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Mechanism of cytochrome P450 reductase from the house fly: evidence
for an FMN semiquinone as electron donor
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Abstract The interaction of recombinant house fly (Musca
domestica) P450 reductase with NADPH and the role of the
FMN semiquinone in reducing cytochrome ¢ have been
investigated. House fly P450 reductase can rapidly oxidize only
one molecule of NADPH, whereas the rate of oxidation of a
second molecule of NADPH is too slow to account for the
observed rates of catalysis. This demonstrates that house fly
P450 reductase does not require a priming reaction with
NADPH for catalysis. Kinetics of cytochrome ¢ reduction and
EPR spectroscopy revealed that the enzyme forms two types of
neutral FMN semiquinone. One serves as the catalytic inter-
mediate of cytochrome ¢ reduction, and another one is an ‘air-
stable’ semiquinone, which reduces cytochrome ¢ 3000 times
more slowly. The results show that the reduction state of the
house fly P450 reductase during catalysis cycles in a 0-2-1-0
sequence.
© 1999 Federation of European Biochemical Societies.
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1. Introduction

Diflavin reductases, containing both FAD and FMN as
prosthetic groups, are believed to have emerged as a fusion
of the FAD-containing reductases (such as ferredoxin, bs, or
flavodoxin reductase) and flavodoxin, a small FMN-contain-
ing electron transfer protein [1]. This family of enzymes in-
cludes microsomal P450 reductases, the flavoprotein subunit
of sulfite reductase, as well as the flavoprotein domains of
natural fusion proteins such as NO synthase and P450BM3.
The pathway of electron transfer in these enzymes is
NADPH —» FAD - FMN, and FMN serves as a one-electron
donor.

Two mechanisms of electron transfer by the mammalian
P450 reductase based on equilibrium redox potentials of the
two flavins were proposed (see review [2]). Although these
models differ in the maximal reduction state of the rat liver
flavoprotein (3¢~ or 4e”), they have two common features.
Both models require a priming reaction with NADPH, i.e.
oxidized P450 reductase should be reduced by two molecules
of NADPH (four electrons) before electron transfer from the
FMN site can occur. Also, both models imply that FMN
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hydroquinone, but not semiquinone, serves as the electron
donor. Mechanisms of electron transfer by other enzymes of
the diflavin reductase family have either remained elusive or
been assumed to be similar to that of mammalian P450 re-
ductase.

However, recent studies show that redox potentials of the
flavin cofactors of P450 reductases from various sources are
significantly different from those of the rat liver P450 reduc-
tase [3]. The same conclusion has been reached for the proper-
ties of the flavins in the flavoprotein domain of P450BM3 [4].
Indeed, a detailed characterization of the P450BM3 catalytic
mechanism demonstrated that, unlike the mammalian micro-
somal P450 reductase, P4S0BM3 does not require a priming
reaction with NADPH, so that catalytic turnover can be com-
pleted at [NADPH]<[P450BM3]; maximal reduction state
during catalysis does not exceed 2; and FMN semiquinone
is the active catalytic intermediate [5].

An FMN semiquinone also serves as the catalytic inter-
mediate of cytochrome ¢ reduction by sulfite reductase [6],
and has been proposed to reduce heme iron in nitric oxide
synthase [7]. Moreover, an Escherichia coli flavodoxin reduc-
tase and flavodoxin system supports catalysis by heterologous
P450 enzymes, such as CYP17, with an FMN semiquinone of
flavodoxin serving as the electron donor [8]. These studies
collectively indicate that deriving a catalytic mechanism based
on equilibrium redox potentials alone may not be reliable.

In this paper we studied the mechanism of house fly P450
reductase and addressed the following aspects of catalysis: (a)
stoichiometry of cytochrome ¢ reduction by NADPH in the
presence of P450 reductase excess; (b) role of FMN semiqui-
none in reduction of cytochrome c.

2. Materials and methods

Expression in E. coli, purification and quantitation of P450 reduc-
tase were carried out as described [9,10]. Cytochrome ¢ reductase
activity was measured as detailed earlier [10].

2.1. Synthesis of [>P]NADP(H) and interaction with P450 reductase
The reaction mixture (100 ul) contained 2.5 mM NAD, 200 uM
ATP, 5 mM MgCl,, 0.5 mCi [y-*?PJATP, and 0.3 U/ml NAD kinase
in 100 mM Tris-HCl pH 7.7. After 4 h incubation at 25°C,
[?PINADP was purified by HPLC on a Vydac 301TP104 column
(4.6 X250 mm) developed with a linear gradient of 0.05-0.4 M K-
acetate buffer pH 5.0 over 60 min at a flow rate of 1 ml/min.
[P*PINADPH was synthesized by incubation of [**P[NADP with glu-
cose 6-phosphate and 0.2 U/ml glucose 6-phosphate dehydrogenase
for 1 h at 25°C. Glucose 6-phosphate dehydrogenase was removed by
ultrafiltration on a 30K Centricon microconcentrator. [*?P]NADP and
[P*PINADPH comigrated with authentic standards during TLC on
PEI-cellulose plates developed in freshly prepared 0.5 M NH4HCOs.
Ry values for NADPH and NADP were 0.41 and 0.62, respectively.
Specific radioactivity of [*>PINADP(H) was 660 cpm/pmol.
Oxidation of [*?P[NADPH by P450 reductase was measured by

0014-5793/99/%20.00 © 1999 Federation of European Biochemical Societies. All rights reserved.

PII: S0014-5793(99)00723-1



202

mixing 5 pl of 4 uM enzyme with 5 ul of 21.6 uM nucleotide. The
reaction was stopped by addition of 6 ul of 10% SDS solution and
1.5 pl was applied on a PEl-cellulose plate. After developing the
plates as described above, the spots corresponding to [*?P[NADP
and [**P[NADPH were cut out, placed in scintillation vials containing
S ml of 1 M KH,PO, and radioactivity counted by Cerenkov irradi-
ation.

2.2. Stopped flow experiments

The experiments were carried out as described [9]. For cytochrome
¢ reduction assays one syringe contained 2.3 uM P450 reductase and
the second syringe contained 10 uM cytochrome ¢ and 1.2 uM
NADPH. Equal volumes of the solutions were mixed at 25°C and
the absorbance increase was recorded at 550 nm. The reactions fol-
lowed first order kinetics and rate constants were obtained by a best
fit to a single exponential function. Stoichiometry of cytochrome
¢/NADPH was calculated as a ratio of the amount of cytochrome ¢
reduced (&550=21 mM~! cm™') to the amount of NADPH added
(&340=6.2 mM™! Cl’nil).

3. Results

3.1. NADPH oxidation by the house fly P450 reductase

The house fly P450 reductase is isolated as a stable fully
oxidized flavoprotein [10]. To determine whether house fly
P450 reductase requires a priming reaction, we measured a
stoichiometry of NADPH oxidation. If a priming reaction
does not occur, the enzyme will rapidly oxidize 1 mol of
NADPH. In contrast, if a priming reaction is required, the
enzyme will rapidly oxidize more than 1 mol of NADPH. The
fully oxidized enzyme was incubated with an excess of
[*>PINADPH, and the amount of oxidized nucleotide was
determined. The results of this experiment (Fig. 1) demon-
strate that house fly P450 reductase can rapidly (within the
first time point of 3 s) oxidize only 1 mol of [*?P[NADPH.
Stopped flow measurements of FAD reduction gave a rate
constant of 26 s~! [10]. A second mol of [**P]NADPH is
oxidized in about 1 min (k=0.01 s7!), too slow to be a
part of the catalytic cycle. Absorption and EPR spectroscopy
confirmed that P450 reductase used in these experiments was
fully oxidized [10]. Therefore, house fly P450 reductase can
react with NADPH rapidly only when the flavoprotein is fully
oxidized.
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Fig. 1. [*?’P][NADPH oxidation by house fly P450 reductase. The en-
zyme (2 uM) was incubated with 10.8 uM [**P]NADPH for the
times indicated. The amount of NADPH oxidized was determined
after nucleotide separation by TLC on PEl-cellulose. The line is the
linear regression through the experimental points.
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Fig. 2. EPR spectra of the P450 reductase reduced by substoichio-
metric NADPH in the presence or absence of cytochrome c. P450
reductase (40 uM) solution containing 0.25% Emulgen 911 was
mixed under aerobic conditions with an equal volume of 32 uM
NADPH, and samples were incubated for 1 h on ice with no cyto-
chrome ¢ added (spectrum 1), or for 10-15 s with 50 uM cyto-
chrome ¢ present (spectrum 2). The spin concentration in the sam-
ples corresponded to 0.54 and 0.025 mol/mol of the P450 reductase.

3.2. Cytochrome c reduction at [NADPH ] < [P450 reductase]

NADPH delivers two reducing equivalents to the FAD site
of P450 reductase in the form of a hydride ion. On the other
hand, cytochrome c¢ is a one-electron acceptor at the FMN
site [11-13]. We measured the rate and stoichiometry of cyto-
chrome ¢ reduction at [NADPH] < [P450 reductase] to deter-
mine if FMN semiquinone can serve as catalytic intermediate.
The addition of 0.6 uM NADPH to 1.15 uM P450 reductase
resulted in an essentially stoichiometric transfer of two reduc-
ing equivalents to cytochrome ¢ in a monophasic first order
reaction with a rate constant of 14 s~! (Table 1, exp. 1). The
reduction of two equivalents of cytochrome ¢ with first order
kinetics (k=14 s~!) indicates that the second mol of cyto-
chrome c is reduced either with the same rate or faster than
the first one, because house fly P450 reductase has only one
cytochrome ¢ binding site as shown by its Michaelis-Menten
kinetics [10]. Results similar to those presented in Table 1
were obtained with 1-5 uM P450 reductase and with 0.12—
0.70 mol of NADPH added per mol of enzyme (data not
shown).

Under conditions of P450 reductase excess (Table 1, exp. 1),
the pseudomonomolecular rate constant of NADPH binding
by the enzyme is [P450 reductase]Xk; =60.4 s~! which is
faster than the rate of cytochrome ¢ reduction of 14.2 s™!
(Table 1, exp. 1), while hydride ion transfer occurs with a
rate constant of 26 s~! (rate constants are from [10]). These
calculations demonstrate that almost all NADPH is bound
and oxidized before significant cytochrome ¢ reduction occurs.
Additionally, in the presence of nucleotide excess, house fly
P450 reductase can rapidly oxidize only 1 mol of NADPH
(Fig. 1). Thus the reaction measured (Table 1, exp. 1) reflects
the single turnover reduction of cytochrome c¢ after P450 re-
ductase interaction with only 1 mol of NADPH.

To confirm that stoichiometric transfer of electrons to cy-
tochrome ¢ at [NADPH] < [P450 reductase] occurs, we used
EPR to measure flavin semiquinone formation. P450 reduc-
tase (40 uM) was mixed with an equal volume of 32 uM
NADPH in the presence of cytochrome ¢, and the sample
was frozen in liquid nitrogen 10-15 s after mixing and EPR
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Reactivity of P450 reductase:NADPH complex and ‘air-stable’ semiquinone form towards cytochrome ¢

Reaction conditions

Cytochrome ¢/NADPH (mol/mol)

Reaction rate (s™)

1 1.15 uM reductase, 0.6 uM NADPH
2 0.0025 uM reductase, 0.6 uM NADPH
3 ‘Air-stable’ semiquinone N.D.c

1.75£0.11 (9)
1.84£0.03 (6)

142422 (6
14.4%1.1 (6)°
0.005+0.001 (3)

Cytochrome ¢ reduction was measured in the presence of 5 UM cytochrome c¢. Stopped flow kinetic measurements were carried out at 1.15 uM
P450 reductase and 0.6 uM NADPH. Steady-state cytochrome ¢ reduction was measured in the presence of 0.6 uM NADPH and 0.0025 uM
house fly P450 reductase. The ‘air-stable’ semiquinone form was prepared by incubation of 1.5 uM house fly P450 reductase with 1.5 uM
NADPH for 10 min. Cytochrome ¢ was then added and the reaction was followed at 550 nm. Values are means = S.D. of (n) experiments.

Measured by stopped flow kinetics.
bSteady-state cytochrome ¢ reduction.
°N.D., not determined.

spectra were recorded (Fig. 2). Very little flavin semiquinone
could be detected, demonstrating that at [NADPH] <[P450
reductase] a complete transfer of reducing equivalents to cy-
tochrome ¢ does indeed occur and the fully oxidized flavopro-
tein is regenerated. Because NADPH is a two-electron donor,
while cytochrome ¢ is a one-electron acceptor, rapid stoichio-
metric reduction of cytochrome ¢ at [NADPH] < [P450 reduc-
tase] indicates that at least one reducing equivalent is trans-
ferred from a one-clectron reduced enzyme, that is an FMN
semiquinone form, which must therefore be a catalytic inter-
mediate.

The reaction at [NADPH] < [P450 reductase] was compared
to that in the presence of nucleotide excess. The results (Table
1, exp. 2) show that both the rate and stoichiometry of cyto-
chrome ¢ reduction in the presence of NADPH excess are
close to those measured at [NADPH]<[P450 reductase].
Thus rapid and stoichiometric cytochrome ¢ reduction at
[NADPH] < [P450 reductase] represents normal catalytic turn-
over.

3.3. Reactivity of the air-stable semiquinone

House fly P450 reductase can readily form an ‘air-stable’
semiquinone form in the presence of stoichiometric concen-
trations of NADPH [10]. EPR measurements confirmed that
the enzyme incubated with 0.8 equivalents of NADPH for 1 h
contained 0.54 mol of free radical per mol of enzyme (Fig. 2)
as expected from its slow oxidation [10].

To evaluate the catalytic competence of this FMN semi-
quinone form of the P450 reductase, the enzyme was first
incubated with equimolar amounts of NADPH for 10 min,
then cytochrome ¢ was added, and its reduction was followed
by absorbance increase at 550 nm. The results (Table 1, exp.
3) showed that the ‘air-stable’ semiquinone form of the house
fly P450 reductase catalyzed reduction of cytochrome ¢ with a
first order rate constant of 0.005 s~!, or almost 3000 times
slower than the rate of cytochrome ¢ reduction by the cata-
lytic intermediate.

4. Discussion

Our results demonstrate that house fly P450 reductase can
rapidly oxidize only 1 mol of [*>?P]NADPH, while oxidation of
a second nucleotide by a partially reduced house fly P450
reductase is too slow to account for the fast rate of catalysis
(Fig. 1). Moreover, reduction of 2 mol of cytochrome ¢ for
each mol of NADPH with a catalytically competent rate oc-
curs even when the nucleotide concentration is below that of
the enzyme (Table 1). Thus, no priming reaction is needed for
the house fly microsomal P450 reductase to reduce cyto-

chrome ¢ with high rates, and an FMN semiquinone of the
one-electron reduced enzyme rapidly reduces cytochrome c,
completing the catalytic turnover and regenerating the fully
oxidized P450 reductase. FMN semiquinone also reduces cy-
tochrome ¢ with catalytically competent rate in P450BM3 [5]
and sulfite reductase [6]. In addition, an FMN semiquinone
reduces the heme domain in fusion proteins, such as
P450BM3 and nitric oxide synthase [5,7].

Neither two- nor one-electron reduced P450 reductase is
able to oxidize a second mol of NADPH with a rate sufficient
to account for the catalytic turnover of a physiological accep-
tor such as CYP6A1. Indeed, the second NADPH is oxidized
with a rate constant of about 0.01 s™! (Fig. 1), which is two
orders of magnitude slower than reduction of CYP6A1 and
bs, or CYP6AL catalytic turnover in the presence of bs [9]. We
conclude therefore that the catalytic mechanism of house fly
P450 reductase with physiological electron acceptors is similar
to that described for the flavoprotein domain of P450BM3 [5],
and can be summarized as follows. NADPH binds to the fully
oxidized enzyme, and rapid hydride ion transfer produces a
two-electron reduced flavoprotein with two electrons located
on different flavin cofactors. Both electrons are transferred to
an electron acceptor from an FMN semiquinone and the re-
duction state of house fly P450 reductase cycles in a 0-2-1-0
sequence.

In contrast, P450 reductases from mammalian microsomes
were proposed to cycle between either 1-3 or 2-4 reduction
states (see [2] for review), implying that P450 reductase must
not oxidize below the one-electron reduced state. However, a
number of early observations disagree with either of the mech-
anisms. (i) EPR measurements showed that P450 reductase of
the isolated liver microsomes was fully oxidized, and flavin
semiquinone is formed upon addition of NADPH [14]. (i)
In early measurements of the stoichiometry of cytochrome ¢
reduction [15] it was found that at least two thirds of the
reducing equivalents were transferred from NADPH to cyto-
chrome ¢ with high rates under single turnover conditions,
suggesting heterogeneity of the FMN semiquinone enzyme
form, a fraction of which is catalytically competent. (iii) As
shown by flash photolysis [16], electron transfer from FAD
semiquinone to the fully oxidized FMN occurs with a rate
constant of 70 s~!, close to the measured rates of hydride
ion transfer of 28 s~! [17] and steady-state cytochrome ¢ re-
duction of 85 s™! [18]. However, a second electron is trans-
ferred to the FMN semiquinone with a rate of only 15s7!, i.e.
5-6 times slower than cytochrome c is reduced under steady-
state conditions, making FMN hydroquinone an unlikely cat-
alytic intermediate. Stopped flow measurements also demon-
strated that formation of the FMN hydroquinone occurs with
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the rate constant of only 5.8 s™! in the presence of NADPH
[17], too slow to account for fast cytochrome ¢ reduction.
These facts taken together suggest that the catalytic role of
FMN semiquinone may have been overlooked in the rat liver
P450 reductase perhaps because of the formation of a catalyti-
cally inactive ‘air-stable’ semiquinone form that is different
from the catalytic intermediate.

Our results demonstrate that the FMN semiquinone form
of the house fly P450 reductase can exist in two different
conformations. One is the catalytic intermediate. Another
one is the so called air-stable semiquinone form which reduces
cytochrome ¢ 10° times more slowly (Table 1), and is clearly
not an intermediate of catalysis, but rather represents a slug-
gish enzyme form analogous to the inactive three-electron
reduced flavoprotein of P450BM3 [5,19]. This ‘air-stable’
semiquinone form of the enzyme is unable to rapidly reduce
cytochrome ¢ despite the fact that the reduction is thermody-
namically favored by +350 mV. This suggests that the ‘air-
stable’ semiquinone enzyme is kinetically stabilized due to an
inactive conformation of the protein. We demonstrated in our
previous studies that NADP(H) binding is critical for main-
taining FAD and FMN electron transfer properties in
P450BM3 [5] and house fly P450 reductase [10]. A number
of recent observations from other laboratories support our
hypothesis on the role of nucleotide binding in diflavin reduc-
tase catalysis [20,21]. We suggest that formation of the inac-
tive ‘air-stable’ semiquinone is caused by a slow (compared to
the catalytic turnover) conformational change altering enzyme
interaction with the bound nucleotide. Understanding the
mechanism by which nucleotide binding controls electron
transfer properties of FAD and FMN will be essential for
our understanding of electron transfer by flavoproteins.

Acknowledgements.: This work was supported by National Institutes
of Health Grants GM39014 and ES06694. EPR spectra were obtained
with the assistance of Dr. Arnold Raitsimring of the Department of
Chemistry, University of Arizona.

M.B. Murataliev, R. Feyereisen/lFEBS Letters 453 (1999) 201-204

References

[1] Porter, T.D. (1991) Trends Biochem. Sci. 16, 154-158.

[2] Backes, W.L. (1993) in: Cytochrome P450 (Schenkman, J.B. and
Greim, H., Eds.), pp. 15-34, Springer Verlag, Berlin.

[3] Louerat-Oriou, B., Perret, A. and Pompon, D. (1999) Eur. J.
Biochem. 258, 1040-1049.

[4] Daff, S.N., Chapman, S.K., Turner, K.L., Holt, R.A., Govinda-
raj, S., Poulos, T.L. and Munro, A.W. (1997) Biochemistry 36,
13816-13823.

[5] Murataliev, M.B., Klein, M., Fulco, A. and Feyereisen, R. (1997)
Biochemistry 36, 8401-8412.

[6] Zeghouf, M., Fontecave, M., Macherel, D. and Coves, J. (1998)
Biochemistry 37, 6114-6123.

[7] Pou, S., Keaton, L., Surichamorn, W. and Rosen, G.M. (1999)
J. Biol. Chem. 274, 9573-9580.

[8] Jenkins, C.M. and Waterman, M.R. (1998) Biochemistry 37,
6106-6113.

[9] Guzov, V.M., Houston, H.L., Murataliev, M.B., Walker, F.A.
and Feyereisen, R. (1996) J. Biol. Chem. 271, 26637-26645.

[10] Murataliev, M.B., Arino, A., Guzov, V.M. and Feyereisen, R.
(1999) Insect Biochem. Mol. Biol. (in press).

[11] Vermillion, J.L., Ballou, D.P., Massey, V. and Coon, M.J. (1981)
J. Biol. Chem. 256, 266-277.

[12] Kurzban, G.P. and Strobel, HW. (1986) J. Biol. Chem. 261,
7824-7830.

[13] Klein, M.L. and Fulco, A.J. (1993) J. Biol. Chem. 268, 7553—
7561.

[14] Iyanagi, T. and Mason, H.S. (1973) Biochemistry 12, 2297-2308.

[15] Masters, B.S.S., Kamin, H., Gibson, Q.H. and Williams Jr., C.H.
(1965) J. Biol. Chem. 240, 921-931.

[16] Bhattacharyya, A.K., Lipka, J.J., Waskell, L. and Tollin, G.
(1991) Biochemistry 30, 759-765.

[17] Oprian, D.D. and Coon, M.J. (1982) J. Biol. Chem. 257, 8935-
8944.

[18] Sem, D.S. and Kasper, C.B. (1993) Biochemistry 32, 11539-
11547.

[19] Murataliev, M.B. and Feyereisen, R. (1996) Biochemistry 35,
15029-15037.

[20] Noble, M.A., Quaroni, L., Chumanov, G.D., Turner, K.L.,
Chapman, S.K., Hanzlik, R.P. and Munro, A.W. (1988) Bio-
chemistry 37, 15799-15807.

[21] Fukuchi-Mizutani, M., Mizutani, M., Tanaka, Y., Kusumi, T.
and Ohta, D. (1999) Plant Physiol. 119, 353-361.



