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ABSTRACT. The diflavin reductases exemplified by mammalian cytochrome P450 reductase catalyze
NADPH dehydrogenation and electron transfer to an associated monooxygenase. It has recently been
proposed that double occupancy of the NADPH dehydrogenation site inhibits the NADPH to FAD hydride
transfer step in this series of enzymes. This has important implications for the mechanism of enzyme
turnover. However, the conclusions are drawn from a series of pre-steady-state stopped-flow experiments
in which the data analysis and interpretation are flawed. Recent data published ferBM30eductase

show a decrease in the rate constant for pre-steady-state flavin oxidation with increasingt NADP
concentration. This is interpreted as evidence of inhibition by multiple substrate binding. A detailed
reanalysis shows that the data are in fact consistent with a simple single-binding-site model in which
reversible hydride transfer causes the observed effect. Data for the related systems are also discussed.

The mammalian cytochromes P450, nitric oxide synthases FAD isoalloxazine ring such that the FAD N5 is only 3 A
(NOS)} and several other well characterized enzyme systemsfrom the hydride donor atom of the nicotinamid®.(The
are reliant on a source of low-potential electrons derived from Y308 residue appears to act as a barrier to FAD nicotinamide
NADPH dehydrogenation by diflavin reductases. Microsomal stacking and to formation of the productive charge-transfer
cytochrome P450 reductase (CPR) is typical of these, complex during catalysis. Analogous FAD-shielding residues
consisting of an FAD-binding NADPH dehydrogenation are present in the diflavin reductases. In neuronal NOS,
domain and a flavodoxin-like FMN-binding electron-transfer movement of F1395 has been implicated as the trigger for
domain (). The FAD domain is also related by both structure |arge-scale conformational changes, which are an important
and function to the plant ferredoxin reductase (FNR) family means of regulation in this enzymd)( NADP/H binding
of enzymes. The nitric oxide synthases contain a reductasenas also been shown to control the conformation of the
domain closely related by sequence, structure, and functionisolated nNOS reductase doma$).(The role of conforma-
to CPR, and in cytochrome P450 BM3 (BM3), a similar tional changes in the electron transfer and NADPH dehy-
domain is fused to a bacterial P450 Bacillus megateriun  drogenation steps of the diflavin reductases is therefore an
to form a self-contained monooxygenase system. All the jmportant part of their overall mechanism of action. Recent
diflavin reductases function by catalyzing hydride transfer reports by Scrutton and co-workers on CR&R-8), BM3
from NADPH to FAD and syccessive electron transfers from (9), NOS (L0), and Fdr (1) propose that multiple substrate
FAD to FMN to the catalytic center (e.g., P450 heme). The mgjecules bind to the enzymes and inhibit the NADPH to
crystal structure of CPR shows that the FAD and FMN are pap hydride transfer process, that is, the primary catalytic
extremely close in space, with adstance_ofyoh}& between  ayent."All other steps dependent on substrate binding or
the isoalaxazine components of the flavi@k (t is difficult conformation would also be affected by multiple occupancy.

to envisage effective FMN to heme electron transfer occur- pacent data presented for BM3 are reanalyzed here to assess
ring with the enzyme in this conformation, which has led to these claims.

speculation that the component domains possess significant

conformational lability. The FAD domain contains a well-  EypERIMENTAL PROCEDURES

defined ADP binding site; in structures of CPR, NOS FAD

domain, and FNR, the ADP substituent of NADRnNd Kinetic Model for Reaction of the BM3 FAD Domain with
substrate analogues is found to anchor the substrate iInNADPH. The reaction of reduced BM3 EAD domain with
position. In none of the structures is the nicotinamide NADP* is most simply represented by the model in Scheme
substitituent bound in a catalytically functional conformation. 1. The colorless FAD hydroquinone (FARHs converted
However, the structure of the spinach FNR Y308S mutant tq the yellow oxidized FAD via the hydride-transfer step.
by Deng et al. shows the nicotinamide stacked above theThe equilibrium position of the hydride transfer is ap-
proximately 50:50 according to the reduction potentials of
T This work was funded by a Royal Society Fellowship and a project the FAD/H, and NADP/H redox couples, which are both

grant from The Wellcome Trust. _ idati
* E-mail: Simon.Daff@ed.ac.uk. Tel:#-44 (0)131 650 7378. 320 mV at pH 7. Consequently, full oxidation of the FAD

* Abbreviations: BM3, flavocytochrome P450 BM3; CPR, cyto- Will only occur when enough NADPis present to pull the
chrome P450 reductase; NOS, nitric oxide synthase. equilibrium over to the right by binding to the oxidized
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Scheme 1: Oxidation of BM3 FAD Hydroquinone by NADP

hydride
transfer K,
KNADF KNADP][
FADH, k, FAD Nﬁ
+ ~T== [FADH, NADP*j/=—=[FAD NADPH]=—= + === [FAD NADP"]
NADP* k, NADPH

ak; andk-; are the rate constants for the hydride transfer between RADH NADP'". Knapp, Knaoer, @andK; are the equilibrium constants, as
defined in the text.

enzyme and inhibiting the reverse reaction. Strong experi-
mental evidence exists for all the above processes. 20
In t_h_e stopped-flo_w experiment, the timecourse qbserved g C999A FAD domain
on mixing FADH, with NADP* follows the increase inthe | o
concentration of oxidized FAD until equilibrium is estab- 150 o A N
lished. In the simplest case, hydride transfer would be rate- ..QSO ©
determining in both forward and reverse directions and the <~ |9®
timecourse is a single-exponential decay with rate constant —, 10, "
equal to the sum of the rates of forwald) @nd reversek) x°
hydride transfer at equilibrium. o ..
51 “.H”.”"'. ----------- WT FAD domain
kops= ki + ki *
In the presence of excess substrate (i.e., [NADP 04 : : : T
[enzyme]), the dependence kyfandk, on substrate concen- 0 100 200 300 400
tration is given by standard functions for substrate saturation [NADP'] (uM)
and competitive inhibition, respectively: FiGURe 1. Pre-steady-state oxidation of FARHy NADP* in the
isolated FAD domains of P450 BM3 and the C999A mutant. The
Nk, observed rate constank.g) determined by fitting stopped-flow
k=" (1) absorbance time courses at 450 nm to a single-exponential function
N+ Kyaop is potted against the NADPconcentration (data obtained from ref
9). The enzyme concentration wagM!. The data are shown fitted
Nyk_; to the model described by eqs-3 with the parameters presented
k. (2) in Table 1.

B NH + KNADPH(l + N/Kl)

tometry. In both cases, as the concentration of NARRS
lowered, the rate constant of the observed exponential decay
increased. The failure of the data to fit to a simple Michaelis-
type equation led to the proposal that the hydride-transfer
process is inhibited by a second substrate molecule binding
to the enzyme at high concentrations. However, this analysis

where N is the concentration of NADP and Ny is the
concentration of NADPH. The concentration of NADPH
formed at equilibrium can also be estimated from the
difference in the reduction potentials for the NADP/H and
FAD/H, redox couplesAE) and the total concentration of

enzyme &): does not take account of the fact that when the substrate
4E, concentration approaches the enzyme concentration, the
/1 4+ Y PE295 _ ¢ Michaelis-type model is no longer valid, that is, in this case
N, = N N ©) the enzyme concentration is 4M and the substrate
2 x 10°Ew295 concentration is varied from 2 to 4Q0M. In pre-steady-

state experiments, the rate of the reverse reaction is of
Combining eqs 13 defines the relationship betwedgs particular importance, because this causes the reaction to
and NADP' concentration as plotted in Figure 1. Note that reach equilibrium faster. For the BM3 FAD domain, the
this simple model applies only if the hydride-transfer steps reduction potential of the FADHcouple is similar to that
are rate-determining; if either substrate binding or product of the NADP/H couple (both are-320 mV at pH 7),
release were also slow, the reaction time-courses would nomeaning that the rates of the forward and reverse reactions
longer be single-exponential decays. Further, the equationsmust be comparable when the product and substrate con-
shown above are applicable only when the concentration of centrations are similar. Figure 1 plots the observed expo-
NADP™ is in excess of both the enzyme concentration and nential decay rate against the NADBoncentration for the
Ki, such that pseudo-first order conditions apply to both the jsglated BM3 EAD domain and the C999A mutant (data
forward and reverse reactions. Data fitting was performed taken from re®). The FAD domain data set is the easiest to
using Origin 6.0 (OriginLab Corp.). model because only one cofactor (FAD) is involved in the

reaction, rather than two in the case of the BM3 reductase
RESULTS AND DISCUSSION domain (FAD and FMN). The oxidation process is repre-

Cytochrome P450 BM3Roitel et al. @) monitored the sented in Scheme 1 by four consecutive steps, each revers-

oxidation of BM3 reductase domain and the isolated BM3 ible. These are substrate binding, hydride transfer, product
FAD domain by NADP using stopped-flow spectropho- dissociation, and excess substrate binding to the oxidized
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Table 1: Parameters Describing the Binding and Reaction of It also shifts the FAD reduction potential frorB820 to—335

NADP(H) with the FAD Domains of P450 BM3 and the C999A mV. These data (Table 1) were incorporated into the model
Mutan® defined by egs 43, and the FAD oxidation rate was
BM3 FAD BM3 C999A simulated as described for the wild-type enzyme. The rate
domain FAD domain of FADH, to NADP* hydride transfer was found to be
ki (s 38+ 1.2 16.14+ 0.5 increased to 16.173 for the mutant, while the dissociation
koi(sThP 364 15.9 constantK; and Kyappn Were similar to those determined
E (uM)® 4 4 for the wild-type enzyme. The large shifts in the rates of
AEn (mV)® 0 ~15 forward and reverse hydride transfer cause the simulation
KNADp(uM)C 5.7 6.3 . . .
Knaopr (M)P 22.9 23 line to invert such thak.ps Now decreases with the concen-
Ki (uM)© 4.8 3.F tration of NADP, reproducing the trend in the data. In other
aThe values were used to model the data presented in Figure 1.WOrds, the simple model applies to both wild-type and mutant
The parameters are as described in the kinetic model,-egs*Values enzymes equally well, and there is no need to invoke severe
taken from ref 9¢Error values obtained for the NADPbinding structural effects, such as destruction of a substrate binding

constants by least-squares fitting are large due to the close dependencgite, to explain the data.

gl;ttgfmsienggr:{nzigﬁ?:t;rm'ned at SC; all other parameters were Overall_, the results show that, given a reasonable margin
for error in the parameters, both the wild-type and mutant
] . data can be modeled effectively using a simple one-binding-
enzyme. The last step is required for the FAD to be fully sjte model. In reality, the substrate binding/dissociation steps
oxidized at high concentrations of NADRand affects the  4re also likely to influencées leading to further variables
rate of the reverse process. This is therefore the simplestyng more possible simulation outcomes. Given the available
possible model to adequately represent the reaction. Thegata, it is impossible to rule out the simple model shown in
observed rate of exponential decay is given by combining scheme 1.
egs 1-3. Several of the parameters included in the model At the present time, there is no evidence to suggest that a
were determined by Roitel et &) These are the enzyme  gecond NADP binds and inhibits the oxidation process or

concentration &), the reduction potential of the FAD  hat the C999 residue stabilizes this species as proposed by
cofactor, the rate constant for NADPH to FAD hydride Ryjte| et al @). The simplest kinetic model consistent with

transfer k-1) and the dissociation constant for NADPH from - he results is the one presented above. However, it is not
the oxidized enzyme(yaper). Unfortunately, the latter two — jmpossible that alternative binding sites for NADBould
values were only determined from pre-steady-state reductionpe mandated by future experiments.
experiments at 8C for the wild-type enzyme; consequently, Cytochrome P450 Reductase (CPR) and NO Synthase
k-1 would probably be 23-fold higher at 25°C. (NOS).Similar models to that presented for BM3 by Roitel
Iterative fitting was used to determine likely values for et al. ©) were previously used to explain data collected for
k1 (FADH, to NADP* hydride transfer),Knaop (the CPR and NOS by Scrutton, Roberts, and co-workérs3(
dissociation constant for NADFrom the reduced enzyme),  10). In these cases, the observed rate constants for reduction
and K; (the dissociation constant for NADPfrom the of the enzymes by NADPH increased with decreasing
oxidized enzyme). The value calculated far (Table 1)  NADPH concentration in stopped-flow experiments. Scheme
corresponds to the observed exponential decay rate constant is reversible, so the model applies equally well in either
at high concentrations of NADP (3.8 s). The values direction. Unfortunately, the NOS and CPR data sets are not
calculated for the dissociation constants were very interde- sufficiently accurate or detailed for kinetic modeling, several
pendent leading to large errors for these parameters; howeverparameters being unavailable. It is therefore even more
they are not unreasonable (4.8 and @ for K; andKnape). apparent that the single-binding-site model cannot be ruled
In fact, Roitel et al. §) determined & value of 7uM for out on the basis of these data, which certainly do not
NADP™ in steady-state cytochronwereduction experiments  constitute evidence for multiple substrate binding. Further
using the reductase domain, and Murataleev and Feyereiservidence is presented by Gutierrez et al. in the form of
(13) determined the dissociation constant for binding to the stopped-flow premixing experiments using wild-type CPR
reductase domain to be approximately#d using several  and the W676H mutant (Figure 7, réf. The mutant reacts
different methods. The calculated line also appears to fit the more slowly with NADPH due to mutation of the FAD
experimental data accurately (Figure 1). The value used for stacking residue (tryptophan) to histidine. On mixing with
k-1 in the simulation is likely to be an underestimate, since excess NADPH, the mutant appears to react only partially,
it was calculated at a lower temperature. Increasing this valuejndicating that the reaction does not progress to completion.
has the effect of increasing the rate of the reverse reactionThis is interpreted as the reaction of a single equivalent of
and the observed rate constant at low NA@Bncentrations ~ NADPH at the FAD site followed by the formation of an
(i.e., exacerbating the up-turn). This can be compensated forinhibited complex. Complete reduction (i.e., reduction of both
by lower Kyapp andK; values during fitting. flavins) would require the successive reaction of 2 equiv of
The second data set plotted in Figure 1 is that of the NADPH at the FAD site, as observed for the wild-type
C999A mutant of the BM3 FAD domain, in which a cysteine enzyme. However, premixing with a stoichiometric amount
residue thought to be involved in the hydride-transfer step of NADPH and aging for 100 ms followed by reaction with
as a H-bond donor has been replaced by alanine. Theexcess NADPH leads to full reduction of the mutant, that
mutation has the effect of decreasing the rate of NADPH to is, both NADPH equivalents react. This unusual scenario is
FAD hydride transfer dramatically (from 364 to 5!sat 5 explained by a multiple-binding phenomenon, in which an
°C), which lowers the catalytic turnover rate of the enzyme. extra molecule of NADPH binds to the enzyme preventing
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Scheme 2: Reduction of CPR by NADPH, Including the
Proposed Inhibition Compléx

Step 1 Step 2 Step 3
FF NADPH
+ = [FH,F NADP*Y) —— FH,F —— [FH,FH, NADP*]
NADPH

1 lNADpH

[FH,F NADP*NADPH]
Inhibition
aFF is the two flavins (FAD and FMN) of oxidized CPR.

NADP* release (e.g., Scheme 2), which inhibits the second
reduction step. However, Scheme 2 cannot, in fact, explain
the observed effect. If step 1 had occurred during the aging
process, then one of the two flavins would already have been
reduced at the start of the stopped-flow trace. This would
have led to less of the reaction being observed than for wild-
type CPR, which is not the case. If step 1 had not occurred,
then the excess NADPH introduced after aging would result
in formation of the inhibited complex. Regardless of its

origins, this unusual effect is not observed with wild-type

CPR and is an anomaly created by the mutation. Unfortu-

nately, the arguments are based on three single-wavelength
stopped-flow traces with no spectroscopic evidence presented

for the existence of the inhibited complex. To confirm the
assignment, it would have been useful to present the visible
spectrum of the partially reduced enzyme existing in the
presence of reductant, but this is not shown.

The acceleration of stopped-flow derived rate-constants
at substrate concentrations approaching stoichiometry with
the enzyme concentration is widely known and has been
demonstrated for numerous systems, for example, for FNR
with NADPH by Batie and Kamin 14). In this case, the
kinetics were treated according to Scheme 1 and rate
constants were determined with no need to invoke a multiple-
occupancy argument.

Simultaneous binding of NADP/H molecules to the ADP
and nicotinamide sites of this class of enzymes is made
unlikely by the poor affinity of the enzymes for the
nicotinamide group. This has been well characterized for
CPR by Murateleev and Feyereisel?), who demonstrate
that the nicotinamide substituent of NADRas a free energy
for binding of —0.09 kcal mot* with the oxidized enzyme,
that is, binding is disfavored thermodynamically. Another
example is the binding affinity of NAD/H for the enzyme,
which is more than 1000-fold lower than that of NADP/H.
To cause inhibition over the concentration ranges studied,
the molecule binding via its nicotinamide group would be
required to have &4 in the micromolar range.

Certain aspects of the complex hydride- and electron-
transfer kinetics exhibited by the diflavin reductases remain
to be explained; however, there is no evidence (structural,

spectroscopic, or analytical) to suggest that there is a second

NADPH binding site in any of the enzymes referred to in

Daff

this article or that binding via the nicotinamide substituent
alone is viable.
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