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Abstract

Aromatase (P450arom, CYP19) catalyzes the aromatization reaction that converts androgens to estrogens. Although human P450arom
has been readily purified from placenta, its hydrophobic properties and instability has hampered detailed characterization. Utilizing a
N-terminal replacement (MARQSFGRGKL, derived from CYP2C11), we successfully modified this unstable enzyme into stable forms.
Based on a known polymorphism, we created two constructs, NmA264C and NmA264R having cysteine or arginine at position 264.
The recombinant P450arom NmA264R was expressefsicherichia coli(350—400 nmol/L culture) primarily by coexpression with
molecular chaperones GroES/GroEL while NmA264C was expressed (240 nmol/L culture) only in the presence of chloramphenicol.
Although NmA264C was recovered only in the membrane fraction, approximately 14% of NmA264R was recovered in the cytosolic
fraction, suggesting that NmA264R is more hydrophilic than NmA264C. NmA264R was highly purified to the specific content 13.6 nmol
P450/mg protein. Purified P450arom NmA264R converted androstenedione to estrodgayit?.4 nmol/(min nmol) an&, 0.26.M,
and testosterone to estradiol With,ax 52.2 nmol/(min nmol) an&, 10.9M. Because of the increased stability of NmA264R, we could
unambiguously determine properties of human P450arom by optical and electron paramagnetic resonance spectroscopy. The purified
protein was a typical low-spin form, which was converted to a high-spin form when androstenedione was added. The rhombicity of
substrate-bound forms was higher than that reported for other P450s, an interesting characteristic of human P450arom. The highly stable
and active P450arom NmA264R sets the stope for detailed structure/function analyses of this important member of the P450 superfamily.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction its involvement in essential physiological events and correla-
tion with estrogen-related disease. In particular, breast can-
Estrogens are produced by aromatization of androgenscer is correlated with the local production of estrogen from
in peripheral tissues by aromatase (P450arom, the producthe aberrant expression of P450arom in adipose stromal cells
of the CYP19gene), a member of the cytochrome P450 [12], which has led investigators in the related fields to de-
superfamily. This enzyme is widely distributed in gonads velop potent and specific aromatase inhibitors as drugs for
and extragonadal tissues, including ovary, testis, brain, skin,management of breast cancer in post-menopausal women.
and adipose tissugl,2]. In pre-menopausal women, the P450arom converts androstenedione and testosterone to
ovaries are the principle source of estrogen. However, in estrone and estradiol. The stoichiometry of the reaction was
post-menopausal women and in men, estrogen is produced irshown to be 3 mol of oxygen and 3 mol of NADPH for each
a number of extragonadal sites where it acts locally, includ- mol of estrogen formeflL3]. The first and second oxidative
ing the mesenchymal cells of adipose tisg)d], osteoblasts  steps occur at the 19-carbon of androgens. The final oxi-
and chondrocytes of bor{-7], the vascular endothelium dation provides the trigger for concerted elimination of the
and aortic smooth muscle ce[8,9], and numerous sites in  oxidized C19 residue as formic aditi] together with stere-
the brain[10,11] P450arom is of great interest because of ospecific elimination of the@.and 2 hydrogen atoms from
the A-ring [15,16] The mechanism of the complex third
step remains obscure. Unlike other reactions catalyzed by
_ ; , P450 enzymes, carbon monoxide (CO) does not inhibit the
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Detailed characterization of P450arom is of interest not GAGAAACTG-3 and a reverse primef FCCTGCGATC-
only because of the complex nature of the aromatization TTTTTTCTGCTATCAGAACTTCTATGGCATCTTTC-3.
reaction, but also because of the importance of developingThe nucleotide sequences were determined by automated
potent inhibitors for use in the treatment of breast cancer sequencing.
and other estrogen-related diseafgs Human P450arom
has been purified and characterized from placenta by several-2. Expression and extraction of P450arom
groups[18-24] Because of its instability, this membrane
protein has required presence of detergents and substrates We used a small culture (25ml) for examination of the
throughout purification steps. Furthermore, determination of expression level and a large one (250 ml) for protein prepa-
P450 content during purification was unusual in that the ration. We describe here the 250 ml culture as our standard
presence of 19-norandrostenedione but not androstenediongnethod.E. coli DH5a cells transformed with the expression
allowed carbon monoxide to ligate the heme-ifag]. The plasmids were incubated at®7 overnight in 5ml TB me-
hydrophobic nature and unusual instability has hampereddia supplemented with 100g/ml ampicillin. The overnight
obtaining sufficient quantities of highly purified P450arom culture (2 ml) was diluted into 250 ml TB media in 3L cul-
for detailed structure-function studies. Heterologous expres-ture flask and incubated for 4h at 32. After addition
sion of cDNA clones encoding the human P450a{2f)27] of 1mM IPTG, 1 mM&-aminolevulinic acid (a heme pre-
utilizing baculovirus[28-32] and Escherichia coli[33,34] cursor), and Jrg/ml chloramphenicol for induction of cold
systems with and without modification has been studied for stress response or 4 mg/ml arabinose for induction of molec-
ease of purification of human P450arom. However, the ex- ular chaperones GroES/GroEL, the culture was further in-
pression levels were too low to obtain large amounts of hu- cubated at 28C for 38 h.
man P450arom. Cells were harvested by centrifugation and treated on ice

Expression conditions of more than 60 microsomal mam- for 30 min with 0.5 mg/ml lysozyme in a buffer containing
malian P450s irE. coli suggest that deletion of the mem- 50mM Tris—HCI (pH 7.2), 250 mM sucrose, and 0.5mM
brane anchor and replacement of the “basic-region” with EDTA [42]. After centrifugation, spheroplasts were soni-
that of a well-expressed P450 can facilitate the expressioncated in buffer A (100 mM potassium phosphate (pH 7.4),
of those forms originally found difficult to express . 500 mM sodium acetate, 0.1 mM EDTA, 0.1mM DTT, 20
coli [35]. Further, we have shown that the use of cold stress % glycerol, 1.5% sodium cholate, 1.5% Tween 2QM an-

[36] and osmotic stress respon&Y] in E. coli can facil- drostenedione, and 1M phenylmethylsulfonyl fluoride
itate expression of heterologous proteja8,39] Utilizing (PMSF)). The cell lysates were centrifuged at 95,000 rpm for
the accumulated knowledge f&: coli expression systems, 10min (Beckman TL-100 ultracentrifuge, TLA-100.4 rotor)
human P450arom has been efficiently expresses. iooli and supernatants were pooled for the purification after de-
by N-terminal replacement and the induction of cold stress termination of total proteins using the BCA protein assay
response by chlorampheniddi0]. We have now compared kit (Pierce) and P450 content by the reduced CO-difference
the expression of two forms of human P450arom created spectrun40]. To isolate the cytosolic and membrane frac-
based on a known polymorphism leading to an amino acid tions, spheroplasts were sonicated in the buffer A without
difference at position 264, cysteine or arginine. This differ- detergents and centrifuged at 95,000 rpm for 10 min. Af-
ence was found to alter the pattern of expressioB.icoli. ter separation of supernatants as cytosolic fractions, pel-
The N-terminal modified P450arom having arginine at 264 lets were again sonicated in the buffer A containing the
(NmA264R) can be efficiently expressedtn coli and pu- detergents and centrifuged in the same manner. The su-
rified as a stable form which can be studies catalytically and pernatants were analyzed as solubilized membrane frac-
by biophysical techniques. tions.

2.3. Purification of expressed P450arom
2. Materials and methods
All column chromatography were carried out using
2.1. Construction of P450arom-expression plasmids Econo-Column 2.5cm i.d. (Bio-Rad) with gravity flow.
The E. coli extracts (approximately 4.6 g total protein from
The GroES/GroEL expression plasmid pGrol2 was 4 x 250ml culture that contained 390 nmol P450) were
obtained from Dr. T. Yura, HSP Research Institute, Ky- applied on a Ni-NTA agarose column (20 ml packed-bed
oto [41]. Polymorphism of CYP19 was searched in the volume) equilibrated with buffer A and washed with 4 vol
NCBI databank, SNP program. The expression plas- of buffer A plus 16 mM imidazole. After washing with 1 vol
mid NmA264CpCW was previously describgd0]. The of buffer B (70 mM potassium phosphate (pH 7.4), 0.1 mM
NmA264RpCW was created by site-directed mutagenesisEDTA, 0.1 mM DTT, 20% glycerol, 0.5% sodium cholate,
using Quick Change (Stratagene) and NmA264CpCW as 1% Emulgen 913, 1% Tween 20,,.M androstenedione,
a template. The mutagenic primers were a forward primer and 10QuM PMSF), proteins were eluted at 0.5ml/min
5-ATAGCAGAAAAAAGACGCAGGATTTCCACAGAA- of flow rate with buffer C (100 mM imidazole-acetate (pH
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7.4), 0.1mM EDTA, 0.1mM DTT, 20% glycerol, 0.6%
sodium cholate, 1% Emulgen 913, 1% Tween 2@M
androstenedione, and 108 PMSF). The dark red frac-
tions were pooled and loaded at 0.5ml/min of flow rate

237
2.5. Electron paramagnetic resonance (EPR) spectroscopy

Measurement of EPR was carried out at X-band
(9.22 GHz) microwave frequency by using a Varian E-12

on a DEAE-Sepharose Fast Flow (Amersham PharmaciaEPR spectrometer equipped with an Oxford Instruments

Biotech) column (20 ml packed-bed volume) equilibrated
with buffer B without androstenedione, and the column was
washed at 0.5 ml/min of flow rate with buffer B without

ESR-900 continuous flow cryostat syste@b,46] The
detection of ferric heme species was performed under the
condition, 10 mW microwave power, 100 kHz field modu-

androstenedione. The pass-through fractions were dilutediation with 0.1 mT amplitude, and temperature at 15 or 5K.

with 1 vol of a solution (0.1 mM EDTA, 0.1mM DTT,
20% glycerol, 0.6% sodium cholate, and 1% Tween 20)

that is adjusted to pH 7.4. The diluted sample was applied

on a hydroxyapatite (Bio-Rad) column (15 ml packed-bed
volume) equilibrated with the buffer D (30mM potas-
sium phosphate (pH 7.4), 0.1 mM EDTA, 0.1mM DTT,
20% glycerol, 0.6% sodium cholate and 1% Tween 20).
The column was washed with 4vol of buffer D to re-
move P420 and eluted at 0.2ml/min of flow rate with a
linear gradient (100 ml) of 30—200 mM sodium phosphate
(pH 7.4) that contained 0.1mM EDTA, 0.1mM DTT,
20% glycerol, 0.6% sodium cholate, and 1% Tween 20.
P450arom (NmA264R) was eluted at 70-120 mM sodium
phosphate, yielding 32-38% recovery of P450 from the
starting extracts. The fractions (higher thanpy®@ P450)
were pooled and frozen in liquid nitrogen for storage at

—80°C. Because imidazole binds heme-iron and interferes

with determination of P450 by reduced CO-difference spec-
trum, P450 content was determined only in the starting
extracts and fractions obtained from the hydroxyapatite
column. During the purification steps, therefore, red col-
ored fractions were collected without monitoring absorp-
tion.

2.4. Reconstitution and measurement of
aromatase activity

Aromatase activity was reconstituted with purified rat
P450 reductase expressedEn coli [43,44] The standard
assay was performed at 3€ using 3 pmol P450arom,
7.5pmol P450-reductase in 6p0 reaction buffer con-
taining 50 MM potassium phosphate (pH 7.4), \30
dilauroyl-phosphatidylcholine (DLPC), 1 mM glutathione.
The reaction was initiated by addition of NADPH (1 mM
final). The radioactive substrates, Y4€]-androstenedione
and [41“C]-testosterone were purchased from American
Radiolabeled Chemicals Inc. At each time point, W00
reaction mixture was transferred into 1000f 5M guani-
dine thiocyanate and extracted twice with 1ml of toluene.

The toluene extracts were combined, dried under air, and

dissolved in 5Qul ethanol. The reaction products were
displayed on a thin layer chromatographic plate (PE SIL
G, Whatman) with ethyl acetate/dichloromethane 4:6 for

The rhombicity values were calculated as 6:2%g. — 9y)
[47].

2.6. Other methods and materials

Results presented are from a representative experiment
and each experiment was performed at least three times to
yield comparable results. Bacto Tryptone and Bacto Yeast
Extract Technical were purchased from Difco. Spectral data,
kinetic parameters, and statistics were analyzed using a soft-

ware lgor Pro 4.0 (Wavemetrix Inc.).

3. Results
3.1. Comparison of two forms of human P450arom

Based on a known polymorphism of human P450arom,
amino acid 264 can be cysteine (previously expressed form
NmA264C [40]), histidine, or arginine. The hydrophilicity
profile of Nm264C shows a peak value of 1.60 in the G-H
loop at position R265Kig. 10). The highest hydrophilic
peak of this protein is at D290 (peak value 2.3) in the H-I
loop. When the C264 is replaced by arginine, the peak
value at R265 is 2.38. To examine whether this difference in
hydrophilicity profiles might influence expression, the two
forms of human P450aronkig. 1A and B were expressed
in E. coli. Both contained a C-terminal 4xHis-tag. As shown
in Fig. 2 NmA264C was expressed in the presence of
1 ng/ml chloramphenicol (240 nmol/l culture), and no de-
tectable P450 was recovered in cytoplasmic fractions. The
coexpression of GroES/GroEL was not effective for enhanc-
ing the expression of NmA264C. In contrast, the expression
of NmA264R was greatly enhanced by the coexpression
of GroES/GroEL to reach the level of 400 nmol/l culture
although it was not enhanced by chloramphenicol. The
NmA264R was recovered in both cytoplasmic (4%)
and membrane fractions (86 6%), suggesting decreased
hydrophobicity compared with NmA264C. Because of the
higher expression level and decreased hydrophobicity, we
have used NmA264R for further studies.

androstenedione and 3.5:6.5 for testosterone. The reactior8.2. Purification of human P450arom NmA264R
was analyzed using both phosphorimager (Personal Molec-

ular Imager FX, Bio-Rad) and liquid scintillation counter
(Wallac 1409, Pharmacia).

Because a portion of NmA264R was recovered in cyto-
plasmic fractions, this protein might be purified without de-



238 N. Kagawa et al./Steroids 69 (2004) 235-243

A. N-Terminus of Expressed P450arom NmAZ64C
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Fig. 1. Sequences of expression constructs. (A) Schematic comparison
of human P450arom and the N-terminal sequence of the expression con-
structs. In the expression constructs, the first 46 N-terminal amino acids
of human P450arom (human NmA) were replaced by MARQSFGRGKL
(boxed) from rat CYP2C1[64]. (B) The difference in amino acid and nu-
cleotide sequences between NmA264R and NmA264C. (C) Hydrophilic- ]
ity plots of NmA264C and Nm264R determined by Protean (DNASTAR) ‘%0'01 /
are compared. The schematic structure below the plots shows predicted |/ ¥ Cytosol
locations ofa-helices[65]. S I
400 450

tergent. Therefore, the cytoplasmic fractions of NmA264R Fig. 2. Expression levels of two forms of human P450arom and distribution
were applied on a Ni-NTA column for purification. How- between cytoplasmic and membrane fractions. The human P450arom was
ever, elution of this protein in the P450 form required deter- expressed in 25ml cultures as describedSiction 2 Chloramphenicol

. . . (1 pg/ml) or arabinose (4 mg/ml) was added simultaneously with IPTG and
gents. Therefore, we solubilizeg. coli spheroplasts with 3-aminolevulinic acid. After 38 h incubation at 28, 10 ml of cultures

detergent-containing buffer by sonication for purification of were harvested and the expression levels of P450 determined by reduced
total P450arom using Ni-NTA agarose, DEAE-Sepharose, CO-difference spectra.

and hydroxyapatite column chromatography. NmA264R

was purified in the absence of substrates to the specificof intermediates or side-products measured by either phos-
content 13.4 nmol P450/mg protein (the theoretical specific phorimaging or scintillation counting. Testosterone was also
content 18.4nmol P450/mg protein), suggesting approxi- predominantly converted to estradiol. Michaelis—Menten
mately 73% in purity. The purified P450arom showed the analysis of the aromatization reaction suggests that the
major band at molecular weight 51 kDa (54.4 kDa deduced human P450arom prefers androstenedione to testosterone
from the primary sequence) with a minor contaminant at as a substrate at lower concentration of androgéig. (
higher molecular weightHig. 3A). Although the reduced  4B). The kinetic parameterk, and Vimax were 0.26.M

form of this protein was unstable, the reduced CO-complex and 12.4 nmol/(minnmol) P450 for androstenedione, and
of P450arom NmA264R was stable in the absence of 10.9uM and 52.2 nmol/(minnmol) P450 for testosterone
19-norandrostenedione ox-naphthoflavone, showing a (Table ). The kinetic parameters obtained from this study
peak at 449nm in the reduced CO-difference spectrum and previous studigd8,21]vary from one another, perhaps
without a detectable shoulder at 420 nirig( 3B). due to differences in assay conditions.

3.3. Activities of the purified P450arom 3.4. Optical spectroscopic properties of human P450arom

Because the engineered protein might produce unexpected In previous reportgl8—24] substrates were used through-
side-products, the aromatization reaction was displayedout purification steps of P450arom for stabilization, which
on a TLC plate instead of utilizing théH-H,O detection made it difficult to characterize the substrate-free form of
method[48]. Aromatization activities were analyzed using P450arom. In this study, P450arom NmA264R purified in
[4-1%C]-labeled substrates. As showrfiiy. 4A, androstene-  the absence of substrates was sufficiently stable for analysis
dione was converted to estrone without detectable amountsof spectral properties. Substrate-free P450arom exhibits a
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Fig. 3. Properties of purified NmA264R. (A) Purified NmA264R was dis- 2 1
played on a SDS—polyacrylamide gel (10%) and visualized by Coomassie -
brilliant blue staining. (B) Reduce CO-difference spectrum of an eluted 0.08+
P450arom (NmA264R) from a hydroxyapatite column determined as de- |
scribed in Section 2 Because the reduction of this P450 by sodium
dithionite was relatively slow, the sample was scanned several times until 0.04- *
the absorbance at 450 reached a maximum.
Soret maximum at 417 nny-band at 570 nm, anfl-band 0'006'0 o7 o4 o6 oe
at 537 nm, indicating that the majority of heme-iron of the ' ) ' ’ '
: g jority (B) 1/8 (uM1)

purified P450arom is in a typical low-spin statéid. 5).

The values are consistent with those obtained with the Fig. 4. Aromatization reaction of human P450arom. (A) P450arom
9-hydroxy«-naphthoflavone ligated form reported by Kel- (3pmol) was mixed with NADPH-dependent P450 reductase (7.5 pmol)

lis and Vickery[21]. The Soret peak was shifted to 395nm and 14C-labeled androstenedione (0.82nmol) in the reaction buffer
and a charge-transfer band at 645 nm appeared upon addi§0.65 ml) described irSection 2 After addition of NADPH (10Q.M),
the reaction mixture (0.1 ml) was transferred into a new tube, extracted,

tion of androstenedione, indicating a typical high-spin state and sterols were displayed on a TLC plate, visualized by a phospho-

induced by substrates.

rimager. And, androstenedione; 19-OH-And, 19-hydroxyandrostenedione.

Spectral properties induced by aromatase inhibitors were (B) Amounts of radioactive compounds on TLC plates determined by a

also investigated. Similar to androstenedione, 4-hydroxy-
androstenedione (4-OH-And ifig. 5), a steroidal aro-

Table 1
Activities of human P450arom
Km (nM) Vimax Reference
(nmol/(min nmol))
Androstenedione 0.26- 0.03 12.4+ 0.2 This study
0.06 5.8 [21]
0.0014 37 [18]
0.1 14 [28]
Testosterone 10.9 24 52.2+ 8.8 This study
0.21 5.2 [21]

Kinetic parameters obtained in this study are compared with values pre-
viously reported.

2Values were obtained using a recombinant P450arom that lacked
N-terminal 41 amino acids.

scintillation counting. Androstenedione, open circles; testosterone, closed
circles.

matase inhibitor, induced a high-spin spectrum. The azole
compounds Fadrozole (a second generation aromatase in-
hibitor) and Femara (or Letrozole) (a third generation
aromatase inhibitor) shifted the Soret peak from 417 to
424 nm and 421 nm, respectively. Both inhibitors shifted the
B-band to 545 nm and did not show a cleaband. These
shifts of Soret peak and decreased absorbanaebaind by
the inhibitors indicated that the nitrogen atom of the azole
compounds interacts with the heme-iron as a sixth ligand
[49,50]

On substrate-binding difference spectra, androstenedione
had higher capacity to induce high-spin spectra than testos-
terone, as seen iRig. 7. The addition of androstenedione
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Fig. 5. Absolute spectra of purified P450arom and complexes with an-
drostenedione and inhibitors. All spectra were recorded at room temper-
ature with 2.7uM P450arom in 50 mM potassium phosphate buffer (pH
7.4) containing 50mM sodium acetate, 20% glycerol, 0.1 mM EDTA,
0.1mM DTT, 0.3% Emulgen 913, and 1% Tween 20. Substrate-free
(Free, red line), 55QM androstenedione (And, green line), ZM
4-hydroxy-androstenedione (4-OH-And, black line),.88 Femara (blue
line), 390uM Fadrozole (cyan line), as indicated. The insert shows the
expanded region of the, B, and charge transfer bands. Chemical struc-
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the chart.

showed a typical type | spectral change with a peak at

0

I I I I
0

4
1/8 (1/uM)

389 nm, trough at 421 nm, and a clear isosbestic point at Fig. 6. Optical spectral analysis of substrate-binding complexes to human

407 nm Fig. 6A). Testosterone produced a similar type |

spectra although the peak (386 nm) and trough (420 nm)

were slightly shiftedfig. 6B). TheKg andAAmnax values ob-
tained from double reciprocal plots of the substrate-binding
spectrawere 86+0.04 M and 73t 3 (AAmax3s9—421)) and
2.7+0.0.3uM and 362 (AAmax386-420) for androstene-
dione and testosterone, respectivetjg( 6C).

3.5. Electron paramagnetic resonance (EPR) spectra

The substrate-free form of the P450arom showed EPR
signals characteristic of low-spin species at 159Hg( 7).

P450arom. (A) Androstenedione in 40% 2-hydroxypropydyclodextrin
solution was added to 0.6V P450arom to adjust the final concentra-
tions of androstenedione to 0.14, 0.69, 1.8, 4.0, 8.5, 26, 100pM75
Spectra were recorded at room temperature. (B) Testosterone in 40%
2-hydroxypropylg-cyclodextrin solution was added tquM P450arom to
adjust the final concentrations of testosterone to 1, 3, 7, 43, angd82

(C) Double reciprocal plot ofAAzgg—421 for androstenedione (open cir-
cles) andAAggs—20 for testosterone (closed circles). The analysiKgf

and statistics were carried out using a software Igor Pro.

dition of androstenedione diminished both low-spin species
and produced new signalg, = 8.34, g, = 3.34, g, =
1.63 at 5K, typicalg-values of high-spin P450(53,54]
Addition of testosterone also showed a similar high-spin

The EPR spectra indicate the presence of two species, onespectrum §, = 8.33, g, = 3.37, andg; = 1.63). The

atg, = 248, g, = 2.25, andg, = 1.90, and the other at
g, = 241,g, = 2.25, andg, = 1.92. Because expression
was carried out from an isolated colony, purified P450arom

slight differences irg-values between androstenedione- and
testosterone-complexes seenFig. 7 may correlate to the
differences observed in optical spectrag( 6). The rhom-

must have a single primary sequence. Therefore, the EPRbicity calculated from g-valuef47], 31.3 and 31.0% for
spectrum suggests that the ferric heme of human P450aromandrostenedione- and testosterone-P450arom complexes, re-

may have two low-spin conformers. Similar spectra contain-
ing multiple low-spin species have been observed for highly
purified P450scf{51] and a mutant of P450caf2]. The ad-

spectively, is higher than those determined for P450cam
(23.9%)[55], P450scc (27.0%4p1], and P450c21 (28.3%)
[56].
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22 The reactions mediated by atypical P450s, allene ox-
ide synthasg61] and thromboxane syntha$é?] that do
not require molecular oxygen gpnor electrons from the
i NADPH-dependent P450 reductase, are notinhibited by CO.
However, CO inhibits mono-oxygenation reactions of typical
P450s that require £and electrons from the reductase. The
human P450arom in placental microsomal fractions is the
only known exception whose reactions are not inhibited by
CO[17]. The P450arom purified from human placenta also
does not form the reduced CO-compl0,21,25] In our
study, however, the reduced CO-complex of the N-terminal
1629 modified P450arom was easily detected without addition
,A,.J +And of 19-norandrostenediong21,25] or «-naphthoflavone
[63], ligands which stabilize formation of the reduced
+Test CO-complex in other studies. Without the addition of these
o compounds, Amarneh and Simpsf#8] showed a similar
CO spectrum of the human P450arom expressed in insect
cells by the deletion of the N-terminal anchor. Therefore,
: : : | the N-terminal anchor domain of human P450arom might
0.1 0.2 0.3 0.4 interfere the formation of CO-complex in either form di-
Magnetic Field (Tesla) rectly purified from placenta or heterologously expressed.
Because of stable and efficient expression, we could pu-
Fig. 7. EPR spectra of human P450arom NmA264R. The EPR spectra rify a substrate-free form of the human P450arom, which

of purified P450arom (8QM) recorded as substrate-free (Free, at 15K), . .
androstenedione-bound (And, at 5K), and testosterone-bound (Test, atenabled us to obtain spectra of P450arom in the absence

Free

8.34/

8.33

1.632
3.37

5K) forms. and presence of substrates and inhibitors. The majority of
substrate-free P450arom was in a low-spin state although
4. Discussion the spectrum shows a small but clear charge-transfer band

(Fig. 5), suggesting that the substrate-free P450arom con-

Overexpression of the human P450arom has been at-tains small amounts of high-spin form at room temperature.
tempted by deletion of the N-terminal membrane anchor As seen inFig. 6, androstenedione showed a typical type |
in several laboratories to obtain reasonable amounts of thespectrum, suggesting that androstenedione binds P450arom
purified protein[28,33,34] However, these attempts failed and forms a single androstenedione-P450arom complex.
because of low level of expression and/or instability of the However, testosterone slightly shifted the peak and trough
partially purified recombinant proteins. In studies of expres- to longer wavelengths by increasing concentration. The
sion of P450s irk. coli, a modified basic region of CYP2E1 peak and trough in the Soret region at saturation were also
(MARQVHSWN) has been used to replace the N-termini slightly different from those of androstenedione-complexes.
of CYP2C8, CYP2A6, and CYP2D6 for efficient expres- A slight shift of g-values between androstenedione- and
sion [57]. Utilizing a similar N-terminal sequence from rat testosterone-complexes was also observed in EPR spec-
CYP2C11 Fig. 1), we previously reported a successful ex- tra (Fig. 7). These observations suggest a difference of
pression of the human P450arom (NmA264C) in the pres- heme environment between the two complexes. The higher
ence of chloramphenicol used for the induction of cold stress rhombicity of substrate-bound P450arom compared with
response irkE. coli [40]. Intriguingly, in the present study other P450951,55,56]is characteristic of this enzyme. If
NmMA264R could not expressed by the addition of chloram- it correlates with the complex mechanism of aromatization
phenicol but was efficiently expressed by the coexpressionreaction, further spectral studies using substrates and inter-
of GroES/GroEL that are components of the universal fold- mediates might provide information for better understanding
ing machinery induced by heat shockincoli[58,59] It is the aromatization reaction.
surprising that only a single amino acid change in the cen-
tral portion of the modified human P450arom (472 amino
acids) could alter so dramatically the requirement for ex- Acknowledgements
pressing active forms of the P450 kn coli. Although no
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