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ABSTRACT: The photosynthetic bacteriumRhodobacter capsulatuscontains a ferredoxin (flavodoxin)-
NADP(H) oxidoreductase (FPR) that catalyzes electron transfer between NADP(H) and ferredoxin or
flavodoxin. The structure of the enzyme, determined by X-ray crystallography, contains two domains
harboring the FAD and NADP(H) binding sites, as is typical of the FPR structural family. The FAD
molecule is in a hairpin conformation in which stacking interactions can be established between the
dimethylisoalloxazine and adenine moieties. The midpoint redox potentials of the various transitions
undergone byR. capsulatusFPR were similar to those reported for their counterparts involved in oxygenic
photosynthesis, but its catalytic activity is orders of magnitude lower (1-2 s-1 versus 200-500 s-1) as
is true for most of its prokaryotic homologues. To identify the mechanistic basis for the slow turnover in
the bacterial enzymes, we dissected theR. capsulatusFPR reaction into hydride transfer and electron
transfer steps, and determined their rates using stopped-flow methods. Hydride exchange between the
enzyme and NADP(H) occurred at 30-150 s-1, indicating that this half-reaction does not limit FPR
activity. In contrast, electron transfer to flavodoxin proceeds at 2.7 s-1, in the range of steady-state catalysis.
Flavodoxin semiquinone was a better electron acceptor for FPR than oxidized flavodoxin under both
single turnover and steady-state conditions. The results indicate that one-electron reduction of oxidized
flavodoxin limits the enzyme activity in vitro, and support the notion that flavodoxin oscillates between
the semiquinone and fully reduced states when FPR operates in vivo.

Ferredoxin-NADP(H) reductases (FPR or FNR,1 EC
1.18.1.2) are ubiquitous, monomeric enzymes that contain
noncovalently bound FAD as prosthetic group (1-6). They
catalyze the reversible electron exchange between one

molecule of NADP(H) and two molecules of the iron-sulfur
protein ferredoxin (Fd) or the FMN-containing protein
flavodoxin (Fld). The ability of these reductases to mediate
electron transfer between obligatory one- (Fd, Fld) and two-
electron carriers (NADP+, NADPH), which is so relevant
for FNR/FPR function in vivo, stems from the property of
the flavin group to oscillate among oxidized, one-electron-
reduced (semiquinone) and fully reduced (hydroquinone)
states. Interconversion of the three species is facilitated in
these flavoenzymes by the relatively small differences
existing in the redox potentials for the various one- and two-
electron transfer processes (1, 4). The overall reaction can
thus be envisaged as consisting of two steps: hydride transfer
to or from NADP(H), and electron exchange with the protein
partner:

or
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for the photosynthetic ferredoxin(flavodoxin)-NADP(H) reductase from
plant and cyanobacteria, the namefpr was proposed for the corre-
sponding gene inE. coli. We employ the term FPR for the bacterial
reductases, while preserving FNR for the plant and cyanobacterial
enzymes. Other abbreviations: AMP, adenosine 5′-monophosphate; cyt
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HTG, n-heptyl-â-D-thioglucoside; P450R, NADPH-cytochrome P450
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NADPH + FPRox f NADP+ + FPRrd (1)

FPRrd + 2Fd(Fe+3) f FPRox + 2Fd(Fe+2) (2a)

FPRrd + 2Fldox f FPRox + 2Fldsq (2b)

FPRrd + 2Fldsq f FPRox + 2Fldrd (2c)
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in which the subscripts ox, sq, and rd refer to the oxidized,
semiquinone, and hydroquinone forms of the corresponding
flavoproteins. The first reductase of this class to be charac-
terized at the structural level was the FNR from spinach
chloroplasts, which is made up of two structural domains,
each containing approximately 150 amino acids (7). The
N-terminal region consists of a scaffold of six antiparallel
strands, and binds FAD through hydrogen bonds, van der
Waals contacts, and stacking interactions. The C-terminal
module contains a canonical NADP(H) binding site in a core
of five parallelâ-strands surrounded by sevenR helices (7-
9). Members of the FNR/FPR family have been found in
plant and algal plastids, cyanobacteria, proteobacteria, and
apicoplasts from obligate intracellular parasites (reviewed
in ref 3). Their distribution matches that of the electron
transfer partner Fd, whereas Fld is restricted to prokaryotes
and some eukaryotic algae (10-13). In different organisms
including cyanobacteria, Fld synthesis is up-regulated under
conditions of nitrogen (10, 12) and/or iron deficit, when the
[2Fe-2S] cluster of Fd cannot be assembled (13, 14), or by
exposure to oxidants (14-16). Both Fld and FNR/FPR
participate in detoxification of reactive oxygen species in
aerobic and facultative bacteria (14-18). In principle, Fld
is able to exchange one or two electrons through its flavin
group, but potentiometric measurements and identification
of transient intermediates suggest that it behaves in vivo as
a monoelectronic carrier as does its functional counterpart
Fd (1-4).

When light is the major source of reducing power, as it
occurs in organisms displaying oxygenic photosynthesis, the
reversible reaction catalyzed by FNR/FPR is displaced
toward NADP+ reduction, providing the NADPH needed for
CO2 assimilation and other biosynthetic pathways. Con-
versely, the ferredoxin reductases present in heterotrophic
organisms and tissues operate in reverse, draining reducing
equivalents from the cellular NADPH pool to provide low-
potential electron carriers (Fd, Fld, the mitochondrial iron-
sulfur protein adrenodoxin) for diverse oxidoreductive
metabolisms (reviewed in refs2, 3).

Although there is much structural conservation within the
FNR/FPR family and a common ancestor can be traced for
the two-domain reductases of eukaryotes and bacteria,
sequence analysis revealed the existence of two separate
clusters. One is formed by all plastidic and cyanobacterial
members (which are termed FNRs), and the other includes
the remaining prokaryotic flavoenzymes, that constitute the
FPR group (3). The two classes differ in the conformation
of the bound FAD molecule (7-9, 19, 20), and in their
catalytic efficiencies, with turnover numbers of 200-500 s-1

for Anabaenaand chloroplast FNRs and 1-2 s-1 for the
bacterial FPRs (2). These major differences in activity have
been correlated with the demands of the pertinent metabolic
pathways of which they are committed members (3). Then,
bacterial FPRs have constraints on electron and/or hydride
transfer that were relieved in their functional counterparts
present in photosynthetic tissues and organisms, but the
biochemical bases for such an improvement are unknown.

Any further understanding of the mechanisms responsible
for catalytic competence in this family of flavoenzymes
requires the identification of the rate-limiting step(s) in the
FPR-catalyzed reactions, as already done with the reductases
from plastids and cyanobacteria (1-4, 21). To address this

question, we studied the kinetics of electron and hydride
transfer mediated by the FPR from the phototrophic bacte-
rium Rhodobacter capsulatus, a facultative aerobe that can
grow by means of fermentation, respiration, or anoxygenic
photosynthesis, depending on the environmental conditions
(22). R. capsulatuscontains a single oxidant-responsive FPR
(18), as well as a flavodoxin (10, 12) and six different
ferredoxins that could be potential substrates for this reduc-
tase (23, 24). Steady-state activities measured with NADPH
as reductant and Fld as electron acceptor yieldedkcat values
of 1-2 s-1, similar to those exhibited by other bacterial-
type FPRs (18). We show here that this poor catalytic
efficiency is entirely due to slow electron exchange with Fld,
whereas hydride transfer to and from NADP(H) is several
orders of magnitude faster. Determination of the three-
dimensional structure ofR. capsulatusFPR allowed com-
parison of its active site region with those of typical FNRs,
to identify differences that might potentially explain the wide
variation in catalytic efficiency. We have also observed that
the flavin semiquinone ofRhodobacterFld is remarkably
stable to oxidation and a better substrate for FPR than the
oxidized protein, lending support to the notion that Fld
oscillates between the semiquinone and fully reduced states
during turnover in vivo.

EXPERIMENTAL PROCEDURES

Protein Purification. The Rhodobacter fprgene was
obtained by polymerase chain reaction using chromosomal
DNA from the 37b4 strain as template. The amplified
fragment carrying aNcoI site at position-8 of the open
reading frame was digested and inserted into compatible sites
of the pET32a plasmid (Novagen). Recombinant FPR was
obtained from cleared lysates ofEscherichia coliBL21(DE3)
transformants. Isolation by NTA (Quiagen) affinity chro-
matography, elution of the fusion product, enterokinase
digestion, and purification of mature-sized FPR were carried
out using the protocols recommended by the supplier (pET
System, Novagen). The resulting protein contains two
additional amino acids at the amino terminus, so that Val1
in native FPR is indicated as Val3 in the recombinant enzyme
used for crystallization studies. Recombinant flavodoxin was
produced and purified as described (18).

Photoreduction of Protein-Bound FlaVin and Determina-
tion of Oxidoreduction Potentials.Photoreduction experi-
ments were carried out at 25°C in an anaerobic cuvette
containing 15-25 µM FPR or Fld in 50 mM Tris-HCl pH
8.0, supplemented with 1 mM EDTA and 2µM 5-deazari-
boflavin (dRf) to initiate flavin photoreduction via the highly
reductive dRf radical (25). The following extinction coef-
ficients were used for quantitative determination of redox
species: FPRox, ε456 ) 10.9 mM-1 cm-1 (18); FPRsq, ε456 )
4.4 mM-1 cm-1 andε600 ) 2 mM-1 cm-1; FPRrd, ε456 ) 1.3
mM-1 cm-1; Fldox, ε450 ) 11.7 mM-1 cm-1 (10); Fldsq, ε600

) 5.4 mM-1 cm-1. Extinction coefficients for Fldsq, FPRsq,
and FPRrd were determined from the spectra obtained during
photoreduction of each protein, taking into account the
extinction coefficient of the oxidized form and the amount
of semiquinone stabilized.

Midpoint reduction potentials ofR. capsulatusFPR and
Fld were determined at 25°C by anaerobic photoreduction
in the presence of 1µM dRf and 1 mM EDTA, using a
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saturated calomel electrode as reference (26). Stepwise FPR
or Fld photoreductions were achieved by irradiating the cell
(immersed in ice water) with light from a 250 W slide
projector for periods of∼1 min. After reduction, the cuvette
was placed in a temperature-controlled holder in a Cary 1
spectrophotometer. The solution potential was monitored
using a Sycopel Ministat potentiostat. Equilibration of the
system was considered established when the measured
potential remained stable for 10 min, and the UV-vis
spectrum was then recorded. The concentrations of the
different redox species in equilibrium were determined from
the absorbance spectra. In the case of Fld, the two one-
electron reductive steps could be analyzed separately because
only the oxidized and semiquinone species were present
during most of the first step of reduction, and only semi-
quinone and hydroquinone Fld were present during most of
the second step. The concentration of semiquinone was
calculated from the absorbance at 600 nm, and the concen-
trations of the other species were determined by subtraction
of the semiquinone fraction from the total Fld concentration.
The midpoint potentials were calculated by linear regression
analysis of plots of potential versus logarithm of concentra-
tion ratio (oxidized/semiquinone or semiquinone/hydro-
quinone), according to the Nernst equation,

where Flvox/Flvrd indicates FPRox/FPRrd for the two-electron
exchange in this reductase, and Fldox/Fldsq or Fldsq/Fldrd for
the two one-electron steps in Fld. Data points in the region
of maximal Fld semiquinone accumulation were not included
in the regression because all three redox species were present
under these conditions. In the case of FPR, the semiquinone
that accumulated was a small fraction of the total protein
present, and only the potential of the overall two-electron
reduction step (Eox/rd) could be determined experimentally.
Values forEox/sq andEsq/rd were derived according to eqs 4
and 5, by using the measuredEox/rd values and the maximum
molar fraction of semiquinone stabilized at half-reduction
(SQ), as indicated above.

The same equations were used to determineEox/rd in the
case of Fld. The midpoint potentials are reported relative to
the potential of the standard hydrogen electrode. Typical
experimental solutions contained 25-40 µM protein, 1µM
indicator dyes, 1µM dRf, and 1 mM EDTA in 50 mM Tris-
HCl pH 8.0 at 25°C. The following dyes were used as
mediators: 1µM anthraquinone-2-sulfonate (-225 mV, pH
7) and 1µM methyl viologen (-446 mV, pH 7) for the
determination ofEox/sq andEsq/rd, respectively, in Fld, and 1
µM benzyl viologen (-359 mV, pH 7) and 1µM neutral
red (-325 mV, pH 7) for the determination ofEox/rd in FPR.
Errors in theEox/rd, Eox/sq, and Esq/rd determinations were
estimated to be(5 mV in the case of Fld and up to(20
mV for FPR.

Steady-State ActiVity of FPR.The FPR-dependent cyto-
chromec (cyt c) reductase activity was assayed in a Kontron
Uvikon 942 or in a HP8453 diode-array spectrophotometer,

using either Fldox or Fldsq as electron carrier from NADPH-
reduced FPR to cytc. Reactions were carried out in gastight
anaerobic cuvettes that contained 30 nM FPR, 50µM cyt c,
1 mM glucose, and 1 unit of glucose oxidase in 800µL of
50 mM Tris-HCl pH 8.0. Two hundred microliters of a
solution made up of 17µM Fld, 300 µM NADPH, 2 µM
dRf, and 1 mM EDTA in the same buffer were added to a
sidearm. The cuvette was made anaerobic by several cycles
of evacuation at a vacuum pump and filling with argon. The
Fld in the sidearm was either photoreduced to the semi-
quinone level or kept oxidized in the dark, and then tipped
into the main compartment. The reduction of cytc was
followed by measuring the increase in absorption at 550 nm
(ε550 ) 19 mM-1 cm-1).

Stopped-Flow Kinetic Measurements.Electron and hydride
transfer processes between FPR and its substrates (NADP+/
NADPH or Fld) were studied by stopped-flow spectropho-
tometry under anaerobic conditions using an Applied Pho-
tophysics spectrophotometer interfaced with an Acorn 5000
computer and the SX.18MV software of Applied Photo-
physics. Reduced samples were prepared by photoreduction
with dRf (25). The two flavoproteins were mixed at a∼1:1
molar ratio and final concentrations of∼8 µM, and electron
exchange was followed at 600 nm. Hydride transfer processes
with NADP+/NADPH were studied by rapid mixing of∼10
µM FPR with variable concentrations (10-371 µM) of
pyridine nucleotide, and the progress of the reaction was
monitored at 452 nm. All assays were carried out in 50 mM
Tris-HCl pH 8.0 at 25°C. Observed rate constants (kobs) were
calculated by fitting the data to mono- or biexponential
processes. The error in their estimated values was(15%.
Measurements of the reoxidation rates of reduced FPR and
Fld by molecular O2 were carried out in air-saturated 50 mM
Tris-HCl pH 8.0.

Crystallization and Data Collection. The strategy followed
to obtain suitable FPR crystals has been reported elsewhere
(27). Briefly, FPR fromR. capsulatuswas crystallized in
two different forms consisting of trigonal and monoclinic
crystals. Trials were carried out by the hanging drop vapor
diffusion method at 291 K, and drops were equilibrated
against 500µL of a well solution made up of 2 M ammonium
sulfate and 2% (v/v) 2-propanol buffered with 0.1 M Bis-
Tris pH 6.5. Monoclinic crystals grew in 4-µL droplets
formed by mixing 2µL of a 6.9 mg/mL protein solution in
50 mM Tris-HCl pH 8.0 with 2µL of the well solution.
Crystals reached their maximum size of 0.7× 0.3 × 0.3
mm in 1-2 days. Trigonal crystals were obtained under the
same conditions but in the presence of the detergentn-heptyl-
â-D-thioglucoside (HTG). They grew in 10-µL droplets
formed by mixing 4µL of a 25.5 mg/mL protein solution in
50 mM Tris-HCl pH 8.0 with 1µL of 300 mM HTG and 5
µL of well solution. Crystals reached their maximum size
of 1.6 × 0.3 × 0.3 mm in 1-2 days.

An X-ray data set for trigonal crystals was collected up
to 1.7 Å resolution using the synchrotron radiation source
at ESRF (Grenoble) on beamline ID14-2 (λ ) 0.934 Å) and
an ADSC Q4 detector. They belong to theP3121 space group
and have unit cell dimensions ofa ) b ) 120.85 Å,c )
50.71 Å,R ) â ) 90°, γ ) 120°. TheVM is 3.56 Å3 Da-1

with one molecule in the asymmetric unit and a solvent
content of 64%. X-ray data for monoclinic crystals were
obtained up to 2.1 Å resolution on a MAR345 image-plate

E ) Em + (0.059/n)log([Flvox]/[Flv rd]) (3)

Eox/sq- Esq/rd) 0.11 log(2 SQ)/(1- SQ) (4)

(Eox/sq+ Esq/rd)/2 ) Eox/rd (5)
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detector using graphite monochromatic Cu KR (λ ) 1.5418
Å) radiation generated by an Enraf-Nonius rotating anode
generator. These crystals belong to theP21 space group with
unit cell dimensions ofa ) 69.23 Å, b ) 93.63 Å, c )
103.43 Å,R ) γ ) 90°, â ) 90.08°. TheVM is 2.8 Å3 Da-1

with four FPR molecules in the asymmetric unit and a solvent
content of 56%. Data were processed and scaled using the
programs MOSFLM (28) and SCALA from the CCP4
package (29). In all cases, crystals were cryoprotected by a
quick soak (10 s) in reservoir solution containing 50%
saturated sodium formate. Data collection statistics are given
in Table 1.

Structure Determination and Refinement.The native
structures of both trigonal and monoclinic crystal forms were
determined by the molecular replacement method using the
program AMoRe (30). In the trigonal case, the initial model
employed was the structure of FPR fromAzotobacter
Vinelandii, which displays 53% sequence identity with the
Rhodobacterreductase. In the monoclinic crystals, the
molecular replacement method was used on the basis of the
FPR model obtained from the trigonal crystals. Unambiguous
single solutions for the rotation and translation functions were
obtained in both cases. The models were subjected to
alternate cycles of refinement with the program CNS (31),
and manual model building with the software package O
(32). The resulting electron density was of great quality for
257 or 260 residues out of a total of 272 amino acids for the
trigonal and monoclinic forms, respectively. The quality of
the final structure was assessed with the PROCHECK (33)
and WHATCHECK (34) programs. Statistics for refinement

are summarized in Table 1. The final FPR model obtained
in the presence of detergent (trigonal form) consists of 2031
non-hydrogen protein atoms, one FAD and three HTG
molecules, one sulfate and two formate anions, and 265
solvent molecules. The final FPR model obtained in the
absence of detergent (monoclinic form) consists of 8148 non-
hydrogen protein atoms (four molecules per asymmetric
unit), four FAD molecules, and 362 solvent molecules.
Pictures were generated with MOLSCRIPT (35) and GRASP
(36).

RESULTS

Three-Dimensional Structure of R. capsulatus FPR.The
crystal structure of FPR was solved in two different crystal
forms obtained in the presence or in the absence of the
detergent HTG (Table 1). The two structures were refined
up to 1.7 and 2.1 Å resolution, respectively, showing similar
conformations with a root-mean-square deviation (rmsd) of
0.75 Å for 257 CR atoms, the main differences being
concentrated in exposed regions displaying a large number
of hydrophobic residues (Figure 1A). FPR is composed of
two domains, an N-terminal region (residues 12 to 110 of
the recombinant protein) that binds FAD and a C-terminal
domain (residues 111-272) that interacts with NADP+/
NADPH (Figure 1). The N-terminal domain contains a six-
stranded all antiparallelâ-barrel with a cappingR-helix (R1,
residues 87-96). FAD is bound at the crossover between
strandsâ4 andâ5, and at the N-terminal end of theR1 helix
(Figure 1A). The C-terminal domain represents a classical
nucleotide binding fold with a five-stranded parallelâ-sheet,
and nine helices (R2-R10) inserted between theâ-strands
(Figure 1A). By comparison with known structures from the
FNR/FPR family, the NADP+ binding site extends across
the C-terminal ends of theâ-strands of the parallel sheet, so
that the FAD and NADP+ sites are adjacent in a deep cleft
formed between the two domains. Detergent-binding sites
for HTG1 and HTG2 define a hydrophobic region formed
by residues 142-147, residues 177-182, and Trp73 (Figure
1A). The other detergent molecule, HTG3, only makes
crystal packing contacts through nonspecific interactions with
two symmetry-related FPR molecules.

A search for structural similarities (37) with the complete
FPR structure shows that, besides fromA. Vinelandii FPR
(rmsd of 1.2 Å for 253 CR atoms), the closest relatives are
the FPR fromE. coli (rmsd of 1.8 Å for 239 CR atoms) and
benzoate 1,2-dioxygenase reductase fromAcinetobactersp.
(rmsd of 2.4 Å for 219 CR atoms). As anticipated, the
plastidic and cyanobacterial members of the FNR/FPR family
show greater differences (rmsd of 2.9 Å for 224 CR atoms
of AnabaenaFNR).

The conformation of FAD and its binding site are shown
in Figure 1B. As in other bacterial FPRs (19, 20), the
prosthetic group adopts a bent conformation, with the AMP
portion folded back and placing the adenine and isoalloxazine
rings in proximity, whereas in plant andAnabaenaFNRs
the cofactor is extended so that the adenine is distal from
the isoalloxazine ring system (7-9). In R. capsulatusFPR,
the adenine is sandwiched between Ile82 and Phe267 (Figure
1B), while in plastidic FNRs, it is oriented toward the solvent
by stacking stabilization with a tyrosine (Tyr104 inAnabaena
FNR), which is placed in a long and flexible loop corre-

Table 1: Structure Determination and Statistics for Trigonal and
Monoclinic FPR Crystalsa

trigonal monoclinic

Data Collection Statistics
space group P3121 P21

unit cell parameters
a, Å 120.85 69.23
b, Å 120.85 93.63
c, Å 50.71 103.43
R, deg 90.0 90.0
â, deg 90.0 90.08
γ, deg 120.0 90.0

no. of molecules/au 1 4
wavelength, Å 0.9340 1.5418
resolution, Å 45.6-1.7 (1.8-1.7) 22.8-2.1 (2.3-2.1)
total no. of reflections 1112404 590176
no. of unique reflections 61984 73447
redundancy 7.3 (7.5) 3 (2.6)
completeness, % 97.2 (90.0) 99.0 (60.4)
I/σ 11.2 (2.6) 10.3 (2.3)
Rmerge

b 0.117 (0.649) 0.079 (0.369)

Refinement Statistics
resolution range, Å 45.6-1.7 22.8-2.1
non-hydrogen atoms

protein 2031 8148
ligand 121 212
solvent 265 362

Rwork 0.22 0.22
Rfree

c 0.23 0.24
rmsd bond length, Å 0.007 0.013
rmsd bond angles, deg 1.572 1.353
averageB-factor, Å2 43.24 42.15

a Values in parentheses correspond to the highest resolution shell.
b Rsym ) ∑|I - Iav|/∑I, where the summatory is over symmetry
equivalent reflections.c R calculated for 7% of data excluded from the
refinement.
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sponding to residues 102-116 (38). This loop is very short
in R. capsulatusFPR, comprising only amino acids 84-88,
and its flexibility is further compromised by the presence of
two prolines and no aromatic residues (Figure 2). The
isoalloxazine moiety lacks the stacking interaction between
its re-face and a C-terminal aromatic residue as observed in
plastidic FNRs orE. coli FPR. On the other side of the flavin,
the conserved Tyr66 does interact with thesi-face of FAD
at an angle of about 30° (Figure 1B).

The 6-residue C-terminal extension (amino acids 267-
272) is especially important in the stabilization of the FAD
cofactor (see Figure 1B). As indicated above, Phe267
stabilizes the adenine portion of the FAD. In addition to this
aromatic contact, Val268 and Gly271 are engaged in polar
interactions with the ribitol and ribose rings of the FAD
through their amide groups. Folding of the C-terminal region
over the prosthetic group is additionally supported by
hydrogen bonds between the amide groups of Leu235,

FIGURE 1: Overall structure ofR. capsulatusFPR. (A) Ribbon diagram of FPR, with the binding domains for FAD and NADP+ colored
in green and magenta, respectively. The FAD prosthetic group, the sulfate anion, and the three HTG molecules are represented as balls and
sticks. (B) Stereodiagram of the residues lining the FAD binding site, shown in ball-and-stick representation, and colored by atom type.
The C-terminal region comprising residues 266-272 is colored in orange and the FAD cofactor in green. The polar network involved in
FAD stabilization is represented as dotted lines.

FIGURE 2: The NADP+ binding region ofR. capsulatusFPR. Stereoview of free FPR (orange) and mutated pea FNR with bound NADP+

(blue), superimposed by the least-squares fitting of the whole FNR/FPR structure. FAD and NADP+ in the complex are colored in yellow,
while FAD in the free enzyme and the sulfate ion found in the FPR structure are colored in magenta. Residues presumably involved in
coenzyme binding are represented as balls and sticks and colored in blue for the FNR:NADP+ complex and in orange for free FPR.

11734 Biochemistry, Vol. 44, No. 35, 2005 Nogués et al.



Phe267, and Gly269 and a water molecule (Figure 2A).
Interestingly, the C-terminal residue, Ile272, is stabilized
through a hydrogen bond with the amide group of Arg158.

Figure 2 displays the FPR structure superimposed to the
C-terminal Y308S mutant of pea FNR in complex with
NADP+ (39), highlighting both the region to which NADP+

binds and the residues involved in molecular recognition.
The overall conformation of the NADP+ binding domain is
well conserved between the two enzymes, although important
structural differences are observed in the 233-235 loop and
theR7 helix, and in the 193-204 stretch connectingâ9 with
the R6 segment (Figure 2).

Structural rearrangements in the active site of plastidic
FNR have been observed upon NADP+ binding (38, 39),
and postulated to be part of a general mechanism of
molecular recognition and complex reorganization necessary
for hydride transfer between FNR and NADP+ (38). Com-
parison with the mutated pea FNR:NADP+ complex reveals
significant differences in the amino acids present at the
NADP+ binding site of FPR, most conspicuously, the lack
of an aromatic side chain at position 203 (Figure 2). A Tyr
residue is always present in the corresponding position of
plastidic FNRs, allowing both a stacking interaction with the
adenine ring and a polar contact with the 2′-phosphate. In
contrast, Arg203 ofRhodobacterFPR interacts with a sulfate
anion placed at a position equivalent to that of the 2′-
phosphate in bound NADP+ (Figure 2). Interestingly, a
stabilizing contact could be established between the amide
group of arginine and the adenine ring of the pyridine
nucleotide (cation-π interaction).

OxidoreductiVe Properties of R. capsulatus FPR and Fld.
Photoreduction of FPR and Fld under anaerobic conditions
allowed estimation of the maximal amount of neutral flavin
semiquinone stabilized during reduction. FPR displayed
anomalous photoreduction behavior, often exhibiting partial
reoxidation relative to the previous cycle between successive
illumination rounds. Since measurements were carried out
under a range of conditions with different samples, and since
O2 was rigorously excluded from the system, the observed
effect must be due to an intrinsic property of this FPR.
However, we cannot yet explain the phenomenon. The
measurements of the percentage stabilization of the semi-
quinone and of the redox potentials were made after this
period of partial reoxidation. Data derived from the spectra
of Figure 3A indicate that FPR accumulated a maximum of
30% of the total FAD as semiquinone, in close agreement

with the percentages reported forAnabaenaFNR (1, 4). In
contrast, photoreduction of Fld followed a normal pattern
and its semiquinone form reached up to 96% of the total
FMN present in the bacterial electron carrier (Figure 3B).
Exposure of the fully reduced flavoproteins to air led to
complete oxidation of FPR in a few seconds, whereas Fld
was only oxidized to the semiquinone state, and thereafter
remained stable for several hours (data not shown).

The redox potential for the two-electron reduction of FPR
(Eox/rd) was determined experimentally to be-381 mV. The
FPR potentials for the one-electron exchanges, calculated
according to eqs 4 and 5 and using the reportedEox/rd and
maximal semiquinone fractions, wereEox/sq) -384 mV and
Esq/rd ) -377 mV (Table 2). These values are in the range
of those reported for FNRs from different sources, such as
the Anabaena(Eox/rd ) -374 mV, ref 40) and spinach
reductases (Eox/rd ) -380 mV, ref41), despite differences
in the buffer composition, temperature, or pH.

The two one-electron potentials of Fld could be measured
experimentally because the semiquinone is very stable. The
values determined were-200 mV for Eox/sq and-487 mV
for Esq/rd, while that calculated forEox/rd was-343 mV (Table
2). These results are in full agreement with those reported
by Hallenbeck and Gennaro (42).

Fast Kinetic Studies of Hydride Exchange between FPR
and NADP(H). Reaction of the oxidized reductase with
NADPH was studied using stopped-flow methods, by fol-
lowing the decrease in flavin absorption at 452 nm under
anaerobic conditions. Transients were best fit by monoex-
ponential curves whose observed rate constants (kobs) in-
creased with nucleotide concentration (Figure 4A). Similar
results were obtained when photoreduced FPR was rapidly
mixed with NADP+ and the reactions were followed by the
increase in absorption at 452 nm (Figure 5A), although in
this case somewhat lower rates were observed. For both
processes, thekobs values approached maxima as the nucle-
otide concentration was raised (Figures 4B and 5B), allowing

FIGURE 3: Photoreduction of theR. capsulatusFPR (A) and Fld (B) flavins. The flavoproteins were photoreduced by dRf in 50 mM
Tris-HCl pH 8.0 at 25°C, as indicated under Experimental Procedures, and spectra were recorded at 1-min intervals. The insets show the
corresponding Nernst plots.

Table 2: Midpoint Reduction Potentials ofR. capsulatusFPR and
Flda

flavoprotein Eox/rd (mV) Eox/sq (mV) Esq/rd (mV) % SQ

FPR -381 -384b -377b 30
Fld -343b -200 -487 96b

a Experiments were carried out in 50 mM Tris-HCl, pH 8.0 at 25
°C. b These values were calculated using eqs 4 and 5 as described in
the text.
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calculation of the dissociation constants (Kd) for the inter-
mediate FPRox/NADPH and FPRrd/NADP+ complexes (Table
3). The absolute rates of hydride transfer (ket), reached at
saturating substrate concentration, were 150 s-1 and 30 s-1

for NADPH oxidation and NADP+ reduction, respectively
(Figures 4 and 5, Table 3). Thus, the physiological direction
of hydride transfer is more rapid than the backward reaction,

although both processes occur at least 1 order of magnitude
faster than steady-state turnover (18), and neither of them
represents the rate-limiting step in FPR catalysis.

Electron Exchange Reactions between FPR and Fld.
Stopped-flow kinetic studies were carried out to further
investigate the time course of association and electron
transfer between FPR and Fld in the two possible directions
(25). Formation of the semiquinone forms in both flavopro-
teins was monitored by following the absorption changes at
600 nm (Figure 6). Two phases withkobs of about 9 s-1 and
1.5 s-1 could be detected during reduction of the oxidized
reductase by Fldrd (Figure 6A and Table 3), probably
reflecting two successive electron transfer reactions (25). The
initial increase in absorbance at 600 nm indicates that reaction
of FPRox with Fldrd led to the formation of both semiquinones
by a single electron transfer from Fldrd to FPRox. However,
this increase was shortly followed by a decline in absorbance
at a slower rate. Taking into account that the semiquinone
state of Fld is highly stable (Figure 3B), it is noteworthy
that the relatively small amount of semiquinone stabilized
at the end of the process. Such an observation is consistent
with a mechanism in which the Fldsq resulting from the initial
electron transfer from Fldrd to FPRox reacts either by electron
exchange with FPRsq or by disproportionation. However,

FIGURE 4: Time course of anaerobic reduction ofR. capsulatusFPRox by NADPH. (A) FPRox (∼10 µM) was mixed with NADPH (20µM,
final concentration). The residual for this fitting is shown at the bottom. (B) Dependence of the observed rate constants for FNRox reduction
on NADPH concentration. Reactions were carried out in 50 mM Tris-HCl, pH 8.0 at 25°C.

FIGURE 5: Time course of anaerobic reduction of NADP+ by R. capsulatusFPRrd. (A) Photoreduced FPRrd (∼10 µM) was mixed with
NADP+ (12 µM, final concentration). The residual for this fitting is shown at the bottom. (B) Dependence of the apparent rate constants
for FPRrd oxidation on NADP+ concentration. Reactions were carried out in 50 mM Tris-HCl, pH 8.0 at 25°C.

Table 3: Steady-State and Single Turnover Parameters ofR.
capsulatusFPR with NADP(H) and Fld

reaction
Kd

(µM)
ket

(s-1)
kobs1

(s-1)
kobs2

(s-1)
kap

(s-1)

Hydride Transfer
from NADPH to FPRox 60 150
from FPRrd to NADP+ 20 30

Electron Transfer
from Fldrd to FPRox 9.3 1.5
from FPRrd to Fldox 2.7 1.0
from FPRrd to Fldsq 18.8 1.6

Cytochromec Reductase Activity
with Rhodobacter

Fldox 0.26
Fldsq 0.85

with Anabaena
Fldox 1.50
Fldsq 4.09

11736 Biochemistry, Vol. 44, No. 35, 2005 Nogués et al.



further analysis of the fast kinetic intermediate species at
different wavelengths will be required in order to unequivo-
cally identify the nature of this reaction.

The reverse reaction also displayed biphasic kinetics but
with lower rates (Figure 6B and Table 3). Thus, the latter
process appears to be slow enough to be the rate-limiting
step of the physiological FPR reaction inRhodobacter,
namely, electron transfer from NADPH to the oxidized
protein substrate.

Since the semiquinone state ofR. capsulatusFld proved
to be so stable to oxidation, it was possible to assay the ability
of this form to act as electron donor and acceptor with
oxidized and reduced FPR, respectively. The reaction could
be followed at 452 and 600 nm, to detect changes in the
fully oxidized and semiquinone species of the two flavin-
containing redox partners. Rapid mixing of Fldsq and FPRox

under anaerobic conditions failed to show perturbations in
the absorbance at the two wavelengths (data not shown),
suggesting that no reaction occurred between these species.
In contrast, FPRrd reduced Fldsq at a relatively high rate (kobs

) 19 s-1, Figure 6B and Table 3), indicating that the
semiquinone form of Fld is a better acceptor than Fldox for
FPR. A second, much slower process, withkobs ) 1.6 s-1,
was also detected. Such a process might be related to electron
transfer reactions between residual Fldox and Fldrd species
present in equilibrium with the reacting Fldsq and the different
redox states of FPR present during the overall process.

These results raised the possibility that, during steady-
state turnover from NADPH to Fld, reduction of the acceptor

to the semiquinone level could limit the rate of the overall
reaction. This possibility was tested, taking advantage of the
high redox stability of Fldsq. FPR activity is routinely
measured in vitro by a coupled assay with cytc, a final
acceptor that competes favorably with oxygen for the
available electron of reduced Fd or Fld (18). When the
reactions were carried out in the absence of oxygen, the initial
rates of cytc reduction increased from 0.26 s-1 for Fldox to
0.85 s-1 for Fldsq. This increase presumably indicates that
under these conditions Fldox is not re-formed in the first
catalytic cycle and that Fldsq is the substrate in subsequent
rounds (Table 3). Similar effects were observed with
AnabaenaFld and FNR (Table 3). During steady-state
catalysis, Fldsq will be reduced to the hydroquinone state by
reduced FPR, and reoxidized back to the semiquinone by
either cytc or oxygen. If the reaction is carried out with Fld
in its oxidized form, a one-electron reduction to the semi-
quinone must first occur before the more rapid redox cycle
between semiquinone and hydroquinone can begin. Given
the high redox stability ofRhodobacterFldsq, it was not
necessary to use anaerobic conditions for the cytc reductase
assay. Oxygen was excluded in order to compare the results
with those obtained with theAnabaenaFld, which is rapidly
oxidized in air.

DISCUSSION

The first detailed description of the kinetic mechanism of
a ferredoxin-NADP(H) reductase was based on substrate
binding assays, rapid mixing experiments, and steady-state
measurements carried out on spinach FNR (21). NADP+

reduction (the direction most relevant for photosynthetic
organisms) follows a compulsory ordered mechanism with
the nucleotide acting as the leading substrate, whereas the
backward reaction proceeds via a two-step transfer mecha-
nism without formation of a ternary complex (2 and
references therein). In this case, NADPH also binds first to
the enzyme, but NADP+ is expected to dissociate before Fd
or Fld binding. The overall reactions involve several
individual steps including hydride and electron exchange,
as well as substrate binding and product release from various
FNR forms. In the forward photosynthetic direction leading
to NADPH synthesis, dissociation of the oxidized Fd product
has been identified as rate limiting for catalysis by chloroplast
FNR (21). Our knowledge on the mechanisms underlying
NADPH oxidation mediated by either heterotrophic FNRs
or bacterial FPRs lags way behind, but the accumulated
evidence suggests that the entire reaction is restricted by
processes involving Fd or Fld (2).

Taking into account the high degree of structural conser-
vation in the FNR/FPR family, it is surprising that the
photosynthetic and bacterial reductases display such different
turnover rates. The lowkcat values of prokaryotic FPRs could
be caused, in principle, by constraints imposed on one or
more of the various binding/dissociation and redox processes.
Previous studies have shown that affinity results for NADP+,
Fdox, or Fldox were in the same micromolar range for typical
members of the FNR and FPR classes (1, 2, 4, 18, 43, 44).
In the present article, we have observed that electron transfer
from reduced FPR to oxidized Fld is the slowest step during
enzyme turnover, taking place at about 2.7 s-1 (Table 3).
Identification of Fldox reduction as rate limiting for FPR
catalysis in vitro does not exclude the possibility that other

FIGURE 6: Kinetics of electron exchange betweenR. capsulatus
FPR and Fld. (A) Time course of the anaerobic reaction of Fldrd
with FPRox. The inset shows the same kinetics in logarithmic time
representation. (B) Time course of the anaerobic reactions of FPRrd
with Fldox (dotted line; the residual for this fitting to a biexponential
process is shown at the bottom) and of FPRrd with Fldsq (solid line).
The two proteins were mixed at a 1:1 ratio and final concentrations
of ∼8 µM. Reactions were carried out in 50 mM Tris-HCl, pH 8.0
at 25°C.
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individual steps, such as dissociation of the enzyme:NADP+

complex, could also constrain steady-state activity. However,
two observations argue against this possibility. First, NADP+

interaction with reduced FPR was found to be rather weak,
with a Kd ) 20 µM, as revealed by stopped-flow measure-
ments (Figure 5 and Table 3). More importantly, replacement
of Fldox by Fldsq resulted in a significant increase of electron
transfer rates under both single turnover and steady-state
conditions (Table 3), indicating that Fldox reduction was
indeed the limiting step for catalysis.

To the best of our knowledge, the results presented here
provide the first kinetic evidence showing that, at least in
Rhodobacter, Fldsq is the preferred substrate for FPR. The
nature of the redox transitions taking place during function
of this flavoprotein in vivo has been a matter of controversy
for years. Much of the discussion has concentrated on the
turnover of FMN in the “Fld-like” domains of diflavin
reductases, an important family of enzymes containing built-
in Fld and FNR/FPR units that includes cytochrome P450
reductase (P450R), nitric oxide synthase, and sulfite reduc-
tase, among others (45). These enzymes mediate hydride
transfer from NADPH to FAD, followed by intramolecular
electron transfer to FMN, and from it to the final acceptor
(45-47). The inability of the air-stable FMN semiquinone
of P450R (48) and nitric oxide synthase (47) to reduce
cytochromec and adriamycin, respectively, has been re-
garded as a proof indicating that the fully reduced flavin
must be the necessary electron donor, but this evidence has
been challenged on the argument that the air-stable neutral
semiquinone was not part of the catalytic cycle (45). Instead,
the anionic form of the FMN semiquinone was proposed to
be the catalytically relevant intermediate in theBacillus
megateriumP450R (46).

The electron transfer system established by “free-living”
FPR and Fld represents a split version of diflavin reductases,
and has been shown to catalyze P450R activity, albeit with
lower efficiency (43, 49, 50). Important differences in the
reduction potentials could account, at least in part, for the
wide variation in specific activity observed among the various
systems (43, 45-47). Of the two possible redox transitions
that free Fld can undergo, the one involving the semiquinone
and hydroquinone forms has a midpoint potential similar to
that of the Fe3+/Fe2+ transition of isofunctional Fd in many
species, whereasEox/sqvalues are less negative (Table 2, see
also ref42). Based on these considerations, it has been argued
that Fld may swing between the semireduced and fully
reduced forms during turnover in vivo (51), although on
purely thermodynamic grounds, Fldox should be a better
oxidant for FPRrd during electron transfer from NADPH to
the protein partner (43). It is worth noting that this reaction,
occurring in heterotrophic tissues and organisms, represents
the most extended function of the FPR/FNR enzymes in
nature (2, 3). Bacteria thriving on anoxygenic photosynthesis,
includingRhodobacter, also use FPR activity to reduce low-
potential electron carriers such as Fld via NADPH oxidation
(18). In this context, the lowEsq/rdvalue ofRhodobacterFld
(Table 2) supports the notion that this flavoprotein could be
part of a physiological electron path to the nitrogenase, and
might transfer reducing equivalents to the iron-sulfur protein
component of that complex, which displays a midpoint
potential of about-440 mV (42). The two proteins bind
tightly in solution (Kd ) 0.44µM) and rapid electron transfer

occurs in the presence of dithionite, whereas Fd was found
to be a very inefficient donor (42).

Our results thus show that the advantages of Fldox as
electron acceptor are frustrated by kinetic restrictions that
severely hamper this thermodynamically favored reaction.
There are many examples of flavin-mediated reactions that
proceed against the reduction potential, as recently reviewed
by Murataliev et al. (45). The question remains open as to
which molecular traits might be held responsible for the
suboptimal reaction rates of the bacterial FPR class. Com-
parison of the active site region ofR. capsulatusFPR with
those of typical FNR prototypes reveals many distinct
features (Figures 1 and 2). Some of them occur at the
nucleotide binding pocket of the bacterial reductase (Figure
2), including the absence of aromatic stacking on the flavin
that allows discrimination between NADP(H) and NAD(H)
in the plant reductases, the lack of a positive charge
stabilizing the pyrophosphate group, the distinct conformation
of Tyr66 on thesi-side of the flavin, and the entirely different
architecture of the hydrogen bond network of the site (Figures
1 and 2). While these changes most certainly determine a
distinct set of interactions during NADP(H) binding and
orientation in FPR relative to FNR, the results displayed in
Table 3 indicate that they do not limit hydride transfer or
FPR catalysis.

The role(s) played by amino acids at the active site during
binding and reaction with Fld (the actual rate-limiting step
of FPR turnover) are even less understood. Protein-protein
interaction is likely governed by a combination of electro-
static and hydrophobic forces, as proposed for the FNRs
involved in oxygenic photosynthesis (1, 4). The orientation
of the FPR dipole moment is similar to that of FNR, with
values of 533 and 710 D for theRhodobacterandAnabaena
reductases, respectively, as calculated by using GRASP (data
not shown). Moreover, a number of basic residues, including
Arg43, Lys60, Arg105, Lys107, and Lys265, form a crown
in the FAD-binding domain of FPR at the putative binding
site for the protein partners, and might be involved in steering
the initial encounter, while other forces could participate in
achieving the optimal orientation of the components in the
complex competent for electron transfer.

In addition to the amino acids interacting with the
substrates, several other residues implicated in the catalytic
mechanism of FNR (Tyr79, Ser80, Cys261, and Glu301 in
theAnabaenareductase) are conserved in FPR (Tyr66, Ser67,
Cys232, and Glu264; see Table 4 and Figure 1B). Therefore,
a similar function could be expected for these amino acids
in the two enzyme types. With respect to the contribution
of the nonconserved C-terminal tyrosine to electron transfer
in FNR, Nogue´s et al. (40) have recently shown that this
residue is not involved in the electron shuttling pathway
between the prosthetic groups. Instead, it favors stabilization

Table 4: Amino Acid Residues Conserved inR. capsulatusFPR
andAnabaenaFNR

RhodobacterFPR AnabaenaFNR

Arg64 Arg77
Ala65 Leu78
Tyr66 Tyr79
Ser67 Ser80
Cys232 Cys261
Glu264 Glu301
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of the flavin semiquinone form required for electron splitting,
and modulates the rates of electron exchange with Fd and
Fld (40). It is conceivable that the different architecture of
the C-terminal region of FPR may have critical effects on
these activities, but experimental support for this contention
remains yet to be established.

The collected results suggest that the initial complex
formed betweenR. capsulatusFPR and Fld, dominated by
electrostatic interactions, is probably similar to that of its
FNR siblings. The low rates of electron exchange between
FPR and Fld are also not caused by major shifts in the redox
potentials of the flavoproteins that might thwart their reaction.
More likely, they reflect imperfect orientation of the pros-
thetic groups in the functional complex, and/or impaired
electron convection between the redox partners. The crystal
structure of the bacterial FPR reveals differential conforma-
tions and nonconserved residues that might explain its low
catalytic competence, but a thorough identification of these
mechanistic determinants will require the use of directed
mutagenesis and the obtention of FPR-Fld complexes
amenable to X-ray crystallography to identify those residues
and interactions that were modified in the course of evolution
to accomplish the formidable increase in catalytic efficiency
that led to the FNR versions of the family.
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Medina, M., Gómez-Moreno, C., and Tollin, G. (2002) Structure-
function relationships inAnabaenaferredoxin/ferredoxin:NADP+
reductase electron transfer: insights from site-directed mutagen-
esis, transient absorption spectroscopy and X-ray crystallography,
Biochim. Biophys. Acta 1554, 5-21.

2. Carrillo, N., and Ceccarelli, E. A. (2003) Open questions in
ferredoxin-NADP(H) reductase catalytic mechanism,Eur. J.
Biochem. 270, 1900-1915.

3. Ceccarelli, E. A., Arakaki, A. K., Cortez, N., and Carrillo, N.
(2004) Functional plasticity and catalytic efficiency in plant and
bacterial ferredoxin-NADP(H) reductases,Biochim. Biophys. Acta
1698, 155-165.

4. Medina, M., and Go´mez-Moreno, C. (2004) Interaction of ferre-
doxin-NADP+ reductase with its substrates: optimal interaction
for efficient electron transfer,Photosynth. Res. 79, 113-131.

5. Karplus, P. A., and Faber, H. R. (2004) Structural aspects of plant
ferredoxin:NADP+ oxidoreductases,Photosynth. Res. 81, 303-
315.

6. Hanke, G. T., Kurisu, G., Kusunoki, M., and Hase, T. (2004) Fd:
FNR electron transfer complexes: evolutionary refinement of
structural interactions,Photosynth. Res. 81, 317-327.

7. Karplus, P. A., Daniels, M. J., and Herriott, J. R. (1991) Atomic
structure of ferredoxin-NADP+ reductase: prototype for a struc-
turally novel flavoenzyme family,Science 251, 60-66.

8. Bruns, C. M., and Karplus, P. A. (1995) Refined crystal structure
of spinach ferredoxin-NADP+ oxidoreductase at 1.7 Å resolu-
tion: oxidized, reduced and 2′-phospho-5′-AMP bound states,J.
Mol. Biol. 247, 125-145.

9. Serre, L., Vellieux, F. M., Medina, M., Go´mez-Moreno, C.,
Fontecilla-Camps, J. C., and Frey, M. (1996) X-ray structure of
the ferredoxin-NADP+ reductase from the cyanobacteriumAna-
baenaPCC7119 at 1.8 Å resolution, and crystallographic studies
of NADP+ binding at 2.25 Å resolution,J. Mol. Biol. 263, 20-
39.

10. Yakunin, A. F., Gennaro, G., and Hallenbeck, P. C. (1993)
Purification and properties of anif-specific flavodoxin from the
photosynthetic bacteriumRhodobacter capsulatus, J. Bacteriol.
175, 6775-6780.

11. Razquin, P., Fillat, M. F., Schmitz, S., Stricker, O., Bohme, H.,
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