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ABSTRACT: Previous studies have shown that the interaction of P450 reductase with bound NADP(H) is
essential to ensure fast electron transfer through the two flavin cofactors. In this study we investigated in
detail the interaction of the house fly flavoprotein with NADP(H) and a number of nucleotide analogues.
1,4,5,6-Tetrahydro-NADP, an analogue of NADPH, was used to characterize the interaction of P450
reductase with the reduced nucleotide. This analogue is inactive as electron donor, but its binding affinity
and rate constant of release are very close to those for NADPH. The 2′-phosphate contributes about 5
kcal/mol of the binding energy of NADP(H). Oxidized nicotinamide does not interact with the oxidized
flavoprotein, while reduced nicotinamide contributes 1.3 kcal/mol of the binding energy. Oxidized P450
reductase binds NADPH with aKd of 0.3 µM, while the affinity of the reduced enzyme is considerably
lower,Kd ) 1.9µM. P450 reductase catalyzes a transhydrogenase reaction between NADPH and oxidized
nucleotides, such as thionicotinamide-NADP+, acetylpyridine-NADP+, or [3H]NADP+. The reverse reaction,
reduction of [3H]NADP+ by the reduced analogues, is also catalyzed by P450 reductase. We define the
mechanism of the transhydrogenase reaction as follows: NADPH binding, hydride ion transfer, and release
of the NADP+ formed. An NADP+ or its analogue binds to the two-electron-reduced flavoprotein, and
the electron-transfer steps reverse to transfer hydride ion to the oxidized nucleotide, which is released.
Measurements of the flavin semiquinone content, rate constant for NADPH release, and transhydrogenase
turnover rates allowed us to estimate the steady-state distribution of P450 reductase species during catalysis,
and to calculate equilibrium constants for the interconversion of catalytic intermediates. Our results
demonstrate that equilibrium redox potentials of the flavin cofactors are not the sole factor governing
rapid electron transfer during catalysis, but conformational changes must be considered to understand
P450 reductase catalysis.

Flavoproteins play an important role in a variety of
biological electron transfer processes. Unlike metalloproteins
and nicotinamide nucleotides which can undergo only one-
and two-electron transitions, respectively, flavin cofactors
(FMN or FAD) can undergo both two- and one-electron
redox transitions. NADPH-cytochrome P450 reductase (P450
reductase,1 EC 1.6.2.4) catalyzes transfer of the reducing
equivalents from the two-electron donor, NADPH, to a one-
electron acceptor, cytochrome P450 (1). Cytochrome P450
reductase belongs to a family of flavoproteins containing both
FAD and FMN as cofactors. Other members of this family
are the flavoprotein domains of cytochrome P450BM3 and
of nitric oxide synthase, as well as the flavoprotein subunit
of sulfite reductase (2).

Diflavin reductases are believed to have evolved as a result
of a gene fusion event between an FAD-containing flavopro-

tein reductase, homologous to ferredoxin:NADP+ reductase,
and an FMN-containing electron carrier homologous to
flavodoxin (2). The FMN-containing flavoproteins serve as
electron carriers between a number of redox enzymes. The
FAD-containing reductases catalyze transfer of reducing
equivalents between NAD(P)H and redox partners such as
cytochromes, iron-sulfur proteins, or other flavoproteins.
In chloroplasts, the ferredoxin:NADP+ reductase system
catalyzes NADP+ reduction, while in mammalian mitochon-
dria and endoplasmic reticulum, NADPH is oxidized to
supply reducing equivalents for steroid hormone or xeno-
biotic metabolism by cytochrome P450 enzymes.

The crystal structure of the rat liver cytochrome P450
reductase reveals well-resolved binding of the adenine portion
of NADP+, while the nicotinamide moiety is not well-defined
(3). The nicotinamide moiety is also poorly defined in the
crystal structure of the homologous ferredoxin reductase (4,
5). The P450 reductase structure suggested a mechanism of
rapid interflavin electron transfer: the isoalloxazine rings
of FAD and FMN are located less than 4 Å apart, allowing
fast direct electron transfer (3). Transfer of the reducing
equivalents between NADPH and FAD is not as obvious.
In one of the conformations which is assumed to reflect a
structure of the enzyme-nucleotide complex during catalysis,
the nicotinamide moiety of bound NADP+ is spatially
separated from the isoalloxazine ring of FAD by Trp677 so
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that direct rapid hydride ion transfer is unlikely. Some
structural changes of the catalytic site must be associated
with NADPH binding and/or hydride ion transfer.

Interaction with nicotinamide nucleotides has been shown
to play an important role in catalysis by cytochromeb5

reductase (6) and by the adrenodoxin reductase-adrenodoxin
complex (7). Studies from our group have demonstrated that
NADP(H) binding is essential for fast rates of catalysis by
P450BM3 (8), and for fast reduction of cytochromec by
the house fly P450 reductase (9). Our results also suggested
that changes in the enzyme’s affinity to NADPH and NADP+

occurring during catalysis could serve as a driving force for
electron transfer (9). However, the mechanism of the
nucleotide effect on flavin redox properties and the role of
NADP(H) binding in P450 reductase catalysis remain
unclear.

To gain a better understanding of the mechanism of elec-
tron transfer by P450 reductase and of the role of nucleotide
binding, we characterized the interaction of NADP(H),
nucleotide fragments, and nucleotide analogues with cyto-
chrome P450 reductase from the house fly. The compounds
tested were 5′-AMP, 2′-AMP, 2′,5′-ADP, 2′-ADP-ribose, and
NADP(H) to determine parts of the dinucleotide responsible
for high-affinity binding. An NADPH analogue, 1,2,5,6-
tetrahydro-NADP was used to characterize the interaction
of the enzyme with the reduced nucleotide. These results as
well as the results obtained with AcPy-NADP(H) and
S-NADP(H) allowed us to characterize the catalytic cycle
and to estimate the steady-state distribution of catalytic
intermediates.

EXPERIMENTAL SECTION

Chemicals. The following chemicals were purchased from
Sigma: NAD+ (N-1511), NADP+ (N-0505), 5′-AMP (A-
2002), 2′-AMP (A-9396), 2′,5′-ADP (A-5638), 2′-ATP-ribose
(M-1879), AcPy-NADP+ (A-1046), S-NADP+ (T-5515),
NMN (N-3501), cytochromec (C-2506), glucose-6-phos-
phate (G-7250), glucose-6-phosphate dehydrogenase (G-
8404), snake venom phosphodiesterase (fromCrotalus
adamanteus,P-6877). NADPH (621692) was from Boe-
hringer Mannheim. The purity of the nucleotides was over
95% as shown by HPLC with detection at 259 nm. Palladium
5% on activated carbon was from Aldrich (20 568-0).

Enzymes. House fly (Musca domesticaL.) P450 reductase
was expressed inE. coli and purified using ion exchange
and affinity chromatography as described earlier (9). Glucose-
6-phosphate dehydrogenase was depleted of tightly bound
NADP+ as described earlier (8).

Binding of [3H]NADP+ and [3H]NADPH. [3H]NADP+

was synthesized and purified by the procedure used for [32P]-
NADP+ preparation (10). The specific activity of the purified
nucleotide was 1µCi/nmol. Binding of the radiolabeled
nucleotides was carried out in a 240µL volume in 0.1 M
Tris-HCl, pH 7.7, at 25°C. When NADPH binding was
measured, the reaction mixture also contained 2 mM glucose-
6-phosphate and 0.4 unit/mL of nucleotide-depleted (8)
glucose-6-phosphate dehydrogenase. P450 reductase was
incubated at 1.5-5 µM with increasing concentrations of
[3H]NADP(H) for 5 min, 220µL of the reaction mixture
was placed in a Microcon-30 (Amicon) microconcentrator,
and the samples were centrifuged for 15 s in a Picofuge

(Stratagene) centrifuge at 6000 rpm. The concentrators were
then placed in the new collecting tubes and centrifuged for
60 s. The first centrifugation, which produced about 4-5
µL of eluate, was required to remove a small volume of
glycerol retained in the membrane. The second centrifugation
produced 15-20 µL of eluate. The radioactivity of the
aliquots of the reaction mixture before and after filtration
was determined by liquid scintillation counting, and the
amount of bound [3H]NADP(H) was calculated as a differ-
ence.

H4NADP Synthesis. H4NADP was synthesized by catalytic
hydrogenation as described (11, 12), with some modifications
as follows. A reaction mixture with 0.38 mmol of NADP+

and 0.69 mmol of glucose-6-phosphate in 10 mL of 10 mM
Tris-HCl, pH 8.0, buffer was incubated in the presence of
10 units of glucose-6-phosphate dehydrogenase for 45 min
at 35 °C. Then 100 mg of palladium catalyst was added,
and the reaction mixture was incubated at 25°C under H2

atmosphere for 3 h with constant stirring. Formation of
tetrahydropyridine was followed by UV and NMR spectros-
copy. At the end of incubation, the reaction mixture was
passed through a 30K ultrafiltration membrane to remove
the fine charcoal suspension, diluted 10 times with water,
and loaded on a 2.5× 75 cm DEAE-cellulose column
equilibrated at 4°C with 20 mM triethylammonium bicar-
bonate buffer, pH 7.5. The column was developed at 45 mL/h
with 250 × 250 mL of a 0.2-0.9 M linear gradient of
triethylammonium bicarbonate, pH 7.5, buffer. Fractions
were collected every 12 min, and the absorbance at 265 and
288 nm was measured. The fractions with aA265/A288 ratio
of e1.15 were pooled, and triethylammonium bicarbonate
was removed by freeze-drying. The purity of the analogue
was 90-95% as shown by HPLC and TLC.

Determination of the H4NADP Extinction Coefficient. The
analogue was incubated at 25°C in 0.1 M Tris-HCl, pH
7.7, in the presence of 0.5 unit/mL of snake venom
phosphodiesterase for 20 min. The reaction mixture was
subjected to HPLC, and the amount of 2′,5′-ADP released
was determined by comparison with a standard 2′,5′-ADP
solution. An extinction coefficient of 15.4 mM-1 cm-1 was
used to calculate the concentration of 2′,5′-ADP. HPLC was
carried out on a Whatman Partisil 10 SAX 4.6× 250 column
isocratically developed in 0.2 M sodium phosphate, pH 6.0,
at a flow rate of 1 mL/min with detection at 260 nm. The
UV absorption spectrum of H4NADP is shown in Figure 1,

FIGURE 1: Absorption spectrum of 30µM H4-NADP in 0.1 M Tris-
HCl, pH 7.7, buffer.
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and its structure is in Figure 2. The absorbance maximum is
at 265 nm (ε ) 25.3 mM-1 cm-1) with a shoulder at 288
nm (ε ) 21.9 mM-1 cm-1).

ActiVity Assays. All assays and incubations were carried
out in 0.1 M Tris-HCl, pH 7.7, buffer as described (9, 10).
Unless indicated otherwise, an NADPH regenerating system
consisting of 2.0 mM glucose-6-phosphate and 3.0 units/
mL glucose-6-phosphate dehydrogenase was used. In assays
with NADPH analogues, nucleotide-depleted glucose-6-
phosphate dehydrogenase (8) was used. Concentrations of
P450 reductase, cytochromec, and NADPH or its analogues
were as specified in the legends.

Transhydrogenase activity was determined spectrophoto-
metrically in the presence of 100µM of each reduced and
oxidized nucleotide and/or analogue. S-NADPH formation
was measured at 395 nm usingε395 ) 11.3 (13). Formation
of AcPy-NADPH was measured at 393 nm usingε393 ) 4.55.
When transhydrogenase activity was carried out with (1.5-
2.0) × 105 dpm of [3H]NADP+ as electron acceptor, the
reaction mixture (200µL) contained 200µM of each electron
donor and acceptor. The reaction was terminated by addition
of 20 µL of 2% SDS solution, and samples were analyzed
by anion exchange HPLC as described above with an online
radioactivity detector. [3H]NADPH formed was calculated
as a fraction of total radioactivity in the NADP+ and NADPH
peaks. No other radioactive product was formed during the
reaction.

Other Procedures.Reduced NADP+ analogues were
prepared as described for [32P]NADPH (10). P450 reductase
flavin reduction was followed by the absorbance decrease
at 460 nm as detailed elsewhere (9). EPR spectra of duplicate
samples were measured as described earlier (8). Protein
concentration was determined by the Lowry procedure (14)
using bovine serum albumin as a standard. The molar
concentration of P450 reductase was calculated based on
protein content using aMr value of 80 000 (15).

RESULTS AND DISCUSSION

Inhibition by Pi and PPi. A number of observations with
P450 reductases indicated that ionic strength influences
nucleotide binding. High salt concentration decreased affinity
to NADPH of mammalian (16, 17) and insect P450 reductase
(9). We studied the effect of inorganic phosphate and pyro-
phosphate on cytochromec reductase activity of house fly
P450 reductase in more detail. Both Pi and PPi inhibited
cytochromec reduction competitively with respect to NAD-
PH, with Ki values of 33 and 2 mM, respectively (Table 1).
This suggests that both Pi and PPi bind to the NADPH
binding site. Such an effect on NADP(H) binding is expected
as strong electrostatic interactions are involved in dinucleo-
tide binding. In addition to the electrostatic effect of ionic
strength, anions such as phosphate, pyrophosphate, or sulfate
could specifically bind to the nucleotide binding site.

Inhibition of Cytochrome c Reduction by Nucleotide Frag-
ments.We studied the inhibition of cytochromec reductase
activity by a number of nucleotides to determine the contri-
bution of the separate parts of NADP(H) in binding. NMN
at 20 mM produced no detectable inhibition, and this com-
pound was not analyzed further. All other compounds served
as competitive inhibitors with respect to NADPH, as was
previously shown for NADP+ and 2′-AMP (9). The results
are summarized in Table 1.

NAD+ and 5′-AMP inhibited cytochromec reduction with
aKi in the millimolar range, similar to Pi and PPi. Nucleotides
with a 2′-phosphate at the adenine ribose were much more
potent inhibitors with aKi for 2′-AMP of 44µM. The affinity
increased by an order of magnitude by the addition of a 5′-
phosphate as in 2′,5′-ADP. No significant increase in binding
affinity was observed for 2′-ATP-ribose, suggesting that the
second phosphate and nicotinamide ribose of NADP(H) do
not contribute significantly to binding. Surprisingly, only a
marginal effect was observed for NADP+ compared to 2′-
ATP-ribose. This is consistent with the lack of inhibition by
NMN. These data suggested that the positively charged
nicotinamide ring does not contribute to the binding of the
oxidized dinucleotide to the oxidized P450 reductase.

H4NADP.To explore nicotinamide binding, we prepared
an analogue of the reduced nucleotide, 1,4,5,6-tetrahydro-
NADP (H4NADP). This compound is inactive as an electron
donor and carries no positive charge in the pyridinium ring,
thus being an analogue of NADPH rather than NADP+.
Molecular modeling revealed that the pyridinium ring of
H4NADP had a 3-dimensional structure very close to that
of NADPH (data not shown). Figure 2 shows the structures
of NADP+, NADPH, and H4NADP.

H4NADP inhibited cytochromec reductase activity com-
petitively with respect to NADPH. Measurements of the
inhibition constant demonstrated that the analogue binds to
the enzyme 8 times stronger than NADP+ (Table 1), while
its affinity of 0.4 µM is close to that for NADPH [Kd )
0.31 µM, (9)]. Thus, we conclude that H4NADP binds to
the enzyme like a substrate, NADPH.

This demonstrates that P450 reductase binds reduced and
oxidized dinucleotides with different affinities, as a result
of a differential interaction of the reduced and oxidized
nicotinamide with the enzyme. The nicotinamide moiety of
NADP+ does not interact with the enzyme, while that of

FIGURE 2: Structure of the nicotinamide moiety of NADP(H) and
the analogues used.

Table 1: Inhibition of the Cytochromec Reductase Activity by the
NADP Fragments and Analoguesa

nucleotide fragments Ki ∆Go (kcal/mol)b

Pi 33.3( 7.2 mM (3) 2.01
PPi 2.1( 0.21 mM (3) 3.64
NAD 18.3( 4.4 mM (3) 2.36
5′-AMP 7.3( 0.8 mM (3) 2.91
2′-AMP 45.5( 8.6µM (6) 5.90
2′,5′-ADP 4.4( 0.3µM (3) 7.28
2′-ATP-ribose 2.8( 0.4µM (3) 7.54
NADP+ 3.3( 0.5µM (7) 7.45
H4-NADP 0.4( 0.1µM (3) 8.69
NADPH (Kd)c 0.31( 0.04µM (3) 8.84
AcPy-NADP 1.5( 0.3µM (3) 7.91
S-NADP 1.5( 0.3µM (3) 7.91

a Values are means( SD of (n) experiments.b ∆Go: Gibb’s free
energy changes for the binding of nucleotides.c Kd for NADPH from
(9).

5068 Biochemistry, Vol. 39, No. 17, 2000 Murataliev and Feyereisen



NADPH contributes significantly to high-affinity binding.
The pyridinium rings of the reduced and oxidized nucleotides
have three differences: the C4 of the reduced nucleotide
carries an extra hydrogen; the reduced nicotinamide is flat
but assumes a boat conformation when oxidized; the reduced
nicotinamide does not have a positive charge at N1. Because
P450 reductase affinities for H4NADP and NADPH are very
close despite the presence of two extra hydrogens in the
analogue, and because of the relatively large affinity differ-
ence between reduced and oxidized nucleotides, we conclude
that the nicotinamide charge is the most important factor in
recognition between NADP+ and NADPH. A similar conclu-
sion has been reached for alcohol dehydrogenase, where the
phenyl and pyridinium analogues of NAD(H) differing by
charge but not conformation have a 100-fold difference in
affinity (18).

Contribution of Different Moieties of NADP(H) in Binding.
Analysis of theKi values (Table 1) allowed us to estimate
the contributions of different parts of NADP(H) in binding
(Table 2). It is obvious that compounds with no 2′-phosphate
at the adenine ribose interact with the house fly P450
reductase only poorly. The contribution of the 2′-phosphate
can be estimated from comparisons of 5′-AMP with 2′,5′-
ADP and of NADP+ with NAD+. In both cases, about
10 000-fold increase in affinity, equivalent to about 5 kcal/
mol of binding energy, was observed. The contribution of
the 2′-phosphate to binding is therefore about 50-60% of
the total free energy change.

A comparison of 2′-AMP and 2′,5′-ADP shows that the
5′-phosphate contributes 1.4 kcal/mol in nucleotide binding,
which constitutes 15-18% of the binding energy. The
pyrophosphate bridge and nicotinamide ribose contribute
about 20% of the binding energy, which is mainly due to
the interaction with the 5′-phosphate of adenine ribose, while
the contribution of the nicotinamide ribose-phosphate is
minor. Indeed, the affinities of 2′,5′-ADP and ATP-R are
very close to that observed for NADP+, while no inhibition
is observed with NMN. The positively charged nicotinamide
of NADP+ does not interact with the enzyme, or slightly
destabilizes interaction of the adenine part of the dinucleo-
tide. In contrast, the neutral nicotinamide of the reduced
dinucleotide (NADPH or H4NADP) contributes 1.3 kcal/mol,
or about 15% of the binding energy, and increases affinity
by almost an order of a magnitude.

Our previous studies on the nucleotide specificity of P450
reductase demonstrated that NADP(H) interaction with the
enzyme is essential to ensure fast electron transfer through
the flavin cofactors (9). NADH which lacks the 2′-phosphate
did not support high rates of electron transfer. The present
results show that P450 reductase interaction with the 2′-phos-
phate of the adenine ribose is the major contributor to high-
affinity binding and fast hydride ion transfer. This implies
that 2′-phosphate is important for interaction of the nicoti-
namide ring of NADPH with the electron acceptor, FAD.

Our results also imply that the primary nucleotide recogni-
tion occurs at the adenine part, 2′-phosphate ensures tight
binding, and induces some conformational changes to
facilitate binding of the nicotinamide portion of the reduced
dinucleotide. Such an idea is corroborated by our results of
mutagenesis of the C560 residue of P450 reductase, which
is located just 4 Å away from the adenine ribose in the
structure of the mammalian P450 reductase (3). The C560Y
mutation of the insect enzyme significantly decreased the
affinity of NADP(H) binding, with little if any effect on the
binding of 2′-AMP (9). It also appears that interaction of
2′-phosphate with the enzyme contributes in the recognition
of reduced and oxidized nicotinamide. The C560Y mutation
increased bothKm and Kd for NADPH by a factor of 35,
while the affinity to NADP+ decreased only 8.5-fold (9).
Considering the distance between the P atom of 2′-phosphate
and N5 of FAD of 18.6 Å (3), the signal of the 2′-phosphate
interaction with the protein must be transferred to the FAD
site via conformational changes involving C560.

Such a distant conformational effect was also observed
for isocitrate dehydrogenase (19). The crystal structure
reveals that the adenine 6-NH2 group binds>12 Å away
from the hydride ion transfer site. When a hypoxanthine
analogue of NADP+, which has a 6-OH group in the adenine
ring, is used as electron acceptor, hydride ion transfer is 2.6
× 104 times slower than with NADP+.

The affinities of the house fly P450 reductase to NADP+

and NAD+ and the contribution of the 2′-phosphate are
comparable to those reported for the rat liver P450 reductase
(20, 21). However, a more detailed comparison is not
possible for two reasons. First, to our knowledge no detailed
analysis with other nucleotide analogues and fragments has
been carried out with the mammalian flavoprotein. Second,
most of the experiments with mammalian P450 reductase
were carried out in the presence of up to 300 mM potassium
phosphate, which interferes with the binding of both oxidized
and reduced nucleotides. However, our results agree well
with the results of Batie and Kamin (22) obtained with
ferredoxin:NADP+ reductase, homologous to P450 reduc-
tase: the 2′-phosphate is essential for high-affinity binding,
while neither nicotinamide ribose nor nicotinamide of the
oxidized nucleotide increased the affinity.

NADP(H) Binding. The number of nucleotide binding sites
and the affinity of the enzyme to NADP+ and NADPH were
measured by a microfiltration technique as described under
Experimental Section. A typical Scatchard plot of [3H]-
nucleotide binding is shown in Figure 3. The enzyme has
one NADP+ binding site with an affinity of 1.3( 0.4 (6)
µM, which is in good agreement with the value of the
inhibition constant in cytochromec reduction (Table 1).

Similar measurements in the presence of glucose-6-
phosphate and dehydrogenase to reduce the nucleotide gave

Table 2: Contribution of Different NADP(H) Fragments in Binding

residue
∆∆Go

(kcal/mol)
NADP+

(%)
NADPH

(%)

5′-phosphate
(2′,5′-ADP vs 2′-AMP)

1.38 18.5 15.6

2′-phosphate
(NADP vs NAD)

4.37 58.7 49.4

2′-phosphate
(5′-AMP vs 2′,5′-ADP)

5.09 68.3 57.6

PP-ribosenic
a

(ATP-R vs 2′-AMP)
1.64 22.0 18.6

P-ribosenic

(ATP-R vs 2′5′-ADP)
0.26 3.5 2.9

oxidized nicotinamide
(NADP+ vs ATP-R)

-0.09 -1.2 -

reduced nicotinamide
(NADPH vs ATP-R)

1.30 - 14.7

a Subscript “nic” designates ribose of the nicotinamide portion of
dinucleotide.
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a Kd for NADPH of 1.9 ( 0.6 (5) µM, in contrast to the
value of 0.31µM measured earlier by kinetic means (9),
and to aKi of 0.4 µM obtained for H4NADP (Table 1). We
analyzed the [3H]nucleotide content in the reaction mixture
used for binding studies. It was found that in the presence
of 3 µM P450 reductase and an NADPH-regenerating
system, all of the nucleotide is present as NADPH, and under
these conditions the enzyme is reduced as confirmed by the
absorption spectrum (data not shown). Thus, theKd value
of 1.9 µM derived from the Scatchard plot represents the
interaction of the reduced nucleotide with the reduced
enzyme, while oxidized P450 reductase binds NADPH
considerably tighter, with aKd in the range of 0.3-0.4 µM.
This has also been observed for oxidized ferredoxin reductase
and adrenodoxin reductase which bind NADPH with con-
siderably higher affinity than NADP+ (7, 22).

The following observations also demonstrate that P450
reductase interaction with NADP(H) depends on the state
of flavoprotein reduction. Neither P450 reductase (10) nor
the flavoprotein domain of P450BM3 (8) can rapidly accept
reduced equivalents from NADPH when partially reduced,
while reduction of the oxidized flavoproteins by NADPH is
orders of magnitude faster (8, 9, 23, 24). The nicotinamide
portion of NADP+ does not interact with the oxidized P450
reductase (Table 2). In contrast, reduced P450 reductase binds
NADP+ in such a way that hydride ion transfer from FADH2

to the nicotinamide occurs, resulting in a transhydrogenase
reaction (see below, Table 4). It should also be noted that a
diazotized derivative of 3-aminopyridine-ADP covalently
modified rat liver P450 reductase only after flavoprotein
reduction by NADPH (25).

The nicotinamide moiety of NADP+ is not well-defined
in the crystal structures of P450 reductase, nor in those of
ferredoxin reductase and glutathione reductase (3, 5, 26).
Attempts to obtain a crystal structure of the reduced wild-
type FNR with NADPH did not produce a defined density
of the reduced nicotinamide (27). Our interpretation of these
observations is that the structures of the complexes of
oxidized flavoprotein with oxidized nucleotide, or reduced
flavoprotein with reduced nucleotide, are not analogous to
the catalytic intermediatessnamely, reduced nucleotide and
oxidized flavoprotein, or oxidized nucleotide with partially
reduced flavoprotein.

Inhibition by NADP+ Analogues. A number of analogues
of nicotinamide dinucleotides have been synthesized and
characterized (28). Some of them are active as hydride ion
donors/acceptors in enzymatic reactions, although their redox
potentials are different from those of natural nucleotides. We
studied these analogues as electron donors and inhibitors of
cytochromec reduction, and as hydride ion donors and
acceptors in a transhydrogenase reaction. The redox poten-
tials of S-NADPH and AcPy-NADPH were taken from (29,
30). Oxidized analogues served as competitive inhibitors of
cytochromec reduction with respect to NADPH. The inhi-
bition constants are summarized in Table 1. Minor modifica-
tions at the nicotinamide ring (S-NADP+ and AcPy-NADP+,
Figure 2) had little effect on the inhibitory properties of the
nucleotides.

NADPH Analogues as Electron Donors.The reduced
analogues were prepared by incubation with glucose-6-
phosphate and glucose-6-phosphate dehydrogenase. Absorp-
tion spectra and HPLC analysis confirmed reduction of the
nucleotides. S-NADPH, AcPy-NADPH, and NADH served
as electron donors in cytochromec reductase reaction,
although theKm values and maximal rates varied consider-
ably (Table 3). None of the nucleotides was as efficient as
NADPH in reducing flavin cofactors or cytochromec. AcPy-
NADPH showed significantly impairedKm and Vmax com-
pared to NADPH. The hydride ion transfer rate andVmax

were close to those observed with NADH, but AcPy-NADPH
bound about 2000 times tighter than NADH. S-NADPH
bound somewhat tighter than NADPH, but catalysis rates
were about 3 times slower.

These experiments also address the relationship between
the redox potential of the nucleotide and its ability to serve
as electron donor. Evidently, there is little correlation between
the redox potential of the nucleotide and the rate of
cytochromec reduction (Table 1). According to the Nernst
equation, a 29 mV difference in the redox potential for
hydride ion transfer corresponds to a 10-fold change in the
equilibrium constant of the step. Thus, the equilibrium
constants of hydride ion transfer (FADH2/FAD) from S-
NADPH and AcPy-NADPH decrease 16- and 330-fold,
respectively, while the rate of cytochromec reduction
decreases only by a factor of 2.6 and 6.7, respectively, and
the rate constants of hydride ion transfer decreased 3.9 and
5.7 times, respectively. This demonstrates that electron
transfer from NADPH to an electron acceptor through the
FAD and FMN cofactors is not governed solely by the
equilibrium redox potential. Other, yet to be determined,
factors control electron transfer in P450 reductase as well.

Transhydrogenase Reaction and ReVersibility of Hydride
Ion Transfer.Because the FAD domain of the P450 reductase
is evolutionarily homologous to ferredoxin:NADP+ reduc-
tase, an enzyme in which NADP+ and NADPH are the
physiological substrate and product, respectively, we thought
that this ancestral function might be conserved in P450
reductase.

To assess the reversal of the hydride ion transfer step
between NADPH and FAD, we first used S-NADP+ and
AcPy-NADP+ as electron acceptors. Both dinucleotides have
spectral properties that allow continuous spectrophotometric
measurement of the transhydrogenase reaction, at 400 and
393 nm for S-NADP and AcPy-NADP, respectively. The
reaction was carried out in the presence of 100µM each

FIGURE 3: Scatchard plot of [3H]NADP+ and [3H]NADPH binding
by P450 reductase. 4.6µM P450 reductase, 1-15 µM nucleotide,
NADP+ (closed circles), or NADPH (open circles). Lines are linear
regression through the points. From this graph, theKd for NADP+

is 0.95µM (r2 ) 0.95), and theKd for NADPH is 1.3µM (r2 )
0.95).
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NADPH and analogue. No detectable transhydrogenase
activity was found in the absence of P450 reductase, but rapid
reduction of the analogues occurred in the presence of P450
reductase (Table 4). The reaction rates with S-NADP+ and
AcPy-NADP+ as electron acceptors are shown in Table 4.

We also investigated if P450 reductase could catalyze a
transhydrogenase reaction between NADPH and NADP+.
The enzyme was incubated in the presence of unlabeled
NADPH and [3H]NADP+, and, after enzyme inactivation by
SDS, the nucleotides were separated by HPLC. Figure 4
shows the elution profiles of3H-labeled nucleotides and of
the reaction mixture after incubation with P450 reductase.
Clearly, P450 reductase catalyzes hydride ion transfer
between NADPH and [3H]NADP+. Similar experiments
using S-NADPH or AcPy-NADPH as electron donors and

[3H]NADP+ as electron acceptor confirmed that transhydro-
genase reaction occurs with these redox partners. The
turnover numbers are presented in Table 4.

Coupling of the transhydrogenase activity was estimated
by measurements of NADPH oxidase activity in the presence
or absence of NADP+ analogues. The turnover number for
the NADPH oxidase activity was 0.08 s-1 in the absence of
nucleotide analogue, while addition of S-NADP+ increased
this rate to a value of 3.6 s-1, which is close to the rate of
analogue reduction of 3.4 s-1 (Table 4). This means that in
the presence of an oxidized nucleotide most of the reducing
equivalents delivered to P450 reductase are utilized in the
transhydrogenase reaction.

The analogues, S-NADP(H) and AcPy-NADP(H), undergo
the same redox transitions as NADP(H), that is, two-electron
oxidation-reduction by hydride ion transfer (28). Reduction
of the nucleotides by P450 reductase requires transfer of 2
reducing equiv to the bound analogue. We have recently
shown that P450 reductase is unable to accept more than
two electrons with a catalytically competent rate (10). We
thus conclude that the transhydrogenase reaction involves
NADP+ or an analogue reduction by the active, two-electron-
reduced P450 reductase, which can exist in three possible
states: fully reduced FMN or fully reduced FAD, and double
semiquinone form.

NADPH-AcPy-NADP+ reductase (transhydrogenase) ac-
tivity has been used in several studies to characterize FAD-
dependent activities of P450 reductase (31, 32). However,
no mechanism has been defined for this reaction. We propose
that the mechanism of the transhydrogenase reaction is as
follows (Figure 5). P450 reductase binds NADPH and
accepts two electrons, and NADP+ is released. An NADP+

or its analogue will bind to the two-electron-reduced protein,
and electron-transfer reactions described above for NADPH
will reverse to transfer hydride ion to the bound oxidized
nucleotide, which is released and accumulates in the medium.

The experimental facts supporting this mechanism are as
follows: (1) NADP(H) and analogues are obligatory two-
electron donors/acceptors. (2) P450 reductase has one
nucleotide binding site (Figure 3). (3) The analogues bind

Table 3: Km andVmax for NADPH and Analogues in Cytochromec Reductiona

nucleotide Eo (mV)b Vmax (s-1) Km (µM) k+1 (M-1 s-1)c kH2 (s-1) d

AcPy-NADPH -248 7.5( 0.3 (3) 5.5( 0.9 (3) 1.4× 106 5.1( 0.1 (4)e

S-NADPH -285 18.9( 2.9 (3) 0.38( 0.13 (3) 5.0× 107 7.6( 1.1 (9)e

NADPH -320 50.4( 6.0 (6) 0.96( 0.16 (6) 5.2× 107 29.3( 1.3 (4)e

NADH -320 6.7( 1.0 (5) 9140( 2510 (5) 7.3× 102 3.3( 0.2 (8)
a Values are means( SD of (n) experiments.b Redox potentials are from(16-18). c k+1 was calculated as the ratioVmax/Km. d kH2 is the rate

constant of the hydride ion transfer step.e Stopped-flow measurements were carried out with 5µM HFR and 50µM nucleotide analogue (final
concentrations) at 460 nm.

Table 4: Transhydrogenase Activities Catalyzed by P450 Reductase
with Different Donor and Acceptor Pairsa

donor acceptor Vmax (s-1)

NADPH AcPy-NADP+ b 1.15( 0.04 (3)
S-NADP+ b 3.43( 0.38 (3)
[3H]NADP+ c 5.69( 0.63 (3)

AcPy-NADPH [3H]NADP+ c 0.75( 0.05 (3)
S-NADPH [3H]NADP+ c 1.59( 0.20 (3)

a Values are means( SD of (n) experiments.b -100 µM of each
nucleotide.c -200 µM of each nucleotide.

FIGURE 4: Demonstration of the NADPHf [3H]NADP+ transhy-
drogenase activity catalyzed by P450 reductase. Left panels: HPLC
elution profiles monitored at 260 nm. Right panels:3H elution
profile. (A) NADP+; (B) NADPH; (C) mixture of NADP+ and
NADPH; (D) mixture of NADP+ and NADPH after 10 min
incubation in the presence of 0.5µM P450 reductase.

FIGURE 5: Suggested mechanism of transhydrogenase reaction
catalyzed by P450 reductase. The scheme shows the reaction with
S-NADP+ as the acceptor. E represents oxidized enzyme. EH2
represents a two-electron-reduced P450 reductase, independent of
what flavin cofactor these electrons are residing at.
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at the NADPH binding site because they are competitive
inhibitors of P450 reductase with respect to NADPH. It was
also shown earlier that AcPy-NADP+, like NADP+ and 2′,5′-
ADP, protects an NADP(H) binding site lysine from chemi-
cal modification (33). (4) The presence of the FAD cofactor
alone is sufficient to support the reaction (21, 32), indicating
that the transhydrogenase reaction occurs at the NADP(H)
binding site.

The transhydrogenase activity catalyzed by P450 reductase
demonstrates that reducing equivalents of the two-electron-
reduced enzyme can move rapidly between the flavin
cofactors in either the forward or the reverse direction. This
novel observation is not expected from the equilibrium redox
potentials measured for P450 reductase and the flavoprotein
domain of P450BM3 (34, 35). It supports our idea that,
during catalytic turnover, the equilibrium redox potentials
are not the major factor governing distribution of the reducing
equivalents between various redox centers of P450 reductase.
The proposed mechanism of the transhydrogenase reaction
also implies that the function of the ancestral ferredoxin
reductase, that is, reduction of NADP+, is well preserved in
P450 reductase.

Rate of NADPH Release. The fact that house fly P450
reductase catalyzes a relatively rapid transhydrogenase
reaction highlights the importance of the rate of NADPH
release from the catalytic site. The following approach was
used to estimate the rate of reduced nucleotide release from
the catalytic site. The enzyme was incubated with 20µM
H4NADP and then mixed in the stopped-flow spectropho-
tometer with 350µM NADPH. Under these experimental
conditions, as the bound analogue is released, NADPH
present in excess will bind and reduce the flavoprotein. The
rate of flavin reduction will be determined by the rate of
analogue release if it is slower than the hydride transfer and
nucleotide binding steps. The measurements gave a value
of about 21.0( 0.5 s-1. Without prior incubation with the
analogue, the rate constant for this enzyme preparation was
29.3( 1.3 s-1 (Table 2), in good agreement with the value
reported previously (9). Thus, the rate of flavin reduction
after H4NADP binding is determined by the rate of analogue
release.

The rate of H4NADP release of 21 s-1 is consistent with
the results of our kinetic studies (9). The bimolecular rate
constant of NADPH binding,k1, is 5.25× 107 M-1 s-1, and
the Kd for NADPH was determined as 0.31µM (9). As Kd

) k-1/k1, the rate constant of NADPH release,k-1, can be
calculated as 16.9 s-1, which agrees well with the value
measured for H4NADP.

This supports the above conclusion that H4NADP interacts
with P450 reductase as a close isosteric analogue of NADPH,
and the affinity of oxidized P450 reductase to NADPH is

about 0.3-0.4 µM, in contrast to the affinity of the two-
electron-reduced enzyme to the reduced nucleotide which
is about 1.9µM.

EPR Measurements of FlaVin Semiquinone Content.We
have used EPR spectroscopy previously to demonstrate flavin
semiquinone formation by the house fly P450 reductase (9,
10). We now measured a flavin semiquinone content of 0.42
mol of free radical/mol of enzyme under experimental
conditions similar to those of the transhydrogenase reaction
with NADPH as electron donor. Because the maximal
reduction state of the enzyme does not exceed 2 (10), this
value implies that a 0.21 fraction of the enzyme is present
as double semiquinone, while the rest of the flavoprotein is
present as either FAD or FMN hydroquinone forms.

Flavin semiquinone content was also measured with
NADPH analogues which have more positive redox poten-
tials (see Table 3). Very close semiquinone contents of 0.47
and 0.49 mol/mol of enzyme were obtained when S-NADPH
or AcPy-NADPH, respectively, were used as electron donors.
This unexpected finding provides additional evidence that
equilibrium redox potentials are not the only factors control-
ling the redox properties of flavin cofactors.

Dynamic Equilibrium of Catalytic Intermediates. Measure-
ments of transhydrogenase activity and flavin semiquinone
content enabled us to estimate the fractional distribution of
P450 reductase species during catalysis (Figure 6). The rate
of NADPH release is 17 s-1 (see above), while NADPH-
[3H]NADP+ transhydrogenase turnover is 5.7 s-1 (Table 4).
The ratio of the two rates, 5.7/17) 0.33, determines the
fraction of the enzyme present as a complex with NADPH
bound (complex 1), while the rest of the enzyme (0.67)
represents the sum of the double semiquinone and the two
hydroquinone (FAD or FMN) forms.

The results of EPR measurements presented above dem-
onstrated that 0.21 of the enzyme is present as the double
semiquinone form. The sum of complexes 1 and 3 is 0.54.
Therefore, the sum of complexes 2 and 4 is 0.46. The
following calculations allow us to set limits on equilibrium
constants and to estimate the rate constant of the individual
reaction steps. Assuming that complex 4. complex 2,K3

can be calculated ase2.2. If complex 4, complex 2,K1 e
2.2, andK2 e 0.46. The rate constant of hydride ion transfer
to FAD is about 30 s-1 [see above and Murataliev et al. (9)],
and the reverse rate constant can be calculated ask-1 g 17.6
s-1. The forward rate constantsk2 andk3 are eachg50 s-1,
based on the maximal rate of cytochromec reduction which
is limited by hydride ion transfer (9).

Equilibrium constants of redox reactions can be converted
into the redox potential changes using the Nernst equation.
One order of magnitude change inKeq corresponds to a 29
mV redox potential change for a two-electron reaction, and

FIGURE 6: Distribution of P450 reductase species during catalysis calculated based on the experimental results. Enzyme complexes emerging
after NADPH binding are numbered 1 through 4. The numbers above the complexes represent the fraction of the enzyme present as the
complex. NADP+ in complex 4 is in parentheses because no evidence is available whether this complex retains bound nucleotide. See text
for details.
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to a 58 mV change for a one-electron transition. This allows
us to estimate the redox potential changes of the P450
reductase with the ligands (NADP(H), FAD, and FMN)
bound as follows:

For the sake of simplicity, we only show those enzyme
ligands that undergo redox transitions. It should be empha-
sized that these values reflect redox potential changes of the
flavoprotein with NADP(H) bound. Importantly, these values
indicate that catalytic steps are not associated with major
free energy changes, and must be easily reversible, which is
confirmed by the observed transhydrogenase activity (Table
4). On the other hand, these values are quite different from
those determined by redox equilibrium titrations of mam-
malian P450 reductase (34) or P450BM3 flavoprotein (35).
Two major differences in the approaches may explain the
differences. The slow time scale in equilibrium titration
measurements could lead to conformational changes of the
flavoprotein and alterations of the redox properties of flavin
cofactors. For example, a so-called “air-stable” FMN semi-
quinone could be formed, which, in house fly P450 reductase,
is different from the catalytically competent FMN semi-
quinone (10). P450BM3 is also known to form an inactive
three-electron-reduced flavoprotein (36, 37). Second, titration
experiments are done in the absence of nucleotide whose
binding is now known to be essential for normal catalysis.

NADPH and NADH have the same redox potentials, but
the former supports much faster catalysis rates (9). No
correlation exists between redox potentials of the analogues
and their ability to support catalysis (Table 3). The redox
potential of the NADPH analogues has little if any effect on
the formation of a double semiquinone intermediate. These
observations demonstrate that equilibrium redox potentials
are not the major factor governing electron transfer. A similar
conclusion has been reached recently in the study of
p-hydroxybenzoate hydroxylase interaction with analogues
of NADPH and FAD (38). Moreover, an FMN semiquinone
form of NO synthase supports NO synthesis (39) despite that
fact that the midpoint potential of the FMN semiquinone is
-49 mV (40), while that of the arginine-bound heme is-220
mV (41).

We propose that conformational changes induced by
NADP(H) interaction with P450 reductase may alter the
equilibrium redox potentials of the flavin cofactors. Such a
phenomenon has been demonstrated with model compounds,
e.g., a flavin attached to nicotinamide by a linker of different
length (42). In those experiments, a shorter linker increased
the redox potential of the flavin by as much as 116 mV. In
addition, mutagenesis of flavodoxin demonstrated that a
redox potential change can be achieved by relatively minor
changes of the protein: substitution of a single Gly61 residue
changed the redox potential of one-electron transitions by
up to 180 mV (43). Insertion of a more hydrophobic amino
acid resulted in a larger redox potential change. In other
words, relatively minor conformational changes may lead
to a rather large shift of the redox potential of a flavin
cofactor.

Analysis of the crystal structure of the rat P450 reductase
(3) indicates that reduced nicotinamide should bind deep in
the hydrophobic environment of the FAD isoalloxazine
binding site for rapid hydride ion transfer to occur. A change
of the NADPH redox potential is possible upon transfer of
the neutral reduced nicotinamide from aqueous media to the
hydrophobic environment of the enzyme catalytic site.
Indeed, as was recently shown, the standard redox potential
of the NADP+/NADPH pair in the catalytic site of the
energy-dependent transhydrogenase is shifted by+60-70
mV compared to that of the nucleotide in solution (44). A
similar phenomenon is known to occur upon substrate(s)
binding at the catalytic site of ATP synthase [see (45) for a
review]: the free energy of ATP hydrolysis at the catalytic
site is close to zero, compared to 7-8 kcal/mol in aqueous
solution.
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