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ABSTRACT: In photosynthetic organisms, ferredoxin (Fd) interacts with many proteins, acting as a shuttle for
electrons from Photosystem I to a group of enzymes involved in NADP* reduction, sulfur and nitrogen assimi-
lation, and the regulation of carbon assimilation. The study of the dynamic interactions between ferredoxin and
these enzymes by nuclear magnetic resonance is severely hindered by the paramagnetic [2Fe-2S] cluster of a
ferredoxin. To establish whether ferredoxin in which the cluster has been replaced by Ga is a suitable diamagnetic
mimic, the solution structure of Synechocystis Ga-substituted ferredoxin has been determined and compared with
the structure of the native protein. The ensemble of 10 structures with the lowest energies has an average root-
mean-square deviation of 0.30 4= 0.05 A for backbone atoms and 0.65 £ 0.04 A for all heavy atoms. Comparison
of the NMR structure of GaFd with the crystal structure of the native Fd indicates that the general structural
fold found for the native, iron-containing ferredoxin is conserved in GaFd. The ferredoxin contains a single
gallium and no inorganic sulfide. The distortion of the metal binding loop caused by the single gallium substi-
tution is small. The binding site on Fd for binding ferredoxin:NADP™ reductase in solution, determined using
GaFd, includes the metal binding loop and its surroundings, consistent with the crystal structures of related
complexes. The results provide a structural justification for the use of the gallium-substituted analogue in inter-

action studies.

The ferredoxins found in oxygenic photosynthetic organisms,
often termed plant-type ferredoxins, are reduced in the light by
Photosytem I and in the dark by NADPH generated by the pentose
phosphate pathway. The reduced ferredoxin (Fd)' serves as the
electron donor for NADP™ reduction, in a reaction catalyzed by
ferredoxin:NADP™ oxidoreductase (FNR) (1), and as the elec-
tron donor for a number of enzymes that play key roles in the
reductive assimilation of nitrogen and sulfur (2, 3). Fd also serves
as the electron donor, in a reaction catalyzed by ferredoxin:thio-
redoxin reductase (FTR), for the reduction of thioredoxins invol-
ved in the regulation of a large number of enzymes involved in
carbon assimilation and other metabolic pathways (4). Structural
studies of formation of the complex between Fd and FNR (, 5)
and between Fd and FTR (6) using X-ray crystallography have
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produced important information about the nature of these com-
plexes. Nuclear magnetic resonance (NMR) spectroscopy has also
been used to study these two complexes (1, 7). However, a major
limitation in the use of iron—sulfur proteins in NMR studies is
the fact that fast nuclear relaxation caused by the [2Fe-2S] cluster
renders the NMR resonances of the residues around the metal
site invisible, although strategies for identifying and assigning
resonances from nuclei near the paramagnetic center have been
developed (8). Replacement of the paramagnetic iron—sulfur
cluster with a diamagnetic metal or metal cluster provides a solu-
tion for obtaining more complete information about Fd (9, 10).
A previous study has shown that a colorless diamagnetic ana-
logue of the paramagnetic Fd from Synechocystis sp. PCC6803,
in which the paramagnetic [2Fe-2S] cluster was replaced with Ga,
could be used to obtain a complete map of the binding site on Fd
for FTR in solution (7a). The use of this approach would enable
the characterization of the complexes between Fd and a variety of
other enzymes. However, the replacement of the [2Fe-2S] cluster
with a single metal may distort the conformation of the metal
binding loop, resulting in structural differences between the GaFd
and the native, iron-containing protein. Therefore, we investiga-
ted the extent of structural changes caused by the Ga substitution.
The solution structure of GaFd determined by high-resolution
NMR is reported. A comparison of the structures of GaFd and
the native Fd shows only a small distortion in the metal loop
region, whereas the general tertiary fold is well-conserved. The
interaction of GaFd with FNR has been probed via NMR
spectroscopy, demonstrating that the central binding site is in
good agreement with the interface observed in crystal structures
of the FdA—FNR complex.

©2010 American Chemical Society
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MATERIALS AND METHODS

Protein Preparation and Analysis. The [2Fe-2S] ferredoxin
from Synechocystis sp. PCC6803 was produced as described
previously (7a). The Ga substitution and subsequent purification
were performed for both '*N-labeled and unlabeled Fd as repor-
ted previously (7a). Spinach nitrite reductase and spinach gluta-
mate synthase were prepared as described previously (11, 12).
Spinach FNR was prepared according to the method of Shin and
Oshino (/3). The concentrations of the native, iron-replete Fd
and of FNR were determined using published values for their
extinction coefficients (/4, 15). The concentrations of spinach
glutamate synthase and spinach nitrite reductase and of GaFd
were determined according to the procedure of Bradford (16),
using bovine serum albumin as a standard. Acid-labile sulfide was
assessed using the procedure described by King and Morris (17),
using sodium sulfide as a standard. Absorbance spectra were recor-
ded using a Shimadzu model UV-2401 PC spectrophotometer at
1.0 nm spectral resolution.

Measurement of Complex Formation. Formation of the
complex between Synechocystis Fd (either the native, Fe-containing
Fd or GaFd) and either nitrite reductase or glutamate synthase
was assessed using the previously described spectral perturbation
technique (/8). The spectra of the Fd and of the target enzyme
were first measured individually, in 1.0 cm optical path length
cells, and were stored in the computer interfaced with the spectro-
photometer. The spectrum of the enzyme—Fd complex was then
recorded under identical conditions and stored. The sum of the
spectra of the two individual proteins was then subtracted from
the spectrum of the complex to yield the difference spectrum
resulting from complex formation. The amplitude of a selected
feature in the difference spectrum was then plotted against the Fd
concentration, and the data were fitted to a single binding iso-
therm to yield the best fit for K;. The wavelength pairs used for
measuring the spectral perturbation amplitudes were as follows:
(1) 472 nm minus 400 nm for Fd and glutamate synthase, (2) 495 nm
minus 390 nm for GaFd and glutamate synthase, (3) 425 nm
minus 397 nm for Fd and nitrite reductase, and (4) 400 nm minus
600 nm for GaFd and nitrite reductase.

NMR Spectroscopy and Resonance Assignment. The
NMR sample contained 1 mM ['°N]GaFd in 50 mM sodium
phosphate buffer (pH 6.5) and 5% D,0. Unlabeled 2 mM GaFd
was exchanged into a 99% D,0 buffer solution by ultrafiltration
using a Centriprep tube with a YM-5 membrane. All NMR spec-
tra were recorded at 293 K, either on a Bruker DMX-600 spectro-
meter equipped with a TCI cryoprobe or on a Bruker 900 MHz
spectrometer with a TCI cryoprobe. Backbone amides were
assigned with "N—'H HSQC, "N—'H TOCSY-HSQC, and
N—"H NOESY-HSQC (mixing time of 100 ms) conducted with
a["’N]GaFd sample. Water suppression in the three-dimensional
(3D) experiments was achieved with the WATERGATE pulse
sequence (19). For the side chain assignment, the unlabeled GaFd
in 99% D,0 was used. High-resolution two-dimensional (2D)
homonuclear TOCSY and NOESY (mixing time of 80 ms) spec-
tra were acquired on the 900 MHz spectrometer with 1024 incre-
ments and 2048 complex data points. Water suppression was
achieved with presaturation. Two TOCSY spectra with diffe-
rent mixing times were used to solve the ambiguity of the con-
nectivity of protons of side chains, and the second one was also
used for the analysis of H—D exchange. Aromatic ring pro-
tons were assigned on the basis of the analysis of spin systems
and intra-NOEs with 2D TOCSY and NOESY spectra. NOE
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restraints were derived from 3D "N NOESY-HSQC and 2D
NOESY spectra.

For the NMR sample in D,0, after buffer exchange for 48 h,
cross-peaks of HN—H® correlation of some residues can still be
detected in TOCSY spectra. The amide protons of these residues
were protected from deuterium exchange because they form
hydrogen bonds with other atoms. In the secondary structure
regions, the hydrogen bonding acceptor can be unambiguously
identified. Hydrogen bond restraints were extracted for these
residues and applied only in the final structure calculation. Upper
distances of 2.5 and 3.3 A were used for the HN—0 and N—0
bonds, respectively.

For the study of the interaction of GaFd and FNR, in a reverse
titration aliquots of a 2.2 mM solution of '*N-labeled Synecho-
cystis GaFd were added to a solution of 0.1 mM spinach FNR in
20 mM sodium phosphate (pH 7), 50 mM NaCl, and 6% D,O
and 2D "H—""N HSQC spectra were acquired at every step on
a 14.1 T NMR spectrometer. A spectrum of free GaFd was
acquired under identical conditions. The chemical shift perturba-
tions observed in the complex with 0.9 equiv of GaFd compared
to free GaFd were used to determine the binding site. The average
chemical shift perturbations [Ad,,, = (AdN?/50 + Ady?/2)",
where Ady and Ady are the change in the "N and 'H chemical
shifts of an amide residue, respectively] were calculated.

NMR data were processed with AZARA (http://www.bio.
cam.ac.uk/azara/) or NMRPipe (20) and analyzed with ANSIG
(21) and CCPNMR (22).

Structural Calculations. For the initial structure calcula-
tion, the NOE distance restraints were generated from the manu-
ally assigned NOE peaks of the '’N NOESY-HSQC spectrum.
The upper distance bounds of the bins were calibrated to three
categories (3.5, 4.5, and 5.5 A) according to the peak intensities.
Low-resolution structures calculated with distance restraints
from '"N-edited NOE spectra were further used as the starting
structures for automatic assignment of cross-peaks in the 2D
NOESY (mixing time of 80 ms) and "N NOESY-HSQC spectra
with CYANA 2.1 (23, 24). During the CYANA automatic
assignment stage, the NOE distance restraints were calibrated
automatically by the structure-filtered method. All long-range
NOE assignments were checked manually before the final-round
calculation.

To incorporate the single Ga metal into the CYANA calcula-
tion, 10 linker residues were added to connect the protein and the
Ga metal. The link statement removes the van der Waals
repulsions between the metal and the coordinating atoms. Extra
distance restraints (2.2—2.4 A) were also used to fix the distance
from the metal to the ligands. In the final-round calculation,
NOE restraints, hydrogen bond restraints for the secondary
structure regions, and distance restraints for the metal were used
for calculation, starting from randomized polypeptide chains.
In total, 100 conformers were calculated, and the ensemble of 10
structures with the lowest target functions was used for analysis.
MOLMOL (25) and PyMol (http://pymol.sourceforge.net/) were
used to present the structures. Ramachandran plot analysis was
conducted using PROCHECK-NMR (26). Structure calcula-
tions were performed on a Linux personal computer. The final
structures and restraints have been deposited in the Protein Data
Bank (PDB) as entry 2KAJ. Assignments have been deposited in
the Biomolecular Magnetic Resonance Bank as entry 16024.

Docking Calculations. Docking calculations were conducted
with the HADDOCK (high-ambiguity-driven biomolecular dock-
ing) server (27). The NMR ensemble of GaFd (PDB entry 2KAJ)
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and PDB entry 1FNB (28) for spinach FNR were used as the
inputs for docking. Only ambiguous restraints derived from
chemical shift perturbation data were used to drive docking.
Residues on GaFd experiencing chemical shift perturbations that
are solvent accessible in free protein were defined as active
residues for dockingin HADDOCK. For spinach FNR, residues
L94, G152, D312, and Y314, which are located around FAD,
were used as active residues for docking. During the first stage of
calculations, 1000 rigid body docking models were generated.
The 200 lowest-energy complexes were selected for semiflexible
simulated annealing, using the default protocol. The 200 lowest-
energy models were then refined in water and clustered using a
2.5 A root-mean-square deviation (rmsd) cutoff. Two top clus-
ters (Table S2 of the Supporting Information) with the lowest
HADDOCK energy scores were analyzed.

RESULTS AND DISCUSSION

Resonance Assignment. With 3D "N NOESY-HSQC and
SN TOCSY-HSQC spectra, complete assignment of amide groups
was achieved. With high-resolution 2D homonuclear TOCSY
spectra recorded with two different mixing times and a NOESY
spectrum, in combination with '>’N—"H TOCSY-HSQC and
>N—"H NOESY-HSQC, almost all side chain proton resonances
(95%) were assigned. For aromatic ring protons, resonances
of six of the seven aromatic residues (Tyr3, Tyr37, Phe63,
Tyr73, Tyr80, and Tyr96) were assigned. The nearly complete

Table 1: Structural Statistics for the Ensemble of 10 Structures of GaFd

total no. of restraints 2204

no. of interproton distance restraints 2160
intraresidue 396
sequential (Ii —j| = 1) 504
medium-range (1 < [i —j| < 4) 395
long-range (i —j | > 4) 865

no. of H-bond restraints (two per hydrogen bond) 36

distance restraints for Ga metal 8

CYANA target function (A% 1.01 £ 0.06

maximum violation for upper limits (A) 0.12£0.03

rmsd from the mean structure (A)
backbone atoms 0.30 £ 0.05
heavy atoms 0.65 £ 0.04

Ramachandran plot
most favored (%) 67.8
additionally allowed (%) 30.0
generally allowed (%) 22
disallowed (%) 0.0

Xu et al.

"H assignments enable the determination of a high-quality
solution structure.

Solution Structure of GaFd. On the basis of a total of 2204
distance restraints (Table 1), the solution structure of GaFd was
determined. The final ensemble of 10 structures with the lowest
CYANA target functions has an average rmsd of 0.30 £ 0.05 A
for backbone atoms and 0.65 £ 0.04 A for all heavy atoms. The
statistics of the 10-structure ensemble are listed in Table 1, and
Figure 1 presents the 10 structures superimposed. Plots of the
number of restraints and rmsd per residue are provided as
Supporting Information (Figures S1 and S2). The Ramachandran
analysis (Table 1 and Figure S3 of the Supporting Information)
displays 67.8% of the residues in the most favored region, 30.0%
in additionally allowed regions, and 2.2% in generally allowed
regions. The Ga-substituted Fd has a typical ferredoxin fold
(Figure 2). A five-strand f-sheet and one helix form the core
p-grasp of the fold. The metal binding loop and a short helix
surround the core region. In the C-terminal region, a one-turn
helix (E92—Y96) is not well-defined. No disulfide bond between
C18 and C85 can be formed because the S” atoms of these two
cysteines are separated by more than 10 A. No long-range NOEs
are observed between these two residues. In contrast, the NMR
structure reported for native Synechocystis Fd does show a
disulfide bond between C18 and C85 (29). However, in the
crystal structure of the same native protein, no disulfide bridge
is observed between C18 and C85 (30).

Ga Binding Site. Sulfide content analysis indicates that the
GaFd contains <0.2 mol of sulfide per mole of protein, com-
pared to the value of 2.0 mol of sulfide per mole of protein mea-
sured for the native Synechocystis Fd. Previous metal analysis
had demonstrated that one gallium ion per protein molecule was
incorporated into the protein (7«). An extended X-ray absorption
fine structure (EXAFS) analysis of Ga-substituted putidaredoxin
(Pdx) (9), a homologous vertebrate-type ferredoxin, suggested
that the single Ga metal coordinates four cysteinyl S” atoms.
On the basis of these results, it was assumed that in GaFd, a single
Ga ion is coordinated by four S” atoms, one from each of the
following cysteines: C39, C44, C47, and C77. Distance restraints
were introduced in the structure calculations to link the Ga to
these sulfur atoms. In combination with the NOE-based dis-
tance restraints, this assumption resulted in a well-defined metal
binding loop (Figures 1B and 2). The coordination of the Ga
metal with four S” atoms is not tetrahedral, but distorted toward
square planar. A more accurate geometry determination of the
metal site of GaFd will require data from other methods, such as
EXAFS.

FIGURE 1: NMR structure of GaFd. (A) Stereoview of the C* backbone trace of an ensemble of 10 superimposed structures of GaFd. The Gd ions
are represented as yellow spheres. (B) Enlarged view of the Ga binding region. Ga ions are shown as yellow spheres, and the buried side chains of

residues in the Ga binding region are shown as red sticks.
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FIGURE 2: Ribbon representation of the solution structure of GaFd
and the gallium metal site. The gallium metal is shown as a yellow
sphere, and the four cysteine ligands are shown as red sticks. C18 and
C85 are colored magenta.

H—D Exchange and Hydrogen Bonds. The amides of 40
residues were protected from H—D exchange after the solvent
was changed to D,O (Figure 3). As expected, most of these resi-
dues, T4—T9,117, C19, G49—151, and C85—ESS, are in the secon-
dary structure regions. However, residues S38 and R40—A43 are
located in the metal binding loop and are solvent accessible. If the
loop is dynamic, no amide signals of these residues in the loop
should be visible after H—D exchange for 48 h. The fact that the
residues in the loop are protected from H—D exchange, like other
residues in the secondary structure regions, suggests that the
amides of these residues also form intramolecular hydrogen
bonds. In the native protein, the main chain nitrogens for the
residues in the loop form NH-S hydrogen bonds with cysteine S”
atoms and the sulfur atoms of the [2Fe-2S] cluster (317).

The number of hydrogen bonds and the strength of the
hydrogen bonding network play an important role in modulating
the redox potential of iron—sulfur proteins (32) as well as other
metalloproteins (33). Although no hydrogen bond acceptors can
be unambiguously identified on the loop for GaFd, it can be
concluded that the hydrogen bond network stabilizes the Ga
metal binding loop. The metal loop is thus unlikely to be very
dynamic, a conclusion that is also supported by the observation
of a large number of medium-range NOE:s in this region.

Comparison of GaFd with Native Fd and Ga-Substituted
Putidaredoxin. The solution structure of GaFd is highly similar
to the crystal structure of native Fd (30) (Figure 4A). The rmsd of
the backbone heavy atom positions between these two structures
is 1.1 A. There are small differences, mostly located in the metal
binding loop. The Ga binding loop in the GaFd structure is
shifted toward the a-helix formed by D66—E70, yielding a Ga
position that is close to the geometrical center of the [2Fe-2S]
cluster (Figure 4B).

Our data suggest a rigid metal binding loop, whereas a pre-
vious NMR study on Ga-substituted Pdx suggested that a more
dynamic binding loop was generated with the incorporation of a
single Ga, although the fold of the native protein was conserved
(34, 35). Comparison of the NMR structure of GaPdx with
the recently determined crystal structure of Pdx (36) indicates
that the distortion of the metal binding loop is relatively large.
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F1GURE 3: Part of a 2D homonuclear TOCSY spectrum showing the
HN—H® correlation of residues protected from amide H—D exchange.
The spectrum was recorded at 900 MHz and 293 K after incubation of
protein in D,O for 48 h.

The sequence difference of the loop region for vertebrate-type
and plant-type Fd may explain why a dynamic metal binding
loop resulted after substitution of a single Ga for the vertebrate-
type ferredoxin but not for this plant-type ferredoxin. The metal
binding loop of Pdx (D-C-G-G-S-A-S-C-A-T-C) is one residue
longer than that of plant-type Fd (S-C-R-A-G-A-C-S-T-C) and
contains an additional Gly residue.

Formation of the Complex with Spinach Enzymes. To test
whether GaFd has the same affinity for Fd-dependent enzymes as
native Fd, the dissociation constant (K4) for GaFd in complexes
with two spinach enzymes that use Fd as the physiological
electron donor was determined. Not surprisingly, given the very
similar tertiary structures of spinach (37) and Synechocystis (30)
ferredoxins, the native cyanobacterial protein forms complexes
with spinach nitrite reductase and spinach glutamate synthase at
low ionic strengths with Ky values similar to those previously obser-
ved for spinach Fd. Ky values, measured in 10 mM potassium
phosphate buffer (pH 7.7), of 1.0 and 40 uM were determined for
the complexes of native Synechocystis Fd with spinach nitrite
reductase and glutamate synthase, respectively. The Ky value for
spinach Fd, measured under the same conditions, was 0.7 uM in
the case of nitrite reductase and 15 uM in the case of glutamate
synthase. Ky values for formation of the complex of Synechocystis
GaFd, with spinach nitrite reductase and spinach glutamate
synthase, were determined to be 0.9 and 36 uM, respectively,
values that are identical within the £10% uncertainties of the
measurements to those obtained using the native Synechocystis
Fd. As the GaFd is not redox active, it was not possible to test its
activity as an electron donor to these enzymes, but the observa-
tion that the affinity of GaFd for the two enzymes is identical to
that observed with the native, iron-containing Fd suggests that
replacement of the [2Fe-2S] cluster by Ga does not affect the
interaction between Fd and the enzymes.

Binding Map of GaFd for FNR. "N-labeled GaFd was
titrated into a solution of spinach FNR, and HSQC spectra were
recorded at each step. Chemical shift perturbations and line
broadening of the resonances were observed in comparison to
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FiGURE 4: (A) Superposition of the C* backbone trace of the NMR structure of GaFd (red) and the crystal structure (PDB entry 10FF) of the
native Fd (blue). The Ga metal of GaFd is shown as a red sphere, and the [2Fe-2S] cluster of Fd is shown as yellow spheres. (B) A detailed view on

the metal binding sites.
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FiGuRre 5: Binding site of Fd for FNR. (A and C) The structures of Z. mays leaf Fd [A, PDB entry 1GAQ (/)] and Anabaena PCC7119 Fd [C, PDB entry
1IEWY (39)] are shown in surface representation and colored according to the distance from FNR observed in the crystal structures, with red, orange, and
yellow for residues less than 4, 5, and 6 A from FNR, respectively. (B) The structure of Synechocystis GaFd (PDB entry 2KAlJ) is shown in surface
representation and colored according to the chemical shift perturbations caused by binding to FNR: red for Ad,, (in parts per million; spectra recorded at
14.1T) = 0.100, orange for Adaye = 0.050, yellow for Ad,ye = 0.025, and blue for Ad,y, < 0.025. Residues with no data are colored gray. (D) Alignment of
Z. mays, Synechocystis, and Anabaena Fd amino acid sequences, colored with the same code as in panels A—C, except that residues colored blue are shown
with a white background. The asterisks indicate residues identical between Z. mays and Synechocystis (top) and Anabaena and Synechocystis (bottom).

free GaFd, indicative of binding of GaFd to FNR. In the pre-
sence of excess GaFd, the extent of perturbation and broadening
decreased, toward the values for the free protein, showing that
association and dissociation were fast on the NMR time scale. A
binding curve (Figure S4 of the Supporting Information) indica-
ted that the K4 is on the order of 1 uM. The chemical shift pertur-
bations observed in the second point in the titration (Table S1 of
the Supporting Information), when essentially all GaFd is bound,
were mapped on the structure of GaFd (Figure 5B). The sizes of
the shifts are localized and large, representative of a well-defined
complex (38). Itis clear that the loop that covers the [2Fe-2S] cluster
in the native Fd (Ser38—Ser45) is located centrally in the binding
site. This region is invisible in HSQC spectra of native Fd because
of the paramagnetic relaxation enhancement of the cluster (/, 7a),
and the fact that it can be seen in the case of GaFd interacting with

FNR provides further support for the utility of using the Ga-
containing Fd mimic in these binding experiments. The crystal
structures of the complexes of Fd and FNR from Zea mays
(maize) (/) and the cyanobacterium Anabaena (also named Nostoc)
PCC7119 (5, 39) have been reported. The binding interfaces
observed for Fd in both crystal structures are shown for compar-
ison in panels A (maize) and C (Anabaena) of Figure 5. The Fd
residues in the interface observed in the crystal structure are colored
red, orange, and yellow, depending on their distance from FNR
(lessthan 4, 5, and 6 A, respectively). A comparison of panels A—C
shows that the central binding site on Synechocystis GaFd for FNR
in solution resembles the interface seen in the crystal structure for
Z. mays Fd. Note that the numbering is different for Anabaena Fd
because of a two-amino acid insert. Panel D presents an alignment
of three Fd amino acid sequences with the same color coding.
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F1GURE 6: Comparison of the GaFd—FNR docking model to the crystal structure (PDB entry 1GAQ) of the maize leaf FA—FNR complex. The
FNR molecules are superimposed, and only maize leaf FNR in the complex is shown (blue ribbons). GaFd and maize leaf Fds are shown as red
and green ribbons, respectively. The iron—sulfur cluster of maize leaf Fd is represented as spheres. The FAD cofactor is shown as yellow sticks.

To model the Synechocystis GaFd—spinach FNR complex on
the basis of the chemical shift perturbation map obtained for
GaFd, docking calculations were performed using the HAD-
DOCK server (27). Two low-energy clusters were obtained, one
of which is very similar to the maize leaf Fd—FNR crystal
structure complex (Figure 6). The other cluster (Figure S5 of the
Supporting Information) is very different and may represent an
artifact caused by the highly ambiguous chemical shift perturba-
tion docking restraints. In the model shown in Figure 6, the
metal binding loop of GaFd docks to the concave region of FNR
near the FAD cofactor, in an orientation resembling the one
found in the maize Fd—FNR complex (PDB entry 1GAQ, back-
bone rmsd of 3.9 A for Fd with FNR molecules superimposed).
Also many intermolecular salt bridges (involving Glu29, Arg40,
and Asp66 in Fd and Lys304, Glul54, and Lys88 in FNR,
respectively) are found in both the cluster and the crystal struc-
ture. The Synechocystis GaFd—spinach FNR model is less similar
to the crystal structure of the Anabaena Fd—FNR complex,
consistent with the differences between the interface maps
(Figure 5B,C).

Investigation of the interaction between Fd and FNR has not
been confined to structural studies. The effects of replacement of
a conserved phenylalanine (Phe65 in Anabaena Fd and Phe63
in Synechocystis Fd) suggested that the presence of an aromatic
residue at this location is essential for the rapid transfer of
electrons from Fd to FNR (40, 41, 44). These results are consistent
with its location near the center of the interaction site on Fd for
FNR determined by NMR mapping (Figure 5B) and the
orientation of its side chain with respect to the [2Fe-2S] cluster
and FAD prosthetic group in the X-ray structure of the Anabaena
Fd—FNR complex (5, 39). The importance of Ser47 in Anabaena
Fd for the rapid transfer of electrons to FNR is also supported by
mutagenesis experiments (40). This Anabaena Fd residue and the
corresponding Serd5 in Synechocystis Fd can both be seen to be
located in the FNR binding domains shown in the binding maps
in Figure 5. In maize leaf Fd, Ser45 is close to but just outside the
binding interface.

Mutagenesis experiments also suggested a crucial role in rapid
electron transfer for the conserved Glu94, located in an “acidic
patch” in the short C-terminal a-helix in Anabaena Fd (40, 41, 44).
The large decreases in the rate of FNR reduction caused by
charge-elimination and charge-reversal replacement of Glu94 are
highly position-specific, as similar replacements at the adjacent

position 95 had no effect on the electron transfer properties of the
protein (40, 41). In line with these results, in the crystal structure
of the Anabaena complex, Glu94, but not Glu95, is close to FNR.
However, interpreting the effects of replacing Glu94 in Anabaena
Fd is complicated by structural effects arising from this replace-
ment (40), and it also should be mentioned that the corresponding
glutamate in maize leaf Fd, Glu92, is not present at the interface
with maize FNR (/) and that charge-reversal and charge-elimination
replacements of the corresponding glutamate in spinach leaf Fd
produce only very modest effects on electron transfer rates (42, 43).
In the NMR spectrum of Synechocystis Fd bound to spinach
FNR, the resonance of the equivalent Glu92 overlaps with
another one and cannot be followed with certainty, so it is not
possible to use NMR techniques to clarify the role of this con-
served Fd glutamate in binding to FNR.

Another Fd acidic patch, involving Asp62, Asp67, and Asp68
(Anabaena numbering), has been located in the interface with
FNR (35, 39) in the crystal structure of this complex (also see
Figure 5C). However, somewhat surprisingly, charge-reversal
replacements at Asp62 and Asp68 had no effect on the rates of
transfer of electrons from reduced Fd to FNR (40, 41, 44), indicat-
ing that mutagenesis experiments cannot always be used to identify
amino acids involved in protein—protein interactions. The cor-
responding amino acids of Synechocystis Fd (i.e., Asp60, Asp65,
and Asp66) have also been identified at the FNR binding domain
in our NMR experiments (Figure 5B) and are part of the interface
of maize leaf Fd for FNR (Figure 5A).

One major difference between the crystal structure of the
Anabaena Fd—FNR complex on one hand and the NMR map of
Synechocystis Fd and the maize leaf Fd—FNR crystal structure
complex on the other is the presence of a third acidic patch in
the interface in the latter two complexes. This patch involves
Synechocystis Fd residues Gly32, Glu29, and Glu30. There is
evidence that the carboxylate group of the C-terminal amino acid
in Fd may be involved in an additional electrostatic interaction with
FNR in both the maize leaf (/) and Anabaena (40, 44). In all three
maps, the C-terminal residue is part of the interface (Figure 5D).

CONCLUSIONS

The high-resolution NMR structure of GaFd from Synechocystis
was determined. The tertiary structure of GaFd is very similar to
that of native Fd. The distortion of the metal binding loop caused by
Ga substitution is small, which makes the GaFd a good diamagnetic
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analogue for the structural studies of the interaction of Fd with
various enzymes, as was demonstrated for FNR.
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