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Cytochrome P450 19A1 (P450 19A1), the aromatase, cata-
lyzes the conversion of androgens to estrogens through a
sequential three-step reaction, generating 19-hydroxy and
19-aldehyde intermediates en route to the product estrogen. A
procedure for the heterologous expression and purification of
P450 19A1 in Escherichia coli was developed (k.. of 0.06 s ! for
the conversion of androstenedione to estrone). Binding of the
substrate and intermediates show low micromolar dissociation
constants and are at least two-step processes. Rates of reduction
of the iron were fast in the presence of substrate, either interme-
diate, or product. P450 19A1 is a distributive rather than a pro-
cessive enzyme, with the sequential reaction allowing free dis-
sociation of the intermediates as revealed by pulse-chase
experiments. Conversion of androstenedione to estrone (under
single turnover conditions) generated a progress curve showing
changes in the concentrations of the substrate, intermediates,
and product. A minimal kinetic model containing the individual
rate constants for the steps in P450 19A1 catalysis was devel-
oped to globally fit the time course of the overall reaction, the
dissociation constants, the two-step ligand binding, the distrib-
utive character, the iron-reduction rates, and the steady-state
conversion of the 19-hydroxy androstenedione and 19-aldehyde
androstenedione intermediates to estrone.

Cytochrome P450s (P450s)> are heme-thiolate-containing
enzymes capable of catalyzing reactions involving both endog-
enous substrates (e.g. fat-soluble vitamins and steroids)
and exogenous substrates (e.g. drugs and pesticides) (1). These
enzymes are found throughout nature, with 57 P450s encoded
in the human genome (2). P450s typically catalyze monooxy-
genation reactions (Fig. 1) and are also capable of reduction,
ring expansion, dealkylation, aromatization, and other reac-
tions based on the same high valent iron chemistry (3).
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An unusual feature of some P450s is the ability to catalyze
sequential reactions. These multistep processes are character-
istic of some of the P450s involved in steroid metabolism (P450s
11A1,11B2, 17A1, 19A1, and 51A1), although sequential reac-
tions with non-steroid substrates have also been characterized
(e.g. P450s 1A2 (4), 2A6 (5), and 2E1 (6)). Pregnenolone and
aldosterone are generated from P450 11A1 and 11B2 reactions,
respectively, in three-step processes. P450 17A1 exhibits both
steroid 7a-hydroxylation and lyase activities in a two-step reac-
tion. P450 51A1 is a key enzyme in the cholesterol biosynthetic
pathway and catalyzes a three-step C-demethylation of the sub-
strate lanosterol. Although pre-steady-state analyses of P450
11B2 (7) and 17A1 (8) have been reported, to our knowledge no
global fits (i.e. using several types of data to generate a kinetic
mechanism of turnover) are available.

P450 19A1 is responsible for the conversion of androgens
(andro, testosterone, and 16a-hydroxytestosterone) to estro-
gens (estrone, 17B-estradiol, and estriol, respectively) in a
sequential, three-step reaction (Scheme 1). This conversion,
first identified in 1959 (9), requires three molecules each of
NADPH and O, and proceeds through two relatively stable
intermediates, the 19-hydroxy and 19-aldehyde compounds,
before the final aromatization step. There has been consider-
able debate over the chemistry of the third step, and two mech-
anisms are currently favored. In the first model, the ferric per-
oxide form of the P450 (FeOO™, Fig. 1) attacks the aldehyde,
followed by heterolytic cleavage of the peroxide bond and the
transfer of the 183 proton of the steroid to the heme to generate
a ferrous hydroxy intermediate, with the loss of formic acid (10,
11). In a second postulated mechanism, a non-enzymatic con-
version of the 19=0 andro intermediate to a gem-diol (or direct
hydroxylation of the alcohol intermediate to form the gem-diol)
is followed by an aromatization catalyzed by the “Compound I”
form of P450 (formally FeO>"), which removes a hydrogen at
the 1B position on the steroid (12). Following a transfer of an
electron from the steroid A ring to the iron, the ferric hydroxy
intermediate (FeOH?") removes a hydrogen from the gem-diol,
facilitating the loss of this carbon as formic acid (12).

Controversy exists regarding the processive or distributive
characteristic of the sequential steps catalyzed by P450 19A1, as
summarized by Bednarski and Nelson (13). Steady-state time-
course reactions of the turnover of andro by microsomes sug-
gested linear formation of estrone sequentially from the two
intermediates that freely dissociate (14, 15). It has also been
proposed that the third step proceeds at a different active site
than the first two oxidations, which would perhaps support
intermediate dissociation (16). Further studies with inhibitors
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that mimic both the 19-OH andro and 19=0 andro intermedi-
ates suggest P450 19A1 is processive (17) and indicate that only
one active site exists (13). Although there is now agreement that
catalysis occurs at one active site and must proceed through the
19-OH andro and 19=0 andro intermediates (18), it remains
unclear whether these intermediates dissociate over the course
of the reaction.

A crystal structure of P450 19A1 (bound to andro) has
recently been solved, revealing a relatively small active site that
is well suited to accommodate andro and arguing against the
existence of multiple active sites (19). P450 19A1 has wide tis-
sue distribution (including placenta, ovaries, testes, and adipose
tissue), and expression is associated with estrogen-dependent
breast cancer (~75% of diagnoses) (20). Aromatase inhibitors,
available since the 1970s, have been successful in treating post-
menopausal women with this type of cancer (21). Although
much of the focus has been on characterizing the kinetics of
P450 19A1 in the context of aromatase inhibitors, fewer studies
have probed native substrates. Although many steady-state
parameters for the conversion of andro to estrone have been
published (22-26), similar steady-state studies on the interme-
diates are limited (22). Further, to our knowledge, no transient-
state kinetic studies are available that determine the individual
rate constants of the three-step sequential reaction catalyzed by
P450 19A1.

One of the greatest obstacles in the study of P450 19A1 has
been heterologous expression and purification. Almost all
kinetic and structural work (19, 23, 26 -28) has utilized P450
19A1 purified from human placenta, which requires access to
tissue and precludes mutagenesis approaches. Heterologous
expression has been primarily limited to baculovirus-infected
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insect cells (24, 29), although P450 19A1 expression in Esche-
richia coli has been reported (25, 30).

We describe a reasonably straightforward and robust proto-
col for the heterologous expression and purification of P450
19A1 in E. coli. Using global fitting of a variety of both steady-
state and pre-steady-state kinetic data, we developed a minimal
kinetic model of P450 19A1 turnover, which includes individual
rate constants for the three-step reaction and indicates a dis-
tributive mechanism.

EXPERIMENTAL PROCEDURES

Chemicals—Andro, 19-OH andro, 19=0 andro, and estrone
were purchased from Steraloids (Newport, RI), and all radiola-
beled steroids were purchased from PerkinElmer (Waltham,
MA). HPLC-grade solvents were purchased Fisher Scientific
(Pittsburgh, PA), and protocatechuate and protocatechuate
dioxygenase were purchased from Sigma.

P450 19A1 cDNA Manipulation—The P450 19A1 cDNA was
optimized for E. coli translation and formatted into overlapping
oligonucleotides using the program DNAW orks (31). Oligonu-
cleotides were purchased from Invitrogen and underwent
polymerase cycling assembly to generate two synthons that
could be joined through a unique BsrGI restriction enzyme cut
site. After ligation of the synthons, the cDNA was inserted into
a TOPO vector (Invitrogen), and sequence errors were cor-
rected using a QuikChange multi site-directed mutagenesis kit
(Stratagene). PCR was used to generate the modified N-termi-
nal sequence and to add a C-terminal hexa-histidine tag in the
P450 19A1 cDNA. Finally the cDNA was inserted into the pCW
expression vector.

P450 19A1 Expression—TOP 10 competent cells (Invitrogen)
were transformed with the P450 19A1 ¢cDNA, and colonies
were used to inoculate 50 ml of TB medium (supplemented
with ampicillin (100 ug/ml)). After overnight shaking in an
incubator at 37 °C (ATR Multitron, Laurel, MD), 2.8-liter Fern-
bach flasks containing 1.0 liter of TB medium (supplemented
with ampicillin (100 wg/ml), thiamine (340 ng/ml), and a trace
element solution) (32) were inoculated with 10 ml of culture.
After an Ay, of 1-1.2 was reached (~3.5 h, 37 °C, 250 rpm),
isopropyl 1-thio-B-p-galactopyranoside (1 mm) and 8-aminole-
vulinic acid (1 mMm) were added, and the cultures were incu-
bated for 42 h at 28 °C (150 rpm).

P450 19A1 Purification—The cells from the 1.0-liter cultures
were pelleted, decanted, and then resuspended in Buffer A
(100 mm Tris chloride buffer (pH 7.6 at 4 °C) containing 500
mM sucrose and 0.5 mm EDTA) (15 ml/g cells). All subsequent
steps were at 0—4 °C. Following lysozyme treatment, a volume
of H,O (equal to the volume of Buffer A) was added, and the
preparation was incubated on ice for 30 min. After separation
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by centrifugation at 5000 X g (20 min), the resulting spheroplast
pellet was resuspended in Buffer B (100 mMm potassium phos-
phate buffer (pH 7.4), containing 20% glycerol (v/v), 6 mMm mag-
nesium acetate, and 0.1 mm dithiothreitol). To this were added
the protease inhibitors leupeptin (2 um), aprotinin (0.04 unit/
ml), bestatin (1 um), and phenylmethylsulfonyl fluoride (1 mm
final, from a 100 mum stock solution in 1-propanol). The sphero-
plasts were sonicated and separated by centrifugation at
12,000 X g (20 min). The supernatant was harvested and sepa-
rated by ultracentrifugation at 142,000 X g (60 min), and the
pellet was resuspended in minimal Buffer B. The membranes
were diluted with Buffer C (100 mm potassium phosphate
buffer (pH 7.4) containing 20% glycerol (v/v), 1% CHAPS deter-
gent (w/v), and 0.1 mm dithiothreitol) to a concentration of
~2.5 mg/ml total protein (as determined by a bicinchoninic
acid assay) and were solubilized overnight with gentle stirring.
The solubilized membrane-bound proteins were separated
from the membranes by ultracentrifugation at 142,000 X g (60
min). Two 8-ml nickel-NTA resin (Qiagen, Valencia, CA) col-
umns were poured and equilibrated with Buffer D (100 mm
potassium phosphate buffer (pH 7.4) containing 20% glycerol
(v/v), 1% CHAPS detergent (w/v), 0.1 mm dithiothreitol, and 0.5
M NaCl). The solubilized protein supernatant (~1.2 liters) was
fortified with 0.5 M NaCl and loaded onto the two nickel-NTA
columns (operated in parallel) using a pump (flow rate ~ 1.8
ml/min). The columns were then washed with 200 ml of Buffer
E (Buffer D containing 30 mMm imidazole). P450 19A1 was eluted
with a linear gradient of 30-300 mMm imidazole in Buffer D
(140-ml total, elution began with ~100 mMm imidazole). The
most concentrated fractions (4,,,) were combined and dia-
lyzed in Buffer F (100 mMm potassium phosphate buffer (pH 7.4)
containing 1 mm EDTA and 20% glycerol (v/v)). The purified
P450 19A1 was stored at —70 °C.

Other Enzyme Preparations—Rat NADPH-P450 reductase
was expressed in E. coli and purified as described elsewhere
(33).

Spectroscopy—UV-visible spectra were recorded with either an
Aminco DW2/OLIS or a Cary14/OLIS spectrophotometer (On-
Line Instrument Systems, Bogart, GA). In steady-state titrations,
P450 19A1 (1 um) was titrated with increasing amounts of
ligand dissolved in CH;OH, with a reference cuvette containing
only P450 19A1 (final organic solvent concentration = 2%, v/v).
Scans were made from 350 -500 nm, in duplicate, and averaged.
The inherent absorbance of estrone required the use of a tan-
dem (Yankeelov) cuvette in these titrations, as described else-
where (4).

Stopped-flow absorbance and fluorescence experiments
were performed on an OLIS RSM-1000 instrument (On-Line
Instrument Systems) as described previously (34). Absorbance
measurements were made in the rapid-scanning mode, and
fluorescence measurements were made using excitation at 325
nm and a long pass filter of >385 nm, with 3.16 nm slits.
Stopped-flow experiments shorter than 15 s were reported as
averages of four individual experiments, and longer time point
studies were an average of two.

Anaerobic Reduction—Samples (in glass tonometers) were
deaerated using an argon/vacuum manifold as described previ-
ously (35), utilizing a protocatechuate/protocatechuate dioxy-
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genase oxygen-scrubbing system (36). The tonometers were
mounted on the stopped-flow apparatus as described previ-
ously (35), and measurements were made by averaging results
from four shots. P450 19A1 (1 uMm) preincubated with andro,
19-OH andro, 19=0 andro, or estrone (all with CO) was
reduced upon the addition of NADPH (150 um).

Measurement of Enzyme Activity—In general steady-state
studies, the reconstituted enzyme system contained 0.10 um
P450 19A1, 0.20 um NADPH-P450 reductase, and 9 um L-a-
1,2-dilauroyl-sun-glycero-3-phosphocholine (dispersed into
vesicles by sonication prior to use, as a 1 mg/ml stock solution),
followed by the addition of substrate dissolved in CH;OH (final
organic solvent content = 1% v/v). Volumes of incubations
were 1.0 ml and contained 100 mm potassium phosphate
buffer, because the P450 19A1 was unstable in buffers of
lower ionic strength. Incubations (in a shaking water bath,
37 °C, 50 rpm shaking, Amerex Instruments model 903,
Lafayette, CA) were initiated by the addition of an NADPH-
generating system (37).

In addition to Fe**-CO versus Fe*" difference spectral anal-
ysis, P450 19A1 activity was measured using slight modifica-
tions of a tritiated water release assay (38). Briefly, a reconsti-
tuted enzyme system containing 20 nm P450 19A1, 600 nMm
NADPH-P450 reductase, and 28 um L-a-1,2-dilauroyl-sn-glyc-
ero-3-phosphocholine (dispersed into vesicles by sonication
prior to use, as a 1 mg/ml stock solution) was incubated with 4.9
uM [18-*H]andro (2 uCi) for 5 min (1.0-ml volume). Following
quenching with 3 ml of CHCl;, 0.75 ml of the (upper) aqueous
layer was removed and mixed with a vortex device after adding
charcoal-dextran (5% charcoal, 0.5% dextran, v/w/w). This
mixture was added to a centrifugal filter device (Fisher, Fair
Lawn, NJ) filled with Celite®, and the charcoal-dextran was sep-
arated by centrifugation (2000 X g, 5 min). The radioactivity in
an aliquot of H,O was then quantified using a scintillation
counter (Beckman LS6500, Beckman, Brea, CA).

For steady-state kinetic analyses, reactions were run in dupli-
cate for 5 min, quenched with 1.0 ml of CH,Cl,, and mixed with
avortex device. Following centrifugation, 0.75 ml of the organic
layer was transferred, dried under a N, stream, and then dis-
solved in 30 ul of CH;OH prior to HPLC analysis. Due to the
very low K, for conversion of andro to estrone, radiolabeled
starting material ([1,2,6,7-*H]andro) was required (a range of
0.02-1.2 pCi/incubation was used), and the reconstituted
enzyme system contained 2.0 nm P450 19A1, 60 nm NADPH-
P450 reductase, and 1.8 uMm L-a-1,2-dilauroyl-su-glycero-3-
phosphocholine. For all reactions, HPLC (20-ul injections) was
used to separate the compounds using an octadecylsilane (C,g)
column (6.2 mm X 80 mm, 3 um, Agilent Technologies, Palo
Alto, CA).

HPLC separation strategies were modified based on work by
Zhou et al. (39). Separations were achieved (flow rate of 1.0
ml/min) with solvent A (83% H,O, 17% tetrahydrofuran, v/v)
and solvent B (83% CH,OH, 17% tetrahydrofuran, v/v), using a
linear gradient from 40% to 100% B from 0 to 6 min (v/v), held
isocratic from 6 to 8 min at 100% B. For the studies with radio-
labeled andro, HPLC was used with a liquid scintillation flow
counter (In/Us B-Ram, Brandon, FL). A second, larger scale
incubation was performed to relate peak area in the radio-
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chromatograms to A,g,, using a Spectra Series UV100 spec-
trophotometer (ThermoFisher Scientific, Waltham, MA) for
the quantitation of estrone. In the cases of the incubations with
19-OH andro and 19=0 andro, separations were monitored at
240 and 285 nm (the 285 nm trace and external standards were
used for quantitation) using a ThermoFinnigan UV3000 rapid-
scanning UV detector (ThermoFisher Scientific).

The same conditions for incubations and HPLC analysis
described for the andro activity assay (see above) were used for
pulse-chase experiments (with 400 nm [1,2,6,7->H]andro),
except that either 210 um 19-OH andro or 180 um 19=0 andro
was added at time points of 30 or 60 s (total incubation time was
5 min).

Pre-steady-state kinetics were performed under single turn-
over conditions in a quenched-flow apparatus (model RFQ-3,
Kintek Corp., Austin, TX). Specifically, 2.0 um [4-'*Clandro
was added to a reconstituted enzyme system containing 2.0
uM P450 19A1, 4.0 um NADPH-P450 reductase, and 250 um
L-a-1,2-dilauroyl-sn-glycero-3-phosphocholine. Reactions (in
duplicate) were initiated by the addition of 500 um NADPH and
were quenched by the addition of 2% ZnSO, (w/v) after a
time period of 100 ms to 28 s. Sample workup and HPLC
analysis were performed as described (see above), although
the dried samples were dissolved in 25 ul of CH,OH for
injection. Because the specific activity of the radiolabeled
substrate was low (4.8 nCi present at each time point), five
individual reactions (at each time point) were combined for
HPLC analysis.

Rates of NADPH oxidation were measured as described pre-
viously (40). Briefly, reconstituted enzyme systems were pre-
pared (see above) with 0.40 um P450 19A1 and 125 uMm sub-
strate except in the case of estrone, where 20 uM substrate was
used. The sample was preincubated at 37 °C using a water bath
attached to the Aminco DW2/OLIS spectrophotometer, and
the reaction was initiated by adding 180 um NADPH and mon-
itored at 340 nm. OLIS software was used to calculate the linear
rates of NADPH oxidation, using €,,, = 6.22 mm ' cm ™! for
NADPH oxidation.

Analysis of Kinetic and Binding Data—In the anaerobic stud-
ies, the OLIS fitting software was used to fit the traces to single-
or double-exponential equations. In the cases of the pre-steady-
state binding experiments, Dynafit software (41) was used for
double-exponential fits. Kintek Explorer® software (42) was
employed for fitting the single turnover experimental data, and
this fit was constrained in part by fitting v versus substrate con-
centration plots using Dynafit software.

RESULTS

P450 19A1 Expression and Purification—A method was
developed that routinely achieved ~400 500 nMm expression of
P450 19A1 and involved the use of a single column for purifi-
cation, without the use of non-ionic detergents. To enhance
expression in E. coli, the native mammalian P450 19A1 cDNA
sequence was modified. Polymerase cycling assembly was used
to optimize the cDNA codons for E. coli (supplemental Fig. S1).
The N terminus was replaced with a sequence developed for
improving heterologous expression of rabbit P450s (43) (Fig.
2A) and a hexa-histidine tag was added to the C-terminus.
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FIGURE 2. N-terminal sequence and purification of P450 19A1 protein.
A, N-terminal sequence of native mammalian P450 19A1 (top) and the modi-
fication used for heterologous expression (bottom). B, SDS-PAGE (10% gel,
stained with Coomassie Brilliant Blue G250). Lane 1, whole cells; lane 2, mem-
brane-bound fraction; lane 3, solubilized membrane fraction; and lane 4, puri-
fied P450 19A1. Nominal protein concentrations loaded in lanes 1-4 were 70,
55,7,and 1.7 ug, respectively.

Finally, optimization of the strain of E. coli used (TOP 10)
yielded some of the greatest improvement in expression levels.

Many difficulties in purification of P450 19A1 have been
cited in the literature, typically related to loss of Fe?>*-CO
versus Fe*" difference spectra due either to protein instabil-
ity or suspected masking of signal by detergents or ligands
used in purification (23, 27). We found that one successful
method of stabilizing P450 19A1 during purification was the
addition of the 19A1 inhibitor aNF (44) during the solubiliza-
tion and chromatography steps (23), an approach used previ-
ously with P450s 1A1 and 1A2 (32, 45). However, we found that
removal of this ligand was virtually impossible despite extensive
column-washing steps and dialysis (with «NF quantified by flu-
orescence spectroscopy after extraction from P450 19A1 with
organic solvent). Not surprisingly, the measured K, of «NF was
very low (0.09 * 0.02 uM, estimated by monitoring the fluores-
cence quenching of aNF upon titration with P450 19A1). Alter-
natively, stability could be improved by limiting the exposure
time of the P450 19A1 to the nickel-NTA resin during the chro-
matography step and using high ionic strength (100 mm potas-
sium phosphate buffer) throughout. Nickel-NTA nickel chro-
matography was sufficient to achieve >95% electrophoretic
purity (Fig. 2B). Overall yields of P450 19A1 were not particu-
larly high (Table 1 and supplemental Fig. S2) but sufficient for
kinetic analysis.

Spectral analysis of purified P450 19A1 yielded rather typical
Fe?"-CO- versus Fe*" -reduced difference (Fig. 34) and abso-
lute (Fig. 3B) spectra. Fe**-CO- versus Fe*" -reduced difference
spectra were improved by the addition of safranin T (2 um) as
an electron mediator in the assays (45). P450 19A1 displayed
“Type I” changes (increase at 390 nm and decrease at 420 nm as
binding of the ligand caused displacement of H,O as the sixth
axial ligand) (46) upon binding andro (Fig. 3C), although only
~18% maximal conversion to the high spin iron state was
observed (Fig. 3C, inset). The heme content, measured by the
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TABLE 1

Quantitation of P450 19A1 expression and purification
Purification stage ~ P450”  Cytochrome P420  P450 plus cytochrome P420° Heme® P450 protein?  Total protein® Specific content

nmol nmol nmol nmol nmol mg nmol P450/mg protein

Whole cells 2,700" 2,500 84,000 0.032
Membranes 370/ 260 2,200 0.17
Solubilized protein 370 1,330 1,700" 950 1,700 0.22
Purified P450 19A1 120" 50 170" 180 420 19 6.3

“ Fe>"-CO versus Fe*" difference spectrum.

b Fe?-CO versus Fe>* difference spectrum in which the absorbance change at 420 nm is added to the absorbance change at 450 nm to calculate total P450 plus cytochrome P420.

¢ Pyridine hemochrome assay.

4 Immunoblot analysis, quantified based on the Fe?>"-CO versus Fe>" difference spectrum of purified P450 3A4.

¢ Bicinchoninic acid analysis.
/Safranin T dye included (2 um).

0.08 T T T T

0.06

0.04

0.50

0.25

Absorbance

350

450

Wavelength, nm

FIGURE 3. Spectra of purified P450 19A1. A, Fe*"-CO versus Fe*" difference
spectrum (using 2 um safranin T dye as an electron mediator). B, absolute
spectrum showing ferricand ferrous forms. C, absolute spectrum of 2 um P450
19A1 in the absence (solid line) or presence (small dotted line) of 10 um andro
and the difference between the two spectra (large dotted line). Also shown
(inset) are the second derivatives of the spectra recorded in the absence (solid
line) or presence (large dotted line) of 10 um andro, showing about 18% con-
version from low- to high-spin iron upon ligand binding.

550

pyridine hemochrome assay (47), was similar to the sum of
P450 plus cytochrome P420 (Table 1).

Steady-state Kinetics of Ligand Binding to P450 19A1—
Andro, 19-OH andro, 19=0 andro, and estrone all behaved as
Type I ligands (Fig. 4). These titrations displayed tight ligand
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binding with dissociation constants in the low micromolar
range (Table 2), and fitting such plots (Fig. 4) required quad-
ratic equations. Andro showed the strongest affinity for P450
19A1 with a K, value of 0.13 uM, whereas 19-OH andro, 19=0
andro, and estrone yielded K, values of 1.5, 3.6, and 4.0 um,
respectively.

Pre-steady-state Kinetics of Ligand Binding to P450 19A1—
Stopped-flow absorbance or fluorescence spectroscopy was
used to measure pre-steady-state rates of binding of andro,
19-OH andro, 19=0 andro, and aNF to P450 19A1 (Fig. 5).
When the changes in absorbance upon ligand binding were fit
to a single-exponential equation (i.e. simple one-step binding
mechanism, E + L < EL), a second-order rate constant (k) of
~5.6 X 10* M * s ! resulted, which is probably 100-1000
times too slow for a diffusion-limited interaction (48). Instead a
two-step binding mechanism was used: E + L < EL <5 LE, with
a fast, spectroscopically silent initial step followed by a slower
change that affected the heme Soret region. This initial fast,
absorbance-silent step theoretically could be captured if a
fluorescent ligand was used, as previously shown in studies with
P450s 3A4 (34) and 1A2 (4). In this case, quenching of the native
fluorescence of the ligand occurs upon the first interaction with
the enzyme and does not depend on heme Soret region changes
proposed to occur following an initial binding step. By using the
fluorescent P450 19A1 inhibitor aNF (see above), a very fast
initial interaction with the protein was observed (~10® X faster
than changes seen in absorbance) (Fig. 5D).

Double-exponential equations provided good fits to the
biphasic curves observed for andro, 19-OH andro, and 19=0
andro binding, with initial binding rates that ranged from 2.5 X
10° to 2.0 X 107 M~ * s~ * (Fig. 5, using Dynafit software). The
andro, 19-OH andro, and 19=0 andro fits were constrained
using both the raw data and the K, values (from the steady-state
titration data) (supplemental Fig. S3). In support of this two-
step binding mechanism, the fluorescence quenching of aNF
upon binding P450 19A1 was significantly faster than the
observed absorbance changes, and the data were fit to a double-
exponential equation with an initial rate (k;) of 1.0 X 107 M~ '
s~ !, which is realistic for a second-order encounter phenome-
non (48) (Fig. 5D). The faster rate seen for fluorescence com-
pared with absorbance strongly supports the E + L S EL < LE
mechanism, where E + L < EL is the initial fast binding step
that can be captured for observation by fluorescence quenching
of the ligand, while EL < LE is a slower binding step related to
interaction with the heme.
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tions with fast initial rate constants
(ko) of 10, 5.4, and 2.2 s~ %, respec-
tively. In all cases, the rates of iron
reduction were much faster than the
measured rates of substrate oxida-
tion (see below).

The steady-state rates of oxida-
tion of NADPH by P450 19A1 in the

[andro], uM

2.5 5.0 7.5
[19-OH andro], pM

presence of NADPH-P450 reduc-
tase were also measured. In the
absence of ligands, rates of 0.40 =

Azg-Ay4

0.02 nmol of NADPH oxidized
(nmol P450)~' s~! were measured,
whereas faster rates of 1.23 (% 0.07),
1.03 (= 0.08), 0.90 (= 0.02), and 0.45
(% 0.03) nmol of NADPH oxidized
(nmol P450)"! s~ were observed
in the presence of andro, 19-OH

[19=0 andro], yM

FIGURE 4. Steady-state binding of ligands to P450 19A1. Titration of P450 19A1 (1 um) with varying concen-
trations of ligand. Insets show the spectral changes, and the plots (lines) are quadratic fits of the changes in
absorbance (squares). A, andro, K; = 0.13 = 0.07 um; B, 19-OH andro, K, = 1.5 = 0.4 um; G, 19=0 andro, K, =

3.6 = 0.6 um; and D, estrone, K, = 4.0 = 1.0 um.

TABLE 2

Steady-state parameters of P450 19A1 turnover and dissociation
constants

Substrate Keae K, koo K, K,
st M mlsT! M
Andro 0.060 + 0.003  0.044 + 0.006 1.4 X 10° 0.13 + 0.07
19-OHandro  0.13 = 0.01 21*6 6.2 X 10° 1.5*+04
19=0 andro 0.42 = 0.03 18*5 23X10* 3.6*06
Estrone 4.0 1.0

Rates of Reduction of P450 19A1—The rates of reduction of
ferric P450 19A1 in the absence of any ligand were extremely
slow (~0.03 s~ ', data not shown). However, much higher rates
were observed in the presence of ligands, particularly in the case
of 19-OH andro and 19=0 andro (Fig. 6). It is typically assumed
in such reduction studies that CO interacts rapidly with P450s
with high affinity, regardless of other ligands present, and thus
absorbance changes at 450 nm indicate rates of reduction and
are not complicated by the kinetics of CO binding. However,
this was not the case in measuring rates of reduction of P450
19A1 in the presence of 19-OH andro and estrone. A Fe**-CO
versus Fe*™ difference spectrum (supplemental Fig. S4) indi-
cated that iron reduction occurred, but the addition of 19-OH
andro precluded CO from binding, preventing the Soret
absorbance increase at 450 nm. A similar phenomenon was
observed for estrone binding, in which the signal at 450 nm
was high, but the apparent rate of reduction (0.098 = 0.002 s~ ')
was slower than the k_,, (data not shown). In both cases, the
change in absorbance at 390 nm (rather than 450 nm) was
extracted and used to determine rates of reduction. Although
the reduction of P450 19A1 in the presence of andro could be fit
to a single-exponential equation (k = 1.7 = 0.1 s~ '), the reduc-
tion data for P450 19A1 in the presence of 19-OH andro, 19=0
andro, and estrone were better fit to double-exponential equa-
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andro, 19=0 andro, and estrone,
respectively.

Steady-state Kinetics of P450 19A1
Activity—Although in the range
of previously reported k_,, values
(Fig. 7 and Table 2) (22, 23, 25), the
turnover of andro by P450 19A1
was relatively slow (0.06 s~ '), particularly when compared
with cholesterol 7a-hydroxylation by P450 7A1, which has
been reported to be two orders of magnitude faster (50). (A
sample chromatogram used for quantitation of estrone is
shown in supplemental Fig. S5.) Although the k_,, was some-
what low (0.06 s™'), the low K|, contributed to a relatively
high catalytic efficiency (1.4 X 10° M~ ' s™'). 19-OH andro
and 19=0 andro displayed higher k_,, values (0.13 and 0.42
s~ ', respectively), although higher K, values caused the
resulting catalytic efficiencies to be lower than that of andro
conversion to estrone (Table 2). Thus coupling of NADPH
oxidation (see above) to k_,, was not very efficient, with 5%,
34%, and 33% coupling for andro, 19-OH andro, and 19=0
andro, respectively.

When excess 19-OH andro or 19=0 andro was added at 30
or 60 s to an incubation containing P450 19A1 and tritiated
andro in a pulse-chase experiment, a ~75% loss of the radiola-
bel in the estrone product was observed (Fig. 8). Loss of the
radiolabel in the product (estrone) upon addition of either
intermediate indicated that both intermediates exchange freely
during the course of the sequential reaction.

Kinetics of P450 19A1 under Single Turnover Conditions—
Pre-steady-state kinetic analysis was done under single turn-
over conditions to generate a progress curve showing the loss
of substrate, the subsequent formation and loss of 19-OH
andro and 19=0 andro, and the generation of estrone (Fig. 9).
19-OH andro (which accumulated to higher concentrations
than 19=0 andro) was seen already at 100 ms, followed by
19=0 andro and estrone. The reaction was essentially com-
plete within 10's.

P450 19A1 Kinetic Modeling—Global fitting was employed
to generate a minimal mechanism for the three-step reac-
tion catalyzed by P450 19A1 (Fig. 9 and Table 3). The single

[Estrone], uyM
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FIGURE 5. Pre-steady-state binding kinetics of ligands to P450 19A1. Stopped-flow absorbance (A-C)
and fluorescence (D) changes for binding of various ligands (2 um) to P450 19A1 (2 um). Raw data
are presented as scatter plots, and the overlaid lines are fits using Dynafit software. A, andro (AAs,), k; =
25X 10°m 's Lk, =14s "k, =042s ', k_,=0.20s"";B,19-OH andro (AAsuc), k; =2.0 X 10" m’
s ',k ,=240s"",k,=0.80s" ",k ,=0.155"";C,19=0andro (AAso,), k; = 2.5 X 10°m 's ', k_, =300
sk, =24 s:’,k,z =0.13s"";and D, aNF (AF. 545), k; =1.0X 10°m "s "k, =0.15"",k, =0.01s"",
k_,=0.18s"".

Time, s

FIGURE 6. Reduction kinetics of P450 19A1. Stopped-flow absorbance traces of the reduction of P450
19A1 (1 um) by NADPH-P450 reductase (2 uMm) in the presence of L-a-1,2-dilauroyl-sn-glycero-3-phospho-
choline (95 um) and various ligands (5 wm) upon the addition of NADPH (150 um). A, andro (AA,so), k= 1.7
0.157";B,19-OH andro (AAso,), Kease = 10 = 45~ 1 ko, = 0.97 £ 0.125 7, C, 19=0 andro (AA,so), Keosr = 5.4 =

0.55 ", kyow = 0.34 = 0.06 s~ '; and D, estrone (AAsq,), Kepse =
analysis of residuals is shown at the top of each plot.

22+ 045",k = 0098 + 0025, The

NS
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turnover time course could be fit
using Kintek Explorer® software
(Fig. 9), and the resulting individual
rate constants were constrained in
part by concurrently fitting (using
Dynafit software) the v versus sub-
strate concentration steady-state
plots (Fig. 7) for the conversion of
19-OH andro and 19=0 andro to
estrone (supplemental Fig. S6).
Further, K, values resulting from
the fits for andro and 19=0 andro
binding were within range of those
derived experimentally (Fig. 4 and
Table 2). The rates of P450 19A1
reduction (Fig. 6) were used to set
approximate upper limits of sub-
strate oxidation (i.e. k3, kg, and k.,
Table 3). The inclusion of a confor-
mational change following ligand
binding (Table 3) was based upon
evidence for a spectroscopically
silent initial binding step in the pre-
steady-state binding experiments
(Fig. 5), and the insertion of inter-
mediate dissociation steps was
included based on the results of the
pulse-chase experiments (Fig. 8).

DISCUSSION

P450 19A1, which converts andro-
gens to estrogens, is a member of
the class of P450s capable of cata-
lyzing sequential reactions. Many
of these multistep enzymes are
involved in steroid processing, ie.
P450s 11A1, 11B2, 17A1, and 51A1,
as well as 19A1. The reported
kinetic studies of three-step reac-
tions catalyzed by P450 19A1 are
limited to a small collection of
steady-state parameters associated
with the turnover of andro and tes-
tosterone plus a multitude of studies
examining aromatase inhibitors,
which have proved to be therapeuti-
cally effective for some breast can-
cers. We used both steady-state and
pre-steady-state kinetic techniques
to characterize the binding of the
substrate, intermediates, and prod-
uct, revealing low micromolar bind-
ing that occurred in a two-step
process. Over the course of the reac-
tion, the intermediates freely disso-
ciated. Globally fitting a progress
curve generated under single turn-
over conditions, as well as many

VOLUME 285+-NUMBER 23+JUNE 4, 2010


http://www.jbc.org/cgi/content/full/M110.123711/DC1

L L

A
200 300 400
[andro], nM

L
0 100

Rate, s™'

0 2 1 2
0 100 200

[19-OH andro], uM

0.1 C 4

0 1 1 I

0 100 200 300
[19=0 andro], upM

FIGURE 7. Steady-state kinetics of P450 19A1 activity. Hyperbolicfitting (/ines)
of the formation of estrone by P450 19A1. A, andro as substrate; B, 19-OHandro as
substrate; and C, 19=0 andro as substrate. Data points are squares.

150 T ] L) L) T

Relative yield 100
of estrone, compared to
no addition of intermediate
50

0
19-OH andro, uM 0
19=0 andro, uM 0 0
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180 0
Time, s - 30 30 60 60
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FIGURE 8. Pulse-chase assays. P450 19A1 (2 nm) was incubated with 400 nm
[1,2,6,7-*Hlandro, followed by a pulse of 19-OH andro (210 um) or 19=0
andro (180 um) at 30 or 60 s. In this case, 100% activity was 0.087 s~ . The total
reaction time was 5 min.

other data, yielded a kinetic model with individual rate con-
stants for each step of catalysis.

We report heterologous P450 19A1 expression of 400 -500
nMin E. coli and purification that requires only one chromatog-
raphy step. Most other methods involve purification of P450
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FIGURE 9. Kinetics of P450 19A1 catalysis under single turnover condi-
tions. Loss and/or formation of andro (red), 19-OH andro (orange), 19=0
andro (green), and estrone (blue) were monitored in a reaction of P450 19A1 (2
M) and [4-"*Clandro (2 um). Global fitting (using Kintek Explorer® software) is
shown.

TABLE 3
Individual rate constants for P450 19A1 turnover

Forward rate constant

Mechanism step” Reverse rate constant

E+ASEA k=45X10°M 'st k=155

EA = AE k, = 0.6357! k_,=035s"

AE —EB k=105

EB=E +B k, =39 X 10%s~! k ,=35%10"M 's !
EB = BE k=24 % 10*s"! k_.=320s"1

BE —EC k.=7.5s"1

EC2E+C k, =50s"" k_,=40X10"m 'st
EC=CE ky=32%10*s! k_y=3.0X 10*s !

CE —ED k=595

ED=E+D  k,=13X10%s" K jo=45X107 M 's~!

“ A: andro, B: 19-OH andro, C: 19 = O andro, D: estrone, and E: enzyme (P450
19A1).

19A1 from placenta, which prohibits mutagenesis experiments
and requires access to human tissues. Further, these purifica-
tion protocols require the use of two (51), three (22, 23), or four
(52) columns, decreasing the overall yield, and some utilize
non-ionic detergents, which can be difficult to remove (53). The
specific content (6.3 nmol of P450/mg of protein, Table 1) was
lower than expected for a pure P450 holoenzyme, i.e. ~20 nmol
of P450/mg for a 50-kDa protein. Because SDS-PAGE analysis
indicated >95% purity (Fig. 2B), we presume that the deviation
from the theoretical value resulted from a contribution of apo-
P450 19A1 to the measured concentration. P450 19A1 was sen-
sitive to exposure to the nickel-NTA resin, and although the
chromatography step was abbreviated, the absorbance spec-
trum of the purified protein at 420 nm (demonstrating a loss of
heme) suggested some apo-protein formation (Table 1).

Two other purification strategies required the use of either
andro (22) or aNF (23) to stabilize the P450 during purification.
Although the Fe?"-CO versus Fe* " difference spectra improved
upon the addition of aNF during solubilization and chromatog-
raphy steps, we were unable to remove aNF from the prepara-
tion despite extensive column washing, adding a second col-
umn for further washing, and using additional dialysis steps.
Because andro has a K, nearly as low as aNF (0.13 versus 0.09
1M, respectively), it is likely that similar problems plague puri-
fication strategies that utilize andro. Limiting exposure to the
nickel-NTA resin generated Fe*"-CO versus Fe** difference
spectra of as high quality as those recorded with aNF-contain-
ing preparations (minimum A ,,, in the Fe*"-CO versus Fe*"
difference spectra) and, importantly, did not complicate kinet-
ics by having an inhibitor or substrate present.
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Another protocol for expression and purification of P450
19A1in E. coli involved the removal of a larger portion of the N
terminus, produced slightly lower levels of expression (350 —
400 nm), and required three columns and the presence of andro
(25). Although Zhang et al. (30) used only a single column for
purification, the native sequence was more highly modified in
that histidine tags were present at both the N and C-termini,
and expression levels were not reported.

One steady-state time-course assay involving aromatization
of andro (by placental microsomes) showed accumulation of
both intermediates before the formation of estrone (14), but
another study extended this time course to show subsequent
loss of the intermediates (15). The presence of both intermedi-
ates, the lag of formation of estrone, and the subsequent loss of
the intermediates was taken as evidence that each step of the
sequential reaction was required and that the intermediates
were free to dissociate. Conversely, the high specific radioactiv-
ity of estrone and low specific radioactivity of 19-OH andro
after incubation of radiolabeled andro and non-labeled 19-OH
andro (with placental microsomes) suggested little dissociation
of the intermediates (17). However, this type of assay does not
directly probe dissociation of both intermediates, unlike pulse-
chase experiments (Fig. 8). The amount of 19A1 present was
not defined (microsomal fractions were used), which could
prove problematic. If substrate concentrations approximate the
concentration of P450 19A1, conditions would be similar to
those in our single turnover experiment, and a 5-min incuba-
tion would be too long for this type of assay. In our time-course
experiment (Fig. 9) this relatively late time point would show
more radioactive estrone than radioactive 19-OH andro, as
indicated in the study by Hollander (17), but this observation
should not be used to infer processivity. Our more direct assay
of measuring dissociation using pulse-chase experiments (with
defined concentrations), which shows dissociation of both
intermediates, is considered more reliable.

Characterization of P450 19A1 as being more distributive
than processive contrasts with similar studies on sequential
reactions catalyzed by P450s 2A6 (processive conversion of
nitrosamines to aldehydes and then carboxylic acids (5)) and
2E1 (processive conversion of ethanol to acetic acid through
acetaldehyde (6)). Intuitively one might expect a reaction
course with a physiological substrate to be more processive, but
this is not necessarily the case. Why these P450s show such
differences in the ability of the intermediates to freely exchange
remains unknown and is the object of further investigation.

Distinction between the ferric peroxide and the Compound I
mechanisms (see above) was not addressed in this work.
Because the former mechanism (10, 11) dictates that the ferric
peroxide intermediate attacks the 19=0O andro intermediate
rather than the 19-gem-diol compound, it is possible that
buildup of the 19-gem-diol might occur (if dehydration is slow).
However, no unidentified peaks in the radiochromatogram
were observed to indicate a distinct 19-gem-diol compound in
the single turnover studies. The sensitivity of the assay may
have prevented observation of the 19-gem-diol (the specific
activity of the [4-'*C]-andro was very low), because 19=0
andro levels were just above the limit of detection. It is also
possible that the rate of non-enzymatic conversion might favor
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the 19=0 andro compound, preventing buildup of the 19-gem-
diol. Another possibility is that the 19-gem-diol is immediately
attacked by Compound ], as in the case of the second proposed
mechanism (12), and the enzymatically non-preferred confor-
mation, the 19=0 andro, accumulates (as seen in Fig. 9). Fur-
ther experiments are necessary to distinguish between these
two models.

Steady-state titrations (Fig. 4) showed low micromolar disso-
ciation constants for all four ligands. The highest affinity was
seen for andro (0.13 um), a value that is still much higher than
the circulating concentration of andro (~9 nM in men (54)).
Titrations with testosterone (data not shown) indicated a K,
value of 1.5 um, which is considerably higher than that of andro,
although circulating levels of testosterone are also higher (~19
nM in men (54)). Pre-steady-state binding of andro, 19-OH
andro, and 19=0 andro to P450 19A1 was a two-step process.
Thus multistep binding to P450s is not limited to xenobiotics
(i.e. P450s 1A2 and 3A4) (4, 55), because this was also seen with
an endobiotic in a P450 with a small active site (19).

To generate a minimum kinetic model to describe P450 19A1
turnover, multiple types of data were fit globally using both
Kintek Explorer® (Fig. 9) and Dynafit software (supple-
mental Fig. S6). The greatest challenge of global fitting was
constraining the individual rate constants to fit the steady-state
turnover data (Fig. 7). For the steady-state 19-OH andro to
estrone conversion data, all of the rate constants from the EB <
E + B step (Table 3) through the final step (estrone release)
were used. The resulting fit (supplemental Figs. S6A and S6B)
describes the turnover of 19-OH andro relatively well. Simi-
larly, 19=0 to estrone turnover data were fit using rate con-
stants from the EC < E + C step (Table 3) through estrone
release. Although the initial rate is slightly faster than observed
experimentally, these steady-state data were also fit well (sup-
plemental Figs. S6C and S6D).

There are some weaknesses in this kinetic model. Although
concentrations of the two intermediates were well described
by the model of the single turnover experiment, a lag phase
in the formation of estrone was overemphasized, and the rate
of andro loss was slow (Fig. 9). Laws of mass balance dictate
that 2 um estrone should be formed as indicated by the model,
because levels of andro, 19-OH andro, and 19=0 andro fall to
zero, and no further reaction with estrone could be identified.
However, slow conversion of estrone to 2-hydroxyestrone by
P450 19A1 has been reported (56 -58), and it is possible that
some estrone 2-hydroxylation occurred, albeit at undetectable
levels in these assays. It is unlikely that significant intermediate
decomposition occurred during the course of the single turn-
over experiment, because no additional peaks (**C) were iden-
tified to indicate novel compounds (resulting from decomposi-
tion). Additional “conformational change” steps could be added
following binding each of the ligands, or at other steps of the
catalytic cycles, which may improve the overall fit, but have no
experimental basis. The convention of global kinetic simulation
is to develop the best possible minimal mechanism that can fit
several types of experimental data, without adding additional
steps unless necessary and justified (49). Analysis using sub-
strate with higher specific radioactivity might reveal contribu-
tions from other products (of andro, the intermediates, or
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estrone), although we have used the highest specific radioactiv-
ity '*C-labeled andro available. The use of tritium-labeled
materials has the disadvantages of potential loss of labels result-
ing from exchange or isotope effects (depending on the site of
labeling).

These rate constants (Table 3) could not be used to fit the
steady-state andro to estrone conversion (Fig. 7A) using
Dynafit software, and K, values for 19-OH andro and estrone
were under predicted. In the case of estrone, the K, problem
may be solved by the addition of an ED < DE rearrangement
step prior to estrone dissociation, as seen in the cases of the
other ligands, but stopped-flow spectroscopy data would need
to support this approach.

In summary, we report the first kinetic mechanism for P450
19A1 resulting from the global fitting of K, values, pre-steady-
state ligand binding experiments, iron-reduction rates, steady-
state turnover experiments, pulse-chase assays, and a single
turnover time course. The P450 19A1 mechanism, which
includes rate constants for each of the three steps in the sequen-
tial, three-step reaction, may be useful for modeling other
sequential P450s and may aid in the characterization of aro-
matase inhibitors.
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