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ABSTRACT: We have earlier shown that all electron transfer reactions in Photosystem
II are operational up to 800 nm at room temperature [Thapper, A, et al. (2009) Plant
Cell 21, 2391—2401]. This led us to suggest an alternative charge separation pathway
for far-red excitation. Here we extend these studies to a very low temperature (5 K).
Illumination of Photosystem II (PS II) with visible light at S K is known to result in
oxidation of almost similar amounts of Y;; and the Cyt bs,/Chl,/Carp, pathway. This is
reproduced here using laser flashes at 532 nm, and we find the partition ratio between
the two pathways to be 1:0.8 at S K [the partition ratio is here defined as (yield of Y,/
CaMn, oxidation):(yield of Cyt bsso/Chl,/Carp, oxidation)]. The result using far-red

Pheop,

hv<800 nm hv<700 nm

laser flashes is very different. We find partition ratios of 1.8 at 730 nm, 2.7 at 740 nm,

and >2.7 at 750 nm. No photochemistry involving these pathways is observed above 750 nm at this temperature. Thus, far-red
illumination preferentially oxidizes Y,, while the Cyt bsso/Chl,/Carp, pathway is hardly touched. We propose that the difference
in the partition ratio between visible and far-red light at 5 K reflects the formation of a different first stable charge pair. In visible
light, the first stable charge pair is considered to be Pp,*Q,". In contrast, we propose that the electron hole is residing on the
Chlp,, molecule after illumination by far-red light at S K, resulting in the first stable charge pair being Chly,*Q,~. Chlp, is much
closer to Y (11.3 A) than to any component in the Cyt bsso/Chl,/Carp, pathway (shortest Chly,—Caryp, distance of 28.8 A).
This would then explain that far-red illumination preferentially drives efficient electron transfer from Y,. We also discuss
mechanisms for accounting for the absorption of the far-red light and the existence of hitherto unobserved charge transfer states.
The involvement of two or more of the porphyrin molecules in the core of the Photosystem II reaction center is proposed.

he quantum yield of oxygenic photosynthesis is known to

decrease dramatically at wavelengths above 700 nm." This
phenomenon, known as the red drop from the classical
experiments by Emerson™> and Duysens,” led to the establish-
ment of the concept of two separate photosystems, Photo-
system I and Photosystem II, working cooperatively to drive the
long-range electron transfer in the thylakoid membranes of
plants and algae. The spectral properties of the isolated
photosystems are often defined with respect to the primary
chlorophyll electron donors, Pgg, in PS II and P, in PS 1. The
molecular identity of the primary donor and the primary charge
separation reactions that occur after photoexcitation of the
reaction centers are much studied. In particular, this holds for
PS II where the oxidative chemistry conducted by the
components on the donor side puts formidable chemical and
physical demands on the participating components.

A Chl component denoted Pgg, has long been known to be
the primary electron donor in PS IL>~® The subscript indicates
that the absorption maximum of the Q, band is around 680 nm
for the primary electron donor in PS II. Despite this, oxygen
evolution can be induced by >700 nm light in green algae,'
and in sunflower leaves, oxygen evolution was observed using
wavelengths of <780 nm.!! Charge separation in PS II has also
been observed with 730 nm light at ultralow temperatures.'>~**
Recently, we took the studies of the far-red photochemistry
further in a detailed spectroscopic investigation of most of the
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individual electron transfer reactions in PS II, including
turnover of the CaMn, cluster, oxidation of Y,, reduction of
Pheophyting,; (Pheop,), Q,, and Qg, etc. (see below). All these
individual steps were observed after single flashes of <780 nm
light at room temperature. In photoaccumulation experiments
using far-red light, the PS II photochemistry was detectable up
to 800 nm."> These findings led us to suggest an alternative
charge separation pathway for far-red excitation. In this
mechanism, a low-energy state denoted X* is formed in PS II
after far-red light excitation. X* then triggers the charge
separation and reduces pheophytin and oxidizes Y, but is
working with an energetic margin lower than that of normal
Pggo*. We also proposed that X* was the excited state from a
known chromophore in PS II that however had not previously
been observed and linked to PS II primary photochemistry."

Photosystem II (PS II) is a multisubunit protein complex in
the thylakoid membranes of plants, cyanobacteria, and green
algae that performs light-driven water oxidation and concom-
itant plastoquinone reduction. The light-driven electron
transfer is conducted by a chain of redox components, all
bound to the heterodimer of proteins D; and D, (Scheme 1).
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Another important redox component in the PS II reaction
center is Cyt bsso, which contains a heme group bound to the
two membrane-spanning subunits psbE and psbF.'®

Scheme 1
Cyt bgsg
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After the absorption of a photon by antenna subunits in PS
II, subsequent excitation energy transfer occurs to the reaction
center Chls constituting primary donor Pggy. Pego is composed
of four Chl molecules in the D,/D, heterodimer denoted
Chlp,, Chlp,, Py, and Pp, (Scheme 1'°). The excitation of Pgg
triggers the initial charge separation between Py and the
primary electron acceptor pheophytin, giving rise to the
Pggo'Pheo™ primary radical pair. The exact path for the first
step(s) in the primary charge separation has been much
discussed. This originates from the fact that the four Chl
pigments constituting Pegy and the two pheophytins are all
rather weakly electronically coupled to each other. The
couplings are weak if compared to the two strongly coupled
bacteriochlorophylls in the special pair in purple bacte-
ria.”®'7~! Thus, in the reaction center of PS II, there are six
pigments that are all weakly coupled. This complicates the
analysis of the events after a light excitation in PS II because the
excitation energy can be localized on any of six pigment
molecules. The result is that the primary charge separation
might develop along different paths. Consequently, several
different charge pairs like Pp,"Pp,”, Pp,"Chlp,7,
Chlp,"Pheop,”, etc., might occur during the primary
reaction.”® Shortly after these first events, the Pp,*Pheop,”
charge Pair dominates and Pp,* is often synonymous with
Peso™ ' In a recent study in the D1/D2 reaction center
preparation (lacking most PS II subunits, the CaMn, complex,
Q,, Qu and functional Y;) that was conducted at 77 K,
evidence of two charge separation pathways was provided.”® In
one fraction of the centers, the first charge pair was
Chlp,*Pheop,”, and in another fraction of the centers, it was
Py, *Chlp,~. In both cases, the system evolved to the final
Pp,*Pheop,” charge pair via charge equilibration reactions
among the pigments. It was suggested that similar reactions also
might occur in more intact PS II, although they are difficult to
study there because of the many Chl molecules present in all
such preparations.

Regardless of which exact primary charge separation event
occurs, the electron finally arrives at Pheop;, creating the
Pheop,;” radical. From Pheop;”, the electron is then transferred
to the primary (Q,) and secondary quinone acceptors (Qg)."’
After two charge separation events, Qg has been reduced two
times and leaves the Qg site on the D, protein in the quinol
form (QgH,). It is then replaced by an oxidized quinone from
the quinone pool in the thylakoid membrane.
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The situation on the electron donor side of PS II is more
complex and involves many redox components that conduct a
multitude of electron transfer and proton-coupled electron
transfer reactions (Scheme 1). Pgy® (Pp,*)*' is normally
reduced rapidly (within nanoseconds) by the nearby redox
active tyrosine residue (Y;) on the D protein forming the Y;*
radical. In this context, it is relevant that P, is closest to Y, of
the chlorophylls in the reaction center. Y,* is in turn reduced
from the CaMn, cluster, which is the catalytic site of water
oxidation (Scheme 1).> In this report, we denote this the Y,/
CaMn, pathway. After four charge separation events, the
CaMn, cluster has accumulated four oxidation equivalents
leading to the oxidation of water and evolution of molecular
oxygen. During catalysis, the CaMn, cluster cycles in a stepwise
manner through five intermediate redox states called S, states
(n = 0—4).>** Oxidation of the S, state leads to the formation
of the transient S, state, which drives the final formation of
oxygen, and the CaMn, cluster returns to the S, state, which is
the most reduced state. The S, state is the dominating state in
the dark, while the S, and S; states are metastable intermediates
that decay back to the S, state on a time scale of seconds to
minutes. The S state is slowly converted to the S, state during
a long dark incubation.**

At physiological temperatures, Pgg," reduction is completely
dominated by electrons arriving from the Y,/CaMn, pathway
leading to efficient water oxidation. To accomplish Y, oxidation
that occurs at ~1.2 V* and eventually water oxidation, the
oxidizing power of Pgg," is ~1.4 V,%%6 which is one of the most
oxidizing potentials that occur in an enzymatic reaction.
Therefore, in cases in which Y, is for some reason unable to
deliver an electron quickly, Pgg" can also be reduced by
auxiliary electron transfer pathways from other redox active
species in the vicinity. The most important is the so-called Cyt
bsso/Chl,/Carp, pathway where Chl, and Carp, are both
bound to the D, protein. Here Cyt bsso or Chl, provides an
electron to Pgg," via Carp,. The donation of an electron to Pgg,"
from a chlorophyll molecule and Cyt bys was first observed by
optical spectroscogpy at low temperatures in PS II lacking the
CaMn, cluster””?® and has since been extensively studied.””>*

This alternative pathway becomes active and plays an
important role in PS II under conditions where the Y,/
CaMn, pathway is inhibited or functions less well. Such
conditions occur, for example, at low temperatures (studied
here), after photoinhibition or following different treatments
that remove or inactivate the CaMn, cluster.**** In early work,
EPR spectroscopic analysis of S,-state multiline signal
formation and Cyt bsse oxidation was applied to study the
competition between the Y,/CaMn, pathway and the Cyt bsgo/
Chl/Carp, pathway in intact PS II between 77 K and room
temperature.”” More recently, the competition between the two
pathways has also been investigated at 5—10 K.**7*" At these
temperatures, the CaMn, cluster is unable to turn over but Y,
can still provide an electron in 40—50% of the PS II centers
depending on the S state while the Cyt bsso/Chl,/Carp,
pathway reduces the remaining part of Pgg,".

Our earlier study of electron transfer triggered by the
absorption of far-red light was performed at room temperature
where the reactions leading to the oxidation of water all were
functional to ~800 nm."> However, although charge separation
has been observed after far-red illumination up to 730 nm,"” the
function of the different electron donor pathways has not been
studied as a function of wavelength at low temperatures, where
most thermally activated processes will be limited.
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Figure 1. Wavelength-dependent induction of the split S; EPR signal at S K in PS IL. (A) Induction of the split S, EPR signal achieved by flash
illumination of PS Il-enriched membranes at 5 K for 10 min. The EPR spectra represent flashing at 532 nm (spectrum a), 730 nm (spectrum b), 740
nm (spectrum c), and 750 nm (spectrum d). The g = 2 region containing the large spectrum from Y,,* was removed for the sake of clarity. (B)
Induction of the split S; signal reflecting Y,* formation. The signal was induced at S K by laser flashes provided at 532 (@), 730 (W), 740 (V¥), or
750 nm (A). The flashing (S Hz) was started at t = 0 and continued for 10 min in total. An EPR spectrum was recorded during the flashing at the
indicated time points. Each point represents the amplitude of the split S, signal at g = 2.035. (C) Formation and decay of the split S; EPR signal
induced by flash illumination at 730 nm followed by decay in the dark. The laser flash illumination was turned off after 5 min, indicated with an
arrow. EPR conditions: microwave frequency, 9.28 GHz; microwave power, 25 mW; modulation amplitude, 10 G; temperature, 5 K.

In this study, we use EPR spectroscopy to quantify the far-
red-induced electron donor reactions that take place in PS II at
5 K. We show that the discrimination between the two electron
donor pathways is different after illumination with green
(visible) or far-red light. Our results have important
implications both for the charge separation mechanism and
for the molecular identity of the pigment(s) constituting
primary donor Py after far-red illumination.

B MATERIALS AND METHODS

Growth Conditions. Spinach (Spinacia oleracia) was grown
hydroponically as described previously** at 20 °C under cool
white fluorescent light (dysprosium lamp, Osram Power star
HQI-E 400W/DV, 300 uE m™* s™"), with light—dark periods of
12 h.

PS Il Membrane Preparation. Two different oxygen-
evolving PS II membrane preparations from spinach were used
in this study. The first preparation was obtained according to
ref 43 with the soft 20 min detergent treatment and the second
preparation, BBY type,** with the standard 30 min detergent
treatment after an additional membrane stacking step.*>*®
Preparations were resuspended in a buffer containing 25 mM
MES (pH 6.1), 400 mM sucrose, 15 mM NaCl, and 3 mM
MgCl, for storage at —80 °C, at a Chl concentration of 6—10
mg/mL. It should also be mentioned that both our preparations
show no detectable room-temperature Y;* signal indicative of
the damaged PS II centers.

Synchronization of the OEC to the S, State. For the
experiments in which PS II was to be exposed to flashes at 5 K,
the samples were diluted to a final concentration of 2 mg of
Chl/mL and preflashed at 20 °C according to ref 47 to achieve
a fully homogeneous sample synchronized in the S, state and
the acceptor side with the reduced (Fe?*) non-heme iron.

Quantification of Photosystem I. Photosystem I was
quantified in the PS II-enriched membranes by oxidation with
10 mM ferricyanide K;[Fe(CN)4] for 5 min at 20 °C. The
resulting EPR spectrum of P,y," was obtained by subtraction of
the large EPR signal from Yp°, recorded in the same sample
before chemical oxidation.*” The amount of P,y radical was
quantified by comparison to the fully oxidized Yp,* radical (Yp,*
has one radical per PS II center), which was used as an internal
standard.*
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Laser lllumination. Flashes were provided by a Spectra
Physics PRO-290 Q-switched Nd:YAG laser (6 ns flashes)
equipped with a Spectra Physics Quanta Ray MOPO 730
optical paramagnetic oscillator to achieve the desired wave-
lengths (bandwidth of flash of +0.1 nm). To avoid any possible
leak-through of unwanted visible light, the laser beam was
passed through a RG9 cutoff filter when far-red wavelengths
were used. To study electron transfer at S K, laser flashes (at a
flash frequency of S Hz) from the MOPO 730 instrument (20
mJ at the sample position) of the desired wavelength were
applied directly to the EPR cavity at S K. During the flash
illumination, EPR spectra were continuously recorded, at
approximately one spectrum per minute. After 10 min, the
maximal amplitude of the split S; signal had been achieved. At
this point, the laser flashing was interrupted and the EPR
spectra of Chl; and Cyt byso were recorded at 15 K within ~15
min.

EPR Spectroscopy. Continuous wave (cw) EPR spectra
were recorded with an ELEXSYS ESO0 spectrometer (Bruker
Biospin) equipped with a SuperX bridge and a SHQ4122
cavity. All measurements were performed at a low temperature
that was achieved with an Oxford Instrument cryostat and ITC-
4 temperature controller. EPR spectra were analyzed with
Bruker Xepr version 2.4b. EPR spectra from the split S, signals,
oxidized Cytbss, (except for spectra from dark and 77 K
illuminated samples), and Car/Chl radicals are presented as
light minus dark difference spectra.

B RESULTS

Oxidation of the Y,/CaMn, Pathway. We have
monitored the far-red light-induced charge separation products
in intact PS II-enriched membranes at 5 K. Figure 1A shows the
results when PS II, synchronized in the S, state, was exposed to
laser flashes with wavelengths ranging from 532 to 750 nm.
Under these conditions, any formed Y,* is observed via the so-
called split S; EPR signal®***~%* that reflects a magnetic
interaction between Y,* and the CaMn, cluster. The
appearance of the split S; EPR signal was analyzed at the
amplitude of the peak in Figure 1A. It was found that Y, was
oxidized to a large extent at 532 nm (spectrum a), 730 nm
(spectrum b), and 740 nm (spectrum c). Quantification of the
split S; EPR signal showed that Y, was oxidized in nearly 30%
of PS II for these two far-red wavelengths and 40% of PS II for
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532 nm (Table 1). Light at 750 nm (spectrum d) also clearly
resulted in the formation of the split S, EPR signal. The

Table 1. Charge Separation Products Induced at 5 K

A Car/Chl total charge partition
(nm) split $;*?  Cyt byso?®  radical®? separation® ratio®
532 40 (44) 35 (39) 15 (17) 90 0.8
730 27 (64) 13 (31) 2 (5) 42 1.8
740 27 (73) 10 (27) 0 37 2.7
750 8(73) <3 (<27) 0 11 >2.7

“Split S; EPR signal induction was quantified from the maximal
inducible signal with white light, which has been shown to represent
40% of total PS 113 bQuantiﬁed from the integrated area of the
peak at g, = 3 compared to full oxidation of Cyt bsse with illumination
at 77 K for 10 min.*” “Quantified from comparison with the double
integrated area of the nonsaturated EPR spectrum of Yp* used as an
internal standard (Yp," has one radical per PS II center*). “Numbers
in parentheses represent the percentage of total charge separation.
Numbers without parentheses represent the percentage of total PS IL
“In percent of PS IL FThe EPR signal from oxidized Cyt bsgy after
illumination with light at 750 nm was too small to allow integration
with any precision, and we estimate the signal to represent at
maximum of 3% of the PS II centers. #The partition ratio is defined as
(vield of Y,/CaMn, oxidation):(yield of Cyt bsso/Chl,/Carp,

oxidation).

amplitude was much lower and reflected ~8% of PS II (Table
1). Thus, oxidation of Y, at S K can be observed at least up to
750 nm.

This is to the best of our knowledge the first time oxidation
of Y, driven by far-red light as low as 5 K has been observed in
the S, state, and the reaction was overlooked in an earlier study
by us® (see below for the Discussion). The induction and
decay of this signal were therefore investigated further. Figure
1B shows the time-dependent increase in the amplitude of the
split S; EPR signal during flashing at different wavelengths. As
observed previously,*”**>> the induction was fast and efficient
at 532 nm and reached its maximum within ~2 min of flashing
at our laser power (¢, ~ 53 s). The yield was approximately
similar to that reached with continuous white light. The
induction was equally fast at 730 nm but reached a lower
amplitude. At 740 nm, the maximal amplitude was the same as

that after 730 nm light flashing but was reached somewhat
more slowly (t;,, ~ 69 s). The induction kinetics was again
slower at 750 nm (t;,, ~ 85 s) where the maximal signal also
was significantly smaller (see also Table 1).

We also followed the decay of the split S; signal when the
laser flashing was turned off. Figure 1C shows the induction
and decay of the signal induced by flashes at 730 nm. The
amplitude of the signal decayed to ~70% of its original value
with a decay half-time of 160 + S s at this temperature. This
behavior is normal for the split S; signal induced by visible light,
which has been reported to decay via recombination with Q,~
with a t;, of ~3 min in the dominating part of the
centers.””**>> This also held for the split S; signal induced
by 532 nm in this work, which also decayed with a t,, of ~3
min (not shown).

Oxidation of the Cyt bsso/Chl,/Carp, Pathway. Under
conditions where donation of an electron from the CaMn,
cluster is prohibited, the donation of a secondary electron to
Pggo" from the high-potential form of Cyt by, or Chl, via Carp,
can occur (Scheme 1), resulting in stable charge pair Cyt
bsso™Q,~ or Chl,*Q,~.>"*® The ratio between these mainly
reflects the initial oxidation state of Cyt bsso. PS II membrane
preparations always contain 20—30% the low-potential form of
Cyt bgso, which is oxidized.>>** In this case, when Cyt bss, is
oxidized in a PS II center prior to the illumination, the side path
electron donation results in the formation of Chl,". Oxidation
of both Cyt bgsy and Chl, can be followed by EPR
spectroscopy. Figure 2A displays the EPR spectra of oxidized
Cyt bgsy, achieved after flash illumination at 5 K. In our
preparation, 30% of the total Cyt bssg is present in the oxidized
low-potential form (Figure 2B, gray spectrum, and Table 1).
The rest of Cyt b, is the reduced high-potential form (70%)
that can be observed after illumination at 77 K with white light
(Figure 2B, black spectrum).

The signal induced at 532 nm and $ K (Figure 2A, spectrum
a) was large and reflects oxidation of Cyt bgg, in its high-
potential form, where g, = 3.06.**°% 1t represented oxidation
of Cyt bgs in 35% of PS II (Table 1). The level of Cyt bs,
oxidation using 730, 740, or 750 nm light was much smaller
(Figure 24, spectra b—d). With 730 nm light, the amplitude of
oxidized Cyt bssy was approximately one-third of that of the
532 nm-induced signal and reflected oxidation of Cyt bss in
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Figure 2. Wavelength-dependent induction of Cyt bsse and Chl,* in PS II. (A) Oxidation of Cyt bss, achieved by flash illumination at S K with 532
nm (spectrum a), 730 nm (spectrum b), 740 nm (spectrum c), and 750 nm (spectrum d) light. (B) Spectra from Cyt by in the dark-adapted
samples (gray) and after illumination for 6 min at 77 K (black). Bars indicate the position of the low-potential form [g = 2.96 (right)] and high-
potential form [g = 3.06 (left)] of Cyt bss, in the g, region. EPR conditions: microwave frequency of 9.28 GHz, microwave power of S mW,
modulation amplitude of 15 G, and temperature of S K. (C) Wavelength-dependent induction of Chl," achieved by flash illumination at 5 K and 532
nm (spectrum a), 730 nm (spectrum b), 740 nm (spectrum c), and 750 nm (spectrum d). The spectra were deconvoluted as described in the
Supporting Information, and the signal size was estimated on the basis of the Y,* radical (one spin per PS II center*?). EPR conditions: microwave
frequency of 9.28 GHz, microwave power of 1.2 W, modulation amplitude of 3.5 G, and temperature 15 K.
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~13% of the PS II centers. With 740 nm light, the oxidation of
Cyt bgso occurred in 10% of the PS II centers. With 750 nm
light, the level of oxidation of Cyt bssy was even smaller. The
EPR signal (Figure 24, spectrum d) was too small to integrate,
and we estimate it reflects oxidation of Cyt bgse in <3% of the
PS II centers (Table 1).

Figure 2C shows the radical EPR spectra from Chl,* (10 G
wide, g value of 2.0026)*” induced by flash illumination at 5 K.
The signal was deconvoluted to obtain clean Chl," radical (see
the Supporting Information). The amount of the induced
radical was estimated via comparison of the fully oxidized Yy,
radical (one spin per PS II reaction center*”). At 532 nm, 15%
of the Chl,* was formed (Figure 2C, spectrum a, and Table 1).
Illumination at far-red wavelengths (730, 740, and 750 nm) did
not result in any observable Chl,* formation (Figure 2C,
spectra b—d, and Table 1). From these results, it is clear that
the far-red light was not able to drive Pgg" reduction with Cyt
bsso or Chl; to any significant extent. In contrast, flashing with
532 nm light resulted in a significant oxidation of both Chl; and
Cyt bsso, similar to what has been reported previously with
white light.3’9’41’48 However, both wavelength regimes could
drive the Y,/CaMn, pathway, which could be observed as
induction of the split S; EPR signal.

B DISCUSSION

In intact PS II at room temperature, reduction of Py is
completely dominated by the water oxidizing pathway. First,
Pggo" is reduced by Y, which is thereafter reduced by an
electron from the CaMn, cluster. At low temperatures, this
changes and the transfer of an electron from the CaMn,
complex to Y;* is severely slowed or even completely inhibited.
This is the situation at 5 K where Pgg," partly is efficiently
reduced by the Cyt bss,/Chl,/Carp, pathway. This electron
donation pathway has been extensively studied and found to
involve not only Cyt bssy and a chlorophyll donor that were
discovered earlier’”*®3%3® but also a carotenoid
donor.>"*737%%%% Eor a long time, the Cyt bssy/Chl,/Carp,
pathway was thought to be the only functional pathway at 5 K
and comparable low temperatures (there were no indications of
Y, oxidation). However, the understanding of the low-
temperature electron donation to Pgg," changed with the
discovery that split EPR signals, which originate from the Y;,*
radical in magnetic interaction with the CaMn, cluster, could be
induced at 5—10 K.**°%1% Thys, it became obvious that Y,
could donate an electron to Pgg,' also at ultralow temper-
atures.’>>* Both pathways also work and compete with each
other at intermediate temperatures (77—273 K) where the
temperature-dependent partition ratio between them was first
studied.”® It was found that at temperatures where the S,-state
multiline signal was not formed, Cyt bgso was oxidized instead.

With our observation that the photochemistrly in PS II works
with far-red illumination at room temperature, S it is also clear
that the low-temperature photochemistry and secondary
electron transfer reactions might be functional at these
wavelengths to a higher degree than previously thought. In
this work, we therefore applied EPR spectroscopy to investigate
how the wavelength of the applied light affects the partition
ratio between the electron donation from the Y,/CaMn,
pathway and the Cyt bsso/Chl,/Carp, pathway.

Y, Oxidation after Far-Red lllumination at 5 K. Our
results here show that the split S; EPR signal is formed in a
considerable fraction of the PS II centers with illumination at
least as high as 750 nm (Figure 1A and Table 1). This clearly
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demonstrates that Y, can be oxidized at 5 K following this low-
energy illumination. Furthermore, our observation that the
dominating part of the signal decayed via recombination with
Q4 [t1/2 ~ 3 min at S K (Figure 1C)] shows that the oxidation
of Y, is accompanied by reduction of Q,. It thus occurs via
charge separation between the donor and acceptor sides of PS
II. This is in contrast to the split S; EPR signal that is formed
via near-infrared (NIR)-induced excitation of the CaMn,
cluster in the S; state and subsequent backward electron
transfer from Y, to the CaMn, cluster. Consequently, because
no Q,~ is formed in the reaction, the split S signal is stable at §
K 4055

We have earlier determined the formation spectra for the
split S EPR signals. In this earlier work, we observed induction
of the split S; signal at least to 900 nm while no formation of
the split S, EPR signal was reported above 730 nm.>> Our
results here clearly extend the far-red limit for Y, oxidation in
the S, state. There are two main reasons that we did not
observe induction of the split S, signal after far-red illumination
in our earlier work.”> The MOPO laser flash source available
was significantly weaker and less stable than the system
presented here. In addition, the signal-to-noise level was 3—4
times lower in the EPR spectrometer than in our present
instrument. Taken together, these two factors pressed the
obtainable spectrum into the noise level of the measurement; it
thus escaped our attention. Scrutiny of our old spectra indeed
reveals the presence of the split S; signal just above the noise
level (not shown), too small to allow clear identification at that
time.”

Partition Ratio between Electron Donor Pathways in
PS II. The first attempt to define the degree to which Y, could
be oxidized at 5 K was conducted in the S state.*® This study
was done by comparison with the amplitude of the split signal
in Ca-depleted PS II, and it was found that the split S, signal
(where this particular comparison was best applicable) was
formed in ~40% of PS II centers that were in the S state. The
same fraction of Y, oxidation also occurred in the S; state in PS
II both from Spinacia oleracea (spinach) and from Thermosy-
nechococcus elongates (cyanobacteria). This was found in a study
of the split S; EPR signal where both electron donors and
acceptors were quantified by EPR.* Similar studies have now
been performed in the S, state,*” and it is generally accepted
that at 5 K using visible light illumination, Pgg,* is reduced from
either the Y,/CaMn, pathway or the Cyt bss/Chl,/Carp,
pathway in an approximate partition ratio of 1.”

This partition ratio is thought to reflect a molecular
heterogeneity around Y;. In one configuration, Y, can reduce
Pggo" efficiently, while in another configuration, it is unable to
compete with the Cyt bgso/Chl,/Carp, pathway to reduce
Pggo"- It has been pointed out that such heterogeneity is likely
to exist also at room temperature, resulting in different kinetics
for Y, oxidation by Pgg*,**¢"%* although these kinetics are
always fast enough to outcompete the donation of an electron
from the Cyt bsso/Chl,/Carp, pathway. The heterogeneity is
likely to be locked in by freezing of the sample to temperatures
as low as 5 K, where hardly any movement of the protein is
possible.

In this study, we found that 44% of the formed Pgg," is
reduced from the Y;/CaMn, pathway and 56% is reduced from
the Cyt bsso/Chl,/Carp, pathway, resulting in a partition ratio
of 0.8 when light at 532 nm was used to drive the charge
separation (Figure 3A and 3B). This is quite similar to what was
found with white light in ref 39 and confirms that our samples
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Figure 3. Oxidation of electron donors to Pyg,* by illumination at 5 K.
(A) Result of flash illumination at different wavelengths. The bars
represent formation of the split S, signal (gray), oxidation of Cyt b,
(white), and oxidation of Chl, (dark gray) as a percent of total PS IL
The data are from Table 1. (B) Oxidation of the different electron
donors as a fraction of the total stable charge separation achieved at
the specific excitation wavelength: Y, oxidation (gray bars), Cyt bss,
oxidation (white bars), and Chl, oxidation (dark gray bars). The
partition ratio between the Y,/CaMn, and Cyt bsse/Chl,/Carp,
pathways is also shown.

behaved similarly. Thus, in ~44% of PS II, Y, is in a
configuration that allows efficient transfer of an electron to
Pggo". In the remaining fraction of PS I, Yy is in a configuration
that either does not allow Y, oxidation at 5 K or, alternatively,
slows Y, oxidation enough to permit the Cyt bgso/Chl,/Carp,
pathway to win the competition. In either case, the situation
around Y, should be the same in all our PS II samples that are
treated in exactly the same way before illumination. After the
samples had been frozen to 5 K, the situation should be set and
every time Pgg" is formed in a reaction center Y, should be
able to donate an electron in 44% of the cases.

This is clearly not the case when PS II is exposed to
monochromatic >730 nm light (Figure 3A). At 730 nm, the
total amount of stable charge separation products we observed
represented 42% of the PS II centers (Table 1). Y,* formation
occurred in 27% and Cyt bgs oxidation in 13% of PS II, while
we could observe oxidation of Chl, or Carp, in only 2% of PS
II (Figure 3A and Table 1). This results in a partition ratio of
1.8 between the two pathways. At 740 nm, the partition ratio
was 2.7 (Table 1 and Figure 3B), which is significantly higher.
Here the EPR spectra from the split S, signal and oxidized Cyt
bsso were sufficiently large to allow precise quantification. At
750 nm, the yield of respective donors was smaller, making
quantification of, in particular, the Cyt bssy spectrum less
precise. Here the partition ratio was 2.5—3 (>2.7). Thus, the
trend is that the higher the excitation wavelength, the lower the
probability the oxidized primary donor has to oxidize the Cyt
bsso/ Chl,/Carp, pathway. Following illumination at >740 nm,

the oxidized primary donor is reduced by Y, in ~75% of the PS
II centers that underwent charge separation (Table 1).

An important question is if this effect is a general property of
PS II or is preparation-dependent and somehow reflects the
purity or integrity of the PS II complex. It is known that even in
very similar preparations, slight differences in, for example, the
detergent treatment sometimes can induce heterogeneity in the
protein and antenna composition and affect the redox
properties, especially on the acceptor side of PS II. Our
experiments described above were performed in a PS II-
enriched membrane preparation with milder stacking and
detergent treatments,™ which allows high oscillation of the
OEC than more often used preparations.*>*” We therefore
performed similar experiments in the standard type BBY
preparation with a harder stacked thylakoid membrane and
prolonged detergent treatment.***® The results are listed in
Table 2. The partition ratios between the two donor pathways
obtained for 535 and 740 nm illumination were remarkably
similar in both preparations.

Thus, this discrimination against the Cyt bgso/Chl,/Car
pathway following excitation with far-red light is an interesting
property of the PS II complex, and below we will present our
hypothesis to explain this phenomenon.

Location of the First Oxidized Primary Donor after
Far-Red lllumination. The question of why the far-red light
cannot drive the Cyt bsso/Chl,/Carp, pathway as well as the
Y,/CaMn, pathway at 5 K now arises. To discuss this, we point
out that PS II in our study is frozen at 5 K. At this extremely
low temperature, only very minor atomic movements will occur
in the protein and all molecular properties in the reaction
center that have been frozen in will remain until the sample is
thawed to a much higher temperature. An example of such
heterogeneity is the exact location of the phenolic proton on Y,
in the hydrogen bonding network in which it participates. In
case the proton is located and/or frozen in close to the
phenolic oxygen proton, Y, might be difficult to oxidize at S K
because this would require significant proton movement. In
case the proton is instead frozen in closer to the proton
acceptor(s), Y, might be easy to oxidize also at S K. This type
of frozen-in heterogeneity is likely to explain the Y, oxidation
ratio (in ~40% of PS II) that is reported at S K*% (see also
Table 1). However, this type of frozen-in heterogeneity will not
change between our samples that are all treated similarly before
they are frozen to 5 K. The same type of consideration also
holds for possible molecular differences around the chlorin
pigments in the PS II core [Pheop,;, Pheop,, Chlp,, Chly,, Py,
and Py, (Scheme 1 and Figure 4)] and the redox components
in the Cyt bssy/Chl;/Carp, pathway. Also, such differences

would be similar in all samples, and we have difficulty in

Table 2. Properties and Partition Ratios of Two PS II Membrane Preparations Used in This Work

PS II* Triton” X-100 PS I° content no.? of Chls per PS 0,° partition’ ratio at partition’ ratio at
preparation treatment (%) Chl a/b II evolution 532 nm 740 nm
prepatation A 20 min 8 2.3 236 370 0.8 2.7
preparation B 30 min <3 2.1 205 440 0.8 2.6

“The preparation used in most experiments in this study was preparation A. Preparation B (BBY type) was used to check the partition ratio in a
“standard” preparation of PS II-enriched membranes. The detergent treatment step during the preparation included incubation in the presence of
Triton X-100 (25 mg/mg of Chl) for 20 min in procedure A and for 30 min (after the additional thylakoid stacking step) in procedure B. “PS I was
quantified from the P,y radical and 1nduced by chemical oxidation with 10 mM ferricyanide, in comparison to the spectrum of fully oxidized Yp,°,
which was used as an internal standard.** “Estimated by comparison to the doubly lntegrated size of the Yp* radical in thylakoid membranes (380
Chls/PS II center’®) and in the preparations of PS Il-enriched membranes from spinach. Oxygen evolution was measured with an electrode at 20
°C with 0.5 mM PpBQ as the electron acceptor under saturating white light illumination. FThe partition ratio is defined as in Table 1
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Cyt bgsg

Pheop,

Chl,

Figure 4. Schematic representation of the pigments in Pggy and the
redox components in the Y,/CaMn, and Cyt bgs/Chl,/Carp,
pathways. The dotted arrows represent the electron transfer reactions
following illumination with visible light at S K. The solid arrow
represents the suggested dominating primary electron transfer after
far-red illumination at 5 K between Chlp; and Y.

determining a mechanism at 5 K by which the excitation
wavelength would steer the molecular configurations around PS
II redox components.

Instead, we argue that the different partition ratios observed
between visible and far-red light excitation should be sought in
the product formed by the excitation and primary charge
separation. Excitation of Pgg, with green light results in primary
charge separation pair Py 'Q,~, where the electron hole is
located to Pp, creating charge pair Pp, Q,~¥*e366 (Figure
4). We propose here that far-red light at S K excites a different
component here denoted P, (denoted X at room temperature
in ref 15). Excitation of P, then leads to the formation of the
first stable charge pair P,Q,". To explain our results, we
suggest that this is spatially and/or energetically different from
the Pp,*Q,~ charge pair induced with green light. Ppy; is one of
the chlorophylls in Py, and is bound to the D, protein. It is
located close to Y, [9 A, edge to edge (Table 3)], which allows

Table 3. Distances between Pigments and Redox
Components on the Donor Side of PS IT*

pigments distance (A)
Y, = Pp, 9.4
Y, = Pp, 16.8
Y, — Chly, 113
Y, — Chlp, 198
Carp, — Pp,; 22.0
Carp, = Pp, 23.7
Carp, — Chlp, 28.8
Carp, — Chlp, 11.3

“Distances reflect the shortest edge-to-edge distance in the PS II
structure from ref 16.

fast electron donation occurring from Y, in the nanosecond
time regime at room temperature. Donation of an electron
from Yy is also efficient at S K and dominates in centers where
the frozen-in configuration around Y, allows its oxidation. Pp,
is seemingly also situated sufficiently close to Carp, [closest
edge-to-edge distance of 22 A (Table 3)] to allow its oxidation
when Y, is unable to deliver an electron fast. This is then
followed by the transfer of an electron from Chl, or Cyt by, to
oxidized Carp,.

Our results show that far-red illumination preferentially leads
to oxidation of the Y,/CaMn, pathway while the Cyt bsso/
Chl;/Carp, pathway is almost isolated from the oxidized
primary donor at 5 K (Figure 3B, partition ratios, and Table 1).
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There could be several reasons for this. Photons in the far-red
region contain less energy than photons in the visible region. It
is therefore tempting to suggest that far-red species of the
oxidized primary donor (Px) also could have a lower energy
content, ie., be less oxidizing after far-red oxidation, and that
this would alter the partition ratio between the two pathways.
Py should in this case have problems oxidizing Y, and instead
preferentially receive its electron from the more easily oxidized
Carp, (~785 mV in vitro®) if the electron hole was located on
the same component as after visible light illumination (Pp,).
We find this to be an unlikely explanation for our results
because Y, oxidation is actually preferred. Thus, the oxidation
potential for Y, (~1.2 V*°) is clearly achieved.

Instead, we propose that the electron hole after far-red
excitation is located on a component different from Pp;. This
should be farther from Carp, than Pp; to render Carp, and
subsequent Cyt bsso/Chl, oxidation an unlikely event at low
temperatures. It should, however, be situated close enough to
Y, to allow its oxidation at 5 K. A model for this is
schematically illustrated in Figure 4. Pp, is much farther from
Y, (17 A) than Py, (9 A) (Table 2); this also holds for Chlp,
(20 A from Yy). Their distances to Carp, are similar to (24 A)
or much shorter than the Pp;—Carp, distance of 22 A (11 A)
(Table 2). Consequently, they are unlikely candidates for Py
because their oxidation by far-red light would result in
oxidation of the Cyt bsyo/Chl,/Carp, pathway similar to Pp,*
oxidation. This is contrary to our findings.

Therefore, we suggest that the charge separation under far-
red illumination leads to oxidation of Chly, by Pheop, (Figure
4). Of the four chlorophylls in the Pgg, ensemble, this is farthest
from Carp, [29 A, edge to edge (Table 3)]. It is, however,
situated only 11 A from Y, clearly close enough to permit
efficient electron transfer from Y, Thus, if Chly,* is the
dominating species formed by far-red light, this would most
likely strongly favor oxidation of the Y;/CaMn, pathway over
the Cyt bsso/Chl,/Carp, pathway.

Both Chlp,* and Pp,* have been assigned to be the first
cationic species formed in the early steps during primary charge
separation.”***% A combination of these acting together was
also proposed.”® Regardless of where it is formed, the electron
hole is proposed to migrate to Pp; and end there via rapid
charge equilibrium between the reaction center pigments.® Our
results indicate that this probably holds at 5 K after visible light
illumination (532 nm) where the “normal” product Pp,* most
probably is the dominating product. If electron hole migration
also occurred when PS II is illuminated with far-red light at S K,
both illumination regimes would create the same stable cation,
Pp,". This contradicts the wavelength-dependent partition
ratios determined here (Figure 3B and Table 1). Instead, our
results indicate that the cation formed after primary charge
separation is located differently after far-red illumination. This
suggests that the electron hole does not equilibrate between the
pigments at 5 K, at least when the charge separation is triggered
by far-red light. Instead of ending up at Pp,, the electron hole
ends up at Chlp,.

If this conclusion proves to be correct, it implies that the
charge equilibrium between Chly, and Pp; (Chly, Py, =
Chlp,Pp,*) is strongly inhibited at S K. Therefore, Chlpy,*
seems to be excluded as one of the participating species leading
to Pp," formation when PS II photochemistry is investigated at
5 K in intact, oxygen-evolving PS IL In this respect, it is
important that most studies indicating efficient charge equilibria
involving species assigned to Chlp, have been performed at
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>77 K2%%*%® The studies have sometimes also been restricted
to the D,/D,/Cyt bss, reaction center preparation.”® This is
quite different from our experiment described here. In
particular, the difference in the PS II preparations used is
very important because the D,/D,/Cyt by reaction center
preparation lacks (in addition to the entire antenna complex)
the quinone electron acceptors and more importantly the
CaMn, cluster and functional Y, and Yp,.”°

Identity of the Far-Red-Absorbing Pigments. An
interesting question is also the identity of the far-red light-
absorbing pigment(s) in Photosystem II that can drive both
primary and secondary charge separation. The different charge
separation products we observe between 532 nm and far-red
light excitation strongly indicate that the charge separation is
performed with the provided excitation energy. This is expected
at 5 K and shows that no uphill energy transfer process is
involved. Antenna absorption occurring in the far-red region at
5 K can probably be ruled out because the outer antennas
(light-harvesting complex II) in PS II have no absorption above
678 nm’' ™" while the absorption limit for the inner antenna is
at 703 nm at 1.7 K for the CP 47 subunit."” It is therefore
probable that the far-red-absorbing pigments are located in the
reaction center assembly itself where four chlorophylls and two
pheophytins (Scheme 1 and Table 3) are densely packed and
excitonically coupled.'”**”*

It is tempting to compare with the so-called red Chls in the
outer antennas subunits of PS I. These are a chlorophyll dimer
that has an absorption maximum between 705 and 710 nm
resulting from strong excitonic coupling and orbital overlap
between the two chlorophylls.”> These two features facilitate
the far-red absorption and the large Stokes shift that
characterize their low-temperature fluorescence emission. The
tight packing of pigments in the PS II reaction center is not too
dissimilar. It is therefore not surprising that similarities in the
excited state of the reaction center pigments of PS II (Pp,, Pp,,
Chlp;, and Pheop;) and the red chloro;)hylls recently were
demonstrated by Stark spectroscopy.®®”®”” The excited state of
these pigments had a mixed exciton charge transfer (CT)
character. The presence of a CT state in the reaction center
responsible for the far-red absorption was previously
suggested,'>”* but the long wavelength absorption properties
of the charge transfer band could in those studies not be
directly probed. Instead, it was observed as changes in the Stark
spectrum around 680 nm.%

So far, these charge transfer bands have been reported or
suggested up to 730 nm,"*’* but it is not unlikely that new
states with higher absorption maxima can be discovered when
spectroscopic techniques and sample preparation have
advanced further. The charge transfer states giving rise to the
absorption between 700 and 730 nm probably derive from the
coupling between Chlp, and Pheop, or between Pp,; and Pp,. %
However, these pairs are unlikely to be the only possible
pigment combinations that can give rise to states of this charge
transfer type. Instead, we propose that the far-red-induced
photochemistry we describe here is driven by a hitherto
unidentified, redox active charge transfer state formed between
two or more of the tightly packed pigments in the PS II
reaction center core. One of these is likely to be Chlp,, which
we propose is the carrier of the electron hole, Py, which is
formed after far-red light triggered charge separation at S K.
There are different candidates for the interacting species, and its
identification will demand very precise optical studies in fully
active PS II preparations in contrast to the spectroscopically

4235

more accessible D;/D,/Cyt bssy reaction center preparation
used in refs 20 and 66, for example.

Bl CONCLUSIONS

On the basis of our results, we suggest that PS II has a second
previously unknown charge separation pathway. We show a
difference in the charge separation product ratio between 532
nm and far-red light flash illumination at a cryogenic
temperature (S K). The deviation is suggested to depend on
the formation of a first stable charge pair different from the
visible light-induced Pp,*Q,” charge pair. We denote this state
P.'Q,”. P," is most probably formed by the absorption of two
or more closely interacting porphyrin pigments (chlorophyll
and/or pheophytin) in the PS II reaction center core. The
existence of such a state has indeed been suggested
previously'**”* but never shown to induce charge separation
at wavelengths as high as 750 nm at cryogenic temperatures
until this study. We also propose that the electron hole in P, " is
residing on the Chlp, molecule at 5 K. This would explain that
far-red illumination preferentially drives efficient electron
transfer from Y, while we observe only very weak oxidation

of the Cyt bsso/Chl,/Carp, pathway.
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Bl ADDITIONAL NOTE

“We define in this work a partition ratio between the electron
donor pathways in PS II. The partition ratio equals (yield of
Y,/CaMn, oxidation):(yield of Cyt bss,/Chl,/Carp, oxida-

tion).
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