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Human cytochrome P450 reductase (CPR) belongs to a
family of diflavin reductases that use the tightly bound
cofactors FAD and FMN to catalyse electron transfer
(ET) reactions [1–5]. Evolutionarily, human CPR
(78 kDa) originated from a fusion of two ancestral
genes encoding for a FMN-containing flavodoxin and a
FAD-binding ferredoxin-NADP+ reductase [2,3,6].
This is also reflected in its domain organization deter-

mined by X-ray crystallography of rat CPR, with the
two flavin domains representing independent folding
units that are linked by a flexible peptide hinge [7,8].
The natural electron donor of CPR NADPH, which
binds near the FAD cofactor [8] and delivers two elec-
tron equivalents in the form of a hydride ion to the N5
of FAD [9,10]. CPR is bound to the endoplasmic retic-
ulum by a hydrophobic N-terminal membrane anchor
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This study on human cytochrome P450 reductase (CPR) presents a com-
prehensive analysis of the thermodynamic and kinetic effects of pH and
solvent on two- and four-electron reduction in this diflavin enzyme.
pH-dependent redox potentiometry revealed that the thermodynamic
equilibrium between various two-electron reduced enzyme species
(FMNH•,FADH•; FMN,FADH2; FMNH2,FAD) is independent of pH.
No shift from the blue, neutral di-semiquinone (FMNH•,FADH•) towards
the red, anionic species is observed upon increasing the pH from 6.5 to 8.5.
Spectrophotometric analysis of events following the mixing of oxidized
CPR and NADPH (1 to 1) in a stopped-flow instrument demonstrates that
the establishment of this thermodynamic equilibrium becomes a very slow
process at elevated pH, indicative of a pH-gating mechanism. The final
level of blue di-semiquinone formation is found to be pH independent.
Stopped-flow experiments using excess NADPH over CPR provide evi-
dence that both pH and solvent significantly influence the kinetic exposure
of the blue di-semiquinone intermediate, yet the observed rate constants
are essentially pH independent. Thus, the kinetic pH-gating mechanism
under stoichiometric conditions is of no significant kinetic relevance for
four-electron reduction, but rather modulates the observed semiquinone
absorbance at 600 nm in a pH-dependent manner. The use of proton
inventory experiments and primary kinetic isotope effects are described as
kinetic tools to disentangle the intricate pH-dependent kinetic mechanism
in CPR. Our analysis of the pH and isotope dependence in human CPR
reveals previously hidden complexity in the mechanism of electron transfer
in this complex flavoprotein.
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and mainly serves as an electron donor for the majority
of the cytochrome P450 (P450) enzyme family members
in the relevant organism [11–15]. Thus, the flavin cofac-
tors mediate the successive transfer of two electrons
from a two-electron donor, NADPH, to the obligatory
one-electron acceptor moiety (the heme) in the P450s
[16].

Selective removal of the flavin cofactors [4,17] and
site-directed mutagenesis yielding FMN-deficient CPR
[18] suggested that the physiological electron flow is
given by NADPH fi FAD fi FMN fi P450
heme, which was later substantiated by X-ray crystal-
lographic studies of rat CPR protein [7,8]. Redox
potentiometry conducted on both the full-length
enzyme and the individual flavin domains of human
CPR revealed reduction potentials of )66 mV (for the
FMNox ⁄ sq couple, E1), )269 mV (FMNsq ⁄ red, E2),
)283 mV (FADox ⁄ sq, E3) and )382 mV (FADsq ⁄ red,
E4), respectively, versus the normal hydrogen electrode
(NHE) at pH 7.0 [19]. The relatively positive redox
potential of the FMNox ⁄ sq couple and the spectra
obtained upon reduction of CPR provided an explana-
tion for the greenish colour of the purified human
enzyme, which could be assigned to the so-called ‘air-
stable’ semiquinone (FMNsq or FMNH•) with an
intense absorbance maximum around 600 nm [4,5,20].
Formation of this neutral, ‘blue’ semiquinone, rather
than the anionic, ‘red’ form (FMN•), absorbance peak
! 380 nm), has been attributed to a stabilizing hydro-
gen bond between the protonated N5 of the FMN and
the carbonyl backbone of glycine 141 (G141) observed
in the rat CPR crystal structure [8].

The kinetic mechanism of CPR has been extensively
analysed, predominantly using steady-state assays with
cytochrome c as a nonphysiological electron acceptor
[16,21–28]. Thus, the observed kinetic parameters
reflect both the reductive and oxidative half-reactions
of the enzyme, resulting in a multitude of first- and
second-order steps contributing to the observed kcat
and Km values. To assist in the deconvolution of
possible rate-limiting steps, pre-steady-state [29–31]

and equilibrium perturbation techniques [32–34] have
been used to study the reductive half-reaction in isola-
tion, as shown schematically in Scheme 1. Hydride
transfer from NADPH to the oxidized cofactor FAD
(FADox) yields the two-electron reduced FAD species,
shown as protonated hydroquinone FADH2 (abbrevi-
ated as FADhq or FADred). (Little is known about the
actual protonation state of the hydroquinones, but
they are most likely in an equilibrium mixture between
protonated and deprotonated species [31].) Electrons
are subsequently passed on to the FMN cofactor
involving the intermediary formation of the so-called
neutral di-semiquinone (di-sq)species of both flavins
(FMNH•,FADH• or FMNsqFADsq) with an absor-
bance signature around 600 nm, yielding the formation
of the thermodynamically favoured FMN hydroqui-
none (FMNH2 or FMNhq). The anionic sq species
(FMN•) and ⁄or FAD•); see above) have, to our
knowledge, not been reported as an intermediate for
the reductive half-reaction in CPR. Note that
none of the three two-electron reduced species
(FMNH•,FADH•; FMN,FADH2; FMNH2,FAD) is
exclusively built up during the course of the reaction,
but rather there is a (kinetic and ⁄or thermodynamic)
‘quasi-equilibrium’ (QE) mixture of all states, as
indicated by the [ ]. Binding of another NADPH
molecule necessitates the dissociation of NADP+, the
time point of which is unknown, as indicated by the
( ) around NADP+. The second hydride transfer from
NADPH to FAD finally leads to the four-electron
reduced enzyme, depicted as FMNH2,FADH2

(or FMNredFADred).
Pre-steady-state data have been obtained by anaero-

bically mixing oxidized CPR with excess NADPH in a
stopped-flow instrument and following either the
decrease in absorbance at 450 nm indicative of flavin
reduction or the formation and subsequent depletion
of the neutral di-sq signal at 600 nm. Two main expo-
nential phases were observed with the first reporting
on the formation of the two-electron reduced enzyme
species (! 28Æs)1 in rabbit CPR [31]; 20Æs)1 in human

Scheme 1. Reductive half-reaction of

human cytochrome P450 reductase.
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CPR [30]) and the second on the four-electron reduc-
tion by a second molecule of NADPH (! 5 and
! 3Æs)1, respectively). The pre-steady-state data raised
the question as to why the ET reaction catalysed by
CPR is comparatively slow.
Structural evidence from NADP+-bound rat CPR

suggested that a tryptophan residue (Trp677 in rat,
Trp676 in human CPR) stacks against the isoalloxa-
zine ring of the FAD cofactor thereby preventing
hydride transfer from NADPH to the flavin-N5 and
thus necessitating a potentially rate-limiting conforma-
tional change [7]. The NADP+-bound crystal structure
also revealed an edge-to-edge distance for the flavin
isoalloxazine C8 methyl carbons as short as 0.39 nm
[8], which would be expected to result in a very fast
and efficient ET between the flavin cofactors (up to
1010Æs)1 using Dutton’s ruler) [35–37]. However, tem-
perature-jump (T-jump) relaxation experiments estab-
lished that inter-flavin ET of NADPH-reduced human
CPR occurs with an observed rate constant of
! 55Æs)1, which has been attributed to domain move-
ments prior to the actual ET [34]. Comparable rates
were obtained in a laser flash photolysis, which yielded
an inter-flavin ET rate from FADH• to FMNH• of
! 36Æs)1 [38]. Product release and ligand binding steps
have also been reported to rate-limit enzyme turnover
under certain experimental conditions [13,24]. Further
possible gating mechanisms include chemical gating, in
which hydride transfer [24,27] and ⁄or slow (de-)pro-
tonation steps (pH gating) become (partially) rate-lim-
iting [39]. The latter might account for the apparently
slow inter-flavin ET observed in the T-jump studies
[34]; to our knowledge, this has never been analysed
systematically under pre-steady-state conditions.
In this study, the stopped-flow technique was used

to disentangle the complex kinetics associated with the
two- and four-electron reduction of human CPR by
addressing possible chemical and pH gating mecha-
nisms. We were principally interested in the inter-flavin
ET reactions, so the pH dependence of the kinetic
behaviour at 600 nm was analysed, reporting on the
formation of the blue, neutral sq species of the FMN
and the FAD cofactors. Redox potentiometry at pH
values ranging from 7 to 8.5 assisted in interpreting
the observed solvent and primary kinetic isotope
effects (SKIE and KIE, respectively).

Results

Reduction of CPR: photodiode array spectroscopy

Previous stopped-flow studies (see above) [30,31] have
shown that a blue di-sq intermediate is formed when

CPR is mixed with excess NADPH. Previous studies
were typically performed at neutral pH and in this
study we were interested in a possible pH-gating step,
which might slow or even prevent the formation of this
semiquinone (sq) species at elevated pH. In order to
study the pH dependence of the reductive half-reaction
kinetically, a constant ionic strength must be main-
tained, because the observed rate constants of CPR
reduction have been found to significantly increase
with the total ion concentration (S. Brenner, S. Hay &
N. S. Scrutton, unpublished data). Therefore, the buf-
fer system used was MTE (see Materials and methods),
which allows the analysis of the pH dependence of the
reaction without changing the ionic strength [40,41].

In the first series of stopped-flow experiments, oxi-
dized CPR was mixed with a 20-fold excess of
NADPH at 25 !C at pH 7.0 and 8.5 (Fig. 1A,B) and
photodiode array (PDA) data were collected. Oxidized
CPR shows a characteristic absorbance maximum
around 454 nm and essentially no absorption at
600 nm (Fig. 1, spectra a). Over short timescales (10 s
data acquisition), a decrease in absorbance is observed
at 454 nm resulting from the reduction of the flavin
cofactors. An initial increase in absorbance has been
reported for the sq signature at 600 nm upon two-elec-
tron reduction, followed by the successive quenching
of the sq signal upon further reduction to the three-
and four-electron level [30]. (Data collection over long
timescales results in an increase at 600 nm resulting
from the establishment of the thermodynamic equilib-
rium between various reduction states [31].) At neutral
pH, we collected PDA scans and confirmed the tran-
sient formation of the blue di-sq species (Fig. 1A,
spectrum b). However, at pH 8.5 little absorbance at
600 nm was detected (Fig. 1B, spectrum b). The final
reduction levels, as indicated by the decreasing absor-
bance at 450 nm, were comparable for both pH values
(Fig. 1A,B, spectra c). The apparently diminished for-
mation of the blue di-sq species at elevated pH may
result from thermodynamic and ⁄or kinetic variations
in the reductive half-reaction at different pH values
(Scheme 2). Possible thermodynamic reasons for this
observation include the diminished formation of
neutral, blue sq resulting from a shift towards the
anionic, red sq species and ⁄or from a shift towards
the other two-electron reduced enzyme species shown
in Scheme 1 (QE), namely FMNoxFADhq and
FMNhqFADox. The loss in amplitude at 600 nm may
also be due to a pH-dependent extinction coefficient of
the neutral sq species. Kinetically, differences in the
time separation of the up phase and the down phase at
600 nm might result in a poorer kinetic resolution at
high pH yielding apparently less blue di-sq. Moreover,
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the blue di-sq species could be thermodynamically
favourable but might not be accumulated during
progression to the four-electron reduced state. These
possibilities were explored using a combined thermo-
dynamic and kinetic approach. Scheme 2 refers to
those figures providing the relevant information for
each of the listed possibilities.

To determine whether the anionic sq species is
formed at high pH, stopped-flow PDA studies were
performed, in which oxidized CPR was mixed with
stoichiometric amounts of NADPH (Fig. 1C,D).
Because of the overlapping absorbance of NADPH at
340 nm and the anionic sq at 380 nm, the anionic sq is
only visible when CPR is reduced with stoichiometric
amounts of NADPH (i.e. CPR : NADPH = 1 : 1).
Because the dissociation constant of NADPH has been

reported to be in the low lm region {Ki (2¢,5¢-
ADP) = 5.4 ± 1.3 lm [33]; Kd (2¢,5¢-ADP) =
0.05 lm, Kd (NADP+) = 0.053 lm, Kd (NADPH4) =
0.07 lm [42]}, NADPH is expected to be completely
bound to the enzyme under the conditions used in this
experiment (30 lm final concentration). This reaction
will then lead to the two-electron reduction of CPR.
PDA data were acquired over long timescales (200 s)
as a very slow absorbance increase at 600 nm was
observed prior to the establishment of the apparent
thermodynamic equilibrium of two-electron reduced
enzyme species (Scheme 1, QE). At both pH 7.0 and
pH 8.5, similar final levels of blue sq (eobs, 600 nm

! 4Æmm)1Æcm)1) were detected at 600 nm. (The protein
concentration was determined for the oxidized enzyme
using e454 nm = 22 mm)1 cm)1. Observed absorbance

A B

C D

Fig. 1. Anaerobic stopped-flow diode array

data collected upon mixing oxidized CPR

with either a 20-fold excess of NADPH at

pH 7.0 (A) and pH 8.5 (B) over 10 s or with

stoichiometric amounts of NADPH at pH 7.0

(C) and pH 8.5 (D) over 200 s in MTE buffer

at 25 !C. Selected spectra are shown in all

panels. The arrows indicate the direction of

absorption change upon CPR reduction. The

solid lines in (A) and (B) reflect the oxidized

enzyme (a), the mixture of partially reduced

enzyme species (b) yielding maximum

absorbance at 600 nm and the reduced CPR

spectra (c), respectively; dotted and dashed

lines represent selected intermediate spec-

tra. The solid lines in (C) and (D) reflect the

oxidized enzyme (a) and the thermodynamic

mixture of two-electron reduced enzyme

species (b) designated as QE in Scheme 1.

Single-wavelength data extracted from the

PDA files are shown as insets. The results

of global analysis of the data in (A) and (B)

are presented in Fig. S1 and for (C) and (D)

in Fig. 5.
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changes were then converted into observed changes in
e using the known CPR concentration.) No significant
absorption difference at 380 nm was observed at the
two pH values. Thus, these preliminary experiments
suggested that formation of the blue di-sq is equally
favourable at neutral and basic pH values, and appre-
ciable levels of the anionic sq species are not formed at
either pH 7.0 or pH 8.5. Further, the thermodynamic
equilibrium between the various two-electron reduced
CPR species (Scheme 1) does not appear to be signifi-
cantly altered by a pH change from 7.0 to 8.5 (see
below).

Thermodynamic analysis of di-sq formation

Previous redox titrations [4,19] have revealed that the
two-electron reduced enzyme exists in an equilibrium
between the FMNhqFADox and the FMNsqFADsq

species, due to the similar redox potentials E2 and E3

for the two couples (FMNsq þ e# þHþ Ð
E2

FMNhq and
FADox þ e# þHþ Ð

E3
FADsq). The corresponding equilib-

rium constant of K298 K ! 1 at pH 7.0 was previously
exploited to study the interconversion between these
two two-electron reduced species kinetically using
T-jump spectroscopy [33,34]. Thermodynamically, the
loss in blue sq absorbance (Fig. 1A,B) could be
explained by a shift in equilibrium towards the
FMNhqFADox species at elevated pH. However, this is
not consistent with the stopped-flow data presented in
Fig. 1C,D, where similar amounts of the di-sq species
are formed at pH 7.0 and pH 8.5.
To confirm that the equilibrium between the two-

electron reduced CPR species is unaffected by pH,
additional redox titrations were conducted between
pH 7.5 and 8.5 (25 !C). The data sets were evaluated

by both single-wavelength analysis (Fig. S2), according
to Munro et al. [19], and global analysis (as described
for neuronal NOS [43]; Fig. S3). The previously pub-
lished pH 7.0 data [19] were also re-evaluated using
global analysis. The spectra recorded during the redox
titration at pH 7.0 and 8.5 are shown in Fig. 2A,B,
respectively. The insets in Fig. 2 show the extinction
coefficient at 600 nm, reporting on the sq species [19],
at varying solution potentials. Importantly, similar
maximum absorbance values were observed at all pH
values investigated. The overall course of the titration
is shifted towards more negative potentials at elevated
pH, consistent with a redox–Bohr effect. The assign-
ment of the four midpoint reduction potentials in CPR
is difficult [19], but the apparent change in redox
potential with pH was confirmed by the values
obtained from both global analysis using a Nernstian
A M B M C M D M E model (Fig. S3B) and from
multiple single-wavelength analysis (Fig. S2), as per
Munro et al. [19]. A comparison between the four
redox potentials (E1–E4) is given in Table 1 and the
observed deviations are reasonable. However, the sin-
gle-wavelength analysis was problematic for E2, there-
fore, we feel that the globally analysed data set is
preferable in interpreting the results.

The pH dependence of the redox potentials obtained
by global analysis is presented in Fig. S3B and the
four data sets were each fitted to a straight line. The
slopes of the linear fits would be expected to be
approximately )59 mVÆpH unit)1, for a 1-electron ⁄
1-proton process [44–46]. However, all four slopes
were smaller than )59 mV, namely )43 ± 3 mVÆpH)1

(E1), )17 ± 18 mVÆpH)1 (E2), )32 ± 4 mVÆpH)1 (E3)
and )47 ± 10 mVÆpH)1 (E4). The incomplete expres-
sion of the expected redox–Bohr effect may result from

Scheme 2. Flow-chart (see text for further

explanation).

Electron transfer in cytochrome P450 reductase S. Brenner et al.

4544 FEBS Journal 275 (2008) 4540–4557 ª 2008 The Authors Journal compilation ª 2008 FEBS



errors in the estimation of the midpoint potentials.
However, it is more likely that there is thermodynamic
mixing of the species during potentiometric titration,
i.e. the three intermediate species are not fully resolved
[4,19,27], and, thus, the estimated midpoint potentials
are not true microscopic reduction potentials. Consid-
ering the challenges in evaluating the presented redox
potentiometry data, visual inspection of the E versus
pH plot (Fig. S3B) may be adequate. The fits are par-
allel within error, implying that the equilibrium posi-
tion between the FMNhqFADox and the FMNsqFADsq

species do not change greatly with pH. The pH depen-
dence of the equilibrium constants K298 K, defined as
[FMNhqFADox] ⁄ [FMNsqFADsq], were calculated using
the difference in redox potentials (E2 – E3) of the
corresponding redox couples (Table 1). The resulting
values, between K298 K ! 11 (pH 7.0) and K298 K ! 53
(pH 8.5), showed a slight shift towards the FMNhq

FADox species at higher pH values.
An anaerobic pH titration of CPR reduced to the

two-electron level by NADPH (Fig. S4) confirmed a
slight absorbance decrease at 600 nm upon raising the
pH (e600 nm ! 5Æmm)1Æcm)1 at pH 6.5 versus e600 nm

! 3Æmm)1Æcm)1 at pH 8.5). No increase around
380 nm, which is indicative of an anionic sq species,
was observed. Therefore, the subtle pH-dependent
absorbance changes in the blue sq signature may
reflect a minor shift in the equilibrium position
between various two-electron reduced enzyme species
(Scheme 1, QE) and ⁄or slight variations in the extinc-
tion coefficients of the flavin semiquinones. However,
this marginal change cannot account for the significant
loss in amplitude at 600 nm during the kinetic experi-
ments using excess NADPH (Fig. 1A,B). Thus, these
redox titrations substantiate the stoichiometric
stopped-flow experiments (Fig. 1C,D) in that the ther-
modynamic equilibrium is not significantly altered by
changing the pH between 7.0 and 8.5.

Kinetic analysis of di-sq formation

Both the redox data and the pH titration of two-elec-
tron reduced CPR, discussed above, rule out any obvi-
ous thermodynamic reason for the pH-dependent
variation in di-sq formation upon mixing oxidized
CPR with excess NADPH. Therefore, the reaction was
analysed at various pH values using stopped-flow spec-
trophotometry. The experiments presented below are
analogous to the PDA studies presented in Fig. 1,
except that single-wavelength measurements were per-
formed to detect the blue sq signature at 600 nm and
thus allow a more detailed kinetic analysis. Solvent
and primary kinetic isotope effects were also inves-
tigated.

Oxidized CPR versus excess NADPH

In the first series of pH-dependent, single-wavelength
stopped-flow experiments, oxidized CPR was mixed
with a 20-fold excess of NADPH in MTE buffer at
25 !C. The experiment was performed in both H2O
and > 95% D2O to determine the effect of solvent
protons on the apparent rate of four-electron reduc-
tion. Consistent with observations in the PDA data

Fig. 2. pH-dependent anaerobic redox titration of CPR. (A) Repre-

sentative titration recorded at solution potentials between +227

and )447 mV versus NHE in 100 mM KPi, 10% (v ⁄ v) glycerol,

pH 7.0 at 25 !C taken from Munro et al. [19] (for clarity not all data

are shown). (B) Representative titration recorded at solution poten-

tials between +36 and )494 mV versus NHE in 50 mM KPi, pH 8.5

at 25 !C. The arrows indicate the direction of absorption change

upon CPR reduction. The solid lines represent spectra recorded

during the addition of the first electron with an isosbestic point at

501 nm (approximate isosbestic point for the ox ⁄ sq couples). The

dashed lines indicate spectra with an isosbestic point around

429 nm (sq ⁄ red couples for both flavins) with the dotted lines

being intermediate spectra. (Inset) Extinction coefficient changes at

600 nm versus solution potential (for clarity not all data points are

shown).
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(Fig. 1A,B), a characteristic double-exponential up–
down behaviour was observed at 600 nm (Fig. 3A)
[1,31]. Also, a very slow increase in e600 nm could be
detected (data not shown), which was accounted for
during data fitting by the incorporation of a sloping
baseline to the double-exponential fitting function
(Eqn 2; see Materials and methods for more details).
This extremely slow process (kobs ! 0.003Æs)1 when
fitted exponentially) might reflect the establishment of
the thermodynamically most stable equilibrium
between various redox species, because the redox
potential of NADPH ()320 mV at pH 7.0, redox–Bohr
effect approximately )29.5 mVÆpH)1) [47] does not
favour the stable formation of the four-electron
reduced enzyme (Table 1 and Fig. S3B) [1,4].
Over the analysed pH range of 6.5–8.5, the ampli-

tudes of the fast up phase and slow down phase were
equal within error (Fig. 3B). The amplitudes of the
fast as well as the slow kinetic phase, however,
decreased by an order of magnitude from pH 6.5 to
8.5. These diminishing amplitudes would be explicable
if only a fractional amount of enzyme participated in
the reduction at high pH value. The PDA spectra
(Fig. 1A,B, global analysis in Fig. S1), however,
revealed that the overall degree of reduction, as indi-
cated by the absorbance peak around 454 nm, was
similar for both pH values and, hence, cannot account
for the ! 10-fold difference in amplitudes at 600 nm.
In addition to the effect of pH on the amplitudes, the
observed changes in e600 nm were significantly larger in
D2O than in H2O. This is evident in the traces in
Fig. 3A. The pH dependence of the amplitudes of the
up phase and down phase in Fig. 3B was analysed

using Eqn (4), a single pKa expression. The resulting
apparent average pKa values (pKa,app) are 7.3 ± 0.1 in
H2O (pKa,up = 7.4 ± 0.2; pKa,down = 7.3 ± 0.1) and
7.2 ± 0.1 in D2O (pKa,up = 7.2 ± 0.1; pKa,down =
7.2 ± 0.1), respectively. These values are expected to
be the same within error, because the solution pH in
D2O was corrected using Eqn (1).

The significant pH-dependent behaviour of the ampli-
tudes in Fig. 3B is not reflected in the observed rate
constants (Fig. 3C). Across the analysed pH range, the
mean values of kfast (up phase) are ! 20 ± 5 and
! 7 ± 3Æs)1 in H2O and D2O, respectively. The mean
values of kslow (down phase) are ! 2.1 ± 0.4 and
! 1.5 ± 0.2Æs-1 in H2O and D2O, respectively. The val-
ues obtained in H2O correspond well with the previously
published data, considering the slight differences in the
ionic strengths [30,31]. The relatively large variability in
the observed rate constants for various pH values, as
well as for repeated experiments, might be due to subtle
changes in ionic strength, e.g. as a result of over-titrating
during the pH adjustments. In contrast to the rate con-
stants, the solvent kinetic isotope effect (SKIE) does
show a slight decrease with increasing pH (Fig. 3D).
The largest SKIEkfast of 5.1 ± 0.2 was observed at
pH 6.75, whereas the smallest value (0.8 ± 0.1) was
measured at pH 8.25. The data could be analysed using
Eqn (4) yielding a pKa of 7.8 ± 0.2. This trend indicates
that solvent protons may play a more significant role in
rate-limiting the fast phase at low (neutral) pH than at
higher pH (> 8) where the SKIE is essentially 1. The
SKIE for the slow rate constants (SKIEkslow = 1.6 ±
0.2), however, is approximately constant over the
investigated pH range.

Table 1. Thermodynamic properties of CPR as a function of pH. Midpoint potentials (mV versus NHE) for the four-electron reduction of

human CPR obtained by analysing the redox data by global (SVD) analysis as well as using single-wavelength (single-k) analysis as described

in the Materials and methods section. Redox titrations were performed at pH 7.5, 8.0 and 8.5. The data set at pH 7.0 has been published

previously [19] and was re-analysed using global analysis. The assignment of E1 and E2 to the FMN and of E3 and E4 to the FAD cofactor,

respectively, corresponds to the analysis of Munro et al. [19].

pH

FMN FAD K298 K
a

E1 E2 E3 E4 [FMNhqFADox] ⁄ [FMNsqFADsq]

7 SVD )72 ± 28 )221 ± 31 )288 ± 5 )388 ± 7 11 ± 1.4

single-k )66 ± 8 )269 ± 10 )283 ± 5 )382 ± 8 1.7 ± 2.7

7.5 SVD )87 ± 3 )208 ± 10 )310 ± 5 )403 ± 5 103 ± 0.3

single-k )89 ± 1 )246 ± 4 )328 ± 2 )381 ± 7 23.7 ± 0.2

7.5 (+1 mM NADP+) single-k )95 ± 2 )219 ± 8 )331 ± 6 )342 ± 11 75.6 ± 0.3

8 SVD )113 ± 1 )255 ± 3 )328 ± 2 )417 ± 3 16.8 ± 0.2

single-k )114 ± 1 )261 ± 26 )366 ± 3 )385 ± 10 57.7 ± 0.7

8.5 SVD )135 ± 2 )233 ± 5 )336 ± 3 )462 ± 6 53.4 ± 0.2

single-k )133 ± 2 )251 ± 31 )380 ± 11 )419 ± 6 145.8 ± 0.8

a The difference between the redox potentials of E2 ðFMNsq þ e# þ Hþ Ð
E2

FMNhqÞ and E3 ðFADox þ e# þ Hþ Ð
E3

FADsqÞ obtained by global

analysis was used to calculate a difference in free energy (DG298 K, Eqn 10), which yields the equilibrium constant K298 K (Eqn 11).
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The effect of solvent-derived protons was further
analysed by performing proton inventory experiments
at pH 7.0 and 8.0. The solution pH in partially and
completely deuterated buffer solutions was adjusted
using Eqn (1). The ratio of the observed rate constant
at a certain volume fraction of D2O (n) (kn) and the
observed rate constant in pure H2O (k0) was plotted
versus n (proton inventory plot, Fig. 4) and analysed
using the simplified versions of the Gross–Butler equa-
tion (Eqns 5 and 6) [48]. The slow rate constants exhib-
ited a clear linear behaviour at pH 7.0 and 8.0 in
agreement with one solvent-exchangeable proton being
(partly) rate-limiting. Accordingly, the data were
analysed using Eqn (5). The measured SKIEkslow

(kH2O ⁄kD2O) values are 1.66 ± 0.05 at pH 7.0
(p1 = 0.60 ± 0.01) and 1.4 ± 0.04 at pH 8.0
(p1 = 0.704 ± 0.006), respectively. In contrast, and
consistent with the difference in magnitude of the
SKIEs, the behaviour of the fast rate constants differed
for pH 7.0 and 8.0. Although a linear dependence was

observed at pH 8.0 (SKIEkfast = 2.09 ± 0.02;
p1 = 0.510 ± 0.008), the kfast data show significant
deviation from linearity at pH 7.0 (Fig. 4A) and were
fitted to Eqn (6), accounting for two solvent-derived
protons that contribute equally with p1 = p2 =
0.57 ± 0.01. These results substantiated the observed
pH-dependent SKIE presented in Fig. 3D.

Both the pH dependence and the solvent depen-
dence of the observed amplitudes might result from
differences in the kinetic resolution, defined as the
relative magnitude of two successive observed rate
constants. Calculation of kfast ⁄kslow revealed that the
kinetic resolution is actually higher in H2O than in
D2O (Fig. S5). Moreover, the ratio of kfast ⁄kslow in
either H2O or D2O did not exhibit the same pH-
dependent trend as the amplitudes (compare Fig. 3B
with Fig. S5). Hence, the kinetic resolution can
account neither for the significant decrease in ampli-
tudes with increasing pH nor for the differences in
amplitudes in D2O versus H2O.

A B

C D

Fig. 3. Anaerobic stopped-flow data obtained by mixing oxidized CPR (30 lM final) with a 20-fold excess of NADPH in MTE buffer at 25 !C.
Experiments were performed in H2O (closed symbols) and D2O (open symbols) at various pH values. Traces were recorded at 600 nm and

analysed by a double-exponential equation plus sloping baseline (Eqn 2) yielding fast up-phases (up-triangles, kfast) and slower down-phases

(down-triangles, kslow). (A) Representative stopped-flow traces (grey) in H2O (solid lines) and D2O (dashed lines) at pH 6.75 and 8.0 (a, D2O

pH 6.75; b, H2O pH 6.75; c, D2O pH 8.0; d, H2O pH 8.0). The double-exponential fits to Eqn (2) are shown in black. Note that the traces are

offset to yield the same final absorbance. The inset shows the same traces using a logarithmic timescale. (B) Amplitudes resulting from the

double-exponential fit as a function of pH. The pH dependencies of the amplitudes of the up amplitudes and down amplitudes (triangles)

were fitted to Eqn (4) (H2O-fits, solid lines; D2O-fits, dotted lines); the sums of the up amplitudes and down amplitudes are shown as

squares and were fitted to a straight line. (C) The pH dependence of the observed rate constants for the up phase and down phase in H2O

and D2O. The symbols are the same as those in (B). Figure S5 presents the ratio of kfast and kslow in H2O and D2O as a function of the pH

value. (D) The pH dependence of the SKIEs for the up phase (up-triangles) and down phase (down-triangles). The data for kfast (up phase)

were fitted to Eqn (4) masking the data point at pH 6.5, whereas a linear fit was used for kslow (down phase).
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Oxidized CPR versus stoichiometric amounts of
NADPH

To verify the qualitative result of the redox experi-
ments, that the final equilibrium of the two-electron
reduced enzyme species is largely independent of pH,
further stopped-flow experiments were conducted, in
which oxidized CPR was mixed with stoichiometric
amounts of NADPH at various pH values (MTE buf-
fer, 25 !C). PDA spectra (Fig. 1C,D) obtained upon
the stoichiometric reduction of CPR with NADPH at
pH 7.0 and 8.5 (Fig. 5) were analysed using a three-
step W fi X fi Y fi Z model (cf. the two-step
model used above for the reduction of CPR by excess
NADPH). The overall degree of reduction, given by
the decreasing absorbance at 454 nm, is comparable
for both pH values and essentially completed after the
first two phases. By contrast, the absorbance changes
at 600 nm differ substantially. At neutral pH, forma-
tion of blue di-sq occurs mainly during the first two
phases, thus accompanying flavin reduction. At
pH 8.5, however, the majority of the absorbance
increase at 600 nm occurs during the third kinetic
phase. This suggests that the thermodynamically unfa-
vourable FMNoxFADhq species may accumulate at
high pH because of a rate-limiting protonation.
Another possibility may be that both electrons are
transferred quickly from the FAD to the FMN cofac-

tor yielding FMNhqFADox without any accumulation
of the di-sq species; the FMNhqFADox may then relax
back to the thermodynamic equilibrium position
between this species and the blue di-sq. This alterna-
tive would also give an explanation for the lack of a
clear isosbestic point in the pH 8.5 data, which is
in contrast to the spectra collected at pH 6.5 with a
reasonable isosbestic point around 501 nm.

Single-wavelength data at 600 nm were collected
between pH 6.5 and 8.5 (Fig. 5). Consistent with the
PDA data (Figs 1C,D and 5D,E), the thermodynamic
equilibrium was reached very slowly, yielding triple-
exponential traces over 1000 s and with all three
amplitudes (De1–De3) leading to an increase in absor-
bance at 600 nm (Fig. 5A, Eqn 3). The relative ampli-
tudes of the three resolved phases were significantly
pH dependent with De1 and De2 decreasing at elevated
pH and De3 correspondingly increasing (Fig. 5B).
However, the overall amplitude change, and thus the
final di-sq equilibrium position appears to be pH inde-
pendent (Fig. 5B) – consistent with the redox potenti-
ometry (Table 1). The data for D2O collected at
pH 7.0 and 8.5 have a similar overall amplitude as for
H2O (Fig. 5B), which is in contrast to the stopped-
flow data acquired in the presence of excess NADPH.
This indicates that the observed differences in ampli-
tudes in Fig. 3 might have kinetic rather than thermo-
dynamic origins. (Conducting redox titrations in a

A B

Fig. 4. Proton inventory stopped-flow experiments at pH 7.0 (A) and pH 8.0 (B) performed in MTE buffer at 25 !C. Oxidized CPR (30 lM
final) was mixed with a 20-fold excess of NADPH. Traces were recorded at 600 nm and analysed as in Fig. 3 yielding fast up-phases (up-tri-

angles) and slower down-phases (down-triangles). The ratio of the rate constant kn, obtained at a certain fraction of D2O (n), and the rate

constant k0 in pure H2O was plotted against n. Linear fits to Eqn (5) are shown as solid lines for kslow at pH 7.0 (down-triangles, A) and

pH 8.0 (down-triangles, B) as well as for kfast at pH 8.0 (up-triangles, B). The data for kfast at pH 7.0 (up-triangles, A) were analysed using

Eqn (6) (solid line); the dashed-dotted line is a straight connection between the data points at n = 0 and n = 1 demonstrating the curvature

of this data set.
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deuterated buffer system would be rather complicated,
because the electrode would have to be calibrated
differently. We therefore refrained from doing these
experiments.) Fitting the pH-dependent H2O ampli-
tudes to Eqn (4) gave pKa,app values of 7.8 ± 0.1 for
the first, 7.5 ± 0.3 for the second and 7.9 ± 0.3 for
the third phase, respectively. These values are within
error of those obtained in the stopped-flow experi-
ments using excess NADPH.

The pH dependence of the three observed rate con-
stants is presented in a log-log plot (Fig. 5C). The
faster rate constants k1 and k2 do not exhibit a sig-
nificant pH-dependent behaviour, although the k1
data do show a slight increasing trend with pH
(k1 = 12.6 ± 0.2Æs)1 at pH 6.5 compared with
k1 = 37 ± 2Æs)1 at pH 8.5). By contrast, the slowest
rate constant k3 decreased by a factor of 10 per pH
unit and could be analysed using a linear fit, yielding a
slope of dlog(k) ⁄dpH = )0.89 ± 0.04. A slope of
approximately )1 in the log-log plot is indicative of

the rate-limiting transfer of one solvent-derived proton.
Unfortunately, the available data do not allow the
assignment of the chemical step (or steps) associated
with k3, but clearly this ⁄ these step(s) is ⁄ are largely
rate-limited by proton binding. The effect of deuter-
ated buffer on the observed rate constants showed a
similar trend as observed during the four-electron
reduction. All three rate constants exhibit an SKIE of
3 ± 0.3 at pH 7.0, yet only k3 exhibits a significant
SKIE of 2.6 ± 0.7 at pH 8.5.

Primary KIE using (R)-[4-2H]-NADPH

Primary KIEs were used as a tool to assist in the
deconvolution of the kinetic data in Figs 3 and 5. The
primary KIE was first determined for the reaction of
oxidized CPR with excess NAPDH in 50 mm KPi

(pH 7.5, 25 !C) yielding KIE values of 1.4 ± 0.1 and
1.3 ± 0.1 for the fast and the slow phase, respectively
(data not shown). These relatively small primary KIEs

A B

C D E

Fig. 5. Anaerobic stopped-flow data obtained by mixing oxidized CPR (30 lM final) with stoichiometric amounts of NADPH in MTE buffer at

25 !C. (A) Representative stopped-flow traces (grey) measured at 600 nm in H2O for pH 6.5 (a), pH 7.0 (b), pH 7.5 (c), pH 8.0 (d) and pH 8.5

(e). All data were fitted to a 3-exponential function (Eqn 3; black lines). (B) The pH dependence of the three amplitudes observed: De1,
squares; De2, circles; De3, triangles;

P3
1 De, diamonds. Closed symbols are data points obtained in H2O, while open symbols are the corre-

sponding results in D2O buffer. (C) The pH dependence of the three observed rate constants versus pH value: k1, squares; k2, circles; k3,

triangles. (D, E) Deconvoluted PDA spectral intermediates at pH 7.0 (D) and 8.5 (E) determined from a W fi X fi Y fi Z model fit to

the data in Fig. 1. The spectra are: solid lines, W; dashed lines, X; dashed-dotted lines, Y; dotted lines, Z. See text for more details.
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indicate that transfer of the hydride from NADPH to
the FAD-N5 is probably not completely rate-limiting
for either of the observed fast or slow rate constants.
Previously, a KIE value of 3.4 has been reported for
the fast phase in 50 mm Tris, pH 7.7, 28 !C [27] by
monitoring flavin reduction at 452 nm. Therefore, it
would appear that, although hydride transfer is par-
tially, or fully, rate-limiting for the initial FAD reduc-
tion, hydride transfer is only marginally rate-limiting
for the subsequent inter-flavin ET that forms the di-sq
species observed at 600 nm.
To assist in the assignment of the three rate con-

stants measured when oxidized CPR was mixed with
stoichiometric amounts of NADPH (Fig. 5), the pri-
mary KIE was also determined in equivalent experi-
ments at pH 7.0 and 8.0 at 25 !C in MTE buffer
(Fig. S6). No KIE was measurable at pH 8.0 for any
of the three kinetic phases (KIEk1 = 1.01 ± 0.05,
KIEk2 = 0.8 ± 0.2, KIEk3 = 1.1 ± 0.2). At pH 7.0,
only the first fast phase (k1) exhibits a significant KIE
(KIEk1 = 2.2 ± 0.2, KIEk2 = 1.0 ± 0.1, KIEk3 =
1.2 ± 0.2) indicating that the first rate constant of
inter-flavin ET might be partially rate-limited by
hydride transfer at pH 7.0, but not at pH 8.0. This
observation substantiates the hypothesis that the
kinetic mechanism, and thus the rate-limiting steps,
changes between neutral and basic pH values. It would
also appear that both k2 and k3 are not kinetically
coupled to hydride transfer during the stoichiometric
reduction of CPR with NADPH.

Summary of results

Scheme 2 outlines possible reasons for the diminishing
intermediate formation of blue di-sq at increasing pH,
when CPR is mixed with excess NADPH. In the fol-
lowing, a synopsis of the gathered results is used to
support the hypothesis that the blue di-sq is kinetically
less exposed at elevated pH.
The protonation state of the N5 in the flavin sq

may depend on the solution pH and favour the for-
mation of the anionic sq at elevated pH (Scheme 1).
We can rule this out on the basis of a number of
experiments. The total amount of neutral sq formed
during the redox titrations does not change signifi-
cantly with pH (Fig. 2, insets). The PDA raw data
(Fig. 1C,D) and the globally analysed data sets
(Fig. 5D,E) showed no increase in anionic sq absor-
bance at 380 nm at elevated pH. Further, a similar
amount of neutral di-sq species is formed at pH 7.0
and 8.5 in the stopped-flow under single-turnover
(stoichiometric) conditions (Fig. 5). As none of the
experiments yielded any evidence for the formation

of the anionic sq species, the apparent pKa values
observed in the stopped-flow experiments cannot be
assigned to the deprotonation of the blue sq species.
The crystal structure of CPR does not show any
protonatable residues close enough to the flavin-N5
to serve as acid–base catalyst(s) [7,8]. The closest
appropriate residues are located ! 1 nm from the
FMN-N5 (His180) and ! 0.65 nm from the FAD-
N5 (His319) and would have to undergo significant
conformational transitions to adopt this role. There-
fore, the observed pKa probably reflects a macro-
scopic value, which may not result from any single
amino acid residue. In light of the available data, a
pH-dependent conformational change cannot be
ruled out and further analysis is required to assist in
the assignment.

The redox titrations revealed no significant pH-
dependent shift in the equilibrium between various
two-electron reduced redox species (Fig. 2 and Fig. S3;
FMNH•,FADH•; FMN,FADH2; FMNH2,FAD; QE
in Scheme 1). This was also confirmed by the similar
final absorbance levels at 600 nm in the stoichiome-
tric stopped-flow experiments. Thus, a shift towards
the hq species is unlikely to be the reason for the
changes in e600 nm. Anaerobic pH titration of the
two-electron reduced enzyme (Fig. S4) showed no
increase in 380 nm absorbance at high pH; the slight
increase in e600 nm at low pH cannot account for the
10-fold difference in the amplitudes at 600 nm
observed upon mixing oxidized CPR with excess
NADPH.

Kinetic analysis of the stopped-flow experiments in
the presence of excess NADPH showed that the
kinetic resolution of the fast up phase and the slow
down phase at 600 nm is not decreased at high pH
(Fig. 3 and Fig. S5). The rate constants for the
depletion of the blue sq did not reveal a significant
pH-dependence (Fig. 3C) indicating that NADP+

release and the subsequent binding of a second
NADPH molecule are unlikely to be significantly
affected by pH. The stoichiometric PDA stopped-
flow experiments (Fig. 5D,E) gave similar final levels
of blue di-sq and comparable absorbance decreases
at 454 nm implying that the Kd value of NADPH is
sufficiently low to yield comparable reduction degrees
within the investigated pH range. Moreover, flavin
reduction (454 nm) accompanies the first two kinetic
phases at 600 nm with relatively pH-independent rate
constants (Fig. 5C), i.e. the rate of NADPH binding
and hydride transfer to the FAD cofactor cannot
account for the slow formation of blue di-sq during
the third phase at high pH. In addition, this slow
phase does not exhibit a primary KIE.
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The three kinetic phases observed in the stoichiome-
tric stopped-flow experiment appear to be kinetically
complex and cannot be unequivocally assigned to indi-
vidual reaction steps. However, these data may be
interpretable by a pH-dependent relaxation towards
the thermodynamic equilibrium between the three
two-electron reduced species (FMNH•,FADH•;
FMN,FADH2; FMNH2,FAD; QE in Scheme 1). The
establishment of this thermodynamic equilibrium does
not only become increasingly rate-limiting at high pH,
as indicated by the pH dependence of the slowest
phase (Fig. 5C), but also results in a redistribution of
the total amplitude over the three kinetic phases at
600 nm. When an excess of NADPH is mixed with
CPR, the relaxation to the thermodynamic equilibrium
position of the two-electron reduced species competes
with the reduction to the four-electron level by a
second molecule of NADPH. Because the slow rate
constants observed during the four-electron reduction
are much faster than the slowest rate constant under
stoichiometric conditions, the observed absorbance
maximum at 600 nm only reflects a quasi-equilibrium
position (cf. the thermodynamic equilibrium estab-
lished under stoichiometric conditions). Thus, this
hypothesis is consistent with the observation of an
apparent decrease in the formation of blue di-sq with
increasing pH upon four-electron reduction.

Additional evidence for a pH-dependent kinetic
switch in the reductive half-reaction of CPR was pro-
vided by examining the solvent isotope effects on the
two- and the four-electron reduction in the stopped-
flow reactions. In both sets of experiments, the SKIE
was found to be more pronounced at neutral than at
basic pH. This was also confirmed by the proton-
inventory experiments conducted for the four-electron
reduction of CPR at pH 7.0 and 8.0 (Fig. 4). A fur-
ther indication of the potential mechanistic switch is
obtained by comparing the amount of di-sq formed
during the reduction of CPR with both stoichiometric
and excess NADPH. Although the levels of blue di-sq
formation are similar in H2O and D2O in the stoichi-
ometric experiments, the absorbance changes upon
four-electron reduction are twice as large in D2O
across the pH range investigated. Although we are
unsure of the precise mechanism behind these differ-
ences, these data provide another hint at the variable
kinetic exposure of the blue di-sq in the presence of
excess NADPH.

Discussion

During the last few years, detailed theoretical and
kinetic studies have been undertaken to shed light

on biological ET mechanisms revealing that a large
proportion of these reactions are rate-limited by, or
coupled to, adiabatic non-ET reactions [39]. The first
case represents so-called ‘gated’ ET, in which a reac-
tion preceding the actual ET event is much slower
than the ET itself. In coupled ET reactions, the ET
is actually rate-limiting, but follows a thermodynami-
cally unfavourable fast equilibrium. Thus, the
observed ET rate constant is a product of the true
ET rate constant and the coupled equilibrium con-
stant. For the enzyme studied here, human CPR,
there is increasing evidence that the internal electron
transfer between the FAD and the FMN cofactor
may be gated by non-ET reactions including confor-
mational transitions, product release and chemical
gating steps (see above) [13,24,27,34,38]. The latter
case may comprise rate-limiting hydride transfer
from NADPH to FAD and (de)protonation events –
i.e. pH gating.

To analyse the effect of pH on the inter-flavin ET
during the reductive half-reaction in CPR, we per-
formed pH-dependent redox potentiometry as well as
detailed stopped-flow studies under various pH and
solvent conditions. When NADPH was mixed rapidly
with an excess of NADPH, neither the rate constant of
di-sq formation nor the rate constant of the subse-
quent sq depletion was found to exhibit significant pH
dependence. This observation implies that direct pH-
gating, as observed for the slowest rate constant in a
stoichiometric experiment, is unlikely to play a signifi-
cant role during the four-electron reduction. Moreover,
this result is not consistent with inter-flavin ET itself
being gated by a rate-limiting (de)protonation to ⁄ from
the solvent, as the four-electron reduction has to pass
through the di-sq species. The measured SKIEs, how-
ever, indicate the relevance of solvent-exchangeable
protons. Hydride transfer from the NADPH was
found to be partially rate-limiting during the four-elec-
tron reduction at both neutral and elevated pH,
whereas only the first kinetic phase at pH 7.0 exhibits
a primary KIE during the stoichiometric stopped-flow
experiment. The most significant finding of this study
is the pH-dependent kinetic exposure of the blue sq
upon four-electron reduction.

Related diflavin enzymes, such as methionine syn-
thase reductase (MSR) and NOS, have been exten-
sively analysed using both thermodynamic and kinetic
techniques [1,43,49–58]. In human MSR as well as
neuronal NOS (nNOS), the blue sq species has been
found to be a thermodynamic intermediate during
redox titrations [53,56,58]. However, PDA data
collected for both enzymes established that it is not
kinetically accumulated upon four-electron reduction
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[53,57]. The reaction of MSR with stoichiometric
amounts of NADPH revealed that the thermodynamic
equilibrium between various two-electron reduced
enzyme species is acquired in a very slow process with
an observed rate constant of ! 0.0044Æs)1 [57]. This
means that the relaxation occurred in a similar order
of magnitude as the slowest rate constant (k3) detected
for CPR in the presented stoichiometric experiments
(k3 ! 0.05Æs)1 at pH 6.5 and ! 0.002Æs)1 at pH 8.0).
For MSR and NOS, the release of NADP+ following
the first hydride transfer has been proposed to rate-
limit the ET between the flavin cofactors [53,57]. This
explanation has been underpinned by the differences in
amino acid sequence between CPR and nNOS.
Whereas Trp676 is thought to facilitate NADP+

release in human CPR [29], the analogous residue
Phe1395 in nNOS [59] has been postulated to be less
efficient in fulfilling this role [53,57]. In the case of
MSR, however, the analogous residue is also a trypto-
phan (Trp697) and the proposed slow NADP+ release
was argued to be due to a greater conformational flexi-
bility of the MSR active site [57]. A rate-limiting
NADP+ release is, however, inconsistent with our data
obtained with CPR (see above, Summary of results).
Other diflavin enzymes, e.g. bacterial flavocytochrome
P450-BM3 (BM3) and its homologues, do not show
any significant amounts of the neutral, blue FMNsq,
but rather form the anionic, red sq species [60]. In the
case of BM3, this has been proposed to result from
the unusual FMN binding site in the enzyme, where
no stabilising hydrogen bond can be formed between
the protonated FMN-N5 and the protein backbone
(cf. the case in CPR) [8]. Our experiments on human
CPR did not provide any evidence for the formation
of the anionic sq species over the investigated pH
range 6.5–8.5.
The physiological role of CPR as a link between the

two-electron donor NADPH and the one-electron
acceptors, the cytochromes P450, has been widely
discussed in the literature. However, it is still a matter
of debate, which CPR species – the FMNhq or the
FMNsq – serves as electron donor [16]. Moreover, it is
contentious whether CPR is reduced to the two-, three-
or four-electron form during catalytic turnover, and
various models have been proposed for the redox
cycle. These uncertainties mainly arose from inconsis-
tencies between steady-state reduction rates observed
with cytochrome c as the electron acceptor and pre-
steady-state rate constants measured for the reductive
half-reaction of CPR. Whereas kcat values between 12
and 48Æs)1 have been reported for intact human CPR
and of up to 80Æs)1 for the enzyme missing the mem-
brane anchor [16], inter-flavin ET rates of 20 and 3Æs)1

have been published for the two- and four-electron
reduction, respectively [30]. Therefore, it was postu-
lated that the second inter-flavin ET leading to the
four-electron reduced species is unlikely to have any
biological significance. However, it has to be suggested
that while most steady-state analyses have been per-
formed using cytochrome c as artificial electron accep-
tor, studies using reconstituted systems yielded lower
kcat values [16]. Most strikingly, we have observed a
large ionic strength (I) dependence of the ET reaction
(S. Brenner, S. Hay & N. S. Scrutton, unpublished
data) yielding rate constants of ! 100Æs)1 for the two-
electron and ! 5Æs)1 for the four-electron reduction
(298 K, I = 630 mm). Thus, slight differences in the
experimental buffers used in this work might be suffi-
cient to account for the discrepancies. Because elec-
trons have to pass from the FAD to the FMN
cofactor to be transferred to the P450 redox partner, at
least the first inter-flavin ET is of biological relevance.

Conclusion

The data presented on human CPR indicate that the
formation of the blue di-sq, and thus inter-flavin
ET, is not functionally gated by proton transfer.
Rather, it is the relaxation to the thermodynamic
equilibrium position between various two-electron
reduced enzyme species, which is affected by both
the pH value and the solvent and which decelerates
with increasing pH, i.e. is pH-gated. In the presence
of excess NADPH, the thermodynamic equilibrium
between the blue di-sq and other two-electron
reduced species is established to a diminishing
degree, as the solution pH is increased above neu-
tral. This results in a minor kinetic exposure of the
blue di-sq species upon four-electron reduction, while
leaving the observed rate constants largely unaffected
by pH. The findings at high pH mirror the general
behaviour of the related enzymes MSR [55–58] and
nNOS [53], in which the formation of blue sq species
can only be observed thermodynamically but not as
kinetic intermediates upon four-electron reduction.
Therefore, the kinetic accumulation of the blue di-sq
in CPR at neutral pH might be an exception rather
than the rule within this family of diflavin enzymes.
Moreover, the presented analyses highlight the
kinetic complexity in CPR, which may be underesti-
mated when studying the enzymatic mechanism only
at neutral pH. The possibility of conformationally
gated ET as well as the nature of the presented
kinetic switch in the reductive half reaction of CPR
should be explored in future studies on this impor-
tant enzyme family.
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Materials and methods

Anaerobic experimental conditions, CPR
purification and sample preparation

All experiments were conducted in a Belle Technology (Por-

tesham, UK) glove-box under a nitrogen atmosphere.

Buffers were made anaerobic by bubbling with nitrogen for

at least 20 min and transferred into the glove-box; the bot-

tles were then left open in the glove-box overnight to

achieve complete equilibration with the anaerobic atmo-

sphere. Oxygen levels were kept below 2 p.p.m. throughout

the experiment.

Intact human CPR was purified essentially as described

previously [6,19]. The enzyme was purified in a partially

reduced form and had to be oxidized prior to each experi-

ment by adding a few grains of the oxidant potassium ferri-

cyanide (Sigma, Poole, UK). This was performed within

the anaerobic box. The protein solution was applied imme-

diately onto a Pharmacia (Leatherhead, UK) PD-10 gel fil-

tration column pre-equilibrated with the desired anaerobic

buffer. Thus, this step resulted in the removal of ferricya-

nide as well as achieving the transfer of CPR into the

required anaerobic buffer system. The CPR concentration

was then determined using an extinction coefficient of

e454 nm = 22Æmm)1Æcm)1 for the oxidized enzyme [30].

(R)-[4-2H]-NADPH was prepared as described previously

[61]. The ratio of the rate constants obtained using

NADPH (kH) and (R)-[4-2H]-NADPH (kD) gives the kinetic

isotope effect (KIE) for the reaction: KIE = kH ⁄ kD.

Stopped-flow experiments

Stopped-flow experiments were performed under anaerobic

conditions (see above) using an Applied Photophysics

(Leatherhead, UK) SC18MV stopped-flow instrument. For

all stopped-flow experiments, a final CPR concentration of

30 lm was used. CPR was either mixed with stoichio-

metric amounts or a 20-fold excess of NADPH (Melford

Laboratories, Ipswich, UK). The concentration of

NADPH was determined using an extinction coefficient of

e340 nm = 6.22Æmm)1Æcm)1. The pH dependence of the CPR

reduction by stoichiometric amounts of NADPH or (R)-

[4-2H]-NADPH and by excess NADPH was studied in MTE

buffer (50 mm Mes, 25 mm Tris, 25 mm ethanolamine;

Sigma) at 25 !C. The primary KIE of the reaction using

excess NADPH was studied in 50 mm potassium phosphate

(KPi; Fisher Scientific, Loughborough, UK), pH 7.5.

SKIE studies and proton inventory experiments

The pH dependence of CPR reduction by NADPH was

also analysed in MTE buffer prepared using D2O (Goss

Scientific, Great Baddow, UK) as solvent. Because of H2O

traces present in the buffer components, the final D2O con-

tent was ! 95%. The pH value was determined using a

conventional pH meter and the pH reading (pHobs) was

corrected using:

pHobs ¼ pHdesired # ðDpHÞn
¼ pHdesired # ð0:076 ( n2 þ 0:3314 ( nÞ

ð1Þ

where (DpH)n is a correction factor depending on the

volume fraction of D2O (n), i.e. n = 1 for pure D2O

[48,62]. Proton inventory experiments, in which the

amount of D2O was varied from 0 to 100% (i.e.

0 £ n £ 1), were also conducted in MTE buffer, using

Eqn (2) to determine the corrected pH value. The ratio

of the rate constants obtained in 100% H2O (kH2O) and

the rate constants in pure (! 95%) D2O (kD2O) gives the

solvent kinetic isotope effect (SKIE) for the reaction:

SKIE ¼ kH2O=kD2O.

Evaluation of stopped-flow data

Single-wavelength data were evaluated using the software

package origin (OriginLab, Northampton, MA, USA).

Global analysis of the photodiode array data was per-

formed using specfit ⁄ 32 (Kromatek, Great Dunmow,

UK). Stopped-flow data collected when CPR was reduced

with excess NADPH were measured at 600 nm and exhib-

ited typical ‘up–down’ behaviour characteristic of the for-

mation and subsequent depletion of the blue sq species of

CPR. Over a long timescale the absorbance at 600 nm

increased very slowly. Accordingly, single traces detected as

absorbance changes were transformed into changes in

extinction coefficient and fitted to a double-exponential

equation with a sloping baseline, where the sloping baseline

approximates the slow increase in absorbance:

De600nm¼e0#Defast (expð#kfast ( tÞ#Deslow (expð#kslow ( tÞþm ( t
ð2Þ

where De600 nm is the change in extinction coefficient at

600 nm, e0 an offset value, Defast the amplitude change

related to the fast up-rate kfast, Deslow the amplitude change

related to the slow down-rate kslow, and m the slope. We

chose to fit this to a linear rather than to an exponential

function, because the number of data points required for

the resolution of the two fast phases excluded the use of

the long acquisition times required to resolve the very slow

third phase (at least 1000 s). The single-wavelength data

obtained by mixing stoichiometric amounts of CPR and

NADPH showed three up-phases at 600 nm and were anal-

ysed using a triple-exponential equation yielding the three

rate constants k1, k2 and k3 with the amplitudes De1, De2
and De3, respectively:

De600nm ¼ e0#De1 ( expð#k1 ( tÞ#De2 ( expð#k2 ( tÞ
# De3 ( expð#k3 ( tÞ

ð3Þ

The pH dependence of the amplitudes was analysed using:
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De¼ ðDeLHA ( 10#pHþDeLA ( 10#pKaÞ=ð10#pKaþ10#pHÞ
ð4Þ

where De is the amplitude of a single kinetic phase; DeLHA

and DeLA are the amplitudes of the protonated and deprot-

onated species, respectively. Proton inventory experiments

were analysed by plotting the ratio of the rate constant kn,

obtained at a certain volume fraction of D2O (n), and the

rate constant k0 in pure H2O versus n. Where appropriate,

the data were fitted linearly indicating that one proton may

be involved in the reaction [48]:

kn=k0 ¼ ð1# n# n ( p1Þ ð5Þ

where p1 is the inverse SKIE. The simplified Gross–Butler

equation for two protons being involved [48] was used to

fit curved data sets:

kn=k0 ¼ ð1# n# n ( p1Þ ( ð1# n# n ( p2Þ ð6Þ

where p1 and p2 are the inverse SKIE for each site and the

total SKIE results from [48]:

SKIEtotal ¼ ðp1 ( p2Þ#1 ð7Þ

Anaerobic potentiometric titrations

Redox titrations were performed anaerobically in a Belle

Technology glove-box under a nitrogen atmosphere as

described previously [19,43,63]. CPR was oxidized and

made anaerobic as described above. Potentiometric titra-

tions were performed in 50 mm KPi, pH 7.5, 8.0 and 8.5,

respectively, using 5 mL of ! 50 lm CPR; the redox titra-

tion at pH 7.5 was also conducted in the presence of 1 mm

NADP+ (Melford Laboratories, Ipswich, UK). CPR was

titrated electrochemically according to the method of

Dutton [64] using sodium dithionite (Sigma) as reductant

and potassium ferricyanide as oxidant at 25 !C. Redox

mediators (0.3 lm methyl viologen, 1 lm benzyl viologen,

7 lm 2-hydroxy-1,4-naphthoquinone, 2 lm phenazine

methosulphate; Sigma) were added to electrically mediate

between the enzyme and the electrode at solution potentials

between +100 and )480 mV versus the NHE [19]. A

Hanna pH 211 meter coupled to a Pt ⁄Calomel electrode

(ThermoRussell Ltd., Auchtermuchty, UK) was used to

detect the electrochemical solution potential and spectra

were recorded using a Cary UV-50 Bio UV–Vis scanning

spectrophotometer (Varian, Palo Alto, CA, USA). Between

dithionite and ferricyanide additions, respectively, the elec-

trode was allowed to equilibrate for at least 4 min, which

was the time needed to reach an equilibrium position as

concluded from consecutively collected spectra being unal-

tered. (The presence of mediators results in a short-circuit

of any slow electron transfer. Therefore, the acquisition

time of 1000 s used in some stopped-flow experiments, e.g.

Fig. 5, cannot be used as a measure for the time needed to

reach an equilibrium during a redox titration.) The electrode

was calibrated using the Fe3+ ⁄Fe2+ EDTA couple as stan-

dard (+108 mV) and the correction factor relative to the

NHE was +244 mV. Redox data were evaluated using

single-wavelength analysis as well as global analysis

(specfit ⁄ 32). The latter was done using a Nernstian 4 ·
1-electron A M B M C M D M E model. The single-wave-

length analysis was performed using origin software as

described previously [19]. The data were fit to:

e ¼ a ( 10ðE#E1Þ=59 þ bþ c ( 10ðE2#EÞ=59

1þ 10ðE#E1Þ=59 þ 10ðE2#EÞ=59

þ d ( 10ðE#E3Þ=59 þ eþ f ( 10ðE4#EÞ=59

1þ 10ðE#E3Þ=59 þ 10ðE4#EÞ=59

ð8Þ

where e is the total extinction coefficient at a certain wave-

length, a–c are the component extinction coefficient values

contributed by one flavin in the oxidized, semiquinone and

reduced states, respectively, d–f are the corresponding

values of the other flavin. The values of a–f were allowed

to vary freely after giving reasonable estimates as starting

values. E is the measured potential, E1, E2, E3 and E4

correspond to the midpoint potentials of ox ⁄ sq and sq ⁄ red
couples of the two flavins, respectively. For the redox data

set in the presence of NADP+ another redox couple

(NADP+ ⁄NADPH) was added to the equation, since

dithionite-reduced CPR can function to donate electrons to

NADP+:

e ¼ a ( 10ðE#E1Þ=59 þ bþ c ( 10ðE2#EÞ=59

1þ 10ðE#E1Þ=59 þ 10ðE2#EÞ=59

þ d ( 10ðE#E3Þ=59 þ e þ f ( 10ðE4#EÞ=59

1þ 10ðE#E3Þ=59 þ 10ðE4#EÞ=59

þ g þ h ( 10ðE#E05Þ=29:5

1þ 10ðE#E05Þ=29:5

ð9Þ

where g and h are the component extinction coefficients for

NADP+ and NADPH, respectively, and E5 is the redox

potential of the NADP+ ⁄NADPH-couple. The reported

error for both SVD analysis and single-wavelength analysis

given in Table 1 are those resulting from the respective

fitting procedure.

Differences in redox potentials (DE) are linked to

changes in free energy (DG) via

DG ¼ #n ( F ( DE ð10Þ

where n is the number of electrons involved and F the

Faraday constant. The equilibrium constant K for the

reaction is obtained by

K ¼ exp#DG=ðR(TÞ ð11Þ

where R is the gas constant and T the absolute tempera-

ture. The error bars for the equilibrium constant K were

determined using standard error propagation.
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