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Ferredoxin (Fd), which plays a pivotal role in photo-
synthesis as an electron carrier, forms a transient com-
plex with various Fd-dependent enzymes, such as nitrite
reductase (NiR), to achieve efficient intermolecular
electron transfer. We studied the protein—protein inter-
action of Fd and NiR by NMR spectroscopy and deter-
mined three acidic regions of Fd to be major sites for
the interaction with NiR, indicating that the complex is
stabilized through electrostatic interaction. During this
study, we found Fds from higher plant and cyanobac-
terium, in spite of their high structural similarities
including the above acidic regions, differ remarkably
in the interaction with cyanobacterial NiR. In activity
assay of NiR, K, value for maize Fd (74.6 M) was 9.6
times larger than that for Leptolyngbya boryana Fd
(7.8 uM). The two Fds also showed a similar difference
in binding assay to NiR-immobilized resin. Compara-
tive site-specific mutagenesis of two Fds revealed that
their discriminative ability for the interaction with NiR
is attributed mainly to non-charged residues in the per-
ipheral region of [2Fe—2S] cluster. These non-charged
residues are conserved separately between Fds of plant
and cyanobacterial origins. Our data highlight that
intermolecular force(s) other than electrostatic attrac-
tion is(are) also crucial for the molecular interaction
between Fd and partner enzyme.

Keywords: Ferredoxin/nitrite reductase/protein—
protein interaction/electron transfer.

Abbreviation: Fd, ferredoxin; FdI, leaf ferredoxin I;
FNR, Fd-NADP™* reductase; FTR,
sFerredoxin—thioredoxin reductase; HSQC,
heteronuclear single-quantum correlation; LbFd,
Leptolyngbya boryana ferredoxin; NiR, nitrite
reductase; NMR, nuclear magnetic resonance;

RMSD, root mean square deviations; SiR, sulphite
reductase; WT, wild-type.

Ferredoxin (Fd) is an acidic, iron—sulphur protein with
a molecular mass of ~11kDa and plays an important
role as an electron carrier in a multitude of redox re-
actions in cyanobacteria and chloroplasts of photosyn-
thetic eukaryotes. The midpoint potential (E,,) of
[2Fe—28] cluster of Fds from various organisms is
very low with a range from —390 to —425mV (1),
and negatively charged residues are mainly distributed
throughout the molecular surface on the side of
[2Fe—28] cluster (2—6). It has been shown by a variety
of techniques that Fd forms electrostatically stabilized
complexes with various Fd-dependent enzymes, such
as Fd-NADP™" reductase (FNR), sulphite reductase
(SiR), nitrite reductase (NiR), glutamate synthase
and Fd—thioredoxin reductase (FTR) for efficient
intermolecular electron transfer (7).

Crystal structures of complexes between Fd and
partner enzymes, maize leaf Fd/FNR, Anabaena Fd/
FNR and Synechocystis Fd/FTR, have been deter-
mined (2, 5, 8). A set of positively charged residues
of the partner enzymes is close to the acidic residues
of Fd in a spatially matching manner to form salt
bridges. The interaction sites of Fd with FNR, SiR
and FTR were also elucidated in solution state by
NMR chemical shift perturbation and cross saturation
experiments (9, /0). Combined data demonstrate that
although a narrow Fd-binding site exists around posi-
tively charged cleft of Fd-dependent enzymes in
common, molecular shapes of the sites differ consider-
ably. Thus, Fd is bound to partner enzymes through a
part of its whole acidic surface and such region seems
to be at least partly unique for each of partner en-
zymes. This topological variety of the molecular rec-
ognition between Fd and partner enzymes would be
significant for physiological function of Fd as a hub
protein to distribute photosynthetic reducing power to
a network of redox metabolisms occurring in one cel-
lular compartment (717, 12). We have been focusing on
NiR to obtain further knowledge on the structural
basis for the multi-functionality of Fd, because NiR
utilizes the majority of reducing power in the metabolic
network, and because structural information on the
complex formation of Fd and NiR is limited.
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NiR, which is a soluble monomeric protein with
a molecular mass of 50—65kDa, catalyses the six-
electron reduction of nitrite to ammonia (7). In
common with other Fd-dependent enzymes, NiR
forms a 1:1 complex with Fd (/3). The enzyme carries
[4Fe—4S] cluster and sirohaem. By EPR and Raman
spectroscopic studies a mechanism of nitrite reduction
was proposed (/4—16). E,, of [4Fe—4S] cluster and sir-
ohaem of spinach NiR is —365 and —290 mV, respect-
ively (16). This suggests that [4Fe—4S] cluster of NiR
principally accepts one electron from [2Fe—2S] cluster
of Fd, and subsequently transfers it to sirohaem. The
crystal structure of spinach NiR (/7) showed the pros-
thetic groups are buried within a hydrophobic cleft
formed with three domains of NiR polypeptide.
Positively charged residues are localized around the
cleft and a sequence alignment of NiRs from various
species reveals that most of these positively charged
residues are conserved (/8). Mutation of some of the
charged residues led to decrease the interaction with
Fd (19).

In this work, we have studied interaction of cyano-
bacterial NiR and two evolutionally divergent Fds
from maize and cyanobacteria. Both Fds had compar-
able activity as an electron donor to NiR, but, inter-
estingly, cyanobacterial Fd showed about 10 times
stronger affinity with NiR than plant Fd. The crystal
structures of both Fds were determined and their inter-
actions with NiR were studied by 2D NMR spectros-
copy. The results showed that the electrostatic
interaction stabilizes the Fd/NiR complex in both
cases. We considered that a subtle difference in the
surface structure formed by non-charged residues
would be the major factor for the differential affinity
of two Fds with NiR. We have further verified this
hypothesis by site-directed mutagenesis.

Materials and Methods

Site-directed mutagenesis and purification of Fds

Fd from Leptolyngbya boryana (formally Plectonema boryanum)
(LbFd) (20) and maize leaf Fd isoprotein I (FdI) (21, 22) were pre-
pared as a recombinant protein expressed in Escherichia coli IM109
essentially as described previously. Site-specific mutants of LbFd
and FdI were generated with QuikChange site directed mutagenesis
kit (Stratagene). The list of mutants generated in this study and
synthetic oligonucleotides used for the mutagenesis is shown in
Supplementary Table S1. The mutation sites and the sequence integ-
rity of the entire coding regions of mutant Fds were confirmed by
nucleotide sequencing. ["°N,*C]LbFd, ['**N]LbFd and ['*N]FdI were
prepared essentially as described previously (9).

Expression and purification of Synechocystis sp. 6803 NiR

Coding region of Synechocystis sp. 6803 NiR was amplified by PCR
using its genomic DNA as a template with the following primers,
5-GGC CTC ATG ACT AAT AAA TTT GAG ACC GTT AAG
GCA ACC and 3-CCC GAG CTC AAC GCC GCA CAG CGC
CAA ATT G, which contained BspHI and Sacl, respectively. The
PCR products were digested with BspHI and Sacl and ligated into
pTrc99A which had been digested with Ncol and Sacl. As NiR needs
to assemble with sirohaem to be the holoenzyme, sirohaem synthase
gene (Cys G) from E. coli, which has EcoRV and HindIII at the 5'-
and 3’-ends, respectively, was also introduced into the Smal and
HindlII sites of pTrc99A. This pTrc99A derived plasmid harbouring
NiR and CysG genes was used for recombinant expression in E. coli
JM109. Bacterial cells were grown in LB medium at 27°C for 3h
with vigorous aeration. IPTG was added to a final concentration of
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100 uM when its absorbance at 600 nm reached to 0.5—0.6. The bac-
terial cells were harvested after further growth for 16 h.

The bacterial cells were suspended in 50 mM Tris—HCI, pH 7.5,
200mM NaCl, ImM MgCl,, 1mM EDTA, 0.1% (v/v)
2-mercaptoethernol and 0.5mM PMSF, disrupted by sonication
and centrifuged at 10,000g for 15min. The resulting supernatant
was mixed with DEAE—cellulose (DE52, Whatman) in a batch-wise
manner. The pass-through fraction containing NiR was fractionated
with ammonium sulphate precipitation between 30% and 65% sat-
uration. Crude NiR was desalted though a Sephadex G-25 column
equilibrated with 50mM Tris—HCl, pH 7.5, applied to an
anion-exchange column (Resource-Q, GE Healthcare), and eluted
with a linear gradient from OM to 0.5M NaCl in 50mM
Tris—HCI, pH 7.5. Fractions containing NiR were combined,
added with ammonium sulphate to a concentration of 40% and
applied onto a Phenyl Sepharose column (GE Healthcare). NiR
was eluted with a linear gradient from 40% to 0% ammonia sulphate
in S0mM Tris—HCI, pH 7.5. NiR was further purified by affinity
chromatography on a column of LbFd-immobilized Sepharose-4B
prepared as described previously (9). The final preparation of NiR
showed absorption spectrum with maxima at wavelength of 278, 386
and 571 nm and a single band on SDS—polyacrylamide gel electro-
phoresis (Supplementary Fig. S1). This absorption spectrum was
essentially the same as those reported for NiR from other organisms
(23). Concentration of NiR was determined using an extinction co-
efficient of 18000 M~ em™" at 572 nm.

Assay of NiR activity

Fd-dependent NiR activity was measured in 50mM Tris—HCI,
pH 7.5 containing certain concentration of NaCl. The reaction
was carried out in 0.5ml reaction mixture, which contained 1 mM
NaNO,, 0.5mM NADPH, 10nM NiR, 0.1 uM FNR and various
concentration of Fds (0—60 pM). An NADPH-generating system of
SmM Glc-6-P and one unit Glc-6-P dehydrogenase was supple-
mented in the mixture. The reaction was initiated by adding
NADPH and carried out at 25°C, and 50 pl aliquot of the mixture
was taken for diazo coupling reaction of nitrite at 5 min intervals for
30min (24). The diazo compounds standardized with nitrite were
measured at 543 nm.

Structure determination and crystallographic refinement of Fds
LbFd and FdI dissolved in S0mM Tris—HCI, pH7.5 containing
100 mM NaCl were concentrated to 15 mg/ml and 40 mg/ml, respect-
ively. Crystallization conditions of two Fds were searched by the
hanging drop vapour diffusion method. Crystals of LbFd were ob-
tained at 20°C using 2.2 M ammonium sulphate in 100 mM sodium
citrate, pH 5.2 as a reservoir solution. Crystals of FdI were obtained
at 4°C from equal volumes of the protein solution and the reservoir
solution (2.9M ammonium sulphate in 100mM sodium citrate,
pH 5.5 containing 0.2% benzamidine). Diffraction images were col-
lected at liquid nitrogen temperature (100 K) on CCD-based and
imaging-plate detector systems. Details of the X-ray data collection
are shown in Supplementary Table S2. The structures of LbFd and
FdI were solved by molecular replacement method with the program
MOLREP (25) using Spirulina platensis Fd structure (PDB ID:
4FXC) and Equisetum arvense Fdl structure (PDB ID: 1FRR) as a
search model, respectively. Manual revision of the atomic model was
carried out with the program coot (26). Subsequent refinement was
carried out up to 1.70 A resolution for LbFdI and 1.70 A resolution
for Fdl. The stereo-chemical geometry of two models was checked
with the program PROCHECK (27). Structural images were pre-
pared and superimposed using the program PyMOL (Delano
Scientific). The sequences of LbFd and FdI were aligned using
CLUSTAL-W (28). Surface potentials were generated using
Poisson—Boltzmann electrostatic calculation methods (PDB2PQR
and ABPS input) (29) with spinach stromal medium conditions (30).

NMR experiment and resonance assignment

The backbone assignments of LbFd were performed using 2D
"H—'N HSQC, 3D CBCA(CO)NH, HNCACB and HN(CO)CA
at 293K on a Bruker DRX-500 spectrometer (3/). The NMR data
were processed with NMRPipe (32) and analysed with Sparky (33)
(Supplementary Table S3). For chemical shift perturbation experi-
ments, ['"N]Fds mixed with increasing quantities of non-labelled
NiR at molar ratios (NiR/Fd) of 0, 0.25, 0.5, 0.75, 1, 1.25 and 1.5
were recorded at 298 K on a Bruker AV-400M spectrometer.



Weighted averages of the '"H (A8'HN) and "N (A8'°N) chemical
shift changes (ppm) were calculated with an equation of
{[(AS"HN)> + (0.17 x A3"*N)?)"}, where 0.17 was calculated on
the basis of the ratio between the chemical shift distributions of
"H and "N spins in the amide groups of general folded proteins in
terms of the respective ppm units. Thus, the value functions as the
normalization factor that balances the difference between the 'H and
>N chemical shift changes (9).

Root mean square deviation calculation

The specified Co atoms of LbFd (residues 1—10, 12—14 and 16—98)
and FdI (residues 1-96) were superimposed and root-mean square
deviations (RMSDs) of the main-chain and side-chains were calcu-
lated using the Isqkab programme in CCP4 (Supplementary Fig. S3)
(34).

Results

Cyanobacterial and plant Fds differ in their
protein—protein interaction with NiR

The Fd-dependent activity of NiR driven by LbFd or
FdI was measured (Fig. 1A). Kinetic analysis revealed
that although the maximum velocity was comparable
between two Fds, the K,, value of NiR for LbFd
(7.8 uM) was lower than that for FdI (74.6 uM). As
the complex of NiR and Fd is considered to be stabi-
lized mainly by electrostatic interaction, we investi-
gated how NaCl added to the assay mixture
influences NiR activity driven by two Fds (Fig. 1B).
LbFd showed an activity profile with the maximum
value in the presence of 50—100mM NaCl followed
by a gradual decline under higher NaCl concentra-
tions. We consider that the complex formation of
LbFd and NiR optimal for the intermolecular electron
transfer could be achieved in the presence of a low
concentration of the salt. FdI showed no such profile
and a greater drop in activity than LbFd with increas-
ing NaCl concentrations, indicative of a weaker affin-
ity of FdI with NiR. Interaction of these Fds with NiR
was further examined by affinity chromatography on a
column of NiR-immobilized resin. FdI eluted at lower
NaCl concentration than LbFd (Fig. 1C). These
combined data indicate that the protein—protein inter-
action of NiR with cyanobacterial Fd was significantly
stronger than that with higher plant Fd. A complex
formation of NiR and two Fds was also investigated
by gel-filtration chromatography to confirm this con-
clusion (Supplementary Fig. S2).

The X-ray crystallographic analysis of Fdl and LbFd
To explore the differential characteristics of two Fds,
we determined their X-ray crystal structures. Refined
models of LbFd and FdI contained two Fd molecules
in the asymmetric unit. The final crystallographic R
factors and free R factors were 17.26% and 24.38%
for LbFd at 1.76 A resolution, and 22.45% and
28.81% for FdI at 1.70 A resolution, respectively. All
amino acid residues of LbFd and FdI except glycine
and proline residues were in the stereo-chemically
allowed regions in the Ramachandran plot. Refine-
ment statistics are summarized in Supplementary
Table S2.

Comparison of the crystal structures of LbFd and
FdI showed a high similarity in their overall structures
(Fig. 2A), as expected from a high-sequence homology
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Fig. 1 NiR activity and binding assay of LbFd and FdI. (A)
Fd-dependent activity of NiR was measured in 50 mM Tris—HCI,
pH 7.5, containing 50 mM NaCl at 25°C. Fd was added in the assay
mixture with increasing concentrations from 0 to 60 uM. The data
obtained from three measurements were fitted by non-linear regres-
sion using Michaelis—Menten equation. (B) Fd-dependent activity of
NiR was measured as in (A) in the presence of increasing concen-
trations of NaCl from 0 to 300 mM. (C) Fd was chromatographed
on an NiR-immobilized Sepharose column with a linear gradient of
NacCl from 0 to 0.5M in 50mM Tris—HCI, pH 7.5.

of two Fds (64% identity) (Fig. 2B). Conserved amino
acids are mainly distributed on the side where [2Fe—2S]
cluster is located, whereas most of the non-conserved
residues exist on the opposite side (Fig. 2C).
Negatively charged areas are found at the periphery
of [2Fe—28] cluster region (Fig. 2D). Several distinctive
features are also seen: (i) LbFd has an insertion of two
amino acid residues at positions 10 and 14, forming a
loop structure longer than that of FdI and (ii) The
addition of two residues in the C-terminus of FdI

485



Y. Sakakibara et al.

A
B Bl al p2 a2 p3
LbFd 1 PS E NTTIE] YILD "
FdI 1 ATY P- =VELQ
* 1t
p3 a3 i p5 ad

¢ 180° ¢

Fig. 2 Structural comparison of LbFd and FdI. (A) Superposition of the 3D structures of LbFd (blue) and FdI (yellow). The iron—sulphur cluster
is shown as spheres. (B) Sequence alignment of LbFd and FdI with their secondary structures. White letters on black show identical residues
between two Fds, and double and single dots show conserved and semi-conserved residues. Substituted residues in Fig. 6 were marked by arrows.
(C) Identical and different residues between two Fds are coloured in yellow and grey, respectively, on the 3D structures of LbFd and FdI.

(D) Electrostatic surface potentials of LbFd and FdI. Positive potential is shown in blue and negative potential in red. [2Fe—2S] cluster is located

at the inner surface of the area circled with black dashed line.

forms a long helix structure. These distinctive futures
are conserved in most of cyanobacterial and higher
plant Fds (data not shown).

Identification of LbFd residues involved in complex
formation with NiR

To obtain direct information about the protein—pro-
tein interaction of LbFd with NiR, we measured
"H-'N HSQC spectra of ['"°’NJLbFd and analysed
chemical shift perturbations of LbFd upon complex
formation with NiR. Based on HSQC signals of FdI
assigned by Saitoh et al. (9), the same procedure was
applied for the assignment of HSQC signals of LbFd.
Sequential connectivity for the majority of amide res-
onances were well achieved using 2D 'H-'"N HSQC,
3D HN(CO)CA, HNCACB and CACB(CO)NH meas-
urements. Most of the amide resonance signals were
detected, with the exception of three regions in the
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vicinity of [2Fe—2S] cluster: Try40 to Ala51, Ser65 to
Phe66 and Leu78 to Val81, which were susceptible to
paramagnetic effects caused by iron atoms of [2Fe—2S]
cluster (Fig. 3A and B). Chemical shift values of ob-
servable amide signals (‘H, '°N, '*C, and 13Cﬁ) are
listed in Supplementary Table S3, and the 'H—'°N
HSQC resonance assignment of LbFd is summarized
in Fig. 3A.

"H—'""N HSQC spectra of LbFd were measured in
the presence of non-labelled NiR at molar ratios of
0.25, 0.5, 0.75, 1.0, 1.25 and 1.5, and a significant
change in chemical shift values was observed in a set
of amino acid residues upon the addition of NiR
(Fig. 3C). The chemical shift perturbations of the 'H
and the "°N nuclei of individual amides were combined
according to the equation described in the ‘Materials
and Methods’ section, and resulting values obtained
at the molar ratio of 0.75 are shown in Fig. 3B.
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Fig. 3 NMR analysis of the interaction of LbFd with NiR. (A) "H=""N HSQC spectra of ['*’N]JLbFd. Overlay of the spectra in the absence (blue)
and presence (red) of NiR at a molar ratio ([NiR]/[LbFd]) of 1. Assignment of the backbone amide groups is shown in Supplementary Table S2.
(B) Weighted averages (A8,ye) of the "H and >N chemical shift changes (ppm) calculated with the equation of {[(A8'HN)? + (0.17* A8 N)*"/%}
on the two HSQC spectra shown in (A) are plotted against the residue number. (C) Titration curves of chemical shift changes for six repre-
sentative residues of ['’NJLbFd. The inset is overlaid signals of two representative residues, measured under increasing molar ratio of NiR to
[*N]LbFd (blue: 0, orange: 0.25, green: 0.5, red: 0.75, light-blue: 1, pink: 1.25 and yellow: 1.5). Direction of chemical shift changes of LbFd is
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Fig. 4 Analysis of LbFd mutants with acidic regions altered. (A) Acidic residues present in three regions identified by chemical shift perturbation
experiment (Fig. 3B) are shown on the 3D structure of LbFd. (B) WT and three LbFd mutants E31Q/E32Q/D36N, D67N/D68N/D69N and
E94Q/E95Q were chromatographed on an NiR-immobilized Sepharose column as in Fig. 1C (black line for WT, grey dash line for E31Q/E32Q/
D36N, black dash line for D67TN/D68N/D6IN and grey line for E94Q/E95Q). (C and D) WT and mutants of LbFd were assayed for NiR

activity as in Fig. 1A and B.

The titration curves of representative residues exhibiting
a significant chemical shift perturbation showed a simi-
lar profile, reaching a saturation level on increasing
molar ratios of NiR (Fig. 3C). These titration experi-
ments indicated that Fd underwent fast exchange be-
tween free and complex forms on the NMR time scale.
Based on 3D mapping of the residues that exhibited
significant perturbation as shown later (Fig. 5B), three
surface areas of LbFd surrounding [2Fe—2S] cluster,
Tyr25 to Leu37 (a2), Ser61 to Asp62 and Leu66 to
Asp67 (Loop5) and Glu95 to Tyr98 (the C-terminus),
are located at the interface of the Fd/NiR complex.
Interestingly, the acidic residues within these regions
showed relatively large chemical shift perturbations.
In addition, Ile26, which is buried inside the molecule,
exhibited a significant perturbation. Most likely, this is
due to an indirect effect of magnetic environmental
change upon the complex formation with NiR.

Mutagenesis of acidic residues of LbFd

NMR experiments suggested three acidic regions of
LbFd contribute to the protein—protein interaction
with NiR. To confirm this, three mutants of LbFd:
E31Q/E32Q/D36N, D67N/D68N/D6IN and E94Q/
E95Q were generated (Fig. 4A), and their ability to
form complex with NiR was tested by NiR-affinity
chromatography. The mutant LbFds eluted from a
NiR-immobilized resin column at lower ionic strength
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Table 1. Kinetic constants of NiR for WT and mutant LbFds.

kcat/K,,
K., (uM) keat e"s™Y) (e s'pMThH
WT LbFd 97+ 1.6 13824069 142
E31Q/E32Q/D36N 478 £9.1 2032 +212 43
D67N/D6SN/D6IN 213 +£24 1783+ 083 8.4
E94Q/E95Q 77409 10144031 132

than wild-type (WT), and the E31Q/E32Q/D36N
mutant showed the lowest affinity for NiR among all
mutants (Fig. 4B). The complex formation between
LbFd and NiR was further examined by gel filtration
chromatography. NiR pre-mixed with various
amounts of LbFds was subjected to chromatography
and the amount of LbFds co-eluted with NiR was
quantified. NiR formed a complex with WT-LbFd at
nearly a 1:1 ratio when an excess of Fd over NiR was
present, whereas such complex formation was not seen
with E31Q/E32Q/D36N or was significantly retarded
with D67N/D68N/D6IN and E94Q/E95Q (Supple-
mentary Fig. S2).

These data on electrostatic interactions between
LbFd mutants and NiR are correlated well with the
kinetical data (Fig. 4C, D and Table 1). NiR showed
significantly lower affinity for E31Q/E32Q/D36N and
D67N/D68N/D69N than for WT, although E94Q/
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Fig. 5 Comparison of the interaction with NiR between LbFd and FdI. (A) Comparison of backbone amide resonance changes of ['*NJLbFd

(black) and ["*N]FdI (green) upon complex with NiR. (B) Mapping of the chemical shift changes on the 3D structures of LbFd (left) and FdI
(right). Chemical shift change of each residue is coloured as scale bar shown. Residues near [2Fe—2S] cluster, whose chemical shift data are not
available due to the paramagnetic effect of the iron, are shown in grey. The unassigned amide proton of proline residues are coloured in blue.

E95Q retained an affinity comparable with WT
(Fig. 4C and Table 1). In the presence of 300 mM
NaCl, all three mutant LbFds exhibited a greater de-
crease in activity than WT (Fig. 4D).

Comparison of NiR-interacting sites of Fdl and LbFd

Although FdI shows a high similarity to LbFd in over-
all molecular configuration, NiR shows lower activity
for FdI than LbFd. We hypothesized that the inter-
action mode of these two Fds with NiR is somehow
different. To explore the reason for distinctive charac-
teristics of two Fds, NMR chemical shift perturbation
experiments using FdI were carried out under the same
conditions as LbFd. As shown in Fig. 5A and B, there
was no remarkable difference between two Fds in the
pattern of the chemical shift perturbation or in the
distribution of the residues with large resonance
changes on their 3D structures. There are a few resi-
dues unique to each Fd on the side of NiR interaction;
Ser43, Serd6, Try63, His78, Thr96, Gly97 and Ala98 in
FdI, and Ala45, Thr48, Phe65, Val80 and Tyr98 in

LbFd. We superimposed the overall structure of two
Fds and calculated RMSD in the backbone and
side-chain of 96 residues of LbFd (Supplementary
Fig. S3). Two regions are largely shifted in the back-
bone due to the insertion of residues 11 and 15 of
LbFd and due to the addition of residues 97 and 98
of FdI. Large shift is also observed in the side-chains of
residues 20—38, 50—66 and 80—96 of FdI which corres-
pond to residues 22—40, 52—68 and 82—98 of LbFd,
respectively, although most of these residues are iden-
tical or similar between two Fds. We have checked an
influence of crystal packing on the topological differ-
ence of the corresponding side chains of two Fds on
their 3D structures and considered that the contribu-
tion of the packing effect on the large RMSD values of
the side-chain between two Fds is marginal, if any.
To investigate whether these subtle structural alter-
ations are attributed to the functional differences of
two Fds, all the unique amino acids of each Fd listed
above were interchanged to make FdI-type LbFd and
LbFd-type FdI (Supplementary Fig. S3A) and these
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Fig. 6 NiR activity and binding assay of LbFd, Fdl and their
interchanged mutants. (A) Fd was chromatographed on an
NiR-immobilized Sepharose column as in Fig. IC. Two mutants,
FdI-type LbFd mutant and LbFd-type Fdl mutant are abbreviated
as mut LbFd and mut FdI, respectively. (B) WT and mutant Fds
were assayed for NiR activity as in Fig. 1A.

mutant Fds were characterized in comparison with the
original molecules. As shown in Fig. 6A and B, the
ability of FdI to bind to NiR resin and to donate ¢lec-
tron to NiR was clearly increased to the level of LbFd
by introduction of LbFd-type mutation and the ability
of LbFd were conversely decreased by introduction of
the opposite mutation.

Discussion

In this study, we applied NMR spectroscopy to inves-
tigate the protein—protein interaction between Fd and
NiR from cyanobacteria. Based on the chemical shift
perturbations of '"H—""N HSQC spectra of ["°N]Fd
upon interaction with NiR, three regions of LbFd
with negative surface potential, Tyr25 to Leu37,
Ser61 to GIn70 and Glu95 to Leu97, were considered
to be major sites involved in the interaction with NiR.
This result was consistent with the data obtained by
site-directed mutation of acidic residues located in the
three regions, giving evidence that the Fd/NiR com-
plex is stabilized through electrostatic force. As E31Q/
E32Q/D36N showed the largest decrease among the
three mutants in the ability of the electron donor to
NiR and in the physical interaction with NiR, we
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propose these negatively charged residues in Fd have
a major contribution to the electrostatic interaction
most probably with positively charged residues in NiR.

An in silico docking model of the complex structure
of spinach Fd and NiR was reported (35). In this
model, Ser43, Asp60 and GIlu93 in spinach Fd, which
correspond to Ala45, Asp62 and Glu95 in LbFd, are
proposed to be involved in stabilizing the Fd/NiR
complex through salt bridge and hydrogen bond with
counterpart residues in NiR. In consistent with this,
our NMR data showed that Asp62 and GIlu95 are
the residues with notable shift perturbation.
However, Glu3l, Glu32 and Asp36, which are
mainly involved in the interaction in the cyanobacterial
Fd/NiR complex, do not seem to be located at the
interface of the spinach Fd/NiR complex in the
model structure. Interaction sites of the Fd/NiR com-
plex might differ at least partly between cyanobacteria
and spinach. Additional works such as crystallo-
graphic analysis of the Fd/NiR complex would be ne-
cessary to address this hypothesis.

We have previously studied the interaction of Fd
with two other Fd-dependent enzymes, FNR and
SiR, by NMR spectroscopy (9). A clear difference
was observed between the chemical shift perturbations
of Fd upon complex with NiR and FNR. Fd seems to
bind to these enzymes in a different way. No significant
difference was observed between the Fd/NiR and Fd/
SiR complexes, since SiR is an enzyme structurally
homologous with NiR.

In the present study, maize Fd was found to have
much weaker affinity with NiR than cyanobacterial
Fd, although maize Fd has an ability to support NiR
activity with efficiency comparable with or even higher
than cyanobacterial Fd in the assay with Fd concen-
tration >50 uM (Fig. 1A). This nature of maize Fd
could not be explained only by a weaker electrostatic
interaction of the Fd/NiR complex than cyanobacter-
ial Fd, since distribution of acidic residues on its pri-
mary structure and electrostatic surface potential are
well conserved between two Fds. Actually, the chem-
ical shift perturbations of two Fds with NiR deter-
mined by NMR spectroscopy are quite similar
(Fig. 5B). Seven residues in FdI, Ser43, Serd46, Tyr63,
His78, Thr96, Gly97 and Ala98, located on the inter-
face side of the Fd/NiR complex, are different from the
corresponding residues in cyanobacterial Fd, Ala45,
Thr48, Phe65, Val80, Tyr98 and deletions at position
99 and 100. A mutant of maize Fd with these residues
substituted as in cyanobacterial Fd showed a higher
affinity comparable with cyanobacterial Fd. Such a
gain-of-function result strongly indicates that the
non-charged residues contribute significantly to the
stabilization of the Fd/NiR complex. In the Fd/FNR
complex, hydrophobic force in the interface of the two
proteins was shown to be thermodynamically import-
ant for the stabilization of the complex (2, 36).

Most of the non-charged residues listed above are
separately conserved both in cyanobacterial and plant
Fds (36, 37). Thus, two evolutionary divergent Fds
may differentiate in terms of a fine mechanism of the
molecular recognition for Fd-dependent enzymes.
It should be mentioned that much is remaining



unsolved for in vivo control mechanisms involved in
distributing photosynthetic reducing power to various
redox metabolisms. A large body of data so far ob-
tained from biochemical, physicochemical and struc-
ture biological studies give the general thought that
an electrostatically stabilized complex between Fd
and Fd-dependent enzymes plays a major role in
such electron partitioning. This study adds a new
aspect that hydrophobic and/or van der Waals inter-
action should be taken into consideration to under-
stand such mechanisms.
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