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ABSTRACT. The flavoprotein domain of P450BM-3 (BMR), which is functionally analogous to eukaryotic
NADPH—P450 oxidoreductases, contains both FAD and FMN. When BMR is titrated with NADPH or
sodium dithionite under anaerobic conditions, addition of 2 electron equivalents per mole of BMR results
in the reduction of the high potential flavin (FMN) without the accumulation of semiquinone intermediates.
Additional sodium dithionite first produces some neutral, blue flavin semiquinone radical and, finally,
fully reduced FADH. During reduction with NADPH, an absorbance increase characteristic of the
formation of a flavin-pyridine nucleotide charge-transfer complex was observed only during the addition
of the second mole of NADPH per mole of BMR. On the basis of these results, we conclude that the
midpoint reduction potential for the FMN semiquinone/FMNEbuple is more positive than that for
FMN/FMN semiquinone. The kinetics of reduction of BMR with NADPH were studied by stopped-flow
spectrophotometry. With a 1:1 ratio of NADPH to BMR, the absorbance changes can be fit to five
consecutive first order reactions with rate constants of 330130 s!, 27 s'1, 2.3 s1, and 0.05 s'.

These reactions are most probably the following: (a) complex formation between BMR and NADPH; (b)
reduction of FAD with formation of the NADP-FADH™ charge-transfer complex; (c) transfer of the

first electron from FADH to FMN to form an anionic, red FMN semiquinone leaving the FAD as the
neutral, blue semiquinone. Precise identification of intermediates beyond this point is difficult. In the
presence of a 10-fold molar excess of NADPH, the absorbance changes and rate constants are somewhat
different due to the formation of several additional reduced species of BMR. The rate of the first step
increases, confirming that this is the formation of the NADFBMR complex. Our results indicate that

the kinetic and thermodynamic control of the flavins in BMR is significantly different from that in
microsomal P450 reductase. The low potential of the anionic FMN semiquinone can be utilized to reduce
the P450 heme. When the anionic semiquinone becomes protonated, its potential becomes more positive
and it is readily reduced to FMNH which is not capable of reducing P450.

Monooxygenation reactions catalyzed by the P450 genechromec, and cytochromds (Vermilion & Coon, 1978a;
superfamily of proteins require the input of two electrons. Vermilion et al., 1981; Nisimoto & Shibata, 1982). In
The source of electrons is usually reduced pyridine nucle- addition to the separate electron transfer roles, each flavin
otide, and the electrons are transferred to the P480  has distinctive reactivity toward oxygen. When fully reduced
electron transfer partner<Class IP450s utilize two electron  enzyme is exposed to oxygen, the FAPH rapidly and
transfer proteins, a flavoprotein reductase and an iron SU”Wcompletely oxidized, whereas the FMNI4 oxidized rapidly

tphro;celn, v;/h_neCIat\;s |]1|P45OS u':\l/lll_ze only afﬂ%gﬂﬁtgse only as far as the one-electron-reduced state, forming an air-
at confains two tiavins. Nlicrosoma stable neutral, blue semiquinone, FMNKVermilion &

reductase is a complex, multidomain protein containing an : .
e A Coon, 1978a,b; lyanagi & Mason, 1973; lyanagi et al., 1978,
NADPH-binding domain with tightly bound FAD, and a =7/ 1 ga1. "\ i d ikachi et al., 1979; Strobel et al., 1980)

flavodoxin-like domain (Porter & Kasper, 1986; Smith et _ T )
al., 1994) with tightly bo(und EMN. P The air-stable semiquinone form of microsomal NADPH

Studies with the native and FMN-depleted forms of P450 reductase, I én Scheme 1, does not efficiently reduce
microsomal NADPH-P450 reductase have established the P45Qu* (Oprian et al., 1979) or cytochronwe (Masters et
FAD moiety as the acceptor of the hydride from NADPH,
whereas the FMN moiety donates electrons to P450, cyto-

1 Abbreviations: P45Qy, liver microsomal P450; P450BM-3, the
soluble P450 isolated frorBacillus megateriun{the product of the
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al., 1965) in the absence of additional reducing equivalents. equivalents (Peterson & Boddupalli, 1992). The intermediate
However, this one-electron-reduced form has been proposedspectra indicate that the heme iron is reduced first, followed
to be an intermediate during enzyme catalysis (lyanagi et by the flavin residues. Titration of the protein with the
al., 1981), with the sum of the electrons on the flavins cycling physiological reductant, NADPH, was performed under an
between 1 e and 3 € states during turnover as electrons atmosphere of carbon monoxide, and the heme iron was
are donated to acceptors via the reactions shown in Schemeeduced first, followed by the flavins; however, the flavins
1. were not completely reduced under these conditions. Under
Potentiometric titrations have established the reduction an atmosphere of argon and in the absence of carbon
potentials of each flavin half-reaction for the native microso- monoxide, one of the flavin groups was reduced to the
mal NADPH-P450 reductase (Vermilion & Coon, 1978a; hydroquinone form prior to the reduction of the heme group,
lyanagi et al., 1974). Although the kinetics and thermody- leading to the conclusion that the redox potential of this flavin
namics of the transient intermediates in the catalytic cycle is more positive than that of the heme.
of this enzyme have been reported, there is still not general |n the current paper, in order to clarify whether the
agreement on the precise catalytic mechanism (Strobel etgifferences in the electron donor/acceptor properties of the
al., 1970; Tamburini et al., 1984; Backes & Reker-Backes, reductase domain are intrinsic properties of this multidomain
1988). protein or a consequence of interdomain interactions, spec-
The bacterial, fatty acidv-hydroxylase P450 system, trophotometric titrations and analysis of the kinetics of
P450BM-3, is functionally analogous to the microsomal P450 reduction of the flavoprotein domain of P450BM-3 with
system, including the transfer of electrons to the heme from sodium dithionite and NADPH were performed. On the
NADPH zia FAD and FMN (Miura & Fulco, 1974).  pasis of a multiwavelength analysis by stopped-flow spec-
P450BM-3 is a soluble, catalytically self-sufficient single trophotometry, a model was found that would predict the
polypeptide M, = 119 000) containing heme, FAD, and  gspectral course of each phase of the reaction of NADPH with
FMN in a stoichiometry of 1:1:1, respectively (Narhi & BMR under anaerobic conditions. Experiments with the
Fulco, 1986). The turnover number of purified P450BM-3, holoenzyme, P450BM-3, have shown that the rate constant

in the monooxygenation of palmitic acid, is 27t 25°C  of the first electron transfer to the heme correlates with the
(Narhi & Fulco, 1986; Boddupalli et al., 1990), which is  rate constant of the formation of the red, anionic FMN
approximately equal to that of P4GQunder similar condi-  These results highlight some of the similarities and differ-

tions (Katagiri et al., 1968; Peterson & Mock, 1975) and ences between BMR and mammalian microsomal NABPH
25—-1000 times greater than those of mammalian P450 p450 reductase.

systems. The flavoprotein domain (BMR) of P450BM-3 has
been expressed independently (Oster et al.,, 1991) andMATERIALS AND METHODS
contains both FAD and FMN, in a stoichiometry of 1:1. The
flavoprotein domain shares 33% and 40% amino acid Materials. Cytochromec, NADPH, NADP", protocat-
sequence identity with rabbit and rat hepatic microsomal €chuic acid (PCA), MOPS, and Trizma base were obtained
NADPH—P450 reductases, respectively, with highly con- from Sigma. Sodium dithionite was obtained from Hardman
served segments that are likely to be involved in the binding and Holden, Ltd., Manchester, England. Arachidonic acid
of the flavins and pyridine nucleotides (Ruettinger et al., Was obtained from NuChek Prep, Inc. Protocatechuate 3,4-
1989). Sequence analysis indicates that BMR, like microso- dioxygenase (PCD) was prepared according to a published
mal NADPH-P450 oxidoreductases, has a discrete multi- procedure (Bull & Ballou, 1981). All other reagents were
domain structure, with an amino-terminal FMN-binding Purchased from commercial sources and were of the purest
domain and a carboxyl-terminal FAD- and NADPH-binding 9grades available.
domain (Porter, 1991; Oster et al., 1991). Based on sequence Experimental ProceduresProtein concentrations were
analysis, these structures have been described as commoastimated (Lowry et al., 1951) using bovine serum albumin
to the FNR (ferredoxin NADP reductase) family of fla- as a standard. P450BM-3 and BMR were purified by
voprotein oxidoreductases, which comprises FNR, phthalatepublished procedures (Boddupalli et al., 1990; Oster et al.,
dioxygenase reductase, cytochromerdductase, NO syn-  1991). The concentration of BMR was determined at the
thase, sulfite reductase, nitrate reductase, and others (Correllvavelength of maximal absorbance in the 450 nm region
etal., 1992; Karplus et al., 1991; Andrews et al., 1992). X-ray using the extinction coefficient for purified microsomal
structures of FNR (Karplus et al., 1991), phthalate dioxy- NADPH—P450 reductase, 21.4 m¥Mcm™ (French & Coon,
genase reductase (Correll et al., 1993), cytochrdme 1979). The concentration of PAS0BM-3 was determined by
reductase (Takano et al. 1993), and nitrate reductase (Lu etonventional difference spectrophotometry with the sodium
al., 1994) confirm that these proteins are structurally related. dithionite reduced enzyme in the reference cuvette and the
The reductive titration of PA50BM-3 with sodium dithion- reduced enzyme under a carbon monoxide atmosphere in
ite, in the presence of palmitic acid and carbon monoxide, the sample cuvette. The difference in absorbance between
was complete with the addition of the expected 5 electron 450 and 490 nm was measured, and the difference extinction
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1

coefficient of 91 mMicm™ for this wavelength pair was B
used (Omura & Sato, 1964). 08

The samples for both optical absorbance spectroscopy andg 06 355
stopped-flow spectrophotometry were made oxygen free by § )
repeated evacuation and flushing with prepurified argon as g °* 503
previously described (Peterson, 1971; Peterson et al., 1977).< 0.2 4
The titrants were prepared in anaerobic buffer and standard- o
ized. Sodium dithionite was standardized by titrating a 3% 40 3¢ S 700 80 00 el %
solution of cytochrome, while NADPH was standardized s D panclA | panelB| panelC
by diluting the reagent into buffer and measuring the os Y
absorbance at 340 nm versus a buffer blank using the § o6 e I"'z
extinction coefficient, 6.22 mM cm. The reaction £ 04 E sosmmx 3
mixtures contained 50 mM MOPS buffer, pH 7.4,404 g < K :
uM BMR, and an oxygen-scavenging system consisting of 92| ;i < T
1 uM PCD and 10QuM PCA (Bull & Ballou, 1981). All 9% a0 S0 600 00 800 o T s
manipulations of the titrator assembly were performed in a Wavelength Moles of sodium dithionite / mole of BMR

glovebag that was continuously flushed with prepurified
nitrogen to minimize contamination with oxygen. Absor-
bance spectra were recorded at°ZDwith an IBM Model
9420 UV/visible spectrophotometer. Following the addition
of each aliquot of titrant, the reaction mixture was permitted
to stand at room temperature until no further absorbance
changes occurred, usually less than 10 min.

Stopped-flow spectrophotometric studies were performed
with a Hi-Tech Scientific Co. Model SF-61 stopped-flow
spectrophotometer. All kinetic experiments were performed
at 4°C in anaerobic, filtered 50 mM MOPS buffer, pH 7.4,
containing 1uM PCD and 100uM PCA as an oxygen-
scavenging system (Bull & Ballou, 1981). Samples contain-
ing PCD were vacuum gas exchanged in glass tonometer
and overlaid with 2 psi of argon; then PCA was added from
a side arm of the tonometer.

In the case of reduction of BMR, one syringe of the
apparatus contained a solution of-424 uM BMR, and the
other contained either 40 or 450M NADPH. Equal
volumes of the two solutions were mixed in the mixing
chamber (46-45uL per shot, 2 ms dead time). The stopped-
flow instrument was set up for interconversion between
single wavelength, photomultiplier mode and diode array
mode, making both forms of data collection accessible in a
single experiment. Single wavelength data were collected

Ficure 1: Anaerobic titration of oxidized BMR with sodium
dithionite. BMR (40u«M) in 50 mM MOPS buffer, pH 7.4, was
titrated at 5°C in the presence of methylviologen (@) with
sodium dithionite (4.7 mM). The absorbance spectra have been
corrected for dilution. Panels A, B, and C represent a single
continuous titration of enzyme. Curves are separated in the three
graphs to show individual sets of isosbestic points occurring during
the titration. Panel D is a plot of absorbance changes at4a6~),

503 (—@—), 585 (——), and 750 ) nm as a function of sodium
dithionite added.

built-in features of Program A for PC-compatible computers;
this program for analyzing and collecting data was written
in D. Ballou’s laboratory by Joel Dinvero, Chung-Jen Chiu,

sf:lnd Rong Chang.

RESULTS

Anaerobic Reduction of BMR with Sodium Dithionite.
Absorbance changes associated with the anaerobic titration
of BMR with sodium dithionite are shown in Figure A,
and changes for selected wavelengths are replotted versus
the number of moles of sodium dithionite added per mole
of BMR in panel D of this figure. Sodium dithionite
reduction took place in three spectrally distinct phases. In
the first phase, 1 mol of sodium dithionite was consumed
per mole of BMR (2 electron equivalents per 2 flavins)

at 380, 456, 510, 550, and 750 nm logarithmically with (Figure 1A,D). During this phase of the titration, the
respect to time using a MacADIOS interface board equipped absorbance between 345 and 800 nm decreased without the
with a 16-bit analog-to-digital converter. Data collection was appearance of additional absorbance bands. This indicates
controlled with KISS software and hardware from Kinetic that there is no accumulation of the neutral, blue semiquinone
Instruments, Inc., installed in a Macintosh llcx. When form of the flavins. The reduction by sodium dithionite is
operated in the diode array detection mode, each spectrunvia the donation of one electron at a time through an*SO
was recorded in a period of 1.23 ms with a variable interval radical species (Mayhew & Massey, 1973; Lambeth &
between spectra. Diode array data were collected using Hi-Palmer, 1973); therefore, a flavin semiquinone must have
Tech Scientific Co. hardware and software installed in a 66 been formed transiently, and the absence of observable
MHz DX2 Gateway 2000 computer. semiquinone implies that the second electron is taken up
In the case of the reduction of the holoenzyme of P450BM- more easily than the first. Whether this is by direct reduction
3, different combinations of 3.8M P450BM-3, 4 or 400 by sodium dithionite or by intermolecular disproportionation
uM NADPH, and 50uM arachidonic acid in the buffers  of the flavins is not known at present. Thus, at the end of
saturated with argon or carbon monoxide were used for thethe first phase, which represents about 50% reduction of the
experiments. The absorbance change at 450 nm wasenzyme, the spectrum resembled a mixture composed
recorded as a function of logarithmic time. primarily of oxidized and two-electron-reduced flavin with,
The method of analysis of the kinetic data from these presumably, the FMN component reduced and the FAD
experiments involved data fitting to analytical expressions oxidized.
using a consecutive exponential fitting routine based on the  Upon the further addition of 0.5 mol of sodium dithionite
Marquardt-Levenberg algorithm (Bevington, 1969). The (a total of 3 electron equivalents per mole of BMR), there
data were fit to the equations for five irreversible exponential was an increase of absorbance at 585 nm and isosbestic
steps as described in the text. The data fitting routines arepoints appeared at 355 and 503 nm (Figure 1B,D). During
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this phase, the remaining oxidized flavin (FAD) became 1 A B
reduced to the neutral, blue semiquinone state. An additional os
0.5 mol of sodium dithionite per mole of BMR caused an = § 4
absorbance decrease from 400 to 700 nm (Figure 1C) and is £

shown at 456 and 585 nm (Figure 1D). The spectral changes £ **
observed in the final phase were isosbestic at 330 nm and °2"
represent reduction of a neutral, blue flavin semiquinone to %

400 500 600 700 800 300 400 500 600 700 800

. . . . 0
the hydroquinone. As seen in this figure, there was no . Wavelength Wavelength

absorbance increase in the long wavelength regia9Q C| |panelA panelB|  panelC D

nm). 0.8 1
Anaerobic Reduction of BMR with NADPH here were

three discrete phases in the titration of BMR with NADPH,

orbance
(=]
(=]
A Absorbance
/

o
(=]
3
3

204 750 nmx10
as judged from the plot of absorbance change versus NADPH < 510 sierm o M3 |
added (Figure 2D). In the first phase of this titration, the ~ ** Y ) a T

addition of 1 mol of NADPH (2 electron equivalents) per S0 a0 500 60 700 B0 O TR TS
mole of BMR was spectrally very similar to the titration with Wavelength Moles of NADPH /mole of BMR
1 mol of sodium dithionite. An absorbance decrease was FIGURE 2: Anaerobic titration of oxidized BMR with NADPH

; ; ; ; MR (40 uM) in 50 mM MOPS buffer, pH 7.4, was titrated at 5
observed at 456 nm without an increase in absorbance elthEl,BC with NADPH (4 mM). The absorbance Spectra have been

at 585 nm or in the longer wavelength regions. There Was qqrrected for dilution. Panels A, B, and C represent a single
an isosbestic point at 352 nm during this phase of the continuous titration of enzyme. Curves are separated in the figure
titration. In the second phase, approximately 1.5 additional to show three individual sets of isoshestic points occurring during
mol of NADPH per mole of enzyme produced an increase the titration. Panel D is a plot of absorbance changes at4a6),
at 585 nm, indicative of the formation of a neutral, blue flavin Zége(a._)' 585 (~4—), and 750 (") nm as a function of NADPH
semiquinone; however, there were also absorbance changes '
in this region due to the formation of a charge-transfer presence of molecular oxygen. Absorbance spectra (not
complex between NADPand the FAD. The long wave- shown) indicate that BMR becomes fully oxidized without
length absorbance (750 nm in the plot in Figure 2D) is a forming the air-stable, neutral, blue semiquinone that has
characteristic feature of charge-transfer interactions betweenbeen observed with microsomal NADP#P450 reductase
NADP* and FADH (Massey & Palmer, 1962; Massey & (Vermilion & Coon, 1978b; lyanagi et al., 1981; lyanagi &
Ghisla, 1974). A comparison of the NADPH titration spectra Mason, 1973; Masters et al., 1975). To determine the rate
with the sodium dithionite titration spectra shows that one of this oxidation, BMR that had been reduced with a 4-fold
of the isosbestic points observed in this phase of the titration molar excess of NADPH as described in Figure 2 was mixed
was shifted from 503 to 516 nm; this shift is probably due with oxygen-saturated buffer, and the oxidation was followed
to the contribution of the charge-transfer complex. The third spectrophotometrically at 456 and 585 nm. There was an
phase (panel C) began after addition of approximately 5 initial lag period during which the excess NADPH was
electron equivalents (2.5 mol of NADPH/mol of BMR). oxidized, followed by a rapid loss of the absorbance at 585
There were only small changes in the flavoprotein spectrum, nm and a gain in absorbance at 456 nm. These rapid changes
while an increase in absorbance around 340 nm indicatedwere followed by a slower appearance of absorbance at 456
that unreacted NADPH was accumulating. In addition, an nm until the initial absorbance had been recovered. The rate
isosbestic point appeared at 510 nm. constants for the fast and slow reoxidation reactions at room
NADP* is a competitive inhibitor of microsomal NADPH  temperature were approximately 0.7 and 0.06 hirespec-
oxidoreductases (Williams & Kamin, 1962). Thus, the tively, and probably will vary as a function of oxygen
reduction of BMR with NADPH was compared in the concentration. The mechanism of reoxidation of the flavins
absence and presence of a 10-fold excess of NADPhe of BMR is not clear at the present time.
presence of NADP did not affect the initial phase of Kinetics of Reduction of BMRThe reaction of NADPH
titration, but did result in requiring a larger concentration of with BMR was examined under anaerobic conditions by
NADPH to achieve maximal reduction of the flavins (data stopped-flow spectrophotometry (Figures 3 and 4). To
not shown), indicating that the effect is primarily thermo- permit observation of all phases of the reaction on a single
dynamic. In a separate experiment, BMR was anaerobically time scale, logarithmix-coordinates are used for plotting
titrated with sodium dithionite until more than 2 electron the kinetic curves. The wavelengths shown from these
equivalents per flavin had been added (corresponding tostudies are as follows: 380 nm, to monitor the anionic, red
complete reduction of the enzyme). At this point, a 10-fold flavin semiquinone; 456 nm, to follow the overall reduction
excess of NADP was added anaerobically. The absorbance of flavin (FAD or FMN); 510 nm, to discriminate between
increased over the range 34800 nm, indicating partial ~ formation of the fully reduced flavin and flavin semiquinone
reoxidation of BMR with formation of NADPH, neutral, blue  (since the blue and red (neutral and anionic) semiquinone
flavin semiquinone, and a charge-transfer complex betweenforms of flavin are almost isosbestic at this wavelength); 550
oxidized pyridine nucleotide and reduced flavin. When a nm, to monitor the neutral, blue flavin semiquinone; and 750
100-fold excess of NADP was added to the sodium nm, to follow charge-transfer complexes with pyridine
dithionite reduced enzyme, the spectrum resembled two-nucleotides. Note that none of these wavelengths is com-

electron-reduced BMR. pletely specific for a single form because of the broad
Reoxidation of BMR.Because of the difference in the overlapping nature of flavin absorbance spectra.
titration behavior of BMR and microsomal NADPHP450 The spectrophotometric traces in Figure 3 were obtained

reductase, we examined the reaction of reduced BMR in thefrom experiments at 8C in which BMR was rapidly mixed
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FicURE 3: Kinetic absorbance changes during the reduction of BMR FIGURE4: Kinetic absorbance changes during the reduction of BMR
by a 1:1 ratio of NADPH to BMRBMR (40 «M) in 50 mM MOPS by a 10:1 ratio of NADPH to BMR. The conditions were the same
buffer, pH 7.4, was mixed with an equal volume of NADPH (40 as in Figure 3 except that NADPH was 40 before mixing.

uM) in the stopped-flow spectrophotometer. The final concentra- The data represent the averages-eb&xperimental determinations
tions of reactants were 20M. The data represent the average of and are offset and expanded to promote visualization. The data were
3—5 experimental determinations and are offset and expanded tooffset by 0.35 at 380 nm—O—), by 0.5 at 456 nm{a—),
promote visualization. The data were offset by 0.5 at 380 nm multiplied by 5 and offset by-0.20 at 510 nm<J—), multiplied
(—0O—), by 0.40 at 456 nm-{A—), multiplied by 5 and offset by by 5 with no offset at 550 nm~0—), and multiplied by 10 with
—0.65 at 510 nm~0—), multiplied by 5 with no offset at 550 & —0.2 offset at 750 nm—<{v—). In each experiment, the dashed
nm (—¢—), and multiplied by 10 with a-0.025 offset at 750 nm line represents the calculated absorbance change based on the rate
(—v—). In each experiment, the dashed line represents the constants given in Scheme 3. The vertical lines showt{hdor
calculated absorbance change based on the rate constants given iach of the intermediates of the reaction=AFAD, FMN[; B =
Scheme 1 for the reaction shown at the top of the figure. The vertical [NADPH, FAD, FMN]; C = [NADP*, FADH", FMN]; D' =

lines show the position df,, for each of the steps in the reaction. [NADP*(H), FADH", FMN""]; E' = [NADPH, FADH*, FMNH'];

The data are most consistent with the following=AFAD, FMN]; F = [FAD, FMNH"]; G' = [NADP*, FADH", FMNH"]; and H
B = [NADPH, FAD, FMN]; C = [NADP*, FADH-, FMN]; D = = [NADP*(H), FADH", FMNH"].

[NADP*, FADH:, FMN*"]; E = [FADH*, FMNH‘] + [FAD,

FMNH,]; and F= [FAD, FMNH"]. Scheme 2

anaerobically with an equimolar concentration of NADPH A B c D E F
(2 mol of NADPH per 2 flavins). The data for these « 3505t 130s! 275t 2351 0.05 51
wavelengths, out to about 10 s, can be fit to an equation . 2ms 5.3 ms 26 ms 300 ms 14s

describing five consecutive first order processes as shown
by the dashed theoretical line in each figure. In order to FMN"7], the product of intracomplex electron transfer. This
calculate the rate constant for the last phase of the reactionintermediate was identified by the increase in absorbance at
within the interval of 0.3100 s, the curve fitting for this 550 nm, between 20 and 500 ms, indicative of the formation
portion of the data was performed separately. The curvesof the neutral, blue flavin semiquinone. The presence of
resulting from the calculations for this final phase of the the anionic, red flavin semiquinone in this species was
reaction are not shown in the figure. The rate constants for inferred from the lack of an absorbance decrease at 380 nm
the interconversion of the components are shown in Schemethat would have occurred if either flavin had been fully
2. All wavelengths examined were fit to the rate constants reduced, or if both flavins were in the neutral, blue
in Scheme 2 by allowing the amplitudes to vary in the semiquinone form. For comparison, note the loss of absor-
Marquardt-Levenberg procedure. bance at 380 nm in Figure 2 during the equilibrium titration
We believe that the first process in Scheme 2 representsof BMR with NADPH, which indicates that only the reduced
NADPH binding to form a charge-transfer complex with the or neutral, blue semiquinone forms of the flavins accumulate
oxidized FAD, and the second represents reduction of the during the titrations. Species E would represent [FADH
flavin (FAD). Thus, A would represent oxidized, free FMNH], which results from proton transfer to the anionic,
reductase, and B would represent the [NADPH, FAD, FMN] red semiquinone. During equilibrium titrations, this species
charge-transfer complex. Because of the rather small ab-forms and decays before the spectra are recorded and species
sorbance change associated with the first reaction, we doF is formed, which represents [FAD, FMNHresulting from
not believe that this absorbance change represents reductiothe second intracomplex electron transfer (see Figure 2).
of the flavin. C would represent the [NADP FADH-, The kinetic curves obtained from the experiments in which
FMN] charge-transfer complex resulting from hydride trans- BMR was reduced with a 10-fold excess of NADPH are
fer from NADPH to FAD. This intermediate was identified presented in Figure 4. The rate constants for nearly all of
by the dramatic loss of absorbance noted at 456 nm indicatingthe steps are affected by increasing the concentration of
flavin reduction. The formation of the charge-transfer NADPH. The absorbance changes for these wavelengths
complex can be seen by the corresponding increase incan be fit to a reaction in which there are seven consecutive
absorbance at 750 nm. D would represent [NADPADH", processes as shown in Scheme 3. It must be remembered
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that the identification of species, beyond the first several
steps, is very difficult; however, the equilibrium titration data
presented above have helped in the identification of potential
intermediates in this reaction. Within the first 10 ms of the 0.1
reaction, decreases in absorbance at 456 and 510 nm and
increases in absorbance at 550 and 750 nm were observed.

This was due to the very rapid formation of a charge-transfer
interaction between NADPH and oxidized flavin, followed

by the reduction of the FAD moiety to FADHwhich is in

a charge-transfer complex with the resultant NADPThe Ficure 5: Absorbance spectra of BMR at selected time points

. . 1 . during the reduction with a 1:1 ratio of NADPH to BMR he
750 nm absorbance increase is very fasp0 s*, and is conditions were the same as in Figure 3. The data were obtained

complete when about 50% of the change in absorbance ajth the stopped-flow spectrophotometer using diode array detec-
450 nm has occurred. The hydride transfer from NADPH tion. Spectra taken 2.48 ms-{1—), 12.6 ms £v—), 23.7 ms

to FAD has a rate constant of about 200 at 5°C. The (—O—), and 4.0 s £-0—) after mixing are indicated. The first
next step in the reaction is somewhat faster than that observe@pPectrum was taken 1.23 ms after mixing.

with an equimolar ratio of NADPH to BMR. The small  decrease in absorbance in the 456 nm region (ca. 0.05

absorbance changes at 380 and the somewhat larger changepange) with little or no increase in absorbance in the 585
at 550 nm indicate that this involves a one-electron transfer nm region, in agreement with the single wavelength kinetic

process to produce a neutral, blue semiquinone and angata. Although spectra were recorded every 1.23 ms, we

Absorbance

0.2

0
350 400 450 500 550 600 650 700

Wavelength (nm)

anionic, red semiquinone (specie§.D have shown only selected time points in this figure. At the
The identification of species beyond [3 more difficult. end of the first two very rapid steps at 23.7 ms (spectrum
The rate constant for the conversion of @ E is ap- shown by—0O—), there are three notable features to the

proximately 7-fold larger than the comparable step with spectrum. First, approximately one-half of the absorbance
equimolar NADPH and enzyme. The loss of absorbance atremains at 450 nm. Second, there is an increase in
750 nm associated with the conversion 6ft®E indicates absorbance at 550 to 600 nm, indicating that some flavin
that NADP" may have dissociated from the enzyme and been has been converted to the neutral, blue flavin semiquinone,
replaced by NADPH, giving the species [NADPH, FADH  put the absorbance increase in this region extends beyond
FMN-""], which formally contains four electrons (two elec- 650 nm and is due to the long wavelength absorbance of
trons on NADPH and one each on FAD and FMN). The the [NADP', FADH] charge-transfer complex. The final
rate of the second electron transfer to FMN () ¢s affected spectrum shown in this figure was recorded at 4 s and shows
by increasing the NADPH concentration. No significant the increased absorbance in the 550 nm region indicative of
absorbance changes are observed in this phase. During thene formation of the neutral, blue semiquinone. This
next step in the reaction (F~ G'; 0.3 s%), there is a small  absorbance change is paralleled by the small increase in
loss in absorbance at 380, 456, 510, and 750 nm. Theseabsorbance in the 380 nm region, which is indicative of the
absorbance changes may represent hydride ion transfer withirformation of an anionic, red semiquinone (Massey & Palmer,

the complex [NADPH, FAD, FMNH] to form [NADP*, 1966). Had either the neutral, blue semiquinone or the fully
FADH~, FMNH™]. Recall that equilibrium titr_ations (Figure reduced flavin been formed during this time interval, there
2) have shown that, at the end of the titratidr=(5 min), would have been a loss of absorbance at 380 nm. Note that

the enzyme is reduced by three electrons, which likely these spectra of transient species contrast with those of the
resulted from a comproportionation reaction between a equilibrium species observed during titrations (Figure 2). No
molecule of BMR that has been reduced by two electrons semiquinone is observed in the latter during the addition of
(species F and a molecule which has been reduced by four 1 mol of NADPH because the absorbance at 380 nm and at
electrons (species 'i5 Thus, the last slow step in the 550 nm (observed with the stopped-flow instrument) has

reduction of BMR with an excess of NADPH (0.045will disappeared in a slow step. These absorbance changes during
be the formation of three-electron-reduced species, [NADPH, titrations are indicative of the transfer of the second electron
FADH*, FMN~(H)]. from the FADH to the FMNH as NADP' dissociates from

Stopped-Flow Diode Array Spectrophotometringle the complex.
wavelength, stopped-flow spectrophotometric data are in- In a similar experiment, a 10-fold excess of NADPH was
valuable in accurately determining the rate constants for mixed with BMR, and absorbance spectra of the intermedi-
individual reactions; however, to aid in the identification of ates recorded with the diode array spectrophotometer are
the specific chromophores that are the intermediates in theshown in Figure 6. The first spectrum recorded at 1.23 ms
reaction, we have employed diode array, stopped-flow (3.23 ms after mixing; this curve has an open box symbol)
spectrophotometry. Figure 5 shows the reaction of NADPH shows the loss of approximately one-third of the absorbance
and BMR mixed in a 1:1 ratio. The first absorbance at 450 nm with almost no increase in the 550 nm region.
spectrum recorded at 1.23 ms after mixing (mixing time Because of the presence of the 10-fold excess of NADPH,
equals 2 ms; total time of first spectrum equals 3.23 ms; absorbance changes in the region below 400 nm are difficult
this curve has no symbols) already shows a significant to discern. The absorbance at 450 nm continues to fall
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Ficure 6: Absorbance spectra of BMR at selected time points
during the reduction with a 10:1 ratio of NADPH to BMRhe Ficure 7: Kinetics of reduction of PA50BM-3 with NADPH he
conditions were the same as in Figure 4. The data were obtainedreaction was examined in the stopped-flow apparatus at 448 nm
with the stopped-flow spectrophotometer using diode array detec- under anaerobic conditions &tG. P450BM-3 (3.8:M) in 50 mM
tion. Spectra taken 2.48 ms-(0—), 23.7 ms 90—), 87.3 ms MOPS buffer, pH 7.5, was mixed with NADPH. In the first
(—v—), and 4.0 s O—) after mixing are indicated. The first  experimental series, the enzyme was preincubated for a minimum
spectrum from Figure 5 is included for reference. of 10 min with an equimolar (curve a) or a 10-fold excess of
NADPH (curve b) under an argon atmosphere in the absence of
rapidly so that the spectrum recorded at 23.7 ms is essentiallySubstrate, and then mixed in the stopped-flow instrument with
o carbon monoxide saturated buffer containing /8@ arachidonic
f[hat of red z_;\nd blue semiquinone forr_ns of the enzyme. Late acid. In a second series of experiments, one syringe contained
in the reaction, at about 11.9 s, there is the loss of absorbanceyADPH (3.8uM, curves c, d, and e, or 38@M, curves f, g, and
due to reduction of the red semiquinone (note the loss in h) and 5quM arachidonic acid in carbon monoxide saturated buffer.

the single wavelength trace at 380 nm in Figure 4) with the The other driving syringe contained PAS0BM-3 (8M) in buffer.

further reduction of the FAD as the system comes to In some of these experiments, the syringe contained the enzyme in
ilibri v f . ial f . f argon saturated buffer (curves ¢ and f); in others, the enzyme syringe

equilibrium, eventually forming a substantial fraction of 5155 contained 5aM arachidonic acid in argon saturated buffer

three-electron-reduced enzyme with excess NADPH probably (curves d and g), or 5aM arachidonic acid in carbon monoxide
bound as the charge-transfer complex. Since the turnoversaturated buffer (curves e and h). The vertical dashed line indicates
of P450BM-3 is about 2073 under these conditions (our the time before solution flow stops in the stopped-flow spectro-

. . . photometer in these experiments. The horizontal solid line corre-
data), only those intermediates that are formed in less thansponds to the maximal absorbance that was observed after reduction

30 ms are kinetically significant in the turnover of this ith an excess of sodium dithionite in a separate experiment. The
enzyme. Thus, in this time interval only the one-electron- data represent the average of 3 experimental determinations. The

reduced, anionic FMN semiquinone has had time to be dotted lines are computer fits to the data. The reaction of carbon
formed. monoxide with the reduced form of P450BM-3 under the conditions

. . . of these experiments is much fastieef 2 x 10° s~1) than reduction
Reduction of P450BM-3.To examine which of the  of the heme iron (Sevrioukova & Peterson, 1995).

reduced forms of FMN is capable of reducing the heme
protein domain of P450BM-3, the holoenzyme was reacted redox potential than either of the flavins. When P450BM-3
with NADPH, arachidonic acid, and carbon monoxide in a is preincubated with an equimolar ratio of NADPH under
variety of combinations as shown in Figure 7. Arachidonic an argon atmosphere in the absence of arachidonic acid, the
acid, 50 uM, will bind to P450BM-3 and give nearly  predominate form is [FAD, FMNK P45G*]. When the
complete conversion from the low- to high-spin fofm. enzyme is preincubated with a 10:1 ratio of NADPH to
Although we have not measured the change in redox potentialP450BM-3, the overall state is predominately [FADH
associated with this spin state change, the change is expectegMNH,, P45G].
to be similar to that observed with P4aQ in which the In the first experiment, P4A50BM-3 was premixed with
potential is—303 mV in the absence of camphor ard70 ~  ejther an equimolar ratio or a 10-fold excess of NADPH and
mV in its presence (Sligar & Gunsalus, 1976; Fisher & tnhen mixed in the stopped-flow apparatus with a solution of
Sligar, 1985). The titration of PAS0BM-3, under an argon 100,M arachidonic acid that had been saturated with carbon
atmosphere W|t_h NADPH in the presence of palmitic .aC|d, monoxide. As shown in Figure 7 (curves a and b), there
leads to reduction of the heme iron before the maximum \yas essentially no reduction of the heme iron for at least
reduction of the flavins is reached (Peterson & Boddupalli, 100 s. The curves were displaced on thaxis because
1992). Thus, in the presence of substrate, the heme has pout 30% of the heme iron was reduced during the
slightly higher redox potential than either of the flavins. This yreincubation of P450BM-3 with NADPH. The small loss
property precluded preincubating P450BM-3 with NADPH ot apsorbance in the first 4 ms of this reaction pair is the
and fatty gud for subseque_nt observation of heme reduct[oncorrect magnitude and direction for the spectral change
upon adding carbon monoxide. In the absence of fatty acids 3ssociated with a substrate induced change in the spin state
and carbon monoxide, only the flavins become reduced. of the heme iron. It is tempting to conclude that this
Thus, under these conditions, the heme probably has a lowefpsorhance change reflects substrate binding. Obviously, this
single set of experiments is not adequate to provide a
2 Unpublished observations of J. H. Capdevila, J. R. Falck, S. wei, definitive rate constant for substrate binding. Other com-
Y. Belosludtsev, G. Truan, S. E. Graham-Lorence, and J. A.Peterson.binations of arachidonic acid, carbon monoxide, NADPH,
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reductase and P450 domains on a single polypeptide of 120
kDa (Miura & Fulco, 1974; Narhi & Fulco, 1986). The
monooxygenation of saturated (Narhi & Fulco, 1986; Boddu-
palli et al., 1990) and unsaturated fatty acids by P450BM-3
has the highest turnover number of any P450 characterized
(>60 mol/(smol) at room temperaturé).The overexpression
in Escherichia coliof the holoenzyme of P450BM-3 (Narhi
et al., 1988; Boddupalli et al., 1990; Li et al., 1991) and of
the individual domains (Oster et al., 1991; Boddupalli et al.,
1992; Li et al., 1991) has facilitated our study of electron
transfer within the reductase domain and between the
reductase and P450 domains.

Because of the amino acid sequence similarity between
the reductase domain of P450BM-3 and microsomal NAD-

phase in the heme reduction, the kinetic traces from Figure 7 were PH—P450 reductase, we initially assumed that the intermedi-

replotted on a linear time scale for the intervatZD ms.

Table 1: Kinetic Parameters for the Reduction of the Heme of the
Holoenzyme of P450BM-3 with NADPH

k() % k' (s
P450BM-3:NADPH=1:1

reaction mixturé % kf(sh) %

P450BM-3+ Arf 30 72 4.8 8 0.3 8

P450BM-3+ AAS + Ar 30 72 53 14 0.2 14

P450Bm-3+ AA +CO" 39 76 5.7 7 0.2 7
P450BM-3:NADPH= 1:10

P450BM-3+ Arf 75 86 19 10 0.1 4

P450BM-3+ AAS + Ar 80 93 14 4 0.2 3

P450BM-3+ AA +CO" 84 93 16 5 0.2 2

ate states of the flavins during the reduction of P450 would
be essentially the same in both enzymes. However, we have
found that different mechanistic strategies have been adopted
to control the redox potential and electron flow between the
flavins and from the flavins to the heme. The proximal
reductant of the heme in microsomal NADPR450 reduc-
tases is FMNH (the fully reduced, hydroquinone form of
the flavin) while the evidence presented in this paper supports
the hypothesis that the heme domain of P450BM-3 is reduced
by the anionic, red flavin semiquinone, FNMN

Comparison of the Titrations of BMR and Microsomal
NADPH-P450 Reductase.During anaerobic, reductive

aThe experimental conditions are the same as in the legend to Figuretitrations of either microsomal NADPHP450 reductase

7.°The content of the mixture before the reaction with NADP{Rate
constants for the heme reduction in the fast and slow phases,
respectively Percent of total absorbance change occuring in this phase.
100% was the value ohAsso-490 Of 3.8 uM cytochrome P450BM-3
reduced by sodium dithionité%" Argon, arachidonic acid, and carbon
monoxide, respectively.

and P450BM-3 are also shown in Figure 7. After mixing
P450BM-3 in the stopped-flow spectrophotometer with an
equimolar concentration of NADPH containing arachidonic
acid and carbon monoxide (curvese), a lag phase lasting
up to 10 ms was observed (Figure 8), followed by the rapid
reduction of the heme and formation of the carbonyl complex
of the heme. The lag phase is most likely due to the
reduction of the flavin(s) and transfer of an electron to FMN
so that the heme iron can be reduced. About 75% of the

heme protein was reduced during the fast phase of the

reaction (Table 1), while an additional +28% of the heme
was reduced in two slow phasesg,(=~ 0.12 and 3.5 s). When
P450BM-3 was mixed with a 10-fold excess of NADPH to
enzyme (Figure 7, curves-h), more than 90% of the heme
protein was reduced within 100 ms. The rate constant for
heme reduction and the length of the lag phase were
dependent on the spin state of the P450BM-3 and NADPH
concentration (Table 1). The larger extent of heme reduction
occurring in the slow phase in the presence of a 1:1 ratio
than in the 10:1 ratio may be due to slower intracomplex
electron transfer in the presence of NADBnd no excess
NADPH.

DISCUSSION
Fulco’s group established that P450BM-3, the soluble,

(lyanagi et al., 1974) or BMR, the first 2 electron equivalents
added result in different reduced forms of the flavins in these
two enzymes. An absorbance increase at 585 nm, indicative
of the formation of a neutral, blue flavin semiquinone, is
observed during the addition of 0.5 mol of NADPH or of
sodium dithionite to microsomal NADPHP450 reductase
(lyanagi et al., 1974). The concentration of the neutral, blue
flavin semiquinone (either FMN or FAD) remains essentially
unchanged upon addition of a second mole of either of these
reductants. In contrast, with BMR, no semiquinone forma-
tion was observed during the addition of the first mole of
either sodium dithionite or NADPH. The absorbance
increase at 585 nm during titrations of BMR, indicative of
the formation of the neutral, blue semiquinone of FAD, only
occurred after the addition of more than 1 mol of sodium
dithionite or NADPH.

Analysis of experiments with microsomal NADPHP450
reductase reconstituted with FMN analogs (Vermilion et al.,
1981) may help to explain the differences between BMR
and microsomal NADPHP450 reductase. On the basis of
the results of anaerobic titrations of BMR and their com-
parison with the 7-Br-FMN substituted microsomal NADPH
P450 reductase, we propose (Figure 9) the following: (1)
the midpoint reduction potential of BMR for the addition of
the second electron to FMN is more positive than that for
the first electron (the FMN hydroquinone of BMR is more
stable than the FMN semiquinone); (2) the midpoint reduc-
tion potentials of BMR for both half-reactions involving
FMN are considerably more positive than those for FAD
(FMN was completely reduced before the production of FAD
semiquinone was observed); (3) the oxidatieaduction
potential of BMR-bound FAD is more negative than the

fatty acid monooxygenase, was quite remarkable among theanalogous potential for the microsomal reductase (a 2-fold
members of the P450 gene superfamily in that it was a higher ratio of NADPH to reductase is needed to produce
bacterial Class Il enzyme system that contained both its the maximal amount of three-electron-reduced BMR than is
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required to produce the maximal reduction of microsomal
reductase). Although assigning precise reduction potentials
to the flavins of BMR must await a more complete
thermodynamic study of this protein, for the present discus-

sion, we are showing in Figure 9 approximate values that The intramolecular, interflavin electron transfer in BMR

werg derived from the studies in this paper. ] could proceediia several different mechanisms, including

Microsomal NADPH-P450 reductase forms an air-stable, sjmyltaneous electron and proton transfer, as may be the case
neutr_al, blue semiquinone, which is a one-eleqtron-reducedof microsomal NADPH-P450 reductase, or electron transfer
species (Vermilion & Coon, 1978a,b; lyanagi & Mason, fo|lowed by slower hydrogen ion transfer. However, the
1973; lyanagi et al., 1978, 1974, 1981; Yasukochi et al., simplest process would seem to be the transfer of a single
1979; Strobel et al., 1980). Our results indicate that BMR gjectron from the anionic flavin hydroquinone to FMN,
does not form significant amounts of an air-stable semi- rggyting in the formation of the anionic, red semiquinone
quinone during the air reoxidation of the reduced enzyme. gpN-- leaving the neutral, blue semiquinone, FADH he
Thus, the environment of the FMN moiety of these two qpservation that there was almost no change in absorbance
reductases must be somewhat different. at 380 nm during this process indicates that an anionic, red

Stopped-Flow Kinetics Stopped-flow spectrophotometric  semiquinone was being formed (Massey & Palmer, 1966)
studies on trypsin- and detergent-solubilized microsomal while the absorbance increase at 585 =27 s is
NADPH-P450 reductase, in the presence of stoichiometric indicative of the concomitant formation of the neutral, blue
amounts of NADPH, have shown that the two-electron semiquinone. In the scheme in Figure 10, we have shown
reduction of the protein occurs simultaneously with formation two potential routes from species C to D depending upon
of protein-bound semiquinone. This observation suggestedwhether electron transfer precedes or follows the dissociation
that internal electron transfer to form the di-semiquinone of oxidized pyridine nucleotide. The next step in the reaction
species [FADM FMNH‘] occurred at a rate that was at least probably is the protonation of the anionic, red FMN
comparable to, or even greater than, the rate of hydride semiquinone to give the neutral, blue form, species E,
transfer from NADPH to the enzymé ¢ 28 s, 25 °C) followed by electron transfer from FADHo give FMNH",
(Oprian & Coon, 1982). In the presence of greater than species F. At concentrations of NADPH equimolar to the
stoichiometric amounts of NADPH, decay of the protein- reductase, the [FAD, FMNH#i (or [FAD, FMNH"]) form of
bound semiquinone occurred, consistent with formation of BMR will predominate at long times due to the thermody-
fully reduced flavin k = 5.4 s*). The kinetics were first  namic properties that were discussed above and illustrated
order for both the first and second phases. in Figure 9.

Analysis of the data from the stopped-flow spectropho-  The stopped-flow spectrophotometric experiments with a
tometric experiments reported here suggests that there ard0:1 ratio of NADPH to BMR are more complicated to
at least five and seven kinetically distinguishable steps in interpret. With a 10-fold excess of NADPH, the initial step
the reduction of BMR by either a 1:1 or a 10:1 ratio of of the reaction of NADPH with BMR is over essentially in
NADPH to BMR, respectively. A scheme that accounts for the dead time of the stopped-flow spectrophotometer.
our results is shown in Figure 10. As judged by the Although we have assigned a pseudo-first order rate constant
absorbance decrease at 456 nm and the formation of longof 600 s to this step, it should be considered to be a
wavelength absorbance at 750 nm (Figures 3 and 4), the firstminimum value. Deconvolution of the spectral changes to
phase is very rapid and complete within less than 10kns ( give the rate constants of the reactions shows that increasing
= 350 s!). We believe that this phase is due to the the concentration of NADPH 10-fold increases the rate of
formation of a charge-transfer complex between the oxidized the initial reaction. Due to the rapid, complete formation
flavin and NADPH. The second steg £ 130 s%) is the of the [NADPH, FAD, FMN] complex when there is an
transfer of a hydride ion to FAD to form FADH consistent ~ excess of NADPH, the extent of formation of intermediates
with the pronounced loss of absorbance at 456 nm. The thirdthat follows this reaction will be different from the previous
step of the reduction of BMR is quite interesting and was case. Thus, with an excess of NADPH, there is essentially
only clarified with the absorbance spectra from the stopped- quantitative formation of the [FAD{ FMN*"] diradical
flow, diode array spectrophotometer and comparison of the species, Q i.e,, no oxidized flavin remains at this point.
spectra to those obtained with flavoproteins such as generalAdditionally, as soon as NADPhas dissociated from the
acyl-CoA dehydrogenase and electron-transferring flavopro- enzyme, another molecule of NADPH potentially could bind;
tein, which have anionic, red semiquinone intermediates however, hydride ion would not be transferred from NADPH

Ficure 10: Scheme for the kinetics of reduction of the flavins of

during reduction (see Figure 1 of Gorelick et al. (1985)).
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Ficure 11: Scheme to account for the reduction state of the flavins
of BMR during the catalytic oxygenation cycle of P450BM-3. The

oxidation state of the flavins is discussed in the text. The oxidation
state of the heme iron is shown in the figure as either Fe(lll) or
Fe(ll) for the ferric and ferrous states, respectively. The solid line
linking the prosthetic groups shown in this figure is used to illustrate
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the catalytic turnover of P450BM-3 in the presence of excess
NADPH is shown in Figure 11. As described above and on
the left side of this figure, the initial reaction of NADPH
with the reductase domain of BMR can be thought of as a
priming reaction which is very fast and dependent on the
NADPH concentration. Transfer of the hydride from
NADPH to FAD permits the oxidized pyridine nucleotide
to dissociate and to be replaced by another molecule of
NADPH. We have shown that the formation of the neutral,
blue semiquinone occurs with a rate constant of ap-
proximately 85 s! under these conditions and that the heme
iron is reduced with approximately the same rate constant.
Although we have indicated in this figure that interflavin
electron transfer to deliver the second electron to the FMN
is fast, we do not as yet have experimental data which
directly support this hypothesis. Oxygen binding is the next
step in the cycle and probably is faster than carbon monoxide
binding (Sevrioukova & Peterson, 1995). In fact, with
normal oxygen tension of about 2@/, oxygen binding
might precede electron shuffling in the flavins. In any event,

existence of these groups on the single polypeptide chain of the rate constant for product formation is about 27at 5
P450BM-3. The kinetic constants are results obtained in the °C, so the rate of transfer of the second electron can be no

presence of 10-fold excess NADPH.

to FAD until intramolecular electron transfer from FADH
to FMN*~ had resulted in the formation of oxidized FAR (
=1s"). The [NADPH, FAD, FMNH] intermediate could,

in principle, be converted to four-electron-reduced enzyme

(conversion of species’'Ro G). However, substantial
quantities of four-electron-reduced BMR do not accumulate
because the oxidatiefreduction potential of the low po-
tential flavin, FAD, of BMR, is near or below that of the
NADP*/NADPH couple. Thus, two- and four-electron-
reduced molecules of BMR undergo a slow comproportion-
ation reaction to form two BMR molecules, each of which
is three-electron-reduced, speciesitiScheme 3.

As seen from our results, under optimal conditions, the
rate constant for transferring the first electron to FMN of
BMR (85 s! at 5°C) is considerably higher than that for
the microsomal oxidoreductase (27 at 25°C) (Oprian &

less than 27 . Whether this is the rate limiting step in
this complex reaction cycle remains to be determined. The
major difference between our results with BMR and that of
others with the microsomal NADPHP450 reductase is that
the P450 heme is reduced by the anionic, red semiquinone
of FMN rather than by FMNHK
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