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Photo-induced electron transfer in type I (Fe-S type)

photosynthetic reaction center of heliobacteria
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Chapter introduction

Photosynthesis

Photosynthesis produces carbohydrate essential for living organisms. The carbohydrate is
synthesized via two processes [1]; the first is the energy conversion of light energy into chemical
energy, i.e. production of adenosine triphosphate (ATP) and reduced nicotinamide adenine
dinucleotide phosphate (NADPH) or reduced nicotinamide adenine dinucleotide (NADH), and the
second is the carbon dioxide fixation through Calvin cycle consuming the ATP and the NADPH or
NADH. The first light-to-chemical energy conversion occurs in thylakoid membrane of chloroplast
and cyanobacteria (or in plasma membrane in the case of anoxygenic photosynthetic bacteria). The
membranes separate a small cavity from the outside environment, in which the inner cavity and the
outside region called thylakoid lumen and stroma, respectively, in chloroplast and cyanobacteria.
Various protein complexes are embedded in the biological membrane and function as pumps of
electron and proton. In oxygenic photosynthesis of higher plants, algae, and cyanobacteria, the
primary reactions are carried out mainly in four protein complexes; photosystem I and II (PS I and II),
cytochrome complex, and ATP synthase (Fig.IlI-1). The reaction process until production of ATP
and NADPH is generally divided into three steps; (1) Light energy captured by photosynthetic
pigments in PS I or PS Il is transferred to its reaction center (RC) protein complex, leading to charge
separation in the RC. (2) The photo-induced electron is transferred across the membrane through PS
I RC, PS II RC, or cytochrome complex (Fig.IlI-1). The transmembrane electron transfer induces
proton transport across the membrane, resulting in difference in electrochemical potential (i.e.
proton-motive force). (3) The potential difference drives transmembrane proton transfer through the
ATP synthase, accompanied by stepwise rotations of the molecular motor in the ATP synthase that

promotes the synthesis of ATP from ADP.

Functions of photosynthetic RC

Photosynthetic RC serves as the reaction field for the light-to-chemical energy conversion
process in photosynthesis. Pigment molecules and metal clusters are embedded in the RC complex
and mediate the electron transfer, in which the protein scaffold optimizes relative arrangement and
redox potential of the cofactors. X-ray structural analysis has revealed a lot of crystal structures of
RC complex since the crystal structure of purple bacterial RC had been solved in 1985 (Fig.IlI-2A) [2].
RC complex is classified into two types according to the terminal electron acceptor; type I and 11 RCs.
Type 1 RC employs iron sulfur (Fe-S) clusters at the terminal of the electron transfer pathway, hence it
is also referred to as “Fe-S type RC”. Type Il RC utilizes quinone (Q) molecules as the terminal

electron acceptor, and is also called “Q type RC”.
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Oxygenic photosynthetic organisms possess both the type I and II RCs, which is PS I and PS 11
RCs, respectively (Fig.IlI-2B). Light excitation induces charge separation and sequential electron
transfer in PS Il RC. The ejected electron is transferred to the terminal mobile quinone (Qg) on the
stromal side via another binding quinone (Q,), in which the Qg receives two electrons with two
protons and then is released to quinone pool. The cation induced in the charge separation, which
remains on the lumenal side of PS II RC, decays with charge recombination with the electron provided
from manganese cluster. The metal cluster catalyzes oxidation of stable water molecule and excretes
oxygen and proton. Light-driven electron transfer also occurs in PS I RC. The photo-induced
electron is transferred to the terminal Fe-S clusters (Fx, Fa, and Fg) via quinone molecules (A).
Then, ferredoxin (F,) that is a soluble electron carrier is reduced, following by reduction of NADP" to
NADPH with ferredoxin-NADP" oxidoreductase (FNR) in stromal region. The electron from PS II
RC though cytochrome b4 complex and plastocyanin (PC) cancels the cation left on the lumenal side
of PST RC. PS II and PS I RCs, which are connected in series, generate the vectorial light-driven
electron transfer and consequently produce a voltage potential difference of more than 1 V as a battery,
in which the RCs serve as a cathode and a anode, respectively. Although the PS II and PS I RCs
collaborate in oxygenic photosynthesis, they seem to originate from distinct RCs; RC II and RC 1,
respectively. The RC II is the Q type RC seen in purple bacteria and green filamentous bacteria,

while the RC I is the Fe-S type RC seen in heliobacteria and green sulfur bacteria.

Structure of RC complex

All known RCs form dimeric structure consisting of two transmembrane core polypeptides.
Each polypeptide contains electron transfer mediators such as chlorophyll (Chl) and quinone
molecules, and the RC produces significantly symmetrical electron transfer pathway (Fig.I1I-2A).
Photo-induced electron is sequentially transferred via these cofactors along the pathway (Fig.III-2C).
RC II, PS II RC, and PS I RC form a heterodimeric structure consisting of similar but different two
core polypeptides, which are called L/M, D1/D2, and PsaA/PsaB, respectively. PS II RC, whose
D1/D2 subunits have low similarity (~30%), exhibits complete asymmetric (unidirectional) electron
transfer along the D1 branch. The asymmetric property of D1 and D2 is strongly reflected in
functions of quinone molecules Q, and Qp, which are binding and mobile quinines, respectively.
Two-electron-reduced Qg readily exchanges with oxidized one in the quinone pool and serves as an
electron/proton carrier. Meanwhile, Q, is proposed to change the orientation of its head group when
receiving an electron and to control the electron transfer rate from Q4 to Qg as reported in RC Il
(Fig.IlI-3) [3]. The reorientation of Q, would alter the exchange coupling between Q, and Qg,
which is a factor determining the electron transfer rate [4]. PsaA/PsaB subunits in PS I RC have

somewhat higher similarity (~50%), and both quinone-A; molecules in PsaA (A;,) and PsaB subunits
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(A;p) bind tightly to the protein scaffold. The similarity allows the electron to pass through both
branches along PsaA and PsaB, while the bidirectional electron transfer is not entirely symmetric.
The electron transfer rate from A to Fyx is about ten times faster than that from A, to Fy, indicating
different property between Ag and A, [5]. Although the importance of the broken symmetry of the
two electron transfer pathways in RC is still unclear, the asymmetrical pathway seems to be essential
to efficiency of the heterodimeric RC.

In contrast to the heterodimeric RCs (PS I and PS II RCs and RC 1I), only RC I of
heliobacteria and green sulfur bacteria exhibits homodimeric form that consists of two identical
polypeptides, and thus the symmetrical electron transfer is expected to occur in RC I. An
evolutionary model based on protein homology of RC suggests that an ancestral homodimeric RC had
changed into all contemporary RCs including type I and II RCs (Fig.llI-4) [6,7], although there are
various hypothetical models for evolution of RC. Therefore, the persisting homodimeric RC 1 is
proposed to reflect properties of the ancestral RC and to give a clue to the elucidation of evolution
process from homodimer to heterodimer and from type I RC to type Il RC. Especially, the function
of quinone molecules in RC I seem to be fundamental to discuss the issues because the quinone
function is expected to affect the functional symmetry of RC as known in the heterodimeric RCs. In
addition, Fx cofactor would also be sensitive to the dimeric structure of RC because it locates at the
center between two subunits of the RC. However, the crystal structure of RC I is unsolved at present,

and A, and Fx cofactors in the RC are not well understood as stated below.

Heliobacterial RC

Heliobacteria is anoxygenic photosynthesis organism discovered in 1983 [8], and usually
found in soil habitats such as paddy fields and hot springs [9]. They closely related to cyanobacteria
based on analyses of their 16S rRNA sequence [10] and photosynthesis gene [11]. The heliobacterial
RC (hRC) was identified as a homodimeric RC I (Fe-S type RC) consisting of two identical core
polypeptides PshA [12-14] as green sulfur bacterial RC (gRC) consisting of two PscA subunits [15].
The symmetrical RC structure predicts that an electron passes evenly through both branches. Major
pigment in hRC is BChl g that exhibits the Q, absorption peak at 800 nm, which is found only in
heliobacteria (Fig.I1I-5). BCAhl g is instantly oxidized to Chl a-like pigment in aerobic environment
because of the extreme sensitivity to oxygen, resulting in the loss of photochemical activity of hRC.
This isomerization changes the color of the pigment from brownish-green to emerald-green. hRC
has a small size of antenna composed of 35-40 BChl g molecules and is associated with no
light-harvesting antenna protein complexes [16]. The simplified photosynthetic system is obviously

different from other RCs including huge antenna systems and even another homodimeric gRC which
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have large amounts of antenna pigments in huge antenna complexes, called chromosomes and FMO,
attached to the RC surface (Fig.111-6) [17,18].

The amino acid sequence analysis suggested that the electron transfer cofactors were bound to
PshA in analogy to their counterparts in PS I RC (Fig.IlI-2) [19]. Light energy absorbed by the
antenna pigments is transferred to the special pair P800 which is a dimer made of BChl g’ (or a
heterodimer of BChl g and g”) [20,21], followed by the charge separation to the primary electron
acceptor A, which is a derivative of Chl a, 8'-hydroxy-Chl a (8'-OH-Chl a) [16,22]. The sequential
electron transfer separated along two branches finishes on terminal electron acceptors F,/Fg which are
[4Fe-4S] clusters ligated within a PshB protein similar to PsaC in PS I or PscB in green sulfur bacteria
[23]. In the case of PS I RCs, phylloquinone A; and iron sulfur cluster Fx are known to function as a
secondary and a tertiary electron acceptor, respectively, between Ay and F/Fg (Fig.IlI-2A). On the
other hand, the property of Fx has not been defined in the hRC, and it is still under debate whether or

not the RC has functional quinone-A; molecules [24,25].

Unidentified cofactor in hRC; Fe-S cluster Fy

The iron sulfur cluster Fx was expected to be located at the center as the junction of the core
protein complex formed by two PshA subunits, in which each PshA provided two cysteine residues
known as a ligand of iron sulfur clusters in PS I (Fig.IlI-7) [14] in a manner analogous to the
PscA/PscA homodimeric RC of green sulfur bacteria [17]. Amino acid sequences of the Fx-binding
site are highly conserved (~50 %) in hRC and PS I RC [26]. In contrast with the anticipation of a
functional Fx in hRC, it had been undetectable by both optical and EPR measurements for a long time.
Transient absorption experiments exhibited that the charge recombination of P800" proceeded with a
time constant of 14 ms in hRC complex at room temperature [12]. The absorption change at 430 nm
was accompanied by the decay of P800" with a time constant of 20 ms, interpreted as the charge
recombination between P800" and Fyx [27]. Moreover, a Fe-S cluster EPR signal exhibiting a
conventional spin state of S = 1/2 was assigned to Fx [26]. On the other hand, another EPR signal
attributed to Fx with an S = 3/2 ground spin state was also reported [28]. These incompatible results

created a controversy about properties of Fyx in heliobacteria.

Unidentified cofactor in hRC,; menaquinone A,

Phylloquinone serves as a secondary electron acceptor A; in PS I RC, in which the A,
molecule binds to hydrophobic pocket. The amino acid sequence of PshA of hRC indicates the
presence of A;-binding site, exhibiting high similarity (~50%) to that in PS I RC in spite of lower
similarity (10~15%) of whole RC core subunit between the two species [26]. The homology model

based on the sequence similarity suggests that the A;-binding site in hRC is more hydrophilic than that
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in PS I RC because several neutral amino acid residues in PS I RC are replaced by charged residues in
hRC (Fig.IlI-8). The hydrophilic nature results in the weak binding of A; to the protein scaffold. It
has even been suggested that reduced quinones exchange with oxidized ones in the quinone pool
within membrane as mobile quinines (Qg) in PS II RC and RC 1II [17,29]. The quantity of
menaquinone was evaluated at 1.4 molecules per P800 in hRC [12]. On the other hand, functional
menaquinone A, i.e. transient photo-induced menaquinone radical, has not been properly identified in
hRC by neither optical nor EPR measurements. To date, various studies indicating the absence or
presence of the functional A; were reported as below, and it has been controversial whether or not
menaquinone serves as electron mediator A; in hRC.

The reoxidation of Ay formed in the primary charge separation was assumed to proceed with
500-600 ps at room temperature in heliobacteria [30,31] and green sulfur bacteria [32], which was
considerably slower than that of 20-50 ps for the reoxidation of Ay via phylloquinone-A; in PS I
[33,34]. No transient absorption change was detected in the 400-470 nm region where A, signal is
observed [30]. Only one signal ascribed to P800 Fx state was observed at 100 K by time-resolved
ESR measurements, in contrast to the case of PS I RC where two signals of P700°A;” and P700 Fy
were observed [35]. Photovoltage measurements indicated that only two steps occurred in the
electron transfer following a laser flash in hRC, while three steps, P700— Ay — A; — Fx, occurred in
PS I RC [36]. Therefore, it assumed that the intermediate electron acceptor A; was missing in hRC.
Despite of extraction of phylloquinones-A; from PS I with diethyl ether treatment, no changes was
found in the reoxidation rate of Ay [37]. These results suggest the electron transfer directly from Aq
to Fx in hRC.  On the other hand, EPR and ENDOR studies showed that semiquinone radical can be
photoaccumulated [38,39]. The charge recombination kinetics obtained in transient absorption
spectra around 800 nm at 10 K was separated into two phase which were attributed to two different
electron acceptors A; and Fx [40]. The redox titration of hRC core complex without a PshB subunit
containing F,/Fg clusters suggested the existence of two different electron transfer cofactors, i.e. A,

and Fy, following A [41]. These results imply the presence of functional A; in hRC as in PS I RC.

Outline of this chapter

I determined the precise orientations of multiple iron sulfur centers in hRC from the angular
dependence of EPR signals of the clusters detected in the oriented membranes of Hbt. modesticaldum.
The orientation of “S = 1/2 Fy  type signal” was comparable to that of Fyx in PS I RC, suggesting that
the signal is assigned to Fx in an S = 1/2 spin state. The Fy signal indicates more symmetric structure
of Fx in hRC than that in PS I and gRC. The high symmetry of Fx seems to reflect the simplified and
homodimeric structure of hRC, in contrast to the heterodimeric PS I RC and the homodimeric, but

complicated gRC (Fig.IlI-6). The rapid decay kinetics of Fy in hRC even at cryogenic temperature
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was also different from that in PS I.  In addition, the orientation of Fg"in hRC was very similar to that
of F,” in PS I RC. It seems that the electron transfer chain on the reducing side of hRC resembles
that of PSI with little different EPR and kinetic features of iron sulfur clusters.

In order to characterize quinone-A;, a photo-induced radical pair of electron donor P700" and
A; has been detected by time-resolved (TR) EPR spectroscopy [42]. The radical pair is induced in
the ultra-fast electron transfer process, thus maintains the electron spin polarized (ESP) state that is
unique energy state distinct from Boltzmann distribution (see General Introduction). The P700°A,
radical pair in the ESP state produces a typical EPR signal reflecting relative arrangement of the
radicals. In hRC, however, only P800 Fy radical pair has been detected and the P800 A, radical
pair is undetectable, in contrast to PS I RC where the P700° A, pair is usually detected below 150 K.
Therefore, I chemically pre-reduced the terminal electron acceptor Fx in hRC, and detected the
P800°A; radical pair. The spectral pattern of the ESP signal was obviously different from that of
P700°A, signal in PSTRC. Based on the spectral simulation, the molecular orientation of A; in hRC
was proposed to be different from that in PS I RC. The time constant of the charge recombination
between P800" and A, changed somewhat depending on temperature, which is also different from the
situation in PS I RC. These results suggest that quinone-A; mediates the electron transfer between

the electron acceptor Ay and Fx in hRC as A in PSI RC, but with a little different manner.
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Figure III-1: Schematic model of light-driven electron transfer associated with proton transport

from stromal region to thylakoid lumen in chloroplast and cyanobacteria. The electron transfer and

proton transport are indicated by a red arrow and blue arrows, respectively.
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Figure III-2: 4 type RC complexes. (A). X-ray crystal structures of RC II, PS II RC, and PS I RC
(PDB entry 1RZH, 2AXT, and 1JBO, respectively). Crystal structure of RC I is still unclear. (B).
Electron transfer pathways in the RC. The electron transfer pathways are indicated by red arrows.
(C). Electron transfer rate between cofactors in the RC [43]. The vertical axis represents redox

potential.
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Figure III-3: Gating step of the electron transfer from Q4 to Qg through a 60° rotation of Q, when
receiving an electron. The model was proposed in RC II based on the EPR study [3]. Spatial
arrangement of Q4 in (A) an inactive state where the electron transfer to Qg is impaired and (B) an
active configuration allowing the electron transfer are shown. Pheo indicates bacteriopheophytin

serving as an electron acceptor in RC II. The dotted arrows indicate electron transfer steps. The

solid arrow indicates the gating step that is a 60° rotation of Q4.
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Figure III-4: Evolutionary model of RC based on the protein homology [6]. First of all, the
ancestral homodimeric RC I (defined as ») was generated. The next evolutionary changes (step 2)
were the loss of Fe-S clusters and the splitting of one large subunit gene into two smaller genes, in
which one codes for an antenna complex (shadow area) and the other for homodimeric ancestral RC 11
(defined as ¢). In steps 4 and 5, a gene duplication and divergence in the ancestral RC I and RC 11
resulted in heterodimeric PS I RC consisting of PsaA/PsaB subunits and PS II RC consisting of D1/D2
subunits, respectively (defined as e and f). The evolutionary steps took place only in the
cyanobacteria. The heterodimeric RC II consisting of L/M subunits (defined as g) evolved from the
ancestral RC II (step 6). In the process, the antenna complex split into two components. The
homodimeric RC I (defined as d) evolved from the ancestral RC I (step 3), and seems to conserve

properties of the primitive RC.
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Figure III-5: Molecular structures of (A) BChl g and (B) Chl a.  Structural differences between the
two pigments are highlighted in orange and blue. In the presence of oxygen and light, BChl g is
oxidized to Chl a-like pigment, in which C7=C8 double bond is formed on ring II as highlighted in
orange. (C). Absorption spectra of BChl g (solid line) and Chl a-like pigment that is BChl g after a 2
hour exposure to light and oxygen (broken line). (The figure C was quoted from [25])
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Figure I1I-6: The schematic model of green sulfur bacterium chlorobium tepidum based on [18].
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Figure III-7: (A). Protein structure around [4Fe-4S] clusters Fy, F, and Fg in PS I RC (PDB entry
1JB0). PsaA, PsaB, PsaC, PsaD, and PsaE subunits are represented in blue, red, purple, green, and
yellow, respectively. (B). Binding motifs of the Fe-S clusters which are ligated by four Cys residues.
Fx is located between PsaA and PsaB subunits, in which two Cys ligands are provided from each
subunit. F, and Fy are embedded in PsaC subunit. Large spheres in pink and small spheres in
yellow represent sulfur (S) and iron (Fe) atoms, respectively. Dotted lines indicate interatomic bonds

between Fe atom of the cluster and S atom of Cys residues in protein scaffold.
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Figure III-8: Structural model of quinone (A;)-binding site in hRC, which is presumed from the
crystal structure of PS I RC [26]. The natural amino acid residues in PS I RC are replaced by
charged ones in hRC, shown in blackest. Neutral, positive, and negative amino-acid residues are
represented in black, pink, and green, respectively. Leu722 that provides a hydrogen bond to fix a

quinone molecule in the binding-site is conserved in hRC.
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Orientations of Iron Sulfur Clusters
in Homodimeric Type I Photosynthetic Reaction Center of

Heliobacterium modesticaldum

Introduction

Heliobacteria are strict anaerobes discovered in 1983 [1] and form a Gram-positive bacterial
group that is exceptional in the photosynthetic bacterial clade [2]. Heliobacteria use
bacteriochlorophyll (BChl) g that absorbs at around 800 nm as the major photosynthetic pigment [3].
The structure and absorption spectrum of BChl g are closer to those of BChl a or b, used in all the
other photosynthetic bacteria, whereas BChl g is readily oxidized in aerobic condition to structurally
and spectroscopically Chl a-like molecule as used in plants and cyanobacteria, which absorbs the light
at the shorter wavelengths. Heliobacteria contains Type | reaction center (RC), designated hRC
hereafter, that is a simplest photosynthetic system with no light-harvesting antenna complex [4] in
contrast to all the other RCs of photosynthetic bacteria and plants [3,5-9]. The hRC is made of two
identical PshA subunits that form a so-called “homodimer RC” [10-12] and contains 35-40 BChl g
molecules that function as the antenna pigments and the electron donor [4]. A homodimeric structure
is also found in green sulfur bacterial RC (gRC) that consists of two PscA subunits [5]. The
structures of the homodimer RCs have not been resolved yet, whereas the x-ray crystallographic
structure of a heterodimeric RC of photosystem | (PS 1) that consists of PsaA and PsaB subunits has
been available [13,14]. The homology of amino acid sequence of PshA subunit to PscA subunit of
gRC, and PsaA or PsaB subunit of PS 1, is low but still indicates the common structural feature among
these Type | RCs [2,12]. It is also suggested that both the homodimer and heterodimer RCs are
assumed to be evolved from a common ancestral homodimer RC [6,7]. It is, therefore, interesting
how Type | RCs varied in the course of evolution from the hRC-type (or gRC-type) homodimer to PS
I-type heterodimer. However, information for the structure and the electron transfer system in hRC
has been scarce. In this study, we first characterized orientations of iron sulfur clusters that work as
terminal electron acceptors in hRC.

Electron transfer pathway in hRC can be assumed to contain five (or six) types of cofactors,
P800, A, (A1), Fx, and Fa/Fg in analogy to PS I [8,9]. The primary electron donor P800 is identified
as a special pair of BChl g (or a heterodimer of BChl g and g°) as a counterpart of a special pair of Chl

a (P700) in PS | [15,16]. The primary electron acceptor A, is a derivative of chlorophyll a,
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8'-hydroxy-Chl a (8'-OH-Chl a) [4,17]. This resembles A, in PS | that is a monomeric Chl a ligated
by methionine residue in PS I. Menaquinone-9 molecules, which are contained in hRC [10], may
function as the secondary electron acceptor A; analogous to phylloquinone (A;) in PS .  However,
the evidence for the function of A; has been scarce or even negative [18-21], except for the detection
of a flash-induced transient electron spin polarized (ESP) signal that was proposed to arise from the
P800*A; radical pair [22].

Fa and Fg are contained in hRC as the two [4Fe-4S] type clusters on the PshB subunit bound to
hRC [23]. PshB is assumed to be a counterpart of PsaC bound to PS I, or PscB bound to gRC [23],
although the similarities among the amino acid sequences of these polypeptides are rather low each
other. The redox potential of Fg is assumed to be more positive than that of F5 because of its
preferential photo-accumulation at cryogenic temperature [24]. The situation in hRC, however, is
inconsistent with that in PS I, where the redox potential of Fg is lower than that of F5 [25]. Thus the
characteristics of F5 and Fg in hRC have not been clear, preventing from understanding of the electron
transfer in the reducing side of hRC.

As for Fx in hRC, no EPR signal has been detected for a long time [24,26-28], although the
small absorption changes at around 430 nm detected in the urea-treated membranes were considered to
be derived from Fyx [28]. In analogy to PS I, Fx is assumed to be located at the top center of hRC at
the interface between the two PshA subunits [12] based on the homology of ligands on RC
polypeptides [29]. Miyamoto et al. (2006) detected a light-induced transient EPR signal with g, =
2.040, g, = 1.911, and g, = 1.896 and assigned it to Fx" in the membranes of Hbt. modesticaldum that
were frozen in the presence of dithionite. This “Sy;, Fx signal ” was detected only transiently during
the illumination even at 5 K, and decayed in parallel with P800" with a time constant of less than 10
ms after the flash excitation. On the other hand, Heinnickel et al. (2006) photo-accumulated an EPR
signal at g = 5 and 2 regions, and assigned it to arise from “Sz, Fx signal ” in membrane and hRC core
preparations from the same species. The signal was stable in the dark even after illumination. The
two groups, therefore, identified Fyx~ with different spin states and kinetic behaviors in hRC. The
property and function of Fyx in hRC, thus, remains to be studied in more detail.

All the type | RCs contain three FeS clusters. However, the currently available information in
hRC is not sufficient to fully characterize the three FeS clusters. We, therefore, studied the
orientations of FeS cluster EPR signals in the oriented membranes of Hbt. modesticaldum because the
orientations of the principal axes in the g-tensor of the FeS clusters are known to clearly characterize
the properties of Fa, Fg, and Fx clusters in PS | [30-34] and in gRC [35]. The orientation of Fg in
hRC measured in this study was very similar to that of F5" in PS I, and that of “S,, Fx* signal was

comparable to that of Fy in PS 1.
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Materials and methods

Sample preparations

A strain of Hbt. modesticaldum was generously provided by M. T. Madigan (Southern Illinois
University, Carbondale, IL). Cells were grown anaerobically in a PYE medium in a 1 L bottle under
continuous illumination with tungsten lamps [36]. To avoid the accumulation of an appreciable
amount of lysed cells in the late-logarithmic growth phase, cultivation was performed at 47 °C for
18-20 h using 1% inocula [37].

All the procedures for the preparations of membranes as well as the EPR measurements were
carried out under anaerobic conditions, as previously described [38]. All the media were fully
degassed and flushed with N, gas before being used.

The cells were harvested by centrifugation at 12,000g for 10 min, suspended in 7-8 mL of
buffer A [50 mM Tris-HCI (pH 8.0), 1 mM EDTA, and 2 mM DTT], and disrupted by being passed
through a French pressure cell three times at 20,000 psi. After removal of the cell debris by
centrifugation at 12,000 g for 10 min, the membranes were collected by ultracentrifugation at 180,000
g for 1 h, and suspended in buffer B that contained 200 mM glycine-KOH (pH 10.0), 1 mM EDTA,
and 2 mM DTT. After ultracentrifugations, the membranes obtained were directly pasted on thin
polyester sheets to prepare oriented membranes (see below). Membrane fragments of spinach PS |

were prepared as described in [39].

Orientations of membranes

Oriented membrane multi-layers were prepared as described by Mino et al. [40]. The
membranes isolated from Hbt. modesticaldum were spread on thin polyester sheets. The sheets were
then dried in the dark for 5-7 hours at 4 °C by flushing with N, gas that was supplied through the
buffer containing dithionite. ~Several strips of the sheets were layered in parallel in an EPR tube and
frozen in the dark. In the measurements, the layers of sheets in the tube were set to be perpendicular
to the external magnetic field. Signals were measured by rotating layers at each 15° between the
membrane normal and the external magnetic field. It was difficult to set the sheets completely
parallel to the external magnetic field so that we estimated the accurate orientation angle of the
membranes from the polar plotting of signal intensities of Rieske-FeS center, which can be assumed to
give an accurate direction in parallel to the membrane normal. A similar method was used for the

preparation and measurements of the oriented membrane fragments of spinach PS I.

EPR measurements

109



EPR measurements were carried out using a Bruker ESP-300E X-band spectrometer with 100
kHz field modulation (Bruker Biospin, Germany) equipped with a liquid-helium flow cryostat and a
temperature control system (CF935, Oxford Instruments, Oxford, UK). Continuous white light
illumination was given from a 500 W tungsten lamp through heat-cut glass filters. No heating effect
under illumination was checked by monitoring the intensity of EPR signal of tyrosine D radical in

photosystem Il (data not shown).
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Results

EPR spectra of Rieske-type FeS cluster and Fg in oriented membranes of Hbt. modesticaldum

Figure 1A shows derivative type EPR spectra measured in the dark at 14 K in the oriented
membranes of Hbt. modesticaldum frozen in the presence of 2 mM DTT, in which angles indicate
those between the membrane normal and the external magnetic field. The oriented membranes were
rotated in the external field. The spectra showed strong angular dependency. The peaks at g =
2.038 and 1.822 can be assigned to g, and g« peaks of a Rieske FeS cluster, respectively, as previously
assigned based on the redox titration [41]. The intensities at these two g-values were plotted against
angles (polar plots) in Fig. 1B a and b, respectively. The g, intensities were evaluated carefully by
analyzing the third derivative spectra too. The peak intensities at g, and g, showed maxima at 90°
and 0° respectively, in consistent with the previous report [41]. The result indicated that the
membranes of Hbt. modesticaldum were well oriented under the present experimental conditions.
Therefore, we used these peaks as the conventional marker of orientation of membranes and defined
the angles that gave maximal peak intensities at g, and g, in the Rieske FeS cluster as 90° and 0°,
respectively, in the following measurements. The g, peaks were somewhat ambiguous due to the
overlap of other signals such as Fg’, which was reduced partially by DTT under the present high-pH
condition.

Under the same conditions, EPR spectra induced by the illumination at 14 K were measured at
an angle of 63° between the membrane normal and the external magnetic field in the same oriented
membranes (Fig. 2A). Traces a in Fig. 2A show the spectra measured before (broken line) and
during illumination (solid line). Trace b shows a light-minus-dark difference spectrum, which was
calculated as the solid line—minus-broken line in a. The difference spectrum was characterized by
g-values of g, = 2.066, g, = 1.937, and gx = 1.890. The measured g-values were almost the same as
those of g, = 2.069, g, = 1.938, and g, = 1.891 of the Fg’ signal reported previously in the “unoriented”
membranes of Hbt. modesticaldum [37]. To avoid the partial decay of Fg due to its recombination
with P800" during the time-consuming measurement, the light-minus-dark difference spectrum was
calculated as the difference between the spectra measured before and during the continuous
illumination.

Similar light-minus-dark difference spectra were calculated from the sets of light and dark
spectra measured at each 15° (Fig. 2B). The signal intensities at g, = 2.066, g, = 1.937, and gy =
1.890 were polar-plotted in Fig. 3A a, b, and c, respectively. The g, intensities of each spectrum
were evaluated by calculating the second derivative spectrum. The peak intensities at g,, gy, and gy

showed maxima at 60°, 60°, and 45°, respectively. The spectra in Fig. 2B also showed slight positive
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and negative peaks at g = 2.036 and 1.820 of Rieske FeS cluster signal, which exhibited maxima at 90°
and 0°, respectively, as seen in Fig. 1.

Measurements were also done in the oriented membranes of spinach PS | that was frozen in the
dark with 20 mM ascorbate.  After 20 min illumination at 14 K, EPR spectra were measured in the
dark at each 15° (Fig. 2C). The peaks at g, = 2.050, g, = 1.947, and g = 1.871 were attributed to Fa',
and those at g, = 2.068, g, = 1.933, and g, = 1.891 to Fg.  The peaks at g,, gy and g, showed maxima
at 65°, 50° and 50° for F4 (Fig. 3B a-c), and 30° 60° and 90° for Fg (Fig. 3B d-f), respectively, in the
polar plots. The orientations were consistent with those reported previously in PS | of spinach [30],
Dunaliella parva [31], Synechocystis sp. PCC6803 [32], and Synechococcus elongatus [33] (see Table
). It is, therefore, concluded that the orientation of Fg on the PshB protein in Hbt. modesticaldum

membrane is similar to that of F4 in PS I, and is different from that of Fg in PS I.

Angular dependence of light-induced EPR signal of FeS cluster

The oriented membranes of Hbt. modesticaldum were soaked in 200 mM glycine-KOH buffer
(pH 10.0) containing 60% (v/v) glycerol and an excess amount of dithionite, and incubated in the dark
at room temperature for 5 min to chemically reduce Faand Fg. The sample was then cooled down to
5 K in the dark (the freezing in the presence of 60% glycerol produced the clear frozen sample with
low light scattering and low distortion of oriented membranes). Figure 4A shows the effect of
illumination at 5 K on the EPR spectrum of the oriented membranes placed at 7° between the
membrane normal and the external magnetic field. Solid and broken lines (in traces a) show the
spectra measured under illumination and in the dark after illumination, respectively. The
light-minus-dark difference spectrum (trace b) was characterized by g-values of g, = 2.046, g, = 1.915,
and g, = 1.905. The g-values and spectral shape of the signal are obviously different from those of
Fg', and are closer to those of the light-induced "S, type Fx" signal reported in the “unoriented”
membranes of Hbt. modesticaldum [37]. We could not detect the “Ss;, Fx signal” in the g = 2-5
region, reported by Heinnickel et al. (2006), under the present experimental conditions, both during
illumination at cryogenic temperature and after pre-illumination at 210 K followed by cooling in the
light. Therefore, we measured the orientation of the “Sy, type signal” carefully.

Figure 4B shows the light-minus-dark difference spectra measured at various angles. The
signal intensities at g, = 2.046 and g, = 1.915 were polar-plotted in Fig. 5A. The g, intensities were
evaluated by calculating the second derivative spectra to minimize the contribution of g, peak. The
intensities of g, and g, peaks became maximal at 0° and 90°, respectively. The direction of the cosine

of the axes of the principal g-tensor is expressed by the following equation:

D cos’ 6, =1 (Eq.),

i=x,y,z
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where & is an angle of the g; axis between membrane normal and the external magnetic field.
Therefore, an angle of the g, axis was estimated to be at 90° from the membrane normal.

The angular dependent spectra also showed slight positive peaks at g = 2.068 and 2.038 and
negative peaks at 1.939 and 1.821. The peaks were maximum at 60°, 90°, 60°, and 0°, respectively
(polar plots are not shown). The peaks at g = 2.068 and 1.939 could be attributed to a portion of Fg’,
as seen in Fig. 2, and the other two peaks to the Rieske FeS cluster, as seen in Fig. 1, on the basis of
their g-values and angular dependencies.

We also prepared the oriented membranes of spinach PS | in a medium containing 200 mM
glycine-KOH buffer (pH 10.0), 60% (v/v) glycerol, and an excess amount of dithionite. After the
dark incubation at room temperature for 5 min, the sample was illuminated for 1 hour at 210 K and
then cooled down to 5 K under illumination to accumulate Fy, followed by the angular dependent
EPR measurement in the dark at 14 K as shown in Figure 4C. The peaks at g = 2.12-1.85 were
mainly attributed to the spin-interacting state of FA/Fg and partially to the g, and g, peaks of Fyx/,
which also gave the gy peak at 1.773. The g, and g, peaks of Fx were ambiguous due to the overlap
of the interacting Fa/Fg” signal. The peak intensity at g, = 1.773 of Fx" was maximal at 0° as
polar-plotted in Fig. 5B. Based on Eq. 1, the angles of the g, and g, axes could be estimated to be 90°
from the membrane normal. The orientations of the principal axes in the g-tensor of Fx were thus
consistent with those reported in spinach PS | [34], Dunaliella parva [31], and Synechocystis 6803
[32] as listed in Table I.

113



Discussion

Orientation of Fg" in hRC

Table | shows the g-values and orientations of the principal axes in the g-tensor of FeS clusters
in hRC, determined in this study, with those reported in gRC [35] and PS I RC [30-32]. The
orientations of F4 and Fg clusters in PS | are fairly conserved in a wide range of cyanobacteria, green
algae, and plants, probably because of the high similarity of amino acid sequences of their PsaC
subunits.  The orientations in the g-tensor of Fg in gRC also appear to be similar. However, Table |
indicates that the orientation of principal axes of Fgin hRC is different from those of Fgin gRC or PS |,
and rather closer to those of Fo. Figure 6A and B show schematic models of the g-tensor orientation
of FeS clusters in (A) hRC and (B) PS I.

EPR signal of a FeS cluster was reported first in membranes of Hbt. chlorum [26]. The signal,
which was accumulated after illumination at 5 K in the presence of ascorbate, was characterized with
g-values of g, = 2.07, gy, = 1.93, and g« = 1.89, and named Fg" because the g-values resemble those of
the Fg signal in PS | [24]. The redox potentials of F5 and Fg clusters were estimated to be about
-440 to -510 mV, respectively, by the indirect measurement based on the P800 decay kinetics [26,27]
or around -600 mV based on the photoreduction behavior in the chemically pre-reduced membranes
[24]. The preferential photo-accumulation of Fg™ at 5 K in hRC suggested its redox potential to be
more positive than Fa and Fx [24], as was the case for Fg in gRC [35]. The situation of Fg™ in hRC
and gRC, however, are different from the situation in PS | because the redox potentials of F5 and Fg in
PS | are estimated to be -550 and -585 mV, respectively [25]. Thus, the redox property of Fg in hRC
and gRC is somewhat different from that of Fg in PS I, although they show similar g-values.

In heliobacterial membranes, the illumination at 200 K in the presence of dithionite induced the
spin-interacting signal of Fa/Fg" [24] with g, = 2.05, g, = 1.95, and g4 = 1.90, although the orientation
of this state could not be studied in the oriented membranes produced in the present study. Similar
magnetic interactions between the Fa and Fg clusters were also reported in gRC (Nitschke et al.
1990b) and in PS | [42]. The FA and Fg clusters are known to exist in the 8 kDa PshB protein in hRC
[23,43], and in the 24 kDa PscB protein in gRC [5]. The amino acid sequence of PshB contains two
typical CxXCxxCxxxCP motifs for the [4Fe-4S] clusters as PsaC does [23], while that of PscB
contains one with this type together with a modified motif of CxxCxxCxxxxxCP [5]. These proteins
show rather low homologies each other. The different orientations of Fg in different Type | RCs,
thus, might reflect different protein structures. Another idea is that the nomenclatures of these
clusters done with respect to their g-values are not adequate as discussed in the section of electron

transfer below.

114



Orientation of the Fx-type cluster

We determined the g-values and orientation of the EPR signal induced by the illumination at 5
K in the oriented membranes of Hbt. modesticaldum in the presence of dithionite. This signal, which
was completely different from the Fg” one, could be assigned to either Fo” or Fx.  The orientations of
0z 9y, and gy axes in the g-tensor of the 5 K-light-induced signal were characterized by angles of 0°,
90°, and 90°, which were more similar to 90°, 90°, and 0° for Fx™ in PS | compared to 65°, 50° and 50°
for Fo in PS 1. As reported previously, this type of light-induced EPR signal was detected in the
“unoriented” membranes under the same conditions [37]. The rapid spin relaxation rate of this signal,
estimated by its detection at the high microwave power at very low temperatures, resembles that of Fy
in PS | [37,44]. The amplitude of this signal is known to decay with a time constant of less than 10
ms, which is comparable to the decay time constant of the flash-induced P800 signal [37] or to the
1.0-4.5 ms decay time constant of the spin-polarized P800*Fx state reported in the membranes of Hba.
mobilis [20]. Therefore, we have assigned the 5 K-light-induced signal detected in the orientated
membranes to correspond to “Sy, Fx* signal as previously done by Miyamoto et al (2006). We
could not detect the “Sg;, Fx™ signal” measured in similar hRC preparations by Heinnickel et al. (2006)
in this study. In this study, thus, we discussed the g-values and orientation of the “Sy,-type signal”,

although further studies on both the “Sy;,” and “Ss,” Fx” signals are required to solve the controversy.

Structure of Fx in hRC

Figure 6C shows the binding motif of Fx cluster in PS I, in which four Fe atoms of Fx are
ligated by four cystein residues, two from PsaA and the other two from PsaB subunit. The electronic
structure of Fy is, thus, expected to be affected by the heterogeneous coordination. On the other
hand, we can expect heliobacterial Fx to be ligated by two identical PshA subunits. Table I indicates
differences in the g-values and orientations of Fyx” between hRC and other Type | RCs despite the high
similarity among the amino acid sequences of RC proteins around their Fx-binding sites. First, the
axis parallel to the membrane normal was the g, axis for heliobacterial “Sy, Fx*, while it is the gy axis
for Fx of PS 1 or gRC. Second, the “S;, Fx™ signal with g-values of g, = 2.046, g, = 1.915, and gy =
1.905 in hRC suggests axial symmetry higher than that of PS I (g, = 2.08, g, = 1.88, and g, = 1.78)
[45] or of gRC (g, = 2.17, g, = 1.92, and gy = 1.77) [46].

Each Fy signal shows a little different isotropic g-value (gis,), Which can be calculated as an
average of the g,, gy, and gx values to be 1.955 for hRC, 1.91 for PS I, and 1.95 for gRC. The
difference (Ag) between the gi, and the g-values along the membrane normal is 0.091 for hRC, 0.13
for PS I, and 0.18 for gRC. The small Ag in hRC suggests the smaller structural distortion of Fx
along the membrane normal. The plane along the membrane surface includes the g« and g, axes in

hRC, and the g, and g, axes in PS I and gRC. The differences between the two g-values within this
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plane were calculated to be 0.01 for hRC, 0.2 for PS I, and 0.25 for gRC. Therefore, Fx structure in
hRC is more symmetric along the membrane surface compared to those in PS | and gRC. The results
suggest that the “S;;, Fx cluster” in hRC has symmetry higher than that in the heterodimeric PS | or the
homodimeric gRC. The asymmetry in the homodimeric gRC might be induced by the bindings of
some more peripheral proteins on the Fx side in addition to PscB (Fa/Fg protein), such as PscD (a
17-18 kDa polypeptide), and extra FMO proteins (light-harvesting trimeric pigment-protein complex)
linked to the large chlorosomes [47]. Fx in hRC, which binds only a small PshB (Fa/Fg protein),

therefore, seems to retain the high symmetry in the homodimer structure.

Electron transfer through FeS clusters in hRC

The forward electron transfer in the reducing side of PS | is known to occur as A;—Fx—Fa—
Fg [48]. The A;—Fx—Fa process is a downhill energy process, while the subsequent Fa—Fg step is
an uphill process because the redox potential of Fn is more positive than that of Fg [25]. In hRC,
function of A; (menaquinone) has been questioned by negative circumstantial evidences [8,9] except
for the two studies; the photoaccumulation of semiquinone [49,50] and the detection of the ESP-EPR
signal, which was proposed to originate from the P800*A; state [22]. Therefore, the function of A;
is not clear yet in hRC at present. In the study, we confirmed that Fg™ in hRC was preferentially
photo-accumulated in agreement with its more positive redox potential compared to that of Fa [24].
It indicates that Fgin hRC behaves like F5 in PS | as for the redox potential. The result in this study
also indicated that the orientation of Fg™ in hRC resembles that of Fo" in PS I. Therefore, if the
electron transfer in hRC occurs as Fx—Fz—Fa, then the whole process becomes a combination of
downhill and uphill processes as that in PS 1. In that case, F and Fg in hRC are assumed to function
as Fg and Fa in PS |, respectively (Fig. 6B), and names of F, and Fg in hRC would be better to be
exchanged each other to correspond with the situation in PS I.  The situation assumed in hRC might
be somewhat different in gRC, and another possibility still remains that the electron transfer in hRC
occurs very differently from that in PS 1.

The “Sy; Fx™ signal was detected during illumination even at 5 K, which is somewhat different
from the situation in PS I, where the flash-induced reduction of Fy is almost suppressed below 200 K
due to the suppression of the electron transfer from A; to Fx [51]. It is also known that the charge
recombination reaction between Fyx” and P700" in PS | occurs very slowly with a time constant of 130
ms at 5 K [52]. In hRC, the “Sy;, Fx™ signal decays rapidly with a time constant of less than 10 ms
even at 5 K, indicating its fast charge recombination [37]. These properties of Fx in hRC are in
contrast to the situation in PS 1. The mechanism of almost activation-less response of the “Sy;, Fx™

signal remains to be studied.
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Conclusion

We assume that the 5K-light-induced EPR signal to originate from “Sy, Fx“ based on the
orientation of principal g-axes, and that Fx in hRC has a structure more symmetrical than Fxin the
other Type | RCs. Though, more works are required to solve the controversy between the S;;, and
Ss,» type signals of Fx in hRC. Redox property of the “Sy, Fx in hRC seems to be comparable to that
in PS | or in gRC, because the signal could be detected only at the extremely reducing conditions.
The Fg cluster in PshB protein of hRC was shown to have an orientation and redox property similar to
Fa rather than Fg in PS I.  Therefore, we assumed Fg in hRC to be an immediate electron acceptor for
Fx as F5 does in PS I. Fx showed fast flash-induced reduction and re-oxidation in hRC. This is
different from the situation in PS I, in which the reduction and re-oxidation of Fyx are significantly
suppressed below 200 K. The similarity and difference in characteristics of the cofactors and
reactions in hRC still remain to be solved at present. It must be important to understand the

evolution of Type | RCs.
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Tables

type of RC homodimeric type I RC 1 heterodimeric PS I RC
strain Heliobacteria green sulfur bacteria i plants green algae cyanobacteria
name Hbt.modesticaldum | Chlorobium limicola | Spinach Dunaliella parva Svnechocystis 6803
( this work ) ( Ref. 35) : ( left: this work , right: Ref. 30 ) ( Ref 31) ( Ref 32)
F/Fg binding protein PshB PscB ! PsaC
o - --e- | 2.050 (65°+35°) 2.05 (65%) 2.053 (65°) 2.050 (65°)
FA g, - 1.94 (35%) : 1.947 (50° = 5%) 1.94 (50°) 1.94 (55%) 1.942 (48°)
2 - - I 1871 (50°+5°) 1.86 (50°) 1.844 (45°) 1.855 (52°)
g 2.066 (607 £57) 2.07 (30-407) i 2.068 (30°+35°) 2.07 (407) 2.072 (359) 2.067 (30°)
Fg g, 1.937 (60° = 5°) 1.91 (50°) I 1.933 (607 +5%) - 1.92 (559 1.92 (60°)
2 1.890 (45°+5°) 1.86 (90°) : 1.891 (90° +5°) - 1.876 (90°) 1.886 (907)
Fy binding protein PshA / PshA PscA / PscA i PsaA / PsaB
g, 2.046 (0°£5°) wee (90 : ween (90°)* ween (90°) en (90°) —en (90°)*
Fy g 1.915 (90° £ 5% e (900 = (90°)% e (90°)* e (90°)* - (90°)%
g, 1.905 (90° + 5°)* 1.78 (0°) : 1773 (0°+ 5% 1.78 (0°) 1.745 (0°) 1.755 (0%

* 1 deduced from Equation |
a : See Ref. 34

Table I:

sulfur bacteria, and PS I.
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Figure 1: (A): Angular-dependence of an EPR spectrum of the oriented membranes of Hbt.
modesticaldum frozen in the dark in the presence of 2 mM DTT. Peak positions of the signal of
Rieske FeS center are indicated by triangles together with the g-values. Angles between the
membrane normal and the external magnetic field are indicated in the figure. (B): Polar plots of the
intensities at (a) g, and (b) g, peaks of the Rieske FeS center signal indicated in (A). 8 (°) refers to
the angle between the membrane normal and the external magnetic field. Experimental conditions
for the measurements: temperature, 14 K; microwave power, 10 mW; microwave frequency, 9.525

GHz; modulation amplitude, 20 G at 100 KHz; time constant, 20 ms.
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Figure 2: (A): EPR spectra of oriented membranes of Hbt. modesticaldum in the presence of 2 mM
DTT measured at an angle of 63° between the membrane normal and the external magnetic field. (a)
Measured in the dark before and during illumination (broken and solid lines), respectively, at 14 K.
(b) Light-minus-dark difference spectrum calculated from the two spectra in (a). Peak positions are
indicated by triangles together with the g-values. (B): Light-minus-dark difference spectra at
different angles. Samples and experimental conditions were the same as in (A). (C): Angular
dependence of EPR spectra of the oriented membranes of spinach PS | frozen in the presence of 20
mM ascorbate.  Signals were measured in the dark after 20 min illumination at 14 K. Filled and
open triangles indicate the peak positions of Fo" and Fg signals at indicated g-values, respectively.
Experimental conditions for the measurements: temperature, 14 K; microwave power, 10 mW;
microwave frequency, 9.525 GHz (A and B) and 9.535 GHz (C); modulation amplitude, 20 G at 100

KHz; time constant, 20 ms.
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Figure 3: (A): Polar plots of signal amplitudes at magnetic fields corresponding to the g,, g,, and g
values indicated in Fig.2B (a-c). @ (°) is defined as in Fig. 1B. (B): Polar plots of signal amplitudes
at magnetic fields for g,, gy, and g« peaks of Fo™ (a-c) and g,, gy, and g, peaks of Fg" (d-f) as indicated
in Fig. 2C.
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Figure 4: (A): EPR spectra of the oriented membranes of Hbt. modesticaldum measured in a buffer
containing an excess amount of dithionite at an angle of 7° between the membrane normal and the
external magnetic field. (a) Measured during illumination at 5 K (solid line) and in the dark after the
illumination (broken line). (b) Light-minus-dark difference spectrum. (B): Angular dependence of
the light-minus-dark (after illumination) difference spectra. Samples and experimental conditions
were the same as in (A). (C): Angular dependence of EPR spectra of the oriented membrane
fragments of spinach PS | frozen in the presence of an excess amount of dithionite. Spectra were
measured in the dark at 14 K after preillumination at 210 K for 1 hour followed by cooling during
illumination to 5 K. A triangle indicates the peak position at g, of Fx". Experimental conditions for
the measurements: temperature, 5 K (A and B) and 14 K (C); microwave power, 10 mW; microwave
frequency, 9.517 GHz (A and B) and 9.529 GHz (C); modulation amplitude, 20 G at 100 KHz; time

constant, 20 ms.
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Figure 5: (A): Polar plots of signal amplitudes at magnetic fields at g, and g, (a, b) values as
indicated by triangles in Fig.4B. @ (°) is defined as in Fig.1B. (B): Polar plots of signal amplitudes
at gy of F indicated by a triangle in Fig.4C.
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Figure 6: (A and B): Schematic models of the g-tensor orientation of FeS clusters in (A) hRC and
(B) gRC, in which the hRC structure was predicted based on the homology with the PS | RC structure.
The location of Fg was assumed to correspond to that of F4 in PS | because of the similarities in their
orientations and redox properties (see text for details). The broken line represents the membrane
normal. @ (°) refers to the angle between the membrane normal and each principal axis. (C):
Structure of the [4Fe-4S] cluster Fx at the center of the PsaA-PsaB heterodimeric RC of PS I, which
was depicted based on the x-ray crystal structure of PS I (PDB entry 1JB0). The sulfur and Cg atoms
of the two cysteins on the right belong to the PsaA polypeptide, and those of the two on the left, to
PsaB. Large black, large gray, and small white spheres represent iron, sulfur, and Cg atoms,

respectively. The arrowed broken line represents the membrane normal.
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Function of Quinone in Type I Homodimer Reaction Center of
Heliobacteria: Identification of Electron Spin-Polarized Signal of

the P800"A, (menaquinone’) radical pair

Introduction

Heliobacteria are a group of anoxygenic photosynthetic bacteria discovered in 1983 [1] and are
classified as the only low-guanine/cytosine (GC) gram-positive photosynthetic bacteria [2]. They are
related to cyanobacteria more closely than the other photosynthetic bacteria based on the sequences of
their 16S rRNA genes [3] and photosynthetic genes [4], and have the simplest photosynthetic system
made of only a Type I reaction center (RC) complex with no antenna pigment-protein complexes.
Type 1 RCs include RCs of heliobacteria and green sulfur bacteria (designated as hRC and gRC,
respectively, hereafter), and the photosystem I (PS I) RCs of higher plants, algae, and cyanobacteria.
In the Type I RCs, iron sulfur clusters function as the common terminal electron acceptors, in contrast
to mobile quinones employed in Type II RCs, which include purple bacterial RC (pRC) and
photosystem II (PS II) RCs of higher plants, algae, and cyanobacteria. All the RCs are made of two
core polypeptides that are highly homologous (heterodimer) or identical (homodimer). Electron
transfer cofactors on the two core polypeptides are arranged along almost symmetrical two branches.
All the RCs seem to be evolved from an ancestral homodimeric RC [5,6] based on the homologies of
amino acid sequences of the RC polypeptides and on the three-dimensional structures of heterodimeric
pRCs [7,8], PS I RCs [9,10] and PSTRCs [11,12].

In the Type II RCs, electron transfer occurs through the cofactors along the one branch of
cofactor arrangements after the primary charge separation, while in PS I RC, which is made of two
partially homologous PsaA and PsaB core polypeptides, electron transfer occurs on two symmetrical
branches with different probabilities that vary depending on the organisms. On the other hand,
electron transfer seems to occur evenly along cofactors symmetrically arranged as two branches in the
homodimeric hRCs [13-15] and gRCs [16], which are made of identical two PshA or PscA proteins,
respectively. ENDOR and FTIR studies revealed the uniform/symmetrical spin density distribution
over the two BChl molecules of the oxidized special pair P800" as expected [17,18]. However, the
structures of homodimeric RCs have not been resolved yet. The electron transfer pathways in the
Type 1 bacterial RCs, therefore, are still unclear, especially for the roles of quinones and iron sulfur

cluster Fx [19,20].
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Heliobacteria has no antenna complexes and its photosynthetic system is made of only hRC
complex that contains 35-40 BChl g molecules that give the Q, absorption peak at 800 nm [21].
Light energy absorbed by the antenna pigments on the hRC is transferred to the special pair P800,
which is a dimer of BChl g (probably a heterodimer of BChl g and its stereoisomer BChl g’) [17,22],
and its photochemical reaction gives an electron to the primary electron acceptor Ay, which is
8'-hydroxy-Chl a (8'-OH-Chl a), a derivative of chlorophyll a [21,23]. The sequential electron
transfer along the two branches meets on the terminal electron acceptor Fx, and then, reduces F/Fp
which are [4Fe-4S] clusters ligated by cystein residues of a PshB protein [24]. The hRC structure
appears to resemble that of Type I homodimeric gRC, although the gRC attaches large amounts of
extra-membrane antenna pigments in the chromosomes and FMO proteins that are bound to the
cytoplasmic surface of gRC [25]. In the homodimer RCs, function of contained menaquinone has
not been identified yet, although phylloquinone is known to function as the secondary electron
acceptor A, that mediates the electron transfer between A, and F,in PS I RC [19,20]. In addition, the
spin property of Fy in hRC has been a matter of controversy [26,27].

Amino acid sequence analysis suggested the arrangement of electron transfer cofactors on hRC
to be similar to that of their counterparts in PS I RC [28].  Fx is expected to be located at the center as
the anchor between the two PshA subunits, ligated by four cysteine residues of two PshA subunits as
in PS I [15]. The situation is similar in the PscA/PscA homodimeric gRC [25]. Amino acid
sequences of the Fx-binding site are conserved (~50 %) between hRC and PS I RC [27]. Recent laser
spectroscopy experiments revealed the reduction of P800" with a time constant (z.) of 14 ms at room
temperature in the isolated hRC core complex (hRC,.), that is deprived of a PshB subunit (i.e., has no
FA/Fg clusters) [13]. The absorption change at 430 nm suggested the charge recombination
between P800 and Fx™ with a 7. of 20 ms at cryogenic temperature [29]. We recently, assigned an
EPR signal with an S=1/2 spin ground state to Fx in the isolated membranes of Heliobacterium (Hbt.)
modesticaldum after the pre-reduction of Fo/Fg [27]. On the other hand, another EPR signal with an
S = 3/2 spin ground state has been attributed to Fx in similar membrane preparations [26]. The
controversy about Fyx signal, therefore, still remains to be resolved.

The reported oxidation rate of Ay” with 7. of 500-600 ps at room temperature in hRC [30,31]
and gRC [32] are considerably slower than that of 20-50 ps by phylloquinone-A; in PS 1[33,34]. No
transient absorption change of A" (semiquinone) was detected in the 400-470 nm region [31] despite
the presence of 1.4 molecules of menaquinone per P800 in hRC [13].  Only one type of electron spin
polarized (ESP) transient signal, which originates from P800 Fy™ state, has been reported at 100 K in
hRC [35] in contrast to the detection of two different ESP signals of P700°A,” and P700'Fy in PS 1.
Photovoltage measurements indicated only two distinct steps in the electron transfer after the laser

flash excitation of hRC, in contrast to the three steps (P700 — Ay — A; — Fx) in PS 1 [36].
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Extraction of menaquinone from hRC by diethyl ether treatment induced no changes in the
re-oxidation rate of A, [37]. Therefore, a little evidence for the action of A; is emerging in hRC.
However, the distance between A, and Fy, that is expected to be nearly 20 A based on the crystal
structure of PS I, appears to be too long to enable the “single-step” electron transfer without the action
of menaquinone between them [38].

Some evidences have suggested the action of menaquinone in hRC. EPR and ENDOR
studies detected the accumulation of semiquinone radical in hRC after the illumination in the presence
of dithionite [39,40]. The two-phase kinetics of the transient absorption changes of P800 at 10 K
might be attributed to the charge recombination from A, and Fy’, respectively [41]. The redox
titration of hRC, without F,/Fp clusters suggested that two different electron transfer cofactors
(presumably menaquinone and Fy) in addition to A, serve as electron acceptors [38]. Recently, we
detected a light-induced transient ESP signal in the purified hRC,. of Hbt. modesticaldum that was
pre-illuminated in the presence of dithionite [42]. The ESP signal exhibited an A/E/A/E (A,
absorption; E, emission) pattern, and was attributed to the P800°A,” state. This pattern is clearly
different from the E/A pattern of P800 Fy radical pair state [35].

In this study, we worked on the spectral and kinetically assignments of the A/E/A/E-type ESP
signal of P800 A, carefully. We measured this signal more correctly in pre-illuminated hRC,, of
Hbt. modesticaldum and identified it to be actually an A/E type signal. We estimated the molecular
orientation of A; menaquinone based on the measurements using the improved pre-illumination
procedure. The temperature dependences of the charge recombination of A;” and Fx with P800"
were also observed in hRC,.. We discuss the function of menaquinone as an electron acceptor A,

and the electron transfer pathway including Fyx and A; in hRC.
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Materials and methods

Preparation of the RC core complex (hRC..) from Hbt. modesticaldum

Hbt. modesticaldum strain was generously provided by M. T. Madigan (Southern Illinois
University, Carbondale, IL). Cells were grown anaerobically in a PYE medium in a 1 L bottle under
continuous illumination with tungsten lamps [43]. To avoid the accumulation of lysed cells that
increase in the late-logarithmic growth phase, cultivation was performed at 47 °C only for 18-20 h
using 1% inocula [27]. All the procedures for the preparation of membranes as well as the EPR
measurements were carried out under anaerobic conditions, as previously described [44]. All the
media were fully degassed and flushed with N, gas three times and kept in an anaerobic chamber (Coy
Laboratory Products, Grass Lake, MI) overnight before being used.

The membrane and hRC,, preparations were isolated basically as previously described [18,27].
The cells were harvested by centrifugation at 12,000 g for 10 min, suspended in 7-8 mL of a buffer [50
mM Tris-HCI (pH 8.0), 1 mM EDTA, and 2 mM DTT], and disrupted by being passed through a
French pressure cell three times at 20,000 psi. After removal of the cell debris by centrifugation at
12,000 g for 10 min, the membranes were collected by ultracentrifugation at 180,000 g for 1 h.

The hRC, was obtained after solubilization of membranes with sucrose monolaurate, and
purified by stepwise sucrose density gradient centrifugation and subsequent hydrophobic
chromatography. The purified hRC, gave a single PshA band with no PshB band on SDS-PAGE
analysis [27]. The obtained hRC,, was suspended in a buffer containing 50 mM Tris-HCI (pH 8.0), 1
mM EDTA, 2 mM DTT, and 2 mM sucrose monolaurate. For the EPR measurements, hRC_, was
concentrated using a Minicon-B15 apparatus (Amicon) to give an absorbance of 350-500 at 788 nm.
Appropriate amounts of solid sodium dithionite and 10% (v/v) glycerol were added to the hRC,
solution to enable the reduction of the cofactors by the pre-illumination. Spinach PS I RC complex,
which was prepared as reported previously [45], was added with 10 % (v/v) glycerol and appropriate

amounts of solid sodium ascorbate to reduce P700.

Sample conditions

EPR measurements of hRC.. were done under three conditions in the presence of sufficient
amount of dithionite. Firstly, hRC,, suspension was cooled down to 5 K in the dark (defined as
dark-cooled hRC,). Secondly, hRC. suspension was illuminated at 210 K for 1 hour, and then
cooled down to 5 K under illumination (light-cooled hRC.). Thirdly, the light-cooled hRC,
suspension was warmed to 210 K and dark-adapted for 1 hour, and then cooled down to 5 K in the

dark again (dark-re-cooled hRC,,).
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EPR measurements

EPR measurements were carried out using a Bruker ESP-300E X-band spectrometer (Bruker
Biospin, Germany) equipped with a liquid-helium flow cryostat and a temperature control system
(CF935, Oxford Instruments, Oxford, UK) with a field modulation frequency of 100 kHz for the
transient and continuous wave (CW) EPR measurements. Continuous white light illumination was
given from a 500 W tungsten lamp through heat-cut glass filters and a glass fiber light guide for the
pre-illumination and the CW EPR measurements of a light spectrum. Xenon flash light with a few
microsecond duration of nearly saturating intensity (Sugawara X-50) was given through a 1 m glass
fiber light guide at 1 Hz for the measurements of a transient EPR signal. The signals were

accumulated to increase the signal-to-noise ratio.
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Results

Two types of electron spin polarized EPR signals in hRC,.

We measured EPR signals in the reaction center core complex hRC,, of Hbt. modesticaldum,
which is made of only PshA subunits and lacks PshB subunit that binds F,/Fg [27]. We can expect
the light-induced electron transfer from P800 to A,, (A;) to Fx and, then, back to P800 in hRC,,
[27,42]. Figure 1 shows the transient EPR spectra induced by the flash excitations at various
temperatures in hRC,. (A, B) and spinach PS 1 (C). The derivative-type spectra were measured in a
field-modulation mode at 100 kHz. Transient spectra at 0 us (closed circles, averaged for 0-20 ps)
and 500 ps (open circles, for 350-650 ps) after the flash excitation are shown.

Panel A shows the spectra measured at 5-50 K of the hRC,. cooled in the dark (dark-cooled
hRC.). The spectra at 0 us (closed circles) show an emissive (E) and absorptive (A) peaks, as
typical for the ESP spectrum, at every temperature measured. The ESP spectrum with the E/A
pattern agrees with the reported radical pair ESP signal of P800 Fy [35,46-48]. The amplitude and
spectral shape of the E/A-ESP signal were almost the same at 5-50 K, and the signal was detectable
even at 200 K (data not shown). The spectra at 500 ps (open circles) shows the thermally
equilibrated spin state attained after the relaxation from the ESP state. The spectra at g =2.002 and a
line width of 1.0 mT can be assigned to the P800" signal [42].

Panel B shows the ESP spectra at 5-50 K of hRC,, that was cooled to 5 K under illumination
after the pre-illumination at 210 K for 1 hour (light-cooled hRC.). The 0 us spectrum at 5 K (closed
circles) shows the ESP feature with an A/E pattern that spreads over the wider region. This ESP
signal, which is distinct from the E/A-ESP signal of P800 Fy state in panel A, was assigned to
P800'A, state. The signal intensity decreased at the higher temperatures, and became undetectable
above 20 K remaining a small signal of P800 Fx as detected in the dark-cooled hRC,, (panel A).
The A/E-ESP signal increased again upon the re-cooling below 20 K.

The 500 ps spectrum in panel B (open circles) indicated only small extents of P800, which
was about 5 % of those in panel A. Therefore, most of P800 seems to be reduced in the charge
recombination reaction with A;” before the depolarization of spins, resulting in negligible amount of
A, and P800 after each flash. It is in contrast to the situation in panel A that gave the larger extents
of P800" at 500 us, suggesting the slower charge recombination rate between P800 and Fy". If we
again dark-incubate the light-cooled hRC, at 210 K for 1 hour and cooled it down to 5 K
(dark-re-cooled hRC,.), then the transient spectrum at 14 K showed the E/A-ESP spectrum of
P800 Fy (data not shown), indicating the recovery of fast electron transfer to Fx. In this case, the

amount of P800" at 500 ps was about 47 % of that of the dark-cooled hRC,..
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We also measured transient ESP-EPR spectra in spinach PS I that was dark-cooled in the
presence of ascorbate (panel C in Fig. 1 with normalized signal amplitudes). The ESP spectrum
measured at 14 K shows the E/A/E pattern that can be ascribed to P700°A,” state [46]. The spectral
shape changed drastically at around 200 K into an E/A-ESP pattern of P700'Fx as seen at 245 K [46],
indicating the suppression of the electron transfer from A;-phylloquinone to Fx at the lower
temperature [49,50]. Both in hRC, and PS I, ESP signals of P'Fx” gave E/A type ESP patterns. On
the other hand, P"A;” states of the two RCs are significantly different (1) in the ESP pattern and decay
times, and (2) in the conditions of ESP formation; the A/E-ESP of P800A,” was formed only in the
light-cooled hRC,, only below 20 K, while the E/A/E-ESP of P700°A,” was formed at 4-200 K even in
the dark-cooled PS L.

The A/E-ESP signal was also detected in the membranes of Hbt. modesticaldum after the
pre-illumination for 1 hour in the presence of dithionite. On the other hand, we observed a modified
A/E/A/E-type ESP in the hRC, cooled after pre-illumination in the presence of ascorbate (data not
shown). This signal resembled the A/E/A/E-type ESP in our previous report in the hRC.. cooled
after the pre-illumination in the presence of dithionite [42]. This A/E/A/E-type ESP feature,
therefore, seems to come from the mixing of the E/A-ESP of P800 Fx to the A/E-ESP of P800 A,

presumably with the insufficient pre-reduction of Fx.

ESP decay and rate of charge recombination in hRC,

Figure 2 shows the flash-induced kinetics of the E/A-ESP signal of P800 Fy state in the
dark-cooled hRC,, (trace a in panel A, traces a and b in panel B) and the A/E-ESP signal of PS00"A ;"
state in the light-cooled hRC,, (trace b in panel A, traces ¢ and d in panel B). Panel A compares the
kinetics of the two type ESP signals measured at their negative peaks at 340.3 (@) and 339.3 mT (b) in
Fig. 1, respectively. We fitted the decay of the E/A-ESP signal (a) with three exponential decay
functions with #,s of 90 ps, 1.2 ms, and 5.6 ms at relative amplitudes of 51, 22, and 27 %, respectively.
The slower 1.2 and 5.6 ms phases were ascribed to the charge recombination between P800" and Fy
[27.,35], and the fast 90 us one to the decay of ESP signal. The decay time course of the A/E-ESP
signal (b), on the other hand, could be fitted only with a single exponential decay with a ¢, of 70 ps.
The decay seems to represent the charge recombination between P800 and A, as will be discussed in
more detail. The spin relaxation rate of P800°A;™ radical pair ESP seems to be slower than the
reduction/oxidation of P800'/A;” because only small amounts of depolarized/thermally-equilibrated
spins of P800" or A, remained after this decay phase. The decay time of 70 ps is comparable to the
15-150 ps charge recombination time of P700°A,” at 10 K in PS I [51], and obviously different from
the 55 ns decay . of P800 A, state at 5 K in hRC [52], which is too fast to be detected by the present

field modulation mode EPR. Therefore, we conclude that the A/E pattern ESP signal originates from
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the P800" A, radical pair state and disappears mainly by the electron transfer reaction at least at 5-20 K.
We can, then, assume that menaquinone-A; mediates the electron transfer between A, and Fx as does
phylloquinone-A; in PS I. and P800°A; states (c and d) at their negative peaks at 338.9 and 339.3
mT, respectively. Traces a and b were detected at 20 and 7 K, respectively.

Figure 2B shows the temperature dependent changes in the flash-induced kinetics of the two
type ESP states in the us time range. Traces a and b indicate the kinetics of the negative peak of
P800 Fx~ ESP measured at 20 and 7 K, respectively, at 338.9 mT in the dark-cooled hRC.. The
kinetics at 7 K (b) was fitted with z.s of 115 us (87 %) and > 1 ms (13 %), and at 20 K (a), similar #.s
of 120 ps (83 %) and > 1 ms (17 %). The fast phase can be ascribed to the depolarization of spins on
the P800'Fy state, and the slow phase to the decrease of depolarized spin on P800 in the
recombination reaction with Fx [27,35]. Traces ¢ and d indicate the kinetics of the negative peak of
P800°A;” ESP measured at 20 and 5 K, respectively, at 339.3 mT in the light-cooled hRC,,. The
kinetics at 5 K (d) was fitted with two decay phases with s of 90 ps (93 %) and >1 ms (7 %). The
fast phase seems to be attributed to the charge recombination between P800" and A;” which competes
with the depolarization of spins on the P800 A, state, while the slow phase seems to represent the
decay of P800 produced in hRC,, in which pre-reduction of Fx was incomplete. The signal
amplitude was smaller at 20 K (¢). The decay was fitted with the 25 ps (71 %) and >1 ms (29 %)
phases. The former ¢. is shorter than that at 5 K.

Figure 3A shows Arrhenius plots of decay rates of the fast phase in the dark-cooled (closed
circles) and light-cooled hRC, (open circles). The spin depolarization rate in P800 Fy state (closed
circles) was virtually temperature independent, while the charge recombination rate in P800 A state
(open circles) became faster at the higher temperature. Linear regression of the Arrhenius plots
(dotted line in panel A) gave an apparent activation energy value of 0.7 meV, and its extrapolation
predicts the 20 us decay time of A, at room temperature. Panel B shows the temperature
dependences of the amplitudes of the fast decay phase in the dark-cooled (closed circles) and
light-cooled hRC,, (open circles). The amplitude of the P800 A,” ESP (open circles) became smaller
on warming and became negligible above 20 K, in contrast to the temperature independent amplitude
of P800 Fx” ESP (closed circles).

Figure 4 shows the decay kinetics of the depolarized P800" monitored at its 339.4 mT peak
(Fig. 1) in the ms time range with normalized peak amplitudes. Traces a and b were detected at 50
and 14 K in the dark-cooled hRC,, respectively. The decay at 14 K (trace b) was fitted with two ¢.s
of 2.3 ms (77 %) and 8.3 ms (23 %), and that at 50 K (trace a) with similar #.s of 1.8 ms (69 %) and
5.8 ms (31 %). These two phases can be ascribed to the charge recombination between P800" and
Fyx [27,35]. Trace ¢ and d show the kinetics at 50 and 14 K in the light-cooled hRC,, respectively.

The signal intensities were lower than those in the dark-cooled hRC,,,. (trace a and b) as also seen in
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Fig. 1. The kinetics were fitted with a little longer two ¢.s of 4.5 ms (82 %) and 21.0 ms (18 %) at 14
K (d) and of 2.2 ms (66 %) and 11.6 ms (34 %) at 50 K (¢). A small contribution of the PSO0"A ;"
ESP signal within 1 ms was ignored in this fittings.

Figure 5A shows Arrhenius plots of decay rates of the fast and slow phases of P800 decay in
the dark-cooled and light-cooled hRC,. (closed and open symbols, respectively). The plots miss the
decay rates of P800" below 14 K in the light-cooled hRC, due to the overlap of the large ESP signals.
Linear regressions for the data points gave apparent activation energies of 0.3 meV for the two phases
in the dark-cooled hRC... The values are very small compared to the 15-110 meV values estimated
for the electron transfer rate from A; to Fx in PS I determined at 220-300 K [50]. The low apparent
activation energy suggests the charge recombination to occur via the activationless electron tunneling
process from Fx to P800" in hRC. In the light-cooled hRC,, similar low but a little larger activation
energies of 1.0 and 0.5 meV were estimated for the fast and slow phases, respectively. Temperature
dependences of the signal amplitudes in the dark- and light-cooled hRC, (panel B) were similar each
other although the #.s and the apparent activation energies in the light-cooled hRC, were larger than

those in the dark-cooled hRC,, .

Effects of pre-illumination on CW-EPR signals of P800 and menaquinone-A;

Figure 6A shows CW EPR spectra of hRC. in a g = 2 region. Trace a and b represent the
light-induced spectra obtained at 14 and 50 K induced in the dark-cooled hRC,, respectively. The
both spectra show the light-induced formation of P800 radical with around g = 2.003 and a line width
of 1.0 mT as reported [53]. On the other hand, the light-cooled hRC,, exhibited a different type of
radical (trace ¢ dotted line) already in the dark at 30 K. The radical species, which gave a spectrum
centered at g = 2.0062 and a line width of 1.2 mT, is different from P800°, and resembles the
semiquinone radical (A;") detected after the pre-illumination of heliobacterial membranes in the
presence of dithionite with a slightly smaller g-value of 2.0038-2.0046 [39,40]. The results indicate
the stable accumulation of semiquinone as previously reported [42]. Trace d and e show the
light-minus-dark difference spectra induced by the illumination at 14 and 50 K of the light-cooled
hRC,, respectively. The spectrum at 14 Kgave a similar g-value of 2.0060 and line width of 1.2 mT
to A, (trace ¢). The result indicates that A, is reversely induced partially with the decay rate slow
enough to be detected by CW-EPR.  Photo-induced P800" signal was also detectable at 5 K (data not
shown). Therefore, the pre-illumination at moderate temperatures seemed to have accumulated Fy,
which was invisible under the present condition, and partially accumulated semiquinone” too.

The 50 K-spectrum (trace ¢) gave g = 2.0040 and a line width of 1.0 mT, in contrast to the A,
signal at 14 K (trace d). The noisy spectrum with the smaller amplitude, thus, can be ascribed to

P800". Panel B shows the temperature dependent changes of the g-value of the light-minus-dark
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difference spectra measured in the dark- and light-cooled hRC. (closed and open triangles,
respectively). The g-values of spectra were almost constant at around 2.003 at 10-50 K in the
dark-cooled hRC,, (closed triangles), and decreased gradually from 2.006 below 20 K to 2.004 at 50 K
in the light-cooled hRC, (open triangles), suggesting the smaller contribution of A;” signal at the
higher temperatures. The temperature dependent changes of the light-induced CW EPR signals agree
with those of the ESP signals detected in Fig. 1.

In the dark-re-cooled hRC,., P800" signal similar to that in the dark-cooled hRC,. was induced
by the illumination (data not shown). No P800" features were found, indicating the fast electron
transfer from Ay to the following electron acceptors. The results are consistent with the detection of
large transient ESP signal of P800 Fy~ state in the dark-re-cooled hRC,, (data not shown). Therefore,
theA; signal (trace d in panel A) was induced only by the illumination of the light-cooled hRC, but
not in the dark-re-cooled hRC... The results indicate that semiquinone-A,;” can be photo-accumulated

only after the accumulation of Fy.
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Discussion

Detection of the A/E pattern ESP signal of P800 A; radical pair

We previously reported the ESP-EPR signal with an A/E/A/E pattern in hRC.,. of Hbt.
modesticaldum after pre-illumination in the presence of dithionite, and assigned it to PS800"A ;" radical
pair [42]. The A/E/A/E signal pattern was significantly different from the E/A/E pattern of P700°A,”
in PSI. The difference was explained by the different orientation of quinone-A; molecules between
these species [42]. In this study, the P800"A,” ESP signal exhibited the A/E pattern that is somewhat
different from the A/E/A/E pattern obtained previously [42]. The discrepancy can be caused by the
difference of the sample preparation. As a matter of fact, in the presence of ascorbate, an A/E/A/E
pattern ESP signal was reproducibly detected after the pre-illumination of hRC.. (data not shown).
We assume that Fx was reduced insufficiently in the hRC,. with ascorbate, which induced a mixed
spectrum of P800'A,” and some extent of P800'Fyx. In the present study, we almost fully
pre-reduced Fx by the pre-illumination with the stronger light for longer time in the presence of
dithionite to suppress the photo-production of P800 Fyx state. Consequently, we detected the large
flash-induced A/E type ESP signal as shown in Fig. 1. We conclude that a newly found A/E-ESP
signal in Fig. 1 originates from P800"A; radical pair state in hRC,..

The E/A pattern ESP signal of P800'Fy state identified in hRC, (Fig. 1A) resembles the
E/A-ESP of P700 Fy in PS I (Fig. 1C).  On the other hand, a difference was found between the P'A|”
ESP signals with the A/E pattern in hRC,,, and with the E/A/E pattern in PS 1.  In the previous study
[42], the difference of the P'A;” ESP pattern was interpreted by different molecular orientation of A,
between hRC and PS I based on the homology modeling suggesting more hydrophilic A;-binding site
in hRC, and the orientation of A; in hRC was tentatively determined with the spectral simulation.
We simulated the newly obtained P800'A,” ESP signal with the A/E pattern to determine the
orientation of A; in hRC in more details.

Figure 7 compares the ESP signals of P700°A,” (dots, panel A) and P800"A, (dots, panel B)
together with their spectral simulations according to the correlated coupled radical pair (CCRP) model
[54,55]. The simulated spectra (solid and dotted lines) were calculated on various orientations of
quinone ring plane. Parameters for the simulation of P700°A,” signal were obtained from the
previous reports [56,57]. For the simulation of P800'A, signal, we assumed g-values of A,” and
P800" to be composed of the isotropic g-factor of 2.0060 and 2.0029 taken from Fig. 6A and the
anisotropic g-factors for A;” and P700" in PS I, respectively [56]. Direction of the dipolar coupling
axis (zq) connecting P800" and A, and the dipolar and isotropic spin-spin couplings (D and J) were
also assumed to be the same as those of P700°A; state in PS I [57]. The parameters were listed in

Table I.  The solid line (panel A) shows the simulated P700°A,” signal based on the structure depicted
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on the right side of panel A, which coincides well with the experimental signal (dots). The dotted
line (panel B) shows the simulated PS800"A,” signal with the same orientation of A, as that in PS I,
which is entirely different from the experimental one (dots). If the ring plane of quinone is
perpendicular to the z4 axis as depicted on the right side of panel B, then the simulated spectrum
represents the prominent negative peak around 339.3 mT as detected experimentally (solid line, panel
B). On the other hand, the higher-field region cannot be matched even with orientations of quinone
varied at each 15°. The disagreement might be explained by following two possibilities. One is the
anisotoropy of the hyperfine and g-tensor of two molecules. In order to check the first possibility, a
high-frequency EPR spectroscopy should be required. The other is the matter of the formation
process of the radical pair, deeply concerning the lineshape of the ESP spectrum [35,54]. To clarify
the second possibility, the precise reaction rate for the forward electron transfer between P800 and A;

should be measured.

Electron transfer system in hRC vs. PS |

The 500-600 ps oxidation ¢, of Ay measured at room temperature has been attributed to the
electron transfer to Fy in hRC [30,31]. The detection of P800"A;” and P800 Fyx ESP signals at 5 K in
the present study suggests that the electron transfer from A, to A; and to Fx is fast enough to maintain
the ESP state even at cryogenic temperature. An empirical law of the intra-protein electron transfer
rate proposed by Moser and Dutton on the basis of Marcus’ theory [58] predicts that the electron
transfer rate is faster with a shorter edge-to-edge distance and the greater density of atoms between the
reactants, and depends on the free energy gap of the relevant reaction as really demonstrated in the
quinone exchange experiments in PS I [59] and pRC [60]. If we assume an edge-to-edge distance
between A, and Fx in hRC to be 16 A in analogy to PS I, then the empirical law predicts the optimum
reaction time of several microseconds, but not 500-600 ps, between them. The discrepancy seems to
be solved by assuming an electron mediator A; as has been proposed in literatures [19,20,42,61].

Phylloquinone functions as A; in PS I and mediates electrons between A, and Fx. The
electron transfer from A, to A; is very fast with #. of 30 ps, and that from A, to Fx occurs with s
around 15-200 ns (which are still fast enough to produce ESP) [62]. The latter step from A; to Fx
limits the overall electron transfer from A, to Fx, and almost stops below 200 K [62]. As a result, we
can detect P700°A,” state below 200 K as seen in Fig. 1C. On the other hand, hRC produced the
P800 Fx ESP signal even below 200 K (Fig. 1A). The result indicates the electron transfer from A,
to Fx is virtually temperature-independent. The feature may be explained by the position/orientation
of the menaquinone-A;, which is assumed to be somewhat different from that of the phylloquinone-A,
in PS I based on the spectral simulation of the P800°A;” ESP state in this study. The homology

modeling of the menaquinone-A; binding site also suggested the environments around menaquinone to
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be different from that around phylloquinone in PS I [27]. If the arrangement in hRC leads to the
shorter edge-to-edge distance between A; and Fyx, then the orbital overlap between the reactant
molecules and the probability of electron tunneling are expected to increase. The situation would
result in the faster electron transfer rate from A; to Fx than the corresponding step in PS I as already

proposed [42], and may have made it difficult to observe the functional A; in the hRC so far.

Charge recombination reaction between P800 and Fy in hRC

In PS 1, the 7. of the re-oxidation of Fx by P700" occurs with . of 250 ps and 130 ms at room
temperature and cryogenic temperature, respectively [63,64]. On the other hand, the charge
recombination reaction between P800 and Fy in hRC, occurred with 7. of 2-11 ms at 5-50 K in
almost temperature-independent manner (Fig. 5) as has been known [42]. The ¢, values are similar to
20 ms at room temperature [29]. The fast temperature-independent reaction over 20 A that is
anomalous as the intra-protein electron transfer reaction [58], seems to be realized by the mediation by
menaquinone-A;.

A, radical was accumulated by the pre-illumination of hRC, in the presence of dithionite (Fig.
6). Under this condition, flash excitation induced the ESP signal of P800"A;", with a small P800 Fy
ESP signal followed by the P800" signal after the thermal equilibration of spins on P800" and Fx (Fig.
1). CW illumination also induced P800" signal at 5 K (data not shown). We can assume four states
in the light-cooled hRC: (1) Fx and two A, are pre-reduced, then illumination will induce P800" in
the charge recombination between P800" and Ay’ (2) Fx is reduced and A, is partially reduced, then
illumination will induce the ESP signal of P800°A,"; (3) Fx is oxidized and A, is partially reduced,
then illumination will induce the ESP signal of P800 Fx and the following P800" signal; (4) Fx and
two A; are oxidized, same as before the pre-illumination of hRC,, then illumination will induce the
ESP signal of P800 Fx and the following P800 signal decayed with the same ¢, as in the dark-cooled
hRC.. The decay ¢. for the small P800" signal after the thermal equilibration of spins on P800" and
Fx in the light-cooled hRC,. was about twice as slow as that estimated in the dark-cooled hRC, (Fig.
4). The result seems to suggest the P800 Fx” ESP signal to occur in state (3), not (4), in which A, is
partially reduced and fully oxidized, respectively. The accumulation of A;” might modify the redox

potentials of other near cofactors and affect the charge recombination rate between P800" and Fy".

Charge recombination reaction between P800 and A; in hRC

The charge recombination between P800" and A;” was assumed to occur with a #. comparable
to the observed 25-90 ps decay time of ESP at 5-20 K in hRC,, in a temperature dependent manner
(Fig. 3). The rough extrapolation of the rate suggests . to be 20 ps at room temperature. The ¢ isina

similar range to #.s of 10-150 us obtained for the charge recombination of P700°A;” in PS I devoided
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of the terminal acceptors F,, Fg, and Fx [51]. However, the reaction between P700" and A, in PS |
occurs in a temperature independent manner [51]. On the other hand, when F,, Fp, and Fx were
pre-reduced in PS I, the charge recombination rate of P700°A,” depended on the temperature with the
activation energies of 22 meV below 240 K and 171 meV above 240 K [65]. The two activation
energies were attributed to the reoxidation of A;” by P700" and by Ay, respectively. The increase of
the free energy of P700°A; state, caused by the negative charge on nearby Fx and FA7/Fg, was
suggested to modify the charge recombination rate and its route [65]. The effect of the reduced
iron-sulfur cluster seems to explain the temperature dependence of the charge recombination of
P800 A, observed at 5-20 K in the pre-illuminated hRC,, in this study, although the activation energy
of 0.7 meV is considerably lower than 22 meV in PS I. The amplitude of the ESP signal became
smaller at higher temperature as the acceleration of the decay rate (Fig. 3). It is probably because of
the slow time resolution of the present experimental setup. Further measurement might estimate the
activation energy for the charge recombination of PS00"A;" to be higher.

The charge recombination of P700°A;” in PS I exhibited two phases with #.s of 15 and 150 s
at 10 K [51]. The study with mutated PS I revealed that the electron transfer occurs along both
branches of cofactors (mainly on PsaA side) in PS I [66], and the ratio between the two branches
varies depending on the organisms [67,68]. However, the decay kinetics of A;” in hRC. showed no
heterogeneity suggesting the equal rates of electron transfer along the two symmetrical branches of
cofactors in hRC.

The continuous-light induced a semiquinone signal in the light-cooled hRC,, below 20 K (Fig.
6). The semiquinone signal was reduced at the higher temperature (Fig. 6). It resembles the
temperature dependence of the P800 A" signal intensity. However, the extent of semiquinone signal
with the relaxed spin was very small after the single excitation flash (Fig. 1B).  The charge
recombination of P800'A,” state, which is faster at the higher temperature, seems to prevent the

photo-accumulation of A;".

Conclusion

In this study, we detected the two types of ESP signals in hRC,, that lacks Fo/Fg. The one is a
newly identified A/E type ESP signal of P800°A,, which is detectable only below 20 K in the
light-cooled (Fx-pre-reduced) hRC.. The feature of the ESP signal strongly suggests that
menaquinone functions as the electron acceptor A; in hRC and that the decay rate of the ESP signal is
determined by the charge recombination rate of A;” with P800" rather than the slower depolarization
rate of radical pair spins. We could not detect the P800 A" ESP above 20 K due to the fast decay of
ESP. The fast ESP decay is interpreted to represent the fast rate of charge recombination reaction

between P800 and A, in the hRC,, in which the charge recombination is more accelerated by the
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negative shift of redox potential of A; due to the electrostatic interaction with the negative charge on
Fyx. The second is the E/A type ESP signal of P800 Fyx radical pair that can be seen in the
dark-cooled (Fyx-pre-oxidized) hRC,., i.e., under normal reaction condition. The charge
recombination between P800" and Fy occurs with a very low activation energy in contrast to the case
in the corresponding reaction between P700" and Fy in PS I that becomes very slow at cryogenic
temperature. The detection of the P800'Fyx~ ESP and the pre-reduction of Fx in the dark- and
light-cooled hRC,,, respectively, suggest the redox potential of A; to be lower than that of F.

We assume the electron transfer in hRC, to proceed as follows in a downhill manner in each
step:

P800 —(1)—»> Ay (2> A; —(3)— Fx

At room temperature, the reactions (2) and (3) proceed with an overall 7. of 500-600 ps, which
seems to mainly reflect that of reaction (2). We assume a faster ¢, of reaction (3) because we could
detect the ESP signal of PS00"A; only in the light-cooled hRC,, where the reaction (3) was prevented.
The rapid reaction (3) seems to occur with a low activation energy. Therefore, we observe the ESP
of only P800 Fy in the dark-cooled hRC,. The short distance between A, and Fx and the smaller
energy gap (smaller difference of redox potentials of A; and Fx) seems to increase the reaction rate (3)
both in the forward and backward directions, and seems to result in the fast reversed electron flow
from Fx to P800" mediated by A, as seen in the fast charge recombination reaction even at cryogenic
temperatures. To enable this fast recombination, the potential gap between A; and Fxshould not be
large. This might be realized by the redox potential of menaquinone, which is more positive than
that of phylloquinone (around -0.8 V [61,62]) in PS I and is close to or a little more negative than that
of Fx. Rather hydrophilic environment estimated for menaquinone in hRC [27] supports this
assumption.

The homodimer hRC, which has been considered as a prototype of PS I RC, was shown to
have the electron transfer system that uses menaquinone as the secondary electron acceptor. The
reactions of menaquinone (and also of Fx) are almost comparable to that of phylloquinone in PS 1.
However, its reaction is a little different from phylloquinone in PS I probably due to the different
energy gaps, localizations, and molecular environments. The most specific feature of hRC shown in
this study are the fast charge recombination of Fyx~ with P800" even at cryogenic temperature and the
temperature dependent reaction rate between A;” and P800". The difference seems to come from the
reaction of menaquinone. PS I was evolved to protect its strong reducing power on A;” and Fy from
the oxygenic atmosphere and to adapt the higher quantum energy available from under high visible
light absorbed by Chl a. The adaptation process seems to have developed hydrophobic pockets for
phylloquinone-A,; as well as for Fx. The process also seems to have shifted their redox potential

values to be more negative to fit to the stronger reducing power provided from Ay. As the result,
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redox potential, reorganization energy, and arrangement of A; and Fx might have been optimized in
PS I to be able to function even in the oxygenic atmosphere to achieve the low probability of charge

recombination even under strong sunshine.
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Tables

A, P

g« gy g, Ex gy g,
PSIT 2.0062 2.0051 2.0022 2.0030 2.0026 2.0023
Helio 2.0077 2.0066 2.0037 2.0033 2.0029 2.0026

Lz, g(A]) Lz, 2P

XAl Yai ZA1 Xp Yp Zn
PS1 0° 90° 90° 83° 55° 36°
Helio 90° 90° 0° 83° 55° 36°

Table I: The g-values and orientations of the principal g-tensor axes of A, (defined as g(A,)) and P
(defined as g(P")) used in the simulations for the ESP signals of P700°A;” in PS I and P800"A,” in
hRC... The orientations of A; and P were defined by the angles of the g-tensor axe against the
dipolar axis zg. The spin-spin coupling constants of D = -0.17 mT and J = 0.001 mT were used.
The isotropic g-values of A;” and P800" in hRC,, were estimated in Fig. 6. The direction of zg4, the
anisotropic g-values, and the spin-spin coupling constants were assumed to be the same as those in PS

1[56,57]. The P700°A,” ESP signal in PS I was simulated with the parameters reported in [56,57].
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Figure 1: Temperature dependent changes of ESP-EPR spectra in hRC,. of Hbt. modesticaldum
frozen in the presence of an excess dithionite. The ESP signals were obtained in the dark-cooled (A),
the light-cooled hRC, (B), and spinach PS I (C). The dark-cooled hRC,. was prepared after cooling
to 5 K in the dark, and the light-cooled hRC,, after pre-illumination at 210 K for 1 hour and then
cooling to 5 K during illumination. Closed and open circles represent the transient spectra measured
at 0 us (averaged signal intensity at 0 to 20 us) and 500 us (at 350 to 650 us) after the flash excitation,
respectively. The spectra in panel C were normalized. Experimental conditions: microwave power,
1 mW; microwave frequency, 9.527 (A), 9.533 (B) and 9.538 GHz (C); modulation amplitude of 0.4
mT at 100 KHz modulation; 7., 0.01 ms.
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Figure 2: Flash-induced kinetics of the ESP signals in hRC.. (A): Comparison between the
kinetics of the P800 Fx (@) and the P800 A, signals (b), observed at 14 K in the dark-cooled and the
light-cooled hRC,, respectively. The traces were obtained at the negative peak of the ESP signal at
340.3 and 339.3 mT, respectively. The signal amplitudes were normalized. (B): Temperature
dependent changes in the kinetics of the P800 Fy (a and b) and the P800A,” ESP signals (c and d) in
the ps time range. Traces a and b were observed at 20 and 7 K, respectively, in the dark-cooled
hRC,, at the negative peak of P800 Fx” ESP at 338.9 mT. Traces ¢ and d were observed at 20 and 5
K, respectively, in the light-cooled hRC, at the negative peak of P800'A,” ESP at 339.3 mT.
Experimental conditions: microwave power, 1 mW; microwave frequency, 9.533 GHz; modulation

amplitude, 0.4 mT at 100 KHz; ¢., 0.01 ms.
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Figure 3: (A): Arrhenius plots of the decay rate constant k& for the faster phase, estimated from
two-exponential fits of the decay kinetics of the P800 Fx (closed circles) and the P800'A,” ESP
signals (open circles), detected in the dark-cooled and the light-cooled hRC,., respectively. The
dotted line represents a linear regression. (B): Temperature dependence of the amplitude of the

decay phase in panel A. Experimental conditions were the same as those in Fig. 2.
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Figure 4: Temperature dependent changes in the kinetics at the positive peak of the P800" signal at
339.4 mT, monitored in the ms time range. Traces a and b were observed at 50 and 14 K in the
dark-cooled hRC,, respectively. Traces ¢ and d were observed at 50 and 14 K in the light-cooled
hRC,., respectively. Experimental conditions: microwave power, 1 mW; microwave frequency,

9.527 GHz; modulation amplitude, 0.8 mT at 100 KHz; 7., 0.01 ms.
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Figure 5: (A): Arrhenius plots of the decay rate constant & for the fast and slow phases, estimated
from two-exponential fits of the decay kinetics of the P800" signal in the dark-cooled (closed symbols)
and the light-cooled hRC,. (open symbols). The fast and slow phases were defined as circles and
triangles, respectively. The dotted lines represent linear regressions. (B): Temperature dependence
of the relative amplitudes between the fast and slow phases in panel A. Experimental conditions

were the same as those in Fig. 4.
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Figure 6: (A): Temperature dependent changes in CW EPR spectra in the dark-cooled (a and b) and
the light-cooled hRC, (c-d). Traces a, b, d, and e represent the light-minus-dark difference spectra at
14 (a and d), 50 K (b and e), obtained by subtraction of the spectra measured in the dark after the
illumination from the spectra measured during the illumination. The dotted line (trace ¢) represents
the dark spectrum at 30 K after in the light-cooled hRC... The signal intensities were normalized at
their maximum peaks. (B): Temperature dependent shifts of the g-value of the light-induced spectra
in the dark-cooled (closed triangles) and the light-cooled hRC. (open triangles). Experimental
conditions: microwave power of 1 mW; microwave frequency of 9.533 GHz; modulation amplitude of

0.4 mT at 100 KHz; ¢, 20 ms.
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Figure 7: ESP spectra of the P'A; radical pair state in PS I (A) and in hRC (B). The dots represent
the experimental spectra of P700'A,” and P800'A, states in the species. The solid lines show
simulated spectra calculated based on the relative arrangement of P* and A;” in PS I and hRC as
depicted on the right side of panel A and B, respectively. Note that the direction of g, axis of the
quinone molecule in the hRC is modified to be parallel to be parallel to the dipolar principal axis z,.
Parameters for the simulations were listed in Table I. The dotted line (panel B) shows the simulated

P800 A,” ESP spectrum calculated with the same A -orientation as in PS 1.
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