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Aromatase is phosphorylated in situ at serine-118
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Phosphorylation of the cytochrome P450 aromatase has been proposed as a switch to rapidly modu-
late enzymatic activity and estrogen biosynthesis. Herein, we demonstrate that aromatase serine-118
is a potential phosphorylation site in mammalian cells. The amino acid context surrounding S118 is
highly conserved among diverse animal species and suggests that an AGC-like kinase may phospho-
rylate aromatase. Mutation of S118 to Ala blocked phosphorylation. Mutation of S118 to either Ala or
Asp destabilized aromatase, indicating an important structural role for S118. The phosphomimetic S118D
mutant showed decreased specific enzymatic activity, decreased Vmax, and increased Km, while the
S118A phospho-inhibiting mutant showed opposite effects. Our findings suggest that phosphorylation of
S$118 may decrease aromatase activity, presenting a mechanism whereby kinase signaling may modulate

estrogen production and hormone balance.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Aromatase is the rate-limiting cytochrome P450 enzyme in
estrogen biosynthesis, converting C19 androgens to C18 estrogens.
Expression of the CYP19 gene encoding aromatase is controlled
by tissue-specific promoters, which modulate expression in
diverse tissues including brain, testes, breast, ovary, placenta, adi-
pose tissue, skin, and bone [1]. Aberrant promoter activation
has been implicated in disease, including breast, prostate, and
endometrial cancers (reviewed in ref. [2]). For example, levels of
cyclooxygenase-2 (COX-2) and aromatase are directly correlated in
human breast cancers [3]. COX-2 produces prostaglandin E2 (PGE2),
and COX-2 expression is induced by estrogens [4]. PGE2 stimu-
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lates aromatase expression via the cAMP-inducible promoter II [5].
The enhanced expression of aromatase by PGE2 increases estro-
gen production, thus resulting in a positive feedback loop to drive
hormone-responsive breast cancer cell growth.

In contrast, the non-genomic mechanisms regulating aro-
matase enzymatic activity remain poorly understood. Studies have
described conflicting changes in aromatase activity in different
cell types upon the addition of growth factors [6-8] and kinase
inhibitors [9-12], suggesting that aromatase is modulated by
post-translational modification. Reports have also shown that aro-
matase can be glycosylated at the N-terminal membrane anchor
domain, but there is arguably no effect on enzymatic activ-
ity [13-15]. Findings from studies in quail brain homogenates
suggest that aromatase is phosphoregulated [16]. However, the
site(s) of phosphorylation and its effects on aromatase are
unclear.

Phosphoregulation of aromatase has been suggested to occur
through a Ca%*-dependent mechanism involving PKA, PKC, or CAMK
[17]. Additionally, inhibition of Map/Erk kinase-1 and -2 (MEK1/2)
or phosphoinositide 3-kinase (PI3K) in aromatase-over-expressing
breast cancer cells decreased aromatase activity [11]. The potential
for kinase-mediated control of hormone balance and estrogen syn-
thesis, both in normal and diseased settings, prompted us to further
investigate aromatase phosphoregulation in situ.
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2. Materials and methods
2.1. Plasmids and cell lines

The murine aromatase ¢cDNA was cut from pTG6 (a gift of
R. Tekmal, University of Texas, San Antonio) [18] and subcloned
into pcDNA3.1/myc-His-B (Invitrogen) to generate mArom-myc-
his/pcDNA3.1. Single amino acid aromatase mutants (S118A, S118D,
S238A,S247A) were generated using the QuickChange site-directed
mutagenesis kit (Stratagene) and confirmed by DNA sequencing.
The human aromatase cDNA vector was a gift of E. Simpson (Prince
Henry’s Inst., Australia).

HEK-293T, COS-7, and JEG-3 human choriocarcinoma cells were
obtained from ATCC. MCF-7 human breast adenocarcinoma cells
stably transfected with aromatase cDNA (MCF-7/CA) were a gift
from R. Santen (University of Virginia).

2.2. Immunoprecipitation and Western blotting

HEK-293T cells were transfected with mArom-myc-his/
pcDNAS3.1 (or pcDNA3.1 control) using Fugene6 (Roche). Cells were
lysed at 2 days post-transfection using NP-40 buffer (0.5% NP-40,
50mM Tris, pH 7.4, 120mM NaCl, protease inhibitor cocktail
[PIC, Sigmal). Fifty micrograms of protein was used for Western
blotting. Alternatively, cells were lysed in 1% Triton buffer for
immunoprecipitation (1% Triton X-100, 150 mM NaCl, 10 mM Na
phosphate, pH 7.2, PIC, 20 mM NaF, 2 mM Na3VOy). Cleared lysates
were incubated with protein G Dynal beads (Invitrogen) prebound
with antibodies against myc (9E10, Upstate) or aromatase (677
mAD) [19]. Beads were washed, immunoprecipitated protein was
eluted using reducing sample buffer, and protein was used for
Western blotting. Blots were probed with Abs against myc (9E10),
actin (Sigma), and aromatase (a gift of N. Harada, Shiga University,
Japan).

2.3. 32p labeling studies

HEK-293T cells were transfected with mArom-myc-
his/pcDNA3.1 using Fugene6 (Roche). Phosphorylation studies
are based on the methods described in ref. [20]. The day follow-
ing transfection, medium was changed to PO4-free DMEM + 10%
dialyzed FBS (Gibco). The next morning, cells were metabolically
labeled with 32P-orthophosphate (1-2.5mCi/dish) in fresh PO4-
free medium x 3-4 h. Cells were lysed in 1% Triton buffer and used
for immunoprecipitation as above, followed by SDS-PAGE.

For phospho-amino acid analysis, protein was transferred to
PVDF membrane. After autoradiography, bands corresponding to
32p_labeled aromatase were cut from the membrane. Hydrolyzed
amino acids were mixed with non-radioactive phospho-amino
acid controls and separated by electrophoresis on TLC plates
(EMD chemicals). 32P-phospho-amino acid content of aromatase
was determined by autoradiography and comparison to phospho-
amino acid controls.

For 2-D phosphopeptide mapping studies, protein was trans-
ferred to nitrocellulose membrane. After autoradiography, 32P-
labeled aromatase bands were cut from the membrane and
incubated with 2 g trypsin (TPCK, Promega) in 50 mM ammonium
bicarbonate overnight. Peptides were oxidized with performic
acid x 1h on ice, lyophilized, and separated on TLC plates in
pH 19, 4.72, 6.5, and 8.9 electrophoresis buffers, followed
by chromatography in phospho-chromatography buffer [20]. e-
Dinitrophenyllysine (dnpLys) and xylene cyanol FF were used as
control dyes. Phosphopeptides were located by autoradiography.
Relative electrophoretic (Emobil) and chromatographic (Cmobil)
mobility values were calculated as described [21]. Briefly, Emobil

of the aromatase phosphopeptide was calculated relative to Emo-
bil of dnpLys (charge x mass—2/3 of dnpLys=0.0217). Cmobil was
calculated as the ratio of migration distance of the aromatase phos-
phopeptide relative to dnpLys.

A theoretical 2-D phosphopeptide map of an aromatase tryp-
tic digest was generated using the Mobility 2006 program
(www.genestream.org). Phosphorylation sites were also predicted
using NetPhosK1.0 [22] and NetPhos2.0 [23] programs.

2.4. Aromatase activity assay

COS-7 cells were transfected in triplicate with mArom-myc-
his/pcDNA3.1 using Fugene6. Aromatase activity was assayed using
the 3H-water release assay [11,24]. Cells were labeled with [13-
3H]-androst-4-ene-3, 17-dione (AD, PerkinElmer, 0-100nM AD
in 1.5mL medium x 3 h) in IMEM + 10% dextran-coated charcoal-
treated (DCC)-FBS (Hyclone). Five hundred microliters of medium
was harvested from each well, and the reaction was terminated by
the addition of 150 L 50% TCA. Samples were centrifuged x 1 min,
and 500 pL of supernatant was added to 1 mL chloroform. Samples
were mixed, centrifuged x 1 min, and 350 wL of supernatant was
added to 350 L of 2.5% activated charcoal suspension. Samples
were incubated with agitation x 1h, centrifuged, 500 wL of super-
natant was added to 5mL of scintillation cocktail, and 3H-water
content was measured with a scintillation counter. Cell monolay-
ers were washed with PBS, lysed in NP-40 lysis buffer, centrifuged,
and protein content was determined using BCA assay (Pierce). Aro-
matase activity was calculated as pmol of AD metabolized per
mg of protein per hour. Whole cell lysates were used for West-
ern blotting as above, and enzymatic activity was normalized to
aromatase protein levels as determined by densitometry of West-
ern blots. Normalized aromatase activities are plotted as mean of
triplicates +S.D. (Fig. 6C). Km and Vmax values were calculated
by extrapolation of Lineweaver-Burk plots (x-axis=1/substrate
concentration; y-axis = 1/velocity), where x-intercept = —1/Km, and
y-intercept =1/Vmax (Fig. S3).

3. Results
3.1. Aromatase is phosphorylated at a single serine residue in situ

We analyzed myc-tagged murine aromatase immunoprecipi-
tated from transfected HEK-293T cells metabolically labeled with
32p_orthophosphate. As depicted in Fig. 1, a 32P-labeled protein was
detected at the correct MW for aromatase-myc (54 kDa by Western
blotting) in cells transfected with a vector encoding aromatase-myc
(lane 2). Cells transfected with an empty vector control (lane 1)
showed no 32P-labeled, immunoprecipitated protein in the region
of 50kDa. We further explored this 32P-labeled aromatase pro-
tein by phospho-amino acid analysis to determine which amino
acid is phosphorylated. Comparison with non-radioactive controls
indicated that aromatase contains phosphoserine (Fig. 2).

To determine the number of phosphorylation sites on
aromatase, 2-D phosphopeptide mapping of trypsin-digested, 32P-
labeled aromatase was used. The presence of a single 32P-labeled
spot (Fig. 3A) suggests that aromatase is phosphorylated at a sin-
gle site; however, this approach does not rule out the possibility of
multiple proximal phosphoserine sites within the same phospho-
peptide.

3.2. Serine-118 is a candidate aromatase phosphorylation site
Predictive and experimental approaches were used to deter-

mine the site of aromatase phosphorylation. A theoretical 2-D
phosphopeptide map was generated from a tryptic digest of
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Fig. 1. Aromatase is phosphorylated in intact mammalian cells. HEK-293T cells
transiently transfected with a pcDNA control vector (lane 1) or a vector encod-
ing myc-tagged murine aromatase (lane 2) were metabolically labeled with
32p-orthophosphate. Myc-aromatase was immunoprecipitated and subjected to
SDS-PAGE. Autoradiogram is shown on top. Membrane was then used for Western
blotting and probed with myc Ab (bottom). MW markers are noted at left.

aromatase using the Mobility 2006 program (Fig. 3B). The serine-
containing peptides with predicted electrophoretic (Emobil) and
chromatographic (Cmobil) mobility values similar to those of the
aromatase phosphopeptide (Fig. 3A) are encircled and include
residues S110, S114, S118, S247, S267, S478, S493, S497.

To further define the aromatase phosphopeptide, we performed
2-D phosphopeptide mapping using electrophoresis buffers of dif-
ferent pH. The charge of a peptide may change and can be predicted
at a given pH. At pH 1.9, 4.72, 6.5, and 8.9, the aromatase phos-
phopeptide was positively charged, neutral, slightly negatively
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Fig. 2. Aromatase contains phosphoserine. HEK-293T cells expressing aromatase
were labeled with 32P as in Fig. 1. 32P-labeled aromatase was used for
phospho-amino acid analysis. Autoradiogram of 32P-labeled amino acids is shown.
Non-radioactive phospho-amino acids were used as controls, and their locations
are noted (P-Tyr, P-Thr, P-Ser). ‘Pi’ represents free phosphate, and ‘partials’ denotes
partially hydrolyzed phosphopeptides. ‘+’ denotes site of sample application.
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Fig. 3. Aromatase is phosphorylated at a single site. (A) HEK-293T cells expressing aromatase were labeled with 32P as in Fig. 1. 32P-labeled aromatase was digested with
trypsin and used for 2-D phosphopeptide mapping. Autoradiogram of 32P-labeled peptide is shown. Dnp-Lys and xylene cyanol dyes were used as controls for electrophoresis
and chromatography. Locations of spotting of tryptic digest (‘ori’+) and marker dyes (+) are noted. Relative electrophoretic and chromatographic mobility values (Emobil,
Cmobil) were calculated as in Section 2. (B) Theoretical Emobil and Cmobil of potential phosphoserine-containing peptides were calculated using Mobility 2006 program.
Candidate phosphopeptides with predicted mobilities similar to those found in (A) are encircled (include serines: S110, S114, S118, S247, S267, S478, S493, S497).
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Fig. 4. Charge behavior of aromatase phosphopeptide changes with pH. HEK-293T
cells expressing aromatase were labeled with 32P as in Fig. 1. 32P-labeled aromatase
was digested with trypsin and used for 2-D phosphopeptide mapping, using buffers
of different pH (1.9, 4.72, 6.5, 8.9) for the electrophoretic dimension. Autoradio-
grams of 32P-labeled peptide are shown. Cathode (+) and anode (—) are shown at
top, neutral (0) is marked with center line.

charged, and negatively charged, respectively (Fig. 4). This pattern
of charge behavior was compared to the charges of peptides pre-
dicted from trypsin digestion (Mobility 2006 program) (Fig. S1).
Candidate phosphopeptides include the serinyl residues S72, S118,
$238, and S247. We also used the NetPhos2.0 program [23] to pre-
dict phosphorylation sites on aromatase (Fig. S2), where residues
$90, S101, S118, S167, S182, S247, S267, S478, S493, and S497 scored
highly.
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We selected the most likely serine phosphorylation sites based
on the above findings and made phospho-inhibiting mutants by
changing Ser — Ala at S118, S238, and S247. HEK-293T cells tran-
siently expressing wild-type (WT) or mutant aromatase were
metabolically labeled with 32P as in Fig. 1. The S118A aromatase
mutant showed a drastic decrease in 32P incorporation, suggesting
that S118 is critical for aromatase phosphorylation (Fig. 5A). The
$238A and $247A mutations had no effect on 32P incorporation. We
verified that the S118 A mutation decreased aromatase phosphory-
lation but still permitted protein expression by Western blotting
prior to autoradiography (Fig. 5B).

3.3. Phosphomimetic mutation of Serine-118 decreases
aromatase enzymatic activity

Mutating phosphorylation sites can be used to mimic or
inhibit the effects of phosphorylation on protein function. The
phospho-inhibiting Ser — Ala mutation blocks the effects of phos-
phorylation, while the phosphomimetic Ser — Asp/Glu mutation
has a more limited usefulness and only sometimes mimics phos-
phorylation effects [25]. We therefore analyzed the effects of
Ser — Ala and Ser — Asp mutations at S118 on aromatase. West-
ern blotting of lysates from HEK-293T cells transiently expressing
WT or mutant aromatase showed that both S118A and S118D
mutations conferred decreased protein stability (Fig. 6A). This sug-
gests that the S118 residue may play a more general, structural
role.

We then performed kinetic analyses of the effects of S118A and
S$118D mutations on aromatase enzymatic activity. We expressed
WT, S118A, and S118D aromatase cDNA in E. coli [26-28], but
only the WT aromatase preparation yielded protein, indicating
that the S118 mutants were also unstable in bacteria. Instead, we
evaluated enzymatic activity in transfected COS-7 cells, and nor-
malized enzymatic activity to total amounts of aromatase protein
as determined by densitometry of Western blots (Fig. 6B and C).
We found that the S118A mutant showed increased specific enzy-
matic activity relative to WT aromatase control, while the S118D
mutant showed decreased activity vs. WT control. Km and Vmax
were calculated by extrapolation of Lineweaver-Burk plots (Fig. S3).
The S118A mutant had lower Km (4.03 nM) and increased Vmax
(16.13 pmol/mg/h) compared to the WT enzyme (Km=14.11 nM;
Vmax = 8.93 pmol/mg/h), while the S118D mutant showed a higher
Km (19.15nM) and decreased Vmax (3.55 pmol/mg/h). Therefore,
phosphomimetic mutation of S118 decreases aromatase activity
and may decrease androstenedione substrate affinity. Alternatively,
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Fig. 5. Serine-118 is a candidate aromatase phosphorylation site. (A) HEK-293T cells expressing wild-type (WT) or mutant (S118A, S238A, S247A) aromatase were labeled
with 32P as in Fig. 1. Immunoprecipitated aromatase was subjected to SDS-PAGE. Autoradiogram is shown. MW markers are noted at left. Arrow denotes myc-aromatase.
(B) Same as in (A), except Western blotting for myc-tagged aromatase was performed prior to exposure for autoradiogram. Images were taken from the same film and are

exposure-matched.
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Fig. 6. S118 mutants exhibit decreased stability and altered enzymatic activity. (A) HEK-293T cells were transfected with WT or mutant (S118A, S118D) aromatase. Cell lysates
were used for Western blotting. Equal amounts of protein were loaded in each lane. Blots were probed for myc-tagged aromatase and actin. Images were taken from the
same film and are exposure-matched. MW markers are shown at left. (B) COS-7 cells were transfected and analyzed by Western blotting as in (A). (C) COS-7 cells transfected
at the same time as in (B) were used to measure aromatase enzymatic activity by the >H-water release assay. Data are presented as pmol/mg/hr following normalization to
aromatase protein levels as determined by densitometry of Western blots in (B), mean of triplicates 4-S.D. Km and Vmax were calculated by extrapolation of Lineweaver-Burk

plots as described in Section 2.

the S118 mutant proteins may fold differently than WT aromatase,
which could also affect function.

3.4. Phosphorylation of endogenous aromatase in JEG-3 cells

We sought to determine whether endogenous aromatase is also
phosphorylated in mammalian cells. We immunoprecipitated myc-
tagged murine aromatase or untagged human aromatase from
32p_labeled, transfected HEK-293T cells, or from JEG-3 human
choriocarcinoma cells which endogenously express aromatase.
Untagged aromatase is expected to run at a slightly lower MW
(50 kDa, Fig. S4) than myc-tagged aromatase (54 kDa). We detected
32p_labeled proteins in lanes 2, 3, and 4 which are at the correct
MW of respective aromatases (Fig. 7), while lane 1 (IP from vector
control-transfected cells) showed no 32P-labeled protein. Although
we demonstrated that the aromatase Ab selectively immunopre-
cipitates aromatase (Fig. S4), we cannot exclude the possibility that
this Ab non-specifically immunoprecipitated another phosphory-
lated, 50kDa protein from JEG-3 cells. These data indicate that
untagged human aromatase is phosphorylated in transfected cells,
and endogenous aromatase may also be phosphorylated in JEG-3
cells.

4. Discussion

Post-translational modifications, including phosphorylation,
glycosylation, ubiquitination, and nitration, have been described for
cytochromes P450 [29]. Phosphorylation of several P450 enzymes
(CYP2B1, CYP2B2, CYP2E1, CYP2B4, and CYP reductase) has been
proposed as a means to promptly modulate enzymatic activity
or target them for degradation (reviewed in ref. [30]). A role for
rapid modulation of aromatase activity is suggested by its localiza-
tion to neuronal presynaptic terminals [16], where estrogens have
a putative role as neurotransmitters [31]. Rapid changes in local
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Fig. 7. Phosphorylation of endogenous aromatase. HEK-293T cells transiently trans-
fected with vectors encoding WT murine (myc-tagged), untagged human aromatase,
or vector control (pcDNA), and JEG-3 choriocarcinoma cells were metabolically
labeled with 32P as in Fig. 1. Myc-tagged murine aromatase (myc Ab) and untagged
human aromatase (aromatase 677 Ab) were immunoprecipitated and subjected to
SDS-PAGE. Autoradiogram is shown. MW markers are noted at left. Arrows denote
aromatase.
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estrogen levels in mouse brain have been linked to aromatase activ-
ity, where injection of aromatase inhibitors quickly altered male
sexual behavior [32]. Estrogens have also been shown to modu-
late non-genomic intracellular signaling pathways [33,34], which
may require strict control of local estrogen levels. In contrast, a role
for aromatase phosphorylation in targeting protein for degradation
seems unlikely. Mutation of S118 to either Ala or Asp destabilized
aromatase. Given that the half-life of aromatase in cells is rather
long (28 h) [35], it is improbable that phosphorylation is a major
mechanism in aromatase turnover.

Predictive modeling suggests that S118 lies within the 1-5
B-strand of aromatase [36], adjacent to the putative substrate
recognition site-1. Cytochromes P450 have six common substrate
recognition sites which comprise the active site of each enzyme
[37]. Analysis of the substrate-bound aromatase-androstenedione
complex showed that K119 is part of the active site [36]. It is there-
fore conceivable that phosphorylation at S118 may affect the ability
of aromatase to bind substrate and/or catalyze estrogen synthe-
sis. Indeed, the phosphomimetic S118D aromatase mutant showed
decreased specific enzymatic activity, with reduced Vmax and
increased Km relative to WT aromatase, while the S118A phospho-
inhibiting mutant showed the opposite properties (Fig. 6C).
Wild-type aromatase showed Vmax and Km values in between
those of the S118A and S118D mutants, suggesting that phospho-
rylated and non-phosphorylated WT protein species may exist
simultaneously. However, we cannot exclude the possibilities that
the S118 mutations altered enzymatic activity through effects on
protein folding, or that the S118D mutation is not an accurate mimic
of S118 phosphorylation [25]. Alignment of the aromatase sequence
with that of bacterial cytochromes P450BM3 and P450cam, hav-
ing known 3-D structures, suggests that F116 lies in the active site.
Site-directed mutagenesis of F116 rendered aromatase inactive,
suggesting that mutation of this region may cause improper protein
folding or substrate binding. Alternatively, mutation of F116 may
inhibit aromatase binding to reductase, since the putative reductase
binding site is on this side of aromatase [38]. These observations
support our findings that S118 lies within a critical region of aro-
matase, and mutation of S118 alters enzyme stability and activity.

Here we provide the first demonstration that aromatase is
phosphorylated in cells at S118. Balthazart et al. detected quail
aromatase phosphorylation in vitro in brain homogenates at Ser,
Thr, and Tyr residues by Western blotting using phospho-amino
acid-specific antibodies [17]. Our use of metabolic 32P-labeling of
aromatase may have generated a different pattern of phosphoryla-
tion, or there may be different kinases involved in our intracellular
system. Also, the interspecies amino acid sequence differences may
explain in part the observed differences in phosphorylated amino
acids. Although the aromatase amino acid sequence is fairly con-
served [39], interspecies differences affect glycosylation, substrate
affinity, and substrate turnover [13].

The aromatase amino acid context surrounding S118 is highly
conserved across diverse animal species (Fig. S5 and [39]). The
conserved Arg at the -3 position relative to S118 suggests that an
AGC-like kinase (cAMP-dependent protein kinase/ protein kinase
G/ protein kinase C extended family) may phosphorylate aromatase
(e.g. PKA, PKB/AKT, PKC). The NetPhosK1.0 program [22] predicted
S118 to be a PKC site. We treated cells with chelerythrine CI or
phorbol 12-myristate 13-acetate (PMA) to respectively inhibit or
activate PKC, but mild effects on aromatase activity varied between
cell types, and PMA did not induce phosphorylation (not shown).
Balthazart et al. found that Ca2*-dependent PKC (and possibly PKA
and CAMK) activity can downregulate aromatase activity in brain
homogenates [17]. Their results agree with our finding that the
S$118D aromatase phosphomimetic mutant showed decreased spe-
cific enzymatic activity (Fig. 6C).

We have shown for the first time that aromatase is post-
translationally modified by phosphorylation in intact cells. The
roles of estrogens in diverse non-genomic, membrane-initiated,
and neurotransmitter signaling mechanisms [40,41] present a
case for rapid modulation of estrogen levels via phosphorylation-
dependent regulation of intracellular aromatase function and/or
protein levels. Our findings bring to light two important ques-
tions: which kinase(s) is implicated in aromatase phosphorylation,
and what role(s) does phosphorylation play in aromatase regu-
lation? Addressing these issues will further our understanding
of how cells control estrogen production, and provide insight
into disease mechanisms whereby kinase signaling pathways
may alter aromatase phosphoregulation and subsequent hormone
levels.
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