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Functional Interactions in Cytochrome P4{6. Evidence That NADP(H) Binding
Controls Redox Potentials of the Flavin Cofactors
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ABSTRACT. NADP(H) binding is essential for fast electron transfer through the flavoprotein domain of
the fusion protein P450BM3. Here we characterize the interaction of NADP(H) with the oxidized and
partially reduced enzyme and the effect of this interaction on the redox properties of flavin cofactors and
electron transfer. Measurements by three different approaches demonstrated a relatively low affinity of
oxidized P450BM3 for NADP, with a Ky of about 10uM. NADPH binding is also relatively weakk{

~10 uM), but the affinity increases manyfold upon hydride ion transfer so that the active 2-electron
reduced enzyme binds NADPwith a K4 in the submicromolar range. NADP(H) binding induces
conformational changes of the protein as demonstrated by tryptophan fluorescence quenching. Fluorescence
guenching indicated preferential binding of NADPH by oxidized P450BM3, while no catalytically
competent binding with reduced P450BM3 could be detected. The hydride ion transfer step, as well as
the interflavin electron transfer steps, is readily reversible, as demonstrated by a hydride ion exchange
(transhydrogenase) reaction between NADPH and NADPtheir analogues. Experiments with FMN-

free mutants demonstrated that FAD is the only flavin cofactor required for the transhydrogenase activity.
The equilibrium constants of each electron transfer step of the flavoprotein domain during catalytic turnover
have been calculated. The values obtained differ from those calculated from equilibrium redox potentials
by as much as 2 orders of magnitude. The differences result from the enzyme’s interaction with NADP(H).

The flavoprotein domain of cytochrome P45 belongs
to a family of homologous flavoenzymes utilizing both FAD
and FMN cofactors to transfer reducing equivalents from
NADPH to hemoproteins or other electron acceptdrs (

in milliseconds after enzyme reduction by NADPH. In

contrast, most of the 2-electron reduced enzyme is present
as a double semiquinone form, and the inactivation rate is
almost 4 orders of magnitude slower than the rates of electron

Cytochrome P450 reductase and the flavoprotein subunit oftransfer (2).

sulfite reductase are individual polypeptides. The flavoprotein
domains of fatty acid hydroxylating cytochromes Pa0
(2—4) and P450foxy %), as well as of nitric oxide synthase
(for reviews, see ref$6 and 7), are fused in a single
polypeptide with the hemoprotein domains.

The two flavin cofactors have different roles in catalysis:
FAD accepts a hydride ion from NADPH and passes
electrons to the FMN, which in turn delivers electrons to
the P450 or other acceptoi®<10). The equilibrium redox
potentials determined for the P450BMtavoprotein domain
(11) are inconsistent with our current understanding of the
catalytic mechanism. According to these values, a catalyti-
cally inactive FMN hydroquinone form should be formed

T This work was supported by National Institutes of Health Grants
GM39014 and ES06694.

Another aspect of catalysis which remains unclear is the
role of nucleotide in electron transfer. A comparison of the
catalytic rates of PA50BM3 and P450 reductase showed that
NADP(H) binding is essential for fast transfer of reducing
equivalents through the flavins and that NADP(H) interaction
with the flavoprotein can control the redox properties of the
flavin cofactors {2—14). The important role of NADP(H)
binding in the catalytic mechanism of PA50BM3 warrants a
more thorough characterization of its interactions with
nucleotides. However, only limited studies have addressed
the interaction of P4A50BM3 with NADP(H)LE).

Previously, we characterized the nucleotide specificity of
P450BM3 and measured thé, values for fatty acid
hydroxylase and cytochromereductase activitiesl@). In
this paper, we present our studies of P450BM3 interaction
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oxidized and reduced nucleotides have been determined, and
the transhydrogenase activities of the wild type, as well as
mutant P450BM3, have been characterized. The results
allowed us to estimate the dynamic distribution of the
catalytic intermediates of the flavoprotein domain during
catalysis, which is quite different from that expected from
the equilibrium redox potentials of the flavin cofactors.
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Ficure 1: (A) Spectral changes associated with NAD&hd palmitate binding with intact P450BM3. The NADduced difference
spectrum (spectrum 1) was recorded with QM P450BM3 and 7.5¢tM NADP™. The type | spectrum (spectrum 2) was recorded in the
presence of 2.&M P450BM3 and 25«M palmitate. The amplitude of this spectrum was reduced 16 times for easier comparison. (B)
Spectral changes induced by NADRvith palmitate-saturated P450BM3 (spectrum 1) and BMR (spectrum 2). Concentrations were as
follows: P450BM3, 6.Q«M, palmitate, 75«M, and NADP", 50 uM, for spectrum 1 and BMR, 9.2M, and NADP", 10 4M, in spectrum

2.

MATERIALS AND METHODS nucleotide composition was measured as described earlier
(17). Briefly, [*P]INADPH was incubated with P450BM3,
and at the time indicated, aliquots were quenched with equal
volume of 2% SDS solution and nucleotides were quantified
after separation by TLC on poly(ethylenimiredellulose
plates.

Spectroscopic studies of nucleotide binding were carried
out in a 1 mLreaction mixture at 28C. Protein concentra-
tions are indicated in the legends to the figures. Nucleotide
‘solution was added to both sample and reference cuvettes.
Fhe total volume added did not exceed 2% of the reaction
mixture, and no correction was made.

Other ProceduresProtein concentration was determined

Preparative Procedureswild type and mutant P450BM3
as well as BMR were purified as described earli#6)(
Preparation of PJNADP was carried out as described
before (7). [BHINADP" was synthesized by the same
procedure. The specific activity ot P]JNADP(H) was 660
cpm/pmol, while that of JH]nucleotide was 1uCi/nmol.
1,4,5,6-Tetrahydro-NADP was prepared as descrildel (

Measurements of the Tryptophan Fluorescence Spectra
Tryptophan fluorescence emission spectra were measured o
a Photon Technology Instrument spectrofluorometer in a final
volume of 2.5 mL at 25C atdex 295 nm andlen 310-500

nm. The excitation light of 295 nm was chosen to minimize by the L q ing bovi lbumi
the contribution of Tyr residues. The time course of Trp y the Lowry procedurel@) using bovine serum albumin

fluorescence change was recordedigt295 nm andlem as a standard. The values presented are the meaD OT
334 nm. at least three measurements. The molar concentration of

P450BM3 was calculated on the basis of the protein content

Activity Assay All the assays were carried out at 25 in using a molecular mass of 119 000 D). (

0.1 M Tris-HCI buffer, pH 7.7, as detailed earliet2].
Transhydrogenase activities with Ach-NADP(H) and S- RESULTS AND DISCUSSION
NADP(H) were measured spectrophotometrically, and
NADPH—[®H]NADP™* activity was measured using HPLC Spectroscopic Studies of NADRteraction with P450BM3.
separation of the nucleotides as described for P450 reductas@&he interaction of P450BM3 with nucleotides has not been
(14). studied in detail. It was reported%) that P450BM3 binds
Fluorometric measurement of palmitate-dependent NAD- NADP* with aKq of 0.58uM. The measurements were based
PH oxidation was carried out as follows. The reaction on the spectral changes of P450BM3 induced by NADP
mixture (2.5 mL) contained 2aGM palmitate and 0.45.0 and AAsz1-475 Was plotted as a function of the nucleotide
uM NADPH. The reaction was started by the addition of concentration. We repeated these experiments. Addition of
P450BM3 to a final concentration of-B nM, and the NADP* to the P450BM3 solution resulted in a slight
reaction was monitored by fluorescence decrease at 455 nirperturbation of the absorption spectrum of P450BM3. The
with 1ex = 340 nm. Data were collected at a rate of 10/s. difference spectrum showed a decrease in absorbance at 421
The initial reaction rates were calculated from the fluores- nm and little change at 475 nm (Figure 1A, spectrum 1).
cence decrease slopes in the first®s of the reaction after ~ The dependence of the absorbance change on NADP
scale calibration with a standard NADPH solution. Fluores- concentration gave l§; value of about 0.ZM (not shown),
cence intensity was proportional to NADPH concentration in good agreement with the previous repdrb)(
up to 5uM. In inhibition studies 6-40 uM NADP™* was However, when the NADPabsorbance difference spec-
included in the assay. trum was compared to that induced by palmitate binding
Interaction of P450BM3 with NucleotideBinding of 32P- (Figure 1A, spectrum 2), we found that the spectral changes
radiolabeled nucleotides was carried out using a micro- were remarkably similar. Palmitate shifted the heme absorb-
filtration procedure as described elsewhedel)( [*?P]- ance maximum from 420 to 390 nm, which reflects the
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Ficure 2: Spectral changes associated with NATH#nding with
BMR. (A) Difference spectra obtained in the presence of 5, 10 20,
30, and 50uM NADP*. (B) Dependence of the amplitude of
spectral changes on NADRoncentration. The BMR concentration
was 9.2uM, 1 mL final volume, and 2.5 or 5 mM NADPsolutions
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9.2 uM was used. Under these conditions, a considerable
fraction of the added NADPwas bound, and a binding curve
was calculated using a mutually depleting moded)( The
amplitude of the spectral chang®Asos—445, Was plotted as

a function of added NADP (Figure 2B), and the experi-
mental curve was fitted to eq 1 for a single binding site and
unknown maximal amplitude:

A= Ao 2(E] + L] + Ky —
JUEL + 1L, + K% — 4[ENIL]) (D)

where A and Anax are observed and maximal spectral
changes, [E]and [L] are the total concentrations of the
enzyme and ligand, respectively, akgis the dissociation
constant. The best fit to the above equation gatq @alue

of 11.8 + 2.6 uM and AAmax 0of 1.8 + 0.1 AU/mM. Thus,

the Kq of BMR for NADP™ measured spectrophotometrically
is about 20 times larger than that obtained by the same
procedure for intact PA50BM3 (see réb and above).
Because of this discrepancy and because of the significance
of the enzyme affinity for NADP to our understanding of
the mechanism of electron transfer, we felt that it was
important to reassess the affinity of intact P450BM3 for
NADP* by additional and independent procedures.

Binding of F?P]NADP by P450BM3.The attempt to
measure FP]JNADP*' binding by equilibrium dialysis was
unsuccessful because of the enzyme inactivation during long
incubations. We therefore developed a direct and rapid assay
to measure binding offP]NADP" (14). A Scatchard plot,
as shown in Figure 3A, revealed a single nucleotide binding
site with aKy of 10.2+ 4.8 uM. The affinity of P450BM3
for NADP* is close to that obtained for BMR but differs

were added. The reference cell contained BMR, and buffer was considerably from the values obtained spectrophotometrically

added instead of NADP The total volume added did not exceed
2%. The best fit of the experimental points to eq 1 gaue,af
9.4uM and anAya 0f 1.84 AU/mM. The line represents the binding
curve calculated according to eq 1 using these parameters.

transition of low spin to high spin of the heme iron (type |
binding spectrum). Thus in NADPoinding experiments with

for intact P450BM3.

Competitve Inhibition by NADP. Another approach to
measure the affinity of P450BM3 to NADHs to measure
the inhibition constant. However, the lol, for NADPH
[Km ~1uM (12)] and the need to avoid a regenerating system
precluded the use of conventional techniques. We therefore

intact P450BM3, the trough at 421 nm could correspond to developed a different procedure to study the inhibitory effect
the decreased heme absorption. To verify this, P450BM3 of NADP* on palmitate hydroxylation. NADPH is fluores-

was converted to a high-spin form by the addition of
saturating palmitate, NADPwas added, and the difference

cent with a maximum emission at 455 nity(= 340 nm).
Because palmitate hydroxylation is tightly coupled to

spectrum was recorded (Figure 1B, spectrum 1). Small NADPH consumptionZ0, 21), the reaction can be measured

spectral changes at 46850 nm were observed. These

by the decrease of NADPH fluorescence. To validate this

spectral changes were similar to those induced by theapproach, we measured the initial rates of palmitate hy-
nucleotide in the separately expressed flavoprotein domain,droxylation in the presence of variable NADPH and28
BMR (spectrum 2). These results indicate that heme spectralpalmitate. The values &€, andVmax Obtained were 1.aM
changes interfered with the spectrophotometric measurementsnd 56 s?, in excellent agreement with the values obtained

of nucleotide binding to intact P450BM3.

Spectroscopic Studies of NADMteraction with BMR.
To exclude any interference of the heme, the binding
experiments were carried out with BMR. Addition of NADP

under steady-state conditions in the presence of an NADPH-
regenerating systeni?). We used this procedure to char-
acterize the inhibition of palmitate hydroxylation by NADP
The initial rates of palmitate hydroxylation in the presence

to the BMR solution induced small spectral changes (Figure of different concentrations of NADPH and NADFhave
2A). The absorbance at 448 nm decreased while thebeen measured. The results demonstrated that NARES

absorbance at 504 nm increased upon addition of NADP
Neither NAD' nor 2-AMP at 100 uM induced spectral

a competitive inhibitor with respect to NADPH (data not
shown), and the Dixon plot gavel§ value of 6.6+ 3.1

changes in BMR (data not shown). The amplitude of the uM (Figure 3B).

spectral perturbation depended on the NA@Bncentration
and was used for estimation of th€;. Because of the

Affinity for NADP". When heme interference was elimi-
nated, the affinity of the enzyme to NADRvas thus found

relatively small spectral changes, a BMR concentration of to be relatively low (i) spectrophotometrically, using the
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Ficure 3: Determination of the affinity of intact P450BM3 for
NADP™. (A) Scatchard plot of #PJNADP binding to P450BM3.
Binding was measured in the presence of 2M P450BM3 and
1-28uM NADP™. The line is a linear regression through the points.
From this graphKy for NADP™ is 7.4uM (r2 = 0.92). (B) Dixon
plot of the inhibition of palmitate hydroxylation by NADP The
reaction was measured fluorometrically in the presence ofl).4 (
1.0 (v), and 3.0 @) uM NADPH. The lines are a linear regression
through the data points{> 0.96). From this grapH; determined
as the line intersection is 6/8MV.

-10 0

separated flavoprotein domaiky = 11.6 uM (Figure 2),

(ii) by direct measurements 6PP]JNADP* binding by intact
P450BM3,Ky = 10.2uM (Figure 3), or (iii) by measuring
the competitive inhibition constant in palmitate hydroxylation
by P450BM3,K; = 6.6 uM. Importantly, F?P]NADP"
binding represents nucleotide binding with the bulk of the
P450BM3 protein, while measurements of the inhibition
constant reflect nucleotide interaction with the bulk of the
active enzyme catalyzing fatty acid hydroxylation. Therefore,
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Ficure 4: P450BM3 tryptophan fluorescence quenching by
NADP* binding. (A) Fluorescence emission spectra of g\
P450BM3 in the absence (1) and presence (2) giMUNADP*.

(B) Nucleotide specificity of the tryptophan fluorescence quenching.
The arrow indicates the moment of the nucleotide additions as
follows: 50 uM NADP*, 50 uM NAD™, and 100uM 2'-AMP.
Fluorescence intensity was measured wigh?95 nm andlen, 334

nm.

instance, a small fraction of the enzyme could bind nucleotide
in an unusual way due to some heterogeneity of the
P450BM3 preparation. Alternatively, the nicotinamide moi-
ety could directly interact with the heme domain.
Tryptophan Fluorescence of P450BM3 and Effect of
NADP'. The crystal structure of rat liver P450 reducta2® (
homologous to the reductase domain of P450BM3, demon-
strated that W677 occupies the putative nicotinamide binding
site. P450BM3 has 12 Trp residues, one of which, W1047,
is homologous to W677 of the rat P450 reductase, and
therefore nucleotide binding can be expected to change Trp

we conclude that oxidized P450BM3 has a single binding fluorescence intensity. Indeed, the addition of NADP

site for NADP" with a K4 of about 10uM.

In contrast, difference spectroscopy with intact PA50BM3
produced &g for NADP* of 0.58uM (15). We obtained a

guenched the fluorescence (Figure 4A), suggesting that the
environment of some Trp residues becomes more hydro-
phobic upon NADP binding, likely as a result of confor-

Kq of 0.7 uM using the same approach. The spectral changesmational changes. This concept has recently been confirmed
in our experiments were type | binding spectra characteristic using homologous ferredoxin reducta®8)( Replacement

for the heme domain. The amplitude of the NADRduced
spectral change in intact PA50BM3 is about-13% of that

of a bulky Tyr which occupies the nicotinamide binding site
in that enzyme with a smaller residue resulted in catalytically

observed at saturating palmitate but is significantly larger competent nicotinamide binding.

than the amplitude of the spectral changes of the flavin

The effect of different nucleotides on Trp fluorescence is

cofactors. Importantly, no high-affinity binding was revealed shown in Figure 4B. Neither 56M NAD* nor 100uM 2'-

by [*?P]NADP" binding assay or competitive inhibiton AMP significantly decreased fluorescence intensity, in
studies (Figure 3). The reasons for such a binding spectrumcontrast to the quenching observed in the presence of 50
remain unclear, but several explanations can be offered. ForuM NADP™*. Because NADP and NAD' have essentially
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Ficure 5: Time course of tryptophan fluorescence change upon
P450BM3 interaction with NADP(H). (A) P450BM3 (0.96M)
was mixed with 1uM NADPH. (B) P450BM3 (0.96uM) was
mixed with 1.0uM NADP* and 2 mM glucose 6-phosphate.
G6P-DH was added to a final concentration of 0.5 unit/mL. Fluo-
rescence intensity was measured wih295 nm andlem 334 nm.
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Square symbols represent the nucleotide composition before P450-
BM3 addition.

recovery in Figure 5B of 0.01% 03 s''is close to the rate
constant of formation of the catalytically inactive 3-electron
reduced enzyme of 0.01%(12, 16). We interpret this result

to show that oxidized P450BM3 did not bind NADBut
bound NADPH rapidly formed after the addition of the G6P-
DH, resulting in Trp fluorescence quenching. A prolonged
incubation with NADPH led to the formation of the inactive
3-electron reduced enzyme which no longer bound NADPH
with high affinity, and Trp fluorescence returned to its

identical absorbance spectra, the fluorescence quenching inyriginal level. Importantly, fluorescence quenching upon

the presence of NADPis not due to the inner filter effect
but rather reflects a specific interaction of the nucleotide with
the enzyme.

Interaction of P450BM3 with NADPH and NADP
Several reports with flavoproteins homologous to P450BM3
indicate that the catalytic cycle involves a change in
nucleotide affinity as the state of reduction of the flavin
cofactor changesl@, 17, 24, 25). Moreover, our measure-
ments at [P450BM3F [NADPH] gave aK, for NADPH
of 0.3uM (12), while NADP" binds with aK4 of about 10

NADP™ reduction is not caused by the light absorbance by
the NADPH formed. Indeed, afta 5 min incubation almost
all of the nucleotide is present as NADPH (see below), but
tryptophan fluorescence is not quenched.

Studies with P]JNADP(H). An experiment was designed
to evaluate changes of the NADP(H) reduction state under
the experimental conditions of Figure 5. The enzyme was
incubated with P]NADPH and the regenerating system,
and at the time indicated aliquots were withdrawn for
determination of the nucleotide composition (Figure 6). In

uM (see above). To gain a better understanding of the the absence of PA50BM3, G6P-DH completely reduced 2

catalytic mechanism of P4A50BM3, the possible alteration in

1M NADP™ within a mixing time of less than 3 s (data not

nucleotide affinity was assessed using nucleotide-induced Trpshown). When P450BM3 is mixed witFPPJNADPH, a rapid

fluorescence quenching.
Addition of 1.0 uM NADPH to a 0.96uM P450BM3

oxidation of the nucleotide occurs. In the first405 s after
P450BM3 addition most of the radioactivity is found as

solution resulted in a rapid decrease of the Trp fluorescenceNADP™, demonstrating that most of thé&P]nucleotide is

intensity, followed by a slower increase to the original level bound to P450BM3 and is not readily accessible to G6P-
(Figure 5A). Measurements of the rate constant of fluores- DH. As the reaction proceeds and inactive 3-electron reduced
cence recovery produced a value of 0£3.02 s, close enzyme is formed, most of th&P-labeled nucleotide is

to the rate of oxidation of the active 2-electron reduced converted to NADPH. The incomplete reduction of the

enzyme of 0.2 st measured earlierl@). Thus, the fluores-

radiolabeled nucleotide (Figure 6) reflects an incomplete

cence decrease corresponds to the binding of NADPH, andinactivation of the enzyme, which retains-285% of the
NADP* formed remains bound to the 2-electron reduced activity (2, 16) and is expected to bind NADP

enzyme. As the flavoprotein is oxidized by oxygen, NADP
is released due to its low affinity.

In another experiment, shown in Figure 5By NADP*
was added to a fluorometer cell containing 0.2M

The results of Figure 6 demonstrate that our interpretation
of the tryptophan fluorescence results (Figure 5) is correct:
fluorescence quenching reflects binding of NADP(H). The
results of Figures 5 and 6 lead to two important conclusions.

P450BM3 and glucose 6-phosphate. This resulted in very (1) The nucleotide binding site is saturated in the presence
small quenching of the Trp fluorescence intensity, as of 1-2 uM P450BM3 and stoichiometric NADPH, demon-

expected from théy of about 10uM (see above). Upon

strating that th&y of the active 2-electron reduced P450BM3

addition of G6P-DH, a rapid decrease of the fluorescence to NADP" is well below 1uM. (2) The 3-electron reduced
intensity was observed, followed by a slow increase to the inactive P450BM3 is no longer able to bind reduced
original fluorescence level. The rate constant of fluorescencenucleotide with high affinity.
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0.004 ductase 14), we conclude that the affinity of NADPH to
the enzyme is close to that of/HNADP, that is, aKy of
0.002 about 10lLlM
Asymmetry of Nucleotide Binding low affinity of the
oxidized P450BM3 for NADP follows from the measure-
0.000 . S
ments of nucleotide binding as well as from the lack of
p: tryptophan fluorescence quenching in the presenceudfl 1
-0.002 4 P450BM3 and stoichiometric nucleotide (Figure 5B). In
contrast, in the presence of AM each P450BM3 and
-0.004 NADPH, all of the nucleotide is bound to the oxidized
~_ . enzyme, and NADP formed after hydride ion transfer is
NADP d . .
-0.006 retained by the active 2-electron reduced enzyme (Figure

350 460 450 5{)0 550 6). Therefore, the affinity of the 2-electron reduced P450BM3
for NADP™ must be at least an order of magnitude higher
i . . . than that of the oxidized enzyme. This affinity change must
Ficure 7: Comparison of the . . .
o o B on o Spectl changes assccisted wi? - be associated wth hydride fon ransfr as¥ADP, aredox
obtained in the presence of 1aM nucleotide and 4.6M BMR. inactive analogue, failed to bind with high affinity.
The increased affinity of the active 1- and/or 2-electron
Interaction with H-NADP. We used 1,4,5,6-tetrahydro- reduced enzyme for NADPcan serve as a mechanism to
NADP (Hs-NADP), an analogue of the reduced nucleotide, prevent binding of another NADPH and formation of the
to estimate the affinity of P450BM3 for NADPH. The inactive 3-electron reduced enzyme. The inactive enzyme
structure and properties of this nucleotide, a close isosterichas low affinity for NADPH, and no binding can be detected.
analogue of NADPH, are described elsewheitd énd The inability to bind NADP(H) could be the reason the
references cited therein). The analogue served as a competi3-electron reduced flavoprotein cannot rapidly reduce the
tive inhibitor with respect to NADPH, with &; value of heme iron 16), as interaction of the bound NADP(H) with
4.5+ 0.3uM in the palmitate hydroxylation reaction (data P450BM3 is essential for high catalysis rat@)( Moreover,
not shown). this mechanism supports the concept of the 0-2-1-0 catalytic
The interaction with #NADP was further studied by  cycle of the flavoprotein domain of P4A50BM23).
difference spectroscopy. The analogue induced spectral NADPH Analogues as Electron DonorBhe use of the
changes of intact P450BM3 (data not shown) similar to those nucleotide analogues enabled us to characterize electron
observed with NADP (Figure 1A). The amplitude of the transfer steps in microsomal P450 reductatd).( The
decrease of the heme absorbance at 420 nm exceede®lADP(H) analogues AcPy-NADP(H) and S-NADP(H) were
manyfold the amplitude of the flavin absorbance change. Thisused to evaluate further the interaction of P450BM3 with
precluded any meaningful measurements with intact P450BM3, nucleotides and to characterize the electron transfer steps.
and BMR was used for further studies,-NADP caused These analogues undergo the same redox transition as
spectral changes in the flavin absorbance region (Figure 7).NADP(H), i.e., hydride ion transfe2¢). However, the redox
A plot of the amplitudeAAyge-445 0N the analogue concentra-  potentials of the analogues are quite different from that of
tion produced a binding curve similar to that shown in Figure NADPH (26—28).
2B, and best fit to eq 1 produceda of 21.0+ 4.8uM and The reduced analogues served as electron donors in the
a maximum amplitude of 1.2 0.1 AU/mM. palmitate hydroxylation reaction (Table 1). Even though both
Interestingly, NADP and H-NADP induce different analogues supported relatively fast catalytic turnover, both
spectral changes upon binding to BMR (Figure 7). This Ky and Vmax values with AcPy-NADPH are significantly
suggests a differential binding of the positively charged different from those of NADPH. Maximal velocities with
oxidized and of the neutral reduced nicotinamide moieties the analogues are close to those observed with NADH,
with the oxidized flavoprotein. This is in accord with our despite the fact that thi€, values differ by 2-3 orders of
recent studies on eukaryotic P450 reductase, where reducednagnitude. A comparison of the nucleotide redox potentials
but not oxidized nicotinamide interacts with the flavoprotein and reaction rates reveals that the 73 mV difference between
(14). NADPH and AcPy-NADPH has little, if any, effect on the
Spectroscopic measurements ofWADP binding with catalysis rate. According to the Nernst equation, a 29 mV
BMR produced &Ky of 21 uM, while inhibition constant difference in a 2-electron transfer reaction corresponds to a
measurements produced a value of dMb. The two assays 1 order of magnitude change in the equilibrium constant.
differ significantly: BMR at 4.6uM has been used in  Thus the equilibrium of the hydride ion transfer step with
spectroscopic studies, whil§ measurements were carried AcPy-NADPH is shifted toward the reduced analogue by a
out in the presence of nanomolar concentrations of intact factor of 330 compared to the equilibrium with NADPH. In
P450BM3. It is unclear whether the difference in the contrast, even though redox potentials are the same, the
measured values reflects differences in the properties of thecatalysis rates with NADH are only about 20% of those with
nucleotide binding sites of BMR and P450BM3 or a 1000- NADPH. The results of Table 1 thus demonstrate the lack
fold difference in protein concentration in the assays. It is of any correlation between nucleotide redox potential and
clear, however, that thi€q for Hi-NADP is at least 1 order  catalysis rate.
of magnitude greater than th&, for NADPH measured at Transhydrogenase Reaction andiRsibility of Hydride
[P450BM3] > [NADPH] (12). Because HNADP served lon Transfer.To assess the possible reversal of the hydride
as a close isosteric analogue of NADPH with P450 re- ion transfer step between NADPH and FAD, we measured

Wavelength
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Table 1: Kinetic Parameters of 250/ Palmitate Hydroxylation and 58M Cytochromec Reduction in the Presence of NADPH and the

Analogued
palmitate hydroxylation cytochronereduction
nucleotide Eo, mVP Vimax S* K, uM Viax St K, uM
NADH¢ —320 13+1 3960+ 457 2691+ 907
NADPH —320 68+ 5 102+ 17 1.2+ 0.1
S-NADPH —285 253+ 35 65.4+ 7.9 0.71+ 0.15
AcPy-NADPH —247 13.2+4.1 11.1+ 4.6 14.5+ 2.0 115+ 24

a Average+ SD of at least three measurements is shdWRedox potentials are from ref7 and 28. ¢ Results with NADH are from ref2.

Table 2: Transhydrogenase Activities Catalyzed by PA50BM3 and Mutant Pfoteins

donor acceptor P450BM3 BMR W574Y W574G G570D
NADPH AcPy-NADP* 7.1+£0.3 9.8+ 0.4 7.8+£0.2 37.3+ 1.6 21.0+13
NADPH S-NADP* 15.0£0.8 18.0+ 2.4 13.6+0.4 55.3+£ 3.1 33.7£1.8
NADPH [FHINADP* 8.3+1.6 8.0+ 2.2 8.6+ 1.7 23.8+2.1 13.4+ 0.7
S-NADPH NADP* 3.3+0.2 4.1+ 0.2 3.4+0.1 115+ 11 6.6+ 0.6
AcPy-NADPH NADP* 0.63+0.04 0.55+0.03 0.704+ 0.07 1.71+0.05 1.13+0.17

2 Rates shown are im& Average+ SD of four measurements is shown.

the transhydrogenase reaction between NADPH and oxidizedto transfer hydride ion to the bound analogue, which is
nucleotides (Table 2). No detectable transhydrogenase reacreleased into the medium.

tion occurred in the absence of P450BM3. In the presence The transhydrogenase reaction demonstrates that both
of PA50BM3, a rapid transhydrogenation occurred with rates bound NADP and NADPH are able to dissociate within a
of 7, 15, and 8 st with AcPy-NADP", S-NADP', and fraction of a second. On the other hand, the results of Figures
NADP* as electron acceptors, respectively. The reduced5 and 6 demonstrate that nucleotide remains bound for
analogues also serve as donors in the transhydrogenasseconds or even minutes. This tight binding is a result of a
reaction with NADP as acceptor (Table 2). Although rapid dynamic equilibrium when bound nucleotide has high
relatively slow, P450BM3 catalyzes hydride transfer from onandoff rates, but the thermodynamic equilibrium is shifted
AcPy-NADPH to NADF, against a 73 mV redox potential toward complex formation due to the high affinity. This, in
difference. turn, indicates that the affinity of the enzyme to the

Transhydrogenase rates are much faster than the rate ohucleotide after hydride ion transfer is considerably higher
2-electron reduced enzyme oxidation and formation of the than that before the enzyme reduction. This is consistent with
inactive 3-electron reduced P450BM3 [0:2 and 0.01 s?, our notion that hydride ion transfer is accompanied by at
respectively {2)]. Thus the transhydrogenase reaction least a 10-fold change in the enzyme affinity to NADP
involves reduction of NADP or its analogue by the active,  which would correspond toa30 mV shift in redox potential
2-electron reduced P450BM3. As the rate of electron transfer of the bound nicotinamide and/or flavin nucleotides.
to FMN is at least 40078 (16), a significant fraction of the Redox Potentials of the Fl&n Cofactors during Catalysis.
2-electron reduced enzyme is present as a double semi-The equilibrium redox potentials of the P450BM3 flavin
quinone form {2). Therefore, the transhydrogenase reaction cofactors have been determinetil; These values are
must include the reverse reaction, fast electron transfer frominconsistent with the enzyme’s behavior during catalysis. (1)
FMN semiquinone to FAD semiquinone. A double semiquinone form of the enzyme is clearly present

Table 2 also shows transhydrogenase activities of BMR during catalysis 12) yet should not be formed. (2) An
and three FMN binding site mutants, W574Y, W574G, and inactive FMN hydroquinone form of P4A50BM3 should form
G570D @9). BMR and W574Y, carrying both FAD and within milliseconds, in contrast to the measured rate of
FMN, catalyzed the reaction with rates close to those of the inactivation of about 0.017$ (16).
wild-type enzyme. In contrast, the catalysis rates of the FMN-  Assuming that the NADPH concentration is saturating, we
free mutants, W574G and G570D, were severalfold higher calculated the equilibrium constants and some of the rate
than the rates of wild-type P450BM3. The higher reaction constants to characterize the interaction of NADPH with the
rates observed with FMN-free mutants are explained by the enzyme and to define catalytic intermediates (Figure 8).
fact that the lack of electron transfer to FMN increases the However, it should be noted that equilibrium constants will
steady-state fraction of FAD hydroquinone, which serves as not change at lower NADPH concentration, because these
the hydride ion donor for the bound NADPThese results  reactions are monomolecular. Our approach is defined as
demonstrate that the transhydrogenase reaction involves onlyfollows.
the FAD cofactor and hydride ion transfer between NADPH  EPR measurements of the semiquinone content produced
and FAD is readily reversible. a value of 1.22 mol/mol of enzymé?). Half of this value,

The mechanism of transhydrogenase reaction is the same.61, represents the fraction of the 2-electron reduced enzyme
as we defined for P450 reductasefl and can be outlined  present as a double semiquinone form (complex 3). The rate
as follows. P450BM3 binds NADPH and accepts 2 electrons, of FADH, oxidation of the W574G mutant enzyme of 0.035
and the NADP formed is released. An NADR or its s (12) is much slower than the rate of the NADPH
analogue, will bind to the 2-electron reduced protein, and [*H]NADP* transhydrogenase reaction of 23.:8 ¢Table
the electron-transfer reactions described above will reverse?). Thus, during catalysis, the mutant enzyme is present as
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0.35
| 1
NADPH 0.006 0.344 0.61 0.04
EMN L4 FMN FMN FMNH FMNH,
FAD_QS0WM s IFAD o o LEADH: > JFADH » [EAD
1500 ™! NADPH " InaDP NADP* NADP")
1 2 3 4
Kg=10 pM K,=57, AE=51 mV K,=1.77, AE=14.4 mV  K,=0.066, AE <-69 mV

Predicted from

Daff et al. (771) Ki=0.39, AE=-12mV  K;=550, AE=159 mV K3=55, 8E <101 mV

Ficure 8: Distribution of P450BM3 flavoprotein domain species during catalysis calculated on the basis of the experimental results.
Enzyme complexes emerging after NADPH binding are numberefl The numbers above the complexes represent the fraction of the
enzyme present as the complex. NADR complex 4 is in parentheses because no evidence is available as to whether this complex retains
bound nucleotide. Also shown are the values calculated from the equilibrium redox potentials measured el$&wBee text for details.

either the FAD-NADPH or FADH,—NADP* form (com- rate of cytochrome reduction (6). The rates of FMN to
plexes 1 and 2, respectively). Hence, the ratio of the heme electron transfer of 22@50 s* (34, 35) is still slower
transhydrogenation rate of the wild-type P450BM3 to that than the minimal estimate for intramolecular electron transfer.
of the W574G mutant enzyme, 8.3/23-80.35, represents  Therefore, the enzyme complexes shown in Figure 8 should
the fraction of the wild-type P450BM3 with fully oxidized form before electron transfer to the heme iron occurs, and
FMN. Thus, the fraction of the protein with fully reduced FMN semiquinone of complex 3 will serve as the electron
FMN equals 0.04. donor for the heme iron and is an intermediate of fatty acid
Using ako, for NADPH of 15 x 10’ M~1s1(12) and an hydroxylation. The sequence of the second electron transfer
estimatedKy of 10 uM (see above), one can calculate the to the heme and NADPrelease remains to be determined.
rate of NADPH releasekot = Kgkon, as 1500 s'. As the However, we have already demonstrated that binding of a
rate of the NADPH-[3H]NADP™ transhydrogenase reaction single molecule of NADPH is sufficient to complete the full
by the W574G mutant is 23.8'5 the fraction of the enzyme  catalytic cycle 12).
present as complex 1 can be calculated as a ratiok2@ 8/ A comparison of the properties of PA50BM3 to those of
0.006, and the fraction of the enzyme present as complex 2house fly P450 reductas&4) shows significant differences
is 0.344. The fractional distribution of the enzyme between in the properties of the two enzymes. Intramolecular hydride
complexes 4 allows us to calculate the equilibrium ion transfer in P450 reductase occurs with little free energy
constants for each stefy = 57, K, = 1.77,K3 = 0.066, change, while the equilibrium is significantly shifted toward
and these equilibrium constants can be converted to the redoX-ADH, in P450BM3. A majority of the enzyme is present
potential changes using the Nernst equation. It should beas a double semiquinone form in P450BM3, compared to
emphasized that these are the values for the conversion obnly one-fifth in P450 reductase. Oxidized P450 reductase
one complex to another, not the transitions of individual has a much higher affinity to NADPH, but no significant
cofactor(s). The values expected from the equilibrium redox change in affinity is associated with hydride ion transfer. In
potentials {1) are also presented in the scheme. Remarkably, contrast, the affinity of P450BM3 for NADPH is relatively
the equilibrium constants operating during catalysis and thoselow, but a significant increase in the affinity occurs upon
measured under thermodynamic equilibrium in the absencehydride ion transfer, and the oxidized nucleotide remains
of NADP(H) bound differ by at least 2 orders of magnitude. bound. This mechanism could have evolved as a protection
Thus, the role of the bound nucleotide in P450BM3 catalysis against oxidation of intracellular NADPH and inactivation
is to tailor and maintain redox potentials of the flavin of PA50BM3.
cofactors so that rapid catalysis can occur. This can be
achieved by direct interaction of the redox cofact®@) or ACKNOWLEDGMENT
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