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ABSTRACT

In this thesis an attempt was made to take the water oxidizing
complex apart in a controlled way and to reconstitute it to its
functional form.

The mechanism of photosynthetic water oxidation has been
probed by the use of the substrate analogue NH,0H in 1 M NacCl
treated PSII membranes lacking the 17 and 23 kD extrinsic proteins.
A plot of the Mn released versus [NH,0H] shows a sigmoidal shape.
The results were interpreted in terms of a cooperativity model. The
plot of Mn release versus oxygen evolving activity shows that all
4 Mn in the reaction center are essential for active oxygen
evolution.

1 M CaCl, treated PSII membranes, which lack all 3 extrinsic
polypeptides (17, 23, and 33 kD) have low oxygen evolving activity
in spite of the full complement of 4 Mn per reaction center. If the
light intensity is sufficiently low, 1 M CaCl, treated PSII evolve
the same number of oxygen molecules per photon as 1 M NaCl treated
PSII.' Therefore, removal of the 33 kD polypeptide did not
inactivate the Mn center and all Mn centers are intact. When the
light intensity is high, there is possible alternative electron
donors to P,,' in 1 M CaCl, treated PSII (e.g., Chl). As a result,
the fluorescence and the oxygen evolving activity are low. I
analyzed the fluorescence data of the S, -> S, transition in DCMU-
treated samples. The transition time of CaCl, PSII is 1.4 times
longer than that of NaCl PSII. This slow-down of the S, => S,

iii
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transition rate is not the main reason for slow donor side and
there are other reports that indicate the slow-down of the §; => 8§,
transition rate. It is 1likely that other S state transitions,
including the dark reaction, are slowed ddwn as well.
I reconstituted 37 % of the.oxygen evolving activity with

40 ¥ Mn concentration in the reconstituted sample. Therefore, about
40 % of the centers have all 4 Mn while the other 60 % of the
centers have no Mn. It is very plausible that Mn rebinding also
involves cooperativity. Other divalent transition metals like Fe?*
and Co®* apparently compete for the Mn binding sites and may form

mixed metal clusters.
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Chapter I: GENERAL INTRODUCTION
I-1. Introduction

Photosynthésis not 6nly provides the food and energy for all
higher forms of life, but also produces the oxygen that allowed
aerobic 1life to evolve. Photosynthesis occurs in subcellular
organelles called chloroplasts (Rawn, 1989). The chloroplast is
enclosed by a double membrane. The aqueous region enclosed by the
inner membrane is called the stroma. Suspended within the stroma is
a continuous membrane called the thylakoid membrane, which encloses
an internal space known as the lumen. The light reactions of
photosynthesis occur within this membrane.

The reaction begins when an antenna pigment absorbs photons
and transfers the excitation energy over the array of pigments. The
excitation energy is trapped at a reaction center where a primary
charge separation takes place. This 1light-driven oxidation-
reduction occurs in two distinguishable reaction centers, PSI and
PSII, that are connected by a series of electron carriers as
illustrated in the so-called Z-scheme in figure 1 (Andréasson and
Védnngdrd, 1988; Govindjee and Coleman, 1991) . PSII includes the WoC
which is the topic of this thesis. PSI provides the charge
separation to reduce NADP'. PSI is removed from the thylakoids to
study the mechanism of water oxidation.

The function of PSII is to act as a water-plastoquinone oxido-

reductase. Water is oxidized to oxygen and plastoquinone (PQ) is
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reduced to plastoquinol (PQH,): 2H,0 + 2PQ + 4 hv = 0, + 2 PQH,
(Govindjee and Wasielewski, 1989). Oxygen is evolved and 4 protons
are released in the lumen, while 4 protons are picked up from the
stroma for the production of PQH,. To accomplish the four-electron
oxidation of water with one-electron photochenmistry, PSII is
thought to cycle through five successive intermediate states (Sqs
S4s S;, 53, and S;), the S, state spontaneously decaying to produce
S, and O, as described by the Kok cycle (Kok et al.  1970) shown in
figure 2.

The catalytic site of photosynthetic water oxidation is known
to involve a manganese cluster. An absolute manganese requirement
for the functioning of the water oxidation is well documented
(reviewed by Pecoraro, 1988). Quantitation of manganese in PSII has
indicated a stoichiometry of four tightly bound manganese ions per
center (Cheniae and Martin, 1970, 1971; Radmer and Cheniae, 1977;
Yocum et al., 1981). Although extensive studies over the past few
decades have shown that Mn are involved in the water oxidation, the
mechanism of the reaction and the structure of the manganese-
containing oxygen evolving complex are poorly understood (Govindjee
et al., 1985; Renger and Wydrzynski, 1990). In this thesis, 1I
studied the mechanism of water oxidation by the Mn complex in the
PSII by deleting and reconstituting Mn.

Figure 3 shows a possible model for the organization of PSII
in higher plants and green algae (excluding the light harvesting
Chl a/Chl b complex). There are at least 8 polypeptides: (I) 47 kD

(CP-47), an internal Chl a-protein antenna complex which fluoresces
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Figure 2. The Mn complex is believed to cycle through five
oxidation states in the coﬁrse of accumulating oxidizing
equivalents from P680 and then applying them to two water molecules
and releasing molecular oxygen. The five S states of the Kok cycle

(Kok et-al., 1970).
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at 696 nm at 77 K; (II) 43 kD (CP-43), a distal Chl a-protein
antenna complex which fluoresces at 685 nm at 77 K; (III) D-1, a 32
kD Qz-binding protein to which herbicides can also bind; (IV) D-2,
a 34 kD Q,~binding protein; (V) cytochrome b-559 having two
polypeptides of 4 and 9 kD; (VI) Y-33, a 33 kD extrinsic
polypeptide that is involved in oxygen evolution; (VII) Y-23, a 23
kD extrinsic polypeptide that stimulates oxygen evolution and is
required for Ca?* and Cl” binding to the membrane; (VIII) Y-17, a 17
kD extrinsic polypeptide whose function is less clearly defined. An
additional low molecular weight (5 kD) polypeptide is also known to
exist in PSII (see e.g., a review on PSII by Ikeuchi, 1991).

The following chapter I-2 will discuss the present knowledge

of PSII to the extent needed in this thesis.
I-2, Current model of the WOC

The catalytic site of photosynthetic water oxidation is known
to involve a manganese cluster which is driven by the
photochemistry of PSII through a sequence of five states of the
water oxidation complex.

PSII is a large membrane protein complex and since no crystal
structure is available, other biochemical and biophysical
techniques were applied to investigate the water oxidation
mechanism.

Much information about the structure has come from x-ray

absorption spectroscopy. The shape and position of the X-ray
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absorption edge are sensitive to the oxidation state, types of
ligands, and site symmetry in a coordination complex (Srivastava
and Nigam, 1972). The EXAFS data indicate that there are at least
2 Mn atoms which are separated by 2.7 &. The best fit to the data
also suggests that there is a short Mn-(C or N or 0) distance of
1.78 A. These are typical of p-oxo-bridged Mn. A long Mn-Mn
separation of 3.3 & has also been observed. Comparisons with model
compounds suggest that the cluster contains bridging oxide or
hydroxide ligands connecting the Mn atoms, perhaps with carboxylate
bridges connecting the 3.3 4 Mn pair (see figure 4) (George et al.;

1989; Sauer et al., 1991).

I-2-1 s, state

For PSII in the dark-adapted S, state the edge inflection
energy occurs at about 6551.3 eV, which is in the range observed
for Mn®* complexes (Cole et al., 1987).

The S, state EPR signal appears as a broad, low field feature
(g = 5) at X-band in parallel field, while no signal is observable
in the standard perpendicular field mode. The g-value and lineshape
of the S, state EPR signal are consistent with a transition of an
S = 1 spin state (Dexheimer et al., 1990). Since S = 2 for one Mn¥,
the effective spin of 1 must be the result of couplings of at least

two Mn.

10
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Figure 4. A possible model for the Mn complex in the WOC based on
EXAFS data. The EXAFS data indicate that there are at least 2 Mn
atoms which are separated by 2.7 &, and there is a short Mn-(C or
N or 0) bond of 1.78 A (u-oxo-bridged Mn). A long Mn-Mn separation
of 3.3 A has been also observed. Comparisons with model compounds
suggest that the cluster contains bridging oxide or hydroxide and

carboxylates connecting the 3.3 & Mn pair (George et al., 1989).

11
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I-2-2 s, state

The first information on the redox state of the functional Mn
became available with the discovery of a low-temperature g = 2
multiline EPR signal (Dismukes and Siderer, 1981), which
characterizes S, (Brudvig et al., 1983). EPR expects signals from
half-integer spins, and at least 2 out of the 5 states are expected
to have EPR signals. The fact that the S, state of the Mn complex
displays S = 1/2 type EPR signals suggests that the S; state and S,
states, which differ from S, by two electrons, might do so too.
Unfortunately, no signals from either of these states have been
observed yet.

Two types of the S, state EPR signals at g = 1.98 and g=4.1
have been observed (figure 5). The amplitude of both signals was
shown to oscillate with the number of illuminating flashes with a
period of 4 (Zimmermann and Rutherford, 1986) . The S, state
multiline signal can be captured by cooling a sample of PSII
membranes to 77 K after illumination in the presence of DCMU at 273
K or by illumination at 200 K. DCMU blocks electron flow beyond Q,
and thus allows only one turnover of PSII. The multiline signal
covers a span of 150 mT and consists of 16-20 lines that are
approximately evenly spaced and have numerous small peaks and
shoulders (a = 75 - 90 G) (Hansson et al., 1986). Illumination
between 120 K and 160 K results in decreasing yields of the S,
state multiline signal with decreasing illumination temperature,
and compensating increases in production of the S, state g = 4.1

signal (about 1000 G, featureless), the other signal of the s,
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state. Kim et al. (1990) showed evidence of a multinuclear Mn
origin for the S, g = 4.1 signal. The g = 4.1 EPR signal obtained
from oriented PSII membranes under conditions of ammonia inhibition
of oxygen evolution shows at least 16 Mn hyperfine lines with a
regular spacing of approximately 36 G.

EPR studies of the temperature dependence of power saturation
suggest that the multiline center is an antiferromagnetically
coupled Mn dimer (Mn* (S = 2)-Mn* (S = 3/2) of maximum spin = 7/2).
The spin coupling problem of the Mn tetramer can be simplified by
assuming that two out of four Mn are in the same oxidation state
(either (+3, +3) or (+4, +4)) and couple to a net spins of zero.
The remaining two Mn with spins S = 2 and § = 3/2 then couple to
net spins of 1/2, 3/2, 5/2, 7/2. One possibility is to assign the
multiline and 4.1 signals to the ground (S = 1/2) and first excited
(8 = 3/2) states of S = 7/2 multiplet (Pace et al., 1991).

Goodin et al. (1984) showed a shift to higher energy (1.2 eV)
in the X-ray absorption K-ed8ge energy of Mn upon advancement from
the s, state to the S, state. This shift suggests a metal centered
oxidation from Mn* - Mn®* -> Mn®* - Mn*.

ESEEM experiments were performed on the S, multiline EPR
signal. The Fourier transform of the light-minus-dark time domain
ESEEM data shows a peak at 5.8 MHz in "N samples which is absent
upon substitution with "“N. The ESEEM due to "N may be from an amino
acid 1ligand, such as a histidine. The first suggestion of a
histidine-Mn cluster as a model for the oxygen evolving complex was

made by Padhye et al. (1986).

16
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I-2~-3 s; state

Conversion of S, to the S; state does not change the EXAFS,
suggesting no change in the redox state of Mn during this
photoinduced transition (Guiles et al., 1990). Thus, the
possibility that the positive charge is located on an intermediate
other than Mn. The idea that a redox active ligand, other than Mn,
may function in the oxygen evolution complex was first suggested by
Kambara and Govindjee (1985).

A modified multiline EPR signal was obtained upon calcium
depletion of PSII membranes in the dark. Illumination of ca
depleted PSII at 0°C generates a new intermediate in the water
oxidizing reaction from a site which is conformationally coupled to
the Mn cluster (Boussac et al., 1989, 1990; Sivaraja et al., 1989).
It gives rise to an EPR spectrum identified as modified S; state
signal (symmetric lineshpe with width 165 G, g = 2.0; figure 6).
Boussac et al. (1989) observed the modified S; EPR signal in ca-
depleted PSII membranes, and a similar intermediate was observed if
2C1° was replaced by F~ (Baumgarten et al., 1990). This signal has
been attributed to a free radical (possibly an oxidized histidine
in magnetic contact with the Mn) based on its g-value =2 in
combination with its extremely large 1linewidth at the 1low
temperature or high microwave powers required to saturate it
(Boussac et al., 1990). However, it remains to be proven whether S;

in normal PSII has anything to do with histidine.
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



*G aanbr3I se aae
SUOT3ITPUOD TEJUSUNIISUI °D,0 I PIjRUTUNTIT SI9M SaueIqUWSU IISd pa3aTdsp
untores oYyl ‘sutejoad g3 €2 pue LT 9Y3 HUTIN3TISUODSI pue SaueIquam
IISd @y3y wox3y sutrajoxd OTSUTIAIXS AY €2 bue LT 9yl Y3zTM HuoTe wniorTeo
butaowaa Aq paaedsad oa9m ssueaquaw IISd po3aTdep wnroTes oyl °23e3s £g

pPaTITPoOW 3aYy3 UT SsueIquUsW IISd pejeTdep wWnTOoTed JO TeubTs ¥dd °9 aanbra

18

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4500

|
3000
Magnetic field (G)

1500

19

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



I-2-4 Extrinsic polypeptides

The oxygen evolution by PSII of plants involves a cluster of
4 Mn atoms linked to the reaction center complex and three
extrinsic polypeptides with molecular masses of 17, 23, and 33 kD
as shown in figure 3. Some of the functions of the extrinsic
polypeptides have been determined by studying the effects of their
selective removal and rebinding in purified PSII.

The 17 and 23 kD proteins can be released in the PSII
membranes with 1.0 M NaCl (Miyao and Murata, 1983), and the 33 kD
protein with 1.0 M CaCl, (Ono and Inoue, 1983a, b) or 2.6 M urea
(Miyao and Murata, 1984). The reconstitution with the extrinsic
proteins is sequential; the rebinding occurs in the order of 33 kD,
then 23 kD and finally the 17 kD protein (Miyao and Murata, 1987).

The functions of these proteins, which have so far been
elucidated, are as follows: The 33 kD protein (i) stabilizes the Mn
cluster (Miyao and Murata, 1984; Kuwabara et al., 1985), (ii)
accelerates the S state transition from S; to s, (Miyao et al.,
1987a, b), (iii) reduces the chloride requiremept from 200 mM to 30
mM (Miyao and Murata, 1985) and (iv) provides a binding site for
the 23 kD protein (Murata et al., 1983). The 23 kD protein (i)
stabilizes the calcium site (Murata and Miyao, 1985; Kuwabara et
al., 1985; Murata et al., 1983), (ii) reduces the chloride
requirement from 30 mM to 10 mM (Miyao and Murata, 1985), and (iii)
provides the binding site for the 17 kD protein (Miyao and Murata,
1983). The 17 KD protein sustains oxygen-evolution activity at

chloride concentrations below 10 mM (Akabori et al., 1984; Miyao
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and Murata, 1985). The cyanobacteria, which have an oxygen evolving
PSII, are devoid of the 17 and 23 kD extrinsic proteins (Stewart et
al., 1985; Vermaas et al., 1988). Apparently, the smaller extrinsic
proteins are not required for oxygen evolution and rather provide
structural and/or regulatory benefits for higher plants.
Furthermore, recent studies on a genetically engineered
Synechocystis sp. PCC 6803 mutant lacking the 33 kD polypeptide
suggest that in cyanobacteria even this protein may not be required

for oxygen evolution (Burnap and Sherman, 1990).

I-2-5 Calcium

The modified multiline EPR signal obtained upon calcium
depletion of PSII membranes (dark adapted) is shown in figure 7.
The increased number of hyperfine lines and narrower Mn hyperfine
splittings compared to the normal S, state multiline signal
indicate a redistribution of spin density within the Mn cluster.
The same type of modified multiline signal can be obtained by Sr®
replacement of Ca®. Calcium depletion facilitates access of NH,OH
to the OEC and of diphenylcarbazide to Z*. Diphenylcarbazide is an
efficient electron donor to 2' in PSII membranes in which Mn is
removed or dislocated. These observations suggest a possible
"gatekeeper" role for calcium in limiting access of substrate water
to the Mn cluster (Tso et al., 1991). For a review on the role of
calcium in the oxygen evolving complex, see. Ghanotakis and Yocum

(1990) .
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I-2-6 Chloride

The function of C1° in the process of photosynthetic water
oxidation is still poorly understood. Cl is a well-established
cofactor of oxygen evolution. Significantly higher cC1
concentrations are required for maximal activity in PSII depleted
of the extrinsic polypeptides.

The two possible roles of Cl° in the WOC are as follows;

(1) C1° activates 0, evolving activity by acting as charge-
neutralizing counterions in the environment of the active site of
the oxygen evolving reaction (Coleman and Govindjee, 1987; Homann,
1988).

(2) C1° possibly binds to Mn, acting to facilitate electron
transfer among the Mn atoms (Sandusky and Yocum, 1984), or the
anion, occupies a site close to, but not on Mn (Brudvig et al.,
1989).

The possibility of a direct binding of C1° to the Mn complexes
has been investigated by EXAFS and EPR. Yachandra et al. (1986)
failed to observe evidence of Cl° in the first coordination sphere
of the Mn complex with EXAFS. Haddy et al. (1989) reported that Br-
substitution for C1° did not change the superhyperfine structure of

the multiline EPR signal.

I-2-7 2 and D
Debus et al. (1988a) and Vermaas et al. (1988) showed that the
slow electron donor, D, is Tyr-160 in the protein D-2, and Debus et

al. (1988b) and Metz et al. (1989) showed the fast electron donor,
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Z, is Tyr 161 in the protein D-1 in the cyanobacterium
Synechocystis sp. PCC 6803.

Hoganson and Babcock (1989) estimated the center-to center
distance between P680* and z* as 10-15 & by the line broadening of
the P&ao* EPR spectrum in the presence of 2*.

From measurements of the EPR signal of D* styring and
Rutherford (1987) showed that, after three flashes, D* decays
slowly in the dark at room temperature in the fraction of centers
that were in the S, state (t, of 50 min in PSIT membranes). This
reaction, which is the only known function of D, is accompanied by
2a conversion of S, to S,. The concentration of S, was estimated
from the amplitude of the S, state multiline EPR signal that could
be generated by illumination at 200 K (Styring and Rutherford,
1988) . These observations indicate that D* accepts an electron from

Sy in a dark reaction in which D and S, are formed.

I-2-8 Cytochrome b-559
Although the role of Cyt b-559 in the OEC is not known, its
EPR signal is an important indicator of whether the electron
transfer pathway is intact or not. Cyt b-559 has two different
forms characterized by reduction midpoint potential, low-, and
high-potential cyt b-559. Low-potential Cyt b-559 is normally
oxidized (reduction potential of = 0 mV) and depletion of the 17

and 23 kD extrinsic polypeptides results in loss of high-potential

Cyt b-559 (g, = 3.1, 9, = 2.2, g, 1.5) and appearance of low

potential Cyt b-559 (9, = 2.9, g, = 2.1, g, = 1.5) (Miller and
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Cyt b-559 is an alternative electron donor to P680 when PSII
is illuminated at 77 K, a temperature that is too low for S state
transitions. Thompson and Brudvig (1988) investigated the pathway
of oxidation of Cyt b-559 in PSII by EPR and showed that it
proceeds via oxidation of a Chl molecule. They proposed that this
photooxidation of chlorophyll is the first step in photoinhibition
of PSII. The unique susceptibility of PSII to photoinhibition is
probably due to the very high redox potential of P680. Therefore,
it was proposed that the function of Cyt b-559 is to reduce
photooxidized chlorophyll and protect PSII from

photoinhibition.

I-2-9 NH,0H effect

The analysis of the mechanism of water oxidation has been
approached by the use of substrate analogues such as NH,0H, N,H, and
H,0,, which act as redox-active inhibitors of water oxidation
(Bennoun and Joliot, i969; Cheniae and Martin, 1971; Velthuys and
Kok, 1978). Radmer and Cheniae (1977) reported that NH,OH binds to
manganese within the active site of the complex. NH,0H releases
between two and four Mn(II) ions per PSII (Cheniae and Martin,
21971; Yocum et al., 1981) and, at comparable concentrations,
extrinsic proteins (Tamura and Cheniae, 1985). NH,0H is at least
partially consumed to form N, in the light (Radmer, 1983).

Preincubation with ;ow (micromolar) concentrations of NH,OH in
the S, state results in the retardation of the flash-induced yield

of 0, by two steps (Bouges, 1971; Velthuys and Kok, 1978). In
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addition to its reaction with the OEC, NH,0H at millimolar
concentrations also interrupts electron transfer to the reaction
center between Z and P, (Den Haan et al., 1976). The reactivity of
spinach thylakoid membranes with NH,OH in the dark and in the light
has been reported to differ (Guiles et al., 1986; Andreasson et
al., 1986; sivaraja and Dismukes, 1988). Conflicting results
claiming a faster release of Mn and a larger yield under
illumination (Cheniae and Martin, 1971; Horton and Croze, 1977) or
in the dark (Sharp and Yocum, 1981) have appeared.

In addition to its well~known binding on the donor side of
PSII, hydroxylamine binds in the dark to a second high affinity
site (K, < 10 uM; < 7 NH,0H/ PSII) that structurally interacts with
the primary electron acceptor FeQ,” (the first high affinity site
is the Mn site which results in two-electron reduction) (Sivaraja
and Dismukes, 1988). Binding in the dark to this acceptor site
causes conversion of the normal g = 1.9 EPR signal for FeQ,” to g
= 2.1 on the first turnover.

There is no evidence yet reported for the release of protons
or N, in the dark reaction of PSII with NH,OH, while a single flash
generates both protons (Forster and Junge, 1986a; Forster and
Junge, 1986b) and N, (Radmer, 1983; Radmer and Ollinger, 1983) in
NH,0H treated samples. Also, evidence favoring S, as the target for
the two electron reduction instead of S, has come from Mn x-ray
absorption edge experiments. These studies show that binding of
NH,0H causes no change in the edge energy when binding occurs in

the dark S, state, while a decrease by 1.2 - 1.3 eV occurs only
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after illumination to form what would normally be the S, sate. By
contrast, the S, state in untreated PSII samples exhibits an
increase in edge energy by 1.1 - 1.2 eV. This decrease by 2.4 eV in
the S, state edge energy in the presence of NH,OH was attributed to
the reduction of the Mn cluster by 2 equivalents (Guiles et al.,
1986). Inhibition at this site is reversed by illumination, which
consumes the NH,0H. Therefore the cumulative evidence favors the

following reaction (Sivaraja and Dismukes, 1988).
(Sy)Woc-Mn,'"!*! + 2NH,0H - (Sp)WOC-Mn,'""!!! + N, + 2H,0 + 2H'

Since NH,0H is capable of further reduction of Sy, the reaction may

continue as follows;
S, + XNH,0H - 3Mn®* (free) + Mn (bound).
I-3. Purpose and scope of the present thesis

The requirement for 4 Mn/PSII for optimal activity does not
necessarily imply that all four are directly involved in water
oxidation. There have been a lot of reports claiming that not all
of the Mn are essential for active oxygen evolution (see reviews by
Dismukes (1986) and Sauer et al. (1991)). The mechanism of
photosynthetic water oxidation and, particularly, the role of Mn in
it, has been probed in this thesis by the use of the substrate

analogue NH,0H, which acts as redox-active inhibitor of water
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oxidation. NH,0H at a concentration of 10 - 500 uM is known to
cause irreversible inhibition in the dark due to the release of Mn
and proteins from the PSII membranes.

Chapter III deals with the effect of NH,0H effect on PSII in
terms of Mn release and oxygen evolution. Earlier studies of this
effect did not take account of the simultaneous release of
extrinsic polypeptides, although the latter are known to affect the
Cl° and Ca®* requirements for optimum activity of the PSII. To
simplify the interpretation of the results I chose to work on PSII
that are already devoid of the 17 and 23 kD extrinsic proteins.
Preliminary studies had shown that treatment of PSII membranes with
81 M NaCl released the two smaller extrinsic polypeptides but left
the oxygen evolution intact. This simpler system was therefore
chosen to investigate the effect of NH,OH on Mn release and oxygen
evolution. The results turned out to be interpretable in terms of
a cooperativity model.

During the process of selecting the simplest fully functional
system for investigating the effect of NH,0H, it was observed that
1 M CaCl, treated PSII membranes, which lack all 3 extrinsic
polypeptides, behave quite differently from NaCl treated samples,
which still have the 33 kD polypeptides. In chapter IV, I have
studied these differences using NH,0H treatment, varying 1light
intensity, Chl a fluorescence, and EPR spectroscopy.

Finally in chapter V, I have reexamined in more detail the
conditions for photoactivation of the oxygen evolving system of the

Mn-depleted system by Mn readdition. Furthermore, I have studied
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whether any other metal ions will replace Mn in the Mn binding
sites and thus inhibit oxygen evolution. In view of the well-known
damaging effect of strong light, it was inevitable to study the
effect of photoinhibition to understand the 1limit of
photoactivation.

The major conclusions obtained in this thesis are: (1) 3 (or
possibly 4) NH,OH molecules interact cooperatively with the WocC;
(2) PSII samples lacking all 3 extrinsic polypeptides not only have
the full complement of four Mn per RC but also evolve the same
number of O, molecules per photon as PSII samples lacking the 17
8and 23 kD proteins only if the light intensity and therefore the
electron fransfer rates are sufficiently low; (3) Co® and Fe?* can
not reconstitute the oxygen evolving activity in Mn depleted PSII,
but they compete for the Mn binding sites and interfere with Mn

reconstitution.
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Chaper II: MATERIALS AND METHODS
II-1. Isolation of PSII membranes from spinach

PSIT membranes from spinach chloroplasts were prepared
according to the method of Berthold et al. (1981) with slight
ﬁodifications.

Fresh spinach was bought from market and kept in the dark
coldroom (4°C) before use. Medium size spinach leaves were washed
and deveined. 600 g spinach leaves were ground in 3 1 of 0.35 M
sucrose, 20 mM Hepes (pH 7.5), 2 mM EDTA, 2 mM MgCl,, and 1 g/1 BSA
and ground in a conventional grinder for 20-30 s at full speed.
After grinding, the homogenate was filtered and squeezed through 4
layers of cheesecloth and then centrifuged for 5 min at 3000 x g.
The resulting pellet was resuspended in the same buffer (1.5 1,
i.e., half volume) and homogenized twice with a tissue grinder and
then centrifuged for 20 s at 1200 x g; the supernatant was
centl:rifuged for 5 min at 4000 x g. The resulting pellet was
resuspended in 1.5 1 of buffer which contained 20 mM MES (PH 6.5),
5 mM MgCl,, 2 mM EDTA, 1 g/l BSA and centrifuged for 7 min at 4900
X g. The pellet was resuspended in the same buffer at a chlorophyll
concentration of 2.67 mg Chl/ml, and 20 % Triton buffer (20 % w/v
Triton X-100 in buffer A) was added dropwise (final concentration
of Triton X-100 was 25 mg/mg Chl at a Chl concentration of 2 mg
Chl/ml) while the suspension was placed on ice in the coldroom

(4°C), stirring at low speed. After the suspension had been stirred
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for 30 min from the beginning of Triton buffer addition, it was
centrifuged for 20 min at 40,000 x g and then washed twice with 2
mM EDTA in buffer A by centrifugation for 20 min at 40,000 x g. The
resulting pellet was washed once with buffer B and resuspended in
the same buffer. The final samples were frozen quickly and stored

in a -80 °C freezer.

List of buffers
Buffer A: 15 mM NaCl, 5 mM MgCl,, and 20 mM MES (pH 6.5)

Buffer B: 0.4 M sucrose, 15 mM NaCl, 5 mM MgCl,, and 20 mM MES (pH
6.5)

Buffer C: 0.4 M sucrose, 15 mM NaCl, 15 mM CaCl,, and 20 mM MES (pH
6.5)

Buffer D: 0.4 M sucrose, 200 mM NaCl, 15 mM CaCl,, and 20 mM MES
(pH 6.5)

Buffer E: 0.8 M sucrose, 110 mM NaCl, 15 mM CaCl,, and 20 mM MES
(pH 6.5)

Buffer F: 0.4 M sucrose, 15 mM NaCl, and 20 mM MES (pH 6.5)

II-2. Removal of two extrinsic polypeptides.

The two extrinsic polypeptides of 17 and 23 kD can be removed
2by 1 M NaCl wash (Akerlund et al., 1982; Miyao and Murata, 1983;
Ghanotakis et al., 1984). PSII membranes were thawed and
resuspended in buffer B at 1.5 mg Chl/ml and mixed with 1/3 volume
of medium containing 4 M NaCl in buffer B, to é final concentration
6f 1 M NaCl at 1 mg Chl/ml. After treatment for 1 hour in the
coldroom (4°C) with stirring at low speed, the samples were
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centrifuged for 20 min at 40,000 x g. The resulting pellet was
washed twice with buffer C (buffer C contains 15 mM CaCl,) and

resuspended in the same medium.

II-3. Removal of three extrinsic polypeptides

The three extrinsic polypeptides of 17, 23, and 33 kD can be
removed by 1 M CaCl, wash (Ono and Inoue, 1983a). PSII membranes
were thawed and resuspended in buffer B at 3 mg Chl/ml and mixed
with the same volume of a medium containing 2 M CaCl, in buffer B
to a final concentration of 1 M CaCl, at 1.5 mg Chl/ml. After
treatment for 1 hour in the coldroom (4°C), stirring at low speed,
the samples were centrifuged for 20 min at 40,000 x g. The
resulting pellet was washed twice with buffer D (buffer D contains

200 mM NaCl and 15 mM CaCl,) and resuspended in the same buffer.

II-4. NH,OH treatment

For treatment with NH,0H, the 1 M NaCl treated PSII membranes
(from II-2) were resuspended to a chlorophyll concentration of 1.6
- 2 mg Chl/ml (pH 6.5). The membranes were dark-adapted prior to
incubation with NH,0H in order to favor a higher population of the
S, state. NH,OH was then added in the dark to the desired
concentration, the suspension was agitated by a Vortex shaker, and
kept inside the centrifuge for 30 min at 4°C. The supernatant was

analyzed for Mn as described in section II-8 and the pellet was
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washed with NH,OH free-medium (buffer C) before resuspending in the

same buffer.
II-5. Photoactivation

Prior to photoactivation, Mn was extracted by NH,OH treatment.
NH,0H treatment of PSII membranes for photoactivation was done as
described in section II-4, with the following additions: (1) four
repetitive washings were done to ensure removal of NH,0H; and (2)
the extracted/ washed membranes {Z 2mg Chl/ml) were resuspended in
buffer E before use or storage at -80°C (Blubaugh and Cheniae,
1990). 0.8 M sucrose in buffer E helps to achieve better
photoactivation than 0.4 M sucrose. NH,OH treated membranes were
centrifuged and the pellet was resuspended in 0.8 M sucrose, 110 mM
NaCl, 1 mM MnCl,, 20 mM MES (pH 6.5), and 20 mM CaCl, to 250 ug
Chl/ml. The sample was transferred to a transparent beaker (sample
thickness 2 mm, 2.5 ml volume in 100 ml beaker at a time) and was
allowed to equilibrate at room temperature in the dark for 5 min.
DCIP was added in the desired concentration, the sample was covered
with clear plastic wrap, shaken gently for 5 more minutes and then
illuminated from the top for a given time under fluorescent white
light of adjustable brightness for various durations. Samples were

kept completely dark all the time except for the illumination.
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IT-6. Chl a fluorescence

All samples for Chl a fluorescence were diluted to 10 ug
Chl/ml. The 77 K fluorescence spectra and fluorescence transient
measurements were made using a laboratory-built spectrofluorometer
(Blubaugh, 1987). The exciting light was provided by a Kodak 4200
projector with two Corning blue glass filters (CS4-76 and CS5-57).
Fluorescence emission was detected by a S-20 EMI9558B
photomultiplier through a Bausch and Lomb monochromator with 1 mm
slit widths (bandpass: 3.3 nm). The photomultiplier was protected
from the exciting light by a red Corning filter (CS2-61). Signals
were stored and analyzed by a Biomation 805 waveform recorder and
a LSI-11 computer.

Chl a fluorescence decay kinetics after single flashes of
light were measured on an instrument described by Robinson et al.
(1983) and Eaton-Rye (1987). The samples were diluted to 5 ug
Chl/ml and transferred to a dark reaction vessel (100 ml1) and dark-
adapted at room temperature for 10 minutes. A flow cuvette was
filled from the vessel by using optimized gas pressure. The
illumination volume of the sample was 0.6 ml. At the end of each
measurement, the sample in the cuvette was exchanged with that in
the vessel by the pressure. Using a weak measuring flash, the level
of Chl a fluorescence yield of the sample was measured at 685 nm
(10 nm bandwidth) by a EMI 9558A photomultiplier tube. The
measuring light was fired at variable times after each actinic

flash. The actinic (FX-124, EG&G) and the measuring flashes
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(Stroboslave 1539A, General Radio) were filtered with Corning cS4-
96 filters; both had a 2.5 us duration at half-maximal peak (Eaton-
Rye and Govindjee, 1988).

Q,” concentration was calculated from the variable chl a
fluorescence according to Joliot and Joliot (1964) using the
formula given in Mathis and Paillotin (1981); there is a hyperbolic
relationship between the fluorescence yield F(t) and the fraction
d(t) of closed reaction centers (i.e., g = 1 when [Q,"] is maximum)

at time t:

F(t) - F, (1 - p)a(t)
F. - F 1 - pq(t)

where F,, is the maximum fluorescence yield when all Q, is in the
reduced state, F, is the minimum fluorescence yield when all Q, is
in the oxidized state, and p is the connection parameter which
reflects the probability of intersystem energy transfer from a
closed unit to any other unit in the system. In this work, p is
assumed to be 0.5, as measured earlier for chloroplasts (Forbush
and Kok, 1968). Thus, g(t) can be represented by the following

formula:

2F, (t)

q(t) =
F™ + F (t)

where F (t) = F(t) - F,and F™ =F__ - F,.
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ITI-7. Gel electrophoresis

SDS-polyacrylamide gel electrophoresis was performed according
to the method of Laemmli (1970). Better results were obtained with
a slightly modified procedure. Mostly, 13.5 % SDS-PAGE with 4 M
urea was run at a constant voltage of 120 V with 25 ul samples
(0.75 mg Chl/ml). The relative amounts of polypeptides were
determined from the peak heights in the densitogram given by a

densitometer.
II-8. EPR measurement

Low temperature EPR spectroscopy of the S, state was carried
out on a Bruker ER-200D X-band EPR spectrometer equipped with an
Oxford helium flow cryostat.

EPR samples were prepared as follows. The PSII membranes were
resuspended in buffer B to 6-8 mg Chl/ml concentration and kept at
0 °C in the dark for 1 hour. The "light" samples were illuminated
inside the EPR cavity for temperatures up to 200 K; higher
temperature illumination was done in a CO,-ethanol bath
(temperature was measured with a copper-constantan thermocouple).
The light source was a 1000 W projector using a water filter and
Corning red filter, CS 2-73.

. Room temperature EPR spectra for the quantification of Mn?*
were taken with 0.3 ml Wilmad Suprasil flat cells in a TM110

cavity. Small aliquots of samples (390 ul at 2 mg Chl/ml) were
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mixed well with 10 pul of 10 N HCl (0.25 M) and heated to 70°C for
1 min. After cooling back to room temperature, they were
transferred into the flat cells. EPR measurements were carried out
with a Bruker ER200D X-band EPR spectrometer. Spectra were taken at
9.70 GHz with 20 mW power and 100 kHz field modulation of 16 G
amplitude. The peak-to-peak amplitude of all six Mn hyperfine lines
was measured and compared with the amplitude of a standard Mn?
solution. According to Yocum et al. (1981), this method allows a

quantitative determination of all Mn in a sample.

IT-9. Determination of Chl concentration

15 pul of sample was mixed with 5 ml of 80 % (v/v) aceton and
the absorbance was measured at 646.6 nm and 663.6 nm. The cChl
concentration was determined according to the following (Porra et

al., 1989):
[Chl] (ug Chl/ml)= (17.76 Aggs T 7.34 BAn,) X diluting factor
(5015/15)

The concentration of reaction center can be calculated from [Chl]

as follows:

(Chl] (g/1)
900 x 250

[Reaction Center] (M) =
where the molecular weight of Chl is 900 and one reaction center

contains 250 Chl (Miller and Brudvig, 1991).
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II-10. Oxygen evolving activity

The oxygen evolution activity was assayed on a Yellow Spring
Model 53 monitor equipped with a Teflon-membrane covered Clark-type
oxygen electrode in the presence of 200 uM PPBQ as electron
acceptor at 10 ug Chl/ml. The exciting light of intensity 1200
pE.m2.s"' was provided by a Kodak 4200 projector lamp filtered
through 1 inch of 5 % CuSO, solution and a Corning yellow glass,

cs2-71.
II-11. DCIP reduction

The assay medium for DCIP photoreduction contained 50 uM DCIP
and 10 ug Chl/ml sample in the final resuspending medium of each
preparation. The exciting light (1200 pE-m2.s’') was provided by a
Kodak 4200 projector. lamp filtered throughyl inch of 5 % cCuso,
solution and a Corning yellow glass, C€S2-71. The rates were
determined by following the disappearance of absorbance at 600 nm,

essentially as described (Tamura and Cheniae, 1985).
II-12. Plasma emission

The metal concentrations of the samples were measured using
inductively coupled argon plasma spectrometry (ICP). This is an
atomic emission technique. The liquid sample is peristaltically

pumped through a fixed cross-flow nebulizer. The sample enters a
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quartz torch where it is delivered through the middle of an argon
plasma, about 8000 °C. The intense heat of the plasma provides the
energy for the sample atoms to emit light at their characteristic
wavelengths. There is a separate slit and detector for each element
so that there is simultaneous detection of emission intensities of
the measured elements for each sample.

The emission intensities are proportional to the elemental
concentrations. Known standards are measured to provide standard
curves that are used to calculate individual unknown
concentrations. The instrument in use at the Illinois State Water
Survey is a Thermo Jarrell-Ash MARK III Model 1100 vacuum direct

reader.
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Chapter III: NH,OH EFFECT

Much insight into the mechanism of O, evolution from the water
oxidation complex (WOC) of photosynthetic membranes has come from
studies of inhibitors which are substrate analogues such as NH,OH
(see section I-2-9). Messinger et al. (1991) reported that in dark-
adapted samples with a highly populated S, state, NH,0H leads via
a two step sequence of one-electron reductions to the formal redox
state S ,. The oscillation patterns of oxygen yield of NH,OH treated
PSII are almost independent of ([S,]/([S,] of the initial S-states
before addition of NH,0H while those of NH,NH, treated PSII are
markedly different.

+NH,OH +NH,0H
s, > S, > S

+NH,NH, +NH,NH,
s, ——> S, and S§; ————> S,

. NH,OH at concentrations of 0.01 - 0.5 mM releases Mn (Cheniae
and Martin, 1971; Sivaraja and Dismukes, 1988). In this chapter,
the mechanism of NH,0H inhibition of the WOC in the dark was
investigated by comparing the steady-state 0, rate and Mn release
by NH,OH from carefully selected preparations in which interference

from polypeptide release was avoided.
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III-1. Determination of standard preparation

III-1-1 Rationale

The mechanism of photosynthetic water oxidation has been
studied by the use of NH,OH, a substrate analogues which acts as
redox-active inhibitor of water oxidation (see e.g., Bennoun and
Joliot, 1969; Cheniae and Martin, 1971; Velthuys and Kok, 1978).
There is much indirect evidence suggesting that NH,0H binds to Mn
within the WOC (Radmer and Cheniae, 1977; Babcock, 1987). Binding
to a lower affinity site occurs in the presence of an excess of
NH,OH, causing irreversible inhibition in the dark due to the
release of Mn (Cheniae and Martin, 1971; Yocum et al., 1981) and
proteins from the WOC (Tamura and Cheniae, 1985). Since NH,OH
releases not only Mn from the oxygen evolving complex but also some
of the extrinsic polypeptides, which influence, at the very least,
the conditions for optimum activity, the question arises if the
interaction of NH,0H with the WOC can be studied in a simpler
system that still shows normal oxygen evolution activity but avoids
interference with the dissociation of extrinsic polypeptides. One
obvious choice is to work with PSII devoid of some extrinsic
polypeptides. The preliminary experiments discussed below show that
PSII treated with 1 M NaCl to remove the 17 kD and 23 kD
polypeptides is a suitable system which shows full activity iﬂ an
appropriate buffer. This preparation, referred to as "NacCl PSII"
was therefore adopted for all subsequent measurements of Mn release

and oxygen evolution after treatment with NH,0H. PSII treated with
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1 M CaCl, to remove all extrinsic polypeptides, however, shows
diminished oxygen evolution under standard assay conditions; this
preparation was therefore rejected for the present study but will

be discussed further in chapter IV.

III-1-2 Results

In order to monitor the presence or the absence of various
extrinsic polypeptides, SDS-PAGE was run as described in section
II-7 on PSII samples. Since the usual NH,OH treatment is done with
0 to 0.5 mM concentration, we chose 0.3 mM to monitor its effect on
the polypeptide release. Figure 8 shows a 13 % gel .run with 4 M
Urea. Lane 1 has the molecular weight standards, lane 2 is for
control PSII membranes, lane A3 is for 0.3 mM NH,OH treated PSII
membranes, lane 4 is for 2 M NaCl treated PSII membranes, lane 5 is
for the supernatant of the NH,0H treated PSII membranes, and lane
6 is for the supernatant of the 2 M Naci treated PSII membranes. It
is obvious from figure 8 that 0.3 mM NH,OH releases the 17 and 23
kD polypeptides, but not the 33 kD polypeptide. Therefore, to study
the NH,OH effect and to exclude the effect of partial depletion of
2extrinsic polypeptides, it is appropriate to use NaCl treated PSII
membranes which are already depleted of the 17 and 23 kD
polypeptides.

Figure 9 shows the polypeptide composition of PSII membranes
treated with different concentrations of NaCl. Lane 1 and 2 are
from pellets obtained after treatment with 1 M and 0.5 M NacCl,

while lanes 3 and 4 are from the corresponding supernatants. While
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Figure 8. SDS-PAGE patterns of spinach PSII samples. The 13 % gel
was prepared according to II-7. Lanes: (1) molecular weight
standards (66, 45, 29, and 14 kD); (2) control PSII membranes; (3)
0.3 mM NH,OH treated PSII membranes; (4) 2 M NaCl treated PSII
membranes; (5) supernatant of 0.3 mM NH,OH treated PSII membranes;
and (6) supernatant of 2 M NaCl treated PSII membranes. Sample
volume, 25 ul. [Chl], 0.75 mg Chl/ml. Locations of 17 and 23 kD

polypeptides are marked.
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Figure 9. SDS-PAGE patterns of spinach PSII samples. The 13 % gel
was prepared according to II-7. Lanes: (1) 1 M NaCl treated PSII
membranes; (2) 0.5 M NaCl treated PSII membranes; (3) supernatant
of 1 M NaCl treated PSII membranes; and (4) supernatant of 0.5 M
NaCl treated PSII membranes. Sample volume, 25 ul. {Chl], 0.75 mg

Chl/ml. Locations of 17 and 23 kD polypeptides are marked.
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Table 1.

Mn content of spinach PSII membranes after NaCl treatments

Without 15 mM cacCl, | With 15 mM Cacl,

in the washing and2 in the washing

resuspending and resuspending
medium medium
PSII membranes 100 3* 100 %"
0.5 M NaCl treated 88 % 100 %

PSII

1l M NaCl treated PSII 69 % 100 %
2 M NaCl treated PSII 68 % 100 %

*

100 % corresponds to 4.2 Mn/RC. Mn was measured by room
temperature EPR spectra. The sample contains 0.25 M HCl1l and heat-
treated (70°C) for 1 minute. The resuspending medium contains 0.4
M sucrose, 15 mM NaCl, and 20 mM MES (PH 6.5).

NaCl treatment was done at 1 mg Chl/ml for 1 hr at 4°C in the
dark.
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Table 2.

Mn content of spinach PSII membranes
after NaCl and NH,OH treatments

Without 15 mM CacCl,
in the washing and
resuspending medium

With 15 mM CacCl,
in the washing and
resuspending medium

PSII membranes

100 &*

100 %*

0.5 M NaCl treated
+ 0.5 mM NH OH
treated PSII

30 %

34 %

1 M NaCl treated
+ 0.5 mM NH,OH
treated PSII

11 %

2 M NaCl treated
+ 0.5 mM NH,OH
treated PSII

* 100 % corresponds to 4.2 Mn/RC. NH,OH treatment was done at a Chl

concentraiton of 1.6 - 2 mg Chl/ml (pH 6.5).

NaCl treated PSII

membranes were dark-adapted prior to the incubation with NH,0H and
were treated with NH,O0H for 30 minutes at 4°C in the dark.

See legend of Table 1 for other detail of NaCl treatment.
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0.5 M NaCl treatment did not remove all of the 17 and 23 kD
polypeptides, 1 M NaCl treatment removed them completely. Thus, the
PSII membranes treated with 1 M NaCl were adopted as the standard
preparation in the subsequent study. It remains to be shown that a
suitable buffer can be found for this preparation.

The Mn content of PSII treated with different concentrations
of NaCl with and without 15 mM CaCl, (buffer B and buffer C, see
P. 32) in the washing and resuspending medium was determined by
room temperature EPR according to II-8. The results are listed in
Table 1 relative to untreated PSII membranes which contain 4.2 *
0.1 Mn per reaction center (RC) of PSII. NaCl treatment did not
affect the oxygen evolving activity of PSII membranes as long as 15
mM CaCl, was added to the resuspending buffer (0.4 M sucrose, 15 mM
NaCl, and 20 mM MES (pH 6.5)). It is clear from Table 1 that PSII
membranes that lack the 17 and 23 kD polypeptides lose no Mn as
long as 15 mM Cacl2 is present. In the absence of Caclz, however,
the loss of Mn is noticeable at 1 -~ 2 M NaCl. Moreover, 30 mM NaCl
had the same effect as 15 mM CaCl, in the washing and resuspending
medium (100 $% oxygen evolving activity and 100 % Mn content).
Therefore, the factor which keeps the WOC intact is the ionic
strength rather than a specific ion (Ca®).

Table 2 shows the Mn content in NaCl treated PSII membranes
with and without 15 mM CaCl, in the washing and resuspending medium
(0.4 M sucrose, 15 mM NaCl, and 20 mM MES (pH 6.5)) followed by 0.5
mM NH,OH treatment. Here again 1 M NacCl gave identical results to
that of 2 M NaCl treatment. Thus, 1 M NaCl treated PSII i’s an

appropriate sample to study the NH,OH effect.
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Table 3 shows the effect of salts on oxygen evolving activity
and Mn content of PSII meﬁbfanes lacking 3 extrinsic polypeptides
(17, 23, and 33 kD). When 200 mM NaCl and 15 mM CaCl, were included
in the resuspension medium (buffer D, see p. 32), PSII membranes
did not lose any Mn upon treatment with 1 M CaCl,. However, the
oxygen evolution activity measured at 1200 pE-m2.s"! decreased to
40 % of the original value. Further results on 1 M CaCl, treated

PSII will be given in chapter 1IV.

III-1-3 Discussion

The results given above demonstrate that PSII treated with 1
M NaCl and subsequently suspended in buffer C lacks the 17 and 23
kD polypeptides and still has full 0, evolving activity. This
preparation satisfies the criteria stated at the beginning of this
section and was therefore selected as the standard for the
following work.

The results of this section confirmed earlier work (Miyao and
Murata, 1983, 1985; Ono and Inoue, 1983a, b). Many authors use 2 M
NaCl treatment to delete the 2 extrinsic polypeptides rather than
1 M NaCl (e.g., Dekker et al., i984; De Paula et al., 1986) while
the results in this section show that 1 M NaCl treatment is
sufficient for this purpose.

1 M CaCl, treated spinach PSII membranes were considered
inappropriate because they had only 40 % of the oxygen evolving

activity found in the original PSII membranes at 1200 BE-m2.571,
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Table 3.

Effect of salts on Mn content and rate of oxygen evolution

in 1 M caCl, treated PSII membranes
that lack the 17, 23, and 33 kD polypeptides.

e —
Salt concentration in Mn content oxygen evolution
the resuspending medium®

200 mM NaCl + 15 mM CacCl, 100 % 40 %
200 mM NacCl - 15 %
15 mM CacCl, - 15 %
10 mM NacCl 50 %" 5 %

— — = |

? The resuspension medium contained 0.4 M sucrose, 20 mM MES (pH

6.5) and the salts as noted in this column.

100 % corresponds to 4.2 Mn/RC. PSII membranes without 1 M CaCl
treatment also had 4 Mn/RC; 100% corresponds to the oxygen evolving
activity of the PSII membranes without 1 M CaCl, treatment; it was
600 uM O,/mg Chl/ml; The oxygen evolving assay was done in the
presence of 200 puM PPBQ as electron acceptor at 10 ug Chl/ml. The

exciting light had an intensity of 1200 gE-m?2.s°,
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III-2. NH,0H effect versus time

III-2-1 Rationale
Since the effect of NH,OH is dependent both upon concentration
(Sivaraja and Dismukes, 1988) and on the duration of the treatment
(Cheniae and Martin, 1971), it is desirable to determine both these
dependencies. In this section we measured the Mn released from NaCl
treated PSII in the presence of 80 - 250 uM NH,0H at 4°C in the dark

as a function of time.

ITII-2-2 Results

Figure 10 shows the time dependence of the effect of 125 uM
NH,OH (A) and 250 uM NH,0H (B) treatment on the Mn release in NaCl
PSII. NH,OH was added to the NaCl PSII, the sample was transferred
to the EPR cell, and the released Mn was measured by the 6-line EPR
spectrum taken at room temperature every 3 minutes.

Figure 11 shows the Mn release at three other concentrations
of NH,OH (80, 130, and 180 uM) as a function of time. In this
experiment, a different protocol was followed. The NaCl PSII was
treated with NH,0H and centrifuged to collect the supernatant to
measure the Mn released.

I also tried the same experiment at room temperatures but
abandoned this approach when I found that NH,OH released the 33 kD
polypeptides even at 130 uM concentration while 0.5 mM NH,0H did

not release the 33 kD protein significantly at 4°c.
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Figure 10. Time dependence of Mn release by 125 UM NH,0H (A) and
250 pM NH,OH (B) treatment of 1 M NaCl treated PSII membranes
lacking the 17 and 23 kD polypeptides. After NH,OH addition to the
NaCl PSII, the sample was transferred to the EPR cell, an EPR
spectrum was taken every 3 minutes and analyzed for Mn®* as
described in II-8. NH,OH treatment was done at a Chl concentration

of 1.6-2 mg/ml (pH 6.5) in the dark.
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III-2-3 Discussion
Figure 12 shows the combined results of figures 10 and 11 in
terms of Mn reieased per NH,OH. Obviously, the Mn release was
proportional to the NH,0H concentration within the rather large
experimental uncertainty. The more accurate data of the next

2section will show deviations from proportionality.
IT1I-3. Effect of different concentrations of NH,OH

III-3-1 Rationale
Sivaraja and Dismukes (1988) reported Mn release from PSII
membranes by different concentrations of NH,0H. Their results are
complicated, however, by the release of two extrinsic polypeptides
at concentration of less than 300 uM NH,0H. By using the NaCl PSII,
it was possible to study the NH,0OH effect with no interference from
the extrinsic polypeptides and to analyze the data in terms of a

cooperativity model.

III-3-2 Results

NacCl PSII lacking the 17 and 23 kD proteins was treated by
NH,OH at 4°C in the dark for 30 minutes. The samples were then
centrifuged, and the Mn®* released into the supernatant was
determined by room temperature EPR. The pellet was washed three
times and resuspended for the determinaticn of the oxygen evolving
éctivity. Table 4 shows 3 sets of data of Mn released by various
concentrations of NH,OH. Table 5 shows corresponding sets of data

of changes in oxygen evolving activity at 1200 pE-m2.s™'.
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Figures 13 and 14 are plots of the data in Tables 4 and 5.
Figure 15 is derived from figures 13 and 14 and shows the oxygen

evolving activity versus Mn release from the reaction center.

III-3-3 Discussion

The plot of Mn* released from NaCl PSII as é function of NH,OH
concentration in figure 13 has a sigmoidal shape. As will be
discussed shortly, the sigmoidal shape of the curve as opposed to
a hyperbolic shape means the Mn release by NH,OH is cooperative,
that is, more than one molecule of NH,0H reacts with the WoC, and
the reactions of these molecules are not independent of each other.
The discussion below follows that of Forster and Junge (1985), who
studied flash induced proton release as a function of NH,OH
concentration.

A simple example of cooperativity would arise in the
reversible binding of n hydroxylamines, H, to one metal center, M,
according to the reaction (Stryer, 1981):

M + nH & MH_
with dissociation constant K!',

(M1 [H]"

- [MH,]
Defineing y as the fraction of metal complexed,
[MH,] B [H]"
Y T e omy | xos mr
[H)" (1 - y) =y K!
n log [H] = const + log

1=y
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SUPURES SN0

Table 4

Mn release from NaCl PSII by various concentrations of NH,0H

I
[NH,0H] Mn Mn Mn Mean Standard
uM release release | release value | deviation

Exp. 1 EXp. 2 Exp. 3

10 4 % 5 % 5 % 4.7 .
20 7 9 9 8.3 .
30 11 12 12 11.7 .
40 16 15 14 15.0 .
50 22 19 17 19.3 .
75 31 31 33 31.7 .
100 42 45 48 45.0 .
| 150 61 65 65 63.7 .
IL 200 70 76 76 74.0 .
300 90 81 90 87.0 .
400 93 84 91 89.3 .

500 92 92 92 92.0

Sample, 1 M NaCl treated PSII membranes were treated b

1.6-2 mg Chl/ml for 30 minutes at 4°C in the dark.

100 % Mn release corresponds 4.2 Mn/RC.
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Table 5

Oxygen evolving activity of NaCl PSII treated
by various concentrations of NH,OH

[NH,0H) Oxygen Oxygen Oxygen meangT std.
evolution | evolution evolution | value dev.
rate of rate of rate of

Exp. 1 Exp.2 Exp. 3
10 94 % 90 % 93 % 92.3 2.1
20 89 85 89 87.7 2.3
30 77 76 78 77.0 1.0
40 68 ‘ 64 69 67.0 2.6
50 63 58 65 62.0 3.6
75 51 47 46 48.0 2.6

100 42 35 31 36.0 5.6

150 24 19 11 18.0

200 17 10 7 11.3 5.1

300 2 6 2 3.3 2.3

400 0 .4 0 1.3 2.3

500 0 . 0 0 0 q___

Sample, 1 M NaCl treated PSII membranes were treated by NH,0OH at
1.6-2 mg Chl/ml for 30 minutes at 4°C in the dark.

100 % O, evolution corresponds 600 uM/mg Chl/ml.
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Figure 15. The oxygen evolving activity as a function of Mn release

(based on data in figure 13 and 14.
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Therefore, a plot of log (y/(l-y)) versus log [H] yields a straight
line with a slope of n. This representation is called a Hill plot
and its slope n at the midpoint of the binding (y = 0.5) is called
the Hill coefficient. If we identify y with the fraction of Mn
released we can found an approximate Hill coefficient as follows.

In figure 13, 45 % of the Mn was released by 100 uM NH,OH, 50
% of Mn was released by 109 uM NH,0H, and 55 % of Mn was released
by 120 uM NH,OH.

y
log ——— vs. log [H]

l1-vy

45 % log —mm—— vs log 100

55 % log ——————— vs log 120
1 - 0.45

0.087 + 0.087

I
N
.
[

Hill coefficient =
2.083 - 2.000

The Hill coefficient of 2.2 for NH,0H binding to Mn in the WoC
means that the binding is cooperative. NH,0H binding at one binding
site of the WOC facilitates the NH,O0H binding at another Mn site of
the same WOC. The following is one of the possible interpretations
of the Mn release by various concentrations of NH,OH. Let us assume
that the sequential binding of NH,0OH is in équilibrium (Segel,

1975; Forster and Junge, 1985, 1986):
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+H +H +H +H
M «— M(H) «— M(H), «— M(H), «— M(H),
b K

Ky akK, Ky cK,
where M is the manganese center, H is NH,OH, K, is a dissociation

constant and a, b, and c are sequential interaction factors. The

degeneracies of the states M(H), follow the pattern:

M:M(H) = 1:1 for n=1
M:M(H) :M(H), = 1:2:1 for n = 2
M:M(H) :M(H),:M(H); = 1:3:3:1 for n = 3

M:M(H) :M(H),:M(H);:M(H), = 1:4:6:4:1 for n = 4

With the assumption that a = b = ¢, the percentages of manganese

bound by NH,0H, T,, are:

T, = X/(1 + X)

T, = (2X + X%/a)/(1 + numerator)

T; = (3X + 3X?/a + X°/a%) /(1 + numerator)

T, = (4X + 6X?/a + 4X3/a + X%/a%) /(1 + numerator)

where X is [H]/K,;, is a normalized NH,OH concentration. The first

line for n = 1 represents the hyperbolic plot.

Figure 16 is the result of simulations for n= 1, 2, 3, and 4

4 fit the data

on a log scale. The simulation with n = 3 or n
3 fits the data

better than n = 1 or n = 2. The simulation with n
somewhat better, but n = 4 still gives a reasonable fit. Table 6
lists the fitting parameters a and K; as well as X%, the sum of

squares of the deviations calculated with and without weighting
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factors x'", r = %, 1, 2, which weigh the lower concentrations more
strongly.

The oxygen evolution activity, figure 14, has a different
functional dependence on the NH,OH concentration than the Mn
release, figure 13, and the two plots are not just the complement
of each other. It is clear that a hyperbolic dependence on [NH,0H]
does not fit the data and a Hill plot (not shown) suggests some
cooperativity. Figure 15, which shows oxygen evolution versus Mn
released, confirms thses observations. It is plausible to assume
that the released any one Mn from a WOC eliminates its oxygen
evolution. Accordingly, the relation between oxygen evolution and
manganese released then must fall between the following two
limiting cases. If one of the four Mn is easily released by NH,OH
while the others are not, the oxygen evolution should drop linearly
with Mn released and reach zero for 25 %, i.e., one Mn released per
RC. If, on the other hand, the Mn is not stable against NH,0H once
a first atom has been removed, then figure 15 should be a straight
line along the diagonal, i.e., x % oxygen evolution corresponds to
(100 - %) % Mn released. Clearly, the experimental data lie between
the two limiting cases, the slope being steepest between 10 % and
20 % Mn released, while it is equal to -1 from 20 £ to 70 % Mn

released.
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Table 6

Various types of X2 which show the difference between
the experimental data and the theoretical data

X2 n=3 n=4
a=0.2, Kd = 760 a = 0.27, Kd = 1100
s (t-y)? 0.0025 0.0034
(t-y)?
S — 0.0017 0.0023
VX
(t-y)?
S — 0.0002 0.0002
X
(t-y)?
= —_— 0.000002 0.000002
X

t is the theoretical value calculated according to the equations
in chapter III-3, y is the experimental value, x is [NH,0H], n is
the cooperativity, a is the sequential interaction factor, and K,
is the dissociation constant.

75

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter IV: FUNCTION OF THE 33 KD POLYPEPTIDE

1 M CaCl, treated PSII membranes lack the 3 extrinsic
polypeptides but with 200 mM NaCl and 15 mM CaCl, in the washing
and resuspension medium (0.4 M sucrose and 20 mM MES (pH 6.5) (Ono
and Inoue, 1984) they retain all the Mn. The oxygen evolving
activity of these preparations, on the other hand, is only 40 % of
that of 1 M NaCl treated PSII membranes (Miyao and Murata, 1984)
(Table 3). Apparently, the high salt concentration protects the Mn
of the OEC, but the function of the complex is impaired.

There is disagreement as to whether or not PSII lacking the
three extrinsic polypeptides can undergo the 8, - S, transition
(Imaoka et al., 1986; Ono and Inoue, 1985). Thermoluminescence
studies of 1 M CaCl, treated PSII suggest that the 5, and S; states
can be attained (Ono and Inoue, 1985). The flash dependent yield of
oxygen indicates that the S5; = S, state transition, in particular,
is retarded (Miyao et al., 1987).

The following experiments were undertaken to explore the
reasons for the lower oxygen evolution rate of 1 M CaCl, treated

PSII membranes.
IV=-1l. The effect of NH,OH on 1 M CaClz treated PSII.

IV-1-1 Rationale
In III-3-3 it was shown that a plot of Mn released from NaCl
PSII versus NH,0H concentration shows a sigmoidal shape, which

could be interpreted in terms of a cooperativity model. In this
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section it will be shown that the release of Mn by NH,0H is not
greatly affected by the presence or absence of the 33 kD

polypeptide.

IV-1-2 Results

Two aliquots of the same sample were used for measuring Mn
concentration and oxygen evolving activity. Figure 17 shows a plot
of Mn released from 1 M CaCl, treated PSII by various concentration
of NH,OH. Comparison with the corresponding plot for 1 M NaCl
treated PSII (figure 13) shows great similarity in the Mn release
of 1 M CaCl, treated PSII but with 200 mM NaCl and 15 mM CaCl, in
the resuspending medium (CaCl, PSII). 200 mM NaCl and 15 mM CacCl,
can thus replace the 33 kD extrinsic polypeptide in terms of
protecting Mn from release by NH,0H (Table 3). Figure 18 shows how
the oxygen evolving activity changes with various NH,O0H
concentration (100 % is the maximum activity of 1 M NaCl treated
PSII membranes (NaCl PSII)). Figure 19 compares the O, evolution of
the NaCl PSII with that of CaCl, PSII (closed circles), where the

maximum activity of the latter has been normalized to 100 %.

IV-1-3 Discussion
The equations in section III-3-3 were used to fit the data of
Mn release by NH,0H in 1 M CaCl, treated PSII. The maximum Mn
release by NH,0H in the preparation was 86 % and the y values were
divided, accordingly, by 0.86. A best fit (X? = 0.0118, see figure
20) is obtained with n = 3, K, = 780 puM and a = 0.22 or X2 = 0.0292

with n = 4, Ky = 1125 pyM and a = 0.29. Compared to the NaCl PSII,
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the sequential interacting factor, a, and the Ky values are
similar. Therefore, 200 mM NaCl and 15 mM CaCl, have replaced the
33 kD polypeptide in the sense that the accessibility of‘ the
substrate analog, NH,OH, to Mn has not changed by the removal of

the 33 kD protein.
IV-2. PSII activity as a function of light intensity

IV-2-1 Rationale

As shown in Table 3, 1 M CaCl, treated PSII membranes have low
oxygen evolving activity at 1200 pgE-m2.s”! although all the Mn was
retained. One possible explanation is that the S-state turnover
rate slowed down and the high light intensity caused earlier
saturation or possibly photoinhibition. To check this possibility,
the 0, evolution was measured at decreased light intensity. To
measure the activity of the acceptor side, the DCIP reduction rate

was monitored in parallel experiments.

IV~-2-2 Results
Table 7 shows the data of oxygen evolving activity. Numbers in
parenthesis are normalized to the light intensity of 1200 uE'm2.s™!,
i.e., they are a measure of the yield per photon. As the light
intensity decreases to 70 pE.m2.s', 1 M CaCl, treated PSII can
evolve the same amount of O, as the NaCl PSII. Removal of the 33 kD
polypeptide, therefore, did not inactivate the Mn centers.

Moreover, at 100 pE-m2.s™ the normalized oxygen evolution activity
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Table 7

Oxygen evolving activity and DCIP reduction rate
as a function of light intensity

Light oxygen oxygen
integ§i§¥ evolution evolution
(LE*m™ces™") NaCl PSII CaCl, PSII

60.0 7 (140) 6 (120)

67.2 8 (143) 7 (125)

74.4 9 (145) 7 (113)

90.7 11 (145) 8 (106)

108.0 13 (144) 9 (100)

300.0 33 (132) 16 (64)

672.0 69 (123) 24 (43)

1200.0 3 100 (100) 36 (36)

The numbers in parenthesis are the normalized oxygen evolving
activities calculated as follows,

1200 A

I A

]

where A is the oxygen evolving activity at the light intensity, I,
and A, is the oxygen evolving activity with 1200 puE:m2.s"1.

Oxygen evolution activity was assayed in the presence of 200 uM
PPBQ at 10 ug Chl/ml
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of the NaCl PSII has increased to 143 % of that observed at 1200

BE-m2.s5°1,

IV-2-3 Discussion

In the presence of 200 mM NaCl and 15 mM CaCl, in the
resuspension medium the WOC of 1 M CaCl, treated PSII lacking the
17, 23, and 33 kD polypeptides not only _retains four Mn per
reaction center (Table 3), but at sufficiently low light intensity
it evolves oxygen at the same rate as the NaCl PSII lacking the 17
and 23 kD polypeptides. It thus appears to be fully functional
albeit at a slower rate. While each RC of NaCl PSII evolves 225
molecules of O, per second under saturating conditions (600 uM 0,/mg
chl/ml), the maximum rate for CcaCl, PSII is 80/RC/sec. The time for
one full cycle thus increases from 4.4 ms to roughly 12 ms.
Usually, the bottleneck is not in the electron transfer from Z to
P680, which normally occurs on a 20 - 300 ns time scale and is thus
much faster than the rate of electron-flow from the Mn complex to
Z, which occurs on a 30 us - 1 ms range (Kramer et al., 1990).
Since cCaCl, PSII does not have the 53 kD extrinsic polypeptide,
which is closest to the Mn site, while the acceptor is on the
opposite side of the membranes. In principle, the rate limitation
could also be due to the acceptor, but since the acceptor is on the
opposite side of the membranes from the 33 kD polypeptide, the
slowdown most likely occurs in the Kok cycle. It remains to be seen
if an individual step of the cycle is too slow or if all five steps

are affected.
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The normalized oxygen evolution activity of the NaCl PSII
increased monotonically with decreasing light intensity to level
off at 143 % for intensities of < 100 wE-m2.s’!'. Oxygen evolution
from PSII is thus saturated at 1200 pE-m2.s7%.

These results agree well with current ideas about the
noncatalytic role for the 33 kD polypeptide. Several workers found
that the millisecond kinetics of oxygen release after the third
flash was retarded by the removal of the 33 kD protein and
stimulated by its rebinding, suggesting that the transition from S;
to S; is accelerated by the 33 kD protein (Henry et al., 1982;
Andersson et al., 1984; Ghanotakis et al., 1984; Miyao and Murata,
1984; Nakatani, 1984; Vass et al., 1987; Ono and Inoue, 1985; Miyao
et al., 1987a, b). In section IV-3, we will explore the delay of
the microsecond kinetics of the transition from S, to S, by the

removal of the 33 kD polypeptide.

IV-3. Chl a fluorescence

IV-3-1 Rationale

Chlorophyll a fluorescence has long been used as an intrinsic
indicator of the photosynthetic reactions of isolated chloroplasts
of green plants. Since Chl a fluorescence is in competition with
photochemical reactions and other processes in chloroplasts, it has
been widely used to monitor variations in photosynthetic activity
(see e.g., Duysens, 1986).

Light-induced charge separation initiates +the electron

transport from the reaction center (P680) to the plastoguinone pool
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via Q, and Q- Q, is a tightly bound one electron acceptor and Q is
a loosely bound two electron acceptor (see e.g., Crofts and
Wraight, 1983). The chl a fluorescence yield depends, among other
factors, upon the redox state of Q,. By measuring the change in the
variable Chl a fluorescence yield, which correlates with the
concentration of Q,”, it is possible to estimate the kinetics and
equilibrium parameters for the reaction of Q, with Q, (see e.g., Xu
et al., 1989). Furthermore, effects on the electron donor side can
be studied by monitoring Chl a fluorescence yield changes with and
without external donors such as hydroxylamine or hydroquinone.

By reducing the 1light intensity, it was possible to
demonstrate in section IV-2 that in 1 M CaCl, treated PSII the
overall rate of the donor side of is slowed down compared to that
of 1 M NaCl treated PSII. As will be discussed in the next section,
Chl a fluorescence following saturating flashes was used to get

more information.

IV-3-2 Results

The Chl a fluorescence transients were measured according to
section II-6. Figure 21A shows the transients of the NaCl PSII and
CaCl, PSII, figure 21B shows those of the samples in the presence
of 10 pM DCMU as inhibitor, and figure 21C shows those of samples
in the presence of 2 mM hydroquinone as electron donor.

Figure 22 shows the decay of the chl a fluorescence in dark
adapted NaCl PSII and CaCl, PSII after 1 (A), 2 (B), 3 (C), and 4
(D) saturating flashes measured according to section II-6. The

first data point is at 40 us after the saturating flash. The F,
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Figure 21. Chl a fluorescence transients at room temperature. (A)
shows the transients of the 1 M NaCl treated PSII membranes and 1
M CaCl, treated PSII membranes, (B) the transients of samples in

the presence 10 uM DCMU, and (C) the transients of samples in the

presence of 2 mM HQ.
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Figure 22. Variable Chl a fluorescence in dark adapted NaCl treated
PSII and CaCl, treated PSII after the first (A), second (B), third
(C), and fourth (D) saturating flash measured according to section

II-6. The first data point is at 40 us after the flash.
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Table 8

The F, levels for different samples
used for the data in figure 25 - 31.

Samples F_, (relative units)
NaCl PSII .80
NacCl PSII + DCMU .78
CaCl, PSII .78
CaCl, PSII + DCMU .74
CaClz PSII + DCMU + HQ : .79

[DCMU] was 20 uM and [HQ] was 2 mM at sample concentration of 5 ug
Chl/ml.
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levels used in these calculations are listed in Table 8. CacCl,
treated PSII shows a slower rise after the first actinic flash
compared to the others (second, third and fourth). CaCl, treated
PSII also shows lower variable Chl a fluorescence than the NacCl
PSII. One possible explanation for the lower Chl a fluorescence is
the existence of fluorescence quenchers (e.g., Chl*) in CaCl, PSII.
As a matter of fact, Miller et al. (1987) reported that Chl is the
alternative in CaCl, PSII at low temperature (about 70 % of the
electrons came from the WOC, the other 30 % from Chl). Figure 21B

and EPR data in the next section show that [Q,] which can be

max ’
obtained by one electron photochemistry, reaches the same value in
Cacl, PSiI as in NaCl PSII. The slower rise in figure 22A (only
after the first flash) indicates a delay in electron flow during
the S, to s, transition.

Figure 23 shows a plot of the flash number dependence of
variable Chl a fluorescence of the NaCl PSII measured at different
times after each flash. The data sets for times longer than 220 us
show the biphasic oscillations.

Figure 24 shows the flash number depeﬁdence of the variable
Chl a fluorescence of 1 M CaCl, treated PSII membranes. The data
sets for times longer than 670 us show the biphasic oscillations.

Figure 25 shows the flash number dependence of the variable
Chl a fluorescence of NaCl PSII with 10 MM DCMU, Cac12 PSII with 10
KM DCMU, and CaCl, PSII with 10 pgM DCMU and 1.5 mM HQ measured at
2.2 ms, 258 ms, and 4858 ms after each flash. HQ seems like a very

slow donor to CaCl, PSII. 4858 ms after each flash, the variable

Chl a fluorescence of the CaCl, PSII with 10 uM DCMU and 1.5 mM HQ

26
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Figure 25. The flash number dependence of variable chl a
fluorescence of 1 M Naclhtreated PSII membranes in the presence of
10 uM DCMU (a), 1 M CaCl, treated PSII membranes in the presence of
10 uM DCMU (b), and 1 M CaCl, treated PSII membranes in the
presence of 10 uM DCMU and 1.5 mM hydroquinone (c) measured at 2.2

ms (A), 258 ms (B), and 4858 ms (C) after each flash.
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Figure 27. Variable Chl a fluorescence of 1 M NaCl treated PSII
membranes and 1 M CaCI2 treated PSII membranes with 10 uM DCMU
after the first (a), the second (b), and the third flash (c): (2)
1 M NaCl treated PSII membranes; (B) 1 M CaCl, treated PSII

membranes.
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approaches the same value as that of the NaCl PSII with 10 uM DCMU.
The results support the idea of the existence of a fluorescence
quencher in caCl, PSII.

Figure 26 shows the variable Chl a fluorescence of CaCl, PSII
with 10 uM DCMU after the second flash on a time scale of seconds.
Closed squares are with 2 mM HQ and open squares are without HQ.
The difference between these two data sets shows the amount of back
reaction from 2'PQ,” to ZP'Q,” (refer to scheme 1). Figure 27A shows
the variable Chl a fluorescence of the standard with DCMU after the
first, the second, and the third flash and figure 27B shows that of

the CaCl2 treated PSII.

IV-3~3 Discussion

The period-two oscillations in figures 23 and 24 can be
explained in terms of scheme 1, modified from Kramer et al. (1990).
After a saturating single-turnover actinic flash, SnZP*QA' forms on
the subnanosecond time scale (Eckert, et al., 1991). An equilibrium
between SnZP* and an*P will be reached in less than 1 us. The
equilibrium constant between these two states has been found to
vary depending on which S-state is present at the time of the flash
(K ® 2.2 to 29 for thylakoids (Bretel et al., 1984). The turnover
of the acceptor side of PSII has been -extensively studied by
fluorescence changes due to changes in (Q,"] (see reviews by Crofts
and Wraight, 1983). In the dark-adapted state and in PSII samples
in which Q;” has been converted to Qg (Van Gorkom et al., 1986), the
system is in the state Q,Q; (both reduced). After the first

saturating flash, the state Q,Q; is formed; it becomes Q,Q;" after
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Scheme 1

low Sn ZP QaQp

| . l <~~~ hy
low Sn ZPY Q7 Qg

2 20-200ns* | K=5
high Sn ZTP Q, Qg

3 3opus-Ims* | K>100
high Sp+t ZP QxQp

4 150 ~300us
low Sn+1 ZP Q Qg

5 €~~~ hy
low Sh+ ZPT QR Qg

6 200 ns |

. high S ZTPQRQE

7 400us* n
high Spe2 ZP Q3 Qg

8 500us* |
low Sp+2 Z P Q4 QgH>

* dependent on S-state

"low" and "high"” in the second column represents low and high
fluorescence. °

Sn is the S-state of the Kok cycle; 2 is the donor to Psao*? P is

Piao/ Q is the primary acceptor quinone of PSII; Q, is the secondary
acceptor quinone of PSII.
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Figure 29. A plot of log ((Ypex = Y)/Y,) Versus time. The early
rise of y = (F - F)/F, up to y,, is due to the transition from
S1Z"PQ‘\'QB to S,2PQ,'Q;, both of which are highly fluorescent.
Extrapolation of the first 4 points of figure 28 (refer to section
IV-3-3): (a) 1 M NaCl treated PSII membranes; (b) 1 M CaCl, treated

PSII membranes.
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an electron is transferred to Q,. After the second flash, the state
Q, Q" is formed, which upon protonation, becomes Q,Q;H,. The QgH,
diffuses away from the binding site and another plastoquinone from
the I;Q pool binds to the Q; site. The Chl a fluorescence yield,
reflecting [PQ,’], therefore changes, giving rise to a binary
pattern of decay rates for the state Q,” (Bowes and Crofts, 1980).
Figure 28 contains the normalized data of figure 27 assuming
the probability p of light energy transfer to P, is 0.05 and F,,
is 1.1 for the standard and F,, is 0.76 for CacCl, treated PSII
(Kramer et al, 1990). Open symbols are for the Nacl PSII and the
closed symbols are for CaCl, PSII. As shown in scheme 1, the highly
fluorescent state §,2°PQ,Q, is in equilibrium with the
nonfluorescent state S,ZP*QA'QB long before the first measurement at
40 ps. The early rise of y = (F - F,)/F, up to y,, is due to the
transition from S.,Z“PQA'QB to S,2PQ, Qg both of which are highly
fluorescent. A plot of log ((Ypx = Y) [Ygax) Versus t then yields K
as the intercept at t = 0 and the transition rate 8,2'PQ,Q; to
S,ZPQ,"Q, as the slope. Figure 29 shows this extrapolation for the
Nacl PSII (A) and the CaCl, PSII (B) using the first 4 points of
figure 28. In figure 29A, the K value of the transition from S,ZP"QA'
Q, to S1Z"PQA‘QB for the NaCl PSII is about 10 while in figure 29B,
that for the CaCl, PSII is about 12. Without further experiments it
is impossible to state that these K values are significantly
different. The transition time from S,2'PQ,'Q, to S5,2PQ,'Q, for the
NaCl PSII is about 260 ps, shile it is 360 us for CaCl, PSII.

The time for the S, to 5, transition of CaCl, PSII is thus

40 % longer than that of NaCl PSII. This time is still a small
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fraction of the overall oxygen evolution cycle, which was found to
be 12 ms in IV-2-3, for CaCl, PSII. The bulk of the slow-down then

must be found in the other transitions including dark reactions.
IV-4 EPR

IV-4-1 Rationale
When the three extrinsic polypeptides (17, 23, and 33 kD) are
removed from PSII, Mn remains bound to PSII membranes, but under
normal assay conditions less than 40 % of the oxygen evolving
activity of the NaCl PSII is retained.
Here, the S, -+ S, state transition in CaCl, treated PSII has
been investigated by the S, state multiline EPR signal, which is a

sensitive indicator of the Mn complex.

IV-4-2 Results

The NaCl PSII did not produce the S, state g = 4.1 EPR signal
nor a cyt bﬁ;'signal (cyt by is in the low potential form which
can not be photooxidized). Instead, a Chl' was the alternative
electron donor at 1low temperature illumination (77 K). The
intensity of the Fe*‘Q{ can be used as a measure of the extent of
stable charge separation from the total population of oxidized
electron donors. In CaCl, treated PSII membranes, the two species
that donate electrons are Chl and the Mn complex (Miller et gl.,
1987).

Figure 30 A and B show the 'light' minus 'dark' EPR difference

spectra near g = 2 of the NaCl PSII and the CaCl, PSII membranes in
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Figure 30. EPR multiline ‘difference spectra of the S, state
('light') minus the S, state ('dark') of (a) 1 M NaCl treated PSII
membranes; (b) 1 M CaCl, treated PSII membranes in the presence of
PPBQ, an electron acceptor. [Chl] ; 6 mg Chl/ml illuminated at 200
K. Instrumental conditions are the same as figure 5 except

microwave frequency = 9.14 GHz.
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the presence of PPBQ as electron acceptor. They were obtained by
subtracting the EPR spectra of the dark adapted samples from those
of a sample illuminated at 200 K. The difference signal is mainly
due to the manganese in the S, state of the oxygen evolving complex
except for the Q,” signal near g = 1'.84. The sample concentrations
based on the content of chlorophyll were the same in figure 30 A
and B but the intensity of the multiline signal in CaCl, PSII is
about 60 % of that in the NaCl PSII while the intensity of the Q)

signal (g = 1.82) is same for both spectra.

IV-4-3 Discussion

The sample concentrations based on the content of chlorophyll
were the same in figure 30 A and B but the intensity of the
multiline signal in the CaCl, PSII is about 60 % of that in the
NaCl PSII while the intensity of the Q,” signal (g = 1.82) is same
for both spectra. It could have been possible to get more than 60
% multiline signal if the sample had no PPBQ. The sample was
illuminated at 200 K for 5 minutes and warmed up to room
temperature for 30 minutes for dark-adaptation and the illumination
was repeated. This process could cause photoinhibition which will
be discussed in more detail in chapter V. EPR data shows that Cacl,
PSII reduces Q," fully as much as the NaCl PSII because at low
temperature, there is an alternative donor, Chl which donates
electron to 2*.

From the results, the 33 KD polypeptide does n'ot seem to
supply ligands to Mn because the S, signal is normal in shape.

However, PSII without the 33 kD polypeptide is slowed down in the
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S-state transition and only 40 $ oxygen is evolved at 1200 gE-m=2.s’!
compared to PSII with 33 kD polypeptide.

In summary, the 33 kD polypeptide is not required for low-
level oxygen evolution and therefore has no catalytic role in the
WOC. The same conclusion was reached by Andersson and Styring
(1991) . Interestingly, the 33 kD protein of cyanobacteria may not
be required for oxygen evolution as suggested by recent studies on
a genetically engineered Synechocystis sp. PCC 6803 mutant lacking
the 33 kD protein (Burnap and Sherﬁan, 1990) . The removal of the 33
KD protein, on the other hand, slows down the S cycle by an overall
factor of three. The rate of the S, -> S, transition, however,
decreased by a factor of 1.4 only, and one may speculate that the
other steps are slowed down meore, in particular the dark reaction,
which may involve considerable conformational change. The present
data do not allow to deduce any change on the acceptor side, but
the low fluorescence of CaCl, treated PSII remains to be explained.
The presence of quenchers may be responsible for the low
fluorescence, and Chl* as an alternate donor to Py, 1is a likely
candidate. Again, the slow electron transfer rate from the normal

donor, the WOC, could explain an excessive level of Chl*.
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Chapter V. PHOTOACTIVATION AND PHOTOINHIBITION
V-1. Optimizing conditions for photoactivation

V-1-1 Rationale

The Mn cluster is dissociated from the complex by treatment
with NH,0H with concomitant inactivation of oxygen evolution. It
can be reassembled from the inactivated complex by incubation with
Mn?® under illumination to restore partial oxygen evolution (Radmer
and Cheniae, 1977). This light-dependent reconstitution.of the Mn-
cluster or photoactivation presumably involves binding at normal
binding sites oxidation of Mn?* by PSII followed by assembly of the
oxidized Mn into a functionally active Mn cluster in the water-
oxidation site of the PSII complex (Radmer and Cheniae, 1971;
Cheniae and Martin, 1973; Inoue et al., 1975; Ono and Inoue, 1987;
Tamura and Cheniae, 1987, 1988). The process requires not onl.y Mn?
but also ca? (Yamqshita and Tomita, 1974, i976; Oono and Inoue,
1983a and b; Miller and Brudvig, 1989) and Cl° (Yamashita and
Ashizawa, 1985) as essential inorganic cofactors. Tamura and
Cheniae (1987) succeeded in photoactivating oxygen evolution in
NH,OH treated PSII membranes by illuminating the treated membranes
in the presence of 1 mM MnCl,, 50 mM CaCl, and 100 ugM DCIP. Miyao
and Inoue (1991) reported that they achieved higher photoactivation
by lowering the DCIP concentration to 5 UM. In our experiment,
lowered [DCIP] did not increase photoactivation in contradiction of

Miyao and Inoue (1991).
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In this study, the conditions for photoactivation are
reexamined in more detail by using the NaCcl PSII, i.e., PSII

membranes lacking the 17 and 23 KD extrinsic polypeptides.

V-1-2 Results

NH,OH (0.25 mM) treatment of the NaCl PSII lacking the 17 and
23 kD polypeptides at 4°C for 30 minutes in the dark reduced the
oxygen-evolving activity at 1200 gE'm2s™' to 4 % of that before the
treatment while over 80 % Mn was depleted. In some experiments, the
sample was treated with 0.25 mM NH,OH twice. When NH,OH treated NaCl
PSII was incubated under illumination with 1 mM Mn* but without
DCIP, the oxygen evolving activity did not recover. Table 9 shows
the effect of different DCIP concentrations on photoactivation:
with 40 uM DCIP about 24 % of the original activity was recovered
(see the legend of Table 9 for other conditions). Table 10 shows
the effect of different light intensities on the photoactivation
rate with 40 uM DCIP: 20 - 33 puE-m2-s”' (desk fluorescent lamp) gave
essentially the same photoactivation (27 %) (for other details, see
the legend of Table 10). With 40 uM DCIP, the optimum illuminating
time was 20 - 30 minutes for photoactivation as shown in Table 11.
Furthermore, 0.8 - 1 M sucrose in the reconstitution medium gave
the best results (daté not shown).

By applying all of the above optimized conditions, I was able
to get the results shown in Table 12. The Mn depleted (NH,OH-
treated) PSII had 4 % of the original activity of the NaCl PSII.
Incubation in the reconstitution buffer alone had no effect, but

the activity recovered to 25 % of the original after illumination
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Table 9

The effect of different DCIP concentration
on photoactivation of 1 M NaCl PSII samples
lacking the 17 and 23 kD extrinsic proteins

DCIP concentration (uM) Oxygen evolving activity
0] 3.1 %
3 15.9 %
6 19.2 %
9 15.9 %
20 22.3 %
40 24.0 %
60 22.3 %

100 % is for the NaCl PSII, i.e., 600 UM O,/mg Chl/ml. The
photoactivation medium had 0.4 M sucrose, 110 mM NaCl, 1 mM MnCl,,
20 mM MES (pH 6.5), and 20 mM CaCl, at 250 kg Chl/ml. The light
intensity was 12 pE-m?.s’'. 10 ml beaker for the sample size 0.5 ml
(2 mm sample thickness), 30 min photoactivation.

Oxygen evolution activity was assayed in the presence of 200 uM
PPBQ at 10 pg Chl/ml.
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Table 10

The effect of different light intensity on the photoactivation
with 40 uM DCIP

Tﬁ Light intensity Oxygen evolving ;ctivity
(LE m2s™)
33 26.8 %
20 : 27.2 %
18 24.5 %
14 23.5 %
12 20 % If
: [ 12.7 3 ||

100 % is for the NaCl PSII, i.e., 600 uM O,/mg Chl/ml. The
photoactivation medium had 0.8 M sucrose, 110 mM NaCl, 1 mM MnCl,,
20 mM MES (pH 6.5), and 20 mM CaCl, at 250 ug Chl/ml. 10 ml beaker
for the sample size 0.5 ml (2 mm sample thickness), 30 min
photoactivation.

Oxygen evolution activity was assayed in the presence of 200 uM
PPBQ at 10 pg Chl/ml.
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Table 11

The effect of different illumination time
on photoactivation with 40 uM DCIP

Photoactivation time (min) Oxygen evolving activity
10 22 %
20 27 %
30 26 %
40 20 %

100 % is for the NaCl PSII, i.e., 600 uM O,/mg Chl/ml. The
photoactivation medium had 0.8 M sucrose, 110 mM NaCl, 1 mM MnCl,,
20 mM MES (pH 6.5), and 20 mM CaCl, at 250 ug Chl/ml. 10 ml beaker
for the sample size 0.5 ml (2 mm sample thickness) at 12 wE m2s’.

Oxygen evolution activity was assayed in the presence of 200 uM
PPBQ at 10 pg Chl/ml.
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Table 12

The oxygen evolving activity and DCIP reduction rate
of different preparations

Samples : oxygen DCIP reduction
activity
NaCl PSII 100 % 100 %
NH,0H treated on 4 3% 2 %
NaCl PSII
Before photoactivation 4 % -
(in reconstitution buffer)
After photoactivation 25 % -
(After illumination)
After 2 mM EDTA wash 30 % 32 %

Photoactivation buffer contained 110 mM NaCl, 0.8 M sucrose, 20 mM
CaCl,, 20 mM MES (pH 6.5), 40 uM DCIP, and 1 mM Mn. Light intensity
was 25 - 35 pE'm?-s’! of cool fluorescent lamp. Sample size was 2.5
ml of 0.25 mg Chl/ml at a time, 100 ml beaker was used to have 2 mm
sample thickness. Photoactivation was done on the shaker (gently
shaking) for 30 min.

The oxygen evolving activity or DCIP reduction with 1200 uE-m2.s™',
Oxygen evolution activity was assayed in the presence of 200 uM
PPBQ at 10 ug Chl/ml; DCIP reduction rate was assayed in the
presence of 50 uM DCIP at 10 ug Chl/ml. The rates were determined
by following the diasppearance of absorbance at 600 nm.
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of the sample. This activity improved further to a value of 30 %
after a 2 mM EDTA wash; evidently, the EDTA wash removed the excess

Mn only, but not the one bound in the photoactivation process.

V-1-3 Discussion

As a result of several trials the following conditions were
found to optimize photoactivation: The photoactivation buffer
contained 110 mM NaCl, 0.8 M sucrose, 20 mM CaCl,, 20 mM MES (pH
6.5), 40 pM DCIP, and 1 mM Mn. The light intensity was 25 - 35
pE-m2.s5"!' of a cool fluorescent lamp. Samples of 2.5 ml with 0.25
mg Chl/ml at a time were used in a 100 ml beaker to have a sample
thickness of 2 mm. Photoactivation was done on a shaker (gently
shaking) for 30 minutes. I also tried EDTA wash for the first time
on photoactivated samples. EDTA washed out the unnecessary
extraneous Mn and improved oxygen evolving activity (see Table 12

2and refer to section V-3).

V=2. Effect of other metal ions on the photoactivation

V-2-1 Rationale
In view of the successful reconstitution of NH,OH treated PSII
with Mn%*, it would be interesting to find out whether any other
metal ions can replace Mn, bind in Mn binding sites, and inhibit
oxygen evolution. Such metal complexes might show interesting EPR
and/or ENDOR spectra that may allow one to identify the ligands at

that binding site.
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V-2-2 Results

Figure 31 shows the oxygen evolving activity of different
preparations used in our study. FeCl, (1 mM) and CoCl, (1 mM) could
not reconstitute the oxygen evolving activity of NH,OH treated PSII
membranes in contrast to MnCl, (1 mM). Different metal ions were
then added along with Mn to see whether there is competetive
binding between those metal ions and Mn. The results are shown in
Table 13. In this experiment, Mn (1 mM) alone reconstituted 37 % of
the original activity, Mn with Co (1 mM) reconstituted only 10 %,
Mn with Fe? (1 mM) reconstituted only 2 %, and Mn with Fe3 (1 mM)
reconstituted 27 %. It is shown that these metal ions interfered
with Mn rebinding in the order (highest to lowest): Fe®* > Cco? >
Fe¥*,

Table 14 shows the metal concentrations determined by plasma
emission spectroscopy of different reconstituted samples. While
NaCl PSII has 4.1 Mn/RC, i.e., the full complement, the Mn?*
reconstituted and EDTA washed sample had only 1.6 Mn/RC, i.e.,

40 % of the full complement. Both samples also contained ~ 7.8
Fe/RC, although only 3 Fe/RC are known to be bound spedifically,
two in Cyt b-559 and one in the Q, Q; binding site. Addition of 1
mM Fe? to the Mn® in the reconstitution medium with or without
subsequent EDTA wash, reduced the bound Mn to 0.43 /RC or 10 % of
the full complement, while the number of bound iron increased to
270/RC. Addition of 1 mM Co? to the Mn®* in the reconstitution
medium followed by EDTA wash, finally, reduced the Mn content to
0.57/RC, while only 0.2 Co/RC were bound and the Fe? stayed as

7.7/RC.
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Figure 31. Trace of the oxygen evolving activity after
photoactivation by different metal ions: (a) 1 M NaCl treated PSII
membranes lacking the 17 and 23 kD proteins; (b) 0.25 mM NH,OH
treated (a); (c) Fe®* (1 mM) "reconstituted" NH,OH treated PSII
membranes. 1 mM Co* addition gave the same result; (d) Mn®
reconstituted NH,OH treated PSII membranes. NH,OH treated membranes
were resuspended in reconstitution buffér (0.8 M sucrose, 110 mM
NaCl, 40 pM DCIP, 20 mM MES (pH 6.5), and 20 nM CaCl,) to 250 ug
Chl/ml. The oxygen evolution assay was done at 1200 pE+m2-.s™! in the

presence of 200 uM PPBQ at 10 ug Chl/ml.
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Table 13

The oxygen evolving activity of samples photoactivated
with Mn®* and other metal ions.

Samples Oxygen evolving activity
NaCl PSII 100 %
NH,OH treated 4 %
NaCl PSII
Mn?* (1 mM) reconstituted 37 %
+ 2 mM EDTA wash
Co?* (1 mM) + Mn? (1 mM) 15 %
reconstituted
Co® (1 mM) + Mn®* (1 mM) 10 %
reconstituted
+ 2 mM EDTA wash
Fe?* (1 mM) + Mn®* (1 mM) 2 %
reconstituted
+ 2 mM EDTA wash
Fe™ (1 mM) + Mn®* (1 mM) 27 %
reconstituted
+ 2 mM EDTA wash
e ————

Photoactivation buffer contained 110 mM NaCl, 0.8 M sucrose, 20 mM
CaCl,, 20 mM MES (pH 6.5), 40 uM DCIP, and 1 mM Mn. Light intensity
was 25 - 35 uE-m2.s™' of cool fluorescent lamp. Sample size was 2.5
ml of 0.25 mg Chl/ml at a time, 100 ml beaker was used to have 2 mm
sample thickness. Photoactivation was done on the shaker (gently
shaking) for 30 min.

The oxygen evolving activity was measured at 1200 gE-m-2-s'.

Oxygen evolution activity was assayed in the presence of 200 uM
PPBQ at 10 ug Chl/ml.
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Table 14

Ion concentrations measured by plasma emission
spectroscopy of different reconstitution samples

_—_——m—
Samples Concentration”
(mg/1)
NaCl PSII 4.1 Mn/RC
7.9 Fe/RC
0 Co
Mn?* (1mM) 1.6 Mn/RC
reconstituted 7.8 Fe/RC
+ 2 mM EDTA wash 0 Co i
Mn® (1mM) + Fe? (1mM) 0.43 Mn/RC
reconstituted 270 Fe/RC
0 Co
i
Mn®* (1mM) + Fe? (1mM) 0.35 Mn/RC
reconstituted 270 Fe/RC
+ 2 mM EDTA wash 0 Co
Mn®* (1mM) + Co? (1mM) 0.57 Mn/RC
reconstituted 7.7 Fe/RC
+ 2 mM EDTA wash . 0.2 Co/RC

All data were obtained against the blank buffer (110 mM NacCl, 0.8
M sucrose, 20 mM CaCl,, 20 mM MES (pH 6.5)).

The plasma emission data were obtained at the Chl concentration of

0.5 mg/ ml.
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The inability to reconstitute 100 % of oxygen evolution
activity by photoactivation seems to be due to the inability to
reconstitute fully the 4 Mn/RC. If 4 Mn/RC gives 100 % activity,
1.6 Mn/RC would give a maximum of 40 % activity. This fits well

with the 37 % reconstitution.

V-2-3 Discussion

The oxygen evolving activity of the EDTA washed, reconstituted
sample is 30 - 37 % of the original while the Mn content is 40 %.
Therefore about 60 % of the centers have Mn free reaction center.
It is possible that our Mn depleted PSII (0.25 mM NH,OH treated in
1 M NaCl pretreated PSII) lost the ability of reconstitution due to
the modifications of the center, possibly its destruction, or due
to photoinhibition during photoactivation process.

In figure 31, it was shown that Fe?, Fe®, and Co®* could not
reconstitute the oxygen evolving activity in Mn depleted PSII but
they interfered with Mn reconstitution as shown in Table 13. It
remains to be studied whether Fe?* and Co? inhibit Mn?* binding
'competitively' or not. Table 15 summarizes the configurations and
ionic radii of Mn, Fe, and Co. Since the radius of Co® and Fe?* are
the same as that of Mn® and the radius of Co® and Fe™ are the same
as that of Mn*, it is plausible that Co® and Fe? can bind to Mn?
binding sites; all these metal ions are known to be stable in
aqueous solutions as Mn%*, Cco%*, and Fe*®*. Mn? is believed to be
oxidized to Mn® when it binds to PSII membranes. Fe® has a stronger

tendency to be oxidized to Fe* (d° is more stable than d%) than Mn?*
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and Co?. According to the result in Table 14, Fe? binds not only
to the Mn site but also to many nonspecific sites in PSII
membranes. There must be many possible Fe binding sites in PSII
membranes unrelated to the WOC. Fe® tends to be oxidized to Fe3* in
aqueous solution, and Fe* will bind more strongly to the proteins.
Co® interferes with Mn reconstitution in Mn depleted PSII but it
does not affect the function of the Mn complex of the NaCl PSII

with intact Mn complex (see section V-3).
V-3 Photoinhibition

V-3-1 Rationale

Photoactivation is the process by which the catalytic Mn
complex of PSII is assembled from Mn** ions and oxygen evolving
activity is restored. The term photoactivation reflects the finding
that assembly of the Mn complex is dependent on illumination of
PSII (Cheniae and Martin, 1967). Illumination is necessary for
photoactivation, but it can also result in photoinhibition, causing
loss of primary photochemical activity. Photoinhibition has been
proposed to result from oxidative damage to PSII, a consequence of
the powerful oxidant (P“;) generated upon light-induced charge
separation (Thompson and Brudvig, 1988).

We need to explain why the photoactivation process is not 100
% and about 60 % of the Wéc remain without bound Mn. Several papers
have been published on the inactivation of PSII even by Mn (Izawa

et al., 1983) and Co (Tripathy and Mohanty, 1981, 1983). It is
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Table 15

Summary of the configurations and
ionic radii of Mn, Fe, and Co.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Configuration ionic radius (&)
Mn?* 3@ 0.80
Mn®* 3d4 0.66
Fe?* 3@¢ 0.74
Fe¥* 3d° 0.64
co? 34’ 0.72
co* 3a¢ 0.63
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likely that the photoactivated PSIT complexes are inevitably
exposed to this type of inactivation during the photoactivation
treatment. The following section deals with photoinhibition which
happens during the process of photoactivation described in sections

V-1 and V-2.

V=3-2 Results

Table 16 shows the effect of various treatments on the oxygen
evolving activity of the NaCl PSII. Illuminating the NaCl PSII at
30 uE-m’-s™! in 40 uM PPBQ at room temperature reduced oxygen
evolving activity to 74 % of the original after 30 minutes while 40
M DCIP reduced the activity to 60 %. Comparison of lines 3 and S
in Table 16 showed that DCIP is a more efficient chemical not only
for photoactivation but also for photoinhibition than PPBQ. In the
presence of 40 uM DCIP, 1 mM Co did not influence the effects of 30
minute illumination at 30 gE:m2:s"! on the oxygen evolution activity
of the NaCl PSII. In contrast, 1 mM Mn reduced oxygen evolving
activity to 14 % of the original.

Figure 32 shows the oxygen evolving activity assay of the NacCl
PSII for 5 minutes at 1200 pE-m2.s™' with and without the divalent
metal ions, Mn®**, Co?, or Fe? in the assay medium. The presence of
1 mM Co* in the assay medium did not affect the activity but the
presence of 1 mM Mn** and 1 mM Fe?* decreased significantly the rate

of oxygen evolution with Fe? being most effective followed by Mn?,
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Table 16

The effect of various treatments on
the oxygen evolving activity of 1 M NaCl treated
PSII membranes lacking 17 and 23 kD proteins.

Oxygen evolving Oxygen evolving
Samples activity w/ 20 pM | activity w/ 40 uM
’ PPBQ DCIP
NaCl PSII 100 % 13 %
Std, 30 min dark® 97 % -
incubated
std + 40 uM PPBQ? 74 % -
30 min, illuminated®
std + 40 pM DCIP? 100 % -
30 min, dark
std + 40 uM DCIP® 60 % 5 %
30 min, illuminated®
Std + 1 mM Mn® 83 % 10 %
30 min, dark
Std + 1 mM Mn 14 % -
+ 40 puM DCIP®
30 min, illuminated®
std + 1 mM Co® 88 % 10 %
30 min, dark
Std + 1 mM Co 60 % -
+ 40 uM DCIP®
30 min, illuminated®

® The sample had been diluted to 0.25 mg Chl/ml for the treatment.
b Light intensity was 30 gE.m2.s’.

Photoactivation buffer contained 110 mM NaCcl, 0.8 M sucroseg 20 mM
CaCl,, 20 mM MES (pH 6.5). Light intensity was 25 - 35 yE.m?.s’! of
cool fluorescent lamp. The sample size was 2.5 ml of 0.25 mg Chl/ml

at a time, 100 ml beaker was used to have 2 mm sample thickness.
Illumination was done on the shaker (gently shaking) for 30 min.

‘The oxygen evolving activity was measured at 1200 LE-m2.g"
at 10 ug Chl/ml.
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V-3~3 Discussion

Strong illumination of oxygen-evolving organisms inhibits the
electron transport through PSII (Jones and Kok, 1966; Callahan et
al., 1986; Thompson and Brudvig, 1988). In addition, strong
illumination leads to a rapid turnover of the D, protein in the
reaction center of PSII (Jegerschdld et al. » 1990; Kuhn and Bdger,
1990; Blubaugh and Cheniae, 1990; Fine and Frasch, 1990; Eckert et
al., 1991). Both the D, protein and the inhibition of the oxygen
evolution are much more sensitive to illumination in the modified
PSII (e.g., 1 M CacCl, treated, NH,OH treated) than in the NaCl PSII.

DCIP is a more efficient electron acceptor not only for
photoactivation (Tamura and Cheniae, 1987) but also for
photoinhibition than PPBQ. A possible explanation is that DCIP is
hydrophilic and has easier accéss to the Q; site which is
hydrophilic while PPBQ is hydrophobic. This also can explain why
DCIP accelerates the photoinhibition process during the oxygen
evolving assay (light intensity is 1200 pE-m2.s1, 40 times the
pPhotoactivation light intensity). Izawa et al. (1983) reported that
Mn inhibition (the oxygen evolving center can be irreversibly
inactivated by dark incubation with exogenous Mn (Muallem and
Izawa, 1980) can be prevented by the presence of Cl° during Mn
treatment. The resuspension and assay medium had enough Cl°, so
that C1° was not the limiting factor in ths treatment in Table
16.

Scheme 2 shows the reactions that lead to the accumulation of

abnormally long-lived, highly oxidizing radicals on the donor side
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in PSII. When the S state turnover is not fast enough for normal
reduction of P,,*, (in the absence of a fast donor), the life time
of the oxidized primary donor, Z, is increased to 40 - 50 us (Ono
et al., 1986). Under these circumstances it is highly likely that
P (possibly also Z%), due to its high oxidative potential, can
oxidize nearby amino acid residues or close-lying rédox components
(Thompson and Brudvig, 1988), which might destroy the tertiary
structure of the D; protein. The modified D, proteins are then
excised from the reaction center and further degraded in
proteolytic reactions (Mattoo et al., 1989). Since D, most likely
harbors Mn (see e.g., Coleman and Govindjee, 1987 and figure 3),
the degradation of D, may prevent the reconstitution of the WoC.

The above effect is more severe in the Cl -~depleted system.
The presence of DCMU during the illumination prevents the formation
of these radicals (Jegerschéld et al., 1990) because even though
continuous illumination results in formation of the radical pair
P,y - Pheo” this recombines in a few nanoseconds in the presence of
Q,” (Takahashi et al.; 1987) .

The presence of metal ions further accelerates the light-
induced protein damage of tertiary structure and inhibition.
Especially, Fe?, the metal ion which has a stronger tendency to get

oxidized from +2 to +3, induces more photoinhibition.
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Scheme 2

S1 Z Psao Pheo QA Qs
{ hy
S, 2 Peao Pheg Q Qa'
W C
. PQH2
S, 2 Psao Pheo Q, Qp
{ hy

S, 2" Py, Pheo Q, Q°

S, is the S-state of the Kok cycle; Z is the donor to P680*; P is
Pegoi Q4 is the primary acceptor quinone of PSII i Q; is the secondary
acceptor quinone of PSII; PQ is plastoquinone from the PQ pool.

High intensity of illumination causes photoinhibition because s-
state turnover is slower than primary charge separation, and the Mn
complex can not supply electrons fast enough to reduce 2* or P&O‘.
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Chapter VI: CONCLUSIONS

In this thesis an attempt was made to take apart the OEC in a
controlled way (chapter III) and to reconstitute it again to its
functional form (chapter V). In the process, it was found that
photoinhibition originating from the powerful oxidant, Pg*, is
always a limiting factor as shown in chapter V. Photoinhibition
occurs whenever the light intensity is so high that the electron
transfer rate to the acceptor side exceeds the rate at which
electrons can be supplied from the OEC, the intrinsic donor. This
situation arises even in the standard assay of oxygen evolution at
a light intensity of 1200 pE-m2.s”', where the electron transfer
rate on the acceptor side is 1.4 times faster than the maximum rate
on the donor side (chapter IV-2). This point has to be taken into
account in assays of the oxygen evolution in modified PSII. It is
shown in chapter III-i, for instance, that in a proper buffer, PSIIY
lacking all extrinsic proteins not only has the full complement of
four Mn per RC, but it also evolves the same number of O, molecules
per photon as the standard PSII as long as the light intensity and
therefore the electron transfer rates are sufficiently low. This
observation was confirmed and further elaborated using time
dependent fluorescence, which allowed one to deduce electron
transfer rates and other kinetic parameters. Overall, a consistent
picture emerged although it was impossible to resolve all S-state

transitions.
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In chapter IIXII, the mechanism of photosynthetic water
oxidation has been probed by the use of the substrate analogue
NH,OH: (a) NH,0H reduces Mn in the water oxidation complex and
releases Mn from the reaction center. Earlier studies of the NH,OH
effect on PSII did not take account of the simultaneous release of
extrinsic polypeptides. (b) When Mn is released from 1 M NaCl
treated PSII membranes (the 17 and 23 kD extrinsic proteins
depleted PSII) by NH,OH treatment in the dark, a plot of the Mn
released versus [NH,0H] shows a sigmoidal shape. The results were
interpreted in terms of a cooperativity model.

(c) The plot of Mn release versus oxygen evolving activity shows
all 4 Mn/RC are essential for active oxygen evolution as
illustrated in figure 33.

In Chapter IV, it was shown that 1 M CaCl, treated PSII
membranes, which lack all 3 extrinsic polypeptides (17, 23, and 33
kD) have 1low oxygen evolving activity in spite of the full
complement of 4 Mn per RC: (a) If the 1light intensity is
sufficiently 1low, CaCl, treated PSII evolve the same number of
oxygen molecules per photon as NaCl treated PSII. Therefore,
removal of the 33 kD polypeptide did not inactivate the Mn center
and all Mn centers are intact. (b) If the light intensity is high,
Chl is suggested to act as an alternative electron donor to P“;'in
CaCl, treated PSII. As a result, the fluorescence and the oxygen
evolving activity are low. (c) Chl a fluorescence transient data
with and without HQ (electron donor) show that in CaCl, treated

PSII the donor side is slowed down. (d) To investigate the slow-
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down of the s -> 5, transition rate in more detail, I analyzed the
fluorescence data of the S; => S, transition in DCMU-treated
samples. For CaCl, PSII the transition time, 360 us, is a factor of
1.4 times longer than in NaCl PSII (260 us). It is clear that some
other S state transition, including the dark reaction, must be
slowed down as well.

In chapter V, photoactivation and photoinhibition were
studied: (a) I succeeded in reconstituting 37 % of the oxygen
evolving activity with 40 % Mn concentration in the reconstituted
sample. Therefore, about 40 % of the centers have all 4 Mn while
the other 60 % of the centers have no Mn. It is very plausible that
Mn rebinding also involves cooperativity. (b) Other divalent
transition metal ions like Fe? and Co?* can not reconstitute the
oxygen evolving activity in Mn depleted PSII, but they apparently
compete for the Mn binding sites and interfere with Mn
reconstitution. (c) Comparison of the oxygen evolving activity at
1200 pE-m2-s™! of NaCl treated PSII with and without the divalent
metal ions, Mn*, Co®, or Fe* in the assay medium showed that Fe?*,
which has the strongest tendency to get oxidized, induces most
photoinhibition. Some photoinhibition is likely to occur also in
the process of photoactivation, which is done at lower 1light
intensity but at comparable Mn?®* concentration. (d) other divalent
transition metals like Fe?" and Co®* apparently compete for the Mn
binding sites and may form mixed metal clusters. If such clusters

can be prepared in a well defined manner their magnetic properties
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might give insight into the spin coupling of the cluster and, if

ENDOR is feasible, into the nature of the ligands.
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