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Low Temperature Electron Paramagnetic Resonance
of the Photosynthetic Oxygen Evolving System
by John L. Casey

ABSTRACT

The 6xiqation of water to moleculaf oxygen by green plants
requires the generation of four oxidizing equivaients per molecule of
oxygen evolved. ‘These oxidizing equivalents are stored in the
photosystem 2 oxygen evolving complex, which can exist in five
oxidatibﬁ states, denoted Sj (i=0-4). A promising recent advance
toward determining the molecular natﬁre of the S-states was the
observaltion of a multiline EPR which was assigned to a manganese

complex and was suggested to arise from the S, state.

‘Tﬁe initial studies in this thesis confirm the assignment of
the multiline signal to the S, state by determiniﬁg the temperature
dependence of the formation and decay of the multiline signal and by
comparing these properties with those'reported for the S, state. The
confirmaﬁion of the assignment of the multiline signal to the S, state
allowed the use of the signal as a direct probe of the low temperature
reactions of the oxygen evolving' complex involving the S, state;
threshold températures of 170 and 210 K are established for the

light-induced advancements of S, to S, and of S, to S,, respectively.

Further exploration of the S, to S, advancement threshold
témperature revealed that 1illumination at 150 K of samples poised in
the S, state produces a trapped intermediate state which gives a broad

EPR signal at about g 4.1.; warming in the dark to 190 K results in



the disappearance of the g l&:j signal and the appearance of the
multiline signal. Low temperature illumination of samples poised in
the S, state does not produce the g ll;1 signal; it thus appears that
the species which is.responsible f'oiﬁ the g 4.1 signal ié involved in

the advancement of S, to S,, but not of S, to S,.

Further studies of the the low temperature .r'eactions of
photosystem 2 have shown that high salt and hydroxylamine, which
inhibit oxygen evolution, also inhibit the formation of the g 4.1
signal; however, treatment with fluoride, which also inhibits oxygen
evolution, does not inhibit the formation of the intermediate state,

but does prevent the advancement of the intermediate state to S,.

It is proposed that the species which gives the g 4.1 ‘signal
acts as an electron carrier between the oxygen evolving complex and
the direct donor to the reaction center. The g-value of the signal is
suggéstive that non-heme ferric iron is involved in the reactions

leading to the photos'ynthetic oxidation of water.
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CHAPTER 1
INTRODUCTION

1.1 The Transduction Of Sunlight Energy By Living Organisms

The sustenance and growth of life require two fuhdamental
elements; energy and building material. These needs have
unquestionably been the primary driving forces in the evolution of
life on earth, As the most abundant source of energy on. the earth's
surface is sunlight, which annually delivers some 102° kcal of
energy, it is not surprising that nature has devised several means of
converting the electromagnetic energy of sunlight into chemicallenergy
which can be used by living organisms. The development of the abiiity
of life forms to use sunlight was critical in evoluti'on, for it made
available a virtually unlimited supply of energy for living systems,
and ultimately prbvided én oxygen'-rich atmosphere which fostered the

development of higher forms of life.

The transd_uption of sunlight into forms of energy which can be
.used by living organisms requires first, means of interacting with the
sunllight, and second, means of converting the interaction into
chemical energy. The interaction, of course, ié the absorption of
light by chromophores in the organisrh. The absorption spectrum of the

pigment must lie in a region of the solar spectrum which provides



sufficient intensity for the power needs of the organism. For optimal
efficiency, the excitation energy of the pigment must be used rapidly,
or the excited state of the pigment will decay with no trapping of
useful ehergy by the organism. The machinery f‘or" converting the
excitation is a molecular complex which includes the pigment and
proteins; this complex _interacts with the excited s‘tate of the
chr'omophore; producing a chemical effect. The protein~pigment
complexes are usually imbedded in membranes which provide a mechanism
for the conversion of the light4produced chemical changes into a form
of energy which 'éan be wused by the organism. The identical
orientation of the individual complexes with respeét to the plane of
the membrane provides for the addition of the trans-membrane effects

produced by the individual complexes.

1.2 Light-driven Proton Transport — The Bacteriorhodopsin Cycle

The bacterium Halobacterium halobium uses perhaps the simplest

means of transducing solar energy (for review see Refs 1,2). At low
oxygen concentrations this bacterium produces the light-harvesting
protein ‘bacterior'hodo‘psin, which is clustered in the outer membrane;
it is the purple coloration of bacterior'hodvopsin which gives the
purple membrane its common des;gnation. Associated with the protein
is a single retinal chromophore, which is in the all-trans
configuration in a 113h1;-a_dapted state. The absorption of green light
by this chromophore initiates a series of evénts which results in the
transfer of up to two protons across the membrane. The initial events
in the tra‘nsduction of the 1light energy, which include the

isomerization of a double bond and proton transfer reactions, occur in

i-;..j



approximately 10 ps; the quantum yield is thus favorable (ca. 0.2 -
0.3). Because the entire 'cycle requires just 10 ms, each
bacteriorhodopsin is capable of transporting many protons across the

membrane in a short period of time.

All of the bacteriorhodopsin molecules have the same .
orientation with respect to the plane of the membréne, thus the
absorption of light by many bacteriorhodopsin molecules results in the
formation of an electrochemical gr'édie.nt across the membrané. This
light4generated proton gradient is used to form ATP, a universal
source of energy for endergonic¢ reactions in l_ivi'ng organisms.v The
light energy lwhich is absorbed by the halo bacteria does not
participate directly ifl any reagtions beyond the isomerization of the
pigment. Thus, these organisms havé developed a plent'iful so_urce‘of‘
energy, namely sunlight, but must rely on their immediate environment

for a source of carbon.

1.3 Ligh;édriven Electron Transport

| Photosynthetic organisms (see reviews in Refs. 3-5), which
include the non-oxygen-evolving photosynthetic bacteria, the
cyanobacteria, and plants, transduce light energy into chemical energy
by an entirely different means from that used by the halo béci:eria.
In the f‘or'mer-. organisms, lightiinitiates a series of
oxidation-reduction reactions whiéh leads to the formation of proton
gradients for ATP formation, and, in some cases, to the creétion of
stored strongly oxidizing and reducing compounds. A wide variety of
chromophores, absorbing thf'oughout the viéible and near infrared

regions of the spectrum, is observed in photosynthetic or'ganisms;'



these pigments include chlorophylls, bacteriochlorophylls,
carotenoids, ‘and phycobilins. Most of these are so-called
light-harvesting, or antenna, pigments which'absor‘b the sunlight aﬁd
transfer their excitation energy t_o a special pigment in a reaction

center., The number of accessory pigments differs between 50 and 1000

per reaction center, and is usually responsive to the intensity of .

light received by the organism. The large variety of pigments in the
antenna systems enable photosynthetic organsims to use a wide range of
thevsolar spectrum and the variable size of the antenna provide the

ability to grow under high or low 1ntensity light.

The initial light;ener‘gy tr'.ansduction e‘vents occur‘v in the
pigment—protein complex -of the reaction center [6,7]. Upon
excitation, a special pigment in the reaction center, which is either
a type of chlorophyll or bacteriochlorophyll, rapidly transfers an
electron to an acceptor'which is in the same protein. Thus, the light
excitation leads to the formation of an oxidant-reductant pair. The
immediate recombination of this pair, with a resultant loss of useful
energy in the form of heat or fluorescence, is prevented by a series
of electron transfer reactions which separate the oxidizing and
reducing equiva]_.ents across the photosynthetic membrane. The
difference in the reduction potentials of the relatively stable
oxidation and reduction products formed as a résult of the electron
transfer reactions is approximatley 40% of the excited state energy of
the reaction center pigment, which 1is appr'ox-imately 1.8 eV for
chlorophyll and 1.45 eV for bacteriocﬁlorophyll; however‘, the loss of

energy is compensated by the storage of the charges with a high



quantum efficiency (ca. 98%). As in the case of the non-sulfur purple
bacteria, all of the neighboringphotosynthetic units have the same
orientation with respect to the plane of the membrane; thus, the
individual - photosynthetic units cooperate in generating the.

trans-membrane electrochemical gradient.

1.3.a Cyclic Ele}ctr'on Tranport

In many photosynthetic bacteria the oxidizing and reducing _
equivalents produced by excitation of the reaction centerj pigment are
eventually allowed to recombine, with ts;o protons traﬁsported across
the membrane for each cycle of electron transport [8,9]. Thus, the
net result of light excitation in these organisms is the samé as that
in the non-sulfur p.urple bacteria - generation of a trans-membr'ane'
electrochemical gradient which is used to dri\vre,the formation of ATP
(10]. What distinguishes the photosynthetic bacteria from the
non-sulfur purple bacteria, and leads to their designation as
photosynthetic, 1is their ability to use CO, as their sole source of
carbon. This ability is brought about by the reduction_of‘ Co, to
simple sugar's.‘ The r‘educing agent, NADH, 1is generated by the
oxidation of compounds such as H,S, H,, and succinate in a
_thermodynamically unfavorable reaction which is driven by ATP [ﬁ].
Thus, in the presence of suitable mild reductants, the Iphotosynthet;ic

bacteria are ca;ﬁable of photoautotrophic growth.

1.3.b Linear Electron Transport
While the npurple photosynthetic bacteria such as

Rps. sphaeroides produce the reducing equivalents t‘or'carbdn fixation

by the ATP-driven reduction of NAD, green photosynthetic bacteria



reduce NAD with reducing equivalents formed directly in the electron
transfer reactiox;xs initiated by the absorption of light [11]. The
reduction potential achived by the green bacteria is. thus below thaﬁ
of the NAD/NADH couple (Ep = ca. -350 mV), while that of the purple
bacteria 1is just below the reduction potential o'f succinate
(Ep = ca. 0 mV); the ;:hain of electron acceptors which stabilize the
light-generated reducing‘ equivalents is therefore completely different
for these two types of pﬁotosynthetic bacteria [t12]. Although the
means differ, the net result of light excitation is the same for the
green and purple photosynthetic bacteria -~ CO, is reduced at the
expense of compounds such as thiosulfate, H,S, H,, NH,0H, and
succinate. Both types of organism thus share the requirement of a

mild reductant for photosynthetic growth.

The Acyanobacter'ia and green plants are similar to the green
photosynthetic bacteria in that they contain a reaction center which.
provides reducing equivalents for the fixation of CO, directly from
light-driven electron transport. These organisms do not require a
source of reductants for growth, however, because they posess a second
light-driven reaction center which provides the neccessary r"educing
equivalents by the oxidation of water to oxygen [13,115]. This
provides a nearly ubiquitous source of reducing equivalents for the
fixation of CO, for growth. The development of the ability to oxidize
water was a major .breakthrough not only in the eirolution of
photosynt.hetic organisms but also in the evolution of all life on
-earth, for the energy stored in the light-driven r.eduction of CO, by

water is used by non-plant life in the process of respiration, and is



the source of the fossil-fuel generated pokef which is used. to
~maintain and ‘develo,p. civilization. While human ef'f‘orts to Quplicate
the ability of plants to store sunlight energy by the splitiing of
water have been‘éuccessful for the trapping of the reducing
equivalents 1nﬂ the‘for'm of hydrogen, the ability to store the

oxidizing equivalents as molecular oxygen remains difficult.

1.'13 Photosynthesis in lPlants

As discussed above, green plants possess two light-transducing
reaction centers. These reaction centers are contained in two
distinct molecular complexes, designated photosystem 1 and
photosystem 2 [14]. Photosystem 1 provides the reducing equivalents
_for carbon fixation in the form of NADPH while photosystem 2 oxidizes
- water and provides reducing equivalents for reducing the oxidizing
equivalents created by photosystem 1. Each photosystem has. its own
array of light-harvesting antenna pigments and electron 'trnans;‘mr't

components.

In higher plants the photosynthetic processes occur in the
chloroplast, a subcellular organelle. The light-driven reactions can
be further 1localized to a membrane structure within the chloroplast
called the 'thylakoid membrahe. Photosystem 2 appears to be
concentrated largely in the stacked, or granal, regions of the
thylakoid, while 'photosystem 1 appears to be located in the unstacked,
or stromal, regions [15]. This morphological separ‘ation allows for
the relatively facile separation of the two photosystems by
fractionation of grana and stromé.with deﬁer‘gents [see e.g. ‘16] or

with a pressure cell [17]. Both photosystems are oriented



specifically in the thylakoid membr*ané; electrons‘ar'e transported
from the inner side of the thylakoid to the outer side [18j. Thus,
water oxidation occurs on the inner side of the thylakoid membrane,
and NADP is reduced on the outside. Coupled with the electron
transport, and as a result of water oxidation, protons are pumped in

the opposite direction.

1.5 Mechanism of the Photosynthetic Oxidation of Water
1.5.a The Kok Scheme
In the oxidation of water to molecular oxygen, four electrons

are removed (Eq. 1-2). The oxidation could conceivably occur in a

2 H,0 ——===> U4 H+ + 4 e~ + 0, Ep 7.0 = +800 mV  Eq. 1-2

single four-electron step, or as a series of two- or
‘one—electron steps (see Table 1-1). Beéause each photosynthetic
reaction center effects the transfer of one electron ﬁpon each
excitation with light, oxygen c¢ould either be evolved after four
excitations of one center or after fewer excitations of cooperating
centers. Joliot et.al. [19] adressed the question of cooperativity by
measuring the —amount of oxygen evolved after each flash in a series of
flashes; the duration and intensity of the flashes were adjusted so
that each center received one excitation per flash. The results of
such an experiment are shown in Fig. 1-1. Several general
observations can be made on the results in Ithis figure; 1) Oxygen is
evolved with a periodicity of four in flashing light. 2) The maximum
yield of oxygen occurs _on the third flash. 3) After several cycles,

the pattern becomes damped and all flashes yield the same amount of



Table 1-1

Reduction potentials for the reduction of oxygen to water at 25°C, pH 7.
From Blankenship, R.E. (1975) Ph.D. Thesis, University of California, Berkeley,
California. (LBL report 3679) _

Via Hydrogen Peroxide | | Via Oxygen Atom
Reaction o Volts ‘ Reaction E' Volts
0, +e =0, -0.45 0, +e =0, -0.45
- + - - -
one 0," + 21" + & == H,0, +0.98 0, +2H +e" > H,0+0  -0.57
© SLEPS  j0, ¢ H' + e = HO + H0  +0.38 O+H +e  —HO  +1.92
O+ H + e = Hy +2.33 O+ H' +.e” = HO +2.33
T | —
Two 0, + 2" + 2" W0,  +0.27 0, + 2" + 2" =HO0+0  -0.5]
€ SRS 1,0, + 2H" + 2¢7 — 2H50 +1.35 0+ 20" +2¢7 —=H,0 +2.12
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Figure 1-1

Pattern of oxygen evolution from chloroplasts in flashing light.

Inset: trace of polarographic current. Main: Normalized yields.

From Babcock, G.T. (1973) Ph.D. Thesis, University of California,
. Berkeley, CA. (LBL report 2172)
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02: The observed periodicit;y indicated that the ox?gen;evolving
photosystem 2 centers operate independently of one another, i.e., in
each photosystem 2 center, four excitations are required to oxidize
tﬁo water molecules to molecular oxygen. The observed periodicity
also provided evidence that the individual centers are initially in

the same phase of the water‘—oxidizing cycle.

Kok and co-workers [20,21] proposed a model which accounted for
most of the results observed in flashing light; a version of this
model 1is shown in Fig. 1-2. The model postulates the existence of

five oxidation states for the oxygen—-evolving complex; these states

are denoted S: (1=0...4). Excitation of a photosystem 2 center

results in t:he formation of an excited state which abstracts an
electron from the complex and advances the S-state from Sy to Sit4,.
Once advanced to the S, state, the system r‘ap'idly releases.oxygen and
cycles back to the S, state. The states S, and S, are.only moderately
stable, decaying to the S, state in approximately 60 s in the dark,
with the consequent loss of the photogenerated oxidizing equivalents.
That the third flash produces approximately three times the yield of
the fourth flash is taken as evidence that the state S, is the stable
state in the dark and that the ratio of S; to So in the dark is about
3 bto 1. The observed damping of the oscillating oxygen yleld is
explained by misses and double hits; between 10 and 20 ¢ of the
centers do not convert their excitation energy, while another 5 to

10 ¢ receive two excitations during a flash.

1



2H20 Oz + 4H*

Sz NS S1
\\s‘/‘/
‘\ Sz
}Iy'
Figure 1-2

A version of the Kok model for the storage of oxidizing
equivalents by the oxygen evolving complex of photosystem 2.
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In the model shown. in Fig. 1-2 the nature of the intermediate
states S¢¥ is unspecified. Si* may represent the system in any of the

states between the initial excitation by light and the advancement of

the oxygen-evolving complex to the state St+, in Eq. 1-3. P and Q

represent the primary donor and acceptor, respectively, of
photosystem 2; the Intermediated donors represented by a subscr‘ipted

D are hypothetical.

S Dp D, D, P Q
lhv

St Dh D, D, 1* Q

St Dh D, D, 1* Q”

St Dp D, D% i Q” (Eqs. 1-3).
S! Dn D; Dl i . QA-

St Dy D, D, I Qy”

S!+1 Dn Dz Dl P QA-

1.5.b The Chemical Nature of the Oxygen-evolving Camplex

Although the highly séhematic S-state model for photosynthetic
water oxidation was presented by Kok and co-workers nearly 15 years
ago, relatively little information has been obtained since then on the
molecular nature of the oxygen-evolving system. As a.result of this
lack of information, the mechanism of water oxidation remains one of
the least understood aspects of photosynthesis. Although there is a

lack of information on the detailed molecular structure, much has been

13



learned about the components involved and their behavior under certain

conditions.

The actual steps which are involved in photosynthetic watef'"

oxidation must be quite different from those indicated for the four

one-electron step process 1in Table 1i1-1, because the reduction

potentials in some steps (e.g. +2.33 V) pose formidable barriers for

a4 system wWith a one-electron oxidizing capability of about +1.0 to
1.2 V. Transition metal ions, which can bind the various species,

could change the reduction potentials of the individual steps, or

combine two one-electron ste'ps into one two-electron step, thus making

all of the steps in the oxidation of water accessible to the oxidizbing-

capability of the system. Furthermore, transition metals could help
Astabilize the stored oxidizing equivalents; It is thus not surprising
that there is evidence for the involvement of transition metals in

oxygen evolution.

It has been known for some time that manganese is. a necessary
nutrient for plants to carry out oxygen evolution [22], and the
involvement of Mn has been extensively investigated (see Refs. 23 and
24 for recent reviews). Numerous studies have attempted to determine
the number of Mn in the oxygen-evolving complex. Cheniae and Martin
[25] demonstrated that treatment of chloroplasts with Tris buffer
released Mn; when two-thirds of the six Mn assqciated with their
chloroplast preparation was releasved, no oxygen evolution activiﬁj
remained. Many subsequent reports have substantiated the assignment
of four Mn to each water~splitting complex (see Ref. 26); however,

assignments based on the inhibition of oxygen evolution by the removal

14



of Mn may be difficult to aseess; particularly if complexes release Mn
in a cooperative or semi-cooperative manner. Nevertheless, there is

general agreement that the number of Mn is between two and four.

The nature of the involvement of Mn ‘has also been the subject

of very close scr‘utiny. The approaches have included: NMR studies of
the effect on the relaxation of water protons of the oxidation state
of Mn in the diff‘erent S-states [27]; EPR quantitation of Mn?*,
released as Mn(H,0),%2* by heat treatment, after a given number of
flashes [28]; determination of the effects of the Mn which remains
after different Mn-release treatments on the electron spin relaxation
properties of electron transport components near the water?-splitting
site [29]; direct observation of the functional Mn in the S, state by
EPR [30]; and observation of the X-ray absorption edge of Mn [31~33].
The EPR [30] and .x«-r'ay absorption edge data [31] support the
suggestion [34], based on chemical and. energetic arguments, that the
Mn of the oxygen‘—'evolvhing site are clustered in a complex which binds
the oxidized intermediates of water. An attractive model for the
system is a u-oxo bridged complex, which can yield an EPR spectrum
similar to the S, state [30] and exhibit extended x-ray absorption
edge fine structure (EXAFS) [31] similar to dark-adapted choroplasts

and photosystem 2 preparations.

The oxidation state o}‘ Mn in the different S-states is not yet
couipletely determined. The X-ray absorption edge of Mn 1in
dark-adapted samples falls between that of Mn(II) and Mn(III) in a
variety of model compounds [32], leading to the suggestion that the Mn

exists as a mixture of Mn(II) and‘Mn(III) in the S, state; this
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assignment is in agreement with the proposal based on the lr'esults of
quantitation of Mn after release by heat treatment [28]. Similations
of the EPR spectrum of the S, state have led to the proposal that S,
consists of a Mn(III)Mn(IV) dimer or a 3Mn(III)Mn(IV) tetramer
[30,35]. The x-ray absorption edge data support this assignment, as
the advancement of S, to S, is accompanied by a shif‘t in the edge

position which may be too large to be éccounted for by.a single

electron transfer [33]. Analysis of the other S-states is incomplete,'

but there 1is evidence that the oxidation state of Mn in the S,; state

is the same as or lower than that in the S, state [28,33].

Many attempts havevbeen made to isolate a protein containing Mn
from oxygeh-evolving systems. The report of a 65 kDa Mn*containing
protein whicﬁ could reconstitute oxygen evolution appeared to be very
promising [361]; yet optimism turned to skepticism as attempts to
duplicate the result failed.  Further doubt was cast on that
assignment by the preparation of oxygen4evolving PS 2 preparations
which contained no peptides with such a high apparent molecular weight
(371]. .More recent investigations have shown that Tris, high salt
concentrations, and high pH induce the release of peptides of about
18, 23, and 33 kDa with concomitant loss of oxygen evolufion [38];
however, no Mn appears to be associated with any of 't.:hese peptides
[39]. Efforts have continued toward isolating a Mn—‘coﬁtaining protein

from oxygen—-evolving systems, but as yet, these have borne no fruit.

While it 1is known that manganese has a functional role in
photosynthetic oxygen evolution, no clear functional role for iron in

the oxidizing photochemistry of photosystem 2 has been conclusively
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demonstrated, even though as many as 10 - 12 Fe are associated with
" each photosystem 2 unit in oxygen4evolving phot'osystém 2 preparations.
Cytochrome bgsy, which is a 10 kDa heme pr‘o‘tiein present in a 2:1 ratio
to the reaction center, accounts for two of these iron atoms.
However, the involvement of the cytochfome in oxygen evolution is
uncertain because of the absence of evidence of direct involvement and
because the reduction po‘tential of the cytochrome, which is +350 mV,
.1s too low to be involved in water oxidation, which‘ réquir;es
potentials of at least +806 mV. Nevertheless, ther-e is evidence that
eyt b‘ss, is closely associated with the oxidizing side of PS 2; at
low temperature the cytochrome competes ﬁith the oxygen-evolving
complex as a donor to the photosystem.Z reaction center [41], and a
number of treatmehts which inhibit oxygen evolution cause the
conversion of the cytochrome to a form with a lower reduction midpoint
potvential [42].  Aside from cytoéhr‘ome‘b”,, the isolation of a
different heme¥containing catalase-type 'pr'otein of high molecular
weight which enhances oxygen evolution upon reconstitution has been
reported [43], but the rolé, if ahy, of this protein in physiological

oxygen evolution is undetermined.

1.5.c Species in the Path to Water Oxidation

A mo_del for the photosystem 2 photochemistry is presented in
Figure 1~3. Most of the experimental observations of photosystem 2
photochemistry‘ can be incérpor‘ated into this model, but other models

have been proposed, (see Ref. 44 for a summary).
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Figure 1-3

Schematic diagram of the photosystem 2 photochemistry.

PQ, plastoquinone pool; Qp, secondary quinone acceptor; Qa,
primary quinone acceptor; I, intermediate acceptor
(pheophytin); P680, primary chlorophyll a donor; Z primary
donor to P680; Y,,,,» hypothetical donor to Z from the S, and
S, states of the oxygen evolving system; Yz,,, hypothetical
donor to Z from the S, and S; states; Sy, states of the
oxygen evolving complex which have accumulated i oxidizing
equivalents. '
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Upon excitation with blue or red light, the photosystem 2
primary donor, which is chlorophyll a, 'rapidly' transfers an electron
to a'neighboring pheophytin, désignated I for intermediate acceptor,
in the reaction center. ;'I'he primary donor is designated Pg,, because
of the optical bleaching which is observed at 680 nm upon
photooxidation [U5]. The acceptor I [46,47], which can be observed
under reducing cohditions either optically or by EPR, is oxidized in a
few ps by the first stable acceptor, the quinone Q. The quinone
reduction is directly observable either optically at 320 rmm [48], or
by EPR [49] at 1liquid helium temperatures. The unusual EPR spectrum
of QA;, which has a g-value of approximately 1.82, as opposed to 2.00
for most organic radicals, is due to an interaction_ with a neighboring
iron atom. In about 0.5 ms [50], Q4~ transfers the electron to a
second quinone_acceptor‘, Qg, which aects as a two-electron gate for 'the

transfer of electrons to a pool of plastoquinone [513].

On the donor side the .events are much less clear, but progress
is being made. The oxidized primary donor, P{e,, i3 reduced in times
ranging from 30 to U400 ns [52,53], depending on the number of flashes
given. Although an EPR signal at g 2 due to oxidized PG;O is
expected, the decay 1is much too rapid for observation with
conventional EER instruments. The rapid decay of the optical
transient due to P%t,, was once thought to be‘ too rapid for the
assignment of an EPR observable species, designated Signal IIyr [54],
as the direct donor to Piso; however, revised measurements of the
“kinetics of the formation of ‘Signal Ilye have shown that it is formed

in less than 2 us [55], rather than the previously determined value of
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approximately 20 us [56]. Thus, Signal IIyr may represent the direct

donor to Ptg,. The species which gives rise to this signal is

designated Z-*. Although most investigations of 'Z have relied on EPR
measurements, opti'cal absorfbance changes in the near UV have been

assigned to the difference between Z and z-* [571].

Signal Ilyp is similar in g-value and lineshape to a signal,

denoted Signal II [58], which is associated with photosystem 2, but is
of unknown function. Signal II exhibits much slower kinetics than
Sigﬁal IIyrs it is f‘ormeﬁ in. the light in a few seconds, and decays
in the dark 1in hours. 'Because of its relative _stability. the
lineshape of Signal II has afforded car'ef‘ul investigation. The signal
has a g-value of 2.0048, is 16 G wide, and has an -anisotropic
lineshape, which isvorientatiﬂon dependent in aligned samples. Signal
II and Signal I.Ivf have been suggested to arise from a positively
charged piastosemiquinone species, ei'ther_ as a protonat.ed semiquinone
(59], or as a semiquinone associated with a divalent metal catiqn
[60]. One of the most:unusual features of Signal .II,-,f is its rapid
spin relaxation [61j; it has been suggested that this property arises
from the interaction of Z+* with neighboring paramagnetic Mn ions in

the water splitting complex.

The kinetiecs of the reduction of Z-* wefe -determined Bab.cock
et.él. [62]. The r'bate- of decay of Signal IIyf following a flash was
observed to depend on the‘number of t‘laéhes received; the decay is
approximately 100 us or faster after the first and fourth flashes,
500 us after the second, and 1.ms after the third. The state o.f‘ the

oxygen-evolving complex thus determines the rate of reduction of Z-*,
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The states S, and S, donate rapidly to Z-*, while the more highly
oxidized stateé S, and S; donate more slowly. The rate of reduction
of Z+* by the oxygen-evolving system in the S, sta_te matches that for
the rate-limiting Step in oxygen evolution determined by measurements
of oxygen yields in a series of closely spaced flashes [63]. The
identity, or identities, of the species which directly reduce Z+«* have
not yet been deterfnined; the model in Fig. 1-3 includes the
possibility of unspecified intermediate electron carriers between the
oxygen-evolving complex and Z, but it may be that the water-splitting

complex is oxidized by Z.-+ directly.

The S—states of the oxygen-evolving site eluded direct
spectroscopic detection for ten years after the Kok scheme was first
propoéed; however, EPR and optical signals have recently been
observed and assigned to species in the waterésplitting complex. The
most significant report was the observation at 10 K of a multiline EPR
signal in chloroplasts which had been given one flash before being
rapidly frozen [30]. The signal intensity was observed to decrease,
relative to t'hat observed after a single flash, when the sample
received two, three, or four flashes, but appeared to increase when a
fifth flash was gi\}en. The observed periodicity of fouw in the
dependence of the signal intensity on flash number, and the observed
maxima on the first and fifth flashes, led to the suggestion that the
signal arises from the S, state of the Kok scheme [20] for oxygen
. evolution. The complex multiliné structurg of the signal is evidence
that the species which gives rise to the signal contains Mn, which,

because of its 5/2 nuclear spin, often gives spectra containing many
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lines. Simulatibﬁs of the spectrum have led to suggestions that the
species is an antiferromagnetically coupled Mn(III)Mn(IV) dimer or
WMn(IIIMn(IV) tetramer [30,35]. With the exception of an isoclated
report of an EPR signal due to the oxygen—-evolving corﬁplex in :the S,

state [64], the S-states other than S, have not been detected by EPR.

Attempts to measure optical changes associated with the
oxygen—evolving syétem have been complicated by absorption changes due
to thg acceptor reactions; however, subtraction methods and
treatniehts which prévent acceptor reactions -’have been used in reports
of absorbance changes ih the ultraviolet which are assigned to the
oxidizing photochemistry of photosystem 2 [65-67]. One of these
.absorption changes, ‘which occurs on the first flash of a dark-adapted
sample, and does not reverse until a third flash is given, is assi gned'
to the oxidation of a species M. It has been suggested that the
oxidized state M+ is present in both the S, and S; states, and becomes
reduced as the system releases oxygen in advaﬁcing from S; to S,. The
proposed behavior of M is at variance with the multline signal
behavior, which suggests that the species which stabilizes the
oxidizing equivalents in the S, sf:ate is changed upon advancement to
the S,; state. P.e.r'haps the optical differencev is not dir'ect;ly related
to the S-st;afe advancements, but reflects the fact that the donor Yo,

is somehow changed upon the advancement of the system from S, to S,.

1.5.4 Photosystem 2 Photochemistry at Low Temperatures .
While the initial charge separation occurs even near liquid
helium teinperatures, the secondary photochemistry on both the donor

and acceptor sides 1s affected by decreased temperature (reviewed in



Refs. 68 and 69). A number of investigations have attempted to
characterize th_e_ oxygen—-evolving system by monitoring the
photochemistry in photosystem 2 at low temperature;  these have

included measurements of variable fluorescence [70-72], absorbance

changes associated with cyt bgg, [71-74], EPR Signal II [75], and

thermoluminescence [76,77]. The acceptor Qy can be photoreduced at
very low temperatures, but the reoxidaion of Q4~ by Qg appears to
become retarded at 238 K, and is practically prevented at 213 K [78].
If the oxidized primary d-onor' is not rapidly reduced, a charge
recombination between P}%,, and Qp~ will occur with a half time of

about 4 ms [79].

A decrease in the rates of the oxidizing reactions of
photosystem 2 at low temperature is evident from the decreased rate of
the rise o-f‘ photosystem 2 variable f‘luofescence, which, at 1low
temperature, is a measure of: the rate of the reduction c;f the oxidized

primary donor. Parallelling the slower fluorescence rise is the

photooxidation of cyt bgs, at low temperature [71,721]. As the -

cytochrome is not observed to undergo any photooxidation under
physiological conditions, it is believed that the photooxidation of
the cytochrome is a competitive reaction which becomes favored at low
temperatures due to the decreased rate of donation from the
water-=splitting complex. Interestingly, the threshold temperature for
the onset of the observed effects of low temperature is dependent on
the number of preilluminating flashes given before cooling [70,73,74].
The threshold is about 170 K for PS 2 centers in the S, and S, states,

and, although no specific threshold is reported for the S, and S,

24



states, it must be at least as high as 220 K.

Measurements of the ability to charge ther'molum_inescence bands
at low temperature have provided another probe of the low temperature
photovchemis.try of the oxygen-evolving system [76,77]. The
“thermoluminescence band associated with the S, state can be charged
with éontinuous light at temperatures as low as 210 K‘ [76];
unfort_unately, however, no low temperature threshold is reported for
the charging of this band. Ther'e: is an illumination ﬁemperature
threshold at 170 K for an effect on the thermoluminescence behavior
[77]_', but .the origin of the effect and its relation to the S-states is
uncertain. With regard to the higher S-states, it has been shown that
the chér‘ging Qf the thermoluminescence banq associated with S, .by two
flashes has a temperature threshold of about 2140 K [76]. These
threshold temperatures are consistent with those reported for the
Hef‘f‘ects of'- t’empérature on thg fluorescence rise kinetics and on

¢cytochrome bss, photooxidation.

None of the methods discussed above directly monitors the
S-states. The observed effects of temperature on the fluorescence
rise kinetics and on cytochrome photooxidation most likely reflect the
decreased rate of r-educ.tion of the oxidized primary donor, Pts,, at
low temperature. The charging of thermoluminescence bands, which

result from the temperature-;induced charge recombination through Pf,,

and Qa~, is only sensitive to the stabilization of the light—gener‘ated'

donor~acceptor pair; it is thus not possi_ble to distinguish between
the complete advancement of S, to S, and the advancement of S; to an

intermediate state S,;*. Therefore, although the state of the
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oxygen-"-evolving system determines the threshold for the effects of low
temperatur'e, the effect of temperature on the reactions at the

water‘—splitting site itself is unknown.

1.6 Focus of This Work

The investigations reported in this work examine the oxidizing
reactions of photosystem 2 by the use of EPR. 1Initial studies confirm
the association of the mﬁltiline EPR si@al'with the S, state of the
oxygen-evolving complex and investigate directly the effects of low
temperature on the reactions of the oxygen—evolving system. éy the
use of low temperature illumination, it is demonstrated that an
intermediate state S,*, between the S, and S, states, can be trapped,
and an EPR signal which appears at g 4.1 is assigned to the
intermediatve. The chéracter‘istics of the signai lead to the
suggestion that non-heme ferric iron is involved in the oxidiZing
reactions . of photosystem 2. The intermediate state is further
characterized by investigations of its'behavior at low temperature,
after preillumination, ahd under several conditions for which oxygen

evolution is inhibited.
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CHAPTER 2
CORRELATIONS BETWEEN THE MULTILINE EPR SIGNAL AND THE S, STATE

2.1 introduction

Investigations into the mechanisms of the photosynthetic
oxidation of water have been hampered by the lack of spectroscopic
probes of the S-states. _Yet without such probes it is impossible to
identify the chémiéal species involved and to fully investigate the
reactions of the water'—sblitting complex. A significant advance was
the observation of the lﬁultiline EPR signal [1-3]. While anal&sis of
the lineshape of the signall does not ‘allow a conclusive determination
of the‘ molecbular' species, 1tlis evident that a manganese complex is
-the souf'ce of the signal, and that between two aﬁd fourr manganese are
associated in this complex, in such a way that they are magnetically

coupled [2,4].

The observed dependence of the ampliﬁude of the multiline
signél on the number of flashes given the sample [1,2], and the
ability to generate the signal in the presence of DCMU [1=3], which
pi'events the transfer of more than one_electron to the acceptor [5],
led to suggestions that the signal arises from the S, state of the
oxygen—evolving complex. However, 1in previous reports, sample
preparations involved rapid t‘r‘eez'ingv of. samples during or immediately

following illumination. Thus, it is not possible to rule out the
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assignment of the multiline signal to an intermediate state Sl*, which
describes the system in an undefined early stage of the photochemistry
following excitation, prior to the advancement of the water=-splitting

site to the state. S,.

A more specific correlation between thé multiline signal and
the oxygen-evolving system might be obtained by a comparison of the
properties of the S, state of the oxygen4-evolving system with the
conditions required for generating the signal. In particular, an
investigation of the kinetics of the decay of f:he species which gives
the multiline signal will allow a determination of whether the signal
is due to an intermediate S;¥*, or to the S, state. The lifetime of
the S, state is between 50 and 90 s at room temperature [6~8]; do the
kinetics for the decay of" the multiline signal match those for the S,

state?

Additional evidence regarding the assignment of the multiline
signal to the S, state migﬁt be obtained by an investigation of the
temperature dependence of the light;induced 'for'm‘at‘ion of the éignal.
The donor reactions of photosystem 2 at low temperature are not
completely determined, but the existing data place limits on the low
temperature behavior of species associated with the oxygen-evolving
system (see Chapter 1). A determination of the low temperature
behavior of the multiline signal species could lead to a more complete
understanding of the low temperature reactions of the photosystem 2

donors.
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The experiments discussed in this chapter confirm the
assignment of the multiline signal to S,, and expand ow Aunder'standing
of the decay kinetics of the S, state and of the photosystem 2 donor

reactions at low temperature.

2.2 Materials and Methods
2.2.a Chloroplast Preparation

Broken chloroplasts were prepared from market spinach.
Destemﬁxed leaves were ground at 4°C in a Waring blendor for 10 s in a
medium containing 0.15 M NaC.l, 4 mM MgCl,, 5 mM EDTA, and' 0.05 M HEPES
-at pH T.5. The homdgenate was strained through three layers of
cheesecloth and centrifuged at 5000xg for .8 min.v The pellet was
resvuspended in the ‘same buffer and spun for 5 s at 1000xg, and the
supernatant from this low-speed spin was centrifuged at 5000xg for
8 min. The'final pellet was resuspended in buffer containing no EDTA
and centrifuged again at 5000xg for 8 min. Samples were kept on ice

in the dark for 15 = 75 min before use.

2.2.b Preparation of Oxygen-gvolving Photosystem 2 Samples

Photosystem 2 preparations devoid of PS 1 and cyt bg/cyt f
complex components [9] were obtained by modifications of two
Triton X-100 fractionation procedures [10,11]. Broken chloroplasts
were prepared from market spinach in a manner similar to that
described above, with. the‘excep.tion that the buffer for grinding the
spinach contained 0.2 M sucrose, 5 mM MgCl,, 15 mM NaCl, and 0.5 M
HEPES at pH 7.5. The cﬁloroplast preparation was suspended in buffer
containing 15 mM NaCl, 5 mM MgCl,, and 0.5 M MES at pH 6.0 and spun at

5000xg for 8 min. The pellet was suspended in the same buffer, with



5 mM sodium ascorbate and 25:1 (w:w) Triton X-100 per'chlorc')phyll
added. The pellet from a' 2 min spin at 1000xg was discarded, and the
supernatant was. spun at 3‘5,000xg.f‘or 10 min.. The pellet was taken up
in the MES suspension medium and spun again at 35000xg for 10 min
after the pellet from a '1000xg spin was discarded._ Samples were
either kept on ice in ..the dark and used within 90 min or wer'é stored
in buffer containing 50% glycer'oi in liquid niti'ogen for no more than
two days beforfe use. Storage in liquid nitro_gen was found to have no
effect on rates of oxygen evolution, which were typically between 300
an& sod umol 0O, (mg chl)~'h™! when measured in the presence of

suspension buffer containing 2,5-dichloro;p—benzoquinone.

2.2.¢ Electron Paramagnetic¢ Resonance Spectra

| For EPR measurements, samples were suspended in the final wash
buffer and placed in Suprasil quartz tubes (3 mm 1nn¢r diameter).
Except where indicated, samples contained'so% glycerol and had
chlorophyll concentrations of between 3 and ‘5 mg/ml as determined by
tﬁe method of Arnon [12]. EPR spectra were recorded at approximately
9.2 GHz with a Varianv E 109 spectrometer equipped with a Liquid
Transfer Heli-Tran Refrigerator (Air Products, Model LTR). Spectra
were recorded either directly on the spectrometer chart recorder or dn
a digitai oscilloscope (Nicolet Explorer III) and stored in a signal
averager. Signal averaged. svpectr'a were transferred to a VAX .11/780
cdmputer for manipulation and display. Spectra were typically

obtained by averaging four or more sweeps of the magnetic field.

2.2.d Illumination of Samples.

All saAmples were illuminated in 3 mm inner diameter quartz
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tubes. Flash illumination»was pebformed with short (10 ps), intense
(14 J/flash) flashes from a xenon.flash lamp; the oblong image of the
lamp was tightly focused on thé sample. Continuous illumination was
for 30 s with a 300 W tungsten source; to diminish heating effects,
10 cm of water were placed between the source and the éample. Sample
temperature was maintained with a Varian V 6040 NMR Variable
Temperature‘Controller or with a dry ice/methanol bath; 3 min
equilibration was allowed before 1illumination. Except where noted,
samples were Qark—adapted on ice for at 1least 15 min before
illumination. Sometimes, in order to prepare the system completely in
the S, state, samples were dark adapted, gi&en two flashes, and dark
adapted again. Except where indicated, samples were placed in liquid

‘nitrogen immediately after illumination.

2.3 Results
2.3.a .Flash Number Dependence of the Multiline Signal Amplitude at

273 K | v

A single intense flash of light at 273 K followed by freezing
in liquid nitrogen generates and traps a species which gives a
multiline EPR signal when observed at 10 K'(Fig. 2-1a); the observed
signal, which contains ovér 16 lines spaced nearly evenly across
1500 G, is identical to that reported and assigned by other workers to
the S, state [1-3]. It was found that, for flash illumination at or
above 273 K and for continuous illumination at lower temperatures, the
presence of 50% glycerol greatly enhances the observed signal

intensity.

37



Figure 2-1

Dependence of the multiline signal amplitude on the

number of iiluminating flashes. Photosystem 2 preparations
suspended at 0.75 mg(Chl)/ml were given a flash at 0°C,
equilibrated in the dark for 15 min, then given a variable
number of flashes at 0°C followed by rapid freezing in
liquid nitrogen. Number of flashes: a) 1, b) 2, ¢) 3, d) 4,
e) 5, ) 6. Spectrometer conditions: microwave power, 50mW;
microwave frequency, 9.2 GHz; modulation amplitude, 32 G;
modulation frequency, 100 kHz; temperature, 10 K; scan
rate, 1000 G/min (10 scans); time constant, 0.128 s.

The same dark-adapted spectrum was subtracted from all
samples.
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The dependence of the multiline signal amplitude on flash

number is shown in Fig. 2-1 for an oxygen-evolving photosystem 2
preparation. The results in tﬁis figure are in qualitative agreement
with those reported for chloroplasts [1,2]: the 'signal intensity is
maximal after one flash, decreases progressively on the second, third
and fourth flashes, and appears to increase on the fifth flash.
Whereas it is reported [1,2] that the intensity decreases slightly on
the sixth flash, the data in Fig. 2-1 indicate that the intensity
after the sixth flash is equal to or greater than that after the fifth
flash. In order to insure complete illumination of these optically
dense samples, the chlorophyll concentratipn for the samples in this
experiment was decreased to approximately 0.8 mg/ml; névertheless, it
is st.ili possible that each flash did not illuminate the sample

completely.

2.3.b Decay of the Multiline Signal between 250 and 295 K

To obtain the spectra shown in Fig. 2-1, samples were rapidly

frozen in liquid nitrogen immediately following illumination with

flashes at 273 K. If the length of time between illumination and
freezing is increased, the observed signal amplitude decreases. The
decay of the species which gives rise to the multiline signal was
monitored by varying the length of time between {llumination and
freezing; the multiline signal observed at 10 K was quantitated by
summing the intensities of the 3 largest peaks downfield from g 2
(Fig. 2=-2). vAt 295 K thé decay has a half-time of approximately 40 s.
The temperature dependence of this decay was determined by performing

the illumination and incubation at temperatures between 253 and 295 K.
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Figure 2-2

Decay of the multiline signal amplitude at different
temperatures. Broken chloroplasts suspended at 5 mg(Chl)/ml
were given one flash at the specified temperature, then
placed in liquid nitrogen after a variable delay. The
signal amplitudes were taken as the peak-to-peak height of
four lines downfield from g=2. The amplitudes at each
temperature are normalized to the maximum value.
Spectrometer conditions were as in Fig. 2-1, except

that no signal averaging was done.
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As the temperature is decreased in this region, the rate of
deactivation becomes dramatically Slower. At 253 K the half-time for
the decay is about 40 min, and virtually no decay in signal amplitude

is observed during 1 h at 243 K.

2.3.¢ Dependence of the Multiline -Signal .Amplitude on the

I1lumination Temperature
2.3.c.1 Dérk—adapted Preparations (S,)

While the multiline signal amplitude generated by a single
flash given at temperatures between 250 K and room temperature is
rélatively' cqristant, the ‘si‘gnal intensity becomes progressively lower
as the illumination 'temperature is decreased below 250 K (Fig. 2-3).
The midpoint of this effect is at about 225 K; virtually_no multiline

signal is produced by a flash giveh at or below 190 K.

To determine whether the >decline .1n signal amplitﬁde’ at. lower
tempe'rétures of illumination i'svdue to competition‘ with a charge
recombination, the temperature dependence of the photogeneration of
i:he multiline signal was examined for mulf.iple flash 'and continuous
{llumination. It is observed that the temperature range for which the
signal amplitude decreases is lower for more extensivel.y illuminated
samples (Fig. 2-4). Illumination with 20 flashes produces maximal
signal intensity at temperatures as low as 220 K, and at. 190 K, where
a single flash produces no'multiline signal, approximately half the
maximal amount .of siénal is generated by 20 flashes. Illumination
with continuous light for 30 s produces the multiline signal vat even
.low‘er' temperatures; the maximal and half-maximal signal amplitudes

are generated by illumination at about 190 K, and 175 K, respectively.



Figure 2-3

Production of the multiline signal in broken chloroplasts,
suspended at 4 mg(Chl)/ml, by a single flash at different
temperatures. Spectrometer conditions as in Figure

. 2=1 except that the microwave power was 150 mW and no
signal averaging was done.
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Figure 2-4

Amplitude of the multiline signal produced by a single
flash (o), 20 flashes (X), and 30 s continuous light (0)
at different temperatures. The signal amplitudes for
different illumination schemes have been separately
normalized. Spectrometer conditions as in Fig. 2-3,
signal amplitude determinations as in Fig. 2-2.
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The lower limit for generating the multiline signal with continuous
light is approximately 160 K; at 150 K and below no multiline signal
is produced. The temperature threshold for generating the multiline
éignall with continuous illumination is not significantly altered by
increasing the illupination time'to 2 min. The signal intensities for
the three data setl:s shown in Fig. 2-4 have been scaled to the same
maximum value; for concentrations as high as those dsed for these
experiments (between 3 and 5 mg chl/ml), a single flash at 273 K
produces about half the signal that is '‘generated by continuous light

at 190 K.

2,3.c.ii Preilluminated Preparations (S,)

The data in Fig. 2-4 show that the signal intensities produced
by multiple flashes and by continuous illumination decrease above a
certain temperature.r The temper'at;.lur'e at which this decrease occurs is
about 230 K for illumination with 20 flashes, and 210 K for continuous
i;iwnination. 'I;he lower signal intensity may be the result of further
light-induced reactions of the oxygen-evolving system which can occur
at the higher temperatures and which deplete the multiline signal
species. The reactions on the accepfor side are known to be affected
in this temperature region [13]; the primary reduced stable acceptor,
Qpr~, 1s oxidized only slowly below 238 K, thus preventing the
stabilization of mor.e than one oxidizing equivalent by the donor

reactions of PS 2 upon illumination below this temperature.

To 1limit the observed temperature effect to donor reactions,.

samples were given a preilluminating flash at 273 K, then frozen in .

liquid nitrogen. This process generates approximately one-half the
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maximal amount of the multiline signal species and allows for the
reoxidation of the primary acceptor, which_occur's in less than 1 ms.
Samples were then equilibrated at a chosen temperature between 200 and
250 K for continuous 1illumination. For samples prepared in thié
manner the amplitude of the multiline signal remaining. after
illumination is low for illumination temperatures abolve 220 K, but
increases sharply in the temperature range f‘rom 220 to 200 ‘K
(Fig. 2-5). Samples illuminated below 210 K exhibit a‘ peak at g=3.1
in the EPR spectrum (not shown), én indication of cytochrome bgg,

photooxidation that 1is not seen at higher temperatures.

2.4 Discussion
2.4.a Correlations between the Multiline Signal and the S, State

The above results demonstrate the ability to reproduce the

results of Dismukes et.al. (1,2] in producing the multiline EPR
signal, which those authors and others [3] have suggested arises from

the S, state of‘- the oxygen;evolvin.g system. The signal can be

produced by a single flash given near 273 K followed by rapid freezing
in liquid nitrogen, or by 30 s continuous illumination at 190 K.

Illumination at 190 K gives the largest signal amplitude.

The presence of’ glycerol in the sample was found to be
necessary for observing the signal when samples were illuminated at
273 K and above. If the sample is t‘r'ozer; to 190 K before receiving
continuous illumination, the signal can be observed in the absence of

glycerol; nevertheless, samples containing glycerol exhibited larger

- signals. Hansson and Andréasson reported [3] observation of the

multiline signal by freezing samples containing no glycerol during
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Figure 2-5

Amplitude of the multiline signal produced in broken
chloroplasts by a single flash at 273 K followed by
continuous illumination at different temperatures.
Samples were given an intense flash at 273 K, frozen in
liquid nitrogen, then warmed to a specified
temperature, at which they received 30 s of continuous
illumination. Spectrometer conditions as in Fig. 2-3,
signal amplitude determinations as in Fig. 2-2.
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illumination. Thus, although the presence of glycerol is important
for observing the signal under some conditions, the ability to observe
the signal in the absence of glycerol rules out a direct involvement

of glycerol in the multiline signal species; Perhaps the effect of

glycerol 1is to prevent damage due to the formation of 1ice crystals

during freezing, but the exact nature of such damage and the related
effects on the photoproduced oxidizing and reducing equivalents are

_unknown.

The results (Fig. 2-1) for the flash number dependence of the
multiline signal in the Triton X-100 photosystem 2 preparation are in
quaii’cative agreement with those reported by Dismukes et.al. [1,2]
f‘qr' chloroplasts. _The signal amplitude is maximal on the first flash,
and decreases on subsequent flashes, as one expects for the S, state.
The signal amplitude appear.s to increase after a fifth flash, as oﬁe
also expects for the S, state, but increases slightly after a sixth
flash, contrary to the behavior of S,. It has been reported [1,2]
that the signal decreases again on the sixth flash, although the

margin of error in those results is high.

The data for the higher flash numbers are difficult ¢to
interpret because it is 1likely that, due to high optivcal densities,
"the flashes do not illuminate the entire sample, effectively leading
to a higher miss parameter and rapid dephasing of the separate
oxygen-;evolving systems in the sample. Thus, although the results in
Fig. 2-1 do not clearly demonstrate the expected oscillations in the
multiline signal, it is evident that the signal decreases oh the

second, third and fourth flashes, and increases on flashes _at least
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three subsequent to the first. This behavior is consistent with that
expected for the S, state, given the diff‘icul'ty of achieving complete
illumination of the sample with f‘lashes; and rules out the possibility

that the signal results from an effect which is specific to the first

excitation of a photosystem 2 center 'and which might not be directly

involved in oxygen evolution.

The 40 s half-time of the multiline signal species at 295 K
(Fig. 2-2) is evidence that the signal arises ff-om a relatively stable
species, rather than from a rapidly transient intermediate. Previous
reports of observations of the fnultiline signal vcould not rule out the
lattgr‘ possibility, aé they involved r'apiq freezing following flash
illumination [1,2] or illumination with continuous light during

freezing [3]. The observed 40 s decay time at 295 K is in good

agreement with that reported for the S, state of the PS 2~

oxygen-evolving system in spinach chloroplast;,s [6-8]; f‘ur‘thermobe,
the temperatur'e dependence of thev decay is similar to that reported
for a thermoluminescent speciés assigned to the S, state [8]. The
observed behavior of the decay of the multiline signal is thus
supportiye of the assignment of the signél to the S, state of the

oxygen—évol ving complex.

2.U.b» The Effect of Low Temperature on the Donor Reactions of PS 2

The observed difference between the low temperature thresholds -

for generating the multiline signal by continuous illumination of
dark-adapted chloroplasts (ca. 165 K, Fig. 2-4) and for decreasing
the multiline signal amplitude by continuous illumination of

chloroplasts which had been ;jr"e*illrumi,pat;edf with_a single flash (ca.
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210 K, Figs. 2-4, 2-5) correlates well with the reported S-state

dependence of the threshold temperatures for the decreased kinetics of
the fluorescence rise [14,15], cytochrome bgs, photooxidation (15-181],
and the ability 1_:0 charge thermoluminescence bands Aassociated with the
S, and S, states [8,19]. Thus, the results of the studies on the
amplitude of the multiline signal pr'odu‘ced by illumination at 1low
temperature are consistent with the proposed involvement of the

multiline signal species in oxygen evolution».v

Previous investigations of the low temperature photochemistry

of PS 2 were based on observations of species or events which are notv

directly involved in the water;splitting-‘complex (14-19, see
Chaptér‘ 1). The confirmed assignment of the multiline signal to the
S, state permits the use of the low temperature illumination -behavior‘
of this signal as a pr‘obg for a more detailed.evaluation of the
effects of temperature on the oxyged—evolving system of PS 2. The
following model can be used to explain the effects ‘of lowering the

temperature of illumination on the generation of the multiline EPR

signal:
Ry ) + -
Sy DP Q --P¥L > St Pt Q
St D P+ Q" ::i£f£> Stey P Q4™
b
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In this diagram P and Q are the primary dbr'_lor" and acceptor,
r‘espectiveiy; St represents a state of the ongen¥-evolving complex;
and D represents an alternative donor (possibly cytochrome bss,) which
is not on the electr'on-'tr'ansf.er'_ path between the water-splitting
complex and P. ~ Since it is the S, state of the oxygen-4evolving
complex which gives the multiline signal, any configur'atioh in which

this state is present will exhibit the signal.

The results shown in Fig'; 24-4 demonstrate that the threshold
temperature for generating the multiline signal with conAtinuous
illumination is 1lower than that for single flash generation of the
signal. This result provides evidenAce for competition between
formation of the species which gives the multiline signal and a charge
recombination in the temperature range 160 to 240 K. At the high end
of ‘this temperature range the forward reaction domi‘n_ates; vkz is
larger than kp. At the other end of the range however, kz' is smaller

than kp, and the back reaction is favored.

The threshold temperature for generating the multiline signal
in dark-adapted chloroplasts with céntinuous lighﬁ is similar to that
reported for the decrease in the rate of the fluorescence rise and for
the photooxidation of cytochrome bg,., [14,15,18]. The simplest
explanation for the inability of continuous light to generate the
multiline signai below 160 K is that a species, D, competes
effectively with the oxygen;evolving complex as a donor to Pig,.
According to this scheme, kp would become larger than k, as the
temperature 1s decreased below 160 K. However, no direct evidence is

provided for such a scheme in the above results. In fact, although
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cytochrome b.., is believed to replace the physiological donor at low
temperatures, no cytochrome photooxidation was observed by EPR when

samples were illuminated near the 160 K threshold temperature.

Further photoreactions decrease the intensity of the multiline
signal at temperatures above 200 K (Figs. 2-4, 2-5). It has been
reported that both the reoxidation of the reduced primary stable
acceptor [13], QA;', by the secondary acceptor; QB» .and the advancement

of S, to S, (see Ref. 20) are strongly affected by temperature between

about 210 and 240 K. Both pr'ocesses‘ affect the signal amplitude

generated upon illumination in this temperature range. It was
attempted to observe the effects of temperature on Jjust the donor
r'e.actions by preilluminating samples with a single flash at 273 K
befér‘e illuminating with continuous light at redu’ced temperature
(Fig. 2-5). The threshold temperaf[ure for the disappearance of the
multiline signal in the preilluminated samples is significantly higher
than -that observed for the formation of the multiline signal by
continuous light in dar'k%adapted samples. According to the above
model, the rates determined by k, and kp become competitive at about
220 K. In this case, it appears that competitive donation from t'he

cytochrome could be a factor in determining the threshold temperature,

because cytochrome photooxidation is observed at 210 K in samples

‘given a preilluminating flash at 273 K.

2.5 Conclusion

The agreement between the conditions reported for the formation

and decay of the S, state of the oxygen4evolving complex and those

presented above for the formation and decay of the multiline signal
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confirm the previous assignments of the multiline signal to the S,
state. The decay time of the multiline signal is evidence that the
signal results from the final. oxi-_dation product of the S, state, and

not from a prior transient species.

Because the multiline signal has been confirmed to arise from
the S, state, it has been possible to use the signal as a probe of the
effects of low temperature on the reactions of the_ wat:_er';splitting
complex. Temperature thresholds of approximately 160 K arid' 210 K are
obtained for the advance'ment_ of S, to S,, and of S5, to S,,
réspectively. While th¢ threshold for fhe advancement of S, to S; may
be due to competitive donation f‘r'iom cyt b559', no evidence exists for
such a process near the threshold for ad\}ancement of S, to S,. The
pr‘.oces_ses which occur near the threshold temperature for the

advancement of S, to S, are examined more closely in the next chapter.
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CHAPTER 3
THE TRAPPING OF AN INTERMEDIATE BETWEEN THE S, AND S, STATES

3.1 Introduction

Among the electron car'ri-er"s between Pggs, and the
oxygen-evolving complex, a 16 G wide transient EPR signal centered at
g 2.0048, denoted Signal IIysf, has been identified [1,21]; it is
likely that Signal IIyr reflects thé oxidized direct donor to Ptg,
{3]. The transient Signal IIye is very similar in lineshape to a
signal associated with photosystem 2 which exhibits very slow kinetics
and 1is wusually present in dark-adapted samples.' 'The slower kinetic
species, denoted Signal II [4], has an undetermined function in
photosystem 2 photochemistry. The similar lineshapes of the signals
is suggestive that the chemical idehtities of the different signal II
species are similar; the more stable species.has been attributed to a
plastosemiquinone vassociated with a divalent cation [5] or to a

protonated plastosemiquinone radical cation [6].

There is indirect evidence which is suggestive that additional
intermediate electron carriers are involved in transporting electrons
from the oxygen-evolving complex to Pg,, [see Ref.. 7], but the

identities of such species are unknown.
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The transition metal manganese appears to be integral to the

oxygen-evolving complex, with the number of Mn involved perhaps as

high as four [8]. Either a 3Mn(III), Mn(IV) tetramer [9] or a Mn(III)

Mn(IV) dimer [10] appear to be consistent with the multiline EPR .

signal associated with' the S, state of the oxygen4-evolving complex
[10-12, see Chapter 2]. The extent bf‘ involvement of other metal ions
in water oxidation is ’undetemﬁined: A significant amount of iron
(approximately 12 per photosynthetic unit) is typically associated
with Tr‘iton-v-extr_'-a‘cted,' oxygen;evolving PS 2 preparations (D.Goodin,
N.Bloqgh, per‘sonal corﬁmunication); but, except for the two heme irons
present as cytochrome bss, and thé single iron associated with the
accepﬁér {13], this iron is unaccounted for in terms of identity or
fuhction. Cytochrome b5, is associated with thé oxidizing side of PS

2, as it 1s capable of donation to the reaction center at 1low

‘temperatures, but no precise physiological function has been ascribed

to it (see Ref. 14). A major argument against the involvement of the
cytochrome in the oxidation reactions leading to the splitting of
water is that the reduction potential of the cytochrome (ca. 350 mV)
i-s‘not high enough to indicate a redox species active in water

oxidation.

Studies at low 'temper*aturev have proven useful in examining the
mechanisnis of PS 2 reactions and the S s.tates (see Chapter 2 and
Refs. 15 and 16).. It is shown iﬁ Chapter 2 that the thr‘eshold
temperature for the formation of the S, state from S, is about 170 K.
In this chapter thé consequences of illumination at temperatures near

the threshold temperature are investigated in an attempt to detect the
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formation of intermediate species which are kinetically inert at these

low temperatures.

3.2 Mater'vials and Methods
3.2.a Oxygen-'-evolving Photosystem 2 Preparation

Photos_ystemz preparations were obtained by modifications of
two Triton X-100 fractionation pfocedures [17,18]. Broken
chloroplasts were prepared from mar'keﬁ spinach. Destemmed leaves were
ground at U4°C in a Waring blendor for 10 s in a medium containing
0.2 M sucrose, -5 mM MgCl,, 15 mM NaCl, and 0.05 M HEPES at pH 7.5.
The homogenate was strained through three layers of cheesecloth and
centrifuged at 5000xg for 8 min. The pellet was suspended in buffer
containing 0.15 M-NaCl, 5 mM MgCl,, 5 mM EDTA, and 0.05 M HEPES at
pH 7.5. The loose pellet from a 5 s spin at 1000xg was discarded and
the broken chloroplasts were pelleted by a 8 min 5000xg spin. The
pellet was washed once with suspension‘ buffer which contained 15 mM
NaCl, 5 mM MgCl, and 50 mM MES at pH 6.0 and spun again at 5000xg for
8 min. The pellet was suspended in the same buffer, with 5 mM sodium
ascor'b.ate and 25:1 (w:w) Triton X-100 per Vchlorophyll added. The
pellet from a 2 min spin at 1000xg was discarded before spinning the
supernatant for 10 min at 35000xg. The pellet from this spin was
taken up in the MES suspension medium and spun again at 35000xg for
10 min after the pellet from a 2000xg spin was discarded. All samples
were suspended at a final concentration of 3=5 mg chl/ml and contained
approx. 50% glycerol in the final suspension medium. O_xygen
evolution rates of 300 to 500 wumol O, (mg _chl)‘l h™! were obtained

when control preparations were assayed in suspension buffer containing
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2.52di chloro-p-benzoquinone. _

3.2.b Illumination and EPR Spectra

For EPR measurements samples were placed in quartz tubes (3 mm
inner diameter) and kept in the dark for 15 min before freezing in
liquid nitrogen. Sample handling and measurement were completed
within 48 h. Cont;nuous illumination. was for 30 s from a 400 W
tungsten source. The sample temperature was maintained with a
continuous stream of liquid-nitrogenécooled nitrogen gas or a dry

ice/methanocl bath.

EPR spectra were recdrded with a Varian E 109 spectrometer
equipped with a Liquid Transfer Heli-Tran Refrigerator (Air Products,
Model LTR).. Spectra were recorded on a digital oscilloscope (Nicolet
Explorer IIla) and stored {n a siénal averager. Signal-averaged
spectra were transferred to a VAX 11/780 computer for manipulation and
display. Spectra were- tybically obtained by averaging 4 or more

sweeps of the magnetic field.

3.3 Results
3.3.a Evidence for the Trapping of an Intermediate State S,*

Figure 3-1 shows the EPR spectra of a photosystem 2 preparation
recorded at 10 K and 50 mW microwave power. The spectrum of a
défk-adapted sample is included as a reference (Fig. 3-1a); the most
obvious features are the large signal at g 4.3, which is due to ferric
iron in a rhombic environment, and the intense signal at g 2, called
Sign.al II, which is due to a species of unknown function which is

associated with photosystem 2. The origin of the features in the
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Figure 3-1

EPR spectra of a photosystem 2 preparation recorded

at 10 K. a) dark-adapted, b) illuminated at 140 K for
30 s, ¢) warmed to 190 K in the dark for 90 s after
illumination at 140 K. Spectrometer conditions: o
microwave power, 50 mW, microwave frequency, 9.2 GHz;
field modulation, 25 G; modulation frequency 100 kHz;
sweep rate, 2500 G/min (4 scans); time constant, 64 ms.
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vicinity of the g 2 signal is unknown. The intensities of these
smaller features and of the large signal at g 4.3 are variable for

different dark4-adapted photosystem 2 prepar‘ations;

Fig. 3-1b shows the EPR spectrum obtaihed at 10 K after

illumination of the photosystem 2- preparation at 140 K. As reported

in Chapter 2 for chloroplasts, illumination below the threshold

temperature of 160 K produces very little of the multiline signal
associated with the S, state. Indeed, the entire spectrum appears to

be relatively uhaff‘ected by illumination at 140 K.

The same sample which produced the spectrum in Fig. 3-1b was
warmed to 190 K iﬁ the dark; the spectrum taken at 10 K after
equilibration at 190 K 1is shown in Fig. 3-lec. The most striking
change in the spectrum is the appearance df the multiline signal

between 2600 and 4100 G. This signal, which is identical to the

multiline signal which has been confirmed to arise from the S, state-

of the oxygen-evolving complex [10-12 (see Chapter 2)], was produced
by foilowing an illuminatioﬁ below the S, formation threshold
temperature with a dark equilibration at a temperature above the
threshold. This result is suggestive that an intermediate state S, ¥,
between the S, and S, states, was generated and trapped by the

illumination at 140 K.

3.3.b Detection of EPR Signals Which Correspond to the State S,*
Because such an intér‘mediate is most likely paramagnetic, an
EPR signal associated with it might be detectable. = Attempts to

identify such signals, which may be due to either organic radicals or
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transition metal complexes, are presented below. Two sets of
spectrometer conditions have been employed: 1) conditions such as

those used for the observation of the spectra shown in Fig. 3-1 are

useful for the detection of pahamagnetic transition metal complexes,

such as the species which gives the multiline signal and cytochrome

Dssos 2) lower modulation amplitudes, lower microwave power, and

higher temperature are more useful for the detection at g 2 of organic.

radical species, such as Signal II.

3.3.b.1 Wide Scans at Low Temperature and High Power

Although no obvious signals were produced in the 10 K EPR
spectrum by illumination at 140 K (Fig. 3-1b), the following results
'show that subtraction of the spectrum of the dark-adapted sample from
the spectrum of the 1llﬁmina£ed sample yilelds the observation of an
EPR signal which may be due to the tr'a.pped intermediate. Fig. 3-2a
shows the difference spectrum obtained by subtraction of the
dark-adapted spectrum from the spectrum of a PS 2 pr'e;)ar‘ation which
was illuminated at 140 K. The prominent features produced by the low
temperature illumination are a 320 G wide, str'.uctur'eless_,
derivative-shaped signal centered at about g 4,1, a peak at g 3.1,
another derivative—éhaped signal at g 2;16, and a negative peak at
g 1.9; as noted for Fig. 3-1b, there was only a small amount of the
multiline signal formed. The g 3.1 and g 2.16 features are due to the
o‘xidized‘high pot’entiél form of cytv bsss [19]; the negative feature
at g 1.9 is possibly due to the reduced PS 2 acceptor [13]. The

‘light-induced ‘g 4.1 feature has not been previously reported; this

feature appeared on top of a fivefold larger background signal with a
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Figure 3-2

Effects of illumination temperature and warming on the
EPR spectrum of a photosystem 2 preparation. Dark-adapted
spectra have been subtracted. a) Illuminated at 140K for
30 s, b)-warmed to 190 K in the dark for 90 s after
illumination at 140 K, ¢) illuminated at 190 K,

d) illuminated at 170 K. Spectrometer conditions as in
Fig. 3-1. All spectra were recorded at 10 K.
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different lineshape (see Fig. 3-1a) which made detection of the

light;induced signal difficult in the absence of subtraction.

Fig; 3-2b shows the difference spectrum obtained by subtraction.

of the spectrum of a dark—-adapted sample from the spectrum of a sample
which was warmed to 190 K in the dark after being illuminated at
140 K. There are two major changes_ produced in the spectrum by the
warming process; the light-’—"induced g L"1, feature disappears and, as
also shown in Fig. 3-1¢, the multiline signal appears. The amplitude
of the multiline signal obtained by illumination at 140 K followed by
warming to 190 K is approximately 75% of that produéed by illumination
of a dark—-adapted sémple at 190 K. The features at g 3.1, 2.16 and
1.9 are unaffected by warming to ,190 K, although the latter two are

somewhat obscured by the presence of the multiline signal.

The difference spectra in Figs. 3-2d and 3-2c¢ show that
progressively less of the g U4.1 signal and more of the multiline
signal are pvhotopr‘oduced as the temperature of 'illumination 1is
inereased to 190 K. Little or none of the light-induced g 4.1 signal
is trapped by iilumination at 190 K, which is above the threshold
temperature, and illumination at the mid-threshold temperature of
170 K produces approximately half the maximum amount of both the g 4.1
and multiline 'signals. The degree of photooxidation of cytochrome
bsses as determined by the signals at g 3.1 and 2.16, is also
dependent on the illumination temperature between 140 and 190 K, being
small at 170 K, and decreasing to zero as the illumination temperature

is raised to 190 K.
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The ability to produce the g 4.1 signal by illumination below
the threshold temperature bfor‘ advancement of S, to S,, and the
concomitant disappearance of this signél and rise of the multiline
. 8ignal upon warmihg in the dark. above the threshold temperature are
suggestive that the light=induced g 4.1 signa‘l is due to an
intef?mediate state S,* between the S, and S, states. Further support
for this hypothesis is the observed complementai"ity between the

amplitudes of the multiline signal and the g ‘li'.'1 signal produced by

illumination at témperatures between 140 and 190 K.

3.3.b.ii The g 2 Region

The g 2 r’egign of the 80'K EPﬁ spectrum of the dark-adapted
photosystem 2 preparation is8 shown in Fig. 3¥3a; 80 K was cﬁosen as
the observat-ion tempef*ature because at lower temi;er'atures .the si_gnal
amplitudes are sensif.ive to small temperature fluctuations; thus
making it difficult to obtai'n reliable difference spectra. The
observed broad structured signal in Fig.‘-_ 3-3a .is Signal _II Cy4].
vIl.lumination at 140 K produces a signal at g 2 which is observed after
subtraction of the spectrum of the dark-adapted sample (Fig. 3-3b);
the light‘kinduced signal is centered at g 2.0026 and is approximately
10 G wide, with no apparent structure. There is little or no increase

in the amplitude of Signal II upon illumination at 150 K.

As shown by the subtracted spec¢tra in Fig. 3;-30, warming the
sample in the dark to 190 K after illumination at 150 K results in the
disappearance of the light;induced signal, and the appearance of a
small signal which is similar to Signal II. Illumination of a

dark-adapted sample at 190 K produces just the small amount of Signal
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Figure 3-3

Effects of low temperature illumination and warming on
the g 2 region of the EPR spectrum. a) dark,

b) illuminated at 150 K for 30 s minus dark, ¢) warmed to
190 K in the dark after illumination at 150 K minus dark,
d) illuminated at 190 K minus dark. b thru d are expanded
twofold relative to a. Spectrometer conditions: microwave
frequency, 9.2 GHz, modulation amplitude, 2.5 G;
modulation frequency, 100 kHz, microwave power, 100uW;
scan rate, 25 G/min; time constant, 64 ms; sample
temperature, 80 K.
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II, and none of the 10 G wide species (Fig. 3-3d). The behavior of
the 10 G wide species, then, is very similar to that expected for the

S,* state.

3.3.c Effects of Inhibition with 0.8 M NaCl on the Light-induced

g 4.1 and g 2 EPR Signals

Exposure of the photosystem 2 preparation used in these studies
to high concentrations of NaCl (ca. 0.8 M) inhibits oxygen evolut.ion
by approximately 80% [20]. Fig 3-4 shows the results obtained when
samples which had been treated with 0.8.M NaCl were illuminated at
about 140 K. Virutally no multiline signal 1is produced by

illumination- at 190 K (not shown) or by warming to 190 K of a sample

which had been illuminated at 140 K (Fig. 3-lc). The difference

spectrum in Fig. 3-‘-‘--14b shows that photoproduction of the g 4.1 feature
at 140 K 1is also nearly completely abolished by the high salt
treatment. In contrast to these results, the photoproduction of the
10 G wide feature at g 2 is unaffected by the inhibitory treatment
(Fig. 3-5b). The light-induced g 4.1 feature thus appears to be more
closely associ'ated with oxygen evolution than the 10 G wide g 2
species. The light-induced g 4.1 signal is investigated in more

detail below.

3.3.d Further Cbaracterization of the Light-induced g 4.1 Signal
Additional characterizations of the light-induced g 4.1 feature

have included quantititation of the g 4.1 signal species by the

integration of the signal, and the recor‘ding. of'higher resolution

spectra by using 6.3 G field modulation.
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Figure 3-4

Effects of treatment with 0.8 M NaCl on the light-induced
EPR signals. Dark spectra have been subtracted in all
cases. a) control sample illuminated at 140 K, b) 0.8 M
NaCl-treated sample illuminated at 140 K, ¢) 0.8 M
NaCl-treated sample illuminated at 140 K, then warmed to
190 K in the dark. Spectrometer conditions as in Fig. 3-1,
except: modulation amplltude, 32 G.

75



FIELD STRENGTH (GAUSS)

5000.0

76



Figure 3-5

Effects of high salt treatment on EPR signals in the g 2
region. Samples were illuminated at 140 K; dark spectra
have been subtracted. a) control, b) treated with 0.8 M
NaCl. Spectrometer conditions as in Fig. 3-3. ‘
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3.3.d.i Quantitation of the g 4.1 Signal by Integration

79

A likely origin of the light*induced' g 4,1 feature is a

molecular species with spin 5/2 in a rhombic crystal f;.iv_eld' [21-23],
because_ such species are known to give EPR signals nelar g 4;27, the
effective g¥value for a system of perfectly rhombic symmetry. Support
for such an éssignment and for the proposed involverﬁent of the g 4.1
signal in oxygen evolution might be obtained byva comparison ‘of the
integrated intensity of the signal with that of a standard. Ferric
EDTA prepared at pH 3.5 was used -as the standard. ' Care was taken to
obtain the Fe~EDTA spectrum at a. micrbwave power below the‘ saturation
level for the eompound. Because the EPR spectra f'eported here are
equivalent to the .first derivative of the absorption, double
integration is r'equired; The integration was done after subtr‘aétion
of a baselinle, either by dodblel integration of the spectrum or by the

integration of the calculated first moment of the spectrum [24]. Both

methods provided the result that the number of species giving rise to

the g 4.1 signal is approximately 0.3 per photosystem 2 unit, assuming
250 chl per photosynthetic unit [17]. It should be noted that for
spin 5/2 species tk;ere are other transitions which underly the large
signals at g U4.3 and are thus included in the integration; the
contribution of these very broad tr‘ans_itions to the 1integration is
small, however, and the difference between these contr‘ibuﬁions for the
light—induéed signal species anq the Fe®*EDTA standard is expected to

be even smaller.

3.3.d.ii High Resolution Spectrum of the Light*i»nduced g 4.1 Signal

Ferric iron is known to give signals near g 4.3 in a wide



variety of environments, such r;ts the iron-sulfur protein rubredoxin,
the enzyme protocatechuate 3,4 dioxygenase [22] and the iron-transport
vprotein transferrin [23z]. However, as the manganous ion has the same
eléctron configuration as the ferric¢ ion, it is conceivable that the
signal could bé due to manganese or iron. To attempt to distinguish
between these alternatives, the spectrum of t':he lightFinduced g 4.1

feature was obtained at low modulation amplitudesQ 'Manganese oceurs

in nature as the isotope 5°Mn, which has a nuclear spin of 5/2. This

nuclear spin splits the electron spin levels, resulting in the
frequent observation of six or more hyperfine lines in the EPR spectra
of Mn compounds. The most abundant isc‘)tope of iron, °®*°®Fe, has no
nuclear spin; thus hyperfine lines are not usually observed in the
absence of isotopic enrichment. The low modulation ampiitude spectrum

of the light-induced g 4.1 signal is shown in Fig. 3=6; neither fine

structure nor hyperfine structure is evident. In this expanded scale,

however, it 1is evident that the signal is somewhat asymmetric; this

asymmetry may be due to a slight anistoropy of the line.

3.4 Discussion

As reported for chloroplasts in the preceding chapter,
illumination of an oxygen"-evolving photosystem 2 preparation below
150 K produces none of the multiline EPR signal ‘[10-12] associated
with the S, state (Figs. 3-1b, 3-2a). However, a sample which had
been illuminated at 140 K exhibits the multiline signal upon warming
in the dark to a temperature above the threshold, prior to observation
at 10 K (Figs.  3-1¢, 3-2b); .the observation of the multilin.e signal

indicates that the oxygenQevolving complex 1is advanced to the S,
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‘Figure 3—6

Spectrum of the light-induced feature at g 4.1 at higher
resolution. Photosystem 2 preparation was illuminated at
140. K; the dark spectrum taken under the same spectrometer
‘conditions has been subtracted. Spectrometer conditions as
in Fig. 3-1 except: modulation amplitude, 6.3 G; scan rate,
250 G/min (8 scans).
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state.  Thus, tﬁe results shown in Figs. 3-1 and 3-2a,b demonstrate
the ability to trap an intérmediate state S,* between the S, and S,
states of the Kok sgheme [26, see Chapter 1] by illumination of
dar‘k;adapted PS 2 preparations below the- thr‘esho_ld temperature for the
advancement of S, to SzL The. intermediate state, v)hich .is stabl‘eb to
recombination with the reduced acceptor at 140 K, is capable‘ of

Aadvancing completely to the S, state only at temperatures above the

threshold of about 170 K. The results are summarized by:
s, ==BRlly g«
S * ~=====> 8, T > ca. 170 X

The designation S,*, is of.cour'se highly schematic (see Chapter
1); -and does vnot ‘indicate the identity' of the oxidizing species
created and trapped by the low temperature illumination. S,* could
represent an oxidiz'ing'equivalent stored in the oxygen-evolving
complex itself, but in a chemical form different from the S, state;
other candidates for this species, discussed in section 3.1, include
the oxidized primary donor, the Signal II,¢ species, Z+*, and oxidized

cytochrome bggq.

3.4.a Signals aﬁ g 2 Are Not Invoived in the Intermediate State

The oxidized primary donor, Pi.,, and the Signal IIys species,
Z-*, were monitored by observation of the low temperature
light-induced changes in the EPR spectr‘um at g 2.0 (Fig. 3-3).
Illuminationb at 150 K produces a structureless 10 G wide radical
centered at g 2.0026 (Fig.3-3b). This signal disappears upon warmihg

above the 190 K (Fig. 3-3c) threshold temperature, and is not trapped
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following illumination at 190 K (Fig. 3-3d). The behavior of this

signal is thus similar to that of the intermediate state S, *.

Although the linewidth and g;value of this light-induced signal are’

consistent with an assignment to‘ oxidized éhlorophyll, t he
light-induced signal in Fig. 3-3b is most likely not due to the
oxidized primary donor, P§,,, for the reduced accejptor', Qp~, which is
not oxidized by the secondary acceptor Qg at these low temperatures of
illumination, has been shown to react with the oxidized primary donor

with a half-time of U4 ms [27].

A signal similar to the light-induced 10 g wide g 2 signal has
been reported for a species which is bhotogenerated near 10 K in a
barley mutant lacking photosystem 1 (28], and in chloroplasts poised
at high reduction potentials (E. > +450 mV) [29]. The effect of the
high potential is uncertain, but it could provide a highly oxiaized
acceptor for. stabilization of the radical pair; —although such a
stabilization might allow the tr‘apping of PZ“,- tﬁe assignment of the
signal to oxidized Pg4,, 1is nof: certain, for Pt,, could readily
oxidize a neighboring reaction center chlor;ophyll, which would give a

similar EPR signal.

The most likely explanation for the light—induced g 2 signal is
the oxidation of a chlorophyll species close to the reaction center in
a reaction which is not on the path to water oxidation. Supportive of
this conclusion are the results in Fig. 3-4, and 3-5, which show that
the photogeneration of the g 2 signal is not affected by treatment of
samples with 0.8 M NaCl, which inhibits oxygen evolution and the

formation of the multiline signal. The formation of this signal could
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thus represent a reaction which is competitive with the formation of
the S,* state.. That the amplitude of the multiline signal obtained
after warming a sample which had been illuminated at 140 K is
approximately 75% of that which 1s produced by illumination at 190 K
is evidence that competitive reactions be¢ome more vef‘fective.at lower
temperatures (see Chapter 4). At 190 X the multiline _siglal is
produced to its fullest extent because the cdmpetitive reaction 1is
ineffective at this temperature, as demonstrated by the absence of the
photogeneration of the g 2 signal at 190 K (Fig. 3-3d). The observed
decrease in the amplitude of the light;induced 10 G wide g 2 signal
upon warmihg to 190 K (Fig. 3-3c) is not necessarily inconsistent with
the proposed assignment of the signal to the oxidation of 'a reaction
center chlorophyll in a competitive side reaction. It is possible
that' the oxidized chlérfophyllv species ar'é capablé of further reactions
at 190 K which result in the 1loss of paramagnetism and the

disappearance of the signal.

No light-induced changes are observed in the intensity of
Signal II upon illumination at 150 K (Fig 3-3a,b); however, warming
of a‘sample which had been illuminated at 150 K ‘and illumination at
190 K- produce an increase of 10 - 20% in the amplitude of Signal 1II
over that present in the dark (Figs. 3-3b,c). The behavior of Signal
II is thus more like that of the multiline signal rather than a
species associated with thev intermediate state S,*,. The relation
between this result and other reports [28,30] that illumination at
13 K i'nduces an increase in the ampl_itude of Signal II is unclear;

some of the preparations used in the reported studies [30] were
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different from those used in this work in that they were not competent
in oxygen evolution, and the largest light-?induced increase in the
amplitude of Signal II appeared in samples that were frozen during
illumination before receiving additional illumination at 13 K. In any
~event, it isr ¢clear from the spectra in Fig. 3~3 that the Signal II

species is not responsible for the intermediate state S;*.

3.4.b The Light—induced Signal at g 4.1 Is Correlated with S,*

The spectra ’pr'esented‘ in Fig. 3-2 show that a number of
light-dependent spectral features are affected by the illumination
temperature near the 170 K threshold for the f'or‘xﬁation of the S,
state. The peaks at g 3;1 and g 2.16 indicate that cyt bsss iS
photooxidized to a progressively gr"eater‘ ext_:ent as the temperature is
decreased below 170 K. This observed behavior of the cytochrome
agrees qualitatiirely with that reported based on. optical measurements
of the oxidized cytochrome“ {31]. Unlike the expécted behavior of an
intermediate state S,;%*, however, no decrease in the amplitude of the
oxidized cytochrome peaks occurs upon warming to 190 K (Fig. 3-2b).
.The cytochrome 1is thus ruled out as a possibile moleculaf‘ species
associated with the state S, *. Further evidence for this conclusion
is the observation that chemical oxidation of the cytochrome prior to
low temperature 1illumination has no effect on the low temperature

behavior of the multiline signal (not shown)..

In addition to the cytochrome peaks, illumination at 140 K

induced the appearance of signals at g 4.1 and g 1.9 (Fig. 3-2a). The

signal at g 1.9 is not responsible for the intermediate state, because

it is produced by illumination at 190 K (Fig. 3-2¢), and does not
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appear to be affected by warming to 190 K after illumination at 140 K..
The most 1likely assignment of thisvsignal is to the reduced

photosystem 2 acceptor, Qp~, altﬁough the difference in g-value, g 1.9

vs. g 1.82, from that reported [13] make this assignment tentative.

The broad derivative shaped feature at g 4.1 which is generated
upon illumination at 140 K (Fig. 3-2a) has not been previously
reported. The behavior of this signal cor‘r‘elages very wel.l with the
expected behavior.' of the intermediate state S,*. The signél is
produced to a progressively greater extent as the illumination
temperature is decr‘eased bet‘;«een 190 K and 140 K (Fig. 3-3), and
disappears (Fig. 3-2b) on warming a sample which was illuminated at
140 K to above the 170 K threshold f‘of the_f'ormation of the S, state,
as determined by the appéf:ir'ance of the multiline Sigr1al. Furthermore,

in contrast to the behavior of the 10 G wide g 2 species (Fig. 3-5),

photogeneration of the g 4.1 signal is inhibited by treatment of the

photosystem 2 preparation with 0.8 M NaCl (Fig. 3-4b), which inhibits

oxygen evolution and the formation of the multiline signal.

As will be discussed in more detail below, the signal at g 4.1
is most 1likely due to a spin 5/2 species in a rhombic environment.
Confir‘matioh of this assignment and of the involvement of the species
in photosystem 2 photochemistry is provided by the comparison of the
integrated intensity of the light¥induced signal_ in the photosystem 2
preparation with that of Fe®*EDTA, which has S=5/2 and gives a signal
at g L4.3. The integration yielded a value of 0.3 species per
photosynthetic unit, assuming 250 chl uper photosystem 2. Several

factors may contribute to the observation that this value is less than
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unity. 1) The photosystem 2 preparations uSed in these experiments

were typically suspended_ at concentrations of 3 -5 mg/ml of
chlorobhyll; with resultant very high .optical densities; it is thus
~probable that the illumination of the Samples was incomplete, giving a
low estimate for the relative amount of 1ight4-induced signals in the
sample. 2) The amplitude of the multiline signal which is gener’atéd
by warming a sample which was ill&mina'ted at 140 K is approximately
75% of that generated by illymination at 190 K (compare Figs. 3-2b and
3-2¢); if the formation of the multiline signal species from the
intermediate state is completely eff‘ec't:iQ'Je or;nce the intermediate 1is
generated, the relative aniount of interm;;iiate created at 140 K should
not exceed approximately 0.75 Species ;)er' ;xygen-;evolving center. The

quantitation of the signal is thus consis'tAent with an assignment of 1

S=5/2 species per photosystem 2 center'."

-Fuft‘her confirmation of the S=5/2 origin of the signal would be

provided by the detection of an .additional small signal at

approximately g 9 which is sometimes observed from such species (see

below). Initial attempts have been made to observe a g 9 feature
associated with the g 4.1 signal. The small peak at about 600 G in
the control sample spectrum for the 0.8 M NaCl treatment (Fig. 3=4a)

may be the sought4after g 9 feature, but this result has not been

confirmed.

3.4.¢c The Origin of the Light-induced g 4.1 Signal
The light-induced signal at g -4.1 is similar to that which
would be produced by a S=5/2 species ‘in an environment with rhombic

symmetry. The Hamiltonian which describes a spin 5/2 species is
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described to second order by EQq. 3-1 (see Refs. 21-23,32). In this

H = gBB-S + D{S3 - S(S+1)/3} * E{S§ + S}}

equation, g repr"esents the g-value of the species (The g-value
for spin 5/2 species is actually very close to the free electron value
because of the' minimal amount of spin orbit coupling in S-state
‘ions.), B is the Bohr magneton, B is the external applied field, S is
the electron spin, D and E are: parameters which r.epr-esent
electron—-electron interactions due to the crystal field. A system
with an axial crystal field, such as a porphyrin system in a heme, ié
~described by E=0; in this case the EPR spectrum go’nsists of a
deri\rative¥shaped 'signal at g"6.0 and a negative peak at g 2.0.
’Rhorvnbic distortions of the field are.r'epr'esented by nonzero values of
E; vthe derivative peak near g 6 becomés split, and the peak at g 2
moves to higher field. When ﬁhe ratio of E to D is close to 1/3, the

syétem is said to be rhombic.

The energy levels produced for a rhombic crystal field are
shown in Fig. 3-7 for three orientations of the external field;  the
splittings at zero external field in this case are assumed to be
. greater than the microwave frequency ofl the sSpectrometer. The
splitting of the middle doublet by the a;ﬁpl’ied field is independent of
or'iebntation, and gives a derivative shaped signal at g U4.27. The
transitions within the other levels are extremely dependent on
orientatiori, and are thus very broad; small features are expected .at
the turning points near g 9.7, 0.86, and 0.61. These éigrlals are not

readily detected in relatively dilute or randomly oriented samples
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Figure 3-7

Energy levels for the three principle directions for S=5/2
system in a rhombic environment. Vertical bars indicate
energy spacings which correspond to the resonance frequency
of the spectrometer. From Ref. 21.
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such as those used in this investigation. If ‘the splittings between
the levels at zero field are comparable to or smaller than the
‘microwave energy, transitions between the different zero field levels

will occur, and the spectrum will become very broad and very éomplex.

3.4.d Is There a Role for Non-heme Iron in Oxygen Evolution?
.A‘ferr'ic complex is the most 1ikelvy origin for
lightj-induced g 4.1 vsignal, for ferric complexes are known to give
signals near g 4.3 in a wide variety of systems, both biologicalfand
nonr-biological; and there is sufficient iron of undetermined function
associated with photosystem 2 »to account for the assignmeht of the
g 4.1 feature to an iron complexr.b The signal at g 43 in dark-adapted
photosystem 2 prepa-raﬁions (Fig. 3—-1a) is 1likely also due to ferric
iron;. but the role in photosynthesis, if apy; of thi's iron 1is
undetermined. Examples of g ll;3 signals from Fe?* in a functional
biologicél environment are the. ir‘bn sulfur protein rubredoxin, the
enzyme protocatechuate 3,4 dioxygénase [23] and transferrin [25]. The
environment of the ’1ron in these cases is rh'ombi'c; a complex such as
a heme;. which has a high degree of axial symmetry, will not give a

signal near g U.3.

The chemistry of iron 1s consistent with- the proposed
involvement of iron in the S,* stat;,e,‘ for iron has several accessible
oxidation states, which are 4involved in many biological oxidation
reactions. The reduction potential of the Fe?*/Fe®* couple varies
over a wide range, and 1includes, as in the _case of the

o-phenanthroline complex (Ep = +1.14 V), the high oxidizing potentials

'requir‘ed for the oxidation of water. Further, the ability of iron to
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bind water, hydroxide, and oxidation products of water, including
oxygen, could play an important role in the chemistry of oxygen
evolution. Thus, the involvement of iron in the intermediate state
S,* could include more than simple electron transfer reactions-; it is
conceivable that iigand transfers, such as occur in inner'?spher'e
electron transfer reactions [33,34], are accomplished in the

advancement of S,*¥ to S,.

Iron is not the only transition metal which could give rise to
the 1ight-?induced g 4.1 signal. Manganous ion has the same electronic
structure as Fe®* and is thus theoretically capable of giving a g 4.1
signal, although reports of such signals from Mn?* complexes amr'e rare.
The spectrum of the light;induced signal taken at high resolution
(Fig. 3-6) exhibits no st':r'uctur'e which might be attributed to

hyperfine interactions on manganese, but this negative result does not

.conclusively rule out the involvement of manganese in the complex

which gives the signal, because broadening of .the hyperf‘ihe lines can
occur to such an extent that they are not observed. Nevertheless, 'the
involvément of Mn?* in the intermediate state S,* seems unlikely,
because the intermediate is formed as the result of an oxidation
reaction and Mn?* is the lowest oxidation state of Mn which might be

involved in oxygen evolution.

3.5 Conclusion

An intermediate state S,;¥, between the S, and S, states of the
oxygen—-evolving complex, can be trapped by illumination at 140 K,
which_"is below the 170 K threshold for the formation of the multiline

EPR signal associated with the S, state. Once formed, this
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intermediate state is capable of. ad\.rériéirig ‘to the S, state upon
warming in the dark to 190 K, which is above the threshold
temperature; -Neither Signal II nor the EPR signal of cytochrome bggq
were observéd to correlate with S,;¥, but other EPR signals were

observed which did exhibit behavior similar to that expected for S,¥*.

'One of these was a 10 G wide signal»at g 2 which exhibited a

temperature dependence>‘simiiar to that expected for S,¥, but was not
affected by treatment with 0.8 M NaCl, which inhibits oxygen evolution
and the formation of the multiline signal; this g 2 signal may be due
to an oxidized reaction‘center chlorophyllg A light-induced signal at
g U;1; which is best observed after subtraction of the dark—adapted
spectrum, exhibited the best correlation with the expected behavior
for S,¥%, This signal 1is proposed to originate from non-heme ferric

iron.
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CHAPTER 4
FUNCIONAL INVOLVEMENT OF THE g 4.1 SIGNAL SPECIES IN OXYGEN EVOLUTION

4.1 Introduction

The results presented in the previous chapter demonstrate tﬁe
involvement of a light;induced EPR si;gnal at g 4.1 in the advancement
of the state of the oxygen;evolving complex from S, to S,. The
assignment of this signal, which is proposed to be due to a non-heme
ferric iron complex, to an intermediate state S,* is based on the
complementary temperature dependence for the generation of this signal
and the multiline signal between ca. 150 and 190 K, and on the
observation that the appearance of the signal is inhibited by 0.8‘ M
NaCl, which inhibits oxygen evolution and the formation of the
multiline- signal. Further characterizations of the functional
involvement in oxygen evolution of the species which gives the
light;induced g Mv,1 signal in dark-adapted samples are pr"eserited in

. this chapter.

Cytochrome bgg, 1is known to be a competitive donor to the
‘reaction center ati low temper‘atures,‘ with the maximal c.ytbchrome
photooxidation occurring at temperatures below about 110 or 120 K
{1,2].. In Chapter 3, results are presented which demonstrate that
cytochrome photooxidation occurs upon illumination at 150 K. Does the

extent of cytochrome photooxidation increase as the temperature of
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illumination is decreased, and if so, does such an increase in
cytochrome photooxidation lead to a decrease in the extent of
formation of the g 4.1 signal upon illumination'andt.of the multiline
signal upon subsequent warming? The effects of iilumination at still
lower temperatures than those employed in the previous chapter are
explored to determine the relation between the donation to the
photosystem 2 reaction center by the g U4.1 signal species and the
cytochrome and to determine more completely the photochemistry of

photosystem 2 at low temperature.

Treatment of the photosystem 2 preparation with high salt

inhibits oxygen evolution [3], and the formation of both the

light-induced g 4.1 signal and the multiline signal (see Chapter 3)..

While it is known that high salt treatment inhibits oxygen evolution
by releasing peptides from the membrane [3], the component of the
donor .system which is affected by the tr'eat;nent is undetermined. The
effects of two additional inhibitory. trea_tments, which are believed to
inhibit the oxidizing photochemistry of photosystem 2 at different
sites, are investigated in this chapter'; Hydroxylamine affects the
photochemistry of photosystem 2 in several ways [4], including the
ir'r'eversi'ble inactivation of ongen evolution by the release of Mn.
At concentrations in the 100 micromolar range, it has been shown to
prevent the reduction of the oxidized primary donor,' Pt.0o, by the

physiological donor Z [5,6]. The depletion of chloride ion from

chloroplast preparations is also known to inhibit oxygen evolution

[7,8], but the site of inhibition is not absolutely determined; the

inhibition may be at or near the oxygeﬁ-evolving complex itself,
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because chloride~depleted samples are capable of accumulating at least

two oxidizing equivalents [9].

Numerous investigations of thé kinetics.of photosystem 2
reactions and of the photosystem 2 photochemistry at low temperature
have suggested thatvthe donation path of the oxygen4evolving system
for the S, and S, states differs from that for the S, and Sa'states
(see reviews in Refs. 10 and 11, Chapter 1). The nature of the
different donation pathé is not yet understood. In Chapter 3 it is
demonstrated that an intermediate staté.sl* is genefated and trapped
by illumination below the 170 K threshold for the formation of the S,
state, and that a Iight4induced signal at g U4.1 is associated with
this intermediate sfate. Does the species which gives the
1ight-induced 3.4.1 signal in dark—édapted.samples participate in the
advancement bf S, to S,? The involvement of the 1ight-induced g 4.1
signal species in the S, to S, transition is investigated below by the
preparation of samples in'.the S, state prior to 1low temperature

illumination.

y. 2 Materials and Methods
Photosystem 2 preparations, illumination procedures, and EPR

spectrometer conditions are as described in Chapters 2 and 3. =

For hydroxylamine treatment, the final suspension buffer
contained either 50 uM or 200‘uM NHZOH.HC1, as indicated.. The rates
of oxygen evolution, measured in buffer containing the same
concentrations of hydroxylamine, were 75% for 50 uM, and 30% fér

200 uM, of control rates, which were typically between 300 and 500
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umol 0, (mg chl)~! h~'. 'Rates measured in buffer containing no

hydroxylamine were the same as control rates.

Fluoride was substituted fér chloride b'y suspending the
photosystem 2 samples in buffer containing 2_0 mM NaF and 50 mM MES at
pH 6.0. These samples were washed twice before final suspension in
the sa@e buffer. ﬁates of oxygen evolution for the fluoride
substituted samples, measured in buffer also containing fluoride 1in
place of‘vch,lor'ide, were 25% of control rates. Rates measured in the

presence of chloride were the same as control.

Samples were prepared in the S, state by flash illumination at
273 K or by continuous illumination at 190 K followed by e'quilibr'ation

at 260 K, as described in the text.

Where indicated, samples were chemically oxidized by adding
5 mM K,W(CN), and 5 mM K,W(CN), to the final suspension buffer.

K,W(CN), was - prepared as in Ref. 12, K,W(CN), as in Ref. 1.3.

4.3 Results
4.3.a Photogeneration of thé Signal at g 4.1 below 150 K.

An examination of the photogeneration of the g 4.1 signal at
temperatures between 140 and 190 K is presented in Chapter 3. The
investigation of the temperature dependence is extended to about 100 K
in the series of spectra, presented in Fig. 4-1, of photosystem 2
samples illuminated between 100 and 150 K. The spectra for the lower
temperatures are sometimes complicated by. sloping backgrounds, but it
is evident that the amplitude of the light-induced g 4.1 signal

progressively decreases as the illumination temperature is dropped
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Figure 4-1

Effect of the illumination temperature between 100 and 150 K
on the EPR spectrum of a photosystem 2 preparation.

Spectra of the dark—-adapted samples have been subtracted

in all cases. Illumination temperatures: a) 100 K, b) 110 K,
e) 120 K, d) 130 K, e) 140 K, f) 150 K. Spectrometer
conditions: microwave power, 20 mW, microwave frequency,

© 9.2 GHz; field modulation, 32 G; modulation frequency

100 kHz; sweep rate, 2500 G/min (4 scans); time constant,

64 ms; temperature, 12 K.
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below about 130 K. The amplitude of the multiline signal produced
upon warming to 19'0 K exhibits the same decrease in amplitude for the
lower illumination temperatures as the light;induced g 4.1 signal
(Fig. 4-2). Additional illumination at 190 K of samples illuminated
at 100 K C}Oés'not appear to increase the multiline signal amplitude to
the level which 1is observed after. illumination at 190 K of

dark—édapted samples (not shown).

The extent of ¢yt bsse photooxidation, as determined by the
signals at g 3.1 and 2.16, increases slightly in this . temperature
range, becoming maximal at about 130 to 140 K; this effect is seen
most clearly in the spectra taken after warming to 190 K (Fig. u4-2).
Chemical oxid_ation of the c‘ytochr'ome prior to low temperature
illumination 'does not appear to affect the observed decreaséd

amplitude of the light-induced g 4.1 signal at lower temperatures.

4.3.b Effects of Inhibition of Oxygen Evolution on the Behavior>of

the Light-induced g 4.1 Sigﬁal

Treatment of the photosystem 2 preparation with high
concentrations- of NaCi inhibits oxygen evolution, the formation of the
multiline signal and the photogeneration of the g 4.1 signal (see
Chapt. 3). To assess further the relation between the light-induced
g 4.1 signal "and oxygen evolution, the effects qf‘ two additional
inhibitory treatments specific for the oxidizing side of PS 2 have

been investigated and are presented below.

4.3.b.i NH,OH

Addition of 200 uM NH,OH to photosystem 2 preparations
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Figure 4-2

Effect of illumiantion temperature between 100 and 150 K
on the EPR spectrum produced by warming to 190 K after
illumination. Spectra of dark—-adapted samples have been
subtracted in all cases. Illumination temperatures: a)
100 K, b) 110 K, ¢) 120 X, d) 130 K, e) 140 K, £)150 K.
Spectrometer conditions as in Fig. 4-1,
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reversibly decr‘eaéed the oxygen evolution rates to less than 30% of
control. The differenge spectrum in Fig.' 4-3c shows that in samples
in which oxygen evolution is inhibited by this method the ability to
generate and trap the g 4.1 feature by iliumination at 140 K is 1lost;
the ability to generate the multiline signal by warming to 190 K after
illumination at 140 X is also inhibited (Fig. U-lc). At .a
concentration of 50 uM, the extent of inhibition of oxygen evolution
is only about 30%; the amplitudes of the li'ght4-induced g 4.1 signal
and the multiline signal produced by warming are correspondingly
larger for the lower level of inhibition (Figs. 4-3b, 4-4b). Analysis
of samples treated with 200 uM hydroxylamine showed that less than 10%
of the manganese was released by the treatment, and that inhibition of
oxygen evolution was reversed by removal or dilution of the

hydroxylamine.

4.3.b.ii Fluoride

In photosystem 2 p?eparations, the removal of chloride by
washing with sulfate*containing buffers is not completely inhibitory,
but the substitution of fluoride, which cannot reactivate chloroplasts
after chloride depletion, achieves the same degree of inhibition as
chloride depletion in-chlor'oplasts; The substitution of fluoride for
chloride in the final suspension buffer of the photosystem 2
preparation gave inhibitory effects different from those of high salt
and_hydroxylamine. While substitution of F~ for Cl™ reversibly

inhibits oxygen evolution rates by about 75%, the spectrum in

Fig. 4-5a shows that the treatment has 1little effect on the

photogeneration of the g 4.1 signal at 150 K. Illumination at 150 K
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Figure 4-3

Effect of hydroxylamine inhibition on the light-induced
EPR spectrum. All samples were illuminated at 140 K;
spectra of dark—-adapted samples have been subtracted.

a) control, b) 50 uM NH,0H, c¢) 200 uM NH,OH. Spectrometer
conditions as in Fig. 4-1 except: microwave power, 50 mW;
temperature, 13 K.
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Figure 4-4

Effect of hydroxylamine inhibition on the EPR spectrum
taken after warming illuminated samples. All samples were
illuminated at 140 K, then warmed in the dark to 190 K;
dark-adapted spectra have been subtracted. a) control,

b) 50 uM NH,0H, ¢) 200 uM NH,0H. Spectrometer conditions
as in Fig. 4-3.
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Figure 4-5

Effects of substituting F~ for Cl™ . Spectra of the
dark-adapted samples have been subtracted. _

a) illumination at 140 K for 30 s, b) warmed to 190 K~
for 90 s in the dark after illumination at 140 K,

¢) illuminated at 190 K for 30 s. Spectrometer
conditions as in Fig. 4-1 except: modulation amplitude,
25 G; microwave power, 50 mW; temperature, 9 K.
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generates and traps the g 4.1 signal in a fluoride-substituted sample
to a degree which is about 75% of that observed in non-inhibited

samples.

Although -fluoride substitution does not appear to affect_the
photocheﬁistry at 150 K, it does modify the behavior of the system at
190 K. The effect of the fluoride substi;ution on the behavior of the
1ight4induced g u.1 signalv upon warming the 150 K-illuminated sample
to }90 K is shown in Fig. 4-5b; in contrast to the behavior of
control samples, approximately two-thirds of the light-induced signal
remains after warmiqg to 190 K, and no multiline signal is produced.
vFurther, illumination of dark-adapted fluoride-substituted samples at
190 K produces the g 4,1 signal to the same extent as in control
samples illuminatied at 150 K, and less than 25% of the control
'amﬁlitude of the multiline signal. Close 1inspection of the
light;induced g 4.1 signal in fluoride-substituted samples feveals
that the linewidth of the signél is decreased by about 10 to 20 G

relative to that in non-inhibited samples.

Fluoride substitution does not appear to significantly alter
the pattern of cytochrome bgssy, photooxidation; just as in
chloride-sufficient preparations, c¢ytochrome photooxidation is

observed at 150 K, but not at 190 K.

4,3.c Attempts to Generate the g 4.1 Signal in Samples Poised in the
S, State
The. ability to trap an intermediate state S,*¥ in dark—-adapted

samples, and the assignment of the g 4.1 signal to this state, is
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demonstrated in the previous chapter, and the properties of the S,¥
state are further explored in the investigations presented above. The
data presented below examine whether the species which is responsible
‘for the stored oxidizing equivalents in the S,* state, and which gives
the light-induced g 4.1 sSignal in dark-adapted samples, is involved in
the advanéement of the other. S;states. The behavior of the
photosystem 2 donor reactions in the advancement from S, ﬁo S; was the
most readily studied, for although it is difficult to prepar-e' a sample
entirely in the S, state, it is easier than preparing the system in S,

or S,. -

Samples were p?'epared in the S, state in one of two ways. The
simplest procedure was t_o illuminate with a single flash at 273 K and
freeze rapidly in liquid nitrogen. 'I'hé disadvantage of this method is
that, in order to obtain dhifor'm iliumination, samples must be diluted
to less than 1.0 mg chl/mi. The second methodA involved illumination
at 190 K, -f'ollowed by warming in the dark to 260 K. The illumination
advances the oxygen;evolving complex to the S, state, and the warming
allows the reoxidation of the acceptor Qp, which occurs only very
slowly at 190 K [14]. For both preparations, eyt bgss was chemically
oxidized by the addition of 5mM K,W(CN), and 5mM K,W(CN), to the PS 2

preparation prior to illumination to prevent competitive donation.

After generation of the system in the S, state, samples were
illuminated a second time at 190 K, which is below the threshold
temperature of 220 K for S, to S, advancement (see Chapter 2). The
effect of the second illumination on the EPR spectrum is shown in

Fig. U4-6a for the sample prepared in S, by the low temperature
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Figure 4-6

Illumination and warming of the S, state. Samples were
prepared initially in S, as described in the text.
Spectra of samples in S, have been subtracted.

a) illuminated at 190 K for 30 s, b) warmed to 260 K in
the dark for 90 s after illumination at 190 K.
Spectrometer conditions as in Fig. U4-1 except: modulation
amplitude, 32 G; microwave power, 50 mW.
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illumination procedure. The results were the same for the preparation
of S, by flash illumination at 273 K, and for 1low temperature
illumination at 150 K. No changes were produced in the g 4.1 regidn
of the spectrum of the oxidizéd sémple by the second illumination.
There was a §ma11 increase in the multiline signal amplitude, thch is
probably due to regeneration of a small amount ‘of S, which had been
lost upon warming to 260 K. The multiline signal amplitude did not

decrease, because the second illumination was carried out at 190 K,

which is below the S, to S;  threshold temperature. Fig{ 4-6b shows’

the difference EPR spectrum obtained by following the second
illumination with an equilibration in- the dark at 260 K, which is well
above‘the threshold for the advancement of S, to S;. | An advancement
to the S,; state wouid be accombanied by a decrease in the"multiline
signal bresent in the sample (no signal is evident in the figure
5ecause of the subtraction); however, becausg no change in the
spectrum is produced by the warming process,- it is evident that the

system was not advanced to the S, state by this procedure.

4.4 Discussion:
4.4.a Photochemistry Below 150 K

Further evidence that the g 4.1 signal.is due to the
intermediate state S;* is provided by the observed correlation between
the amplitudés’of the g 4.1 signal produced by illumination below
150 K and the multiline signal produced by warming to 190 K after the
illumination. This correlation is evident on comparing the spectra in
Figs. U-1 and 4-2; ‘lower illumination temperatures yield

progressively smaller amplitudes of both the 1light-induced g 4.1
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signal and of the multiline signal produced by warming to 190 K after

illumination.

The origin of the decreased amplitudes is uncertain; the most
likely causes are competitive donation from donors which are not on
the path to water oxidation, and competition with charge

recombination. These possibilities are shown schematically below.

eyt bgsy

In this diagram, Y represents the donor which gives the g 4.1
signal when oxidized and 15 on the path to water oxidation, D
represents a donor which is not on the path to water oxidation; cyt
bsses Ptes, and Qu~ have been described in Chapter 1.  The
observation that a second illumination at 190 K of a sample
illuminated below 130 K does not increase the amplitudé of the
mﬁltiline signal to the 1level observed for a single illumination at
190 K is evidence that charge recombination is not the dominant
process leading to the decreased amplitudes of the g 4.1. and multiline
signals produced by illumination below 130 K; it is thus 1likely that

a competitive donor exists.

Cyt bgse iIs believed to act as a competitive donor to the
photosystem 2 reaction center at low temperatures, and significant

cytochrome photooxidation, as monitored by the 'signals:at g 3.1 and
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2.16, is observed at 150 K. This level of photooxidation increases
somewhat as the temperature is decreased to 140 X, but, while the
amplitude of the 1ight—induced g 4.1 siénal and the warming-produced
multiiine signal continu'ally decrease as the illﬁminetion temperature
is dropped below 130 K,v no additional increase in cytochrome
photooxidation is observed below this temperature. Furthermore, the
decreased amplitude of the iight;induced g 4.1 signal is not affected

by the chemical oxidation of the cytochrome prior to illumination.

The role of cyt bgss, as a comptetitive donor is thus unclear.

A bossible explaﬁation for the obs‘er‘ved cytochr‘o.me behavior is
that the cytochrome is capable of acting as a' competitive donor when
in the high potential; or native,' configuration, but ‘loses this
ability when it is converted to. the low potential f‘or'm." It has been
shown that for a photosystem 2 preparation similar to thatv used 1in
this study, approximately 80% of the cytechrome is present ae the low
potential form [15]; = the presence of a large amount of low potential
cytochrome could therefore explain the lack of an observed correlation
between the cyﬁochrome photooxidation and the decreased

photoproduction of the g 4.1 and multiline signals.

If tr.ler'e is a competitive donor responsible for the decreased
signal amplitudes below 130 K, it 1is 1likely that t‘;he 10 G wide g 2
species represents the oxidized donor. - Although the behavior of this
signal was not extensively investigated at temperatures below 130 K,
the light-induced amplitude of this signal has been observed to be

greater at 130 K than at 150 K (unpublished data).
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- 4.4,b Effects of Inhibitors on the Light-induced EPR Signals
4.4.b.i Hydroxylamine

The inhibitory effects of hydroxylamine are known to be complex
(see Refs. 4-6). At micromolar concentrations, hydroxylamine appears
to bind tightly to a component _of the photosystem 2 donor reactions
and 1s oxidized by light excitation of the photosystem 2 reaction
center; water oxidation 1is delayed until the hydroxylamine 1is
oxidized l:16]-.. At millimolar concentrations, however, hydroxylamine
is known to release Mn from the oxygen—evolving‘“ com.plex, with a
consequent irreversibie loss of oxygen evolution activity [4].- The
inhibitory effect of hydroxylamine on the photogeneration of the g 4.1
"and multiline signals (Figs. U4-3, and 4-4) is observed at
concentrations below those r'equirfed for Mn release, and,’ in fact, very
little Mn was observed as Mn(H,0),** after treatment; the effect of
hydroxylamine on the low temperature photochémistry is thus not

directly related to Mn release.

At concentrations similar to those used in this study,
hydroxylamine has been shown [6] to inhibit oxygen evolution
reversibly by preventing electron transfer between the primary donor
Pgao and Z, the species thch gives the .room temperature EPR transient
signal Ilyr énd has been suggested to be the immediate doﬁor to Pggo-
That the -lightéinduced g 4.1 signal could not be generated in the
presence of 200 uM NH,0H (Fig. 4-3) is consistent.v)‘ith that finding
and indicates that the species which gives the g lt,1 s‘ignal is on the
path to Qater‘ oxidation between the species’ Z and the oxygen-evolving

complex. The effects of hydroxylamine treatment thus provide
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additional evidence confirming the involvement of the g 4.1 signal
species in oxygen evolution. The total inhibition of the f‘ormation of
the light-induced g 4.1 feature by NH,OH concentrations which leave
"approximately 30% of control oxygen evolution activity is not
necessarily inconsistent; éxygen evolution measurements monitor the
system in the steady state while low temperature illuminations are

akin to single flash conditions.

4. 4.b.ii Fluoride
It has been known for some time that depletion of chloride ion

from chloroplast preparations inhibits oxygen evolution [7,8].

Usually the depletion is carried out by washing with buffer containing

vsulfate in place of chloride. This procedure has been found to be
iné_f‘f‘ective for photosystem 2 pf‘epar‘ations, perhaps because the lbwgr'
pH typically used for handling the photosystem 2 preparation, which is
sensitive to higher pH, is not optimal for the removal of chloride.
In this investigation, for which photosystem 2 preparations are
superior to chloroplasts because of the lack of interfering EPR
signals fr‘qm photosystem 1, chloride is depleted by using fluoride,
rather than sulfate, to replace chloride ion. It has been
demonstrated that fluoride 1is ineffective in restoring oxygen

evolution in chloride-depleted .chloroplasts.

The r‘-eplacement of chloride with fluobide is effective 1in
inhibiting rates of oxygen evolution in the photosystem 2 preparation.
The effects of fluoride substitution on the low temperature
photochemistry are mpch different from those produced by inhibition

with high salt conceritr'ations, and with 200 uM NH,OH. As shown in
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Fig. 4-5a, the fluoride substitution does not prevent the
light-induced formation of the signal at g 4.1 at 150 K. However,
upon warming to 190 K in the dark approximately two-thirds of the
light-induced signal at g 4.1 remains, and no multiline signdl appears
(Fig. 4-5b). This difference from the behavior of control samples was

investigated further by illuminating samples at 190 K.

As might be expected from the inability to generate the

multiline signal by following illumination at 150 K with equilibration

at 190 K (Fig. 4-4p), illumination of fluoride-substituted samples at
190 K (Fig. U-l4ec) produces little multiline signal, and as much of the
signal at g 4.1 signal as is generated by illumination at 150 K in
control samplés. These results indicate that the locus of the
fluoride substitution effect is between the species which gives the
light-induced g 4.1 signal and‘ the manganese of the. oxygen—-evolving
complex; S,* cannot be advanced to S,. The cause for the blocking of
"the advancement of S,*¥ to S, is unclear, but the obsérvatioh that the
linewidth of the light-induced g 4.1 signal is slightly different for
fluoride—-substituted samples is suggestive that fluoride substitution
alters the conformation of the species which gives the 'signal,

possibly by binding to it.

The relation between the eff‘e'cts of fluoride sgbstitution
reported here and the effects of the more often used procedure of
depleting chloride by substitution of sulfate for chloride are not
clear. Muallem et. al. [6] have proposed that chloride depletion by
sulfate inhibits 0, evolution by blocAking the advancement of S, 'to S,

Perhaps the effects of fluoride substitution on the oxygen—-evolving
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complex are different from those of chloride depletion by sulfate. It
was suggested above that fluoride inhibits by binding to the species
which gives the signalj; such a mode of inhibition by sulfate seems

“unlikely, but hydroxide, which has been suggested to play a role in

the inhibition by chloride depletion, could conceivably bind in a

manner similar to that proposed for fluoride.

Alternatively, the apparent differences .in behavior could be
ascribed to different methods of observation. »Inv this investigation,
the state S, is monitored directly by the presence of the multiline
EPR signal, while in other ‘r'epor't';s (9] the S states were monitored
indirectly by the obser,vatioﬁ of oxygen yields after flashes énd thus
might not be able distinguish bethen normal and altered charge
accumulation in thé oxygen-4evolving complex prior to the release of
oxygen. Itv is concei_vable that chl_or'ide depletion both by_sulf‘ate and
by fluoride Substitution change the nature of the S states in such a
way that eléctrons can be removed from photosystem 2 but the chemical
nature of the stvored oxidizing equivalents is different from those in
chloride sufficient preparations; these modified S states would be
incapable of fully oxidizing water to oxygen. Indeed, evidence has
been presented that the S states in chloride-depleted chloroplasts are
unusual; the deactivations of the S, and S, states are cbnsiderably
slower [9] in éhloride*depleted‘chloroplasts, and it has been shown
that the ability to generate the multiline signal associated with the
S, state is 1lost in chloride-depleted chloroplasts (unpublished
results, V. Yachandra, personal cdmmuhication). Further

investigations of fluoride-substituted and chloride-depleted
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preparations are necessary to fully resolve the nature of the halide

effect in oxygen evolution.

4.4,c Effects of Pfeillumination on the pr_ Temperature Illumination
Behavior - the Low Temperatﬁre Photochemistry of the S, State
Samples prepafed in the S, state do not exhibit photogeneration

of the g 4,1 signal when given further illumination at 190 K

(Fig. u4-5a), which is below the S, to S, advancement threshold

temperature. The lack of change in the multiline signal amplitude

upon warming to 260 K (Fig. 4-5b) indicates that warming above the S,

to S, threshold after the illumination does not advance the system to

the S, state. It is reasonable to conclude that no intermediate state

S,* |is generated by illumination of the S, state below the threshold.

temperature. That the species which gives the g 4.1 signal could be
generated and trapped by illumination of dark-adapted samples at
150 K, which is below the threshold for the S, to S, and S, to S,
advancements, but not by illumination at 150 K or 190 K of samples
prepared in the S, state, is evidence that this species is not

involved as an intermediate between the S, and S, states.

A number of studies have concluded, based on 1low temperatuhe
studies and room temperature kinetic measurements of the
"photochemistry of the S, and S, states, that the donation path of S,
to Pgqe, differs from that of S, to Pgao (see Ref. 11 and Chapter 1).
The results of this study suppbr‘t the proposal that there are
different donation paths. The intermediate donor which gives rise tq
the light-induced g 141 signal operates when the system is in the §,

state but not when it is in the S, state. The species which gives the
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light-induced g 4.1 signal may thus be equivalent to the donor Yo, in

the model presented in Fig. 1-3 of Chapter 1.

A reasonable explénation for the fact that the g 4.1 signal
épecies functions when the oxygeh?%evolving complex vis in the 8§,  state
.but not in the Sz'A state is that advancement from S;¥ to S, involves
transfer of .a ligand from this species tq the manganese complex; the
proposed assighment of an iron complex to this species is consistent

with such an exlanation. Eq; 4-1 is a schematic representation of

S, &Y -=====> § g~Y* -~—====> 3,-% Y (Eq. 4-1)

this model; here, S; and S, ére states of the oxygen-evolving
complex according to f.he Kok scheme {17, see Chapter 1]; Y r'eprese‘n'ts
the species whi.ch,_when oxidized, gives the signal at g .1'1.1, and %
represents a ligand. In this ligand;trans»fer hypothesis, the iron
center.Ain the S, state would differ from the‘i'r'on center in the S,
state by the loss of a ligénd. The absence of the ligand on Y when in
the. S, state could easily change the reduction potential of the center
and the rate at which i_t is oxidized by the primary oxidants. Such a
ligand transfer could involve an inner sphere mechanism for the
electron transfer from S, to Y' (see Refs. 18,19). If the ligand is
an aniQn, it would provide a counterion for an S state advancement in
which no proton is released from the oxyéen-—evolving complex.
Chloride or hydroxide derived from water are 1likely candidates for a
1igahd in this situation, but the actual identity is a matter o_f‘

speculation.
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4.5 Conclusion

The 1light-induced g 4.1 signal, which is assigned to an
intermediate state S,* in Chapter 3, is shown to exhibii further
cor'relation:s with the expected behavior'vof‘ S, *. The amplitudes of
both the light;induced g 4.1 signal and the war'ming—pr'roduced multiline
signal are smaller for illumination temperatures below about 130 K.
The decreased amplitudes‘ at lower illumination temperatures are moét
likely due to a competitive donation reaction. The role of the
cytochrome as the competitive donor is unclear, because the cytochrome
exhibits maximal photooxidation at 130 - 140 K, above the threshold
for the stabilization of oxidizing equivalents on the path to water
oxidation. Similar to the effects qf‘ high salt treatment (see Chapter
3), 1inhibition of oxygen evolu‘tion with 200 uM NH,0H prevents the
formation of the light;indixced g 4.1 signal and the'Amultiline signal.
Inhibition by substitution of fluoride for chloride blocks the
formation of the multiline signal; but does ﬁot prevent the for‘matidﬁ
of the light-induced g 4.1 signal; the inhibitory effect of fluoride
substitution may thus result from the blocking of the advancemént of
S;* to S,. While the g 4.1 signal can be generated in dark-adapted
samples by illumination below the threshold for the formation of S,,
it is not formed by illumination of samples prepared in the S, state.
It 'is concluded that the species which gives the g 4.1 signal is

involved in the advancement of S, to S, but not of S, to S;.
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CHAPTER 5
CONCLUSION

5.1 Pr-‘esent.ation of a Model

The results presented in Chapters 2,3; and 4 are summarized in
the model shown in Fig. 5-1; Figure 5-=1a represents photosystem 2
when the bxygen evolving complex is in the dark-adapted state S,, and
.Figure 54-1.b reprfesenté the system in the S, state. The photosystem 2
reactive components are represented as follows: Psso 18 the primary
donorsy QA and QB‘ ar'é the primary and secondary quinone acceptors,
respectively; Z is the direct donor to the oxidized primary donor,
and gives rise to the EPR transient Signal IIvf§ Y is the specie's
which giveé the 1ight;i_nduced g 4,3 when oxidized; S, (Fig.- 5-1a) and
S, (Fig. 5-1b) are states of the manganese-containing oxygen evolving
complex; cyt is cytochrome bss,; and D is a c¢hlorophyll spécies
which 1is capable of donating to the reaction center at low
temperature. The vertical positioning of the different components is
intended to correspond to the reduction midpoint potentials. The rate
constants for the electron transfer reactions are denoted kap, where

species a donates an electron to species b.

In the initial 1light-induced reactions, Pg;,, donates an

electron to the acceptor Q; this electron transfer occurs via the
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~ Model for the photochemsitry of photosystem 2. See text
for definition of symbols. a) dark-adapted state Sy,
b) preilluminated state S,.
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acceptor QA;' is reoxidized by the aéceptdf QB in a strbhgly
temperature;dependent reaction, which occurs only very slowly at 200 K
[1]. Qp~ can also reduce the oxidized primary donor Ptgo; this
process occurs in 200 us at physiological températures {23, and in

about 4 ms at 1liquid nitrogen temperatures [3].

The oxidized primary donor can be reduced by several species;
‘the rates of these .reductions are determined by the rate constants
kqps» keytp» kpps and kgzp. At physiological temperatures, kzp 1is the
largest of these rate constants{ thus Pt,;, is reduced by Z, the
Signal IIyp species (4]. It is believed that the equilibrium constant
between Z°* and Pt,, is close to 1 (see Ref. 5), thus the rate
constant Kkyz, which determines the rate of reduction of Z<* by Y, must
élso be greater than the constants Kkqp, Keytp and kpp in order to

withdraw electrons from the oxygen evolving system.

5.1.a The Effects of Reduced Témperature on the First Charge
Stabilization in Dark-adapted Preparations
Four temperature regions are apparent in examining the effects
of temperature on the donor reactions in dark-adapted preparations:

298 K to 250 K, 250 K to 190 , 190 K to 150 K, and 150 to 100 K.

Although the decay of S, to S, 1is strongly temperature dependent

between 250 and 298 , the forward reaction exhibited no dependence on
temperature in this region. Below 250 K, however, effects on the
forward donor reactions become significant; these effects are

discussed below.
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5.1.a.i 250 To 190 K

Results are presented in Chapter 2 which indicate that a charge
recombination becomes competitive with the formation of the S, state
below temperatures of about 250 K; according to the model in Fig.
5-1, the rate constants determined by kzp or kyz would become
comparable to kqp in this temperature range. At 225 , the forward and
reverse rates are éppr*oximately equal, because a single flash produces
half the maximal amount of the multiline signal, while aﬁ 190 K, the
r'at'e constant kgp dominates, for no mulﬁiline signal is generated by a
single flash at 190 K. Howevebr, the rate of donation by the
oxygen—-evolving complex through Y and Z is still faster than that by
the cytochrome and the additional donor, D, at 190 K, because
continuous illumination at this temperature generates the multiline

signal to a full extent.

5.1.a.ii 190 To 150 X

In Chapter 2 it is demonstr‘ated that the amplitude of the
mutiline signal produced by continuous ivllumination decreases as the
illumination temperature is dropped from i90 K to 150 K. A decrease
in any of the rates kzp, kyz, or kg y could yield such a result. The
investigat;ions reported in Chapter 3‘ indicate that it 1is the rate
determ‘ingd by ksly which is responsible, because it is possible to
trap an oxidized intermediated donor, as indicated by the ability to
produce the multiline signal by warming to 190 K in the dark after
illumination at 150 K. The oxidized intermediate is not the Signal II
species Z, because the amplitude of Signal II is not affected by the

illumination. The species Y in Fig. 5-1a represents the intermediate
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donor; Y* gives a broad EPR signal at g 4.1 which had not been

previously o_bser*ved; and may be due to the involvement of non-heme

iron in the photochemistry leading to oxygen eyélution.

In addition to the decreased rate of donation from the S,
state, the rate of donation from Y becomes slower between 190 K ‘and
150 K, for donor‘s which are not on the path to water oxidation are
observed to be 'photboxidized_ in increasing amounts below temperatures

of about 170 K. These donors are the species D, which gives a 10 G

wide EPR signal at g 2.0026 when oxidized and is most likely a.

reaction ceﬁter chlorophyll, and cytochrome _b559. The r‘ates'o‘f‘
donation from these species, determined by kpp and Keytp, thus become
competitive with that of the physiological donors Y and Z, which are
détermined by the rate constants kyz and kzp, near 150 K. The
competitive donations from D ar_ld the cytochrome may be r‘esvponsible for
the inability to generate the full extent of‘ the multiline signal by

warming to 190 K after illumination at 150 K.

5.1.a.iii 150 To 100 K

Below 150 K, the degree of photooxidation of Y becomes
‘_pr‘ogr'essively lower, indvicati’ng that below this temperature the
donations from thelside'-path donors D and cyt begin to dominaté the
donétion from the species on the 'path to water oxidation. The
decreased rate of donation from the physiological path couid- be due to
a decrease in. either kyz or kzp. Tﬁe relative contribqtions of cyt
and D to the observed decrease of the light-induced amplitude of the
' g 4.3 signal below 130 K are not completely clear, but the lack of an

effect of chemical oxidation of the cytochrome prior to low
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témpérature illumination is suggestive that D plays the primary role
(see Chapter 4). It should be noted that the extent of the role of
the cytbchrome as a competitive donor may be gr-ea'ter' in chloroplast
preparations relative ¢tfo ﬁhotosystem 2 preparaﬁions due to the
presence of a larger amdunt of high;potential‘cytochrome in

chloroplasts.

5.1.b The Effects of Inhibitors on the Low Temperature Donor

Reactions ’ |

The effects of inhibitors on the donor reactions were
investigated in Chapters 3 and 4. The possible sites of inhibition of
the donor reactions in the model are denoted in the diagram by a
circled A, B, and C (Fig. 5-1a). Both hydroxylamine and 0;8 M NaCl
prevent the oxidation of Y. Hydroxylamine is known to inhibit at site
A, as demonstrated by other workers, but 0.8 M NaCl could inhibit at
either site A or site B. Substitution of fluoride for choride
inhibits by bl_ocking the donation of S, to Y, because the g 4.1 signal
associated with Y*, but not the multiline signal associated with the

S, state, 1is produced by illumination at 190 K.

5.1.¢ The System in thé S, State

The results pr;esented in Chapter 2 indicate that the threshold
temperature for the advancement of S, to S; is higher than that for
the advancement of S, to S,. According to the models in Fig. 5-1, the
rate of donation of S, to Z (or‘_possibly Y) becomes slow at a higher
temperature than does the rate of donation of S, to Y. In Chapter 4
it 1is demonstrated that Y is not acti;re as a donor tov Z when the

oxygen evolving system is in the S, state; it is not known whether a
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second intermediate donor exists for the S, state or .if the S, state

donates directly to Z.

5.2 Outlook for Future Investigations of the Oxygen Evolving Complex
of Photosystem 2 |

The mechanism of pésitive charge accumul.ation in photosystem 2
has been of great interest for some time. The involvement of
manganese has been documented extensively, althougﬁ the exact nature
of the. role of this element in the S-states of the Kok scheme for the
photosynthetic oxidation. of water isv stili unknown.. The recent
6bservation of the multiline EPR signal associated with the S, state
was a significant advancé, demonstrating conclusively the involement
-.0of manganese in the oxygen evo‘lution systeth Now thatl this multiline
EPR signal has been confirmed to arise from the S, state and the
conditions for generation and'obsefvation have been determined,
additional' magnetic resonance techniques and optical methods may be

employed to determine the detailed structure of the complex.

The observétion' of the multiline. signal has provided us with
the opportunity to monitor directly at least a part of the reactions
of ‘the oxyge.n evolving complex. The temperature.- dependence of the
photogeneration of this signal was useful in determining conditions
for generating and trapping an intermediatiate - state S, *. This state
gives a previously unreported signai at g 4.1 which, unlike the
multiline signal, has no apparent hyperfine structure. While 1little
eyidence has been presented in the ’pést concerning the involvement in
oxygen evolution of transition metal 'ionsv'other" than manganese, the

.signal at g 4.1 raises the possibility that non-heme ferric iron plays



a role.

-Both the chemical nature of the intermediate state and the

functional role in oxygen evolution of the species involved in the

intermediate state remain to be determined. Perhaps the best method
for ideni:ifying the transition metal ions in the complexiand exploring

their function is x-ray absorption spectroscopy. The position and

shape of the K¥edge is sensitive to both oxidation state and

coordination changes. Observation of the ifon and manganese edges
under appropriate conditions should allow a definitive deter_'mination
of the transition metals 1involved in the intermediate state. A
possible complication for the detection of changes in the iron edge is

the presence of a teh—fold excess of apparently non-functional iron.

Further EPR stu'dies will also provide more information on the
nature of the intermediate state. Confirmation of the S=5/2 origin of
the signal by ﬁhe observation of other" spectral features, particularly
near g 9, should be possible by using combinations of very
concentrated preparations, pumped liquid He temperatures, and oriented
samples. The temperature and orientation dependence of the EPR signal
could yield information on the energetics and str'uc>tur'e of the

complex.

vIn addition to further character'i_zations of the intermediate
species by EPR, it is important to search for optical changes at low
temperature and at physiological temperatures which correlate with the
observed EPR signals.: A number of optical absorbance changes in the

near UV have been reported, but the relation of these signals to
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épecies in the path to water oxidation is still unclear. Do any of
thesve'. signals correspond to the intermediate species? The detection
of eptieal_signals which correspond to the EPR signals may also
" provide the ability to conduct kinetic measurements which are ‘not

possib-le .in the case of EPR detection.

An additional approach to the nature and function of the

precursor is afforded by the effect of F~, which seems to stabilize

the intermediate state.‘ It is not known whether F; inhibits by
binding to the species which is involved; special EPR methods sgch as
.Electron Nuclear Double Resonance (ENDOR) or Elecfron Spin Echo
Spectroscopy (ESE) will be useful in approaching this question, as

well as in determining the identity of other ligands.

The functional role in oxygen evolution of the species which is
responsible for the intermediate state 1is also"yetv to be fully
determined; The precursor is involved in the advancement of S, to S,
but net in the advancement of S, to S,. The S, to S, and S, to S,
advancements have not been investigated, mostly because of the
difficulty of preparing samples in a nearly pure S, or S, state.
Methods should be developed to overcome the problems of extreme

optical densities inherent in using highly concentrated samples, and

thus facilitate the preparation of the S, and S, states. The

mechanism by which the precursor species is involved in the S; to S,
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transition but not in the S, to S, transition is a mystery, but is _

presumably closely related to its function. It is conceivable that
the precursor species |is involved in the transfer of ligands as well

as electrons. Perhaps comparisons of the ENDOR, ESE and EXAFS of the



multiline signal and manganese complex with those of the intermediate
state species will provide the information needed to resolve this

question.

The effects of illumination at low temperature have been valuable
in furthering our understanding of the reactions on the path tg water
oxidation. These studies can be pursued even further to investigate
more fully the light-induced changes in the g 2 region of the EPR
spectrum at low temperatures. The behavior of Signal II and a
reaction center chlorophyll donor, in particular, warrant additional

study.

There are now five EPR detectable species associated with the
oxygen evolving complex of photosystem 2: the primary door, Pteos
the oxidized direct donor to Ptgo, Z-* (Signal 1II); oxidized
cytochrome bgse; the S, state of the 6xygen4evolving complex
(muitiline signal); and the intermediate state S,* (g 4.1 signal).
The behavior of the signals associated with S, and S,* have been
explored in this study. It is now important to detail the behavior
of these signals, to determine the relation between some of these
signals and transient optical signals which have been reporteq, and to

observe EPR and other spectroscopic signals from the other S-states.
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