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Stopped-flow kinetic studies of electron transfer in the reductase domain of
neuronal nitric oxide synthase : re-evaluation of the kinetic mechanism
reveals new enzyme intermediates and variation with cytochrome
P450 reductase
Kirsty KNIGHT and Nigel S. SCRUTTON1

Department of Biochemistry, University of Leicester, University Road, Leicester LE1 7RH, U.K.

The reduction by NADPH of the FAD and FMN redox centres

in the isolated flavin reductase domain of calmodulin-bound rat

neuronal nitric oxide synthase (nNOS) has been studied by

anaerobic stopped-flow spectroscopy using absorption and fluor-

escence detection. We show by global analysis of time-dependent

photodiode array spectra, single wavelength absorption and

NADPH fluorescence studies, that at least four resolvable steps

are observed in stopped-flow studies with NADPH and that

flavin reduction is reversible. The first reductive step represents the

rapid formation of an equilibrium between an NADPH-enzyme

charge-transfer species and two-electron-reduced enzyme bound

to NADP+. The second and third steps represent further re-

duction of the enzyme flavins and NADP+ release. The fourth

step is attributed to the slow accumulation of an enzyme species

that is inferred not to be relevant catalytically in steady-state

reactions. Stopped-flow flavin fluorescence studies indicate the

presence of slow kinetic phases, the timescales of which cor-

respond to the slow phase observed in absorption and NADPH

fluorescence transients. By analogy with stopped-flow studies of

INTRODUCTION

The nitric oxide synthase (NOS) isoforms catalyse the NADPH-

and oxygen-dependent conversion of -arginine to -citrulline and

nitric oxide [1–3]. They are dimeric flavohaem enzymes: each

monomer comprises a C-terminal diflavin reductase domain and

an N-terminal oxygenase domain [4–7]. The reductase domain

contains one mole equivalent of FAD and FMN, binds NADPH

and is related structurally and functionally to cytochrome P450

reductase (CPR) [8,9], methionine synthase reductase (‘MSR’

[10]) and protein NR1 [11]. The N-terminal oxygenase domain of

NOS contains one mole equivalent of haem and possesses binding

sites for L-arginine and (6R)-5,6,7,8-tetrahydrobiopterin (BH
%

[12]). The reductase and oxygenase domains are linked by a

calmodulin (CaM) binding sequence [8,13,14] ; CaM binding

facilitates electron transfer from the reductase to the oxygenase

domain [15] and is proposed also to enhance the rate of interflavin

electron transfer [16–18]. Of the three NOS isoforms, the

inducible NOS (iNOS) isoform is expressed with CaM tightly

bound [13] and regulation of activity is primarily through

transcriptional processes ; the activities of endothelial NOS

(eNOS) and neuronal NOS (nNOS) are regulated by CaM

Abbreviations used: BH4, (6R)-5,6,7,8-tetrahydro-L-biopterin ; CaM, calmodulin ; CPR, cytochrome P450 reductase ; NOS, nitric oxide synthase; eNOS,
endothelial NOS; FADhq, hydroquinone FAD; FADsq semiquinone FAD; FMNox, oxidized FMN; FMNsq, semiquinone FMN; iNOS, inducible NOS; nNOS,
neuronal NOS; nNOS CaM+, nNOS reductase complexed with CaM; nNOS CaM−, nNOS reductase in which CaM has been removed by treatment with
EDTA.
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cytochrome P450 reductase, we attribute these slow fluorescence

and absorption changes to enzyme disproportionation and}or

conformational change. Unlike for the functionally related

cytochrome P450 reductase, transfer of the first hydride equiva-

lent from NADPH to nNOS reductase does not generate the

flavin di-semiquinoid state. This indicates that internal electron

transfer is relatively slow and is probably gated by NADP+

release. Release of calmodulin from the nNOS reductase does

not affect the kinetics of inter-flavin electron transfer under

stopped-flow conditions, although the observed rate of formation

of the equilibrium between the NADPH-oxidized enzyme charge-

transfer species and two-electron-reduced enzyme bound to

NADP+ is modestly slower in calmodulin-depleted enzyme. Our

studies indicate the need for significant re-interpretation of

published kinetic data for electron transfer in the reductase

domain of neuronal nitric oxide synthase.

Key words: calmodulin, flavoprotein, transient kinetics.

binding, which in turn is controlled by intracellular calcium

levels [4,5,7] and is mediated by an autoinhibitory sequence in

the FMN domain [19].

The oxygenase domain of the NOS isoforms receives electrons

from the reductase domain in a mechanism similar to that

catalysed by CPR and the cytochrome P450 enzymes. Unlike

with NOS, however, the cytochrome P450 enzymes are distinct

entities that are not covalently linked to the reductase module.

CPR and the NOS reductase domain have common functional

properties : both transfer electrons to several different artificial

acceptors such as cytochrome c, dichlorophenolindophenol, and

ferricyanide [14,16,20] and the redox potentials of the flavin

couples are similar for each enzyme [21,22]. Also, like CPR, the

NOS reductase domain must be reduced beyond a one-electron-

reduced state to enable efficient electron transfer to the oxygenase

domain [23,24]. Of the mammalian diflavin enzymes, stopped-

flow and steady-state kinetic studies of CPR are perhaps the

most advanced [25–28]. Detailed mechanisms for electron flow

and the effects of ligand binding and ionic strength have been

reported [29,30]. Studies with NOS have focused on ther-

modynamic and rapid kinetic approaches with the aim of

establishing the mechanism of electron flow, the role of bound
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CaM, and any mechanistic equivalence with CPR. CaM binding

does not perturb the redox potentials of the flavin couples in

nNOS reductase [22], but is proposed to enhance the rates of

electron transfer through the reductase domain [16–18] and to

the oxygenase domain [15]. Moreover, flavin to haem electron

transfer is suggested to be rate-limiting on the basis of stopped-

flow studies of the three NOS isoforms [24].

In this paper we have performed detailed stopped-flow studies

of electron transfer in CaM-bound and CaM-depleted nNOS

reductase domain under anaerobic conditions using absorption

and fluorescence detection. We show that previous stopped-flow

studies of electron transfer in NOS, which have relied entirely on

absorption detection, have not accounted for additional kinetic

phases in the reductive half-reaction. This has led to the over-

simplification of kinetic phases and the construction of in-

appropriate kinetic models. Consequently, the role of CaM in

facilitating electron transfer in the reductase domain needs to be

re-evaluated. We show in this paper that bound CaM does not

enhance the rate of interflavin electron transfer in stopped-flow

studies with isolated nNOS reductase, although there is a very

modest effect on the rate of formation of the equilibrium between

an NADPH-enzyme charge-transfer species and two electron-

reduced enzyme bound to NADP+. We show that interflavin

electron transfer is relatively slow in nNOS reductase and is

probably gated by NADP+-release. The blue di-semiquinoid

species (a prominent intermediate in the CPR reaction [25,27])

does not accumulate in stopped-flow studies with NOS, despite

its formation in equilibrium titration experiments. Our data

reveal that the mechanism of electron transfer in nNOS reductase

needs to be re-evaluated. On the basis of our data, we present a

new kinetic scheme to explain the mechanism of electron transfer

in the reductase domain of nNOS.

EXPERIMENTAL PROCEDURES

Protein purification

The plasmid pCRNNR encoding rat nNOS reductase was

supplied by Dr J. G. Guillemette (Department of Biochemistry,

University of Waterloo, Ontario, Canada). E. coli strain JM109

transformed with plasmid pCRNNR was grown (12¬2 litre

flasks containing 500 ml media each) in ‘ terrific broth’ (con-

taining 12 g}l bactotryptone, 24 g}l yeast extract, 4 ml}l glycerol,

0.72 M K
#
HPO

%
, 0.17 M KH

#
PO

%
) supplemented with ampicillin

(100 µg}ml). Expression of nNOS reductase was induced by

the addition of isopropyl β--thiogalactoside (1 mM) at a

culture attenuance of 0.8 at 600 nm; cells were grown for a

further 24 h at 30 °C. Harvested cells were resuspended in 50 ml

of lysis buffer [50 mM Tris}HCl, pH 7.4, containing 10% (v}v)

glycerol, 1 mM CaCl
#

and a CompleteTM EDTA-free protease

inhibitor tablet (Roche)]. Cells were disrupted by sonication,

the cell extract clarified by centrifugation (15000 g, 50 min)

and fractionated with ammonium sulphate (nNOS reductase

was recovered in the 30–50% saturation fraction). Enzyme was

dialysed exhaustively against lysis buffer, and applied to an

anion-exchange resin (DE-52) previously equilibrated with lysis

buffer. The column was washed with lysis buffer (500 ml) and

nNOS reductase was recovered by developing the column with

a gradient (0–0.5 M) of KCl. Fractions containing nNOS

reductase were pooled, and applied to an affinity-resin (2«5«-
ADP Sepharose) equilibrated with lysis buffer containing

100 mM NaCl. After washing (E 250 ml lysis buffer contain-

ing 100 mM NaCl, followed by E 250 ml lysis buffer containing

250 mM NaCl), nNOS reductase was recovered by the appli-

cation of lysis buffer containing 500 mM NaCl. Enzyme was

dialysed exhaustively against lysis buffer and stored at ®20 °C in

the presence of 20% (v}v) glycerol. SDS}PAGE confirmed the

presence of nNOS reductase (as a single unproteolysed band on

the gel) and CaM (as an additional band). N-terminal sequence

analysis confirmed the presence of the CaM-binding region in

the purified nNOS reductase domain (residues 733–1429) and the

lack of significant proteolysed material (as judged by the lack of

secondary sequence during automated Edman degradation).

Purification of nNOS reductase in the absence ofCaCl
#
resulted

in the generation of a proteolysed form of nNOS reductase

(residues 743–1429) that lacks the CaM-binding domain; conse-

quently, the domain is not associated with CaM. Complete loss

of residues 733 to 743 was confirmed by N-terminal sequence

analysis. The absence of CaM and any unproteolysed nNOS

reductase domain was also confirmed by SDS}PAGE. Removal

of CaM from non-proteolysed nNOS reductase was achieved by

the addition of EDTA (0.6 mM); the quenching of flavin

fluorescence at 530 nm was used to follow the release of CaM

from nNOS reductase [31]. The concentration of purified nNOS

reductase was determined by absorption measurements at 455 nm

(ε¯ 21600 M−" [ cm−" [24]) based on two flavins per protein

monomer. Flavin content and the absorption spectra of the

purified nNOS reductase enzymes were as published previously

[17]. In steady-state assays, the enzyme displayed the usual CaM-

dependent stimulation of cytochrome c reductase activity and

determined values of apparent K
m

and k
cat

were as published

previously [31]. The enzyme was purified predominantly in the

‘air-stable ’ semiquinone state ; prior to all stopped-flow kinetic

studies, nNOS reductase was oxidized with potassium hexa-

cyanoferrate using the procedure reported in our recent work on

human CPR [25]. Titration of oxidized enzyme to the two-

electron level with NADPH generates the blue-semiquinone

species of nNOS reductase, thus establishing that the enzyme, as

purified, has identical properties to those reported by other

workers.

Synthesis of A-side NADP2H

A-side NADP#H was synthesized enzymically using a procedure

similar to that described by Viola and coworkers [32]. [#H
'
]Ethanol

(260 mM), NADP+ (8 mM), T brockii alcohol dehydrogenase

(35 units ; supplied by Fluka, Gillingham, Dorset, U.K.), yeast

aldehyde dehydrogenase (100 units ; supplied by Calbiochem,

Nottingham, U.K.) were mixed in 20 ml of 20 mM Taps buffer,

pH 9.0. The reaction was maintained at pH 9 throughout the

reaction and allowed to proceed to completion, as determined by

absorbance measurements at 340 nm. Purification of A-side

NADP#H by ethanol precipitation was by the method of Pollock

and Barber [33]. A further purification step was performed using

a Q-Sepharose column. The column was equilibrated with 10 mM

ammonium hydrogen carbonate, pH 9 (buffer A) and the A-side

NADP#H (E 30 mg per chromatographic run) applied to the

column. The column was washed with buffer A and then with

200 mM ammonium hydrogen carbonate, pH 9.0. A-side

NADP#H was eluted from the column with 400 mM ammonium

hydrogen carbonate. Nucleotide-containing fractions were

freeze-dried and dissolved in 20 mM Taps buffer, pH 9.0, prior to

use in kinetic experiments. The A
#'!

}A
$%!

ratio of the product

was 1.9, consistent with pure preparations of A-side NADP#H

obtained by other workers [33]. NADP#H synthesized by this

method gives rise to the expected published primary kinetic

isotope effect (KIE¯ 7.0; [34]) in stopped-flow reactions with

pentaerythritol tetranitrate reductase and yields a monophasic

transient for flavin reduction. NADPH synthesized in the same

way does not produce inhibitory products in this same reaction

and likewise yields a monophasic kinetic transient.
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Kinetic measurements

Stopped-flow studies were performed using an Applied Photo-

physics SX.17 MV stopped-flow spectrophotometer. Unless

otherwise stated, measurements were carried out at 25 °C in

50 mM Tris}HCl buffer (pH 7.4) containing 10% (v}v) glycerol.

For reactions performed with nNOS reductase complexed with

CaM (nNOS CaM+), CaCl
#
(1 mM) was included in the buffer.

Protein concentration was 5 µM (reaction cell concentration),

and reactions were performed under anaerobic conditions. For

this purpose, the sample-handling unit of the stopped-flow

instrument was contained within a glove box (Belle Technology,

Portesham, Dorset, U.K.). All buffers were made oxygen-free by

evacuation and extensive bubbling with argon before use. Buffers

were then placed in the glove box overnight before use. Prior

to stopped-flow studies, protein samples were treated with

potassium hexacyanoferrate, and excess cyanoferrate was

removed by rapid gel filtration [Sephadex G25 equilibrated in

50 mM Tris}HCl (pH 7.4), 10% (v}v) glycerol and 1 mM CaCl
#
].

Stopped-flow, multiple-wavelength absorption studies were

carried out using a photodiode array detector and X-SCAN

software (Applied Photophysics Ltd, Surrey, U.K.). Spectral

deconvolution was performed by global analysis and numerical

integration methods using PROKIN software (Applied Photo-

physics Ltd). In single wavelength studies, flavin reduction by

NADPH was observed at 458 nm. Transients were triphasic

(over 500 ms) and were fitted using the standard triple exponential

expression eqn (1)

A
%&!

¯C
"
e−kobs"t­C

#
e−kobs#t­C

$
e−kobs$t­b (1)

where k
obs"

, k
obs#

and k
obs$

are the observed rate constants for the

fast, intermediate and slow phases respectively, C
"
, C

#
and C

$
are

the relative amplitude values for the three phases, and b is an

offset value to account for a non-zero baseline. Transients at

600 nm report on the appearance and decay of the initial enzyme–

NADPH charge-transfer species and have a characteristic ‘up’

and ‘down’ phase. Truncated transients obtained with 10-fold

excess NADPH were fitted approximately, using eqn (2) (see text

for details) :

A
'!!

¯
k
obs"

k
obs#

®k
obs"

C (e−kobs"t®e−kobs#t)­b (2)

where k
obs"

and k
obs#

are observed rate constants for the formation

and decay of the charge-transfer intermediate respectively, C is

the amplitude term and b an off-set value. Stopped-flow fluor-

escence experiments employed excitation wavelengths of 340 nm

(NADPH) and 458 nm (flavin). Emission bands were selected

using the appropriate band-pass filter [450 nm (g35-3367) and

520 nm (g35-5545) from Coherent Optics, Greycain Road,

Watford, Herts., U.K.]. Data fitting to fluorescence transients

was using standard biphasic or triphasic expressions (see Results

section).

RESULTS

Flavin reduction followed by photodiode array spectroscopy

The reductive half-reaction of the nNOS reductase domain

(nNOS CaM+) was initially studied at 25 °C under pseudo-first

order conditions (10-fold excess NADPH) using photodiode

array detection (Figure 1). The spectra as a function of time were

fitted globally by numerical integration methods using Prokin

software (Applied Photophysics). Data collected over a period of

10 s from the mixing event were best fitted to a four-step

Figure 1 Reaction of nNOS CaMu with NADPH monitored by stopped-flow
photodiode array spectroscopy

Conditions : 50 mM Tris/HCl buffer (pH 7.4), 10% (v/v) glycerol and 1 mM CaCl2 at

25 °C. [nNOS CaM+]¯ 9 µM; [NADPH]¯ 90 µM. (A) Time-dependent spectral changes on

rapidly mixing nNOS CaM+ with NADPH. The experiment was performed over 10 s after the

initial mixing event. The first spectrum was recorded at 1.28 ms after mixing ; for clarity only

selected subsequent spectra are shown. The arrow indicates the direction of spectral change.

(B) Deconvoluted spectra for the reaction shown in (A). The data in (A) were fitted to a reversible

four-step model A! B! C! D! E. The rate constants (s−1 ; obtained from global fitting)

for this kinetic scheme are A! B, 210³9 ; B! A, 4³0.2 ; B! C, 30³0.5 ; C! B,

6³1 ; C! D, 11³0.4 ; D! C, 0.04³0.1 ; D! E, 0.3³0.02 ; E! D, 0.03³0.01.

reversible model (A!B!C!D!E; Figure 1). Model validity

was assessed using a number of criteria : the lack of systematic

deviations of the residual plot ; inspection of the calculated

spectra to ensure they made chemical sense in terms of shape and

sign; confirmation that the number of significant singular values

following singular value decomposition was consistent with the

fitted model. Data-fitting using simpler models (sequential three-

step and two-step) was inadequate using these validity criteria, in

that systematic deviations were seen in the residual plots,
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Figure 2 Reaction of the proteolysed form of nNOS reductase with NADPH
monitored by stopped-flow photodiode array spectroscopy

Conditions : as for Figure 1. (A) Time-dependent spectral changes on rapidly mixing the

proteolysed form of nNOS reductase with NADPH. The experiment was performed over 10 s

after the initial mixing event. The first spectrum was recorded at 1.28 ms after mixing ; for clarity

only selected subsequent spectra are shown. The arrow indicates the direction of spectral

change. (B) Deconvoluted spectra for the reaction shown in (A). The four-step model (Figure

1) was used in data fitting. The rate constants (s−1 ; obtained from global fitting) for this kinetic

scheme are A! B, 290³10 ; B! A, 7³0.3 ; B! C, 37³0.5 ; C! B, 4³0.3 ; C! D,

4³0.3 ; D! C, 0.1³0.06 ; D! E, 0.2³0.01 ; E! D, 0.05³0.01. Time-dependent

spectral changes, and the calculated spectra of intermediates and rate constants for their

formation, were similar for nNOS CaM− (not shown).

indicating that spectral events had been missed. Also, using these

simpler models, convergence was not obtained after 20 iterative

cycles, unlike for the four-step reversible model, and some of the

calculated spectra for the simpler models did not make chemical

sense, in terms of the expected spectral properties of flavin.

Corresponding studies were performed with nNOS reductase in

which CaM has been removed by treatment with EDTA (nNOS

CaM−) and the proteolysed form of the reductase domain to assess

the potential role of CaM in the mechanism of electron transfer in

the reductase domain. Photodiode array analysis and global

fitting of data revealed that the four-step model proposed for

nNOS CaM+ was equally valid for nNOS CaM− and proteolysed

reductase (Figure 2), and rate constants for formation and decay

of reaction intermediates were found to be comparable. The final

spectrum, E, for nNOS CaM− and the proteolysed form of

nNOS reductase were similar, but both differ from that seen

with nNOS CaM+ for reasons that are not clear (see below).

In single wavelength studies (see below), the CaM-free form

of nNOS reductase (nNOS CaM−) generated by the addition of

EDTA to nNOS CaM+ was used for comparative studies with

nNOS CaM+. At this point it is important to emphasize that

species A, B, C, D and E are spectral intermediates and not

discrete enzyme intermediates. This arises because the electron

transfer in nNOS reductase is reversible (see below) and each

spectral intermediate comprises a number of different enzyme

forms determined by the equilibrium distribution.

The challenge arising from fitting to a relatively complex

(sequential four-step) model is identification of the intermediate

and final enzyme species in the stopped-flow experiment. Identifi-

cation of some of these species has come from the additional

fluorescence and single wavelength absorption studies that are

described below. A notable feature of the spectral changes

observed for reactions of nNOS reductase with NADPH is the

absence of appreciable signatures in the long wavelength region

(600–650 nm) that occur during flavin reduction. The data

indicate that a blue di-semiquinoid form of nNOS reductase

domain, containing semiquinone FMN (FMN
sq
) and semiqinone

FAD (FAD
sq
), does not accumulate at significant levels in the

stopped-flow experiment, even though it forms under equilibrium

conditions during titration experiments with NADPH [24]. This

finding is in stark contrast to stopped-flow studies on CPR

where, owing to the relatively fast rate of interflavin electron

transfer in CPR [25], the di-semiquinoid species forms imme-

diately following hydride transfer from NADPH to FAD. The

inability to populate the blue di-semiquinoid form of NOS

reductase suggests that there is a kinetic restriction on forming

this intermediate. Potentiometric studies of nNOS reductase [22]

have indicated that the redox potential of the oxidized FMN

(FMN
ox

)}FMN
sq

couple, like that of CPR [21], is substantially

more positive than the other flavin couples in the domain, and

thus should provide a strong driving force for electron transfer to

the FMN [i.e. hydroquinone FAD (FAD
hq

)}FMN
ox

!FAD
sq
}

FMN
sq
]. As discussed below, the kinetic restriction that prevents

formation of the blue semiquinone in stopped-flow experiments

with nNOS reductase is attributed to the slow release of

NADP+ from reduced enzyme. In human CPR, NADP+ release

is relatively fast [25], allowing rapid internal electron transfer

to form the blue di-semiquinoid intermediate. In the Trp'('!His

mutant of CPR, NADP+ release is impaired, and the blue

di-semiquinoid intermediate does not form in stopped-flow

studies, although it does accumulate under equilibrium titration

conditions following reduction at the two-electron level with

sodium dithionite or NADPH [26]. This situation is analogous

to that seen with nNOS reductase.

Assignment of intermediates by single-wavelength absorption and
fluorescence studies

Single-wavelength stopped-flow absorption and fluorescence

studies were used to measure rate constants for the formation of

spectral intermediates seen in the photodiode array experiments

and also to provide evidence for the assignment of kinetic phases.

In single-wavelength studies, rate constants determined by the fit-

ting of transients are obser�ed rate constants (i.e. they are the
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sum of the rate constants for the forward and reverse reactions).

For nNOS CaM+, transients obtained under pseudo-first-order

conditions (10-fold excess NADPH), at 458 nm over a 500 ms

time period from the mixing event, were best fit to a triphasic

exponential expression [eqn (1) ; Figure 3A], consistent with the

three phases identified in photodiode array experiments over the

same timescale ; fitting to mono- or bi-phasic exponential expres-

sions produced systematic deviations indicating poor fitting to

the data. The slowest phase observed in the photodiode array

experiments over a 10 s period (species D!E) is not observed on

the shorter time period of 500 ms in single-wavelength mode.

Single-wavelength transients were collected using a ‘split ’ time-

base utility in the acquisition software of the stopped-flow

instrument, to maximize the number of data points in the early

phase of the transient. For nNOS CaM+, the rate constants for

each of the three phases are 580 s−", 27 s−" and 5 s−". Similar

transients were observed with nNOS CaM− (Figure 3D); in this

case the rate constants for the three phases are 545 s−", 43 s−" and

6.6 s−". The proteolysed form of nNOS reductase also behaved

similarly to nNOS CaM+ and nNOS CaM− (455 s−", 38 s−" and

8 s−" ; transients not shown). Extension of the time base to 10 s

from mixing enabled access to the fourth slow phase, although

the fast first phase (A!B) is almost completely lost (Figures 3C

and 3F). Fitting over this time period was therefore also achieved

using a triphasic exponential function (species B!C!D!E)

and yielded rate constants for the conversion of D!E of 0.3 s−"

(nNOS CaM+) and 0.3 s−" (nNOS CaM−). The four rate constants

obtained from single-wavelength absorption studies at 458 nm

for each of the nNOS reductase domains are consistent with the

spectral changes observed by photodiode array detection (Figures

1 and 2). The only relatively minor discrepancy is the E 2-fold

difference in the observed rate constant for the conversion of

A!B calculated from data collected in single-wavelength mode

and photodiode array detection. However, the conversion of

A!B is relatively fast, and difficult to analyse, using the stopped-

flow method with an instrument dead-time of 1 ms. Also, in

photodiode array detection, the first spectrum is collected at

1.28 ms (instrument dead-time is 1 ms), and thus more of the fast

phase is lost than in single-wavelength mode. This may account

for the smaller rate constants determined by global fitting of

photodiode array data. Given the limitations of the stopped-flow

method in analysing the fast phase and the complexity of the

fitting process, the values of E 500 s−" for this phase should be

regarded as being approximate.

To aid in the assignment of kinetic phases, stopped-flow

experiments, in which the fluorescence emission of NADPH at

450 nm was monitored following excitation at 340 nm, were

performed. For nNOS CaM+, over a short time period (500 ms),

fluorescence transients were biphasic (rate constants 63 s−" and

6.5 s−" ; Figure 3B), but over a 10 s time base, triphasic transients

were observed, owing to the appearance of an additional slow

phase (rate constant 0.4 s−" ; Figure 3B, inset). The rate constants

for the three kinetic phases seen over 10 s are similar to those

observed for three of the phases observed in absorption studies,

corresponding to the conversion of spectral species

B!C!D!E. As discussed later, the slow phase (D!E) is

not relevant in steady-state turnover and likely reflects further

oxidation of NADPH as a result of thermodynamic relaxation of

reduced nNOS reductase via a series of disproportionation

reactions (also seen with CPR [25]) and}or conformational

change. The fluorescence data indicate that NADPH is oxidized

during the conversion of spectral species B!C and C!D.

Significant fluorescence changes were not observed on a time

scale consistent with the conversion of A!B (i.e. establishment

of the equilibrium between the NADPH-enzyme charge-transfer

species and two electron reduced NOS complexed with NADP+).

However, the absorbance transients at 458 nm (Figures 3A and

3D) indicate that the flavin absorbance is bleached during the

fast kinetic phase (A!B), consistent with there being some

reduction of the enzyme by NADPH. That C-H bond breakage

occurs during the conversion of species A into species B is

demonstrated by the kinetic isotope effect (KIEE 2) seen with

A-side NADP#H in absorption transients at 450 nm (Figure 4A).

With NADP#H, the amplitude of the fast phase (A!B) is

increased substantially as less signal is lost in the dead-time of the

stopped-flow instrument. Significant kinetic isotope effects are

not seen in the conversion of B!Cand C!D in both absorption

and fluorescence measurements (Figures 4A and 4B), although

substantial flavin reduction and NADP#H oxidation accompanies

these reactions. We therefore infer that a process, other than C-

H(#H) bond breakage, limits the rate of conversion of B!C and

C!D, and suggest that further reduction of flavin in these steps

is gated by the release of NADP+. These assignments are

consistent with a reversible kinetic scheme of the type shown

(Scheme 1).

A puzzling aspect of our kinetic data is the lack of significant

fluorescence change accompanying NADPH oxidation in the

fast kinetic step (A!B),which represents the rapid establishment

of the equilibrium between the enzyme-NADPH charge-transfer

species, and the two-electron-reduced enzyme complexed with

NADP+. Similar observations were made in our studies with human

CPR [25], in which an equivalent equilibrium is established

rapidly on mixing enzyme with NADPH. Likewise we have

shown the lack of a fluorescence change in stopped-flow studies

with the CPR analogue NR1, even though absorption studies

indicate that the flavin is almost fully reduced. We have no

mechanistic explanation for the lack of appreciable fluorescence

in these reactions, but that C-H bond breakage occurs on

conversion of spectral species A!B is indicated in our studies

with A-side NADP#H and the bleaching of flavin absorption at

458 nm.

The reversibility of flavin reduction is apparent from sequential

stopped-flow studies of enzyme oxidation (Figures 5A and 5B).

In these experiments, nNOS CaM+ was mixed with a 2-fold

excess of NADPH to effect reduction of the flavins. After a

suitable aging time (1 s), a 20-fold excess of NADP+ was mixed

with the sample. Absorption changes at 458 nm indicate oxi-

dation of the flavins on mixing with NADP+, and fluorescence

changes indicate that NADPH formation accompanies flavin

oxidation. At longer time excursions, there is a small reduction

in the absorbance at 458 nm and fluorescence at 450 nm as the

system relaxes to its most thermodynamic stable state.

Our stopped-flow studies indicate that the kinetics of flavin

reduction are similar for nNOS CaM+ (Figures 1 and 3),

nNOS CaM− (Figures 2 and 3) and the proteolysed form

of nNOS (Figure 2). CaM binding does not affect the kinetics of

conversion of B!C and C!D [16], suggesting that NADP+

release is not triggered by CaM binding. As discussed above,

determination of accurate rate constants for the conversion of

species A!B is difficult in stopped-flow studies at 458 nm (fitted

rate constants E 500 s−"), owing to the complex nature of the

transients and the rapid conversion of A!B. Consequently, it is

difficult to demonstrate unequivocally any effect of CaM binding

on the kinetics of conversion of A!B from single-wavelength

data collected at 458 nm.

We have also performed stopped-flow absorption studies at

600 nm to investigate in more detail the small absorption changes

at this wavelength. The photodiode array experiments (Figures 1

and 2) suggest that there is little absorption change in this region,

but the inherent noise associated with photodiode array acquisition
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Figure 3 For caption see facing page.
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Figure 4 Absorption and fluorescence transients for the reduction of
nNOS CaMu with NADPH and NADP2H

(A) Absorption transient at 458 nm. Upper transient is for NADPH ; lower transient is for

NADP2H. Rate constants for the three phases observed with NADP2H were determined by fitting

to eqn (1) and are 214, 28 and 3.7 s−1, respectively. (B) Fluorescence transient recorded at

450 nm for the reaction of nNOS CaMu with NADP2H. Fitting to a biphasic expression yields

rate constants of 37 and 5.3 s−1.

does not allow investigation of the very small absorption changes

using this method of detection. To improve the signal-to-noise,

single-wavelength experiments were performed at 600 nm with

nNOS CaM+ and nNOS CaM− using a 25-fold excess of NADPH

Figure 3 Single wavelength absorption and fluorescence transients for the reactions of nNOS CaMu and nNOS CaMw with NADPH

Conditions as for Figure 1. [Enzyme]¯ 5 µM; [NADPH]¯ 50 µM. (A) Absorption transient at 458 nm for reduction of nNOS CaM+. Transient is fitted using eqn (1) (rate constants 580, 27,

5 s−1). Inset, the early time domain of the transient shown in the main panel. (B) NADPH fluorescence transient for nNOS CaM+. Transient fitted to a standard biphasic expression (rate constants

63 and, 6.5 s−1). Inset, NADPH fluorescence transient over a longer time period (10 s) to illustrate the presence of the third slow phase (0.4 s−1) also observed in absorption experiments (C).

(C) Absorption change at 458 nm over a 10 s period for nNOS CaM+. Approximate fitting to a triphasic expression yielded a rate constant of 0.3 s−1 for the slow phase. (D) as for (A), except

panel shows reduction of nNOS CaM− (rate constants 545, 43, 6.6 s−1). (E) as for (B), except panel shows NADPH fluorescence transient for nNOS CaM− (rate constants 52 and 5.9 s−1). Inset,

NADPH fluorescence transient over a longer time period (10 s) to illustrate the presence of the third slow phase (0.25 s−1), which was also observed in absorption experiments (F). (F), as for

(C) except panel shows absorbance change for nNOS CaM−. For (C) and (F), the rate constants for the ‘ faster phase ’ of these transients (B! C) is contaminated by the fast conversion of A! B

seen over shorter time periods. Consequently, the values of the rate constant for the conversion of B! C is overestimated in this fitting process. If the fit range is truncated such that the very

early part of the transient is omitted, the fast phase approaches a value of E 40 s−1, which is expected from both fluorescence and absorption data over shorter time periods. Fitting of fluorescence

data for the proteolysed nNOS reductase gave rate constants of 40, 3.6 and 0.3 s−1 (transient not shown) ; comparable absorption data gave rate constants of 455, 38 and 8 s−1 (results not shown).

Scheme 1 Reductive half reaction of nNOS reductase domain

The scheme indicates the major enzyme species that form in stopped-flow studies of the

reduction of nNOS reductase by NADPH. See text for detailed discussion.

(Figures 6A and 6B respectively). The transients obtained for

both forms of the enzyme are qualitatively similar. Over a short

time period (500 ms) the absorption at 600 nm climbs very

rapidly (kE 500 s−"). The signal then declines (kE 40 s−") and

then climbs again over an extended time period (10 s). Repeated

measurement of this slow increase in absorption suggests it is

biphasic with rate constants E 10 s−" and E 0.4 s−" (precise

values are difficult to obtain owing to the small signal change).

Again, these four kinetic phases can be correlated with the

scheme proposed from our photodiode array experiments.

The very fast increase in absorption (kE 500 s−") indicates the

formation of an enzyme-NADPH charge-transfer intermediate,

and is consistent with the rapid establishment of an equilibrium

between an NADPH-enzyme charge-transfer species and two-

electron-reduced enzyme bound to NADP+ (i.e. A!B). This

increase in absorption is slightly faster for nNOS CaM+, as

indicated by the elevated absorption immediately after mixing

compared with the comparable transient for nNOS CaM−,

suggesting that CaM binding accelerates, albeit modestly, the

establishment of the equilibrium between the NADPH-enzyme

charge-transfer species and two-electron-reduced enzyme bound

to NADP+. This increase in absorption at 600 nm is relatively

small and it should not be confused with the formation of a blue

di-semiquinonoid intermediate. The second phase (E 40 s−") is

consistent with further reduction of the flavin following release

of NADP+, leading to loss of the charge-transfer signature at

600 nm (i.e. the equilibrium between the NADPH-enzyme

charge-transfer species and two-electron-reduced enzyme bound

to NADP+ is displaced further towards flavin reduction by loss

of NADP+). We postulate that NADP+-release from two-

electron-reduced NOS is relatively slow and thus gates internal

electron transfer (hence the absence of signature for the blue di-
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Figure 5 Absorption and fluorescence transients illustrating reverse
electron transfer in nNOS CaMu

Enzyme was pre-reduced with NADPH in the first mix followed by rapid mixing with NADP+.

Conditions : [nNOS CaM+]¯ 5 µM; [NADPH]¯ 10 µM; [NADP+]¯ 100 µM; aging

time¯ 1 s. (A) Absorption transient observed at 458 nm. (B) Fluorescence transient ob-

served at 450 nm.

semiquinoid form of nNOS reductase following hydride transfer).

Binding of the second NADPH and subsequent hydride transfer

occurs in the third kinetic phase; the fourth kinetic phase

(E 0.4 s−") is not catalytically important, and as discussed below

may reflect conformational realignment and}or disproportion-

ation (as seen in CPR) of nNOS reductase following reduction

by NADPH. A rationale for the increase in absorption at 600 nm

which accompanies the third kinetic phase is less clear. A number

of possibilities exist, depending on the equilibrium distribu-

tion of enzyme species. These include (i) incomplete reduction of

nNOS to the four-electron level, thus leaving a small proportion

of two-electron-reduced enzyme, which after NADP+ release

would be in the blue di-semiquinoid form (incomplete reduction

is consistent with the known potentials of the flavin couples) ; (ii)

Figure 6 Absorption transients for the reduction of nNOS CaMu and
nNOS CaMu at long wavelength

Conditions : as for Figure 3. (A) Absorption change of nNOS CaM+ at 600 nm over a 500 ms

time period. Inset : transient recorded over an extended time period (10 s). (B) Absorption

change of nNOS CaM− at 600 nm over a 500 ms time period. Inset : transient recorded over

an extended time period (10 s). Approximate rate constants were determined by fitting to eqn

(2) and are given in the text. Fitting was performed for the time period 0 to 0.1 s.

slow conformational change and (iii) slow development of a

reduced enzyme species complexed with NADPH. Clearly, the

mechanistic basis for these small increases in absorption at long

time base is complex and beyond the scope of the present paper.

Concentration-dependence of flavin reduction and charge-transfer
formation

Having established the sequence of events in the kinetic model

proposed from our photodiode array analysis of the reduction

of nNOS reductase domain by NADPH (Scheme 1), we

sought additional evidence for our kinetic model by studying

the concentration-dependence of the kinetic phases. For both
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Figure 7 Plots illustrating the variation in observed rate constants
for selected kinetic phases as a function of NADPH concentration for
nNOS CaMu and nNOS CaMw

(A) Data for nNOS CaM+ ; filled circles, observed rate for conversion of B! C ; filled squares,

observed rate for conversion of C! D. Inset, observed rate for conversion of A! B. (B) Data

for nNOS CaM− ; symbol definitions as for panel A. Error bars represent one standard deviation

calculated from the average of five reductive transients.

the nNOS CaM+ and nNOS CaM− enzymes, the observed rate

constants for the conversion of spectral species B!C and

C!D are independent of NADPH concentration in the pseudo-

first-order regime (Figure 7). This finding is consistent with

similar studies that we have performed on human CPR [25].

Also, we have demonstrated with nNOS reductase an increase in

the observed rate constant for conversion of B!C at low

NADPH concentration (i.e. at NADPH concentrations! 5-fold

the enzyme concentration; Figures 7 and 8). These findings are

also consistent with our work on human CPR that enabled us to

propose the existence of a second NADPH-binding site [25].

Binding of a second molecule of NADPH to the two-electron-

Figure 8 Fluorescence transients for the reduction of nNOS CaMu by
NADPH

[Enzyme]¯ 5 µM. (A) Reaction with 5 µM NADPH. (B) Reaction with 10 µM NADPH. (C)

Reaction with 50 µM NADPH. The data clearly indicate that the rate of NADPH oxidation

increases as the NADPH concentration approaches stoichiometric levels. Insets ; expansion of

the early part of the transients shown in panels A to C.

reduced-enzyme bound to NADP+ should sterically hinder the

release of NADP+ from the reduced enzyme. Since further reduction

of the flavin is rate-limited by NADP+ release (B!C), this

would account for the slower rates of flavin reduction (and

NADPH oxidation) at relatively high coenzyme concentrations.

Nicotinamide coenzymes bind to CPR in a bipartite fashion;

electron density for the ribose-nicotinamide portion is poorly

defined in the structure of rat CPR, whereas the 2«P-AMP

portion is clear [9]. This bipartite recognition in CPR might

account for the attenuation of flavin reduction rate at high

nicotinamide coenzyme concentrations. In one model for regu-

lation of flavin reduction rate, the reducing coenzyme interacts

predominantly with the 2«P-AMP pocket. This interaction would
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Figure 9 Transients for change in flavin fluorescence on reaction of nNOS
CaMu and nNOS CaMw with NADPH

Conditions as for Figure 3. Fluorescence emission measured at 530 nm; excitation at 450 nm.

(A) Transient for nNOS CaM+. (B) Transient for nNOS CaM−.

likely impede NADP+-release bound predominantly in the

NMN-binding pocket. Thus, the binding of two coenzyme

molecules to the same bipartite coenzyme-binding site may be

responsible for the lower rates of flavin reduction within CPR

and also in nNOS reductase at high NADPH concentrations. A

complete understanding of the regulatory mechanism for flavin

reduction, however, must await further structural studies of

coenzyme complexes of nNOS reductase.

Within the constraints of the stopped-flow method, we also

investigated the concentration-dependence of the fast phase

(A!B) at 458 nm, which reports on the establishment of the

initial equilibrium between the NADPH-enzyme charge-transfer

species and the two-electron-reduced-enzyme bound to NADP+.

Our data suggest that these observed rate constants for conversion

of A!B are independent of coenzyme concentration, although as

discussed above, the errors in the determined rate constants are

appreciable. Our findings suggest that species A in our kinetic

scheme is an oxidized enzyme species, bound to coenzyme, but

with the NMN portion sub-optimally positioned over the flavin,

thus preventing the development of the charge-transfer complex

and flavin reduction.

Flavin fluorescence emission in single-turnover studies

We have also conducted stopped-flow studies in which the

fluorescence emission of the flavins in nNOS CaM+ and nNOS

CaM− was measured during enzyme reduction (Figure 9). Kinetic

transients for nNOS CaM+ and nNOS CaM− were found to be

similar. However, unlike the transients for NADPH emission,

and the flavin absorption transients, the flavin fluorescence

changes occur predominantly on an extended time scale. Fitting

to these transients was approximated using a tri-exponential

expression, with the major reduction in emission of flavin

fluorescence occurring in the second phase. For nNOS CaM+,

the fast phase (1.4 s−") is associated with a small amplitude (5%

of the total amplitude change) ; the second phase (0.23 s−")

accounts for C 80% of the total fluorescence change, and the

third phase (0.16 s−") accounts for E 15% of the total fluor-

escence change. Similar values are observed for nNOS CaM−.

Clearly, these fluorescence changes occur on time scales much

slower than the redox processes identified in the NADPH

fluorescence and flavin absorption studies, and consequently

they likely report on conformational changes in the vicinity of

the flavin cofactors that occur as a result of flavin reduction

and}or disproportionation. In this regard, it is important to note

that Brunner and coworkers [35] have demonstrated that the

fluorescence intensity of the two flavin groups in nNOS decays

highly nonexponentially and they suggest this excited-state

heterogeneity is the result of multiple flavin-quenching sites

arising from altered flavin microenvironments. Although we

have fitted our data to a tri-exponential process, we cannot

exclude the occurrence of more complex conformational pro-

cesses with overlapping time constants. Our data indicate that the

major flavin fluorescence changes occur on time scales that are

not catalytically important, and that they are most likely linked

to conformational events.

DISCUSSION

A detailed understanding of the mechanism of electron transfer

in the reductase domain of NOS is key to our appreciation of the

varied effects of ligand binding and the mechanism of substrate

reduction. Previous studies have established that CaM binding

facilitates electron transfer from the flavoprotein reductase

domain to the oxygenase domain of NOS [15], giving rise to a

stimulation of NO synthesis in the presence of calcium and CaM.

Superoxide generation by the oxygenase domain is also

CaM-dependent, but production of superoxide by the reductase

domain is independent of CaM [36], despite reports that CaM

binding enhances flavin reduction in nNOS reductase [16]. In full

length NOS, CaM binding increases cytochrome c reductase

and ferricyanide activities by 11.5- and 1.7-fold respectively, and

stimulation (8.9- and 1.9-fold respectively) is still observed in

NOS that has been depleted of haem and BH
%

[16]. Similar

enhancement (11.6- and 3.7-fold respectively) by CaM of basal
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cytochrome c and ferricyanide reduction activity is also observed

with the isolated nNOS reductase domain [31], which is in

contrast to the lack of stimulation seen for superoxide production

[36]. Given the complexity of the responses to CaM binding in

NOS, and in particular the reductase domain, in this paper we

undertook a detailed study of the electron-transfer mechanism in

the reductase domain. By performing studies in the presence and

absence of CaM we have attempted to resolve some of the

complex issues raised above.

In our stopped-flow studies we elected to concentrate on the

isolated reductase domain rather than full-length nNOS, owing

to the reduced number of chromophores in the reductase domain.

This type of ‘reductionist ’ approach has been useful in our

studies of human CPR, in which studies of individual domains

allowed us to identify new intermediates not observed readily in

the full-length enzyme [25]. Our stopped-flow studies with nNOS

reductase have revealed the complex nature of the reductive half-

reaction. In previous work, the absorption changes at 458 nm

were approximated to biphasic processes [24]. Although our

absorbance transients are similar to those published by others,

we have demonstrated that these transients are substantially

‘contaminated’ by additional spectral signals arising from the

formation of additional intermediates. Moreover, our photo-

diode array data indicates the lack of a blue di-semiquinonoid

intermediate during enzyme reduction, requiring reappraisal of

previously published kinetic mechanisms for nNOS reductase,

which have invoked the presence of this intermediate [18]. We

have identified at least three kinetic phases involving flavin

reduction and oxidation of NADPH. The first reductive step

(A!B) represents the rapid formation of an equilibrium between

an NADPH-enzyme charge-transfer species and two-electron-

reduced-enzyme bound to NADP+. The second and third steps

represent further reduction of the enzyme flavins limited by the

rate of NADP+ release. A fourth slow phase is not relevant to

catalysis and probably represents conformational change and}or

disproportionation. The observed rate constants for conversion

of spectral species B!C and C!D (E 50 s−" and 5 s−") which

reflect NADP+ release from reduced enzyme, and spectral species

A!B (establishment of the equilibrium between E–NADPH

and NADP+–reduced enzyme) are in-line with those reported for

comparable studies with human CPR. The rate constant for

conversion of B!C is similar to that reported for haem reduction

(49 s−") and ferrous nitrosyl complex formation (36 s−") for full-

length nNOS [24]. The true k
cat

measured for nNOS under

steady-state conditions with cytochrome c as electron acceptor is

37 s−" [37]. The kinetic steps C!D and D!E are therefore

clearly not relevant in steady-state turnover, although one needs

to bear in mind that the redox states of NOS populated under

steady-state conditions are not yet clearly defined.

We have shown that the blue di-semiquinoid species (FAD
sq
,

FMN
sq
) do not accumulate in stopped-flow studies of nNOS

reductase, suggesting that internal electron transfer between the

flavins is relatively slow and gated by NADP+ release. A reason

for this disparity in the behaviour of nNOS reductase and CPR

may be found in the nature of the residue positioned close to the

re face of the isoalloxazine ring of the FAD. In human CPR this

residue (Trp'(') facilitates the release of NADP+ following the

first hydride transfer ; mutation to histidine (Trp'('!His CPR)

impairs NADP+ release (and internal electron transfer to FMN)

by stabilizing a reduced enzyme-NADP+ charge-transfer in-

termediate [26]. The corresponding residue in rat nNOS is Phe"$*&

[38] and is presumed to play an analogous role in the mechanism

of release of NADP+. However, this release step is impaired in

nNOS, thus preventing rapid internal electron transfer to FMN.

Recent kinetic isotope effect studieswith nNOS reductase indicate

that the reductive half-reaction is more rate-limiting than the

oxidative half-reaction in reactions with cytochrome c [39].

The slow step in the reductive half-reaction is not associated with

hydride transfer and may reflect the release of nicotinamide

coenzyme from the reductase domain. This is consistent with the

notion that coenzyme exchange facilitated by Phe"$*& is less

effective than in human CPR where mutation of Trp'(' is known

to impair displacement of the nicotinamide coenzyme from the

active site [26].

The lack of a major effect attributed to CaM binding on the

rate constants for flavin reduction and charge-transfer complex

formation (A!B), and the absence of any effect on the kinetics

of further reduction of the flavin (B!C and C!D), are in stark

contrast with previous reports on the mechanism of flavin reduction

in nNOS reductase [16]. These latter studies have relied solely on

absorption measurements to study the rate of flavin reduction,

and data were fitted to a single-exponential function, which is

clearly inappropriate given the complexity of the reactions

discussed herein. Our stopped-flow studies also rule out any

effect of CaM binding on interflavin electron transfer, and bring

into question previous reports that claim enhanced rates of

internal electron transfer for nNOS reductase in the presence

of CaM [17]. Additional studies are clearly required to account for

the stimulation of cytochrome c reduction by CaM and it seems

likely that CaM-stimulation of basal cytochrome c reductase

activity in steady-state assays is associated with the electron

transfer step between reductase and cytochrome c. Cytochrome

c is an artificial redox acceptor and likely interacts at a number

of sites on the surface of nNOS reductase. It is conceivable,

therefore, that CaM influences this interaction. Stopped-flow

analysis of cytochrome c reduction by nNOS reductase is not

straightforward since the reduction of nNOS reductase with

NADPH or dithionite (by titration to the two-electron level) prior

to mixing would generate the blue semiquinone form. Since this

species is not observed in stopped-flow turnover studies, its

relevance to steady-state turnover needs to be addressed. Our

current work is now focused on developing sequential mixing

protocols to transiently generate reduced nNOS reductase that

are suitable for stopped-flow studies with cytochrome c.

Concluding remarks

The kinetic mechanism of nNOS reductase has been re-evaluated

in the light of new stopped-flow data. Our absorption transients

for flavin reduction at 458 nm and 600 nm are similar to those

published previously, but our fluorescence and photodiode array

data indicate inappropriate fitting in earlier work, leading to

incorrect assignment of kinetic phases and mis-identification of

enzyme intermediates. We show that a charge-transfer complex

accumulates prior to flavin reduction, and that flavin reduction

is relatively slow. We have also shown that the air-stable blue

semiquinone does not accumulate under stopped-flow conditions.

Contrary to dogma, CaM does not significantly enhance the rate

of flavin reduction in nNOS reductase. Internal electron transfer

between the flavins is relatively slow, and probably gated by

NADP+ release. The study highlights the danger of only using

single-wavelength absorption transients to measure the rates

of individual chemical steps in a complex series of reactions

and emphasizes the need to perform complementary multiple-

wavelength absorption and fluorescence experiments in studies

of complex flavoenzymes.

This work was funded by the U.K. Biotechnology and Biological Sciences Research
Council (studentship to K.K.), the Wellcome Trust and the Lister Institute of
Preventive Medicine. N.S.S. is a Lister Institute Research Professor.
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