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Abstract 
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Photosystem n catalyzes the four electron oxidation of water to O2. A membrane-bound 

complex which contains Mn is thought to be the site of 02-evolution. During turnover, this 

complex cycles through a series of intetmediate states, S.(i = 0 .. .4). In this thesis, EPR and 

X-ray absorption spectroscopy were used to probe the role of several proteins and cofactors in 

the 02-evolution reactions. 

The effects of alkaline pH on the 02-evolving system were investigated. Two modes of 

inhibition of electron transfer and O2 production were revealed, one reversible (pH 7.0-8.0) and 

one irreversible (pH>8.0). EPR studies revealed that the two types of alkaline inhibition affected 
, 

electron transfer reactions at different sites. Mechanisms for the reversible and irreversible 

inhibition are proposed. 

The flash number dependence of the reduction kinetics of Z+, an intetmediate electron 

carrier, was studied as a direct probe of charge accumulation at the 02-evolving complex. 

Characteristic period four oscillations in the kinetics occurred in active preparations. .Upon 

depletion of the extrinsic proteins, or upon reversible alkaline inhibition, these oscillations were 

absent, indicating that even partial advancement of the S-states was blocked. Addition of Ca2+ 

and Q- reconstituted charge accumulation in some of these preparations. 

The structure of the Mn complex was investigated in preparations depleted of the extrinsic 

proteins. The Mn X-ray absorption edge and extended X-ray absorption fine structure (EXAFS) 

spectra are consistent with an oxe-bridged Mn complex, and are very similar to those obtained 

in intact preparations. Analysis of these data indicates that the extrinsic proteins do not ligate 

the Mn. In preparations containing only two Mn, the shape and position of the edge, and 

the EXAFS spectra are dramatically changed, suggesting that the structure of the complex is 

disrupted. 
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Mn X-ray absorption edge spectroscopy was used to assign the g=4.1 EPR signal to the 

Mn complex in the ~ state. Formation of the g=4.1 signal upon illumination of Q- -sufficient 

preparations at 140 K was correlated with a shift in the edge inflection point to higher en

ergy. In contrast, formation of a g=4.1 signal at 190 K in P--substituted preparations was not 

accompanied by an edge shift. A model for the effects of P- on the Mn complex is presented. 

v 
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Chapter 1 

Introduction to Photosynthesis and 02-Evolution 

Photosynthesis is the primary conduit for the flow of energy from the sun into the biosphere. 

Ultimately, all organisms depend on photosynthes~s to provide the energy necessary to sustain 

life, either directly or by consuming foodstuffs provided by photosynthetic organisms. Our 

species is doubly dependent on photosynthesis: it provides our nutritional requirements, and 

through the deposition of fossil fuel resources it sustains our industrial civilization. Thus, the 

central role of photosynthesis in the biosphere provides ample reason for us to direct research 

efforts towards a detailed understanding of the structure of the photosynthetic apparatus and 

the mechanism of photosynthetic energy transduction. In addition, our nonrenewable fossil fuel 

resources are rapidly becoming depleted, and there are significant problems associated with 

nuclear power generation; thus, solar energy conversion has become an attractive approach to 

meeting the energy needs of our society. There are two pathways by which photosynthesis 

research could prove useful in the development of effective solar energy technologies: 1) plants 

could directly provide high-energy fuels in the fonn of reduced hydrocarbons (Calvin, 1986), 

or 2) effective anificial photochemical conversion systems could be designed according to 

principles derived from our understanding of the natural photosynthetic process. 

1.1 Origin of Oxygenic Photosynthesis 

An evolutionary perspective allows us to appreciate the importance of the development of 

oxygen-evolving photosynthesis, and provides insight into the relationships among the photo

synthetic organisms. However, any discussion of the origin of the earliest lifefonns is based on 

an ambiguous and incomplete geological record and evidence from biochemical and molecular 

biological analysis of contemporary organisms. Thus, what follows is a synthesis of well

established fact and speculation (for a general overview, see Schopf et al., 1983). 

One of the major differences between the environmental conditions of the early earth 

and those currently prevailing is that the primitive atmosphere was reducing. and contained 

essentially no oxygen. Thus, the ozone layer was absent. and the earth's surface was bathed 

in a high flux of UV radiation. Life presumably began with a period of prebiotic chemical 

evolution. In the laboratory, synthesis of a number of amino acids and organic compounds 
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occurs upon electric discharge in a strongly reducing atmosphere containing various mixtures 

of CH4 , NHs , H20, N2 and H2 (Miller & Urey, 1959). The relation of these experiments 

to the actual environmental conditions on the early earth remains uncertain, and significant 

chemistry could have occurred in the atmosphere, the ocean, on land, or even at the interfaces 

of these environments. Inorganic materials could have served as catalysts or even templates for 

synthesis. Regardless of the mechanism, this prebiological evolution eventually culminated in 

the appearance of structures capable of self-replication and other processes that we associate 

with life. 

According to the "heterotrophic hypothesis" (Oparin, 1938), the earliest organisms were 

anaerobic chemoheterotrophs similar to the present-day Clostridial bacteria, living on abiolog

ically produced foodstuffs such as hexoses. The next stage of development was the chemoau

totrophs, which were capable of fixing CO2 as their sole source of cellular carbon. The ex

ploitation of light as an energy source represented a great evolutionary advantage. The early 

photosynthetic organisms may have been photoheterotrophs, assimilating organic compounds 

as a source of carbon, or they may have photoautotrophs, obtaining reducing power to fix CO2 

from reduced sulfur compounds such as H2 S. Paleobiological evidence in the f01lI1 of fossilized 

communities of microorganisms known as stromatolites suggests that primitive ecosystems con

taining photo autotrophic organisms were already established 3.5 billion years ago, and possibly 

earlier (Walter, 1983). 

The evolution of proto-cyanobacteria, capable of oxidizing water and releasing oxygen as 

a waste product, occurred at least 2.8 billion years ago, and by 1.7 billion years ago a stable 

aerobic environment was established (Schopf et al., 1983). The redox chemistry of the earth was 

irreversibly altered by this development. Biochemical mechanisms had to develop to protect 

against the unwanted reactions of O2 or toxic oxygen radical species. On the positive side, the 

establishment of a stable ozone layer reduced the UV flux on the earth's surface and allowed the 

expansion of life into previously hostile habitats. Also, the development of 02-based respiration 

greatly increased the efficiency of metabolism over simpler fe1lI1entative pathways, and aerobic 

organisms eventually dominated the biological community. 

Olson (1'970, 1981, 1986) has presented a speculative but interesting scheme for the evo

lution of photosynthetic reaction centers. He proposes that a Chl a-containing organism is the 
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common ancestor of all photosynthetic organisms. He also suggests that this organism had a 

reaction center similar to present-day PSI. A cyclic electronJlow provided energy, and available 

abiotically synthesized organic compounds provided food for biosynth~sis. This system adapted 

to CO2 fixation using H2 or H2S as reductants in response to depletion of organic compounds 

in the environment "PSII" -like reaction centers evolved in response to the decrease in the 

supply of exogenous reductants. Within the context of Olson's model, it is necessary to postu

late a gene duplication event and subsequent mutation to account for the presence" of both PSI 

and PSII reaction centers in present-day oxygenic photosynthesizers. An analogous explanation 

has been put forward for the origin of dimeric structure of the purple bacterial reaction center 

(Michel & Deisenhofer, 1986). However, there is no a priori reason to require that PSI and 

PSI! initially were connected. In fact, the synthesis of plastoquinone, which acts as an electron 

carrier between PSI and PSII, is oxygen-dependent; therefore, evolution of an oxygen-evolving 

PSI! center may have preceded interconnection of PSI and PSII (Chapman & Schopf, 1983). 

One branch of photosynthetic organisms retained ChI a, and evolved into the present-day oxy

genic organisms. Another branch, in which Bchl a replaced ChI a could not compete with the 

ChI a-containing organisms for weak. reductants and evolved into the photosynthetic bacteria 

(the maximum free-energy stored in photochemical reactions of ChI a is -1.1 V vs. -0.9 V 

for Bchl a (Blankenship & Prince, 1985). One line eliminated "PSII" and developed into the 

anaerobic green bacteria, and another line eliminated the "PSI" center and evolved into the 

purple nonsulfur bacteria. This scheme is consistent with the considerable structural similarity 

between PSI! of oxygenic organisms and the reaction center of the purple nonsulfur bacteria 

(Michel & Deisenhofer, 1986; Hearst, 1986), and with the similar FeS acceptors in the PSI and 

the ChIorobiaceae (green bacteria) reaction centers (Blankenship, 1985). 

It should be noted that a completely different form of photosynthesis, which is not based 

on redox chemistry, is carried out in the membrane of Halobacterium halobium (Stqeckenius & 

Bogolmoni, 1982). This organism is a member of the kingdom archaebacteria, which probably 

arose even before the division of eubacteria and eukaryotes (Gupta et al., 1983). Under appro

priate conditions, the cells synthesize the protein bacteriorhodopsin, which aggregates to form 

purple patches on the membrane. The purple color is derived from a covalently attached retinal 

pigment, which undergoes transient isomerization about an unsaturated bond during a complex 
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light-driven photocycle. Up to two protons are pumped from the inside to the outside of the cell 

during each turnover of the photocycle, generating an electrochemical gradient that is used to 

synthesize ATP. Bacteriorilodopsin represents one of the simplest energy-transducing systems 

in nature, and the mechanism by which excitation of the pigment is coupled to proton move

ment is an area of intense research. Although this system bears little resemblance to "reaction 

center"-type photosynthesis, bacteriorhodopsin is strikingly similar to the pigments found in the 

visual system. 

1.2 Mechanism of Plant Photosynthesis 

The overall process of oxygenic photosynthesis in the higher plants, algae and cyanobacteria 

can be summarized as: 

(1) 

where (CH20) refers to one-sixth of a molecule of glucose. In plants and algae this process 

occurs in a specialized organelle called the chloroplast. This organelle is surrounded by two 

envelope membranes, and contains a continuous inner membrane system called the thylakoid, 

which encloses an inner chamber known as the lumen. In cyanobacteria the thylakoid membranes 

are not enclosed by an envelope. It is generally thought that the chloroplast arose through 

endosymbiotic capture of a prokaryote similar to the present-day cyanobacteria (Whatley et al., 

1979). 

This process can be divided into two sets of reactions which are separated in time and 

location in the photosynthetic apparatus. The initial redox reactions can be summarized as: 

2NADP+ + 2H208~"2NADPH + O2 + 2H+. (2) 

A number of the electron transfers are coupled to vectorial release of protons to the lumenal 

side of the thylakoid membrane. The resultant pH gradient drives the synthesis of ATP by the 

coupling factor complex. In this manner, a portion of the available redox free energy is captured 

in the high-energy terminal phosphate bond of A TP. Most of these reactions occur within or 

between complexes embedded in the thylakoid membrane, but some reactions involve soluble 

proteins. Although these reactions are often collectively referred to as the "light reactions", only 

the initial charge separation is a photochemical reaction; the subsequent electron and proton 

transfers are thermal reactions. 
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The second half of oxygenic photosynthesis uses the strong reductant NADPH, and ATP 

as an energy source to fix CO2 and produce carbohydrate, the final product of photosynthesis. 

These reactions are catalyzed by soluble enzymes in the space between the envelope and thy

lakoid membrane via the Calvin-Benson cycle or the C-3 cycle. The term "dark reactions" is 

often applied to this process; this is somewhat inaccurate, since light regulation of the enzymes 

associated with carbon metabol~sm in plants is well documented (Buchanan, 1980). 

Equation (2) can be further divided into three steps: a) absorption of light and excitation 

transfer to the reaction center, b) charge separation and c) secondary electron transfer. As 

described above, the higher plants and algae have evolved two photosystems, PSI and PSII, 

each of which carries out these three functions. The energy transduction process begins with 

the absorption of light. Photosynthetic systems contain extended arrays of pigment-protein 

complexes, known as antennae, which increase the effective absorption cross section of the 

reaction center. The pigments in the higher plant antennae are ChI a and b and carotenoids, 

and phycobiliproteins are found in cyanobacteria and some algae. fullowing absorption of a 

photon the excitation is transferred within the antenna pigment bed, and within 100 ps the 

excitation is localized at the primary donor pigment. The absorption and emission spectra of 

the antenna pigments are tuned for favorable energy transfer and to most effectively use the 

light available in the organism's environment. The reaction center contains the apparatus which 

converts the photon energy into chemical potential. This is achieved via electron transfer from 

the first excited singlet state of the primary donor to an acceptor molecule. This charge separated 

state is stabilized by subsequent electron transfers between successively more distant secondary 

donors and acceptors. These electron transfer reactions ultimately result in the oxidation of 

water and the reduction of NADP+. 

1.2.1 PSI and psn: The Z-scheme 

The cooperative interaction of PSI and PSII results in the transfer of electrons from the 

high potential donor, water, to the low-potential acceptor, NADP+. A useful representation 

of the essential features of this linear electron transfer process is the "Z-scheme", originally 

developed by Hill and Bendall (1960) (Fig. 1-1). 

The electron transfer components are plotted on the vertical axis according to their redox 

midpoint potentials, such that the spontaneous electron transfer reactions are represented by 



i i 

0-
a 
<t: z 
+ 

Lf
~\ 

I 

en<f. \ 
If \ 

I 
en I en , 

)(~ \ 
en/ I 

Q) " _"lJ.. '. 
<t I 0-, '. 

$- '. 
• g /' ~ 
a=- .~r----- ~ 

~ ->-u 

I 
I 
I 

t 

~ ->-u 

0 
(!JtI 

o 
<f." 

cf/O 

0 

I~ 
I 

U 
0-
f --->-u 

enrr. 
lf 

o 0 

.o-~ < _____ ~ ______ ...JI~~ 

I I I 

o 
I I 

lO 

o 
I 

1 J I 

o 
! I I 

\0 

o· 

N 

~' 
t 

o 
N 

I 
I I 

o 

J 

] 

Figure 1-1. The Z-scheme of oxygenic photosynthesis. The dashed line 
indicates cyclic electron transfer around PSI. See the text for details. 
Adapted from Blankenship and Prince (1985). 

6 

E 
Q,) -(/') 
>-
(/') 
~ 0 -0 

.s:: 
a. -..olD 
Q,) 

E x 
0 

Q,) 

\- Ci .s:: E u 
0 0 
>- u 
u 

E 
Q,) -(/') 

>-
(/') ~ 0 -0 .s:: 
a. 



. , 
~ 

7 

downward pointing arrows and the photochemical excitation is represented by an upward point

ing arrow. PSII and PSI are connected via the mobile plastoquinone pool, the cytochrome b6 f 

complex, and the soluble copper protein pi astocyanin. Note that this linear electron route is 

not the only pathway operative in higher plants; the existence of a cyclic electron route around 

PSI and the cytochrome'b6f complex is well established, and a cyclic pathway around PSII has 

been proposed (Falkowski et al., 1986). 

The donor side of PSII is composed of several bound prosthetic groups which operate at 

very high redox midpoint potentials (Em -0.8 to 1.1 V) to oxidize water (vide infra). These 

strong oxidants are somehow prevented from nonspecifically attacking proteins and pigments 

in their vicinity. The primary acceptor of PSII is a pheophytin molecule. The first "stable" 

acceptor is a tightly bound plastoquinone, ~, and this species acts a one-electron acceptor. 

Subsequent transfer occurs to a second quinone, ~. This species acts as a two-electron gate: 

after receiving a second electron, ~ extracts two protons from the outside of the membrane, 

and the plastoquinol molecule is released from PSII. 

In contrast, the primary donor of PSI, P700 , operates at moderate redox potentials and it 

can be easily chemically oxidized. It is not clear whether P700 is a ChI a monomer, dimer, 

or even a modified ChI species (Rutherford & Heathcote, 1985). The primary acceptor, Ao, 

is thought to be a modified ChI a species. Recently. it has been suggested that the secondary 

acceptor, AI, is a phylloquinone (e.g. Thumauer et al., 1987; but see Ziegler et al .• 1987). The 

subsequent acceptors, X. A and B. are bound FeS centers which operate at unusually low redox 

potentials. 

1.3 02-Evolution 

1.3.1 The 02-Evolving Complex 

An intriguing aspect aspect of PSII chemistry is the mechanism by which the one-electron 

oxidations of the primary donor are coupled to the four-electron oxidation of water to O2 : 

(3) 

Joliot et al. (1969) first showed that the yield of O2 following a series of flashes of light 

oscillates with a period of four. indicating that the PSII units do not cooperate to accumulate 

the four oxidizing equivalents. Based on similar measurements. Kok et al. (1970) proposed a 
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model in which PSII cycles through five intennediate oxidation states S, (i = 0. . .4), the S4 state 

spontaneously decomposing to fonn So and O2 (Fig. 1-2). 

Because the maximum O2 yield occurs on the third flash, the SI state is predominant in 

dark-adapted samples. In Kok's original model the physical basis of the S-state intennediates 

remained unspecified; more recently, they have been identified with discrete oxidation states of 

a membrane-bound 02-evolving complex which contains Mn. In Fig. 1-2 the states Si(i = 0 ... 3) 

refer to transient states between the absorption of a photon at the PSII reaction center and the 

subsequent stabilization of the next higher S-state. 

Manganese is essential for oxygen-evolution, and a Mn-containing complex is thought to 

be the catalytic site for water oxidation [for reviews see Sauer, 1980; Amesz, 1983; Dismukes, 

1986; Babcock, 1987]. There are several accessible higher oxidation states of Mn, and the high 

redox potentials of Mn2+/3+ and Mn3+/H couples are compatible with Mn serving as a catalyst 

for water oxidation (Eo= 815 mY for equation 3). Kessissoglou et al. (1987) have reported that 

the redox potential of MnH in several monomeric complexes with a similar heteroatom donor 

set (N204) varies by almost 1 Y, and they suggest that the ligand environment of the PSII Mn 

complex may tune the Mn redox potentials for efficient catalysis. It is generally accepted that 

a minimum of four Mn/PSII unit are required for 02-evolution, but is it unclear if all four Mn 

actually participate in the reaction. 

The mechanism of water oxidation is not well understood, and we are just beginning to 

learn what the role of Mn is in this process. Concerted four-electron oxidation of water seems 

unlikely, since protons are released during the S-state cycle in a 1,0,1,2 pattern. Oxidation 

of water to O2 via one-electron steps is energetically unfavorable relative to multiple electron 

oxidations (Renger, 1978; Krishtalik, 1986), suggesting that the Mn may function to accumulate 

charge during some steps of the S-state cycle. Several enzymes which bind O2 (hemocyanin) 

or reduce O2 (cytochrome oxidase, laccase) contain multinuclear transition metal complexes in 

the active site, and O2 is thought to bind in a bridging binuclear geometry in these systems 

(Solomon et al., 1982; Malmstrom, 1982). By analogy, at least two of the Mn in the O2-

evolving complex may directly coordinate the waters in the appropriate geometry to facilitate 

formation of the 0-0 bond. Hydroxy and peroxy species have been suggested as intennediates 

in the oxidation of water (Renger, 1978; Renger & Weiss, 1986). 
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Much of the research on 02-evolution has focussed on chemical identification of the struc

ture and oxidation states of the Mn complex with the various S-states of Kok's model. X-ray 

absorption and EPR spectroscopies have proven to be extremely useful techniques to directly 

probe the organization of the Mn. X-ray absorption edge spectroscopy probes the oxidation 

state and coordination symmetry of a transition metal site (Srivastava & Nigam. 1972; Shulman 

et al., 1976). The K-edge energy is determined by the binding energy of the Is electron and, 

thus, is sensitive to both the oxidation state of the metal atom and the covalency of the ligand 

environment. The Mn K-edge inflection energy of preparations in Sl-state PSII preparations is 

close to that of Mn3+ complexes, and the shape of the edge is indicative of a low-symmetry 

coordination environment (Kilby et al., 198Ib; Yachandra et al., 1986b). A Is-3d pre-edge 

feature is resolved in these spectra; this transition can become allowed in non-centro symmetric 

ligand fields due to 4p-3d mixing. Observation of a light-induced positive shift in the Mn 

X-ray absorption edge energy at the Sl -S2 transition provided the first direct evidence for the 

participation of the Mn in the accumulation of oxidative equivalents (Goodin et al., 1984b). 

Extended X-ray absorption fine structure (EXAFS) spectroscopy probes the identity, dis

tance, and with somewhat less accuracy, the number of ligands in the coordination sphere of an 

absorbing atom (Powers, 1982; Teo, 1986). EXAFS studies of the Mn complex in chloroplast 

membranes or in dark-adapted PSII preparations are consistent with an oxo-bridged binuclear 

structure with a Mn-Mn distance of -2.7A and N or 0 atoms at distances of -1.75A and 

-2.oA, which are characteristic of bridging and terminal ligands (Kirby et al., 1981a; Yachan

dra et al., 1986b). The salient features of the Mn EXAFS remain unchanged upon formation 

of the S2-state; thus, the Sl -S2 transition occurs with a change in Mn valence but without an 

EXAFS detectable structural change (Yachandra et al., 1987). 

A complex EPR signal containing at least 19 lines centered near g=2 is associated with the 

S2-state (Dismukes & Siderer, 1981; Brudvig et al., 1983; Zimmermann & Rutherford, 1984). 

The hyperfine structure is characteristic of at least two magnetically interacting 55Mn ions, and 

the "multiline" EPR signal has been assigned to a mixed-valence tetranuc1ear or binuclear Mn 

cluster (Dismukes et al., 1982; Hansson & Andreasson, 1982; Hansson et al., 1987; de Paula et 

al., 1986b). In addition to providing insights into the structure of the Mn complex, this signal 

has also proven to be a useful signature for the S2 state .. A second EPR signal centered near 
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g=4.1 is associated with the oxygen-evolving complex (Casey & Sauer, 1984; Zimmennann & 

Rutherford, 1984). Recently, this signal has also been assigned to the S2-state (Zimmennann 

& Rutherford, 1986a). 

Period-four absorption changes in the UV have been correlated with S-state advancement 

by several research groups, but their origin remains controversial. Van Gorkom's group re

ports that each transition S. -Si+di = 0,1,2) has the same spectrum, which they assign to 

a Mn3+ _MnH oxidation (Dekker et al., 1984a). However, other workers claim that the ab

sorption changes for these transitions are not identical (Velthuys, 1981; Renger & Weiss, 1986; 

Lavergne, 1986). These discrepancies may reflect the difficulty in removing the contributions 

associated with QA and Z. In any case, the difference spectra are quite broad and are consis

tent with either Mn2+ _ Mn3+ or Mn3+ - MnH transitions (Vincent & Christou, 1986), or 

possibly even ligand-based redox changes. 

It is not yet known at which S-state water is bound, and direct evidence for the binding of 

water at the Mn complex has been difficult to obtain. The linewidth of the S2 multiline EPR 

signal is slightly broadened in samples prepared in H2 170, suggesting that water binds by the 

S2-state. (Hansson et al., 1986). Ammonia is thought to inhibit 02-evolution by acting as a 

water analogue (Velthuys, 1975; Sandusky & Yocum, 1986). In PSII samples containing NH3 , 

there is EPR evidence for direct binding of NH3 to the Mn complex (Beck et al., 1986; Britt 

& Klein, unpublished results). 

1.3.2 Electron Transfer Components 

Although the structure of the reaction centers of PSII and purple non-sulfur bacteria appear 

to be remarkably similar (Michel & Deisenhofer, 1986; 1987; Hearst, 1986), the .02-evolving 

complex and associated electron-transfer components are unique to PSII of higher plants, algae, 

and cyanobacteria. The path of electron transfer from H20 to the primary donor is described 

below. 

The primary donor, P6S0 , is a ChI a based species; fonnation of Ptso results in bleaching at 

680 nm and 820 nm and formation of a radiCal-type EPR signal. The linewidth of the P~80+ is 

indicative of a monomeric species (Davis et al., 1979), but the triplet-singlet optical difference 

spectrum of P6S0 is more consistent with a dimeric structure (den Blanken et al., 1983). Because 

reduction of ?tso is very fast, optical techniques have proven more useful than EPR in transient 
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measurements. The most recent measurements have revealed several reduction phases in the 

ns and }JS regime (Brettel et al., 1984; Schlodder et al., 1985). The origin of the minor }JS 

component is unclear; it may represent either forward donation or back-reaction. The kinetics 

oscillates with a period of four, becoming successively slower for the higher S-states. 

A species referred to as Z acts an intermediate donor in PSI!. Z gives rise to an S = 1/2 

radical-type EPR signal with characteristic hyperfine structure. This signal is referred to as 

Signal n v/ (vf= "very fast'') in intact preparations (Blankenship et al., 1975) and Signal n / 

(f="fast'') in inactivated preparations in which the kinetics of Z+ reduction have been slowed 

(Babcock & Sauer, 1975). The optical difference spectrum of Z+-Z has characteristic features 

near 260 nm and 320nm (Dekker et al., 1984a). In intact chloroplasts, the rise time of the Z+ 

EPR signal is instrument limited (::; 3}Js) (Boska & Sauer, 1984), but in Tris-washed samples 

depleted of the extrinsic polypeptides and Mn , the rise time of Z+ matches the decay time of 

Ptso (Boska et al., 1983). Thus, Z is the direct donor to l'tso in Tris-washed samples, and is 

most likely the direct donor in the intact system. The reduction kinetics of Z oscillate with a 

period of four, establishing that it is an intermediate between the oxygen-evolving complex and 

P6S0 (Babcock et al., 1976). 

Another species, D, gives rise to EPR Signal n. (s="slow") in the oxidized form (Babcock 

& Sauer, 1973). The EPR lineshapes of Z+ and D+ are similar (Hoganson & Babcock. 1987), 

suggesting that Z and D are structurally alike. In contrast to the rapid oxidation and reduction 

of Z, D is oxidized in .... 1 s and D+ is quite stable in the dark.. Thus, it is unlikely that D is 

on the pathway from water to the PSI! reaction center. Styring and Rutherford (1987) have 

provided direct EPR evidence for the reaction of D+ with So to form D and S1' and suggest 

that one function of D is to prevent loss of Mn from the potentially labile So state. 

It was long believed both D and Z were bound plastohydroquinone species which formed 

the hydro quinone cation radical upon oxidation (O'Malley & Babcock, 1984). However, Barry 

and Babcock (1987) have found that the hyperfine structure of Signal n. collapses in algae 

grown on 2H-tyrosine. Thus D, and most likely Z, are derived from tyrosine residues. 

Cytochrome bSS9 is associated with the donor side of PSI! but its' role remains enig

matic. Under normal conditions, there is no detectable oxidation or reduction of cyt bS59 during 

turnover. However, at 77 K or in the presence of several lipophilic reagents, light-induced 
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oxidation of cyt bSS9 has been reported (Cramer & Whitmarsh, 1977). Given the extremely 

high potentials associated with the primary donor of PSII, these reactions may simply reflect 

the proximity of cyt b559 to the reaction center. In intact preparations, the midpoint potential 

of cyt b559 is +375 mY, which is too low to be directly associated with water oxidation. Sev

eral treatments which inactivate 02-evolution also convert the cytochrome to a low potential 

form CErn -+50 mY) (Cramer & Whitmarsh, 1977). However, reconstitution of 02-evolution in 

NaCl-washed preparations depleted of the 24 and 16 kDa peptides (see sect 1.3.6) by addition of 

Ca2+ fails to restore the high-potential cytochrome (Ghankotakis et al., 1986). Also, treatment 

of PSII membranes with trypsin at pH 6.0. converts cyt b559 to the low-potential form without 

affecting 02-evolution or the S2 EPR signals (V~lker et al., 1986) Thus, high-potential cyt b559 

is not a prerequisite for 02-evolution. 

Although considerable confusion persists concerning the function of cyt b559 , its structure 

is relatively well understood. The apoprotein consists of 9 and 4.5 kDa polypeptides (Widger 

et al, 1984; Hemnann et al, 1984). Babcock et' al. (1985) used EPR and resonance Ra

man spectroscopies to assign histidine nitrogens as the two axial ligands of cyt b559 ; however, 

each polypeptide contains only a single histidine residue, and an unusual heme-crosslinked 

heterodimer structure was proposed. The large g-anisotropy of the EPR spectrum of the high

potential form of cyt b559 was attributed to a perpendicular orientation of the histidine planes. 

Conversion to the low-potential form decreases the anisotropy of the spectrum, which is consis

tent with a parallel histidine orientation. However, the - 400 m V difference in Em between the 

two forms of cyt b559 cannot be attributed solely to a change in the axial ligand plane orientation 

(Walker et al., 1986). 

Recently, Petrouleas and Diner (1986) and Zimmermann and Rutherford (1986a) demon

strated that the Fe2+ atom associated with QA and Qs can be oxidized to Fe3+ in the presence 

of high-potential quinone derivatives or ferricyanide. The Fe3+ is identical to the acceptor Q400 

previously detected with optical techniques, and is capable of being rereduced by PSII. 

The pathway of electron transfer in PSI! is summarized in Figure 1-3. 
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1.3.3 Cofactors for Oxygen-Evolution 

Cl- is a cofactor for 02-evolution [for reviews see Critchley, 1985; Govindjee et ell., 1985; 

Babcock, 1987]. Several other anions, such as Br- or NO;, can partially substitute for 'Cl-, 

whereas bulky anions, such as SO:-, are not effective, and anions with a higher charge-to~ 

volume ratio, such as F- and OH-, are actually inhibitory in the presence of Cl-. There are 

two prevaIent models for the nature of the Cl- binding site: 1) a cleft containing positively 

charged amino acid side chains or 2) the Mn complex itself. Substitution of Cl- by Br does 

not change the substructure of the multiline EPR signaI, suggesting that the haIide is not a 

ligand to the EPR-active Mn (Yachandra et al., 1986a), and there is no evidence of a Cl- shell 

in the Mn EXAFS of spinach PSII membranes (Yachandra et aI., 1986b; 1987). However, at 

the level of one Cl- to four Mn, it would be difficult to detect a Cl- EXAFS feature in the 

presence of N,O ligands and the Mn neighbor(s). 

It is not possible to generate the S2 multiline EPR signaI in Cl- -deficient preparations 

(Yachandra et aI., 1986a; Ono et aI., 1986; but see Damoder et aI., 1986), but subsequent 

addition of Cl- in the dark generates the signal, suggesting that an aItered S2 state is produced 

upon illumination in the absence of Cl- (Ono et al., 1986). Luminescence (Itoh et al., 1984; 

Theg et aI., 1984) and EPR (Ono et aI., 1986) results suggest that the S2 -S3 transition is 

blocked in the absence of Cl-, but ~ther studies may point to a second Cl- requirement at the 

S3 -So transition (e.g. Damoder et aI., 1986). Using Cl- NMR techniques, Preston and Pace 

(1985) have reported that high-affinity binding of Cl- occurs in S2 and S3 but not in So or Sl. 

These results are consistent with a model in which reversible binding and release of Cl- from 

a binding site is associated with turnover of the 02-evolving complex. 

Another ion, Ca2+, is also a cofactor for 02-evolution. A clear Ca2+ requirement for O2 -

evolution was demonstrated several years ago in cyanobacteria, and it was suggested that Ca2+ . 

may be required for the primary PSII photochemistry (Brand & Becker, 1984). In plants, the 

Ca2+ effect has only recently been uncovered because of the presence of the 24 and 16 kDa 

extrinsic proteins. The 24 kDa protein promotes high-affinity binding of Ca2+ to a binding site 

on the psn complex (Ghanotakis et al., 1984b,d; Boussac et al., 1985b). Given that almost all 

of the research on the nature of the PSII Ca2+ requirement has been perfonned on NaCl-washed 
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preparations depleted of the 24 and 16 kDa extrinsic proteins, the role of Ca2+ and of these 

proteins will be considere~ together in Section 1.5.1. 

1.4 Intrinsic Proteins of PSII 

psn exists within the chIoroplast membrane as a complex of several hydrophobic intrinsic 

proteins of 47.43, -30 (01), -30 (02), 9, and 5 kDa molecular weight, and several hydrophilic 

extrinsic proteins are bound to this complex (see Section 1.5). The identity of the intrinsic 

proteins which bind the primary reactants of psn has been a source of great controversy. 

Several groups have proposed that a 47 kDa chI-binding protein is the site of the reaction 

center [for a review see Satoh, 1985]. However, there is strong sequence homology between 

two -30 kDa intrinsic PSII proteins, commonly referred to as D1 and 02, and the L and M 

subunits, respectively, that form the bacterial reaction center; thus, 01 and 02 may form the 

psn reaction center. (Hearst. 1986; Michel & Deisenhofer, 1986; 1987). This proposal has 

recently been given strong experimental confirmation: Nanba and Satoh (1987) have isolated 

a PSII preparation which contains only the 01, D2 and cyt b550 polypeptides and is capable 

of light-induced charge separation between P680 and Ph. This preparation contains 5-6 ChI, 1 

Ph and < 1 plastoquinone, and presumably represents the minimal psn unit capable of charge 

separation (Table 1-1). The 47 and 43 kDa chl-binding proteins probably represent core antenna 

complexes. 

Several oxygen-evolving PSI! preparations have been obtained by Triton X-1OO treatment 

of spinach thylakoid membranes. These procedures selectively solubilize the stromal membrane 

and produce grana membrane fragments enriched in PSII and the associated LHC .antenna 

complex (Dunahay et al., 1984). These "PSII membranes" exhibit high rates of 02-evolution 

(Table 1-1) and they have been used for much of the recent biochemical and biophysical research 

on the 02-evolving system. 

More purified 02-evolving "core" preparations from spinach, which are depleted of the 

LHC antenna proteins, and from cyanobacteria, have recently been described (Babcock, 1987). 

In addition to the 01, 02 and cyt b559 polypeptides, these preparations also contain the 47 and 

43 kDa ChI-binding proteins, the 33 kDa extrinsic protein and in some cases, a protein of -20 

kDa. The composition and properties of these various PSII preparations are compared in Table 

1-1. 
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Table 1-1 

Photo system II Preparations 

Parameter Grana Membranea 02-evolving Coreb 

O2 -evolutiond 300-600 300-1000 

Manganese 4-5 3-4 

Chlorophyll 200-250 50-55 

Pheophytin 2 2 

Plastoquinone 4-6 2 

Cytochrome b559 2 2 

II Murata and Miyao (1985), Lam et aI. (1983) 

b Yamada et aI. (1987), Satoh et aI. (1985) 

c Nanba and Satoh (1987) 

d Jo'M O2 (mg Chl)-l h- 1 • 

17 

Reaction Centerc 

5-6 

2 

<0.1 

1-2 
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Despite substantial research efforts, it is not yet known which of the polypeptides present in 

the 02-evolving PSII core bind the Mn complex. There are several reports claiming the isolation 

of a Mn-containing protein involved in 02-evolution (Spector & Winget, 1980; Okada & Asada, 

1983; Abramowicz & Dism~es, 1984; Section 1.5.2). Metz et al., (1986) have characterized a 

non-02-evolving mutant of Scenedesmus in which the processing of the Dl protein is inhibited 

and the Mn content is decreased. Other evidence implicating Dl in the oxidizing reactions of 

PSII is specific photooxidative iodo-Iabeling of this protein in various non-02-evolving PSII 

preparations (Takahashi et al., 1986; Ikeuchi & Inoue, 1987). Thus, Dl apparently functions 

on both the reducing and oxidizing side of PSII, but direct evidence for its involvement in Mn 

binding is still lacking. Ikeuchiand Inoue (1987) also observed exclusive labeling of D2 in the 

dark and suggest that D+ is associated with this protein. Both D 1 and D2 contain conserved 

regions near the C-tennini which are rich in Asp, Glu. His, Tyr and Arg residues; these are 

reasonable candidates for tenninalligands to the Mn complex (Sauer et al., 1987). 

1.5 Extrinsic Proteins of PSII 

1.5.1 The Roles of the 24 and 16 kDa Proteins 

In addition to the intrinsic membrane proteins discussed above, several extrinsic membrane 

proteins are bound to the PSII on the lumenal side of the membrane. These proteins are 

associated with 02-evolution activity and possibly with the binding site forMn [for recent 

reviews see Ghanotakis & Yocum, 1985; Murata & " Miyao, 1985]. The properties of the 

these proteins are summarized in Table 1-2. Proteins of 16 and 24 kDa molecular weight are 

removed from PSII preparations by NaO-washing, resulting in partial inhibition of 02-evo1ution 

(Akerlund et al., 1982; Miyao & Murata, 1983; Ghanotakis et al., 1984a). However, all four Mn 

atoms remain bound to the membrane (Kuwabara & Murata, 1983; Ghanotakis et al., 1984a). 

In the absence of the 16 kDa protein, high rates of 02-evolution are observed with ~ 3 mM 0-

(Akabori et al., 1984). In the absence of the 24 kDa protein, ~ 30 mM 0- (Miyao & Murata, 

1985) and bound CaH (Miyao & Murata, 1984a; Ghanotakis et al., 1984b) are required for 

full activity. Thus, these two extrinsic proteins are associated with the binding of the cofactors 

0- and CaH , but are not likely to be directly involved in Mn ligation. 

The mechanism by which 02-evolution is inhibited in the absence of bound Ca2+ and the 

24 kDa peptide is "unclear. Measurements of fluorescence induction (Akerlund et al., 1982), 
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Table 1-2 

Extrinsic Proteins of psn 

Mass (kDa) pIa Polarity Index Function Ion Substitution 

33-34 5.2 49 stabilize Mn 100 mM Q-

e- transfer 100 mM Q- (partial) 

23-24 6.4 49 Ca2+ effect 5 mM Ca2+ 

Q- effect 30mMQ-

16-18 9.5 52 Q- effect 10 mM Q-

a Isoelecoic point 

adapted/rom Murata and Miyao (1985) 

".: 
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Ptso QA recombination (Akerlund et al., 1984a) and Ptso reduction (Akerlund et al., 1984b) all 

indicate that the site of inhibition is on the donor side of PSII. Akerlund et al. (1984a) also 

observed that 02-evolution yields under continuous and flash illumination are inhibited to the 

same extent and concluded that the inhibition is an all-or-none phenomenon. In contrast, Ono 

and Inoue (1986) did not observe any inhibition under flash illumination without addition of 

EDT A; presumably, loosely bound Ca2+ was removed during sample preparation in the fonner 

but not the latter study. Two groups reported that the residual 02-evolution exhibits period 

four oscillations similar to those of intact PSI! preparations (Boussac et al., 1985a, 1985b; 

Ono & Inoue, 1986), suggesting that remaining active centers are unaffected by the NaCI 

treatment In contrast, Radmer et al. (1986) observed a two-fold increase in the miss parameter 

cc and changes on the acceptor side. Similar results were obtained with luminescence and UV 

absorption measurements (Dekker et al., 1984c). These changes are not reversed upon binding 

of the 24 kDa peptide or addition of Ca2+; their origin is not well understood and they may 

reflect secondary damage to PSI! associated with the NaO treatment. These workers also report 

reversible "disconnection" of the 02-evolving complex from P6S0 in 25% of the PSI! centers 

following NaO extraction. 

The electron transfer step at which 02-evolution is blocked in the absence of the 24 kDa 

peptide or added Ca2+ also remains controversial. Several groups have reported a substantial 

decrease in amplitude of the S2 multiline EPR signal -(Blough & Sauer, 1984; Toyoshima et 

al., 1984; Franzen et al., 1985). However, others (de Paula et al., 1986a; Hunziker et al., 1987) 

have. recently reported that most of the multiline signal amplitude is retained in the absence 

of the 24 kDa peptide, but addition of EGTA reduces the amplitude to the level observed in 

the earlier studies. Thus, Ca2+ is required for generation of the multiline EPR signal, and the 

discrepancy reflects depletion of bound Ca2+ in the earlier studies. In the absence of bound 

Ca2+, a steady-state light-induced increase in EPR Signal II is observed (Boska et al., 1985; 

de Paula et al., 1986a), suggesting that the blockage occurs between the 02-evolving complex 

and Z. Thennoluminescence oscillations (B-band) were recently modeled on the basis of two 

modes of inhibition: some of the inactive centers are capable of partial S-state advancement, 

while others are blocked prior to S2 (Ono & Inoue, 1986). Luminescence measurements locate 

the block at'the S3 -So transition (Boussac et al., 1985a). Under repetitive flash conditions, 
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dramatically slower rereduction of Z+ was reported, and addition of Ca2+ partially reversed this 

effect (I?ekker et aI., 1984c; Ghanotakis et aI., 1984a). However, more recent studies report that 

Z+ rereduction is largely unchanged upon NaO-washing even in the absence of added Ca2+ 

(Boska et aI., 1985; Franzen et aI., 1985). 

1.5.2 The Role of the 33 kDa Protein 

PSII also contains a 33 kDa extrinsic protein (Kuwabara & Murata, 1982a) which may be 

released from PSII preparations or whole thylakoids by a number of procedures (Ghanotakis 

& Yocum, 1985), some of which release Mn and inactivate 02-evolution. The relation of this 

protein to the Mn binding site remains controversial. It has been asserted that extraction of· 

the 33 kDa protein under oxidizing conditions results in some binding of Mn to the isolated 

protein (Abramowicz & Dismukes, 1984; Yamamoto et aI., 1984). However, extraction with 1 

M CaCh (Ono & Inoue, 1983) or 2.6 M urea and 200 mM NaO (Miyao & Murata, 1984b) 

removes the 33, 24 .and 16 kDa proteins and inhibits 02-evolution, but does not release any Mn 

from the membrane. 

The electron transfer reactions in the absence of the 33kDa protein have also been inves

tigated. At moderate 0- concentrations, preparations that retain all four Mn but are stripped 

of the three extrinsic proteins do not evolve O2, and cannot form the S2 multiline EPR signal 

(Blough & Sauer, 1984; Toyoshima et al., 1984). The marked retardation of Z+ reduction 

implies that electron transfer from the 02-evolving complex to Z is blocked (Boska et aI., 1985; 

Franzen et aI., 1985). In contrast, oscillations in the B-band thermoluminescence are unchanged 

through the second flash, suggesting that the block occurs at the S3 -S. transition (Ono & 

Inoue, 1985; Vass et aI., 1987). When these preparations are assayed in the presence of 100-

200 mM 0- and sufficient Ca2+, they can evolve O2 (Ono & Inoue, 1984b; Miyao & Murata, 

1984b), but the miss parameter, a, is greatly increased (Ono & Inoue, 1986) and the rate of 

the O2 release reaction is greatly decreased (Miyao et aI., 1987). Also, under these conditions 

the S2 multiline EPR signal can be formed upon illumination (Miller et aI., 1987; Styring et 

aI., 1987), Thus, the 33 kDa protein facilitates turnover of the 02-evolving complex, but is not 

absolutely required. 

Incubation at low 0- concentration results in the slow release of two Mn atoms from 

preparations lacking the 33 kDa protein (Ono & Inoue, 1984b; Miyao & Murata, 1984b), 



Table 1-3 

Activity 

Effects of NaCI-washing (extracts 24 and 16 kDa proteins) 

Conditions 

02-eVOl. (flash, CW)b 

S2 EPR signalc 

Z+ reductiond 

Mn releasee 

-30 mM CI-, -Ca2+ 

30-50% 

30-40% 

fast 

none 

-30 mM Cl-, +Ca2+ a 

70-80% 

90% 

none 

Activity 

Effects of CaCI2-washing (extracts 33, 24 and 16 kDa proteins) 

Conditions 

02-evol. (flash, cwY 

S2 EPR signalc•11 

Z+ reductiond 

Mn release' 

-30 mM Cl-, -Ca2+ 

<10% 

<10% 

slow 

half 

~ 100 mM Cl-, +Ca2+ a 

30-50% 

70% 

none 
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a Ca2+ bound to its functional site. In several studies, the functional Ca2+ was not removed 

along with the extrinsic proteins. Otherwise. it was added to the medium after being 

depleted from the binding site. These two kinds of Ca2+ -sufficient preparations appear to 

be similar. 

b Akerlund et al. (1982). Ghanotakis et al. (1984a.b). Ono and Inoue (1986) 

C Blough and Sauer (1984). de Paula et al. (1986a) 

d Boska et al. (1985). Franzen et al. (1985) 

e Kuwabara and Murata (1983) 

, Ono and Inoue (1983). Ono and Inoue (1984b). Miyao and Murata (1984b) 

11 Toyoshima et al. (1984). Miller et aI. (1987). Styring et aI. (1987) 



",. 

23 

suggesting that another role of this protein is to stabilize Mn binding. Although some researchers 

have interpreted the effects of removal of the 33 kDa as evidence for direct participation in Mn 

ligation, these effects could also be mediated by indirect interactions of the 33 kDa protein with 

PSII. 

The conditions for substitution of the extrinsic proteins by Cl- and Ca2+ are summarized 

in Table 1-2, and the effects of NaCl- and CaCl2-washing on PSII activity are summarized in 

Table 1-3. 

1.6 Focus of this Work 

The objectives of the research described in Chapters 2,3 and 4 of this thesis are to define the 

influence of external pH, soluble cofactors and the 33, 24 and 16 kDa extrinsic proteins on the 

02-evolution reactions in PSII. EPR and Mn X-ray absorption edge spectroscopy were used to 

characterize the electron transfer reactions occurring in PSII preparations depleted of essential 

cofactors or peptides. Also, the structure of the Mn complex was studied in samples depleted 

of the eJl;trinsic proteins and containing either 2 or 4 Mn/PSII using Mn X-ray absorption 

spectroscopy. The research described in Chapter 5 concerns the origin of the g=4.1 EPR signals 

associated with the 02-evolution complex. The formation of the g=4.1 EPR signal at 140 

K in Cl- -sufficient preparations is correlated with changes in the Mn X-ray absorption edge 

spectra. However, different results are obtained upon formation of the g=4.1 in F- -substituted' 

preparations at 190 K, and a model for the effects of F- -substitution on the Mn complex is 

presented. In Chapter 6 this research is summarized and integrated, a speculative model of the 

structure of PSII is presented, and future research directions are proposed. 



2.1 Introduction 

Chapter 2 

Reversible and Irreversible Effects of Alkaline pH on 

Photosystem II Electron Transfer Reactions 
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The loss of the water-splitting activity of chloroplast membrane preparations at alkali?e pH 

in the presence of uncouplers has been observed by a number of investigators (Harth et al., 1974; 

Cohen et al., 1975; Briantais et al., 1977; Maison-Peteri et al., 1981). From these experiments it 

has been concluded that it is the internal thylakoid pH which controls water-splitting activity and 

photosynthetic electron flow through PSII by its effect on the ~-evolving apparatus located on 

the lumenal side of the membrane (Harth et al., 1974). The flash illumination study of Briantais 

et al. (1977) indicates that the target for alkaline inactivation is the S2 state. 

The detailed mechanism by which alkaline pH inactivates 02-evolution is not yet known. 

PSII membrane preparations offer an excellent system to probe the influence of pH on the 

02-evolving complex because the lumenal surface of the membrane is exposed to the external 

medium (Dunahay et al., 1984). Kuwabara and Murata (1982b; 1983) found that suspension of 

PSII membranes at pH~ 8.0 produced a loss of 02-evolution, the release of the 33, 24, and 16 

kDa proteins and a significant decrease in the Mn content, indicating a substantial penurbation 

of the 02-evolving apparatus. In those studies, the 02-evolution activity of the preparations was 

assayed at low pH (6.5) subsequent to the treatment at high pH; using this inhibition assay, only 

10-15% of the activity was lost from samples treated at pH 8.0 as compared to those maintained 

at pH 6.5. These results can be contrasted to those of Sandusky et al. (1983), who observed 

that PSII membranes assayed directly in pH 8.0 buffers exhibited only 10% of the activity of 

samples assayed at pH 6.0. This difference in the pH dependence of the 02-evolution activities 

obtained via the two assay procedures implies that alkaline pH affects the 02-evolving complex 

in more than one fashion. However, Damoder and Dismukes (1984) presented a profile of O2-

evolution activity versus assay pH which differs from the results of Sandusky et al. (1983). 

EPR and optical studies of the effects of alkaline pH on the S-state transitions have also 

yielded conflicting results. Damoder and Dismukes (1984) found that the amplitude of the 52 

multiline EPR signal is independent of pH in the range 5.5-8.5, and concluded that no protons 

.. 
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are released from the 02-evolving complex at the S1 -+S2 transition. However, a substantial 

decrease in the amplitude of multiline signal and in 02-evolution activity is observed above 

pH 8.0 (Blough & Sauer, unpublished results), consistent with the loss of Mn and essential 

peptides reported for this pH regime (Kuwabara & Murata, 1983; Chapman & Barber, 1987). 

In contrast, only a 20% inhibition of the UV absorption changes assigned to Mn is observed at 

pH 8.3, and the major effect of alkaline pH was reported to be a stabilization of the S> state in 

the dark (plijter et al., 1986). 

In this chapter the effects of alkaline pH on the donor-side electron transfer reactions of PSI! 

have been systemically studied by measuring 02-evolution, the fonnation of the S2 multiline 

and g=4.1 EPR signals and steady-state and flash-induced fonnation of EPR signal II arising 

from the intennediate donor Z+. TJ1ese experiments reveal that there are two modes of alkaline 

inactivation of the 02-evolution reactions: a reversible component of inactivation between pH 

7.0-8.0, and an irreversible component above pH 8.0. For both modes of inhibition, the loss 

oJ the S2 multiline EPR signal parallels the loss of 02-evolution activity. Evidence is provided 

which indicates that the mechanism of inhibition is different for the two modes of inactivation. 

and a model for the sites of inactivation is presented. 

2.2 Materials and Methods 

2.2.1 Sample Preparation 

02-evolving PSII membranes were isolated from spinach chloroplasts by a modification of 

the Triton X-1OO extraction procedures of Berthold et al., (1981) and Kuwabara and Murata 

(1982b) as described by Blough and Sauer (1984). High pH treatment was accomplished by 

suspending samples in an incubation buffer containing 15mM NaCl and either 50mM MES 

(pH 6.0 and pH 6.5), 50mM HEPES (PH 7.0-pH 8.0), or 50mM Tricine (PH 8.25-pH 9.0) 

at a ChI conceruration of 1-3 mg/ml. Samples were incubated on ice for 1 h under ambient 

light Aliquots were withdrawn for assay of 02-evolution, and the suspensions were centrifuged 

(lOmin, 34,000 x g). The irreversible effects of high pH treatment were investigated by addi

tionally washing the pellets once in pH 6.0 incubation buffer. Pellets were resuspended in 

the appropriate incubation buffer containing approximately 50% glycerol to a final ChI con

centration of 3-5 mg/ml. Samples were placed in quartz EPR tubes and dark adapted for 1 h 
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before freezing in liquid N2. Continuous illumination of the EPR samples was perfonned with 

a 400W tungsten source filtered through 10 cm of water. Sample temperature was maintained 

with a Varian model 906790-03 temperature controller or a solid CO2/CI130H bath. Steady 

state 02-evolution rates were measured in the presence of 1 mM potassium ferricyanide, 1 mM 

potassium ferrocyanide and 0.5 mM DCBQ acting as an acceptor system. Typically, control 

rates at pH 6.0 of 250-400 J.'M O2 mg Chl-l h- 1 were obtained. 

2.2.2 EPR Measurements 

Low temperature EPR spectra were recorded with a Varian EI09 spectrometer equipped 

with an Air Products model LTR liquid helium transfer cryostat. Spectra were typically ob

tained by averaging four scans of the magnetic field. The ms reduction kinetics of Z+ in a 

flowing sample was measured with the same spectrometer at the low-field maximum of Signal 

II (g=2.010). The half-time of instrument rise at 100 kHz field modulation is -0.25 ms with no 

filter' on the output. Saturating flashes (5-10 mJ/pulse) were provided by a Phase R DL-1400 

laser with Rhodamine 640 (Exciton) in CH30H as the dye. A block diagram of the experimen

tal arrangement is shown in Fig. 2-1. Steady-state Z+ measurements were perfonned under 

saturating, continuous illumination with a tungsten lamp, using the same experimental set-up as 

in the kinetics experiments. Instrument senings are listed in the figure legends. 

2.3 Results 

2.3.1 LOWe Temperature EPR 

The left side of Figure 2-2 shows the low temperature multiline EPR signals produced by 

continuous illumination at 190K of samples incubated at various pH values. The amplitude of 

the EPR signal decreases monotonically in the range from pH 6.O-pH 8.0. At pH 8.0 there 

remains about 20% of the pH 6.0 signal amplitude. No difference in the line shapes or line 

positions are observed in this pH range. For samples at higher values of pH the third line 

downfield from g=2 appears anomalously large. This is probably a result of the overlapping 

gil feature from a small amount of photooxidized cytochrome t>-,S9. Also, the portions of the 

spectra upfield from g=2 are modified by signals from the photoreduced acceptor Qi. The right 

side of Figure 2-2 shows that returning samples to pH 6.0 after incubation at pH::::; 8.0 results in 

significant restoration of multiline signal amplitude. Although this restoration is nearly complete 
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Figure 2·1. Block diagram of the apparatus used for time-resolved 
measurements of Signal II. The sample is continuously pumped through 
the EPR Bat cell such that each psn center receives S-12 Bashes per 
turnover. The cell is contained within the TE 102 microwave cavity, 
which is fitted with an optical port on the front face. The output of 
the EPR spectrometer is stored on a Nicolet explorer rnA digital os
cilloscope. Several thousand traces are averaged on a laboratory-built 
signal averager interfaced to the oscilloscope. The traces are transferred 
for data analysis on the VAX 11nSS computer. The oscilloscope and 
Phase R DL-l400 dye laser are triggered by the output of a time base 
oscillator (TBO) at a frequency of about 2 Hz. 
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in samples incubated at pH 7.5 or pH 7.75, the sample at pH 8.0 returns to only about 80% of 

the control level. At pH>8.0 the decreases are largely irreversible (Fig. 2-2). Again, there is 

no evidence for alteration of line shape or position. 

Alkaline pH also influences the fonnation of the g=4.1 EPR signal assigned to the S2-

state of the 02-evolving complex. Figure 2-3 shows difference spectra obtained by subtraction 

of the dark adapted spectrum from the spectrum after continuous illumination at 140K. As 

reported by Casey and Sauer (1984), the prominent features produced by the illumination at 

this temperature are a broad derivative-shaped signal at g=4.1, signals at g=3.1 and g=2.16 

assigned to the oxidation of cyt bss1h and a broad negative peak up field from g=2, assigned to 

the reduction of <l.t. In addition, a very small S2 multiline signal was induced in a small fraction 

of centers. Compared to the amplitude at pH 6.0, the g=4.1 signal is perhaps somewhat larger at 

pH 7.5, but is decreased to about one third at pH 8.0. The linewidth, however, remains constant. 

As seen for the 02-evolution activity and multiline signal, the pH effect on the g=4.1 signal 

is reversible at pH<8.0; returning the pH 8.0 sample to pH 6.0 resulted in restoration of the 

signal to about 60% of the control amplitude. At pH ~8.0 this signal amplitude is irreversibly 

inhibited. More precise quantitation of the g=4.1 signal is hampered by presence of as-fold 

larger background signal centered at g=4.3, which can lead to artifacts in the difference spectra 

due to small microwave frequency shifts. 

2.3.2 02-Evolution 

As reported previously by other researchers, steady state 02-evolution activity is also in

hibited when assayed at alkaline pH (Fig 2-4, closed symbols). The activity is half maximal at 

pH 7.25-7.5 and is not detectable by pH 8.5. On the same graph, the multiline signal amplitudes 

produced under conditions identical to those in Fig 2-2 are ploned. Within experimental error, 

the steady state 02-evolution activity and multiline signal amplitude decrease in parallel as the 

pH increases. 

Both 02-evolution activity and multiline signal amplitude are inhibited by incubation at 

pH~8.0, even when samples are subsequently assayed at pH 6.0 (Fig 2-4, open symbols). 

However. this irreversible effect occurs at higher pH; half maximal inhibition is not achieved 

until about pH 8.25-8.5. In addition, the inhibitory effect occurs within a narrower range of 

pH. 
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Figure 2-2. The effect of pH on the formation of the multiline EPR 
signal. Each PSII sample was illuminated at 190K for 3 minutes. Spec
tra of the dark-adapted samples have been subtracted. Amplitudeshave 
been normalized for differences in chlorophyll concentration. Left side, 
from top to bottom: pH 6.0, pH 7.5, pH 7.75, pH 8.0. Right side, same 
as left side except samples were resuspended at pH 6.0 after alkaline 
pH treatment Spectrometer conditions: temperature, 10K; microwave 
power, 2OmW; microwave frequency, 9.r9 GHz; field modulation, 32G; 
modulation frequency, 100 kHz; scan rate, 2000 G/min; time constant, 
64 ms. 
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Figure 2·3. The effect of pH on the fonnation of the g=4.1 EPR signal. 
Samples were illuminated at 140K for 1 minute. Spectra of the dark 
adapted samples have been subtracted. From top to bottom: pH 6.0, 
pH 7.5, pH 7.75, pH 8.0, pH 8.0 taken back to pH 6.0. Spectrometer 
conditions were as in Fig 2-2. 



Figure 2-4. The reversible and irreversible effects of pH on the steady 
rate of 02-evolution and the amplitude of the multiline EPR signal. 
Closed symbols: 02-evolution rates and multiline signal amplitudes 
measured at the indicated pH. Open symbols: 02-evolution rates and 
multiline signal amplitudes measured at pH 6.0 following incubation 
at the indicated pH. 02-evolution rates and multiline signal amplitudes 
are normalized relative to control samples incubated at pH 6.0. O2-
evolution rates represent the average of 2 or 3 separate experiments. 
Error bars indicate a deviation of ± 12% about the mean, which repre
sents the largest standard deviation observed at any pH. EPR samples 
were illuminated and spectra were recorded as in Fig. 1. Multiline sig
nal amplitudes were taken as the peak-to-peak height of 5 lines down
field from g=2. Each point represents a single determination. 
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2.3.3 EPR Signal IT (Z+) 

Figure 2-5 shows the effect of alkaline pH on the ms decay kinetics of Z+ under repetitive 

flash conditions (8-12 flashes per turnover). The kinetic traces at both pH 6.0 and pH 7.75 

contain a dominant phase with a half-time of 3-4 ms and a minor slow phase with a half-time 

..... 200 ms. The amplitude of the decay trace at pH 7.75 is about 25% larger than at pH 6.0. In 

contrast, the decay amplitude is more than two-fold larger for the sample incubated at pH 8.75 

and subsequently assayed at pH 6.0. This increase in the amplitude of the ms decay phases 

can be understood in the context of a previous study of the ~s decay kinetics of Z+ (Boska 

et al., 1985). In intact PSII preparations a 140~s decay phase was observed which comprised 

about half of the total transient Z+ amplitude. Thus, with the presem time resolution, a two

fold increase in the ms phases is consistent with a loss of the ~s phases. Consistent with this 

interpretation, the kinetics in the ms regime are altered after treatment at pH 8.75; the dominant 

phase is slower, with a half-time of about 20 ms. 

Under continuous illumination a substantial steady state increase in Signal II is expected 

in preparations where the rereduction of Z+ is blocked or slowed ·significantly (Berthold et al.,. 

1981). Table 2-1 shows the effect of alkaline pH on the steady state level of Signal II induced 

by cominuous, saturating illumination. These measurements were perfonned in the presence 

and absence of DCBQ, which acts as a more efficient acceptor than ferricyanide alone. As a 

reference, a sample treated with 0.8 M CaQ2 , which removes the 33, 24, and 16 kDa extrinsic 

proteins was also assayed; at 15 mM Q- the rereduction of Z+ is blocked or greatly slowed in 

the absence of these proteins (Boska et al., 1985). At pH 6.0, in the presence of DCBQ, a small 

increase in Signal II amplitude is observed upon illumination, possibly due to centers inactivated 

during purification This represents about a 10% increase over the dark level of Signal II.,ow 

emanating from D+. At pH 7.75 in the absence of DCBQ about half of the maximal Signal II 

increase is seen, whereas in the presence of DCBQ a maximal increase is observed. The effect 

of incubation at pH 7.75 is partially reversed on returning to pH 6.0. In contrast, the sample 

incubated at pH 8.75 and assayed at pH 6.0 displays a nearly maximal increase in Signal II 

independent of the presence of DCBQ. 
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Figure 2·S. The effect oT~o~ th~ ma~ lanetics of EPR Signal II. 
From top to bottom: pH 6.0, pH 7.75, pH 8.75 taken back to pH 6.0. 
The kinetics were measured at g=2.010, the low field maximum ofEPR 
Signal n, using a Varian E·I09 spectrometer. Instrument settings: field 
modulation, 100 kHz; modulation amplitude, 5 G; microwave power, 
2OmW; halftime of instrument rise, 0.25 ms (time constant, out). Flow· 
ing sample of 3ml. (2.5 mg Chllml) contained 2.5 mM potassium fer
ricyanide, 2.5 mM potassium ferrocyanide, and 0.5 mM DCBQ. Each 
trace represents the sum of 5000 flashes. Sample temperature was main
tained at 17 ± 10 C. Amplitudes are normalized for ChI concentration. 
Laser excitation: 5-10 mJ/pulse at the sample; laser flash frequency, 1 
Hz; 8·12 flashes per sample turnover while flowing. 
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Table 2-1 

The Effect of pH on Steady-State EPR Signal II Amplitude 

Induced by Continuous illumination II 

Sample Light-induced amplitude of EPR Signal lIb 

-DCBQ +DCBQ 

pH 6.0 0.17 0.25 

pH 7.75 0.56 0.96 

pH 7.75-pH 6.0 0.20 0040 

pH 8.75-pH 6.0 0.71 0.79 

0.8M CaCh, pH 6.0 1.1 1.0 

(J Steady-state EPR Signal II amplitudes were measured at g=2.101O using the same instrument and 
flow system as in the time resolved experiments. Instrument settings: field modulation, 100kHz; 
modulation amplitude, 4 G; microwave power, S mW; time constant. O.S sec. Flowing sample of2 ml 
(2.S mg ChVml) contained linM potassium ferricyanide, O.lmM potassiwn ferrocyanide ±O.S mM 
OCBQ. The amplitudes represent the increase in signal intensity at the low-field maximum of EPR 
Signal II produced by saturating, continuous illwnination, and they are normalized for differences 
in Chi concentration. 

b Arbitrary units. Estimated uncertainty, ±O.OS. 
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2.4 Discussion 

The evidence presented in this chapter indicates that alkaline pH inhibits the 02-evolution 

activity and the nonnal electron transfer reactions of the donor side of PSII in two distinct 

fashions. Both types of inhibition lead to a loss of amplitude of the S2 multiline and the g=4.1 

EPR signals and to an increase in the steady-state level Z+ produced by continuous illumination. 

However, the inhibition that is observed between pH 7.0 and 8.0 can be reversed readily by 

resuspension at low pH, while above pH 8.0 an irreversible inactivation is observed. 

The irreversible component of inhibition can be ascribed to the depletion of Mn and the 

33,24 and 16 kDa extrinsic proteins, which are associated with 02-evolution. The loss of these 

proteins and Mn at alkaline pH (Kuwabara & Murata, 1983; Chapman & Barber, 1987) parallels 

reasonably closely the pH profile of the irreversible inhibition. Moreover, it has previously been 

shown that the depletion of the 33, 24 and 16 kDa proteins (but not Mn) by Ca02-washing 

produces a sim~ar loss of the S2 multiline signal amplitude and the J.'S phase of Z+ reduction 

when assayed at 15 mM 0- (Boska et al., 1985). 

In contrast, the reversible component of inhibition cannot be assigned to depletion either 

of these three proteins or of Mn, because under the conditions of these experiments, these 

species are not lost appreciably at pH<8.0 (Kuwabara & Murata, 1983; Chapman & Barber, 

1987). There are two likely mechanisms for the effect. First, the reversible inactivation may 

be mediated by the interaction of OH- with the 0- binding site. It has been proposed that 

the mechanism for the inhibitory effect of alkaline pH on 02-evolution in halophyte thylakoids 

involves displacement of bound 0- by OH- (Critchleyet al., 1982; Critchley, 1983). Homann 

(1985) has presented kinetic evidence for competitive 0- jOH- interactions in nonhalophytes. 

Also, Sandusky et al' (1983) found that the displacement of bound 0- from the water splitting 

site by SO~- occurs at pH 7.5 but not at pH 6.0, and it was suggested that 0- binding also is 

pH dependent in this system. Alternatively, the reversible inactivation may result from titration 

of ionizable groups on the protein(s) involved in 02-evolution, causing the complex to adopt a 

nonfunctional conformation. 

Based on the results presented here, I can assign two different sites for the reversible 

and irreversible components of inhibition. In both cases, steady-state buildup of Z+ under 

saturating, continuous illumination is indicative of a decrease in the rate of electron transfer 



38 

from the 02-evolving complex to Z+. However, the buildup is not maximal in the reversible 

inhibition unless DCBQ, a more efficient acceptor than ferricyanide, is present. This implies 

that under steady-state conditions rereduction of Z+ is slowed but not completely blocked by 

this treatment. At the same time. reversible inhibition leaves the ms transient decay kinetics of 

Z+ under repetitive flash conditions largely unchanged, indicating that a substantial portion of 

Z+ reduction is in the sub-ms regime. This suggests that the nonnal donor to Z is still present 

and is rereduced between flashes. This donor is not likely to be the Mn complex. because 

formation of the ~ multiline or g=4.1 EPR signals is inhibited. However, it is possible that 

the S2 state can be fonned in alkaline inhibited preparations but that these EPR signals cannot 

be detected because of a change in the Mn exchange couplings. Additionally, the fonnation of 

these EPR signals could be inhibited if the So-state becomes the predominant stable state in 

the dark (plijter et al .• 1986); in this case, the single turnover illumination of the EPR sample 

would catalyze the reaction So -Sl' However, studies of the flash number dependence of Z+ 

decay presented in Chapter 3 show that these alternative explanations are not correct 

The results presented here are consistent with a model in which an intennediate electron 

carrier Y functions between the water splitting site and Z (Boska et al., 1985). In the context of 

this model, the effect of reversible inhibition is to block electron transfer from the 02-evolving 

complex to the intermediate donor Y. The two-fold increase in the amplitude of the ms decay 

phases of Signal II under repetitive flash conditions, seen upon irreversible inactivation, is 

very similar to what is observed upon depletion of the 33, 24 and 16 kDa proteins by CaCI2 -

washing. (Boska et al., 1985; Franzen et al., 1985). This increase represents the loss of a 

sub-ms component, which is not observable in the kinetic experiments described in this chapter. 

The loss of this decay component, which has been assigned to rapid equilibration between Y 

and Z, would indicate that the site of irreversible inactivation is the electron transfer from Y to 

Z. 
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Below is a possible model for the donor side of PSII showing the different sites for the re

versible component of alkaline inactivation at pH<8.0 and the irreversible component at pH>8.0. 

Below pH 8.0: 

50 - 3 f+ Y - Z - P680 

Above pH 8.0: 

50 - 3 - Y 1+ Z - P680 

The question of an intennediate donor between the 02-evolving complex and Z is addressed 

in more depth in Chapter 3. 



Chapter 3 

The Flash Number Dependence of EPR Signal IT Decay 

-'as a Probe for Charge Accumulation in Photosystem IT 

3.1 Introduction 
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There is a great deal of controversy concerning the mechanism by which the ~-evolution 

reactions are inhibited in the absence of the extrinsic proteins and appropriate concentrations of 

C1- and Ca2+ , particularly regarding the loci at which the electron transfer reactions are blocked 

(Chapt. 1). Some of the confusion has been caused by different experimental conditions, such 

as concentration of Q- in the various studies and extent of depletion of bound Ca2+ upon 

removal of the 24 kDa protein; it is known that exposure to light results in the release of 

bound Ca2+ from NaC1-washed psn membranes (Dekker et al., 1984c). It is reasonably clear 

that Q- depletion blocks the S2 -+S3 transition (Itoh et al., 1984; Theg et al., 1984; Ono 

et al .• 1986). Also, in NaC1-washed preparations assayed in sufficient C1- and Ca2+, it is 

likely that the .Mn complex is capable of cycling through the S-states. However, there is no 

consensus concerning the site of inhibition in the absence of bound Ca2+ (see Section 1.3.6). 

For example, data from UV absorption (Dekker et al., 1984c), luminescence (Boussac et al., 

1985a),and thennoluminescence (Ono & Inoue, 1986) measurements all indicate that some 

partial S-state advancement is possible. However, the S2 multiline EPR cannot be generated in 

the absence of bound Ca2+ (Blough & Sauer, 1984; de Paula et al., 1986a). 

Similar disagreement among the various experimental techniques exists concerning the 

electron transfer reactions in preparations depleted of the 33, 24, and 16 kDa extrinsic proteins. 

Also, the mechanism described in the previous chapter for the reversible alkaline inhibition 

is incompatible with the observation of S-state turnover at pH 8.3 reported by Plijter et al. 

(1986). These differences may partially reflect the limitations of the measurement techniques. 

Oxygen-evolution can be achieved only in those centers which are capable of cycling through 

the S-states. Thermoluminescence and luminescence studies can count the number of positive 

charges accumulated following a series of flashes, but they cannot provide direct insight into the 

chemical identity of the oxidized species. Similarly, it has proven difficult to unambiguously 

assign absorption changes to discrete chemical species on the donor side of PSII. Although the 

.. 
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S2 multiline EPR signal certainly arises from the Mn complex, the absence of this signal is not 

definitive evidence that the S1 -~ transition is blocked. The thennodynamics or kinetics of 

this transition could change, preveIUing stable fonnation of the S2-state for EPR observation. 

Also, changes in the exchange couplings within the multimeric Mn complex could make the 

multiline signal difficult to observe with conventional EPR techniques. 

The experiments described in this chapter directly probe electron transfer from the O2-

evolving complex to Z by monitoring the flash number dependence of EPR Signal II decay 

in fully active PSII membranes and in several types of inhibited samples. In 02-evolving 

chloroplasts, reduction of Z+ was previously observed to be faster than the l~s instrument 

response for the states So and S1, but decay phases of 0.4 and 1 ms were reported for S2 and S3, 

respectively (Babcocket al., 1976). Slower electron transfer from the higher S-states is thought 

to reflect accumulation of net positive charge at the 02-evolving complex. Thus, the transient 

response of Z+ following a series of saturating flashes is a direct probe of S-state advancement. 

3.2 Materials and Methods 

3.2.1 Sample Preparation 

02-evolving PSII membranes were obtained by Thton X-l00 extraction of spinach chloro

plasts using a slightly different procedure from that described in Chapter 2. Destemmed leaves 

were disrupted in a buffer containing 0.4 M sucrose, 10 mM NaO, 5 mM Mg02 and 20 mM 

HEPES at pH 7.5. The homogenate was strained through eight layers of cheesecloth and cen

trifuged at 6000 x g for 10 min. The pellets were resuspended in a washing buffer containing 

150 mM NaO, 4 mM Mg02 , 5 mM EDTA and 20 mM HEPES at pH 7.5. The suspension of 

broken chloroplasts was centrifuged as above, and the resulting pellets were resuspended in the 

extraction buffer containing 15 mM NaO, 5 mM Mg02 and 50 mM MES at pH 6.0. Dense 

debris was removed by centrifugation at 400 x g for 5 s, and the chloroplasts were recovered 

from the supernatant by centrifugation at 6000 x g for 10 min. Thton X-I 00 extraction was 

perfonned as described by Blough and Sauer (1984). To release the extrinsic proteins, PSII 

membranes were suspended at 1-2 mg ChI ml- 1 in either 0.8 M NaO or 0.8 M CaCh contain

ing 50 mM MES, pH 6.0. These samples were incubated for 2 h under ambient light at 4°C. 

The treaunent with 0.8 M NaO extracts about 80% of the 16 and 24 kDa peptides without 

release of the 33 kDa peptide; while 0.8 M Ca02 extracts ~95% of all three peptides (Boska 
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et al., 1985; Chapter 4). Control and salt treated preparations were resuspended in assay buffer 

containing 0.4 M sucrose, 15 mM NaCl and 50 mM MES at pH 6.0, centrifuged at 34000 x g 

for 10 min and resuspended in the same buffer. Reversible alkaline pH treatment was performed 

by incubating samples in a buffer containing 0.4 M sucrose, 15 mM NaCl, 50 mM HEPES at 

pH 7.75 for 1 h under ambient light followed by centrifugation and resuspension at pH 7.75. 

Substitution of F- for Cl- was performed as described in Chapter 5. Steady-state 02-evolution 

rates were measured in assay buffer as described in the previous chapter. Typically, control rates 

of 300-500 ~M O2 (mg Chl)-l h-1 were obtained. Immediately before EPR measurements, 1 

mM ferricyanide, 1 mM ferrocyanide and 0.5 mM DCBQ were added to the sample as a redox 

buffer and acceptor system. In all samples, the final chlorophyll concentration was adjusted to 

2.5 mg ml- 1 . 

3.2.2 Data Collection and Analysis 

The ftow system for pumping psn membranes through the EPR cell was similar to that 

described in Figure 2-1. The sample was dark adapted in a reservoir on ice for at least. 5 

min prior to data collection. Instead of using a continuous sample ftow, fresh dark-adapted 

sample was pumped through a light-tight ftow system into the EPR ftat cell prior to each train 

of flashes. The laser, pump, and data acquisition were synchronized by a laboratory-designed 

timing module depicted in Figure 3-1. The timing sequence used for these experiments is 

shown in Figure 3-2. Typically, 1000-2000 flash sequences were averaged for each experiment, 

and 2-3 experiments were summed for each kinetic trace. There were no systematic changes 

in the kinetic traces or loss of 02-evolution activity during the course of signal averaging. In 

particular, there was no evidence of the ftash-induced release of loosely bound Ca2+ in the NaG 

washed preparations as reported by Dekker et al. (1984c); these preparations were already in 

the Ca2+ -depleted state (vide infra). 

The data were analyzed using a nonlinear least-squares fitting program. Transients were 

fit to the sum of a rising component (determined by the instrument time response) and one 

or two decaying components. The amplitudes of decay components with half-times shorter 

than about 1.5 ms were not uniquely determined using this procedure; presumably, the decay 

components become convoluted with the instrument rise. In this case, the fast decay amplitude 



Figure 3·1. Timing module layout for the four flash experiment. Three 
switch programmable time base oscillators (TBO) LBL# 15X 8410 and 
a preset counter LBL# 16X 6422-BI were used to bigger the Gilson 
peristaltic pump and the Phase-R dye laser, and to gate the Nicolet 
Explorer InA digital oscilloscope. The three TBO units were synchro
nized to the 100kHz output of one of the units. Connectors on the 
TBOs and on the preset counter are depicted as circles: the signs in
dicate polarity and the shading indicates inputs. The timing sequence 
is initiated by manually starting #1. The ~T2 pulse from #1 is used to 
drive a pump interface, which provides line voltage to the pump for a 
variable length of time following the pulse (in this case, 2 s). After the 
pump stops, a delay of 2-2.5 s allows the flow to stop in the EPR cell. 
Data aquisition starts with the ~Tl pulse from #1, which starts #3. The 
~Tl pulse from #3 clears the preset counter and starts #2. #2 provides 
pulses at 100 ,",S intervals simultaneous to the preset counter and to the 
the external bigger input of the oscilloscope. The oscilloscope is set 
in the external advance mode and the full memory can store 4096 data 
points. After 10 ms (100 points) of prerecorded baseline, the ~T2 pulse 
from #3 biggers the laser flash. This cycle is repeated for four flashes 
(2 s, 4x 1024=4096 points). The preset over pulse stops #2, and the 
~T2 pulse from #1 stops #3. This system produces the timing pattern 
shown on Figure 3·2. For the eight flash experiment the ~T2 time base 
on # 1 is changed to 4 s, and the preset cOunt is decreased to 512 points. 
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Figure 3-2. Timing pattern for the four-flash Signal II decay experi
ment 
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was estimated by taking the difference between the initial signal maximum and the amplitude 

of the slow component. 

3.3 Results 

3:3.1 Z+ Reduction Kinetics in 02-Evolving PSII Preparations 

The sequential pattern of Signal II ms decay transients in 02-evolving and inhibited PSI! 

preparations following four saturating laser flashes is shown in Fig. 3-3. In the comrol (ac

tive) preparation, the overall signal amplitude and decay kinetics change as a function of flash 

number, with the maximal signal amplitude occurring on the third flash. Because subsaturating 

microwave power (5 mW) was used in this study, the changes in amplitude are not a result of 

differences in the relaxation properties of Z+ in various S-states. The decay traces following 

each flash were fit to the sum of two components, and the results are summarized in Table 3-1. 

Following the first flash, a small transient signal is observed. A minor component of about 

0.5 ms half-time is observed, with most of the amplitude contained in a 120 ms component. A 

componem of similar amplitude to the 120 ms phase but with about a 50 ms half-time is present 

following subsequent flashes. Because this component does not exhibit period four oscillations, 

it does not appear to be connected to the 02-evolving complex and may originate from PSII 

centers damaged during sample preparation. The slight offset in the baseline prior to the second 

flash represents signal amplitude which does not decay in the 0.5 s between the flashes. The 

decay kinetics follOwing the second flash is similar to that following the first, except that the 

0.5-0.7 ms component amplitude is increased to about half of the total signal. The large transient 

following the third flash.is dominated by a 1.3 ms component which represents about 75% of the 

observed decay amplitude. The amplitude of this component is decreased to about 65% of the 

total signal following the fourth flash. Figure 3-4 demonstrates that the period four oscillations 

are observable through a series of eight flashes, albeit with significant damping. 

3.3.2 Signal IT Decay Kinetics in Inhibited psn Preparations 

Blough and Sauer (1984) observed that preparations depleted of the 16 and 24 kDa proteins 

by NaO washing retain 30-40% of the steady-state 02-evolution of the control preparations when 

assayed at 15 mM 0- in the absence of Ca2+. Figure 3-3 shows the flash induced Signal II 

decay transients in NaO-washed samples. In contrast to the intact preparation. a large signal 

.. 
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Figure 3-3. Transient decay kinetics of Signal II in dark-adapted ~
evolving and inhibited PSII preparations. fuur saturating flashes were 
given with 0.5 s between flashes. From top to bottom: control, NaCI 
washed, pH 7.75 incubated and eaCh washed. All preparations ex
cept the pH 7.75 samples were assayed in a medium containing 0.4 M 
sucrose, 15 mM NaO, 50 mM MES, 1 mM ferricyanide, 1 mM ferro
cyanide and 0.5 mM DCBQ at pH 6.0. The pH 7.75 preparations were 
assayed in the same medium as above, except that the buffer was 50 
mM HEPES and the pH was 7.75. Instrument conditions: microwave 
power, 5 mW; modulation amplitude, 5 G; modulation frequency, 100 
kHz. The recorder was DC-coupled, so that baseline offsets represent 
signal that does not decay between flashes. Each trace represents 1400-
4400 events. Data were averaged from 2-3 separate experiments, so 
that each preparation was subjected to fewer than 1800 flash trains. 
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Table 3-1 

The Flash Number Dependence of Signal II Decay Kinetics a 

Sample Flash A, t,(ms) A. t.(ms) 

Control 1 <0.10 0.15 120 

2 0.2()b 0.6 0.16 70 

3 0.4()b 1.3 0.14 50 

4 0.27b 1.4 0.14 50 

NaCI 1 0.27b 0.9 0.30 100 

2 0.30 2.4 0.26 130 

3 0.27 4.3 0.22 80 

4 0.37 2.9 0.22 90 

pH 7.7S 1 0.51 3.9 0.21 230 

2 0.28 4.3 0.11 140 

3 0.34 3.0 0.08 110 

4 0.27b 1.3 0.11 70 

CaCI2 1 0.54 4.2 0.49 30 

2 0.46 6.6 0.47 30 

3 0.75 10.5 0.22 80 

4 0.43 3.1 0.64 40 

a The transient decay kinetics of Signal IT in dark-adapted 02-evolving (control) and inhibited (NaCI 
washed, pH 7.75 incubated and CaCh washed) psn samples. Sample preparation and experimental 
condition are described in Section 3.2 and the caption to Fig. 3-3. Amplitudes (A) and half-times 
(t) were obtained by fitting the kinetic traces in Fig. 3-3 to the sum of a rise component and fast (f) 
and slow (s) decay components as described in Materials and Methods. Amplitudes are normalized 
such that the average total signal amplitude of the CaCl2 washed sample equals 1.0. Estimated 

.. uncertainty in amplitudes and half-times, ±20% . 

b Amplitude was estimated as described in Materials and Methods 
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is observed following the first flash, and subsequent flashes induce signals of amplitude similar 

to the first. The decay following the first flash is biphasic, with 1 ms and 100 ms components 

contributing about equal amplitude. On all subsequent flashes, 2-4 ms and lOOms components 

are observed which are again of approximately equal amplitude. Boska et al. (1985) observed 

similar ms kinetics in NaG-washed samples assayed under repetitive flash (scrambled S-state) 

conditions. The total signal intensity is about equal to that observed in the intact preparation 

following the third flash. It should be noted that the signal does not decay to the baseline in 

the 0.5 s between flashes, and the baseline shift following four flashes is about three times that 

observed in the 02-evolving sample. 

Incubation of samples at pH 7.75, which reversibly decreases the steady state 02-evolution 

to 30% of the rate at pH 6.0, also eliminates the periodicity of the Signal II decay kinetics 

(Fig. 3-3). The largest transient is observed following the first flash. The decay fits to a sum 

of components with half-times of 3.8 ms and several hundred ms, with the latter contributing 

about 30% of the amplitude. Subsequent flashes induce similar decay transients, except that the 

overall amplitude is decreased to about 50-60% of that observed following the first flash, and 

the half-time of the slower phase decreases with each flash. In addition, a large baseline shift 

is induced primarily following the first flash, with much smaller shifts occurring on subsequent 

flashes. The baseline shift induced by four flashes at pH 7.75 is double that at pH 6.0. To 

determine if the large transient signal and baseline shift occurring on the first flash exhibits 

period-four behavior, I examined the flash transients at pH 7.75 for a train of eight flashes (Fig. 

3-4). There is no corresponding change after the fifth flash, suggesting that this phenomenon 

occurs only after darlc. adaptation, and is not related to the period four oscillations observed at 

pH 6.0. 

Extraction of the 33, 24, and 16 kOa peptides by Ca02-washing, which inactivates O2-

evolution activity, eliminates the variation of Z+ decay transients with flash number (Fig. 3-3). 

Additionally, the average signal amplitude is increased to about twice that observed in the 

other preparations. While the decay transients are not obviously biphasic and could be fit to 

a single decay component of about 10-15 ms half-time, a significant decrease in the residuals 

was observed with a two component fit. In this case, each trace was fit to the sum of 3-10 ms 

and 30-80 ms components. with a somewhat slower decay observed following the third flash. 
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Figure 3-4. Transient decay kinetics of Signal II in dark-adapted control" 
Ch-evolving (PH 6.0) and inhibited (pH 7.75) PSI! preparations. Eight 
saturating Bashes were given at a frequency of 2 Hz. Experimental 
conditions were the same as in Fig. 3-3. Each trace represents the 
average of 1600 (pH 6.0) or 1300 (pH 7.75) events. 
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3.3.3 The Effects of Ca2+ and Cl- on Z+ Reduction Kinetics 

As was noted previously (Ghanotakis et al., 1984b; Miyao & Murata, 1983), addition of 

5 mM Ca2+ to NaG washed preparations restores steady-state 02-evolution to 70-90% of the 

activity of the unextracted preparations. In order to probe the mechanism of Ca2+ reconstitution, 

I have studied the effect of DCMU on transient Z+ formation in NaO-washed' PSII. DCMU 

blocks electron transfer from <It to <a. In active preparations treated with DCMU, <U will be 

reduced on the first flash, but because electron transfer to <a is blocked, and because reduction 

of the primary donor P680 occurs in the ns regime, QA: will remain reduced in the 0.5 sec 

between flashes. Thus, subsequent stable charge separation will be inhibited, and little transient 

Z+ formation is expected after the first flash. In preparations in which electron transfer from 

the 02-evolving complex to the reaction center is inhibited, there are several possible effects 

of DCMU. Signal II formation will not be affected if QA: is somehow reoxidized in the 0.5 s 

between flashes. This could occur if Z+ back-reacts with QA:, or QA: reacts with another oxidized 

species in psn. Alternatively, if Z+ is rapidly rereduced by an endogenous or exogenous donor 

that does not readily back-react with QA:, then little transient Z+ will be obseIVed. 

Figure 3-5 shows the effects of Ca2+ and DCMU on the Signal II decay kinetics of NaO

washed samples assayed under multiple flash conditions. In the presence of Ca2+ and DCMU 

there is little or no flash-induced formation of Z+, but in the absence of DCMU and in the 

presence of acceptors, Z+ is formed, and it decays with biphasic kinetics (half-times of 3 ms and 

100 ms). In contrast, DCMU has little effect on the formation and decay of Z+ in NaO-washed 

preparations assayed in the absence of Ca2+, and the kinetics are similar to those obseIVed in 

the four flash experiments in Fig. 3-3. 

I have also investigated the effect of Ca+2 on the flash number dependence of Signal II decay 

in NaO-washed samples. Figure 3-6 shows that the period four oscillations of the Signal: II 

decay kinetics are restored by Ca2+. However, a 3-4 ms decay component is obseIVed following 

the third flash, whereas a 1.3 ms phase is present in the control sample. In addition, Ca2+ does 

not eliminate the large baseline shifts previously obseIVed in the NaO-washed samples. 

Addition of 200 mM 0- and 5 mM CaH reconstitutes 02-evolution to PSII preparations 

lacking the 33, 24, and 16 kDa proteins. (Ono & Inoue, 1984b; Miyao & Murata, 1984b). 

Figure 3-7 shows the effects of these cofactors on, the transient decay kinetics of Signal II 
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Figure 3-5. The effects of CaH and DCMU on the transient decay 
kinetics of Signal II in NaO-washed PSII preparations. The data were 
obtained under repetitive flash conditions (8-12 flashes per turnover). 
Other experimental conditions were the same as in Fig. 3-3, except 
that the samples were suspended in medium containing 0.4 M sucrose, 
50 mM MES, 20 mM NaCl. and either 5 mM CaC12 or 5 mM EGTA 
to chelate residual CaH . Immediately before the experiment, either 
acceptors (1 mM ferricyanide, 1 mM ferrocyanide and 0.5 mM DCBQ) 
or 50 J,'M DCMU were added to the sample as indicated. From top to 
bottom: a) 5 mM CaCl2 , 50 J,'M DCMU; b) 5 mM CaCl2 , acceptors; 
c) 5 mM EGTA, 50 }.'M DCMU; d) 5 mM EGTA, acceptors. Each 
trace represents the average of 3000 flashes. 
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Figure 3-6. Transient decay kinetics of Signal II in a dark-adapted 
NaCI washed preparation in the presence of 5 mM Ca2+. Experimen
tal conditions were the same as in Fig. 3-3 except that the medium 
contained 0.4 M sucrose. 50 mM MES, 10 mM NaCl, 5 rilM CaC12 , 

1 mM ferricyanide. 1 mM ferrocyanide and 0.5 mM DCBQ at pH 6.0. 
The trace represents the average of 1700 events. 
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in CaCl2-washed PSII preparations. As observed in Fig. 3-3, the amplitudes of the ms decay 

phases are greatly increased in the CaCl2 -washed samples, assayed at moderate Cl- and without 

Ca2+, relative to an untreated control sample. Addition of 5 mM Ca2+ decreases the ms signal 

amplitude in the CaCl2 -washed sample to a level about 50% greater than the control. Addition 

of both Ca2+ and 200 mM Cl- further decreases the amplitude to a level which is only 10% 

higher than the control. As was seen in the reconstituted NaCl-washed samples, the half-time 

of the predominant ms decay phase under these conditions is about 3-4 times slower than in 

the control preparations. 

It has been proposed that one of the functions of the 33 kDa protein is to serve as a Cl

concentrator, because its effects on psn can be mimicked by high concentrations of 0- (Murata 

& Miyao, 1985). Thus the mechanism by which electron transfer is inhibited at moderate 0-

levels in the absence of the extrinsic proteins may be similar to the mechanism of inhibition 

by 0- depletion, provided sufficient Ca2+ is present to compensate for the absence of the 

24 kDa protein. This model can be tested by comparing the de~ay kinetics in O--depleted 

preparations which retain the extrinsic proteins to those obtained in Ca02-washed samples 

assayed in sufficient Ca2+ and moderate (20 mM) 0-. Experimentally, it is difficult to deplete 

psn membranes of 0- without irreversibly inhibiting a large fraction of the psn centers. 

However, F- competes effectively with 0- for the halide binding site but does not activate 

02-evolution (Sandusky & Yocum, 1986; Chapt. 5), and exchange of F- for 0- does not 

induce irreversible damage. Figure 3-8 compares the Signal II decay kinetics in Cl- -containing 

and F- -substituted psn preparations. These preparations exhibit <25% of the steady-state O2-

evolution of control psn membranes (Chapt. 5). The ms transient amplitude of Z+ is about 

the same in these traces, but a 10-15 ms component present in the F--treated sample replaces 

the 1-3 ms component present in the control. Note that these results are different from those 

observed with Ca02-washed samples assayed in 20 mM 0- and 5 mM Ca2+, which exhibited 

a significant increase in the amplitude of the ms decay phases relative to the control (Fig. 3-7c). 

Thus, the effect of F- substitution is not analogous to removal of the 33 kDa protein. 
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Figure 3-7. The effects of Ca2+ and C1- on the transient decay ki
netics of Signal II in control and CaCl2 -washed PSII preparations. The 
decay kinetics were obtained under repetitive flash conditions. Other 
experimental conditions were the same as in Fig. 3-3, except that the 
medium contained 0.4 M sucrose, 50 tnM MES, 20 tnM NaCl, 1 tnM 
ferricyanide, ItnM ferrocyanide, 0.5 tnM DCBQ, and where indicated, 
5 tnM EGTA or 5 tnM CaCh and 200 mM NaCl. From top to bottom: 
a) control. 5 tnM EGTA; b) CaCi2-washed, 5 tnM EGTA; c) CaCh
washed, 5tnM CaCI2 ; d) CaCI2 -washed, 5 tnM CaC12 • 200 tnM NaCl. 
Each trace represents the average of 5000 flashes except for c., which 
represents 3000 flashes. 
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Figure 3-8. The effects of P- -substirution on the transient decay ki
netics of Signal II. The decay kinetics were obtained under repetitive 
flash conditions. Other experimental conditions were the same as in 
Pig. 3-3, except that the medium contained 0.4 M sucrose, 50 mM 
MES, 2.5 mM ferricyanide, 2.5 mM ferrocyanide, 0.5 mM DCBQ and 
either 20 mM NaCI or 20 mM NaP. Each trace represents the average 
of 4000 flashes. 
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3.4 Discussion 

3.4.1 Charge Accumulation at the 02-Evolving Complex 

The 02-evolving PSII preparation utilized in this study exhibits a flash-nwnber dependence 

of the half-times and amplitudes of Z+ decay transients similar to that previously observed 

in chloroplasts. Low signal amplitude is observed following the first flash because reduction 

of Z in So and Sl is faster than the instrument response time. The half-times for the fast 

decay components following the second and third flash (0.6 ms and 1.3 ms, respectively) agree 

well with those reported previously in chloroplasts (0.4 ms and 1 ms) (Babcock et al" 1976), 

indicating that electron transfer from the 02-evolving complex to Z+ is not affected by the 

detergent extraction. In contrast, the amplitude of the fourth transient relative to the third is 

greater in the PSII preparation than in the chloroplast study. Since the signal amplitude due 

to the fourth flash arises from centers residing in S2 or S3, this indicates a greater extent of 

damping. Assuming a dark distribution of 75% Sl 25% So and no double hits, the present data 

are consistent with about a 15-20% miss parameter for each flash. About a 10% miss parameter 

has been observed in flash O2 yield (Boussac et al" 1985a) and UV absorption (Dekker et 

al" 1984c) measurements with similar PSII preparations. The greater dephasing observed in 

the present study is probably related to the experimental difficulties associated with generating 

saturating flashes in the samples at the high optical absorbance used for EPR measurements. 

The period four oscillation in the observed amplitudes and half-times of Z+ reduction 

reflects successively slower electron transfer from the higher S-states, due to accumulation of 

net positive charge at the 02-evolving complex. The half-times of the fast decay phase following 

the second and third flash agree well with turnover times for the S2 -S3 and S3 -So transitions, 

respectively, as determined by UV absorption changes (Dekker et al., 1984b). However, this 

correspondence does not necessarily support a model in which the 02-evolving complex donates 

directly to Z+. In the absence of significant back-reaction, such a model predicts monophasic 

decay kinetics of Z+ which match the rate of electron donation from the 02-evolving complex. 

However, the largest Z+ transient, which is observed following the third flash, is only 50% of 

the amplitude observed following CaCl2 washing, possibly indicating the presence of additional 

sub-ms decay components not resolved with the present detection system. Under repetitive 

flash conditions, which result in a scrambled S-state population, a 140JSs decay component, 
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corresponding to about half of the total amplitude, is observed in intact samples (Boska et 

al., 1985). CaC12-washing eliminates this fast component, resulting in a corresponding two

fold increase in the amplitude of the ms phases. Multiphasic Z+ decay kinetics which exhibit 

period-four oscillations are predicted by a model proposed by Boska et al. (1985) in which an 

intennediate donor Y is present between the 02-evolving complex and Z. This donor equilibrates 

with Z+ with an apparent equilibrium constant close to unity, resulting in biphasic Z+ decay 

kinetics following each flash. Below are schematic representations of the direct donation model 

(1) and the model which includes an intennediate donor Y (2): 

SO ... 3 - Z - P680 

SO ... 3 - Y ;::: Z - P680 

3.4.2 Inhibition of Charge Accumulation at the 02-Evolving Complex 

(1) 

(2) 

The loss of the period four oscillations following NaCl extraction or incubation at pH 

7.75 indicates that turnover of the 02-evolving complex is blocked. Furthennore, there is no 

evidence for partial advancement of the lower S-states, since the first flash induces about the 

same transient Signal II amplitude as subsequent flashes. While for NaCl washed samples this 

first-flash decay is faster than on subsequent flashes, it is still much slower than expected for 

donation from the lower S-states. In addition, at pH 7.75 the decay transient observed following 

the first flash is larger than on subsequent flashes. The origin of these first flash effects is not 

known, but they apparently result from relatively slow changes in the state of PSI! which occur 

during dark adaptation. Since no systematic change in the decay traces occurs during the course 

of signal averaging, the loss of the periodic oscillations is not caused by light-induced changes 

in the preparation. An alternative explanation for the absence of period four changes in the Z+ 

transients in these inhibited samples is that the 02-evolving complex still cycles through the 

various oxidation states but with altered kinetics, such that the three- to four-fold retardation of 

electron transfer kinetics from· successively higher S-states no longer occurs. Such a scheme 

predicts that flash O2 yields would be unaltered in these inhibited preparations, which is not 

true for the NaCl washed,preparations (Akerlund et al., 1984a; Ono & Inoue, 1986). 
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A study of the flash number dependence of Signal II decay in NaCl washed preparations by 

Ghanotakis et al. (1984a) found no Signal II induced by the first flash but substantial signal on 

subsequent flashes, which would indicate that the lower S-states are capable of electron donation. 

The origin of the discrepancy with the present results is unclear. Because Z+ reduction is much 

slower following the first flash in the inhibited samples than in intact samples, the loss of the 

S2 multiline EPR signal in the absence of bound Ca2+ or upon alkaline pH incubation occurs 

because formation of the ~ state is blocked, not because of an alteration of the Mn environment 

which eliminates the EPR signal but does not block advancement. However, the identity of the 

reductant to Z+ remains unclear. Because under repetitive flash conditions the 140ILs decay 

component is unchanged upon monovalent salt washing, Boska et al. (1985) suggested that the 

intermediate donor Y is present and is rereduced by an exogenous or endogenous donor in the 

500 ms between flashes. In the present study, the amplitude of the ms decay phases represents 

only about half that observed following CaCl2 extraction, possibly indicating a sub-ms decay 

component corresponding to the 140ILs phase under repetitive flash conditions. However, if Y 

represents the direct donor to Z, the absence of a significant effect of DCMU on the Z+ kinetics 

requires that Y back-react with QA in the dark interval. The alternative, direct recombination of 

Z+ with QA' is difficult to reconcile with the much more rapid reduction of Z+ in NaCl-washed 

preparations relative to either CaCl2- or Tris-washed PSI!. 

3.4.3 The Roles of CaH and CI-

Restoration of forward electron transfer and the period four oscillations in NaCl-washed 

preparations by added Ca2+ provides evidence that the 24 and 16 kDa peptides are not necessary 

for turnover of the 02-evolving complex. These data also indicate that Ca2+ facilitates electron 

transfer from the 02-evolving complex to Z, as has been previously suggested (Dekker et al .• 

1984c; Tamura et al., 1986; de Paula et al., 1986a). However, the S3 -So kinetics, as measured 

by the Z+ decay following the third flash or by UV absorption changes (Dekker et al., 1984c). 

is irreversibly slowed to 3-5 ms by NaCl washing. The origin of this effect is unknown. 

The large flash-induced baseline shifts observed in the NaCl washed and alkaline pH prepa

rations represent formation of an EPR signal with significant intensity at g=2.010 which does 

not decay in the 0.5 s between flashes. but which relaxes on extensive dark adaptation. Possibly. 

this signal is due to flash-induced formation of D+ . 



61 

In addition to the loss of the period four oscillations in Z+ reduction kinetics, simultaneous 

extraction of the 33, 24, and 16 kDa peptides by CaCh greatly slows the reduction of Z+, 

as manifested by a two-fold increase in the amplitude of the ms decay phases. Thus, the 

physiological donor to Z is not present upon removal of the 33 kDa peptide, and the reduction 

of Z+ probably proceeds via back-reaction with QA. The thermoluminescence results of Ono 

and Inoue (1985) may be accommodated within this model only if it is assumed that the two 

positive charges stored on the oxidizing side of PSII do not reside at the 02-evolving complex 

but are stored on other donors. 

Addition of 200 mM Cl- to CaC12-washed preparations is known to restore some O2 -

evolution and the S2 multiline EPR signal, provided Ca2+ is bound to the membrane. In this 

study, addition of Ca2+ to PSII preparations depleted of the 33, 24 and 16 kDa proteins only 

slightly decreased the amplitude of the ms phases of Z+ reduction. However, addition of both 

Ca2+ and 200 .mM Cl- decreased the amplitude of the ms phases of Z+ reduction to near 

control levels, which is consistent with reconstitution of forward electron transfer. 

3.5 Conclusions 

The results presented here demonstrate that the flash number dependence of the reduction 

kinetics of Z+ is a sensitive and direct probe of charge accumulation associated with tumover 

of the 02-evolving complex. The decay transients obselVed with the intact preparation exhibit 

period four oscillations due to slower reduction of Z+ in the higher S-states. In contrast, the 

Z+ kinetics obselVed with the inhibited preparations is relatively insensitive to flash number, 

indicating that the blockage of electron transfer occurs prior to the 02-evolving complex. The 

16 and.24 kDa peptides are not necessary for turnover of the 02-evolving complex, but in their 

absence Ca2+ is required for electron transfer from the 02-evolving complex to Z. 
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Despite considerable progress in our understanding of the structure of PSII, a clear picture 

of the Mn binding site has not yet emerged. It is generally assumed that the Mn complex is 

directly ligated to one or more PSII proteins. Although it is known from EXAFS studies that 

Mn is bound to terminal N,O ligands (Kirby et aI., 1981a; Yachandra et aI., 1987), the nature 

of the terminal ligands and the identity of the proteins which comprise the binding site are 

not known. A role for the intrinsic Dl protein in binding the Mn complex has been proposed 

by several researchers (see Section 1.3.5), but direct evidence for Mn ligation is lacking. The 

extrinsic 33 kDa protein certainly is associated with the ~-evolution reactions (Section 1.3.6; 

Chapter 3) and it also serves to stabilize the binding of two of the Mn atoms. The only data 

supporting direct interaction of the 33 kDa extrinsic protein and Mn are the co-extraction results 

of Abramowicz and Dismukes (1984) and Yamamoto et aI. (1984). Nonetheless, a Mn binding 

function for the 33 kDa protein has been widely discussed. There is general agreement that the 

24 and 16 kDa proteins are not likely to be directly involved in Mn ligation. 

In this chapter I examine the structural interactions between the 33, 24 and 16 kDa extrinsic 

proteins and the Mn-complex using X-ray absorption spectroscopy. I present the Mn K-edge 

and EXAFS spectra of Ca02-washed PSII samples, which are depleted of the 33, 24, and 16 

kDa extrinsic proteins and contain either four or two Mn per reaction center. I discuss the 

effects of removal of these extrinsic proteins on the structure of the Mn complex, and directly 

address the relation of the 33 kDa extrinsic protein to the Mn binding site. I also discuss 

changes in the structure of the complex induced by release of two of the Mn atoms. 
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Oz-evolving PSII membranes were isolated from spinach by the procedures described in 

Chapter 3. CaClz-washing was performed by incubating PSII samples at a ChI concentration 

of 1 mg ml- 1 in 0.8 M CaClz, 50 mM MES, pH 6.0 at (1C for 2 h under ambient light. The 

membranes were recovered by centrifugation at 34,OOOx g for 10 min. To equilibrate the samples 

to low salt concentration, the membranes were resuspended in 15 mM NaCI, 5 mM MgClz, 50 

mM MES, pH 6.0 and centrifuged as above. The membranes were resuspended in the same 

buffer and centrifuged at 4O,OOOxg for 1 h. Glycerol was added to the pellets to a concentration 

of about 30% (v/v), and samples were loaded into lucite holders, dark-adapted for 30 min, and 

stored at 17K. The final Chl concentration was about 20-30 mg ml- 1• Note that turnover of the 

oxygen-evolving complex was blocked in these CaClz-washed samples because of the low (25 

mM) 0- concentration in the medium (Ono & Inoue, 1983; Blough & Sauer, 1984; Chapter 

3). To produce samples containing 2 MnlPSII, CaClz-washed membranes, equilibrated in the 

low-salt buffer as above, were incubated at 4°C for 18 h at a Chl concentration of 1 mg ml- 1• 

The membranes were washed twice in the same buffer to remove loosely bound Mn2+, and 

X-ray absorption samples were prepared as described above. 

4.2.2 Sample Characterization 

Polyacrylamide gel electrophoresis was performed in the presence of 6 M urea and 0.1 % 

SDS by the procedure of Laemmli (1970) as modified by Yamagishi and Katoh (1984). Heat 

treatment to release the 33 kDa protein was accomplished by incubating PSII membranes at a 

ChI concentration of 1.0 mg ml- 1 in a buffer containing 50 mM MES (pH 6.0) at 55°C for 

5 min, followed by centrifugation at 15,OOOxg for 10 min. This procedure was performed in 

the absence of Cl- because Nash et al. (1985) have reported that CI- depletion enhances heat 

release of the 33 kDa protein. EPR spectra were taken directly in the X-ray sample holders at 

8K with a Varian E-109 spectrometer equipped with an Air Products model LTR liquid helium 

cryostat The EPR spectra were recorded both before and after X-ray exposure to check for 

release of MnH or radiation damage. Mn content was assayed by flame atomic absorption 

spectroscopy. All of these analytical procedures were performed on the same samples used for 

X-ray spectroscopy. 
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4.2.3 X-ray Absorption Spectroscopy 

Manganese X-ray absorption K-edge and EXAFS spectra were collected at the Stanford 

Synchrotron Radiation Laboratory, Stanford, CA, on beam lines IV-I and VI-2 using Si[I11] or 

Si[ 400] double crystal monochromators, respectively, during dedicated operation of the SPEAR 

storage ring. Sample temperature was maintained at 150-190K during exposure to X-rays in 

a nitrogen gas flow cryostat X-ray absorption spectra were recorded in fluorescence mode 

(Jaldevic et aI., 1977) using a plastic scintillator array similar to that described by Powers et aI. 

(1981), equipped with a Cr filter and a Soller slit assembly to select for Mn fluorescence (Stem 

& Heald, 1979). Energy calibration was provided by simultaneous measurement of the 'white 

line' pre-edge feature of KMn04 at 6543.3 eV (Goodin et al., 1979). The relative uncertainty 

in the edge energy measurements is ±0.1 e V. 

The data were analyzed as described in detail elsewhere (Kirby et ai., 1981a; Goodin, 1983; 

Yachandra et al., 1987), and only a brief summary will be presented here. A linear background 

was subtracted from the edge spectra, and edge inflection energies were determined by fitting 

the spectra to quadratic polynomials over 2.5-5.0 eV regions about each point and taking the 

first derivative of the smoothed spectra. The EXAFS modulation of the absorption x(k) is a 

function of the magnitude of the outgoing photoelectron wave-vector k which is given by 

k = [2mf!(E - Eo)j1/2 
h 

where mf! is the electron mass, E is the incident X-ray photon energy and Eo is the edge energy. 

X (k) was obtained from the raw data by subtracting a cubic spline fit to remove the isolated 

atomic and low frequency background contribution, and dividing by the free atom absorption. 

The background-subtracted data were weighted by k 1 and truncated at k = 10-10.8 A -1, and 

the data were then Fourier transformed. A window function was applied to isolate the R' -space 

Fourier peaks of interest prior to back transformation to k-space. This Fourier filtering method 

is used to remove the residual low-frequency background and high-frequency noise, thereby 

improving the precision of the fits. The back transformed data were fit by the method of Teo 

and Lee (1979), which uses theoretical values for the amplitude and phase functions. The values 

of the average distance, R, the number of scanering atoms, N, at distance R, the Debye-Waller 
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factor, (1, and the threshold energy, Eo, were simultaneously fit with a nonlinear least-squares 

fitting program. 

4.3 Results 

4.3.1 Sample Characterization 

The CaCl2 -washed PSII samples were analyzed for residual amounts of the 33, 24 and 16 

kDa proteins. It is difficult to determine the amount of the extrinsic 33 kDa protein in PSII 

membranes because there are several weakly staining intrinsic proteins in the 30 kDa region. 

Thus, I have also assayed the supernatant following heat treatment for residual 33 kDa protein . 

. Fig. 4-1 shows a Coomassie-stained SDS-urea gel of CaCl2-washed and control PSII samples. 

The 33, 24, and 16 kDa proteins are not detectable in the CaCl2 -washed membranes, even when 

the lanes are overloaded (lanes 3 and 4). The weakly staining bands remaining in the 30 kDa 

region are also present in Tris-washed PSII preparations (data not shown). Heat treatment of 

control PSII samples released about half of the 33 kDa protein (compare lanes 5 and 7), as was 

previously reported by Nash et al. (1985). The proportion of 33 kDa protein released from the 

control preparation was not increased by heating to temperatures higher than 55°C or by heating 

for longer than 5 min (data not shown). No 33 kDa band is detected in the pellet (lane 6) or 

supernatant (lanes 9 and 10) following heating of the CaCl2 -washed membranes. I estimate 

from these results that ~ 5% of the 33 kDa remains bound to the CaCl2 -washed membranes. 

The CaCl2-washed PSII membranes were also analyzed for Mn content. The antenna 

size of the PSII preparation is 260± 10 ChI, using the integrated area of EPR Signal II, to 

quantitate reaction centers (data not shown). The CaCl2 -washed PSII membranes contained 

4.8±0.4 Mnl260 ChI, as measured by atomic absorption spectroscopy. The control preparations 

not subjected to CaCl2 -washing also contained 4.8±0.5 Mnl260 Chi. Thus, extraction of the 

extrinsic proteins was accomplished without removal of Mo. In contrast, subsequent incubation 

of CaCl2 -washed membranes in low ionic strength buffer for 18 h at 4°C resulted in loss of Mn. 

Among several of these preparations the Mn content varied from 1.8 to 3.0 Mnl260 Chi. The 

samples within this group containing the higher total Mo content exhibited a large amplitude six

line EPR signal characteristic of Mn2+, whereas the EPR signal from the preparation containing 

1.8 Mnl260 Chi accounted for a small proportion of the Mn (see below). This limiting value of 

1.8 Mnl260 Chi is in good agreement with the results ofOno and Inoue (1984b) and Miyao and 
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Figure 4-1. Polyacrylamide gel electrophoresis of CaCh-washed PSII 
preparations. The samples were treated with 2.5% SDS, 8 M urea, and 
5% mercaptoethanol for 1 h at room temperature and run on a sepa
rating gel containing 14% acrylamide, 0.1 % SDS, and 6 M urea for 
18 h. The gel was stained with Coomassie brilliant blue R250. The 
control (intact) PSII samples were not subjected to CaCl2 -washing. The 
lanes are: 1,2, control membranes; 3,4, CaClrwashed membranes; 5, 
control, heat-treated membranes; 6, CaCl2 -washed, heat-treated mem
branes; 7,8, supernatant of heat-treated control membranes; 9,10, su
pernatant of heat-treated CaCh-washed membranes. PSII membranes 
containing 10 J,Lg (lanes 1,3,5,6) or 25 J,Lg of ChI (lanes 2 and 4) were 
loaded into the wells. Supernatants of heat-treated PSII samples equiv
alent to 10 J,Lg (lanes 7 and 9) or 35 J,Lg of ChI (lanes 8 and 10) were 
loaded. 
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Murata (1984b), who report that about 2 MnlPSII remain bound after incubation at low ionic 

strength. Thus, the samples with the higher Mn content most likely contained adventitiously 

bound Mn2+, and they were not used for X-ray spectroscopy. 

The low temperature EPR spectra of the dark-adapted CaCl2-washed preparations contain

ing either 4 or 2 Mn/PSII reaction center are shown in Fig. 4-2. The large feature at g=4.3 is 

due to high-spin rhombic fe3+ and is commonly observed in PSII preparations. The turning 

points at about g=2.9 and g=2.2 arise from oxidized Cyt bsS9 that has been converted to the low

potential form by CaC12 washing, as previously observed by Matsuura and Itoh (1985). Both 

spectra contain a six-line signal due to Mn2+, and the amplitude is greater in the 2 MnlPSII 

sample. No other EPR signals that could be assigned to Mn2+ were detected in the 2 MnlPSII 

samples over a temperature range of 4K to 25K (data not shown). I have calibrated the am

plitude of the six-line Mn2+ signal under nonsaturating conditions (5 mW, room temperature) 

using a standard solution of MnSO •. In the 2 Mn/PSII sample, the EPR visible Mn2+ represents 

only 12-16% of the total Mn content; consequently, the bulk of the Mn is not detected with 

X-band EPR. 

4.3.2 Mn K-edge Spectra 

The Mn X-ray absorption K-edge spectrum of a dark-adapted (Sl) control PSII sample 

which retains the three extrinsic proteins, ~d the spectra of dark-adapted CaCl2-washed samples 

which contain 4 or 2 MnlPSII are displayed in Fig. 4-3. The overall shaPe and position of the 

edge of the 4 MnlPSII sample is very similar to the control, and both spectra show a pronounced 

pre-edge transition at - 6543 eV. The K-edge inflection energy is 6551.8 eV for the 4 MnlPSII 

sample and is 6551.3 eV for the control. In contrast, the spectrum of the 2 MnlPSII sample 

is dramatically altered: the edge inflection energy is lowered to 6548.9 e V and the shape is 

changed. The signal-to-noise ratio is decreased in the 2 MnlPSII spectrum due to the lower Mn 

concentration; thus, the pre-edge region is not resolved. 

There are several possible explanations for the large decrease of the edge inflection energy 

of the 2 MnlPSII spectrum relative to the 4 Mn/PSII and control spectra: 1) Mn2+ complexes 

have edge inflection energies of -6547-6548 eV; thus, the presence of contaminating Mn2+(aq) 

could shift the resulting composite edge to lower energy. 2) The oxidation state of the EPR silent 

Mn is decreased to +2. 3) The oxidation state of the Mn is unchanged, but a ligand substitution 
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Figure 4-2. EPR spectra of CaC12 -washed PSII samples. The region 
near g=2 contains a large free radical signal and has been deleted. In
strument conditions: temperature, 8K; microwave power, 50 mW; mi
crowave frequency, 9.21 GHz; modulation amplirude, 32 G; modulation 
frequency, 100 kHz; scan time, 4 min; time constant, 128 ms. 
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Figure 4-3. Mn K-edge spectra of CaCI2 -washed PSI! preparations. 
Spectra of control (intact) PSI! (-) and CaCI2 -washed PSI! containing 
4 MnlPSI! ( ..... ) or 2 MnlPSII ( ___ ). The spectra have been smoothed 
for presentation by linear regression over 1.4 eV regions about each 
point The edge inflection energies are: control, 6551.3 e V; 4 MnlPSII, 
6551.8 eV; 2 MnlPSII, 6548.9 eV. 
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has occurred. resulting in a less electronegative coordination environment To address the first 

possibility, the edge spectra of the 2 MnlPSII sample and of Mn2+ (aq) are compared in Fig. 

4-4. The edge inflection energy of the Mn2+ (aq) sample is significantly lower (6548.0 eV), 

and there is a pronounced peak above the edge, which is characteristic of low-valent Mn and 

which is not observed in the 2 MnlPSII spectrum. I have also simulated the composite edges 

of mixrures of Mn2+(aq) and control (S1) PSII. The edge created by adding 12% Mn2+ and 

88% control PSII has an inflection energy of 6550.2 eV. Thus, the 12-16% Mn2+(aq) detected 

by EPR is insufficient to shift the 2 Mn/PSII edge to 6548.9 eV. In fact, it is necessary to 

increase the Mn2+ content in the simulated edge to about 35% to obtain this inflection energy. 

Possibilities 2) and 3) are addressed in the Discussion. 

4.3.3 Mn EXAFS Spectra 

Figure 4-5 shows the k1 -weighted background-subtracted Mn EXAFS spectra of the 4 

MnlPSII and 2 MnlPSil samples. The Fourier filtered spectra are overplotted on the unfiltered 

EXAFS. For both samples it is apparent that the EXAFS modulations are complicated and are 

characterized by contributions from several oscillations. Thus, in both cases, the Mn coordina

tion sphere consists of different ligand atoms, the same ligand atoms at different distances, or 

both. It is also apparent that the phases and amplirudes of the EXAFS modulations of 2 the 

MnlPSII sample are very different from those of the 4 MnlPSII. 

The FT spectra of the k1-weighted Mn EXAFS of the 4 MnlPSII and 2 MnlPSII samples are . 

displayed in Fig. 4-6. In the 4 Mn/PSII spectrum, peaks at -1.0, 1.5, and 2.2 A are apparent, 

with the middle peak appearing as a shoulder on the first. Note that the peak position in the 

EXAFS FT spectra represents apparenl distance R', and is shorter than the actual distance 

R because of the effect of the average phase shift a/2. This pattern of three main peaks in 

the FT spectra of intact PSII preparations has previously been observed (Goodin et al" 1984a; 

Yachandra et al., 1986b; Yachandra et al., 1987). These three peaks were fit to bridging N,D 

ligands, terminal N,D ligands, and Mo, respectively. 

The third peak is well resolved from the other two, and I have isolated and back-transformed 

this peak and have fit the resulting Fourier-filtered k-space EXAFS to theoretical phase and am

plitude parameters. The best fit is obtained with Mn at a distance of 2.75±.03 A (Fig. 4-7), 

which is close to the Mn-Mn distance in intact psn preparations (Table 4-1). The phases and 
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Figure 4-4. Comparison of the Mn K-edge spectra of the 2 MnlPSII 
sample and MnH (aq). Spectra are of CaCl2 -washed PSII containing 2 
MnlPSII (-) and an aqueous solution of MnCl2 (-0.1 M) ( ___ ). The 
spectra have been smoothed for presentation as in Fig. 4·3. The edge 
inflection energies are: 2 MnJPSII, 6548.9 eV; Mn2+(aq), 6548.0 eV. 
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Figure 4-5. Background·subtracted (cubic spline) P·weighted Mn EX· 
AFS of the 4 MniPSII and 2 MniPSII samples plotted as a function of 
the photoelectron wave·vector k. The data are nonnalized to a unit 
edge rise by extrapolation of the smooth free·atom background. The 
dotted lines are the Fourier·filtered EXAFS data. 
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Figure 4-6. Fourier transfonns of the k;l-weighted Mn EXAFS of 
eaCh-washed PSII preparations. The positions of the Fourier peaks 
are: 4 MnlPSII, 1.0, 1.5, and 2.2 A; 2 MnlPSII, 1.2 and 2.0 A. The 
features at R' > 4 A are due to noise. The fits to the 4 MnlPSII 
data were performed using the method of Teo and Lee (1979) and are 
described in the text and in Figures 4-7 and 4-8. 
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amplirudes fit poorly to N,O or S,Cl scatterers (note that EXAFS cannot distinguish between 

elements which differ in atomic number by only one or two). Including a shell of C atoms 

at -3.1 A in addition to the Mn shell substantially improves the quality of the fit (data not 

shown). This distance is close to that of the second shell of imidazole C atoms or carboxylate 

o atoms, which are reasonable amino side chains to be part of the Mn binding site. EXAFS 

simulation also allows estimation of the number of atoms in a given shell; however, the ampli

tudes may be influenced by constructive or destructive interference by the EXAFS modulations 

from other scatterers (Kirby, 1981), and rigorous interpretation of the amplirudes will require 

careful comparison to Mn model compounds. 

I have also isolated and back-transfonned the three peaks together and have perfonned 

simultaneous three shell fits to the Fourier-filtered 4 MnlPSII EXAFS (Fig. 4-8). The peaks 

at shorter distances are particularly sensitive to low frequency background fearures, and thus 

the quality of these fits is lower. The two peaks at lower R' fit to N,O ligands at 1.78±.06 

A and 1.92±.07 A, and the peak at higher R' fits to Mn at about the same distance as was 

found in the fit to the isolated Mn shell. Consistem with these assignments, the amplitude of 

the third peak relative to the two peaks at lower R' increases on changing the weighting of the 

FI' spectra from kl to k2 , indicating that the third peak arises from a higher Z scatterer, such 

as Mn (Kirby, 1981). These results are compared to those observed in intact PSII preparations 

in Table 4-1. Although the bridging ligand distances are almost the same, the tenninal ligand 

shell is about 0.1 A shorter in the CaCl2-washed sample. However, given the rather large 

uncertainty associated with this parameter, this difference may not be significant Including a 

shell at -2.4-2.5 A containing one to fo,ur Cl- atoms per four Mn in the simulation did not 

significantly improve the quality of the fit. 

The FT spectrum of the 2 MnlPsn sample is quite different from the 4 MnlPSII or intact 

PSII spectra. Only two peaks at apparent distances of about 1.2 and 2.0 A are present; these 

positions do not correspond to any of the three peaks in the 4 MnlPSn spectrum. The Fourier

filtered EXAFS spectrum does not fit well to a combination of N,O ligands near 1.7 and 2.0 A 

and Mn near 2.7 A. Both Fourier peaks appear to contain contributions from several scatterers 

and possibly from background feablres. In panicular, the second peak can be fit to several 

combinations of 0, Cl and Mn at distances of -2.3, 2.4 and 2.6 A, respectively, but it does 
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Figure 4-7. One-shell fit to the k1-weighted Fourier Filtered EXAFS of 
the higher R' Fourier peak in the 4 MnlPSII spectrum. The solid line is 
the Fourier-filtered data and the dotted line is the fitted EXAFS function. 
The fits were performed using a non-linear least-squares algorithm and 
the theoretical phase and amplitude functions of Teo and Lee (1979). 
FCN is the sum of the residuals divided by the number of points, R is 
the distance, N is the number of atoms, u is the Debye-Wa1ler factor, 
and l:J.Eo is the shift in eV from the initially chosen value of Eo (top 
of the edge). The Debye-Waller factor u was fixed at 0.022 A and all 
other parameters were allowed to vary. 
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Figure 4-8. Three shell fit to the k1-weighted Fourier-filtered EXAFS 
of all three Fourier peaks in the 4 MnlPSII spectrum. The fit was 
performed as described in the caption to Fig. 4-7. 
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Table 4-1 

Comparison of the distances extracted from the simulation of Mn EXAFS of CaCJ2 -washed 

(4 MnlPSm and intact psn preparations G 

Distance R (A.) b 

Intact d 

Mn-Oor N Bridging Ligand 1.78±.06 1.7S±.OS 

Mn-O or N Terminal Ligand 1.92±.07 2.00±.OS 

Mn-Mn 2.7S±.03 2.70±.03 

G The parameters were obtained by the method of Teo and Lee (1979) as described in Section 4.2.3. 
The Debye-Waller factor (1' used in the simulations was fixed at 0.022 A, and Eo, which is initially 
chosen as the energy at the top of the edge, was allowed to vary ±20 e V. The coordination number 
of atoms in each shell N was within the range previously reported for intact psn preparations 
(Yachandra et al., 1987) 

b The error limits are defined as the range of distances over which the least-squares residuals increase 
two-fold over the miniJOUJ11. with all other parameters in a given shell fixed. 

C This work 
d Yachandra et al. (1987) 
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not fit well to a Mn neighbor at 2.7 A. It is possible that the two Mn atoms reside in different 

ligand environments, and the resultant EXAFS is a superposition of two different structures. 

Given this complexity and the low signal-to-noise ratio, I have not found a unique, physically 

. reasonable fit to the 2 MnlPSII EXAFS. 

4.4 Discussion 

4.4.1 4 MnlPSn 

The results presented here demonstrate that the local structure of the Mn complex of PSII in 

the S1 state is largely unaffected by the removal of the 33, 24, and 16 kDa extrinsic polypeptides. 

The presence of a neighboring Mn at -2.7 A and N,O ligands at -1.7 and 2.0 A is characteristic 

of the oxo-bridged multimeric Mn structure which was previously reported in intact psn in the 

S1 state (Yachandra et al., 1986b, 1987). Also, the similarity of the shape of the Mn edge 

spectra from CaC12-washed and intact psn samples is consistent with the preservation of the 

ligand environment of the Mn complex. The Significance of the 0.5 e V higher edge inflection 

energy in the spectrum of the Ca02-washed sample is uncertain. It is possible ~at a terminal 

N is replaced by a more electronegative 0 ligand in the Ca02-washed sample, but otherwise 

the structure is intact. For a monomeric Mn complex such a substitution is expected to shift the 

edge -0.4 eV to higher energy (Kirby et al., 1981b; Guiles et al., unpublished observations). 

The results presented here indicate that the amino acid side chains that presumably form 

the Mn binding site are not provided by the 33 kDa protein, but by an intrinsic psn protein(s). 

However, it is possible that the 33 kDa extrinsic protein supplies terminal N,O ligands to Mn 

that are replaced by others from an intrinsic membrane protein without appreciably changing 

the structure of the Mn complex, perhaps at the same time giving rise to the 0.5 e V shift in 

the edge energy described above. Even if this were the case, this model would imply a very 

nonspecific structural role for the 33 kDa protein. 

The S2 multiline EPR Signal emanating from the Mn complex is sensitive to changes in the 

structure of the complex; several research groups have investigated the properties of this signal 

in PSII membranes lacking the extrinsic proteins (in the presence of sufficient CI- and Ca2+). 

Hunziker et al. (1987) reported a decrease in the number of hyperfine lines in the multiline 

signal from PSII membranes lacking the 24 and 16 kDa proteins, and Styring et al. (1987) 

reported changes in the structure of the signal in preparations depleted of the 33, 24 and 16 

'. 
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kDa proteins .. In contrast, Miller et al. (1987) did not observe changes in the EPR properties 

of the multiline signal upon removal of the 33, 24 and 16 kDa proteins. The results presented 

here show that the salient features of the structure of the Mn complex in the dark-adapted Sl 

state are preserved in the absence of the extrinsic proteins, but I have not directly addressed the 

structure of the Mn in complex in the S2-state produced in the absence of the extrinsic proteins. 

Yachandra et al. (1987) have previously shown that the Sl -S2 transition in intact PSII does 

not involve an EXAFS-detectable change in the structure of the complex. Thus, it is possible 

that the structure of the Mn complex in the S2 state is also largely insensitive to removal of the 

33, 24 and 16 kDa proteins. Alternatively, the extrinsic proteins may have a specific function 

in maintaining the structure of the Mn complex which is only manifested upon formation of the 

S2 state. 

In the present sbldy the CaCl2-washed PSII membranes were suspended at a low (25 mM) 

CI- concentration; under these conditions, turnover of the oxygen-evolving complex is blocked 

(000 & Inoue, 1983; Blough & Sauer, 1984; Chapter 3). Thus, the mechanism by which the 

33 kDa protein or high Q- levels facilitate secondary electron transfer on the oxidizing side 

of PSII does not involve any major changes in the struCblre of the Mn complex in the Sl state. 

4.4.2 2 MnlPSn 

The dramatically altered Mn K-edge and EXAFS spectra from the 2 Mn/PSII preparation 

indicate that the local environment of the remaining Mn atoms is quite different from that of 

the native Mn complex. Detailed comparison of the Mn coordination structure with the native 

Mn complex will require further EXAFS studies. It will be particularly interesting to determine 

whether the two Mn form a bridged binuclear complex; if not, they may still be close enough 

together to be detected by EXAFS (within about 4 A). 1be structure of this site may provide 

insight into the structure of the native complex. 

Despite the substantially lower edge inflection energy, the average oxidation state of Mn 

in the 2 MnlPSil is most likely +3 for the following reasons: 1) The edge inflection energies 

of Mn2+ complexes range from - 6546.8-6548.0 eV (Kirby et al., 1981b), well below the 2 

MnlPSII edge, but the edge energy of Mn3+ superoxide dismutase (Goodin, 1983) is within 0.1 

e V of the 2 MnlPSil edge. The Mn ligands in this system are N and 0, and it is possible that 

the Mn in the 2 MnlPSII sample also exhibits a mixed ligand coordination environment 2) The 
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bulk of the Mn in the 2 MnlPSII sample is EPR silent Although Mn2+ bound to a protein in 

a low-symmetry ligand environment may give rise to a broad, anisotropic EPR spectrum (Reed 

& Markham, 1984), I have not detected any such EPR signals that could be assigned to Mn2+. 

3) Incubation of NaCl- or CaCl2-washed PSII membranes with lipophilic reductants removes 

most of the Mn (Ghanotakis et aI., 1984c; Tamura & Cheniae, 1986). Complexes of Mn3+ are 

much more stable than those of Mn2+ (Martell & Smith, 1974-1982), and the rate of ligand 

exchange for Mn3+ is much less than for Mn2+ (Margerum et al., 1978). Thus, in these PSII 

preparations Mn release probably occurs via reduction to the +2 oxidation state. 

It has consistently been observed that only two of the four Mn remain bound to PSII 

membranes depleted of the 33 kDa protein and incubated at low chloride concentration (Ono 

& Inoue, 1984b; Miyao & Murata, 1984b; vide supra). This heterogeneity in the pool of four 

Mn associated with PSII may arise via two possible mechanisms: 1) the environment of two 

of the Mn renders them less labile, either because their terminal ligands bonds are stronger, 

because they stabilized by stronger bridging bonds, or because they are less accessible to the 

aqueous phase, or 2) two of the Mn are in a more stable oxidation state. Yachandra et al. 

(1987) have proposed two different combinations of oxidation states for the four Mn in the 

Sl state: (+3,+3,+3,+3) or (+3,+3,+4,+4). In general, MnH complexes are more reactive than 

Mn3+ complexes owing to their higher redox potentials, and they often decompose on exposure 

to water (Matsushita & Shono, 1983). Thus, assuming the second set of Mn oxidation states, 

the two Mn3+ ions remaining in the 2 MnlPSII samples may correspond to the two Mn3+ ions 

present in native PSII, while the Mn released from the membrane may correspond to the two 

MnH ions rendered labile upon removal of the extrinsic proteins. 

The changes in the Mn complex that accompany depletion of the extrinsic proteins and of 

two Mn atoms can be interpreted within the context of the two possible structures that were 

proposed based on EXAFS srudies of the native Mn complex: 1) a pair of equivalent binuclear 

complexes separated from one another by more than 3 A, or 2) a single binuclear complex with 

two other Mn atoms incorporated as monomers at distances greater than 3 A (Yachandra et 

aI., 1987). If structure 1) is correct, removal of two Mn which presumably formed one of the 

binuclear sites must alter the coordination environment of the remaining Mn. Alternatively, the 

labile Mn represents the monomer units of model 2), and the dimeric structure of the remaining 
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two Mn is altered from the native complex. Another possibility is that the dimeric Mn of model 

2) are extracted, leaving the two monomeric Mn behind. If the two monomer sites were different 

from one another, the resulting EXAFS spectrum could be quite complex. In conclusion, the 

results presented here are compatible with models 1) or 2), and in either case it is possible 

, that structural coupling between the four Mn atoms results in a structural rearrangement upon 

removal of half of the Mn. 

4.5 Conclusions 

The conclusions from the results presented here are that: 1) The structure of the Mn 

complex of PSIl is essentially unchanged upon depletion of the 33, 24 and 16 kDa extrinsic 

proteins. 2) The 33 kDa extrinsic protein is not directly involved in binding the Mn complex 

of PSII. 3) The Mn coordination environment is altered in PSII preparations that contain only 

two Mn per PSII reaction center. 



Chapter S 

Assignment of the g=4.1 EPR Signal to Mn in the ~ State 

of the Photosynthetic 02-Evolving Complex 

5.1 Introduction 
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The original discovery of the S2 multiline EPR signal by Dismukes and Siderer (1981) 

has sparked a great deal of interest in the EPR properties of the Mn-containing 02-evolving 

complex, and has led various researchers to look for other EPR signals arising from the Mn 

complex, particularly from other S-states. Brudvig et al. (1983) observed that the threshold 

temperature for the generation of the multiline signal was -170 K. Subsequently, Casey and 

Sauer (1984) reported that illumination at a lower temperature, 140 K, generated a broad EPR 

signal centered at g=4.1, which relaxed on warming to 190 K in the dark to produce the multiline 

signal. Substitution of the halide P- for CI-, which inhibited O~-evolution, did not block the 

formation of the g=4.1 signal at 140 K but prevented its relaxation to the multiline signal 

upon warming. Based on these results, the g=4.1 signal was assigned to a species functioning 

as an electron transfer intermediate between the S1 state and the reaction center. In contrast, 

Zimmermann and Rutherford (1984) cogenerated the g=4.1 and multiline signals on illumination 

at 200 K, and assigned the g=4.1 signal to an intermediate between the states S2 and 5:3. More 

recently, these authors demonstrated that several common cryoprotectants or ethanol inhibit the 

formation of the g=4.1 signal above 140 K (Zimmermann & Rutherford, 1986). In the absence 

of cryoprotectants. the g=4.1 signal exhibited period four oscillations following a train of room 

temperature flashes, with maxima on the first and fifth flashes. These observations have provided 

strong evidence that the g=4.1 signal is actually associated with the S2 state. 

de Paula et al. (1985) have proposed that both of these EPR signals arise from the same 

paramagnetic Mn site. Based on studies of the temperature dependence ·of the signals, these 

authors have assigned the multiline signal to an S = 1/2 excited state and the g=4.1 signal to 

an S = 3/2 ground state of two different configurations of the Mn complex (de Paula et al., 

1986b; see Chapter 6). In this scheme, on warming from 140 K to 200 K a change in the 

Mn magnetic exchange couplings causes a decrease in the spacing between these two levels, 

which results in population of the S = 1/2 excited state. However, thermal depopulation of the 
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8 = 1/2 state on cooling to 4 K is not accompanied by formation of a g=4.1 feature associated 

with the 8 = 3/2 spin state; conversely, no multiline signal is detected if samples illuminated 

at 140K are examined at 20-30K in the spectrometer (de Paula et aI., 1986b). Thus, within the 

context of this model, the mechanism by which the g=4.1 signal is converted to the multiline 

signal by the effect of warming or action of cryoprotectants is not yet clear, but it must involve 

some conformational changes of the Mn complex . 

More recently, a different model for the origin of the multiline and g=4.1 EPR signals has 

been presented by Hansson et al. (1987). This group has observed that the intensity ratio of 

these signals is constant over the temperature range of 4 to 23 K, suggesting that if they arise 

from the same manifold, the splitting between them must be < 1 em-l. However, this small a 

splitting is not compatible with observation of the multiline signal at a microwave frequency of 

34 GHz (hv - 1.1 em-l). Their alternative explanation is that these signals arise from ground 

state Kramers doublets of different paramagnetic species on the donor side of psn: an axial Mn 

(IV) ion (8 = 3/2) which gives rise to the g ... 4.1 signal, and a binuclear M~(III,IV} complex 

which gives rise to the multiline signal. It is suggested that the effects of temperature and 

cryoprotectants are due to changes in the relative redox potentials of these species. 

While the association of the g=4.1 signal with the 82 state is reasonably certain, the absence 

of resolved 66Mn hyperfine structure precludes making a definite assignment to Mn. It is 

notable that both of the models discussed above imply that the g=4.1 signal arises from a Mn

containing complex. In this chapter, this question is directly addressed utilizing X-ray absorption 

spectroscopy at the Mn K-edge. This technique probes the oxidation state and site symmetry 

of the Mn complex and is element specific (Srivastava & Nigam, 1972; Shulman et aI., 1976). 

Observation of a light-induced increase in the manganese X-ray absorption edge inflection 

energy, correlated with the production of the S2 multiline EPR signal, provided evidence for the 

oxidation of Mn at the 81 - 82 transition (Goodin et al., 1984a; 1984b). In the present study; 

changes in the Mn edge spectra are found to be correlated with formation of the g=4.1 EPR 

signal at 140 K. F- -substitution of PSII membranes alters the shape of the pre-edge transition, 

but there are no changes in the pre-edge or edge spectra which accompany formation of the 

g=4.1 signal upon illumination at 190K. A model for the effects of F- on the Mn complex is 

presented. 



5.2 Materials and Methods 

5.2.1 Sample Preparation 
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02-evolving PSII membranes were prepared by Triton X-100 extraction of spinach chloro

plasts as described in Chapter 3. Samples were suspended at 20-30 mg ChI ml-1 in 50 mM 

MES, 15 roM NaC, 5 roM MgC2 at pH 6.0 with -30% glycerol added as a cryoprotectant, 

and were loaded into lucite sample holders. Glycerol inhibits the formation of the g=4.1 signal 

at 190 K (Zimmermann & Rutherford, 1986; Figure 5-4). Fluoride substituted samples were 

prepared by suspending PSII membranes at -1-2 rilg ChI ml-1 in 50 mM MES, 20 mM NaF, 

pH 6.0. Following a 10 min incubation, the sample was centrifuged at 34,OOOxg for 10 min. 

This procedure was repeated twice to equilibrate the sample and to remove residual Cl-. The 

steady-state 02-evolution of these samples assayed in the F- medium was <25% of control PSII 

membranes assayed in C- medium. This inhibition was largely reversible upon resuspension 

of the F- samples in Cl- medium. Following 1 h of dark adaptation at 4"C, the samples were 

frozen to 77 K until use. Prior to illumination, samples were equilibrated at 140 K or 190 K 

in an unsilvered nitrogen gas-flow dewar. At these temperatures reoxidation of Q; is blocked 

(Joliot, 1974), thus limiting the donor side to a single turnover. Samples were illuminated for 

2 min in this dewar by a 400 W tungsten source filtered through a 5 cm water bath. 

5.2.2 X-ray Spectroscopy 

X-ray absorption spectfcl were obtained at the Stanford Synchrotron Radiation Laboratory, 

Stanford, CA on beam lines IV-1 and VI-2 during dedicated operation of the SPEAR storage 

. ring. Energy resolution was -1 e V using a Si [111] (IV -1) double crystal monochromator, 

and was Slightly lower using a Si[400] (VI-2, focussed) monochromator. The uncertainty in 

the measurement of the edge inflection energy is ± 0.1 eV. Edge spectra were taken in the 

fluorescence mode using either a plastic scintillator array (Chapter 4) (IV-I), or an energy

resolving lithium-drifted silicon detector (United Scientific Corporation), equipped with the 

counting electronics described by McDermott (1987) (VI-2). Energy calibration was provided 

by simultaneous measurement of the narrow "white-line" feature of KMno. with each scan. 

During X-ray measurementS, the sample temperature was maintained at -150 K in a nitrogen 

gas-flow cryostat. EPR spectra were recorded before and after X-ray exposure with a Varian 

E-109 spectrometer equipped with an Air Products Model LTR liquid helium cryostat 

.. 
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5.3 Results 

5.3.1 Formation of the g=4.1 Signal at 140 K 

Figure 5-1 shows the EPR difference spectrum induced upon illumination of a photo system 

n sample at 140 K. Several light-induced features are apparent: the broad g=4.1 signal, a low 

amplitude multiline signal centered about g=2, a peak near g=3.1 representing the g. feature 

of the spectrum ~f oxidized Cyt 6559 (high-potential fonn) and the broad QA signal at g=1.9. 

The g=4.1 signal contains a narrow subtraction artifact owing to the presence of a sharp feature 

at g=4.3 in the dark spectrum. The multiline signal amplitude is about 25% of that induced 

on illumination at 190 K (see Fig. 5-3). A decrease of up to 20% in the amplitude of the 

light-induced EPR signals was sometimes observed following X-ray spectroscopy. Because 

the 02-evolution activity is not significantly decreased following exposure to the X-ray beam 

(Goodin et al., 1984a), this loss in signal amplitude is probably due to charge recombination 

and not X-ray damage. 

The Mn K-edge absorption spectra of the same sample exhibiting the g=4.1 EPR signal and 

another sample poised in the Sl state are compared in Fig. 5-2. A shift in the absorption edge to 

higher energy is apparent in the 140 K illuminated sample. Because Mn is not associated with 

the acceptor <It or the competitive donor Cyt 6559 , this shift is correlated with the g=4.1 signal. 

No significant changes in the edge structure are apparent Both spectra contain a pre-edge Is-

3d transition at about 6543 e V which becomes allowed in a noncentrosymrnetric coordination 

environment. Because Yachandra et al. (1987) have observed no significant changes in the Mn 

EXAFS features upon fonnation of the S2 state by illumination at 190 K, it is unlikely that 

substantial changes in the structure of the Mn complex are induced at 140 K. Thus, the edge 

shift most likely reflects a change in Mn oxidation state and not a redistribution of electron 

density at Mn due to ligand rearrangement or exchange. The absence of a change in the edge 

shape is also consistent with a simple oxidation state change. The edge inflection energy was 

6551.3 e V for the Sl sample and 6552.8 e V for the sample exhibiting the g=4.1 signal. This 

1.5 e V shift is of similar magnitude to what is observed upon fonnation of the S2 multiline EPR 

signal at 190 K (Fig. 5-3, Yachandra et al., 1987). Thus, fonnation of the multiline signal at 

190 K and the g=4.1 signal at 140 K appear to result from a similar Mn oxidation state change. 
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Figure 5-1. The g=4.1 EPR signal induced upon illumination at 140 
K. The spectrum of the darlc-adapted sample has been subtracted The 
sharp feature at g=4.3 is a subtraction artifact. Spectrometer conditions: 
temperature, 8K; microwave power, SO mW; microwave frequency, 9.2 
GHz; modulation amplitude, 32 G; modulation frequency, 100 kHz; 
scan time, 4 min; time constant, 128 MS. 
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Figure 5-2. Effect of 140 K illumination on the X-ray absorption 
K-edge spectra of Mn. Spectra are of a dark-adapted (Sd sample 
and the same 140 K illuminated sample as in Fig. 5-1. The spectra 
were collected at 150 K in darkness. A linear pre-edge background 
was subtracted from the edge spectra and the data were smoothed for 
presentation by linear regression over fixed 2.7 eV regions about each 
point 
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Because some multiline signal is induced in the samples illuminated at 140 K, it is possible 

that the edge shift is associated not only with the g=4.1 signal but also with the multiline signal. 

A correlation plot of the edge shifts observed in several samples illuminated at 190 K or 140 

K versus the amplitude of the multiline signal is shown in Figure 5-3. A best fit line is drawn 

through the dark-adapted and 190 K illuminated sample data points. As previously reported 

(Goodin et al., 1984a), there is a good correlation between the amplitude of multiline signal and 

the magnitude of the edge in:flection energy shift for the samples illuminated at 190 K, and the 

data for the illuminated samples cluster along the upper portion of the correlation line. However, 

data points for samples illuminated at 140 K fall in a separate domain to the lower right ponion 

of the plot and are quite distam from the correlation line. The distribution in the edge inflection 

energies and multiline signal amplitudes within each set of illuminated samples reflects some 

variation in S-state composition. The maximum edge shift for the samples illuminated at 140 

K is about the same as that induced at 190 K, but it is much larger than expected on the basis 

of correlation with multiline signal amplitude. Thus, fonnation of the g=4.1 signal at 140 K is 

directly associated with the observed edge shift. 

5.3.2 Formation or the g=4.1 Signal at 190 K in F- ·substituted psn 

An alternative method to generate the g-4.1 signal with little accompanying multiline signal 

is to substitute the halide F- for Q-. Under these conditions, fonnation of the multiline signal 

is inhibited, and the g=4.1 signal can be generated upon illumination at 140 K or 190 K (Casey 

& Sauer, 1984). Figure 5-4 shows the EPR spectra of control (CI-) and F-·substituted PSII 

membranes illuminated at 190 K. In the control spectrum, a large amplitude multiline signal 

is generated. but very little g=4.1 signal is fonned. In contrast, the F- -substituted sample 

exhibits a large light-induced g ... 4.1 signal, but only -20-25% of the multiline signal amplitude 

is generated relative to the control sample. In both spectra. the fonnation of a comparable 

ampliOlde QA signal at g ... 1.9 is evidence of stable charge separation upon illumination. As 

reported by Casey and Sauer (1984), one difference between the g=4.1 signals generated by the 

two methods is that the peak-to-peak line width of the signal from the F- -substituted sample 

is narrower, -290 G, compared to -310 G for the Cl--containing sample (data not shown). 

Also, the effective g-value of the signal from the F- -substituted sample is slightly higher. 
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Figure 5-3. Mn K-edge inllection energy plotted against multiline EPR 
signal amplitude for samples which were dark-adapted and illuminated 
at 190 K or 140 K. The edge inftection energies were detennined by 
fitting the spectra to quadratic polynomials over 2.7-6.8 eV regions 
about each point and taking the first derivative of the smoothed data 
The edge inftec'tion energies did not systematically vary with the energy 
width of the smoothing function. Multiline EPR amplitudes were taken 
as the sum of peak-to-peak amplitudes for five lines downfield from 
g=2. A linear least-squares line is drawn through the dark-adapted (S1) 

and 190K illuminated (~) data points. 
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Figure 54. EPR signals induced upon illumination of a control (Cl-) 
and a F- -substiruted sample at 190 K. The spectra of the dark-adapted 
samples have been subtracted. Spectrometer <::onditions: temperature, 8 
K; microwave power, 20 mW; modulation amplitude, 32 G; modulation 
frequency, 100 kHz; scan time, 2 min; time constant, 128 ms. 
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Figure 5-5 shows the Mn K-edge spectra of dark-adapted and 190 K illuminated F-

substituted psn samples. The overall shape of these edges is similar to those of CI- -containing 

samples, and both spectra contain a Is-3d transition. Upon illumination, the g=4.1 signal is 

formed, but the edge of the F--substituted PSII preparation does not shift to higher energy. The 

inflection energy of both of the edges is 6551.2 e V, which is close to the edge energy of CI- -

containing samples poised in the Sl state. The lack of an edge shift is not due to a decreased 

amplitude of the g=4.1 signal: the amplitude of the signal in the F- -substituted sample used to 

obtain the edge spectra is actually greater than the signal amplitude induced in the CI- samples 

at 140 K, even after the correction for the slightly narrower line width is taken into account. 

Recent Mn K.-edge spectra with improved signal-to-noise ratios have revealed that the pre

edge region near the Is-3d transitions exhibits structure and is different for the states Sl and 

S2 (Sauer et al., 1987). The shapes of the Sl and S2 pre-edge transitions are similar to that of 

Mn(III) and Mn(lV) model complexes, respectively. In figure 5-6 the pre-edge region of the 

Mn edge spectra of dark-adapted and illuminated F--substituted PSII samples are compared 

with the spectra of control (0 -) samples poised in the states Sl and S2 (illuminated at 190 K). 

The pre-edge transition of the control Sl sample is broader on both the low and high energy 

sides than the pre-edge of the S2 sample and does not exhibit a well defined peak. The pre-edge 

transition of the dark-adapted F- sample is less broad than that of the control Sl sample. In 

fact, the overall shape of the pre-edge is similar, but not identical to that of the S2 state sample. 

The shape of the pre-edge of the F- -substituted sample does not change very much if at all 

upon illumination at 190 K. 

5.4 Discussion 

5.4.1 Assignment of the g=4.1 signal to Mn in the ~ state 

The results presented here provide direct evidence that the formation of the g .. 4.1 EPR 

signal at 140 K in Cl--sufficient PSII is correlated with the oxidation of Mn. The simplest 

interpretation of this correlation is that the g==4.1 signal arises from a Mn complex; in this 

regard, several S = 3/2 Mn(JV) monomeric complexes give rise to an EPR signal near g=4 

(e.g. Richens & Sawyer, 1979). Alternatively, the oxidation of Mn may be accompanied by the 

appearance of a g-4.1 signal arising from another species. In this model, this species becomes 
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Figure 5-6. Effect of 190 K illumination on the Is-3d transition in 
the Mn K-edge spectra of F- -substituted PSll. Spectra are of a dark
adapted (St> a- -containing sample, a 190 K illuminated (S~) Cl-
containing sample. a dark-adapted F- -substituted sample, and a F-
substituted sample illuminated at 190 K to generate the EPR spectrum 
in Fig. 5-4. A linear background was subtracted and the spectra were 
nonnalized to the amplitude of the edge maximum. The data were 
smoothed for presentation by linear regression over fixed 1.5 eV regions 
about each point. 
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EPR-visible upon illumination at 140 K either becau~ it is oxidized along with the Mn or 

because its EPR properties are changed upon oxidation of the Mn 

The similarity of the Mn edges from samples poised in the S2 state by illumination at 190 

K and from samples exhibiting the g=4.1 Signal upon illumination at 140 K is strong evidence 

that this g~4.1 EPR signal is another ~-state marker, in agreement with the assignment of 

Zimmermann and Rutherford (1986). The data presented here also suggest that the g=4.1 

signal formed at 140 K and the multiline signal both arise from the Mn containing 02-evolving 

complex. However, any structural differences between the Mn centers which may give rise to 

the g=4.1 and multiline signals are not apparent in the Mn edge spectra presented here. All of 

the Mn atoms present in the PSII preparations used in this study (4-5 MnlPSII) will contribute 

to the Mn edge spectra. However, heterogeneity in the valences and ligand environments of 

the Mn atoms are often not resolved in the edge spectra of multimeric Mn complexes. Thus, 

the one- or two-electron Mn oxidation at the Sl -S2 transition may occur within different Mn 

species upon formation of g=4.1 and multiline signals, respectively, but the shift in the edge 

inflection energy may be the same in both cases. Thus, the data presented here cannot be used 

to discriminate between the models of de Paula et a1. (1985) and Hansson et al. (1987). 

5.4.2 Effects of F- -Substitution on the Mn Complex 

In the F- -substituted PSII preparations, the absence of an edge shift upon formation of the 

g=4.1 signal at 190 K can be interpreted in three ways: 1) The Mn complex is not oxidized. 

In this case, another donor species must be responsible for stabilizing the charge separation at 

190 K, and could also give rise to the g=4.1 signal induced under these conditions. 2) F-

substitution could result in oxidation of Mn prior to illumination at 190 K, and thus suppress the 

light-induced edge shift. 3) Finally, F-' could change the Mn complex into a more delocalized 

structure, such that the removal of an oxidizing equivalent has .little effect on the electronic state 

of the metal, as is observed in iron hexacyanide or cytochrome c (Shulman et al., 1976). These 

possibilities will be discussed below. 

Changes in the Is-3d pre-edge transition in the edge spectrum of the dark-adapted F-

substituted sample provides evidence that F- interacts with the ~-evolving complex in the 

Sl state and changes the electronic structure of the Mn. It is possible that F- may in fact 

bind directly to Mn. The ligand environment of the native Mn complex is composed primarily 

• 
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of N and 0 atoms (Kirby et al., 1981a; Yachandra et al., 1986), and it is likely to be quite 

ionic in character in order to stabilize the higher Mn oxidation states. However, it is unlikely 

that upon binding P-, which itself is very electronegative and fonns very ionic coordination 

complexes, the covalency of the Mn coordination environment would· be increased, as required 

by mechanism 3) above. One possibility is that the binding of P- indirectly affects the covalency 

of the Mn coordination environment. However, there is no evidence to support this type of 

mechanism; thus, the changes in the ligand environment of the Mn complex caused by P

binding cannot easily account for the absence of a light-induced edge shift. 

If the Mn is not oxidized upon illumination of P--substituted psn, it is possible that another 

species becomes oxidized, and at the same time, gives rise to the g=4.1 signal. In this regard, 

there are slight differences in the g-value and linewidth of the g=4.1 signals induced in CI- and 

P- -containing samples that m:e indicative of some difference in their origin. Casey and Sauer 

(1984) originally suggested that the g=4.1 signal in Cl--containing samples was due to S = 5/2 

Fe3+ in a rhombic ligand environment. However, the g-values and lineshapes of both of the 

signals in the g=4 region are more consistent with an S = 3/2 axial system with a large zero 

field splitting (g-4) (Maltempo, 1979) than with a rhombic Fe system (g-4.3 (Aasa, 1970). 

Intennediate spin S = 3/2 Fe systems are relatively rare, but several high spin S = 3/2 Mn(lV) 

complexes have been reported (e.g. Richens & Sawyer, 1979). Given that Mn is known to 

be a component of the 02-evolving complex, it is more likely that both of the g=4.1 signals 

arise from Mn. It is possible that both signals arise from the same Mn species (either a Mn 

(IV) monomer or a tetranuclear Mn complex), but that P- alters its electronic structure, as 

manifested in the changes in the EPR parameters and the pre-edge structure. Alternatively, the 

two g=4.1 signals could arise from different Mn complexes. At present, it is not possible to 

distinguish between these last two alternatives. 

From the above arguments, it appears that the most likely explanation for the absence of an 

edge shift upon illumination of P- -substituted PSII at 190 K is oxidation of the Mn complex 

prior to illumination. In fact, several lines of evidence are consistent with P--induced oxidation 

of Mn in dark-adapted samples. The altered pre-edge in the edge spectra of the dark adapted P

sample is more similar to the pre-edges in spectra of Mn(IV) complexes and S2-state samples 

than to Mn(III) and Sl-state samples (Pig. 5-6; Sauer et aI., 1987). The absence of a light

induced change in both the edge inflection energy and in the shape of the pre-edge, despite 
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the formation of the g=4.1 signal, is most easily understood if the Mn complex is oxidized in 

the dark-adapted preparation and not funher oxidized upon illumination at 190 K. However, 

the edge inflection energy of the P- -substituted samples is close to that of S1 -state samples. 

The edge inflection energy is influenced by both the oxidation state of Mn and the ligand 

environment. However, binding of more a electronegative ligand, such as F-. in place of 0 or 

N ligands, would be expected to shift the edge to higher energy rather than to lower energy. 

It is possible that the edge inflection energy of the P- -substituted samples is decreased by the 

presence of some Mn2+ (aq), which is observed in the EPR spectra of these samples, and which 

has an edge energy of about 6548.0 eV (Chapte.r 4). 

To accomplish the oxidation ofMn in the dark, another species must become reduced. A 

likely candidate is D+, which gives rise to EPR Signal II •. In Q--sufficient preparations, D+ 

is capable of oxidizing So to S1 (Styring & Rutherford, 1987), but does not oxidize S1 to S2; 

presumably, the reduction potential of the D+ fD couple is too low for the second reaction to 

be thermodynamically feasible. However, there is evidence that in Q- -depleted preparations 

the redox potentials of the higher S-states are lowered (Muallem et al., 1981; Homann et al., 

1986), such that D+ becomes capable of oxidizing S1' In this regard, Damoder et al. (1987) 

have reponed the loss of Signal II. in the dark upon depletion of Cl- from PSI! preparations. 

It is likely that P- inhibits by displacing Cl- from its binding site (Sandusky & Yocum, 1986; 

Damoder et al., 1986), so that these results on CI- -depleted preparations are relevant to the 

P- -substirute<! PSII preparations used here. Alternatively, another species such as Cyt bs,s9 may 

serve to oxidize S1 to S2' 

A possible mechanism for the reaction of P- with the 02-evolving complex is presented in 

Pig. 5-7. In CI--containing preparations, illumination at 140 or 190 K results in the generation 

of the g=4.1 signal or the multiline signal, and concomitant oxidation of the Mn complex. 

Reaction of PSII with P- oxidizes the Mn complex in the dark to the level of the S2 state 

and reduces D+ to D. Subsequent illumination at 190 K reoxidizes D and generates the g=4.1 

signal. An important feature of this model is that it is testable by quantitation of EPR Signal 

II. upon reaction of PSII samples with P- and subsequent illumination at 190 K. 

In the context of this model, it is unclear why the S2-state produced in dark-adapted F-

substituted samples does not give rise to either of the S2-state EPR signals. It is possible 
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Figure 5-7. Model for the effects of F- -substitution and illumination 
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that changes in the zero-field splittings, Mn exchange couplings, or interactions with nearby 

paramagnetic species could render the Mn complex EPR silent in·the dark-adapted preparations. 

In this case, the F- -substituted samples give rise to the g=4.1 EPR signal upon illumination 

. because oxidation of D may be necessary to reverse these changes in the Mn complex and to 

render the S2 state EPR visible. Note that D is not paramagnetic and would not be expected to 

magnetically interact with the Mn complex in the S2 state. 

There is precedent for an EPR silent S2-state in a PSII preparation from the cyanobacterium 

Synechococcus. lllumination of these samples at 140 K shifts the Mn edge inflection point to 

higher energy without formation of either the multiline or the g=4.1 signals (McDermott et al., 

manuscript in preparation). 

Some of the effects of NH3 inhibition are very similar to those of F- -substitution. NH3 

competitively inhibits the binding of Cl- (Sandusky & Yocum, 1983). As reported in Cl-

depleted PSII, the higher S-states are more stable in NHs-treated preparations (Velthuys, 1975; 

Delrieu, 1976). The EPR properties of the Mn complex are also affected by NH3: in the presence 

of appropriate concenuations of NH3, the g=4.1 signal. is formed in lieu of the multiline signal 

(Beck & Brudvig, 1986), the linewidth of the g=4.1 signal is decreased, and the g-value shifts 

to near g=4.2 (Andreassen & Hansson, 1987). These results suggest that NH3 and F- may' 

induce similar changes to the Mn edge spectra. 

5.5 Conclusions 

The conclusions from the results presented in this chapter are that: 1) The g=4.1 signal 

induced at 140 K in CI- -containing psn arises from the Mn complex in the S2 state. 2) 

The absence of a shift in the Mn K-edge inflection energy upon illumination at 190 K of F-

substituted samples indicates that the oxidation of Mn is not correlated with formation of the 

g=4.1 signal under these conditions. 3) F- -substiwtion alters the pre-edge Is-3d transition in 

the Mn edge spectra, possibly indicating formation of an S2-state in the dark. 

.. 
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Chapter 6 

Conclusions and directions for future research 

6.1 Conclusions 

6.1.1 The Roles of Ca2+ and the 24 and 16 kDa extrinsic proteins 

The 24 and 16 kDa proteins are not necessary for the 02-evolution reactions, provided 

both Ca2+ and Q- are present in appropriate concemrations. Babcock (1987) has discussed 

an additional role for these proteins in shielding the Mn complex from exogenous reductants, 

but the physiological significance of this effect has not been demonstrated. An irreversible 

three- to four-fold decrease in the rate of the S3 -So transition and an increased value of 

the miss parameter a accompanies depletion of these proteins, and probably reflects either a 

conformational change in some PSII protein induced by the high salt treatment, or depletion of 

additional proteins or cofactors which are not yet identified. 

It is clear from the results presented in Chapter 3 that the effect of Ca2+ -depletion is 

to block the Sl -S2 transition. However, it is possible that another site of Ca2+ action is 

directly associated with the psn reaction cemer, as has been reponed in cyanobacteria (Brand 

& Becker, 1984). The mechanism by which Ca2+ facilitates electron transfer from the Mn 

complex is not clear. Ca2+ itself is not likely to be redox active. It is possible that the 

binding of Ca2+ modulates the rate of the electron transfer by altering the conformation or 

distance between the redox active species. There are examples of Ca2+ -activated enzymes from 

other systems, and several reagems which block the activity of calmodulin, a Ca2+ -binding 

regulatory protein, also inhibit psn ~-evolution (Carpentier & Nakatani, 1985). Lanthanide 

ions, which bind to several biological Ca2+ sites, also competitively bind to the psn site, but 

do not activate electron transfer (Ghanotakis et al., 1985) The Ca2+ requirement presumably 

reflects a regulatory mechanism for control of PSII. 

6.1.2 The Role of Cl-

There is a general consensus from a variety of experimental techniques that Q- is required 

for the S2 -S3 transition, and possibly for the S3 -S~ transition. Consistent with this picture, 

Preston and Pace (1985) have detected high affinity binding of Q- to the S2 and S3 states, 

but not to the lower S-states. The data presented in Chapter 5 suggest that the halide F- binds 
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to the state Sl' However, this conflict may be resolved if it is assumed that CI- bound to 

the Sl state exchanges slowly and thus would not be detected with the NMR technique used 

by Preston and Pace (1985). Alternatively, P- may bind at different S-state transitions than 

Cl-. P- is more electronegative and has a higher charge density than a-, and the formation 

constants of F- complexes are often higher than for the corresponding a- complexes (Cotton 

& Wilkinson, 1980). Thus, P- may bind in the Sl state even if Cl-. the physiological1igand. 

only binds upon formation of the more electron-deficient S2 state. 

It is apparent that a- -depletion affects the thermodynamics of the 02-evolution reactions. 

In fact, Babcock (1987) has suggested that inhibition caused by CI- -depletion reflects a decrease 

in the redox potentials of the S-states, such that the Mn complex becomes incapable of oxidizing 

water. It is thus attractive to consider the possibility that the function of the reversible CI-

binding in psn is to overcome activation energy barriers associated with the higher S-state 

transitions. In 0- depleted samples, the potential of the Sl state is reduced, such that it might 

become oxidized by D+, as suggested in the model described in Chapter 5, but subsequent 

transitions involving water oxidation may be thermodynamically unfavorable. Govindjee et aI. 

(1985) have proposed a model in which a- reversibly binds to a cationic site near the Mn 

complex and facilitates the proton release reactions. Krishtalik (1986) has calculated that the 

energetics of the 02-evolution reaction become more favorable if protons released from water 

undergo immediate binding to nearby basic groups. However, the experimental data at present 

cannot rigorously exclude the possibility that Cl- actually binds directly to the Mn complex. 

6.1.3 Reversible Alkaline Inhibition 

The simplest model for the mechanism of reversible alkaline inhibition is competitive 

displacement of Cl- by OH-, which predicts that the functional effects of this treatment will 

be analogous to a-. Some evidence for this model was presented in Chapter 2, where it 

was shown that formation the g==4.1 signal is not inhibited at pH 7.5, but that formation of the 

multiline signal amplitude is decreased by about half at this pH. Formation of the multiline EPR 

signal is inhibited by a--depletion (Yachandra et aI., 1986a; but see Damoder et aI., 1986), 

but the g=4.1 signal can be generated under these conditions (Ono et aI., 1986).Thus, the slight 

differential sensitivity of these signals to alkaline pH is consistent with the competitive binding 

of OH- to the a- site. However, at more alkaline pH the g=4.1 signal amplitude reversibly 

• 
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decreases in parallel with the multiline signal, suggesting a second mode of inhibition. Also, the 

Z+ reduction measurements in Chapter 3 imply that the Sl -S2 transition is blocked at pH 7.75. 

This effect more resembles the inhibition due to Ca2+ depletion rather than Cl- depletion. Thus, 

it is likely that reversible alkaline inhibition due to competitive OH- /Cl- binding occurs at 

pH-7.S and that a second mechanism becomes operative by pH-7.8. This second mechanism is 

functionally analogous to Ca2+ depletion, but there is no evidence for involvement of this cation 

in reversible alkaline inhibition. Volker et al. (1986) reported that they observed inhibition of 

the multiline and the g=4.1 signals at alkaline pH only upon incubation of psn membranes at 

lower ChI concentrations. These effects appear to be quite sensitive to experimental conditions 

such as sample concentration, exposure to light, and concentration of Cl- and Mg2+. 

6.1.4 The Role of the 33· kDa Protein 

The X-ray absorption spectroscopy study of Mn in PSII preparations depleted of the 33, 

24 and 16 kDa proteins demonstrated that these extrinsic proteins are not part of the binding 

site for the Mn complex. In contrast to the 24 and 16 kDa proteins, it appears that the 33 kDa 

protein plays a significant role in the 02-evolution reactions that cannot be replaced completely 

by either Cl- or Ca2+. In the absence of the 33 kDa protein, the decay kinetics of Signal II are 

dramatically slowed, indicating that Z+ becomes disconnected from its immediate donor. This 

is quite different from the effect of F- substitution, which does not abolish the JJS phases of 

Z+ reduction. Also, the thermoluminescence properties of Cl- -depleted psn are quite different 

from those observed in the absence of the 33 kDa protein (at moderate Cl- concentrations) 

(Homann et al., 1986; Vass et al., 1987). 

Although 200 mM Cl- can reconstitute O:z-evolution in preparations lacking the 33 kDa 

protein, there is evidence that the S-state turnover is different from that in native PSII. The 

ability to trap a psn center in a charge separated state upon illumination at low temperatures 

is inhibited in preparations lacking the 33 kDa protein, possibly because some PSII centers are 

frozen in an unfavorable conformation for electron transfer (Miller et aI., 1987). Although the 

flash yield of O:z-evolution is similar in preparations reconstituted with the 33 kDa protein or 

with 200 mM 0-, the rate of the O:z-release reaction is dramatically slower in the latter case 

(Miyao et aI., 1987). The unusual thermoluminescence of PSII depleted of the 33 kDa protein 

is fully reversed by reconstitution with the purified protein but not by 200 mM CI"" (Vass et 
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aI., 1987). It is possible that the reconstitution induced by 200mM Cl- is nonspecific and is 

unrelated to binding of Cl- at the site discussed in Section 6.1.2; the high ionic strength could 

induce a conformational change in PSII which mimics the effect of the 33 kDa protein. 

6.1.5 The Origin of the Multiline and the g=4.1 EPR Signals, and the Structure of the 

Mn Complex 

The X-ray absorption edge presented in Chapter 5 provides clear evidence that the g=4.1 

signal arises from Mn. However, the structure of the complex(es) that give rise to the multiline 

signal and the g=4.1 signal are the subject of intense debate. Based on the observation of a 

non-Curie temperature dependence for the multiline signal, Brudvig and co-workers proposed a 

model in which both the multiline and the g-4.1 signals arise from a tetranuclear Mn complex (de 

Paula et al., 1986b). This model involves a combination of ferromagnetic and antiferromagnetic 

coupling among the four Mn to generate the excited S = 1/2 state which gives rise to the 

multiline signal. However, other researchers have observed simple Curie behavior for the 

multiline signal (pace et al., 1987; Hansson et al., 1987; Britt et aI., personal communication). 

Based on this behavior, Hansson et al. (1987) suggest that the multiline signal comes from the 

S = 1/2 ground state of an antiferromagnetically coupled Mn2(III,IV) system, and the g=4.1 

signal comes from the ground state of an S = 3/2 Mn(IV) monomer. 

Brudvig and Crabtree (1986) have advanced the tetranuclear Mn model into a structural 

model for the S-state transitions. In this picture, a cubane-like MIltO, complex binds water at the 

S2 -S3 transition, and unfolds into an adamantane-like Mn. 0 6 structure. Upon Mn oxidation 

at the· S3 -S, transition, the 0-0 bond is formed, O2 is released, and the cubane structure is 

regenerated. Several aspects of this model can be directly addressed by EXAFS spectroscopy. 

The EXAFS spectra of the SI and ~ states both show evidence for a JJ-oxo-bridging structure 

consistent with either a pair of dimers or a dimer and a pair of monomers (Yachandra et aI., 

1987). Although a linear trimeric Mn structure may also be consistent with the EXAFS results, 

the amplitude of the Mn shell is too low for a symmetric tetrameric structure (Yachandra et 

aI., unpublished results). Based on recent EXAFS studies of the S3 state it appears that the 

structure of the Mn complex is not significantly changed at the S2 -S3 transition (Guiles et aI., 

unpublished results), suggesting that the adamantane-like structure is not formed, at least at the 

S3 state. 
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There are several reasons to favor the recent model of Hansson et al. (1987) for the origin 

of the S2 EPR signals over the tetranuclear model of Brudvig and Crabtree (1986). Although the 

tetranuclear model is intriguing and explicitly describes a mechanism for water binding and O2 
-

formation, the non-Curie temperature EPR dependence which formed the pivotal experimental 

support for the model has been questioned by other researchers. In Brudvig's model, it is 

necessary to invoke a change in the splitting between the S = 1/2 and S = 3/2 levels and 

concomitant disappearance of the S = 3/2 level EPR signal to account for the conversion of 

the g=4.1 signal to the multiline signal. In contrast, the model of Hansson et al. explains this 

conversion in terms of a simpler change involving the relative redox potentials of the two Mn 

centers. Although there is precedence for the S = 3/2 g=4.1 signal in Mn(JV) model complexes 

(e.g. Richens & Sawyer, 1979), all of the Mn2(III,IV) dimers examined to date give rise to 

only 16 hyperfine lines in their EPR spectra, whereas the multiline signal exhibits at least 19 

lines (Dismukes et al., 1982). However, note that two 55Mn nuclei can give rise to as many 

as 6 x 6 = 36 hyperfine lines. Thus, if the Hansson etal. model is correct, then the structure 

of the binuclear Mn complex must be somehow different from those of the model complexes. 

POSSibly, a third Mn ion weakly interacts with the binuclear site, forming a trimeric structure. 

There is also indirect evidence indicating heterogeneity in the organization of the Mn 

complex. Upon warming of psn samples illuminated at 200 K to 220 K, the S2-state centers 

giving rise to the g ... 4.1 signal recombine with <It at a faster rate than centers which exhibit the 

multiline signal (Zimmermann & Rutherford, 1986). Although de Paula et al. (1986b) suggest 

that there is some sort of structural difference between the tetranuclear centers giving rise to the 

two EPR signals which may account for the differences in recombination rate, the experimental 

result can be more easily explained by two different Mn sites. Specific release of two out of 

the four Mn upon incubation of 33 kDa protein-depleted psn membranes in low CI- buffers 

provides at least some support for the idea that the Mn are heterogeneous in organization. 

The model of Hansson et al. also has some interesting mechanistic and functional impli

cations. The four Mn thought to be necessary for 02-evolution may be organized into two 

pools, one of which serves to accumulate oxidizing equivalents, and the other of which acts 

as a catalytic site for binding and oxidation of water. In this model, the binuclear Mn could 

serve as the catalytic site, and monomer SIteS could be involved in charge accumulation. Al

ternatively, water might bind between the binuclear site and one of the monomeric sites. The 
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facile interconversion within the ~ state between the g=4.1 and multiline forms implies that 

the equilibrium constant for electron transfer between these two species is close· to unity. 

In two enzymes which reduce O2, cytochrome c oxidase and laccase, the four metal centers 

are not organized into a single tetranuclear unit. In oxidase, a binuclear Cu-Fe site is involved 

in O2 reduction. and the other metal sites serve to transfer reducing equivalents to the binuclear 

site (Malmstrom, 1982). Recent studies of laccase suggest that the binuclear eu site interacts 

with a monomeric Cu to form a trinuclear active site for ~ binding and reduction (Spira

Solomon et al., 1986). The fourth Cu site is thought to be involved in the transfer of reducing 

equivalents to the active site. Thus, there is precedent in other 02-activating redox enzymes for 

the organization of the metal c~nters into electron transfer or accumulating sites and catalytic 

centers. 

6.2 A Structural Model of psn 

Figure 6-1 shows a possible model for the organization of the 02-evolving PSII core 

complex which incorporates biochemical and biophysical data, and also draws on analogies 

to the reaction center of the purple nonsulfur bacteria. The complex is composed of several 

intrinsic proteins, which span the lipid bilayer, and three hydrophilic proteins which are bound 

at the membrane surface. The highly purified PSII reaction center of Nanba and Satoh (1987) 

contains the 01 and 02 proteins and Cyt b66Q • In the model presented here, all of the prosthetic 

groups associated with electron transfer from water to plastoquinone are bound to the 01-02 

proteins, which may form a heterodimer struCOlI'e analogous to the Land M subunits of the 

purple nonsulfur bacterial reaction center (Michel & Deisenhofer, 1986; Hearst, 1986). Cyt 

b66Q is shown as being closely associated with the 01-02 core. The 47 and 43 kDa proteins 

are depicted as Chl binding proteins which form an intrinsic PSII core antenna. 

The protein binding site of the extrinsic 33 kDa is not well characterized. Bowlby and 

Frasch (1987) have used a photo affinity crosslinking procedure to identify proteins of 22, 29 

and 34 kDa molecular weight as neighbors to the extrinsic 33 kDa protein. However, the proteins 

in the 20 kDa region are not present in the most purified 02-evolving PSII preparations. It is 

possible that the 34 kDa protein is either 01 or 02. Assuming that the Mn complex is bound 

to 01 or D2 (see below), it is reasonable that the 33 kDa protein regulates electron transfer 

from the 02-evolving complex by binding to one of these proteins. The 33, 24, and 16 kDa 
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Figure 6·1. A model for the organisation of the ~-evolving PSII core 
complex. The extrinsic proteins are shaded. For details, see the text. 
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extrinsic proteins are depicted as partially occluding the channel which provides access to the 

Mn complex. This is consistent with the observations of Ghanotakis et al. (1984c) and Tamura 

et al. (1986) that removal of these proteins renders the 02-evolving complex accessible to 

lipophilic reductants. Ljungberg et al. (1986) have characterized 10 and 22 kDa intrinsic 

proteins that may provide part of the binding site for the extrinsic 24 kDa protein. It is difficult 

to resolve low molecular weight proteins on gels; thus, a 10 kDa protein may be present in the 

PSII core complex. Saturable binding of the 24 kDa protein depends on the presence of the 33 

kDa protein (Miyao & Murata, 1987), which suggests that at least part of the binding site for 

24 kDa protein is on the 33 kDa protein. Similarly, rebinding of the 16 kDa protein requires 

the presence of the 24 kDa protein (Miyao & Murata, 1983, 1987). 

By analogy to the crystallographica1ly determined structure of the Rhodopseudmonas viridis, 

the electron transfer components in the model are organized along a two-fold symmetry axis 

perpendicular to the membrane surface. It is well established that the secondary quinone, OB, is 

associated with the D 1 protein, and it is plausible that both it and the primary quinone, ~, are 

associated with both D 1 and D2. Although several of the amino acids which ligate the primary 

donor, the B(Ph) molecules, and the Fe2+ atom are conserved between the bacterial and higher 

plant sequences, the histidine ligands to the accessory Bchls are absent in 01 and 02 (Michel 

& Deisenhofer, 1987). For this reason, analogous accessory ChIs are not included in the PSII 

structure, although it possible that they are present but are bound in different manner. I have 

extrapolated the two-fold symmetry axis to include the high-potential donors unique to PSII. Z 

and D are placed on 01 and D2, respectively, according to the 1251-labelling experiments of 

Takahashi et al. (1986) and lkeuchi and Inoue (1987). Assuming that only the left side of the 

reaction center from P680 to Q. is active, this placement of Z results in a zig-zag pattern of 

electron transfer. Although not aesthetically pleasing, there is no functional reason to discount 

this organization, since it is assumed that P680 lies close to the two-fold axis. The Mn complex 

is organized as a di-J.'-oxo bridged binuclear site and two monomeric sites. This organization is 

consistent with Mn EXAFS results (Yachandra et al., 1987) and with the model for the origin 

of the multiline and g=4.1 EPR signals presented by Hansson et al. (1987), but differs from the 

tetranuclear model of Brudvig and Crabtree (1986). One of the monomeric Mn is presumed to 

give rise to the g=4.1 signal. Assuming that the stoichiometry of 4 MnJPSII is correct, the other 

r 
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Mn may be nonfunctional, or it may playa role in charge accumulation. Finally, the cofactors 

Ca2+ and Cl- are presumed to bind to either Dl or D2 near the three extrinsic proteins. It 

is possible that the Cl- site is directly associated with a group that accepts protons that are 

released during the S-state cycle. Thus, I have placed CI- close to the site of water oxidation, 

but not directly ligated to the Mn. There is no need to require that Ca2+ binds near this site, 

but it is likely to be close to the 24 kDa protein. 

6.3 Directions for Future Research 

6.3.1 Flash Number Dependence of Signal IT Decay with Improved Time Resolution 

There is presently good agreement that electron transfer between the 02-evolving complex 

and the reaction center occurs via Z. However, the kinetic data presented in Chapter 3 suggest 

the possibility of the existence of another intermediate Y between the Mn complex and Z. 

Given the limited time resolution of these experiments, this evidence is fairly indirect, and 

we should be biased towards the most simple models in the absence of direct proof for the 

existence of Y. These models could be rigorously tested by performing a study of the flash 

number dependence of Z+ reduction with improved (-3 I1s) time resolution. The data could be 

compared to simulations incorporating direct transfer from the 02-evolving complex to Z and 

to models in which the intermediate Y is present. In the former case, the kinetics of the S-state 

transitions should match the kinetics for reduction of Z+. Alternatively, if Y exists, and the 

equilibration of Y and Z is fast compared to electron transfer from the Mn complex, period four 

I1S phases of Z+ reduction would be observed which do not match the kinetics for the S-state 

transitions. 

These experiments will present a significant, and potentially insurmountable, technological 

challenge. The experiments in Chapter 3 were already beset by poor signal-to-noise ratios using 

100 kHz field modulation (time resolution of 0.2 ms). To achieve -5 I1S time resolution, it will 

be necessary to use a 1 MHz modulation system, which decreases the modulation amplitude 

obtainable within the microwave cavity. Also, to improve the detector time resolution, the Q of 

the lock-in must be decreased. Both of these modifications will decrease the sensitivity of the 

instrument A GaAs FET microwave preamplifier installed on the Varian E-9 spectrometer has 

improved the signal-to-noise ratio by 2-2.5 at low microwave power, but an additional improve

ment may be required to compensate for the decrease of the signal-to-noise ratio encountered 
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by using the 1 MHz system. Additional instrument modifications, such as installation of a TM 

mode cavity, may be required. In addition, the high laser pulse energies necessary to achieve 

saturation also elicit cavity heating artifacts observable as transient spikes on the spectrome

ter output. These artifacts are not very pronounced at 0.2 IDS time resolution, but they could 

become a serious problem with the 1 MHz system. 

6.3.2 The Role of CI-

The model for the effect of F- -substitution on PSII presented in Chapter 5 is quite testable. 

EPR measurements could be used to determine the levels of Signal II. (D+) in control and F-

substituted preparations before and after illumination at 190 K. It may also be useful to carefully 

examine the low-temperature EPR spectra of dark-adapted F- -substituted preparations to find 

evidence for F--binding and concomitant formation ofS2 • It is likely that the effects of F-

substitution, 0- -depletion, and NHs treatment (under appropriate conditions) on the Mn X-ray 

absorption edges and EPR spectra will be similar if these treatments all result in displacing 

Cl- from its physiological binding site. It is difficult to prepare Cl- -depleted PSI! for X-ray 

absorption studies, because these samples are very unstable and often release Mn2+, possibly 

as a result of exposure to high pH. It may be possible to deplete PSI! of Cl- without high pH 

treatment by using NaO-washed preparations lacking the 24 and 16 kDa proteins. 

There are also several interesting experiments which may provide insights into the nature 

of the halide binding site. Within the context of the model of Hansson et al., it is possible 

that halides bind to the monomeric Mn(IV) which gives rise to the g=4.1 EPR signal. This 

is consistent with changes in the EPR properties of the g=4.1 signal induced by F-, and the 

insensitivity of the fine structure of the multiline EPR signal to replacement of 0- by Br

(Yachandra et al., 1986a). However, the Mn EXAFS of 0-- and Br--substituted PSI! seem to 

be identical, suggesting that halides do not interact directly with the Mn (unpublished results). 

This can be tested by looking for superhyperfine couplings of the u'F nucleus to the electron 

spin system giving rise to the g=4.1 signal. These couplings would be too weak to be resolved 

in conventional CW EPR, but they may be apparent in electron nuclear double resonance 

(ENDOR) or electron spin echo envelope modulation (ESEEM) spectra of the g=4.1 signal in 

F- -substituted PSII. 
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6.3.3 The Role of the 33 kDa Protein 

It would be very interesting to characterize the reconstitution of S-state turnover in prepa

rations lacking the 33 kDa protein by monitoring the reduction of Z+. Studies of 02-evolution 

(Miyao et al., 1987) and thermoluminescence (Vass et at, 1987) suggest that the reconstitu

tion induced by 200 mM CI- is different from that achieved by rebinding the 33 kDa protein. 

However, these techniques cannot directly measure the kinetics of electron transfer from the 

Mn complex. It is already known that the Ss -So transition is affected by the 33 kDa protein, 

and it would be interesting to study the lower S-state kinetics as well. 

The assertion that the 33 kDa protein serves as a a-concentrator could be tested by 

attempting to reconstitute 02-evolutionwith buffers containing moderate amounts of Cl- (15-

30 mM) and high concentrations of a salt in which the anion does not bind to the halide site, 

such as NaS04' If this buffer can reconstitute 02-evolution, then the effect of the high ionic 

strength does not involve binding of CI- to the specific a- site. 

6.3.4 The Structure of the 2 MnlPSII Derivative 

Unfortunately, the EXAFS of the CaC12-washed sample containing 2 MnlPSII presented 

in Chapter 4 could not be simulated, presumably due to the low signal-to-noise ratio and 

background contributions in the spectrum. It is possible that further EXAFS studies of this 

derivative could provide some insight into the structure of the native 4 MnlPSII complex. 

An extension of this project would be to deplete two or more Mn ions from CaCh-washed 

PSII and reconstitute the system with other transition metals. Tamura and Cheniae (1986) have 

developed conditions for reconstitution of 02-evolution from PSII membranes containing as few 

as 0.8 Mnl200 Chl, which require only light and the addition of MnH and Ca2+. Reconstitution 

of samples containing 2 MnlPSII with Cr2+ or COH could lead to mixed Mn-Cu or Mn-Co 

PSII complexes. 1be ionic radii of the divalent cations of the first ~nsition series are within 

0.1 A of each other (Cotton & Wilkinson, 1980), and it is possible that the binding site of the 

Mn complex would accept these other transition metals. The stable ligation of Mn involves 

oxidation, presumably up to the +3 state. Like Mn3+, both Co3+ and Cr3+ undergo slow ligand 

replacement reactions and may become tightly bound to PSII upon oxidation. The goal of this 

study is to generate a mixed metal 02-evolving complex. Although there are several accessible 
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higher oxidation states of Cr, tetravalent Co complexes are rare, and a Co derivative would not 

be expected to be redox active. A mixed metal site would be expected to have very interesting 

spectroscopic fearures. For example, it would be possible to record Mn and Co EXAFS of a 

Mn-Co PSII sample, looking at the Mn from the Co and vice versa, and thus obtain insight into 

the differences between the labile and tightly coordinated metal sites. 

6.3.5 Long~term \Goals 

The 02-evolving apparatus of PSII represents one of the most complicated biological sys

tems to be investigated by biophysical chemists. The large number of proteins and prosthetic 

groups form such a complex system that controlled measurements of individual components and 

processes have proven difficult. The system is also very sensitive to experimental conditions, 

which periodically has caused confusion until these variables were identified. Despite these 

difficulties, the progress in our understanding of the structure and function of the 02-evolving 

system in the last several years has been remarkable. To a large extent, this progress has 

been achieved because of complementary advances in biocherillstry and spectroscopy, and it is 

likely that this interdiSciplinary approach will continue to be fruitful over the next few years. 

Sophisticated strategies have been developed to stabilize the 02-evolving complex in some of 

the higher S-states, and it is likely that most if not all of the intermediate states will soon be 

trapped. There have been great advances in our understanding of the proteins involved in O2-

evolution, and in their relationship to the cofactors Ca:3+ and CI-. However, we do not know 

which proteins bind the Mn complex or the ionic cofactors. The combination of site-specific 

mutagenesis and spectroscopy may provide a great deal of information about these binding sites 

and the interactions of the bound prosthetic groups with the proteins of PSII. 

The development of increasingly purified 02-evolving PSII preparations may facilitate the 

use of new spectroscopic techniques to probe the structure of the Mn complex. For example, 

magnetic circular dichroism (MCD), which probes transitions involving magnetically degenerate 

ground or excited states, may provide information about the electronic structure of the "EPR

silent" S-states. Resonance Raman spectroscopy has proven useful in studies of the metal-ligand 

coordination in metalloproteins, and may give insights into the nature of the Mn binding site. 

The ultimate goal of these studies is to arituculate a set of structures for the 02-evolving 

complex in each of the S-states. This information is crucial for a detailed understanding of 
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the mechanism of water oxidation, and panicularly for an understanding of the intennediate 

oxidation states. 

It seems likely that in the near future attempts will be made to crystallize PSII. The core 

preparation of Nanba and Satoh (1987) is an obvious target, since it has the simplest composition 

to date. Hopefully, some of the techniques developed for crystallizing the reaction centers of 

R. viridis will be useful in this endeavor. An X-ray crystallographic structure of the PSII 

reaction center will provide insights into the organization of the primary reactants of psn and 

the relationship between the reaction centers of the purple bacteria and higher plants. It would 

be panicularly interesting to locate the tyrosyl residues corresponding to the donors D and Z. 

It appears that the composition of the best ~-evolving complexes is quite simple-as few as 

7 polypeptides may be sufficient for activity. These preparations may also be amenable to 

crystalization and X-ray diffraction studies. A complete electron density map of PSII, including 

the Mn complex and the intennediate electron donors, would provide tremendous insight into 

the mechanism of O,z-evolution and the pathway of secondary electron transfer in PSII. At this 

point, it seems unlikely that crystal structures of the Mn complex in the higher S-states would be 

feasible. Certainly, a combination of the structural and dynamical infonnation available from 

spectroscopy with a high-resolution X-ray crystal structure would provide a comprehensive 

picture of the 02-evolving process. 

... ~ 
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