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ABSTRACT The three-dimensional structures
of K72E, K75R, K75S, K75Q, and K75E Anabaena
Ferredoxin-NADP� reductase (FNR) mutants have
been solved, and particular structural details of
these mutants have been used to assess the role
played by residues 72 and 75 in optimal complex
formation and electron transfer (ET) between FNR
and its protein redox partners Ferredoxin (Fd)
and Flavodoxin (Fld). Additionally, because there
is no structural information available on the inter-
action between FNR and Fld, a model for the
FNR:Fld complex has also been produced based on
the previously reported crystal structures and on
that of the rat Cytochrome P450 reductase (CPR),
onto which FNR and Fld have been structurally
aligned, and those reported for the Anabaena and
maize FNR:Fd complexes. The model suggests pu-
tative electrostatic and hydrophobic interactions
between residues on the FNR and Fld surfaces at
the complex interface and provides an adequate
orientation and distance between the FAD and
FMN redox centers for efficient ET without the
presence of any other molecule as electron car-
rier. Thus, the models now available for the
FNR:Fd and FNR:Fld interactions and the struc-
tures presented here for the mutants at K72 and
K75 in Anabaena FNR have been evaluated in light
of previous biochemical data. These structures
confirm the key participation of residue K75 and
K72 in complex formation with both Fd and Fld.
The drastic effect in FNR activity produced by
replacement of K75 by Glu in the K75E FNR
variant is explained not only by the observed
changes in the charge distribution on the surface
of the K75E FNR mutant, but also by the formation
of a salt bridge interaction between E75 and K72
that simultaneously “neutralizes” two essential
positive charged side chains for Fld/Fd recogni-
tion. Proteins 2005;59:592–602.
© 2005 Wiley-Liss, Inc.
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INTRODUCTION

Electron transfer (ET) reactions between proteins are
key processes in many biological systems. These reactions
require formation of a complex that allows the optimal
orientation between the redox centers for the subsequent
ET. This is the case of the ET chain that addresses
electrons from Photosystem I (PSI) to FNR to reduce
NADP� to NADPH during the photosynthesis. In this
system, the flavin-dependent Ferredoxin-NADP� reduc-
tase (FNR) catalyses the transfer of two electrons from two
independent Ferredoxin (Fd) molecules, previously re-
duced by PSI, to NADP� according to the reaction:1,2

2Fdrd � NADP� � H� 3 2Fdox � NADPH

In the case of some algae and cyanobacteria, under
iron-deficient conditions, an FMN-dependent protein, Fla-
vodoxin (Fld), replaces Fd in the ET from PSI to FNR.3,4

Thus, despite their differences in folding, size, and redox
cofactor, Fd and Fld apparently play the same role in the
ET from PSI to FNR.

The three-dimensional structure of FNR has been pro-
posed to be the prototype of a family of flavin-dependent
reductases that function as transducers between pyridine
nucleotides (two electron carriers) and different one-
electron carriers.5–8 Its polypeptidic chain is folded in two
domains: the FAD-binding domain (residues 1–138,
Anabaena numbering), and the NADP�-binding domain
(residues 139–303). The FAD-binding domain is made up
of a scaffold of six antiparallel strands arranged in two
perpendicular �-sheets, whereas the NADP� binding do-

Abbreviations: CPR, cytochrome-P450 reductase; ET, electron trans-
fer; Fd, ferredoxin; Fdox, Fd in the oxidized state; Fdrd, Fd in the
reduced state; Fld, flavodoxin; FNR, ferredoxin-NADP� reductase.
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main shows a characteristic fold of nicotinamide dinucle-
otide binding enzymes with five parallel �-strands sur-
rounded by seven �-helices. Between both domains, there

is a very noticeable cavity where Fd and Fld are proposed
to bind.7–11 Fd presents 98 residues folded in four �-strands
surrounded by three short �-helices and a [2S-2Fe] center

Fig. 1. Molecular surface showing the electrostatic potentials of (A) WT FNR and (B) WT Fld. Positive charges are shown in blue and negative ones
in red. The FAD and FMN cofactors are represented as sticks.

Fig. 2. Molecular surface representations of mutated FNRs showing their electrostatic potentials and mutated positions.
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as the redox cofactor,12 whereas Fld is formed by 169
residues folded in a five parallel �-strand central core
surrounded by five �-helices13 and contains a nonco-
valently bound FMN cofactor as the redox center [Fig.
1(A)]. Several approaches have been followed to study the
processes of recognition and the subsequent ET between
FNR and its protein redox partners (Fd/Fld). Today, it is
accepted that not only electrostatic but also hydrophobic
forces are involved in achieving the optimal interaction
between FNR and Fd, or Fld, for efficient ET.9,10,14–27

Thus, positively charged residues on FNR [Fig. 1(A)] and
negative ones on the protein partner, Fd or Fld [Fig. 1(B)],
have been shown to be involved in the initial approxima-
tion of proteins for complex formation, whereas both
charged and hydrophobic side chains have been shown to
be critical in the stabilization of the optimal complex for
ET. Crystal structures have been reported for the FNR:Fd
complexes from Anabaena11 and maize,32 allowing to
extend our knowledge of the interaction surface between
these two proteins. However, no three-dimensional model
for the FNR:Fld interaction is available.

Among the charged side chains on the molecular FNR
surface, R16, K72 and, especially K75 (K88 in spinach),
have been proven to be crucial for efficient interaction with
Fd and Fld.10,23,29–31 Positions K72 and K75 of Anabaena
FNR are highly conserved in FNR sequences from differ-
ent species (see Table 1 in Ref. 30), being located on the
enzyme surface, with no intramolecular interactions and
near the cavity where the pyrophosphate and the ribose
moieties of the FAD are located [Fig. 1(A)]. Conservative
replacement of K75 produced an enzyme of identical

behavior than WT FNR, whereas replacement by Gln or
Ser induces the destabilization of the protein–protein
interaction, although this does not affect the ET itself
(Table I). Finally, introduction of a negative charge either
at position K72, or especially, at position K75, drastically
impairs complex formation with Fd and Fld and, conse-
quently, ET (Table I). Contribution of the K75 side chain to
the modulation of the FAD reduction potential within the
FNR environment has also been postulated, because re-
placement of K75 by a Glu makes Eox/sq less negative by
�20 mV.31

In the three-dimensional structures reported for the
FNR:Fd interaction well-defined salt bridges can be ob-
served between N� of K75 FNR (K91 in maize) and O�2 of
the E94 Fd negative side chain (D65 in maize).11,33 To
obtain further knowledge of the interaction and ET of FNR
with its protein partners, in the present work the three-
dimensional structures of different Anabaena FNR mu-
tants at positions K72 and K75 (namely: K72E, K75R,
K75Q, K75S, and K75E) have been solved, and a model for
the three-dimensional structure for the FNR:Fld interac-
tion produced based on the structure of the rat microsomal
Cytochrome P450 reductase (CPR).33 This reductase is
involved in the oxidative metabolism of both endogenous
and exogenous compounds including therapeutic drugs
and other environmental toxicants and carcinogens, be-
longs to the FNR family, and contains an FNR-like module
with FAD as the cofactor connected, through the same
polypeptide chain, to an FMN domain. Moreover, the
FMN-binding domain of microsomal CPR is also similar to
Fld. Therefore, the CPR resemblance to the algal and

TABLE I. Steady-State Kinetics Parameters of WT and Mutated Anabaena FNR Forms in the NADPH-
Dependent Cytocrome c Reductase Activitya and Dissociation Constant Measurements with Fd and Fldb

FNR

NADPH-dependent cytochrome c reductase activity
Dissociation constantsWith ferredoxin With flavodoxin

FNRox:Fdox FNRox:Fldox
i

kcat
(s�1)

Km
Fd

(�M)
kcat/Km

Fd

(�M�1s�1)
kcat

(s�1)
Km

Fld

(�M)
kcat/Km

Fld

(�M�1s�1) Kd
Fd (�M) Kd

Fld (�M)

WTc 200 11 18.2 23.3 33 0.70 4 3
R16Ed 110 �500 �0.22 10.2 �500 0.02 120 n.d.
K72Ed 233 �500 �0.47 7.8 283 0.03 50 n.d.
K75Re 270 94 2.9 23.3 15 1.6 4.8 n.d.
K75Qe 190 �500 �0.38 27 632 0.042 380 n.d.
K75Se 200 �500 �0.4 50 800 0.062 200 n.d.
K75Ee —g — — —g — — n.d.h n.d.
K138Ed 106 187 0.57 11.7 310 0.040 4.1 n.d.
R264Ef 200 212 0.98 21.6 544 0.040 3.3 9.4
K290Ed 180 218 0.83 25 183 0.14 4.0 7.1
K294Ed 252 208 1.22 15.8 125 0.13 7.2 20.3
aThis activity was assayed in 50 mM Tris/HCl, pH 8.0 using either Fd or Fld as electron carrier from FNRrd to cytocrome c at
25°C as described in Ref 46.
bKd values of the complexes between oxidised FNR mutants and either oxidised Fd or Fld were measured by differential
spectroscopy in 50 mM Tris/HCl, pH 8.0 at 25°C as previously described in Ref. 46.
cTaken from Ref. 46.
dTaken from Ref. 10.
eTaken from Ref. 30.
fTaken from Ref. 25.
gNo shown activity of K75E with Fd or with Fld.
hThe spectral perturbation due to the binding was too weak to be measured.
iThe Kd value could be measured only in three cases: R264E, K290E, and K294E.
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cyanobacterial FNR system, in which the FNR is coupled
transiently to Fld, is significant, and provides a good model
for the FNR:Fld interaction.

The analysis of the structural models here reported,
FNR mutants and FNR:Fld interaction, are discussed in
the context of biochemical and structural data previously
reported for this system.

MATERIALS AND METHODS
Crystallization and Data Collection

Crystals from K72E, K75R, K75Q, K75S, and K75E
Anabaena FNR mutants were grown by the hanging drop
method. Droplets with a volume of 5 �L, consisted of 2 �L
of 0.75 mM protein solution buffered with 10 mM Tris-HCl
pH 8.0, 1 �L of unbuffered �-octylglucoside at 5% (w/v),
and 2 �L of reservoir solution containing 18–20% (w/v)
polyethylene glycol 6000, 20 mM ammonium sulphate,
and 0.1 M Mes-NaOH (pH 5.0–5.5). The droplets were
equilibrated against a 1-mL reservoir solution at 20°C.
Under these conditions, crystals grew within 1 to 7 days in
the presence of phase separation caused by the detergent
up to a maximum size of 0.7 	 0.4 	 0.4 mm. Cryopro-
tectant additives were tested to find suitable conditions to
use cryo-techniques. Finally, crystals were soaked in a
solution containing 70–75% of mother liquor and 25–30%
glycerol for 1 min. A single crystal of each mutant was
mounted in a loop and frozen at 100 K with a cryogenic
system in a nitrogen stream. X-ray data were collected on a
Mar Research (Germany) IP area detector using graphite
monochromatic CuK� radiation generated by an Enraf-
Nonius rotating anode generator to a maximum resolution
of 2.3 Å. Synchrotron diffraction data were also collected
from frozen crystals of K72E and K75E FNR mutants at

100 K on the D2AM beam line at ESRF (Grenoble), to a
maximum resolution of 1.7 Å.

Crystals of all FNR mutants belong to the P65 hexagonal
space group and the VM is 3.0 Å3/Da with one FNR
molecule in the asymmetric unit and over 60% solvent
content. All data sets were processed with MOSFLM35 and
scaled and reduced with SCALA from the CCP4 package
(Collaborative Computational Project Number 4, 1994).

Three-Dimensional Structure Determination and
Refinement

All the mutant structures were solved by molecular
replacement using the program AMoRe36 on the basis of
the 1.8-Å resolution native FNR model8 where the FAD
cofactor, SO4

2� and water molecules were removed. An
unambiguous single solution for the rotation and transla-
tion functions was obtained for all proteins. These solu-
tions were refined by the fast rigid body refinement
program FITING.37 The models were subjected to alter-
nate cycles of conjugate gradient refinement with the
program X-PLOR38 by using the Engh and Huber force
field at all times. The position of the mutated residues was
shown clearly in the 2Fo � Fc density map and manual
model building was done where necessary with the soft-
ware package O.39 At the later stages, water molecules
were added. The resulting model was again subjected to
more cycles of positional and B-factor refinement. Final
models comprise residues 9–303 (the first eight residues
were not observed in the electron density map), one FAD
cofactor, one SO4

2� molecule, and solvent molecules. Rel-
evant refinement parameters are summarized in Table II.
Atomic coordinates for all mutants have been deposited in
the Protein Data Bank with codes 1GO2 for K72E, 1QGY

TABLE II. Data Collection and Refinement Statistics

Mutant K72E K75E K75Q K75R K75S

Temperature (K) 100 100 100 100 100
X-ray source Synchrotron Synchrotron Rotating-anode Rotating-anode Rotating-anode
Space group P65 P65 P65 P65 P65
Cell a,b,c (Å) 86.64;86.64;96.27 87.00;87.00;96.70 88.18;88.18;97.20 88.10;88.10;97.17 88.13;88.13;97.23
Resolution range (Å) 22.2–1.7 22.2–1.7 35.5–2.3 35.5–2.3 35.5–2.3
No. of unique refl. 43287 37317 18870 18750 18682
Completeness of

data (%)
98.0 86.6 99.3 99.4 99.2

Rsym
a (%) 0.051 0.051 0.101 0.103 0.08

Refinements
Statistics

Resolution range (Å) 10.0–1.7 9.0–1.7 15.0–2.3 15.0–2.3 15.0–2.3
No. of protein atoms 2338 2338 2340 2335 2338
No. of heterogen

atoms
58 58 58 58 58

No. of solvent atoms 306 500 154 221 174
Rfactor

b (%) 22.7 20.8 20.0 19.0 19.0
Free Rfactor (%) 25.6 23.1 25.0 24.0 23.0
RMS deviation
Bond lengths (Å) 0.008 0.007 0.008 0.008 0.008
Bond angles (deg) 0.858 0.888 0.903 0.937 0.904
aRsym 
 �hld �i � Ii � �I/�hkl �i �I.
bRfactor 
 � �Fo� � �Fc�/� �Fo�.
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for K75E, 1E62 for K75R, 1E63 for K75S, and 1E64 for
K75Q.

Modeling of the Anabaena FNR:Fld Complex

The CPR three-dimensional structure (PDB code 1AMO)
has been used as a template to model the FNR:Fld
interaction. This enzyme contains both FAD and FMN
cofactors, and is composed of four structural domains. The
FAD- and the NADP(H)-binding domains resemble the
FNR three-dimensional structure and have been superim-
posed onto the Anabaena PCC7119 FNR coordinates (PDB
code 1QUE), whereas the FMN-binding domain has been
superimposed to the Fld structure from Anabaena PCC7120
(PDB code 1RCF). Both structural alignments have been
performed by using the DALI server (http://www.ebi.ac.uk/
dali/).40

RESULTS
Crystal Structures of the FNR Mutants
at Position K75

The three-dimensional structures of the K75R, K75Q,
K75S, and K75E Anabaena FNR mutants have been
solved by X-ray crystallography. The overall three-
dimensional folding for all these FNR forms results simi-
larly to that reported for WT FNR, and only slight changes
are present in the loop comprising residues 104 to 112.
However, in all FNR structures so far reported a high
mobility has been observed in this loop.8,25 The residue at
position 75 is well defined in all the mutant structures, and
its side chain is exposed to the solvent.

The K75R conservative mutation does not disturb the
positive charged character of the region, being that the
charge distribution is very similar to that on the WT FNR
surface (Fig. 2). This fact is in good agreement with
previously reported biochemical data30 showing that re-
placement of K75 by Arg resulted in the mutant with the
most similar activity to the WT FNR (Table I). Although
the structures solved for the K75Q and K75S FNR mu-
tants show that replacement of Lys75 by either Gln or Ser
does not produced an overall important alteration of the
charge distribution on the FNR surfaces, the local positive
charge is clearly absent around the 75 side-chain environ-
ment (Fig. 2). Consequently, this may explain why com-
plex formation, and therefore subsequent ET, with the
protein partners results are slightly hampered for these
enzymes (Table I).30 Finally, the electrostatic potential
mapped onto the solvent-accessible surface of the K75E
FNR structure shows that introduction of a Glu side chain
at position 75 introduces a slight negative charge charac-
ter in a mainly positively charged region (Fig. 2), providing
an explanation to the large deleterious effect in the
interaction and ET with Fld or Fd (Table I).10 Although the
K75E FNR three-dimensional structure does not show
significant structural rearrangements in the backbone
with respect to the WT FNR, replacement of K75 by Glu
noticeably promotes the displacement of the K72 side
chain from its position in WT FNR, leading to the forma-
tion of a new salt bridge interaction between E75 and K72
side chains [Fig. 3(A)].

The K75 side chain has been reported to modulate the
protein/flavin interaction and to contribute to a long
distance modulation of the flavin reduction potential within
the protein environment. Thus, replacement of K75 by Glu
results in a less negative reduction potential (by �20 mV)
along with a weakening of the apoFNR:FAD interaction.31

In the WT FNR crystal structure the K75 side chain is not
making any contact with the FAD isoalloxazine and is not
involved in any intramolecular interaction.31 This feature
is also observed in the structures of all the K75 mutants.
However, position 75 is situated at the entrance of a cavity
in which the pyrophosphate and the ribose from the FAD
are situated. The structure of K75E does not show changes
in the L conformation of FAD with regard to the WT, in
contrast to previous hyphothesis.31 However, slight differ-
ent L conformers of FAD, producing less tight L conform-
ers, are observed in the other mutants at the 75 position.
Noticeably, the structure of K75E FNR shows that displace-
ment of K75 side chain from the cavity to form a salt-
bridge with K72 side chain is not accompanied by a
displacement of the pyrophosphate and the ribose of FAD
towards the cavity (not shown). Therefore, the mechanism
by which position 75 in Anabaena FNR might influence the

Fig. 3. Ribbon representation of the loop of Anabaena WT FNR
containing residues 72 and 75, and the superposition of (A) K75E FNR
and (B) K72E FNR. Side chains are shown as sticks. WT FNR is
represented in dark gray and mutants in light gray.
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Fig. 4. Stereoview representation of the structural alignment of WT FNR (in blue) and WT Fld (in orange) onto CPR (in gray).

Fig. 5. (A) Putative FNR:Fld complex showing the relative position of FAD and FMN cofactors, (B) charged residues at the FNR:Fld interface. (C)
Hydrophobic residues on FNR and Fld in the putative complex. In all representations, Fld is colored in yellow and FNR in blue. (D) Crystal structure of
FNR:Fd complex (PDB code 1EWY) showing the relative position of the redox centers. (E) Charged residues at the FNR:Fd interface. (F) Hydrophobic
residues on FNR and Fd in the crystal structure of the complex.
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flavin reduction potential still remains misunderstood.
Nevertheless, differences in the water network connecting
K75 side chain and the FAD pyrophosphate are found with
all of the structures, suggesting a possible role for this side
chain in the FAD properties propagated through the water
molecules.

The Crystal Structure of the K72E FNR Mutant

The obtained three-dimensional structure for the K72E
FNR mutant does not show significant rearrangements in
the backbone, the overall structure being remarkably

similar to that of WT FNR. The loop comprising residues
104–112 also presents a slightly different orientation in
this mutant but, as explained above, this surely is a
consequence of the high mobility of this loop.8,25 Residues
E72 and K75 are well defined and clearly exposed to the
solvent in the electron density map of K72E FNR [Fig.
3(B)]. Taking as a reference the K75E FNR structure, an
interaction between E72 and K75 in the K72E mutant
could have been expected. However, the K72E FNR struc-
ture does not show any evidence of interaction between
these two residues.

Figure 5. (Continued.)
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Approach to a Three-Dimensional Model for the
FNR:Fld Complex Structure

To get a deeper insight into the binding pattern of the
FNR–Fld interaction, a model for the FNR:Fld interaction
has been produced based on the structural superposition of
FNR and Fld onto the multidomain CPR structure (Fig. 4).
Although Anabaena FNR and the equivalent domain of
CPR share only 26% of sequence identity, 274 residues
(over 303) of FNR superimpose by structural alignment
onto the FAD and NADP(H) binding domains of the rat
CPR structure with a root-mean-squared deviation (RMSD)
of 2.3 Å. Furthermore, the 21% sequence identity between
Anabaena Fld and the CPR equivalent domain produces a
structural superposition of 146 of the 168 Fld residues onto
the Fld-like domain of CPR, again with an RMSD of 2.3 Å.
These RMSD values clearly suggest that the structural
superposition of FNR plus Fld onto the CPR structure is
remarkably good, despite the fact that the FAD-and
NADP(H)-binding domains of CPR are not contiguous in
sequence.

Thus, the FNR:Fld model here proposed shows Fld
binding on the concave side of FNR, around the FAD
cofactor and mainly interacting with the FAD binding
domain of FNR [Fig. 5(A)], with the interface between both
proteins clearly complementary [Figs. 5(B) and (C)]. Sev-
eral positively charged residues on the FNR surface are
situated in front of negatively charged ones on the Fld
surface, suggesting formation of several ion pairs [Fig.
5(B), Table III). Thus, all positively charged residues
previously proposed by biochemical studies to be involved
in an FNR:Fld complex formation, namely R16, K72, K75,
R264, K290,2,10 are lying within the interaction surface
between both proteins. Possible ionic pairs formed at the
FNR:Fld interface are given in Table III and compared
with those found in the crystal structure of the Anabaena
FNR:Fd complex (PDB code 1EWY) [Figs. 5(D–F)]. It is
worth noting that the orientation of charged residues in

both redox partners, Fd and Fld, within the FNR com-
plexes is consistent with the previously reported align-
ment between Fd and Fld reported by Ullman,34 on the
basis of their electrostatic potentials.

Careful observation of the complex interface suggests
that not only electrostatic but also hydrophobic interac-
tions stabilize the complex. Hydrophobic patches located
on the FNR and Fld surfaces in the close environment of
their FAD and FMN cofactors seem to contribute to the
stabilization of the FNR:Fld interaction [Fig. 5(C)]. Thus,
in our model the side chains of residues L76, L78, and
V136 of FNR, previously shown as key side chains for the
formation of optimal complexes with either Fd or Fld,26,27

would be stabilized by the interaction with the Fld W57
side chain. Additionally, superposition of our model onto
the FNR:Fd three-dimensional structure clearly shows
that Fld W57 superimposes with Fd F65 in the FNR:Fd
complex [Fig. 5(F)], a key residue in the processes of Fd,20

thus suggesting a similar role for both residues. Notice-
ably, in Anabaena Fld W57, has been shown to play an
important role in setting the structural and electronic
environment to allow efficient ET from PSI to FNR.44

Additionally, molecular dipoles for FNR and Fld in the
FNR:Fld model, as calculated by GRASP,42 are nearly
collinear and orientated in the same direction (not shown).
This disposition is identical to that exhibited by the crystal
structure of the FNR:Fd complex.11 Finally, the model
shows a different relative disposition of the FAD and FMN
redox centers in comparison to that observed between FAD
and [2Fe-2S] in the FNR:Fd complex. Thus, although in
the FNR:Fd complex the minimal distance between the
C8-isoalloxazine methyl group (C8M) of the FAD cofactor
(the putative place for ET11,43) and the [2Fe-S] cluster of
Fd is 7.4 Å, in the FNR:Fld model, the FAD C8M would
separate only 4.1 Å from the FMN C8M (Fig. 6). Such a
small distance might be adequate for direct ET between

Fig. 6. Details of the interface for the putative FNR:Fld complex. No
residues are present between both cofactors, making direct ET between
them easy. FNR is colored in blue, Fld in yellow, and cofactors are in
sticks representation.

Figure 5. (Continued.)
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the two prosthetic groups. Additionally, upon complex
formation a wide cavity appears between the cofactors in
which no residue precludes direct ET between the two
redox centers.

DISCUSSION

The three-dimensional structure of the FNR displays
several positively charged side chains on its surface situ-
ated around the FAD cofactor, suggesting a function for
such residues in the protein partner recognition.2,43 Match-
ing this observation, Fd and Fld structures show acidic
patches on their surfaces. Characterization of charge-
reversed mutants has confirmed that electrostatic binding
forces are predominant in the initial stages of recognition
and complex formation between FNR and its protein
electron donors.10,20–22,30,31 Additionally, site-directed mu-
tagenesis studies also suggest that hydrophobic interac-
tions are involved in the rearrangement of the initial
interaction to produce the optimal complex for ET.2,26,27

Analysis on the Anabaena system also indicates that very
specific interactions, both electrostatic and hydrophobic,
between FNR and Fd surface side chains are required for
an efficient interaction, whereas the FNR:Fld system
might present less geometric requirements for an efficient
ET.2 In this study we have tried to further understand the
role of electrostatic interactions in the FNR:Fld and FN-
R:Fd interactions from a structural point of view by

modeling the FNR:Fld interaction at the same time that
we try to understand from the structural point of view the
effects observed upon mutation of K72 and K75 in FNR in
the interaction with Fd and Fld. Previous site-directed
mutagenesis studies proved that among all positively
charged residues around the FAD cofactor of FNR, K72
and, especially, K75 side chains are key for the interaction
between FNR and the protein partners.10,30 Thus, whereas
K75 is essential for recognition of both Fd and Fld, K72
influences mainly Fld binding (Table I). The obtained
three-dimensional structures here reported for the K75R,
K75Q, and K75S FNR mutants do not show major struc-
tural rearrangements either in global FNR structure or in
the loop that comprises position 75. However, the K75E
mutant displays a new orientation of K72 side chain,
allowing establishment of a salt bridge between both
residues [Fig. 3(A)]. Therefore, analysis of the three-
dimensional structure of the K75E FNR as presented here
indicates that in this mutant two-key FNR positively
charged residues result in simultaneously disabling com-
plex formation with the protein partner, giving an explana-
tion for the remarkable decrease in binding and ET
abilities observed for the K75E mutant.30 Contrarily,
K72E FNR does not show any local arrangement that
allows interaction with K75. Therefore, the larger struc-
tural arrangements observed in the K75E mutants might
explain the fact that the K72E mutant is able to transfer
electrons to either Fd and Fld, whereas K75E does not
show either binding or ET abilities to either Fd or Fld
(Table I). However, analysis of the FNR:Fld structure
would make the understanding of this point easier.

The lack of an FNR:Fld complex structure also makes it
difficult to identify and compare residues with a similar
function in Fld to those so far reported in Fd for FNR
recognition and ET. However, the three-dimensional struc-
ture of CPR could help us to partially overcome this
problem.33 CPR is a four-domain enzyme, comprising an
FMN-binding domain, a connecting domain, an FAD-
binding domain, and an NADPH-binding domain, which
belongs to the FNR structural family. The CPR FMN-
binding domain is superimposable to Fld, whereas FNR is
the structural prototype that includes the FAD and
NADPH-binding domains of CPR. Additionally, the differ-
ent domains of CPR play a similar function than Fld �
FNR in the photosynthetic chain, by exchanging electrons
between pyridine nucleotides and FMN, via an FAD group.
Therefore, the crystallographic structure of CPR seems a
good template to model the interaction between Anabaena
Fld and FNR. Our FNR:Fld model shows several putative
electrostatic and hydrophobic interactions between FNR
and Fld (Table III and Fig. 5). Noticeably, the electrostatic
interactions are not found in the CPR structure, because
these proteins do not present charged residues at the
equivalent positions than FNR and Fld. This is easy to
understand because its domains are already at the ad-
equate distance for ET and do not need to find each other to
form a complex prior to ET. All residues on FNR that are
found interacting with Fd in the three-dimensional struc-
ture reported for the FNR:Fd complex present equivalent

TABLE III. Electrostatic and Hydrophobic Interactions
between FNR and Fld (Proposed Model)

or Fd (PDB Code 1EWY)

FNR residues Fld residues Fd residues

Electrostatic interactions
R16 D65 D67
K72 E20 —
K75 E16,E20 E94
K138 D61, D67 D68
R264 D90 —
K290 D96, D129 D23
K293 D96 D59

Hydrophobic interactions
L76 W57 F65
L78 W57 F65
V136 W57 —

TABLE IV. NADPH-Dependent Cytochrome c Reductase
Activity of FNR with Different Mutated Flavodoxins

as the Mediatora

Fld form
kcat

Fld

(s�1)
Km

Fld

(�M)
kcat/Km

Fld

(�M�1s�1)
Kd

(�M)

WTa 23.3 33.0 0.70 3.0
E16Q 15.0 94.0 0.16 20.8
E20K 25.0 172.0 0.14 14.5
E61A 19.3 144.6 0.13 15.0
E61K 31.3 166.3 0.19 11.4
D65K 15.1 20.0 0.75 5.9
D96N 11.0 11.1 0.99 19.4

aTaken from Ref. 45.
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interactions in our FNR:Fld model. Additionally, it is
shown that FNR might form a larger number of interac-
tions with Fld than with Fd, by either involving more
residues on the Fld surface (K72, K138, V136, R264)
and/or by additional interactions with a single residue
(K75, K138, K290) (Table III). This would explain why
some of these residues have been shown as determinant
for an efficient interaction with Fld, but are not so critical
in the interaction with Fd (Table I).10 Formation of the
FNR:Fld complex implies a higher interface between both
proteins than in the FNR:Fd one, due to the larger Fld size.
In this new interaction surface, K72, R264, andV136 of
FNR can be included, thus explaining why mutation of
these residues has more repercussion in the FNR ET with
Fld than with Fd. K75 is situated within the interface at
an adequate distance from Fld E16 and E20 side chains to
interact during complex formation, as reported for K75
with Fd E94 in the crystal structure for the FNR:Fd
complex.11 Therefore, the structure of the K75E mutant
presented here is in agreement with the fact that replace-
ment of K75 by glutamate impairs FNR:Fld and FNR:Fd
complex formation by preventing these salt bridge forma-
tions.30 Moreover, our model also shows possible hydropho-
bic interactions between residues L76, L78, and V136 from
FNR with W57 from Fld, suggesting a similar role for W57
in Fld and F65 in Fd. The key role of L76 and L78 on FNR
in Fd and Fld recognition has been experimentally proven
in the processes of interaction and electron transfer, as
well as the role played by an aromatic residue at position
57 of Anabaena Fld.44 Recent site-directed mutagenesis
studies on negatively charged residues on Fld surface
indicate that E16, E20, E61, D65, and D96 contribute to
the orientation and optimization of the Fld interaction,
either with FNR or with PSI, for efficient ET.45 This is
consistent with the model presented here, which suggests
that all these residues are involved in salt bridges with
FNR side chains. However, these data also indicate that
none of these side chains are involved in the formation of
crucial interactions for optimal interaction with FNR,
because all the mutants retain part of Fld abilities to bind
and to exchange electrons with FNR. Thus, these recent
reported data support the idea that the FNR/Fld interac-
tion is less specific than the FNR/Fd one.45 Finally,
analysis of this putative FNR:Fld interactions also raised
another interesting point on the processes of ET between
proteins. The model clearly shows that ET between FAD
and FMN might take place to a much shorter distance
than in the case of FNR and Fd redox centers, suggesting
that probably only the flavin atoms will be directly respon-
sible for ET, and that Fld could orientate in different ways
on the FNR surface without significantly altering the
distance between the methyl groups of FAD and FMN. If
the main requirement for ET is the proximity of the redox
centers in a nonpolar environment, this might explain why
mutagenesis of the individual residues has not revealed
one that is critical for the efficient interaction with FNR,
and why subtle changes in the Fld surface electrostatic
potential and dipole moment still produce complexes that
allow ET. Therefore, Table III summarizes possible ionic

and hydrophobic interactions deduced from the model
presented here, but it is feasible that other interactions
could also be produced upon complex formation.

CONCLUSIONS

Three-dimensional structures for five FNR mutants
have been obtained as well as a model of the FNR:Fld
interaction. Formation of an intramolecular salt bridge
between K72 and E75 in Anabaena K75E FNR structure is
reported. This might explain the lost of activity exhibited
by this mutant, and confirms the importance of positive
charges at positions 75 and 72 in FNR for Fd and Fld
recognition. The model proposed for the FNR:Fld interac-
tion suggests the involvement of a larger FNR surface
than in the interaction with Fd and an adequate distance
for ET between redox centers without intermediate groups.
Analysis of this model in the light of previous biochemical
and structural data suggest that it represents a good
approach to advance in the knowledge of complex forma-
tion and subsequent ET between FNR and Fld until
crystal structure of the FNR:Fld is available.
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30. Martı́nez-Júlvez M, Medina M, Hurley JK, Hafezi R, Brodie T,
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