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Abstract

The experiments discussed in this thesis focus on identifying the protein segments
or specific amino acids which provide ligands to the Mn cluster of photosystem II (PS II).
This Mn cluster plays a central role in the oxygen-evolving complex (OEC) of PS H The
Mn cluster is thought to be bound by lumenal regions of the PS II reaction center protéins
known as D1 and-D2. First, several peptides were synthesized which correspond to
specific lumenal segments of the D1 and D2 proteins. Next, polyclonal antibodies were
successfully elicited using three of these péptidcs. The peptides recognized by these
antibodies correspond to protein segments of the spinach reaction center proteins: Ile-321 to
Ala-344 of D1 (D1-a), Asp-319 to Arg-334 of D1 (D1-b), and Val-300 to Asn-319 of D2
(D2-a). These antibodies were then used in assays which were developed to structurally or

functionally probe the potential Mn-binding regions of the D1 and D2 proteins.

The two assays yielding structural information were western blotting and solution
binding experiments. Western blotting identified the denatured proteins of spinach PS II
membrane preparations to which the antibodies bound. The solution antibody binding
assay was-used to confirm antibody binding to native PS Il membranes. Three assays
which examined functional aspects of PS II were measurement of oxygen evolution, yield

of photoactivation, and MnCl) inhibition of diphenylcarbazide (DPC) to 2,6-



dichlorophenol indophenol (DCIP) photoreduction. Assays of oxygen evolution tested the
ability of antibodies to affect the naturally bound Mn of PS II. The yield of photoactivation
assays investigated the ability of antibody to block the binding and subsequent
photoligation of Mn to PS II membranes lacking the endogenous Mn cluster. Finally,
experiments which assayed the MnCl2 inhibition of DPC to DCIP photoreduction
addressed whether bound antibody could block any of the four components of the high-
affinity Mn-binding site that become available in the presence of DPC.

The results of these experiments include the following: All three antibodies reacted
with their corresponding denatured protein (D1 or D2) on western blots. In solution
binding assays, the binding of the three antibodies to several PS II preparations was
demonstrated and characterized. The first antibodies available, those against D1-a, were
used in initial experiments to examine effects on oxygen evolution. Using PS II membrane
preparations of varying extrinsic protein composition, no adverse effects of these
antibodies were observed on oxygen evolution. All three antibodies were then used to test
for possible effects on the ability to photoactivate the Mn cluster of the OEC. These assays
showed no effect for the antibodies recognizing the D1-b or D2-a peptide and some
decrease in yield for the antibodies recognizing the D1-a peptide. Finally, incubation of
Tris-treated PS I membrane preparations with antibodies to the D1-a peptide resulted in an
inhibition of one component of the high-affinity Mn-binding site as measured by the MnClp
inhibition of DPC to DCIP photoreduction. This did not occur with antibodies raised
against the D1-b or the D2-a peptides. This suggests that the carboxyl end of the D1
protein may provide a ligand for the high-affinity binding of Mn in PS II. Additionally, the
inability of the other two antibodies to block any of the high-affinity, Mn-binding sites is an
indication that théir epitopes are in regions of D1 and D2 which do not contain Mn-binding

residues detectable by the Mn2+/DPC assay.
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1. INTRODUCTION

The general theme of the topics discussed in this thesis focuses on the identification
of the location of the Mn cluster of the oxygen-evolving complex (OEC) of photosystem II
(PS II). Specifically, the development and use of several assays using antibodies raised
against synthetic peptides corresponding to specific lumenal segments of the D1 and D2
proteins are discussed. The D1 and D2 proteins are thought to constitute the reaction center
of PS II and to be the location 6f the OEC. The assays were used to identify protein
segments or specific amino acids which may provide ligands to the OEC Mn (Chapters 4-
8). The choice of peptides, their synthesis and the production of antibodies are also
discussed (Chapters 2 and 3). This chapter (Chapter 1) is divided into several sections
which provide the basic conceptual framework and background necessary to understand the
relevance of the assays which are discussed in the chapters that follow. The first two
sections present a brief general discussion of photosynthesis and PS II. The next section
addresses the relevance of the D1 and D2 proteins. For further details on these topics, refer
to publications referenced in the corresponding section. The characteristics of the oxygen-
evolving complex are dealt with in greater detail in the next section, with emphasis on
current chemical and structural proposals for thé Mn ciuster of the OEC. The identification
of the D1 and D2 proteins as the proteins which brovide the most likely sites for binding of
the OEC Mn is discussed in the next two sections. The initial genetic and biochemical
evidence for this proposal is presented first. The second of these two sections concentrates
on the more recent, chemical and spectroscopic, evidence supporting the same proposal.
After that, a selection of récent publications where antibody effects on enzymatic functions
were used to investigate the structure and function of several other enzyme systems are

reviewed. Finally, the specific goals of the work presented in this thesis are outlined.



Photosynthesis

Photosynthetic organisms that have evolved on earth can be classified as either
oXygenic or anoxygenic. Anoxygenic photosynthetic organisms include both sulfur and
non-sulfur green and purple bacteria. These bacteria are thought to be the evolutionary
precursors to chloroplasts and mitochondria. Photosynthetic organisms which eifolve
oxygen are called oxygenic and include the prokaryotic cyanobacteria, algae and higher
plants. The organisms of this group use solar energy to drive the fixation of CO2 to
carbohydrates. Water is used as the terminal electron donor for these reactions and its
oxidation produces oxygen as a by-product. All of the respiring organisms are indebted to
the oxygenic photosynthetic organisms because they provide the reduced carbon

compounds and oxygen necessary to sustain non-photosynthetic life.

The conversion of light energy to chemical energy takes place on internal
membranes of the photosynthetic organisms. For oxygenic organisms, these processes
take place on the thylakoid membranes. Higher plants contain these thylakoid membranes
within organelles known as chloroplasts. Imbedded within the thylakoid membranes are
several protein complexes which function to capture light energy, create proton and charge
gradients, and convert the potential energy of these gradients into chemical energy. Two of
these protein complexes function in the trapping of light energy and are schematically
shown in the Z-scheme (Blankenship and Prince, 1985) presented in Figure 1-1. This Z-
scheme positions the chromophores and electron transfer components of Photosystem II
(PS II) and photosystem I (PS I) on a vertical axis of increasing reduction potential. The
light energy is used in the pumping of electrons across the thylakoid membrane from the
lumenal to the stromal side. PS II uses photon energy to oxidize two molecules of water
producing molecular oxygen on the oxidizing (lumenal) side of the membrane. On the

reducing (stromal) side of the membrane, PS II reduces plastoquinone to form a



Figure 1-1: Photosynthetic Z-scheme

Z-scheme representing non-cyclic electron flow in oxygenic photosynthesis (adapted from
Blankenship and Prince, 1985). Redox active chromophores and electron transfer
components of PS II and PS I are positioned on a vertical axis of increasing reduction
potential. Dark dashed arrows indicate the absorption of a phbton by a primary donor,
small solid arrows indicate electron transfer steps, light dashed arrows indicate the direction |

of proton flow and solid lines represent the thylakoid membrane boundaries.
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plastoquinol. This plastoquinol is released frdm PS II and transfers electrons to a
plastocyanin pool via the Cyt bgf complex (another integral membrane protein complex).
Plastocyanin then transports electrons to PS I, which-serves as an electron donor to bound
ferrodoxin. Reduced ferrodoiin then transfers electrons to NADP+ (nic;otinamide—adenine
dinucleotide phosphate) to fohn NADPH. The combined action of the two photosystems
establishes a proton gradient which is used to synthesize ATP (adenosine triphosphate).
NADPH and ATP are used by the organism in the fixation of carbon dioxide to Synthesize

carbohydrates.

The two photosystems capture ph'oton energy by the excitation of chlorophyll
molecules in associated light-harvesting complexes. This excitation is then transferred to
the reaction center of the appropriate photosystem, where charge separation takes place.
This charge separation is a one electron process which is linked to multiple electron
processes by charge accumulation. The details of charge separation and charge vstabilization |
by PS II and the oxygen-evolving complex (OEC), whose localization is the focus of the

work presented in this thesis, are described in the next section.

Photosystem II

The transfer of excitation from the light-harvesting antenna to the reaction center of
PS II results in excitation of a chlordphyll a complex known as P680. The number
corresponds to the absorption maximum of this chromophore. Excitation of P680 is
indicated by the vertical arrow for PS II in Figure 1-1. This excitation results in a large
change in the reduction potential of P680 to form P680™ (the exéited state of P680). This
excited electron is transferred to an intermediate pheophytin a molecule. A quinone

molecule (Qa) accepts one electron from this intermediate pheophytin a and transfers it to a



second quinone molecule (Qp). Qb acts as a two-electron gate in that it receives a second
electron from Qjy after a second excitation of P680. This doubly reduced Qp binds two
protons and is released by PSII as a plastoquinol. The membrane-soluble plastoquinol

then transfers electrons to PS I as described earlier.

The transfer of an electron away from P680™ towards the reducing side of the
thylakoid membrane produces an electron deficiency, or “hole,” in P680. This “hole” is
filled by electron donation from a nearby tyrosine residue called YZ (previously known as
Z). This oxidized species, YZ1, ;hen extracts an electron from the OEC. The OEC acts as
a four-electron gate on the oxidizing (lumenal) side of the thylakoid membrane. These four
oxidizing equivalents are created by four separate excitations of P680 and transferred
sequentially to the OEC through YZ. The OEC was proposed to cycle through four
intermediates which accumulate these four oxidizing equivalents. It was proposed to
involve the four Mn ions found tightly bound to PS II which are required for oxygen
evolution. The OEC is discussed in greater detail in the section titled “oxygen-evolving

center’’ later in this chapter.

All of the chromophores and electron-transfer components of PS II are bound by
the protein components of PSII. A schematic- of the oxygen-evolving core proteins of PS
II is presented in Figure 1-2. This diagram depicts the proteins neceSsary for oxygen
evolution under physiological conditions. The majority of light-harvesting proteins, which
are present in PS II membrane preparations, are not shown. The two largest proteins
shown, CP43 and CP47, are tightly associated light-harvesting proteins. The functions of
CP43 and CP47 are not well understood, but they are present in all of the PS 11
preparations that evolve oxygen. The D1 and D2 proteins have been shown to function as
the reaction center of PS II and bind the electron-transfer components of PS II as well as
the Mn of the OEC. These two proteins, their amino acid sequences and their functions

will be discussed in depth in sections that follow. The function of Cyt b-559 is also



| Figure 1-2: Schematic of PS II proteins

This schematic of the oxygen-evolving core ptoteins of PS II depicts the proteins necessé.ry
for oxygen evolution under physiological conditions. The D1 and D2 proteins ha;re been
shown to function as the reaction center of PS II and bind the electron-transfer components
of PS II as well as the Mn of the OEC. In addition to the four Mn per reaction center; Crr
and Ca2+ are cofactors required for oxygen evolution. Dashed lines represent the

thylakoid membrane boundaries.






unclear, but it is always found tightly associated with the D1 and D2 proteins. There is one
copy of Cyt b-559 per reacﬁon center and it spans the thylakoid membrane. Each Cyt b-

| 559 contains a S kDa polypeptide, a 9 kDa polypeptide and a bridging heme group.
Finally, there are three extrinsic po'lypeptides of 17, 24 and 33 kDa. The 17 kDa protein is
thbught to provide or create tight Cl-binding sites. The 24 kDa protein is thought to
provide or create ﬁght Ca2+-binding sites. These two 'proteins are not essential for oxygen
evolution and can be replaced by increasing the concentrations of Cl- and Ca2+,
respectively. The 33 kDa protein is not absolutely essential, but is necessary for full
oxygen-evolving activity and protects the OEC Mn from reductants in the medium. The 33
kDa protein provides few, if any, ligands to this Mn. Additionally, a 20 kDa polypeptide
and several small polypeptides of <5 kDa with unknown functions have been shown to be
associated with various PS II preparations and have been omitted from this figurée for

clarity.

Reaction center of PS 11

The assignment of the specific proteins which function as the reéction center of PS
IT has been a source of controversy until recently. One of the proposed models focussed
on the pfotein known as CP47 (Nakatani etal., 1984). The issue was clarified when a
strong séquence homology between the herbicide-binding protein of PS II from higher
plants and blue-green algae (also known as the Qb-binding protein or the D1 protein) and
the L subunit of the reaction center of the photosynthetic, but non-oxygen evolving, purple,
non-sulfur bacteria Rhodobacter capsulatus was demonstrated by Hearst and Sauer (1983,
1984). Hearst (1986) also described the homology of the D2 protéin of PS I with the M
subunit of the reaction center of Rb. capsulatus (deduced from nucleotide sequence of its

gene) published by Youvan et al. (1984). There was also a much stronger homology
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present between the two proteins of the same reaction center, that is between the L and M
subunits of Rb. capsulatus as well as between the D1 and D2 proteins of PS II. Based on
these sequence homologies, Hearst (1986) suggested that the D1 and D2 proteins (encoded
by chloroplast genes psbA and psbD, respectively) function as the reaction center proteins
of PS II in analogy to the L and M subunits of purple bacteria. Based on affinity-labeling
of the L subunit of Rhodopseudomonas viridis and the D1 proteiﬂ of PS II by the reactive
herbicide azidoatrazine in combination with sequence homologies of the D1 and D2
proteins with the L and M subunits of Rps. viridis, respectively, Michel and Deisenhofer

(1986) independently came to the same conclusion.

The assignment of the D1 and D2 proteins as the core of the PS II reaction center
was strengthened by the high resolution (3 A) X-ray crystzﬂ structure of the photosynthetic
bacterial reaction center of Rps. viridis. This structure has been.published along with
detailed discussions of the chromophore locations (Deisenhofer et al., 1984) and the
arrangement of protein subunits (Deisenhofer et al., 1985). This work was recognizzd in
1988 by the award of the Nobel Prize in Chemistry to Drs. Johann Deisenhofer, Robert
Huber and Hartmut Michel. Their research provided the first high-resolution X-ray crystal
structure of an integral membrane protein and was a significant contribution to the
photosynthesis field. Of overall importance in the structure are the near-symmetry of the
two highly homologous bacterial reaction center proteins L and M. This observation is
consistent with the proposal that the homologous D1 and D2 proteins constitute the PS II
reaction center. Also, the L and M proteins bind the reaction center pigments involved in
electron translocation across the membrane. An analogous role for binding of pigments by
the D1 and D2 proteins within the PS II reaction center can be proposed based on similarity
of the chromophores identified to be active in electron transport through the bacterial and
PS II reaction centers. It should be noted that the crystal structure (Deisenhofer et al.,

1985) shows much intertwining of all 3 bacterial reaction center proteins (the L and M
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subunits discussed above, and the H subunit, for which no cléarly analogous PS II protein
has been identified, although several have been proposed). The extent of intertwining
appears to be greatest in the loop regions on the lumenal and stromal sides of the membrane
and implies that no PS II reaction center protein which is required for full oxygen-evolving
activity can be completely dismissed as providing at least a few ligands to the Mn cluster of
the OEC. The identification of the proteins and speciﬁé amino acids which provide these

ligands to the active Mn is of great interest.

More recently, Nanba and Satoh (1987) isolated a PS II complex consisting of the
D1 and D2 proteins and Cyt 5-559. They propose this complex to be the reaction center of
PS II. The pigment composition of this complex was reported to be 5 chlorophyll a, 2
pheophytin a and 1 B-carotene. This is quite similar to the 4 bacteriochlorophyll a, 2
bacteriopheophytin a and 1 carotene composition of }the pui‘ple bacterial reaction center.
The complex, however, has no bound quinones or Mn and does not evolve oxygen. They
also describe that “this complex is highly active in the photoreversible accumulation of
reduced pheophytin a exhibiting the characteristic kinetics and spectrum of the photosystem
II reaction center.” In addition to the D1 protein, the D2 protein, the large and small protein
subunits of Cyt b-559, this reaction center preparation was shown to contain a polypeptide
with apparent molecular weight of 4.5-4.8 kDa (Ikeuchi and Inoue, 1988; Webber et al.,
1989). This small protein is en_coded by the chloroplast genome (psbl gene, 42kDa
calculated molecular weight of the gene product) as are the other 4 proteins of the isolated
reaction center. Ikeuchi and Inoue (1988) found a stoichiometry for the 4.2 kDa protein
relative to the 2 subunits of Cyt b-559 of approximately 1:1:1, indicating that there is one
copy of the 4.2 kDa protein per reaction center ‘complex based on the recent assignment of

one Cyt b-559 per copy of D1 or D2 protein in the isolated reaction center preparation.

The reaction center complex preparation described by Nanba and Satoh (1987) has

been the focus of many recent investigations, all of which are consistent with the
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assignment of the D1 and D2 proteins as binding the PS II reaction center pigments. The
reaction center complex was characterized by absorption, linear dichroism and circular
dichroism spectroscopy (Newell et al., 1988), from which a perpendicular orientation of
the reaction center long axis to the membrane plane was postulated (by comparison to the
larger oxygen-evolving PS II core complex). These authors also give evidence indicating
exciton coupling between chlorophyll molecules, consistent with the primary donor P680
being an exciton-coupled Chl dimer. The spectral properties of these preparations were
studied further and are discussed by Tetenkin et al. (1989). The structured radical signal
which accumulates after illumination at low temperature in the presence of sodium
dithionite was assigned to the anion radical of pheophytin a by EPR and absorption
spectroscopies (Frank et al., 1989). The presence of a spin-polarized triplet EPR signal
after illumination at low temperature was reported as evidence for charge separation in the
reaction center complex (Ti elfer et al., 1988; Ghanotakis et al., 1989). Using time-resolved
fluorescence, Mimuro et al. (1988) calculated rate constants for the charge separation and
charge recombination events, which differ only slightly from the rates measured for other
PSII preparafions. Study of the electron-transport properties (Chapman et al., 1988)
indicates that silicomolybdate, but not artificial quinones, can function as an electron
acceptor in these preparations. They also showed that MnCl2, NH20H, KI and
diphenylcarbazide (DPC) can act as electron donors to the reaction center complex. These
exogenous electron acceptors and electron donors facilitate the study of electron transfer
through the reaction center complex. Finally, Seibert et al. (1989) demonstrated that the
full high-affinity Mn-binding site as measured by the Mn2+ inhibition of DPC-stimulated
DCIP photoreduction described by Hsu et al. (1987) is present in the isolated reaction
center complex. They also attempted to photoactivate this preparation using the procedures
described by Tamura and Cheniae (1987) without success. These studies provide further
evidence that the reaction center of PS II is largely limited to the proteins present in this

preparation and provide strong support for the central role of the D1 and D2 proteins within
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this structure. Although the results are also consistent with the binding of active Mn, there
has been no demonstration of any oxygen-evolving activity by this complex. This lack of

oxygen evolution indicates a possible requirement for additional proteins or cofactors to

confer full activity.

Oxygen-Evolving Complex

The structural characterization and specific location. of the OEC Mn cluster of PS I
have been areas of intense research and controversy. Early evidence located the Mn to the
interior of the t}.lylakoid membranes within the chloroplast, meaning the lumenal side of
these thylakoid membranes. The OEC Mn cluster has been shown to be associated with the
PS II complex, released in the inhibition caused by several chemical treatments, involved in
the in vivo reconstitution of oxygen evolutioﬁ and necessary for the photoactivation of Mn-
depleted PS II preparations in vitro. All of these developments have been reviewed by
Brudvig et al. (1989). The genetic and biochemical explanations for the location of the Mn
cluster are discussed in the next section of this chapter. More recent chemical evidence for
assignment of the D1 and D2 proteins as providing the ligands that actually bind the OEC
Mn, and some evidence as to the actual physical location of the Mn cluster, are discussed
following that section. The spectroscopic evidence for Mn involvement is reviewed by
Dismukes (1988), Bnidvig et al. (1989) and others, and is described below with relevance

to the structure and oxidation states of the Mn cluster within the OEC.

The early phenomenological description of thev OEC was mainly based on
observations and theoretical proposals by Joliot and Kok. The cyclical nature of maxima in
oxygen evolution upon excitation with short flashes of light was described by Joliot et al.
(1969). The maximum amount of 6xygen evolved for dark-adapted spinach chloroplasts or

algae samples occurred after the third flash. Thereafter, the maxima were spaced every
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fourth flash and eventually damped out to a constant level. Kok et al. (1970) interpreted

- these results using a kinetic model of charge accumulation within an oxygen-evolving
corriplex. This complex was proposed to involve the intrinsic Mn found to be required for
oxygen evolution. The OEC was propdsed to cycle through the accumulation of oxidizing
equivalents and the oxidation of water as depicted in the S-state scheme (Figure 1-3). The
S-state scheme describes the accumulation of one oxidizing equivalent during each of the

transitions from SQ to S4 with a spontaneous decay from S4 to S, at which point the 02

molecule is released.

Evidence for Mn involvement in charge accumulation has been obtained using
several different techniques, including EPR and X-ray absorption spectroécopies. The
earliest EPR.evidence was found by Dismukes and Siderer (1981) who described a
“multiline” EPR signal of approximately 19 Mn hyperfine lines which was formed after a
single flash of tht. This signal was similar to the 16-line EPR spectrum described for an
antiferromagnetically coupled Mn dimer previously described Hy Cooper et al. (1978) and
was evidence for a change in the magnetic properties of the Mn complex upon illumination. \
This signal was assignéd to the S2 state of the Kok S-state scheme based on the
assumption that dark-adapted samples reside mainly in the S) state because of the three
flashes required for the first maxima in oxygen evolution during flash kinetic
measurements. It was also shown that the Mn cluster actually changes oxidation state
during the S to S2 transition as described by Goodin et al. (1984). They showed high
resolution Mn X-ray edge spectra for samples pdised m the S1 and S2 stétes and compared
them to edge spectra of model compounds. The change in edge position from S1 to S2 for
PS II samples correlated well with the change observed for model compounds having an

increase in oxidation state of one unit.

Other spectroscopic evidence, mainly from EXAFS, has been useful in proposing

structural models of the OEC Mn cluster. In addition, ultraviolet difference spectra taken
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Figure 1-3: S-state scheme

Scheme proposed by Kok et al. (1970) using a kinetic model of charge accumnulation within
the oxygen-evolving complex. The S-state scheme describes the accumulation of oné ‘
oxidizing equivalent (corresponding to the absorption of a photon by the primary donor)
durihg each of the transitions from SQ to S4. A spontaneous decay occurs from S4 to SQ,

at which point the O2 molecule is released. The proton release pattern and the binding of

two water molecules are also shown.
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during flash-induced S-state transitions have been used to formulate models of the
oxidation states of the Mn within the OEC (Dekker et al., 1984; Renger and Weiss, 1986;
Saygin and Witt, 1987). These experiments are apparently very difficult, and the results
and their intérpretations are neither clear cut nor consistent and will, therefore, not be
further discussed here. Results of EXAFS using PS II membrane preparations were
reported by Yachandra et al. (1986). This study showed a Mn cluster containing at least
two Mn s;:parated by 2.7 A, which is consistent with di-ji-oxo bridging. The same
distance was obtained from EXAFS qf PS I preparations poised in the S1 and S? states
(Yachandra et al., 1987). More recently, Guiles et al. (1990b) have compared Mn XAS of
PS 1I preparations in the S3 state to those in the S2 state. They concluded that a Mn
oxidation does not take place during the S2 to S3 transition. They proposed a redox active
ligand, possibly a histidine residue, to store this oxidizing equi;/alent and be located near
the Mn cluster. In a study comparing the Mn XAS of PS II preparations prepared ina
modified S( state (by hydroxylamine treatment) to those in the S state, Guiles et al.
(1990a) concluded that a Mn oxidation is likely during the SQ to S transition. These
reports, along with recent EXAFS and Mn K-edge data, are reviewed (Sauer et al., 1991)
and are most consistent with the four Mn oxidatioﬁ states as: SQ state (I, I1I, IV, IV), S1

state (II1, I11, IV, IV), S2 state (I, IV, IV, IV) and S3 state (IIL, IV, IV, IV).

More recently, results from EPR and ESEEM have added information useful in
modeling possible structures for the Mn cluster and describing ligands to the OEC Mn.
Oﬁginally, one of the proposals for the source of the broad, featureless, g=4.1 EPR signal
associated with the S2 state was a mononuclear Mn(IV) ion (Hansson et al., 1986). This
proposal has been dismissed based on Mn-hyperfine structure observed on the g=4.1 EPR
signal of oriented PS IT preparations (Kim et al., 1990). This structure indicates that more
than one Mn ion must be magnetically coupled to produce this signal. This result is

consistent with proposals assigning both the multiline and the g=4.1 EPR signals to
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different conformations of the same multinuclear Mn cluster. Additionally, DeRose e