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Despite the impressive progress made in recent years in understanding the early steps in charge separation
within the photosynthetic reaction centers, our knowledge of how ferredoxin (Fd) interacts with the acceptor
side of photosystem I (PSI) is not as well developed. Fd accepts electrons after transiently docking to a binding
site on the acceptor side of PSI. However, the exact location, as well as the stoichiometry, of this binding have
been a matter of debate for more than two decades. Here, using Isothermal Titration Calorimetry (ITC) and
purified components from wild type and mutant strains of the green algae Chlamydomonas reinhardtii we show

that PSI has a single binding site for Fd, and that the association consists of two distinct binding events, each
with a specific association constant.

1. Introduction

Oxygenic photosynthesis takes place in the chloroplast. In this dy-
namic landscape, large membrane-spanning protein complexes, such as
photosystem I (PSI), interact with smaller proteins. PSI is an extremely
efficient photoelectric apparatus, exhibiting a quantum efficiency of
almost 100% [1]. The ability of PSI to convert sunlight energy to che-
mical energy is highly dependent on the precise spatial arrangement of
the protein subunits and light harvesting complexes (LHC) as well as
the relative positions of its cofactors. Also important is the proper in-
teraction of PSI with external proteins such as plastocyanin (Pc) and
ferredoxin (Fd). Among these various proteins, Fd is a soluble electron
acceptor, reduced by PSI and located in the stromal area of the chlor-
oplast [2]. Fd functions as an electron mediator, which distributes re-
ducing equivalents from the light harvesting reactions to a variety of
electron-dependent enzymes [3]. Still, notwithstanding the impressive
progress made in recent years in understanding the structure [4] and
early steps in charge separation within the photosynthetic reaction
centers [5], our understanding of how ferredoxin interacts with the
acceptor side of PSI is not as well developed. This lack of knowledge is
particularly striking when one considers that Fd represents the sole link

between the light reactions and critical downstream metabolic en-
zymes. The primary sink for reduced Fd is ferredoxin-NADP* reductase
(FNR), which generates NADPH. Other sinks are cyclic electron flow
pathways, hydrogenase, sulfite reductase, nitrite reductase, thior-
edoxins, etc. [6, 7].

It is well established that Fd is directly reduced by the Fy cluster
[8-10], bound by the PsaC subunit of PSI. Electron transfer (ET) to Fd
occurs following a transient docking to the stromal ridge of PSI, which
consists of the subunits PsaC, PsaD and PsaE [11-13]. However, the fine
details of this binding event remain obscure. The affinity of Fd for PSI
was extensively studied using flash absorption spectroscopy. Dissocia-
tion constant (Ky) values for Chlamydomonas reinhardtii around 6-9 pM
were determined [11-13]. For cyanobacterial PSI, a K4 range of
0.2-0.6 uyM was determined while a K4 of < 3uM was found for plant
PSI[11, 12, 14]. In addition, these studies also pointed to the existence
of more than one binding site, or different conformational states, for Fd
on the stromal ridge of PSI, as evidenced by multiple kinetic compo-
nents for reduction of Fd [14-16].

Following additional studies with cyanobacterial strains having
point mutations in PSI stromal ridge subunits [11, 12, 17, 18] and
deletion strains of either PsaD or PsaE [19], a revised binding
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mechanism was proposed that involved electrostatic steering of Fd to
PSI [13, 19]. In this binding process, non-specific electrostatic forces
are responsible for the initial introduction between two protein mole-
cules. Then, the proteins diffuse along each other through additional
electrostatic forces until binding at the proper interface is achieved [20,
21]. Interestingly, while k's, (the kinetic constant of complex forma-
tion) was substantially deteriorated in the absence of PsaD, only a small
decrease was observed in the absence of PsaE; a reciprocal effect was
observed for k'o (the kinetic constant of complex dissociation). Based
on these results it was proposed that PsaD affects the overall electro-
static steering of Fd into its binding site while PsaE mainly affects the
lifetime of the complex [19]. This mechanism is also supported by the
fact that PsaD is responsible for the increased affinity between Fd and
PSI at pH 5.8, presumably through PsaD-His97. In summary, a steering
mechanism could explain the multiple conformational states of Fd
binding to PSI

Use of flash absorption spectroscopy to observe the binding of Fd to
PSI relies on the kinetics of Fd reduction by PSI. Consequently, sites not
involved in ET would escape detection [22, 23]. Measurement of the K4
of the cyanobacterial Fd:PSI complex by backscattering interferometry,
which does not rely on Fd reduction, was in quantitative agreement
with previous work. For example, for cyanobacterial PSI, no evidence
for a secondary binding site was found [23]. It was also observed that
Fdape.2s and Fd,gaas (a synthetic form in which the iron atoms were
replaced by Gallium) could not bind simultaneously to the cyano-
bacterial PSI, supporting a competitive model and making the possi-
bility of two binding sites less probable [22].

The disagreement concerning the presence of two distinct binding
sites for Fd on PSI is also reflected by the different structural models
depicting the spatial contact between Fd and PSI. An earlier model
placed cyanobacterial Fd at the side of the stromal ridge and in close
contact with subunits PsaC, PsaD and PsaE [24]. This was revised in a
model proposed by Ruffle et al. (2000) who studied two-dimensional
crystalline arrays of cross-linked plant PSI:Fd complexes using electron
microscopy. In this model, the binding of Fd to the stromal ridge of
plant PSI is different than in the cyanobacterial PSI. A major difference
is that Fd binding is observed on the top of the stromal ridge. In ad-
dition, in the plant cross-linked complex, the contact between Fd and
PsaD was hardly detected, in stark contrast with the cyanobacterial
complex [25].

In a later model, Jolley et al. (2005) addressed this discrepancy in a
different way. They proposed the existence of two binding sites at the
stromal ridge but with different affinities: a tight proximal one at the
side and a looser distal one on the top [15, 26].

More support for the two binding sites hypothesis comes from the
work by Lee et al. (2000). They used Kelvin force probe microscopy
(KFM) for measuring electric potentials of the plant PSI stromal surface
[27]. These experiments indicated peripheral docking of Fd (“side” or
“proximal” according to [15, 24]) and light-induced movement to the
central site of electron acceptance from Fy (“top” or “distal” according
to [15, 25]).

In a more recent study by Cashman et al. (2014) computational
approach based on the “frustration concept” [28] was employed for
modeling potential Fd binding sites on the surface of cyanobacterial PSI
[26]. This modeling effort yielded two docking pairs with opposite
orientations. As a result, each docking pair had a different distance
between the two nearest iron atoms of PsaC (Fg) and Fd. Such a dif-
ference may explain the different observations regarding the affinity
and the energy transfer components seen between cyanobacteria, plant
and algae.

In addition to the disagreement described so far, it was suggested
that an evolutionary divergence took place, conferring organism-spe-
cific properties on the PSI:Fd:FNR super-complex [15, 25]. For ex-
ample, although Fd and PSI from cyanobacteria, plant and algae in-
teract with each other, the dissociation constants were different than in
the homologous pair [14, 16]. It was also shown that FNR binds to PSI
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through PsaE only in higher plants [29], enabling Fd to move directly
towards FNR [15]. To our knowledge, there is no evidence for inter-
action of PsaE with FNR in cyanobacteria, although NADP " photo-re-
duction was shown to be dependent on PsaE in PsaE-less thylakoids
from cyanobacteria [30]. The fact that cyanobacterial PSI interacts with
phycobilisomes that are attached at the stromal side, [31] may hinder
Fd from binding PSI at the distal site [25] and require Fd to diffuse
away from PSI in order to interact with FNR [15].

Indication of multiple conformations/sites were also given by ki-
netic experiments in which NADPH or hydrogen production were
measured by Ruffle et al. (2000) and Yacoby et al. (2011), respectively.
Plant PSL:Fd cross-linked complexes were active only in the presence of
soluble Fd, and the higher the Fd concentration used for cross-linking,
the lower was the activity. This served as an indication for an additional
binding site that was not bound by cross-linked Fd. This additional site
may have a role in downstream ET to NADP* [25]. A similar ob-
servation was reported by Yacoby et al. when Fd was fused to hydro-
genase. In vitro this fusion enzyme was barely active, and addition of an
excess of soluble Fd was a prerequisite for activity [32].

Isothermal titration calorimetry (ITC) is a technique for studying
protein-protein interactions that directly measures the thermodynamic
parameters of the binding events. In a typical experiment, the net
change in heat released or absorbed by the system is recorded along a
titration of a given macromolecule with its ligand. The dissociation
constant (Ky), binding enthalpy (AH) and stoichiometry (N) are mea-
sured simultaneously in a single experiment [33-36]. Binding affinities
of a few nM can be measured using ITC, obviating the need for labeling.
However, large amounts of homogenous, stable and active binding
partners are required [35, 37]. These requirements, together with the
general heat sensitivity of membrane proteins, are challenging and limit
studies with membrane proteins using ITC [35]. Indeed, to our
knowledge there are only a few publications examining the binding
properties of photosynthetic proteins using ITC. For example, the
binding of several herbicides to photosystem-II was assessed using ITC
[38]. Data from several studies exist for the interaction between Fd and
FNR [34, 39, 40]. Most relevant, Fd binding to a heterologously ex-
pressed PsaD yielded a K4 of ~50nM [41], which was far lower than
previously published Ky values measured for the Fd:PSI complex as a
whole [13].

Considering the controversial mechanism describing the binding of
Fd to PSI, we desired to obtain further knowledge that will be required
to refine the current models describing this crucial docking event.
Therefore, in this work, we have performed a thorough ITC study of Fd
binding to two active sub-populations of PSI (mature and immature)
isolated from the model organism C. reinhardtii.

2. Materials and methods
2.1. Expression and purification of recombinant proteins

The recombinant proteins used in this study were heterologously
expressed in Escherichia coli BL21 cells. Tobacco etch virus (TEV) pro-
tease expression plasmid, pMHTDelta238 was obtained from DNASU
Plasmid Repository (dnasu.asu.edu/DNASU/Home.jsp). TEV protease
expression procedure followed the auto-induction method [42] and
purification was as previously described [43]. C. reinhardtii plasto-
cyanin was prepared as described in [44].

The C. reinhardtii genes, petF (ferredoxin) and FNR, were cloned
into pET21b vectors as fusions to maltose binding protein (MBP) with a
6xHis tag, separated by a linker (3xGGGGS) and TEV protease cleavage
site (TEVc). Fd:TEVc:MBP:His6 and His6:MBP:TEVc:FNR E.coli cultures
were grown in TB medium and induced by 50 uM isopropyl p-p-1-
thiogalactopyranoside (IPTG, Formedium). For the induction of Fd, the
culture was also supplemented with 1.25 mM ammonium ferric citrate
(Sigma-Aldrich). Following expression, the fusion proteins were loaded
on a HisTrap HP Ni?* column (GE Healthcare) and eluted with 500 mM
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imidazole (Sigma-Aldrich). Cleavage was performed by the addition of
a 1:20 (w/w) amount of TEV protease (60 min, 34 °C). Then imidazole
was removed using a desalting column (Centri Pure P25, emp Biotech).
Cleaved Fd or FNR protein was flowed again through a HisTrap column;
the column's flow through was collected as the product while MBP with
His tag remained bound to the Ni column. Gel filtration chromato-
graphy (HiLoad 16/600 Superdex 200 prep grade column, GE
Healthcare) was performed to separate the Fd and FNR from remaining
TEV protease. Fd and FNR concentrations were determined spectro-
photometrically  according to the extinction coefficients
Za20nm = 9700 M~ em ™! for Fd [45] and Zasgam = 10,700M ™~ 'cm ™!
for FNR[46].

2.2. Algal strains growth and thylakoids preparations

Large quantities of highly pure photosystem I (PSI) are consumed in
each ITC experiment. Therefore, C. reinhardtii strain JVD-1B[pGG1]
[47] and its mutant derivative psaC:K35D [48], were chosen as these
strains, having a His6-tag added to PsaA, enabled the production of
large amounts of PSI. Cells were grown in TAP medium (Tris-acetate-
phosphate) at 25 °C with constant air flow under continuous white light
(~70UE) to late mid-log phase. The culture was harvested (4000 g,
5min, 4 °C) and re-suspended in 30 mM Tricine-NaOH, 0.4 M sucrose,
15mM NaCl (pH7.7) buffer. Cells were disrupted by French press
(1500 psi x 3 rounds). Cells were centrifuged (6000g, 5 min, 4 °C) and a
whitish pellet was separated from the disrupted cells in the supernatant.
Membranes were harvested by centrifugation (110,000g, 60 min, 4 °C)
and re-suspended in 20 mM Tricine-NaOH, 0.4 M sucrose, 150 mM NaCl
(pH7.7). Following a 30 min incubation, thylakoid membranes were
precipitated again by centrifugation (110,000g, 30 min, 4 °C) and re-
suspended in a minimal volume of 20 mM Tricine-NaOH, 0.4 M sucrose
(pH 7.7) buffer. Chlorophyll (Chl) concentration was determined spec-
trophotometrically after extraction in 90% acetone according to [49].
Accordingly, Chl a/b ratio was calculated.

2.3. Isolation of PSI

PSI purification followed the protocols described in [47, 50]. Thy-
lakoids were diluted to 0.8 mg Chl/ml in solubilization buffer: 25 mM
Hepes-KOH, 100 mM NaCl, 5mM MgSO,4, 10% glycerol (pH7.5), so-
lubilized by the addition of 1/10 volume of 10% n-Dodecyl p-p-mal-
toside (DDM; Anatrace Inc.) and were gently mixed in the dark (30 min,
4°C). Following centrifugation (46,000g, 25 min, 4 °C) the supernatant
was loaded onto a HisTrap HP Ni2™ column pre-equilibrated with so-
lubilization buffer +0.03% DDM and washed with the same buffer
supplemented with 2mM imidazole until UV absorbance reached a
baseline. PSI was eluted by 1 column volume of 25 mM MES-NaOH,
100 mM NaCl, 5mM MgSO,4, 10% glycerol, 0.03% DDM, 300 mM imi-
dazole (pH 7.0) buffer. The eluted PSI was loaded on sucrose density
gradient tubes [50] made by freezing and thawing 0.65M sucrose in
20 mM Tricine-NaOH, 0.03% DDM (pH 7.7) buffer and separated by
centrifugation (160,000g, 24 h, 4 °C).

2.4. SDS-PAGE

PSI complexes were analyzed by 15% SDS-PAGE (using Tris system)
and stained by coomassie-blue.

2.5. Peptide mass spectrometry (MS)

PSI samples (in solution) were analyzed by MS in order to detect
and compare the PSI subunits' composition in each PSI sample.
Proteolysis: The proteins from the solution were extracted in 8M Urea.
They were reduced with 2.8 mM DTT (60 °C for 30 min), modified with
8.8 mM iodoacetamide (in the dark, room temperature for 30 min) and
digested with modified trypsin (Promega) at a 1:100 enzyme-to-
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substrate ratio, overnight at 37 °C. An additional second digestion with
trypsin was done for 4 h. Mass spectrometry analysis: The tryptic pep-
tides were desalted using C18 tips (Home-made) dried and re-sus-
pended in 0.1% Formic acid. The peptides were eluted with linear
30 min gradient of 5% to 28% acetonitrile with 0.1% formic acid in
water, 15min gradient of 28% to 95% acetonitrile with 0.1% formic
acid in water and 15 min at 95% acetonitrile with 0.1% formic acid in
water at flow rates of 0.15 pl/min. Mass spectrometry was performed by
a Q-Exactive plus mass spectrometer (Thermo) in a positive mode using
repetitively full MS scan followed by High energy Collision Dissociation
(HCD) of the 10 most dominant ion selected from the first MS scan. The
mass spectrometry data was analyzed using the MaxQuant software
1.5.2.8 [51] vs. the C. reinhardtii proteome from the Uniprot database
with 1% FDR. The data was quantified by label free analysis using the
same software.

2.6. Determination of P concentration of the isolated PSI

An amount of PSI corresponding to 40 pug Chl was solubilized in 1 ml
of 20 mM Tricine-NaOH, 10 mM ascorbate, 100 nM 2,6-dichlorophenol
indophenol (DCPIP; Sigma-Aldrich), 10nM Pc (pH?7.7) buffer, and
placed in a quartz cuvette with a stirrer bar in the dark. By projecting
the cuvette with saturating white light (Intralux 5000, Volapi) the re-
duced minus oxidized absorption difference in 700 nm was recorded
spectrophotometrically (Cary 50, Varian). The particles were re-re-
duced in the dark and photo-oxidized several more times (n = 9); the
mean AAygonm Was calculated. P,oo (which corresponds to the reaction
center of PSI) concentrations were determined by using an extinction
coefficient of 100,000 M~ * cm ™! [52]. Accordingly, Chl/P,q ratio was
determined for each PSI preparation (assuming all Chls are Chl a,
Mw = 893.5 g/mol).

2.7. NADP™* photo-reduction activity assay

PSI at a final concentration of 30 nM was solubilized in 25 mM MES-
NaOH, 100 mM NaCl, 5mM MgSO,, 0.03% DDM (pH 7.0) buffer sup-
plemented with the following: 10 mM ascorbate, 50 uM DCPIP, 10 uM
Pc, 5uM Fd, 200 nM FNR and 1 mM NADP* (BioWorld). The mixture
was placed in a quartz cuvette and measured using a Cary 50 spectro-
photometer featuring a flash xenon lamp which makes its photo-
multiplier immune to ambient or actinic light. NADPH accumulation
was  recorded  spectrophotometrically using in = 340nm
(£ =6270M ™' ecm ™) by continuously projecting the cuvette with sa-
turating white light (to compensate for the difference in antennae size
between the two PSI forms) for 2 min. The activity was calculated as
umol NADPH (1 pmol PSI) " 'h™'.

2.8. Isothermal titration calorimetry (ITC)

PSI and Fd were concentrated by centrifugation (1500g, 4 °C) in a
filtering device (Amicon Ultra-15, 50,000 or 10,000 MWCO; Merck-
Millipore) to the desired concentrations of 10-20 pM and 100-200 pM
for PSI and Fd, respectively. Dialysis in a bag was performed in order to
effectively match the buffers of PSI and Fd. The proteins were dialyzed
(dialysis tubing cellulose membrane 14,000 MWCO, Sigma-Aldrich)
against X 200 volumes of the experiment's buffer, in 4 °C while stirring
in the dark for overnight. ITC experiments were carried out using the
MicroCal PEAQ-ITC (Malvern) in a dark room. Fd, at 100-200 uM
concentrations in the syringe, was titrated (12 X 3.2yl injections)
against 10-20 uM PSI in the ITC cell at 25°C and a stirring speed of
750 rpm. In three experiments, 50 mM Hepes-KOH, 0.1% DDM (pH 7.5)
buffer was used; 50 mM Tricine-NaOH and 25 mM sodium phosphate
(0.1% DDM, pH 7.5) buffers were used once each. Also, two titrations
were performed in 50 mM Hepes-KOH, 0.05% DDM (pH 7.5) buffer
supplemented with 5 mM MgCl,. The data were fitted using a ‘One Set
of Sites’ model or ‘Two Sets of Sites’ model or both (PEAQ-ITC Analysis
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Fig. 1. Purification and evaluation of photosystem 1. Panel A, sucrose density gradient
showing the separation of PSI eluted from Ni*>* column to two sub-populations, PSI* and
PSI-LHCI. Panel B, SDS-PAGE of PSI* and PSI-LHCI. Each lane was loaded with an amount
of 1.3 ug Chl.

Software) as specified in the results section. The mean AH value from
the three last injections was subtracted of all the data set to account for
the heat of dilution. It should be elaborated that in order to avoid
material loss or any other material downgrade, the ITC experiments
were performed immediately following the purification-evaluation
process.

3. Results
3.1. Isolation and evaluation of PSI particles

His-tagged PSI particles were purified from thylakoid membranes of
the C. reinhardtii strain (JVD-1B[pGG1]) as previously described [47,
50]. The chlorophyll-containing eluates were loaded on a sucrose
density gradient resulting in two populations of PSI with different
densities (Fig. 1A “Light” and “Heavy”). SDS-PAGE analysis revealed
several noticeable differences between the two PSI complexes (Fig. 1B).
The most noticeable of these was the difference in antenna content. The
light fraction contained considerably less Lhca proteins than the heavy
fraction. Thus, we will refer to the heavy fraction hereafter as “PSI-
LHCI”.

Peptide mass spectrometry (MS) was used to assess the stoichio-
metry between PSI subunits relative to PsaA (Fig. 2). Each protein
subunit is comprised of different peptides, upon trypsin proteolysis.
These peptides are different in their numbers, lengths and spectral in-
tensities. Thus, one cannot expect a 1:1 stoichiometry for each of the
subunits although the intensities were normalized to the molecular
weight of the protein subunit. A difference between the two PSI forms
should indicate whether a subunit is present or absent in the prepara-
tion.

This MS analysis (Fig. 2 and Table 1) revealed that most PSI sub-
units (PsaA,B,C,D,E,H,L) were present in both types of PSI complexes,
as the relative amounts were comparable between the two PSI forms. As
expected, Psal, PsaJ, PsaN and PsaO were not identified by MS as
previously reported [50]. PsaF, PsaG and PsaK relative values in the
light form were lower than those in PSI-LHCI (p < .05 in a 1 tailed t-
test). Also, all 9 Lhca proteins relative amounts were significantly lower
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Fig. 2. Determination of the amount of individual subunits relative to PsaA by peptide
MS. The spectral intensities were normalized once with the molecular weight of the
subunit and another time against the amount of PsaA in that sample. PSI-LHCI and PSI*
relative amounts of PsaB,C,D,E,H and PsaL subunits were comparable. PsaF, PsaG and
PsaK relative protein amounts were much lower in PSI* preparation. Also, all 9 Lhca
proteins were present in PSI-LHCI preparations, while for PSI* their spectral intensities
could hardly be detected. Data shown is mean * SE (n = 3). Some of the values were
multiplied by factor of 10 for convenience. The values are presented in Table 1.

Table 1
Amounts of PSI subunits relative to PsaA measured by peptide MS. Data shown is
mean * SE (n = 3).

Subunit PSI-LHCI PSI*

PsaA 1.0 1.0

PsaB 0.5 £ 0.1 0.6 = 0.2
PsaC 35 +* 27 3.5 = 3.3
PsaD 27 + 1.5 2.3 + 1.0
PsaE 0.6 = 0.4 0.5 + 0.3
PsaF 26 1.7 0.1 = 0.1
PsaG 0.3 + 0.1 0.02 + 0.02
PsaH 0.1 £ 0.1 0.1 £ 0.1
PsaK 0.3 = 0.02 0.02 = 0.01
PsaL. 0.5 + 0.5 0.4 + 0.4
Lhcal 24 1.3 0.1 + 0.05
Lhca2 0.6 = 0.02 0.1 £ 0.1
Lhca3 0.9 = 0.5 0.02 = 0.02
Lhca4 0.1 = 0.04 n.d

Lhca5 1.2 = 0.3 0.02 + 0.01
Lhca6 1.2 = 0.6 0.02 = 0.01
Lhca7 1.0 = 0.2 0.03 + 0.02
Lhca8 1.3 = 0.4 0.1 + 0.04
Lhca9 0.2 = 0.1 0.02 + 0.01

in the light form (p < .05in a1 tailed t-test). This indicate that most of
the light PSI particles were missing PsaF/G/K subunits and all 9 Lhca.
Therefore, the light fraction hereafter will be referred to as “PSI*” in
accordance with [53].

The pigment content of both particles was consistent with the loss of
Lhca antenna from the PSI* preparation. The mean Chlorophyll per P,
was 305 + 55(n = 15)and 106 = 13 (n = 11) for PSI-LHCI and PSI*,
respectively. Moreover, the mean Chl a/b ratio was 5.7 + 0.6 (n = 11)
and 24 * 9.9 (n = 6) for PSI-LHCI and PSI*, respectively. This ob-
servation is in line with a reduced content of C. reinhardtii antenna
complexes within PSI* [50], as the core antenna of PSI (100 Chl a)
contains no Chl b; Thus, only LHCI contributed Chl b to the associated
antenna pigment pool [4]. These marked differences between the two
PSI populations clearly indicate that PSI* is an immature form of PSI,
lacking not only the peripheral antenna but some of core subunits. This
observation is in line with the suggestion of Ozawa et al. (2010) that
PsaG and PsaK are the last subunits to be incorporated during the PSI
assembly process and have a structural role in capping the antenna
complexes [54].

Since there are numerous factors which govern the proper assembly
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of the holo PSI-LHCI complex, one cannot predict that a given complex
is functional just by evaluating SDS-PAGE or the photo-reduction rate of
oxygen by PSI in the presence of methyl viologen, an artificial electron
acceptor. Therefore, we assayed the complete electron transport chain
of PSI using the native electron acceptors. For that aim, we measured
the NADPH photo-production rate of purified PSI in the presence of Fd
and FNR under saturating light (1000 uE (m®sec)™!). The kinetic
photo-reduction assay was carried out using a reconstituted ET chain
system, with ascorbate serving as the ultimate electron donor together
with soluble electron mediators. PsaF is known to be important for the
docking of plastocyanin (Pc) [55, 56] in C. reinhardtii and other eu-
karyotes. Since it was missing from PSI* preparations, either the elec-
tron mediators Pc or 2,6-dichlorophenol indophenol (DCPIP) were used
as electron mediators to PSI. Fd is initially reduced by PSI and then
binds and reduces FNR, which in turn catalyzes NADP ™ reduction. In
the presence of Pc, PSI-LHCI (142 * 55umol NADPH (umol
PSI)"*h~?', n = 5) was more active than PSI* (9.7 + 6 NADPH (umol
PSI)"'h~1, n = 5). In the absence of Pc, the rates were generally lower
(3.74 + 0.32 and 1.06 = 0.03 umol NADPH/(umol PSI)"'h~! for
PSI-LHCI and PSI*, respectively; n = 3) since DCPIP is a less efficient
donor. The fully mature PSI-LHCI was 14-fold more active than PSI*
with Pc as electron donor, and 3.5-fold more active with DCPIP alone.
This result indicates that it is the plastocyanin docking site, which is
presumably impaired in PSI*. Indeed, an acceleration in re-reduction of
photo-oxidized P, ™ in response to Pc addition was observed only for
PSI-LHCI P, (0.09 + 0.004s~ ! and 0.44 = 0.04s~ ! with Pc) but
not for PSI* (0.1 + 0.001s™! and 0.14 + 0.007s™ %, n = 3), as pre-
sented in Fig. S1.

3.2. ITC studies

Since our analysis revealed defects in the ability of PSI* to interact
with both electron donors and acceptors, we used ITC to study the
binding of Fd to both preparations of PSI in order to gain more insight
into the origin of these functional differences. ITC can be used to
measure dissociation constants as low as 5-10 nM [37]. During an ex-
periment, the change in the total heat of the system is recorded and
seen as peaks, corresponding to each injection of the ligand. Thus, ITC
peaks comprise not only the binding event, but any process resulting in
heat lose/gain, including dilution of the proteins during titration, mix
of disparate buffers in the syringe and the ITC cell and ion exchange
between the solvent and the complex. All these factors can affect the
measurements. To address this issue in our procedure, a few pre-
liminary experiments were conducted.

The efficiency of our dialysis procedure in matching our detergent
containing buffers was tested. Detergents are not easily dialyzed [35,
57] and thus a minor difference between the solvents could take place.
In the first control experiment, two post-dialysis blank solutions were
mixed in the ITC device as in a typical experiment. Weak negative peaks
(exothermic heat change) in the range of —0.43 + 0.15kcal/mol were
generated (Fig. S2) in contrast to the positive peaks (endothermic)
observed for Fd:PSI binding (Fig. 3), which were in the range of
~3.0 = 0.5 and ~1.0 = 0.1 kcal/mol for PSI-LHCI and PSI*, respec-
tively. Thus, the contribution from buffer mismatch is negligible. To
assess the heat generated during the dilution of Fd as well as that of PSI
in the ITC cell, two additional control experiments were conducted;
blank dialysis buffer in the ITC cell was titrated with Fd, and PSI in the
cell was also titrated with a blank buffer, as in a typical ITC experiment.
As seen in (Fig. S3, —0.41 * 0.08kcal/mol; Fig. S4,
0.07 + 0.06 kcal/mol), both experiments resulted in weak heat sig-
nals, approving that any contribution from the dilution of Fd and/or PSI
would be negligible. Thus, the validity of the ITC procedure was sup-
ported by these results.
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3.3. PSI-LHCI vs. Fd

Fig. 3A presents a typical experiment in which Fd was titrated into a
sample cell containing PSI-LHCI (see Fig. S5 for additional repeats).
Each injection of Fd into the cell generated an endothermic heat signal
(positive peaks). Following the recording of the heat changes, PEAQ-
ITC Analysis Software was used to fit the raw data according to the
‘Two Sets of Sites’ model. Fig. 3A shows a typical bi-phasic binding
curve, recorded at pH 7.5, which indicates that two binding events have
occurred, each with a defined enthalpy. The first event binding curve
showed maximum inflection at Fd:PSI ratio of 0.5. The latter step of the
binding curve represents the second binding event that showed max-
imum inflection at Fd:PSI ratio of 1.0. Accordingly, the overall stoi-
chiometry is 1:1. It should be emphasized that the use of the word
‘event’ in the text is in the simple meaning of an occurrence, and isn't to
imply any chronological order to these binding events.

Table 2 (lines 1-3) shows the binding parameters obtained from
three independent experiments using Hepes at pH 7.5. Mean stoichio-
metry values, N, of 0.49 = 0.01 and 0.97 + 0.02 were obtained for
the first and second binding events, respectively. Hereafter they will be
referred to as ‘event I’ and ‘event II'. For both binding events the po-
sitive enthalpy component, AH, is unfavorable to the negative free
energy, AG, and the entropy contribution, —TAS, drives the two reac-
tions.

Event I affinity, Ky of 29 = 12nM, was larger than that of event II,
K4 of 247 = 14 nM. The affinity of Fd for PSI depends on both NaCl
and MgCl, concentrations, but the largest affinity at pH 8.0 was ob-
served in the presence of 5 mM Mg2+ and in the absence of NaCl [16].
Titrations in the presence of 5mM Mg>* resulted with similar N and Kq
values, but the AH was higher for both events (Table 2 and Fig. S5).

Exchange of protons between ionizable groups in any of the binding
partners and the bulk solvent results in a contribution to the measured
binding enthalpy change from ionization of the buffer [40, 58]. In order
to examine whether protons are exchanged during Fd:PSI binding
process we used both phosphate and Tricine as alternative buffers at
pH 7.5. Fig. 4 and Table 2 show that exchanging buffers from Hepes to
either Tricine or phosphate resulted in an increased K4 (p < .05) only
for event II. This indicates that the two binding events are distinct (for
ITC experiments with Tricine and phosphate buffers, see Fig. S6).

Buffer exchange specifically changed the enthalpy of binding in
event I (AHy), while AHy; was not significantly affected (Table 2). As can
be seen in Fig. 5 the higher the intrinsic buffer ionization enthalpy
(AH;,,) the lower was AH;. It is well documented [40, 58, 59] that
linear regression of the binding enthalpy values reveals the number of
protons exchanged between the protein complex and the solvent (ng.),
and AHC, which is the buffer-independent binding enthalpy. Hence, the
calculated slope of —0.57 indicates a net de-protonation of ~0.6 pro-
tons, on average, between ionizable groups and the bulk solvent in
event I, while no such proton exchange occurs during event II. The
intercept at 7.3 kcal/mol equals AH,’, i.e. the enthalpy of Fd binding
during event I minus the heat of ionization from proton release. This
value is closest to AHyphosphate) for which the lowest ionization enthalpy
contribution was observed (AHjon(phosphatey = 1.22 kcal/mol). In con-
trast, AHy was not affected by the buffer exchange, as can be seen from
nearly invariant values of binding enthalpy (Fig. 5). These energetic
differences between the binding events support the existence of two
distinct PSI:Fd binding modes.

3.4. PSI* vs. Fd

As presented above, PSI* is an immature form of PSI, which was also
characterized by a lower rate of NADP* photo-reduction. This suggests
that the binding properties of Fd to PSI* will be affected. Fig. 3B pre-
sents a typical experiment in which Fd was titrated into a PSI* con-
taining sample cell (see Fig. S8 for additional repeats). At pH7.5 a
conventional sigmoid binding curve was observed, consistent with a
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Fig. 3. Panel A, titration of PSI-LHCI with Fd in Hepes
buffer. The raw heat changes peaks (inset) were subtracted
with the average value of the last three injections and fitted
according to a two sets of sites model. The resulted binding
curve is bi-phasic showing two events of a single binding
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Table 2

Thermodynamic parameters of PSI-LHCI:Fd binding from ITC experiments.

Buffer in use Binding event I

Binding event II

N Kq 1 AH; AGy —TAS; Ni Kq 11 AHy AGy —TASy
(sites) (nM) (kcal/mol) (kcal/mol) (kcal/mol) (sites) (nM) (kcal/mol) (kcal/mol) (kcal/mol)
Hepes 1.7 0.48 25.2 4.07 -10.4 -14.4 0.89 245 1.27 -9.02 -10.3
=+ 0.02 + 8.1 + 0.16 + 0.03 + 23 +0.12
2.0 0.48 30.8 4.73 -10.2 —-15.0 1.01 231 1.20 —-9.05 -10.3
+0.01 +15.3 +0.41 +0.01 +7 +0.29
3.0 0.51 30.5 4.49 -10.3 -14.8 1.02 265 1.15 -8.97 -10.1
+0.02 +11.1 +0.26 +0.02 +11 +0.11
Mean (Hepes) 0.49 29.0 4.43 -10.3 -14.7 0.97 247 1.21 —-9.01 -10.2
+0.01 +12 + 0.28 +0.02 + 14 +0.17
Hepes + Mger 4. 0.47 17.6 9.0 -10.6 —-19.6 1.02 280 4.89 —-8.95 —-13.8
+0.03 +5.1 +0.34 +0.03 +23 +0.21
5.6 0.56 15.7 7.75 -10.7 -18.4 1.02 250 4.06 -9.02 -13.1
+ 0.05 +13.1 + 0.34 + 0.03 +9 +0.21
Tricine 6.4 0.56 18.8 2.89 —-10.5 -13.4 0.90 469 1.49 —8.64 —-10.1
+0.05 +73 +0.07 +0.03 + 32 +0.07
Phosphate 7.6 0.39 17.2 6.57 -10.6 -17.2 0.92 482 1.84 -8.62 -10.5
+ 0.05 +22 + 0.16 + 0.02 + 14 +0.1

210.6 uM PSI-LHCI vs. 100 uM Fd in 50 mM Hepes-KOH, 0.1% DDM.

b 12 uM PSI-LHCI vs. 120 uM Fd in 50 mM Hepes-KOH, 0.1% DDM.

€ 7.0 uM PSI-LHCI vs. 70 uM Fd in 50 mM Hepes-KOH, 0.05% DDM, 5 mM MgCl,.
4 11.7 uM PSI-LHCI vs. 120 uM Fd in 50 mM Tricine-NaOH, 0.1% DDM.

€19.3 uM PSI-LHCI vs. 193 uM Fd in 25 mM sodium phosphate, 0.1% DDM.

single binding event. The curve's maximum inflection was not at Fd:PSI
ratio of 1.0, as would have been expected. Since this event corresponds
to the only binding event for this PSI population, and this complex is
active in ET to Fd, as evidenced by the NADP* photo-reduction assay, it
was named “event PSI*”. For this event, we measured a stoichiometry
of 0.8 = 0.02, a dissociation constant, Kq pg;, of 1.5 = 0.34uM, and a
binding enthalpy of AHpg;, = 1.74 + 0.07 kcal/mol (n = 3). Similar to
both binding events observed for PSI-LHCI, the binding between Fd to
PSI* generated endothermic heat signals and a total positive AH (mean
AG = —7.9kcal/mol, —TAS = —9.7 kcal/mol), suggesting that this
interaction is entropy driven by nature. Furthermore, K4 ps;, Was six-
fold higher than Ky iy of PSI-LHCI, reflecting a lower affinity of PSI* for
Fd. The values of AHpg;, and AHy; (1.74 and 1.21 kcal/mol, respectively)
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are somewhat similar, implying that event PSI* and event II are related
and perhaps represent largely the same event.

3.5. PsaC K35D mutant PSI vs. Fd

A single mutation in PsaC, K35D, where a lysine was exchanged for
an aspartic acid.

is known to cause a dramatic decrease in affinity of binding between
Fd and PSI [11, 12]. In order to validate our results, we examined the
interaction between Fd and PSI complexes isolated from a strain car-
rying the PsaC-K35D mutation. As seen in Fig. 6, this mutation com-
pletely abrogated all the heat signals corresponding to Fd:PSI-LHCI
binding in our assay. We conclude that event I and II involved in
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Fig. 4. Buffer effect on K4 1 and K4 ;; of PSI-LHCL:Fd binding. The bars represent the
confident intervals (1.96 x the experimental error, derived from (n) 12 injections). While
no significant change is seen for K4 1, Kg 1 was increased by ~1.9-fold when Tricine and/
or phosphate buffers were used instead of Hepes.

A
7
6
’—g 5 I I B Phosphate
% 4 I Hepes
g 3 N N Tricine
32 §\
1 § i L I - R
X \ \
AH | AH 1
B
7
6
'_é 5
% 4
23
E 2
1
0

4
AH,,, (kcal/mol)

Fig. 5. Panel A, buffer effect on AH; and AHy of PSI-LHCI:Fd binding. The bars represent
the confidence intervals (1.96 x the experimental error, derived from (n) 12 injections).
AH; was lowest in Tricine buffer and highest in phosphate buffer while no significant
change was seen for AHy values that remained steady. Panel B, dependence of AH to
buffers' AHjonization- AH for each buffer (the value for Hepes was a mean of three different
experiments) were plotted against the specific buffer ionization enthalpy (1.22, 5.02 and
7.64 kcal/mol for phosphate, Hepes and Tricine, respectively). The gradual change in AH;
corresponds to a slope of —0.57 and an intercept of 7.3kcal/mol. AHy values were
steady.

binding of Fd to PSI-LHCI are both lost in the PsaC-K35D mutant.

4. Discussion
4.1. PSI purification

This work describes the thermodynamics properties of the binding
between PSI and its electron acceptor, Fd. We and others [50, 54]
clearly observed two PSI populations after affinity purification of the
PSI complex from C. reinhardtii. These populations correspond to PSI*

240

BBA - Bioenergetics 1859 (2018) 234-243

and PSI-LHCI complexes, respectively. The latter had Chl/P,qo ratio of
305 + 55 (Chl a/b of 5.7 + 0.6), in line with previous results from
other workers [47, 52, 60-62] who reported values in the range of
207-297 Chl/P5q for PSI-LHCL.

The lighter PSI population (PSI*), for which a Chl/P,q, ratio of
106 * 13 (Chl a/b of 24 * 9.9) was determined, lacked not only Lhca
proteins but also three core subunits (PsaF/G/K, Fig. 2). This finding is
consistent with evidence that incorporation of PsaG and PsakK, following
the addition of LHCI, is the last event in the assembly of the PSI-LHCI
complex [54].

Those authors in [54] claimed that the immature PSI sub-complex is
fully active, but we found that although PSI* is capable of Fd reduction,
the overall NADP ™" photo-reduction activity is lower than that of PSI-
LHCI by a factor of ~14. This difference can be attributed partially to
the loss of PsaF, which plays an important role in the interaction be-
tween PSI and Pc [55, 56]. However, even when using DCPIP alone as
the electron mediator to PSI, a marked difference was still observed:
PSI* had 3.5-fold lower NADP "' reduction rate (per Po,) than PSI-
LHCI. Taken together, these results suggest that the two PSI complexes
differ in their interaction with the terminal electron acceptor, Fd. PsaF-
less thylakoids from Arabidopsis were shown to have 13-fold decreased
NADP* photo-reduction activity [63]. There, the authors related the
lack of PsaF to destabilization in the stromal side and partial loss of
PsaC/D/E. Though highly proximal, PsaF doesn't interact directly with
PsaE rather through PsaA [4]. The suggestion that PsaF, when absent, is
responsible for an altered Fd binding state is made, though with cau-
tion. Therefore, we hypothesized that the thermodynamics of PSI-LHCI
binding to Fd would be different from that of the immature PSI*
complex.

4.2. ITC results

The PSI-LHCI:Fd ITC datasets were analyzed using both the ‘two sets
of sites’ model (Fig. 3A and Figs. S5-S6) and ‘one set of sites’ model
(Fig. S7). To compare the different curve fittings and reject the possi-
bility of overfitting the raw data using the two sites model, an empirical
approach was taken. In all but one experiments a significant dis-
crepancy was obtained (p < .05), in which the two-sites model clearly
provided smaller distances between the observed data point, which was
excluded, and the model, which was fitted without it (Fig. S9). This
analysis shows that the enhanced explanatory power of the two-sites
model is not an artifact caused by overfitting.

4.3. Stoichiometry

The thermogram of Fd binding to PSI-LHCI fits well as a two-com-
ponent process, with each component representing a distinct binding
‘event’. These events possess different enthalpies, with binding in event
I being 5-15 fold tighter than in event II. Generally, two independent
binding sites are represented, in an ITC curve, by N;= 1.0 and
Ny = 2.0, where N is the ligand to macromolecule molar ratio where
site I and site II are 50% saturated, i.e. the curve's inflection points.
Also, the binding curve is expected to reach saturation at a molar ratio
of ~4 (see [64-67] for examples) giving a 2:1 stoichiometry. However,
this simplified case is not applicable for PSI:Fd, as a single mutation
(PsaC-K35D) was sufficient to eliminate any mode of binding. Fur-
thermore, we obtained N value of 0.5 for event I, which may indicate
that Fd was bound to two PSI-LHCI [33]. However, eukaryotic PSI is a
monomer [68, 69], and it seems very unlikely that two large PSI-LHCI
super-complexes (~770 kDa) [50] could ever bind a single Fd molecule
(10kDa). Another explanation for this sub-stoichiometric ratio of 0.5
could be protein heterogeneity caused by deterioration of PSI-LHCI
material. This is unlikely, as all ITC experiments were conducted im-
mediately after PSI purification and evaluation. More importantly, the
very high rate of NADP* photo-reduction activity was maintained even
after the ITC experiments, indicating that the super-complex is very
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Fig. 6. Titration of PsaC K35D PSI-LHCI with Fd in Hepes buffer. The raw heat changes peaks (inset) were weak and negative indicating that there was no binding.

stable under our storage conditions. Another possibility is that after
charge separation to the P, (FoFg) ™ state, electron escape to oxygen
forms a closed P;qo ™ (FoFg) state in roughly half the PSI reaction cen-
ters. This could explain the low stoichiometry for event I, if closed re-
action centers (i.e. reduced) were unable to participate in event L
However, the P, redox state is not expected to have a significant in-
fluence on Fd affinity, as P, is located on the opposite side of PSI [23].
Moreover, it seems unlikely that every sample of PSI-LHCI would have
happened to generate 50% closed reaction centers in such a consistent
way.

Since Mg2+ increases the affinity of Fd for PSI [16], another pos-
sible explanation for the odd stoichiometry is that trace amounts of
divalent cations could result in PSI heterogeneity. If that was the case, a
shift to one of the binding modes would have been expected in the
presence of an optimal Mg>* concentration, preferably to the stronger
event I. However, N and Ky values for both binding events were almost
identical to those obtained without any MgCl, (Table 2).

The possibility of thermal equilibrium between two modes of
binding to the same site in PSI-LHCI was also considered. In that case,
event I, the high affinity mode, is expected to be titrated first when Fd
concentration is low, therefore changing the initial modes' distribution.
The equilibrium would correspondingly be shifted to favor the high
affinity mode. Thus, the net thermodynamic effect would be comprised
of event I binding and the conformational change. The apparent Ky
would then be dominated by one event, and reflected probably by a 1:1
sigmoidal curve. However, this cannot explain a bi-phasic binding
curve as was repeatedly observed in our titrations. In summary, our
data support a mechanism in which two binding events, sharing PsaC-
Lys35, occur at a single site in PSI-LHCI. However, we could not find a
satisfying explanation for the odd stoichiometry values, and this could
be usefully answered in further research.

PSI* is a much simpler case. Titration of PSI* with Fd presented a
sigmoidal ITC curve featuring a single binding event. The calculated
stoichiometry of this event was 0.8. It should be noted that P4, photo-
oxidation was used to determine PSI concentration. However, it cannot
distinguish between PsaF/G/K-less PSI and a complex that also lacks
additional subunits that are crucial for Fd binding (for example AA7s,m
during illumination were identical for PSI-LHCI and PSI* as if same
amounts of P,y were present, Fig. S1). Therefore, we can explain the
low stoichiometry by the hypothesis that the PSI* pool actually consists
of a mixture of immature sub-complexes, ~80% of which lack only
PsaF/G/K (and LHCI) and a small population missing additional sub-
units. If that was the case, the actual concentration of functional PSI
(i.e. capable of binding Fd) in the ITC cell would be lower and the real
stoichiometry for the binding of PSI* and Fd would then be 1. It should
be noted that the decrease in NADP™" photo-reduction rate in the “true
PSI* population” would be only 2.8-fold rather than 3.5-fold, if 20% of
the population in the measurement were unable to reduce Fd.

4.4. Kg values

The K, values determined in this investigation are lower than those
observed in the past for C. reinhardtii, 6-9 uM [11-13]. For example, we
observed a Ky pg, value of 1.5 + 0.23 uM for PSI*; this value is in line
with values measured for higher plant PSI [25]. Although the Ky
observed here for PSI-LHCI (0.2-0.4 pM) is far smaller than Ky pg;, and
previously measured Ky values for the C. reinhardtii PSI:Fd binding pair,
it does resemble the cyanobacterial K4 of 0.2-0.6 uM seen at pH -8.0 for
cyanobacterial PSI:Fd (measured by flash absorption spectroscopy) [11,
12, 14]. Kq 1 (0.03 uM), that was observed for PSI-LHCI only in this
work, is far lower than any of the previously measured K4 values under
mild basic pH. Interestingly, support to such a high affinity was mea-
sured for cyanobacterial PSI:Fd at pH 5.8 [14, 19]. Another interesting
observation, this time using ITC showed affinity in the nM range for
titration of purified PsaD with Fd [41]. Taken together, our data suggest
that a very tight association between PSI and Fd does exist.

4.5. Two Fd-binding events in mature PSI-LHCI

If one compares the binding enthalpies measured in Hepes buffer,
AH; of 4.43 + 0.28kcal/mol is 3.8-fold higher than AHy
(1.21 * 0.17kcal/mol) and 2.5-fold higher than  AHpg,
(1.74 £ 0.07 kcal/mol). However, AHpg, is only ~40% higher than
AHy;, which is a strong indication that event II and event PSI* likely
represent the same binding event, perhaps with only minor differences
between them. These differences may originate from conformational
changes in the site or its surroundings due to the absence of PsaF/G/K
and/or LHCI in PSI*. Thus, our data suggest that a fully mature algal
PSI-LHCI complex has two modes for Fd binding.

Further support for the observation of two binding modes was
provided by following the changes in binding enthalpy in three dif-
ferent buffers, but at the same pH. When the enthalpy of binding for
each buffer was plotted against the buffer's intrinsic ionization enthalpy
[40, 58, 59] (Fig. 5), it could be deduced that Fd binding at event I
involves the net release of ~0.6 protons on average to the solvent
(ny+ = —0.57, Fig. 5B), while no proton uptake/release occurs at
event II. The estimated Ky associated with event I, however, was not
influenced by the change of buffer system (Fig. 4). Therefore, one can
conclude that the binding mechanisms in operation for the two events
are distinct.

4.6. The binding mechanism: entropy-driven nature of the binding

The common theme for all binding events was a positive AH. This
means that both events are endothermic. Consequently, as both binding
events are thermodynamically favorable, they must be driven by a
positive change in entropy of the system. Entropy driven protein
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interactions are usually attributed to hydrophobic interactions, release
of water molecules or ions, and conformational changes [70-73]. It has
been known for over two decades that Fd binding to PSI is facilitated by
electrostatic interactions between negatively charged residues on the
outer surface of Fd and positive charges on the stromal ridge of PSI [13,
23, 74]. To our surprise, Fd binding did not have a strong enthalpy
component, as would have been expected from this mode of interaction.
Further review of the literature provides some insights. It was shown by
Canabady-Rochelle et al. (2009) and Sinn et al. (2004) that a well-de-
fined electrostatic interaction between Ca®* and polyelectrolyte [75],
or between Ca®* and milk proteins [76] were governed by entropy
rather than enthalpy. It was suggested that an electrostatic interaction
may also involve counter-ion exchange. The enthalpic contribution
from such exchanges would be less exothermic than predicted simply
by an electrostatic interaction [75].

The transfer of water molecules from the hydration spheres on the
interaction surfaces of PSI and Fd to bulk water as the two proteins
bind, however, would result in a large positive AS. The thermodynamic
properties of Fd binding to FNR, another ET complex [77], reveal the
endothermic nature of that binding [40] as well as the role of released
water molecules in entropically driving the association of Fd and FNR
[34, 39, 40]. Thus, the net increase in enthalpy from Fd binding to PSI
is compensated by the increase in entropy from the release of water
molecules and ions, resulting in a favorable interaction.

5. Conclusions

This study has confirmed that the binding of Fd to PSI follows a
stoichiometry of 1 as previously argued. Also, this study has shown that
there are two distinct binding events at this site, both of which are
thermodynamically driven by entropy. While their associated affinities
are distinct, the fact that de-protonation is involved in only one of the
events supports a difference in binding mechanism. The complete
elimination of any Fd binding in the PsaC-K35D mutant PSI links this
residue to both binding events, consistent with the severity of this
single mutation [48].

We propose a mechanism in which Fd is guided to the docking in-
teraction with PSI in which ET takes place. Oxidized Fd approaches
PsaD through electrostatic interactions and release of water molecules
and proton(s). This occurs with an affinity in the nM range, in agree-
ment with [41]; PsaC also participates in this initial docking. Following
this interaction event, Fd changes its interaction mode to the final one
(involving PsaE and PsaC), in which ET from the Fy cluster of PsaC to
the [2Fe-2S] cluster of Fd occurs.
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