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ABSTRACT: Despite a number of studies, the formation of the Michaelis complexes between ferredoxin-NADP+

reductases and NADP(H) eluded detailed investigations by rapid kinetic techniques because of their high
formation rates. Moreover, the reversible nature of the reaction of hydride ion transfer between these enzymes
and NADPH prevented the obtainment of reliable estimates of the rate constant of the hydride transfer step.
Here we show that by working at a high salt concentration, the mechanism of the reaction with NADPH of
FprA, a Mycobacterium tuberculosis homologue of adrenodoxin reductase, is greatly simplified, making it
amenable to investigation by rapid reaction techniques. The approach presented herein allowed for the first
time the observation of the formation of the Michaelis complex between an adrenodoxin reductase-like enzyme
and NADPH, and the determination of the related rate constants for association and dissociation. Furthermore,
the rate constant for the reaction of hydride ion transfer between NADPH and FAD could be unambiguously
assessed. It is proposed that the approach described should be applicable to other ferredoxin reductase enzymes,
providing a valuable experimental tool for the study of their kinetic properties.

A number of flavin-dependent enzymes, including plant
and bacterial ferredoxin-NADP+ oxidoreductases (1–4),
adrenodoxin reductase (5, 6), microsomal cytochrome P450
reductase (7, 8), and nitric oxide synthase (9), are known to
participate in reversible hydride ion transfer reactions in
which the donor of the hydride ion is the reduced form
of nicotinamide adenine dinucleotide phosphate (NAD-
PH).1 These reactions are amenable to investigation by
using stopped-flow spectrophotometric approaches, in
which the reduction of the enzyme-bound flavin is
monitored directly at 450 nm when the oxidized form of
enzyme is mixed anaerobically with NADPH. However,
a number of studies have pointed out severe limitations
of the rapid kinetic approach when it is applied to flavin-
dependent enzymes that utilize NADPH for reducing

power (10), thereby limiting the understanding of these
biochemically important enzymes. Usually, the formation
of the Michaelis complex that precedes the hydride transfer
reaction is too fast to be studied by rapid mixing
techniques (11, 12). Moreover, due to the reversible nature
of the reaction and the tight binding of the pyridine
nucleotides to the enzyme (11, 12), the apparent rate of
the hydride transfer process decreases to a limiting value
with an increase in the concentration of NADPH, rather
than showing saturation kinetics (2, 5, 10–12).

Our group recently cloned and expressed the gene encod-
ing FprA from Mycobacterium tuberculosis strain H37Rv
and characterized the purified enzyme with respect to its
biochemical, kinetic, and structural properties (12–14). The
enzyme is a monomer of 50 kDa that catalyzes the transfer
of a hydride equivalent from NADPH to a yet-unidentified
electron acceptor via tightly, but not covalently, bound FAD
(13). NADH can also be used as a source of reducing power
in catalysis, although with a Km value that is ∼100-fold larger
than that for NADPH (13). On the basis of the amino acid
sequences, FprA is homologous to mammalian adrenodoxin
reductase (13, 14), for which adrenodoxin, a two-Fe ferre-
doxin, acts as the electron acceptor (15, 16). However, since
no genes encoding two-Fe ferredoxins have been identified
in the genome of M. tuberculosis (17), the nature of the
physiological electron acceptor of FprA remains elusive. In
this context, evidence that this role could be fulfilled by both
seven-Fe and three-Fe ferredoxins has been provided (18).
The X-ray crystallographic structures of FprA with either
NADP+ or NADPH have been recently reported at resolu-
tions of 1.25 Å or better (14), showing an overall structure
that is very similar to that of bovine adrenodoxin re-
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ductase (19, 20). The atomic-resolution structure (1.05 Å)
of FprA in complex with NADP+ revealed a novel covalently
modified form of the pyridine nucleotide, which was identi-
fied using mass spectrometric analysis as its 4-oxo derivative,
named NADPO (14, 21). Interestingly, in the atomic-
resolution structure of the FprA-NADPO complex, the
positively charged side chains of Arg-199 and Arg-200 are
e2.9 Å from the 2′-phosphoryl oxygens of NADPO,
suggesting that electrostatic interactions may play an im-
portant role for the binding of NADPH (14, 22, 23). The
reductive half-reaction of FprA with either NADPH or
NADH as the substrate has been investigated using stopped-
flow techniques at pH 7 (12). With NADH as the source of
hydride ion, both the formation of the E-FADox-NADH
Michaelis complex, which results in a charge transfer species
(CT1) with an absorbance band in the 530 nm region, and
the subsequent reaction of hydride ion transfer to the enzyme-
bound flavin are kinetically detectable (Scheme 1) (12).
Accordingly, a second-order rate constant for the association
of NADH with the enzyme (k1) to form the CT1 species of
∼140 mM-1 s-1 and a limiting first-order rate constant (klim)
for the irreversible reaction of hydride ion transfer to the
enzyme-bound flavin of ∼18 s-1 were determined with
NADH (12). In contrast, with NADPH as the reductant,
formation of the CT1 species was too fast to be observed
(12). Moreover, the observed rates for the hydride ion transfer
reaction decreased with increasing concentrations of NADPH
to a limiting value of ∼18 s-1 (12), consistent with a minimal
kinetic mechanism in which NADPH and NADP+ are in
rapid equilibrium with the reduced form of the enzyme
(Scheme 2). In this context, the lack of saturation kinetics
with NADPH prevents the possible dissection of the limiting
rate constant (klim) determined at high concentrations of
NADPH in its forward and reverse components by using
kinetic approaches (12, 24). Thus, only limited mechanistic
information is available for the reaction of hydride ion
transfer catalyzed by FprA with the physiological substrate
NADPH.

In this study, we have investigated the effects of salt and
pH on the reductive half-reaction of FprA with NADPH,
with the goal of simplifying the minimal kinetic mecha-
nism that describes the reaction of the enzyme with this
pyridine nucleotide, and render the reaction amenable to
investigation by using rapid reaction techniques. The
kinetic data presented herein allowed the first direct
observation of the formation of the Michaelis complex
between FprA and NADPH and an unambiguous deter-
mination of the second-order rate constants for formation

of the CT1 species with NADPH. This study, therefore,
improves our understanding of the mechanism of hydride
ion transfer in the adrenodoxin reductase-like FprA, and
to a broader extent, it provides simple tools for further
investigating similar chemical reactions that are catalyzed
by other flavoenzymes with medical and biological
relevance, such as cytochrome P450 reductase, nitric oxide
synthase, adrenodoxin reductase, and plant-type ferre-
doxin-NADP+ oxidoreductase.

EXPERIMENTAL PROCEDURES

Materials. Recombinant M. tuberculosis FprA was purified
from Escherichia coli cells as described previously (12). The
N-terminal peptide extension containing a poly-His sequence
was not cleaved off, since it does not affect the kinetic
properties of the enzyme (12). All reagents were of the
highest purity commercially available.

Methods. All stopped-flow studies of the reductive half-
reaction catalyzed by FprA were performed at 25 °C using
a Hi-Tech Scientific SF-61 DX2 stopped-flow spectropho-
tometer under anaerobic conditions. FprA aliquots were gel
filtered through a PD-10 column (GE Healthcare) against
50 mM Hepes-NaOH (pH 7) or 50 mM glycine-NaOH (pH
10), each containing 10% glycerol and variable concentra-
tions of NaCl ranging from 0 to 3 M. The concentration of
the enzyme was adjusted to ∼50 µM, and the solution was
made anaerobic in a tonometer by repeated cycles of
evacuation and flushing with oxygen-free argon (pretreated
with an oxygen scrubbing cartridge, Agilent, Palo Alto, CA).
Subsequently, the anaerobic enzyme solution was mounted
onto the stopped-flow instrument, which had been subjected
to an overnight incubation with an oxygen scrubbing system
containing 5 mM sodium dithionite. NADPH solutions were
prepared fresh in the same buffer system used for FprA at
concentrations ranging from 0.15 to 3 mM and were degassed
by being flushed with oxygen-free argon for at least 20 min
before being mounted onto the stopped-flow instrument.
FprA was mixed anaerobically with an equal volume of
NADPH in the stopped-flow spectrophotometer, and the
changes in absorbance at 450, 530, or 700 nm were followed.
Duplicate measurements differed typically by less than 5%.
The dependence of the UV–visible absorbance spectrum of
FprA on pH was determined in 20 mM sodium phosphate,
20 mM sodium pyrophosphate, and 10% glycerol, over the
pH range from 6 to 12.5. The enzyme solution was freshly
prepared by gel filtration through a PD-10 column equili-
brated in the incubation buffer adjusted to pH 6 in the
absence or presence of 2.5 M NaCl. The pH was carefully
titrated with the addition of small volumes of 1 M NaOH
into a 3 mL spectrophotometer cuvette thermostated at 15
°C. Spectral changes elicited by each base addition ensued
very rapidly and were stable for minutes.

Data Analysis. Stopped-flow traces at individual wave-
lengths were fit to either eq 1, which describes a single-
exponential process, or eq 2, which describes a double-

Scheme 1: Minimal Kinetic Mechanism for the Reductive Half-Reaction of FprA with NADHa

a E-FADox and E-FADred represent oxidized and reduced FprA, respectively.

Scheme 2: Minimal Kinetic Mechanism for the Reductive
Half-Reaction of FprA with NADPHa

a E-FADox and E-FADred represent oxidized and reduced FprA,
respectively.
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exponential process, using KinetAsyst 3 (Hi-Tech Scientific)
or GraFit 5 (Erythacus Software Ltd., Staines, U.K.).

A ) B exp(-kobst) + C (1)

A ) B1 exp(-kobs1t) + B2 exp(-kobs2t) + C (2)

where A is the value of the absorbance at the specific
wavelength of interest, kobs, kobs1, and kobs2 are the apparent
first-order rate constants for the observed phases of the
reaction, B, B1, and B2 are the corresponding amplitudes for
the change in absorbance associated with the phase of
interest, and C is an offset value to account for a non-zero
final absorbance value. The dependence of the observed rate
constants on the concentration of NADPH was analyzed by
fitting the data with either a straight line (eq 3) or a
rectangular hyperbola (eq 4), as appropriate. When two
phases were observed in the stopped-flow traces, the analysis
allowed for the calculation of microscopic rate constants on
the basis of eqs 3 and 4 (24).

kobs1 ) k1 [NADPH] + C (3)

kobs2 )
klim [NADPH]

Kd + [NADPH]
(4)

where kobs1 and kobs2 are the observed first-order rate constants
for the fast and slow phases of the reaction, respectively, k1

is the second-order rate constant for the formation of the
oxidized enzyme-NADPH Michaelis complex, C represents
the y-intercept in a plot of kobs1 versus [NADPH], klim is the
first-order rate constant for the reduction of the enzyme-
bound flavin with saturated concentrations of NADPH, and
Kd represents the thermodynamic equilibrium constant for
the dissociation of the FprAox-NADPH complex. When a
single phase was observed in the stopped-flow traces, kobs

showed a hyperbolic dependence on the concentration of
NADPH, allowing for the calculation of the values of klim

and Kd, according to 4, but not that of k1. Data for the pH
dependencies of the absorbance spectra for FprA were fit to
eq 5, which describes the dissociation of a single ionizable
group. Here, Y is the absorbance at 386 nm at any pH value,
and A and B represent its limiting values at low and high
pH, respectively.

Y ) A × 10-pH + B × 10-pKa

10-pH + 10-pKa
(5)

RESULTS

Anaerobic NADPH Reduction of FprA at pH 7 in the
Presence of 1 M NaCl. With the aim of finding conditions
under which the affinity of FprA for NADP(H) was lowered,
we studied the effect of salt on the reduction of FprA with
NADPH. The enzyme was mixed anaerobically with varying
concentrations of NADPH in a stopped-flow spectropho-
tometer in the presence of 1 M NaCl at pH 7 and 25 °C,
and the resulting changes in the visible absorbance associated
with the enzyme-bound flavin were monitored over time. At
concentrations of NADPH up to 0.3 mM, the absorbance
traces at 530 nm were markedly biphasic, with a rapid
increase in intensity occurring within the first 30 ms of
reaction, followed by a slow decrease in absorbance that was
completed within 250 ms (Figure 1A). In agreement with a
biphasic process for flavin reduction, the best fit of the
absorbance traces at 530 nm was obtained with eq 2, which
describes a double-exponential kinetic process for flavin
reduction. The same equation gave the best fit for the traces
at 450 nm (Figure 1B). At concentrations of NADPH above
0.3 mM, the fast phase was completed within the dead time
of the stopped-flow instrument, i.e., approximately 2 ms,
allowing for the observation of the slow phase only (Figure
1A). On the basis of the known spectroscopic properties of

FIGURE 1: Anaerobic reduction of FprA with NADPH at pH 7 in the presence of 1 M NaCl. Reactions were carried out in a stopped-flow
spectrophotometer with 0.1 (black), 0.15 (fuchsia), 0.2 (lime), 0.29 (yellow), 0.57 (aqua), and 1 mM NADPH (red), in the presence of 1
M NaCl in 50 mM Hepes-NaOH and 10% glycerol (pH 7) at 25 °C. The concentration of enzyme after mixing was 0.025 mM. Panels A
and B show stopped-flow traces at 530 and 450 nm, respectively. Panel C shows a stopped-flow trace at 700 nm with 0.1 mM NADPH.
Time indicated is after the end of flow, i.e., 2.2 ms. Panel D shows the observed rates kobs1 (O) and kobs2 (b) for flavin reduction determined
at 450 nm as a function of the concentration of NADPH. Data for kobs1 and kobs2 were fit to eq 3 and 4, respectively.
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FprA in different redox states or in complex with various
ligands (12, 13), the increase in absorbance at 530 nm was
assigned to the transient formation of a charge transfer
complex species (CT1) between the oxidized enzyme and
NADPH, which preceded the reduction of the enzyme-bound
flavin via the hydride ion transfer reaction from NADPH to
the flavin. As illustrated in the example of Figure 1C, there
was no observable formation of a CT2 species between the
reduced enzyme and NADP+, consistent with rapid dissocia-
tion of the NADP+ product of the hydride transfer reaction
from the reduced FprA enzyme. The observed rates for
formation of the CT1 species (kobs1) were linearly dependent
on the concentration of NADPH, yielding a y-intercept value
of 22.3 ( 1.9 s-1 and a slope of 296 ( 10 mM-1 s-1 (Figure
1D). Instead, the observed rates for flavin reduction (kobs2)
were independent of the concentration of NADPH with an
average value of 18.5 ( 0.2 s-1, suggesting that the enzyme
was saturated with the substrate between 0.1 and 0.9 mM
NADPH (Figure 1D).

Effect of Increasing the NaCl Concentration aboVe 1 M
on Anaerobic Reduction of FprA with NADPH at pH 7. The
reduction of FprA with NADPH was further studied at
concentrations of NaCl up to 3 M to evaluate whether the
observed rates for flavin reduction (kobs2) showed any
dependence on the concentration of NADPH.2 Increasing the
concentration of NaCl to 2 or 2.5 M yielded results that were
qualitatively similar to those observed in the presence of 1
M NaCl, with observed rates for formation of the CT1
species (kobs1) being linearly dependent on the NADPH

concentration and observed rates for flavin reduction being
independent of the concentration of substrate (Figure S1 of
the Supporting Information). In contrast, in the presence of
3 M NaCl, the plot of kobs2 versus NADPH concentration
showed hyperbolic saturation kinetics, yielding a limiting
value for flavin reduction at a saturating concentration of
NADPH of 10.9 ( 0.2 s-1, and an approximate Kd value3

of ∼40 µM (Figure 2). This represents the first instance in
which the rate of flavin reduction of FprA with NADPH was
shown to increase to a limiting value with increasing
concentrations of substrate, as previously reported only with
NADH as the hydride donor in the reaction (12). Remark-
ably, the slopes of the lines in the plots of kobs1 versus
NADPH concentration decreased 10-fold with an increase
in the concentration of NaCl from 1 to 3 M (Table 1),
consistent with the rates of formation of the CT1 species
being affected by the concentration of salt in solution.
Instead, both the y-intercepts of the lines in the plots of kobs1

versus NADPH concentration and the limiting values for
flavin reduction observed at a saturating concentration of
NADPH (kobs2) decreased less than 2-fold with an increase
in the concentration of NaCl (Table 1).

Anaerobic NADPH Reduction of FprA at pH 10. The
reduction of FprA with NADPH in the presence of high
concentrations of salt was also investigated at pH 10, with the
objective of determining an accurate value for Kd of the
FprA-NADPH complex. Since the interaction between FprA

2 At concentrations of NaCl above 3 M, the viscosity of the solutions
was too high to allow efficient mixing of the enzyme and substrate in
the stopped-flow spectrophotometer, thereby preventing the acquisition
of kinetic data at concentrations >3 M NaCl.

3 The approximate Kd value is reported here because concentrations
of NADPH that were lower than 0.1 mM could not be used in the
stopped-flow spectrophotometer due to the FprA concentration being
0.025 mM, and the requirement that substrate concentration be greater
than enzyme concentration to maintain pseudo-first-order conditions
for the reaction of the enzyme with NADPH. Consequently, an accurate
determination of the Kd value could not be carried out.

FIGURE 2: Anaerobic reduction of FprA with NADPH at pH 7 in the presence of 3 M NaCl. Reactions were carried out in a stopped-flow
spectrophotometer with NADPH in the presence of 3 M NaCl in 50 mM Hepes-NaOH and 10% glycerol (pH 7) at 25 °C. Anaerobic FprA
(final concentration of 0.03 mM) was mixed with anaerobic substrate: 0.15 (black), 0.2 (fuchsia), 0.25 (lime), 0.29 (yellow), 0.47 (aqua),
0.95 (red), and 1.6 mM (green). Panels A and B show stopped-flow traces at 530 and 450 nm, respectively. Panel C shows the stopped-flow
trace at 700 nm with 0.15 mM NADPH. Time indicated is after the end of flow, i.e., 2.2 ms. Panel D shows the observed rates kobs1 (O)
and kobs2 (b) for flavin reduction determined at 450 nm as a function of the concentration of NADPH. Data were fit to eqs 3 and 4,
respectively.
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and NADP(H) is mediated by several contacts involving
ionizable groups of the protein (14), we hypothesized that a
3-unit increase in the pH of the reaction medium could weaken
the affinity of the enzyme for NADPH. FprA was mixed
anaerobically with the NADPH concentration ranging from 0.1
to 1.27 mM in a stopped-flow spectrophotometer in the presence
of 2.5 M NaCl at pH 10 and 25 °C, and the reaction was
monitored at 450 and 530 nm. As shown in Figure 3A, the
reduction of the enzyme-bound flavin was monophasic at all
concentrations of NADPH that were tested. Surprisingly, no
increase in absorbance at 530 nm was observed during the time
courses of enzyme reduction or within the dead time of the
stopped-flow spectrophotometer, suggesting a lack of transient
formation of the CT1 species between FprA and NADPH with
2.5 M NaCl at pH 10 (Figure 3A). A plot of the observed rates
of flavin reduction as a function of the concentration of NADPH
yielded a rectangular hyperbola (Figure 3B), allowing for the
determination of an upper limiting value for kobs of 9.2 ( 0.2
s-1 and a Kd value of 90 ( 10 µM. As shown in the inset of
Figure 3B, treatment of the kinetic data in double-reciprocal
form yielded a straight line, consistent with FprA and NADPH
binding in rapid equilibrium, and a negligible rate constant for
the reverse of the hydride transfer reaction (24).

The reaction of FprA with NADPH at pH 10 was also
studied in the absence of NaCl. As illustrated from the traces
at 530 nm in the example of Figure S2 of the Supporting
Information, a significant amount of the CT1 species was
observed within the dead time of the stopped-flow spectro-
photometer.4 At all the concentrations of NADPH used, the
kinetic data fit best to a single-exponential decay process at

both 450 and 530 nm, allowing for the determination of the
concentration dependence of the observed rate of flavin
reduction. As expected from previous results on the reduction
of FprA with NADPH at pH 7 in the presence of 0.1 M
NaCl (12), the kobs values decreased to a limiting value with
an increase in the concentration of NADPH (Figure S3 of
the Supporting Information). Thus, irrespective of whether
the pH is 7 or 10, a significant simplification of the reaction
mechanism could be obtained only when concentrations of
NaCl of g1 M were used.

Effect of NaCl on the pKa Value for Ionization of the
N(3)-H Locus of FAD in FprA. The pH dependence of
the UV–visible absorbance spectrum of oxidized FprA in
the presence of 2.5 M NaCl was determined as described in
Experimental Procedures. When the pH was increased from
6 to 12, there was a decrease of absorbance at 450 nm, a
loss of the well-defined shoulder at ∼475 nm, and a
hypsochromic shift of the flavin peak from 386 to 370 nm
(Figure 4A), consistent with deprotonation of the N(3) atom
of the flavin cofactor at high pH values (25, 26). A plot of
the intensity of the signal at 386 as a function of pH yielded
a pKa value of 9.7 ( 0.02 (Figure 4A). A control experiment
in which the pH titration of oxidized FprA was carried out
in the absence of NaCl yielded a pKa value of 10.7 ( 0.02
(Figure 4B), consistent with a significant effect of salt on
the pKa value for the N(3) atom of FAD.

4 Reduction of the enzyme-bound flavin of FprA at pH 10 in the
absence of NaCl started approximately 50 ms after the enzyme was
mixed with NADPH, as shown in Figure S2 of the Supporting
Information. A possible explanation for such an apparent “lag phase”
is that a spectrally silent step occurs in the enzyme–substrate complex
prior to the hydride transfer reaction, as kindly suggested by one of
the reviewers. Such a spectrally silent step possibly reflects an
isomerization of the Michaelis complex occurring at pH 10 to form
the catalytically competent species required for the hydride transfer
reaction. Since the main goal of the experiment reported here was to
evaluate the kinetic behavior of FprA at pH 10 with regard to the CT1
species and determine the dependence of the kobs values for flavin
reduction on NADPH concentration, the apparent lag phase was not
investigated further in this study.

Table 1: Kinetic Rate Constants for Anaerobic Reduction of FprA with
NADPH in the Presence of NaCl at pH 7a

[NaCl] (M)
k1

b

(mM-1 s-1)
Cb

(s-1)
klim

b

(s-1)
k2

c

(s-1)
Kd

d

(µM)

0.1e ndf ndf 18.0 ( 0.4 ndf ndf

1 296 ( 10 22.3 ( 1.9 18.5 ( 0.2 3.8 ( 1.9 13 ( 6
2 149 ( 5.5 16.6 ( 2.0 12.6 ( 0.4 4.0 ( 2.0 27 ( 13
2.5 94.1 ( 2.3 13.0 ( 1.4 10.2 ( 0.2 2.8 ( 1.4 30 ( 15
3 42.5 ( 0.5 13.2 ( 0.4 10.9 ( 0.2 2.3 ( 0.4 54 ( 9

a Reactions were carried out in a stopped-flow spectrophotometer
with NADPH in the presence of NaCl in 50 mM Hepes-NaOH and 10%
glycerol (pH 7) at 25 °C. The observed rates kobs1 and kobs2 for flavin
reduction monitored at 450 nm as a function of the concentration of
NADPH were fit to eqs 3 and 4, respectively. b k1 and C are the values
of the slope and y-intercept determined by fitting the data in a plot of
kobs1 as a function of NADPH concentration to eq 3; klim is the limiting
value for flavin reduction at a saturating concentration of NADPH
determined by fitting the data in plot of kobs2 as a function of NADPH
concentration to eq 4. c k2 values were calculated as described in the text
by subtracting the klim values from the C values. d Kd values were
calculated from k2/k1 ratios. e Data are from ref 12. f Not observed.

FIGURE 3: Anaerobic reduction of FprA with NADPH at pH 10 in
the presence of 2.5 M NaCl. (A) Reactions were monitored at 450
nm in a stopped-flow spectrophotometer with 0.075 (black), 0.19
(fuchsia), 0.26 (lime), 0.40 (yellow), 0.6 (aqua), and 1.28 mM
NADPH (red), in the presence of 2.5 M NaCl in 50 mM glycine-
HCl and 10% glycerol (pH 10) at 25 °C. All the traces were fitted
with eq 1. As a matter of example, the plot of the residuals for the
trace at 0.075 mM NADPH is shown at the bottom of panel A.
The green line represents the stopped-flow trace with 0.19 mM
NADPH monitored at 530 nm. The concentration of enzyme after
mixing was 0.025 mM. Time indicated is after the end of flow,
i.e., 2.2 ms. Panel B shows the observed rates for flavin reduction
determined at 450 nm as a function of the concentration of NADPH.
Data were fit to eq 4. The inset shows a double-reciprocal plot of
the observed rate of flavin reduction vs NADPH concentration.

3422 Biochemistry, Vol. 47, No. 11, 2008 Pennati et al.



DISCUSSION

In the presence of NaCl at concentrations that are equal
to or greater than 1 M, the anaerobic reduction of FprA with
NADPH is consistent with a minimal kinetic mechanism in
which formation of the CT1 species is detectable using a
stopped-flow spectrophotometer, and the reaction of hydride
ion transfer from NADPH to the enzyme-bound flavin
appears to be irreversible due to the rapid release of the
product (Scheme 3). Evidence supporting this conclusion
comes from the lack of an observable CT2 species between
the reduced enzyme and the oxidized pyridine nucleotide.
This result is indeed readily explained with NADP+ rapidly
dissociating from the reduced enzyme that is formed in the
reaction, yielding a negligible concentration of the reduced
enzyme-NADP+ complex that is required for the reverse
of the reaction to occur at an appreciable rate. Consistent
with the hydride transfer reaction being irreversible, the
anaerobic reduction of FprA by NADPH in the presence of
g1 M NaCl yielded observed rates for the reduction of the
flavin that increased to limiting values with increasing
concentrations of substrate, in contrast to what is observed
at low ionic strengths (12). Thus, by operating in the presence
of g1 M NaCl, we were able for the first time to observe

the formation of the CT1 species between oxidized FprA
and NADPH and to simplify the complex kinetic behavior
of the enzyme with NADPH as the donor of the hydride
ion, thereby rendering the first steps of physiological reaction
from NADPH to the enzyme-bound flavin amenable to being
studied in detail by stopped-flow techniques. In turn, this
allows estimation of all three rate constants of the mechanism
shown in Scheme 3, as outlined below. Since the C values
(eq 3) determined from the plots of the NADPH concentra-
tion dependencies of the kobs1 values at various concentrations
of salt at pH 7 were in the same range as the klim values (eq
4) determined in plots of kobs2 as a function of NADPH
concentration (Table 1), the kinetic data could not be
analyzed by assuming a rapid equilibrium of NADPH and
FprA, for which k2 must be significantly larger than k3 (24).
This, in turn, establishes that the C values are not simply
given by the k2 values, but instead, they must include the
kinetic rate constants that account for the second step of the
reaction in which the hydride ion is transferred to the flavin,
where C ) k2 + klim (24). The results of this analysis are
summarized in Table 1.

The rate for the reaction of hydride ion transfer catalyzed
by FprA is not affected by the presence or absence of the
phosphate group on the pyridine nucleotide that acts as a
hydride donor to the flavin, as suggested by the kinetic data
with NADPH and NADH presented in this study and
previous studies (12). Indeed, since the reaction of hydride
transfer to the flavin with NADPH is irreversible (see above),
the limiting value for the anaerobic flavin reduction of 18.5
s-1 determined in this study at saturating concentrations of
NADPH (klim) in the presence of 1 M NaCl and pH 7 is a
good approximation of the rate constant k3 for the chemical
step of hydride transfer in FprA (Scheme 3). This value
compares well with those recently reported for the reactions
of FprA at pH 7 with NADH or NADPH in the presence of
0.1 M NaCl, with values of ∼18 s-1 (12). These kinetic data
also suggest that moderate concentrations of salt in the
reaction mixture have little effect on the chemical step of
hydride transfer, implying that the interaction between the
nicotinamide and the isoalloxazine moieties within the
enzyme–substrate complex remains essentially unchanged
when the salt concentration of the medium is increased to 1
M. In agreement with this conclusion, an independent study
previously showed that the enzymatic activity of FprA
remains unchanged in the presence of up to 1 M NaCl (27).
Similarly, increasing the pH by 3 units had very little effect
on the hydride transfer rate: the k3 values determined at pH
7 and 10 in the presence of 2.5 M NaCl were 10.2 and 9.2
s-1, respectively. In contrast, when the NaCl concentration
was increased from 1 to 2.5 M at pH 7, an ∼40% decrease
in k3 resulted. While the latter observation was not investi-
gated further here, we speculate that such a decrease in the
rate of the chemical step may be due to FprA having a
slightly different conformation and catalytic behavior in high
salt with respect to low- or moderate-salt environments. In
this respect, recent biophysical studies demonstrated that the
modulation of intramolecular ionic interactions, which are
necessarily sensitive to the concentration of salt in the
environment, induce significant conformational changes in
FprA (27).

It is of interest to evaluate the role of the 2′-phosphate
group of the dinucleotide in the association and dissociation

FIGURE 4: Effect of NaCl on the spectral properties of FprA.
UV–visible absorbance spectra were recorded in 20 mM sodium
phosphate, 20 mM sodium pyrophosphate, and 10% glycerol at 15
°C. (A) FprA in the presence of 2.5 M NaCl; panel B, FprA in the
absence of NaCl. Only the spectra of the enzyme at pH 6 (thick
solid line) and pH 12 (thin solid line) are shown. The insets show
the absorbance value at 386 nm as a function of pH. Data were fit
to eq 5.

Scheme 3: Minimal Kinetic Mechanism for the Reductive
Half-Reaction of FprA with NADPH in the Presence of g1
M NaCla

a E-FADox and E-FADred represent oxidized and reduced FprA,
respectively.
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of the FprA-substrate complex. A value of 140 mM-1 s -1

has recently been reported for the rate constant of the NADH
association to form a CT1 species with FprA at 25 °C, pH
7, and 0.1 M NaCl (12). Here we show that the same process
occurred with NADPH with a rate constant that was twice
as high as that with NADH under the same conditions, but
in the presence of 1 M NaCl (Table 1). The second-order
rate constant for the association (k1) of NADPH and FprA
to yield a CT1 species at pH 7 is inversely and linearly
dependent on the NaCl concentration within the concentration
range considered (Figure S4 of the Supporting Information).5

Although it is inappropriate to assume that such linearity
extends below 1 M NaCl, it is expected that k1 at 0.1 M
NaCl would be much higher than ∼300 mM-1 s -1, thus
making significant the contribution of 2′-phosphate of
NADPH to the formation of the Michaelis complex with
FprA.

The first-order rate constant for the dissociation (k2) of
the NADPH-FprA complex is poorly dependent on the NaCl
concentration in the 1-3 M range, with an average value of
approximately 3 s-1 at 25 °C and pH 7 (Table 1). The small
magnitudes of the k2 values support the notion that the
dissociation of the pyridine nucleotide from the oxidized
enzyme must involve a change in the conformation of the
FprA-NADPH complex that limits the rate of dissociation
of NADPH from the active site of the enzyme. In this
context, the comparison of the ligand-free and NADP(H)-
bound crystal forms of the analogous enzyme adrenodoxin
reductase previously suggested that this enzyme undergoes
an induced-fit process upon substrate binding (19). In
contrast, the kinetic pattern observed at pH 10 in the presence
of a high salt concentration, i.e., 2.5 M, is consistent with
NADPH binding to FprA in rapid equilibrium. This, in turn,
is consistent with k2 being significantly larger than k3 at high
pH, suggesting that the conformational change that is
associated with the dissociation of the pyridine nucleotide
from the enzyme does not limit the overall rate of the
dissociation process. Interestingly, a similar analysis of
previously reported data shows that the rate constant k2 for
NADH determined at pH 7 is only slightly larger than that
determined with NADPH, with a value of ∼6 s-1 (from the
data in Figure 5 of ref 12). Thus, there is a minimal effect
on the rate constant for the dissociation of the pyridine
nucleotide from the active site of the oxidized enzyme that
is exerted by the 2′-phosphate group of NADPH.

The CT1 species between FprA and NADPH can be
observed only with the oxidized flavin in the neutral state,
but not with a negatively charged flavin. Evidence supporting
this conclusion comes from the anaerobic reduction of the
enzyme with NADPH at high pH in the presence and absence
of salt. The pH titration of the UV–visible absorbance
spectrum of FprA in the presence of 2.5 M NaCl established
a pKa of 9.7 for ionization of the N(3)-H locus of FAD (25).
Thus, at the pH value of 10 at which the CT1 species was
not observed in the stopped-flow experiments, approximately
two-thirds of the oxidized flavin is present in the anionic

state. In contrast, at high pH and in the absence of salt,
conditions under which the CT1 species was observed within
the dead time of the mixing of FprA with NADPH, the pKa

for the ionization of the N(3) atom of the flavin was 10.7,
consistent with approximately 85% of the flavin being in
the neutral state. The lack of formation of a CT1 species
when the oxidized flavin is anionic is readily explained by
considering that in the charge transfer process NADPH acts
as the charge donor and the flavin acts as the charge acceptor,
which is required to be electron poor (26, 28, 29). Further-
more, the shift in the pKa value for the ionization of the
N(3)-H group of the oxidized flavin observed with an
increase in the concentration of salt in solution is likely due
to the anionic form of the flavin being favored with respect
to the neutral one in the presence of high concentrations of
salt in solution.

The rate of transfer of the hydride ion from NADPH to
the oxidized flavin is the same irrespective of whether a
charge transfer species is observed between the hydride donor
and acceptor. This conclusion is supported by the kinetic
data in the presence and absence of salt at pH 10, showing
similar rate constants for the hydride transfer reaction to the
enzyme-bound flavin of ∼10 s-1, from a CT1 species (i.e.,
in the absence of NaCl), and from a Michaelis complex
showing no charge transfer character (i.e., in the presence
of 2.5 M NaCl). We have previously shown that the reaction
of hydride ion transfer in FprA is highly sensitive to precise
geometry that defines the interaction of the nicotinamide
moiety with the isoalloxazine ring of the flavin cofactor in
the active site of the enzyme (12). Consequently, it is strongly
suggested that both pH and salt conditions that suppress the
charge transfer character of this interaction do not affect the
relative orientation and distance between the nicotinamide
and isoalloxazine rings within the enzyme–substrate complex.
The mechanistic implication of this observation is that the
formation of a charge transfer between a charge donor and
a charge acceptor is not required for and does not favor the
efficient transfer of the charge from a donor species to an
acceptor species as a hydride ion.

In conclusion, by studying the reductive half-reaction of
FprA with NADPH using rapid kinetic techniques in the
presence of high concentrations of salt or high pH, we have
dissected the enzymatic reaction in its elementary kinetic
steps. This approach has allowed the first direct observation
of the formation of the initial Michaelis complex, i.e., the
CT1 species, between FprA and NADPH, and an unambigu-
ous determination of the second-order rate constants for its
formation with NADPH as the substrate. Furthermore, all
the kinetic rate constants associated with the reductive half-
reaction of the enzyme with NADPH have been determined,
allowing for a direct comparison with those previously
determined with NADH. The kinetic data presented in this
study represent a firm framework for the interpretation of
future studies on the interaction of adrenodoxin-like enzymes
with NADPH. Furthermore, due to the similarity displayed
by the kinetic mechanisms of mitochondrial and plastidial
subtypes of ferredoxin reductases (2, 30, 31), the experi-
mental approach presented herein is expected to be helpful
also in the study of other NADPH-dependent plant-type
ferredoxin-NADP+ reductases, as well as medically relevant
enzymes such as cytochrome P450 reductase, nitric oxide
synthase, and adrenodoxin reductase.

5 In principle, the dependence of the k1 value on NaCl concentration
may be due to an effect of the ionic strength, the specific ions (Na+ or
Cl-), or the viscosity of the solvent. Since these contributions were
not investigated further in this study, we opted to use the concentration
of salt rather than either ionic strength or solvent viscosity in our
analysis.
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SUPPORTING INFORMATION AVAILABLE

Figure S1 shows the dependence of the observed rates of
reduction of FprA in the presence of 2 and 2.5 M NaCl on
the concentration of NADPH at pH 7. Figure S2 shows
stopped-flow traces at 530 nm acquired at pH 10 for the
anaerobic reduction of FprA with NADPH. Figure S3 shows
the dependence of the observed rates (kobs) for flavin
reduction determined at 450 nm on the concentration of
NADPH at pH 10. Figure S4 shows the dependence of the
k1 values for the formation of the CT1 species between FprA
and NADPH on the concentration of NADPH at pH 7. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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