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ABSTRACT: Ferredoxin (Fd) and Fd-NADP™ reductase (FNR) are redox partners responsible for the
conversion between NADP* and NADPH in the plastids of photosynthetic organisms. Introduction of
specific disulfide bonds between Fd and FNR by engineering cysteines into the two proteins resulted in 13
different Fd—FNR cross-linked complexes displaying a broad range of activity to catalyze the NADPH-
dependent cytochrome ¢ reduction. This variability in activity was thought to be mainly due to different levels
of intramolecular electron transfer activity between the FNR and Fd domains. Stopped-flow analysis revealed
such differences in the rate of electron transfer from the FNR to Fd domains in some of the cross-linked
complexes. A group of the cross-linked complexes with high cytochrome ¢ reduction activity comparable to
dissociable wild-type Fd/FNR was shown to assume a similar Fd—FNR interaction mode as in the native Fd:
FNR complex by analyses of NMR chemical shift perturbation and absorption spectroscopy. However, the
intermolecular electron transfer of these cross-linked complexes with two Fd-binding proteins, nitrite
reductase and photosystem I, was largely inhibited, most probably due to steric hindrance by the FNR
moiety linked near the redox center of the Fd domain. In contrast, another group of the cross-linked
complexes with low cytochrome ¢ reduction activity tends to mediate higher intermolecular electron transfer
activity. Therefore, reciprocal relationship of intramolecular and intermolecular electron transfer abilities was
conferred by the linkage of Fd and FNR, which may explain the physiological significance of the separate
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forms of Fd and FNR in chloroplasts.

In plants, ferredoxin (Fd)' and Fd-NADP" reductase (FNR)
are redox partners, responsible for the reduction of NADP™ at
the end of the photosynthetic electron transfer chain. Both
proteins also catalyze the reverse reaction, i.e., the oxidation of
NADPH to supply the reducing power for heterotrophic metab-
olism under nonphotosynthetic conditions (/). FNR is a pro-
totype for a family of flavin-containing electron transferases
displaying common structural properties called the “FNR-like
module™: a two-domain module with one domain binding the
flavin and the other binding pyridine nucleotide (2, 3). The
function shared by the proteins in the FNR family is the flavin-
dependent conversion between two-electron reactions with pyr-
idine nucleotides and one-electron reactions with carriers. The
one-electron carriers are, in some cases, independent proteins
such as plant-type Fd, but in other cases they are found in
domains fused to the N- or C-terminus of the two-domain
modules. For example, phthalate dioxygenase reductase (PDR)
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carries a Fd-like domain attached to its C-terminus (2), and
benzoate dioxygenase reductase (BenC) has a similar domain at
its N-terminus (4).

The X-ray crystal structures of the plant-type Fd:FNR com-
plexes (1, 3, 6) clarified the sites involved in complex formation
between the Fd and FNR molecules. The redox centers in the
complexes, the [2Fe-25] cluster of Fd and flavin adenine dinu-
cleotide (FAD) of FNR, are located in close proximity (i.e., 6—8
A). The basic pattern consists of a core of hydrophobic interac-
tions surrounding the prosthetic groups, stabilized by a series of
interactions between charged side chains and through hydrogen
bonds. However, the specific interaction mode of Fd and FNR,
such as the orientation of Fd relative to FNR, is largely different
among the three known X-ray structures of Fd/FNR pairs from
maize leaf and root tissues and the cyanobacterium Anabaena,
which exhibit distinct physicochemical and physiological proper-
ties (/). Furthermore, alignment of the X-ray structures of PDR
and BenC, the monomeric iron—sulfur flavoprotein reductases
mentioned above, together with any of the three Fd:FNR
complexes, showed significant differences in the location of the
Fd domain relative to the corresponding flavin-containing do-
main among all combinations (4). Therefore, configuration of Fd
and FNR modules can be variable as long as adequate distance
between the iron—sulfur cluster and flavin cofactor is main-
tained. Such variability is expected to correlate with the differ-
ences in their physiological functions such as the nature of
specific downstream partner proteins as well as the direction
and efficiency of electron transfer.
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There have been many trials to artificially connect the naturally
separated redox modules by cross-linking (7—/0) and genetically
fusing (/1—13) or, conversely, to separate the naturally linked
domains by enzymatic digestion (/4) and genetic manipulation
(15) for the purpose to dissect the mechanism of electron transfer
or to stabilize the complex of dissociable partner proteins. In the
case of the reductase component of soluble methane mono-
oxygenase from Methylococcus capsulatus (MMOR), which shares
a common domain organization with BenC, separation of the Fd
domain from the FNR-like module resulted in extremely slow
electron transfer between the two domains, indicating that
cofactor proximity is essential for efficient electron transfer (15).
Also, natural flavocytochrome P450gy3, in which cytochrome
P450 protein and P450 reductase enzyme (FAD- and FMN-
containing NADPH-binding protein) are covalently fused, exhibits
much higher reaction velocity compared to conventional P450
systems composed of separate P450 protein and its partner
reductase, although electron transfer was shown to occur between
monomers of the dimeric form of P450gy; (16). For plant Fd/
FNR, there have been two reports on cross-linking resulting in
different electron transfer properties probably due to the different
cross-linking conditions (9, 10) and one report for a genetic
fusion (/7). One of the cross-linked complexes and the genetic
fusion were functionally active in terms of electron transfer from
the FNR to the Fd moiety and reduction of redox proteins such
as cytochrome ¢ (cyt ¢), while the other cross-linked complex was
inactive.

Understanding the mechanisms of electron transfer between
redox proteins is a complex problem involving specific recogni-
tion between redox partners, subsequent conformational changes,
and electron transfer between redox centers which is proposed to
be mediated through a polypeptide path or by direct transfer.
Formation of a transient complex allows the two redox centers to
assume appropriate orientations required for the rapid electron
transfer. The rate of electron transfer depends on the difference in
redox potential, distance, and relative orientation between the
two redox centers, as well as on the energy required for nuclear
rearrangement upon charge transfer, according to the Marcus
theory (/7). Our goal s to clarify the relative contribution of these
factors to the electron transfer between the two redox partners,
Fd and FNR. In this study, we have prepared a series of cross-
linked complexes of maize leaf Fd and FNR by introducing, in
each case, a specific disulfide bond between the two proteins, so
that the two protein moieties assume various configurations.
These Fd—FNR cross-linked complexes showed diverse struc-
tural and electron transfer properties. Preliminary results have
been presented at the Sixteenth International Symposium on
Flavins and Flavoproteins (18).

EXPERIMENTAL PROCEDURES

Production and Purification of Fi—FNR Cross-Linked
Complexes. Five Fd mutants (A1C, D21C, S53C, S59C, and
A70C) and three FNR mutants (E19C, E25C, and E36C), each
containing one substituted cysteine residue at the surface of Zea
mays leaf-type Fd (Fd I) (19) and FNR (L-FNR 1) (20),
respectively, were prepared using a QuikChange mutagenesis
kit (Stratagene). The mutant Fd and FNR proteins were
expressed and purified from Escherichia coli BL21 (DE3) Gold
cells harboring the above constructs, according to the methods
described previously (79, 20). All mutant proteins were purified
as homodimers but separated into monomers by addition of

Kimata-Ariga et al.

p-mercaptoethanol (5% v/v) just before cross-linking. Thirteen
kinds of Fd—FNR cross-linked complexes were produced by
incubation of various combinations of each one of the Fd and
FNR mutants at about 3 mM in 50 mM Tris-HCI, pH 7.5, and
100 mM NaCl at 4 °C for 2—3 days. Formation of the cross-
linked complexes was monitored with gel-filtration chromatog-
raphy (Sephadex G-75) in 50 mM Tris-HCIL, pH 7.5, and 150 mM
NaCl, and the resulting complexes were purified by ion-exchange
chromatography (DEAE-cellulose) with a linear gradient of
0—0.5 M NaCl in 50 mM Tris-HCI, pH 7.5. Quantification of
the FA—FNR cross-linked complexes was performed accord-
ing to the method described for a chimeric Fd/FNR fusion
protein (/7).

Enzymatic Analysis. Unless otherwise specified, NADPH-
dependent cyt ¢ reductase activity of Fd—FNR cross-linked
complexes and dissociable wild-type Fd/FNR was measured as
described previously (20) by monitoring the increase of reduced
cyt cat 550 nm (in a cuvette with 2 mm light path) in the reaction
mixture containing 100 uM NADPH, 250 uM cyt ¢, 20 nM
Fd—FNR cross-linked complex, 50 mM Tris-HCI, pH 7.5, and
100 mM NaCl in the presence of the NADPH-generating system
at room temperature. A control experiment was performed with
dissociable wild-type Fd/FNR by adding 20 nM FNR and 40 uM
(saturating amount) Fd instead of the cross-linked complex; the
K., value of FNR for Fd in the cyt ¢ reduction has been reported
to be 3—10 uM (19, 20). This yielded a catalytic activity of 120 +
12 mol of cyt ¢ reduced (mol of FNR) ' s~'. NADPH-dependent
nitrite reductase (NiR) activity via FNR and Fd was measured as
described previously (2/) as the rate of consumption of nitrite in
the reaction mixture containing 200 uM NADPH, 200 uM
NaNO,, 20 nM recombinant NiR from Synechocystis sp. PCC
6803 (21), 2 uM Fd—FNR cross-linked complex, 50 mM Tris-
HCI, pH 7.5, and 100 mM NaCl in the presence of the NADPH-
generating system at room temperature. A control experiment
was performed by adding 100 nM FNR and 2 uM Fd instead of
the cross-linked complex. This resulted in a catalytic activity of
1.21 £ 0.13 mol of nitrite reduced (mol of NiR)™' s~'. Con-
sumption of nitrite was measured by colorimetric reaction with
N-(1-naphthyl)ethylenediamine after diazotization with sulfani-
lamide, according to the method described previously (22).
Photoreduction of NADP™ via Fd and FNR was measured as
described previously (23) by monitoring the increase of NADPH
at 340 nm during illumination in the reaction mixture containing
200 uM NADP™, 1 uM Fd—FNR cross-linked complex, 10 ug of
chlorophyll/mL of spinach (Spinacia oleracea) thylakoid mem-
branes, 50 mM HEPES—NaOH, pH 7.5, 100 mM NaCl, and
I mM MgCl, at room temperature. A control experiment was
performed by adding 1 uM Fd instead of the cross-linked
complex, resulting in a catalytic activity of 14.3 £ 0.5 nmol of
NADPH formed (ug of chlorophyll) ' s™".

Stopped-Flow Analysis. The electron transfer processes
between NADPH and the Fd—FNR cross-linked complexes
were studied using an Applied Photophysics SX. 18MV spectro-
photometer at 25 °C. All samples were made anaerobic before
introduction into the stopped-flow syringes by successive evacua-
tion and flushing with O,-free Ar. All of the reactions were
carried out in 50 mM Tris-HCI, pH 7.5, and 100 mM NaCl. Final
concentrations of 10 uM were used for NADPH and Fd—FNR
complexes, and 10 uM FNR and 10—40 uM Fd were used for
separate wild-type Fd/FNR, unless otherwise specified. Changes
in absorbance were used to follow the reaction, either in single-
wavelength mode or in a spectral range between 240 and 700 nm
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FiGuRre 1: Ribbon diagram of the crystal structure of maize leaf Fd:
FNR complex (5). The prosthetic groups, FAD, and the [2Fe-2S]
cluster are drawn as spheres. The locations of the residues that were
substituted to cysteine residues in each molecule are shown with a
stick model. For FNR, 1, 2, and 3 correspond to Glu19, Glu25, and
Glu36, respectively, and for Fd, 1—5 correspond to Alal, Asp2l,
Ser53, Ser59, and Ala70. The N-terminal loop region up to position
36 of FNR is shown in magenta. The first N-terminal 18 residues are
not visible in this crystal structure.

using a photodiode array detector. Single wavelength absorption
data and multiple wavelength absorption data were collected and
processed using the SX. 18MV software and X-SCAN software
of Applied Photophysics, respectively.

Spectroscopic Analysis. The NMR chemical shift perturba-
tion experiment was performed basically according to the proce-
dure described previously (24, 25). Recombinant maize leaf Fds
(wild-type, D21C, and S59C) were labeled uniformly with °N-
stable isotope. NMR spectra were recorded at 298 K on a Bruker
AV-400 M spectrometer, operated at 400.13 MHz for the proton
base frequency. For measurements of Fd—FNR cross-linked
complexes, *N-labeled D21C and S59C Fd mutants and non-
labeled FNR cys mutants (E19C and E36C) were reacted in
different combinations, and the resulting '°N-labeled Fd—FNR
cross-linked complexes were purified as described above. All of
the NMR samples, except those used for the titration experiment
of wild-type Fd/FNR, were measured at 0.2 mM protein con-
centration in a 30 mM potassium phosphate buffer (pH 7.0)
containing 100 mM KCland 10% D,O in the presence or absence
of DTT (at 4 mM). Weighted averages of the 'H and "N
chemical shift changes were calculated with the equation Ad =
[(Adin)? + (0.17A01s%)*]"% All of the spectra were processed
with NMRPipe software (26) and analyzed with Sparky software
developed by T. D. Goddard and D. G. Kneller in UCSF.

Absorption spectra of wild-type or mutant Fd/FNR and
Fd—FNR cross-linked complexes were measured at 25 °C using
a spectrophotometer (model UV-2500; Shimadzu) under differ-
ent conditions.

RESULTS

Preparation of Fd—FNR Cross-Linked Complexes. As
linkage sites between Fd and FNR, we have chosen residues with
location on the respective protein surface, whose side chains
protrude externally without being involved in the binding area of
the native Fd:FNR complex; this should avoid direct interference
with the binding between Fd and FNR (Figure 1). Three FNR
residues, surrounding the FAD binding site, were chosen because
any linkage using FNR residues located far from FAD was
expected to cause poor electron transport to Fd. On the Fd side,
five residues at various distances from the [2Fe-2S] cluster were
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FIGURE 2: Ton-exchange chromatography (A) and SDS—PAGE
analysis under nonreducing condition (B) of the reaction for the
Fd—FNR cross-linked complex formation. (A) The elution profile
for the reaction between Fd5C and FNR1C mutants is shown as an
example; the Fd—FNR cross-linked molecule eluted between the
retention time of Fd and FNR from DEAE-Toyopearl FPLC
column applying a linear gradient of 0—0.5 M NaCl (shown as
conductivity). According to the absorption spectra, the other minor
peaks are probably derived from multiple conformations of the
Fd—FNR complex and Fd—Fd/FNR—FNR homodimers, respec-
tively. The chromatographic profiles of all 13 reactions were basically
the same. (B) An example of SDS—PAGE (12.5% polyacrylamide)
analysis for the reaction between Fd2C and FNR2C is shown. Lane
1, molecular weight markers (mass values in kDa are as follows: 175,
83,62,47.5,32.5,25,16.5, 6.5); lane 2, reaction mixture of Fd2C and
FNR2C; lane 3, FNR2C (the same molar equivalent of lane 2); lane 4,
Fd2C (8-fold molar equivalent of lane 2). The band with apparent
molecular mass of 46.5 kDa in lane 2 corresponds to the expected
mass of the Fd—FNR cross-linked complex (10.5 kDa Fd plus
35.3 kDa FNR). Fd is generally less stained with Coomassie brilliant
blue on SDS—PAGE, and therefore the Fd band in lane 2 is hard to
be detected. Fd yields a higher mass value by SDS—PAGE, due to its
high content of negative charges.

selected. Because Fd is a small molecule of ~11 kDa, it was
expected that the surface-exposed [2Fe-2S] cluster may receive
electrons from FNR even if it is linked in orientations largely
different from that observed in the native Fd:FNR complex.
Each of these residues was substituted by a cysteine residue,
resulting in five Fd and three FNR mutants named Fd1C—5C
and FNRI1C—3C, respectively, according to the mutation sites
numbered in Figure 1. By incubating the different combinations
of Fd and FNR Cys mutants together, Fd—FNR cross-linked
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FIGURE 3: Absorption spectra of the purified Fd—FNR cross-linked
complex and individual Fd and FNR mutants. An example of the
spectra of Fd5C, FNR3C, and their cross-linked complex (Fd5C—
FNR3C) at 10 uM in 50 mM Tris-HCI, pH 7.5, and 150 mM NaCl,
together with the computed spectrum of an equal amount of the Fd
and FNR (Fd5C and FNR3C) is shown.

Kimata-Ariga et al.

=

5

%-\1'60
= 120
=, B0
=

.= 40
2 o

0 200 400 600 800 1000 1200 1400
Fd-FNR (nM)

1.4

12 ¢
1L

o
©

Relative activity
o
(=]

°
»
i

—

0
FUFNR” Fd- 4C 2C 4C 2C 5C 1C 5C 1C 2C 3C 3C 4C 5C
FNR1C 1C 2C 2C 1C 1C 2C 2C 3C 1C 2C 3C 3C

L J
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FiGURE 4: Activities of NADPH-dependent cyt ¢ reduction (black
bars), nitrite reduction (gray bars), and photoreduction of NADP™
(white bars) with dissociable wild-type Fd/FNR and Fd—FNR cross-
linked complexes in descending order of cyt ¢ reduction activity,
presented as the ratios relative to those of the wild-type Fd/FNR.
Each measurement was performed under nonsaturating conditions
for the complexes. Activities of wild-type Fd/FNR in these three
assays are 120 + 12 mol of ¢yt ¢ reduced (mol of FNR) 's™!, 1.21 +
0.13mol of nitrite reduced (mol of NiR) ~'s ™', and 14.3 + 0.5 nmol of
NADPH formed (ug of chlorophyll)™' s™', respectively. Reaction
conditions are described in Experimental Procedures.

complexes were preferentially formed over Fd—Fd and FNR—
FNR homodimers with all 13 combinations we tried, although
the rate of the reactions varied depending on the combination.
This is probably because of the preferential electrostatic attrac-
tion between Fd that contains a high proportion of negatively
charged residues and FNR that has a cluster of positively charged
residues around its Fd-binding region. Formation of FdA—FNR
cross-linked complexes was confirmed by ion-exchange chroma-
tography (Figure 2A) and SDS—PAGE analysis (Figure 2B) with
apparent molecular mass of 46.5 kDa. Absorption spectra of the
purified complexes nearly match the computed spectrum of an
equal amount of Fd and FNR (Figure 3), indicating the content
of one [2Fe-2S] cluster and one FAD per complex.
NADPH-Dependent Cyt ¢ Reductase Activity (NADPH|/
FNR/Fd|/Cyt ¢). The electron transport from NADPH to
Fd via FNR is routinely measured in vitro through a coupled
assay, using cyt c¢ as final electron acceptor. The constructed 13

FiGure 5: NADPH-dependent cyt ¢ reductase activities at various
concentrations of FA2C—FNRI1C (group I, closed circle), Fd1C—
FNRIC (group II, closed triangle), and FASC—FNR3C (group 111,
closed square) cross-linked complexes. Reactions were performed in
the presence of different concentrations of each complex. Examples
of representative complexes from each group described in the text are
shown.

Fd—FNR complexes showed a broad range of NADPH-
dependent cyt ¢ reductase activities (black bars in Figure 4). No Fd—
FNR complex displayed a significantly higher activity than the
dissociable wild-type Fd/FNR (FNR with a saturating amount
of Fd). Although the decrease in activity among the various
complexes is rather continuous, their activity can be categorized
into three major groups according to the linkage sites between Fd
and FNR: Fd2C or -4C and FNR1C or -2C with more than 70%
activity in comparison to wild-type Fd/FNR (group I), Fd1C or -
5C, and FNRIC or -2C with intermediate activity (7—46%)
(group II), and Fd3C and any FNR Cys mutants, together with
FNR3C and any Fd Cys mutants resulting in less than 3%
activity (group I1I). Thus, the activity tends to be higher when Fd
and FNR residues relatively close to each redox center were used
for the linkage, as expected (see Figure 1). Activity of the
Fd—FNR complexes showed a linear dependence on its con-
centration as exemplified in Figure 5, which indicates an electron
transfer from FNR to Fd domains within the complex rather
than between different complexes. The K, values for cyt c among
the different groups of FdA—FNR complexes in this reaction were
shown to be similar (14—18 uM), and NADPH-dependent
diaphorase activity of the Fd—FNR complexes with 2,6-dichloro-
phenolindophenol (DCPIP) as electron acceptor has been
shown previously not to be largely different from that of wild-
type FNR under the current experimental conditions (/8). These
results indicate that the differences in the cyt ¢ reductase activity
among the various Fd—FNR complexes are mostly due to
different intramolecular electron transfer activity from FNR to
Fd domains.

Addition of wild-type Fd to the assay mixtures increased the
activity with all FdA—FNR combinations tested although to a
different extent, as exemplified in Figure 6: Slight and significant
increases were seen with group I and II complexes, respectively,
while the almost negligible activity of group III complexes was
considerably recovered. Therefore, even if the intramolecular
electron transfer from FNR to Fd moieties of group III com-
plexes is inefficient, the redox centers (FAD) of their FNR moiety
appear to be accessible for free Fd, similar to or even better than
those of group I and II.

Ionic Strength Dependence of Cyt ¢ Reductase Activity.
Asthe Fd:FNR complex is known to be stabilized by electrostatic
interactions involving specific charged side chains, the effect of
Fd—FNR linkage on the ionic strength dependence of the cyt ¢
reductase activity was investigated using two different group I
complexes (Figure 7). Their profiles were similar to that of dis-
sociable wild-type Fd/FNR, influenced by ionic strength in a
complex biphasic fashion, which has been explained by the
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FiGure 6: NADPH-dependent cyt ¢ reductase activities of Fd—
FNR cross-linked complexes and wild-type FNR (at 20 nM) in the
presence of different concentrations of wild-type Fd. Activities of
representative complexes from each group described in the text are
shown: wild-type FNR (closed circle), Fi2C—FNR1C (group I, open
triangle), FA1C—FNRI1C (group II, open square), and Fd4C—FNR3C
(group 111, open circle). The profiles were similar among the same
group of the complexes.
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FIGURE 7: Ionic strength dependence of NADPH-dependent cyt ¢
reductase activities of dissociable wild-type Fd/FNR (closed circle,
20 nM FNR and 20 uM Fd) and two group I complexes (20 nM),
Fd2C—FNRIC (open triangle) and Fd4C—FNRI1C (open circle).
The reactions were performed in the presence of different concentra-
tions of NaCl (at 0—300 mM).

different contribution of electrostatic and hydrophobic interac-
tions depending on the ionic strength (/7). However, the activity
of the cross-linked complexes generally remained higher with
increasing ionic strength: At 300 mM NaCl, their activity was
about 2—3 times higher than that of Fd/FNR, with Fd2C—FNRIC
and Fd4C—FNRI1C showing 27% and 33% of their maximum
activity, respectively, in comparison to only 10% in the case of
Fd/FNR. In conclusion, disulfide linkage between Fd and FNR
resulted in higher stability against the disruption of the electro-
static interaction in the complex by NaCl.

Stopped-Flow Analysis. In order to estimate the rate of
electron transfer from FNR to Fd in cross-linked complexes,
reactions between NADPH and Fd—FNR complexes (at 10 uM
each) were analyzed by stopped-flow methods using either a
photodiode array detector or a single-wavelength detector.
Electron transfer from wild-type FNR to Fd, as well as that
from Fd to FNR, is too fast to be followed by stopped-flow
(rapid mixing) techniques as revealed by Anabaena and spinach
proteins (3, 27, 28). However, laser flash photolysis could deter-

FIGURE 8: Time course of the reactions of NADPH with different
Fd—FNR cross-linked complexes or wild-type Fd/FNR (10 uM
each) followed at 650 nm. Reactions were carried out as described
in Experimental Procedures. Fitting to a monoexponential process
(from several ms to 200 ms after mixing) of the lower four traces is
shown in dark blue line. The lag phases observed in the lower three
traces (group II and III cross-linked complexes) are thought to be
either due to an inefficient electron transfer to Fd or due to slow
reduction of FNR as well as an inefficient electron transfer to Fd.

mine a rate constant (kops) of about 6000 s~ ' for the electron
transfer from Anabaena Fd to FNR (29). The rate of NADPH-
driven electron transfer from FNR to Fd is not reported, while
the rates of FNR reduction by NADPH which takes place via a
two-step mechanism have been estimated to be > 600 and 100—
2005~ for the first and second steps, respectively, by the stopped-
flow technique (3).

Five different Fd—FNR complexes, FA2C—FNR1C and Fd4C—
FNRIC from group I, FdIC—FNR1C and Fd5C—FNR1C from
group II, and FASC—FNR3C from group III were used for the
analysis. A decrease in a wavelength absorbance around 400—
500 nm, which is attributed to FNR reduction by NADPH and
subsequent Fd reduction (together with FNR reoxidation),
occurred mostly within 0.1 s with the cross-linked complexes
and wild-type Fd/FNR (exemplified in Figure 1 of Supporting
Information). Absorption changes at 458 nm (absorbance max-
imum of Fd—FNR complexes) shown in the inset of the figure
indicated somewhat slower kinetics of FASC—FNR3C (group
IIT) reaction. In addition, a smaller increase in the absorbance at
longer than 500 nm occurred within a similar time scale as above,
which is thought to be attributed to the production of a semi-
quinone form of FNR (FNRy,). After the reduction of FNR by
NADPH, the reduced form of FNR (FNR,.q) is converted to
FNRg, concomitantly with the reduction of Fd as follows:

FNR e + Fdox - FNqu + Fdred

FNRg, exhibits a broad long-wavelength absorption band
with a maximum around 600 nm where the protein-bound
neutral FAD semiquinone absorbs (27). Because virtually no
absorbance by FNR .4 and FNR,, and only small absorbance by
Fd,.q and Fd,, are observed at wavelengths longer than 650 nm,
the increase at 650 nm should be mainly ascribed to the formation
of FNRy, (extinction coefficients; 2.9 mM ™' em™") (27). On the
other hand, the analysis of Fd reduction using isosbestic points
for different FNR forms was not simple with this system. There-
fore, electron transfer reactions from FNR to Fd were followed at
650 nm. The profile of single-wavelength analysis at 650 nm
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varied among the five Fd—FNR complexes tested (Figure §). For
the reactions except those with group I complexes (upper two
traces), the observed increases in the absorbance at 650 nm fit a
single exponential equation within the time scale from several
milliseconds to 200 ms after mixing, with observed rate constants
(kobs) 0F 1024 12,81.8+10.3,54.0+8.8,and 17.9+ 1.4s ' (n =
3=5) for 10 uM each of wild-type Fd/FNR, FdSC—FNRIC,
Fd1C—FNRIC and Fd5C—FNR3C, respectively. On the other
hand, relatively flat but slightly concave curves were observed
with the two group I complexes. The exact reason for this is not
clear at present. A simple explanation for this may be that they
display much faster electron transfer from FNR,4 to Fd.
occurring within the dead time of our instrument (~2 ms).
Alternatively, a different kinetic mechanism may operate with
these artificially cross-linked complexes. Absorbance around
650 nm has been also observed with charge transfer complexes
formed during the reduction of FNR by NADPH (28). However,
analysis of the reaction between 10 uM each of NADPH and
FNR at 458 nm indicated that FNR reduction occurred within
20ms (kops = 1114+ 65~ or more), consistent with the previous
report described above, and the final traces at 650 nm in the same
reaction were hardly detectable probably due to the smaller
extinction coefficient of the charge transfer complexes (about
1 mM ™! em™") (28). Thus, if the electron transfer rate from
FNR¢q to Fd,, is comparable to or faster than the rate of FNR
reduction, changes in the absorbance at 650 nm may not be
observed, because FNRy, is expected to form promptly after
(almost simultaneously with) the conversion of the charge
transfer complex to FNR, 4. Increasing the concentration of
Fd in the reaction of wild-type Fd/FNR up to a saturating
amount (40 uM) appeared to increase the k,,, values, but the
detection of the phase which exhibits exponential increase of
the absorbance became more difficult (kops > 140 s~ ). This is
consistent with the previous report (29) that electron transfer
from wild-type Fd to FNR becomes rate-limiting only at higher
FNR concentrations, whereas at lower concentrations, complex
formation limits the rate under 100 mM of ionic strength. Thus,
the results of stopped-flow analysis are compatible with those of
cyt ¢ reduction activity at least with group II and III complexes
although the ks for the group III complex appears to be higher
than thlat estimated from the rate of cyt ¢ reduction (kg of
2-3s).

NMR Chemical Shift Perturbation Analysis. In order to
investigate the structure of these cross-linked complexes, we
analyzed the FNR interaction sites on the Fd domain by an
NMR chemical shift perturbation. Two complexes from each of
group I (FA2C—FNRI1C and Fd4C—FNRIC) and group III
(Fd2C—FNR3C and Fd4C—FNR3C) were selected for the
analysis. 'H and "N heteronuclear single-quantum correlation
(HSQC) spectra of "N-labeled wild-type Fd, Fd2C, and Fd4C
have been determined. As observed in previous analyses of the
same wild-type Fd (5, 24), the amide resonances of most Fd
residues were readily detected except for those close to the
[2Fe-2S] cluster due to paramagnetic relaxation enhancement
by the iron (Figure 2A of Supporting Information). The HSQC
spectra of Fd2C and Fd4C were very similar to wild-type Fd
except for the amide resonances at positions 21 and 22, and at
position 59, which could not be assigned in Fd2C and Fd4C,
respectively. HSQC spectra of the four Fd—FNR complexes
containing "*N-labeled Fd (Fd2C or Fd4C) were measured. As a
control, HSQC spectra of the same samples were also measured
in the presence of DTT which cleaves the disulfide bond between
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Fd and FNR domains of the cross-linked complexes, resulting in
dissociable mutant Fd and FNR (exemplifying Fd2C-containing
Fd—FNR complexes in Figure 2D of Supporting Information).
Chemical shift perturbations of Fd in the four Fd—FNR com-
plexes, in the presence and absence of DTT, are shown in Figure 9A.
Blue bars show changes in the chemical shifts of the Fd—FNR
complexes from those of corresponding free Fd, and red bars
show the chemical shift changes after addition of DTT. The
pattern after addition of DTT (red bars) is quite similar among
the four FdA—FNR complexes and also similar to that of wild-type
Fd/FNR (Figure 2B of Supporting Information), as expected
because they all represent the interaction mode of separate,
dissociable Fd/FNR. In contrast, the pattern in the absence of
DTT (blue bars) is different among the four Fd—FNR complexes
although rather similar within the two group I complexes (upper
panels). Moreover, the patterns between the presence (red bars)
and absence (blue bars) of DTT within each Fd—FNR complex
are more similar in the two group I complexes than in the other
two group III complexes. This indicates that FNR interaction
sites on the Fd domain of the group I Fd—FNR complexes are
more similar to those of dissociable Fd/FNR, as compared to
those of the group IIT complexes. Three-dimensional mapping of
these chemical shift changes on the Fd molecule (Figure 9B)
visualized the similarity of the FNR binding region between Fd/
FNR and the two group I complexes (upper panels) and the large
difference between Fd/FNR and the two group III complexes
(lower panels). Besides such an observation, it is noteworthy that
there is a smaller but significant difference in the patterns between
the two Fd—FNR complexes in group I (see blue bars of the two
upper panels of Figure 9A), although they can attain a similar
level of electron transfer activity comparable to that of Fd/FNR.

Absorption Spectral Analysis. In order to investigate the
environment around the prosthetic groups of the four FdA—FNR
complexes, we measured their absorption spectra. Absorption
around 380 and 460 nm, derived from the flavin component of
FNR, is known to increase by complex formation with Fd, which
indicates the changes in the environment around the redox center
of FNR. Figure 10 shows the absorption spectra of wild-type Fd/
FNR and the four Fd—FNR complexes under low ionic strength
condition (black lines) in comparison with control spectra which
have been recorded in the presence of DTT only (red lines) or
DTT plus 0.5 M NaCl (blue lines). The spectra obtained in the
presence of DTT only (red lines) are basically the same for all
complexes, representing absorption of the dissociable Fd:FNR
complex after cleavage of linkage between Fd and FNR.
Similarly, the spectra obtained in the presence of DTT and NaCl
(blue lines) are also basically the same for all complexes,
representing the decreased absorption of unbound Fd and
FNR after disruption of electrostatic interaction between the
two proteins. Spectra of the two group I Fd—FNR complexes
(black lines in upper right, two panels) are more similar to those
in the presence of DTT (red lines) while the spectra of the other
two group III complexes (black lines in lower panels) are more
similar to those in the presence of DTT and NaCl (blue lines).
These results indicate that the environment of FAD in group I
Fd—FNR complexes is more similar to that of the native Fd:
FNR complex while the environment of group III is more similar
to that of the free (unbound) state of Fd and FNR. A similar
phenomenon was observed with spectral analysis (Figure 3) of
another group III complex, FASC—FNR3C, which showed a
spectrum close to that of unbound (computed) Fd and FNR.
Difference spectra among the three spectra of each FdA—FNR
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FIGURE 9: (A) Weighted averages of the 'H and '°N chemical shift changes on the HSQC spectra of four Fi—FNR cross-linked complexes, with
two from group I (upper panels) and two from group III (lower panels), in the presence (red bars) and absence (blue bars) of DTT, from those of
the corresponding free Fd, plotted against the Fd residue number. (B) Mapping of the chemical shift changes on the three-dimensional structure of
Fd (Protein Data Bank entry IGAQ) viewed from two different sides. Residues are colored according to color codes: 0.02—0.04 ppm (yellow),
0.04—0.08 ppm (orange), and >0.08 ppm (red). Residues near the [2Fe-2S] cluster, whose chemical shift data are not available due to the
paramagnetic effect of the iron, are shown in green. The chemical shift changes of “wt Fd:FNR” were obtained from the titration of labeled Fd
with FNR as presented in Figure 2A—C of Supporting Information. The figure was produced with PyMol (40). The sites for Cys substitutions on

the Fd molecule are indicated as “D21C” and “S59C”.

complex in Figure 10 provide a more detailed comparison and
more significant differences in the shape of the spectra even
within the same group, suggesting variations in the FAD envi-
ronment (Figure 3 of Supporting Information). Therefore, the
microenvironment of FAD among the four Fd—FNR complexes

can be roughly categorized into two groups, but the precise FAD
environment varied from one to another.

These two structural analyses indicate that two Fd—FNR
complexes from group I which exhibit higher cyt ¢ reduction
activity assume a Fd—FNR interaction mode similar to that of


http://pubs.acs.org/action/showImage?doi=10.1021/bi100855a&iName=master.img-008.jpg&w=390&h=552

10020  Biochemistry, Vol. 49, No. 46, 2010

Kimata-Ariga et al.

0.4

wt Fd!FNR‘

il i 1 o3

IV TN !
f {
v |
'
1

|
02| ; A
300 350 400 450 500

Wavelength 04

" Fd2C-FNR1C|

0.2 . - i
300 350 400 450 500

Fd4C-FNR1C

o3\ A/

I

300 350 400 450 500

+DTT
+ DTT +NaCl

Fd2C-FNR3C

04 z - ;
| Fd4C-FNR3C

|

2 i i A ;
300 350 400 450 500
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the native FA:FNR complex while the interaction mode of the
other two group III complexes with the lower activity are very
different from that of the native complex.
NADPH-Dependent Nitrite Reductase (NiR) Activity
(NADPH|FNR/Fd/NiR). We next examined the function of
the various FdA—FNR complexes as a mobile electron carrier. Fd
is best known for its role in photosynthetic electron transport,
accepting electrons from photosystem I (PS I) and donating them
to FNR for photoreduction of NADP", but it also donates
electrons to many other plastid enzymes including those essential
for reductive assimilation of sulfur and nitrogen such as sulfite
reductase and NiR (30). For this reason, the activity of various
Fd—FNR complexes with these processes was investigated.
Electron transfer from the complexes to NiR with NADPH as
electron donor (gray bars in Figure 4) yielded activity levels from
those comparable to the dissociable Fd/FNR down to less than
7% of this activity. However, the trend in these activity levels was
completely different from that observed for the cyt ¢ reductase
(gray bars vs black bars in Figure 4), correlating with the FNR-
linkage site on the Fd domain with the descending order of
Fd5C, 3C > FdIC > Fd4C > Fd2C (as rearranged in Figure 4
of Supporting Information). These results indicate that electron
transfer from the FdA—FNR complexes to NiR depends on the
FNR-linkage site on the Fd domain; the closer the linkage site is
to the [2Fe-2S] cluster of the Fd domain (see Figure 1), the lower
is the electron transfer activity to NiR. This is probably because
NiR binds Fd in a region near the [2Fe-2S] cluster.
Photoreduction of NADP" (PS I/Fd/FNRINADP™).
Electron transfer from PS I, a large Fd-binding protein complex,
to the FdA—FNR complexes was determined by the reduction of
NADP™ upon illumination of thylakoid membranes that had
been prepared from chloroplasts containing endogenous FNR
(white bars in Figure 4, and Figure 4 of Supporting Information).

Overall, the trend is relatively similar to that observed for NiR.
However, the decrease in the photoreduction activity does not
seem to be continuous, but rather the activity appears to be
divided into two groups depending on the FNR-linkage site on
the Fd domain of the complexes: Fd3C, 5C, 1C > Fd4C, 2C. The
relative activities of the complexes comprised of Fd2C and Fd4C
are considerably lower than for NiR, with the exception of
Fd4C—FNR3C (the reason for this is not clear at present).

In this assay, externally added FNR is known to be consider-
ably less efficient in NADP™ photoreduction than endogenous
FNR bound to thylakoid membranes (3/). Therefore, the
relatively higher activity of the FdA—FNR complexes, which is
comparable to the control reaction in the presence of endogenous
FNR and free Fd (at first left column in the figures), indicates
that either Fd-linked FNR somehow reconstitutes efficient
NADP™ reduction or endogenous FNR bound to membranes,
in place of the FNR moiety of the FdA—FNR complexes, catalyzes
NADP™ reduction by receiving an electron from the Fd moiety.

DISCUSSION

In this study, cross-link was introduced with a view to physi-
cally and systematically change the interaction mode between Fd
and FNR, using a short S—S bond linker. The anticipated effect
of the cross-linking could be through changes in the distance,
orientation, and environment around the redox centers for
intramolecular electron transfer and through changes in the
affinity (accessibility) of Fd-binding proteins for intermolecular
electron transfer. No Fd—FNR complexes with significantly
higher cyt ¢ reduction activity than the wild-type Fd/FNR (with
a saturating amount of Fd) have been obtained in this study,
possibly because the molecular interaction between leaf Fd and
FNR has been ideally optimized during evolution. Alternatively,
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although large excess amount of NADPH and its regeneration
system ensure the efficient supply of NADPH in the cyt ¢
reduction assay, it is possible that FNR reduction by NADPH,
not the electron transfer from FNR to Fd, may be the rate-
limiting step especially when group I complexes are used. On the
other hand, when compared to the activity of the wild-type
Fd/FNR in the presence of equimolar Fd, the cyt ¢ reduction
activity of group I complexes is much higher (wild-type FNR in
the presence of 0.02 uM external Fd vs group I complex in the
absence of external Fd in Figure 6). Therefore, in this context,
linkage of the two proteins conferred a remarkable increase in
electron transfer efficiency. In addition to the location of the
linkage sites, the flexibility of the linkage region of the FNR
moiety appears to affect the activity; the linkages at positions 19
and 25 of FNR (FNRIC, -2C) with any Fd mutant except Fd3C
(at position 53) showed considerable activity, but the linkages at
position 36 of FNR (FNR3C) with any Fd mutant caused very
low activity (group III) although the distance of these three
positions from FAD is similar. This is probably because the
N-terminal loop region of FNR (shown as a magenta line in
Figure 1), which is expected to be disordered and unre-
strained (32), can work as a long arm when linked to Fd at this
region, allowing a rather proper interaction between the linked
Fd and FNR domains. This property appears to be more
pronounced when linked via residue 19 of FNR (FNR1C) than
via residue 25 (FNR2C) (see the activities of complexes involving
FNRIC vs FNR2C in Figure 4) as expected from the difference
in the length of the arm formed upon cross-linking. On the other
hand, linkage via residue 36 of FNR (FNR3C), which is located
at the end of the N-terminal loop region of FNR that appears to
be more restrained, probably does not allow such an interaction
in any combination with Fd mutants.

In the stopped-flow analysis, the observed rate of electron
transfer from FNR to Fd is lowered by a factor of 10> to 10* in the
two group II (54 and 82 s~') and one group III (I8 s ')
complexes, in comparison to the known electron transfer rate
of about 6000's ™', which was obtained by the reaction from Fd, o
to FNR (29). The reverse reaction, from FNR 4 to Fd,,, may
be slower than this rate, because it is nonphysiological direction,
and redox potential of photosynthetic Fd is lower than that of
FNR (23). Distances between the redox centers are 8.8 A for
Anabaena and 5.9 A for maize leaf proteins. The electron transfer
rate depends exponentially on the distance between the redox
sites in a single step electron tunneling reaction (/7). It also
depends on the energy required to reorganize nuclear coordinates
upon charge transfer and the driving force for the electron
transfer (33). However, electron tunneling theory itself provides
only an upper limit for the rate of electron transfer. Many
electron transfers in oxidoreductases are limited not by electron
tunneling but by slower coupled events of chemistry, conforma-
tional changes, or motion (34). In fact, although the time table for
distance dependence of observed electron transfer rates, pro-
posed by Gray et al. using Ru-modified proteins (35), was shown
to agree well with multiredox-center complexes of photosynthetic
reaction centers and cyt ¢ oxidase, electron transfer rate and
distance of soluble and dissociable Fd/FNR, described above,
seem to largely exceed the time table prediction (e.g., distances of
8.8 and 5.9 A correspond to the rate of >10'" s~ in the table).
Therefore, elucidation of the relationship between the intramo-
lecular electron transfer rate of Fd—FNR complexes and their
configuration of Fd/FNR including the distance between the
redox centers has to wait for the detailed structural analysis of the
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complexes. Nevertheless, rough estimation might be made; in a
typical protein medium, 1.5 A distance normally corresponds to an
~10-fold decrease in tunneling rate (33). Therefore, assuming that
the electron transfer rate of Anabaena and maize leaf Fd/FNR is
similar, 10> to 10* decrease in the electron transfer rate in the group
IT and IIT complexes corresponds to the distance between their
redox centers, which is 3—4.5 A longer than that of the wild-type
Fd:FNR complex (5.9 A). Such estimated distance, in the case of
the group I complex, seems to be shorter than expected from the
result of NMR analysis of this group, which showed a large
deviation of the FNR binding sites on Fd from native Fd:FNR. In
this context, relatively higher ks compared to the cyt ¢ reduction
rate, obtained for the group I1I complex in this study, may be due
to the electron transfer between different molecules of this complex
(intermolecular electron transfer) at the concentration of 10 M,
whereas the concentration-dependent activity of the complex with
cyt ¢ reduction assay was linear up to 1.4 uM (Figure 5). Lower
concentrations of the complex may be required to obtain a better
estimate for the intramolecular electron transfer rate from the
FNR to Fd domains, but as observed in Figure 8, absorbance
changes at 650 nm are small and almost at the lower limit for the
analysis even at 10 uM. Other analyses such as cyt ¢ reduction
coupled to Fd reduction may be appropriate but may require a
more complicated system (e.g., sequential mixing).

Spectral analyses showed that two of the group I complexes
assume an Fd—FNR interaction mode similar to that of the
native Fd:FNR complex. So far, we have not obtained Fd—FNR
complexes that exhibit higher cyt ¢ reductase activity but appear
to assume configurations dramatically different from that in the
leaf Fd:FNR complex, maybe because the binding mode of the
leaf Fd and FNR has been intensively optimized by specific
interactions. However, we cannot rule out the possibility that any
of the other group I or group II complexes may assume a
configuration similar to that in the root- or Anabaena-type
complex, in which Fd is rotated by 60° or 96° (in reverse
direction), respectively, relative to FNR compared to its orienta-
tion in the leaf-type complex. Precise structure analyses of the
Fd—FNR complexes should clarify this possibility.

Electron transfer with NiR and PS I was largely inhibited in
assays where the Fd—FNR complexes that showed higher cyt ¢
reduction activity (such as group I) were used. In contrast, most
of the complexes that displayed lower cyt ¢ reduction activity
(group III) showed considerable electron transfer activity in these
assays. This is because the cyt ¢ reduction assay is intended to
measure the activity of Fd reduction by NADPH via FNR, while
NiR and photoreduction assays are intended to evaluate the
affinity between Fd—FNR complexes and NiR or PS I. The latter
function appears to be poor in group I complexes compared to
group ITand I1I complexes. Such intermolecular electron transfer
activity appears to depend basically on the FNR-linkage site on
the Fd domain. Previous studies such as those using mutagen-
esis (36, 37) and our recent NMR analysis (unpublished; manu-
script in preparation) revealed the probable NiR binding region
on Fd, which overlaps but partly differs from that of FNR.
Therefore, binding of NiR to the Fd moiety becomes more
difficult if the FNR-linkage site approaches the putative NiR
binding sites around the cluster. Although less information is
available, in the case of PS I, involvements of the C-terminal
region of Fd (38) and a certain acidic area in the vicinity of the
[2Fe-2S] cluster (39) have been suggested.

Overall, this study showed that linkage of Fd and FNR by
different single disulfide bonds resulted in a series of FdA—FNR
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complexes which exhibit reciprocal activities of intramolecular
and intermolecular electron transfer. This could explain why Fd
and FNR in chloroplasts are present as separate proteins instead
of being constantly linked together as observed in some bacterial
flavoreductase; i.e., Fd must be a mobile protein in chloroplasts.

Combinations of three-dimensional structure analysis and
more detailed time-resolved electron transfer analysis of the
Fd—FNR complexes should reveal the quantitative and qualita-
tive relationship between the distance (and angle) of the redox
centers and the electron transfer rate of Fd and FNR in detail.
The series of synthetic Fd—FNR complexes produced in this
study could be a suitable tool for the investigation of such a
relationship, which would be difficult to achieve with collections
of various natural proteins.

SUPPORTING INFORMATION AVAILABLE

Time course of spectral changes accompanying the reaction of
10 uM NADPH with 10 uM Fd—FNR cross-linked complex
(Fd2C—FNRIC) (Figure S1), NMR chemical shift perturbation
analysis of wild-type (wt) Fd upon complex formation with wt
FNR and of Fd2C mutant upon cross-linking with FNRI1C or
FNR3C mutant (Figure S2), difference spectra among three
absorption spectra from each of wild-type Fd/FNR and four
Fd—FNR complexes shown in Figure 10 (Figure S3), and
activities of nitrite reduction and photoreduction of NADP™
with dissociable wild-type Fd/FNR and Fd—FNR complexes in
the descending order of nitrite reduction activity (rearrangement
of Figure 4) (Figure S4). This material is available free of charge
via the Internet at http://pubs.acs.org.
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