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Background: P450 catalytic cycles start with Fe(III) in vitro, but the resting form in vivo is unknown.
Results: Significant Fe(II) P450 is present in intact cells even after vigorous aeration.

Conclusion: The P450 form and cell environment determine the proportion of Fe(I) P450 in vivo.
Significance: Fe(II) in the resting state is unexpected due to the potential for futile cycling.

Cytochrome P450 enzymes (P450s) are exceptionally versa-
tile monooxygenases, mediating hydroxylations of unactivated
C-H bonds, epoxidations, dealkylations, and N- and S-oxida-
tions as well as other less common reactions. In the conventional
view of the catalytic cycle, based upon studies of P450s in vitro,
substrate binding to the Fe(III) resting state facilitates the first
1-electron reduction of the heme. However, the resting state of
P450s in vivo has not been examined. In the present study, whole
cell difference spectroscopy of bacterial (CYP101A1l and
CYP176A1, i.e. P450cam and P450cin) and mammalian
(CYP1A2, CYP2C9, CYP2A6, CYP2C19, and CYP3A4) P450s
expressed within intact Escherichia coli revealed that both
Fe(III) and Fe(II) forms of the enzyme are present in the absence
of substrates. The relevance of this finding was supported by
similar observations of Fe(II) P450 heme in intact rat hepato-
cytes. Electron paramagnetic resonance (EPR) spectroscopy of
the bacterial forms in intact cells showed that a proportion of
the P450 in cells was in an EPR-silent form in the native state
consistent with the presence of Fe(II) P450. Coexpression of suit-
able cognate electron donors increased the degree of endogenous
reduction to over 80%. A significant proportion of intracellular
P450 remained in the Fe(II) form after vigorous aeration of cells.
The addition of substrates increased the proportion of Fe(II) heme,
suggesting a kinetic gate to heme reduction in the absence of sub-
strate. In summary, these observations suggest that the resting
state of P450s should be regarded as a mixture of Fe(III) and Fe(II)
forms in both aerobic and oxygen-limited conditions.
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The heme-thiolate enzymes in the cytochrome P450 gene
superfamily carry out an unequalled variety of functions by vir-
tue of the chemistry effected at the heme center and the evolu-
tionary versatility of the P450 fold. More than 12,000 different
forms are currently known (48), the vast majority of which are
believed to share a common catalytic mechanism. Most P450s
act as monooxygenases, requiring one or more redox partners
to transfer electrons from a pyridine-containing coenzyme.
Monooxygenation consumes 1 equivalent each of molecular
oxygen and NAD(P)H, with the production of 1 equivalent of
water in the typical reaction. By this general reaction, a number
of common (aliphatic and aromatic C-hydroxylation, heteroa-
tom dealkylation and oxidation) and uncommon (group migra-
tion, C—C bond cleavage, ring expansion and contraction, phe-
nolic coupling) reactions are mediated (1-3).

In the conventional representation of the P450 catalytic cycle
(Fig. 1, steps 1-8) (4—7), the first step is substrate binding to the
oxidized ferric heme resting form of the enzyme, with conver-
sion of the iron from low to high spin and concurrent loss of a
water ligand (step 1). Results from the prototypical bacterial
form, CYP101A1 (P450cam), suggest that substrate binding
potentiates the subsequent single electron transfer from the
cognate redox partner to the heme (step 2). This generates the
ferrous form, and rapid coordination of dioxygen follows (step
3), setting in motion steps 4 — 8. Uncoupling side reactions, i.e.
the consumption of electrons and oxygen without substrate
oxidation, can occur at three steps (Fig. 1). The observation that
substrate binding to the ferric form accelerates delivery of the
first electron has led to the proposal that the cycle is thermody-
namically gated at the first reduction step in the absence of
substrate (4, 8) to protect the cell from the release of damaging
reactive oxygen species.

This conventional view of the catalytic cycle, although drawn
primarily from experiments with soluble P450s that are easily
studied, such as CYP101A1, has also been applied to other sys-
tems (9). However, evidence has steadily accumulated that con-
tradicts aspects of this model. In particular, for P450s involved
in the metabolism of xenobiotics that typically show relatively
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FIGURE 1. The conventional P450 catalytic cycle (steps 1-8) (4-7), with additional intermediates (A and B) resulting from reduction of ferric to ferrous
heme in the absence of substrate. Dotted arrows represent uncoupling reactions.

poor affinity for their substrates, reduction of the ferric P450
appears to proceed to a greater or lesser extent in the absence
of a substrate (10). First electron transfer is not necessarily
accelerated by substrate binding and depends to some
degree on the environment of the enzyme (10). Additionally,
substrate binding to these forms does not necessarily induce
the displacement of the water ligand to the heme, leading to
a spin state shift.

The resting state of P450s is typically portrayed as the ferric
form in representations and descriptions of the P450 catalytic
cycle (5-7, 11-14). To our knowledge, no experimental evi-
dence exists that addresses the in vivo oxidation state of P450s.
However, the reduction of P450s in vitro in the absence of sub-
strate suggests that P450s may exist in both Fe(III) and Fe(II)
forms within the cell. The heme chromophore provides a con-
venient reporter of the redox state of the enzyme within the cell.
The peak at ~450 nm in the ferrous-CO versus ferrous differ-
ence spectrum differentiates P450s and a small number of other
heme-thiolate proteins from other hemoproteins (15). The
spectral characterization of P450s has typically been performed
on P450s after extraction from the normal intracellular envi-
ronment. However, sensitive methodology for quantifying
P450s within intact bacterial cells (16, 17) now provides a sys-
tem for investigating the physiological redox state of P450s in
whole cells. The aim of the present study was to test the hypoth-
esis that P450s are partially reduced in their resting state within
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the intact cell and to explore the role of substrate and cellular
redox state in regulating the redox state of the heme in P450s
from both bacterial and mammalian sources.

EXPERIMENTAL PROCEDURES

Materials—Culture media were obtained from BD Biosci-
ences (North Ryde, Australia). Cineole and p-camphor were
purchased from Sigma-Aldrich (Castle Hill, Australia), and #-bu-
tylisocyanide (nBIC)* was from Thermo Fisher Scientific (Rich-
lands, Australia). All other chemicals were obtained from local
suppliers at the highest quality available. The Escherichia coli
strain DH5a F'IQ was obtained from Invitrogen (Mulgrave, Aus-
tralia). Male Sprague-Dawley rat cryopreserved hepatocytes were
obtained from Celsis In Vitro Technologies (Chicago, IL). Livers
were obtained from male Sprague-Dawley rats (Central Animal
Breeding Facility of the University of Queensland) under proce-
dures approved by University of Queensland ethics committees,
and microsomes were prepared as described previously (18).

Expression of Recombinant P450s in E.coli—CYP1A2,
CYP2A6, CYP2A13, CYP2C9, CYP2C19, CYP3A4, CYP176A1
(P450cin), and CYP101A1 were expressed in E. coli according
to the general procedures outlined previously (19-24). Bacte-

2 The abbreviations used are: nBIC, n-butylisocyanide; Fd, flavodoxin/ferre-
doxin; FdR, flavodoxin reductase; hCPR, human NADPH cytochrome P450
reductase.
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rial chaperones were coexpressed using the pGro7 plasmid to
augment P450 yields (22, 25, 26). CYP176A1 and CYP101A1
were purified as described previously (24). P450s were
expressed without any recombinant redox partners (monocis-
tronic format) as well as with the cognate redox partners (bi- or
tricistronic format): human NADPH cytochrome P450 reductase
(hCPR) for all human P450s, putidaredoxin plus putidaredoxin
reductase for CYP101A1, and cindoxin (24) plus E. coli flavodoxin
reductase (FdR, a substitute for cindoxin reductase) for
CYP176A1. Starter cultures prepared from single isolated colonies
were used to inoculate 100-ul cultures in 96-well flat-bottomed
microplates or 1-ml cultures in 24-well plates. Cultures were
induced with isopropyl-1-thio-3-p-galactopyranoside and arabi-
nose at 5 h to initiate expression, and then microplates were sealed
(microaerobic cultures) with Breathe-Easy gas-permeable mem-
branes (Diversified Biotech, Boston, MA) or covered with the
microplate lid (aerobic cultures) and incubated at 25 °C for a fur-
ther 67 h before harvest unless stated otherwise.

Fe(11)-CO versus Fe(Il) Difference Spectroscopy in Whole Cells—
The P450 contents of bacterial cells were quantified by
Fe(II)-CO versus Fe(Il) difference spectroscopy as described
previously (17). Bacterial cultures were resuspended in 0.5 vol-
ume of whole cell assay buffer (100 mm potassium phosphate, 6
mM magnesium acetate, 10 mm D-glucose, pH 7.4) prior to
spectral analysis. Unless otherwise stated, spectral measure-
ments were performed on resuspensions that had been left
unstirred for 30 —60 min. For measurement of total P450 con-
centrations, freshly prepared sodium dithionite was added to 10
mg/ml, and cells were incubated for 90 min without agitation to
reduce the total P450 pool (dithionite reducing treatment).
Dithionite was omitted for measurement of endogenously
reduced P450. Following a 5-s mix to resuspend cells, a baseline
spectrum was recorded at 2 nm intervals from 400 -500 nm in a
SpectraMax M2 microplate reader. Resuspensions were then
gassed with CO for 5 min at 1 atm prior to measurement of
Fe(II)-CO versus Fe(Il) difference spectra. Other conditions
were as indicated in the results for individual experiments.

Cryopreserved rat hepatocytes were thawed according to
procedures recommended by the supplier and resuspended in
sterile phosphate-buffered saline (100 mm potassium phos-
phate, pH 7.4, containing 750 mm NaCl; 2.5 X 10° cells/ml).
Fe(II)-CO versus Fe(Il) difference spectra were obtained on
undiluted resuspensions as described above.

Measurement of Ligand Binding Spectra in Whole Cells—For
ligand binding spectra, 10 um nBIC, cineole, or D-camphor was
added to bacterial cultures prepared as described above. Differ-
ence spectra were obtained with reference to baseline spectra
recorded on the same samples prior to the addition of ligand.
For some experiments, cells were either reduced by the addition
of 10 mg/ml freshly prepared sodium dithionite in whole cell
assay buffer (reducing treatment) or oxidized by vigorous agi-
tation in air in a VorTemp mixer for 10 min at 1000 rpm in the
presence of 10 mg/ml freshly prepared sodium dithionite (oxi-
dizing treatment).

Check for Endogenous Ligands in E. coli Cell Lysate by Ligand
Binding Spectroscopy—Difference spectroscopy was performed
on purified bacterial P450s and isolated bacterial membranes
containing recombinant P450s to investigate the presence of
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endogenous ligands. Bacterial membranes containing recombi-
nant human P450s were prepared using established methods
(22). Ligand binding spectra were obtained using purified
CYP101A1 (9 um), purified CYP176A1 (10 um), or bacterial
membranes containing 0.5 uM recombinant human P450s,
incubated with and without a 5-fold dilution of E. coli cell
lysate, that had been prepared from a 10-ml culture of E. coli
transformed with the empty expression vector pCW, lysed by
sonication, and clarified by centrifugation at 20,000 X g for 30
min.

EPR Spectroscopy—Continuous wave X-band EPR spectra
were recorded with a Bruker BioSpin ELEXSYS E580 EPR spec-
trometer fitted with a super high Q-cavity. Magnetic field and
microwave frequency calibration were achieved with a Bruker
BioSpin ER 036M teslameter and a Bruker BioSpin microwave
frequency counter, respectively. Temperatures (8.00 = 0.02 K)
were controlled using a flow-through cryostat (ESR910) in con-
junction with an Oxford ITC503 temperature controller. Spec-
trometer tuning, signal averaging, and subsequent spectral
comparisons were performed with the Xepr (version 2.6) soft-
ware from Bruker BioSpin.

Microaerobic cultures of cells expressing CYP101A1 and
CYP176A1 were prepared as described above and harvested at
72 h. Half of each culture was added immediately to a Wilmad
707-SQ EPR sample tube and snap-frozen in liquid nitrogen
(“native” sample). An identical aliquot was incubated with
sodium dithionite (10 mg/ml final concentration) in a micro-
plate and subjected to a 10-min agitation at 1000 rpm in a Vor-
Temp microplate shaker in air prior to freezing in the sample
tube (“oxidized” sample). All samples were briefly degassed
with argon to remove dissolved oxygen and oxygen present
above the frozen sample, to avoid resonances from triplet state
oxygen and poor baselines. Identical sample tubes were used to
measure the EPR spectra of the native and oxidized whole cell
environments, and the sample tubes were placed into an iden-
tical position in the liquid helium flow-through quartz assem-
bly within the super high Q-cavity. This was judged by the lack
of change in microwave frequency and detector current
between sample changes. Background EPR spectra of E. coli
cells lacking any P450 were also recorded and subtracted from
the experimental EPR spectra of CYP101A1 and CYP176A1 in
whole cells to remove signals from other paramagnetic centers
(e.g. Cu(Il), Mn(II), and high spin rhombic Fe(III)) not associ-
ated with P450s. Computer simulation of the EPR spectra was
performed using the XSophe-Sophe-XeprView computer sim-
ulation software suite (version 1.1.4) running on a PC utilizing
Mandriva 2009.1 as the Linux operating system (27).

RESULTS

P450 Reduction State in Resting Whole Cells without Added
Oxygen or Redox Partners—Of the bacterial (CYP101A1 and
CYP176A1) and human (CYP1A2, CYP2C9, CYP2AS6,
CYP2A13, and CYP3A4) P450s tested in whole cells, all but
CYP3A4 showed a significant absorbance peak at 450 nm
Fe(II)-CO versus Fe(Il) difference spectrum in the absence of
exogenous reductant (Fig. 2), indicating naturally present, CO-
binding, ferrous P450 (subsequently referred to as endoge-
nously reduced P450). Dithionite reducing treatment increased
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FIGURE 2. Fe(ll)-CO versus Fe(ll) difference spectra of recombinant P450 monocistronic expression cultures. A, spectra were recorded with (black) and
without (gray) the addition of external reductant (10 mg/ml sodium dithionite, 90-min contact time). Spectra from three independent experiments were
averaged to produce the data shown in each case. B, quantitative analysis of spectra presented in A. Histograms show mean = S.D. of ferrous P450 concen-
trations calculated from n = 3 spectra from 72-h microaerobic cultures. Filled bars represent ferrous P450 after reduction by dithionite (total P450), and open
bars represent endogenously reduced P450. The control spectrum is from bacteria expressing no P450.

the peak size to different extents depending upon the P450 form
under examination. The dithionite-reducible P450 peak was
assumed to represent the total amount of P450 in the cell. The
ratio of the peak size observed in the absence to that in the
presence of dithionite (reducing treatment) represents the pro-
portion of total P450 that is endogenously reduced within the
intact bacterial cell.

Effect of Coexpressed Cognate Redox Partners on P450 Whole
Cell Reduction State—Coexpression of the cognate electron
donors (hCPR for human P450s; putidaredoxin plus putidare-
doxin reductase for CYP101A1; or cindoxin plus endogenous
E. coli FdR for CYP176A1) in bi- or tricistronic cultures with
the respective P450s consistently increased the proportion of
endogenously reduced P450 detected by Fe(II)-CO versus Fe(1I)
difference spectroscopy (Fig. 3). However, this increase was
only statistically significant for those forms that were not
already mostly endogenously reduced in the monocistronic sys-
tem (CYP2C9, CYP3A4, and CYP176A1, where the reduction
percentage increased from <40% to >80%; Fig. 3). All P450s
could be considered predominantly reduced (>80%) in the
presence of their cognate redox partners. Coexpression of
appropriate redox partners had little effect on total P450
expression levels for the recombinant human forms. However,
the yields of the more highly expressed bacterial P450s were
significantly decreased (Fig. 3).
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Oxidation of P450s in Intact Bacterial Cells—To characterize
better the different redox states of the P450 in whole cells, we
exploited a serendipitous observation that vigorous aeration of
cells in the presence of dithionite decreased the amount of P450
detected by Fe(II)-CO versus Fe(Il) difference spectra (supple-
mental Fig. S1). We speculate that this results from oxidation of
the Fe(II) heme by hydrogen peroxide generated intracellularly
as aerobic decomposition of dithionite to generate hydrogen
peroxide has been demonstrated in solution (28, 29).
CYP101A1 cultures treated in this manner (oxidizing treat-
ment) showed an increase in the amplitude of type I ligand
binding spectra elicited by the addition of camphor, charac-
teristic of the Fe(III) form, confirming conversion of endog-
enous Fe(II) P450 to the Fe(III) form by aeration in the pres-
ence of dithionite (supplemental Fig. S1). A quantitative
assessment of these data is precluded by the fact that the
addition of p-camphor for the type I measurement will
potentiate reduction of the P450 and turnover of the p-cam-
phor in whole cells.

Ligand Binding Spectra of P450s Expressed in Intact Bacterial
Cells—Alkylisocyanides bind to both Fe(II) and Fe(III) forms of
P450s, producing visible absorption spectra characteristic of
the redox state of the heme. Binding spectra were obtained with
nBIC using intact E. coli cells expressing CYP101A1l and
CYP176A1 at high concentrations that were (i) reduced with
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sodium dithionite, (ii) oxidized by vigorous shaking in the pres-
ence of sodium dithionite (see above), or (iii) measured after the
addition of nBIC alone (native samples) (Fig. 4). Although only
a small peak was observed at ~430 nm in the oxidized samples,
characteristic absorbance peaks at ~455 nm (both enzymes)
and ~430 nm (CYP176A1) were observed in spectra obtained
from the reduced and native samples, indicating binding of
nBIC to the Fe(II) form (30). The ratio of these peaks differed
between the native and reduced spectra for the same P450 form,
which is consistent with the pH effect previously observed (30)
and the ability of dithionite to decrease the pH (31).

Investigation of the Possibility That E. coli Cultures Contain
an Unidentified Substrate Responsible for Inducing a Spin Shift
and Facilitating Reduction—No type I ligand binding spectrum
could be detected that were indicative of any endogenous
ligands in the E. coli cell lysate capable of provoking a low to
high spin state change in purified CYP101A1l, purified
CYP176A1, or any of the recombinant human P450s studied
here.

EPR Spectroscopy—Low temperature (8 K) EPR spectra of
purified CYP101A1 and CYP176A1 (Fig. 5, A and B) were meas-
ured prior to attempting similar measurements on whole cells.
Both enzymes displayed resonances (Fig. 5) attributable to low
spin Fe(III) species. X-ray crystallographic structures of the
resting CYP101A1 have revealed a ruffled porphyrin ring coor-
dinated axially to a cysteine and an aqua ligand, which is hydro-
gen-bonded in a cluster of another five water molecules in the
substrate-binding pocket (32, 33). Pulsed EPR spectroscopy
(34, 35) and model complex studies (36) indicated that polar-
ization within the water cluster produces a hydroxide-like char-
acter in the aqua ligand and a low spin state for the Fe(III) ion.
The EPR spectrum of purified CYP101A1l (Fig. 5A) was as
observed previously (37). A comparison of the g matrices for
species A (g, = 2.4459, g, = 2.2516, g; = 1.9072; determined by
computer simulation, supplemental Fig. S2) and species B (g,
2.4856; g,, 2.2745; g5, 1.8853) with known literature values for
CYP101A1 (37) indicates that these species correspond to the
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native enzyme (denoted species A here) and a complex in which
the water molecules have been partially displaced by the buffer
Tris (32, 33) (species B), respectively. Changing the buffer to
HEPES, a non-coordinating buffer, produces a more compli-
cated EPR spectrum (supplemental Fig. S3, A and B) showing a
mixture of high spin (g = 7.77, 3.91, 2.01) and three low spin
Fe(Ill) species. Subtle changes to the low spin Fe(IIl) reso-
nances (supplemental Fig. S3B) were observed upon the addi-
tion of KCI or Tris buffer, which reflect modifications to the
water cluster at the active site. In contrast, the EPR spectrum of
CYP176A1 shows a single low spin Fe(IlI) P450 species with g
values: g, = 2.4157, g, = 2.2450, and g; = 1.9196 (Fig. 5B,
supplemental Fig. S4) (27). Monocistronic cultures of
CYP101A1 and CYP176A1 were divided in two with one ali-
quot snap-frozen immediately and the other identical aliquot
subjected to the oxidizing treatment noted above before freez-
ing. A smaller proportion of species B and larger line widths for
the native enzyme, species A, were seen in EPR spectra for
CYP101A1 from whole cells when compared with the purified
enzyme (Fig. 5A4). A similar comparison of the EPR spectra for
CYP176A1 (Fig. 5B) reveals a small proportion of a second spe-
cies (low field resonance) in whole cells. A comparison of the
EPR spectra for CYP101A1 and CYP176A1 in native and oxi-
dized environments (Fig. 5, A and B) showed a clear increase in
the intensity of the resonances in cells subjected to the oxidiz-
ing treatment. The lower intensity of the Fe(IlI) P450 reso-
nances in the native whole cells can be explained by the pres-
ence of either low spin (S = 0) Fe(II) hemes that are EPR-silent
or high spin (S = 2, D > hv) Fe(II) hemes that are also generally
EPR-silent at X-band frequencies. There were no high spin (S =
5/2) Fe(Ill) resonances (g o¢r = 2.0, 8, o = 6.0) in the whole cell
EPR spectra (results not shown), confirming the absence of
endogenous ligands.
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Effect of Oxygen Availability during Measurement on P450
Whole Cell Reduction State—In the current study, Fe(II)-CO
versus Fe(Il) difference spectra were typically measured on rest-
ing cell resuspensions equilibrated in air for at least 30 min
(prior to CO binding) and then subjected to a brief 5-s agitation
immediately prior to measurement. Such resuspensions are
functionally anaerobic due to the consumption of oxygen via
bacterial respiration. Measured pO, values for such stagnant
resuspensions dropped to <0.1% air saturation within 3 min
after aeration to 100% air saturation, measured with a Clark
type polarographic electrode. No pulse in pO, was observed by
very brief agitations in air for resuspension as above. This pre-
mise was further verified by incubating CYP176A1 (previously
equilibrated in air) under an argon atmosphere for up to 1 h
before recording Fe(II)-CO versus Fe(Il) difference spectra. The
amount of endogenously reduced CYP176A1 did not change
significantly when oxygen was totally excluded prior to mea-
surement, although there was a very slight trend toward an
increase in endogenously reduced P450 (55 * 4% endogenously
reduced P450 after 60 min under argon when compared with
47 = 9% prior to argon incubation; mean = S.D., n = 3; 72-h
microaerobic cultures).

We tested whether the observation of endogenously reduced
P450 was an artifact of low oxygen tension in bacterial cultures
using both bacterial and representative human (CYP1A2 and
CYP2C9) P450s (Table 1). When oxygen was provided by vig-
orous agitation in air up to the point of CO binding, all P450s
tested still showed the presence of endogenously reduced Fe(II)
heme (Table 1). Measured pO, values were >90% air saturation
immediately prior to CO treatment, as determined on repre-
sentative resuspensions with a Clark type polarographic elec-
trode. For CYP176A1 and CYP2C9 monocistronic cultures, the
reduction percentage was similar in vigorously aerated cultures
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TABLE 1

The effect of aeration and addition of substrate at measurement on the concentrations of reduced P450s measured by whole cell Fe(Il)-CO versus

Fe(ll) difference spectroscopy

Endogenously reduced P450 concentrations were measured without external reductant. Total P450 concentrations were determined after dithionite reducing treatment.
Data represent the mean * S.D. of triplicate determinations. Asterisks indicate statistical significance between control and aerated or plus substrate samples (*, p < 0.05,
* p <0.01,*** p < 0.001). Data in parentheses show the percentage of total P450 measured after dithionite reducing treatment. Both control and plus substrate suspensions
were equilibrated for 1 h in argon prior to collection of spectra (and after the addition of substrate where relevant). Aerobic suspensions were aerated vigorously by shaking
at 800 rpm for 1 h prior to incubation with CO. Substrates were: CYP1A2, 1 mm phenacetin; CYP2C9, 1 mm warfarin; CYP176A1, 2.9 mM cineole; CYP101A1, 3.3 mm

D-camphor.
Endogenously reduced P450
P450 form Control Aerated Plus substrate Total P450
nm nm
CYP1A2¢ 180 = 30 (41%) 49 * 4 (11%)* 240 + 10 (53%) 450 * 80
CYP1A2/hCPR” 410 = 20 (123%) 190 = 20 (57%)*** 330 = 30 (98%)* 330 £ 60
CYP2C9 140 = 10 (17%) 190 = 50 (24%) 380 * 20 (49%)*** 780 * 40
CYP2C9/hCPR 270 * 10 (60%) 190 = 10 (42%)** 390 * 20 (87%)*** 450 * 60
CYP176A1* 750 = 40 (17%) 900 * 140 (20%) 4500 =+ 100
170 = 40 (8%) 660 * 40 (31%)*** 2120 * 50

CYP101A1 3100 = 400 (72%) 1980 * 60 (46%)* 3490 * 40 (82%) 4300 = 200

“ Measurements on CYP1A2 and CYP1A2/hCPR were performed using cultures stored for 24h at 4 °C after harvest and resuspension. This decreased the proportion of en-
dogenously reduced P450 making possible measurement of both increases and decreases in the degree of endogenous reduction.
? The effects of aeration and addition of substrate were measured in two separate experiments for this form.

to that in cultures incubated under argon. However, CYP1A2
mono- and bicistronic, CYP2C9 bicistronic, and CYP101A1
monocistronic cultures showed less endogenously reduced
P450 after vigorous aeration.

Effect of Substrate Addition Just prior to Measurement of
P450 Whole Cell Redox State—The addition of substrates to
resuspensions prior to measurement significantly increased the
reduction percentage for monocistronic and bicistronic
CYP2C9 and monocistronic CYP176A1 (Table 1). A trend
toward increased reduction percentage with substrates was also
seen in CYP1A2 monocistronic and CYP101A1 monocistronic
cultures, but did not reach statistical significance. CYP1A2 was
already ~100% reduced in bicistronic cultures, so although
substrate appeared to significantly decrease the endogenously
reduced P450 concentration, this was not significantly different
from the total P450 concentration.

Investigation of the Redox State of P450 in Mammalian
Hepatocytes—Fe(II)-CO versus Fe(Il) difference spectroscopy
was used to assess the redox state of P450s in rat hepatocytes. A
clear peak was observed in the difference spectrum in the
absence of dithionite, which was only slightly enhanced in sam-
ples treated with dithionite (reduction treatment; Fig. 6). The
addition of a 100,000 X g supernatant fraction prepared from
cryopreserved rat hepatocytes to diluted rat liver microsomes
failed to elicit a type I binding spectrum (data not shown).

DISCUSSION

The presence of reduced P450 in intact whole cells is unex-
pected for two reasons. Firstly, the conventional mechanism for
P450 catalysis postulates the binding of substrate prior to the
first electron reduction of ferric to ferrous heme. Secondly, the
presence of ferrous P450 without bound substrate presents a
potential danger to the cell in the form of uncoupled superoxide
radical production when oxygen is present. Despite this, all P450
forms studied, with the exception of CYP3A4, showed a significant
level of reduced P450 in the intact cell, as indicated by the obser-
vation of Fe(IT)-CO versus Fe(II) difference spectra in the absence
of added reductant (dithionite). Moreover, for many P450s
(CYP1A2, CYP2A6, CYP2C19, and CYP101A1), this level was
>80% after growth in microaerobic culture, even when cognate

40756 JOURNAL OF BIOLOGICAL CHEMISTRY

0.075
0.050
0.025
0.000
-0.025

A Absorbance

-0.050
-0.075

-0.100 : : : :

400 420 440 460 480 500

Wavelength (nm)

FIGURE 6. Fe(ll)-CO versus Fe(ll) difference spectra recorded in intact rat
hepatocytes. Rat hepatocytes were resuspended in phosphate-buffered
saline to a density of 2.5 X 10° cells/ml. Fe(l1)-CO versus Fe(ll) difference spec-
tra were recorded with (black) and without (gray) the addition of external
reductant (10 mg/ml sodium dithionite, 13.5-min contact time).

electron donors were not coexpressed. This was supported by the
observation of nBIC ligand binding spectra of CYP101A1 and
CYP176A1 that were characteristic of the Fe(II) form.

The measurement of a CO difference spectrum is itself capa-
ble of thermodynamically perturbing the P450 oxidation state
by removing unbound ferrous P450 heme as the CO-bound
form. The same is true of any ligand (e.g. nBIC) that binds to the
heme unless it has an identical affinity for the Fe(II) and Fe(III)
forms. X-band EPR spectroscopy provides a means by which to
assess the natural redox state of the heme without perturbing
the relative proportions of Fe(III) P450 and Fe(II) P450 by the
addition of a ligand. The ferric form of the heme is paramag-
netic, whereas the ferrous form is generally silent (low spin, S =
0; high spin, S = 2 with D > hv) at X-band microwave frequen-
cies. To test whether any P450 was present in the reduced,
EPR-silent form, we sought a reagent capable of oxidizing the
P450 within intact cells. The prototypical oxidant potassium
ferricyanide fails to enter cells. However, vigorous agitation in
air of cultures containing the cell-permeable reducing agent,
sodium dithionite (typically used to reduce P450 in intact E. coli
(16, 17, 38)), significantly decreased the fraction of endoge-
nously reduced P450 in cells. This counterintuitive effect is
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most likely to be mediated by hydrogen peroxide produced
within cells upon aerobic decomposition of dithionite; S,03
breaks down to SO, , which has been shown to react rapidly
with dioxygen in solution generating superoxide and ultimately
hydrogen peroxide by dismutation or further reaction with
SO, (28,29, 39).

Identical bacterial suspensions were examined by EPR before
and after the oxidizing treatment. A clear increase was seen in
the intensity of the characteristic resonances from the Fe(III)
forms of CYP101A1 and CYP176A1 in cells subjected to the
oxidizing treatment, consistent with conversion of prereduced
(EPR-silent) P450 to the Fe(III) form upon oxidation.

This oxidizing treatment could cause damage to the P450.
However, no resonances were observed over a wider scan
range, which could be attributed to the breakdown of the P450
prosthetic group to either hemin (g, . = 6.0, g . = 2.0) or
non-heme (g, = 4.3) Fe(IlI). In addition, the augmentation of
the type I response to camphor in oxidized cell suspensions
(supplemental Fig. S1) argues against the reduction of the
Fe(II)-CO being due to any obvious P450 destruction. Indeed
the type I spectra may underestimate the amount of Fe(III)
produced by the oxidizing treatment because the addition of
camphor for the type I measurement will potentiate reduction
of the P450 and turnover of the camphor in whole cells.

The transfer of the first electron to the P450 forms tested here
can be attributed to endogenous proteins naturally present in the
whole cells. Cellular redox conditions are unlikely to enable
straightforward reduction by freely diffusing intermediates with-
out the mediation of a redox partner, especially in aerobic condi-
tions (Table 1). Previous studies have shown that flavodoxin (Fd),
coupled to FdR, can reconstitute a functional electron transfer
pathway to P450s in E. coli (40). Like the cognate redox partners,
these endogenous electron donors couple to NAD(P)H and can be
considered electron conduits to the same cellular redox state. The
smaller proportion of endogenously reduced P450 seen in
CYP2C9, CYP3A4, and CYP176A1 monocistronic cultures may
reflect a reduced ability to couple to the endogenous redox part-
ners relative to the other forms examined.

It was possible to augment the endogenous redox partners
with the cognate electron donors for each P450 form: hCPR, for
the human forms, cindoxin plus the surrogate endogenously
expressed E. coli FAR for CYP176A1 (41), and putidaredoxin
plus putidaredoxin reductase for CYP101A1l. The effect of
coexpressed electron donors on the P450 reduction state was
most apparent for forms that showed less reduction by the
endogenous electron donors, ie. CYP2C9, CYP3A4, and
CYP176A1 (Fig. 3). This indicated that although stable, the bal-
ance of Fe(II) to Fe(IlI) P450 in whole cells is likely to be in steady
state and not in a thermodynamically controlled equilibrium
because the presence of cognate electron donors represents an
additional electron transfer pathway to the P450, and thus, a
kinetic rather than a thermodynamic intervention to the P450
reduction state. All P450s were significantly reduced (>>80%) upon
coexpression of cognate electron donors, showing that the redox
state of intact cells was sufficiently reduced under the experimen-
tal conditions, once electron transfer pathways were in place, to
maintain the P450s in a largely reduced state.
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Next we sought to determine whether the observation of pre-
reduced P450 was solely due to the highly reducing environ-
ment present in cells that were functionally anaerobic during
measurement. Supplying oxygen during measurement repre-
sents a complex intervention to the P450 reduction state in
whole cells, with three separate interactions possible (Fig. 1).
Firstly, the redox state (i.e. NAD(P)H/NAD(P)™ ratio) of the
cells will alter in response to the oxygenated environment, thus
changing the overall thermodynamic driving force for reduc-
tion. Secondly, oxygen binds to the ferrous heme, yielding an
oxyferrous complex and potentially displacing the heme
toward the ferrous form. Finally, the oxyferrous complex can
enter a futile cycle by losing the electron and oxygen as the
superoxide radical, regenerating the ferric state.

Although aeration of cells immediately before P450 measure-
ment reduced the proportion of prereduced P450, a significant
amount of ferrous P450 was still evident for all forms tested. The
observation of endogenously reduced P450 in whole cells is there-
fore not an artifact of measurement under functionally anaerobic
(reducing) conditions. Because of the potential for futile cycling
with both ferrous P450 and oxygen present, it was surprising that
the ferrous P450 pool was not totally depleted. This suggests that
although futile cycling and consequent superoxide radical forma-
tion may occur in whole cells, if they do occur, these processes
must be slow enough not to overrun regeneration of ferrous P450
and entirely deplete the pool of reduced P450.

Substrate has been shown to increase the rate of reduction of
many (but not all (10)) P450s in vitro, and so substrate might be
expected to alter the degree of reduction in vivo. Consistent
with the in vitro results, the addition of substrates immediately
prior to measurement increased the proportion of endoge-
nously reduced P450 measured by Fe(II)-CO versus Fe(II) dif-
ference spectroscopy, particularly for those forms showing less
endogenous reduction of the P450 (monocistronic CYP2C9
plus warfarin and monocistronic CYP176A1 plus cineole). The
observed increase can be attributed to the kinetic effect of
increasing the rate of reduction of ferric P450 by introducing an
alternative pathway to the ferrous form. (Interestingly, the rate
of CYP2C9 reduction in vitro has been seen to be increased by
substrate, whereas that of CYP1A2 was little affected (10), in
parallel with the relative effects seen here.) Introduction of a
more rapid pathway for heme reduction, combined with the
steady state nature of the Fe(Il)/Fe(III) heme cellular balance
postulated above, provides a plausible explanation for the
increase in ferrous P450.

The conventional representation of the P450 catalytic cycle
shows ferric P450 as the resting state and substrate binding as
the first step followed by transfer of the first electron (4—7). The
first electron transfer to CYP101A1 has been reported to be
insignificant in the absence of substrate (42), but few data exist
on this key process (43). The facilitation of the first reduction
step caused by substrate binding has been attributed to a posi-
tive shift in the reduction potential. However, coupling the

3 The Fe(l1)-CO versus Fe(ll) difference peak measured after aeration repre-
sents the minimum proportion of ferrous P450 because some masking of
Fe(ll) heme as the oxyferrous form may occur due to the failure of CO to
immediately displace all oxygen bound to heme.
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reduction step with the binding of a (dioxygen) ligand to the
ferrous enzyme should make the reduction thermodynamically
favorable for both substrate-free and substrate-bound forms.
Such an effect is well recognized in electron transfer processes
coupled with chemical reactions (44). Rather, the smaller dif-
ference in reorganization energy associated with displacement
of the aqua ligand and the consequent spin shift is more likely to
explain the faster reduction of the P450 after binding of sub-
strates, a kinetic rather than a thermodynamic effect (44).
Whether controlled thermodynamically or kinetically, this per-
spective provides a simple mechanism by which uncoupling
side reactions could be limited in the substrate-free enzyme.

The present study provides evidence that that the resting
form is a mixture of ferric and ferrous forms in different ratios
characteristic of the P450 in question and the nature of its exact
cellular environment. This is consistent with the hypothesis
that significant reduction of the P450 to the ferrous form occurs
in the absence of substrate for all forms studied. Interestingly,
CYP101A1 showed one of the highest proportions of endoge-
nously reduced P450, an observation that was particularly
unexpected given the prevailing view that its catalytic cycle is
tightly controlled in the absence of substrate. No evidence
could be found for any endogenous substrate in E. coli cell
lysate that was capable of inducing a spin state shift and there-
fore accelerating delivery of the first electron to CYP101A1.
This suggests that reduction is not gated at the first step in vivo
and that some degree of futile cycling may be possible for most
P450s including CYP101A1. Alternatively, another mechanism
may prevent uncoupling. Notably, studies have proposed that
the oxyferrous form of various P450s is highly labile, but stabi-
lized by substrates (45). Although this would not prevent
release of reactive oxygen species (i.e. superoxide), such a gating
mechanism would limit further progress through the cycle in
the absence of substrate. Our data do not inform us as to the
pathway by which the Fe(III) P450 is reduced, i.e. reduction of
low spin Fe(III) P450 versus reduction of the small amount of
high spin Fe(III) P450 present at equilibrium.

E. coli provides a technically simple, semiphysiological model in
which the P450 redox state can be examined in the presence of a
complex cellular environment, including functional redox systems
maintaining NAD(P)H levels. The regulation of the redox state is
similar in eukaryotic and prokaryotic cells, i.e. NAD is found pre-
dominantly in the oxidized form, whereas NADP is found pre-
dominantly in the reduced form (46), so this model yields useful
insights into the probable behavior of P450s in native environ-
ments.* The results of this study suggest that ferrous P450 is pres-
ent during aerobic growth. Detrimental effects on the cell might be
expected from futile cycling of P450s in the absence of substrates.

4 A caveat appliesin the case of CYP101A1. For all of the P450s examined here
except CYP101A1, NADPH, present at high levels in the cell relative to
NADP*, is the natural coenzyme. However, CYP101A1 is usually coupled to
NADH, which is maintained at low levels relative to NAD*. Therefore if the
Fd/FdR or another NADPH-dependent system enables reduction of
CYP101A1 by NADPH rather than NADH, the higher levels of NADPH when
compared with the natural coenzyme NADH in the original host provide a
greater thermodynamic driving force for reduction of CYP101A1 in the
model system. Unfortunately, the tight transcriptional regulation of
CYP101A1 in P. putida confounded an attempt to assess its redox state in
the host organism in the absence of substrate.
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However, no evidence of deleterious effects was seen on bulk cul-
ture parameters (see supplemental Figs. S5 and S6). Thus, the pos-
sible damage due to futile cycling may be limited effectively by
bacterial systems for scavenging reactive oxygen species, without
apparent cost to the cell. In the case of CYP101A1, P450 expres-
sion in the natural host, Pseudomonas putida, is known to be
tightly controlled, so repression of transcription in the absence of
substrate (47) may be sufficient to restrict futile cycling.

To assess the relevance of these results to mammalian cells,
we undertook limited experiments with rat hepatocytes. Con-
sistent with the results obtained in the model system, effectively
all the P450 detected in hepatocytes was endogenously reduced;
the addition of exogenous dithionite failed to significantly
increase the amount of P450 detected. Importantly, the oxygen
tension to which the hepatocytes were exposed is likely to be
greater under the conditions of our experiments than in vivo.
Although the cost and relative fragility of hepatocytes limited
more detailed experimentation on these cells, this suggests that
P450s are predominantly present in the reduced state in hepa-
tocytes. However, the situation within intact liver, especially
within the relatively low pO, regions where the P450s studied
here are concentrated, remains to be clarified. It is worth noting
that the experiments in E. coli in the absence of cognate redox
partners represent the most stringent test of our hypothesis
that the ferrous form of P450 exists in vivo. In the native cell in
the presence of both the normal redox partners and likely
endogenous substrates (fatty acids, etc.), we would expect to see
even more facile reduction of the P450 heme iron.

The current work is the first to our knowledge in which the
redox state of P450s has been monitored within intact, viable
cells. This study points to the need for further investigations
using systems that more effectively model the physiological
state of P450s in intact cells.
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