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ABSTRACT: Previous studies and the crystal structure ofAnabaenaPCC 7119 FNR suggest that the side
chains of Arg100 and Arg264 may be directly involved in the proper NADP+/NADPH orientation for an
efficient electron-transfer reaction. Protein engineering on Arg100 and Arg264 fromAnabaenaPCC 7119
FNR has been carried out to investigate their roles in complex formation and electron transfer to NADP+

and to ferredoxin/flavodoxin. Arg100 has been replaced with an alanine, which removes the positive
charge, the long side chain, as well as the ability to form hydrogen bonds, while a charge reversal mutation
has been made at Arg264 by replacing it with a glutamic acid. Results with various spectroscopic techniques
indicate that the mutated proteins folded properly and that significant protein structural rearrangements
did not occur. Both mutants have been kinetically characterized by steady-state as well as fast transient
kinetic techniques, and the three-dimensional structure of Arg264Glu FNR has been solved. The results
reported herein reveal important conceptual information about the interaction of FNR with its substrates.
A critical role is confirmed for the long, positively charged side chain of Arg100. Studies on the Arg264Glu
FNR mutant demonstrate that the Arg264 side chain is not critical for the nicotinamide orientation or for
nicotinamide interaction with the isoalloxazine FAD moiety. However, this mutant showed altered behavior
in its interaction and electron transfer with its protein partners, ferredoxin and flavodoxin.

Ferredoxin-NADP+ reductase (FNR,1 EC 1.18.1.12) is a
flavoenzyme which catalyzes NADPH formation during
photosynthesis, according to the reaction (1)

The three-dimensional structure of this enzyme has been
shown to be the prototype of a large family of flavin-
dependent oxidoreductases that function as transducers
between nicotinamide dinucleotides (two-electron carriers)
and various one-electron carriers (2-4). The three-dimen-
sional structures of oxidized and reduced native spinach FNR

and that of a complex with 2′-phospho-5′-AMP have been
reported (2). The three-dimensional structure ofAnabaena
FNR and that of a complex with NADP+ have also been
determined (5).

The electron-transfer reactions betweenAnabaenaPCC
7119 FNR and its physiological partners have been exten-
sively studied (6-15). When this organism is grown under
low-iron conditions, flavodoxin is synthesized instead of
ferredoxin, and replaces it in the electron-transfer reaction
from PSI to FNR (16). The three-dimensional structure of
AnabaenaFNR resembles that of the spinach enzyme and
consists of two different domains (4, 5). The FAD binding
domain is made up of a scaffold of six antiparallel strands
arranged in two perpendicularâ-sheets, the bottom of which
is capped by a shortR-helix and a long loop. The NADP+

binding domain consists of a core of five parallelâ-strands
surrounded by sixR-helices. The edge of the dimethylben-
zene ring of FAD, which is the only part of the flavin
isoalloxazine moiety exposed to the solvent, is putatively
involved in intermolecular electron transfer with ferredoxin
or flavodoxin.

Chemical modification studies have implicated Arg224,
Lys227, and Arg233 (12, 13) in the AnabaenaFNR and
Lys116 and Lys244 (corresponding to Arg100 and Arg233
in the Anabaenaenzyme) (17-19) in the spinach enzyme
in the interaction with the NADP+ cofactor. The role of the
side chain of Lys116 in catalysis in the spinach FNR has
been probed by replacement of this residue by a glutamine
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using site-directed mutagenesis (20). The three-dimensional
structure obtained for a complex ofAnabaenaFNR and
NADP+ confirmed most of the observations of that study
(5). The adenine ring of NADP+ interacts through hydrogen
bonding with Gln237 and is stacked with the Tyr235 side
chain. The 2′-phosphate interacts with Ser223, Arg224,
Arg233, and Tyr235, and the adenine 5′-phosphoryl is
hydrogen bonded to Arg100. However, in this FNR-NADP+

complex, the nicotinamide ring is turned toward the FNR
molecular surface and does not stack onto the FAD isoal-
loxazine ring as would be required for hydride and proton
transfer (5). The side chains of several residues (Arg100,
Arg224, Arg233, Tyr235, Gln237, and Glu103) are displaced
by the presence of substrate in the complex. In particular,
movement of Arg100 is detected upon NADP+ binding
which seems to interfere with the binding of the nicotinamide
ring. In these FNR-soaked crystals, the NADP+ position
seems to be only partially occupied and two weak electron
density positions for Arg100 indicate an alternate position
for this residue (Figure 1). One position corresponds to that
found in the free enzyme, while in the other position, Arg100
interacts with the pyrophosphate bridge of NADP+ which
causes it to lie on the surface of the protein in such a manner
that no hydride exchange is possible between N5 of the FAD
isoalloxazine and C4 of the nicotinamide (5). The observed
binding is presumed to represent an alternative mode of
interaction between the oxidized pyridine nucleotide and the
oxidized enzyme. It is apparently unfavorable for the
positively charged oxidized nicotinamide ring to be buried
in the nicotinamide pocket, the most likely reason for this
being an unfavorable electrostatic interaction with the
guanidinium group of Arg100. A similar situation has been
described for the binding of NADP+ to glutathione reductase,
whereas no problem was detected in the binding of NADPH
(21). An “ideal” model for NADP+ binding has been
constructed on the basis of the NADP+-bound structure and
the fact that during catalysis the nicotinamide ring must stack
against the FAD isoalloxazine ring (5). A third position for
the Arg100 side chain is proposed in this model (Figure 1).
Two possibilities also exist for the nicotinamide stacking

against the isoalloxazine ring. The nicotinamide ring could
be sandwiched between the aromatic ring of the terminal
Tyr303 and the isoalloxazine ring, as in glutathione reductase
or in NAD(P)H quinone reductase (21, 22). An alternative
mechanism has also been proposed involving an additional
movement of the aromatic ring of Tyr303, with stabilization
being provided by stacking with the guanidinium moiety of
Arg264 and the stacking of the nicotinamide moiety with
the isoalloxazine. Moreover, Arg264 may play an additional
role in ferredoxin recognition (5, 23).

Sequence comparisons ofAnabaenaPCC 7119 with FNRs
from different sources and with other members of the FNR
family are shown in Table 1. Both Arg100 and Arg264 are
conserved as positively charged residues in all the FNR
sequences analyzed thus far, but not in other family members,
indicating that although its function is well-conserved in the
FNRs, it is not conserved in other family members. In this
study, protein engineering on Arg100 and Arg264 of
AnabaenaPCC 7119 FNR has been carried out to investigate
their roles in complex formation and electron transfer to
NADP+ and to ferredoxin/flavodoxin. Removal of these
positively charged residues might be expected to produce
significant changes in complex stabilization between FNR
and its cofactors. Arg100 has been replaced by an alanine,
which removes the positive charge, the long side chain, as
well as the ability to make hydrogen bonds, while a charge-
reversal mutation has been constructed at Arg264 by replac-
ing it with a glutamic acid.

MATERIALS AND METHODS

Oligonucleotide-Directed Mutagenesis.Mutations of re-
combinantAnabaenaPCC 7119 FNR at Arg100 and Arg264
were carried out using the Transformer site-directed mu-
tagenesis kit from Clontech in combination with the synthetic
oligonucleotides 5′ TA GTG TAA TTG GCA GAG GGA
GAG 3′ for Arg100Ala and 5′ CTC TTC CAT ACC CTC
CAA ACC ACA GAT G 3′ for Arg264Glu and the trans
oligo NdeI-SacII 5′ AGT GCA CCA TCC GCG GTG TGA
3′. As template, a construct of thepetH gene (24) which has
been previously cloned into the expression plasmid pTrc99a
(25) was used. Mutations were verified by DNA sequence
analysis. The constructs containing the mutated FNR gene
were used to transform theEscherichia coliPC 0225 strain
(25).

Purification of Proteins. AnabaenaPCC 7119 Arg100Ala
and Arg264Glu FNR mutants were purified from IPTG-
induced cultures as previously described (11, 25). Recom-
binant ferredoxin and flavodoxin fromAnabaenawere also
prepared as described previously (9, 26). UV-visible spectra
and SDS-PAGE were used as purity criteria.

Spectral Analysis.UV-visible spectra were measured on
a Cary-15 (Olis-modified), a Hewlett-Packard 8452 diode
array, or a Kontron Uvikon 942 spectrophotometer. Circular
dichroism (CD) spectra were obtained using a Jasco 710
spectropolarimeter at room temperature in a 1 cmpath length
cuvette. For the CD measurements, protein concentrations
were 4 µM for the visible and aromatic regions of the
spectrum and 0.7µM for the far-UV regions. Samples were
prepared in 1 mM Tris-HCl (pH 8.0). Protein and flavin
fluorescence were measured using a Kontron SFM 25
spectrofluorometer interfaced with a PC computer. Solutions

FIGURE 1: Different orientations of Arg100 in wild-type FNR
(orange), in the crystallographic NADP+-FNR complex (green),
and in the modeled NADP+-FNR complex (red). This figure was
generated with the O graphics program (40).
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used for fluorescence spectra contained 4µM protein in 50
mM Tris-HCl (pH 8.0).

Binding Constants.Dissociation constants and binding
energies of the complexes between oxidized FNR species
and NADP+, oxidized ferredoxin, or oxidized flavodoxin
were obtained as previously described (11, 15). The experi-
ments were performed on solutions containing approximately
30 µM FNR in 50 mM Tris-HCl buffer (pH 8.0) at 25°C,
into which aliquots of concentrated ligand were added.

Enzymatic Assays.The diaphorase activity, with DCPIP
as the electron acceptor, and the FNR-dependent NADPH-
cytochromec reductase activity, using either ferredoxin or
flavodoxin, were measured as described previously (11, 27,
28). The standard reaction mixtures contained varied con-
centrations of NADPH, ferredoxin, or flavodoxin for calcu-
lating the correspondingKm values. All the measurements
were carried out at 25°C in 50 mM Tris-HCl (pH 8.0), unless
otherwise stated.

FNR Photoreduction.Photoreduction of protein-bound
flavin was performed under anaerobic conditions in the
presence of EDTA and 5-deazariboflavin as previously
described (11).

Laser Flash Photolysis Measurements.The laser flash
photolysis apparatus and the experimental protocol have been
described previously (9, 11, 29). In the current system, the
Nicolet 1170 signal averager has been replaced by a
Tektronix TDS410A digitizing oscilloscope. The mechanism
by which 5-deazariboflavin (dRf) initiates protein-protein
electron transfer has also been described previously (30).
Digitized kinetic traces were analyzed using a computer
fitting routine (Kinfit, Olis Co., Bogart, GA). Generally, four
to ten flashes were averaged. Experiments were carried out
under pseudo-first-order conditions in which Fd is present
in large excess over the dRfH• generated by the laser flash
(<1 µM). Laser flash-induced kinetic measurements were
taken at room temperature. In addition to protein, samples

also contained 1 mM EDTA and 95-100µM dRf in 4 mM
potassium phosphate buffer (pH 7.0). The ionic strength of
the solution was adjusted using a 5 MNaCl stock solution.
Samples were made anaerobic as described previously
(11, 31).

The kinetic data shown in Figures 2 and 3 were taken at
600 nm, a wavelength at which the production of FNRsq can
be monitored as FNRox is reduced by Fdrd. Data collected at
507 nm, a wavelength at which the oxidation of Fdrd can be
monitored, yielded rate constants that were the same, within
experimental error, as those determined from the 600 nm
data, as expected from the following simple (minimal) two-
step mechanism (eq 1)

Binding constants for the intermediate Fdrd-FNRox com-
plexes and electron-transfer rate constant values were
determined by fitting the laser flash photolysis kinetic data
(Figure 2A) to the exact solution of the differential equation
describing the minimal (two-step) mechanism (eq 1) (32, 33).

Estimation of Reduction Potentials.Reduction potentials
for the oxidized/semiquinone couples (E°′) of the FNR
mutants were estimated by comparison of the extent of
reoxidation of Fdrd by FNRox observed at 507 nm in the laser
flash photolysis measurements relative to the extent of
reoxidation produced using wild-type FNR under comparable
conditions.

Stopped-Flow Measurements.Electron-transfer processes
between FNR and its substrates (NADP+/NADPH, Fd, or
Fld) were studied using stopped-flow methodology under
anaerobic conditions using an Applied Photophysics SX17.MV
spectrophotometer interfaced with an Acorn 5000 computer
using the SX.17MV software of Applied Photophysics as
previously described (11). The observed rate constants (kobs)

Table 1: Conservation of the Arg100 and Arg264 Residues ofAnabaenaPCC 7119 in the FNR Familya

a The final alignments were obtained by visual inspection. Asterisks indicate exact matches of the sequences to that ofAnabaenaPCC 7119
FNR. The hyphen represents an amino acid deletion.

Fdrd + FNRox {\}
Kd

[Fdrd‚‚‚FNRox] 98
ket

Fdox + FNRsq (1)
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were calculated by fitting the data to a mono- or biexpo-
nential equation. The measurement of the reoxidation rate
of the different reduced FNR forms by molecular O2 was
carried out using an air-saturated 50 mM Tris-HCl solution
(pH 8.0).

Reactant concentrations for the stopped-flow experiments
were as follows (final concentrations): 5µM wild-type
FNRox, 6.5 µM Arg100Ala FNRox, and 10µM Arg264Glu
FNRox were reacted with 44, 40, and 40µM NADPH,
respectively; 7.5µM wild-type FNRrd, 10 µM Arg100Ala

FNRrd, and 9.2µM Arg264Glu FNRrd were reacted with 44,
50, and 39µM NADP+, respectively; 9.5µM wild-type
FNRox, 9 µM Arg100Ala FNRox, and 10µM Arg264Glu
FNRox were reacted with 28, 25, and 23µM Fdrd, respec-
tively; 7 µM wild-type FNRrd, 6 µM Arg100Ala FNRrd, and
8.75 µM Arg264Glu FNRrd were reacted with 22, 20, and
24 µM Fdox, respectively; 10µM wild-type FNRox, 9 µM
Arg100Ala FNRox, and 12 µM Arg264Glu FNRox were
reacted with 24, 22, and 26µM Fldrd, respectively; 11.5µM
wild-type FNRrd, 15 µM Arg100Ala FNRrd, and 9 µM
Arg264Glu FNRrd were reacted with 27.5, 27, and 26µM
Fldox, respectively; and 8.5µM wild-type FNRrd, 9 µM
Arg100Ala FNRrd, and 9µM Arg264Glu FNRrd were reacted
with an air-saturated 50 mM Tris-HCl solution (pH 8.0).

Crystal Growth, Data Collection, and Structure Refine-
ment. Crystals of Arg264Glu FNR were grown by the
hanging drop method. The 5µL droplets consisted of 2µL
of a 25.9 mg of protein/mL solution buffered with 10 mM
Tris-HCl (pH 8), 1µL of unbufferedâ-octyl glucoside at
5% (w/v), and 2µL of reservoir solution containing 17%
(w/v) poly(ethylene glycol) (PEG) 6000, 20 mM ammonium
sulfate, and 0.1 M MES (pH 4.9). The droplet was equili-
brated against 1 mL of reservoir solution at 20°C. Under
these conditions, crystals grew, within 1-7 days, up to a
maximum size of 0.8 mm× 0.4 mm × 0.4 mm in the
presence of phase separation caused by the detergent.

X-ray data for the Arg264Glu FNR were collected at 20
°C to 2.3 Å resolution on a Mar-Research Image Plate
detector using graphite-monochromated CuKR radiation
generated by an Enraf-Nonius rotating anode generator
operating at 35 kV and 99 mA. Crystals belong to theP65

hexagonal space group with the following unit cell dimen-
sions: a ) b ) 88.09 Å andc ) 97.21 Å. TheVM is 3.0
Å3/Da (34) with one FNR molecule in the asymmetric unit
and 60% solvent content. The X-ray data set was processed
with MOSFLM (35) and scaled and reduced with SCALA,
from the CCP4 package (36). The Arg264Glu structure was
solved by molecular replacement using the program AMoRe
(37) on the basis of the 1.8 Å resolution native FNR model

FIGURE 2: (A) FNR concentration dependence for the reduction of wild-type (b), Arg100Ala (O), and Arg264Glu (0) FNR species by Fdrd
at an ionic strength of 100 mM. For the wild-type and Arg100Ala experiments, FNR was titrated into 30µM Fd. For the Arg264Glu
experiment, FNR was titrated into 40µM Fd. Solid lines through the data represent theoretical fits assuming a two-step mechanism (see
the text for details). The fit to the Arg100Ala data can almost be superimposed with that of the wild-type data and is not shown. (B) Ionic
strength dependence ofkobs for the reduction of wild-type (b), Arg100Ala (O), and Arg264Glu (0) FNR forms by Fdrd. The kobs values
have been normalized to 30µM FNR. The actual FNR concentrations were 30µM for the wild-type reaction and 40µM for the experiments
with the mutants. All experimental mixtures contained 40µM Fd. The ionic strength was adjusted using aliquots of 5 M NaCl. Deaerated
solutions also contained 95-100 µM dRf and 1 mM EDTA in 4 mM potassium phosphate buffer (pH 7.0).

FIGURE 3: (A) Time course of anaerobic reduction of FNR species
by NADPH. Final concentrations after mixing were as follows: 5
µM wild-type FNRox (narrow trace) was reacted with 44µM
NADPH, and 6.5µM Arg100Ala FNRox (wide trace) was reacted
with 40 µM NADPH. The monitoring wavelength was 460 nm.
(B) NADPH concentration dependence of the observed rate
constants for Arg100Ala FNRox reduction. Reactions were carried
out in 50 mM Tris-HCl (pH 8.0) at 13°C.
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(5) without the FAD cofactor. An unambiguous single
solution for the rotation and translation functions was
obtained. This solution was refined by the fast rigid-body
refinement program FITING (38). The model was subjected
to alternate cycles of conjugate gradient refinement with the
program X-PLOR (39) and manual model building with the
software package O (40). The crystallographicR and Rfree

values converged to values of 0.16 and 0.22, respectively,
for reflections between 9 and 2.3 Å resolution (Table 2).
The final model contains 2336 non-hydrogen protein atoms,
one FAD moiety, one SO42-, and 332 solvent molecules.
The atomic coordinates of the Arg264Glu FNR mutant have
been deposited in the Protein Data Bank (code 1bjk).

RESULTS

Expression and Purification of Arg100Ala and Arg264Glu
FNR Mutants. The level of expression inE. coli of
Arg100Ala and Arg264GluAnabaenaPCC 7119 FNR
mutants was judged to be similar to that of the recombinant
wild-type enzyme. Both mutants were purified by following
the same protocol as for the wild-type FNR. The Arg100Ala
FNR mutant was found to interact weakly with the Cibacron-
Blue Sepharose matrix. Proteins were obtained in homoge-
neous form, as shown by SDS-PAGE.

Spectral Properties.No major differences were detected
in the UV-visible, FAD and protein fluorescence, and
circular dichroism spectra of the Arg100Ala and Arg264Glu
FNR mutants compared to those of the wild-type FNR (not
shown). These data indicate that no major structural pertur-
bations have taken place upon replacement of Arg100 by
alanine and Arg264 by glutamic acid inAnabaenaPCC 7119
FNR.

Steady-State Kinetics.The steady-state catalytic behaviors
of the Arg100Ala and Arg264Glu FNR mutants were
determined for two reactions catalyzed by FNR. All the
kinetic parameters were obtained by fitting the data to the
equation for a ping-pong mechanism. The calculated values
are shown in Table 3 and compared with those reported for
the wild-type enzyme (11). Only small differences were
detected in thekcat of either FNR mutant for the diaphorase
activity with DCPIP, the values being 70 and 74% of those
of the wild-type enzyme, respectively. Nevertheless, theKm

value for NADPH of Arg100Ala FNR is 12-fold larger than
that of the wild-type enzyme, while only a small increase in
this parameter is detected for Arg264Glu FNR. The kinetic
parameters indicate that Arg100Ala and Arg264Glu FNR

mutants react with 5 and 41% of the catalytic efficiency of
wild-type FNR, respectively, when assaying the diaphorase
activity with DCPIP.

The NADPH-dependent cytochromec reductase activity
of these two FNR forms was studied using either ferredoxin
or flavodoxin as the mediator. No changes were detected in
the catalytic constants for these two mutants, either with
ferredoxin or with flavodoxin (Table 3). Nevertheless, these
replacements caused different effects on theKm values
obtained for the different FNR substrates. Arg100Ala FNR
showed aKm value for NADPH 46 times larger than that
reported for wild-type FNR, while only minor changes were
detected in this parameter for the protein electron acceptors
ferredoxin and flavodoxin. This indicates that for this mutant,
the catalytic efficiency with NADPH is only 2% of that of
the wild-type enzyme, whereas the mutant is still able to
transfer electrons efficiently to ferredoxin and flavodoxin.
The opposite behavior with regard to theKm value is
observed when Arg264 is replaced by glutamic acid. This
mutant has aKm for NADPH close to that found for the wild-
type enzyme, while the corresponding values for ferredoxin
or flavodoxin are increased by large factors, thus making
the catalytic efficiencies of this mutant only 5 and 6% of
that of the wild type when ferredoxin and flavodoxin,
respectively, are used in this function.

Interaction of Arg100Ala and Arg264Glu FNRox with Their
Substrates in the Oxidized State.The constants for binding
of each mutated FNRox form to each of its substrates
(NADP+, ferredoxin, and flavodoxin) were evaluated using
difference absorption spectroscopy (11, 15). The spectral
changes produced when Arg100Ala and Arg264Glu FNRox

forms were titrated with Fdox or Fldox were similar to those
found for wild-type FNR (not shown). Moreover, only small
changes were observed in the binding properties (Table 4)
for both substrates, with the dissociation constants being
within a factor of 3 of those of the wild-type enzyme. Only
a very small difference in the extinction coefficient was found
for the complex formed between Arg264Glu FNRox and Fldox

(Table 4). The significance of this is unclear.
The spectral perturbations produced when NADP+ binds

to Arg100Ala and Arg264Glu FNRox mutants were similar
to those found when it binds to wild-type FNR (not shown).
Nevertheless, important changes are detected in the dissocia-
tion constant and binding energy of Arg100Ala FNR for this
substrate with respect to the values reported for the wild-
type enzyme (Table 4). The dissociation constants and the
binding free energy for the NADP+-Arg100Ala FNRox

complex are 75-fold higher and 2.5 kcal/mol more positive,
respectively, than those found in the complex with the wild-
type enzyme. The corresponding values for the NADP+-
Arg264Glu FNRox complex were just 6-fold higher and 1
kcal/mol more positive, respectively. The above results
indicate that while the Fd and Fld binding sites in both FNR
mutants were only slightly influenced by the amino acid
replacements, the NADP+ interaction site was significantly
changed, especially when Arg100 was replaced by an alanine.

Reduction of Arg100Ala and Arg264Glu FNR Forms
Studied by Laser Flash Photolysis.Reduction of Arg100Ala
and Arg264Glu FNR mutants by laser-generated dRfH• was
monitored by the absorbance decrease at 465 nm, corre-
sponding to FAD reduction. Transients were well fitted by
monoexponential curves, and the measured rate constants

Table 2: Refinement Statistics

σ cutoff none
resolution range (Å) 9.0-2.3
no. of reflections used 18504
no. of protein atoms 2336
no. of ligand atoms 58
no. of solvent atoms 332
R factora 0.16
freeR factor 0.22
rms deviation

bond lengths (Å) 0.007
bond angles (deg) 1.21
dihedrals 26.17
impropers 1.55
Ramachandran outliers none

a R factor ) ∑(|Fo| - |Fc|)/∑|Fo|.
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were within a factor of 2 of that determined for wild-type
FNR (Table 5), indicating that the FAD of these mutants is
accessible and redox active.

The dependencies ofkobs on FNR concentration for the
Fd-FNR electron-transfer interaction at 100 mM ionic
strength for wild-type FNR and the Arg100Ala and Arg264Glu
FNR mutants are shown in Figure 2A. The results for the
Arg100Ala mutant and wild-type FNR are essentially identi-
cal, whereas the result for the Arg264Glu mutant is clearly
different. TheKd value for the intermediate Fdrd-FNRox

complex and theket derived from these plots are given in
Table 5. It is evident that theket values for the interaction of
the wild type and Arg100Ala with Fdrd are the same within
experimental error. TheKd value for the intermediate Fdrd-
FNRox complex for the charge-reversal mutant, Arg264Glu,
is 2 times larger than for wild-type FNR. Note that these
data have not been corrected for the presence of preformed
complex. We have previously shown (31) that this correction

has insignificant effects onket, but does significantly decrease
the values ofKd without changing their relative values.

Figure 2B shows the dependence ofkobson ionic strength.
It is clearly evident that Arg100Ala reacts in a manner
essentially identical to that of wild-type FNR. The maximal
kobs value obtained for Arg264Glu occurs at a significantly
lower ionic strength than for wild-type FNR, which suggests
that electrostatic interactions in this charge-reversal mutant
have been weakened, which results in electron-transfer-
favorable interprotein orientations being more easily accessed
at lower ionic strengths.

Reduction Potentials.At similar FNR concentrations,
Arg100Ala and Arg264Glu reoxidized Fdrd to essentially the
same extent as did wild-type FNR. We interpret this as an
indication that the one-electron reduction potentials (E°′) of
these mutants for the oxidized/semiquinone couple are not
appreciably perturbed.

Stopped-Flow Studies of the FNR Mutants Arg100Ala and
Arg264Glu.Stopped-flow kinetic studies were carried out
for Arg100Ala and Arg264GluAnabaenaPCC 7119 FNR
forms to further investigate the behaviors observed above.
This technique allows us to study the time course of
association and electron transfer between FNR, in the
oxidized and reduced states, and its NADP+/NADPH co-
factors as well as its two electron-transfer protein partners,
ferredoxin and flavodoxin (11). The kinetics of reduction of
AnabaenaFNR forms by NADPH and the reoxidation of
the reduced enzyme by NADP+ were determined by fol-
lowing the flavin and the NADP+/NADPH spectral changes
at 460 and 340 nm, respectively, under anaerobic conditions
(11). Reaction of Arg100Ala FNR with NADPH showed a
decrease in absorbance at 340 nm, and a decrease at 460
nm, which was best fitted to a first-order equation with an
observed rate constant, 11( 1 s-1, considerably smaller than

Table 3: Steady-State Kinetic Parameters of Wild-Type FNR and the FNR Mutants Arg100Ala and Arg264Glua

Diaphorase Activity with DCPIP

FNR form kcat (s-1) Km
NADPH (µM) kcat/Km

NADPH (µM-1 s-1)

wild typeb 81.5( 3 6.0( 0.6 13.5( 0.5
Arg100Ala 54.2( 0.6 74( 3 0.74( 0.16
Arg264Glu 60.0( 1.5 10.3( 0.8 5.6( 0.2

NADPH-Dependent Cytochromec Reductase Activity

with ferredoxin as the mediator with flavodoxin as the mediator

FNR form kcat (s-1) Km
NADPH (µΜ)

kcat/Km
NADPH

(µM-1 s-1) Km
Fd (µM)

kcat/Km
Fd

(µM-1 s-1) kcat (s-1) Km
Fld (µM)

kcat/Km
Fld

(µM-1 s-1)

wild typeb 200( 10 6.0( 0.5 33.3( 1.7 11( 2 18.2( 1.0 23.3( 1.6 33( 5 0.70( 0.05
Arg100Ala 200( 11 275( 17 0.72( 0.09 11( 2 18.2( 1.0 28.3( 2.2 78( 11 0.36( 0.08
Arg264Glu 200( 33 7.8( 1.2c 25.7( 0.2c 212( 2 0.98( 0.04 21.6( 6.0 544( 60 0.04( 0.005

a All the reactions were carried out in 50 mM Tris-HCl (pH 8.0) at 25°C. Unless otherwise stated, when theKm for one FNR substrate is
calculated, the other one is present at a saturating concentration.b Data from ref11. c Calculated at a nonsaturating ferredoxin concentration (50
µM).

Table 4: Dissociation Constants and Free Energy for Complex Formation of DifferentAnabaenaPCC 7119 FNR Forms with NADP+,
Oxidized Ferredoxin, and Oxidized Flavodoxina

FNR form
Kd

NADP+

(µM)
∆ε(480-394)

NADP+

(mM-1 cm-1)
∆G°NADP+

(kcal mol-1) Kd
Fd (µM)

∆ε(462)
Fd

(mM-1 cm-1)
∆G°Fd

(kcal mol-1)
Kd

Fld

(µM)
∆ε(465)

Fld

(mM-1 cm-1)
∆G°Fld

(kcal mol-1)

wild type 5.7( 0.3 1.20( 0.01 -7.10( 0.05 4( 1 2.00( 0.08 -7.3( 0.2 3( 1 1.4( 0.1 -7.5( 0.3
Arg100Ala 423( 35 0.65( 0.02 -4.58( 0.05 10( 2 1.92( 0.11 -6.8( 0.1 3.4( 1.0 1.1( 0.04 -7.4( 0.3
Arg264Glu 34.3( 3.8 1.48b ( 0.05 -6.06( 0.06 3.3c ( 1.0 1.65c ( 0.08 -7.5( 0.2 9.4( 5.0 0.3( 0.04 -6.8( 0.3

a All the difference spectra were recorded in 50 mM Tris-HCl (pH 8.0) at 25°C. All the proteins were in the oxidized state.b ∆ε(356-394)
NADP+.

c Dissociation constant obtained in 4 mM potassium phosphate and 1 mM EDTA (pH 7.0).

Table 5: Kinetic Parameters for Electron Transfer from Reduced
Ferredoxin to the DifferentAnabaenaPCC 7119 FNR Forms
Studied by Laser Flash Photolysisa

reduction by dRfH• reduction by Fdrd

FNR form
k × 108

(M-1 s-1) ket (s-1)
Kd for

Fdrd-FNRox (µM)b

wild typec 2.3( 0.1 6200( 400 9.3( 0.7
Arg100Ala 3.7( 0.1 6000( 500 9.6( 0.7
Arg264Glu 1.3( 0.1 4200( 400 20( 2

a Values for reduction by Fdrd were obtained from the data in Figure
2 as described in the text.T ) 25 °C. All samples were prepared in 4
mM potassium phosphate and 1 mM EDTA (pH 7.0). The ionic strength
was adjusted to 100 mM using aliquots of 5 M NaCl. b These values
have not been corrected for the concentration of the preformed complex.
c Taken from ref31.
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the two rate constants reported for the same reaction of the
wild-type enzyme (Figure 3A and Table 6). However, the
reaction of Arg264Glu FNR with NADPH showed a
behavior similar to that reported for the wild-type enzyme
(Table 6), i.e., a fast phase corresponding to charge-transfer
complex formation followed by a slower phase ascribed to
flavin reduction (11, 41). The very low reactivity of the
Arg100Ala mutant with NADPH under our stopped-flow
experimental conditions allowed a more detailed study of
this process by analyzing the observed rate constants obtained
at different NADPH concentrations (Figure 3B). The hy-
perbolic behavior shown in Figure 3B allowed the data to
be fit using the analytical solution (32) of the differential
equations describing the two-step mechanism:

From this procedure,Kd for the formation of the intermediate
complex can be calculated, as well as the value for the
limiting rate constant,ket. These values were 210( 10 µM
and 86 ( 6 s-1, respectively. Thus, the free energy for
complex formation between NADPH and FNRox is -5.1
kcal/mol.

The reaction of FNRrd with NADP+ was also studied by
stopped-flow spectrophotometry (Figure 4A). Increases in
absorbance at 460 nm due to FNR reoxidation and at 340
nm due to NADPH formation (not shown) were detected
for both mutants, as reported for wild-type FNR (11).
Nevertheless, although most of the reoxidation of Arg264Glu
FNR took place during the instrumental dead time (Table
6), as was the case for the wild-type enzyme, the observed
rate constant for reoxidation of Arg100Ala FNR by NADP+

was only 38( 3 s-1 (Table 6 and Figure 4A). The low
reactivity of the Arg100Ala FNRrd with NADP+ allowed a
more detailed study of the process by analyzing the observed
rate constants obtained at different NADP+ concentrations
(Figure 4B). Again, the hyperbolic behavior shown in Figure
4B allowed the data to be fit using the analytical solution
(32) of the differential equations describing the two-step
mechanism, which in this case is

TheKd value for the formation of the intermediate complex
is 87.8( 1.0 µM, and the limiting rate constant,ket, is 128
( 20 s-1. The free energy for complex formation between
NADP+ and FNRrd is -5.2 kcal/mol, which is essentially
the same as that obtained for the NADPH-FNRox complex.

Reactions between FNR and Fd were followed at 507 nm.
This wavelength is an isosbestic point for FNRox and FNRsq,
near an isosbestic point for FNRsq and FNRrd, and is
appropriate for following reduction or reoxidation of ferre-
doxin (42). Previous stopped-flow studies of the electron-
transfer process between Fdrd and FNRox have shown that
the kobs for electron transfer from Fdrd to wild-type FNRox

producing FNRsq and Fdox (at least 1000 s-1) must be short
enough that the reaction takes place within the instrumental
dead time and that the rate constant observed by stopped-
flow methods (250 s-1; Table 6) must correspond to the
reoxidation of a second Fdrd molecule and reduction of FNRsq

to FNRrd (11, 41). Reduction of Arg100Ala FNR by Fdrd

Table 6: Fast Kinetic Parameters for Electron-Transfer Reactions of the DifferentAnabaenaPCC 7119 FNR Forms Studied by Stopped-Flow
Methodsa

kobs (s-1) kobs (s-1)

FNR form
FNRox with
NADPHc

FNRox with
Fdrd

d
FNRox with

Fldrd
e

FNRrd with
NADP+ c

FNRrd

with Fdox
d

FNRrd with
Fldox

e

wild typeg >600b ndb ndb >600b ndb 2.5( 1.0
>140f 250f ( 30 1.0( 1.0

Arg100Ala 11( 1 ndb >300f 38 ( 3 ndb 5 ( 2
18 ( 5 1.5( 0.3

Arg264Glu ndb ndb 14.6( 0.4 >350f >200 1.0( 0.2
220f ( 31 161( 10 3.1( 0.2 0.75( 0.5

a All the reactions were carried out in 50 mM Tris-HCl (pH 8.0) at 13°C. The samples were mixed in the stopped-flow spectrometer at the
indicated concentrations and redox states. Two values ofkobs are given for processes showing double exponentials.b Reaction occurred within the
instrumental dead time.c Reaction followed at 460 nm.d Reaction followed at 507 nm.e Reaction followed at 600 nm.f Most of the reaction took
place within the instrumental dead time.g Taken from ref11.

FIGURE 4: (A) Time course of anaerobic reduction of NADP+ by
FNRrd species. Final concentrations after mixing were as follows:
7.5 µM wild-type FNRrd (narrow trace) was reacted with 44µM
NADP+, and 10µM Arg100Ala FNRrd (wide trace) was reacted
with 50 µM NADP+. The monitoring wavelength was 460 nm. (B)
NADP+ concentration dependence of the observed rate constants
for Arg100Ala FNRrd reoxidation. Reactions were carried out in
50 mM Tris-HCl (pH 8.0) at 13°C.

NADPH + FNRox {\}
Kd

[NADPH‚‚‚FNRox] 98
ket

NADP+ + FNRrd (2)

NADP+ + FNRrd {\}
Kd

[NADP+‚‚‚FNRrd] 98
ket

NADPH+ FNRox (3)
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could not be followed under our experimental conditions by
stopped-flow methods, indicating that the processes involving
this reaction occurred within the instrumental dead time, and
thus that it behaves in a manner very similar to that of the
wild-type protein. However, when the reaction of Arg264Glu
FNRox with Fdrd was analyzed by stopped-flow methods,
although the rate constant for reduction of the protein by
Fdrd, as expected from the obtained laser flash photolysis
data, is still too fast to be detected, a significant decrease is
obtained in thekobs value for the reduction of the FNRsq

previously formed by a second Fdrd molecule (Table 6).
Reduction of ferredoxin by the Arg100Ala and Arg264Glu

FNRrd forms was also assayed. In all cases, the data collected
for the stopped-flow reaction were best fit to a single-
exponential equation (Table 6), as was the case for the wild-
type enzyme (11). This process, which was too fast to be
followed by stopped-flow spectrophotometry for the wild-
type FNR (11), was also too fast to be detected for
Arg100Ala FNRrd. However, when reduction of ferredoxin
by Arg264Glu FNRrd was studied, although near the instru-
mental dead time, we were able to detect a decay which
corresponded to a rate constant of>200 s-1, demonstrating
that this process has been affected by the mutation, although
we were not able to quantitate it.

Electron-transfer reactions between FNR and flavodoxin
were also analyzed for the Arg100Ala and Arg264Glu FNR
mutants by stopped-flow methods, and the results were
compared with those reported for the wild-type enzyme (11).
As previously described, the time course of wild-type FNRox

reduction by reduced flavodoxin cannot be followed by
stopped-flow methods (11). Nevertheless, the Arg100Ala and
Arg264Glu FNR forms produced traces for this reaction that
could be analyzed and which were best fit by a two-
exponential equation (not shown). Reduction of Arg100Ala
FNRox by Fldrd took place with a rapid rate constant of>300
s-1 and a smaller rate constant of 18 s-1. Both phases had
similar amplitudes. The rate constant of the fast reaction is
consistent with the formation of both semiquinones, being
in the range observed for wild-type FNR. The second, slower,
reaction, which was not detected for wild-type FNR (11),
could be due to the reduction of FNRsq to the fully reduced
state by a second molecule of Fldrd. This result indicates that
replacement of Arg100 by alanine produced an enzyme with
properties for accepting electrons from reduced Fld slightly
altered compared to those of wild-type FNR.

When the electron-transfer process from Fldrd to Arg264Glu
FNRox was studied, two different phases were also observed
(not shown). However, in this case, both observed rate
constants were considerably smaller than those obtained for
the reduction of the wild-type enzyme by Fldrd (Table 6).
Thus, replacement of Arg264 by a glutamic acid residue
produced an enzyme which was highly impaired in its ability
to accept electrons from Fldrd, with observed rate constants
of 14.6 and 3.1 s-1 for the two processes involved in the
electron-transfer reaction, i.e., formation of two semiquinone
molecules followed by reduction of one FNRsq to FNRrd by
a second Fldrd molecule, respectively.

The electron-transfer reaction from FNRrd to Fldox was also
analyzed for both FNR mutants. As reported previously (11)
for the electron transfer from wild-type FNRrd to Fldox, two
phases for the process were also detected for the Arg100Ala
and Arg264Glu FNR mutants (Table 6). These phases cor-

responded, as previously proposed, to the processes of
electron transfer from FNRrd to Fldox for producing FNRsq

and Fldsq, followed by reduction of a second molecule of
Fldox to the semiquinone state by FNRsq (11). Arg100Ala
FNR behaves in a manner quite similar to that of the wild-
type enzyme (Table 6; the largerkobs value obtained for this
mutant is due to the use of 50% more Arg100Ala FNR in
this assay). The rate constants obtained for the reaction when
Arg264Glu FNRrd is the electron donor to Fldox appear to
be between 40 and 75% of those reported for the wild-type
enzyme (Table 6), indicating that, although altered, this
process is also still efficient for this mutant.

To determine if the reoxidation of the Arg100Ala and
Arg264Glu mutants by molecular oxygen followed a process
similar to that of the wild-type enzyme, flavin reoxidation
by molecular oxygen was followed by stopped-flow spec-
trophotometry at 460 and 600 nm. Reoxidation of the FAD
can be followed at 460 nm, while 600 nm is the wavelength
at which the appearance of the neutral flavin semiquinone
obtained upon reaction of the fully reduced enzyme with O2

can be monitored, and the subsequent slower reaction of the
semiquinone with a second oxygen molecule. The traces
obtained for both FNR mutants (not shown) gave the same
profile as those reported for the wild-type enzyme at both
wavelengths (11), indicating that the sequence followed in
the reoxidation of these FNRrd forms must be similar to that
of the native enzyme, producing an intermediate semiquinone
state.

Three-Dimensional Structure of the Arg264Glu FNR
Mutant.The three-dimensional structure of the Arg264Glu
mutant has been obtained by X-ray diffraction. In the three-
dimensional model obtained, Glu264 lies on the surface of
the FNR molecule near the C-terminal Tyr303 residue
(Figure 5A). There are no significant deviations between the
mutated and native structures as shown by the low root-
mean-square deviations (0.4 Å) of the CR backbone of the
mutant superimposed on the native FNR backbone. The main
differences are concentrated in the loop starting at Tyr104
and ending at Val113, but they are not significant due to the
poor definition of the electron density map in this region.

Structural differences are also observed in the FAD
cofactor which is well fit by the electron density map. The
positions of the isoalloxazine ring system and the ribityl chain
are well conserved in all three structures thus far reported
for Anabaena FNR (wild-type FNR, wild-type FNR-
NADP+, and Arg264Glu FNR), which is consistent with this
group being tightly bound to the protein. The rest of the
cofactor is similarly ordered in the mutant and in the native
structure, with both of them showing the largest differences
in the phosphate-ribose moiety of the ADP, as compared
to the wild-type FNR-NADP+ complex. However, if the
large distance between the FAD and the NADP+ is taken
into account, these differences do not correlate with the extent
of NADP+ binding and are supposedly a consequence of the
FAD chain flexibility. The Glu264 residue is well defined
in the electron density map (Figure 5B), although some chain
mobility is detected as shown by the high thermal atomic
factors. The maximumB value exhibited by the carboxylic
oxygen is 61 Å2. The Arg can adopt two different conforma-
tions in the wild-type FNR structure, depending on whether
the NADP+ cofactor is bound. The side chain conformation
of the Glu264 residue is similar to the Arg conformation
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found in the wild-type FNR-NADP+ complex. As a
consequence, one of the carboxylic oxygens of Glu is situated
near the position of the Nε of the guanidinium portion of
the Arg residue. However, neither the Arg Nε nor the Glu
Oε is involved in any hydrogen bond, and therefore, the side
chain of this residue does not seem to play a critical role in
the stabilization of the proximal C-terminal Tyr303. This fact
is confirmed by the two different conformations of Arg264,
despite the large distance between this residue and the
NADP+ molecule in the crystal. The NH2 group of Arg264
is hydrogen bonded to the carboxylate of Tyr303 in the same
side chain conformation observed in the wild-type FNR-
NADP+ complex, but this only provides a more ordered Arg
as shown by the smaller temperature factors of this residue

in the crystal. The stabilization of the main chain at the
C-terminal Tyr303 is most likely due to the strong hydrogen
bond between the backbone atoms NH(303)‚‚‚CO(262) that
is absolutely conserved in all three structures.

DISCUSSION

As noted in the introductory section, although attempts to
crystallize FNR in a complex with NADP+ have been made
(2, 4, 5), thus far there is no crystallographic three-
dimensional structure for a functional FNR-NADP+ com-
plex. The only available structure of a complex shows the
nicotinamide ring of NADP+ and the isoalloxazine ring of
the FAD far away from each other and therefore in an
apparently nonfunctional orientation (5). As a consequence,
only modeled complexes based upon the known crystal
structures of the protein and various biochemical data are
available (5, 12, 13, 19, 20, 43). Chemical modification
studies have demonstrated the important role of Arg100 from
AnabaenaPCC 7119 FNR, and the corresponding Lys116
in the spinach enzyme, in NADP+ binding (12-14, 17, 19).
These results are completely consistent with the crystal
structures obtained to date. Arg100 extends from the FAD
domain to make a hydrogen bond with the 5′-phosphate,
although it is not clear which part of the pyrophosphate it
will interact with in a functional complex (5, 43). Further-
more, a role in NADP+ binding has also been ascribed to
Arg264 (5), and the importance of a positive charge at this
position in theAnabaenaenzyme in its interaction with
ferredoxin has also been suggested (23). In this paper, we
probe the importance of these residues in theAnabaena
enzyme. The positive charge and the long side chain of
Arg100 have been replaced by an alanine, while a charge-
reversal mutation, from Arg to Glu, was made at Arg264.
The anomalous behavior of the Arg100Ala mutant on the
affinity chromatography column (see the Results) seems to
correlate with the decrease in affinity for NADP+. Spectro-
scopic characterization did not reveal major differences in
either mutant, indicating that gross protein structural rear-
rangements did not occur upon mutation.

The residue in the spinach enzyme, Lys116, which
corresponds to Arg100 has previously been studied by site-
directed mutagenesis (20), in which a glutamine residue was
introduced at that position, preserving the ability to form
hydrogen bonds while removing the net positive charge. The
results presented here complement that study, since we have
removed the positive charge, the steric hindrance due to the
long side chain, and the ability to make hydrogen bonds.
We have found that replacing Arg100 with an alanine in
AnabaenaPCC 7119 FNR produced an enzyme which had
only 13% of the catalytic efficiency of the wild-type FNR
(Table 3) in the diaphorase assay with DCPIP. However,
replacement of the equivalent residue in the spinach FNR
with glutamine caused more drastic changes in the diaphorase
activity. The catalytic efficiency of this enzyme was only
0.2% of that of the wild-type spinach FNR (20). When the
behavior of the Arg100Ala mutant in the NADPH dependent
cytochromec reductase activity was studied, either with
ferredoxin or with flavodoxin, no changes were detected in
the kcat andKm values for Fd, and in theKm value for Fld,
with respect to those of the wild-type enzyme. However, the
catalytic efficiency for NADPH was reduced to 2% of that
of the wild-type enzyme, in accordance with the diaphorase

FIGURE 5: (A) MOLSCRIPT drawing (54) of the AnabaenaPCC
7119 Arg264Glu FNR mutant showing the secondary structure
elements in the region of the mutation. The FAD cofactor and
residues Tyr303 and Glu264 are shown as balls and sticks. (B) A
2Fo - Fc electron density map of the Arg264Glu FNR form in the
vicinity of the mutated residue. The map was contoured at 1σ. The
figure was generated with the graphics program O (40).
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activity data. The dissociation constant values obtained for
the Arg100Ala FNRox complex either with Fdox or with Fldox,
as studied by difference spectroscopy (Table 4), and of the
Fdrd-Arg100Ala FNRox complex, as studied by laser flash
photolysis (Table 5), showed that this residue is not crucial
in ferredoxin or flavodoxin recognition. However, a 75-fold
increase of the dissociation constant is observed for NADP+,
as well as a decrease in the difference extinction coefficient,
indicating the importance of this residue in NADP+ binding
to FNR. Moreover, the low reactivity of this mutant observed
by stopped-flow spectrophotometry with NADP+/NADPH
allowed the calculation of the dissociation constants and the
free energies for the intermediate complexes, NADPH-
FNRox and NADP+-FNRrd. TheKd value obtained was much
larger than that for the reaction of wild-type FNR, and the
free energy for complex formation was considerably smaller
than that for the wild-type enzyme. No significant difference
spectrum was detected in the case of the spinach Lys116Gln
FNR mutant when it was titrated with NADP+ (20).
Therefore, replacement of Lys116 by Gln in spinach FNR
produced an enzyme which had a much lower affinity for
NADP+ than the mutation made inAnabaena, where the
equivalent position has been mutated to alanine. Fast
electron-transfer kinetics, laser flash photolysis, and stopped-
flow experiments confirmed that electron-transfer reactions
between FNR and ferredoxin, in both directions, were not
affected by the introduced mutation, indicating that Arg100
is not involved in these processes. However, some small
differences were found in the reactions of this mutant with
flavodoxin, either by steady-state or by stopped-flow methods
(Tables 3 and 6). It is known that reactivity between FNR
and Fld is not as efficient as expected in some processes,
although there is no convincing explanation for this. In this
regard, the importance of structural aspects of the proteins
participating in electron-transfer processes over thermo-
dynamic factors is assumed (11).

Examination of the structure around Arg100 inAnabaena
FNR shows that the guanidinium group is fully exposed to
the solvent and does not make contact with any other
residues, only with water molecules. The same situation is
found when theε-NH2 group of Lys116 in the spinach
enzyme is analyzed and a Gln residue is modeled at this
position. In both the Ala mutation inAnabaenaFNR and
the Gln mutation modeled in the spinach FNR, the positive
charge, which is proposed to be involved in pyrophosphate
binding and stabilization, has been removed. Although the
Gln residue could still be capable of some stabilization due
to its ability to make hydrogen bonds, it is shorter than Lys
or Arg and might not extend far enough to adequately
stabilize the NADP+ pyrophosphate bridge. Moreover, our
crystallographic data indicate that the position of the Arg
residue is very important for proper orientation of NADP+

and that the bulky side chain of the Gln residue in the mutant
spinach enzyme might block the nicotinamide from binding
appropriately. NADP+ may still bind to the protein, as was
the case in theAnabaenacrystals, but not with the proper
orientation for its catalytic function (Figure 1) (5). However,
in the alanine mutant, the side chain is considerably
shortened, thereby avoiding any steric hindrance. In this case,
we can expect to have NADP+ binding, but to a lesser extent
than for the wild-type enzyme. These results confirm the
fact that the side chain of Arg100 inAnabaena(and Lys116

in spinach) FNR plays a key role in the binding and proper
orientation of NADP(H) in the ground and transition states.

With regard to Arg264 ofAnabaenaFNR, the results show
that the reactions of the enzyme with NADP+/NADPH were
only slightly affected when this residue was replaced by Glu.
The slightly higher dissociation constant obtained for the
NADP+-Arg264Glu FNRox complex might account for the
observed changes in reactivity. These results could still be
consistent with Arg264 in the FNR enzyme playing the
proposed role (5) of interacting with the C-terminal tyrosine,
moving it in such a way as to enable the nicotinamide of
NADP+ to bind at that position. A glutamate residue (this
work) or a lysine residue present in other FNR sequences
(Table 1) could substitute for arginine to provide such
stabilization. However, due to the different length of the Glu
side chain as compared to the Arg side chain, modeling of
the carboxylate group stacked with Tyr aromatic ring is not
possible in the three-dimensional structure obtained for the
mutant. Therefore, we conclude that the glutamic acid residue
would not be able to provide the necessary movement of
the terminal Tyr, thereby enabling NADP+ binding at this
position. Considering that the ability to bind NADP+ is
essentially unaffected by the mutation at this site, we assume
that the role assigned to this Arg in Tyr303 stabilization is
not critical.

Altered characteristics have been observed for the
Arg264Glu mutant in its reactions with its protein partners,
ferredoxin and flavodoxin (Tables 2 and 5). Although the
dissociation constants, obtained either by difference spec-
troscopy or by laser flash photolysis, differ by a factor of 2
from those obtained for the wild-type enzyme (Tables 4 and
5), even larger increases are observed for theKm values
obtained in the NADPH-dependent cytochromec reductase
activity, either for ferredoxin or for flavodoxin. The reactions
with both mediators are 20 times less efficient than those
obtained using wild-type FNR (Table 3). On the other hand,
when the fast kinetic reactions between FNR and Fd were
studied, either by laser flash photolysis or by stopped-flow
methods, only minor decreases inket andkobs were obtained
(Tables 5 and 6). However, the ionic strength behavior
observed for Arg264Glu FNR (Figure 2B) suggests that
electrostatic interactions in this charge-reversal mutant have
been weakened, which results in electron-transfer-favorable
interprotein orientations being accessed more easily at lower
ionic strengths. The most drastic effect is observed in the
reaction of this mutant with Fldrd, where the observed rate
constant for transfer of one electron from Fldrd to the mutant
is much smaller than that for the wild-type enzyme. In
contrast, one of the observed rate constants obtained for the
reaction of Arg264Glu FNRrd with Fldox is 2.5 times smaller
than and the other is the same, within experimental error, as
those obtained for the wild-type enzyme.

It has been suggested that a series of basic residues located
in one region of the FNR surface (23), as shown in Figure
6A, interact with acidic residues on Fd to form the interface
of the FNR-ferredoxin complex. Careful inspection of the
structure suggests a prominent role for Lys72, Lys75, and
Arg264 in aligning the [2Fe-2S] cluster of ferredoxin with
the FAD moiety of FNR, due to the proximity of these
residues to the cofactor. The change of polarity in the FAD
environment introduced by the Arg264Glu mutation (Figure
6B) must have a marked destabilizing effect on the complex
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since electrostatic interactions are an important component
of the complex interface. It is important to note that the
shorter Glu side chain does not protrude from the FNR
surface, although replacement of Arg264 by glutamic acid
produced a completely different charge distribution around
the proposed binding site for ferredoxin, in a region close
to the flavin isoalloxazine ring (Figure 6). The presence of
such negative charge does not completely preclude complex
formation or electron transfer with the FNR protein partners
but, in the case of the ferredoxin reaction, seems to produce
a slightly weaker complex which more easily rearranges to
its optimal conformation. However, the data obtained with
stopped-flow methods indicate that this same effect does not
occur in the interaction of Fldrd with Arg264Glu FNRox,
where some specific structural feature of reduced flavodoxin
likely produces an electrostatic repulsion of the negative
charge introduced on FNR.

The crystallographic results clearly demonstrate that
structural alterations in the immediate vicinity of the mutation
do not occur, and although some perturbations in the loop

of Tyr104-Val113 and in the adenine group of the FAD
have been observed, these changes do not correlate with
NADP+ binding. Thus, differences observed in reactivity
with the protein partners cannot be attributed to any structural
or conformational change caused by the mutated residue. The
different charge and mobility of the Arg264 side chain as
compared to those of the Glu side chain may explain
differences in reactivity, thereby indicating that this residue
may be involved in the orientation of the proteins, allowing
the prosthetic groups to interact properly during FNR-
ferredoxin (-flavodoxin) complex formation.

In conclusion, the results of this study reveal important
new conceptual information about the interaction of FNR
with its substrates. A critical role is confirmed for the long
side chain and positive charge of Arg100 in theAnabaena
PCC 7119 FNR. Studies on the Arg264Glu FNR mutant
establish that the Arg264 side chain is not required for the
proper orientation of the nicotinamide or for its interaction
with the isoalloxazine portion of the FAD. However, its
charge properties influence the interaction with Fd during
complex formation prior to electron transfer.
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Böhme, H. (1998)Biochim. Biophys. Acta 1363, 85-93.

24. Fillat, M. F., Flores, E., and Go´mez-Moreno, C. (1993)Plant
Mol. Biol. 22, 725-729.
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