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In the photosynthetic light reactions of plants and cyanobacteria, plastocyanin (Pc) plays a crucial role as an electron carrier
and shuttle protein between two membrane protein complexes: cytochrome bgf (cyt bgf) and photosystem | (PSl). The rapid
turnover of Pc between cyt b.f and PSI enables the efficient use of light energy. In the Pc-cyt bf and Pc-PSI electron transfer
complexes, the electron transfer reactions are accomplished within <10-# s. However, the mechanisms enabling the rapid
association and dissociation of Pc are still unclear because of the lack of an appropriate method to study huge complexes
with short lifetimes. Here, using the transferred cross-saturation method, we investigated the residues of spinach (Spinacia
oleracea) Pc in close proximity to spinach PSI and cyt bf, in both the thylakoid vesicle-embedded and solubilized states. We
demonstrated that the hydrophobic patch residues of Pc are in close proximity to PSI and cyt bgf, whereas the acidic patch
residues of Pc do not form stable salt bridges with either PSI or cyt bf, in the electron transfer complexes. The transient

characteristics of the interactions on the acidic patch facilitate the rapid association and dissociation of Pc.

INTRODUCTION

Photosynthetic light reactions, in which light energy is converted
into the chemical energy of ATP and NADPH, are essential for
almost all life on the earth. ATP and NADPH are produced by light-
driven electron transfer from water to NADP+, mediated by proteins
such as cytochrome bgf (cyt bgf) and photosystem | (PSI), which are
thylakoid membrane-embedded protein complexes, and plasto-
cyanin (Pc). Pc is a soluble electron carrier protein that shuttles
between cyt bgf and PSI. The heme molecules in the cytochrome
f (cyt f) subunits of cyt bf donate electrons to the copper ions in
Pc, and the chlorophyll molecules, P700, in the PsaA and PsaB
subunits of PSI accept electrons from Pc. Pc rapidly cycles
through the following steps: binding to cyt bgf, accepting an
electron from cyt bgf, dissociating from cyt bgf, binding to PSI,
donating an electron to the photoexcited PSI, and then dissoci-
ating from PSI. These electron transport reactions are important in
plant growth (Chida et al., 2007).
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Pc forms separate electron transfer complexes with PSI and cyt
bef, and the distances between their reaction centers are suffi-
ciently short to accomplish their electron transfer reactions in
<1074 s (Haehnel et al., 1980; Drepper et al., 1996; Hope, 2000).
In addition, the Pc-PSI and Pc-cyt bgf electron transfer complexes
rapidly associate and dissociate at rates of ~108 M~'s~"1 and
~10% s, respectively (Drepper et al., 1996; Hope, 2000). The
formation of such rapidly associating and dissociating electron
transfer complexes facilitates efficient electron transport. Finazzi
et al. elegantly demonstrated that the rate-limiting step in the cyt
bgf-Pc-PSI electron transport in vivo is the release of Pc from PSI
(Finazzi et al., 2005; Busch and Hippler, 2011). The importance of
the Pc-cyt bgf interaction in vivo is less clear, although mutations
in the Pc binding site of cyt f reportedly affect the growth rates of
C. reinhardtii (Soriano et al., 1996).

The three-dimensional structures of the unbound forms of Pc
(Xue et al., 1998; Musiani et al., 2005), cyt byf (Kurisu et al., 20083;
Stroebel et al., 2003; Yan et al., 2006; Yamashita et al., 2007;
Baniulis et al., 2009), and PSI (Jordan et al., 2001; Ben-Shem
et al., 20083; Jolley et al., 2005; Amunts et al., 2007, 2010) have
been solved. Mutational analyses of Pc revealed that the residues
in the hydrophobic patch that surrounds the copper ion, such as
Leu-12 and Ala-90 (see Supplemental Figure 1 online), and those
in the acidic patch located adjacent to the hydrophobic patch,
such as Asp-42, Glu-43, Asp-44, Glu-45, Glu-59, Glu-60, and
Asp-61 of spinach (Spinacia oleracea) Pc (see Supplemental
Figure 1 online), are reportedly important for Pc-PSI (Haehnel
et al., 1994; Lee et al., 1995; Hippler et al., 1996; Sigfridsson et al.,
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1996, 1997; Young et al., 1997) and Pc-cyt bgf (Modi et al., 1992b;
Lee et al., 1995; Sigfridsson, 1998; Hope, 2000; lllerhaus et al.,
2000) electron transport in eukaryotic plants. Mutational and
cross-linking studies of the PSI from C. reinhardtii revealed that
two Trp residues close to P700 stemming from the PsaA and PsaB
subunits, PsaA-Trp-651 and PsaB-Trp-627 in Chlamydomonas
reinhardtii (Sommer et al., 2002, 2004), and clusters of basic
residues located adjacent to the Trp residues from the PsaF
subunit, PsaF-Lys-16, PsaF-Lys-23, and PsaF-Lys-30 in C.
reinhardtii (Hippler et al., 1989, 1996, 1997, 1998), participate in
the electron transport (Busch and Hippler, 2011). The cyt byf
from eukaryotic plants also contains several hydrophobic resi-
dues surrounding the heme in cyt f and clusters of basic resi-
dues located adjacent to the hydrophobic residues, and these
residues also participate in electron transport, based on muta-
tional analyses of cyt bf and isolated cyt f (Soriano et al., 1996,
1998; Gong et al., 2000a, 2000b). However, the roles of these
residues in the rapid turnover of Pc remain unknown.

Structural analyses of the full-length Pc-PSI and Pc-cyt bgf
complexes, which are required to clarify the mechanism of efficient
electron transport, have been hampered by their large sizes and
short lifetimes. Our group has developed the transferred cross-
saturation (TCS) method, which enables the identification of the
residues of protein ligands in close proximity to huge (>100 kD)
and/or heterogeneous complexes under fast exchange conditions
(Nakanishi et al., 2002; Shimada, 2005). The TCS method has been
used to investigate the interactions of large proteins (Nakanishi
et al., 2002; Impagliazzo and Ubbink, 2004; Yokogawa et al., 2011),
membrane proteins (Takeuchi et al., 2003; Yokogawa et al., 2005;
Malia and Wagner, 2007; Kofuku et al., 2009; Yoshiura et al., 2010),
liposomes (Takeuchi et al., 2004), and insoluble biomolecules
(Nishida et al., 2003; Ichikawa et al., 2007).

Here, we used the TCS method to identify the binding interfaces
of Pc for PSI and cyt bgf, in both the thylakoid vesicle-embedded
state and the solubilized and purified state. Based on these
results, we discuss the roles of the hydrophobic and acidic
patches of Pc in electron transport.

RESULTS

Outlines of the TCS Experiments

Schematic diagrams of the TCS experiments to assess the Pc-
PSI and Pc- cyt byf interactions are provided in Figure 1 (Shimada
et al., 2009). The TCS experiments are performed with an excess
amount of uniformly [2H,'5N]-labeled Pc, relative to nonlabeled
PSI or cyt bgf. Accordingly, Pc is a low proton density molecule
with almost no aliphatic protons, whereas PSI and cyt bf are high
proton density molecules with aliphatic protons.

The complex is irradiated at a frequency corresponding to the
aliphatic proton resonances, exclusively affecting either PSI or cyt
bef because almost no aliphatic protons exist in the deuterated
Pc. The saturation in the aliphatic protons of PSI or cyt bf is
instantaneously transferred to all of the hydrogen atoms of PSI or
cyt bgf, which has the high proton density. This phenomenon is
known as the spin diffusion effect. Although deuterated Pc is not
directly affected by the radiofrequency field, the saturation can be
transferred from PSI or cyt b,f to Pc through the interface of the
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Figure 1. Schematic Diagram of the TCS Experiments with the Pc-PSI
and Pc-cyt bgf Complexes.

The saturation of the interface residues of Pc is efficiently transferred to
the free state. The saturation of each amide proton of unbound Pc can be
observed as an intensity reduction in the H-'5N shift correlation spectra.
Therefore, the residues that are in close proximity to PSI can be identified
by observations of their signal intensity reductions.

[See online article for color version of this figure.]

complex, in a phenomenon called the cross-saturation effect. The
saturation transferred to Pc is limited to the interface, due to its low
proton density. If the complexes have sufficiently large exchange
rates between the free and bound states, then the saturation of the
interface residues is efficiently transferred to the free state of Pc.
The saturation of each amide proton of unbound Pc can be ob-
served as an intensity reduction in the 'H-'5N shift correlation
spectra. Therefore, the residues that are in close proximity to PSI
can be identified by observations of their signal intensity reduc-
tions. TCS enables the identification of the residues of protein
ligands in close proximity to huge (>100 kD) and/or heterogeneous
molecules because we do not need to directly observe the
complex signals.

TCS Experiments Using Vesicles Containing Both PSI
and cyt bgf

We prepared inside-out vesicles from spinach thylakoid mem-
branes, in which the Pc binding sites of PSI and cyt bgf are ex-
posed to the solvent, by sonication and subsequent aqueous
two-phase partitioning (Andersson, 1986). The electron transport
activities of the PSI embedded in the obtained vesicles were
examined by the decrease of the absorption at 701 nm upon
photoexcitation of P700 and its recovery upon electron accep-
tance from a substoichiometric amount of the reduced Pc (see
Supplemental Figure 2A online). The electron transport activities
of cyt bgf were examined by the decrease in the absorption at
600 nm, upon electron acceptance by oxidized Pc from a sub-
stoichiometric amount of cyt bgf (see Supplemental Figure 2B
online). The sidedness of the inside-out vesicles was confirmed
by light-induced proton extrusion by the photosynthetic light
reaction of the vesicles, which was detected by the absorption
change of bromocresol purple (Andersson and Akerlund, 1978).

NMR experiments were performed under conditions where
both the copper ion in Pc and the heme in cyt f were reduced by
ascorbic acid and PSI was in the resting state in the dark with
reduced P700 to prevent the progression of the electron transfer
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reactions. The NMR signal assignments from the main chain
atoms of free spinach Pc, in the reduced state, were established
by conventional triple resonance experiments. The chemical
shifts of the resonances from the amide protons of free Pc were
almost identical to those of Pc isolated from spinach leaves
(Driscoll et al., 1987; Musiani et al., 2005).

To investigate the binding modes of Pc with PSI and cyt b4f, we
performed NMR analyses of Pc with substoichiometric amounts of
PSI and cyt bgf embedded in the vesicles. The addition of RediGrad
effectively suppressed the sedimentation of the vesicles during the
NMR measurements (Pertoft, 2000). The chemical shifts of the
resonances from uniformly [?H, '5N]-labeled Pc in the presence of
a substoichiometric amount of vesicles (see Supplemental Figure 3
online) were almost identical to those for the free Pc molecule,
whereas the intensities were significantly reduced upon the addi-
tion of the vesicles, suggesting that the Pc-PSI and Pc- cyt bgf
interactions occur in the fast exchange mode on the NMR
time scale. We confirmed these signal intensity reductions prior
to all TCS experiments (see Supplemental Discussion 1 and
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Supplemental Table 1 online). We also verified that both the PSI
and cyt bgf embedded in the vesicles still exhibited their full
electron transport activities after the NMR measurements.

We performed the TCS experiments to identify the residues of
Pc in close proximity to PSI and/or cyt bgf embedded in the
thylakoid vesicles (Figure 2A). The TCS experimental conditions
were optimized to observe the cross-saturation effect by
relaxation matrix simulations (Matsumoto et al., 2010). The ir-
radiation of the sample containing the vesicles with radio fre-
quency pulses resulted in selective intensity losses of the NMR
signals originating from the free Pc resonances, including the
Asn-64 side chain resonances (see Supplemental Figure 3 on-
line). Based on the spectra with and without irradiation, we
calculated the reduction ratios of the peak intensities (Figure
2B). The residues significantly affected by irradiation, Gly-10,
Ser-11, Leu-12, Asn-31, Phe-35, His-37, Asn-64, Ala-65, His-87,
GIn-88, Ala-90, Gly-91, and Met-92, are mapped in Figure 2C.
The affected residues formed a continuous surface on the hy-
drophobic patch of Pc, including Gly-10, Leu-12, and Ala-90.
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Figure 2. TCS Experiments with Excess Amounts of Pc Relative to the PSI and cyt bsf Embedded in Inside-Out Thylakoid Vesicles.

(A) Schematic diagram of the experiments. The spectra are shown in Supplemental Figure 3 online.

(B) Plots of the reduction ratios of the signal intensities originating from the amide groups, with and without presaturation. Red and pink plots represent
the residues with signal intensity reduction ratios >0.3 and within the 0.2 to 0.3 range, and labeled. The residues with reduction ratios <0.2 are cyan. The
error bars represent the root sum square of the reciprocal of the signal-to-noise ratio of the resonances with and without irradiation. Asterisks represent
the residues with intensity reduction ratios that were not determined because of low signal intensity or spectral overlap. Side chains are denoted in italics.
(C) Mapping of the residues affected by the irradiation in the TCS experiments. The residues with signal intensity reduction ratios >0.3 and within the 0.2
to 0.3 range are colored red and pink, respectively. Pro residues and the residues with intensity reductions that were not determined because of low
signal intensity or spectral overlap are white. In the middle view, the surface of Pc is transparent, and the copper atom and the ribbon diagram are
simultaneously displayed. His-37, which is close to the copper atom, is hidden in these views. The molecular diagrams were generated with Web Lab

Viewer Pro (Molecular Simulations).
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TCS Experiments Using Solubilized PSI and cyt b f

In order to observe the Pc—PSI and Pc—cyt bgf interactions sep-
arately, we also performed the TCS experiments using detergent-
solubilized PSI and cyt bgf from spinach thylakoid membranes,
according to the previously reported method (Zhang and Cramer,
2004; Amunts et al., 2005). We confirmed the electron transport
activities of the solubilized PSI and cyt bgf in a similar manner (see
Supplemental Figures 2A and 2B online). The slower reaction rate
of the cyt byf in vesicles compared with the solubilized cyt byf (see
Supplemental Figure 2B online) is probably due to the slower
reduction of hemes by decylplastoquinol in vesicles. We also
used the stopped-flow method to confirm the electron transport
activities of the solubilized cyt byf (see Supplemental Figure 2C
online). In the flash photolysis and stopped flow experiments,
the reaction rates were dependent on the Pc concentrations
(see Supplemental Figures 2C to 2F online), and the calculated
second-order rate constants of these reactions were 2.5 and
2.0 X 107 M~ s~1, respectively, which are similar to the pre-
viously reported values (3.7 to 33 and 1.4 to 19 X 107" M~ s,
respectively) (Hope, 2000; lllerhaus et al., 2000; Sujak et al.,
2004). The molar amounts of the polypeptide chains, as de-
termined by the intensities of the SDS-PAGE bands, coincided
with those of P700 and cyt f determined from their absorbance,
suggesting that most of the solubilized PSI and cyt bgf retained
their electron transport activities. We confirmed that both the
solubilized PSI and cyt bgf still exhibited their full electron
transport activities after the NMR measurements.

The residues of Pc in close proximity to the solubilized PSI were
determined in TCS experiments (Figure 3A). Gly-10, Ser-11, Leu-12,
His-37, Leu-62, Asn-64, Ala-65, His-87, GIn-88, Gly-89, Ala-90, and
Gly-91 were significantly affected by the irradiation (Figure 3B; see
Supplemental Figure 4A online).

TCS experiments for the solubilized cyt bgf were also per-
formed (Figure 4A). Leu-12, Asn-38, His-87, Asp-88, Gly-89,
Ala-90, Gly-91, and Met-92 were affected by the irradiation
(Figure 4B; see Supplemental Figure 4B online). The affected
residues formed a continuous surface on the hydrophobic patch
of Pc. It should be noted that in the TCS experiments, no effects
of the irradiation were observed for the acidic patch residues.

Investigation of the Effects of the Nonspecific Binding and
the Residual Protons in Pc

The deuterated Pc contains residual aliphatic protons, which
induce unfavorable intensity reductions for the nonbinding site
residues in the TCS experiments. In addition, the irradiation
causes the saturation of the nonlabeled additives in the sample,
including detergents and RediGrad, and the saturation may
transfer from these additives to Pc via water or nonspecific in-
teractions, leading to other unfavorable intensity reductions. To
estimate these unfavorable effects, we performed TCS experi-
ments with Pc and the additives (see Supplemental Figure 5A
online). The reduction ratios of the peak intensities in the TCS
experiments are shown in Supplemental Figure 5B online. All of
the residues exhibited similar intensity reductions, and none of
them were affected by more than 25%, which is much less than
that observed in the TCS experiments with PSI and/or cyt b,f
(Figure 2B; see Supplemental Figure 4 online).

The thylakoid membrane vesicles contain various proteins and
lipids; thus, nonspecific interactions between Pc and these mol-
ecules may cause intensity reductions in the TCS experiments
using the inside-out vesicles. In addition, nonspecific interactions
with the ferredoxin binding site of PSI may also be detected in the
TCS experiments with solubilized PSI. To evaluate these effects,
we used right-side-out vesicles, in which the lipid composition on
the outer surface is similar to that of the inside-out vesicles
(Gounaris et al., 1986), but the Pc binding sites of PSI and cyt byf
are inwardly directed and, thus, not accessible to the Pc in the
solvent (see Supplemental Figure 5C online). The reduction ratios
of the peak intensities of the TCS experiments are shown in
Supplemental Figure 5D online. The intensity reduction was
<20% for all residues, which is much smaller than that in the
TCS experiments with the inside-out vesicles (Figure 2B).

Mutational Analyses

We performed mutational analyses to evaluate the residues in
Pc identified as binding to PSI and cyt bgf (Figure 5, Table 1). The
electron transport activities of several Pc mutants with alter-
ations as specific residues, such as Gly-10, for PSI and cyt bgf
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Figure 3. Determination of the Interface Residues of Pc for Solubilized PSI.

(A) Schematic diagram of the TCS experiments with excess amounts of Pc relative to the solubilized PSI.
(B) Mapping of the residues affected by the irradiation in the TCS experiments. The plots of the reduction ratios are shown in Supplemental Figure 4A

online. The labeling and coloring schemes are the same as in Figure 2.
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Figure 4. Determination of the Interface Residues of Pc for Solubilized cyt bgf.

(A) Schematic diagram of the experiments.

(B) Mapping of the residues affected by irradiation in the TCS experiments. The plots of the reduction ratios are shown in Supplemental Figure 4B
online. The labeling and coloring schemes are the same as in Figure 2. Asn-38, which is close to the copper atom, is hidden in these views.

were previously reported (Haehnel et al., 1994; Hope, 2000;
lllerhaus et al., 2000). We introduced mutations in three residues
that were shown to be close to PSI, but not to cyt bgf (G10A/
S11A/N64A). As a control, we also prepared the L12A mutant,
which exhibited reduced electron transport activity for both PSI
and cyt byf in previous reports (Sigfridsson et al., 1996; lllerhaus
et al., 2000), and mutants for residues outside the binding site
(L15A, S48V, K54V, and K71V) (Figure 5A). Their 'H-'H shift
correlation spectra and UV/visible absorption spectra revealed
that the global fold and the coordination of the copper ion of the
mutants were not affected by the introduction of the mutations.
The L12A mutant displayed a small shift to a longer wavelength
in the UV/visible absorption spectra, as reported previously
(Sigfridsson et al., 1996). The reaction rates of the Pc-PSI and
Pc-cyt bgf electron transport in the wild type and the Pc mutants
were determined by flash-photolysis and stopped-flow experi-
ments, respectively. The reaction rate of the G10A/S11A/N64A
mutant for PSI was significantly decreased (Figure 5B, Table 1).
By contrast, its reaction rate for cyt bgf was almost identical to that
of the wild type (Figure 5C, Table 1). On the other hand, the re-
action rates of both the Pc-PSl and cyt bgf electron transport were
significantly decreased for the L12A mutant (Figures 5B and 5C,
Table 1), whereas for the other mutants, these rates were almost
identical to those of the wild type (Figures 5B and 5C, Table 1).

Effect of Perturbation of the Interactions on the
Hydrophobic Patch by Cadmium Substitution

The substitution of the copper ion of Pc with a cadmium ion re-
portedly shifts the hydrogen bond network in the hydrophobic
patch to a configuration resembling that in the oxidized Pc,
without affecting the conformations of the other regions, including
the acidic patch (Ubbink et al., 1996). To elucidate the PSI binding
mode of Pc in more detail, the Pc-PSI interaction was further
investigated under conditions where the interactions on the hy-
drophobic patch of Pc were perturbed by cadmium substitution.

A comparison of the 'H-15N shift correlation spectra of uni-
formly ['°N]-labeled Pc and cadmium-substituted Pc (Cd-Pc)
revealed that the signals that exhibited significantly different
chemical shifts were all those from the hydrophobic patch res-
idues, consistent with the previous report for Pcs from different

species (Ubbink et al., 1996), suggesting that the Cd-Pc is
correctly folded (see Supplemental Figures 6A and 6B online).
Although the distance between the amide proton of Gly-8 and the
HB of Phe-14, which are located at the stem of the loop1, is 9.5 A
in the structure of reduced Pc, a nuclear Overhauser effect, which
is usually observed for hydrogen atom pairs with <5 A distance,
was observed between the corresponding hydrogen atoms in Cd-
Pc, suggesting that the conformation of loop1 in the hydrophobic
patch is perturbed by the cadmium substitution.

To examine whether Cd-Pc binds to PSI, a substoichiometric
amount of solubilized PSI was added to uniformly ['°N]-labeled
Cd-Pc (see Supplemental Figure 6C online). As a result, the
signal intensities of Cd-Pc remarkably decreased, and they were
recovered by adding Monoraphidium braunii cytochrome cg,
which reportedly binds to the Pc binding site of PSI, like Pc, and
donates an electron to photoexcited PSI (Hervas et al., 1995;
Hippler et al., 1997, 1998, 1999; Sommer et al., 2002, 2004,
2006), suggesting that Cd-Pc binds to PSI.

The residues of Cd-Pc in close proximity to the solubilized
PSI were determined by the TCS experiments (Figure 6A).
Supplemental Figure 7 online shows the calculated reduction
ratios of the peak intensities from the TCS experiments using
solubilized PSI, and the affected residues were mapped in
Figure 6B. Glu-59, Glu-60, Asn-64, His-87, GIn-88, Ala-90, and
Gly-91 were significantly affected by the irradiation. The affected
residues formed continuous surfaces on the hydrophobic and
acidic patches of Pc. As compared with the residues of Pc that
are close to PSI (Figure 3), the residues of Cd-Pc that are close
to PSI did not include several residues in loop1, such as Gly-10
and Ser-11, whereas they included the residues in the acidic
patch, such as Glu-59 and Glu-60.

DISCUSSION

Validation of the Binding Site Determined by TCS

In this study, the PSI binding and cyt bf binding sites of Pc were
determined by TCS experiments, in both the thylakoid vesicle—
embedded and solubilized states (Figures 2 to 4). The results
from the experiments with the right-side-out vesicles revealed
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Figure 5. Electron Transport Activities of the Wild Type and Mutant Pcs
for Solubilized PSI and cyt bf.

(A) Mapping of the mutated residues on the structure of Pc. Gly-10, Ser-
11, and Asn-64, which are included in the PSI binding site but not in the
cyt bgf binding site, are colored red. Leu-12, the mutation of which re-
portedly led to diminished electron transport activity for both PSI and cyt
bef (Sigfridsson et al., 1996; lllerhaus et al., 2000), is colored green. Leu-
15, Ser-48, Lys-54, and Lys-71, which are outside the binding site, are
colored cyan.

(B) Time course of the absorbance change at 701 nm of the solution
containing 200 nM solubilized PSI and 40 nM wild-type and mutant Pcs
after the flash. The traces were averaged from eight flash-photolysis
experiments.

(C) Time courses of the absorbance change at 421.2 minus 410.5 nm,
after mixing 0.15 wM reduced and solubilized cyt bgf with 1 WM oxidized
wild-type and mutant Pcs. The traces were averaged from eight stopped-
flow experiments.

that the observed intensity reductions were not due to non-
specific interactions between Pc and the opposite stromal side
of either PSI or cyt bgf (see Supplemental Figures 5C and 5D
online). In addition, we confirmed that the intensity reductions
were not derived from additives, such as detergents and so forth
(see Supplemental Figures 5A and 5B online). Furthermore, the
results of the mutational analyses were consistent with those
of the TCS experiments (Figure 5, Table 1). Therefore, we con-
cluded that the residues of Pc that are close to PSI and cyt bgf
were accurately identified.

Under our experimental conditions, both the copper ion of Pc
and the heme in cyt f were in the reduced state, and PSI was in
the resting state with the reduced P700. Under the reactive
conditions, Pc is oxidized in the Pc-cyt bgf complex, and PSI is
photoexcited in the Pc-PSI complex. However, the differences
in the states of Pc, cyt bgf, and PSI would hardly affect the
binding modes of the Pc-cyt bgf and Pc-PSI complexes because
the oxidized and reduced Pcs reportedly exhibit similar affinities
for cyt f (Modi et al., 1992a; Kannt et al., 1996). In addition,
previous flash photolysis analyses suggested that the electron
transfer from Pc to PSI occurs in ~10 ws upon photoexcitation
of the ground state complex (Haehnel et al., 1989), whereas 10~°
to 10° s are usually required for a conformational change with >5 A
amplitude (McCammon and Harvey, 1987).

The previous laser flash photolysis and stopped-flow experi-
ments suggested that the binding of Pc to PSI and cyt b,f leads
to the formation of the electron transfer complexes, where
electrons are efficiently transferred without rearrangement of
the complex (Drepper et al., 1996; Hope, 2000). Therefore, the
majority (>~75%) of the Pc-PSI and Pc-cyt bgf complexes
would exist as the electron transfer complexes. On the other
hand, the minor binding modes with a slow electron transfer rate
are estimated to be <~25% of the total bound population and
would not be unique (Hope, 2000). Therefore, our TCS experi-
ments have identified the residues of Pc in close proximity to
PSI and cyt bf in their electron transfer complexes.

Comparison of the Binding Modes between the Solubilized
Complexes and Those Embedded in Vesicles

There is a possibility that the Pc binding modes of solubilized
PSI and cyt bgf are different from those embedded in the thy-
lakoid membrane because the subunits of PSI or cyt bgf might
be decomposed upon solubilization (Hiyama, 2004). Therefore,
we compared the residues of Pc in close proximity to the thy-
lakoid vesicles and solubilized PSI or cyt bgf, determined by our
TCS experiments (Figures 2 to 4). The binding sites for the
inside-out vesicles were mostly composed of those for the
solubilized PSI and cyt bgf, indicating that the Pc binding modes
of the solubilized PSI and cyt bsf and those embedded in the
thylakoid vesicles are similar.

Roles of the Acidic and Hydrophobic Residues of Pc in the
Pc-PSI and Pc-cyt bgf Interactions

The TCS experiments revealed that the acidic patch of Pc is not
close to either PSI or cyt bf in the electron transfer complexes
(Figures 2 to 4). It should be noted that the salt concentration
used here (20 mM potassium phosphate) is reportedly optimal
for the electron transport of the Pc-PSI and Pc-cyt bgf com-
plexes (Hope, 2000). In addition, in the TCS experiments using
vesicles, no detergents were employed and, therefore, no de-
composition of the subunits of PSI and/or cyt bsf caused by
detergents occurred (Figure 2).

According to the classification proposed by Kumar and
Nussinov, an ion pair is defined as a salt bridge if the side chain
charged group centroids and at least one pair of side chain ni-
trogen and oxygen atoms are within 4 A (Kumar and Nussinov,
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Table 1. Electron Transport Rates of the Wild Type and Mutant Pcs for PSI (kpg) and cyt bgf (kg

Mutant Names PSI Binding cyt bgf Binding Kpg (X107 1 s77) Kper (X10 877)
Wild type - - 2.72 = 0.05 3.44 = 013
L15A - - 2.43 = 0.25 2.36 = 0.20
S48V - - 2.26 = 0.09 3.06 = 0.08
K54V - - 2.59 = 0.11 3.03 £ 0.10
K71V - - 2.28 £ 0.1 3.06 = 0.13
L12A + + 0.84 = 0.04 0.83 + 0.05
G10A/S11A/NG4A + - 0.68 = 0.02 2.78 = 0.08

Plus signs in the “PSI binding” and “cyt bf binding” columns indicate mutations of the residues significantly affected by irradiation in the TCS
experiments using solubilized PSI (Figure 2) and cyt bgf (Figure 3), respectively. Each value represents the average *+ sp of eight measurements.

2002a, 2002b). The definition of a stable salt bridge is based on
the distance between the side chain atoms, whereas the dis-
tances between the main chain amide protons of Pc and protons
of PSI or cyt b,f are reflected in the TCS experiments. However,
our statistical analyses of the salt bridge structures revealed that
most of the stable salt bridges could be identified by the TCS
experiments; thus, the acidic patch residues of Pc do not form
stable salt bridges with either PSI or cyt bf in the electron transfer
complexes (see Supplemental Discussion 1 and Supplemental
Table 2 online).

The previously reported mutational analyses, cross-linking
studies, and ion strength dependencies of the Pc-PSI and Pc-cyt
bgf electron transport rates have shown that the acidic patch
residues of Pc and the basic residues of PSI and cyt bgf are re-
sponsible for the Pc-PSI (Hippler et al., 1989, 1996, 1997; Lee
et al., 1995; Sigfridsson et al., 1996, 1997; Young et al., 1997) and
Pc-cyt bgf electron transport reactions (Modi et al., 1992b; Lee
et al., 1995; Hippler et al., 1998; Gong et al., 2000b; lllerhaus et al.,
2000). Therefore, the acidic patch of Pc may increase its local
concentration around PSI and cyt bgf, thus facilitating the rapid
formation of the electron transfer complex by occasionally forming
dynamic salt bridges (Bergkvist et al., 2001) or long-distance ion
pairs (Figure 7, left). Most of these loose electrostatic interactions
would not contribute to the stabilization of the complex (Kumar
and Nussinov, 2002a) or be observable in our TCS experiments.

The TCS results also revealed that the residues in the hy-
drophobic patch are in close proximity to PSI and cyt bf, in their
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electron transfer complexes (Figures 2 to 4). These results are
consistent with those from previous mutational studies of Pc, PSI,
and cyt byf, which revealed that the hydrophobic patch residues
of Pc (Gly-10 and Ala-90) (Haehnel et al., 1994) and the two Trp
residues close to P700 stemming from the PsaA and PsaB sub-
units, PsaA-Trp-651 and PsaB-Trp-627 in C. reinhardtii (Sommer
et al., 2002, 2004), are required for the efficient electron transport
between Pc and PSI and that the hydrophobic patch residues of
Pc (llerhaus et al., 2000) and several hydrophobic residues sur-
rounding the heme in cyt f (Gong et al., 2000a) are important for
the electron transport between Pc and cyt bgf. These residues
may be responsible for the formation of the electron transfer
complex, which shortens the distances between their reaction
centers to accomplish the electron transfer reaction in <104 s via
the several hydrophobic residues surrounding P700 and the
hemes in cyt f of PSI and cyt bgf, respectively (Figure 7, right).
The absence of stable salt bridges in the acidic patch is in
agreement with the rapid dissociation of the complexes. In the
case of the Pc-PSlI interaction, Finazzi et al. elegantly demon-
strated that the E613N mutation, which decreased the dissoci-
ation rate of the Pc-PSI complex in vitro, affected the total cyt
bef-Pc-PSI electron flow in vivo, whereas the W651 mutation,
which decreased the affinity of the Pc-PSI complex in vitro, was
no longer important in vivo (Finazzi et al., 2005; Busch and
Hippler, 2011). These studies suggested that the rapid dissoci-
ation of Pc from PSlI is important for efficient electron transport.
Therefore, these studies support the importance of our finding
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Figure 6. Determination of the Interface Residues of Cd-Pc for Solubilized PSI.

(A) Schematic diagram of the TCS experiments with excess amounts of Cd-Pc, relative to the solubilized PSI.
(B) Mapping of the residues affected by the irradiation in the TCS experiments. The plots of the reduction ratios are shown in Supplemental Figure 7

online. The labeling and coloring schemes are the same as in Figure 2.
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Figure 7. Schematic Views of the Interaction Modes in the Pc-PSI and
Pc-cyt bgf Complexes.

The structures of spinach Pc, pea (Pisum sativum) PSI, and turnip
(Brassica rapa) cyt f were manually positioned. For simplicity, only the
residues of the PsaA and PsaB subunits that are within 20 A from Trp-
658-PsaA and Trp-625-PsaB and the residues of PsaF are displayed in
PSI. The residues of Pc in close proximity to PSI and cyt bgf, as de-
termined by TCS, are labeled and colored in (A) and (B), respectively,
according to the same scheme as in Figure 2. Hydrophobic and basic
residues that were proposed to interact with Pc in previous mutational
analyses are colored green and blue, respectively, in the structures of
PSI (Hippler et al., 1996, 1997, 1998; Sommer et al., 2002, 2004; Busch
and Hippler, 2011) and cyt f (Soriano et al., 1996, 1998; Gong et al.,
2000a). The acidic and hydrophobic patch residues of Pc are enclosed in
squares. First, Pc forms a transient and loose contact with PSI and cyt
bef by electrostatic interactions between the acidic residues in Pc and
the basic residues in PSI and cyt bgf. Subsequently, Pc forms an electron
transfer complex with PSI and cyt bf by hydrophobic interactions. This
model suggests that the basic residues of cyt f do not affect the con-
formation of the Pc-cyt bf electron transfer complex, which is consistent
with the previous finding that the mutations of the basic residues of cyt f
do not affect the rate of cyt f oxidation in vivo (Soriano et al., 1996, 1998)
The molecular diagrams were generated with Web Lab Viewer Pro
(Molecular Simulations).

that the lack of stable salt bridges in the Pc-PSI electron transfer
complex enables rapid dissociation of the complexes.

The acidic patch residues of Pc can be bound to the isolated
PsaF subunit or cross-linked with the basic residues of PsaF,
and part of the cross-linked Pc-PSI complex can efficiently
transfer electrons (Hippler et al., 1989, 1996, 1997; Farkas and
Hansson, 2011). In order to further investigate the interaction

between Pc and PSI, we analyzed Cd-Pc, in which the hydro-
phobic patches adopt a different conformation from that in Pc.
Our TCS experiments for the complex between Cd-Pc and PSI
revealed that in Cd-Pc, His-87, which coordinates the copper
ion, and the residues in the acidic patch (Glu-59 and Glu-60) are
close to PSI (Figure 6). Therefore, the Pc-PSI complex can as-
sume a complex formation mode, in which the acidic patch
residues of Pc are close to PSI but electrons can be efficiently
transferred. The electron transfer rate of the cross-linked Pc-PSI
complex is reportedly slightly lower than that of the in vivo Pc-
PSI complex, suggesting that the relative positions of the hy-
drophobic patches, which contain the reaction centers, of the
cross-linked Pc to PSI are not completely favorable for the
electron transfer (Hippler et al., 1996). By contrast, the binding
mode of the Pc-PSI electron transfer complex without the
modification, which is clarified by our TCS experiments, is optimal
for electron transfer. This is in agreement with the observations
from the following reports: (1) The Pc-PSI complex exhibits low
electron transport rates at salt concentrations <40 mM, suggesting
that very strong electrostatic interactions are disadvantageous for
the electron transport (Hope, 2000), and (2) the salt concentration
under physiological conditions is 0.2 to 0.4 M, which is not optimal
for salt bridge formation (Soriano et al., 1996; Hope, 2000).

In the case of the Pc—cyt bgf interaction, the fern (Dryopteris
crassirhizoma) and spinach Pcs reportedly exhibited almost
identical electron transfer activities for turnip (Brassica rapa) cyt
f, although the locations of the acidic residues in fern Pc are
totally different from those in spinach Pc (Sato et al., 2004) (see
Supplemental Figures 1 and 8 online). The absence of a stable
salt bridge is also in accordance with the pseudospecificity of
the acidic patches in the fern and spinach Pcs because the
relative orientations of Pc and cyt f are supposed to be flexible.

The structures of the Pc-cyt f complexes from vascular plants
have been proposed based on NMR experiments of the chem-
ical shift perturbations and intermolecular pseudocontact shifts
on Pc, induced by the heme-containing cyt f (Ubbink et al.,
1998; Lange et al., 2005). These structures are considered to
represent the electron transfer complex because the timescales
of the chemical and pseudocontact shifts (~10 to 100 ms) are
also much longer than the lifetime of the complex (Ubbink et al.,
1998; Lange et al., 2005). For comparison with the results of our
TCS experiments, these structures were also interpreted under
the definition of the stable salt bridge proposed by Kumar
and Nussinov (2002a, 2002b). In the proposed electron trans-
fer complex structure of the spinach Pc-turnip cyt f complex
(Ubbink et al., 1998), the side chain charged group centroid of
Glu-43 is within 4 A of that of Lys-187 in cyt f. Therefore, these
residues form stable salt bridges. In addition, several other
acidic patch residues on Pc are in close contact with cyt f; thus,
according to these structures, Glu-59 and Ala-53, as well as
Glu-43, are expected to be significantly affected by irradiation in
the TCS experiments (see Supplemental Figure 9 online). Similar
methods were used to construct another model of the electron
transfer complex between Pc and cyt f from different species
(Lange et al., 2005). These models also have the acidic patch
residues in close contact with cyt f.

However, the residues in the acidic patch of Pc were not
significantly affected by irradiation in our TCS experiments
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(Figures 2 and 4), revealing that the major states of the Pc-cyt b,f
complexes lack stable salt bridges. The discrepancy may be due
to the insufficient constraints in the construction of the Pc-cyt f
model, especially in the acidic patch and/or the overestimation of
the electrostatic interaction in the model building because the
acidic patch residues are >20 A away from the heme in cyt f, and
few pseudocontact shifts were observed for the acidic patch
residues (Ubbink et al., 1998; Lange et al., 2005).

Our TCS experiments revealed that the residues in loop 5, such
as Asn-64, are close to PSI. Asn-64, which was not investigated
in previous mutational studies, is conserved in vascular plants
and green alga (M. braunii) but not in cyanobacteria (Anabaena
variabilis and Synechocystis sp PCC 6803). Although the Pcs from
cyanobacteria, green algae, and spinach share similar main chain
structures, the Pcs from cyanobacteria are likely to have lower
affinity for spinach PSI than the Pcs from spinach and green alga
(Hervas et al., 1995). Hippler et al. (1999) demonstrated that the
lack of basic residues in PsaF from cyanobacteria causes the
lower affinity. The lack of conservation of Asn-64 in cyanobacteria
would additionally cause a difference in the affinity.

In this study, we directly demonstrated that, in the Pc-PSI and
Pc—cyt bgf interactions, electrostatic interactions are used to form
a transient and loose contact of Pc with PSI and cyt bgf, and then
hydrophobic interactions are used to form electron transfer com-
plexes of Pc with PSI and cyt bgf (Figure 7). This binding mode
explains the rapid dissociation of the complexes (Finazzi et al.,
2005; Busch and Hippler, 2011) and the pseudospecificity of the
acidic patches in fern and spinach Pcs (Sato et al., 2004). Rapid
binding facilitated by transient electrostatic interactions has also
been proposed in various systems (Schreiber and Fersht, 1996;
Selzer et al., 2000; Miyashita et al., 2004; Alsallag and Zhou, 2008;
Schreiber et al., 2009), and evidence is accumulating for the
formation of transient complexes, based on NMR studies using
paramagnetic relaxation enhancement (lwahara and Clore, 2006;
Tang et al., 2006; Volkov et al., 2006; Clore et al., 2007; Bashir
et al., 2011; Clore, 2011). Although the introduction of para-
magnetic probes into specific sites of PSI and cyt bf is a chal-
lenging task, paramagnetic relaxation enhancement analyses
would provide further information about the encounter complex
formation in the Pc-PSI and Pc-cyt bgf complexes.

The cyclic electron transport pathway, in which electrons in
ferredoxin, an electron carrier protein, are transferred to plas-
toquinone, embedded in thylakoid membranes, functions in
photosynthesis and photoprotection (Munekage et al., 2004;
Shikanai, 2007). Although the mechanism of the cyclic electron
transport remains largely unknown, subunits of cyt bf and NAD
(P)H dehydrogenase have been recently identified as candidates
to be the primary electron acceptors from ferredoxin (Yamamoto
et al., 2011). Application of the TCS method, along with genetic
and biochemical approaches, to the ferredoxin—cyt bgf and
ferredoxin-NAD(P)H dehydrogenase interactions would pro-
vide insight into the binding mode.

METHODS

Sample Preparation

Thylakoid membrane vesicles were prepared from the whole spinach
(Spinacia oleracea) thylakoid membrane, according to the previously
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published procedure (Andersson, 1986; Zhang et al., 2001), with the
substitution of the Yeda press step with a sonication step. Solubilized PSI
and cyt bgf were prepared from market spinach as reported previously,
with the substitution of the propyl-agarose chromatography with Macro-
prep Methyl chromatography (Bio-Rad) (Zhang and Cramer, 2004;
Amunts et al., 2005). The concentration of cyt bsf was determined from
the absorbance difference between the reduced and oxidized proteins
at 554 minus 543.3 nm using the difference extinction coefficient of
28 mM~1 cm~" (Andersson, 1986; Metzger et al., 1997). PS| was quantified
by flash photolysis (vide infra) using 2 wM dichlorophenolindophenol with
€xa700 = 64,000 (Hiyama and Ke, 1972; Metzger et al., 1997).

Spinach Pc and Monoraphidium braunii cyt c; were expressed in
Escherichia coli, and the purification was accomplished according to the
published procedures (Hervas et al., 1992; Ejdebéck et al., 1997) with minor
modifications. Double-stranded DNA encoding a signal peptide gene, the
spinach Pc gene, and a transcription termination region (Ejdebéack et al.,
1997) was prepared from ten oligonucleotides (see Supplemental Table 3
online) (Dillon and Rosen, 1990) and was amplified by PCR with following
primers containing Ndel and Hindlll recognition sites: 5'-CGAGTTTACG-
TAGCATATGGAATTCC-3' and 5'-GCCGGGCTAAGCTTAAAA-3'. The
double-stranded DNA was transferred into the pET43a vector (Novagen)
using the Ndel and Hindlll restriction sites. Mutagenesis of Pc was per-
formed using a QuikChange site-directed mutagenesis kit (Stratagene). In
all of the constructs, the Pc coding regions were completely sequenced
using the T7 promoter primer for verification. The E. coli strain Tuner (DE3)
(Novagen) was transformed with the expression constructs. For the un-
labeled Pc, the transformed cells were grown in Luria-Bertani broth at 37°C
in a shaker operating at 106 rpm. Uniformly '3C/'5N-labeled Pc was pre-
pared by growing cells in M9 medium containing ">NH,CI (1 g/liter) and
[U-13C] Glc (2 g/liter), supplemented with copper citrate (100 wM) and
Celtone-CN powder (1 g/liter; Martek), at 37°C, in a fermenter with shaking
at 350 rpm. The uniformly 2H/'>N-labeled Pc was prepared using M9
medium in 99.9% deuterium oxide (?H,0) containing "*NH,CI (1 g/liter) and
[U-2H] Glc (98%; 2 g/liter) supplemented with copper citrate (100 wM) and
Celtone-DN powder (1 g/liter), at 37°C, in a fermenter with shaking at
350 rpm. Protein production was induced by the addition of isopropyl
B-b-thiogalactopyranoside to a final concentration of 30 wM when the
culture reached an ODg, of 1.0. The cells were cultivated at 37°C for 5 h
after induction. Purification of Pc was accomplished according to the
published procedure (Ejdeback et al., 1997), with the substitution of
Sephacryl S-100 HR chromatography with Hiload 26/60 Superdex 75 prep
grade chromatography (GE Healthcare Bio-Sciences). Double-stranded
DNA containing a signal peptide gene and the M. braunii cyt cg gene
(constructed based on its amino acid sequence) was prepared from eight
oligonucleotides (see Supplemental Table 3 online) (Dillon and Rosen, 1990)
and was amplified by PCR with the following 5’ and 3’ primers: 5'-GAC-
GACGACAATCATATG-3' and 5'-GTGTCCGGGCTTCTCCTC-3’, respec-
tively. The double-stranded DNA was transferred into the pET43a vector,
with a modification of the nucleotides around the PshAl site from 5'-GAC-
AAGAGTCCGGGAGC-3' to 5'-GACAAGTGTCCGGGCTTCTCCTCAACG-
ATATCTGAGC-3', using T4 DNA polymerase and T4 DNA ligase. The gene
encoding the NUS tag was removed by Ndel digestion and subsequent
ligation. The cyt ¢4 coding regions were completely sequenced, using the T7
promoter primer, for verification. The E. coli strain Tuner (DE3) (Novagen) was
transformed with the expression constructs and the pEC86 plasmid (Arslan
et al., 1998). The transformed cells were grown in Luria-Bertani broth at 37°C,
with shaking at 106 rpm. Protein production was induced by the addition of
isopropyl B-p-thiogalactopyranoside to a final concentration of 30 wM, when
the culture reached an ODgy, of 1.0. The cells were cultivated at 37°C for 5 h
after induction. The periplasmic fraction was obtained according to the same
procedure used for Pc and was purified by ammonium sulfate precipitation
and DEAE-cellulose column chromatography, as previously reported (Hervas
et al., 1992). cyt ¢4 was further purified by Hiload 26/60 Superdex 75 prep
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grade chromatography and Resource Q chromatography (GE Healthcare
Bio-Sciences).

The Cd-Pc was prepared according to the previously published
procedure (Ubbink et al., 1996) and was purified by Hiload 26/60 Su-
perdex 75 prep grade chromatography and Resource Q chromatography.

Electron Transfer Activity Assay

From 1 to 10 pmol of Pc and 100 pmol of PSI were dissolved in 500 wL
of 50 mM Tricine-NaOH, pH 7.4, 40 mM KCI, 5 mM MgCl,, 0.05%
n-dodecyl-B-b-thiomaltoside (DTM; Anatrace), 1.25 mM ascorbic acid,
0.5 mM methyl viologen, and 10 uM 3-(3’,4’-dichlorophenyl)-1,1-dimethylurea.
PSI was activated by a camera flash at room temperature (~298K), and the
time course of the absorbance at 701 nm was recorded by a Shimadzu
UV-2400 PC spectrometer. The time course was fitted to a two-exponential
decay, using the Origin 5.0 software (OriginLab), and only the fast kinetic
component was used for the determination of the reaction rate.

The electron transport activities of the obtained solubilized cyt bgf
micelles and inside-out vesicles were examined according to the pre-
viously reported method (Pierre et al., 1995). Solubilized cyt byf (0.5 pmol)
or inside-out vesicles containing 1 pmol of cyt bgf were dissolved in
500 pL of 20 mM Tricine-NaOH, pH 8.0, 0.3 mM DTM, and 5 uM oxidized
Pc. The reaction was initiated by adding 15 M decylplastoquinol, and the
reduction of Pc was monitored by the absorbance change at 600 nm
using a Shimadzu UV-2400 PC spectrometer.

The electron transport activities of the wild type and mutant Pcs for the
solubilized cyt bgf were compared by stopped-flow experiments (lllerhaus
et al., 2000). Fifteen nanomoles of potassium ferricyanide and ascorbic acid
were added to 1 to 50 nmol of Pc and 1.5 nmol of cyt bf, respectively, and
both samples were passed over short desalting columns (PD10; GE
Healthcare Bio-Sciences). The Pc and cyt bgf were dissolved in 5 mL of
20 mM KPi, pH 6.5, 100 mM KClI, and 0.05% n-undecyl-B-p-maltopyranoside
(UDM). Kinetic measurements were performed at 298K with a stopped-flow
apparatus (SX. 18MV-R; Applied Photophysics) equipped with a diode array
photometer. The absorbance difference of 421.2 minus 410.5 nm was ex-
tracted from the spectra as a function of time. The time course was fitted to
a two-exponential decay using Origin 5.0 software (OriginLab), and only the
fast kinetic component was used for the determination of the reaction rate.

NMR Spectroscopy

Sequential assignments of the backbone resonances of the spinach Pc
and Cd-Pc were achieved by HNCACB and CBCA(CO)NH experiments,
performed at 303K on Bruker Avance 500 or 600 spectrometers equipped
with a cryogenic probe. For the analyses, 0.5 mM uniformly ['3C,'5N]-
labeled Pc or 0.15 mM uniformly ['3C,'°N]-labeled Cd-Pc was dissolved in
20 mM phosphate buffer, pH 6.5, containing 2 mM ascorbic acid, 40 mM
KCl, and 90% water/10% 2H,0. All spectra were processed by XWIN-
NMR version 3.5 or Topspin version 2.1 and analyzed by SPARKY (T.D.
Goddard and D.G. Kneller, University of California, San Francisco). All
resonances from the backbone atoms and the side chain amide groups of
GIn and Asn residues were assigned, except for Phe-35, with a reported
amide proton chemical shift of amide proton of 5.5 ppm (Musiani et al.,
2005).

Double quantum filtered correlation spectroscopy spectra for the
characterization of Pc mutants were recorded on a Bruker Avance 400
spectrometer at 303K. A total of 500 wM of nonlabeled Pcs were dissolved
in 20 mM potassium phosphate buffer, pH 6.5, containing 2 mM ascorbic
acid, 1 mM 2,2-dimethyl-2-silapentane-5-sulfonate (DSS), and 90%
water/10% 2H,0.

1H-15N heteronuclear single quantum coherence spectra for the
characterization of Cd-Pc were recorded on a Bruker Avance 400
spectrometer at 303K. For the comparison of the chemical shifts of Pc and
Cd-Pc, the Pcs were dissolved in 10 mM NaPi, pH 6.0, and 90% water/

10% 2H,0. In the investigation of the PSI binding activity of Cd-Pc,
2.7 pM solubilized PSl and 19 uM cyt ¢, were sequentially combined with
140 pM [pL-"5N]Cd-Pc in 20 mM Bis-Tris, pH 6.5, 90% water/10% 2H,0,
and 0.05% DTM.

The transverse relaxation-optimized spectroscopy for rotational corre-
lation times (TRACT), pulsed field gradient (PFG), and TCS experiments were
performed on a Bruker Avance 800 spectrometer equipped with a cryogenic
probe. In the TRACT and PFG experiments, 10 wM solubilized PSI or
20 pM solubilized cyt bgf was combined with 100 M 2H,"5N-labeled Pc, in
20 mM potassium phosphate buffer, pH 6.5, containing 2 mM ascorbic acid,
1 mM DSS, and 20% water/80% 2H,0. The experiments with free Pc were
also performed under the same conditions as those mentioned above, but in
a buffer containing 0.05% DTM, 0.05% UDM, 30% RediGrad, and 50 pM
EDTA. To remove the water in the RediGrad, the RediGrad was lyophilized
and dissolved in 2H,0 at 343K. The free Pc experiments were performed at
both 283 and 303K, and the other experiments were performed at 303K. The
one-dimensional TRACT experiments were performed using the reported
pulse scheme (Lee et al., 2006). The relaxation periods (A) were set to 0.1,
22.2,44.4, and 66.7 ms for the a-spin state and 0.1, 11.1, 16.7, and 33.3 ms
for the B-spin state. The PFG experiments were performed using the re-
ported pulse scheme (Nesmelova et al., 2004). The time delay for diffusion
(A) was set to 75 ms, and the amplitude (g) and duration (3) of the gradients
for the diffusion measurements were set to 45 G/cm and 0.5 to 4.5 ms,
respectively. In the TCS experiments, the inside-out vesicles with 5 uM PSI
and 3.2 uM cyt bgf, or 9 uM solubilized PSI or 12 pM solubilized cyt bgf, or
right-side-out vesicles with 5 uM PSl and 2.7 uM cyt bf, were combined
with 100 pM 2H,'5N-labeled Pc in 20 mM potassium phosphate buffer,
pH 6.5, containing 2 mM ascorbic acid, 1 mM DSS, and 20% water/80%
2H,0. For the experiments using solubilized PSI and cyt bgf, DTM and
UDM were each added at a concentration of 0.05%, respectively. For the
experiments using inside-out and right-side-out vesicles, RediGrad (GE
Healthcare Bio-Sciences) was added at concentrations of 30 and 22.5%,
respectively, and EDTA was added at a concentration of 50 wM. The control
TCS experiments with additives were also performed under the same
conditions as those mentioned above, but with buffer containing 0.05% DTM,
0.05% UDM, 30% RediGrad, and 50 .M EDTA. In the TCS experiments with
Cd-Pc and solubilized PSI, 11 M solubilized PS| was combined with 140 nM
2H,'5N-labeled Cd-Pc under 20 mM potassium phosphate buffer, pH 6.5,
containing 2 mM ascorbic acid, 1 mM DSS, 0.05% DTM, and 20% water/
80% 2H,0. The experiments with solubilized cyt bgf and those with additives
were performed at 283K, where the saturation effects were enhanced by the
reduction of the Brownian motion. The other TCS experiments were per-
formed at 303K. The TCS experiments were performed using the reported
pulse scheme (Takahashi et al., 2000), with a minor modification from the
3-9-19 selective pulse to soft-90° hard-180° soft-90° pulse elements. The
saturation for the aliphatic protons of PSI and cyt bsf was accomplished
using the WURST-2 decoupling scheme. The saturation frequency was
set at 1.5 ppm, and the maximum radiofrequency amplitude was 0.17 kHz
for WURST-2 (adiabatic factor Q, = 1). The saturation times were setto 0.5 s
for the vesicles (Figures 2; see Supplemental Figure 5D online), 1.0 s for
solubilized cyt bgf (Figure 4), and 1.5 s for solubilized PSI (Figure 3) and the
control experiments with additives (see Supplemental Figure 5B online). The
total relaxation delay (saturation time + relaxation delay) was set to 6.0 s.

Accession Numbers

Sequence and structure data from this article can be found in the
GenBank/EMBL, UniProt, or Protein Data Bank (PDB) databases under
the following accession numbers: spinach Pc nucleotide sequence
(X04693.1), M. braunii cyt ¢ amino acid sequence (Q09099.1), structure of
spinach Pc (1YLB), structure of fern (Dryopteris crassirhizoma) Pc (1KDI),
structure of pea (Pisum sativum) PSI (PDB: 2001), structure of turnip
(Brassica rapa) cyt f (PDB: 1CTM), and structure of spinach Pc-turnip cyt
f complex: 2PCF.
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Supplemental Table 2. Sum(r) of the Salt Bridges in Various Protein-
Protein Complex Structures.
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