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Summary

[-Carotene (Car), cytochrome (Cyt) b, and a monomeric chlorophyll (Chl) designated as chlorophyll Z, all
undergo oxidation in Photosystem (PS) II under some illumination conditions. These components are not part
of'the direct electron transfer that leads to water oxidation and plastoquinone reduction and are thus designated
‘side-path electron donors.” Under the usual conditions of PS II function, the quantum yield for the oxidation
of these components is low; however, under certain experimental conditions, particularly low temperatures,
the dominant reactions can be those involving the side-path donors. Car is a branch point in the side-path
electron donation, being oxidized by P* (the kinetically competent Chl cation radical), and reduced by Cyt by,
which is itself reduced by electrons from the pool of plastoquinol, possibly through the Q,,site. This all occurs
on the D2-side of the reaction center. When the Cyt b, is pre-oxidized, Car” is reduced by Chl Z. There are
two candidates for Chl Z, the more obvious candidate on the D2 side and the less straightforward candidate
on D1 side of the reaction center. The side-pathway is usually rationalized as a photoprotective cycle aimed
at removing long-lived P*and thus limiting oxidative damage. Based on the low quantum yields, we consider
this unlikely. Instead we suggest that the side-path constitutes a photoprotective cycle in which the aim is to
reduce the Car cation, rather than P, returning the carotene cation to its unoxidized state, preventing adventi-

tious reactions and allowing it to play its a role as a singlet O, quencher in the heart of PS II.

l. Introduction

Photosystem II (PS II) is a photochemical enzyme
that uses light to drive the reduction of plastoquinone
and the oxidation of water. The structure and function
of PS II has been extensively reviewed (Goussias
et al., 2002; Rappaport and Diner, 2002; Chapters
18-21). Several components have been shown to be
oxidized in PS II other than the components directly
associated with water oxidation. Cytochrome b,
(Cyt bss), a chlorophyll Z (Chl Z), B-carotene (Car)
have all been reported as ‘side-path’ electron donors
in PS II. Understanding the side-path donors, their
nature, structure, position, how they work and their
significance to PS II function are all important for sev-
eral reasons. First, these species may play roles in the
regulation and protection of the reaction center (RC)

Abbreviations: BRC —bacterial reaction center; Car—redox active
p-carotene; Car,, — -carotene associated with D2; Car,, ,, — -
carotene associated with both D2 and CP43; Chl Z — side-path
redox-active Chl; Chl — chlorophyll; Chl,,, Chl,, — monomeric
Chls that are bound to D1 and D2, respectively; Cyt bs,, — cyto-
chrome bs,; D1, D2 — reaction center core proteins; ENDOR —
electron nuclear double resonance; EPR — electron paramagnetic
resonance; ESEEM - electron spin echo envelope modulation;
FTIR - Fourier transform infrared; HY SCORE — hyperfine sub-
level correlation spectroscopy; OEC —oxygen evolving complex;
P — central cluster of Chls that comprise the primary electron
donor; P, P, — two monomeric Chls associated with D1 and D2,
respectively, that are counterparts to the special pair Chls in the
BRC; PS II - Photosystem II; Q,, Qg, — primary and secondary
plastoquinone electron acceptors; Y, Y, — redox-active tyrosines
bound to D1 and D2, respectively

under physiologically relevant conditions. Second,
they constitute a significant proportion of the cofac-
tors in PS Il that cannot be ignored in structural terms
and they may have as yet undetermined functional
roles. Last, and of particular importance, a precise
understanding of when and where the reactions of the
side-path donors contribute to PS II electron transfer
allows them to be clearly distinguished from the
processes directly involved in enzyme function, and
their influence on the kinetics of enzyme function to
be fully understood.

Here we review the side-path electron donor path-
way that involves Cyt by, Chl Z and Car. We deal
with some structural aspects of Chl Z and Car, but
Cyt by, is only discussed in respect to its involve-
ment in the alternative electron pathway, other aspects
are covered elsewhere (Stewart and Brudvig, 1998;
Chapter 16, Noguchi and Berthomieu).

Il. Location of Accessory Electron Donors

A scheme of the structure of PS II is shown in Fig. 1.
This is based on the refined 3.5 A X-ray diffraction
crystal structure (Zouni et al., 2001; Kamiya and
Shen, 2003; Ferreira et al., 2004) but is similar in
most respects to earlier models that were based on
the structure of the purple bacterial reaction center
(BRC), comparative spectroscopy, sequence analysis
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Fig. 1. The upper part shows a structural model of the PS Il reaction center showing the arrangement of the cofactors. The electron transfer
chain resulting in water oxidation and plastoquinone reduction is marked by numbered arrows. The numbers indicate the order in which
the reactions take place. The electron transfer chain from the side-path donors is marked with unnumbered arrows. The cofactors are
labeled with abbreviations that are defined in the text but are supposed to be as evident as possible. The boundary of the D1/D2/Cyt b,
complex is given as is the approximate position of the membrane. The model is drawn based on the current crystal structure (Ferreira
et al., 2004). The lower part shows a view of PS II from above (non-heme iron side) showing the positioning of the carotenes Cary,, and
Caryy, ,;, Chl Z ), and Cyt b, relative to the central Chls of PS II. The vectors shown are the shortest distances between Car,,, its potential
electron transfer partners (including Py, P, and Chl,),) measured edge to edge from the conjugated parts of the molecules (data from
the coordinates from Ferreira et al., 2004).
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and folding models, biochemical work, electron dif-
fraction and spectroscopic structural measurements
(Rutherford and Faller, 2001).

A. Cytochrome b,

From the early days, the fact that Cyt b, was oxidized
at cryogenic temperatures led to the idea that it must
be integral to the core of the reaction center (Knaff
and Arnon, 1969). This idea was confirmed when the
smallest isolated complex that was still capable of
charge separation was found to contain only the D1,
D2 and Cyt b, (Nanba and Satoh, 1987). From the
crystal structure, Cyt by, is located adjacent to the
D2 subunit (Zouni et al., 2001).

The number of Cyt b, per PS II has been debated
for many years (Stewart and Brudvig, 1998). The first
crystal structure of PS II from cyanobacteria showed
the presence of only one Cyt b, (Zouni etal., 2001).
One might have expected this to end the debate.
However, Zouni et al. (2001) raised the possibility
that a second cytochrome could have been lost dur-
ing the preparation. The symmetry-related location
on the D1-side indeed contains two frans-membrane
helices like those of the cytochrome but there is no
heme. However we consider that the loss of the pu-
tative second heme may well have occurred during
the evolution rather than the isolation of PS II (for
further discussion, see Stewart and Brudvig, 1998;
Chapter 16, Noguchi and Berthomieu).

B. Chlorophyll Z

The smallest PS II reaction center preparation con-
tains six Chls, two pheophytins, two [3-carotenes and
one heme. One or two of the Chls and a 3-carotene
can be lost when harsher isolation procedures are
used (Satoh, 1996). This stoichiometry differs from
that in the BRC, which contains four bacterio-Chls
(BChls) rather than six. An obvious explanation
was that the two additional and easily lost Chls in
PS II corresponded to the Chl Z and its symmetri-
cal counterpart that were predicted to be bound to
D1-His118 and D2-His117 on the periphery of the
complex (Ruffle et al., 1992).

Other evidence for the location of the Chl Z (and its
symmetrical counterpart) came from EPR relaxation
studies that placed Chl Z* at a distance 0f39.5 A from
the non-heme Fe, a distance that corresponded well to
the predicted position of D1-His118 and D2-His117
in the folding model (Koulougliotis et al., 1994).

Further strong evidence came from site-directed
mutagenesis on the D1-His118 and D2-His117, the
supposed ligands of Chl Z,, and Chl Z ., respectively.
These mutants showed changes attributable to Chl
Z as measured by resonance Raman (Stewart et al.,
1998) and fluorescence quenching (Wangetal., 2002).
Given this information, densities attributable to Chl
Z were pointed out in both D1 and D2 in the crystal-
lographic models (Zouni et al., 2001). The question
of whether the oxidizable Chl Z corresponds to Chl
Z,, or Chl Z,, is discussed below.

C. p-Carotene

The observations that carotenoid could be oxidized
at liquid helium temperature (Schenck et al., 1982;
Hanley et al., 1999) indicated that it must be in the
heart of the RC. The isolated D1/D2/Cyt b., com-
plex indeed contained two Car molecules (Satoh,
1996) and these could be oxidized upon illumina-
tion under some circumstances (Telfer et al., 1991;
Telfer, 2002).

While the first crystal structure of PS II at 3.8 A
assigned densities to the other cofactors as predicted
from earlier work, no densities were assigned to the
carotenoids (Zouni et al., 2001). The second struc-
ture by Kamiya and Shen (2003) at 3.7 A assigned
some density to the carotenoids, placing two Car
molecules on D2. Shen revised this model, making
the cis Car into all trans, extending one Car so that
it approached the Chl Z,, (Shen and Kamiya, 2003).
The first refined crystal structure at 3.5 A supported
this position for the one B-carotene (see Fig. 1) but
the second was less closely associated with D2 (Fer-
reira et al., 2004).

The Car most closely associated with D2 (Cary,)
lies approximately parallel to the membrane plane
along the outside surface of the D2 and approaches
the Chl Z,, (see Fig. 1). As it crosses over the D2
surface, it runs along the interface between D2, the
J-subunit and the B-subunit of Cyt b, (Chapter 6,
Thornton et al.). One of the head groups of Car,,
gets very close (nearest aromatic edge to edge 7.4
A) to Chl Z_,,, while the other head group is only 3.8
A from the second carotenoid. This Car, which is
approximately perpendicular to the membrane plane
(and to the Car,), runs from D2 to the CP43 subunit,
and is thus designated here Car, ,;. In addition to its
proximity to Cary,, the Cary, ,, runs down the outside
of D2, approaching only a few amino acids (notably
those of the J, K and D1 subunits), and reaching the
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Fig. 2. Chemical structure of (3-carotene.

lumenal side antenna Chls of CP43. Intriguingly,
on the way it rubs up against the isoprene tails of
the Chl,, and Qj near the surface of D2. It also ap-
proaches (to within 8.7 A) a third carotenoid that is
mainly associated with the K subunit (see Ferreira
et al., 2004).

Seven carotenoids were modeled into the crystal
structure of PS II, which fits reasonably well to the
estimated number based on extraction of pigments
from the complex (J. Barber, personal communica-
tion; however, see Tracewell et al. (2001b) who
reported more than twice this number in Synechocys-
tis). In addition to the three carotenoids mentioned
above, the remaining four are arranged in two pairs,
one pair on the outer surface of CP43 and another
in a similar location on CP47, both well away from
potential side-path action. It seems quite possible that
the two Car molecules associated with the isolated
D1/D2/Cyt by, correspond to the Car,,, and Car,, ,,,
described above, with the Car,, being held in place
by the cytochrome subunit and Cary, ,, being at-
tached to the first Car but more loosely bound to the
exterior of D1/D2.

The location of the Car, in the crystal structure
(Fig. 1) corresponds in general terms to the predic-
tions for the redox active carotenoid from spectro-
scopic work, in that it is located between the central
pigments, the Cyt b, and the Chl Z (Hanley et al.,
1999). Other more specific suggestions based on
spectroscopy appear less successful: (i) The electron
spin echo modulation (ESEEM) identification of a
close interaction between Car* and a tryptophan
nitrogen nucleus led Deligiannakis et al. (2000) to
identify a group of conserved tryptophans in D2 as
the likely site for the Car. The crystal structure shows
that these tryptophans do not constitute the site (Fer-
reira et al., 2004). Indeed there are no appropriately
located tryptophans close to either Cary, or Cary, 4,
in the structure. An alternative candidate for the ni-
trogen coupling is not yet clear; however, the close
association with the Chl Z,, raises the possibility

that a tetrapyrrol nitrogen could be involved. (ii)
The dipolar 38 A distance from the non-heme iron
to Car* deduced from a saturation recovery method
(Lakshmi et al., 2003) corresponds poorly with the
crystal structure. Considerations of the spin distribu-
tion led the authors to place the Car* on the luminal
side of the reaction center with the nearest part of
the molecule at 38 A: far from the actual location
(the nearest part of the Car* to the Fe is 28 A). The
discrepancy could be due to an unexpected localiza-
tion of the spin on the Car™ or to technical problems
such overlap from the Chl Z* signals (see also the
next paragraph). (iii) Tracewell and Brudvig (2003)
observed the apparent influence of the redox state
of Y|, on the absorption spectrum of the Car". This
was attributed to an electrostatic effect of Y, (H")on
the closer of the two carotenoids. The proximity of
the Car to the Y, and the model deduced from that
work fits poorly with the crystal structure. However
the effect is worth reinvestigating in the light of the
new structural model.

The current crystal structure contradicts models in
which the two Car molecules were positioned sym-
metrically in both D1 and D2 (Faller et al., 2001a;
Tracewell etal.,2001a,b; Lakshmi etal., 2003; Telfer,
2002). In these cases the models were not based on
spectroscopic evidence fora D1 side Car, butrather on
the extension of the cofactor symmetry in the reaction
center. In fact, for carotenoids, the BRC, which has
provided the basis for models of PS II for decades,
did not exhibit such symmetry for the location of the
carotenoid (Michel and Deisenhofer, 1988), and the
current crystal structure of PS II is like the BRC in
that respect (Ferreira et al., 2004).

Having listed the apparent mismatches between
the crystal structure and the spectroscopic models,
it is worth making the following points. The crystal
structure has a resolution of 3.5 A and precedence
indicates that at this resolution carotenoids are
among the more difficult cofactors to fit due to their
similarities with isoprene tails and lipids. Thus, some
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changes in the precise location of the carotenoids
might be expected as the crystal structure improves.
Secondly, the structure raises the possibility that
electron transfer between adjacent carotenoids could
allow the cation to migrate out away from D2 into
the peripheral antenna under some conditions. This
could mean that the spectroscopists are measuring
a carotene cation different from Carg;, at least under
some experimental conditions.

lll. Spectroscopic Studies
A. p-Carotene
1. Neutral Carotenes

Spectroscopic and biochemical analyses showed that
two Car molecules were present in the D1/D2/Cyt
by, complex. There is still some debate concerning
their cis or trans configuration (Telfer, 2002). Isola-
tion studies gave conflicting results (Bialek-Bylka
etal., 1995; Yruela et al., 1998). The majority of the
spectroscopic studies assumed that both are in the
trans configuration (Tracewell et al., 2001b; Telfer,
2002). The recent crystallographic model of Kamiya
and Shen (2003) suggested that one of the Cars was in
a cis conformation, but this model was later revised to
both being all-trans (Shen, 2003). The refined crystal
structure shows only one (all frans) f-carotene (Cary,)
within D1/D2 and that is located in D2 (Ferreiraetal.,
2004). A second (all trans) p-carotene runs from D2
to CP43 (Car,,, ) and approaches (3.8 A) the Car,,,.
We suggested above that the second Car co-isolated
with D1/D2/Cyt b, complexes could be Cary, ,;,
stuck to the outside of the complex.

Linear dichroism measurements on D1/D2/Cyt b,
complex preparations showed a positive and a nega-
tive peak that was interpreted either as arising from
excitonic interactions between the two Car molecules
(i.e., proximity) or reflecting the presence of two
distinct Car molecules (Van Dorssen et al., 1987a;
Renge et al., 1996; Germano et al., 2001; for recent
reviews see Tracewell et al., 2001b; Telfer, 2002).
The most recent data is interpreted as a two strongly
coupled carotenoids (Frese et al., 2003). Similarly
several studies indicate a different orientation of the
dipole moment of the two transitions, indicating a
different orientation for the two neutral carotenoids
(van Dorssen et al., 1987b; Breton et al., 1988; Kwa
etal., 1992; Tomo et al., 1997). The carotenoid with

absorption transitions at 507/473/443nm is nearly
parallel to the membrane while the 489/458/429nm
carotenoid is closer to 45° to the membrane but ap-
proximately perpendicular to the other carotenoid.
These data appear to be consistent with the idea that
the two P-carotenes in D1/D2/Cyt by, complexes
correspond to Car,, and Car,, ,, in the most recent
crystal structure, at least within the limits of the
resolution of that model. The Car moleucles are close
enough to be coupled and they appear to be all-trans
and oriented at approximately right angles to each
other (Ferreira et al., 2004). The Car with absorption
transitions at 507/473/443nm (Car,,,) would then
correspond to the Car,,, while the 489/458/429nm
carotene (Car,g,) would correspond to Carp, ,,. The
latter is expected to be more exposed to solvent and
detergent, so is more likely to exhibit variability its
spectroscopic and chemical properties in isolated
D1/D2/Cyt by, complexes.

2. Electronic Absorption of the -Carotene
Cation Radical

The Car™ in PS Il shows a strong absorbance band at
about 990 nm in spinach and Synechocystis with an
extinction coefficient of about 160,000 (Hanley et al.
1999, Tracewell etal.,2001a). A shoulder around 880
nm was also assigned to Car* (Faller et al., 2001a;
Tracewell et al., 2001a). The position at 990 nm is
typical for -carotene cation radical as reported in in
vitro experiments (Mathis and Vermeglio, 1972; Dawe
and Land, 1975; Moore etal., 1984; Edge etal., 2000).
Itis also distinct from the doubly oxidized B-carotene
cation that absorbs at around 800 nm (Jeevarajan etal.,
1996a). Tracewell etal. (2003) deconvoluted the Car™
spectrum in a range of experimental conditions and
concluded that two different Car'* species exist. Given
the most recent model where two Car molecules are
in close proximity and a third is fairly close (Ferreira
et al., 2004), it seems possible that the two spectra
represent different environments that perturb the
charge distribution over the two or more carotenoids
under different experimental conditions.

3. Electron Magnetic Resonance Studies

The Car* shows an X-band electron paramagnetic
resonance (EPR) signal at g = 2.0025 + 0.0001 and
line-width about 10.5 +1 G (Hanley et al., 1999;
Faller etal., 2001a). These values are similar to Car*
generated in vitro and typical for organic radicals
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in general (Grant et al., 1988). Faller et al. (2000)
and Lakshmi et al. (2000) measured high field EPR
of Car™ in PS II in spinach and Synechocystis, re-
spectively. The g-values reported agreed quite well
(spinach/Synechocystis:g,2.00322/35, g 2.00252/1,
g, 2000211/27). These g-values are clearly distinct
from the g-values obtained from the canthaxanthin
cationradical (a carotenoid having two ketogroups at
position 4, see Fig. 2), generated in vitro (on silica-
alumina surface). The Car* in PS II has a rhombic
g-tensor, while the g-value of the canthaxanthin
cation radical on the silica-alumina surface is axial
(Konovalova et al., 1999). The origin of this differ-
ence is not clear yet, but the different environment
between the protein matrix and the silica-alumina
surface could be responsible, rather than the influ-
ence of the two keto groups (Faller et al., 2000; see
below). Indeed it is possible that the carotenoid on
the silica-alumina surface has undergone significant
chemical changes.

ESEEM and hyperfine sublevel correlation
spectroscopy (HYSCORE) measurements were
interpreted as showing that Car™ in PS II interacts
with an indol nitrogen from a tryptophan in its vi-
cinity (Deligiannakis et al., 2000). The Cary, in the
recent crystal structure (Ferreira et al., 2004) does
not approach any such tryptophan. How can this be
explained? Three possibilities arise: (i) The assign-
ment could be wrong (perhaps the pyrrol nitrogen
of the neighboring Chl Z,, is responsible for the N
couplings). (ii) As a result of electron transfer, the
cation could be on a different carotenoid, however,
a preliminary hunt shows that the more peripheral
carotenoids do not approach any tryptophan groups
either; the nearest appears to be Trp271 of D1 at
around 6 A. (iii) The crystal structure at the level of
the carotene may be wrong or, as they say in the trade:
‘it may yet undergo further refinement.’

The B-carotene cation radical generated on silica-
alumina showed an interaction with an Al nucleus
(Konovalovaetal.,2001). The ENDOR measurement
of Car™ in PS II showed the largest hyperfine split-
ting in the range of ~8 MHz suggesting that the spin
is delocalized over the Car molecule. Comparable
hyperfine splittings were obtained from -carotene
cation radical formed by oxidation with iodine in
organic solvent (Faller et al., 2001). These observed
hyperfine splitting values were confirmed recently by
adensity functional theory study of Himo (2001). This
study suggested a spin delocalization over the entire
m-conjugated system including the double bonds in
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the head groups (see Fig. 2).

Electron nuclear double spin (ENDOR) measure-
ment of the -carotene cation radical and two other
carotenoid radical cations (canthaxantincation radical
and 8-apo-f3-caroten-8-al) on a silica alumina solid
supports exhibited high hyperfine splitting values
of about 13 MHz (Jeevarajan et al., 1993). Based on
semi-empirical INDO-type calculations, this was as-
signed to the methyl groups at position 13 and 13"(see
Fig. 2). This indicated a higher spin concentration
in the middle of the molecule compared to the mea-
surement mentioned above. These differences could
again be due to interaction with the support (Faller et
al., 2000; Himo, 2001) or to different conformations
(Konovalova et al., 2001)

4. Vibrational Spectroscopy

Fourier transform infrared (FTIR) spectroscopy of
B-carotene cation radical in PS II and organic sol-
vents (oxidized by iodine) was reported by Noguchi
et al. (1994). Bands at 1465, 1441, 1148, 992 and
966 cm™' were assigned to Car™ in PS II, which were
partly comparable to the $-carotene cation radical in
organic solvents (1479, 1151 and 1001 cm™). The
authors pointed out that the structure of 3-carotene
cation radical in PS II and organic solvents differ
somewhat, but no details or possible reason was
given or discussed.

Raman measurements of Car™ in D1/D2/Cyt b,
complexes and PS Il membranes have been reported
(Pascal et al., 1999; Vrettos et al., 1999; Telfer et al.,
2003). The most intense bands were very similar in
the different studies and were located around 1001,
1154, 1484 and 1525 cm™'. The spectra of Car™ in
D1/D2/Cyt by, complexes and PS II membranes
were in agreement with a slightly twisted all-trans
conformation of the Car**(A. Pascal, personal com-
munication). The most recent study attributed vi-
brational bands at 1485 and 1525 cm™ to the Car,,
and bands at 1491 and 1537 cm ' to a Car,g, cation
(Telfer et al., 2003). Based on the orientation data
described above and the crystal structure (Ferreira et
al., 2004), we might assign these to the Cary, (Car,,)
and the Car, ,; (Car,y,) in the crystal structure. The
legitimacy of these assignments will be tested by
future refinements of the crystal structure.

Jeevarajan et al. (1996b) reported that the extent
of the downshift of the v1 frequency (around 1530
cm ') in going from neutral carotenoids to the radical
cation depends on the length of the conjugated chain.
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By applying this hypothesis to the Car*in D1/D2/Cyt
b5, complex, a more localized spin distribution, i.e.,
not over the entire conjugated chain, was suggested
(Pascal et al., 1999). However, this was contradicted
by the EPR measurements as well as the density
functional theory study (Faller et al., 2000, 2001b;
Himo, 2002).

The resonance Raman spectrum of Car™ in intact
(water oxidizing) and Mn-depleted PS I showed
no significant differences. In contrast, minor differ-
ences were observed when it was compared to Car™
in D1/D2/Cyt by, preparations indicating that latter
preparation affects the structure pigments (A. Pascal,
personal communication). This fits with the crystal
structure which shows that the carotenes are predicted
to be exposed in D1/D2/Cyt by, preparations.

B.The Active Chlorophyll Z Cation Radical

The realization that Car™ can accumulate in the
majority of the centers by illumination at tempera-
tures lower than 77K raised questions about many
earlier studies done under such conditions where it
had been assumed that only Chl Z" was present. It
seems likely that such studies would have been at
least contaminated with Car™ (see above and Han-
ley at al., 1999; Vrettos et al., 1999). This holds in
particular for (X-band) EPR studies where Car"* and
Chl** show almost identical spectra (see below) but
this may also have been a problem in other kinds of
spectroscopic studies.

1. Electron Magnetic Resonance Studies

Chl Z* shows an X-band EPR signal at g=2.0025
+0.0001 and a line width of about 10.5 +1 G (Visser
et al., 1977; DePaula et al., 1985; Hanley et al.,
1999). These values are similar to Car™ generated in
PS II and therefore virtually indistinguishable. They
were distinguished originally by matching optical
absorption studies (Hanley et al., 1999); and subse-
quently by using more sophisticated EPR methods.
High-field EPR of Chl Z* was measured in spinach
and Synechocystis: (MacMillan et al., 1998; Faller et
al., 2000; Lakshmi et al., 2000). The two studies of
spinach PS II showed essentially identical g-values
(e.g., g, 2.00308, g, 2.00253, g, 2.00216), whereas
ChlZ" from S. lividus exhibited a higher g-anisotropy
(g,g,=11.0) and a very low g, value (g, 2.00312, g
2.00263, g,2.00202). This remains unexplained. The
spectrum of Chl Z* at high field is also somewhat

different from Chl* generated in organic solvent,
probably reflecting the different environment (Bratt
et al., 2000; Un et al., 2001).

ESEEM was measured on Chl Z* by Deligannakis
et al. (2000) and a spectrum dominated by features
originating from the pyrol N nuclei were reported.
Also ENDOR measurements of Chl Z* revealed
similar hyperfine couplings to those seen for Chl™
in organic solvents (Lubitz, 1991; Rigby et al., 1994;
Faller et al., 2001b). In the pulsed ENDOR study of
Chl Z*, two hyperfine couplings at 10.8 and 14.9
MHz were detected and assigned to the (3-H at posi-
tion 17 and 18 (Fig. 3). In contrast, Chl* in organic
solvent exhibited only one broad hyperfine coupling
at 12.5MHz. Hence it appears that the protein imposes
a distinct conformation, leading to two distinct and
resolved hyperfine couplings in Chl Z* (Faller et
al., 2001b).

2. Vibrational Spectroscopy

FTIR difference spectrum of Chl Z**/Chl Z exhibited
positive bands at around 1747 and 1714 cm™, which
were assigned to the carboxy C=0O and keto C=0,
respectively (Fig. 3) (Noguchi et al., 1994; Noguchi
and Inoue, 1995). Again the spectrum was similar to
Chl"/Chl in organic solvent. Resonance Raman on
Chl Z** was reported by Cua et al. (1998). Since the
illumination was given at 30K it seems likely that
some Car™ was also formed and probably contributed
significantly to the spectrum (the Car™ electronic
absorption spectrum tales down to the absorption of
Chl Z*). It seems that most of the bands detected in
the Car™ spectrum were also present in the Chl Z*
spectrum. Also the most prominent band around 1480
cm™' of Chl Z* has a corresponding band in Car™, i.e.,
at 1484 cm™', which is also one of the most intense
bands (Vrettos etal., 1999; Pascal et al., 1999; Telfer
etal., 2003). This is supported by FTIR, where both,
Chl Z* and Car™, exhibited a band around 1480 cm™'.
Thus, the designation of the band around 1480 cm™
as a benchmark for Chl Z* (Tracewell et al., 2001a)
is questionable (Telfer et al., 2003).

3. Orientation

Information concerning the angular orientation of Chl
7" with respect to the membrane has been obtained
from one-dimensional oriented PS Il membranes by
high-field EPR measurements (Faller et al., 2000).
Assuming a similar orientation of the g-tensor in
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Fig. 3. Chemical structure of chlorophyll a.

Chl Z* as for BChl a", the ring plane of the Chl Z*
was found to be oriented perpendicular to the mem-
brane plane. This is consistent with the orientation
of both Chls assigned to Chl Z,, and Chl Z, in the
current model from crystallography shown in Fig. 1
(Zouni et al., 2001; Ferreira et al., 2003).

IV. Electron Transfer Pathways
A.The Mainline Electron Transfer Pathway

A few hundred picoseconds after the absorption of
a photon by PS II the radical pair formed consists
P*/Qx" (electron transfer reactions shown as arrows
1 and 2 in Fig. 1), where P is a Chl cation radical
located on one or the other (through a redox equili-
bration) of the two Chl monomers (P, and P,,) and
Q. is a plastosemiquinone (reviewed in Rappaport
and Diner 2002; Chapter 7, Renger and Holzwarth).
Tyrosine 161 of D1 (Y,) acts as an electron donor to
P}, (arrow 3 in Fig. 1) and the Y} oxidizes the Mn
cluster in the first step of the redox cycle required
for water oxidation (arrow 4 in Fig. 1). In the major-
ity of centers donation from Y, to P, is rapid and
efficient in out-competing the charge recombination
reaction P*/Q," to PQ,. In some centers Y, donation
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is slower, reflecting heterogeneities, perhaps associ-
ated with pKs on groups affecting, for example, the
de-protonation of the tyrosine, the location of the P**
cation and the redox potentials of these cofactors. On
each state in the enzyme cycle the rates of donation
vary depending on accumulated charges, movements
of charged species (protons, and possibly C1') and
structural changes. As a result P is relatively long-
lived in a statistical fraction of center during enzyme
function. In centers where the OEC is dysfunctional
or absent (e.g., prior to or during assembly of the Mn
cluster) then long-lived P** is expected to occur on
the majority of charge separations.

When electron donation to P* is slow, and conse-
quently P** long-lived, the back-reaction from Q,
will occur (200 us™' ms) (for a review, see Rappaport
and Diner, 2002). This reaction will be in competition
with electron transfer from Q" to Q; (or Qg°) (arrow
5 in Fig. 1). Thus in some centers the lifetime of P*
could be significantly longer than the P*/Q,"radical
pair recombination lifetime. Prior to photoactiva-
tion Q, has a higher potential and this decreases the
efficiency Q, " to Q, electron transfer and may limit
the long-lived P as well as affecting the charge re-
combination route (Johnson et al., 1995).

P* is the most oxidizing species in PS II with an
estimated potential of around 1.1 V or higher (Rap-
paport and Diner, 2002; Rutherford and Faller, 2002).
It is potentially capable of oxidizing cofactors or
amino acid side chains in its vicinity other than the
those directly involved in the water-plastoquinone
oxidoreductase activity. The side-path electron dona-
tions (arrows from the right in Fig. 1) are generally
considered to function as redox quenchers of P*,
limiting unwanted and potentially damaging side-
reactions. Given the high yields of water oxidation,
the yields of oxidation of the side-path donors are
expected to be very low; however, the yields are li-
able to increase under any of the conditions where
the lifetime of P* increases.

B. Side-Path Electron Donors: Historical
Summary

The oxidation of Cyt b, upon illumination has
been known and studied for many years (Stewart
and Brudvig, 1998). In intact PS II this occurs in the
majority of the centers with a low quantum yield when
illumination is given at 77K or below. In some centers
a high quantum yield electron donation probably
fromY,, can take place, forming the Y, Q," state,
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at least when in the S;and S, states (Nugent et al.,
2002; Zhang and Styring, 2003; C. Zhang and A.W.
Rutherford, unpublished). At temperatures where
the Mn oxidation can take place (around 200K or
higher, depending on the S-state), Cyt b, oxidation
is greatly out competed (Mathis and Vermeglio, 1975;
DePaula et al., 1985). At physiological temperatures
a small fraction of the cytochrome seems to go oxi-
dized through the redox equilibration of the oxidizing
equivalent in the S, and S, redox states of the OEC
(Buser et al., 1992).

If Cyt by, is preoxidized, Chl Z* is generated in-
stead with similar yields (Visser et al., 1977; Thomp-
son and Brudvig, 1988). This turns out to be the most
common situation in PS II preparations where the
electron donor side is modified, damaged or where
the Mn complex is absent. The redox potential of the
cytochrome is extremely sensitive to mistreatment and
shifts from the (usually) native high potential form to
the low potential form resulting in the oxidation of the
heme under ambient redox conditions (Stewart and
Brudvig, 1998). However, when the Cyt b, isreduced
in Mn-depleted PS II it can be oxidized with a low
quantum yield upon illumination at all temperatures
below that where Y, donation is inhibited (lower than
around —30 °C) (Faller et al., 2001a).

Carotenoid cation photogeneration was observed
first when lipophilic redox reagents were added to
PSII (Velthuys, 1981; Schenck et al., 1982) but
early on it was recognized that the presence of these
chemicals was not required under some conditions
(Schenck et al., 1982). For many years its sub-stoi-
chiometry and the involvement of the lipophilic
anion in most studies, cast carotenoid oxidation as a
merely interesting chemical quirk and a redox role
for carotenoid in PS II chemistry was rarely consid-
ered. This view changed in recent years and it is now
thought that $-carotene acts as an electron donor to
P* and is reduced by the Chl Z and Cyt b, (Hanley
et al., 1999). In what follows we deal with some of
the data and arguments that have contributed to the
current understanding of the electron transfer pathway
involving Cyt by, Chl Z and Car.

C.The Alternate Electron Transfer Pathway

The pathway of the alternative donors was addressed
by Thompson and Brudvig (1988), considering only
Cyt b.,, and Chl Z, since at that time Car was not
recognized as a relevant player. In this work the ability
of either Cyt b, or Chl Z to compete with the electron

donation of the Mn-cluster/Y, was measured. It was
assumed that Mn-cluster/Y, donation rate gradually
decelerated upon lowering the temperature and hence
at a given temperature the side-path donors start to
compete with the Mn-cluster/Y, donation, eventu-
ally becoming the dominant donors. This implies
that at the temperature where 50% of the side-path
donor and 50% Mn-cluster/Y, were oxidized upon
illumination, the donation rates by the two competing
pathways are equal. This experiment was done by:
(i) measuring photo-generation of oxidized Cyt by,
(i.e., with Cyt by, reduced prior to illumination);
and (ii) measuring photo-generation of Chl Z* (i.e.,
when Cyt b, was oxidized prior to illumination). It
was found that Cyt b, oxidation and Chl Z oxida-
tion showed identical temperature dependencies;
thus, it was concluded that the electron donation
reaction competing with Y, and Mn oxidation was
identical for the oxidation of Cyt b, and for Chl Z.
The simplest explanation for these observations was
a linear electron donation pathway Cyt by, — Chl Z
— P (Thompson and Brudvig, 1988).

More recent data indicate that the kinetic model
behind these experiments should be revised. Flash
kinetic studies by E. Schlodder and H. Derr (personal
communication) showed that Y, electron donation
does not gradually slow down allowing the side-path
donors to take over. In fact Y, electron donation to
P* only decelerated from a rate of t,, = 20 ns at 300
K tot, =4.2 ps at 150 K. The slower Y, electron
donation to P™ (t, = 4.2us) is gradually replaced
by the 2ms phase of the P*/Q," recombination as
the temperature is lowered. The rate of oxidation of
the side-path donors (t,, 20 ms, depending on tem-
perature) remains much slower than this and occurs
with a low quantum yield (Hillmann and Schlodder,
1997; Falleretal., 2001a; R. Edge, P. Fallerand A.W.
Rutherford, unpublished).

A re-interpretation of the Thompson and Brudvig
experiment is as follows: The point where Y, and the
side-pathway become oxidized to an equal extent is
not due to a direct competition between two donors
with similar rates. Rather, it is due to a cooling-in-
duced heterogeneity of the centers, where in half of
the centers Y, is oxidized with t,, = 4.2 us while in
the other half'Y, oxidation does not take place and
P*/Q,", recombination occurs instead (t,,~ 2 ms). In
these centers the continuous illumination results in
the photo-accumulation of oxidized electron donors
of the side-path with a low quantum yield.

This situation may be complicated further if in
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some centers Y, donation remains rapid (Nugent
et al., 2002; Zhang and Styring, 2003; Zhang et al.,
2004) and if in other centers the ‘switching off” of
Y, donation occurs in stages as the temperature is
lowered, allowing a low quantum yield donation
from Y,, in competition with the side-path donors
prior to switching off altogether as the temperature
is lowered.

The discovery that formation of Car* upon illumi-
nation at low temperature in greater yields than was
previously reported, raised the question of where the
Car fits in the electron side-pathway and a range of
possibilities were considered (Hillman and Schlod-
der, 1997; Hanley et al., 1999; Vrettos et al., 1999).
The observation of Hanley et al. (1999) that the near
stoichiometric formation of Car"™ upon illumination
at 20K was replaced by Chl Z** when warmed in the
dark to temperatures above 77K, led to the suggestion
that the following pathway was present:

Chl Z — Car — P*

Further support for this arrangement came from the
observation that Car*’/Q,," recombination could occur
at low temperature in competition with the electron
donation reaction from Chl Z (Hanley et al., 1999).
Similarly Tracewell et al. (2001a) also showed that
the recombination of Car™/Q, * was faster than Chl
Z"/Q, . Both observations imply a closer localization
of Car than Chl Z relative to P.

Hanley et al. (1999) showed that Cyt b, could
be oxidized at 20K despite the fact that Chl Z —
Car donation was blocked at this temperature in the
majority of centers. This led them to favor a branched
pathway over the simple linear pathway:

Cyt by, =Car — P*

1
Chl Z

It is important to note that while this contradicted
the earlier model of Thompson and Brudvig (1988),
it did not contradict their data nor their primary
conclusion, i.e., that Cyt b.., oxidation and Chl Z
oxidation were both dependant on the same electron
donation reaction to P*, areaction that was favored as
electron donation from 'Y, was inhibited by lowering
the temperature.

Subsequent studies on electron donation rates
and yields of the alternative donors also favored this
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so-called branched pathway and specifically argued
against other possible pathways that had been raised
earlier (Faller et al., 2001a). The branched pathway
(Hanley et al., 1999) was later corroborated by the
X-ray crystallographic model (Zouni et al., 2001),
which indicated that the edge-to-edge distances
between either cofactor (Cyt by, and Chl Z) to the
central Chls was more than 35 A and 25 A, respec-
tively. Even the shorter Chl Z distance allows only a
slow electron transfer rate (~1 s ' according to Page
etal., 1999), nearly three orders of magnitude slower
than the observed rates. Furthermore the distance
between the Cyt b, and the Chl Z was found to be
about 24 A, indicating that direct electron transfer
between the cofactors would be very slow. Thus,
the Car as an intermediate in the electron transfer
as proposed in the branched pathway (Hanley et al.,
1999), is required to explain the electron donation
rates from Cyt b.,, and Chl Z to P**. The recent assign-
ment of density to Car in D2 in the crystallographic
model supports the branched pathway (Kamya and
Shen, 2003; Ferreira et al., 2004; see section III and
Figs. 1a and b).

The estimated t,, for Car oxidation of 1-2 ms at
room temperature (Telfer et al., 1991; R. Edge, P.
Faller and A.W. Rutherford, unpublished) is faster
than the maximal rate for the 22.7A distance (i.e.,
t, = 29 ms, based on Page et al., 1999) between
Car and the cation-bearing Chl P,,, (note the 25.6 A
distance between Car, to Py,) (Ferreira et al., 2004;
Fig. 2). It thus seems likely that donation occurs
via an intermediate cofactor with Chl, being the
likely candidate. The shortest distance between the
Cary,and the Chl,, is around 13.1 A, a distance that
would allow a maximum electron transfer rate with
a half-time of around 50 nanoseconds (Page et al.,
1999). Thus even a very small fraction of the cation
on the Chl,),, through an equilibrium with the P Chls,
would allow the appropriate kinetics of Car oxidation.
Fig. 1 then shows Carp, donating to P** via Chl,, as
the most likely pathway.

The shortest distance between Cyt b., and Car,,,
is 12 A units, this corresponds to a maximum rate
in the tens of nanoseconds time-scale (Page et al.,
1999), in accordance with Cyt b.,, oxidation being
rate-limited by Car,, oxidation (Faller et al., 2001a).
Even with the Car,, being closer to both the Car,, ,,
and to the Chl Z,, than the Cyt b,, the much lower
potential of the cytochrome ensures that it out-com-
petes Cary,, ,; and Chl Z as the final location of positive
charge-equivalent.
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The oxidized Cyt b, can be reduced by electrons
from the electron acceptor side. The rate for this
reaction is very slow in PS Il membranes, being pH-
dependent and occurring in the time-scale of many
seconds (Buser et al., 1992). In thylakoids, however,
in which Q, functions normally, the rate appears faster
(t, = 100 ms) (Whitmarsh and Cramer, 1977). The
reaction is inhibited by DCMU and this and the pH
dependence of the reaction led Buser et al. (1992)
to suggest that electron donor to the oxidized cyto-
chrome is Q,H,. In this way the side path connects to
the main-line of electron transfer completing a cycle
that short-circuits normal electron transfer.

The Qg head group is 26 A units from the Cyt
bss,. This corresponds to a maximal donation rate of
around 2.7s much slower than the 100ms rate seen
in chloroplasts. There are several possible explana-
tions for this, among which are the following: (i) The
electron donation in chloroplasts may not be from
QiH, but from by PQH, directly from the membrane
side. Indeed the crystal structure shows that the heme
is relatively exposed to the membrane. (ii) Another
possibility is that electron donation from QzH, does
not occur from the Qj site but a position closer to
the heme as it leaves the site. If we assume that the
hydroquinone backs out the way quinone came in,
then the position of isoprene chain may represent an
entry/exit channel. The quinone’s tail gets to within
12 A of the heme on its way to an obvious channel
that connects to the membrane. At this position the
QgH, donation to the heme would be a much more
kinetically favorable reaction. The observation that
that DCMU inhibits Cyt b, reduction at a lower
concentrations than Q, reduction, implies that these
reactions occurs at different sites, an observation that
fits with both of the potential explanations discussed
here.

D. Side-Path Donors: Which Side of the Reac-
tion Center?

The arguments associated with this question are com-
plex and have swung back and forth as new observa-
tions were made. The key observations in favor of the
involvement of D1 are as follows: (i) A change in the
ligand to Chl Z,,, results in a spectroscopic change
associated with side-path donation while no such
effect was seen when Chl Z;, was mutated (Stewart
et al., 1998). (ii) EPR measurements give a distance
from Q, to Chl Z that is compatible only with Chl Z
being on the D1 side (Kawamori etal., 2002). The key

observations in favor of the involvement of the D2 side
are as follows: (i) A change in the ligand to Chl Z,
results in spectroscopic changes associated with side
path donation (Wang et al., 2003). (ii) EPR distance
measurements from Y to Chl Z indicate that Chl Z
is on the D2 side (Shigemori et al., 1998). (iii)The
Cyt b, is only on the D2-side (Zouni et al., 2001).
(iv) The carotene is only on the D2 side (Kamiya and
Shen, 2003; Ferreira et al., 2004).

The early debate between the proponents of either
the D1-side or the D2-side was tilted strongly in the
direction of D2, when the crystal structure showed
that Cyt by, was on the D2 side. The proponents
of the D1-side then favored a ‘both sides’ model,
putting their faith in a symmetrical reaction cen-
ter, and encouraged by spectroscopic features that
could be interpreted indicating two Chl Zs and two
Car cations (Tracewell et al., 2001a,b; Telfer et al.,
2003; Tracewell and Brudvig, 2003). The idea was
put forward that symmetrical carotenoids could be
present, allowing the positive charge to equilibrate
between both carotenoids and both Chl Zs (Tracewell
et al., 2001a,b; Tracewell and Brudvig, 2003). The
absence of a D1 Car contradicts this model (Kamiya
and Shen, 2003; Ferreira et al., 2004).

A novel solution was proposed to explain the in-
volvement of Chl Z;,, when faced with the absence
of'a D1 Car. An electron transfer link was suggested
through a series of Chls in CP 43, allowing the Car;to
oxidize the ChlZ,, (Vasil’ev etal.,2003). This ‘long-
way-around’ model was based on the poorly resolved
crystal structure by Kamya and Shen (2003). In this
model two carotenoids were proposed in D2, neither
of which approached Chl Z,,; thus it was implied
that Chl Z), was not involved in the side-path. This
model had a short life-time since Shen (2003) began
revising his model of the carotenoids in 2003, only to
be overtaken by a refined crystal structure (Ferreira
etal.,2004). The ‘long-way-around’ model was dealt
something of a double whammy by the following
features of this structural model: (i) The Cary, is
close to Chl Z,,, making it rather likely that Chl Z,,
is involved in side-path electron transfer reactions.
(i1) Even though an updated ‘long way around’ model
can be defined (in which the Cary, to Cary,, ,; gap is
3.8 A, Cary, ,, connects to the lumenal-side layer of
CP43 Chls, and the CP43 Chls are, as expected for
antenna pigments, in relatively close contact), the
key CP43 Chl in the structure of Kamiya and Shen
(2003), the Chl that triggered the original ‘long way
around’ model, is absent in the structure of Ferreira
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etal. (2004), leaving the nearest CP43 Chlto Chl Z,
at a distance of 13 A. These arguments do not argue
strongly against the ‘long way around’ model nor
the involvement of Chl Z,, they just make it less
attractive.

Overall, the experimental data argue strongly for
a D2-side path involving Car,, as a donor to P*,
followed by electron donation from Cyt b, to the
Car™ and finally slow electron donation from QzH,
or PQH, to oxidized Cyt b, The involvement of
Chl Zis much less clear. The proximity of Chl Z,, to
Car,, indicates that electron transfer would be rapid,
fitting with reports of partial Chl Z* formation at very
low temperatures. The localization of the charge on
Chl Z at higher temperatures indicates a lower redox
potential than Car, but this may be more marked in
isolated complexes, in which the peripheral position
of both the Chl Z molecules and the carotenes could
make them susceptible to solvent or detergent induced
changes. A redox role for Chl Z,, seems likely. The
involvement of Chl Z,,, is less clear and further ex-
periments are required to determine the nature of its
involvement in side path electron transfer.

V. Function of the Alternative Electron
Transfer Pathway

A. A Protective Cycle for Redox Quenching of
the Primary Electron Donor Cation

Many different functions for Cyt b.,, have been
suggested and these are dealt with in some detail
elsewhere (Stewart and Brudvig, 1998). Here however
we shall only discuss those associated with the func-
tion of the electron transfer side-pathway. Perhaps the
most commonly held view for the existence of the
side pathway focuses on the perceived necessity to
provide electrons to P* in order to prevent it doing
oxidative damage to the surrounding protein and
neighboring chromophores. The idea is that whenever
P*is sufficiently long-lived, the side-path can donate
and thereby prevent unspecific oxidation reactions
in the reaction center. This idea was proposed when
the simple linear Cyt b, , to Chl Z to P pathway
was considered to exist (Thompson and Brudvig,
1988) but it remains as valid for the more recently
proposed branched pathway with Car as the branch
point (Hanley et al., 1999). This begs the question
whether this pathway can donate efficiently enough
to provide an advantage to the organism.
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The big question then is this: What is the rate
of electron donation from Car to P* at room tem-
perature? In D1/D2/Cyt b.,, particles this rate was
measured as the formation of the Car™ at 980 nm and
was found to be around 1 ms (Telfer et al., 1991). In
more intact systems the measured rates vary but what
is seen at all temperatures measured is that the yield
for Car™ formation is small and its apparent rate is
the same as the lifetime of P* (R. Edge, P. Faller, K.
Brettel, W. Leibl and A.W. Rutherford, unpublished).
This implies that the real rate is significantly slower
than the apparent rate. We attempted to optimize the
rate and yield of Car" formation by removal of the
Mn cluster, and then slowing the Y, donation rate by
lowering the pH. Under these conditions the P** decay
rate is dominated by slow Y, donation to P** or by
P~/Q," recombination. Even under these conditions
the yield of Car™ formation was low and its rate was
equivalent to P"decay. This suggests that the donation
rate is slow even compared to P*/'Q, " recombination
(200 ps) and from the yield of Car™ formation we
could estimate the rate to be in the region of 2 ms,
similar to that reported in D1/D2/Cyt by, particles
(Telfer et al., 1991). We must conclude that even
under the most extreme conditions, the efficiency of
electron donation from the side pathway is low. These
results indicate that the side-path can play at best a
minor photoprotective role by electron donation to P*".
This conclusion based on work done at physiologi-
cal temperature is backed up by the low temperature
studies. The original work from de Paula et al. (1985)
and Thompson and Brudvig (1988) that led to the
suggestion that the side-path competed effectively
withY, donation as the temperature was lowered, led
to the expectation that the two donation rates were
similar at the cross-over temperature (approx 140K).
As discussed above, this now appears to be incorrect
and even at this temperature electron donation is slow
(Schlodder and Derr, 2000; P. Faller and A.W. Ruther-
ford, unpublished), competing poorly with the P*/Q "
reaction and the side-path is oxidized as a result of
low quantum yield photo-accumulation.

The room temperature studies on Car were done
under conditions where the Cyt b, was pre-oxidized.
Such studies starting with it in its reduced form, and
measuring its yield per flash should reflect the effi-
ciency of the side-path electron donation to P**. Using
this approach Buser et al. (1992) showed low yields
in both intact and Mn-depleted PS II. Furthermore
the rate of Cyt b, oxidation was found to be close
to that of lifetime of the final radical pair: S,Q," and
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Y, Q, respectively. Thisis interpreted as showing that
Cyt b,,,reduction occurs as a result of an equilibrium
between all the potential electron donors. Thus, the
rate of electron donation from the side-pathway must
be very slow even when the Cyt b, is reduced prior
to illumination.

There are no direct measurements of Chl Z for-
mation in the literature. This is because absorption
changes associated with its oxidation overlap with
those of P*, and while P** is formed with a quantum
yield of 1, that of Chl Z is expected to be around two
orders of magnitude smaller at most.

Hillman and Schlodder (1997) studied the P** for-
mation and decay at low temperature in Mn-depleted
PS II. The chemistry is dominated by P*/Q " recom-
bination but every time the side pathway donates an
electron, Q," is trapped and the size of the P* signal
is decreased on the subsequent flash. Measurement
of the flash-induced decrease in the P* signal pro-
vides a measure of the yield and therefore the rate
of electron donation from the side-pathway (t,, of
~15 ms for Cyt b.,, and 25 ms for Car donation to
P* (Faller et al., 2001a).

Despite the very large optical change arising from
Car™, it has not been detected as a kinetic interme-
diate in oxidized Cyt by, formation. It thus appears
that electron donation from Cyt b, to Car™ is much
faster than electron donation from Car to P". The
current crystallographic model corresponds with
this situation, with a much closer distance between
Cyt b, and Car,, (12 A) compared to Car to P*(23
A) (n.b., above we argued for a route, Car,,, — Chl,,
—P , where the distance for the first step is 13.1 A
and where the location of the cation on Chl,, occurs
through an equilibrium which greatly favors P*),
resulting in much faster electron transfer between
Cyt by, and Cary,.

For the Chl Z — Car*" electron transfer, no data are
yet available. The new crystal structure model with
Cary, approaching Chl Z,, to a distance of 7.4 A
(Ferreira et al., 2004) indicates that electron transfer
from Chl Z,, to Car,™ could in principle be rapid
(tens of ps). So here again electron donation from
Car to P™ is the rate limiting step in the side-pathway.
Furthermore, as we argued above, any involvement
from Chl Z,,, should it occur, is likely to be even
slower that the rate of Car, oxidation by P*. All of
the above data indicate that electron donation from
the side-path is too slow and inefficient to act as a
significant protective pathway.

B. A Redox Mechanism for the Generation of
a Fluorescence Quencher

A second mechanism has been proposed based on
the fact that Chl Z* is a very effective quencher of
PS II (Schweitzer and Brudvig, 1997). This arises
from the broad absorption of Chl cation in the near
infra-red, with a broad maximum around 820 nm. The
idea is that the side pathway donates electrons at a
low efficiency to P*" and under most circumstances
the electron comes from Cyt b, which is in turn
reduced slowly by PQH,, perhaps through the Qy site.
However under certain conditions, (such as under
conditions of stress), the side-path electron donation
to P™ outruns Cyt b2, reduction. This could result
from inefficiencies in the normal electron donation
pathway (during photo-activation or inhibition of
the Mn cluster) or whenever Cyt b, reduction is
slow or does not occur (e.g., due to a shift to a low
potential redox form). This would result in formation
of'the Chl Z*. The quenching could dissipate energy
and thus would help protect the reaction center from
photodamage. One might expect that the lifetime of
the Chl Z* quencher would be limited by an electron
from the quinone complex arriving on the pre-oxi-
dized Cyt b,

Again this basic idea of Chl Z** acting as a protec-
tive quencher was suggested when the linear Cyt b,
— Chl Z — P* pathway was under consideration,
however the realization that Car is involved as a branch
point did not change the validity of the idea. The
additional possibility exists that the Car™ itself may
also be a quencher (Hanley et al., 1999) and indeed
may contribute to the quenching effect attributed to
Chl Z*, especially if their potentials are relatively
close. The main question concerning the validity of
this model is whether Chl Z* has a lifetime that is
long enough at room temperature to allow it to play
a useful quenching role. There have been several
reports of quenching states generated in PS I under
various (mainly detrimentally strong light) conditions.
It remains possible that these correspond to long-lived
Chl Z* states. The specific link between such states
and Chl Z* has yet to be demonstrated however.

It is worth pointing out that a role for Chl Z" as a
protective fluorescence quencher would correspond
to situation in which the redox potential of the Chl
was significantly lower than the neighboring spe-
cies (particularly the carotene and other Chls). In
this way the charge would localize on the Chl Z and
not wander around the reaction center leading to



Chapter 15 Side-Path Electron Donors

potentially undesirable chemistry. Thus we consider
that this role is not particularly compatible with the
equal potential equilibrium model recently proposed
by Tracewell et al. (2003).

C.A New Perspective: A Protective Cycle for
Redox Quenching of the p-Carotene Cation
Radical

Photodamage can occur due to the formation of
triplet Chl (°Chl) either from excited Chl singlet
through inter-system crossing or through radical
pair recombination (Rutherford and Krieger-Liskay,
2001; Chapters 23 and 27) . The latter mechanism
occurs within photosynthetic reaction centers. *Chl
reacts readily with O, generating singlet oxygen, 'O,,
a very potent oxidant that can kill the organism. The
protection provided by the carotenoids is achieved
through a close association between the carotenoids
and Chl which leads to a quenching of the Chl triplet.
Moreover, carotenoids are also known to quench
singlet oxygen directly (Cogdell and Frank, 1987,
Chapters 23 and 27).

Radical pair recombination Chl triplet is thought
to be an important source of photodamage in PS II
(Rutherford and Krieger-Liskay, 2001; Chapter 27,
Chow and Aro). In BRCs a carotenoid is located
close to the primary electron donor, P*™, on the inac-
tive branch of the reaction center, the equivalent of
the D2-side in PS II, and quenches the Chl triplet
generated by radical pair recombination (Cogdell
and Frank, 1987).

While an equivalent role for carotenoid sounds
like a particularly good idea in PS II, especially since
it is by its nature in an O,-rich environment and its
Chl triplet state is at a higher energy and thus even
more ready to generate singlet oxygen, there is no
evidence that the carotenoid is able to quench Chl
triplet either in D1/D2/Cyt b.., particles (Takahashi
et al., 1987) or in more intact PS II (Hillmann et al.,
1995; Van Mieghemetal., 1995). A likely explanation
for this is that, unlike P** in the BRC, P**in PS Il is so
oxidizing that it would be able to oxidize carotenoid
in competition with the Y, thus decreasing the effi-
ciency of water oxidation (Telfer, 2002). On the other
hand, there is indirect evidence that the 3-carotenes
in PS II do play a role in scavenging singlet oxygen
(Telfer et al., 1994).

Thinking along these lines it is possible to ratio-
nalize the existence of the side-path electron transfer
chain. It is simply a result of two features of PS I1: (i)
the very high redox potential of P**, which means that
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any near by component will be oxidized; and (ii) the
requirement for carotenoid to be at the center of the
reaction center so that it can play a protective role as
a singlet oxygen quencher. The Car thus occupies a
compromise position: it is close enough to the core
Chls to allow singlet oxygen to be quenched close
to its site of generation but at this distance it cannot
avoid a very low quantum yield of oxidation by P*.
Thus we see that the donation pathway from Cyt b,
is there to remove the highly oxidative Car* in order
to prevent non-specific damage and to return it to its
active, 'O, quenching form. The reduction of Cyt by,
with electrons from the reducing side of PS Il restores
it to its reduced form, primed to quench Car"* when-
ever it is generated with a low quantum yield. This
then fits with the idea that electron transfer is much
more efficient from Cyt by, to Car™ than for Car to
P*. Because of the large number of photochemical
events occurring in PS II and the periods in the life-
time of the enzyme when water oxidation does not
occur (e.g., prior to assembly of the Mn cluster), Car
oxidation is predicted to be inevitable.

The redox quenching role for Cyt b, could be its
main function. However, the variable redox potential
of the cytochrome remains unexplained. One can dip
into the many suggestions in the literature (reviewed
in Stewart and Brudvig, 1998) looking for an explana-
tion but that suggested by Schweitzer and Brudvig
(1997), i.e., that the cytochrome redox state controls
the production of the fluorescence quencher Chl Z*,
as described above, is the most appropriate for the
present discussion since it relates to the side-path
electron donors. This aspect of the function of the
side-path can be painlessly incorporated into our new
model. However it is not yet clear if Chl Z*™ acts as a
quencher under physiologically relevant conditions.
Most studies indicate that it is short-lived but there
is little information about the fate of Chl Z* and its
reaction partners'.

'The first observations of Car™ formation in PS II were made
when a range of chemicals reagents were added to the sample.
These chemicals fall under the definition of ‘ADRY” reagents as
defined by Renger (1973) in that they accelerate the deactivation
of the OEC and include FCCP, ANT2P, tetraphenol boron and
phenolic herbicides. While their function is not wholly clear,
extending earlier thinking (Renger, 1973; Ghanotakis etal., 1982)
in the context of the side-pathway, we consider that they work as
high potential electron donors to any species within the lipophilic
environment that has a potential high enough to oxidize the ADRY
reagent. Potentially this could include the Mn cluster in the S, and
S, state, the tyrosyl radicals and P*. It seems that after donating
an electron to PS 11, the oxidized ADRY reagent remains rapidly
diffusible in the lipophilic environment. When it encounters an
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VII. Conclusions

The side pathway of electron donors in PS 11 is made
up of a branched pathway in which the Car on D2
donates to P** and the Car™ formed is rapidly reduced
by Cyt bss,, or by Chl Z should the cytochrome be
pre-oxidized. The electron donation from Car to P*
is slow and works at a very low quantum yield. It
is suggested that this reaction has evolved to be as
slow as possible in order to minimize competition
with water oxidation. The fact that it occurs at all
may be due to the need for Car to be in the heart of
the reaction center, close to the source of singlet O,
generation (i.e., the radical pair recombination Chl
triplet). The quenching of singlet O, is proposed to
be the principal role of Car but in fulfilling this role
it is inevitably at risk of being oxidized by P"*. When
this rare but inevitable event occurs it is the role of
the Cyt b, to return Car™ to its active unoxidized
form, at the same time preventing potentially damag-
ing reactions caused by Car*. The cycle is completed
when the oxidized Cyt b.,, is reduced by electrons
from the plastoquinone pool, possibly through the
Qg site.

Thus we suggest that the side-pathway of elec-
tron transfer in PS II plays a protective role aimed
at maintaining Car in its active, unoxidized form.
The role of Chl Z may be to act as a fluorescence
quencher and hence energy trap, when oxidized
by Car™, a reaction that only occurs when Cyt b,
is already oxidized. The redox state of the Cyt b,
thus would regulate this quencher. Many questions
remain, particularly the identity of Chl Z and the role
of Chl Z on the D1 side, and the possibilities remain
open that the cation equilibrates between Car,,, and
Chl Z,,,, between Car,, and the Car,, ,,, and between
Cary, and Chl Z,, via Cary, ,; and a several Chls of
CP43 . Doubtless, some of these ambiguities will be

oxidizable species it extracts an electron from it returning to its
active state as a donor ready to donate to another reaction center,
hence the ability of these reagents to work in sub-stoichiometric
concentrations. In this model Cyt b, can be oxidized by ADRY
reagents, possibly due to the reagent itself being oxidized by Y
ina dark-adapted system. Carotenoid cations are much less stable
so their formation is observed only transiently immediately after
the flash illumination. It seems quite possible that carotenoids
other than those in the D2 part of the reaction center are oxidized
when lipophilic anions are present in the sample. Indeed we have
observed that the amplitude of carotenoid cation generated per
flash at room temperature in the presence of tetraphenol boron
is found to be smaller in PS II preparations with smaller antenna
implying that the oxidized reagent is able to react with carotenoids
in the antenna (R. Edge and A.W. Rutherford, unpublished).

resolved with further experimentation focusing on
identifying the carotenoids and Chls that bear the
cation under different conditions.
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