 is linked to R192 by a water molecule
(Figure 2.5). R192 forms a salt bridge with E483, and together both are termed the “gatekeepers” because they line the access channel and can regulate the passage of molecules.

Figure 2.5 –Environment of AROM-ASD. Protonated D309 makes a hydrogen bond with the 3keto group of ASD. D309 is also linked to R192 via a water molecule. R192 forms a salt bridge
with E483. These two residues sit at the mouth of the active site access channel. From [1].

Furthermore, this salt-bridging pair is within the proton relay network allowing for a
regulatory role in catalysis [4]. Mutagenesis of R192 leads to loss of the salt bridge between
R192 and E483 and hence an interruption in the proton relay. The R192Q mutant has 88%
reduction in activity relative to the WT (Table 2.3); however, it remains soluble, stable, and
purifiable (Figure 2.3 and 2.4). The typical yield for both D309N and R192Q is ~4-5mg per
liter, considerably less than the WT. Kinetics properties of these two mutants could not be
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reliably measured due to their low specific activities. Interestingly, the R192H mutation that
has been observed clinically (Table 2.1) [33] results in 81% reduction in AROM activity
along with virilization in a female newborn and under virilization in a male child [33].

Table 2.3- Kinetics parameters for rAROM WT, D309N and R192Q. (From [3])
Enzyme

Soret
Peak
Type

S.A

WT

I

D309N
R192Q

KM
of
ASD
(nM)

Vmax

Kcat

(nmol/min/mg)

(1/min)

15

37.6
±5.3

60.6±3.0

3.3

1.6

98.0

5

NM†

NM

NM

NM

88.0

5

NM

NM

NM

NM

%
Reduction
in S.A.

Yield

40.5±0.5

N/A

I

0.7±0.1

I

4.4±0.1

(nmol/min/mg)

(mg/L of
culture)

*Since

Vmax/KM

specific activity of rAROM WT over tens of purifications range between 35 and 45nmol/min/mg, the
specific activities of these mutants are considered WT-like. †NM: Activity is very low and Not Measurable with
sufficient reliability and therefore considered virtually inactive.
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Characteristics of Proximal Side Mutants. Coupling to the reductase is crucial for AROM
enzymatic activity. The heme-proximal cavity has a positive electrostatic potential (due to
residues K108, K354, K420, R425, K440, K448), suitable for docking of the negatively
charged FMN-binding domain of CPR. Since the maintenance of an overall positive
potential of the heme-proximal cavity may be essential for electron transfer, we probe the
consequences of loss of the positive potential surface by mutating K440 to a glutamine which
replaces a positive charge with a neutral polar amino acid leading to charge neutralization
(Figure 2.6). The K440Q mutant is purified to ~90% homogeneity (Figure 2.7) and possess a
strong 393nm Soret peak, indicative of a properly folded substrate-bound high-spin ferric
state (Figure 2.8).

Figure 2.6-Mutants at the proximal interface. A rainbow color scheme is used; therefore, the Nterminal residues are colored dark blue and the C-terminal residues are red. Residues K440 and Y361 for
mutation are located at the heme-proximal region, the putative site of reductase coupling. The heme is
colored grey. The iron is orange. The ASD is shown in magenta.
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Another mutant, Y361F, involves substituting a
large hydrophobic residue with a polar head group
for a large non-polar hydrophobic amino acid
(Figure 2.6). The Y361F mutant is purified to
~80% homogeneity (Figure 2.7) and possess a
strong 393nm Soret peak, indicative of a properly
folded substrate-bound high-spin ferric state
WT K440Q Y361F Y361D

(Figure 2.8).The heme-proximal side mutants,
K440Q and Y361F have detrimental effects on
enzymatic activity, as both mutants are virtually
inactive (Table 2.4). Not surprisingly, the
substrate affinity and Vmax for K440Q are both

Figure 2.7-Characterization and
comparison of rAROM WT and
heme-proximal mutants by SDSPAGE. The lanes, from left to right,
are a composite of purified rAROM
WT, K440Q, and Y361F final
conditions. Western blotting of
Y361F due to low yield and
heterogeneity. Amount of protein
loaded of WT and K440Q are ~35μg
and ~5μg respectively. From [3]

reduced (Figures 2.9 and 2.10). In addition, both
mutants have drastically reduced yield when compared to the WT (Table 2.4).
The last mutant, Y361D, involves replacing a polar amino acid with an acidic amino acid.
This mutant allows us to investigate the impact of introducing a negative charge to this
region. The introduce of a negative charge can have a positive impact by being an electron
source for catalysis or a negative impact by preventing reductase coupling. The mutant is
purifiable to more than 90% homogeneity (Figure 2.7) and exhibits the characteristic 393nm
Soret peak indicative of a properly folded enzyme (Figure 2.8). The enzymatic activity is
comparable to the WT (Table 2.4).
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Figure 2.8- Soret Peak Signatures for rAROM WT and heme-proximal
mutants. rAROM WT and all mutants exhibit a sharp Soret Peak at 393nm.
From [3].

Table 2.4- Kinetics parameters for WT and proximal side mutant of rAROM
Enzyme

KM
of
ASD
(nM)

Vmax

Kcat

(nmol/min/mg)

(1/min)

15

37.6
±5.3

60.6±3.0

3.3

1.6

87.5

5

74.9
±5

12.1±0.5

0.6

0.15

5.9±0.1

86.0

3

NM†

NM†

NM†

NM†

39.4±0.1

1.0

10

NM*

NM*

NM*

NM*

Soret
Peak
Type

S.A

%
Reduction
in S.A.

Yield

WT

I

40.5±0.5

N/A

K440Q

I

5.3±0.1

Y361F

I

Y361D

I

(nmol/min/mg)

(mg/L
of
culture)

*Since

Vmax/KM

specific activity of rAROM WT over tens of purifications range between 35 and 45nmol/min/mg, the
specific activities of these mutants are considered WT-like. †NM for Y361F: Activity is very low and Not
Measurable with sufficient reliability and therefore considered virtually inactive.

42

Lo

Figure 2.9-Lineweaver-Burk plots for rAROM WT and K440Q. Velocities were measured using
tritiated water assay. Enzymatic activity is shown as a function of ASD concentration. Averaged data
points and their standard errors result from quadruplicate measurements and three independent
experiments. From [3]

Figure 2.10-Michaelis-Menten for rAROM WT and K440Q. Data presented is the same as in Figure
2.9. Averaged data points and their standard errors result from quadruplicate measurements and three
independent experiments. From [3]
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The Dual Role of the Heme-Proximal Surface. Interestingly, a conserved intermolecular
association was observed, located between the heme-proximal region of one AROM
molecule and a surface loop between the D and E helices (D-E loop) of a neighboring
molecule. The D-E loop has an overall negative electrostatic potential due to acidic residues
E181 and D186, whereas the heme-proximal cavity has a positive electrostatic potential due
to basic residues K108, K354, K420, R425, K440, K448. This interaction is similar to that
between AROM and CPR. For dimer formation, the D-E loop comprising V178-T179N180-E181-S182-G183-Y184-V185-D186 couples with the heme-proximal cavity of a

Figure 2.11- The intermolecular interaction between AROM molecules. The distal region
of one AROM molecule is shown in magenta and the proximal region of the neighboring
AROM molecule is shown in blue. An intermolecular interaction exists between the hemeproximal region of one AROM molecule and the D-E loop of its neighbor. The D-E loop
comprises of T179-V185. An electrostatic interaction exists been E181 on the D-E loop and
K440 at the heme-proximal region. In addition, Y361 of the heme-proximal region
participates in a hydrogen bond formation with S182 of the D-E loop. From [3].
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neighboring AROM through shape complementarity and electrostatic interactions (Figure
2.11). This in tandem association generates a polymeric AROM chain about a 3-fold screw
axis. These polymer chains then pack via the two H-I loops about a 2-fold rotational
symmetry axes normal to the screw axis, thus forming the P3221 space group symmetry [2].
Since this interaction is maintained with both the pAROM and rAROM, it is likely that
AROM oligomerization is physiologically and functionally relevant.
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Coupling of AROM with Cytochrome P450 Reductase. Since the intermolecular association
occurs at the same site as the putative site of CPR coupling [10], we attempt to determine if
CPR can compete for
binding to the AROM
oligomer. We employed the
use of estrone-based ELISA
modified for the
measurement of AROM
activity, to gather accurate
activity data in a semi-high
throughput way. A major
advantage of this method is
that it requires only small
amounts of both enzymes,

Figure 2.12-Michaelis-Menten plot of AROM activity as a
function of CPR concentration. The specific activity of AROM
is measured by ELISA assay relative to CPR concentration.
AROM activity increases with increasing CPR concentration,
suggesting CPR competes with the AROM oligomer for coupling.
From [3].

and is thereby well suited
for this experiment. The resulting Michaelis-Menten plot shows that the specific activity of
rAROM activity increases with increasing concentration of rat CPR at a given AROM
concentration with excess ASD and NADPH (Figure 2.12). This indicates that CPR likely
competes with the AROM oligomer for coupling to the proximal region. The KM value for
CPR binding is calculated to be 9.5nM and the Vmax is 55nmol/min/mg. Furthermore, the
optimal molar ratio of CPR to AROM appears to be >> 3:1.
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Characteristics of the Oligomeric Interface Mutants. To investigate the significance of
oligomerization, the following mutants of the D-E loop (figure 2.11) were generated: (i) Del7
in which T179, N180, E181, S182, G183, Y184 and V185 of the D-E loop were deleted; (ii)
Del4 in which T179, N180, E181,
S182 of the D-E loop were deleted;
(iii) a point mutant: E181A (iv) a
point mutant: E181K. The Del7
mutant involves removal of the entire
D-E loop. This mutant changes the
electrostatic property of the loop and
involves removal of the hydrogen
bonds. The Del4 mutant will have
less severe effect but would change
the electrostatic property of the loop.
The E181A and E181K point
mutations replace a negatively
charged amino acid with a neutral and

Figure 2.13-Characterization and comparison of
rAROM WT and oligomeric interface mutants
by SDS-PAGE. The lanes, from left to right, are a
composite of purified rAROM WT, Del7, Del4,
E181A, and E181K at crystallization conditions.
rAROM WT and other mutants are homogeneous.
The amount of protein loaded of WT, Del7, Del4,
E181A, E181K, and K440Q is ~30-35μg are
loaded onto the gel. All gels are Imperial Blue
stained. From [3].

a positively charged side chain, respectively.
All six mutants are soluble and SDS-PAGE gels show that all the mutants are ~90% pure
(Figure 2.13). Relative expression levels of all mutants are shown in Table 2.5. Protein yield
is determined by SDS-PAGE and Soret peak absorbance at 393nm (Figure 2.13 and Figure
2.14). Interestingly, the highest yield is observed in the E181A mutant and the lowest yield
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is in the Del7
mutant (Table
2.5). All mutants
possess a strong
Soret peak at
393nm indicative
of a properly
folded substratebound high-spin
ferric state
(Figure 2.14).
Table 2.5, figures
2.15 and 2.16
summarize the
enzyme activity
measurement
data for all

Figure 2.14- Soret Peak Signatures for rAROM WT and intermolecular
interface mutants. rAROM WT and mutants all have a Soret peak at 393nm,
indicative of a high spin ferric state. rAROM WT and all mutants exhibit a
sharp Soret Peak at 393nm. From [3].

mutants at the
intermolecular interface as assessed by the tritiated water assay [38]. Enzymatic activities of
the WT, Del4, E181A, and E181K are comparable. Del7 maintains only 40% of the activity
of the WT. Lineweaver-Burk (Figure 2.15) and Michaelis-Menten (Figure 2.16) plots are
used to assess the functionality of WT in comparison to the various intermolecular interface
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mutants. The measured KM and Vmax values of WT, Del4, E181A, and E181K are similar.
Despite having a
somewhat lower KM
value, the Del7
mutant has
appreciably lower
specific activity in
comparison to the
WT.

Figure 2.15-Lineweaver-Burk plots for rAROM WT and mutants.
Kinetics parameters were measured with the tritiated water assay.
Enzymatic activity is shown as a function of ASD concentration. Averaged
data points and their standard errors result from quadruplicate measurements
and three independent experiments. From [3].
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Figure 2.16-Michaelis-Menten for rAROM WT and mutants. Data presented is the same
as in Figure 2.15. Averaged data points and their standard errors result from quadruplicate
measurements and three independent experiments. From [3].
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Table 2.5- Kinetics parameters for WT, Del7,Del4, E181A, and E181K. (From [3])
Enzyme

KM of
ASD
(nM)

Vmax

Kcat

(nmol/min/mg)

(1/min)

15

37.6±
5.3

60.6±3.0

3.3

1.6

65.3

5

21.8±
3.5

29.8±1.3

1.7

1.4

36.0±0.1

None*

15

30±5

57±4

3.1

1.9

I

40.2±0.6

None*

60

38.1±
4.0

51.1±1.9

2.8

1.3

I

41.6±2.2

None*

15

40.4±
4.3

59.6±2.3

3.2

1.5

Soret
Peak
Type

S.A

%
Reduction
in S.A.

Yield

WT

I

40.5±0.5

N/A

Del7

I

12.7±0.1

Del4

I

E181A

E181K

(nmol/min/mg)

(mg/L
of
culture)

*Since

Vmax/KM

specific activity of rAROM WT over tens of purifications range between 35 and 45nmol/min/mg, the
specific activities of these mutants are considered WT-like.
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Investigation of AROM Oligomeric States
in Solution. AROM exists as a higher order
oligomer in protein crystals [2,18]. Native
PAGE analyses of the enzyme from
0.4mg/mL (concentration at the end of
purification) through 30-35mg/mL
(crystallization concentration) have been
performed to study the oligomeric states of
AROM in solution (Figure 2.17). pAROM
and rAROM WT exists as higher-order
oligomers in solution; whereas, E181A and
E181K exist predominantly in lower-order
oligomeric states.
Figure 2.17 -Native PAGE of pAROM ,
rAROM WT, rAROM E181A, and rAROM
E181K. (A) Native PAGE with pAROM at
varying concentrations, (B) and rAROM
WT/mutants at 30mg/mL. pAROM and rAROM
oligomeric states assigned by linear regression are
marked by arrows and designated by numbers.
1:monomer, 2:dimer, 3:trimer, 4:tetramer, and
5:pentamer. pAROM and rAROM WT exist as
higher order oligomers; however, E181A and
E181K exist primarily as lower order oligomers.
The dimeric state appears to be the predominant
state for rAROM WT/mutants. Whereas, the
trimeric state appears to be the predominant state
for pAROM. From [3].
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Size exclusion chromatography
(SEC) of the purified rAROM WT
shows two peaks: a minor 78kDa
peak and a major 143kDa peak
(Figure 2.18). These SEC results
indicate that at lower concentrations

Figure 2.18-Size-Exclusion Chromatography of
rAROM WT. (A) S200 SEC shows that AROM eluted
as two peaks: 12.73mL and 14.19mL, indicative of a
monomeric and dimeric form of AROM.

(due to a thirty-fold dilution that occurs with SEC),
rAROM WT can exist as a mixture of monomeric,
dimeric, or trimeric states.
Analytical ultracentrifugation (AUC) is used to further
confirm the oligomeric state of AROM in solution based
upon the apparent molecular weight of AROM in
solution. Results indicate that at 2mg/mL and
20mg/mL, rAROM WT exists in its dimeric form or in
Figure 2.19- Analytical
Ultracentrifugation for 2 and
20mg/mL solutions of rAROM
WT. At 2mg/mL, rAROM WT
exist primarily as a dimer in
solution. At 20mg/mL, the major
peak appears to be a dimer;
however, another peak with an
undetermined weight is also present.
The protein is monodisperse and is
95% homogenous. The x-axis
represents the sedimentation
coefficient (s) and y-axis the
continuous sedimentation
distribution c(s). From [3].

equilibrium between monomeric and dimeric states
(Figure 2.19). Additionally, AUC data indicates that
rAROM is highly homogeneous and monodisperse,
which further confirms the protein integrity.
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One question that remains is how is
the AROM oligomer is incorporated

A

into the lipid bilayer? The modeling
of the AROM oligomer membrane
incorporation showed that the AROM
hexamer can be generated by
combining two linear trimer units [2].
A circular hexamer is then formed by
collapsing the linear polymeric chain

B

and rotating approximately 120
degrees about the D-E loop and
proximal region so that all N termini
are in the same direction thus
allowing for insertion into the
membrane [2]. The interaction
between the D-E loop and proximal
region is maintained [2]. The ab
initio rigid body refinement against
the envelope generated from
scattering data suggests that the

Figure 2.20- (A) Focused view on one AROM in Small
Angle X-ray Scattering envelope and (B) Top-view of
hexamer in envelope. Small angle X-ray scattering
envelope fits a cyclic AROM hexamer. Only the N
terminus is not accommodated in the envelope; however,
the N-terminal region is also a region of high thermal
motion. AROM hexamer from [2].

envelope can accommodate a cyclic AROM hexamer (Figure 2.20). The only region that is
not well accommodated into the molecular envelope is the N terminus, a region that is
associated with high crystallographic B-factors [4]. Since AROM is purified in the presence
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of detergent, the molecular envelope could be influenced by formation of detergent micelles
[53]. Therefore, more experimental data, including the molecular envelopes generated by the
buffer with varying detergent concentrations, maybe needed to accurately interpret the
information from these experiments. Moreover, the radius of gyration (Rg) is approximately
40nm (but ranges from 35.4-42.7nm), which indicates AROM is least a dimer.
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The Overall and Active Site Structure of rAROM. The crystals are long (~0.1-0.5mm), rodshaped, and salmon-colored (Figure 2.21A). The corresponding SDS-PAGE (Figure 2.21BInset) and Soret peak (Figure 2.21B) show the purity of the protein solution that yielded
crystals. The heme integrity of the protein is maintained even at the crystallization
conditions as evidenced by the ratio of A393:A280.
The rAROM crystal structure is identical to that of pAROM with nearly identical cell
parameters and the same space group (Table 2.6). The space group is P3221 and the unit cell
parameters are a=b=140.8Å, c=116.5Å, ==90, =120. There is one AROM molecule in
the asymmetric unit, with a solvent content of about 79%. A total of 72,413 diffraction
intensities were measured yielding 20,153 unique reflections. The diffraction data was
97.8% complete between 50.0Å and 3.30Å with an overall Rmerge of 0.093. The intensity to
sigma ratio was 2.0 in the highest resolution shell. A data collection summary is provided in

A

B
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Figure 2.21-Crystallization of rAROM WT. (A) Crystals of rAROM WT-ASD complex; the
longest crystal is roughly 200m in length. (B) Soret spectra of rAROM WT-ASD complex
measured at 28mg/mL on an Implen NanoPhotometer® with a path length of 0.20mm. Inset of
(B) SDS-PAGE of purified rAROM WT at the crystallization concentration of ~28mg/mL. The
55kDa protein band represents 28g of rAROM WT. From [3].
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Table 2.6. The crystal structure of the rAROM –ASD complex at 3.30Å resolution is
superimposable to the pAROM structure with a C root mean square deviation (RMSD) of
0.4Å (Figure 2.22). The two structures, therefore, are nearly identical except for some
dynamically mobile loop regions (G-H and H-I loops) and minor changes in the active site.
The carboxylate O2 of the protonated D309 side chain makes a hydrogen bond with the 3keto oxygen at 2.9Å away, a distance which is marginally longer than is observed in the
pAROM structure [4]. The C19 to heme iron distance is 3.7Å, 0.3Å shorter than in pAROM.
However, the differences between the active sites of pAROM and rAROM are within the

Figure 2.22- Superposition of the crystal structures of pAROM (cornflower blue) and rAROM
(lavender). Superposition of the pAROM and rAROM structures establishes that the two tertiary
structures are essentially identical (the root mean squared deviation of the C atoms is 0.36Å) except
for some loop and terminal regions. The N-terminal residues that transverse the lipid bilayer are
shown only for pAROM [2] and are absent in rAROM. The terminal residues for the crystal structure
(46 and 496) are indicated. From [3].
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limits of error.
Collectively, the
overall structures of
pAROM and rAROM
remain the same.
Moreover, the N
terminus modification
does not affect the
overall packing
(Figure
2.23). The N-terminal
transmembrane helix is
in a region of
dynamically
disordered solvent and
detergent. As the
intermolecular contact
along this interface is
non-existent, the

Figure 2.23- Packing of (A) pAROM (in blue). Inset of (A)
pAROM protein crystal. Packing (B) rAROM (in magenta)
crystals and Inset of (B) rAROM protein crystal. Viewed
roughly along the 32-screw axis. N-terminal transmembrane
helices in the pAROM structure line up about and are roughly
perpendicular to the 32 symmetry axis in the space that constitutes
the largest void, a channel of dynamically disordered solvent and
detergent. As the intermolecular contact along this interface is
non-existent, the deletion of 39 amino acids at the N-terminus of
rAROM does not change the crystal packing interaction. From
[3].

deletion of 39 amino acids at the N-terminus of rAROM does not alter the crystal packing
interactions. The different morphologies of the protein crystals of pAROM, which are
typically shorter and thicker hexagonal rods, and deep brown in color [4], and rAROM are
illustrated in the insets of Figure 2.23.
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Table 2.6-Diffraction data collection and refinement statistics (From [3])
Protein

rAROM

Data collection
Space group

P3221

Cell dimensions
a, b, c (Å)

140.82, 140.82, 116.48

, ,  ()

90.0, 90.0, 120.0

Resolution (Å)

3.30 (3.29-3.38)*

Rsym or Rmerge

0.093 (0.662)

I / I

16.76 (2.01)

Completeness (%)

97.8 (99.9)

Redundancy

3.6 (3.7)

Number of crystals used

1

Refinement
Resolution (Å)

3.30

No. reflections

19096

Rwork / Rfree

0.216/0.248

No. atoms
Protein

3658

Ligand/ion

64/5

Water

2

B-factors (Å2)
Protein

91

Ligand/ion

59/114

Water

76

r.m.s. deviations
Bond lengths (Å)

0.009

Bond angles ()

1.273
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2.5 - Discussion
Mutations that Influence Enzyme Activity. The D309N mutant (Figure 2.5) is capable of
substrate binding since the amide group of asparagine can still form a hydrogen bond with
the 3-keto group of ASD. The approximate distance between the 3-keto group and the
asparagine is determined to be ~2.6Å by modeling the mutation in the rAROM crystal
structure. However, since asparagine has no dissociable proton, it would not be able to
participate in enzyme catalysis [4]. Tritiated water assay confirms that the D309N mutant is
virtually inactive [13,54], in agreement with the proposed mechanism [4]. This result shows
that D309 is indeed essential for enzyme catalysis, being in the path of proton relay network
for the 3-keto enolization reaction [4,14]. After the proposal of elevated pKa of D309,
several groups attempted to validate this proposal with experimental evidence. Theoretical
calculations [55] and pH titration experiments, that the pKa of D309 is elevated which is
approximately 7.7 [56].

In addition, we have hypothesized that R192 (Figure 2.5) is critical to the network and its
mutagenesis would abolish proton relay [4]. R192 mutation to glutamine involves removal
of the positive charge. Q192 is unable to make a hydrogen bonding contact to the water
molecule linking D309 to the proton relay network. The removal of the positive charge
eliminates the possibility of a salt bridge formation and modeling suggests that the distance
between E483 and Q192 is too large to form a hydrogen bond. As confirmed by the enzyme
activity assay, this mutagenesis consequently results in an inactive protein. The correlation
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of our in vitro data to patients shows how the structure of AROM can reveal the most
detailed and accurate aspects of AROM.
Mutations to Residues of the Heme-Proximal Interface. Mutation of K440 to glutamine
could result in loss of electrostatic potential difference that drives the CPR coupling [10];
thereby, affecting the transfer of electrons along with affecting intermolecular association to
the negative potential surface of the D-E loop. However, its location also makes it crucial in
the maintenance of heme integrity. K440 is the first residue of helix L, at the end of a long
loop (consisting of residues 419 to 439 between the K” and L helices) that houses several key
residues including R435, involved in heme coordination, and C437, the ligand to the heme
iron. The antiparallel strand-like feature between F430 and G439 in this region is stabilized
by an intra-strand hydrogen bond F430CO---HNC437 and a strong hydrogen bond between
the K440 side chain and G431 carbonyl. A K440Q mutation could compromise heme
stability as well, suggested by the high A280/A393 ratio of the spectra (Figure 2.8). The hemeproximal cavity mutants K440Q has drastically reduced enzymatic activity with a higher KM
and the lowest catalytic efficiency when compared to the WT (Table 2.4, Figures 2.9 and
2.10). These observations are especially interesting since they raise the possibility that
mutations in the proximal region can affect substrate binding as well. These observations
illustrate the crucial role of the proximal cavity in intermolecular coupling between AROM
and CPR, and in electron transfer.
The other proximal cavity mutant Y361F (Figure 2.6) involves loss of an intermolecular
hydrogen bond. The phenylalanine side chain may pose additional hindrance to oligomer
formation and reductase coupling. Y361F is virtually inactive, unlike previous reports that
have shown activity [57,58]. In these reports, the enzymes were expressed in mammalian
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cells and assays were in whole cells, not in a purified enzyme cell-free system employed by
us. The Y361D mutant does not influence enzymatic activity; therefore, indicating that this
mutant does not interfere with coupling to the reductase or intermolecular association. The
proximal cavity has many positivity charged amino acids; therefore, it is likely can still occur
between electrostatic interactions AROM and CPR. The observation that Y361 is
phosphorylated by nongenomic signaling of 17-estradiol in breast cancer cell lines [58] as
presented in Chapter 1, Local and non-genomic actions of estrogens, further supports the
hypothesis that the residues of the proximal cavity could have a major impact on enzymatic
activity.
CPR coupling to AROM: competitive or mutually exclusive? We have shown that the
intermolecular association is functional relevant. Mutation to the proximal region could
affect enzymatic activity by (1) influencing electron transfer and (2) influencing oligomer
formation. The question that lingers is: how does CPR couple to the AROM oligomer? CPR
appears to compete with an AROM monomer for a free heme-proximal end (Figure 2.12).
The interaction exhibits Michaelis-Menten kinetics but the structural basis of this
phenomenon is yet to be determined. It is possible that higher order organization is means of
protecting the delicate proximal cavity and maintenance of the heme in a high spin ferric
state. When CPR is in abundance, it could compete for a free proximal end to facilitate the
transfer of electrons. Nevertheless, CPR can have its own binding site on AROM that is
independent of the site that the D-E loop binds since the proximal cavity is large enough to
accommodate a site for oligomerization and reductase binding (This topic will be discussed
in Chapter 4). We have structural data showing that small molecules are accommodated in
close proximity to the D-E loop in the open interfacial space (Chapter 4). Evaluation of the
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full implications of the interactions via proximal cavity awaits the crystal structures of some
of the key rAROM mutants and the AROM-CPR complex.
Mutations of the Intermolecular Interface. The rAROM WT, Del4, and E181K constructs all
produce similar protein yield (~10-15mg of purified enzyme/L of culture). Intriguingly, the
D-E loop point mutant E181A (Figure 2.11 and Table 2.5) has consistently yielded much
larger amounts of purified protein, by a factor of 5-15 fold over that of the WT. Since this
mutation results in the loss of an electrostatic interaction with K440 of the proximal cavity, it
is likely to lower the binding affinity and shift the equilibrium towards the monomeric form,
which is apparently evident from the solution data (Figure 2.17B). On the other hand, the
E181A mutation probably stabilizes or tightens the D-E loop region, increasing the protein
solubility and thereby shifting the equilibrium from insoluble protein (in the inclusion
bodies) to the soluble form. The loss of conformational entropy for an open D-E loop with
E181 could be more than offset by the gain in hydrophobic effects from burying this loop.
The E181K charge-reversal mutation creates a repulsive and steric interference with K440 at
the proximal intermolecular interface, being too far from neighboring polar residues (Y361,
Y441) to allow for a compensatory hydrogen bond formation (Figure 2.11). Therefore, this
mutant would likely exist as a lower order oligomer, as the solution data indicates (Figure
2.17B). Even though the protrusion of this loop into the proximal cavity could be hindered
by mutation of E181, previous calculations suggest that there is more to the interfacial
interaction than just the D-E loop [2].
The Del7 and Del4 mutants involve removal of all or part of the D-E loop region (Figure
2.11). The deletion of all 7 residues of the D-E loop would drastically alter the
complementarities of the coupling interfaces, and disrupt the electrostatic and hydrogen bond
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interactions between the loop and the proximal cavity as well. Loss of enzyme activity for
the Del7 (Table 2.5) is likely due to partial loss of the oligomeric state. Nonetheless, like
E181A and E18K, the deletion mutants probably do not abolish all of the intermolecular
interactions, but shift the equilibrium towards the lower-orders oligomers. The integrity of
the heme-binding scaffold for Del7 and Del4 is maintained as evidenced by the sharp Soret
peaks (Figure 2.14).
E181A, E181K, and Del4 have specific activities similar to that of WT (Table 2.5). On the
contrary, Del7 experience significant loss of activity. The measured KM (Table 2.5, Figures
2.15 and 2.16) for rAROM WT is higher than those of pAROM [59]. Most of the mutants
have similar kinetics parameters when compared to the WT. Interestingly, Del7 (Table 2.5,
Figures 2.15 and 2.16) exhibits lower KM, Vmax and catalytic efficiency, and one of the
lowest Kcat value compared to the WT and all other mutants. The decreased catalytic
efficiency could account for the reduced activity of Del7, possibly indicating that it binds the
substrate tighter but the reaction rate is slower.
Oligomeric States of AROM in Solution. Multiple oligomeric states are observed in both
pAROM and rAROM. Collectively, the solution data show that AROM can exist in multiple
oligomeric states in solution. For rAROM WT, the highest observed oligomeric state is a
pentamer. However, the dimeric state seems to be the predominant state. On the contrary for
pAROM, the highest observed oligomeric state is a tetramer with a predominant trimeric
state. Multimeric states of AROM have also been further confirmed by SEC, AUC, and
small angle x-ray scattering. Oligomerization also appears to be concentration dependent
(Figure 2.17). For a nucleating supersaturated droplet, the protein concentration could be
many times greater than that achievable in solution (~50mg/mL), since in the crystal it is
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estimated to be 270mg/ml. This reasoning provides a rationale to why AROM exists as
polymeric chains in the crystal. A collapsed polymeric chain of AROM forming a cyclic
hexamer has been shown to fit into the molecular envelope generated by small-angle X-ray
scattering, further confirming our hypothesis (Figure 2.20). Interestingly, only lower order
oligomers are observed for our D-E loop mutants E181A and E181K. Based upon our
analysis of the D-E loop mutants, the highest order oligomeric state is a trimer. Similar
analyses on Del7 and Del4 are thus far inconclusive. This observation suggests that
mutagenesis of residues in the D-E loop interferes with oligomerization by shifting the
equilibrium towards the monomeric form. Possibly, some association still remains through
other residues involved in driving “head to tail” association as previously noted [2].

Structure of rAROM WT. Verification of the integrity of mutants is possible since the threedimensional structure of rAROM, the architecture of the active site, the heme and substratebinding positions are nearly identical to the pAROM except for a few dynamically mobile
loop regions (Figure 2.22). This work demonstrates, for the first time, that deletion and
manipulation at the amino terminus, a technique used to crystallize several recombinant
human microsomal cytochrome P450s [51], does not alter the native tertiary structure of the
enzyme. Surprisingly, the pAROM and rAROM structure are also identical and the overall
crystal packing interactions remain the same (Figure 2.23). This is probably due to the fact
that the intermolecular interaction that exists between the heme-proximal cavity and the D-E
loop is conserved and dominant in both forms of AROM [2,18], and could, therefore, be
fundamental to its physiological organization. Finally, we have now shown that the kinetics
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profiles of both forms are comparable as well, thereby establishing that the two cytoplasmic
catalytic domains are essentially the same.
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Chapter 3- Establishment Of Potency Of Novel Steroidal Aromatase Inhibitors
This work has been published as a part of the following manuscript. Ghosh D, Lo J, Morton
D, Valette D, Xi J, Griswold J, Hubbell S, Egbuta C, Jiang W, An J, Davies HM (2012)
Novel aromatase inhibitors by structure-guided design. The Journal of Medicinal Chemistry
55: 8464-8476.

3.1 - Abstract
Cytochrome P450 aromatase (CYP19A1) catalyzes with high specificity the synthesis of
estrogens from androgens. Aromatase inhibitors (AI) have therefore become the preferred
course of treatment for post-menopausal estrogen-dependent breast cancer. The crystal
structure of human placental aromatase has shown that the active site is androgen-specific,
tightly fitting the shape of natural substrates and steroidal aromatase inhibitors. Utilization of
the placental aromatase substrate/inhibitor structural data has permitted structure-guided
design and synthesis of a series of novel C6-substituted androsta-1, 4-diene-3, 17-dione
inhibitors. Several of the C6-substituted 2-alkynyloxy compounds inhibit purified placental
aromatase with IC50s and EC50s in the nM range, superior to that of the steroidal AI
exemestane. X-ray structures of aromatase-complexes of two potent compounds reveal that,
per their design, the novel side groups protrude into the opening to the active site access
channel, which is unoccupied in the enzyme-substrate/exemestane complexes. The crystal
structure of compound 5, the most potent inhibitor, reveals that its C6-(pent-2-yn-1-yloxy)
side chain utilizes interactions unique to AROM, and has the conformation observed in the
enzyme-free state, suggesting that the lowest energy conformation is maintained in the
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placental aromatase-compound 5 complex. Structure-guided design therefore permits
utilization of the aromatase-specific interactions for the development of next generation AIs.

3.2 - Introduction
Seventy-five percentage of postmenopausal breast cancer cases are hormone dependent [2].
The current breast cancer drugs, the steroidal drug- exemestane (EXM) and the non-steroidal
drugs- letrozole (LTZ) and anastrozole ANZ)- were synthesized prior to the structure
determination of the placental aromatase-androstenedione (pAROM-ASD) complex;
therefore, their interaction with aromatase (AROM) was established on a molecular level (i.e.
their inhibitory properties on the AROM). These drugs are also associated with many side
effects [3-10] and have cross-reactivity with other P450s [11-14]. Despite the side effects of
AIs, they remain well tolerated by patients [11-14]. Most AIs are given daily for 5 years.
Structure determination of the pAROM-ASD complex has revitalized the development of
novel AIs. The availability of this structure allows insights into AROM specificity that could
be manipulated for the generation of new AIs. Almost fifty articles have been published with
AIs that utilized the structural information extracted from the pAROM-ASD complex; the
potencies of the most potent inhibitors are summarized in Table 3.1.
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Table 3.1- Novel Aromatase Inhibitors
Derivative Type

Name

IC50

Assay Against

Binding
Mode
Verification

C6-substituted 2alkynyloxy [1]

C6-substituted androsta-1, 4diene-3, 17-dione

20-18100nM

Purified Aromatase

X-ray

7α-allylandrostanes
[15]
7α-allylandrostanes
[15]
A- and D-ring
androstenedione [16]
Androstenedione
[17]

7a-Allyl-3-oxoandrosta-1, 4dien-17b-ol
7a-Allylandrosta-1, 4-diene-3,
17-dione
Androst-4-en-17-one

0.45μM

None

3a, 5b, 10-trimethyl-1, 2,4,5,5a,
6,7,10,10a, 10bdecahydrocyclopenta[a]
fluorene-3, 8-dione
16β-(Imidazol-1-yl)-androsta1, 4-diene-3, 17-dione

0.27μM

Placental
Microsomes
Placental
Microsomes
Placental
Microsomes
JEG3 cells

0.17μM

Placental
Microsomes

None

512.0nM

Placental
Microsomes

NoneMolecular
Docking (MD)

16β-cyano-17β-hydroxy-4phenylthia-4-androsten-3-one
3-Oxo-16, 17-secoandrosta-1,
4-diene-16, 17a-dinitrile
2-Chloro-4- (((6-cyanobiphenyl3-yl)(4H-1, 2,4-triazol-4-yl)
amino) methyl) phenyl
sulfamate
8-[(3-Methylphenyl)(pyridin-4yl) methyl]-1,2,5,6-tetrahydro4H-pyrrolo [3,2,1-ij] quinolin-4one
N-methylated casimiroin
analogues: 5,6,8-Trimethoxy-1,
4-dimethylquinolin-2 (1H)-one

169.3nM

None-MD

0.5μM

Placental
Microsomes
MCF7 cells

15 pM

JEG3 cells

None-MD

32nM

Placental
Microsomes

None-MD

0.1μM

BD Bioscience Kit

None-MD

Azolylmethylpyrroloquinolines
[25]
D‐ Ring Cortistatin
[26]

9-imidazolylmethyl pyrrolo [3,2f] quinoline

3.1 nM

H295R Cell Line

None-MD

Cortistatin A

1.8-2.4nM

Human umbilical
vein endothelial cells

None-MD

4, 7-disubstituted
coumarins [27]
4,7- disubstituted
coumarins [27]
Flavans [28]

7-(3,4-difluorophenoxy)-4imidazolymethyl
4-(1H-Imidazol-1-ylmethyl)-7phenoxy-2H-chromen-2-one
5-Methoxy-8-formyl-4, 7dihydroxyflavvan
6-methoxy-3-phenylchroman-4one
4-Imidazol-1ylmethylthioxanthen-9-one
(E, Z)-norendoxifen

47nM

None-MD

40nM

Placental
Microsomes
Placental
Microsomes
Insect cell AROM

0.3 μM

BD Gentest Kit

None-MD

4nM

Placental
Microsomes
MFC to HFC*

None

2-(imidazol-1-ylmethyl)-1-[4(trifluoromethyl) phenyl] indole
2-[7-bromo-1- (3-ethoxypropyl)
imidazo [4,5-c] pyridin-5-ium-5yl]-1-phenylethanone
4-[2-(3-chlorophenyl)-1-(1H-1,
2,4-triazol-1-yl) ethenyl]
benzonitrile
ASINEX: SYN20028567 [36]

4.9nM

None

88.5μM

Placental
Microsomes, ELISA
Kit with measuring
fluorescein
byproduct by DBF
MCF7 cells

9.4nM

MFC to HFC Kit

None-MD

Imidazolyl
substituted steroidal
[18]
Androstanes [19]
Carbonitriles [20]
16, 17-seco-16, 17adinitriles [21]
Dual
aromatase/sulfatase
inhibitors [22]
Dual
CYP11B2/CYP19
Inhhibitor [23]
Casimiroin [24]

Isoflavanone [29]
Xanthone [30]
Tamoxifen
metabolite [31]
Indole-imidazole
Derivatives[32]
Aryl halide[33]
Letrozole backbone
[34]
Sulfonamide [35]

0.47μM
0.14 μM

17β-Hydroxy-4-oxo-5αandrostano[2,3-d] pyrazole
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150nM

102nM

20nM

None
None
None

None-MD

None-MD
None-MD

None-MD

None-MD
None-MD
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A variety of both steroidal and non-steroidal compounds have been synthesized as novel AIs
since the determination of the pAROM-ASD structure. The binding modes of these
compounds generated by other groups have not been experimentally verified. Rather,
molecular docking (MD) was used to show possible binding interactions. Furthermore, the
potencies of these compounds were evaluated in microsomes, mammalian cells, or
commercial kits; and none was assayed against the purified AROM enzyme. The steroidal
compounds in Table 3.1 include androstenedione and testosterone derivatives (which include
modification to the C3, C4, C5, C6, C17) ,7α-allylandrostanes, 16-imidazolyl substituted
steroidal derivatives, pyrazole and isoxazole substitutions at C2 and C3 positions [19]. The
potency of the steroidal compounds are highly dependent on planarity of the compound and
the absence of bulky substituents [37]. Non-steroidal inhibitors included quinolone
derivatives, casimiroin, coumarin derivatives, flavone analogues, xanthone derivatives,
tamoxifen metabolites, sulfonamide derivatives, indole-imidazole derivatives, aryl halides,
and novel LTZ analogs. The presence of an azole moiety increases the potency of coumarin
quinolone derivatives [27,38]. In isoflavone derivatives, non-planarity of the scaffold and
introduction of methoxy group increased potency [29], substitution of the heterocyclic
oxygen atom in the xanthone core by a sulfur atom seemed to be favorable for interaction
with AROM [30]. Several tamoxifen metabolites were shown to be estrogen receptor
antagonists and AROM inhibitors. The most potent tamoxifen metabolite, norendoxifen,
showed nM range potencies in placental microsomes [31,39]. Some other groups have
designed dual inhibitors of steroid sulfatase/AROM and CYP11B2/CYP19. These dual
inhibitors of steroid sulfatase/AROM can prevent estrogen biosynthesis in two ways: 1)
inhibiting the conversion of estrone sulfate to estrone by steroid sulfatase and 2) inhibiting
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the conversion of androgens to estrogens by AROM [40-42]. Introduction of an azole moiety
in dual steroid sulfatase/AIs is also beneficial to AROM inhibition. The use of current AIs
seems to be correlated to an increased risk of cardiovascular diseases most likely due to
elevated aldosterone as a consequence of estrogen deficiency. Since CYP11B2 is
responsible for aldosterone synthesis, a dual inhibitor of CYP11B2/CYP19 will not only
reduce breast tumor size by inhibiting estrogen biosynthesis but also reduce risk of
cardiovascular diseases by inhibiting aldosterone synthesis. These inhibitors exhibited nM
potencies in placental microsomes. The introduction of a phenyl moiety to a 1,2,5,6tetrahydro-pyrrolo [3,2,1-ij] quinolin-4-one resulted in the most potent dual inhibitor among
the class of CYP11B2/CYP19 inhibitors [23].

Here we report the synthesis and evaluation of the C6-substituted androsta-1, 4-diene-3, 17dione alkynyloxy series of compounds whose designs have been guided by the AROM-ASD
structure [43]. The new compounds are C6-methylidene substituted androsta-1, 4-diene-3,
17-dione (ASDD) derivatives. The design that exploits the tight androgen-specific
architecture of the active site, and interactions exclusive to the substrate-binding pocket, is
likely to minimize cross-reactivities of the current AIs [44]. This design has been verified by
the structural determination of the complex of AROM and two of the most potent inhibitors.
The novel AIs to be presented represent the only case that has provided verification of the
experimental binding modes. Potencies of novel C6-methylidene substituted androsta-1, 4diene-3, 17-dione AROM inhibitors is evaluated in both purified enzyme and MCF7a cells.
The structure of the compound 5, the most potent in the series, is determined and the
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conformations of the compound free form are compared to that in the enzyme-compound
complex.

3.3 - Materials and Methods
Chemicals. Emulgen913 was purchased from Desert Biologicals (Phoenix, AZ). n-dodecylβ-D-maltopyranoside (BDM) was purchased from Affymetrix (Cleveland, OH). [1β-3H, 414

C] androstenedione (3H1-ASD) was purchased from Perkin Elmer (Waltham, MA). Poly

ethylene glycol [24] 550, and all other chemicals were purchased from Sigma Aldrich (St.
Louis, MO).

Purification of AROM from human placenta. pAROM (pAROM) was purified from the
microsomal fraction of human term placenta with a monoclonal antibody 3-2C2 column,
using a well-established protocol [43,45].

Measurement of enzyme activity and IC50 values. The AROM activity was measured
according to the established 3H-water method [46] using 3H1-ASD as the substrate. Human
pAROM was purified to homogeneity by immunoaffinity chromatography as previously
described [46]. The purified enzyme was highly active with an activity typically between 25
and 50 nmol/min/mg. pAROM at 40nM was incubated with the HDDG series of compounds
and the controls (EXM, LTZ and formestane (4-OH-A)) at concentrations 10μM, 9.1μM,
1μM, 500nM, 100nM or 10nM, depending on the potency, for approximately 16 hours. All
inhibitors were dissolved in 100% PEG400/PEG550 to prepare the stock solutions. The final
concentration of PEG in the purified enzyme was always 10%. Inhibition was normalized
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against the specific activity of AROM in the presence of 10% PEG400/PEG550. Each data
point was measured in quadruplicate. For the purpose of IC50 determination, 0.01nM of
inhibitor was set as the blank value (the inhibitor concentration at which there was no
inhibition). The potency of an inhibitor was determined by fitting all data to a dose-response
curve with a standard slope in the GraphPad Prism software[47]. The IC50s were interpolated
using a non-linear regression analysis to generate the best-fit value for IC50. The uncertainty
or error in the IC50 calculation is expressed as the 95% confidence interval computed by the
GraphPad Prism software[47]. The 95% confidence interval is calculated by using the
antilog of the standard error of logIC50 as a multipler of the computed IC50 [47].

Measurement of antiproliferative activity in a breast cancer cell line. The MCF-7 breast
cancer cell line MCF-7-Tet-off-3HSD1-AROM (MCF-7a) that stably expresses AROM was
obtained as a gift from Prof. James Thomas, Macon, GA [48]. The MCF-7a cells were
cultured in RPMI-1640 medium without phenol red (Mediatech, Manassas, VA, USA)
containing 10% FBS (Atlanta biological, Lawrenceville, GA, USA), 2 mM glutamine, 100
IU/ml penicillin, and 100µg/ml Streptomycin (Cellgro, Mediatech Inc, Manassas, VA), at
37°C in a humidified atmosphere containing 5% CO2. Cells were selected by incubation
with 10 ng/ml doxycycline (Fisher BioReagents, USA), 0.2 mg/ml geneticin (G418,
Invitrogen, San Diego, CA, USA), 0.1 mg/ml hygromycin (Fisher Scientific, Fair Lawn, New
Jersey, USA) and 100 µg/ml zeocin (Invitrogen, San Diego, CA, USA) as previously
described [48]. The MCF-7a cells were plated in 96-well plates at 2000 cells/well using
RPMI-1640 medium without phenol red containing 10% charcoal dextran-stripped FBS
(Gemini Bio-Products, West Sacramento, CA, USA). Other components were the same as
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the culture medium but without doxycycline. Stimulation of the growth of the MCF-7a cells
was measured following addition of different concentrations of testosterone (TST) (0.01-100
nM). Estradiol (E2) and ASD were also used to stimulate the cell growth, in order to
compare the proliferation rates. Inhibition of cell proliferation by AIs was measured by
adding 1nM TST, and various concentrations of LTZ, EXM, and compounds 4-9 (0.01100nM) to the cultures. LTZ and EXM were used as positive controls in the inhibition of
this TST (1 nM)-stimulated breast cancer cell proliferation assay. The medium and the
treatments were refreshed every 3 days. On day 10 after cell plating, the cell viability was
determined using a CellTiter-Blue assay kit (Promega, USA) according to the manufacturer’s
instructions. Briefly, 20μl of CellTiter-Blue reagent was added to each well and cells were
incubated for 2-4 h at 37°C. Afterward, fluorescence (54035nm Ex / 60040nm Em) was
recorded using a fluorescence plate reader (BioTek, Synergy 2). Assays were performed in
triplicate for each experiment; mean cell viability was compared to vehicle-treatment
(0.005% PEG550) controls. Each experimental data point was the average of at least three
independent experiments. The antiproliferation potency of an inhibitor (EC50: concentration
for 50% growth suppression) was determined by fitting all data to a dose-response curve
using the GraphPad Prism software [47].

Preparation and crystallization of AROM complexes of 5: Human pAROM was freshly
purified according to the previously described protocol [46]. The enzyme-inhibitor
complexes were prepared by the addition from 20mM stock solutions of 5 in PEG550 to
18μM (~1mg/ml) of AROM, to give a final inhibitor concentration of 300μM. The mixture
was incubated overnight at 4°C in 100mM potassium phosphate buffer pH 7.4 containing
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20% glycerol, 20mM dithiothreitol, 0.5μM ASD and 1mM BDM. The complex was then
concentrated to 25-30mg/ml using ultrafiltration. Protein was setup for crystallization using
protein to cocktail ratios 2:1 and 3:1. The protein was mixed with reservoir cocktails of 2430% polyethylene glycol 4000 in 50mM NaCl, 50mM Tris, pH 8.5 and vapor diffused in
sealed 24-well sitting drop plates against corresponding reservoir solution. The inhibition of
AROM by C6-2-alkynyloxy derivative 4 or 5 measured by the 3H-water method showed
93% and 96% inhibition of the enzyme activity respectively. Crystals appeared in about 2
weeks.

Determination of crystal structures of the complexes with 5: Diffraction data sets for the
complex with compound 5 were collected at the beamline A-1, Cornell High Energy
Synchrotron (CHESS) and Macromolecular Diffraction at CHESS (MacCHESS), Ithaca, NY.
The data was recorded on an ADSC Quantum 210 CCD detector and processed with
HKL2000 software package [49]. The complex with compound 5 was identical to the
AROM-ASD complex, i.e. the same space group and cell parameters within the limits of
errors. The ASD-complex refined at 2.75 Å without the solvent and the ASD molecule was
used as the starting model for the protein for each refinement. Difference maps are used for
the initial positioning of the ligand molecule at the active site and the starting model for each
complex. A difference electron density calculation with ASD as the ligand (missing the C6
methylidene carbon) showed a peak at 2.0. The entire model including the atoms of
compound 5 were then refined using Refmac5 [50] until convergence. Coot [51] was used
for model building purposes. PDB code for complex with compound 5: 4GL7.
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Crystallization of Compound 5 (HDDG46). A large quantity of compound 5 was
resynthesized by ABChem (Quebec, Canada) based upon the methodology used by Dr. Huw
Davies and his group [52]. Several well-formed crystals were isolated from the powder of
compound 5. In an attempt to general better crystals, half a milligram of compound 5 was
recrystallized in ethanol and another half a milligram was recrystallized in ethyl acetate. The
measured powder was scooped into depression plates, 50 μL of the solvent was added and
the solvent along with the powder were pipetted up and down to dissolve the powder. After
the powder was completely dissolved, the drop was covered with a cover slip and allowed to
evaporate at room temperature for 16 hours.
Structural Determination for Compound 5. Diffraction data sets for compound 5 were
collected on an Oxford Excalibur PX Ultra diffraction instrument at SUNY Upstate Medical
University. The data were recorded on a large Onyx CCD detector and processed with
CrysAlis Pro software [53,54]. The experimental strategy in Crysalis Pro [53,54] was used
for data collection. Data reduction was accomplished using Crysalis Red [53,54]. The
structure was solved by direct methods using SHELXS [55] and refined with ShelXL [56,57].
All atoms were refined anisotropically. Graphics were generated using Olex2 [58,59].
Computational Analysis of Compound 5. Potential energy calculation, energy minimization,
generation of various conformations, and superposition of various Compound 5 conformation
were done using Molecular Operating Environment [60]. Energy minimization of the
structures of compound 5 in the enzyme free and enzyme-inhibitor complexes was conducted,
the energy minimization utilized Amber12:Extended Hueckel Theory (EHT) force field.
Various conformations of compound 5 using the LowModeMD. LowModeMD generates
various conformations of small molecules by performing fast implicit vibrational analysis
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and short molecular dynamics stimulations [61]. Using rigid body alignment, the
conformations of Compound 5 were superimposed. The flexible alignment procedure
combines a force field and a 3D similarity function based on descriptions of shape and
pharmacophore features to produce all the possible alignments of a collection of small
molecules [62].
3.4 - Results
Design and synthesis of novel steroidal AIs. The design of the new inhibitors (by Dr.
Debashis Ghosh) is based on analysis of the steroid-binding environments derived from the
crystal structures of the ASD and EXM complexes of AROM. The steroids skeletons are
largely hydrophobic with the exception of the 3- and 17-keto oxygens that allow for
hydrogen bonding to AROM. The only exposed positions, C4 and C6, are located near the
opening to the active site access channel that begins at the protein-lipid bilayer interface.
Several novel AIs possessing the androstandienedione (ASDD, a substrate analog) backbone
with various substitutions to the C6-side chain (which is the focus of the work presented)
were synthesized. These inhibitors were designed such that C6 side chain could penetrate the
active site access channel, an area which is previously unoccupied in ASD and EXM
structures. The active site access channel is proposed regulate entrance and exit of
substrates, inhibitors, and water. Therefore, an inhibitor possessing a side chain that can
penetrate this area could influence the entrance and exit of these molecules. We test the
molecular modeling predictions by evaluating a series of 6-substituted androsta-1,4-diene3,17-dione derivatives containing variable alkoxy chains, with a particular emphasis on linear
alkynyl functionalities. The first two compounds are C6-methoxy and –ethoxy derivatives
(compounds 2 and 3, respectively).
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The next five analogs, 4-8, all have a 2-alkynyloxy substitution at the C6 position with
progressively longer
alkyl chains (Figure 3.1).
The most potent
compounds are 4,5, and
9. Compound 4 is a
butnyloxy derivative.
Compounds 5-8 differ
from the compound
preceding it by an
additional methyl group
(i.e. compound 5 is a
pentynyloxy derivative
and 6 is a hexynyloxy).
The final compound 9 is
a 2-butynyloxy
derivative, similar to 4,
but possessing a terminal

Figure 3.1- Chemical structures of androstenedione,
androstandienedione, exemestane, Compound 4, 5 and 9. The
novel AIs have modifications to the C6 side chain. Compounds
4,5, and 9 are the most potent novel AIs. Adapted from [1].

hydroxyl group in its side chain. The most potent compounds are shown in Figure 3.1 along
with the natural substrate ASD, ASDD, and the steroidal AI-EXM
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Inhibition of AROM activity by new compounds. The inhibitory properties of compounds 29, the non-steroidal inhibitor LTZ and two steroidal inhibitors, EXM and formestane, have
been evaluated in purified human pAROM. The dose response curves show that these
compounds inhibit AROM in a concentration-dependent manner (Figure 3.2). Table 3.2
summarizes the results from IC50 determination for all 8 compounds and three controls, as
well as the 95% confidence intervals of IC50s. Compounds 2 and 3 have IC50 values of

Figure 3.2-Dose response curve of novel AIs and controls against purified pAROM. Enzyme
inhibition activity of the novel inhibitors plotted as a function of concentration. Averaged data points
and their standard deviations (SDs), resulting from quadruplicate measurements of three independent
experiments, are shown for eight C6-substituted androgens (2–9) and three known inhibitors as
control. From [1].

.
several micromolar, significantly higher than EXM. The IC50 drops to 112 nM for the
butynyloxy derivative 4. This value is comparable to the IC50 for the steroidal inhibitors
EXM and formestane (4-OH-A), which are 50 nM and 49nM, respectively (Table 3.2). The
IC50s of the two AIs and 4-OH-A from the current determination are very similar to the
values reported by many groups over the last 20 years. For the 2-alkynyloxy derivatives 5
and 9, which possess with an additional methyl or a hydroxyl compared to 4, the IC50 values
are 12 nM and 20 nM, respectively, quite similar to the in vitro potency of 10 nM for the
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most potent AI non-steroidal LTZ. Interestingly, the compounds with progressively longer
side groups, 6-8, have increasingly higher IC50s of 83 nM, 181 nM and 2180 nM,
respectively, suggesting that a six atom long linear chain substitution at the C6 position as
in derivatives 5 and 9 has the optimal length for the active site cleft. Direct validation of this
structure-activity interrelation is derived from the X-ray data, which has been previously
published and is briefly discussed below [1].
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Table 3.2 Summary of IC50 and EC50 measurements of newly designed C6-alkoxy/2-alkynyloxy series
of steroidal AIs and three known inhibitors as controls. The AROM specific activity is measured as
moles ASD converted to E1 per unit mass of the enzyme per unit time and typically ranges between 25 and
50 nmol/min/mg. ( From [1].)
Compounds
IC50
95%
EC50
95%
(nM)
Confidence
(nM)
Confidence
Interval for
Interval for
IC50 (nM)
EC50 (nM)

R Group
2

Me

5200

3

Et

18100

4

112.3

5

11.8

6

4700 to
5500
13100 to
25200
78.2 to
161.3

1.7

1.2 to 2.2

9.3 to 14.9

0.03

0.02 to 0.06

83.0

74.5 to 93.9

3.4

2.4 to 4.7

7

181.1

164.0 to
200.0

5.4

3.2 to 7.3

8

2180

1750 to
2710

15.7

10.1 to 22.9

9

20.0

18.1 to 22.0

Exemestane
(EXM)

50.1

40.9 to 61.4

5.6

2.7 to 6.5

Formestane

48.6

33.6 to 71.1

-

-

Letrozole
(LTZ)

9.9

9.3 to 10.5

0.004

0.003 to
0.007

86

0.3

0.2 to 0.4

Lo
Antiproliferative activity of new compounds. The six potent 2-alkynyloxy derivatives 4-9,
along with EXM and LTZ, which served as controls, were assayed for their antiproliferative
properties in the breast cancer cell MCF-7-Tet-off-3HSD1-AROM (MCF-7a) by Jingle Xi
(a visiting scholar in the laboratory of Dr. Jing An, Department of Pharmacology, SUNY
Upstate). The results are summarized in Figure 3.3 and 3.4 and the EC50 values are given in
Table 3.2. In order to confirm that these cells express both a functional estrogen receptor and
active AROM, the proliferative activity of the MCF-7a cells is evaluated by treating the cells
with estradiol (E2), testosterone (TST), and ASD. All three compounds effectively stimulate
the growth of the MCF-7a cells in a concentration-dependent manner (Figure 3.3). E2
(EC50=55 pM) exhibits the potent proliferation followed by TST (EC50=99 pM) and ASD

Figure 3.3-Proliferation of MCF7a cells with E2, ASD, and TST. Bar graphs representing E2-,
ASD-, and TST-stimulated proliferation of MCF7a cells. The growth of MCF-7a cells is stimulated by
10 pM to 100 nM E2 and TST or by 1 nM to 100 nM ASD. The mean of three independent
experiments and the SD are shown for each data point.. From [1].
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(EC50=3.6 nM). This observation is consistent with that the fact that E2 has to be
synthesized from TST via the AROM pathway. The conversion of ASD to E2 is a two-step
process. First, AROM converts ASD to estrone (E1). After E1 is produced, E1 is converted
to E2 via the 17-hydroxysteroid dehydrogenase type 1 pathway. The minimum
concentration of E2 and TST needed to stimulate MCF-7a cell proliferation in our cell-based
assay system is determined to be 1 nM (Figure 3.3), this concentration is used for subsequent
proliferation and inhibition assays. Figure 3.4 summarizes the results from the
antiproliferative activity assay of compound 4-9 in the MCF-7a cells in comparison with the
activities of LTZ and EXM. The data show that the newly designed inhibitors abolish the
TST-stimulated proliferation of MCF-7a cells in a dose dependent manner. The number of

Figure 3.4 - Dose-response curve of inhibition of TST-proliferation. Inhibition of TSTinduced proliferation of MCF-7a cells by the six most potent C6-substituted androgen inhibitors
(4–9), as a function of concentration. The same symbol and color as (b) are used to designate
each inhibitor. The data are normalized against the control cells treated with 1 nM TST alone.
Each data point and the SD are the result of three independent experiments measured in
triplicate. From [1].
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MCF-7a cells nearly doubles in response to 1nM TST treatment. The addition of AIs 4-9
progressively inhibits the stimulatory activity of TST as a function of concentration (Figure
3.4). The EC50 values of 4,5,9 are 1.7, 0.03, and 0.3 nM, respectively (Table 3.2) compared
to an EC50=5.6 nM for EXM. This observation shows that these novel AIs are more potent
inhibitors of MCF7a cell proliferation when compared to EXM. Thus, the structure-activity
relationship of these compounds in the cell-based antiproliferation assay is similar to their
enzyme inhibitory properties in the purified enzyme.
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The binding modes of the 2-alkynyloxy derivative 5 from the crystal structures of their AROM
complexes. The crystal structure of the AROM complexes with EXM and two alkynyloxy
derivatives (compound 4 and 5) were determined and extensive details of the binding modes
have already been published [1]. The observations from the pAROM-compound 5 crystal
structure are briefly summarized here.
Compound 5 binds at the active site with a similar binding mode to that of the substrate ASD
[43]. However, the active sites also undergo similar small adjustments to accommodate
compound 5. The root mean square deviation (RMSD) from the superposition of the
pAROM-ASD and pAROM-Compound 5 structures is 0.4 Å for the backbone atoms and 0.2
Å for the C atoms. Various loop regions are associated with higher C-RMSDs of ~0.6 Å.
The hydrogen bond distances between 3-keto and D309, as well as between 17-keto and the
main chain amide of M374/R115 side chain are virtually the same given the positional error
limits at the resolutions of the crystal structures. The protein van der Waals interaction
surface of the active site pouch that encompasses the steroid-binding pocket and the heme
group in the AROM-compound 5 complex is shown in Figure 3.5. The 6β-alkoxysubstituted side group that nearly fills the active access channel is stabilized by residues that
line the channel. The C20 atom is wedged between S478 and T310 (Figure 3.5). C23 is at or
near the van der Waals distances from V313, S478, and H480. The C24 methyl, which is the
end of the alkyne chain of the 2-pentynyloxy derivative 5, is stabilized by packing against
V313, the main chain carbonyl of D309, and the arene ring of F221 and H480 side chain.
The tip of the side chain is near the end of active site access channel, only 5 Å away from the
salt-bridged R192---E483 pair, and about 3.2 Å from the water molecule trapped between
D309 and R192 side chains in the ASD-complex [43]. It is, therefore, likely that this water
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molecule, which was proposed to have catalytic roles in the 3 keto enolization and proton
relay via R192---D309 network, is displaced by compound 5 binding [43]. Moreover, any
further elongation of the side group by one or more carbon atoms as in compounds 6-8 could
result in steric clashes at this end of the access channel.
The inhibition and antiproliferation data presented in Tables 3.2 is reflective of the structural
results. Starting with the 2-methoxy derivative 2, which has a small methyl side group at the

Figure 3.5-View of the catalytic pocket and the access channel residues from the crystal structure
of the AROM-C6β-2-alkynyloxy derivative 5 complex (PDB code 4GL7). The bound molecule 5
(carbon atoms in light blue) is shown within the steroid-binding pocket. A van der Waals surface (gray
color) is rendered. The access channel entrance at the lipid interface is the only opening of the active
site as indicated. From [1].

6- position, progressively longer alkyne groups yield more potent inhibitors reaching the
optimal length for the 2-alkynoxy derivatives 5 and 9. When the length of the 6- side chain
is increased, the inhibitory ability of the compound decreases suggesting that a longer side
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chain is detrimental to interactions within the access channel and destabilizing to inhibitor
binding, in agreement with the activity data for 6-8 in Table 3.2.
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Determination of the structure of
compound 5. Compound 5, C24H31O,
(6R,8S,9S,10R,13S,14S)-10,13-Dimethyl6-(pent-2-yn-1-yloxy)7,8,9,10,11,12,13,14,15,16-decahydro3H-cyclopenta-[a]phenanthrene3,17(6H)-dione, is the most potent C6methylidene substituted androsta-1,4diene-3,17-dione AI in both the purified
enzyme and MCF-7a cells. To determine

Figure 3.6-Molecular structure of compound
5. All atoms are refined anisotropically.

the conformation of compound 5 in an
enzyme-free state, single crystals were isolated from the product provided. The original
crystals of compound 5 were also recrystallized with ethanol or ethyl acetate to obtain better
crystals. The original single crystals are colorless plates and approximately 300μm in size,
the recrystallized single crystals are colorless rods and approximately 200μm. In spite of the
different morphologies of the crystals, both the original crystals and recrystallized crystals
have nearly identical cell parameters and the same space group. The diffraction data
collection and refinement statistics are summarized in Table 3.3. Compound 5 crystallizes in
the space group P212121 with a =7.4Å, b=12.2Å and c=12.4Å and α, β, γ=90°. The
hydrogens have been generated and refined anisotropically. The molecular structure is
shown in figure 3.6. The packing diagram (Figure 3.7) of the inhibitor structure reveals that
the steroid rings are stabilized since they are packed against each other and last methyl group
(C24) is not constrained thus contributing to the high degree of freedom. The last methyl
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group is therefore allowed to freely rotate. The bond lengths and angles for compound 5 are
summarized in Table 3.4 and 3.5, respectively. The only irregularities in the structure of
compound 5 are the bond length of the C23-C24 bond length (1.4Å) and bond angle between
C22-C23-C24 (98.3°). These inconsistencies are likely due to the fluctuations in position of
the C24.

Figure 3.7-Packing diagram of compound 5. Steroid rings are packed against each other. The only group
that is free to rotate is the C24 methyl.
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Table 3.3- Diffraction Data Collection and Refinement Statistics
Parameters

Dataset #1 (Original Crystals)

Resolution
[Cutoff: (I/σI) >2]
Crystal System

0.93

Dataset #2 (Crystallized from
ethanol)
0.98

Orthorhombic

Orthorhombic

Space Group

P212121

P212121

a/Å

7.4228(2)

7.4205(2)

b/Å

12.2294(3)

12.2235(4)

c/Å

23.3988(6)

23.3829[63]

α/°

90

90

β/°

90

90

γ/°

90

Volume/Å

2124.06[63]

90
2120.93(12)

Index ranges

-8 ≤ h ≤ 8, -14 ≤ k ≤ 14, -28 ≤ l ≤ 26

-8 ≤ h ≤ 9, -15 ≤ k ≤ 14, -28 ≤ l ≤ 28

Reflections collected

7848

21533

Independent reflections

3849

3917

Data/restraints/parameters
Redundancy

3849/18/262
3.3

3917/11/246
9.4

Mean F2

4272

9259

Mean F2/sig(F2)

17.0

9.1

Rint

0.03

0.05

Rsigma

0.03

0.04

Final R indexes [I>=2σ (I)]

R1 = 0.057, wR2 = 0.14

R1 = 0.059, wR2 = 0.15

Final R indexes [all data]

R1 = 0.087, wR2 = 0.16

R1 = 0.091, wR2 = 0.18

Goodness of fit on F2

0.96

0.96

Flack parameter

0.15

0.30

3
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Table 3.4-Bond Lengths for Compound 5
Atom
Atom
Length/Å
1.436(4)
C(06)
O(001)
1.430(4)
C(20)
O(001)
1.238(4)
C(03)
O(002)
1.220(5)
C(17)
O(003)
1.529(5)
C(08)
C(14)
C(14)
C(14)

C(13)
C(15)

C(09)
C(09)
C(09)
C(07)
C(07)
C(10)
C(10)

C(08)
C(10)
C(11)
C(08)
C(06)
C(05)
C(19)

C(10)

C(01)

Atom
C(05)
C(05)
C(13)
C(13)
C(13)

1.539(5) C(17)
1.526(5) C(03)
1.553(5) C(03)
1.567(5) C(11)
1.539(5) C(20)
1.513(5) C(15)
1.509(5) C(02)
1.507(5) C(21)
1.553(5) C(22)
1.484(6) C(23)

Table 3.5-Bond Angles for Compound 5
Atom
Atom Atom
Angle/˚
114.2(3)
O(001) C(06)
C(20)
113.8(3)
C(14)
C(13)
C(08)
120.7(3)
C(14)
C(08)
C(15)
104.8(3)
C(14)
C(13)
C(15)
111.9(3)
C(09)
C(10)
C(08)
112.2(3)
C(09)
C(08)
C(11)
113.8(3)
C(09)
C(10)
C(11)
113.5(3)
C(07)
C(08)
C(06)
108.0(3)
C(08)
C(09)
C(14)
111.3(3)
C(08)
C(14)
C(07)
111.1(3)
C(08)
C(09)
C(07)
108.3(3)
C(10)
C(09)
C(05)
109.8(3)
C(10)
C(19)
C(05)
111.7(3)
C(10)
C(09)
C(19)
109.9(3)
C(10)
C(09)
C(01)
111.2(3)
C(10)
C(05)
C(01)
106.0(3)
C(10)
C(19)
C(01)
117.9(3)
C(05)
C(06)
C(10)
122.2(4)
C(05)
C(10)
C(04)
119.6(4)
C(05)
C(06)
C(04)
106.7(3)
C(07)
O(001) C(06)
113.8(3)
C(05)
O(001) C(06)
111.1(3)
C(06)
C(05)
C(07)

Atom
C(14)
C(17)
C(17)
C(17)
C(12)
C(12)
O(003)
O(003)
C(13)
O(002)
O(002)
C(02)
C(12)
C(13)
C(05)
O(001)
C(14)
C(01)
C(02)
C(17)
C(22)
C(21)
C(24)
96

Atom
C(06)
C(04)
C(17)
C(12)
C(18)

Length/Å
1.517(6)
1.332(5)
1.511(5)
1.533(6)
1.543(5)

C(16)
C(04)

1.537(7)
1.439(6)

C(02)
C(12)
C(21)
C(16)
C(01)
C(22)
C(23)

1.423(7)
1.523(5)
1.490(7)
1.522(6)
1.321(6)
1.185[63]
1.597(11)

C(24)

1.406(12)

Atom
C(13)
C(13)
C(13)
C(13)
C(13)
C(13)
C(17)
C(17)
C(17)
C(03)
C(03)
C(03)
C(11)
C(12)
C(04)
C(20)
C(15)
C(02)
C(01)
C(16)
C(21)
C(22)
C(23)

Atom
C(18)
C(14)
C(12)
C(18)
C(14)
C(18)
C(13)
C(16)
C(16)
C(04)
C(02)
C(04)
C(09)
C(11)
C(03)
C(21)
C(16)
C(03)
C(10)
C(15)
C(20)
C(23)
C(22)

Angle/˚
113.5(3)
99.2(3)
116.4(3)
106.0(3)
109.5(3)
111.7(3)
126.2(4)
125.6(4)
108.1(4)
121.1(4)
123.2(4)
115.7(4)
113.2(3)
109.9(3)
123.7(4)
113.5(3)
102.5(3)
122.6(4)
124.7(4)
105.7(3)
178.7(7)
161.9(10)
98.3(12)
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Comparison of the conformations of
Compound 5. The structural determination of
compound 5 in an enzyme free state shows that

A

the inhibitor maintains the same conformation
in the enzyme inhibitor complex as the
enzyme-free state indicating that it maintains
the minimum energy configuration in the
enzyme inhibitor complex. The only
difference in the conformation of the inhibitor

B

in these two states, is in the freely rotating C24
methyl group in the crystal structure of the
inhibitor alone (Figure 3.8A). In order to
determine the minimum energy state of
compound 5, molecular operating environment
(MOE) was used to generate various
conformations of compound 5 and determine
their energies. The potential energy of
compound 5 in the complex is 66.2 kcal/mol;
whereas the potential energy of the crystal
structure of the inhibitor is 82 kcal/mol (the
potential energy of its energy minimized state
is 69 kcal/mol). The high potential energy of
the crystal structure of compound 5 can be a
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Figure 3.8-(A) Superposition of the
conformations of compound 5 crystal
structure and complex and enzymeinhibitor complex. (B) Superposition of
various conformation generated by MOE,
complex and crystal structure of
compound 5. The overall conformations of
the compound 5 in both the enzyme free and
in the complex are essentially the same. The
only difference is the C24 methyl group. In
the enzyme-free state, the C24 group is freely
rotating. In the enzyme-inhibitor complex,
this group is stabilized by the arena rings of
Phe221/His480 and Val313. (B) The various
conformations are colored based (in a
rainbow color scheme), red is the lowest
energy and violet is the highest energy state.
For both panels (A) and (B), Complex is
shown in coral, crystal structure is shown in
black and energy minimized crystal structure
is steel grey.
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result of the irregular C23-C24 bond length and bond angle between C22-C23-C24. The
potential energies of all the other conformations generated by MOE ranged from 70.3-71.6
kcal/mol, indicating that the lowest energy state is adapted by compound 5 in the complex.
The superposition of all the conformation is shown in Figure 3.8B, a rainbow color code is
adapted, with the lowest energy state shown in red and the highest energy states shown in
blue. The enzyme-inhibitor complex is pink, the crystal structure of the inhibitor is black and
the energy minimized state of structure of the inhibitor is steel grey. The conformations
vary between the cis- and trans conformations and variations in the C24 methyl group.

3.5 - Discussion
The rationally designed novel steroidal compounds exhibit better potencies (against purified
AROM and breast cancer cells) than the drugs currently used in treatment. Furthermore, the
most potent novel inhibitors optimally utilize the androgen-specific active site cleft and bind
in competition with the substrate. The observed structure-activity relationship of the current
series of steroidal inhibitors can be rationalized by the experimentally determined binding
modes and other data at the molecular level. The AROM structure is stable and has a rigid
core. The active site of AROM is tight, compact, and not easily flexed by ligand binding
[43,64], unlike many other P450s [65-67]. Nevertheless, this property of limited flexibility
of the active site is utilized in accommodating steroidal ligands by modest adjustments of the
catalytic cavity as seen in the pAROM-compound 5 complex. The side chain of 5 is also
well accommodated in the active site access channel extending to the mouth of the lipid
interface near R192 and E483 (Figure 3.5). The C24 methyl of compound 5 can therefore
interfere with the water molecules trapped in the channel by polar residues S478, R192 and
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D309 [43] thereby affecting the proton relay network that presumably plays a critical role in
the A-ring aromatization chemistry [43]. Moreover, we showed that the conformation
adapted by complex is the lowest energy state. This observation indicates that the inhibitor
does not have strain itself to fit into the active site which could contribute to its high potency.

In conclusion, we demonstrate that the new steroidal compounds are highly potent in enzyme
inhibition and breast cancer cell antiproliferation assays. The X-ray structure of the AROMcompound 5 complex reveals that the novel C6 side chain occupies the access channel pocket
as its design intended. Results from the docking of the 2-pentynyloxy derivative 5, the most
potent of the current series, into ligand-binding sites of ER and other P450s indicates that
these inhibitors of AROM are less likely to have binding affinity for non-AROM targets [1].
However, given the known flexibility of some of the xenobiotic-metabolizing P450 enzymes,
it is difficult to predict cross reactivity from docking analysis alone. Nonetheless, structureguided design permits optimal utilization of the enzyme-specific interactions exclusive to
human AROM.
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Chinaza Egbuta and Dr. Jing An
Docking to P450s: Chinaza Egbuta, graduate student in the Ghosh Lab.
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Chapter 4 - Identification Of Interfacial Interactions And Binding Sites Of Aromatase

4.1 - Abstract
Cytochrome P450 aromatase (AROM) catalyzes with high specificity the conversion of
androgens such as androstenedione, testosterone, and 16α-hydroxytestosterone to estrogens:
estrone, 17β-estradiol and 16α, 17β-estriol, respectively. The conversion of androgens to
estrogens is a three-step process requiring the coupling to cytochrome P450 reductase for the
electron transfer. The putative site of reductase coupling and electron transfer is the hemeproximal region of AROM. The inhibition kinetics of non-steroidal inhibitors and analysis of
the tertiary structure suggest that AROM possibly has other ligand binding sites.
Furthermore, the X-ray diffraction data has revealed an unidentified electron density in this
cavity suggesting that it can be a scaffold for binding of small molecules. This density
accommodates at least a tetramer and perhaps a pentamer of polyethylene glycol, a solvent
used for substrates and inhibitors and crystallization. Polyethylene glycol induces a 20%
reduction in AROM activity but the enzyme integrity remains intact in spite of this reduction
in activity. Moreover, computational analysis shows that this peripheral cavity is larger than
the active site, and at least two times larger than that of other P450s. Taken together, these
observations suggest that this site could be a target of novel small molecules for the
modulation of AROM activity.

4.2 - Introduction
The catalytic activity of AROM is controlled by substrate binding at the active site and
cytochrome P450 reductase (CPR) coupling for electron transfer. Since the heme-proximal
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interface is the putative site of cytochrome P450 reductase (CPR) coupling and a site of
intermolecular association [1], it is possible that the binding of a small molecule at or near
this location could affect electron transfer and catalysis. Moreover, the kinetic profile of
non-steroidal inhibitors show that their mode of inhibition is either mixed or non-competitive
suggesting they can bind to sites other than the active site [2].

In order to investigate this

hypothesis, we will evaluate the effect of polyethylene glycol on AROM activity. We will also
determine the volume of this surface cavity to determine if multiple binding partners can be
accommodated.

4.3 - Materials and Methods
Chemicals. Emulgen 913 was purchased from Desert Biologicals (Phoenix, AZ). n-dodecylβ-D-maltopyranoside (BDM) was purchased from Affymetrix (Cleveland, OH). [1β-3H, 414

C] androstenedione (ASD) was purchased from Perkin Elmer (Waltham, MA). Poly

ethylene glycol monomethyl ether [3] 550, 1,2-Didodecanoyl-sn-glycero-3-phosphocholine
(DLPC), and all other chemicals were purchased from Sigma Aldrich (St. Louis, MO).

Purification of AROM from human placenta. AROM was purified from the microsomal
fraction of human term placenta with a monoclonal antibody 3-2C2 column, using a wellestablished protocol [4,5].

Calculation of volume of the binding cavities in AROM-androstenedione (ASD) complex. QSite Finder [6] and Computer Atlas of Surface Topology of Proteins Server (CASTp) [7,8]
were used in calculating the volume of the ligand-binding cavities in AROM. The calculated
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active site volume was validated against the previously reported manual calculation [4]. QSiteFinder [6] works by attaching hydrophobic probes to protein, finding clusters of probes
with the most favorable binding energy, and ranking clusters in order of the likelihood of
being a binding site according to the sum total binding energies for each cluster. CASTp [7]
identifies and measures the surface accessible pockets using a solvent probe of diameter 1.4Å.
Computational algorithms rank the area and volume of each pocket based on the solvent
accessible surface and molecular surface. The accessible surface area is calculated using the
'rolling ball' algorithm using a sphere (of solvent) of a particular radius to measure the
surface of the molecule.

Fitting and refinement of PEG550 in the unbiased electron density of the pAROM crystal
structure. A difference map (2Fo - Fc) was generated from the X-diffraction data of AROMASD complex (3S79) at 2.75Å resolution. A pentamer of polyethylene glycol was fit into
the electron density contoured to 4σ. The University of California at San Francisco Chimera
package [9] was used for visualization and illustration.

Measurement of AROM inhibition by PEG550. We calculated the time-dependent inhibition
of AROM by incubating 7μM AROM with a fixed concentration (10%) of PEG550 for 0, 2,
8, 20, 30, 40 and 70 hours, and measuring the specific activity at the end of incubation time.
Assays were performed in the presence of [1β-3H, 4-14C] ASD, excess purified rat CPR and
5mM NADPH in the reduced form. Placental AROM activity was measured in quadruplicate.
Any inconsistent data were re-measured and outliers were excluded from the averaging.
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UV/Visible Spectrophotometry. pAROM integrity in the presence of 10% PEG550 (at
varying time points-0 to 70 hours) was determined by measuring the Soret peak on the
Cary50 UV-visible spectrophotometer with a 1ml quartz cuvette of 1cm path length. The
integrated area of each Soret peak was determined by the area under the curve analysis on the
GraphPad Prism® 6.0 software [10]. The area under the curve is calculated using the
trapezoid rule which assumes that the curve is composed of separate trapezoids, each with
it’s own area [10]. This method takes into account both the height and broadness of the Soret
peak.

Effect of 10% PEG550 on AROM Activity. The percent reduction of AROM activity by
PEG550 was determined by one-phase exponential decay curve-fitting on the GraphPad
Prism® 6.0 software [11]. The following model to [11] generate the best-fit value for the
IC50 :
𝑌 = (𝑌0 − 𝑃𝑙𝑎𝑡𝑒𝑎𝑢) ∗ 𝑒 −𝑘𝑥 + 𝑃𝑙𝑎𝑡𝑒𝑎𝑢
Where Y0 is the Y value when X (time) is zero. Plateau is the Y value at an infinite time. K
is the rate constant, expressed in reciprocal of the X-axis (time) units [12].
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4.4 - Results
A secondary binding site at the heme-proximal cavity of AROM. The heme-proximal region
of AROM is the putative site for CPR coupling and intermolecular association. An
unexplained electron density [5] appropriate for a small molecule was observed at the hemeproximal site of AROM suggested that it has a binding scaffold [D. Ghosh, unpublished
results]. Interestingly, this binding density does not interfere with interactions involved in
oligomerization (Figure 4.1). A pentamer of polyethylene glycol (PEG) [3] was modeled
into electron density (by Dr. Debashis Ghosh) since it is used as a solvent for AROM

Figure 4.1-Unexplained electron density at heme proximal region. Shown is the X-ray diffraction
data of AROM-ASD complex at 2.75 Å resolution. An unexplained electron density (shown in
magenta) was observed, appropriate for a small molecule at the heme-proximal site of AROM
suggesting that it has a binding scaffold. This binding scaffold does not interfere with oligomerization.
Image generated by Dr. Debashis Ghosh. D. Ghosh unpublished data.
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substrates, inhibitors and crystallization. Interestingly, PEG is known to interact with other
proteins by binding to its ligand-binding site [13]. This prompted us to ask if anything
binding to this surface could influence electron transfer and subsequent catalysis. We then
evaluate if binding of PEG to the heme-proximal region influences electron transfer and
catalysis.

Effect of Polyethylene glycol on AROM activity. The concentration dependent effect of
polyethylene glycol (PEG) mono-methyl ether 550 on AROM after a 24 hours incubation
period was first determined. Any addition of 20% or higher PEG resulted in precipitation of
AROM. Therefore, for the purpose of the time-dependent effect of PEG assays, we
incubated AROM with 10% PEG to determine the on the activity of AROM at various time
points from 0 to 70 hour (Figure 4.2). The reduction in activity plateaus at 48 hours, the

Figure 4.2-Time-dependent effect of PEG on AROM activity. The black line represents the
percent enzymatic activity of AROM. Red line represents the percent retention of integrated Soret
peak area. A 20% percent decrease in enzymatic activity after 48 hours incubation with 10%PEG
was observed. Data shown is averaged over 20 experiments.
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maximum reduction in activity observed is about 20%. The area under the curve changes by
no more than 3%, which is within the limits of errors. Therefore, reduction in activity due to
PEG is not due to loss of integrity of the protein or the heme scaffold.

The spectra for all samples assayed at the various time points shows that the integrity of the
protein was maintained as evidenced by the sharp 393nm peak (Figure 4.3).

393

Figure 4.3- Time-dependent effect of PEG on AROM integrity, Soret peak analysis. A
sharp 393nm Soret peak is maintained after 70 hours of PEG incubation.
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Volume Calculation of the Heme-Proximal Cavity. We calculated the size of the hemeproximal cavity of AROM, and compared it to that of other P450s so as to determine if it is
large enough to accommodate a small molecule. The volume of the AROM proximal cavity
is determined to 584 Å³ by Q-site and 840 Å³ by CASTp (Table 4.1). Furthermore, the
volume of the AROM proximal cavity is significantly larger than other P450s with most
P450 possessing no well-defined cavity. The manually calculated volume of the active site

Table 4.1-

[6]
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of AROM was used as a control for correct measurement [4]. Q-site and CASTp calculated
the active site volume to be very close to the independently calculated size [4] (Table 4.1).
This serves as a validation for the cavity size computations. Interestingly, the proximal
cavity is significantly larger than active site.
4.5 - Discussion
We have shown that a binding scaffold is present at heme-proximal cavity and that this
binding scaffold does not interfere with oligomer formation. A tetramer or a pentamer of
PEG is well accommodated in this density. Moreover, incubation with 10% PEG elicits a
time-dependent reduction in enzymatic activity suggesting that a small molecule can bind
and alter activity.
The roles of the heme-proximal could be multifaceted. It is the site of intermolecular
association with other AROM molecules and the putative site of coupling to CPR. Ando et
al have recently reported that Y361 (which located at the heme-proximal cavity) is
phosphorylated in a breast cancer cell line and results in an increase in AROM activity
[14,15]. The uniquely large size of this heme-proximal cavity AROM could allow for
accommodation of multiple binding partners such as CPR/FMN moiety, AROM/D-E loop,
kinases, and phosphatases. These observations along with the data presented in Chapter 2,
sections: Characteristics of Proximal Side Mutants and Mutations to Residues of the HemeProximal Interface, suggest heme-proximal region could play a crucial role in modulating the
enzymatic activity of AROM.
AROM inhibitors can therefore be made to target the heme-proximal region, this is a new
concept and could lead to the discovery of a novel class of estrogen biosynthesis inhibitors.
If an inhibitor binds to the AROM-ASD complex at the site, it could 1) disrupt the coupling
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interface and flow of electrons from CPR to AROM; and/or 2) cause conformational changes
at the active site by allostery [2]. Moreover, since the heme-proximal surface of AROM is
larger than other P450s, a compound targeted to this region maybe have greater selectivity
for AROM, since this cavity does not exist or is considerably smaller in other P450s.
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Additional Contributors to Work Presented:
Dr. Debashis Ghosh (Principal Investigator and Research Mentor): all aspects of the work

Chinaza Egbuta (Graduate student in Ghosh Lab) contributed equally to this work.

Additional Publications in Preparation
Ghosh D, Egbuta C, Lo J. Secondary Binding Sites in Human Cytochrome P450 Aromatase
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Chapter 5 - Spectroscopic Analysis Of Reduced Ferrous Intermediate
5.1 - Abstract
Cytochrome P450 aromatase is a heme-containing enzyme that converts with high specificity
androgens to estrogens in a three-step conversion process. The first two steps of this
conversion process are generic P450 hydroxylation reactions. The mechanism of the third
step, the aromatization step, is unknown. The availability of the placental aromataseandrostenedione crystal structure has allowed for additional insights into the aromatization
mechanism. We have characterized the reduced ferrous intermediate of placental aromatase
by a Soret peak at 415nm in solution and protein crystals. The same intermediate in the
rAROM is characterized by a Soret peak at 410nm in solution. These observations show the
feasibility of identifying reaction intermediates of aromatase.
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5.2 - Introduction
Aromatase (AROM) is a transmembrane protein that works as an enzyme complex coupling
with cytochrome
P450 reductase
(CPR) to allow for
the transfer of
electrons from
nicotinamide
adenine
dinucleotide
phosphate
(NADPH). AROM

Figure 5.1-Three step involved in the conversion of androgens to estrogens.
AROM converts androgens to estrogen in three cycles. Each cycle requires 1
mol of NADPH, 1 mol of oxygen, and coupling with CPR. The first two
hydroxylation reactions, common to all P450s, yield 19,19- gem, gem-diol.
Drawn by Dr. D. Ghosh after [2].

converts androgens
to estrogen in three steps (Figure 5.1), with each step requiring a 1 mole of NADPH, 1 mole
of oxygen, 2 electrons, and 2 protons. The first two steps are well known P450
hydroxylation reactions. The third cycle is an enigmatic reaction that potentially differs from
the typical P450 hydroxylation reactions.
The generic P450 hydroxylation reaction is illustrated in Figure 5.2. The first two cycles
involve hydroxylation of ASD that is carried out by oxy-ferryl. Oxy-ferryl attaches to
oxygen and initiates the hydroxylation. Despite concerted efforts to understand the
mechanism of AROM catalysis, the exact mechanism of third/aromatization step, which
involves cleavage of the C10-C19 bond, H1β/H2β abstraction and enolization of the 3-keto
group, remains unknown. Although, the exact mechanism is still unknown, there are two
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Figure 5.2-General P450 Hydroxylation Reaction. The general hydroxylation of P450
is completed in five steps. (1) The heme of the P450 is in a resting low spin ferric state
with water bound; (2) When substrate binds, water leaves and the heme is in a high spin
ferric state; (3) With the availability of an electron, reduction occurs resulting the
production of the reduced ferrous intermediate, (4) Upon the binding an oxygen, the
critical oxy ferrous (dioxgen) intermediate is formed; (5a) A second reduction would
produce the peroxo ferric intermediate; (5b) Proton availability leads to protonation of the
distal oxygen and production of hydroperoxo-ferric intermediate, (6) A second proton
will allow for scission of the oxygen –oxygen bond would form the highly reactive oxyferryl intermediate (Compound I). Image generated by Dr. Debashis Ghosh after [1].

hypotheses: (i) oxy-ferryl remains the critical intermediate for aromatization; and (ii) peroxoferrous is the active intermediate. The crystal structure of AROM-ASD is in agreement both
hypotheses [3,4]. The first hypothesis suggests that oxy-ferryl remains the key active
species. Theoretical calculations[2], Raman spectroscopy [5], molecular oxygen labeling [6]
and kinetic solvent isotope effect experiments [7] support this hypothesis. Modeling of the
oxy-ferryl in the active site of placental AROM (pAROM) shows that the C19 group is at the
optimal distance for hydroxylation [3,4], supporting the possibility that oxy-ferryl as the
active species.
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The second hypothesis is more widely accepted in the field. Experimental evidence
supporting the role of the peroxo-ferric intermediate in aromatization was originally by
Akhtar et al [2] by molecular oxygen labeling experiments [8]. Recent experimental studies
including electron paramagnetic resonance [9] ,resonance Raman spectroscopy [10] and
theoretical calculations [11] also support the second hypothesis. Ghosh et al proposed that
the peroxo-ferric serves as nucleophile and reacts with 19-aldehyde ASD [3,4]. Two
concerted actions allow for H2β abstraction and 2,3 enolization namely (i) a nucleophilic
attack on the H2β by A306 and T310 moiety [3,4] and (ii) an electrophilic attack on the C3keto group by D309 [3,4]. The AROM-ASD complex shows that H1β is too far from the
T310- A306 carbonyl to follow for abstraction after enolization suggesting that peroxo-ferric
could be the active intermediate [3,4]. The peroxo-ferric intermediate will abstract the H1β
resulting in the aromatization of the A-ring and formic acid release [3,4]. An oxygen
molecule will be incorporated into formic acid [12].
The Ghosh Lab has crystallized and determined the structures of both pAROM and
recombinant wild-type AROM (rAROM). Both will be utilized to determine structure of the
various reaction intermediates in AROM. Electrons are essential for catalysis, X-ray
photons can interact with solvent molecules in protein crystals thereby liberating
photoelectrons. The photoelectrons can then react with AROM and initiate catalysis. We
will then capture snap-snots of reaction intermediates by following the absorption spectra of
the crystal while collecting the diffraction data, isolating diffraction data belonging to each
redox state. The determination the structure of each state can be possible because each
redox state possesses a unique Soret absorbance signature. This methodology has been

120

Lo
previously utilized in determination of the catalytic pathway of horseradish peroxidase [13]
and P450cam [14].
5.3 - Material and methods
Purification of AROM from human placenta. pAROM was purified from the microsomal
fraction of full-term human placenta with a monoclonal antibody 3-2C2 column, using a
well-established protocol. AROM is purified in Buffer A (20% glycerol, 20mM
dithiothreitol (DTT), 10μM ASD, and 1mM β-D-dodecylmaltopyranoside (BDM)).
Growth, Expression and Purification of rAROM. The growth, expression and purification
has been previously published [15]. For the purpose of determining the kinetics of reduction,
rAROM was purified in 1mM BDM and 1% Tween20 (8mM).
Generation of the reduced ferrous intermediate in solution. After pAROM was purified to
homogeneity, ASD concentration was increased to 0.5mM. The protein solution was
scanned over the visible range between 250-650nm in an Agilent UV/visible
spectrophotometer with a 1ml quartz cuvette and 1 cm path length to verify the presence of a
high-spin ferric Soret peak. The protein was deoxygenated by bubbling nitrogen gas in a
glove box. After deoxygenation, 6.25mM dithionite was added to the buffer solution. The
purified AROM solution was again deoxygenated with nitrogen gas. After deoxygenation,
the protein was added equivolume to deoxygenated buffer containing 12.5mM dithionite.
Kinetics of reduced ferrous intermediate. The reduction kinetics was tracked every 15
seconds from 250- 650nm to track any spectral changes. Absorbance was normalized with
the absorbance prior to dithionite addition defined as 100% absorbance. The data was fit to a
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two parameter exponential decay in SigmaPlot 12. The following equation was used for the
fit:

Α = 𝐴0 𝑒 −𝑏𝑡 , 𝑤ℎ𝑒𝑟𝑒

1
= 𝜏
𝑏

where A is the absorbance after time t, A0 is defined as the initial absorbance, b is defined as
the decay rate, t is defined as time , and τ represent the time needed for a decay of a factor of
e or exponential time constant
Generation of the oxy-ferrous intermediate. Upon successful reduction of AROM, the
protein was oxygenated for 30 minutes on ice by bubbling oxygen gas directly into the
protein solution inside a glove box. Alternatively, oxygen gas was be bubbled into the
protein buffer and mixed with the reduced enzyme solution. The spectra was tracked every
0.5 seconds using an Agilent UV-Vis spectrophotometer at 10°C. An Applied Photophysics
Stopped Flow Spectrophotometer with a dead time of 0.05 seconds was utilized to facilitate
capturing the oxy-ferrous intermediate. The stopped flow spectrophotometer possesses two
chambers. The reduced ferrous enzyme was placed in one chamber and was rapidly mixed
with the oxygenated buffer in the second chamber. The resulting solution was measured by
UV-Vis spectrophotometer. The absorbance at 393 nm was followed and measured every
0.005 seconds.
Crystallization of AROM. The crystallization methodology of pAROM [3] and rAROM wild
type WT [15] has been previously published. Both pAROM and rAROM WT crystallized
under the same conditions: 24-30% polyethylene glycol 4000 containing 0.5M NaCl in
50mM Tris-HCl pH 8.5.
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Selection, generation, and measurement of absorbance of reduced ferrous crystals. To avoid
oversaturation of the absorbance measurement, the absorbance of the protein crystal was
determined theoretically prior to data collection. Absorbance saturation was present due to
high protein concentration (270 mg/mL) in crystal. Therefore, the goal was to choose the
thinnest crystal to avoid saturation of absorbance. The absorbance of the crystals were
determined by the following equation A = εcl where A= (26843 /M cm) (5.400 mM) (l).
Based upon our calculation, the absorbance of thinner crystals (0.05 mm – 0.1 mm)
corresponded to the absorbance of l mg/ml AROM (AU:~0.9-1) with a path length of 1 cm.
After selection of crystals, 1μl of reduction buffer (buffer containing 20% glycerol, 20mM
DTT, 0.1mM ASD, 1mM BDM, and 25mM dithionite) was added to reservoir of drop. A
stock was prepared to achieve a final concentration of 6.25mM dithionite. The crystal was
incubated in the reducing reservoir until a color change was achieved. Crystals were frozen
with liquid nitrogen immediately following reduction. The crystal was mounted onto
beamline 14-BM-C offline with a microspectrophotometer to record the Soret peak
transitions of the protein crystals.
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5.4 – Results
Characterization of the reduced
ferrous intermediate by UV-Vis
spectrophotometry. In order to
determine the Soret peak
signatures of the reaction
intermediates of AROM, we will
first determine these signatures in
solution in both pAROM and
rAROM. Reduction of the highspin ferric to the low spin ferrous
state is characterized by a shift in
the Soret peak from 393nm to
415nm or 410nm for pAROM or
rAROM, respectively (Figure 5.3).
This reduction of AROM exhibits

Figure 5.3-Spectra shift from high-spin ferric to low spin
ferrous. Time increases from left to right. (A) pAROM
spectral shift from high spin ferric (393nm) to reduced ferrous
(415nm). (B) rAROM spectral shift from high spin ferric
(393nm) to reduced ferrous (410nm).

both temperature- and detergentdependent kinetics. The tau values are summarized in Table 5.1.
Table 5.1- Tau (τ) values for formation of reduced ferrous intermediate at different temperatures and
detergents
Enzyme-Detergent

Temperature- 10°C

Temperature- 25°C

pAROM-BDM

1111 seconds

256 seconds

rAROM-BDM

1000 seconds

33 seconds

rAROM-Tween20

1250 seconds

252 seconds
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The overall profiles are similar
for both pAROM and rAROM
(Figure 5.4). The rate of
reduction by dithionite is faster
at 25°C than at 10°C for both
pAROM and rAROM. The
kinetics profiles in rAROM are
determined in both Tween20
and BDM to determine the
detergent-dependent kinetics of
reduction. Tween20 is
significantly larger than BDM,
1227.5 g/mol versus
510.6.g/mol. As expected, the
kinetics of reduction is
significantly slower in Tween
20 when compared to BDM. In
summary, the reduction
proceeds at a faster rate in
smaller detergents and at
higher temperatures.

Figure 5.4- Kinetic profiles of temperature- and detergentdependent reduction of pAROM and rAROM. (A) Kinetic
profiles of rAROM reduction in BDM/Tween & pAROM reduction
in BDM at 10°C. The kinetics profiles of reduction in
pAROM/rAROM BDM are very similar for both enzymes as
shown by the blue/green lines on the graph. The red curve
represents rAROM in Tween20. The slower kinetic profile maybe
due to the larger detergent micelle size. (B) Kinetic profiles of
reduction of rAROM in BDM/Tween and pAROM in BDM at
25°C. The kinetic profile of rAROM BDM is rapid at room
temperature. The kinetic profiles of rAROM reduction in
Tween20 and pAROM reduction in BDM are similar. The red
curve represents rAROM BDM, green is pAROM, and blue is
rAROM Tween.
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Characterization of the oxy-ferrous intermediate in solution utilizing a UV-Vis
spectrophotometer. The reduced ferrous species is oxygenated to produce the oxy ferrous
intermediate. However, only the decay of the oxy-ferrous intermediate to the high spin ferric
state is observed using an UV-Vis spectrophotometer with a 0.5 second dead time at 10°C.
This spectrum recorded shows the presence of the reduced ferrous intermediate and the
transition back to high spin ferric intermediate (Figure 5.5). The characteristic peak of the
oxy-ferrous intermediate at 418nm is not observed [16]. This is possibly due to its rapid
formation and decay, and the inability of the spectrophotometer dead time to capture the
Soret signature. This observation is the result of autooxidation due to the lack of electron
availability. As a result, superoxide anion is released and the high-spin ferric state is
reformed.

Figure 5.5-Spectra of the decay of the oxy-ferrous on a UV-Vis spectrophotometer.
The reduced ferrous is oxygenated by decay before instrument captures transition. The
enzyme shifts back to the high-spin ferric state.
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Characterization of the oxy-ferrous intermediate in solution utilizing a stopped flow
spectrophotometer. In an attempt to circumvent the limitation of the UV-Vis
spectrophotometer, a stopped-flow spectrophotometer with a 50 ms dead time is utilized to
capture the oxy-ferrous intermediate (Figure 5.6). The measurement is initiated once the two
solutions in the separate chambers are mixed. The absorbance at 393nm is followed and
measured every 0.005 seconds. The enzyme remains in the reduced ferrous state the
initiation of the mixture (t = 0 seconds) until 0.05 seconds after mixing (Figure 5.6). The
traces between the 0.05 and 0.1 second time-points reveals that a transitional species may
have formed and decay within this time frame. The first trace at 0.1 second reveals the
reformation of the high-spin ferric AROM.

Figure 5.6 – Trace of the decay of the oxy-ferrous intermediate using stoppedflow spectrophotometer. The absorbance trace at 393nm tracked every 0.005
seconds. The enzyme mixture is characterized at the reduced ferrous intermediate at
the initiation of the measurement. A transition occurs between the 0.05 second and
0.1 second time point leading to the reformation of the high-spin ferric enzyme.
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Characterization of the reduced ferrous intermediate in protein crystals. The major goal is
structural determination of reaction intermediates and in situ monitoring of the Soret peak.
In order to achieve this goal, a photon source that is equipped with a microspectrophotometer
(a device that can the absorbance of a protein crystal) is needed. This is equipment is
available at the Advanced Photon Source in Chicago. The first step was to determine if we
can measure the Soret peak of a protein crystal.
The Soret peak signatures for pAROM for at high-spin ferric and reduced ferrous states are
the same both in solution and in crystals as shown in Figure 5.7. The pAROM-ASD complex
crystal shows a strong Soret peak at 393nm. pAROM-ASD complex crystals are typically

Figure 5.7- Soret peak signature of protein crystals of high-spin ferric and lowspin ferrous states. Microspectrophotometer data shows a Soret Peak at 393nm for
pAROM-ASD complex protein crystal in high spin ferric oxidation state. The reduced
ferrous state exhibits a Soret Peak at 410nm.
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brownish red but after incubation with the reducing buffer, the crystals turn orange red.
After the crystals have turned orange red, a peak at 410nm is observed indicating successful
reduction of AROM in the protein crystal.
5.5 - Discussion
We have observed the reduced ferrous intermediates of AROM in solution and protein
crystals by UV-Vis spectrophotometry. The Soret peak signature of pAROM at the reduced
ferrous state is the same in solution and protein crystals. The reduction kinetics for rAROM
and pAROM are very similar (Figure 5.4). The different kinetics profiles of reduction of
rAROM in Tween20 and BDM are likely due to the different micelle content and size of the
detergent. The differences in detergent micelle size may affect the diffusion rate of
dithionite, thereby affecting the rate of reduction. Light scattering experiments would allow
us to track changes in detergent and protein micelle size. The oxy-ferrous intermediate
decays too rapidly to be captured by our stop-flow spectrophotometer. This observation is
consistent with the literature which show that this intermediate has been previously shown to
form and decay rapidly (in milliseconds) at cryogenic temperatures [16]. Capturing the oxyferrous intermediate may require cryogenic temperatures and machinery with a low dead
time so as to slow the reaction time. The feasibility of capturing the reaction intermediate in
protein crystal is presented. Future work including utilization of cryogenic temperature and
utilization of spectrophotometers instrumental with smaller dead time are essential for
capturing the highly reactive species.
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Additional Contributors to the Work Presented:
Conceived and Designed of experiments: Dr. Debashis Ghosh (Principal Investigator/
Research mentor)
Determination of the Soret peak of pAROM high-spin ferric and low-spin ferrous: In
Collaboration with Jennifer Griswold (Research Support Specialist of the Ghosh Lab), and
Dr. Giovanna Di Nardo (Visiting scholar/ collaborator of the Ghosh Lab)
Crystallization of pAROM/rAROM WT: Jennifer Griswold
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Chapter 6 - Dissertation Discussion And Future Directions
Cytochrome P450 aromatase (AROM) has been extensively studied for almost 30 years. It is
well understood that AROM plays a vital role in estrogen biosynthesis from androgens, and
that both estrogens and AROM play multifaceted roles in normal biological function and
pathological conditions [1]. However, the specific roles of residues essential for AROM
catalysis, intermolecular association, and membrane integration were not fully understood
until the crystal structure of placental AROM (pAROM)-androstenedione (ASD) was solved
[2,3]. The primary focus of this thesis work is to elucidate the roles of critical residues
involved in catalysis and intermolecular association. The secondary goals are to (1)
investigate the potency of novel steroidal AROM inhibitors (AIs) that bind at the distal
substrate binding site and (2) investigate the possibility of another binding site at the hemeproximal cavity. The last objective is to gain insight into AROM catalysis by characterizing
the critical reaction intermediate involved in the aromatization reaction. The work presented
differs from previous studies on AROM because of the structure-based approach [2,3]. The
goal is to extract the information from the structure and validate some of the proposed roles.

Roles of residues involved in catalysis. For our investigation of the structural basis of
AROM function, we used a stable, purifiable, and crystallizable recombinant AROM
(rAROM) that has an identical structure to pAROM, except for a N-terminal helix only in
pAROM [4]. The AROM crystal structure revealed that D309 participates in a hydrogen
bond with the 3-keto group of ASD and has a significant role in substrate binding and
aromatization [2,3]. It was proposed that D309 is protonated at physiological pH and
participates in proton relay required for the aromatization reaction [2,3]. We generated a
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D309N mutant to probe the role of D309 in catalysis. Our data shows that the presence of a
dissociable proton is a essential for catalysis [2] and is needed for proton relay. Subsequently,
our collaborators and Dr. Ghosh show experimental by pH titration experiments [5] that the
D309 is protonated at physiological pH. They observe a pH dependent Soret peak transition
from high-spin ferric state (393nm) to low-spin ferric state (420nm) when the pH was
changed from pH 7.4 to pH 10, which is likely due to the deprotonation of the D309 and the
loss of substrate at higher pH [5], similar results were also observed with resonance Raman
spectroscopy [5]. These observations allow them to conclude that that D309 has an elevated
pKa of 8.2 [5] and represents the first experimental evidence of the proposal [2]. Theoretical
calculations [6] is also in agreement with this observation. The importance of residues
proposed to be involved in the proton relay [2,3] was also verified. The critical role of R192
was revealed for first time by the AROM-ASD structure [2,3]. This residue is linked to
D309 by water and can play a role in the proton relay [2,3]. It would be impossible to predict
the role of the distant (the distance between 3-keto of ASD to NH 2 of R192 is 10.9 Å) R192
in catalysis without an experimental 3-D structure. The inactive R192Q mutant verifies the
proposed role of this residue in catalysis [2,3]. Fortuitously, this mutation has also been
observed clinically and its phenotype is in an inactive enzyme and virilization in a newborn
[7] correlating with our in vitro data. Structural determination of catalytic mutants will allow
additional insight to the consequences of mutation.

Role of the heme-proximal region. The heme-proximal region of AROM exhibits unique
properties that are not observed in other P450s [2-4,8-12]. The heme-proximal region is the
putative site for cytochrome P450 reductase (CPR) coupling [13,14]. This site is also used
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for intermolecular association to the negative electrostatic potential surface of the D-E loop
of another AROM. This intermolecular association is relatively unique within the P450
superfamily [8]. Collectively, we present the possibility that the heme-proximal region has
multiple roles and mutagenesis to this region can influence enzymatic activity by affecting
coupling to CPR and oligomer formation. We presented the critical role of the hemeproximal region. Any mutation, whether it is due to altering the electrostatic potential
(K440Q) or polarity (Y361F), can affect reductase coupling (which can influence enzymatic
activity) or intermolecular association. We showed that both proximal side mutants: K440Q
and Y361F, exhibits drastically reduced activities compared to the wild type rAROM with
Y361F being virtually inactive [4]. On the other hand, the introduction of a negative charge
at the proximal cavity with Y361D mutant does not influence enzymatic activity. Many
basic amino acids are present at this cavity and can compensate for this charge reversal. The
observation that phosphorylation of AROM at Y361 leads to an upregulation of its activity
[15,16], supports the hypothesis that the residues of the proximal cavity could have a major
impact on enzymatic activity. This observation proposes a new avenue of AROM regulation,
which can explain why certain cases of breast cancer are more aggressive.
The heme-proximal region of AROM can also serve as a site of interaction for multiple
binding partners because of its size. The theoretical volume of the AROM heme-proximal
cavity is larger than that of other P450s possibly allowing it to accommodate multiple
binding partners. This suggests that that CPR could bind independently of oligomer
formation. On other hand, we have also observed by Michaelis-Menten kinetics, that CPR
competes against the AROM oligomer for coupling to the heme-proximal surface [4]. Both
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possibilities of CPR coupling remain viable; therefore, the structural basis of the AROMCPR interaction awaits determination of the crystal structure of the complex.
Moreover, we have shown that a binding scaffold, which does not interfere with oligomer
formation, is present at the heme-proximal cavity. This binding scaffold can accommodate a
tetramer or pentamer of polyethylene glycol (PEG) prompted the investigation of effect of
PEG on AROM activity. We showed that PEG elicits a time-dependent reduction in AROM
activity. More importantly, we provide evidence that a small molecule, such as FMN that
carries electrons from CPR to heme, can bind to the heme-proximal region of AROM and
influence its activity. This suggests that a new class of inhibitors could be designed to target
this region.

Roles of residues involved in intermolecular association/oligomer states of AROM. The
AROM structure revealed the presence of an intermolecular association between the hemeproximal region between one AROM and the surface loop between the D- and E- helices of
its neighbor. This association likely leads to the formation of a higher order oligomeric chain
in the protein crystals. Mutants of the intermolecular interface support the hypothesis that
oligomer formation has functional relevance since total disruption of the oligomer as seen in
the Del7 mutant results in decreased enzyme activity, and could destabilize the hemeproximal scaffold [4]. This observation indicates that the oligomer formation may serve to
protect the catalytic epicenter. The less drastic D-E loop mutants: Del4, E181A, E181K
exhibit normal enzymatic activity. AROM can also form concentration-dependent higher
order oligomers in solutions [4]. However, D-E loop mutants form lower order oligomer,
further solidifying the evidence that mutagenesis to the D-E loop disturb oligomer formation
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[4]. Collectively, our results indicate that the AROM oligomer has some functional
significance. The full implication of intermolecular association awaits the structure
determination of oligomer-defining mutants in complex with substrates and inhibitors.

Development of novel AIs. The tight androgenic substrate-binding pocket of AROM was
exploited for the design of more substrate-specific inhibitors [2,3,10]. We show that the
newly developed steroidal compounds by structure-guided approach exhibit better potencies
(against purified AROM and breast cancer cells) than the current drugs used in treatment
[10]. These results show that the most potent novel inhibitors optimally utilize the androgenspecific active site cleft, bind in competition with the substrate, and fill the active site access
channel [10]. Recently, clinical trials have shown that AIs appeared to be beneficial for
prevention of invasive breast cancer in high-risk post-menopausal women [17]. Reducing the
side effects associated with AIs, can allow for expanded use of AIs for treatment and
prevention of endocrine-related diseases. The next step for this project is testing the novel
AIs is in an in vivo system using breast cancer cells and animal xenograft models. Another
future goal of this project is the determination of the mechanism of binding of non-steroidal
aromatase inhibitors. Dr. Ghosh and Dr. Jiang (a former post-doc in the Ghosh lab) have
shown that these non-steroidal inhibitors can not be accommodated in the tight androgenspecific active site [18]. This observation is consistent with the inhibition kinetics of the
non-steroidal inhibitor, letrozole, which suggest that the mode of inhibition can be mixed or
non-competitive [19]. Moreover, Di Nardo et al has shown that the non-steroidal inhibitor,
anastrozole, does not elicit a pH dependent transition of spin state (i.e. substrate release is not
pH dependent) suggesting that the triazole does not use D309 side chain for binding and the
binding modes of the steroidal and non-steroidal inhibitors are possibly different [5]. These
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observations suggest that non-steroidal inhibitors can have other ligand binding sites or an
altered active site in AROM. Elucidation of the actual binding interactions between AROM
and non-steroidal inhibitors awaits determination of the structures of these enzyme
complexes.

Intermediates of the aromatization reaction. To understand the mechanism of aromatization
reaction, we utilized our placental and recombinant enzyme to characterize the biochemical
and structural properties of the reaction intermediates. Both the pAROM and rAROM are
stable in solution without the addition of phospholipids. We were able to determine the Soret
peak of the reduced ferrous intermediate in solution and protein crystals. These observations
indicate the possibility of isolating diffraction data based upon in situ Soret peak signatures.
Collectively, the work presented is a step towards gaining a better understanding of this
unique enzyme touching on the topics involving residues that control catalysis and
intermolecular association, binding of inhibitors to the active site, binding of small molecules
to proximal cavity, and characterization of reaction intermediates. Continued efforts will
allow us to gain further insights on this enzyme and allow for the development of highly
specific next generation AIs.
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