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EXPERIMENTAL AND THEORETICAL STUDIES OF THE
PHOTOSYSTEM II REACTION CENTER: IMPLICATIONS FOR
BICARBONATE BINDING AND FUNCTION
Jin Xiong, Ph.D.

Department of Biology
University of Illinois at Urbana-Champaign, 1996
Govindjee, Adviser

To investigate the role of arginine residues in bicarbonate binding in the
photosystem II (PSTI) reaction center, arginines 257 and 269 of the D1 polypeptide (D1-
R257 and D1-R269) near the putative bicarbonate binding sites, the non-heme iron and the
Qg binding niche, were mutated in a unicellular green alga Chlamydomonas reinhardtii.
The effects of mutations on bicarbonate binding and on other aspects of PSII
photochemistry were investigated.

D1-R269 was mutated into a glycine. The mutant was shown to be unable to grow
photoautotrophically and to have significant modifications on both the donor and acceptor
sides of PSII, which includes a substantial reduction of the electron transfer kinetics from
QAT to the plastoquinone pool, a significantly increased minimal fluorescence level (Fo)
interpreted by a decrease in the excitation energy transfer from antennae to the PSII reaction
center, a loss of the two-electron gate functioning, a reduction in 77 K PSII chlorophyll a
fluorescence emission bands (F685 and F695) suggesting a possible destabilization of the
PSII complex, a significantly modified Qg niche, substantially reduced Tymp*/QA™ and Qa~
Fe2+ EPR signals, the absence of the S2QA" and S7>Qp" thermoluminescence bands in the
mutant, the absence of the tetranuclear Mn cluster, and a 4 fold less sensitivity to the
bicarbonate-reversible formate inhibition for the electron transfer from QA™ to the
plastoquinone pool. However, the formate/bicarbonate binding site still appears to exit,
suggesting that D1-R269 plays some role in the binding niche of bicarbonate but is of more
importance for the general structure and function of PSIL.

D1-R257 was mutated into a glutamate and a methionine. The mutants are able to

grow photosynthetically, but at a slower rate compared to the wild type. Inhibition of the
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PSII reaction in the two mutants appears to be mainly on the acceptor side. The mutants
show a significantly elevated F, level, a reduction of 77 K fluorescence emission bands
(F685 and F695), a reduction of PSII electron transfer, particularly, from QA" to the
plastoquinone pool. Although the binding affinity to the herbicide DCMU in the mutants
appears to be unaltered, their sensitivity to the bicarbonate-reversible formate inhibition is
drastically reduced. Further, the two mutants are poorly inhibited by arginine-specific
reagents (phenylglyoxal and 2,3-butanedione) which inhibit the electron transfer in the wild
type with a reversal by the addition of bicarbonate. The evidence implicates the near
absence of bicarbonate binding in these two mutants and the essentiality of D1-R257 for the
in vivo binding of bicarbonate/formate.

To obtain a more detailed understanding of the mechanism of bicarbonate-mediated
PSII electron transfer as well as the structure of the PSII reaction center, three dimensional
models of the PSII reaction center of C. reinhardtii and the cyanobacterium S ynechocystis
sp. PCC 6803 were generated. The models were constructed partly based on the significant
homology with the anoxygenic purple bacterial photosynthetic reaction centers for which
high resolution X-ray crystal structures are available, and partly based on existing
experimental evidence. The model for Synechocystis 6803 includes D1, D2 and most of the
cofactors associated with the two proteins. The model for C. reinhardrii includes D1, D2,
cytochrome b559 as well as a complete set of cofactors. The availability of the three
dimensional models of the PSII reaction center leads to the proposal for a catalytic
mechanism of bicarbonate-mediated Qg protonation and a transport channel for bicarbonate

and water molecules in the PSII reaction center.

v
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CHAPTER I. INTRODUCTION
A. Overview of Structure and Function of Photosystem IT

Photosynthesis is the process by which living organisms convert light energy into
biochemical energy. Oxygenic photosynthesis is a unique process in plants, algae and
Cyanobacteria, in which oxygen is produced by the oxidation of water molecules. This
process is coupled by a light-driven electron transfer against a redox potential gradient (for
review, see Whitmarsh and Govindjee 1995). The end result of this light-dependent
process is the conversion of harvested photo-energy into chemical energy in the forms of
NADPH and ATP. This light-dependent photochemical reaction occurs on the membrane
sacs termed thylakoids where four major protein complexes involved in the reaction are
located. These protein complexes are photosystem II (PSII), cytochrome bef complex,
photosystem I (PSI) and ATP synthase (Fig. 1.1). Upon receiving photons, the
chlorophyll molecules located within the reaction centers of PSI and PSII are
simultaneously excited to high energy levels and perform charge separations, after which a
course of electron transfer from water to NADP+ is initiated via cytochrome bef complex.
During the electron transfer process, oxygen is produced and a proton motive force is
generated across the thylakoid membranes, which is utilized for converting ATP from ADP
and phosphate by the function of ATP synthase.

The focus of this thesis research is the structure and function of PSII which is
responsible for the oxygen evolution. The primary photochemical reactions in PSII occur
within its reaction center which is composed of D1, D2, cytochrome b559, PsbI and PsbW
polypeptides (for reviews, see Whitmarsh and Govindjee 1995; Diner and Babcock 1996;
for a recent paper on PsbW, see Lorkovic et al. 1995). The core of the PSII reaction center

is composed of D1 and D2 polypeptides (32 kD and 34 kD, respectively) which form a
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protein assembly that embeds all the cofactors for the PSII charge separation and electron
transfer. These cofactors include chlorophyll P680, accessory chlorophylls, pheophytins,
plastoquinones, B-carotenes, the non-heme iron, and a tetra-manganese cluster.
Cytochrome b559 is a small membrane polypeptide closely associated with the D1/D2
assembly and has two subunits, o and B (9 kD and 4 kD). It is believed to be involved in
the assembly of PSII and in the photoprotection of PSII (see review of Whitmarsh and
Pakrasi 1996). The physiological role of the small polypeptides psbl and psbW is still
unclear at present.

The photochemical reactions in PSII rely on with the absorption of light by various
antenna pigments (e.g. chlorophylls, carotenoids, or phycobilins in cyanobacteria) that are
surrounding the PSII reaction center. After absorbing the light energy, these pigments are
excited to a high energy singlet state within femtoseconds. The energy at the excited state
can be efficiently transferred, in the form of excitons, to a nearby pigment and ultimately to
a monomer or dimer of specialized chlorophyll  molecules known as P680 in the reaction
center (see review in Whitmarsh and Govindjee 1995).

The light energy reaching the PSII reaction center excites the P680 chlorophyll to
the singlet state. Within 3 ps, charge separation occurs between the P680 and a nearby
pheophytin (Pheo) when the excited singlet state P680 gives off an electron to Pheo,
forming a P680* and a Pheo™. Rapid oxidation of Pheo™ (~200 ps) occurs when the
negative charge on Pheo™ reduces a nearby plastoquinone molecule known as Qa, the
primary plastoquinone, forming Pheo and QA~. Within a half life of 20-200 ns, the P680+
is reduced by a redox-active tyrosine residue known as Z (or Yz). Qa~ is oxidized within
100-200 ps by a nearby plastoquinone known as Qs, forming Q™. Qp~ has a long lifetime
and its negative charge is thought to be stabilized by a protonated protein environment, Z+
is reduced in about 600 us by a water-oxidizing complex containing four manganese ions.
The electron transfer events from water to P680+ are referred to as the donor side events

and those from P680* to the plastoquinone pool as the acceptor side events. As will be
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mentioned in detail in Chapter IV, there are in fact two redox active tyrosine residues, Z
and D. Z is the fast electron donor to P680* and is tyrosine 161 on the D1 protein. D is a
slow electron donor and is tyrosine 160 on the D2 protein.

When a second charge separation occurs, a similar electron transfer scheme is
repeated. However, on the second round, Qg is fully reduced and becomes protonated,
forming QgH2 which is a plastoquinol molecule. QgHj has low affinity in the Qp site and
readily diffuses out of the site. Another oxidized plastoquinone molecule will diffuse into
the empty site from the membrane-associated plastoquinone pool. On the donor side, the
second P680 turnover causes the water-oxidizing complex to accumulate one more positive
charge after the reduction of Z+. Water molecules are only oxidized to produce oxygen after
two additional charge separations (for details, see reviews by Debus 1992; Klein et al.
1993; Renger 1993). The net result of the four charge separation events is the oxidation of
two water molecules and the formation of two plastoquinols with the release of one oxygen
molecule.

The accumulation of four oxidizing equivalents corresponding to the removal of
four electrons from water by the water-oxidizing complex is the consecutive action of five
different oxidation states, termed Sg, S, S2, 83, and S4. In the dark-adapted samples, the
St state predominates and the oxidation of water is believed to occur through the sequential
oxidation of the S-states up to S4. The S4 state is believed to be a transient intermediate that
spontaneously reverts to the Sg state. During this step, oxygen is released, as shown

below:

Sl_'»SZ—-»S3-_’S4 SO
2H,0 0,
The most reduced state Sy is converted by a one-electron oxidation to the dark-stable state

Si. This S-state model was originally formulated by B. Kok and co-workers to explain the

phenomenon of the period four oscillation of oxygen evolution by chloroplasts in response
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to a series of light flashes (Kok et al. 1970; Forbush et al. 1971). It is now considered that
four Mn ions, arranged on a multinuclear cluster, are responsible for the transitions of the S
states, accumulating at least three or maybe all four oxidizing equivalents. There are certain

pieces of evidence to suggest that a histidine residue may accumulate one oxidizing

equivalent (see review by Debus 1992).

The above PSII reactions following the excitation of the P680 can be summarized

as follows:

S1Z P680* Pheo Q4 Qg
3ps

Sl Z P680+ Pheo- QA QB
Izso-sso ps

S1 Z P680% Pheo Q5- Qp
40-280 ns

S1Z+ P680,Pheo Q5 Qg
100-200 us

S1 Z* P680, Pheo Q4 Qp-
30-1300 us

S3 Z P680 Pheo Q4 Qg
(H+)

S3 Z P680 Pheo Q4 Qg-(H*)

Qg in the above scheme can be stabilized by the protonated protein neighborhood for a

long lifetime. After another photo-excitation, the reaction continues:
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S2 Z P680* Pheo Q4 Qg- (H)
3ps

S3 Z P680* Pheo- Q4 Qp- (H*)

iZOO ps

So Z P680+ Pheo Q- Qg™ (HY)
50-200 ns

Sy Z* P680 Pheo Q- Qg™ (H)
400 us

S, Z* P680 Pheo Q4 Qg2- (H*)
100-800 s

S3 Z P680 Pheo Q4 Qp2- (H*)
(H*) ~2 ms
S3 Z P680 Pheo Q4 QgH,

PQ
PQH;,

S3 Z P680 Pheo Q4 Qg

On the PSII acceptor side, as mentioned above, Q4 which is a one electron carrier
delivers the electron to Qg (or Qg~), whereas Qg is a two electron carrier requiring to be
reduced twice by Qa~. The two-step reduction of Qg is the concept known as the "two
electron gate” (Crofts and Wraight 1983) first discovered by Velthuys and Amesz (1974)
and Bouges-Bocquet (1973).

PSh herbicides (such as atrazine, DCMU, etc.) inhibit the electron transfer and kill
photosynthetic organisms by displacing Qg from its binding site (Wraight 1981; Velthuys
1981). The identification of the herbicide binding within PSII was achieved by

photoaffinity labeling in which herbicides belonging to the category of organic azides are

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



capable of being split off nitrogen under illumination forming a reactive dehydroazepine
intermediate which is capable of covalent binding (see review in Oettmeier 1992). If the
azide is radioactively labeled, its binding protein also becomes radioactive and can be easily
identified. In this way, the herbicide binding protein was identified to be the D1 protein.

There is a non-heme iron known to be located between Qa and Qg. It is shown to
interact with both Qa™ and Qp~ magnetically (see review in Diner et al. 1991). Although
this iron is not a redox-active intermediate in the electron transport under physiological
conditions, its presence is crucial for maintaining the normal PSII electron transfer process
(see Vermaas et al. 1994).

The high resolution crystal structure of the PSII reaction center is not available to
date. However, significant sequence and functional homology is known to exist between
the D1 and D2 polypeptides and the L and M subunits of the reaction centers of purple non-
sulfur bacteria (Trebst 1986; Michel and Deisenhofer 1988), for which high resolution X-
ray crystallographic structures are available. The significant homology information has
guided researchers to construct reasonable three dimensional models in order to obtain
more accurate structural understanding on the PSII reaction center (see e.g. Ruffle et al.
1992; Svensson et al. 1996) A detailed three dimensional computer modeling on the PSII
reaction center of Synechocystis sp. PCC 6803 and Chlamydomonas reinhardtii was

conducted by the author and will be presented in Chapters IV and V.
B. Overview of Bicarbonate Effect in PSII
The electron transfer in PSII, both in the acceptor and the donor sides, is known to
be inhibited by the depletion of bicarbonate anions. The inhibition can be fully recovered by

the readdition of bicarbonate. This is the so-called "bicarbonate effect” (see reviews in

Govindjee and van Rensen 1993; Govindjee 1993; for a recent paper on the donor side
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effect, see Klimov et al. 1995). Formate, azide, nitrite and nitric oxide are all able to
produce the bicarbonate-depletion effects. Studies suggested that the site of action for the
bicarbonate anions in the acceptor side is located between QA and the plastoquinone pool
(Wydrzynski and Govindjee 1975; Govindjee et al. 1976; Jursinic et al. 1976; Khanna et
al. 1977; Siggel et al. 1977). Further studies on the formate inhibitory effect on the PSII
electron transfer was shown to be at the Q5™ to Qg™ step, whereas the electron transfer from
QA" to Qg is much less inhibited, suggesting that the formate inhibition may be primarily in
the Qp protonation step (Eaton-Rye and Govindjee 1988a, b; Blubaugh and Govindjee
1988a; Xu et al. 1991).

Bicarbonate was also shown to be involved in liganding with the non-heme iron.
EPR experiments (Diner and Petrouleas 1990) showed that NO is able to displace
bicarbonate on the non-heme iron and this replacement is reversed by the addition of
bicarbonate. A Fourier transform infrared difference spectroscopy study using 13C-labeled
bicarbonate further indicated that bicarbonate is a bidentate ligand of the non-heme iron in
PSII (Hienerwadel and Berthomieu, 1995).

Binding of bicarbonate in PSII was confirmed by the release of CO2/HCO3™ upon
formate treatment (Govindjee et al. 1991; Govindjee et al. 1996). Though Jursinic and
Stemler (1992) failed to detect the release of CO3 upon the addition of formate, Stemler
(1977) measured the binding of H14CO3 to isolated thylakoids and determined that there
were two pools for HCO3, a high affinity pool and a low affinity pool. The normal PSII
electron flow depends on the presence of the high affinity pool.

Since bicarbonate is negatively charged, it is expected that the binding in PSII
would be electrostatic in nature and therefore positively charged amino acid residues in D1
and D2 are likely to participate in bicarbonate binding. Only a few positively charged D1
and D2 residues are found near the putative non-heme iron based on previous homology
studies (see Govindjee and van Rensen 1993). These positively charged residues includes

D1-R269, D2-R233, D1-R251, D2-K264, and D2-R265. Site-directed mutagenesis have
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shown that mutants of D2-R233 and D1-R251 were able to increase the PSII susceptibility
to formate inhibition by 10 fold (Cao et al. 1991). The role of two arginines was suggested
to function in stabilizing the bicarbonate binding in vivo. However, the mutations in the
above two residues did not abolish the formate/bicarbonate binding capabilities. Site-
directed mutations on D2-K264 showed that the mutants have a reduced rate of the electron
flow from QA — Qp and are very resistant to formate and NO treatment (unpublished data,
ci£ed in Diner et al. 1991). In addition, the D2-K264 mutants require much higher levels of
bicarbonate to increase the electron transfer of Qo — Qg, suggesting that the residue is
involved in the binding of bicarbonate. Mutations at a nearby residue D2-R265 also
showed similar effects, though to a lesser extent. As these residues are considered to be
close to the non-heme iron, they are considered to play a role in stabilizing the bicarbonate
liganded with the iron.

In addition to liganding to the iror, many experiments have suggested that
bicarbonate may also function in promoting the protonation of Qg™ or Qg2~ (Eaton-Rye and
Govindjee 1988a, b; van Rensen et al. 1988; Xu et al. 1991). Kinetic studies by Blubaugh
and Govindjee (1988b) also suggested the possibility of two high affinity bicarbonate
binding sites in the PSII reaction center. This second binding site is likely to exist in the Qg
niche and is thought to be related to the protonation of plastoquinone. Characterization of a
number of Qg mutants which are also herbicide resistant have implicated the Qg binding
niche to be involved for the bicarbonate functioning in PSII (Govindjée et al. 1990;
Govindjee et al. 1992; Cao et al. 1992; Strasser et al. 1992; Mdenpidi et al. 1995;
Srivastava et al. 1995; Vemotte et al. 1995). The tested residues involved are: D1-F211,
DI-v219, D1-E242, D1-E243, D1-E244, D1-A251, D1-F255, D1-G256, D1-S264, D1-
N266, D1-L275.

A hypothesis on the bicarbonate function was formulated by Blubaugh and
Govindjee (1988b), in which bicarbonate is suggested to be associated with certain

histidine and arginine residues and to play a role in the protonation of Qg. It was proposed

10

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



that the bicarbonate may hydrogen-bond to a histidine residue and be stabilized by an
arginine residue. Upon the formation of Qg™ bicarbonate donates a proton to the histidine

which eventually uses it to stabilize Qg. Thus bicarbonate forms a part of the proton-relay

mechanism.

C. Objective of This Thesis

As mentioned above, bicarbonate binding in the PSII reaction center is likely to
involve residues near the putative Qp and the non-heme iron sites, and basic residues are
strongly implicated in the binding. Such residues in this region, based on early sequence
analyses (see Govindjee and van Rensen 1993), include D1-R257 and D1-R269. To
investigate the involvement of these two arginine residues in bicarbonate binding in vivo,
site-directed mutagenesis will be carried out on these two residues using a unicellular green
alga Chlamydomonas reinhardtii. In addition, more detailed structural analysis of the PSII
reaction center will be conducted by constructing three dimensional models of the PSII
reaction center. With the availability of the three dimensional models, bicarbonate binding
and its mode of action in PSII reaction center will be analyzed in a more accurate way. The
study is expected to provide an integrated understanding of the interactions between the D1

protein and bicarbonate and of the mechanism of plastoquinone reduction in PSII.
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CHAPTER II. CONSTRUCTION AND CHARACTERIZATION OF A
PUTATIVE BICARBONATE BINDING SITE MUTANT (ARGININE-
269-GLYCINE) OF CHLAMYDOMONAS REINHARDTII

A. Introduction

Electron transfer in photosystem II (PSH) has been shown by numerous studies to
be regulated by bicarbonate anions in higher plants, algae and cyanobacteria (see Chapter
D). Although there are studies showing a donor side effect of bicarbonate (El-Shintinawy et
al. 1990; El-Shintinawy and Govindjee 1990; Klimov et al. 1995; Wincencjusz et al.
1996), depletion of bicarbonate causes a significant inhibition on the electron transfer on
the acceptor side of PSII, particularly on the Qo™ to Qp~ step (Blubaugh and Govindjee
1988a; Diner et al. 1991; Govindjee and van Rensen 1993; Govindjee 1993).

The non-heme iron in PSII is likely to be coordinated by four histidine residues
(located on the stromal side of transmembrane spans D and E of the D1 and D2 proteins) as
in the bacterial reaction center. However, amino acid residue M-E232 (Rhodopseudomonas
viridis) which provides the fifth and sixth ligands to the iron lacks it amino acid homologue
in PSII. Michel and Deisenhofer (1988) and van Rensen et al. (1988) proposed that
bicarbonate could serve as a functional homologue of M-E232, providing the fifth and sixth
ligands to the non-heme iron in PSII. A close association of bicarbonate with the non-heme
iron in PSII was supported from EPR spectroscopic studies (Vermaas and Rutherford
1984; Petrouleas and Diner 1990). A recent Fourier transform infrared difference
spectroscopy study using 13C-labeled bicarbonate has confirmed that bicarbonate is a
bidentate ligand of the non-heme iron in PSII like M-E232 (Hienerwadel and Berthomier
1995). However, this suggested equivalence of E232 on the M subunit and bicarbonate has

its limitations since site-directed mutagenesis of M-E232 to several amino acid residues (R,
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V., A, Q, etc.) in bacterial reaction centers did not modify the Q- to Qg (or to Qg-) electron
flow (Wang et al. 1992).

Since anionic bicarbonate may be the active species functioning in the PSII reaction
center (Blubaugh and Govindjee 1986), it is expected that the binding would be
electrostatic in nature and therefore positively charged amino acid residues are likely to
participate in bicarbonate binding. Only a few positively charged D1 and D2 residues are
found near the putative non-heme iron based on homology studies (see Govindjee and van
Rensen 1993). Further, experimental evidence has suggested bicarbonate to aid in the
protonation of Qg2 (Blubaugh and Govindjee 1988a; Eaton-Rye and Govindjee 1988a; Xu
etal. 1991; Govindjee and van Rensen 1993), implicating the involvement of D1 protein in
bicarbonate binding.

Sequence analysis of the D1 protein indicated that D1-R269 residue was the only
basic residue near the putative non-heme iron site (see Govindjee and van Rensen 1993).
This residue is thought to be located on the stromal side of the putative transmembrane
helix E and may be separated from D1-H272, one of the four putative non-heme iron
ligands, by approximately 3/4 of a helical turn (according to a three dimensional model of
the PSII reaction center by the author, see Chapter IV). Thus, a hypothesis that a close
interaction between the arginine and the iron-liganding bicarbonate may exist has emerged.
This hypothesis is partially supported by the analogy found in the x-ray crystal structure of
human lactoferrin which has a (bi)carbonate binding to an iron at the active site (Anderson
et al. 1989). In this protein, the (bi)carbonate is stabilized by hydrogen bonding
interactions with an arginine and several other adjacent amino acid residues. An X-ray
crystal structure of hemoglobin and myoglobin with a formate (a bicarbonate analog) bound
to the heme iron also indicates the involvement of an arginine residue interacting with the
formate (Aime et al. 1996). Thus, it is possible that a similar binding motif may exist in the

HCOj37/Fe site of the PSII reaction center.
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To investigate whether D1-R269 is a bicarbonate liganding residue, a site-directed
mutant in the unicellular green alga Chlamydomonas reinhardtii has been generated and
characterized to test whether the D1-R269 residue binds bicarbonate. Residue R269 has
been replaced with a non-conservative residue, glycine (D1-R269G). To understand the
full implication of this mutation, the resultant mutant was characterized on the structure and
function of both the donor and acceptor sides of PSIIL. In this chapter, I will describe the
construction, structural and functional properties of this mutant.

The characterization shows that the mutant (1) has loweredd stability of D1, (2) is
unable to assemble the tetramanganese cluster in the PSTI donor side, (3) has a significant
inhibition on the elelctron transfer either for the full chain or for Q4 — Qg, (4) loses the
two electron gate functioning, (5) has a block in the excitation energy transfer to the PSII
reaction center, (6) has a significant reduction in herbicide binding affinity, (7) lacks the
thermoluminescence bands due to S2QA™ and S;Qp~ recombination, and (8) has a
significant reduction in the bicarbonate/formate effect on the acceptor side. Though the data
show that the bicarbonate binding may still exist in the PSII reaction center, the importance

of R269 residue in the structure and function of PSII has been clearly demonstrated.

B. Materials and Methods

1. Mutagenesis of psbA gene and screening for homoplasmic mutant

The plasmid (pWT) which contains exons 4 and 5 of the psbA gene (3.0 kb) cloned
onto a phagemid vector pBS(+) (Roffey et al. 1991) was used for site-directed mutagenesis
of the D1 protein. The site-directed mutagenesis on the R269 located on the exon 5 of
psbA DNA was based on Kunkel et al. (1987) and Eggenberger et al. (1990). Arginine 269
was changed into a non-conservative residue glycine in an attempt to create a deletion-like

mutation. A silent mutation on valine 307 was made, introducing a new Sal I restriction
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site, which was designed to facilitate the subsequent screening of the mutant DNA from C.
reinhardtii transformants. Two separate oligonucleotides were used to create a glycine
substitution at residue R269 (GAAGTGTAATGAACCAGAGTTGTTGAA converts a
CGT to a GGT codon) and a silent and diagnostic Sal I restriction endonuclease recognition
site at residue V307 (ACCTTGTGAGTCGACTACTGATGGTT converts a GTA codon to
a GTC codon). The resulting plasmid (pR269G/V301) was sequenced using a Sequenase
2.0 kit (U.S. Biochemicals, Cleveland, OH) to confirm the presence of the mutations.

Plasmid pR269G/V301 and plasmid p228, containing the chloroplast 16S rRNA
gene conferring spectinomycin resistance (Harris et al. 1989), were co-transformed into
wild type cells using a helium particle inflow gun with 1 micron tungsten particles (Roffey
etal. 1994a). C. reinhardtii cells were grown in the presence of 0.5 mM FUDR for 2 days
(~8 generations) in the dark to reduce the chloroplast DNA copy number prior to being shot
(Roffey et al. 1991). Cells transformed with plasmid p228 were selected on TAP plates
containing 85 pg/ml spectinomycin to identify chloroplast DNA transformants.
Spectinomycin resistant colonies were visible after two to three weeks.

To isolate the p228-pR269G/V301 chloroplast DNA co-transformants,
spectinomycin resistant colonies (transformed with p228) were screened for the presence of
the diagnostic restriction endonuclease recognition site introduced into the psbA gene with
plasmid pR269G/V301. Single colony isolates were transferred to 3 ml of TAP containing
85 ug/ml spectinomycin and grown for 1 week and an aliquot (100 y_il) of the cell
suspension was plated on TAP plates (containing 100 ug/ml spectinomycin) to begin the
secondary screen for chloroplast transformants. Total DNA was isolated from 1.5 ml of the
liquid culture. The cells were concentrated by centrifugation, frozen in liquid nitrogen, and
the DNA extracted using an S&S Elu-Quik DNA purification kit (chromosomal DNA
isolation protocol). The isolated DNA was then subjected to PCR amplification of the psbA
region spanning the entire exon 5. The 5' oligonucleotide (GGTTACTTTGGTCGTCTA)

used for the PCR amplification corresponds to amino acid residues G253 - L258 in the D1

22

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



protein, and the 3' oligonucleotide (GAAGTTGTCAGCGTTACG) corresponds to amino
acid residues R344-F339. These primers generate a 260 bp fragment which includes the
R269G mutation site plus the diagnostic Sal I restriction site located at residue V307.
Digestion of the PCR product with Sal I generates two diagnostic 160 and 100 bp
fragments assuming complete exchange of the donor (transforming) with the recipient
(chloroplast) DNA.

Using this PCR screening procedure, heteroplasmic mutant colonies were identified
which contained wild type and mutant PCR products. Single colony isolates from the
secondary screen were then subjected to a second round of screening by analysis of the
PCR products digested with Sal I in order to isolate homoplasmic R269G mutant strains.
In order to confirm that the mutants were homoplasmic, chloroplast DNA was isolated
from putative homoplasmic mutants and wild type strains (Roffey et al. 1991), digested
with Sal I, and probed on Southern blots using radiolabelled pWT DNA according to the
Genescreen (DuPont, Wilmington, DE) protocol. DNA sequence analysis of the
mutagenized region of the chloroplast DNA from homoplasmic isolates was carried out
according to the U. S. Biochemicals cycle sequencing kit using the aforementioned PCR
primers. It is important to note that the sequence of the transformed DNA fragment

showed no other mutation except R269G and the silent V307.

2. Growth conditions of C. reinhardtii

Wild type (CC-2137 or CC-125) and mutant C. reinhardtii cultures were grown at
25°C in Tris-Acetate-Phosphate (TAP) medium (see Harris 1989) under continuous low
light (8-12 umol photon-m-2-sec-!) exposure, continuous darkness, or continuous
darkness plus 20 min low light exposure (Roffey et al. 1991; 1994a; Kramer et al. 1994).
Cultures were inoculated from a starter culture at 1/100 volume and harvested 4 days later

in log phase at a cell density of ~6 x 106 cells-m1-1. The wild type strain was maintained in
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TAP agar plates with 100 pg/ml ampicillin and the mutant strain was maintained in TAP

plates with 200 pg/ml spectinomycin and 100 pg/ml ampicillin.

3. Chlorophyll and growth determination

Chlorophyll concentration was determined by suspending the cells in 80% acetone
at 40°C for 20 min. The samples were centrifuged at 14,000 x g for | min, and the
resulting pellet was discarded. The absorbance of the supernatant was measured at 663.6
nm and 646.6 nm using a commercial spectrophotometer (Shimadzu UV 160U, Shimadzu
Co., Kyoto, Japan). Chlorophyll concentrations were calculated according to the equations
of Porra et al. (1989). The growth rate of the wild type and the mutant was determined by
measuring the optical density of the cells in original culture media at 750 nm. In the
heterotrophic growth condition, both the wild type and the mutant had near identical growth
rate (22 hr.).

4. Thylakoid preparation

The thylakoid preparation was according to Shim et al. (1990) with slight
modifications. The late log-phase cells were centrifuged at 2,000 x g for 4 min. at 4°C. The
pellet was washed twice with a buffer containing 350 mM sucrose, 20 mM HEPES (pH
7.5), 2.0 mM MgCly. The cells were resuspended with the above buffer to ~0.5 mg Chl/ml
and passed through a French press once at 14,000 Ibs/in2. The broken cells were
centrifuged at 100,000 x g for 20 min. at 4°C. The pellet was resuspended in a buffer
containing 400 mM sucrose, 20 mM HEPES (pH 7.5), 5.0 mM MgCl,, 5.0 mM EDTA,
1.0 mg/ml bovine serum albumin, and 20 % (v/v) glycerol. It was further homogenized
with a tissue grinder and briefly centrifuged (1,000 x g, 10 s.) to remove the unbroken
cells. The supematant containing the thylakoids was concentrated to ~1 mg Chl/ml and

frozen quickly, in 1.5 ml microcentrifuge tubes, at 77 K.
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5. Western blot analysis
D1 protein levels (per unit Chl) were determined by western blot analysis
(according to the Immu-blot assay kit procedures, Bio-Rad, Richmond, CA) using an

antibody directed against the C-terminus of the D1 protein (see, e.g., Roffey et al. 1994a).

6. Steady state of oxygen evolution

Photosynthetic oxygen evolution was measured using a Hansatech CB1 electrode
with thylakoids (5 pg Chl/ml) suspended in 0.3 M sucrose, 20 mM HEPES (pH7.5), 1
mM MgCl> 20 mM methylamine, 2 mM K3Fe(CN)g and 200 UM of one of three different
electron acceptors: DCBQ, DMBQ, or PBQ. DCPIP photoreduction was measured
spectrophotometrically at 600 nm with thylakoids having a Chl concentration of 5.0 pg/ml

in 0.3 M sucrose, 20 mM HEPES (pH 7.5), 1 mM MgCly, and 25 uM DCPIP containing
either | mM DPC or 5 mM NH70H as artificial electron donors.

7. Manganese determination

Elemental analysis of the manganese content of EDTA washed PSII particles was
completed at the Ohio State University REAL labs using PSII particles containing 1 mg Chl
(Roffey et al. 1994a).

8. EPR analysis

Electron paramagnetic resonance (EPR) studies were performed in collaboration
with Dr. C. Russ Hille using a Bruker ESP-300. The following instrument settings were
used for the Qo~ Fe*2 measurements: modulation amplitude, 28 G; temperature, 5 K;
microwave power, 32 mW. PSII particles having a Chl concentration of 5 mg/ml were
illuminated at 1,000 pE-m-2-sec-! in the presence of 100 mM formate for 10 min at 77 K.
Each sample was scanned 15 times. For measurement of the Tyrp*signal, dark adapted

samples were scanned at 150 K, warmed to room temperature, illuminated for 1 min., and
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scanned again at 150 K in the dark. Instrument settings were as described in Roffey et al.

(1991).

9. Thermoluminescence

Thermoluminescence, that probes both the donor and acceptor sides of PSII (see
reviews by Inoue 1996; Vass and Govindjee 1996), was measured as described by Kramer
et al. (1994). Thylakoid samples (~1 mg Chl/ml, pH 7.6) were isolated from the
heterotrophically grown cells that were briefly adapted by light (20 min., 70 UE/m2.s white
light). The measurement was done by illuminating one saturating flash in the presence and
absence of 10 uM DCMU. The thermoluminescence curves were recorded from -55 to

+55°C at a heating rate of 1°C/s.

10. Chlorophyll a fluorescence induction kinetics and measurements of Fp

The Chl a fluorescence induction of cell or thylakoid samples was measured with a
commercial pulse-modulated fluorometer (Walz PAM-2000, Effeltrich, Germany). Actinic
and measuring beams were provided by the built-in red-light-emitting diodes. The intensity
of the measuring light was 0.7 pE/m2-s and the intensity of the actinic light was 470
UE/m2.s. Before the measurements, the cells were resuspended in TAP medium, and the
thylakoids in a buffer containing 20 mM HEPES (pH 7.0), 100 mM sorbitol, 10 mM KClI,
10 mM MgCl;, 0.1 mM NH4CI. Chl concentration of the samples was 5 pug/ml. All
samples were prepared in the presence of weak (< 0.3 HE/m?2-s) background green light;
and the measurements were done after the samples were dark-adapted for 5 min. When a
light treatment of cells was needed, the dark-grown cells were illuminated with 70 RE/m2-s
white light for 1 h in the TAP medium while being stirred and bubbled with air.

In view of the fact that conclusions regarding the photochemical activity are
obtained from a knowledge of the variable fluorescence (Fy) whose value is dependent

upon the precise value of F, (see Govindjee 1995), special efforts were made to measure
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the true Fo. Fo is the yield of fluorescence when [QA] is maximal, i.e., when the yield of
photochemistry is maximal; it reflects the antenna fluorescence that is obtained in
competition with excitation energy transfer to the reaction center. This is achieved only at
very low light intensities so that the quantum yield of true F, (i.e. Fy/I, where I is intensity
of excitation) must be independent of I. Further, the addition of herbicide DCMU in
darkness is not expected to increase the value of true F, since DCMU is not expected to
affect the excitation energy transfer process. Thus, F, was measured as a function of light
intensities in the low range (0.01-0.45 pE/m2-s) with and without the presence of 10 uM
DCMU to prove that the true F, was indeed being measured. This was done using a
different pulse-modulated fluorometer (Walz PAM-103, Effeltrich, Germany). Light

intensity was varied with Oriel neutral density filters.

11. Flash induced chlorophyll a fluorescence changes

The kinetics of Chl a fluorescence changes in darkness after single-turnover actinic
flashes were measured with a laboratory-made multiflash fluorometer (Kramer et al. 1990).
All sample manipulations were done in the dark with weak background green light (< 0.3
nE/m2-s). Measurements were made with cells suspended in the TAP medium, or with
thylakoids suspended in the buffer and conditions described above. Chlorophyll
concentration of the measured samples was 5 ug/ml. When necessary, the cells and
thylakoids were treated with 5 mM NH,0H, or 5 mM hydroquinone, and/or 10 uM
DCMU in total darkness. Treatment of cells with 100 uM p-benzoquinone for measuring
the binary oscillation pattern was also done with samples dark-adapted for 5 min.

Chl fluorescence changes with time after the flashes were deconvoluted into three
exponential components with the KaleidoGraph™ program. The fitting equation used was:
Fu/Fo = A1 exp(Ut1) + Ag exp(U13) + A3 exp(t/t3), where "A" represents the amplitude and
“7" the lifetime of the components. It is assumed here (see Govindjee et al. 1996) that the

fast component (A1, t1) in sub-ms range reflects the kinetics of direct reoxidation of QA
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by Qp (or by Qp); the intermediate component (A3, T2) in ms range reflects the [QA7]
equilibrium, partially controlled by the movement of plastoquinone to PSII without bound

QB: and the slow component (A3, T3) in seconds range reflects both the back-reaction

between QA" and the S states and between Qg™ and the S-states.

12. Bicarbonate depletion and recovery treatments

Bicarbonate depletion of cells by formate was carried out with a formate treatment
procedure described in El-Shintinawy et al. (1990) with modifications. The harvested dark-
grown cells were resuspended to 100 y1g Chl/ml in a buffer containing 100 mM HEPES
(pH 5.8), 40 mM NaCl, and 5 mM MgClp. The resuspended samples were treated with
various concentrations of sodium formate for 5 min. under gentle vacuum, after which they
were diluted to 5 ug Chl/ml in the same buffer at pH 6.5. The samples were immediately
used for the Chl fluorescence yield measurements. Sodium bicarbonate (10 mM) was
added to the formate-treated samples to reverse the formate inhibition. The control samples

were subject to similar treatments except without formate and bicarbonate in the buffers,

13. Low temperature fluorescence spectra

Measurements of the low temperature fluorescence emission spectra of the
heterotrophically grown cells and the thylakoids isolated from these cells were performed at
77 K in TAP medium containing 20% glycerol (for cells) or in the thylakoid buffer (for
thylakoids) as described in section 2.4 with the addition of 20% glycerol. Chlorophyll
concentration was 30 pg/ml. Measurements were made using a Perkin Elmer LS-5
fluorescence spectrophotometer (Perkin Elmer Ltd., Oak Brook, IL) which was equipped
with a red-sensitive photomultiplier (R928, Hamamatsu Corp., Shizuoka-ken, Japan). The
samples were placed in a Dewar flask with an optical clear region through which the
fluorescence was excited and measured. The samples were frozen in liquid nitrogen prior to

measurement. The excitation wavelength was set at 435 nm and the monochromator
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bandwidth 10 nm for excitation and 3 nm for emission. The fluorescence emission was
collected from the front surface of the sample. The obtained emission spectra were
corrected for the wavelength dependence of the photomultiplier sensitivity, but not the

monochromator. The emission spectra for different samples were normalized at the 715-nm

band.

14. Herbicide binding assay

The herbicide 14C-terbutryn binding assay was done according to Vermaas et al.
(1990). Thylakoid samples (25 ug Chl/ml) were incubated with various concentrations of
14C-terbutryn (24 uCi/mg, kindly provided by Dr. Donald Ort), known to bind at the QB
site, in the thylakoid buffer described above (section 2.4) at 25°C in darkness for 15 min.
with occasional shaking. The thylakoids were then centrifuged for 10 min. at 14,000 xg,
and the supernatant was mixed with a scintillation cocktail (Scintiverse II, Fisher Scientific,
Fair Lawn, NJ). The radioactivity of the liquid mixture was counted in a scintillation
counter (LS1701, Beckman Instruments, Fullerton, CA) to 1% error. To eliminate the
contribution of the unspecific binding, the samples were measured in the presence and the
absence of another herbicide, atrazine (20 pM), that also binds at the Qg site. The specific
binding was obtained by subtracting the atrazine-replaceable terbutryn binding from the

total terbutryn binding.

C. Results

1. Construction and isolation of D1-R269G mutant
Using the conventional site-directed mutagenesis method (see Kunkel et al. 1987),
R269 was mutated into a glycine on the pWT plasmid. While it is preferable to directly tag

the introduced site directed mutation with a unique diagnostic restriction endonuclease
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recognition sequence, this was not possible with the R269G mutant. Therefore, the silent
mutation which introduced the diagnostic Sal I restriction endonuclease recognition site was
created at residue V307. Fig. 2.1A shows the mutated plasmid was treated by Sal I
producing 3.0 and 3.2 kb fragments (lane 4, lanes 1-3 are controls). The wild type plasmid
and the one DNA containing the mutations was sequenced, the introduced mutations were
confirmed on the mutant DNA (Fig. 2.1B).

The mutagenized plasmid DNA (pR269G/V301), along with another plasmid DNA
p228 containing spectinomycin resistance gene, was transformed into wild type C.
reinhardtii cells. Approximately 200 spectinomycin resistant colonies were obtained from
the initial chloroplast DNA transformation attempt. This number corresponds to a
chloroplast transformation frequency of 10-6/cell. No spectinomycin resistant colonies
were recovered from a mock (without DNA) transformation of C. reinhardtii cells. Forty of
the spectinomycin resistant colonies were then screened for the presence of the
R269G/V307 psbA mutation. DNA was amplified from a region of the psbA gene
encoding the R269G and V307 silent mutations (Sal I recognition site) followed by
digestion with the diagnostic restriction endonuclease Sal I. Figure 2.2 shows the pattern of
DNA restriction fragments generated by digestion of the pshA PCR products with Sal L.
PCR products containing the diagnostic Sal I site are cut into a 160 bp and a 100 bp
fragment unlike wild type DNA. As indicated in the figure, most of the spectinomycin
resistant colonies had a wild type Sal I restriction fragment pattern (i.e. undigested);
however, two isolates (Lanes 2 and 9) contained both undigested DNA (wild type) and the
160 and 100 bp Sal I fragments diagnostic for the transforming psbA gene fragment. The
presence of both the wild type and mutant DNA restriction patterns indicated that the cells
were heteroplasmic for the R269G/V307 mutation. Segregation of the mutant and wild type
genomes was subsequently achieved by streaking the heteroplasmic colonies (Fig. 2.2A,
Lanes 2 and 9) to obtain single colony isolates. During cell division the mutant and wild

type genomes segregate giving rise to homoplasmic colonies. Subsequent analysis (Sal I

30

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



"LOD uopod surdA[3 ojur pagueyo
S1.1IDD uopod quiuid1e oyt yorym ur ‘umoys st asuanbas puens asuas UL ‘uoneinw DEYTY padnponur 3y Fupensuowap (93
dugouanbas e yo wesorpeioiny (ySry) “HVo uopos asuasnue ouldA[3 oyur padueyo st D1, U0pod IsussHuE durfeA oy yomym ur
‘umoys st aduanbas puens asussnue oy, ‘uonenw LOEA 1woMIs paonponut a1 Junensuowap 198 Surouanbas e jo wreigorperony
(32D (&) "(9X 0'¢ pue g Z'c) wounean | [es Pim pruwserd pmd pareinw ‘p sue {(qy z'9) usunean I [eS ynum prused
LMd od£1 pim ‘g aue 1(qy '9) wwounean | jeg wmoyim prwserd | md pareinuw ‘z ouer $(qY z'9) uounean | feS yim pruserd
LMd 3d£1 ppim ‘T auer ons | [es mou e sajeald 1Bl uohEwInW LOEA pIdnponui 3yl Surnensuowap IpIwolq WPyl )M pause)s

sem [o8 ssorede uy (v) ‘mpivyura souowopfuy) yo yNQ vqsd prwserd paziuaSeinw uo suonenw Jo uonesyusA [z andiy

31

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



Mutant

) o .8
nz Z e o
6! NS &
& er, o) =
| || =
S
- <
(3]
@D | e
(g |
—
- O
G
5 <
= O
8
QO .
~ -
T <
SO
< m

32

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



digestion of the psbA PCR product) of the PCR products from the secondary screen
indicated that most colonies had > 95% mutant DNA (Fig. 2.2B). In order to confirm that
the colonies were homoplasmic for the mutation, Southern blot analyses were carried out
using Sal I digested chloroplast DNA (4 ug, or approx. 106 psbA copies ). As shown in
Figure 2C, one of the colonies obtained from the secondary screen had no apparent copies
of the wild-type DNA, i.e. it was homoplasmic for the V307 mutation (Fig. 2.2C). DNA
sequence analysis of the psbA gene from this isolate indicated that both the V307 and
R269G mutations were present and that it was homoplasmic (data not shown).
Furthermore, independent homoplasmic R269G transformants were also unable to grow
photosynthetically indicating that it is unlikely that a second site mutation resulted in

obligate heterotrophic growth.

2. DI Protein stability in the D1-R269G mutant

After obtaining the homoplasmic mutant, it is important to determine whether the
D1-R269G mutation affected the stability of the PSII complex. One measure of the stability
of the PSII complex is the D1 protein content per unit chlorophyll (see Roffey et al.
1994a). Using western blots, the D1 content of cells, isolated thylakoids and PSII enriched
particles from dark and continuous low light grown the wild type and R269G mutant cells
were compared. Sub-saturating amounts of the D1 protein, i.e. samples with < 10 pg
Chl/lane, were used for the western blot analysis in order to obtain a linear'response from
the antigen detection system. As shown in Figure 2.3 and Table 2.1, the D1 protein levels
in R269G mutant cells were higher than wild type cells regardless of whether they were
grown in the dark (13% > than wild type) or continuous low light (60% > wild type). It is
noted that the D1 protein content of whole cells includes D1 protein present in intact as well
as partially assembled PSII complexes (see Roffey et al. 1994a). In contrast to whole cells,
the D1 protein content of thylakoids and PSII particles prepared from dark grown R269G

cells was less than that of dark grown wild type. The D1 protein content of thylakoids and
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Figure 2.2. Genetic verification of the R269G/V307 mutant in Chlamydomonas reinhardti.
Panel A shows the Sal I digested PCR products amplified from the psbA region spanning
the V307 and R269G mutations. Lanes 1 -12 are Sal I digested PCR products obtained
from separate spectinomycin resistant colonies. Mut and WT correspond to the Sal [
digested PCR products amplified from plasmids pR269G/V307and pWT respectively.
Panel B shows the Sal I digested PCR products obtained from single colony isolates
derived from colony 2. Panel C is a Southern blot analysis of chloroplast DNA isolated
from colony 12 (panel B) digested with Sal I and probed with pWT. The smaller band
migrating at 2.9 kb represents the expected size for the R269G/V307 mutant.
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PSII particles isolated from dark grown R269G cells was 17% and 12% respectively, less
than wild ty;;e (dark grown) membrane fractions (Fig. 2.3, Table 2.1). These results
suggest that the D1 protein in the R269G membranes is less stable than in the membranes
of wild type. The R269G D1 protein content was further reduced in mutant thylakoids
relative to wild type when the cells were grown in continuous low light. The D1 protein
content of thylakoids and PSII particles isolated from light grown R269G cells was 62%
and 60% of the corresponding wild type fractions. These results suggest that the R269G
mutant D1 protein is more susceptible to light-dependent (photoinhibitory) turnover than
wild type. Interestingly, detergent treatments associated with preparation of R269G PSII

particles did not decrease the R269G D1 protein relative to wild type PSII particles.

3. Inhibition to PSII electron transfer: steady state oxygen evolution and manganese
determination

In order to determine what effects the R269G mutation had on photosynthetic
electron transport, oxygen evolution was measured in the presence of various PSII QB
site) electron acceptors. As shown in Table 2.2, the D1-R269G mutant was unable to
evolve oxygen regardless of the PSII acceptors used (DMBQ, DCBQ or PBQ). The
absence of oxygen evolution could be due to inhibition anywhere between electron
donation by water to electron acceptance by the artificial acceptors.

In order to determine if the inability to evolve oxygen was due to a donor side
effect, the manganese content of the wild type and R269G PSII particles were measured.
Since the R269G PSII complex was shown to be sensitive to photoinhibition, the cells
were grown in the dark followed by a brief (20 min) exposure to low light to facilitate
assembly of the water oxidizing complex with minimal photoinhibitory damage. Cells were
also grown in complete darkness for comparison. As expected, the manganese content of
PSII particles isolated from dark grown plus dim light exposed wild type cells was 4.2

Mn/250 Chl while the manganese content of totally dark grown wild type cells was < 1
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Table 2.1. D1 protein content in D1-R269G and wild type cell and thylakoid membrane
fractions isolated from dark or light grown cells. D1 protein levels are expressed as a
percentage of wild type amount for each treatment and membrane fraction type. Values
were determined by densitometry of western blots (Figure 2.3) and are the average of two

measurements. The values varied by no more than 10% of the total.

Fraction Low Light Grown Dark Grown
% wild type
Whole Cells 160 113
Thylakoids 62 83
PSII Particles 60 88
39
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Table 2.2. Photosynthetic oxygen evolution, photosystem I artificial donor oxidation and
manganese content of isolated membrane fractions from dark and dark plus 20 min dim
light grown cells. Values are the average of three separate measurements for electron

transfer assays and two separate measurements for Mn determinations. See materials and

Methods for details.
Strain Growth Oxygen _DCPIP Reduction b Mn/250 Chl ¢
Conditions Evolution 2 DPC (1 mM) NHAZOH (5 mM)
pmol/mg Chl/hr

Wild Type Plus Light* 265 + 49 34+4 43+ 4 4.1+ 0.2
Wild Type Dark ND ND ND <l1.0
DI-R269G  Plus Light 0 0 0 <1.0
D1-R269G  Dark 0 0 0 <l1.0

2 DMBQ used as an acceptor with wild type thylakoids. Neither DCBQ, DMBQ or PBQ
supported oxygen evolution in D1-R269G thylakoids.

b Rates were determined with isolated thylakoids

¢ Measurements were made with PSIT particles.

ND, not determined

* Dark plus 20 min dim (12 pE/m2-s1) white light grown cells.
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Mn/250 Chl (Table 2.2). The latter value is indicative of the light requirement for assembly
of the functional manganese complex (Radmer and Cheniae 1977). In contrast to the dim
light exposed wild type cells, the manganese content of dim light exposed R269G cells was
< 1 Mn/250 Chl. These results indicate that the R269G mutant was unable to assemble or
stabilize a tetra-manganese, water oxidizing complex.

The inability to form a manganese water oxidizing complex could be due to
structural perturbations on the lumenal (donor) side of the complex or result from a
disruption in electron transfer which would prevent photoligation of the manganese
complex (Radmer and Cheniae 1977). One measure of the ability to transfer electrons in
PSII is the light dependent reduction of DCPIP using artificial PSII electron donors which
circumvent the water oxidizing complex (see Roffey et al. 1994a). As shown in Table 2.2,
the R269G mutant was unable to reduce DCPIP using either DPC or hydroxylamine as a
PSII donor. These results indicate several possible reasons for the lesion on the donor side
as well as the acceptor side of PSIL. Either the R269G mutant is unable to carry out a light
dependent charge separation, unable to oxidize artificial donors, or unable to reduce
DCPIP. As will be shown in a later section, a significant block in electron transfer from
Qa™to Qg (or Qp~) was also observed for the mutant. Thus a block on both the electron

acceptor and donor sides of PSII has occurred as a consequence of the R269G mutation.

4. EPR analysis of PSII stable charge separation

In order to determine whether the R269G mutant could accumulate a stable charge
separated state (Tyrp+/QA"), the formation of the dark stable radical Tyrp* was measured
in PSII particles from dark grown cells. Due to its long half life, Tyrp* accumulates in
illuminated non-oxygen evolving PSII particles which are unable to oxidize water (Barry
and Babcock, 1987). Tyrz signal amplitudes were not measured due to the sensitivity of
Tyrz to photoinhibitory damage (Roffey et al. 1994b). As shown in Fig. 2.4, the extent of

Tyrp* accumulation in D1-R269G PSII particles (isolated from dark grown cells) was
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approximately one third that of wild type. These results indicate that at least some portion
of the mutant reaction centers were capable of accumulating Tyrp*, but not all. The
inability to accumulate wild type levels of Tyrp* could result from either: 1) a reduced
ability to form the charge separated state P680+/QA"; 2) a reduced ability of P680+ to

oxidize Tyrp; or 3) an increased back reaction from Qa- — P680*.

5. Thermoluminescence

Since thermoluminescence (see Inoue, 1996; Vass and Govindjee 1996) measures
the recombination of charges between Sz and QA (the D or the Q band) and between Sa (or
S3) and Qg~ (the B band), it can be used to check if the mutant is blocked in the S-state
transition.

Figure 2.5 shows that the wild type thylakoids have the normal B band (a broad
band in the 30-35°C region). Upon treatment with DCMU (10 HM), the B band is
abolished, and the Q band (a broad band at 15°C) appears due to inhibition of electron
transfer from Qa — Qg enabling stabilization of Q4". The mutant, however, lacks both the
B and Q bands confirming that it is unable to store charges on the S-states. However, a
difference thermoluminescence curve (for DCMU-treated minus untreated mutant
thylakoids) showed a slight negative band in the B band region, and a slight positive band
in the Q band region, but it was within the noise level of the measurements. A high
temperature band that includes a "C" band, suggested to arise from recombination of Yp*
and Q™ (Johnson et al. 1994), is however, present. A good part of the high temperature
band, observed here, was unrelated to photosynthesis (data not shown); but this does not
affect the clear conclusions noted above. Thermoluminescence results confirm the defective

nature of the mutant on the donor side of its PSII.
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Figure 2.5. Thermoluminescence of wild type C. reinhardtii and D1-R269G mutant
thylakoid ([Chl] is ~1 mg/ml) in the presence and absence of DCMU (10 UM). The
samples were measured after one saturating, single-turnover, flash at 25°C for control and
10°C for the DCMU treatment. The heating rate was 1°C/s. Data obtained by David

Kramer.
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6. Inhibition to PSII electron transfer: Chl a changes after flashes

To locate the effect of the mutation on the electron transfer on the acceptor side of
PSII, I measured Chl a fluorescence changes on the microsecond time scale after a series of
single turnover flashes. The kinetics of these changes correspond mainly to the electron
transfer from QA™ to Qp or QB (see Eaton-Rye and Govindjee 1988a; b); however, the
fluorescence yield at Fry and in the sub-ms range also include effects of changes in electron
flow on the donor side of PSII, i.e. changes in [P680+], a quencher of Chl fluorescence
(Butler 1972). A slowed equilibrium between Sp < Z <> P680 results in lowering of F
and a rise phase of fluorescence (see Kramer et al. 1990; Shinkarev and Govindjee 1993).
Figure 2.6 shows Chl a fluorescence yield changes for the dark-grown, non-oxygen
evolving cells and thylakoids in the presence and absence of DCMU (10 UM) and of
hydroxylamine (NH,0H, 5 mM) and hydroquinone (5 mM), donors to P680*.

I will first discuss the donor side effects. The mutant cells and thylakoids show
(Figs. 2.6A with 2.6B) a significant reduction in the ratio Fy/Fo. Further, the mutant
thylakoids have even lowered Fy/F, level compared to not only the wild type thylakoids,
but also the mutant cells. These results are related not only to the inactive PSIIs in the
mutant, but to inhibitions on the donor side of PSII.

The addition of both 5 mM NH20H and 10 uM DCMU is unable to restore the
maximum level of Fy/F, in the mutant sample (cells or thylakoids) to that of the wild type
level. NH2OH (5 mM) is usually expected to be an electron donor to P680*. It should
inhibit the normal donor side function and outcompete the charge recombination process
from QA™ to P680* (see Metz et al. 1989: Roffey et al. 1994a). However, NH,OH was
shown to be a poor donor in DI1-Y160 mutant (Metz et al. 1989) and, thus, lack of
recovery of Fy/Fo cannot be taken to mean that there are no donor side effects. The addition
of hydroquinone (5 mM), a better electron donor to P680*, results in variable fluorescence

level equivalent to the DCMU treatment without added donors. The consistent lower level
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of variable fluorescence in the D1-R269G mutant indicates that the functional PSIIs may be
much lower than that in the wild type.

I now discuss the acceptor side effects. The rate of decay kinetics of Chl a
fluorescence is significantly slower in the mutant than in the wild type. The lifetime of the
first component (t1) in the first flash which is indicative of the rate of Qa~ to Qg transfer is
90 ps in the wild type cells versus 1.6 ms in the mutant; t1 of the second flash is 120 Us in
the wild type versus 2.0 ms in the mutant. Thus, there is ~17 fold decrease in the rate
constant of electron transfer from QA to the plastoquinone pool. The decay rate for the
mutant thylakoid samples was even slower (~50 fold) compared to that of the wild type,
consistent with other lines of evidence that the mutant PSIT has much less structural
stability in the thylakoid preparations (Figs. 2.6C and 2.6D). The addition of high
concentration (10 uM) of DCMU inhibits the electron transfer in both the wild type and the
mutant cells and thylakoids.

In addition to the slowing of the electron transfer from Q" to the plastoquinone
pool, Fig. 2.6 also shows dramatically increased measured F, in the mutant cells and

thylakoids relative to the wild type, the cause for this will be discussed in a later section.

7. Chlorophyll a fluorescence induction

To obtain information on the electron transfer reactions on the PSII acceptor side in
D1-R269G mutant, chlorophyll fluorescence induction (up to 0.6 s) (see Papageorgiou
1975; Briantais et al. 1986) was measured in the dark-grown wild type and mutant cells
and thylakoids with a pulse-modulated fluorometer. The induction kinetics of Chl a
fluorescence of these samples were measured in the absence and the presence of the
herbicide DCMU, known to block electron flow by displacing Qg and are shown in Fig.
2.7. Figures. 2.7A and 2.7B show the fluorescence induction kinetics of the dark-grown
cells. The rise kinetics of the fluorescence reflects the net balance between the rate of

reduction of QA and reoxidation of Q4", whereas the area over the curve reflects the size of
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Figure 2.7. Chlorophyll a fluorescence transients (as a function of time of illumination) of
the dark-grown Chlamydomonas reinhardtii wild type and D1-R269G in the absence and
the presence of 10 UM DCMU measured with a PAM-2000 fluorometer. The full scale is
200 mv. (A) The transient of the wild type cells. (B) The transient of the mutant cells. (&9}
The transient of the light-adapted wild type cells (treated with 70 pE/cm2s white light for 1
hr). Note the transformation of the kinetics from the dark phase to the light phase indicated
by the shift of Fp. (D) The transient of the light-treated (70 pE/m2s) mutant cells. Note the
absence of the kinetic transformation and a more elevated Fo and a decreased F,,
suggesting a possible photo-damage to the mutant PSII. (E) The transient of the wild type
thylakoid isolated from the dark-grown cells. (F) The transient of the mutant thylakoid
isolated from the dark-grown cells. (G) The transient of the wild type thylakoids isolated
from the light-adapted cells. Note the Fy is basically unchanged compared with the cells.
(H) The transient of the mutant thylakoids isolated from the light-adapted cells. Note the
even lowered Fy in this sample. In all measurements, the [Chl] of the samples is 5 pg/ml,

and the actinic illumination is 470 WE/m2s.
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the plastoquinone pool present. The addition of DCMU blocks the electron transfer beyond
QA., and thus Chl a fluorescence rapidly reaches the maximum level (Fp). The difference

between Fy and the minimal fluorescence level, F, is the maximal variable fluorescence
(Fy) which is related to photochemistry of PSII (®p) as follows: ®p EE%}:" = g—;’l (see

review in Govindjee 1995). Figures. 2.7A and 2.7B show the results of dark-grown wild
type and D1-R269G cells. Since Fp, is approximately the same in the two cases, a 50%
reduction in Fy means that the mutant has lowered photochemistry. If this is assumed to
reflect charge separation in PSII (Z P680* Qs — Z+ P680 Q4"), then it can be concluded
that the mutant has lowered yield of charge separation. This conclusion is totally dependent
upon the measured F, being true F,, as is shown later in Fig. 2.7. The simplest
interpretation is that the D1-R269G mutant has decreased number of active PSIIs/Chl. The
shape of the transient in both the wild type and the mutant shows that dark-adapted cells are
not normal, as is well known (see, e.g., Cheniae and Martin 1973): the water oxidation
machinery is not functional and one observes, perhaps, only one turnover of PSII
following slow oxidation of QA".

Figures. 2.7C and 2.7D show the Chl a fluorescence induction transient of light
adapted cells (dark grown cells exposed to 1 hr of 70 pE/m2-s white light). The light
treatment causes the wild type kinetics to display a slower rise phase and a normal
fluorescence transient (see Strasser et al. 1995). Fp is shifted to a longer time (400 ms
versus 25 ms after actinic light illumination) since both the donor and acceptor sides of
PSII are now functional: the F, to Fp rise now reflects the filling up of the plastoquinone
pool with electrons from the donor side of PSII. This phenomenon of photoadaptation
which is a slower rise of transient kinetic curve to Fp due to the recovery of the PSII donor
side was observed in C. reinhardtii by Guenther et al. (1990). However, this transition is
not observed in the R269G mutant, indicating that the mutation has inhibited the necessary
photoadaptation process. It was shown earlier that the Mn centers for the donor side

functions are missing in the mutant. Further, after a light treatment, the Fy of the mutant
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cells becomes further reduced (only 35% of that of the wild type), and F,/Fy, reflecting
photochemistfy is reduced by 60%. This significant lowering of the Fy after light treatment
indicates an increased susceptibility of the mutant PSII to photoinhibition, confirming
conclusions on the D1 stability presented earlier.

Figures. 2.7E and 2.7F are the fluorescence transient of the thylakoids isolated
from the dark-grown cells. The Fy of the mutant thylakoids is ~60% of the wild type level.
After the light treatment of the cells, the Fy, of the isolated mutant thylakoids is reduced to
only ~20% of the wild type level (Figs. 2.7G and 2.7H), indicating that the combination of
the steps involved in biochemical preparations and the light treatment may cause further
lesions to the mutant PSII. Fluorescence transient in wild type cells now displays a normal

sigmoidal rise due to filling up of the plastoquinone pool.

8. F,

D1-R269G mutant samples have a consistently elevated F,, compared to that of the
wild type. As Fo, is the minimal level of chlorophyll fluorescence originating from antenna,
in competition with energy transfer to the PSII reaction center, an increase in Fo may
indicate a decreased excitation energy transfer to the active PSII reaction center, possibly
due to the disconnection between antennae and the reaction center II. A second possibility
is the existence of inactive PSII (Lavergne and Briantais 1996) incompetent in trapping
excitons arriving from antennae, which then can return to antennae and fluoresce. A third
possibility is an increase in the absorption cross section of the antennae/PSII reaction (see,
e.g., Munday and Govindjee 1969; Eaton-Rye and Govindjee 1988b). The data do not
allow me to distinguish between these possibilities. However, as shown in Fig. 2.8, the
wild type (cells or thylakoids) displays a small increase of Fo when measured in the
presence of DCMU which blocks the electron transfer beyond Qa™; this may indicate that
the measured F, level may not be true F,. This slight increase in measured F, in the

presence of DCMU is thought to be due to the small actinic effect of the measuring beam of
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Figure 2.8. Measurements of minimal (baseline) fluorescence F, at low light intensities.
(A) Baseline chlorophyll a fluorescence (Fy), as a function of light intensities in the low
intensity of range, in the presence and the absence of 10 tM DCMU. Measurements of the
heterotrophically grown wild type and D1-R269G mutant cells were made as in Materials
and Methods. (B) The quantum yield of F,, or the ratio of fluorescence to the light intensity
of the measuring beam, basically does not change with the light intensities indicating that
the measured F is the true Fo. It is further confirmed by the absence of any significant

effect of DCMU.
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the fluorometer. This effect may be especially prominent when the process of Qa
reoxidation is blocked. As is shown in a later section, the Qg binding niche of the mutant
PSII is drastically modified, blocking the electron transfer from Qa to the plastoquinone
pool. Thus, the measured F, required further investigation according to the rationale given
under Materials and Methods.

Independent measurement of Fy, for the wild type and mutant cells at very low light
intensities of the measuring beam indicate that F, intensity is a linear function of light
intensities (I) (Fig. 2.8A). The quantum yield (Fy/I) remains constant as it should for true
Fo which should be independent of photochemistry (Fig. 2.8B). Further, addition of
DCMU did not cause significant increases in the measured F, levels, as it should since all
[QA] remains essentially unchanged. Mutant F, was consistently double that in the wild
type (~200%). Thus, F, of the mutant is indeed higher than the wild type, and Fy is,

therefore, indeed reduced in the mutant.

9. Functioning of the two-electron gate

PSII variable Chl a fluorescence is controlled by the redox state of the primary
plastoquinone, QAp, a one electron carrier, which is oxidized by QB (or Qg"), a two electron
carrier ("the two electron gate”, see Velthuys and Amesz, 1974; Bouges-Bocquet 1973).
As the electron flow from QA™ to Qg is faster than QA to Qg™ it is reflected in a period two’
oscillation pattern in the Chl a fluorescence decays (see Bowes and Crofts 1980). To test
the functioning of the two electron gate in the mutant, I pretreated the dark-grown wild type
and the D1-R269G cells with p-benzoquinone (100 uM) and NH,OH (5 mM), and
illuminated the samples with a series of single turnover flashes. In this assay, the flash
frequency was 0.67 Hz, and the variable fluorescence values at 200 ps are shown.
NH>OH was added to eliminate most of the period 4 oscillations due to the donor side
activities and to serve as an electron donor since the mutant cells were unable to oxidize

water (see above). An obvious binary oscillation pattern of the chlorophyll variable
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fluorescence is observed for the wild type (Fig. 2.9). In the mutant sample, however, this
typical period two oscillation pattern was eliminated suggesting a defective two-electron
gate mechanism caused by the mutation. The data indicate that the PSII acceptor side

reactions are drastically modified due to the R269G mutation.

10. Bicarbonate depletion and recovery

Since the initial hypothesis is that D1-R269 may be involved in bicarbonate
binding, I also determined the effect of bicarbonate-reversible formate inhibition on the Qa”
to Qg (or Qg") electron transfer in PSII. Flash-induced Chl fluorescence decay kinetics of
the dark-grown wild type and the D1-R269G cells with or without formate or formate plus
bicarbonate after the second flash are shown in Fig. 2.10. Similar kinetic traces for the
decay after the first flash is not shown. In view of the fact that in intact cells, ratio of Qpto
Qg™ in darkness is close to 1 (Xu et al. 1990), Qa™ to Qg and QA to Qg™ reactions are not
easily separable. The addition of a sub-optimal concentration of formate (25 mM, pH6.5)
significantly slows down the electron flow from Q™ to Qg (or Q") in the wild type
sample. The kinetics of QA™ to the Qp~ is shown in Fig. 2.10A. The formate inhibition is
fully reversed by the addition of bicarbonate (10 mM). The QA" to Qg (or Q") reaction in
the mutant samples also appear to be inhibited by the presence of formate. Addition of
bicarbonate readily reverses this effect (Fig. 2.10B). It is now established that formate has
additional significant effects on the donor side (El-Shintinawy and Govindjee 1990;
Klimov et al. 1995; Wincencjusz et al. 1996); the insets in Fig. 2.10 show that formate
causes decrease in Fy/F at < 250 ps before an increase can be observed. This confirms the
dual effect of bicarbonate-reversible formate effect in thylakoids of both wild type and D1-
R269G celis.

A more quantitative assay of the formate inhibition and bicarbonate recovery for
both the wild type and the mutant samples is shown in Fig. 2.11. The dark-grown cells

were treated with various concentrations of formate in the absence or presence of
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Figure 2.9. Flash oscillation pattern for the variable chlorophyll a fluorescence of the dark-
grown wild type and D1-R269G cells of Chlamydomonas reinhardtii measured at 200 s
after an actinic flash. The samples were treated with p-benzoquinone (100 uM) to convert
QB to Qg, and NH2OH (5 mM) to block S-state transitions, if any, prior to measurement.
The [Chl] of the samples is 5 pg/ml, the flash frequency during the measurement was 0.67

Hz. The data indicate a loss of the period two oscillation pattern in the mutant.
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Figure 2.10. Flash-induced chlorophyll a fluorescence decay kinetics of the dark-grown

Chlamydomonas reinhardtii wild type (A) and the D1-R269G (B) cells treated with (CJ) or

without (@) sodium formate (25 mM, pH 6.5) and with a subsequent addition of sodium
bicarbonate (10 mM) (). Insets show data plotted on an expanded time scale up to 2 ms.
Formate treatment was according to El-Shintinawy et al. (1990). Kinetic measurements

were done with 5 g Chl/ml samples. Only the second flash kinetic traces are shown.
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bicarbonate and assayed for Chl a fluorescence decay as above. The resulting decay curves
were deconvoluted with three exponential components (see Crofts et al. 1993; Govindjee et
al. 1996). The fast decay component represents the kinetics of Qa~ to Qg (or Qg") electron
transfer. Thus, I plotted the normalized lifetime of the first component (1) as a function of
formate concentration with the 71 of the control (without formate treatment) as 100 in
arbitrary units. For the second flash, the 1) of the wild type in the control is 120 s and that
of the mutant is 2.0 ms. As shown in Fig. 2.10, at increasing formate concentrations, the
T1 of the wild type increases up to 1.6 ms at the highest concentration (25 mM)
corresponding to an ~13 fold increase. A similar increase for the first flash 11 was
observed (data not shown). However, t1 of mutant sample only increases from 2.0 ms
(control) to 5.5 ms (25 mM formate) corresponding to an ~2.5 fold increase. The addition
of bicarbonate is able to fully recover the inhibition for both the mutant and the wild type.
Thus, there is a 5 fold difference in the sensitivity to formate suggesting that D1-R269 must
play some role in the binding niche of bicarbonate. However, it is noted that since the
maximum 7T for the wild type cells in 25 mM formate treatment is 1.6 ms, whereas the T1
of the mutant without formate treatment is 2.0 ms, it may be possible that any formate

effect may be obscured by the intrinsic effect of the mutation on 11.

11. EPR analysis of the fine structure of the coordination of the non-heme iron

In order to further probe the effect of the mutation on bicarbonate binding, the
accumulation and hyperfine structure of the formate enhanced Q4~ Fe+2 EPR signalat g =
1.82 which is a probe of the bicarbonate-Fe ligand (Vermaas and Rutherford 1984;
Petrouleas and Diner 1990; Petrouleas et al. 1994) was measured. This signal can be
trapped during illumination at 77 K and is greatly enhanced by formate pre-treatment. The
formate enhancement is due to the displacement of bicarbonate from its binding site which
inhibits Q4™ to Qg (or Q") electron transfer. In addition to the extent of formation of the

Qa™ Fe*2 signal, information on the coordination environment of the non-heme iron can be
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obtained from the g value and the line width of the Qo™ Fe+2 EPR signal. As shown in
Figure 2.12, \;vild type PSII particles exhibit a typical formate (100 mM) enhanced QA
Fe+2 EPR signal at g = 1.82. Similarly, a Q5" Fe+2 EPR signal was generated from
illuminated R269G PSII particles; however, the yield of the signal was reduced by 68%
relative to wild type. In fact, in the absence of formate it was not possible to detect the Q5"
Fe*+2 EPR signal (unlike wild type) in R269G PSII particles. These results suggest that the
~ bicarbonate-iron coordination is significantly perturbed by the mutation. However, it is
noted that the line shape and g value of the Q4™ Fe+2 EPR signal were similar to wild type
suggesting the existence of the bicarbonate binding at the non-heme iron. Furthermore, the
formate enhanced Q4 Fe+2 EPR signal is reduced to the same extent as the Tyrp* signal,
supporting the above notion that the perturbation of the bicarbonate/formate binding at the

non-heme iron is due to an indirect cause.

12. Low temperature fluorescence emission spectra

Based on the above measurements that indicate a significantly lowered quantum
yield of photochemistry (indicating a lowered yield of stable charge separation) and
elevated F, (indicating a lowered net excitation energy transfer from antennae to the PSII
reaction center), it is reasonable to conclude that the D1-R269G mutation has altered the
structure and function of the PSII complex. This conclusion is fully consistent with the
above EPR measurement on Tyrp* and Q4 Fe*2. To investigate possible physical changes
in the PSII complexes, low temperature (77 K) fluorescence emission spectra was used as
an indirect means to probe the state of PSII. At 77 K, PSII has two distinct emission bands
at 685 nm (F685) and 695 nm (F695). F685 is thought to originate mostly from the CP43
polypeptide and F695 from CP47 polypeptide (see Nakatani et al. 1984; Govindjee and
Satoh 1986; Dekker et al. 1995). Haag et al. (1993) suggest that the intensity of these two
bands, especially F695, correlates well with the level of the PSII core proteins and can be

used as an indicator for the concentration of PSII. Thus, whether there are inactive or active
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Figure 2.12. The formate enhanced Qa~ Fe*2 EPR signal in PSII particles isolated from
dark grown wild type and R269G cells. Solid line, wild type; dotted line, R269G mutant.

67

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



R269G i
(3.AXWT) ...i!

i

3400 3800 4200 4600
[G]

68

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



PSII reaction centers would influence the F685 and F695 fluorescence intensities.
However, I also realize that the intensities of F685 and F695 must also be influenced by the
efficiency of excitation energy transfer from peripheral antenna chlorophylils to core
antennae and from the core antennae to the PSII reaction center.

The fluorescence emission spectra of the wild type and mutant cells and thylakoids
were measured upon excitation by 435 nm light (absorption mainly by Chl a). The
intensities of the emission bands of the obtained spectra (Fig. 2.13) were further
deconvoluted into three individual peaks (data not shown) for F685, F695, and F716 (for
PSI). Assuming that no changes occur in PSI, analysis shows that both F685 and F695
bands of the mutant cells and thylakoids show a reduction of 20-30% compared to the wild
type. However, the F695 band appears to be reduced to a slightly greater extent than F685.
The ratio of F695/F685 in the mutant cells was reduced by 36%, and in the mutant
thylakoids by 22% compared to the wild type. This result may indicate a differential
reduction in these PSII antenna complexes provided the mutation had not caused changes in
excitation energy transfer among these complexes and the PSII reaction center. Since it was
assumed that there were no changes in the CP43 and CP47 genes, this reduction could be
partly attributed to the changes in the assembly or stability of the D1/D2 complexes to
which the antenna proteins are associated, and partly to the changes in the excitation energy

transfer to and away from the PSII reaction center.

13. Herbicide binding assay

To test possible structural changes in the Qp binding niche caused by the R269G
mutation, a radioactive herbicide binding assay was performed. The herbicide 14C-
terbutryn binding was measured with the thylakoids of the wild type and D1-R269G
according to Vermaas et al. (1990). A double reciprocal plot for the 14C-terbutryn binding
is shown in Fig. 2.14. The data indicate that the mutant thylakoids have a significantly

lowered !4C-terbutryn binding affinity compared to the wild type. The binding constants
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Figure 2.13. (A) The 77 K chlorophyll a fluorescence emission spectra of the cells of the
dark-grown Chlamydomonas reinhardtii wild type and the D1-R269G mutant. The
emission spectra of the samples (30 pg Chl/ml with 20% glycerol) were measured with a
front-surface optics with an excitation at 435 nm and were corrected for the wavelength
dependence of the sensitivity of the photodetector and normalized to the 715-nm peak. (B)
The 77 K chlorophyll a fluorescence emission spectrum of the thylakoids (pH 7.0) of the
dark-grown Chlamydomonas reinhardtii wild type and the D1-R269G mutant. The
measurements were made just as in (A) above. Both F685 (from CP43) and F695 (from
CP47) bands were lowered in the mutant with respect to F715 band. Further, data indicate
a differential reduction of these two emission peaks for the D1-R269G mutant cells and

thylakoids.
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Figure 2.14. Double reciprocal plot for the 14C-terbutryn binding to the thylakoids of the

- dark-grown wild type and the D1-R269G mutant of C. reinhardtii. Terbutryn specific
binding was obtained by subtracting the atrazine-replaceable terbutryn binding from the
total terbutryn binding according to Vermaas et al. (1990). The reactions were performed as
in Materials and Methods. The calculated terbutryn binding site for the wild type is 28.9 (=
11.1) nM and that of the mutant is 223.3 (+ 71.1) nM.
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for the wild type is 28.9 (+ 11.1) nM, and for the mutant is 223.3 (+ 71.1) nM, about 8
fold effect. This suggests a drastically altered Qg binding niche in the mutant. A variability
is observed among thylakoid samples, especially with time of storage, and a difference of
up to 30 fold with the wild type was observed in certain trials. The relative number of the
PSII reaction centers on a chlorophyll basis for the wild type in the experiment in Fig. 2.14
is 1087 (+ 415) Chl/PSII, and that for the mutant is 2185 (+ 2975) ChI/PSIL. It is not
possible to quantitatively differentiate between the sizes of the PSII unit of the wild type
and the mutant due to such errors, even though the average ChI/PSII value of the mutant
may suggest a lowered PSII number per unit chlorophyll. The notion that the PSIT stability
is affected in the mutant is supported from other assays such as the 77 K fluorescence
emission spectra (Fig. 2.13), fluorescence kinetics measurements (Fig. 2.6) as well as the

western blot and EPR analyses (Figs. 2.3-2.4).

D. Discussion

The site-directed mutagenesis study that alters D1-R269 to D1-R269G shows that
the mutation leads to a reduced level of stable charge separation, a higher susceptibility to
photoinhibitory damage, significant inhibition on the electron transfer process as well as the
disruption on the structure of both the donor side and the acceptor side of the PSII reaction
center. Although the results do not substantiate D1-R269 as the site of bicarbonate binding,
the mutation may indirectly perturb the bicarbonate and formate effect in vivo.

The important conclusion of this study is that the D1-R269G mutation alters the
acceptor as well as the donor side electron transfer processes in PSII and destabilizes the
PSII complex. This is intriguing since the R269G residue is predicted to be located at the
stromal end of transmembrane span E. Glycine residues are frequently found at the end of

transmembrane spanning domains. Due to the free rotation permitted around the alpha
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carbon, the regular alpha helical structure of the transmembrane spanning domain can be
broken (Aurora et al. 1994). This may lead to a shortening of the transmembrane span
and/or disrupt interactions between transmembrane spans leading to structural perturbations
on the lumenal or donor side of the complex.

It is noteworthy that lumenal side mutations (e.g. D1-H190F), as well as treatments
which extract manganese from PSII, slow acceptor (Qa~ to Qg ) side electron transfer
processes (Roffey et al. 1994a). These observations suggest that structural perturbations of
extrinsic domains at the margins of transmembrane spans can be transduced from one side
of the membrane protein to the other altering charge transfer processes. The perturbations
do not, however, prevent assembly of the PSII complex. It is apparent that only a fraction
of the mutant PSII centers are capable of forming a stabilized charge separated state.

My recently constructed three dimensional PSII reaction center model (Chapter IV)
suggests that D1-R269 is not a direct binding residue for bicarbonate at the non-heme iron
site. The geometric position of D1-R269 is modeled 8-11 A from bicarbonate or the iron,
which does not support direct interaction. D1-R269 is located near the N-terminal region of
the transmembrane o-helix E of D1. According to the model, D1-R269 is separated from
D1-H272, one of the non-heme iron ligands, by nearly 3/4 of a helical turn (~S A). This
close vicinity to D1-H272, which is located approximately equally in between Q4 and Qg,
may help explain a structural perturbation of D1-R269G mutation on the functionality of the
iron and the liganding of bicarbonate and formate (Figs. 2.10-2.12).

In addition to D1-R269, several other positively charged residues on the D2 protein
of cyanobacteria near the non-heme iron have also been investigated for involvement in
bicarbonate/formate effect (Cao et al. 1991; Diner et al. 1991 Govindjee 1993). D2-R233
and D2-R251 have been shown to increase the PSII susceptibility to formate inhibition of
full chain electron transfer by 10 fold relative to the wild type and are suggested to function
in stabilizing bicarbonate binding in vivo (Cao et al. 1991). However, a mutation on D2-

R139 (D1-R139H) showed no effect on bicarbonate-reversible formate inhibition
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(Govindjee 1993). Thus, there is clearly a specificity here. D2-K264 was suggested to be a
strong candidate for bicarbonate binding at the non-heme iron site, as its site-directed
mutants were considerably slow in electron transfer from Qa~ to Qg compared to the wild
type, and are very resistant to formate and NO treatment (see Diner et al. 1991). This
mutant required much higher bicarbonate concentration than the wild type to accelerate
QA/Qg electron transfer, suggesting that the residue may be intimately involved in binding
of bicarbonate. Mutations at a nearby residue D2-R265 also showed similar effects, though
to a lesser extent.

In addition to liganding to the iron, bicarbonate may also function in promoting the
protonation of Qg2- (see Blubaugh and Govindjee 1988a; Govindjee and van Rensen
1993). Kinetic studies by Blubaugh and Govindjee (1988b) suggested the possibility of
two tight bicarbonate binding sites in PSII. One of these binding sites may well be at the
non-heme iron site, while the other may be related to the protonation of plastoquinone and
thus likely to be near the Qg site in the D1 protein. Mzenpii et al. (1995) demonstrated that
a strain of Synechocystis 6803 with deletion of residues D1-E242 to D1-E244 near the QB
site exhibits a seven fold higher resistance to formate inhibition than the wild type. The site-
directed mutagenesis experiments on D1-R257 of C. reinhardtii have indicated that this
residue is intimately involved in affecting the bicarbonate/formate functionality in the Qg
protonation step (see Chapter III).

In the three dimensional model of the PSII reaction center (Chapter IV), I propose a
channel for transporting bicarbonate anions and water molecules to the non-heme iron and
Qg in the PSII reaction center, based on the analogy with a water transport channel in the
bacterial reaction center (Ermler et al. 1994). This channel or a large binding niche involves
a series of charged residues of the D1 and D2 proteins, including D1-R269. Substitution on
D1-R269 is thus expected to cause perturbations on bicarbonate functionality, which is

supported by the data in Figs. 2.10-2.12.
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The model indicates that D1-R269 may also be involved in D1/D2 interaction. The
correct assembly and stability of the D1/D2 complex of the PSII reaction center rely partly
on the interactions of the contact residues located on the transmembrane spans. As shown
in Fig. 2.15, D1-R269 may be a contact residue located in the interface of D1 and D2
polypeptides and may provide interactions important for maintaining the conformation of
DI and D2 polypeptides. The model shows that D1-R269 may have electrostatic or
hydrogen bonding interactions with certain D2 residues, such as D2-E219 and D2-D228
(Fig. 2.15). The glycine mutation may thus abolish such interactions affecting the stability
of the PSII reaction center, resulting in a series of primary and secondary effects such as
lowered charge separation, slowed PSII electron transfer, decreased binding of
Qg/herbicide, perturbed bicarbonate/formate functioning at the non-heme iron and/or Qs
site, etc. Therefore, it may be interesting to test this hypothesis by mutagenizing the D2-
E220 or D2-D228 residue and see whether a similar structural instability effect on PSII may
exist in these mutants.

Since D1-R269 is considered to be located on the acceptor side, the transduction of
the mutational effect from the acceptor side to the donor side can be understood by D1-
R269 being a contact residue affecting the assembly the PSII reaction center thus altering
the structure and function of the donor side (Table 2). Similar transduction of mutational
effects between the donor side and acceptor side has previously been observed. Etienne and
Kirilovsky (1993) and Constant et al. (1996) showed that several herbicide-resistant
mutations at the Qg site affect the S states functions during oxygen evolution. Similar
effects have previously been observed for mutants lacking the PSII 43 kD chlorophyll
binding protein and in site-directed mutants of the D1 protein (de Vitry et al. 1989;
Hutchison and Sayre 1995). Carpenter et al. (1993) have observed that the S2 and S3 states
(on the D1/D2) are affected by changes in CP-43 protein, and Kless et al. (1993) have
shown that alterations in the Qa region of the D2 protein affects DCMU affinity in the D1

protein.
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Data presented in this chapter are based on the published and to be published work

of the author and his collaborators (Xiong et al. 1996b; Hutchison et al. 1996).
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CHAPTER III. CONSTRUCTION AND CHARACTERIZATION OF
BICARBONATE/FORMATE BINDING SITE MUTANTS ON
ARGININE-257 IN THE PHOTOSYSTEM I D1 PROTEIN
OF CHLAMYDOMONAS REINHARDTII

A. Introduction

Electron transfer of photosystem II (PSII) has been shown by numerous studies to
be regulated by bicarbonate anions in higher plants, algae and Cyanobacteria (see reviews
Blubaugh and Govindjee 1988a, Diner et al. 1991; Govindjee and van Rensen 1993).
Although there exists a donor side effect by bicarbonate (see e.g. Klimov et al. 1995),
depletion of bicarbonate causes significant inhibition of the electron transfer on the acceptor
side of PSII, particularly, from QA to Qg™ (see Eaton-Rye and Govindjee 1988a, b; Xu et
al. 1991). According to a suggestion of Michel and Deisenhofer (1988), bicarbonate may
be a functional homologue of the amino acid residue E232 of the M subunit of the
Rhodopseudomonas viridis reaction center, and may play an important role in liganding to
the non-heme iron in PSII. It may provide the fifth and/or the sixth ligand to the non-heme
iron. A close association of bicarbonate with the non-heme iron in PSIT was verified by
EPR spectroscopic studies (Vermaas and Rutherford 1984; Petrouleas and Diner 1990) as
well as by a Fourier transform infrared difference spectroscopy study (Hienerwadel and
Berthomieu 1995). In addition to liganding to the iron, many experiments have suggested
that bicarbonate may also function in promoting the protonation of Qg™ or Qg2~ (Eaton-Rye
and Govindjee 1988a, b: van Rensen et al. 1988; Xu et al. 1991). Kinetic studies by
Blubaugh and Govindjee (1988b) suggested the possibility of two high affinity bicarbonate
binding sites in the PSII reaction center. This second binding site is likely to exist in the Qg
niche and is considered to be related to the protonation of plastoquinone. Characterization

of a number of Qg mutants which are also herbicide resistant have implicated the Qg
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binding niche to be involved for the bicarbonate functioning in PSII (Govindjee et al. 1990:
Cao et al. 1992; Govindjee et al. 1992; Mienpii et al. 1995; Srivastava et al. 1995:
Vernotte et al. 1995).

Since anionic bicarbonate may well be the active species functioning in the PSII
reaction center (Blubaugh and Govindjee 1986), it is expected that the binding would be
electrostatic in nature and therefore positively charged amino acid residues are likely to
participate in bicarbonate binding. Only two positively charged D1 residues, D1-R257 and
D1-R269, are found near the putative Qg and the non-heme iron site based on sequence
homology analysis (see Govindjee and van Rensen 1993). To investigate whether these
two residues are involved in the bicarbonate binding and functioning in vivo, site-directed
mutagenesis was carried out on these two residues using a unicellular green alga
Chlamydomonas reinhardti as the model system. The study of a site-directed mutant on
D1-R269 (D1-R269G) reveals that this residue is important for the structure and function
of the PSII complex on both the donor and acceptor sides of PSII (see Chapter II).
However, the non-conservative mutation did not abolish the in vivo bicarbonate/formate
binding and functionality. The current chapter focuses on the role of D1-R257 residue and
its relation to the bicarbonate effect. Sequence analysis of the D1 protein indicates that D1-
R257 is closer to the Qp niche making it a more likely residue to be involved in QB
protonation. This residue is thought to be located on the stromal side between the putative
transmembrane helices D and E of D1 and may be located within or close to the D1-de helix
(according to three dimensional models of the PSII reaction center, for details see Chapter
II1).

The association of arginines with bi(carbonate) or its analogue has been shown in
many protein systems. The x-ray crystal structure of human lactoferrin has a (bi)carbonate
at the active site binding to an iron while being stabilized by hydrogen bonding interactions
with an arginine and several other adjacent amino acid residues Anderson et al. (1989). A

high resolution X-ray structure of a similar protein duck ovotransferrin also shows a
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bicarbonate anion bound to an arginine residue (Lindley et al. 1993). Another example is
found in the x;ray crystal structure of a formate derivative of hemoglobin and myoglobin in
which a formate (a bicarbonate analog) is bound to the heme iron and directly interacts with
an arginine (Aime et al. 1996). Site-directed mutagenesis studies of Yano et al. (1995) in
phosphoenolpyruvate carboxylase of Escherichia coli also clearly indicated an arginine
residue participating in bicarbonate binding. Thus, it is possible that a similar binding motif
may exist in the Qg site of the PSII reaction center.

In this chapter, I describe the construction and characterization of two site-directed
mutants of D1-R257 using a newly developed D1 mutagenesis system in the unicellular
green alga Chlamydomonas reinhardtii (Minagawa and Crofts 1994). The arginyl residue
was mutated into a glutamate and a methionine, which have similar sizes in sidechains but
different electrostatic properties. The characterization of these two mutants indicates that (1
there is ~30% reduction in the rate of photoautotrophic growth; (2) mutational effects on the
PSII appear to be located on the acceptor side only; (3) the mutants have a significantly
elevated Fy, level (~40-50%) suggesting a net decrease in the excitation energy transfer from
the antenna to the PSII reaction center or an increased [QAT] in the dark; (4) there is ~10%
reduction in F685 and F695 bands in the low temperature fluorescence emission spectra
suggesting a change in the PSII antenna complex which may be caused by the
destablization of the mutant PSII; (5) DCMU binding in the mutants appears to be
essentially the same as in the wild type; (6) the rate of electron transfer from QA" to the
plastoquinone pool as well as the full chain electron transfer was reduced by ~40-50%; (7)
the mutants have a very low sensitivity to the bicarbonate-reversible formate inhibition:
there is an 8 fold increase in apparent formate dissociation constant; (8) the full chain
electron transfer of the two mutants are poorly inhibited by arginine-specific reagents which
strongly inhibits the electron transfer of the wild type, the inhibition of which can be
reversed by bicarbonate. The evidence strongly implicates the absence of bicarbonate

binding in these two mutants.
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B. Materials and Methods

1. Site-directed mutagenesis

Site-directed mutagenesis of C. reinhardtii D1 gene (psbA) was carried out using a
engineered plasmid vector (pBA157) containing the entire psbA gene without all the introns
(Minagawa and Crofts 1994) (Fig. 3.1). In addition, a gene conferring the spectinomycin
resistance (SpecT) was cloned downstream of the intron-free psbA gene on the vector.
Codon for D1-R257 is located on the exon 5 of psbA and contains a Sal I restriction site.
Site-directed mutagenesis on D1-R257 using PCR was essentially done as described by
Minagawa and Crofts (1994). The D1-R257E mutation was made using a synthetic
oligonucleotide primer that alters the arginine-257 codon CGA to GAA (antisense
sequence: TTGGAAGATTAGTTCACCAAAGTAACC). The DI-R257M mutation was
made with a primer (antisense sequence: TTGGAAGATTAGCATACCAAAGTAACC)
changing CGA to ATG. The mutagenized plasmid was purified using the Magic
Minipreps™ DNA purification system (Promega Co., Madison, WI). The mutations were
confirmed by automated DNA sequencing performed at the Genetics Facility of University
of lllinois at Urbana-Champaign, using the primer: TTAATCCGTGAAACAACTGAA (for
residues 223-229).

Mutagenized plasmid DNA was used to transform a psbA deletion C. reinhard:ii
strain (ac-u-€). Transformation was performed using a laboratory-built helium particle
inflow gun which bombarded DNA-coated tungsten particles (M-17, Bio-Rad
Laboratories, Hercules, CA) into C. reinhardtii cells. The cells were then plated on Tris-
Acetate-Phosphate (TAP) medium (see Harris 1989) containing 100 pug/ml spectinomycin
and incubated at 22°C under dim light conditions. Two weeks after the bombardment,
numerous colonies were obtained on the spectinomycin TAP plates. As the engineered

construct contains the intron-free psbA and the Spect genes in tandem and the
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Figure 3.1. Engineered plasmid vector (pBA157) containing the intronless psbA gene and
the spectinomycin resistance gene (Specf, aadA gene from E. coli) (see Minagawa and
Crofts 1994). D1-R257, the site of mutagenesis, located at the Exon 5, contains a Sal I
restriction site. The relative position of the PCR product (460 bp) of the chloroplast DNA

after transformation is also shown on the plasmid map.

92

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



R257 (Sal I)

Exon 1 Exon2 Exon3 Exon4 Exon 5

\ ' 5

Y
PCR frag. (460 bp)

Amp’

20 o2
B oo B

ColE1 ori

93

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



transformation was done with a psbA deletion host strain, the isolated colonies on the
spectinomycin-containing plates are thus presumably homoplasmic for the newly
introduced psbA gene. For experimental details, see Minagawa and Crofts (1994).
Chloroplast DNA of the transformants was isolated for further sequence
confirmation. The putative mutant and intron-free wild type cells were grown in liquid TAP
without spectinomycin and were harvested in the late logarithmic phase (O.D. ~0.65, ~6 x
106 cells/ml). Harvested cells were concentrated to ~1 mg Chl/ml. Chlorophyll
concentration was calculated according to the equations used in Porra et al. (1989). For
isolating the DNA, cells were disrupted for 3 min. by a minibead beater in a tube containing
an extraction buffer (0.1 LiCl, 100 mM Tris-HCI (pH 8.0), 10 mM EDTA, 1% SDS) and
phenol:chloroform (1:1). Extracted DNA was further purified with phenol:chloroform (1:1)
and precipitated with sodium acetate:ethanol (1:25). The DNA was resuspended in 150 pl
of water, of which 1 ul was used for PCR amplification for the fragment from residues 186
to 339 using Taq polymerase (Gibco BRL, Gaithersburg, MD) and the primers
CCAAGCAGAACACAACATCC and GAAGTTGTGAGCGTTACG. The amplified DNA
fragment (460 bp) was subjected to restriction digests and automated DNA sequencing

analyses.

2. Growth of C. reinhardtii cells

C. reinhardtii wild type (with intronless psbA) and the confirmed mutant cells were
grown at 22°C in a liquid TAP medium under ~10 uE/m2-s white light illumination. The
intronless wild type and mutant strains were maintained in TAP agar plates with 200 pg/ml
spectinomycin and 100 pg/ml ampicillin to prevent bacterial contamination. For the liquid
culture, the cells were grown in TAP in the absence of spectinomycin. The cell culture
reaching the late logarithmic phase (O.D. ~0.65, ~6 x 106 cells/ml) was harvested and used
for the subsequent measurements. In order to determine the photosynthetic growth rate, the

wild type and mutant cells were grown in a liquid HS (high salt, see Harris 1989) medium
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bubbled with 5% CO and illuminated with 70 pE/m?2s white light with constant shaking.
The inocula used were obtained from mature TAP-grown algal cultures which were washed
twice with the HS medium. They were used to inoculate a flask of HS medium to reach an
optical density of 0.04. The growth rate was determined by measuring the optical density
of the cells in original culture media at 750 nm at 12 hr. intervals using a commercial
spectrophotometer (Shimadzu UV160U, Shimadzu Co., Kyoto, Japan). Similar
measurements were also done for the heterotrophically grown cultures when all the cells

were kept in the dark constantly.

3. Chlorophyll a fluorescence induction kinetics and measurements of Fp

Chl a fluorescence induction (transient) of the wild type and mutant cells was
measured with a commercial pulse-modulated fluorimeter (Walz PAM-2000, Effeltrich,
Germany). Actinic and measuring beams were provided by the built-in red-light-emitting
diodes. The intensity of the measuring light was 0.7 pE/m2-s and the intensity of the actinic
light was 470 pE/m2-s. Before the measurements, the cells were resuspended in TAP
medium with a Chl concentration of 5 pg/ml. All sample manipulations were done in the
presence of a weak (< 0.3 uE/m2-s) background green light. The fluorescence transient
measurements were done in the presence or absence of DCMU (10 uM) with samples dark-
adapted for 5 min while being stirred.

In view of the fact that conclusions regarding the photochemical activity are
obtained from a knowledge of the variable fluorescence (Fy) whose value is dependent
upon the precise value of F,, (see review by Govindjee 1995), special efforts were made to
measure the true Fo. This was done separately using a different pulse-modulated
fluorimeter (Walz PAM-103, Effeltrich, Germany). F, measurement at various low light
intensities in the presence and absence of DCMU (10 uM) was done as described by in

Chapter II.
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4. Bicarbonate depletion and recovery treatments

Bicarbonate depletion of cells by formate was carried out with a formate treatment
procedure as described in El-Shintinawy et al. (1990) with modifications (see, Chapter IT).
Samples were treated with sodium formate at various concentrations and pHs as indicated.

To remove the formate inhibition, these samples were incubated with 10 mM sodium

bicarbonate for 10 min.

5. Low temperature fluorescence spectra

Low temperature (77 K) Chl a fluorescence emission spectra of the wild type and
mutant cells suspended in TAP medium containing 20% glycerol were measured as
described in detail in Chapter II. Chlorophyll concentration was 30 pg/ml. Front surface
fluorescence measurements were made using a Perkin Elmer LS-5 fluorescence
spectrophotometer (Perkin Elmer Ltd., Oak Brook, IL). For details, see Chapter II. The
obtained emission spectra were corrected for the wavelength dependence of the
photomultiplier sensitivity, but not the monochromator. The emission spectra for different

samples were normalized at the 715-nm band.

6. Flash induced chlorophyll a fluorescence decay

Chlorophyll a fluorescence decay in darkness after single-turnover actinic flashes
were measured with a laboratory-made multiflash fluorimeter (Kramer et al. 1990). All
sample manipulations were done in the dark with a weak background green light (< 0.3
HE/m2-s). Measurements were made as described in detail in Chapter II. Chlorophyll
concentration of the samples was 1 ug/ml. Chlorophyll fluorescence decay traces were
deconvoluted into three exponential components with the KaleidoGraph™ program. The
fitting equation used was: Fy/F, = A} exp(t/t1) + A2 exp(t/12) + A3 exp(t/t3), where "A"
represents the amplitude and "t" the lifetime of the components. The fast component, Aj,

T1 which is in sub-ms range, reflects the characteristics of the component involved in direct
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reoxidation of QA~ by Qg (or Qg"). The intermediate component, A3, T2 which is in ms
range is assumed to reflect the [QA~] equilibrium, partially controlled by the movement of
plastoquinone to PSII without bound Qg. The slow component, A3, T3 which is in seconds
range, reflects the characteristics of the component involved in the back-reaction between
Qp~ and the S states of the oxygen evolving complex, mostly in the non-Qp centers (see,
Govindjee et al. 1996 and the references therein). As 73 is in the range of seconds, in actual
regression analyses, it was assumed to be oo, thus, A3 exp(t/13) = A3. The errors of the
calculated values are normally within + 20%.

To investigate differences in DCMU binding for the wild type and the two mutants,
various concentrations of herbicide DCMU were added to the sample in complete darkness

and samples were subjected to Chl fluorescence decay measurements as above.

7. Steady-state oxygen evolution

Steady-state oxygen evolution in intact C. reinhardtii cells was determined
polarographically under saturating white light (4,600 UE/m?2.s) filtered through a 4%
CuSO4 solution in a round-bottom flask, using a Clark-type electrode (Yellow Springs
Instrument Co., Yellow Springs, OH). A combination of two electron acceptors, 2,6-
dichloro-p-benzoquinone (DCBQ) (0.1 mM) and potassium ferricyanide (K3Fe(CN)g) (1
mM) was used. DCBQ acts as the electron acceptor and the non-penetrating ferricyanide
keeps DCBQ in the oxidized state. The measurement was done in the presence of 20 uM
2,5-dibromo-3-methyl-6-isopropyl-p-benzoquinone (DBMIB) in the reaction medium to
block electron flow between the plastoquinone pool and PSI (see Trebst 1980). Thus, the
effect of CO3 due to CO,-fixing steps could be avoided. The temperature of the
measurement was maintained at 25°C with a water circulator. The Chl concentration used
for oxygen evolution measurements was 10 ng/ml. The reaction medium contains 100 mM

sucrose, 10 mM NaCl, 5 mM MgCly, 20 mM HEPES (pH 6.5), and 2 UM nigericin.
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8. Treatment of arginine specific reagents

To investigate the role of arginines in PSII electron transfer, two arginine-directed
chemical modifying reagents phenylglyoxal (Takahashi 1968) and 2,3-butanedione
(Riordan 1973) (both purchased from Sigma Chemical Co., St. Louis, MO) were used to
study their effects on the steady state oxygen evolution of the C. reinhardtii cells. The
mixotrophically grown wild type and D1-R257E, M mutant cells were incubated with either
50 mM phenylglyoxal or 5 mM 2,3-butanedione at the room temperature in the reaction
buffer as described in the above section. However, the buffer pH was adjusted to 7.0 for
optimal results. The reagents were incubated with the cells at room temperature for 2 min.
in darkness before measurements. To test whether the reactions by the arginine reagents
can be reversed by bicarbonate anions, the phenylglyoxal- or 2,3-butanedione-treated
samples were centrifuged at 2000 g for 4 min to remove the inhibitors. The pellet was
washed with the above buffer containing 20 mM bicarbonate (pH 7.0) once and
resuspended in the same buffer. The samples were incubated with bicarbonate at room
temperature for 5 min in darkness before measurements. The above experimental

conditions were established through many pilot experiments.

C. Results

1. Site-directed mutagenesis of psbA and mutant confirmation

Using a newly developed protocol for site-directed mutagenesis of the D1 protein in
C. reinhardtii (Minagawa and Crofts 1994) that involves the use of intron-less psbA gene,
we have mutated D1-R257 into a glutamate and a methionine. These two amino acids with
similar sizes in their sidechains but different electrostatic properties compared to arginine
were designed to test the role of the positively charged guanido group in bicarbonate

binding.
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Prior to transformation, the mutagenized plasmid DNAs were sequenced to confirm
the presence of both the introduced mutations (data not shown). After transformation,
isolated algal transformants were further confirmed for the presence of the mutations. As
shown in Fig. 3.2 (top panel), the PCR products (460 bp) of the chloroplast DNA of the
transformants (putative mutants and intron-less wild type) were treated with Sal I restriction
enzyme. The intrinsic Sal I restriction site at R257 position is confirmed in the wild type
(intronless), resulting in 200 and 260 bp digestion fragments. In the putative D1-R257E
(RE) and D1-R257M mutants, this site was removed, as expected, as shown by their
inability to be cut by Sal I. Furthermore, DNA sequence analysis indicated that D1-R257E
mutation should have introduced a new Hph I restriction site. This has also been confirmed
in the putative D1-R257E mutant when its PCR product was treated with Hph I restriction
enzyme, generating 200 and 260 bp fragments. The wild type and the D1-R257M mutant
were not able to be cut by Hph I. The absence of contaminating bands at the 460 bp for the
wild type and at 200 and 260 bp for the two putative mutants treated with Sal I and at 460
bp for DI-R257E treated with Hph I also verified the homoplasmy of the psbA
transformants. No new restriction sites were generated for the D1-R257M mutant. The 460
bp PCR fragments of all the three samples were further sequenced and the presence of the
two introduced mutations were confirmed (Fig. 3.2, bottom panel, shown are only the

mutant sequences); no other mutations were found.

2. Growth characteristics

Photoautotrophic growth in the wild type and the isolated D1-R257E, M mutants
were assayed by the optical density of the culture at 750 nm. Fig. 3.3 shows the growth
curves of the wild type and the D1-R257E, M mutants in photoautotrophic conditions (in
high salt). During the logarithmic growth phase, the doubling time for the wild type is ~12
hrs, and for the mutants 18 and 19 hrs for D1-R257E and D1-R257M, respectively. Thus,

the mutations caused ~32-37% inhibition of the photosynthetic growth. However, under
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Figure 3.3. Photosynthetic growth determination of the wild type and D1-R257E, M
mutants. The algal cells were cultured in a liquid high salt (HS, autotrophic) medium in
light (70 pE/m2s) and supplied with 5% CO2. The growth curve was determined by
measuring the optical density of the cell culture at 750 nm. The doubling time for the wild

type in the autotrophic condition is ~12 hrs, and for the mutants 18-19 hrs.
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heterotrophic growth conditions (in TAP), the wild type and the two mutants have

essentially the same rate of growth as the wild type with a doubling time of ~23 hrs.

3. Chlorophyll a fluorescence induction

To obtain general information on the status of PSII photochemistry of the wild type
and the D1~R257E, M mutants, chlorophyll fluorescence induction (up to 1 s) (see e.g.,
Papageorgiou 1975; Briantais et al. 1986) was measured in the mixotrophically-grown wild
type and mutant cells with a pulse-modulated fluorimeter. The induction kinetics of Chl a
fluorescence of these samples were measured in the absence and the presence of herbicide
DCMU, known to block electron flow by displacing Qg, and in the presence of the
bicarbonate analogue, formate, known to inhibit PSII electron transfer, and in the presence
of both formate and bicarbonate (Fig. 3.4). The data of the >induction kinetics were plotted
on the logarithmic time scale, so that different rise components can be made visible. As
reviewed in Govindjee (1995; also see Srivastava et al. 1995; Strasser et al. 1995), the first
rise (photochemical phase) reflects the reduction of QA to QA but it also includes the
influence of the S-states. The later rise to the P level is due to the filling up of the
plastoquinone pool.

Figures 3.4A and 3.4B show the fluorescence induction kinetics of the wild type
cells. The control curve shows the normal O to P rise. Under the experimental conditions
used here, the rise to I is attained in about 50 ms, while the total time for reaching the final
peak (Fp) is ~400 ms. The addition of DCMU (10 uM), blocking the reoxidation of Qa.,
caused the Chl fluorescence to rise from Fo to Fm in only 30 ms, merging the various
phases into one phase. The ratio of Fv/Fm which represents the maximum yield of PSII
photochemistry in the wild type is 0.83 in agreement with previous results for the wild type
C. reinhardti (Srivastava et al. 1995).

The formate inhibition of the PSII electron transfer and subsequent recovery by the

addition of bicarbonate have been studied extensively in the past (for reviews, see
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Figure 3.4. Chlorophyll a fluorescence transients (as a function of time of illumination) of
the mixotrophically-grown wild type and D1-R257E, M mutants in the absence and the
presence of 10 UM DCMU and in the presence of formate, and formate plus bicarbonate
measured with a PAM-2000 fluorimeter. Each of the data poits is an average of 10 raw data
points measured at 300 s intervals. The data are plotted on the logarithmic scale. (A) The
transient of the wild type cells in the absence and presence of DCMU. (B) The transients of
wild type treated by formate and formate plus bicarbonate. (C) The transient of D1-R257E
mutant in the absence and presence of DCMU. Note the elevated Fo level. (D) The
transients of D1-R257E mutant treated by formate and formate plus bicarbonate. (E) The
transient of D1-R257M mutant in the absence and presence of DCMU. (D) The transients
of DI-R257M mutant treated by formate and formate plus bicarbonate. In all
measurements, the [Chl] of the samples was 5 pg/ml, and the actinic illumination was 470

HE/m2-s.
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Blubaugh and Govindjee 1988a; Govindjee and van Rensen 1993). The results of this
study show that, formate treatment (25 mM) of the wild type C. reinhardtii cells (Fig.
3.4B) results in a faster rise of the initial rise phases compared to the control indicative of a
decrease in the electron transfer beyond Qa. However, the I-P rise is significantly slowed
down (the time reaching Fp is > 1 s) compared to the control suggesting the process of
filling up the plastoquinone pool is inhibited. The addition of bicarbonate (10 mM)
significantly restored the fluorescence kinetics close to the control level.

Chlorophyll a fluorescence induction measurements were also done with the D1-
R257E, M mutants in the absence and presence of DCMU and in the presence of formate
and formate plus bicarbonate (Figs. 3.4C-3.4F). The two mutants appear to have a higher
rate of fluoresence rise in the O-I phase suggesting a moderate decrease in the electron
transfer beyond Qa~ caused by the mutations (Figs. 4C and 4E). The total time reaching the
Fp is also slightly slower (~500 ms) compared to the wild type indicating a slight
modification on the filling up the plastoquinone pool step. The addition of DCMU caused
the two mutant samples to reach an Fm similar to that in the wild type. However,
significant increase in Fo (~40%) was consistently observed in the mutant samples. This
increase was confirmed by other crucial measurements (see later sections). The elevated Fo
lowers the Fv/Fm level for the two mutants: 0.77 for D1-R257M and 0.75 for D1-R257E.
Thus, the mutants have ~10% reduction in the calculated maximum yield of PSII
photochemistry compared to the wild type.

The largest differences observed between the mutants and the wild type are the
different sensitivity to the formate and formate plus bicarbonate treatments (Figs. 3.4D and
3.4F). The formate treatments of the two mutants only result in a very slight increase in the
O-I phase compared to the control. Further, the addition of bicarbonate does not cause
significant changes from the formate treatments. The results indicate a very low sensitivity

of the mutant PSIIs to formate inhibition suggesting a modified binding capability of
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mutant PSIIs for the formate/bicarbonate binding. The conclusion will be further tested by

other experiments in later sections.

4. F,

The above conclusion of lowered yield of photochemistry in the two mutants is
dependent upon the measured F, being true F,. The two D1-R257 mutant samples have a
consistently elevated F, (> ~40%) compared to that of the wild type. As Fo is the minimal
level of chlorophyll fluorescence originating from antennae, in competition to the energy
transfer to the PSII reaction center, an increase in Fo may indicate a decreased excitation
energy transfer to the active PSII reaction center, possibly due to a disconnection between
antennae and the reaction center II, or due to the existence of inactive PSII (Lavergne and
Briantais 1996) incompetent in trapping excitons arriving from antennae, which then.can
return to antennae and fluoresce. It may also be possible that there is an increase in the
[QA] in the dark or in the relative ratio of the antennae/PSII reaction (Vermaas et al. 1994).
Although these last two hypotheses may not be the favored ones, the available data do not
distinguish between the various possibilities. However, as shown in Fig. 3.4, the wild
type cells display a small increase of F, when measured in the presence of DCMU which
blocks the electron transfer beyond Q4 ™; this may indicate that the measured F, level may
not be all true F,,. This slight increase in measured Fo in the presence of DCMU is thought
to be due to a small actinic effect of the measuring beam of the fluorimeter, or due to [Qa7]
in the dark. This small effect may become prominent when the process of Q reoxidation is
decreased in the mutants. Thus, the measured Fo required further investigation.

I conducted independent measurements of F,, for the wild type and mutant cells. At
very low light intensities of the measuring beam, fluorescence (F,) intensity is shown to be
a linear function of light intensities (I) (Fig. 3.5A). The quantum yield (Fo/I) remains
constant as it should for true F, which should be independent of photochemistry (Fig.

3.5B) (see e.g., Ref. Munday and Govindjee 1969). Further, at such low light intensities,
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Figure 3.5. Measurements of minimal (baseline) fluorescence F, at low light intensities.
(A) Baseline Chl a fluorescence (Fy) as a function of light intensities in the low intensity
range, in the presence and the absence of 10 uM DCMU. Measurements of the wild type
C. reinhardtii and D1-R257E, M mutant cells were made as in Materials and Methods
(section 2.3). (B) The quantum yield of F,, or the ratio of fluorescence intensity to the light
intensity of the measuring beam, basically does not change with the light intensities
indicating that the measured F, is the true F,. It is further confirmed by the absence of any

significant effect of DCMU.
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addition of DCMU did not cause significant increases in the measured F, levels, as it
should since all [QA] remains essentially unchanged. The Fo of both mutants was
consistently higher than that in the wild type (~50%). Thus, F, of the mutant is indeed
higher than the wild type, and, Fy is therefore, indeed reduced in the mutant.

5. Low temperature fluorescence emission spectra

Based on the above measurements that indicate a lowered quantum yield of
photochemistry and an elevated F, (indicating a lowered net excitation energy transfer from
antennae to the PSII reaction center), it is reasonable to consider that the mutations on D1-
R257 may have caused alterations on the structure and function of the PSII complex. As
one of the means to investigate this effect, low temperature (77 K) fluorescence emission
spectra of the wild type and D1-R257E, M mutants were measured (Fig. 3.6). At 435 nm
excitation, PSII has two distinct emission bands at 685 nm (F685) and 695 nm (F695).
F685 is thought to originate mostly from the CP43 polypeptide, and F695 from CP47
polypeptide (see Nakatani et al. 1984; Govindjee and Satoh 1986; Dekker et al. 1995).
Haag et al. (1993) suggest that the intensity of these two bands, especially F695, correlates
well with the level of the PSII core proteins in the mutants they examined and can be used
as an indicator for the concentration of PSII. However, I realize that the intensities of F685
and F695 must also be influenced by the efficiency of excitation energy transfer from
peripheral antenna chlorophylls to core antennae and from the core antennae to the PSII
reaction center.

Assuming that no changes have occurred in PSI, analysis of the un-deconvoluted
F685 and F695 bands (Fig. 3.6) shows that their intensities in both mutants were
consistently reduced by ~10% compared to the those of the wild type. This result may
indicate a reduction in these PSII antenna complexes provided the mutations had not caused
changes in excitation energy transfer among these complexes and the PSII reaction center.

Since there were assumed to be no changes in the CP43 and CP47 genes, this reduction
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Figure 3.6. The 77 K chlorophyll a fluorescence emission spectra of the C. reinhardtii wild
type and the D1-R257E, M mutant cells. Emission spectra of the samples (30 g Chl/ml
with 20% glycerol) were measured with a front-surface optics (excitation at 435 nm;
corrected for the wavelength dependence of the sensitivity of the photodetector) and
normalized to the 715-nm peak. Both F685 (from CP43) and F695 (from CP47) bands

were lowered in the mutant with respect to F715 band (from PSI).
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could be partly attributed to the changes in the stability of the D1/D2 complexes to which
these inner antenna proteins are associated, and partly to the changes in the excitation
energy transfer to and away from the PSII reaction center. Possible destabilization of PSII
by the mutations on D1-R257 was further supported by the measurements of the mutant
thylakoids which were found to have a complete blockage of electron transfer from Qa™to
the plastoquinone pool, suggesting that the two mutants have a high sensitivity to

biochemical preparations (data not shown).

6. Characterization of kinetics of Q4 — Qp and DCMU binding

To further determine the mutational effects on the PSII electron transport from Q"
to the plastoquinone pool, Chl a fluorescence decay in the microsecond to millisecond time
scale, after a series of single turnover flashes, was measured with the wild type and D1-
R257E, M mutant cells in the absence or presence of DCMU (1 uM). The kinetic
measurements were done with 1 pg Chl/ml samples. Only the second flash kinetic traces
are shown (Fig. 3.7) which would have corresponded only to the electron flow from Qa”
to Qp", if all PSIIs started in dark with 100% Qg. However, in unmodified intact cells, the
ratio of Qp to Qg™ in darkness is close to 1 (see e.g- Xuetal. 1989). Q4™ to Qg and Q4™ to
Qg reactions are not easily separable unless special efforts are made, such as the addition
of excess p-benzoquinone. As shown in Fig. 3.7, the mutant cells have a significant
reduction in the maximal ratio of F\/Fo. The Chl a fluorescence yield change with time for
the two mutant samples appears to be similar to that of the wild type. However, more
accurate deconvolution studies indicate differences between the wild type and the two
mutants. The lifetime of the fast component 17 is 90 us, whereas t1 of the D1-R257E and
M mutants are 180 ps and 160 s, respectively. This slowing down of fluorescence decay
is more obvious when they are plotted on an expanded scale (up to 2 ms) (see later). There
is ~50-55% decrease in the kinetics of electron flow from QA — Qg in the mutants. This is

confirmed by thermoluminescence experiments when almost equal SyQa~ (Q) and S7Qp"
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(B) bands were observed in D1-R257M cells after one flash (unpublished data of
Govindjee, 1996). In agreement with the literature (see review by Vass and Govindjee
1996), the wild type had only B band under the same experimental condition.

The addition of 1 uM DCMU almost fully inhibits the electron transfer in the wild
type and in the mutant cells. As shown in Fig. 3.7, the measured Fo levels of the mutants
are ~70% higher than the wild type, in line with the results from the fluorescence induction
studies (Fig. 3.4). To further quantitate the sensitivity of the wild type and the mutants to
DCMU, the increase in variable Chl a fluorescence yield was determined as a function of
DCMU concentration (Fig. 3.8). The fluorescence yield at 1 ms after the fifth saturating
flash was plotted as a function of DCMU concentration. The ordinate of the graph is
normalized by the measured fluorescence yield at the fully bound state. The DCMU
concentration achieving the midpoint of the normalized Fv can be considered the
dissociation constant (Cao et al. 1992). The calculated DCMU dissociation constant for the
wild type is 54 nM, D1-R257E 47 nM, and D1-R257M 62 nM. However, given the errors
in the raw data, the three constants are not statistically different from each other. The results
suggest that the DCMU binding niche is not significantly altered by the mutations on D1-
R257. This may be surprising as the residue is considered to be near the Qg niche (see PSII
three dimensional models in Chapter IV and IV) and, as presented in this paper, the
mutations have somewhat inhibited photosynthetic growth, electron transfer and PSII
photochemical yield. Thus, the cause of the phenotypic changes is beyond the modification

of the DCMU binding pocket.

7. Effects of bicarbonate depletion on the kinetics of Q4 — QB electron transfer

Using Chl a fluorescence decay as a tool, the effect of bicarbonate depletion by
formate in the wild type and the two mutants was further characterized. As shown in Fig.
3.9, the Chl a fluorescence decay kinetics at the second flash of the wild type is

significantly inhibited by the addition of 25 mM formate. The addition of 10 mM
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bicarbonate is able to fully restore the inhibition (data not shown). The lifetime for the fast
component of the decay (t1) of the wild type is 90 us in the control and 1.3 ms in the
presence of 25 mM formate, a 14 fold effect. This clearly shows a slowing down of the
QA™ to Qg electron flow. However, both the mutants show very little sensitivity to the
inhibition by formate. The lifetime (t1) of D1-R257E is 180 ps in the control compared to
340 us after being treated with formate. The 71 of D1-R257M is 160 us in the control and
420 ps in formate treated sample. There are only 2-2.5 fold effects. The slowing down of
fluorescence decay of the mutants in the control group compared to the wild type is shown
more clearly in the expanded time scale (see insets of Fig. 3.9). Therefore in these two
mutants, formate does not effectively block the Q4™ — Qg™ electron flow.

Further, the inhibition of the Qa — Qg kinetics by formate was titrated at various
concentrations (Fig. 3.10). The relative lifetimes of the first component (71) after two
flashes are plotted as a function of formate concentration, when the 71 of the control is
assumed to be 1. The data were fitted with simple linear regression (Fig. 3.10A). The
regression equation for the wild type is y = 2.54 + 0.45 x: for the DI-R257E, y = 1.80 +
0.044 x; and D1-R257M, y = 1.88 + 0.048 x. If the plastoquinone reduction reaction
measured in this assay is assume to be a quasi-equilibrium enzymatic reaction inhibited by
formate, Fig. 3.10A can be considered a Dixon plot with the lifetimes equivalent to the
reciprocals of the rate of the reaction. The apparent dissociation constant (K;) of formate
can be calculated from the negative intercept of the regression lines on the X-axis (see Segel
1975). In this way, the calculated K; for the wild type is 5.6 mM, for D1-R257E 40.9 mM,
and for D1-R257M 39.5 mM. Judging from this parameter, there is an ~8 fold decrease in
formate binding in these two mutants compared to the wild type.

To study the pH effect on the bicarbonate depletion, the formate inhibition reaction
was titrated at various pHs (from 6 to 8) after the addition of 25 mM formate. The resulting
decay curves after the second flash were deconvoluted as described in the previous section.

The lifetimes of the first component (t;) of the control at specific pHs are set to arbitrarily
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Figure 3.10. Effect of formate inhibition at various concentrations and pHs for the wild
type and the mutants. (A) Chl a fluorescence decay analyses after two actinic flashes of the
wild type and D1-R257E, M mutant cells treated with various concentrations of formate.
The resulting decay curves were deconvoluted into three exponential components (see
Materials and Methods). The lifetime of the first component (1) of the decay curve after the
second flash, corresponding only partially to the kinetics of Qa™ to Qp™, is depicted as a
function of formate concentration when the t; of the control is assumed to be 1. The Ty of
the wild type in the control is 90 ps. The t; of D1-R257E in the control is 180 ps. The Tl
of D1-R257M in the control is 160 ps. (B) The Chl a fluorescence decay kinetic analyses
for the wild type and D1-R257E, M mutants at various pHs with or without the addition of
formate (25 mM). The resulting decay curves after the second flash were deconvoluted into
three exponential components as above. The lifetimes (1) of the fluorescence decays
curves of the control are set to a value of 1. The normalized decay lifetimes after formate
treatment are depicted as function of pH. The optimum pH for formate inhibition for the
wild type is 6.25. The formate inhibitory effect in the wild type is only effective at pH
below 7. The D1-R257E, M mutants did not show significant sensitivity to bicarbonate

depletion at all the pHs investigated.
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read 1. No significant variations of the Ty values of the control group of each sample were
observed for different pHs used here (data not shown). The normalized T1s after the
formate treatments are plotted as a function of pH (Fig. 3.10B). For the wild type, the
optimum formate effect was reached at an acidic pH (6.25) where a ~15 fold of inhibition
results. At above the neutral pH, formate inhibits the electron transfer reaction at a much
lower efficiency in the wild type. However, the D1-R257E, M mutants did not show
significant inhibition to bicarbonate depletion at all the pHs investigated (max. inhibition

was ~2.5 fold).

8. Bicarbonate-reversible formate inhibition of the PSII electron transfer

Steady-state oxygen evolution of the C. reinhardtii cells (Hill reaction with DCBQ
and ferricyanide) which directly measures the electron transfer by PSII was performed with
the wild type and the mutants cell samples. As shown in Table 3.1, the electron transfer of
the wild type was inhibited by ~85% after the treatment with 25 mM formate, and most of
the inhibition was reversed by the addition of bicarbonate. The rate of electron transfer in
the D1-R257E, M mutants are ~60% of the wild type level, which is consistent with the
measurements on the photosynthetic growth in a previous section (Fig. 3.3) and
fluorescence decay measurements (Figs. 3.7 and 3.9). The low sensitivity to formate
inhibition in the D1-257E, M mutants is further confirmed. There is only 15-25% decrease
after the formate treatment in both the mutant samples. The relative extent of inhibition in
these two mutants appears to be slightly larger than what was observed in the above
fluorescence decay measurements. This minor inconsistency was attributed to the
fluorescence decay measurements not being a direct indicator of electron transfer or to

natural variations among samples.
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Table 3.1. Steady-state oxygen evolution of the mixotrophically grown wild type and D1-
R257E, M mutant cells. Reaction mixture contained 100 mM sucrose, 10 mM NaCl, 5 mM
MgClz, 20 mM HEPES (pH 6.5), 2 uM nigericin, 0.1 mM DCBQ, 1 mM K3Fe(CN)g and
20 uM DBMIB. Measurements were done at 25°C. Chl a concentration was 10 pg/ml.
Twenty-five mM formate and 25 mM formate plus 10 mM bicarbonate treatments were
done according to the Materials and Methods (section 2.4). Values (tmole O2/mg Chl-hr)

are averages and standard errors of three separate measurements.

Control + Formate + Formate, + Bicarbonate
Wild Type 189.7 + 6.5 277+ 1.5 160.9 + 8.5
D1-R257E 121.0 £ 3.3 91.6+3.1 117.7+0
DI-R25TM 117.8 + 6.6 101.4 +3.3 114.5+33
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9. Inhibition of PSII electron transfer by arginine specific reagents and recovery of
inhibition by I;icarbonate

Cenrtain dicarbonyl reagents such as phenylglyoxal and 2,3-butanedione are able to
specifically modify arginine residues (Takahashi 1968; Riordan 1973) and have been
successfully used in many protein systems to probe arginine residues bound to anionic
substrates (for review, see Lundblad 1991). The high specificity of these reagents is due to
fact that arginine residues bound to anions tend to have lower pK, than those arginine
residues in other regions of the protein (Patty and Theze 1980). To study the effect of the
arginine-specific reagents on the PSII electron transfer, I applied phenylglyoxal and 2,3-
butanedione to the above Hill reactions and tested whether there is a reversal or competitive
effect by bicarbonate anions.

As shown in Table 3.2, the addition of phenylglyoxal (50 mM) and 2,3-
butanedione (5 mM) decreases the steady-state oxygen evolution in the wild type by ~45%,
indicating that certain arginine residues in PSII are reactive to the two dicarbonyl reagents
and that the interactions between the arginines and the reagents play an inhibitory role in
oxygen evolution. Very interestingly, incubation of the phenylglyoxal- or 2,3-butanedione-
pretreated samples with excess amount of bicarbonate (20 mM) reversed most of the
inhibition (~90% of the control level). This indicates that bicarbonate is able to compete
with the arginine-specific reagents and to restore the electron transfer, suggesting that the
binding sites for bicarbonate overlap those for the arginine specific reagents. The results
strongly suggest arginine residues in PSII are involved in bicarbonate binding. Thus, this
provides evidence for the general involvement of arginines in PSII electron transfer which
is to associate it with bicarbonate. However, the two mutations on D1-R257 almost abolish
the sensitivity of PSII to the two arginine-specific inhibitors. This indicates the loss of
binding sites for the dicarbonyl reagents in these two mutants. The addition of bicarbonate

to these samples nearly did not cause significant changes in the electron transfer activity for
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Table 3.2. Steady-state oxygen evolution measurements of mixotrophically grown wild
type and D1-R257E, M mutant cells treated with arginine-specific reagents phenylglyoxal
and 2,3-butanedione and subsequently with bicarbonate. The experimental conditions were
similar as in Table 3.1, the buffer pH was 7.0. Phenylglyoxal (50 mM) and 2,3-
butanedione (5 mM) were incubated with the cells at room temperature for 2 min in
darkness before measurements. The bicarbonate reversal experiments were done by
transferring the phenylglyoxal- or 2,3-butanedione—treated samples to the above buffer
containing 20 mM bicarbonate and by incubating them for 5 min. in darkness. Values

(umole O2/mg Chl-hr) are averages and standard errors of three separate measurements.

Control +phenyl-  + bicarbonate + 2,3- + bicarbonate
glyoxal after phenyl- butanedione after 2,3-
glyoxal pre- butanedione

treatment pretreatment

WildType 1993 +£122 1062+8.1 173.3+ 16.7 1127+16.2 1755%53
DI-R257TE  113.8+4.6 1060+8.1 117.3+6.5 96.3+8.1 98.3+10.2
DI-R25TM_ 104.0+ 10.6 119.2+16.2 109.4+ 8.5 93.3+£8.5 101.0+6.6
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the two site-directed mutants, strongly implicating that the essentiality of D1-R257 in

binding to bicarbonate anions.

D. Discussion

Two site-directed mutants on D1-R257 (D1-R257E, M) were first constructed in
this study and the role of the arginine residue in bicarbonate/formate binding in PSII was
investigated. The results indicate that the mutations on this residue: slow down the
photosynthetic growth (Fig. 3.3) and the PSII electron transfer (Figs. 3.7 and 3.9; Table
3.1); lower the maximal yield of photochemistry (Fig. 3.4) and raise the Fo level (Fig.
3.5); possibly destabilize PSII (Fig. 3.6); and most importantly, cause a near absence of
the bicarbonate/formate effect on the PSII electron transfer (Figs. 3.4, 3.9 and 3.10; Table
3.1). The use of arginine-specific reagents helped further establish the role of the arginine
residue in bicarbonate binding (Table 3.2).

The slower rate of photosynthetic growth and electron transfer of the DI1-R257E,M
mutants of C. reinhardtii agree well with the characterization of a similar mutant (D1-
R257V) constructed in cyanobacteria (Kless et al. 1994). This phenotype was attributed to
the possible role of the arginine to balance the negative charge formed by the dipole
moment of the D1-de a-helix. However, the characterization of the Cyanobacterial D1-
R257V mutant showed a 38 fold increase in diuron (DCMU) tolerance judged by DCPIP
reduction. The D1-R257M and D1-R257E mutants of C. reinhardtii, however, showed no
apparent changes in DCMU sensitivity to that in the wild type as judged by Chl a
fluorescence measurements. Though the mutant and species used by Kless et al (1994) are
different from what was used in this study, the question of whether mutations on D1-R257

can induce significant herbicide resistance is certainly worth further investigation.
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The lowered yield of photochemistry and significantly elevated Fo level for the two
mutants were constantly observed (Figs. 3.4, 3.5, 3.7 and 3.9). The low temperature Chl
fluorescence spectra (Fig. 3.6) also indicate a slight but consistent decrease in the F685 and
F695 emission bands after the spectra were normalized at 715 nm (F715). The reduction
could be interpreted either by changes in excitation energy transfer or by decreased PSII
core stability in the mutants. The severe damage observed in PSII in the mutant thylakoid
preparations may partially support the possible destablization of the PSII complex. In the
cyanobacterial D1-R257V mutant (cited in Kless et al. 1994), a marked change in
electrophoretic mobility of the D1 protein was observed suggesting significant
conformational changes caused by the mutation. Computer modeling of the PSII reaction
center (see Chapters IV and V) indicated that D1-R257 is a contact residue located in
between D1 and D2. The mutations thus are expected to disrupt at least part of the putative
protein-protein interactions destabilizing the conformation of reaction center core complex.
Site-directed mutations of other proposed contact residues (see Chapters IV and V) have
induced severe structural changes in PSII. These residues include D1-R269, D2-H214,
D2-G215, and D2-H268 (see Chapter II, Vermaas et al. 1987; 1990).

The most striking phenotypic effect observed between these two mutants (D1-
R257M and E) and the wild type are their significantly lowered sensitivity to the
bicarbonate-reversible formate inhibition (Figs. 3.4, 3.9 and 3.10; Table 3.1). The results
strongly implicate the relevance of D1-R257 in formate/bicarbonate binding in vivo.
Inhibition of PSII electron transfer of pea chloroplasts by arginine specific reagent
phenylglyoxal was first reported by Vermaas et al. (1982). However, no reversal of
inhibition was shown by co-incubation of phenylglyoxal and bicarbonate with the
chloroplasts. I have also obtained similar results by incubating bicarbonate and the arginine
inhibitor (phenylglyoxal) with the wild type cell samples (data not shown). I attribute the
difficulty of reversing the inhibition to the covalent nature of the interactions between

arginines and phenylglyoxal. This problem can be resolved if the excess arginine inhibitors
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are removed before the bicarbonate treatment. Thus, for the first time, I have shown the
bicarbonate-reversible inhibition of PSII electron transfer by the arginine specific chemical
modifying reagents. This provides evidence for the general involvement of arginine
residues in bicarbonate binding in PSII. The use of two different arginine reagents
(phenylglyoxal and 2,3-butanedione) strengthens the implication of arginines being
involved in inhibition of the PSII electron transfer, because under certain circumstances,
phenylglyoxal may have low reactivity to the amino group of lysine residues (Riordan
1979). 2,3-Butanedione is, however, more selective for arginine residues. The use of both
reagents in the inhibitory study exclusdes the possibility of lysines being involved in
interacting with the reagents. The bicarbonate-reversible inhibition by arginine-specific
reagents had also been studied in the anion transporters located on the plasma membrane of
marine macroalgae (Drechsler et al. 1994). However, in these systems, much lower
concentrations of phenylglyoxal and 2,3-butanedione and higher pHs were needed to exert
the inhibition.

The combination of the use of site-directed mutants and arginine-directed chemical
reagents allowed me to establish the essentiality and specificity of D1-R257 in bicarbonate
binding in PSII. The results may also be taken to verify the hypothesis that the positively
charged sidechain of the arginine residue is important for providing forces for liganding
bicarbonate anions. I also realize that there could be more than one arginine residues in the
PSII reaction center that may be involved in anion binding, thus reactive to the arginine
specific reagents. Slight inhibition of the PSII electron transfer by 2,3-butanedione in the
two mutants in this study (Table 3.2) may support such a possibility. Thus, non-essential
or low affinity bicarbonate binding arginine residues may exist.

Site-directed mutagenesis on the D2 protein in cyanobacteria (cited in Diner et al.
1991) have shown that D2-R265 near the non-heme iron may play a role in associating
with bicarbonate. However, the unpublished study seems to favor D2-K264 as a better

candidate for bicarbonate binding in the non-heme iron site. The involvement of several
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other positively charged residues in bicarbonate binding near the non-heme iron have been
investigated in cyanobacteria or green algae (Cao et al. 1991; Govindjee 1993; Chapter II).
D2-R233 and D2-R251 have been shown to increase the PSII susceptibility to formate
inhibition of the PSII electron transfer by 10 fold relative to the wild type and are suggested
to function in stabilizing bicarbonate binding in vivo (Cao et al. 1991). However, a
mutation on D2-R139 (D2-R139H) did not show any effect on bicarbonate-reversible
formate inhibition (Govindjee 1993). Thus, there is a clear specificity. Recently, a non-
conservative mutation was made on D1-R269 (D1-R269G) (see Chapter IT). Despite the
wide range significant structural and functional perturbations in the mutant, its reaction
from QA~ to the plastoquinone pool was ~4 fold less sensitive to formate inhibition
compared to the wild type. However, taken together with other available experimental
evidence, the study indicates that the residue is less likely to be a bicarbonate ligand in
vivo.

Using the recently constructed three-dimensional PSII reaction center model
(Chapter IV) and ideas in Blubaugh and Govindjee (1988), a hypothesis was proposed for
the function of D1-R257 in bicarbonate-mediated Qg2" protonation (Chapter I'V). Although
the current observations do not shed any new light on that hypothesis, yet it shows clearly
the importance of D1-R257 for the bicarbonate effect. The characterization of the two D1-
R257 mutants showed profound differences in formate and bicarbonate binding but
apparently little difference in DCMU binding compared to the wild type, both through Chl a
fluorescence measurements. This suggests that the mutational effect may be rather
localized. This local effect may lead somehow to the observed slower rate of photosynthetic
growth and the PSII electron transfer. However, the fact that the mutant cells can still
manage to grow photoautotrophically at a considerable rate suggests that the algal cells may
have alternative mechanisms of protonating Qg which is important for survival. In the
bacterial reaction center where there is no formate/bicarbonate effect (Shopes et al. 1989)

and no conserved counterpart for D1-R257, the Qg protonation relies on the presence of
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water molecule in the Qp niche (Ermler et al. 1994). I speculate that the mutant PSIIs from
this work ma)" function in similar manner in which water molecules may replace the role of
bicarbonate in Qg protonation when the binding environment for bicarbonate becomes
unfavorable. If this speculation is valid, the pattern of Qg protonation in these two mutant
PSII reaction centers would resemble that in the bacterial reaction center. It seems that only
the availability of a high resolution X-ray crystal structure of the PSII reaction center, both

in the wild type and mutant forms, would provide the answers.

Data presented in this chapter are based on the work to be published by the author

and his collaborators (Xiong et al. 1996).
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CHAPTER IV. MODELING OF THE D1/D2 PROTEINS AND
COFACTORS OF THE PHOTOSYSTEM II REACTION CENTER:
IMPLICATIONS FOR HERBICIDE AND BICARBONATE BINDING

A. Introduction

The primary photosynthetic reactions of plants, algae, and cyanobacteria occur in
photosystem II (PSII) and photosystem I (PSI) protein complexes located in thylakoid
membranes. The study of the photochemical mechanism of PSII has been a focus of
photosynthesis research as this protein complex is the only one in nature, which is able to
evolve oxygen by splitting water (Renger 1993). The PSII reaction center lies at the core of
the PSH protein complex and carries out the chemical reactions including the primary
charge separation at the reaction center chlorophylls (P680) and a subsequent electron
transfer from water to plastoquinone via a number of redox active intermediates, while
releasing oxygen as a byproduct (for reviews, see Vermaas et al. 1993; Diner and Babcock
1996). The photochemically active PSII reaction center contains six polypeptides, D1, D2,
a heterodimer of cytochrome bssg, psbI and psbW gene products (see e.g. Satoh 1993;
and Lorkovic et al. 1995). The central core of the PSII reaction center is composed of D1
and D2 proteins where all the redox active components are embedded. These components
include a tetra-manganese cluster, two redox active tyrosine residues, four to six
chlorophyll a molecules, two pheophytins, and plastoquinones Q4 and Qg. A non-heme
iron, located between QA and Qg, does not participate directly in the electron transfer but is
vital for the transfer process. A B-carotene is also found in the PSII reaction center and is
believed to be involved in the photoprotective process.

An X-ray structure of the PSII reaction center is not available to this date.
However, low resolution electron microscopy structures are available (Holzenburg et al.

1993; Santini et al. 1994; Boekema et al. 1995). Significant sequence and functional
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homology is known to exist between the PSII reaction center proteins D1 and D2 and the L
and M subunits of the photosynthetic reaction centers of purple bacteria, Rhodobacter (Rb.)
sphaeroides and Rhodopseudomonas (Rps.) viridis (see review by Diner and Babcock
1996) for which high resolution crystal structures are available (see review by Lancaster et
al. 1995). It is, thus, of considerable interest to construct a reasonable working model for
the PSII reaction center, based on the homology with bacterial reaction centers. The
availability of the PSII three dimensional model will enable accurate structural interpretation
of experimental data, be useful for proposing functional hypotheses for the electron transfer
mechanism and for suggesting designs of site-directed mutants for elucidating the structure-
function relationship in PSII.

Several attempts have already been made to construct a three dimensional model for
the PSII reaction center. Trebst (1986) first aligned the D1 and D2 sequences of the higher
plant PSII reaction center with the L and M sequences of the bacterial reaction center and
used the homology information to predict the folding of D1 and D2. Based on the model,
he also proposed important residues involved in Qg and the non-heme iron binding.
Bowyer et al. (1990) constructed a model (using the sequence from Synechococcus 7942)
for the Qp and herbicide binding niche in the D1 protein, by digitizing the stereoimage of
part of the Rps. viridis structure. Other Qg and herbicide binding niche models have also
been constructed by various groups (Tietjen et al. 1991; Ohad et al. 1992; Draber et al.
1993; Egner et al. 1993; Sobolev and Edelman 1995). Svensson et al. (1990) built a PSII
donor side model with the redox active tyrosine residues by using part of the consensus
D1/D2 sequences. The model was constructed by replacing a small number of side chains
in the related region of the L subunit of Rps. viridis structure. A more complete spinach
PSII model from this group is now available with refined structures for P680, the
pheophytins, and the redox active tyrosyl residues (Svensson et al. 1995a, b; Svensson
1995). Another comprehensive modeling study for pea PSII was presented by Ruffle et al.
(1992), who compared sequences of 23 D1, 9 D2 and 8 bacterial L and 8 bacterial M
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proteins and showed a strong sequence similarity amongst them, especially in the
transmembrane regions. An environment-dependent substitution table was applied in the
sequence alignment, and the structurally conserved regions of D1, D2 and the bacterial L
and M subunits were identified. Using SYBYL molecular modeling package, a partial
(73% complete) PSII reaction center model was generated from pea D1 and D2 sequences.
With this pea PSII model, Mackay and O'Malley (1993a, b, c, d) have conducted a series
of herbicide binding analyses. Their calculations on the intermolecular interactions of
several herbicides (e.g. 3-(3,4-dichlorophenyl)-1,1-dimethylurea or DCMU) with PSII
indicate that van der Waals forces play a major role in stabilizing the herbicides in the Qg
niche.

Bicarbonate has been suggested to be a positive regulator for the function of the
PSII reaction center (see reviews by Blubaugh and Govindjee 1988a; Govindjee and van
Rensen 1993; Govindjee 1993). The depletion of bicarbonate by its analogue formate
results in a significant inhibition of the electron transfer on the acceptor side, i.e. from QA"
to the plastoquinone pool (see references in Blubaugh and Govindjee 1988a; Govindjee and
van Rensen 1993). Studies have also suggested that bicarbonate may affect the donor side
function of PSII (El-Shintinawy and Govindjee 1990; Jursinic and Dennenberg 1990;
Stemler and Jursinic 1993; Klimov et al. 1995; Wincencjusz et al. 1996).

Regarding the role of bicarbonate in PSII function, Michel and Deisenhofer (1988)
suggested that bicarbonate may serve as a functional homologue to the glutamate residue in
the bacterial reaction center (M232 in Rps. viridis numbering) which provides ligands to
the non-heme iron. This was based on the finding that there is no homologous glutamate
residue in the D1 and D2 sequences, and there is no bicarbonate stimulatory effect in the
bacterial system (Shopes et al. 1989). Although the involvement of M232 in the bacterial
reaction center as a substitute for bicarbonate could not be confirmed by site-directed
mutagenesis experiments (Wang et al. 1992), EPR experiments in PSII confirmed the

binding of bicarbonate to the non-heme iron (Petrouleas and Diner 1990; Diner and
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Petrouleas 1990). Further, a hypothesis for the involvement of bicarbonate in the Qp
protonation is supported by other experimental evidence (see Blubaugh and Govindjee
1988a; Govindjee and van Rensen 1993). Blubaugh and Govindjee (1988a) presented a
hypothesis for the possible involvement of D1-R257 or D1-R269 (with D1-R257 as the
more favored residue) in facilitating the bicarbonate-mediated Qg protonation. Diner et al.
(1991a) suggested two patterns of the bicarbonate-iron binding, in which bicarbonate either
binds to the iron as a mono or bidentate ligand. Different ways of bicarbonate liganding to
the non-heme iron were also discussed by Govindjee and van Rensen (1993), in which the
bicarbonate is stabilized by hydrogen bonding interactions with lysine 265 (pea numbering)
in D2. Involvement of other amino acids in this stabilization process has been discussed by
Govindjee (1993).

In this chapter, I present a complete D1/D2 model of the PSII reaction center of a
cyanobacterium Synechocystis sp. PCC (Pasteur culture collection) 6803. I chose to model
D1 and D2 of this species because it is one of the most widely used systems for site-
directed mutagenesis in photosynthesis (Vermaas 1993). In this modeling, I take into
account the alignment of the structurally conserved regions (SCRs) in Ruffle et al. (1992)
and use this information in my SCR alignment of the cyanobacterial D1 and D2 with the L
and M subunits. In addition, I modeled the loop regions with a novel sequence-specific
approach by searching for the best-matched protein segments in the Protein Data Bank with
the "basic local alignmént search tool" (BLAST) (Altschul et al. 1990), and fitting the
matching fragment conformations onto the corresponding D1 and D2 regions. With the
inclusion of all the cofactors important for the PSII functions, a complete model of the
central core of the PSII reaction center was constructed and refined through energy
minimization. Various issues important in the study of the PSII reaction center including
protein binding environment for the cofactors and residues involved in inter-protein
interactions were analyzed. Three altenative conformations of P680 chlorophylls different

from that of the bacterial counterparts were also proposed based on various experimental
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suggestions. For the first time, a B-carotene was included in the PSII reaction center
model. Redo;( active residues important for the P680% reduction, i.e. D1-Y'161 and D2-
Y160, have also been studied and their modeled distances to the several cofactors have
been shown to match well with the experimental suggestions. This model was further
applied to the modeling of herbicidle DCMU in the Qg binding niche. I focus in the
modeling on the bicarbonate binding and its function in photosystem II. A bicarbonate
anion was modeled in the non-heme iron site providing a bidentate ligand to the iron. By
modifying the previous hypothesis of Blubaugh and Govindjee (1988a), I modeled a
second bicarbonate and a water molecule in the Qg site and propose a hypothesis to explain
the mechanism of Qg protonation mediated by a bicarbonate and a water molecule, in which
the bicarbonate, stabilized by D1-R257, donates a proton to Qg2- through an intermediate
of D1-H252; the water molecule is proposed to donate another proton to the doubly
reduced Qg. Based on the structure of the "water transport channel" in the bacterial reaction
center, I propose a similar, but not identical, channel for transporting water and bicarbonate
in PSII. The model indicates a more positively charged binding domain near Qg and the
non-heme iron, in contrast to the situation in the bacterial reaction center which lacks the

bicarbonate effect.

B. Materials and Methods

Homology modeling of the PSII reaction center of Synechocystis sp. PCC 6803
was performed using QUANTA/CHARMmM (version 4.0) molecular modeling package.
Based upon the assumption that D1 is an equivalent of L and D2 is an equivalent of M, 1
used the coordinates of the L and M subunits from Rb. sphaeroides and Rps. viridis as the
templates for D1 and D2, respectively. The coordinates of the bacterial reaction centers

(1PRC and 2RCR) were obtained from the Brookhaven Protein Data Bank (Bemnstein et al.
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1977; Abola et al. 1987). The amino acid sequence information of D1 (from psbA-2) and
D2 (from psbD-2) was obtained from Ravnikar et al. (1989) and Williams and Chisholm
(1987), respectively. The post-translational truncation on the C-terminus (16 amino acid
residues) of Synechocystis 6803 was also taken into account (see Diner et al. 1991b).

The modeling started from the primary structure alignment of D1 and D2 with the
bacterial L and M subunits, respectively. The structurally conserved regions (SCRs) of D1
and D2 proteins with the L or M subunits were based on the pea model by Ruffle et al.
(1992). In this model, I chose to use the L subunit for aligning D1 and the M subunit for
D2, respectively, rather than using all the four bacterial subunits together for aligning both
D1 and D2. The alignment for the sequences outside the SCRs which are either partially
conserved or structurally varied was done on the Protein Design subprogram of QUANTA.
The QUANTA alignment process is based on the multiple sequence alignment algorithm of
Feng and Doolittle (1987). The alignment was done with the statistical weight for the
sequence homology parameter set at 0.6. Raw alignment results were manually refined
using the interactive alignment tools in the Protein Design module. After alignment, the
template proteins were matched and superimposed, the coordinates of the aligned
sequences were averaged and copied to the modeled sequences. The newly defined
coordinates in D1 and D2 were refined with the Structural Regularization tool which is a
limited energy minimization function, with 50 steps using the Steepest Descents method
followed by 200 steps of Adopted Basis Newton Raphson method (ABNR). The
regularization was carried out with less than 20 residues at a time.

Centain stretches of D1 and D2 sequences in between the aligned regions clearly do
not exhibit homology with the L and M sequences. The connecting loop sequences
(including the C-terminal region of D1) were treated in two different ways. For the loop
sequences of less than or equal to four residues, the conformation of the loops was built
using the "Build Coordinates" function in the Protein Design subprogram. The newly built

peptide conformation was regularized as above. The longer loops with more than five
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residues were modeled with a sequence-specific approach. A "basic local alignment search
tool” (BLAST, Altschul et al. 1990) was applied in searching for the best matched protein
fragments among the protein sequences that already have crystal coordinates available from
the Brookhaven Protein Data Bank. Once the most homologous fragment from a protein is
selected, the conformation of the fragment flanked by two extra anchor residues on either
end was excerpted from the original protein. As the anchor residues of the template peptide
on either side were superposed onto the two residues immediately next to the gap, the
conformation of the template peptide was copied to the modeled sequences. The newly built
loop conformation was then regularized as above.

The PSII chromophores which include chlorophylls, pheophytins and
plastoquinones were modified from their counterparts in the Rb. sphaeroides reaction
center using the interactive graphic tools in the Molecular Editor function of QUANTA. The
PSII chromophore structures were based on those reviewed by Cramer and Knaff (1990).
The corrected PSII chromophores were then added to the assembly of DI and D2. To
accommodate the existing experimental data on the measurements of P680 chlorophyll,
four alternative models of P680 conformations are proposed. One is based on the bacterial
special pair while the other three involve significant rotations of the two chlorophyll
monomers. As the latter three P680 conformations (see Results and Discussion) introduced
enormous, unrelievable strains in the protein part of the reaction center model which had
been generated by homology, they were modeled separately along with the liganding
histidines and the redox active tyrosines. Another PSII chromophore, B-carotene, was also
introduced into the model by modifying the dihydro-neurosporene in Rps. viridis structure
and added into the model by using the Molecular Similarity Tools in QUANTA. The non-
heme iron coordinate was directly transferred from the Rb. sphaeroides structure. The raw
PSII reaction center complex structure was energy-minimized using the CHARMm
procedure (Brooks et al. 1983). The energy minimization was performed with 100

iterations of Steepest Descents followed by ABNR energy minimization until fully
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converged (rms force < 0.01 kcal/mol-A2), during which the coordinates of all the
cofactors were constrained in place and only the D1 and D2 polypeptides could be moved.
The hydrogen bonding pattern of the constructed PSII model was calculated on the Protein
Design module and the secondary structure of D1 and D2 proteins were derived. The model
was evaluated using the Protein Health subprogram in QUANTA and the PDF method
(Subramaniam et al. 1996).

The herbicide DCMU was also modeled in the PSII reaction center replacing Qg in
its binding niche. Its structure in frans-amide form was obtained by editing the phenyl ring
of Qg on the Molecular Editor subprogram and was added to a Qg-lacking PSII model. The
DCMU structure was manually moved to match the DCMU binding pattern determined in
the crystal structure in a mutant Rps. viridis reaction center (T4) (Sinning et al. 1990;
Sinning 1992). All residues surrounding DCMU were fully energy minimized with ABNR.
The DCMU binding environment was further refined by molecular dynamics simulations,
during which the herbicide binding environment was heated from 0 K to 300 K in 0.3 ps
with an integration time of 1 fs. The structure was then equilibrated at 300 K for 25 ps with
1 fs integration time, followed by a final simulation at 300 K for 5 ps with 1 fs integration
time. The structure was again fully energy minimized with ABNR. During the above
energy minimization and molecular refinement processes, all the alpha-carbons of the
amino acid residues were constrained so that only the residue side chains in the herbicide
binding environment were allowed to move.

A bicarbonate anion (HCO3") was modeled to the non-heme iron site to satisfy the
iron valence requirement based on suggestions from previous experimental data (Petrouleas
and Diner 1990; Diner and Petrouleas 1990). The docking of HCO3~ was performed by
manually placing the anion close to the Fe center and its position is compared and matched
to carboxylic group of the M-E232 residue of the Rb. sphaeroides. A second bicarbonate as

well as a water molecule were modeled into the Qg niche in an attempt to study the possible

148

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



involvement of bicarbonate and water in Qp protonation. They were docked in the vicinity
of D1-H252 and D1-R257 and energy minimized as above.

The entire modeling work was performed on UNIX Silicon Graphics Power Series

Workstation 4D/440VGXT.

C. Results and Discussion

1. Sequence alignment and sequence-specific loop modeling

Ruffle et al. (1992), using an environment-dependent substitution table, aligned the
bacterial L and M subunits with the D1 and D2 sequences and derived the SCRs for peaDl
and D2. This alignment information for the SCRs, with further refinements, was applied in
the current D1/D2 alignment of Synechocystis sp. PCC 6803 with the bacterial templates.

In contrast to Ruffle et al. (1992), who used all the four bacterial subunits as
templates, I used two L subunits as homology templates for modeling D1 and two M
subunits as templates for D2, based on the long standing assumption that D1 is the
equivalent of L and D2 is the equivalent of M (Trebst 1986; Michel and Deisenhofer 1988).
This option is thought to yield a more reliable sequence alignment, since examination of the
secondary structure of L and M in loop regions shows significant variations between the L
and M subunits. If the averaged coordinates of all the four template proteins were applied in
modeling on subunit, many regions, especially those in the between the SCRs, would
expect to have significant errors and structural constraints.

The alignment of the D1 protein with the L subunits of both Rps. viridis and Rb.
sphaeroides is shown in Fig. 4.1. After alignment, 20% sequence identity (69 identical
residues) and 60% sequence similarity of D1 with the L subunit (205 similar residues) were
found. The alignment of D2 with the M subunit sequences is shown in Fig. 4.2. After

alignment, the sequence identity of D2 with the M subunit is 24% (85 identical residues)
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Figure 4.1. Sequence alignment of the D1 protein of Synechocystis sp. PCC 6803 with the
L subunit of photosynthetic bacterial reaction center of Rhodobacter sphaeroides (SL) and
Rhodopseudomonas viridis (VL). The D1 sequence is in lower case and the bacterial L

sequences are in upper case.
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Figure 4.2 Sequence alignment of D2 protein of Synechocystis sp. PCC 6803 with the M
subunit of the photosynthetic bacterial reaction center of Rhodobacter sphaeroides (SM)
and Rhodopseudomonas viridis (VM). The D2 sequence is in lower case and the bacterial

M sequences are in upper case.
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and the sequence similarity is 58‘?;: (204 similar residues). Since template structures were
well characterized and the sequence alignment is based on the homology of the three-
dimensional structures, the homology were counted with either of the template sequences.
This is a standard protocol followed in family sequence alignments based on structural
criteria. However, if the homology is counted with both of the template sequences, both
the identity and similarity values will be lower than noted above.

The loop regions which represent insertion sequences were modeled using a bits-
and-pieces sequence homology modeling strategy. The loop regions are presumably all
solvent exposed, it is thus justifiable to use structural fragments from other proteins even
soluble proteins because loop regions are well characterized by sequences (Han and Baker
1996). This was done by searching for highly homologous sequences in proteins whose
high resolution structures are available. The search was done using a "basic local alignment
search tool” (BLAST, Alischul et al. 1990). Table 4.1 gives sequences from highly
resolved structures which are homologous to the D1 and D2 loop sequences. In all the hits,
the smallest Poisson probability is above 0.95, hence the sequence similarity is significant

enough to allow me copy the fragment structures for homology modeling.

2. General topology and evaluation of the model

The constructed PSII reaction center model, presented here, was refined using
energy minimization methods in CHARMm (Brooks et al. 1983). At the end of the
minimization, the energy of the model was -33,350 kcal/mol, compared to 2.39 x 1010
kcal/mol at the beginning of the minimization process (all measured with cofactors
constrained). The general topology of the final PSII reaction center model resembles that of
the bacterial reaction center (Fig. 4.3). The main chain atoms of the constructed homology
model deviates from their equivalent atoms in the Rb. sphaeroides reaction center by 0.818
A root mean square. Like its bacterial counterpart, the model has a two fold symmetry with

an axis running from the center of the two chlorophylls of P680 to the non-heme iron. Both
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Table 4.1. Search results by the BLAST prgram through the Brookhaven Protein Data

Bank for the unconserved loop sequences of Synechocystis sp. PCC 6803 D1 and D2

~proteins.

SEARCH QUERY

SEARCH RESULTS

Protein and Sequence Protein, PDB File Code Sequence

Residue Range and Residue Range

D1 (58-63) VDIDGI Aspartate aminotransferase, LGIDGI
3AAT (71-76)

D1 (67-75) VAGSLLYGN Photosynthetic reaction center of VAGGLMYAA
Rb. spaeroides, H-subunit,
4RCR.H (237-245)

DI (225-231) RETTEVE Poliovirus, subunit 3, 2PLV.3  RDTTHIE
(226-232)

DI (239-248) FGQEEETYNI Tryptophan synthase, Subunit B, DGQIEESYSI
1WSY.B. (291-300)

D1 (294-298) AFNLN Tomato bushy stunt virus, TFNLS
Subunit A, 2TBV.A. (311-315)

D1 (303-309) NQSILDS Phosphoglucomutase, IQSIIST
Subunit A, 2PMG.A. (39-45)

D2 (98-104) QGNLTRW Cardio picornavirus coat protein, HGLLVRW
Subunit 1 2MEV.1 (139-145)

D2 (224-232) EDGEDSNTF Porin, 2POR (54-62) ETGEDGTVF

D2 (300-307) SQELRAAE Apolipoprotein-E2, 1LE2 (57-  TQELRALM
64)

D2 (325-332) MRAWMAPQ Methyltransferase, 3TMS (98- ' WRAWPTPD
105)
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Figure 4.3 The ribbon drawing diagram of the modeled three dimensional structure of the
PSII reaction center including cofactors. The ribbon form indicates the a-helix structure.
D1 and D2 have five transmembrane helices each and several amphipathic helices in the
lumenal and stromal (cytoplasmic in cyanobacteria) sides. The D1 protein is shown in light
gray and D2 is shown in dark gray. The cofactors are represented in ligcorice bond forms.
Two bicarbonate anions were modeled in this structure, one in the non-heme iron site and
the other in the Qg binding niche (not shown as it is behind the D1 stromal (cytoplasmic)

non-membrane helix).
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D1 and D2 proteins have five transmembrane o-helices in which cofactors responsible for
the primary photochemistry are anchored. The transmembrane helices of D1 and D2 are
denoted as A, B, C, D, E. The topology of five transmembrane helices for D1 and D2 is
consistent with the evidence of the immunological assays (Sayre et al. 1986). There are
also several short non-membrane helices between the transmembrane helices on either the
lumenal side or the stromal (cytoplasmic in cyanobacteria) side. These non-membrane
helices were based on the bacterial templates because the sequences are well conserved. No
new secondary structures were introduced by the BLAST-searched protein fragments. In
this model, there is very little B-sheet content which is in agreement with the Fourier
transform infra-red spectroscopy data (He et al. 1991). The detailed secondary structure
profiles analyzed from the modeled D1 and D2 are shown in Figs. 4.4 and 4.5,
respectively. The definition for the boundaries of the transmembrane o-helices are slightly
different from what was previously reported (Ruffle et al. 1992; Vermaas et al. 1993;
Nixon and Diner 1994; Svensson 1995). The differences can be attributed to the different
alignment and refinement procedures used in the modeling. The general profile of the
residue polarity was also examined: most of the charged or polar residues in the model are
on the outside of the putative transmembrane spans and in the putative lumenal and stromal
(cytoplasmic) sides, while the non-polar and hydrophobic residues are in the putative
membranous region, making the structure more stable.

The DI and D2 interface is mostly compbsed of residues either in the
transmembrane helices D and E or in the non-transmembrane regions. The contact residues
between D1 and D2 are highlighted in Figs. 4.4 and 4.5. The interactions between these
contact residues are considered to play a key role in the assembly of the PSII reaction center
and in maintaining a proper conformation of this protein complex. Mutations of some of
these residues may result in complicated local and/or global effects, such as destabilization
of the reaction center (Vermaas et al. 1987; 1990; 1994; Xiong et al. 1995; Hutchison et al.

1996), transduction of donor side mutational effect to the acceptor side (Roffey et al. 1994)
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or vice versa (Hutchison et al. 1996), transduction of D2 mutational effects to D1 (Kless et
al. 1993; Ver;naas et al. 1994) or vice versa.

The final PSII reaction center model was evaluated with the Protein Health
subprogram in QUANTA. The D1 and D2 main chain torsion angles were analyzed using
the phi-psi plot (Ramachandran et al. 1963) which shows that 83.8% of the backbone
conformations are within the most favoured regions as compared to 88.0% in the structure
of Rb. sphaeroides L and M subunits. The quality of the model was also assessed using the
newly developed Probability Density Functions (PDF) method (Subramaniam et al. 1996)
which profiles the modeled structures against a standardized database of atom-pair
probability density functions, which includes information on the distribution of distances
between each pair of atoms in any pair of residues. The total number of atom types
corresponding to the heavy atoms in the twenty amino acids is 167. The pairwise atomic
distance PDFs are generated intra residues, residues related by positions, n-n+1, n-n+2,
and n-n+3 and tertiary PDFs are computed separately for N to C and C to N terminal
directions. The PDFs are assumed independent to each other. The total number of PDEs
thus amount to 112,226 types and the number of atomic distance pairs in the 380 proteins
considered are 80,670,588. Summary profiles at the atomic and residue level were
generated for the modeled structure. In profiling, negative probabilities are unfavorable and
probabilities above zero correspond to favorable contacts in resolution protein structures.
The calculated results show that there are 0.0019% of highly improbable (log(P) <-9) inter-
atomic distances found in the model (440 out of 22,535,541 interatomic distances
measured), as compared to 0.0016% of such improbable distances (250 out of 15,193,828
interatomic distances measured) found in one of the templates used, the L and M subunits
of Rb. sphaeroides reaction center. Thus, the comparison of PSII with bacterial reaction
center is highly favorable.

Due to the varied sequence hofnology, different regions of the PSII reaction center

model may have different levels of correctness. The transmembrane regions and the

163

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



quinone binding sites are highly conserved and have been modeled with a high degree of
confidence. The stromal (cytoplasmic) and lumenal parts of the sequences, having many
occurrences of insertions and deletions, can only be predicted with a relatively low degree
of confidence. The conformation of the modeled C-terminal regions of both polypeptides,
which are non-homologous to the bacterial template and are, perhaps, in contact with other

PSII subunits, are more speculative than other regions of the model.

3. General description of important cofactors

In this model, the cofactors essential for the PSII electron transfer include four
chlorophylls, two pheophytins, one B-carotene, two plastoquinones, one non-heme iron
and two bicarbonate ions. Except for bicarbonate, other cofactors were modeled in the
same location and the same geometric orientation as their counterparts in the bacterial
reaction centers. Experimental evidence on the cofactor composition, P680 charge
separation and the electron transfer of PSII reaction center preparations supports the notion
that the PSII chromophores are oriented similarly to those in the bacterial reaction center
(Barber et al. 1987; van Dorssen et al. 1987; Shuvalov et al. 1989; Diner et al. 1991b).
Quantitation of the PSII reaction center chromophores indicate that there are four to six
chlorophylls, two pheophytins and two plastoquinones (Nanba and Satoh 1987; Gounaris
et al. 1990; Kobayashi et al. 1990; van Leeuwen et al. 1991; Chang et al. 1994). Based on
hole burning experiments, Chang et al. (1994) consider four chlorophylls to be the
functionally limiting number in the PSII reaction center, making the pigment composition

of PSII more homologous to that in the purple bacterial reaction centers.

4. Chlorophyll P680
There have been controversies concerning the number and orientation of the bound
primary donor P680 chlorophylls in the PSII reaction center. On the basis of optical

absorption difference measurements, van der Vos et al. (1992) proposed that P680 is a
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monomer chlorophyll. However, an electron nuclear double resonance (ENDOR) study by
Nugent et al. (1994) showed that the P680+ radical involves two weakly interacting
chlorophylls. EPR studies showed that the ground state P680 is a dimer (Nugent et al.
1994). The measurement by Kwa et al. (1994) also ruled out the simple monomer model
and suggested that P680 is most likely a dimer but did not rule out the possibility of more
than two excitonically-coupled chlorophylls. Schelvis et al. (1994) suggested that P680 is a
dimer asymmetrically oriented in the PSII reaction center. Thus, the majority of the studies
appear to indicate that P680 is a dimer, at least in the singlet excited state. However, there
are other suggestions as well. Vermaas (1993) suggested that P680 may consist of three
chlorophylls (two homologous to the bacterial special pair and one to an accessory
bacteriochlorophyll) which are in sufficient proximity that the positive charge and the triplet
state are delocalized over the three molecules. Recently, Durrant et al. (1995) proposed that
P680 should not be considered a strongly coupled dimer but rather a weakly coupled
multimer including the pheophytin electron acceptor. The final resolution of these
possibilities will be available only from a high resolution crystal structure of the PSII
reaction center.

The orientation measurements of a light-induced spin-polarized chlorophyll triplet
by van Mieghem et al. (1991) led to the conclusion that in the PSII reaction centers the ring
of the triplet chlorophyll is at a 30° angle relative to the membrane plane, in contrast to the
primary donor in the purple bacterial reaction center where they are essentially
perpendicular to the membrane plane. It was suggested that this chlorophyll which is P680
may resemble in geometry one of the accessory bacteriochlorophylls. Similar results were
obtained by Bosch et al. (1995) who proposed a structural model of P680 based on the
magnetophotoselection measurement of the triplet state P680, in which P680 is an
excitonically-coupled dimer of chlorophyll a. Their model shows that two chlorophyll
components of P680 are separated by 11 A (center to center) and make an angle of 60°. The

model of Svensson et al. (1995b), based on optical spectroscopic data, indicates that the
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dimeric P680 chlorophylls, which are symmetrically oriented and parallel to each other, are
separated by 10 A and the angle between the excitonic transition moments (Qy) is 150°.

In view of the existing experimental suggestions, several possible alternative
conformations for the chlorophyll P680 are proposed here (Fig. 4.6). In the first model
(Fig. 4.6A), the arrangement of the special pair chlorophyll is assumed to be similar to the
bacterial counterpart. In this model, the two monomers of the P680 chlorophyll dimer are
parallel to each other and perpendicular to the membrane plane. The magnesium ions in the
center of the chlorophyll special pair are separated by 8.4 A. The center to center distance
of the primary donor is larger than that in the Rps. viridis reaction center, which may allow
a more even distribution of exciton interactions between all pigments in PSII. The P680
model of Svensson et al. (1995b) and Svensson (1995), in which the special pair
chlorophyll is also perpendicular to the membrane plane, has an even larger separation
between the two monomers (10.1 A).

In the P680 chlorophylls, the magnesium ions at the center of the P680 monomers
are liganded by the specific histidine residues, D1-H198 and D2-H197, which, according
to sequence comparison, match well with L-H173 and M-H210 (Rps. viridis numbering)
of the bacterial special pair ligands. The £2-nitrogen atoms of D1-H198 and D2-H197 are
modeled 2.4 A and 2.3 A away from the coordinating magnesium, respectively. These two
histidine residues are conserved in all known D1 and D2 sequences throughout the plants,
algae, and cyanobacteria. Mutations made at these two histidine residues either lead to the
loss of the PSII reaction center (see Vermaas et al. 1988; Nixon et al. 1992) or show a shift
of 20-30 mV in midpoint potentials for P680+/P680, thus supporting the role of these
histidines in coordinating P680 (unpublished data, cited in Vermaas 1993).

Most of the residues lining the binding pocket for the P680 chlorophyll pair are
hydrophobic and non-polar. The P680 chlorophyll on the D2 side appears to be stacked by
an aromatic residue, D2-W191. The closest modeled distance between the residue and the

chlorophyll is 3.4 A. Similar interaction was also suggested by Svensson (1995). No such
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Figure 4.6. Various possible models for the structures of P680 chlorophylls. The two
histidines (D1-H198 and D2-H197) that ligand the magnesium in the center of the
chlorophylls and the two redox active residues D1-Y161 (Z) and D2-Y160 (D) as electron
donors to P680 are also shown. (A) The possible conformation of P680 based on
homology. The P680 chlorophyll dimer which is assumed to be a homologous to the
bacteriochlorophyll special pair have two monomers parallel to each other and
perpendicular to the membrane plane, which are separated by 8.4 A. (B) The possible
conformation of P680 dimer based on the suggestion of Bosch et al. (1995). The two
chlorophylls of the special pair are modeled to be distanced by 10 A and to make an angle
of ~60° (~30° with the vertical membrane axis). (C) The possible conformation of P680
dimer based on the suggestion of Noguchi et al. (1993). The two chlorophylls of the
special pair are arranged asymmetrically, with one of the chlorophylls perpendicular with
the membrane plane and the other tilted by 30° relative to the membrane plane. They are
separated by 8.4 A. (D) The possible conformation of P680 dimer based on the suggestion
of Schelvis et al. (1994). The two chlorophylls are parallel to each other and make a 30°

angle to the membrane plane and are separated by 8.4 A.
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ring stacking is observed for the P680 on the D1 side. Svensson (1995) suggested that the
above tryptophan residue may also form a hydrogen bond to the ester group on the ring IV
of D2 P680 chlorophyll. This hydrogen bonding was not observed in this model as the
modeled distance is 8.6 A. Svensson (1995) also suggested that residues D1-T286 and D2-
S283 hydrogen bond to the ester groups on the ring IV of P680 on both the D1 and D2
sides. However, this was not supported in this model either. D1-M183 is positioned on
the opposite side of the liganding D1-H198 and was suggested to have an electrostatic
interaction with the magnesium ion and one of the nitrogens of D1 P680 by Svensson
(1995). I consider such interaction unlikely as the modeled distances between the sulfur
atom and the above two atoms are 5.5 and 5.8 A, respectively, in this model. I consider the
possibility that the residue may form a van der Waals interaction instead with the
chlorophyll since the methyl group is modeled to be 3.1 A away from the chlorophyll.

Alternative structural models for the P680 special pair are proposed or re-proposed
here to account for the existing experimental data in literature. One such possible
conformation of the chlorophyll P680 based on the suggestion of Bosch et al. (1995)
results in a symmetrical structure for the two chlorophyll components. In this model (Fig.
4.6B), the two chlorophylls were separated by 10 A, which make an angle of ~60° with
each other. Each chlorophyll in the model has a ~60° angle relative to the membrane plane.
This model matches the experimentally measured distance of 10.5 A and an angle of 60°
(Bosch et al. 1995).

According to a Fourier transform infra-red spectroscopic study which indicates the
existence of an asymmetric dimer of chlorophyll a in the triplet state (Noguchi et al. 1993),
an asymmetric P680 model was proposed (see review by Diner and Babcock 1996). This
conformation of P680 dimer suggests that one of the chlorophyll monomers is
perpendicular to the membrane plane and the other tilted by 30° relative to the membrane
plane. I have thus provided such a model with the two asymmetric chlorophylls (Fig.

4.6C). The distance between the centers of the two chlorophylls in the model is 8.4 A.
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Another possible conformation of P680 dimer which seems to account for more
experimental data was proposed by Schelvis et al. (1994) (see Diner and Babcock 1996).
This suggestion implicates that the two chlorophyll monomers are still parallel to each other
but both are tilted by a 30° angle relative to the membrane plane. Thus another alternative
model for P680 is presented here (Fig. 6D). The modeled distance between the two
chlorophyllﬁ is 8.4 A which is greater than that between the two monomers of the bacterial
special pairs, as suggested by Diner and Babcock (1996).

The latter three alternative conformations (Figs. 6B-D) introduced enormous
structural constraints to the protein part of the model which was constructed based on
homology. Thus, these chlorophylls were modeled separately from the main protein model.
These models are only considered speculative suggestions for motivating further
experimental verification. Currently, the P680 model that was based on analogy with the
bacterial primary donor is the favored one (Fig. 6A), since it is the most energetically
favorable conformation in the current PSII reaction center model. In particular, the similar
model of Svensson et al. (1995b) indicates that when the two P680 monomers which are
perpendicular to the membrane plane are more than 10 A away from each other, the

conformation can be made to fit all existing experimental data.

5. Accessory chlorophylls

The modeling of the two accessory chlorophylls that are not directly involved in
primary charge separation was strictly based on their bacterial counterparts. The protein
binding environment of the accessory chlorophylls appears to be somewhat different from
the ones in the bacterial reaction center if the chlorophylls occupy the same spatial position
in PSIL. The histidine residues which are coordinated with the magnesium ions in the
bacteriochlorophylls (L-H153 and M-H180) are not conserved in D1 and D2. In this
model, the residues close to the center of the two accessory chlorophylls are D1-T179 and

D2-1178, which are modeled 3.9 A and 4.2 A to the magnesium, respectively. However
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these two residues do not appear to be able to provide ligands to the respective magnesium
ions as previously noticed in the pea model of Ruffle et al. (1992). Svensson (1995)
proposed a possibility of water molecules acting as ligands for the chlorophylls. Aromatic
residues D1-F180 and D2-F179 are found to be close (3.7 A) to one of the pyrrole rings of
the chlorophylls on either side, and it is expected that they may provide important ring-
stacking interactions to the chlorophylls. Residue D2-L205 is in between the accessory
chlorophyll and the active pheophytin on the Q4 side and is thought to serve as a conduit
for electron transport, as noted in Ruffle et al. (1992).

Experimental models of accessory chlorophylls also exist. Based on the results
from polarized fluorescence spectroscopy that the average orientations of the PSII
chlorophylls are markedly different from those of the bacterial accessory chlorophylls, van
Gorkom and Schelvis (1993) argued that a close association of the accessory chlorophylls
with the P680 dimer is unlikely, and suggested that they should be separated by ~23 A to
allow an effective antenna function while minimizing the photo-oxidation process.
Schelvis et al. (1994) further postulated that D1-H118 and D2-H117 may be the likely
candidates for liganding the accessory chlorophylls. These two histidine residues in the
PSII reaction center model are separated from the nearest accessory chlorophylis by more
than 10 A and thus a non-covalent interaction is considered unlikely without introducing

new chlorophylls onto these two ligands.

6. Pheophytins

Modeling of the two pheophytins is also based on a strict homology with the
bacteriopheophytins which are positioned in the center of the hydrophobic membrane
spanning region. The most prominent binding interactions to the "redox active" pheophytin
on the Q4 side are the hydrogen bonds to the keto group of the pheophytin provided by
DI1-R27 and D1-Q130 (modeled bond distances 2.3 A and 2.5 A, respectively). In many

other species, D1-130 residue is a glutamate instead. Ruffle et al. (1992) and Svensson
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(1995) have modeled similar hydrogen bonding interactions between the pheophytin and
DI1-E130 (but not the arginine) in pea and spinach. In Synechocystis sp. PCC 6803, D1-
QI30E mutation caused the pheophytin difference absorption spectrum to shift to the red by
3 nm (Giorgi et al. 1996) making it resemble the spectrum of the higher plants. It is
suggested that in the higher plant system the glutamate may provide a stronger hydrogen
bond to the pheophytin. In a related cyanobacterial species, Synechococcus sp. PCC 7942,
there are two distinct forms of D1 protein, one (form I, encoded by psbA-1) having a lower
photochemical yield and higher susceptibility to photoinhibitory damage than the other
(form II, encoded by psbA-2 and -3) (Clarke et al. 1993; Kulkarni and Golden 1994:
1995). The more efficient form II turns out to have a glutamate at 130 position, while the
less efficient form I has a glutamine (see Svensson et al. 1991). Since this keto oxygen is
part of the conjugated double bond system in the porphyrin, it is expected that a modified
interaction at this position will have a considerable effect on the redox potential of the
pheophytin (Svensson 1995). Analogous situations were observed in purple bacteria when
mutations affected the hydrogen bonding pattern with the bacteriochlorophylls, the redox
potentials of the bacteriochlorophylls were changed (see, e.g., Wachtveitl et al. 1993).

In addition to the hydrogen bonding provided by D1-Q130, aromatic residue D1-
Y147 is found to be close to one of the pyrrole rings and are thought to play a role in
stabilizing the pheophytins. The side chain of D1-Y147 may also provide hydrogen
bonding to the ester oxygen of the phytol branch (modeled distance 3.3 A) consistent with
the modeling result of Svensson (1995). The carbonyl group of the phytol branch of the
same pheophytin probably forms a weak hydrogen bond with the hydroxyl group of D1-
Y126, as the modeled distance between them is 3.4 A. However, Svensson (1995)
suggests that this tyrosine residue hydrogen bonds to the ester group on the ring IV of the
pheophytin instead. An aromatic residue D2-W253 is found to be located between the Qa
head group and the "active” pheophytin and is separated from the porphyrin by 3.1 A and

from the Qa by 3.7 A. This residue has been suggested to be a "superexchange” mediator
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for the electron transport between pheophytin and plastoquinone (Plato et al. 1989).
Another residue in between the same pheophytin and Q4 is D2-1213 which is positioned
4.5 A from the porphyrin of pheophytin and 4.7 A from the head group of Qa and may
play a similar role as D2-W253.

In the curent model, the keto group on the ring V of the "inactive" pheophytin on
the Qg side is hydrogen-bonded to D2-Q129 and D2-N142 (modeled bond distances from
donor hydrogens to the hydrogen acceptors are 1.9 A and 2.3 A, respectively). The
previous models (Ruffle et al. 1992; Svensson 1995) had only the glutamine residue
providing such hydrogen bonding interactions with the pheophytin. D2-F146 is modeled
close to the ring IV of the pheophytin (3.1 A) and its aromatic ring is also parallel to the
pyrrole ring allowing a ring stacking interaction between them. The key hydrophobic
residues located in between the "inactive” pheophytin and Qg are D1-F255 and D1-M214
which are modeled to be 3.6 A and 4.9 A, respectively, away from the pheophytin, and 4.7
A and 4.0 A, respectively, from Qp. The geometric orientation of D1-F255 is different
compared to that of D2-W253. It is speculated that the distances and orientation of the two
aromatic residues relative to the pheophytins may partially contribute to the unidirectional
electron flow after the primary charge separation is over.

Supporting evidence for the above pheophytin modeling based on homology
includes measurements on PSII chromophore stoichiometry (e.g. Chang et al. 1994) and
the influence of site-directed mutagenesis on the pheophytin binding site on PSII electron
transfer (see Diner and Babcock 1996). However the linear dichroism (LD) data that
indicate oppositely signed LD features for pheophytins appear to argue against the strict
analogy used above (Breton 1990; van der Vos et al. 1992; van Gorkom and Schelvis

1993).
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7. B-Carotene

In the PSII reaction center model presented in this chapter, I have one B-carotene
molecule modeled on the D2 side, from modifying the structure of dihydro-neurosporene
from Rps. viridis (IPRC). This is the first effort in modeling of this chromophore in PSII.
The carotenoid is located in the middle of the transmembrane region. The protein binding
environment for the carotenoid is exclusively hydrophobic, which includes D2-L45, D2-
W48, D2-L49, D2-A71, D2-L74, D2-F91, D2-W111, D2-D112, D2-F113, D2-A115, D2-
All19, D2-L116, D2-F153, D2-V154, D2-F157, D2-L158, D2-S172, D2-F173, D2-
G174, D2-V175. The conformation of B-carotene is kinked with a conjugated m-system
parallel to the membrane. The molecule was modeled to be within van der Waals contact
with the accessory chlorophyll on the D2 side.

The carotenoid in the bacterial system is suggested to protect the reaction center
against photo-oxidation by quenching the triplet state of the bacteriochlorophyll special pair
(see review, Lancaster et al. 1995). Similarly, the function of B-carotene in the PSII
reaction center is thought to be related to the protection of PSII reaction center from damage
by excess light through dissipation of excess excitation energy, as heat, on the special pair
chlorophyll (Telfer et al. 1994). The close proximity of B-carotene to the accessory
chlorophyll supports a high probability that it may function in quenching the triplet state of
primary donor P680 via the accessory chlorophyll, analogous to the role of carotenoid in

the bacterial reaction center.

8. Donors to P680+

Oxygen evolution takes place in PSII only when the PSII reaction center is in
association with several other PSII proteins (for reviews, see Ghanotakis and Yocum 1990;
Vermaas and Tkeuchi 1991; Vermaas et al. 1993). The D1 and D2 residues at the lumenal
side have high affinity for 2 manganese cluster (Coleman and Govindjee 1987; Debus

1992) which serves as a charge accumulator device during water oxidation (for reviews,
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see Hansson and Wydrzynski 1990; Diner et al. 1991b, Debus 1992; Renger 1993;
Babcock 19§5). Site-directed mutagenesis studies on D1 and D2 have led to the
identification of two redox active residues, D1-Y161 and D2-Y160, which are electron
donors to chlorophyll P680*. D1-Y161, or the donor Z (also called Yz), is a rapid electron
donor to the P680* (Debus et al., 1988a; Metz et al., 1989); and the D2-Y160, or the
donor D (also called Yp), is a slow donor (Debus et al. 1988b; Vermaas et al. 1988).

The two tyrosine residues in the model were arranged symmetrically around the
special pair chlorophylls and in relation to the non-heme iron. Both of the residues are
positioned such that their hydroxyl groups are pointing toward the lumen. The spatial
relationships of the residues with D1-H198 and D2-H197 that serve as ligands for the
chlorophyll special pair are shown in Fig. 6. The modeled distance from the D1-Y161
phenolic oxygen to the center of the nearest chlorophyll P680 monomer is 12.8 A. This
matches well with the experimentally determined distance of 10-15 A (Hoganson and
Babcock 1989). The measured distance between D1-Y161 and D2-Y 160 are 30.6 A which
matches closely with the experimentally measured 29-30 A distance (Astashkin et al.
1994; Kodera et al. 1995). The modeled distances of the tyrosines Z and D to the non heme
iron is 36.5 A and 34.2 A, respectively, which fall in the range of the EPR spectroscopic
measurements of 37 +5 A by Hirsch and Brudvig (1993) and Koulougliotis et al. (1995).
The EPR-estimated distance from donor D to the non-heme iron by Kodera et al. (1992) is
26-33 A. The above experimental studies provide strong support to the validity of this PSII
three-dimensional model.

The amino acid environment surrounding the two tyrosine residues may affect the
functions of Z and D. In this model, the residues that are located between D1-Y 161 and the
nearest P680 chlorophyll are D1-A156, D1-F186, D1-A287, D1-M288, D1-G289, DI1-
V290, D1-S291, D1-T292, and D1-M293. Most of these residues may be crucial in
mediating the electron transfer from the donor Z to P680+. The modeled Z and D residues

do not seem to hydrogen bond with the histidine residues that coordinate P680 as
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previously noted (Svensson et al. 1990). Other residues surrounding D1-Y161 within 5 A
are D1-T155, D1-V157, D1-F158, D1-L159, D1-1160, D1-P162, D1-1163, D1-G164, Di-
Ql165, D1-G166, D1-N298, D1-G299, D1-N301, D1-N303, and D1-Q304. The binding
environment is somewhat hydrophilic for the donor Z. Some of the residues such as D1-
S167 were suggested to provide ligands to the manganese cluster (Ruffle et al. 1992).
Site-directed mutagenesis of D1-H190 in Chlamydomonas reinhardtii indicates that this
residue may be involved in assembly of manganese cluster (Roffey et al. 1994). D1-H190
was suggested to be in close vicinity to donor Z (4 A) by Svensson (1995) and an
electrostatic interaction between the two residues was proposed. However, this is not in
agreement with the current model, as the respective distance from the tyrosine to the
histidine is 9.0 A. Mutation of this residue to a phenylalanine resulted in a spectrum very
similar to the wild type suggesting that the histidine may not be in such a close contact with
the donor Z (Roffey et al., 1994; Kramer et al., 1994). Mutations on D1-H195 were
shown to have lowered oxygen evolution and a shifted equilibrium constant between
TryzP680+ and Tyrz°xP680 most likely due to a change in the midpoint potential for
Tyrz/Tyrz°* couple (Roffey et al. 1994; Kramer et al. 1994). This residue was modeled to
be off the contact distance from either Z or P680. However, it is positioned 3.1 A from D1-
M293 which is also 3.1 A from Z. Thus impacts of indirect structural changes in the
binding environment for the donor Z may be attributed to its slowed electron transfer to
P680.

Manganese cluster which is crucial in water oxidation and reduction of the donor Z
was not included in this model. An aspartate residue, D1-D170, was experimentally
implicated in binding to the Mn cluster at the PSII donor side (Nixon and Diner 1992; Chu
etal. 1995). The distance between the manganese cluster and the donor Z measured by the
electron spin echo electron-nuclear double resonance experiments was shown to be 4.5 A
(Gilchrist et al. 1995). It is conceivable that one of the manganese ligands, D1-D170,

should be located in close proximity to the donor Z as presented in Svensson (1995). In
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this PSII reaction center model, this aspartate residue was modeled at slightly more than the
van der Waals contact distance (6.4 A) which is somewhat in agreement with the previous
experimental and theoretical studies. However, another acidic residue, D1-E189, which
was also suggested to be close to D1-Y161 (Svensson 1995), is not observed in the current
model as the inter-residue distance is 12.2 A.

The model of Svensson (1995) suggests that D2-H190 (higher plant numbering) is
hydrogen bonded to the donor D, as the distance between the £2-nitrogen of D2-H190 and
the phenolic oxygen of D2-Y160 is 2.8 A. This is not in agreement with this model, as the
corresponding distance in the model is 7.9 A. D2-Q164 was proposed to hydrogen bond to
the donor D in Svensson (1995); also this is inconsistent with the model presented here as
the corresponding distance is 6.2 A. Instead, the phenolic oxygen of the donor D appears
to hydrogen bond to the main chain oxygen of D2-F169 (the modeled distance is 2.8 A).

Diner et al. (1991b) suggested that some of the D1 C-terminal residues (D1-H332,
D1-D342, D1-A344) are involved in the assembly of the oxygen evolving complex and in
manganese binding. However, these residues are found at a long distance (more than 27 A)
from the donor Z in this model. It is not clear how their role can be exerted at such a
distance. It may be possible that the C-terminus is folded under the transmembrane helices
as suggested by Nugent et al. (1994). However, without further experimental evidence to
direct the modeling, this question has to be left open. As oxygen evolution is unique in
PSII and the primary structures of D1 and D2 tend to have low homology with the bacterial
reaction center in the C-terminal region, accurate modeling of the oxygen evolving complex

may be difficult at this stage.

9. Plastoquinone Q4 and its binding niche
The primary plastoquinone Qa, a bound one electron carrier, was modeled in the
region between helices D and E of D2, though the rest of the transmembrane regions on the

"active” side are dominated by the D1 protein. The D2 residues that provide specific
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interactions to QA include D2-T217, D2-N230, D2-S262 and D2-N263; they may
contribute to the Qa binding by providing hydrogen bonds to the carbonyl oxygen of Qa.
One of the Q4 carbonyl oxygen atoms can form a bifurcal hydrogen bond to the side chain
hydroxyl group of D2-T217 and the amide group of D2-N230. The modeled bond
distances are 2.8 and 2.3 A (from the donor hydrogens to the acceptor oxygen),
respectively. Another Qa carbonyl oxygen may also hydrogen bond to more than one
residue donor atoms. The main chain amide hydrogens of D2-S262 and D2-N263 are both
possible donors for the hydrogen bonds since the modeled distances from the Qa oxygen
atom to the hydrogen donors of D2-S262 and D2-N263 are 2.4 and 2.8 A, respectively.
Among the residues that form a tight binding niche, those that are considered to be involved
in interacting with the head group of QA are mostly polar or positively charged. They are
D2-H214, D2-T217, D2-T221, D2-N230, D2-A249, D2-N250, D2-W253, D2-S254, D2-
S262, D2-N263, D2-K264, D2-L267. Those residues that are considered to be more likely
to interact with the isoprenoid chain of QA are mostly hydrophobic. They are D2-1.209,
D2-L210, D2-1213, D2-Q255, D2-1259, D2-A260, D2-F261, and D2-W266. As
mentioned previously, D2-W253 is a critical residue that may function in mediating the
electron transfer between pheophytin and Q4. In addition, the ring system of D2-W252 is
parallel to QA and thus may allow the residue to stack with Qp and stabilize QA binding.
An electron spin echo envelope modulation experiment suggested hydrogen
bonding between QA~ and a histidine residue (Astashkin et al. 1995). If this bonding
pattern indeed exists, I consider D2-H214 to be a likely candidate to provide such a
bonding because its §1-hydrogen is modeled to be 3.5 A away from one of the Qp
carbonyl oxygens. However, the isotopic labeling experiment of Tang et al. (1995) did not

confirm the coupling of a histidine nitrogen with Q™.
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10. Plastoquinone Qp and its binding niche

The secondary plastoquinone Qg is a two electron carrier and can be doubly
reduced by Qa”. The Qg binding niche has long been the subject of intensive research as
this binding site is also the site for herbicide binding (see reviews, Oettmeier 1992;
Vermaas 1993).

The Qg binding niche is formed predominantly by D1 residues which fall between
the helices D and E of the D1 protein. Interestingly, there are also a number of D2 residues
that are identified to be in the Qp niche. The residues that are modeled to provide hydrogen
bonding to the carbonyl oxygen atoms of Qp are D1-H215, D1-H252 and D1-S264. The
modeled hydrogen bond distances between one of the Qp oxygens and the hydrogen
donors of D1-H252 and D1-S264 are 3.1 A and 2.8 A, respectively. The other Qg oxygen
is hydrogen bonded to D1-H215 at a bond distance of 2.3 A. D1 residues identified to be
more likely related to the binding of the head group of Qg are D1-H215, D1-V219, D1-
Y246, D1-A251, D1-H252, D1-F255, D1-S264, D1-N266, and D1-L271. A D2 residue
D2-F232 is found in close association with the Qg head group. The residues that are
identified to be responsible for interacting with the isoprene tail also involve both D1 and
D2 proteins. They are D1-F211, D1-M214, D1-1259, D1-F260, D1-Y262, D1-A263, D1-
F265, D2-130, D2-L37, D2-F38, D2-F125, D2-R128.

Mutational studies on D1-S264 and D1-H252 have implicated their close
association with Q. Taoka and Crofts (1990) show that D1-S264G mutation raises the
dissociation constant (Kq) of Qp by a factor of ten, though it has little effect on the forward
rate constant that is related to the Qg protonation. The bacterial homologue of D1-S264, L-
S233 (Rps. viridis numbering) has been suggested to play a role in stabilizing the Qg
protonation intermediate, QgH™ (Lancaster and Michel 1996). It is not yet known whether
D1-8264 may assume a similar role in PSII. Mutations of D1-H252 to leucine or glycine
have been shown to lower the apparent equilibrium constant (K'AB) by a factor of ten for

the reaction Qa™ + PQ + QA"Qp = QAQg™ (Diner et al. 1991a; b; Nixon et al. 1992). More
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detailed discussion on the role of D1-H252 in the Qp protonation will be presented in a later
section. D1-F255 may also be a critical residue in QB binding as its bacterial counterpart,
L-F216, in the refined model of Lancaster et al. (1995) where the phenyl ring of L-F216
appears to stack with the Qg head group. Though the phenyl ring of D1-F255 in my model
is not parallel to the aromatic ring of QB corresponding to the structure in the bacterial
templates (1PRC and 2RCR), it is still modeled within van der Waals contact distance to
Qg (4.2 A), which may support its role in providing strong hydrophobic interactions with

the plastoquinone.

11. Herbicide DCMU binding

PSII herbicides are known to displace Qg from its binding niche and to inhibit the
electron transfer from Qa to Qp (Velthuys 1981; Wraight 1981). In this study, DCMU
which is one of the most commonly used phenylurea type of herbicides was modeled in the
Qg site.

Modeling of DCMU to the Qg niche (Fig. 4.7) was based on the available crystal
structure information of DCMU binding in a bacterial reaction center. DCMU that binds to
PSII does not normally bind to the bacterial reaction center. However, analyses of Rps.
viridis mutants showed that a mutation (L-Y222F) resulted in the reaction center being
"PSII-like" by becoming receptive to urea type herbicides (e.g. DCMU) (Sinning et al.
1989). The X-ray structure of this mutant (T4) reaction center with bound DCMU is
available (Sinning et al. 1990: Sinning 1992). The structure shows that the mutation
eliminates the hydrogen bonding between the L-Y222 and M-D43, causing a slight
movement of a stretch of M residues that shield the Qg site thus widening the Qp binding
pocket. DCMU phenyl ring was turned by 180° as compared with Qg. During modeling, I
assumed that DCMU adopted a conformation similar to that in the bacterial reaction center.
This assumption was supported by the evidence that DCMU binding to T4 resulted in

similar semiquinone-EPR signals to that in PSII (Sinning et al. 1989). Following the
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Figure 4.7. Herbicide DCMU modeled in the Qg binding niche according to its binding
pattern determined in the crystal structure of a mutant Rps. viridis reaction center. The
protein binding environment for DCMU is shown. The side chain of D1-H215 is predicted
to provide hydrogen bonding to the carboxyl oxygen of DCMU. D1-S264 may provide a
hydrogen bond with the amide group of DCMU.
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insertion of DCMU, protein binding environment surrounding the herbicide was refined
through energy minimization and molecular dynamics simulations. The final CHARMm
energy of the DCMU binding niche is -1,200.5 kcal/mol compared to 95969.7 kcal/mol
before minimization.

The protein binding environment for DCMU is found to be overlapping with that
for Qg, though not identical. The residues that appear to coordinate the herbicide binding
are D1-F211, D1-M214, D1-H215, D1-V219, D1-F232, D1-Y246, D1-A251, D1-H252,
D1-G256, D1-A263, D1-S264, D1-F265, D1-N266, and D1-L271 as shown in Fig. 7.
D1-H215 é1-hydrogen is likely to provide a hydrogen bond to the carbonyl group of
DCMU with the modeled bond distance at 2.3 A. D1-H215 is homologous to L-H190 in
bacterial reaction center, which was also found to hydrogen bond to DCMU in the T4
mutant reaction center (Sinning 1992). D1-S264 may provide another hydrogen bond
through its hydroxyl oxygen to the amide hydrogen of DCMU. The modeled bond distance
is 2.7 A. It is possible that the herbicide may also hydrogen bond with the amino acid
residues via water molecules as is the case in triazine binding to the bacterial reaction
centers (Lancaster et al. 1995).

Numerous studies have been conducted on site-specific mutations in the QB niche
that induce modified binding specificities for DCMU (for review, see Oettmeier 1992).
Well known single mutations that have caused DCMU resistance such as D1-F211S, D1-
V2191, D1-G256D, D1-A251V, and D1-S264A can all be explained by the newly
constructed model as these residues are found within the van der Waals contact sphere with
DCMU (Fig. 4.7). The herbicide resistance mutations may thus be due to the modified van

der Waals or electrostatic interactions of DCMU with its protein binding environment.
12. Non-heme iron and the liganding histidines and bicarbonate
In the bacterial reaction center, the non-heme iron is coordinated by six ligands, one

from each of the four histidines (L-H190, L-H230, M-H227, M-H264) and two from a
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glutamate (M-E232, Rps. viridis numbering) (cf. Michel and Deisenhofer 1988). The four
histidines are conserved in all known D1/D2 sequences. The involvement of histidine
ligation in PSII is supported by the extended X-ray absorption fine structure spectroscopic
studies (Bunker et al. 1982). However, the M-E232 residue is not conserved in the D1/D2
polypeptides. Michel and Deisenhofer (1988) and van Rensen et al. (1988) proposed that
bicarbonate could serve as a functional homologue of M-E232 in PSIL. The possible role of
bicarbonate liganding with the non-heme iron was further supported by EPR and
Méssbauer measurements (Petrouleas and Diner 1990; Diner and Petrouleas 1990).

In this PSII reaction center model, the four histidine residues, D1-H215, D1-H272,
D2-H214, and D2-H268, as in the bacterial template, ligand with the non-heme iron (Fig.
4.8). Their £2-nitrogens are liganded to the non-heme iron and the modeled bond distances
are from 1.9 to 2.0 A. Mutation on D2-H268 changing it to glutamine (Vermaas et al.
1994) caused the mutant to lose the autotrophic growth and result in a total inhibition of
electron transport from QA to the plastoquinone pool. Both QA and Qg niches were shown
to be significantly perturbed in the mutant, which could be explained by the loss of the non-
heme iron. Since this mutation also caused destabilization of the PSII assembly, part of the
phenotypic effect can also be attributed to the residue being at the interface of D1 and D2
(see above). Mutations on D2-H214 and nearby residue D2-G215 also resulted in
destabilization of the PSII reaction center and disturbed local structure around Qa and the
non-heme iron (Vermaas et al. 1987; 1990). The above experimental evidence supports the
ligation of the non-heme iron to the histidine residues.

In the refined PSII reaction center model, no D1 nor D2 glutamate residue appears
to substitute the bacterial M-E232. Therefore, to satisfy the iron liganding requirement, a
bicarbonate ion was docked to the iron center and allowed to assume the same position as
the carboxyl group of M-E232 in the bacterial reaction center based on the available
experimental and theoretical suggestions. The modeled distances between the carboxylic

oxygens of the bicarbonate and the non-heme iron are modeled to be 2.7 and 3.2 A,
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Figure 4.8. The non-heme iron of the modeled PSII reaction center shown to be
coordinated by four histidines, D1-H215, D1-H272, D2-H214, D2-H268, and a
bicarbonate (HCO37). The bicarbonate anion was modeled to provide a bidentate ligand to

the iron.
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respectively. Thus, the bicarbonate appears to provide the fifth and the sixth ligand to the
non-heme iron. In contrast, in the pea PSII model (Ruffle et al. 1992), D1-E231 was
modeled to assume the structural homologue of M-E232 from the bacterial reaction center
and appears to provide two ligands to the iron. In the absence of a final crystal structure,
this possibility can be tested using site-directed mutagenesis.

The direct involvement of bicarbonate in binding to the iron is supported by several
lines of evidence. Vermaas and Rutherford (1984) found that formate treatment to thylakoid
membranes increases the Qa~-Fe2+ EPR signal (g = 1.82) by ten fold. Mdssbauer
spectrum of Fe signal, indicative of the inner coordination sphere of iron, was found to be
significantly affected by the addition of formate and the signal was restored upon the
readdition of bicarbonate (Diner and Petrouleas 1987; Semin et al. 1990). NO has been
shown to be able to ligand to the non-heme iron of PSII and to exhibit a characteristic
Fe2+-NO-EPR signal (g = 4). Addition of bicarbonate is able to suppress the Fe2+-NO-
EPR signal (Petrouleas and Diner, 1990). A recent Fourier transform infrared difference
spectroscopy study using 13C-labeled bicarbonate has further indicated that bicarbonate isa
bidentate ligand of the non-heme iron in PSII (Hienerwadel and Berthomieu 1995). All
these experiments strongly suggest that bicarbonate is able to compete with formate or NO
for ligation with the non-heme iron.

In this model, two residues from D1 and D2, D1-V219 and D2-F232, may also
form a part of the close binding niche (5 A sphere) for the non-heme iron. This binding
pocket is similar to that in the bacterial reaction center where L-1194 and M-I223 occupy
similar spatial positions and participate in forming the binding pocket for the iron. The
partial PSII model of Svensson (1995) indicates that D1-S268 and D2-K265 (higher plant
numbering) form hydrogen bonds with the £2-hydrogens of D1-H272 and D2-H268,
respectively. However, this is not supported in the model as the corresponding distances

are 4.9 A and 3.8 A, respectively.
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In this PSII model containing the bicarbonate, the residues that seem to form a
binding pocket for the bicarbonate are positively charged and hydrophobic, which include
D1-L233, D1-V219, D2-N230, D2-T231, D2-F232, D2-R233, D2-A234, D2-P237, and
D2-K264, in addition to the four iron-liganding histidines mentioned above. Among these
residues, D2-R233 was shown to be involved in binding and/or stabilizing bicarbonate and
formate in vivo (Cao et al. 1991). The hydroxyl oxygen of the bicarbonate is separated
from the main chain amide hydrogen of D2-R233 by 4.8 A. However, D2-K264 appears to
be the most likely candidate to directly interact with the bicarbonate anion; the modeled
distance from one of the { hydrogens of the lysine to the closest carbonyl oxygen of
bicarbonate is 3.9 A. The involvement of D2-K264 for binding with the bicarbonate has
been confirmed by Diner et al. (1991a).

An in vivo role of bicarbonate binding to the non-heme iron has been postulated
(Govindjee and van Rensen, 1993). The bound bicarbonate, in addition to effects on the
donor side of PSII (El-Shintinawy and Govindjee, 1990; Klimov et al., 1995), may serve
to stabilize the Qa-Fe-Qp structure; and upon the removal of bicarbonate, the distance
between Qa and Qp may be altered, slowing the electron transfer rate, although a larger
effect is in the protonation of reduced Qg.

I speculate here that there may be a channel within the PSII complex that leads to
the iron center from the outside environment. The channel may be just small enough to
allow small molecules or ions such as water or bicarbonate to pass through. If such a
channel exists, certain positively charged residues in both D1 and D2 may serve to increase
the affinity of bicarbonate. Within 20 A distance to the bicarbonate modeled in this PSII
reaction center, several positively charged residues are identified. They are D1-R27, D1-
R225, DI-R140, D1-R225, D1-K238, D1-H252, D1-R257, D1-R269, D2-K23, D2-R24,
D2-R26, D2-R239, D2-R233, D2-R251, D2-K264 and D2-R265. As discussed below,
some of these residues such as D1-R269, D2-R233, D2-R251, D2-K264 and D2-R265

have been shown to have dramatic influence on the binding, stabilization and functioning of
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bicarbonate in PSII (Xiong et al. 1995; Cao et al. 1991; Diner et al. 1991a). It is likely that
the physiological role of these residues may extend beyond the binding to bicarbonate. It
may also be involved in PSII assembly.

D2-K264 is modeled 3.9 A away from bicarbonate suggesting its crucial role in
bicarbonate binding to the iron center. Site-directed mutations at D2-K264 showed that the
mutants have a reduced rate of electron flow from Q™ to Qp and are very resistant to
formate and NO treatment (unpublished data, cited in Diner et al. 1991a). In addition, the
D2-K264X mutants require much higher levels of bicarbonate to increase the electron flow
from QA™ to Qg, suggesting that the residue is involved in the binding of bicarbonate. The
mutants of another nearby positive residue (D2-R265) showed a similar behavior though to
a lesser extent (Diner et al. 1991a). Two other positively charged residues on the D2
protein (D2-R233 and D2-R251, but not D2-R139) of cyanobacteria near the non-heme
iron have been investigated for involvement in bicarbonate effect. Both have been shown to
strongly affect the formate susceptibility of PSII and were suggested to stabilize the
bicarbonate binding in vivo (Cao et al. 1991; Govindjee 1993). Govindjee et al. (1991)
showed that a herbicide-resistant mutant in Chlamydomonas reinhardtii D1-L275F fails to
show the bicarbonate-reversible formate effect. This residue is located near the middle of
transmembrane helix E and is not close to the iron-liganding bicarbonate (8.1 A).
However, it is separated from one non-heme iron ligand D2-H214 by 4.0 A. It is
speculated that this mutation significantly perturbs the binding environment of the non-
heme iron and thus the binding of bicarbonate. To investigate the involvement of DI
arginine residues in the bicarbonate binding, a D1 arginine nearest to the bicarbonate in the
iron site, D1-R269 which is 8.5 A away from the putative bicarbonate (a—carbon of D1-
R269 1o the hydroxyl oxygen of bicarbonate), was mutated to a glycine (see Chapter II).
The mutant appears to be ~4 fold less sensitive to formate inhibition than the wild type. The
EPR analysis of the mutant suggests that the putative iron-formate (a bicarbonate analog)

liganding still exists but is greatly perturbed suggesting that D1-R269 may not be directly
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involved in binding the bicarbonate at the iron but may affect the conformation of the
bicarbonate-iron center. It is thought that the general characteristics of the electrostatic field

near the non-heme iron sometimes plays an important role in allowing the bicarbonate anion

to diffuse to the site.

13. Bicarbonate in the Qg niche

In addition to liganding to the iron, many experiments have suggested that
bicarbonate may also function in promoting the protonation of Qg™ or Qg2" (Eaton-Rye and
Govindjee 1988a; b; van Rensen et al. 1988; Xu et al. 1991). Kinetic studies by Blubaugh
and Govindjee (1988b) suggested the possibility of two high affinity bicarbonate binding
sites in the PSII reaction center. This second binding site is likely to exist in the Qg niche
and is considered to be related to the protonation of plastoquinone. Characterization of a
number of Qp mutants which are also herbicide resistant have implicated the Qg binding
niche to be involved for the bicarbonate functioning in PSII (Govindjee et al. 1990;
Govindjee et al. 1992; Cao et al. 1992; Strasser et al. 1992: Mienpid et al. 1995;
Srivastava et al. 1995; Vemnotte et al. 1995). The tested residues involved are: D1-F21 1,
D1-V219, D1-E242, D1-E243, D1-E244, D1-A251, D1-F255, D1-G256, D1-S264, D1-
N266, D1-L275. These residues and others near the non-heme iron mentioned above that
affect the bicarbonate stabilization, binding and functioning in the PSII reaction center are
shown in Fig. 4.9. |

In the bacterial reaction centers, aspartate 213 and glutamate 212 on the L subunit
are in close proximity to the ubiquinone and were shown to be important for Qg
protonation (see a review by Okamura and Feher 1995). However, on the Qg binding
domain in D1, there are no carboxylate residues near the quinone head group. It is
considered likely that there may be a bicarbonate anion in this site functioning as a

homologue of an aspartate or a glutamate in the bacterial reaction center, shuttling protons
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Figure 4.9. Amino acid residues that are experimentally implicated in the bicarbonate
stabilization, binding and functioning in the acceptor side of the PSII reaction center. The

concentric rings indicate the distances away from the non-heme iron.
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between Qp and external aqueous environment (also see Blubaugh and Govindjee 1988a:
Govindjee aﬁd van Rensen 1993).

Since bicarbonate is anionic, it is very likely that its binding at the Qg niche would
be electrostatic in nature and therefore positively charged amino acid residues in D1 are
likely to participate in bicarbonate binding. In the 6 A vicinity from Qg, two histidines (DI-
H215 and D1-H252) and only one arginine (D1-R257) are found. Since D1-H215 is
modeled in the middle of the transmembrane helix D, providing ligands to the non-heme
iron, it seems unlikely that it also serves the role of bicarbonate binding as this would be
expected to perturb the liganding with the iron while bicarbonate undergoes the cycle of
being deprotonated and protonated. Though I cannot rule out this possibility, I consider it
more reasonable to assume that a bicarbonate may be located closer to D1-H252 and/or D1-
R257. This suggestion is consistent with that of Blubaugh and Govindjee (1988a) in which
DI-R257 binds a bicarbonate at the Qg site, transferring protons between D1-R257 and
D1-H252.

In the QB niche of the model, the carbonyl oxygens of Qg appear to provide a
bifurcated hydrogen bond with both D1-H252 and D1-S264. This is different from the
model of Blubaugh and Govindjee (1988a) in which D1-H252 does not hydrogen bond
with Qg in its fully oxidized form. In that model, a bicarbonate was modeled in between
D1-H252 and D1-R257 in an attempt to explain the Qg protonation. The bicarbonate anion
is stabilized by D1-R257 and provides a proton, through D1-H252 intermediate, to Qg in
both the singly and doubly reduced forms after each charge separation.

As studies of the protonation of Qp in the bacterial reaction centers (W raight 1979;
Mar6ti and Wraight 1988; McPherson et al. 1988) suggest that when Qp is in the
semiquinone form (Qg"), it is not protonated but only partially neutralized by the protein
environment of the reaction center and that Qg is only protonated after it is doubly reduced,
I modified the model of Blubaugh and Govindjee (1988a) and allowed the protonation to

occur only after Qg becomes Qp2". In this current model, the bicarbonate is anchored in
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such a way that its hydroxyl group is hydrogen bonded to the 81-nitrogen of D1-H252,
while its carboxyl group is hydrogen bonded to the positively charged &-guanido group of
D1-R257 (Fig. 4.10A). In order to explain that Qg is in fact stabilized by a positive charge
in the binding environment, a water molecule which serves as a potential proton donor to
D1-H252 is introduced in this model. This water molecule is docked near the £2-nitrogen
of the histidine while it is stabilized by a nearby D2-K23 through a hydrogen bond. This
lysine on D2 does not appear to be able to bind a bicarbonate through electrostatic forces as
its positive charge appears to be neutralized by a nearby aspartate, D2-D25.

Based on some earlier ideas of Blubaugh and Govindjee (1988a) and the refined
three dimensional PSII reaction center model, I propose a working hypothesis concerning
the Qp protonation (Fig. 4.10B). My hypothesis suggests that once Qg receives one
electron from Qa~, D1-H252 is protonated and becomes positively charged. The
protonation of the histidine can be made possible by withdrawing a proton from the nearby
hydrogen-bonded water molecule. The protonated D1-H252 presumably serves to stabilize
the negative charge on Qg™. The resulting hydroxyl anion is thought to either diffuse away
from the site or is protonated by other nearby water molecules if there are any. When Qg is
doubly reduced, direct protonation on Qg2- occurs in an acid/base mechanism, in which the
d1-hydrogen of D1-H252 is donated to the nearby oxygen atom of Qg and the £2-hydrogen
of D1-H252 is donated to the other oxygen atom of Qg. This may be made possible
through a proton shuttle mediated by other water molec.ules in the Qg niche or simply by
the vibrational motions in the plastoquinone that allows its second oxygen atom to move
close enough to the £2-hydrogen of D1-H252. The resulting plastoquinol (QgHj) will leave
the binding niche which will then be re-occupied by another plastoquinone. The
deprotonated histidine will be recovered by picking up a proton from the nearby
bicarbonate, producing a carbonate anion (CO32™) which will then leave the site to let
another bicarbonate to diffuse in. It is also likely that the carbonate anion is reprotonated

from the nearby environment to recover a bicarbonate. Substitution of bicarbonate
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Figure 4.10. Modeling of the second bicarbonate anion in the PSII reaction center and
proposed mechanism for the bicarbonate mediated Qp protonation. (A) A second
bicarbonate modeled in the Qg binding niche as an attempt to explain its involvement in Qs
protonation. A bicarbonate anion (HCO3™) modeled in between the side chains of D1-H252
and D1-R257 appears to be coordinated by the hydrogen bonding with the d1-nitrogen of
D1-H252 and by the hydrogen bonding/electrostatic interactions with the d-guanido group
of D1-R257. In between the imidazole group of D1-H252 and the amino group of D2-K23,
a water molecule was modeled, appearing to be hydrogen bonded by both residues. (B) A
working hypothesis for the bicarbonate involvement in the protonation of Qg. When Qg is
in the oxidized form, its carbonyl oxygen is hydrogen-bonded with D1-H252 and D1-
H215 (not shown). The bicarbonate and water are presumably to be anchored on D1-R257
and D2-K23, respectively, through hydrogen bonding and/or electrostatic interactions.
When Qp receives one electron from Qa", D1-H252 is thought to be protonated in response
to the inductive forces from the negative charge on Qp™. The histidine protonation can be
made possible by withdrawing a proton from the nearby hydrogen-bonded water molecule.
The protonated D1-H252 presumably serves to stabilize the negative charge on Qg~. The
resulting hydroxyl anion is thought to diffuse away from the site. When Qg is doubly
reduced, direct protonation on Qg2- occurs when the 81 -hydrogen of D1-H252 is donated
to the nearby oxygen atom of Qg and the £2-hydrogen of D1-H252 is donated to the other
oxygen atom of Qg, which may be made possible through other water molecules or by the
vibrational actions of the plastoquinone that allows its second OXxygen atom to move close
enough to the £2-hydrogen of D1-H252. The resulting plastoquinol (QgHy) will then leave
the binding niche and be replaced by another plastoquinone. The deprotonated histidine will
be recovered by picking up a proton from the nearby bicarbonate, and producing a
carbonate ion (CO32-) which will then leave the site and be replaced by another

bicarbonate.
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(HCO3") with formate (HCO7") will abolish the donation of the proton to D1-H252
resulting in an inhibition of the process of Qp2- protonation (Fig. 4.10B).

The hypothesis that an arginine is involved in bicarbonate binding was partially
supported from the analogy found in the x-ray crystal structure of human lactoferrin which
has a (bi)carbonate binding to an iron at the active site (Anderson et al. 1989). In this
protein, the (bi)carbonate is stabilized by hydrogen bonding interactions with an arginine
and several other adjacent amino acid residues. A similar example is found in the x-ray
crystal structure of hemoglobin and myoglobin with a formate (a bicarbonate analog) bound
to the heme iron and an arginine residue interacting with the formate (Aime et al. 1996).
The involvement of histidines in the protonation after Qg™ formation is supported by the
observation that the pKa of a PSII protein group shifts from 6.4 to 7.9 upon the formation
of Q™ (Crofts et al. 1984). Crofts et al. (1987) had earlier suggested the role of D1-H252
as a proton donor to Qg2-. Site-directed mutagenesis on D1-H252 has demonstrated a
dramatic influence on the PSII electron flow (see Diner et al. 1991a; b; Nixon et al. 1992).
Mutational studies on the other two residues, D1-R257 and D2-K23, certainly will help
further test the hypothesis. As shown in Chapter III, site-directed mutants D1-R257E and
D1-R257M in C. reinhardtii were constructed and characterized, which show an inhibited
rate of growth and PSII eiectron transfer. There is a near absence of bicarbonate-reversible
formate inhibition on the electron transport from QA" to the plastoquinone pool, especially
on the step of protonation of Qg2~. This evidence strongly supports the validity of the

above hypothesis.

14. Bicarbonatefwater transport in PSII

The presence of multiple water molecules in the Qp binding region was
experimentally shown in the newly refined bacterial reaction center structures (Ermleret al.
1994; Deisenhofer et al. 1995; Lancaster and Michel 1996). In the structure of Rb.

sphaeroides, an uninterrupted chain of fixed water molecules is found leading from the
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cytoplasmic surface to the Qg molecule (Ermler et al. 1994). The water molecules in the
Chain are connected by hydrogen bonds to each other and to the nearby protonable
residues. Their role is presumably to facilitate the protonation of doubly reduced Qg. Some
of the protonable residues that form the water channel have been confirmed to be relevant to
the proton transfer process (see Lancaster et al. 1995). Interruption of the water chain near
the Qg site by site-directed mutagenesis (L-P209Y) caused a reduction of the protonation of
QB (Bacjou and Michel 1995).

The above experimental evidence revealed the proton transfer pathway to Qg which
is deeply buried in the protein complex. The water-lining residues are found to be
primarily charged; they are negatively charged near the QB niche (Ermler et al. 1994,
redrawn in Fig. 4.11A). It is thus conceivable that bicarbonate anions will be easily
excluded from the bacterial Qg binding site due to the electrostatic repulsions. This cluster
of negatively charged residues may thus help explain the fact that there is no bicarbonate
effect in the bacterial reaction center.

Since the Qp molecule in PSII is also believed to be buried inside the protein
complex and its protonation must ultimately result in protons being transferred from the
outer environment, it is reasonable to consider the existence of a similar transport channel,
which carries protonating agents from the stroma/cytoplasm to the Qg site. As mentioned
above, the protonating agents for Qg in PSII could be both water and bicarbonate.

To construct a tentative model for a similar transport channel for water and
bicarbonate in PSII, I have made the following assumptions, (1) the direction of the
transport channel in the PSII reaction center is similar to that in the bacterial reaction center
by assuming that a good homology exists in this respect, this allows me to focus on a more
specific region for constructing the model of water/bicarbonate transport; (2) the charged
residues form the putative “transport channel”, as in the bacterial reaction center; (3) the

local electrostatic characteristic of the binding region weighs more than the precise
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geometric match with the bacterial water-binding residues; (4) the channel to be constructed
has another end at the non-heme iron site.

In my effort to determine the location of this large bicarbonate/water binding niche
or "channel” in PSII, I simply superimposed the bacterial structure (2RCR) and the
constructed PSII reaction center model and identify specific D1/D2 charged residues that
are positioned as in the L and M residues that form the bacterial water channel.

The following charged residues in D1 and D2 are included in the tentative transport
channel: D1-H215, D1-K238, D1-E242, D1-E243, D1-E244, D1-H252, D1-R257, D1-
R269, D2-K23, D2-D25, D2-E224, D2-R233, D1-E236, D2-E241, D2-E242, D2-K264,
and D2-R265 (Fig. 11B). A striking feature of these charged residues is that near Qg and
the non-heme iron they are predominantly positively charged. This more basic Qp/Fe
binding domain is in contrast to the situation in the bacterial reaction center. This feature
appears to further support the possibility of a negatively charged species i.e. bicarbonate to
bind and function in these sites.

The available experimental evidence that indicates the strong relevance of the above
residues for binding bicarbonate/formate includes results on the aforementioned D1-R257E
and D1-R257M mutants (Chapter ITI), the D1-R269G mutant (Chapter II); the D2-R233Q
mutant (Cao et al. 1991) and the D2-K264 and D2-R265 mutants (see Diner et al. 1991a).
These mutants except D2-R233Q all have shown various levels of resistance to formate
inhibition in support of the current model. D2-R233Q was shown to be 10 fold more
susceptible to formate inhibition than the wild type. This can also be interpreted using the
above model that the mutations resulted in a more widely "opened" transport channel
making the target site more accessible to formate. Interestingly, a deletion mutant for the
above three D1 glutamate residues (D1-E242, D1-E243, and D1-E244) was also shown to
be seven fold less sensitive to formate inhibition than the wild type (Médenpai et al. 1995).
As these are negatively charged residues, they may be more likely to serve a role for

binding water molecules and providing the correct electrostatic environment in the above

199

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



geometric match with the bacterial water-binding residues; (4) the channel to be constructed
has another end at the non-heme iron site.

In my effort to determine the location of this large bicarbonate/water binding niche
or “channel” in PSII, I simply superimposed the bacterial structure (2RCR) and the
constructed PSII reaction center model and identify specific D1/D2 charged residues that
are positioned as in the L and M residues that form the bacterial water channel.

The following charged residues in D1 and D2 are included in the tentative transport
channel: D1-H215, D1-K238, D1-E242, D1-E243, D1-E244, D1-H252, D1-R257, Di-
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the non-heme iron they are predominantly positively charged. This more basic Qp/Fe
binding domain is in contrast to the situation in the bacterial reaction center. This feature
appears to further support the possibility of a negatively charged species i.e. bicarbonate to
bind and function in these sites.

The available experimental evidence that indicates the strong relevance of the above
residues for binding bicarbonate/formate includes results on the aforementioned D1-R257E
and D1-R257M mutants (Chapter III), the D1-R269G mutant (Chapter II); the D2-R233Q
mutant (Cao et al. 1991) and the D2-K264 and D2-R265 mutants (see Diner et al. 1991a).
These mutants except D2-R233Q all have shown various levels of resistance to formate
inhibition in support of the current model. D2-R233Q was shown to be 10 fold more
susceptible to formate inhibition than the wild type. This can also be interpreted using the
above model that the mutations resulted in a more widely "opened" transport channel
making the target site more accessible to formate. Interestingly, a deletion mutant for the
above three D1 glutamate residues (D1-E242, D1-E243, and D1-E244) was also shown to
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binding water molecules and providing the correct electrostatic environment in the above
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channel. However, the removal of the three residues results in an interruption of the
transport channel and thus affects the bicarbonate/formate binding and diffusion as well.

Further mutagenesis of the arginine or lysine residues forming the "channel” by
changing them to all negatively charged or neutral ones may be a good experiment to test
the above hypothesis. On the other hand, mutations that change the negatively charged
residues into positive ones in the "water channel" of the bacterial reaction center may serve
to test the hypothesis of the above bicarbonate transport and function, provided the
mutations do not introduce drastic conformational changes which seriously affect the
assembly of the protein complex.

Itis noted that in the bacterial water channel, pairs of charged residues, such as L-
D213/H-R181 and H-K133/H-D174, exist (Fig. 4.11A). This close interaction is believed
to cancel the negative or positive charges on the residues and to alleviate the electrostatic
repulsions (Ermler et al. 1994). Similar interactions between opposite charged residues
may also exist in PSII as predicted in the D2-K23/D2-D25 pair (Fig. 4.11B). In this case,
the residue may bind water molecules instead.

As the bacterial water transport channel consists of a number of residues from the H
subunit, I consider that a similar situation may exist in PSII in which certain residues from
other nearby PSII core polypeptides may participate in the binding of the water and
bicarbonate. As this is beyond the scope of homology modeling, I have to leave this

question open.
Data presented in this chapter are based on the published work of the author (Xiong et al.

1996).
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CHAPTER V. A KNOWLEDGE-BASED THREE DIMENSIONAL MODEL
OF D1-D2-CYTOCHROME BS559 OF CHLAMYDOMONAS REINHARDTII

A. Introduction

Photosystem II (PS II), one of the two protein complexes in plants, algae, and
Cyanobacteria that perform primary photochemical reactions, is the only protein complex in
nature that is able to evolve molecular oxygen by oxidizing water. The reaction center of
PSII where the photochemical reactions take place consists of several membrane bound
polypeptides, D1, D2, a heterodimer of cytochrome b559, PsbI and PsbW (for reviews,
see Renger, 1993; Vermaas et al. 1993; Diner and Babcock 1996; Nugent 1996). The
reaction center, utilizing the harvested light energy, undergoes the reaction of charge
separation and an electron transfer from water to plastoquinone. Two major polypeptides of
the reaction center, D1 and D2, contain a number of inorganic and organic cofactors
including a tetra-manganese cluster, two redox active tyrosine residues, six chlorophyll a
molecules, two pheophytins, and two plastoquinones. A non-heme iron, located between
Qa and Qg, does not participate directly in the electron transfer but is vital for the transfer
process. Bicarbonate anions is crucial for liganding to the non-heme iron and participating
in the reduction of plastoquinone in PSII. Two B-carotene molecules are also believed to be
embedded in the reaction center and are believed to be involved in the photoprotective
process.

Despite the importance of this protein complex to provide the biomass and oxygen
on earth, the molecular structure and the functional mechanism of the PSII reaction center
are not yet fully understood. A high resolution X-ray crystal structure of the PSII reaction
center is not yet available, except low resolution electron microscopy structures (for
review, see Rogner et al. 1996; for recent reports, see e.g., Marr et al. 1996; Nakazato et

al. 1996). In the absence of the crystal structure of the PSII reaction center, much of the
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structural understanding of the PSII reaction center is derived from the significant sequence
and functionai homology with the non-oxygenic reaction centers of the purple non-sulfur
photosynthetic bacteria Rhodobacter (Rb.) sphaeroides and Rhodopseudomonas (Rps.)
viridis, for which high resolution crystal structures are available (for review, see e. 8-
Lancaster et al. 1995). To aid in a more accurate structural understanding of the PSII
reaction center, three dimensional computer models have been constructed in the past
exclusively based on the homology of D1/D2 polypeptides with the L/M subunits of the
bacterial reaction center of Rhodobacter (Rb.) sphaeroides and Rhodopseudomonas (Rps.)
viridis (Bowyer et al. 1990; Svensson et al. 1990; Ruffle et al. 1992; Svensson et al. 1996;
Chapter IV).

Though the comparison with the bacterial reaction center is very useful, the PSII
reaction center has many unique features and can not be modeled directly by homology. In
order to construct a more reasonable and more useful computer model that includes the new
structural features of the PSII reaction center, molecular docking techniques in association
with other computational tools are employed to model parts of the PSII reaction center that
do not have counterparts in the bacterial reaction center, based on the extensive knowledge
available through the biochemical, biophysical and molecular biological studies on the
structure and function of the PSII reaction center. To this end, various models for the
conformation of the P680 chlorophylls responsible for the charge separation and
bicarbonate ions have been proposed (see Svensson et al. 1996 and Chapter IV). Two
bicarbonate anions and a water molecule was docked in the PSII reaction center for
liganding the non-heme iron and facilitating the Qg protonation (Chapter IV). In a recent
review by Nugent (1996), a PSII reaction center model with two extra chlorophylls, the
manganese cluster and the heme moiety of cytochrome b559 was also shown. The
availability of these models have helped in enhancing our understanding of various issues
on the structure of the PSII reaction center, allowing prediction for the testing of various

functional questions.
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Certain important issues that failed to be adequately addressed in the past, however,
are the conformation of cytochrome b559 subunit and B-carotene molecules within the PSII
reaction center. By incorporating the available experimental data, we have attempted to
model a more complete PSII reaction center of a unicellular green alga Chlamydomonas
reinhardtii. The reason of choosing this organism is because it is one of most widely used
model systems for molecular biological studies of photosynthetic eucaryotes (see review by
Rochaix 1995). In this chapter, I present a new three dimensional model of the PSII
reaction center of C. reinhardtii that includes not only D1, D2, the reaction center
chlorophyll P680, two pheophytins, the non-heme iron, two bicarbonate anions and two
plastoquinones (QA and Qg), but also four accessory chlorophylls, the alpha and beta
subunits of cytochrome b-559 with the heme moiety, and two B-carotene molecules. The
constructed model is compared to the major existing PSII models (Ruffles et al. 1992;
Svensson et al. 1996; Chapter IV) and is found to be consistent with the majority of the
experimental data. The availability of the model is believed to provide a more
comprehensive tool for localizing key residues important for the photochemical reactions

and will enhance our understanding of this important protein complex

B. Materials and Methods

The modeling procedure for the D1/D2 proteins of the PSII reaction center of C.
reinhardtii by homology was similar as described in Chapter IV using the
QUANTA/CHARMM (version 4.1) molecular modeling package. The amino acid sequence
of D1 of the green alga was according to Erickson et al. (1984); and D2 according to
Erickson et al. (1986). The sequence alignment of D1 and D2 proteins with the L or M
subunits, respectively, was primarily based on Ruffle et al. (1992) and the one in Chapter

IV with minor adjustments done on the Protein Design subprogram of QUANTA. After
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alignment, the two bacterial template proteins (IPCR and 1PRC) were matched and
superimposed, the coordinates of the aligned sequences were averaged and copied to the
modeled sequences. The newly defined coordinates for D1 and D2 were refined with the
Structural Regularization algorithm in QUANTA as described in Chapter IV. The sequence
variable loop regions of more than four residues (including the C-terminal region of D1)
were modeled with a sequence-specific approach by searching for the best matched protein
fragments from the protein sequences already having crystal structures available in the
Brookhaven Protein Data Bank, using a "basic local alignment search tool" (BLAST,
Altschul et al. 1990). For procedural details, see Chapter IV.

The cofactors that are analogous to those in the bacterial reaction center (1IPCR)
were edited using the Molecular Editor function of QUANTA and incorporated into the
D1/D2 protein complex as described in Chapter IV. These corrected structures include two
chlorophylls for the special pair, two accessory chlorophylls, two pheophytins, two
plastoquinones and a fB-carotene (on the D2 side). The structures for the PSII
chromophores were based on those reviewed by Cramer and Knaff (1990) and Armstrong
(1995).

Further modifications were made on the conformations of certain cofactors based
on available experimental suggestions. The two chlorophyll monomers of the chlorophyll
special pair (P680) were moved apart to 10 A away from each other (center to center).
Their Qy excitonic transition moments were rotated to make an angle of 150°. This P680
conformation was suggested to fit all the current data (Svensson et al. 1996). A recent
study on the conformation of plastoquinone Q4 indicated that the isoprenyl chain relative to
the aromatic head group is rotated by 90° at Cp position from that in the bacterial Qa
(Zheng and Dismukes 1996). This correction was also made in our model. Qg in the
structure of IPCR was not in fully bound state and is displaced by 5 A when compared
with the Qp in the Rps. viridis structure (IPRC, Lancaster et al. 1995). To correct this, the

position of plastoquinone Qp was moved by 5 A to match the superimposed Qg of the
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1PRC structure. Two bicarbonate anions were also docked into the model at the non-heme
iron and the Qg sites, as described in Chapter IV. Also based on experimental suggestions,
two extra accessory chlorophylls liganded on residues D1-H118 and D2-H117 (see e.g.
Koulougliotis et al. 1994) were included by manually docking them into the sites. An
additional B-carotene molecule suggested to exist on the D1 side of the PSII reaction center
(Achim Trebst, personal communication) was modeled at the symmetrical position of the
D2 B-carotene relative to the central axis of the reaction center.

The D1/D2 protein structure combined with the above cofactors was further energy-
minimized using the CHARMm procedure (Brooks et al. 1983). The energy minimization
was performed until convergence is reached (rms force < 0.01 kcal/mol-A2) as described in
detail in Chapter IV. During this process, the coordinates of all the cofactors were
constrained in place and only the D1 and D2 polypeptides was allowed to move.

Cytochrome b559, an intrinsic transmembrane protein of the PSII reaction center,
has no homologous bacterial templates to direct a homology modeling. This protein with
two subunits, o. and B, was modeled entirely based on existing knowledge in literature (see
Results section). We assigned the transmembrane a-helices of the o (residues 18-43) and
of the B (residues 18-43) subunits according to Cramer et al. (1993) and Whitmarsh and
Pakrasi (1996) and modeled the cytochrome in the o/B heterodimer form. The
conformation of the N- and C-terminal regions of the o subunit and the N-terminal region
for the B subunit was modeled using the BLAST approach mentioned above. The newly
modeled terminal regions were then pasted onto the helical regions and refined by energy
minimization. The o and 8 subunits were then combined with a heme group to allow the
histidine residue from each subunit («-H23 and B-H23) to form a ligand to the heme iron.
The coordinates of the heme moiety were derived from cytochrome b562 of Escherichia
coli (PDB file code, 256B). The a and B subunits together with the heme were docked in
the D1/D2 complex on the Q4 side in close association with helix E of the D2 protein. The

docking of cytochrome b559 also took consideration of the following experimental
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evidence: the estimated distances from the heme to Qa and P680 are 20 and 35 A,
respectively (Shuvalov 1994); the N terminus of the o subunit is cross-linked to the D1 de
loop region (D1-F239 to DI1-E244) (Barbato et al. 1995). The combined
D1/D2/cytochrome b559 was further minimized as above to obtain the final model.

The entire modeling work was performed on UNIX Silicon Graphics Power Series

Workstation 4D/440VGXT. Copies of the coordinates of this model in PDB format are

available on request from the authors.

C. Resulits

1. Sequence alignment, loop building and model evaluation

The modeling of the D1/D2 proteins was based on homology with the L/M subunits
of both Rps. viridis and Rb. sphaeroides. The D1 and D2 proteins was aligned with the L
and M subunits, respectively. The alignment was primarily based on the PSII modeling of
Synechocystis 6803 (Chapter IV) with minor adjustment as shown in Fig. 5.1. After
alignment, we find 27% sequence identity (92 residues) and 56% sequence similarity (194
residues) for D1 with the L subunit and 24% sequence identity (83 residues) and 63%
sequence similarity (217 residues) for D2 with the M subunit. We counted the identify and
homology of D1/D2 with L/M either of the bacterial sources, which is a standard protocol
followed in family sequence alignments based on structural criteria (see Chapter IV).

As in Chapter IV, the non-homologous loop regions were modeled by searching for
highly homologous sequences from amongst all the proteins with known structures, using
BLAST (Altschul et al. 1990). The search results are shown in Table 5.1. The searched
fragments bear high degrees of similarity to the modeled sequences (the smallest Poisson
probability is above 0.95 for all the hits); hence, the sequence homology is significant for

all the searched fragments. By combining the loop conformation with the rest of the
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Table 5.1. BLAST search results. Search results by the BLAST program through the

Brookhaven Protein Data Bank for the non-conserved loop or terminal sequences of

Chlamydomonas reinhardtii D1, D2 and cytochrome b559 (Cyt b559) proteins.

SEARCH QUERY

SEARCH RESULTS

Protein and Sequence

Residue Range

Protein, PDB File Sequence
Code, and
Residue Range

D1 (64-69) REPVSG

D1 (77-90) OTGAVIPTSNAIG

D1 (328-344) MEVMHERNAHNFP
LDLA

D2 (292-297) NLRAYD

D2 (302-310) EIRAAEDPE

D2 (318-326) NILLNEGIR

Reverse transcriptase, KEPVHG

subunit B, 3HVT

(311-316)

Mengo encephalo-  LLSGAVNAFSNMLP
myocarditis virus

coat protein, subunit

4, 2MEV (54-67),

Myoglobin, IFCS =~ IHVLHSRHPGNF
(112-127) GADA

E. coli cytidine NLKGYD
deaminase, 1CTT

(248-253)

Tryptophan synthase, AVRAQKDPE
subunit B, IWSY

(32-40)

Cytochrome P450  GMVLNEALR
(Bm-3), subunit A

(315-323)
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Table 5.1 (continued)

SEARCH QUERY
Protein and Sequence

Residue Range

SEARCH RESULTS

Protein, PDB File Sequence

Code, and

Residue Range

Cyt b559 o subunit DAFGTPRP

(43-50)
Cyt b559 o subunit NEYFTEDRQEAPLITDR
(51-80) FNALEQVKKLSGN

Cyt b559 B subunit TTKKSAEVLVYPIFTV
(1-16)

Glactose oxidase,
1GOF (44-51)
Adipocyte lipid-
binding protein,
1ALB (71-100)

Chymotrypsin
inhibitor, ICOA
(41-56)

GANGDPKP

DEITADDRKVKSITLD
GGALVQVQKWDGK

QDKPEAQIVLPVGTI
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modeled regions, we completed the modeling of the D1/D2 proteins for C. reinhardtii.
Modeling of cytochrome b559 will be described in detail in a later section.

The constructed D1-D2-Cytochrome b559 model, presented here, was refined
using energy minimization methods in CHARMm (Brooks et al. 1983). At the end of the
minimization, the energy of the model was -29,670 kcal/mol, compared to 3.82 x 1019
kcal/mol at the beginning of the minimization process (all measured with cofactors
constrained). Among various forms of energies, the non-bonded interaction energy
(Lennard-Jones energy) was the major form to be reduced from 3.82 x 1019 kcal/mol to
-2603 kcal/mol indicating that the minimization process had mainly corrected the bad van
der Waals interactions, producing an energetically favorable conformation.

The heavy atoms of the constructed D1/D2 model deviates from their equivalent
atoms in the L/M subunits of the Rb. sphaeroides reaction center by 1.2 A root mean
square. Our final PSII reaction center model was evaluated using the Protein Health
subprogram in QUANTA. The D1 and D2 main chain torsion angles were analyzed using
the phi-psi plot (Ramachandran et al. 1963) which shows that 81% of the backbone
conformations are within the most favored regions as compared to 88% in the structure of
Rb. sphaeroides L and M subunits. The modeled cytochrome b559 main chain torsion
angles have 91% of the backbone conformation within the most favored regions. We
would like to point out that different regions of the modeled PSII reaction center may have
different levels of correctness. The D1/D2 transmembrane regions and the quinone binding
sites are highly conserved and have been modeled with a high degree of confidence. The
stromal and lumenal and C-terminal parts of the sequences, which are much less

conserved, can only be predicted with a relatively low degree of confidence.

2. General description of the model
As expected, the general topology of the D1/D2 model resembles that of the L/M

structure of the bacterial reaction center, each containing five transmembrane o-helices
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(Figs. 5.1 and 5.2) denoted as A, B, C, D, E. There are also several short non-membrane
o-helices between the transmembrane helices on both the lumenal and stromal sides, which
are denoted as CD, DE, etc. The detailed secondary structure profiles analyzed from the
modeled D1, D2 and cytochrome b559 are shown in Fig. 1. The definition for the
boundaries of the transmembrane o-helices are slightly different from what was previously
reported (e.g. Ruffle et al. 1992; Svensson et al. 1996; Chapter IV). The interface between
D1 and D2 was also examined which is mostly composed of residues in the N-terminal,
transmembrane helices D and E, and the C-terminal regions (marked under the sequences in
Fig. 5.1). The contact residues are thought to provide the key protein-protein interactions
maintaining the proper conformation of the reaction center complex. Certain contact sites
between D1 and D2 has been proposed to be the especially susceptible to proteolytic
cleavage in the rapid turnover of the D1 protein during photoinhibition (Trebst 1991).

In the current PSII reaction center model, the modeled cofactors bound to D1/D2
include six chlorophylls, two pheophytins, two B-carotenes, two plastoquinones, one non-
heme iron and two bicarbonate ions (Fig. 5.2). The structures for the cofactors are
arranged in a two fold symmetry relative to central axis of the reaction center. The
stoichiometry and geometry of the above cofactors were modeled according the consensus
in the published experimental data as well as the homology principle (see Nanba and Satoh
1987: Gounaris et al. 1990; Kobayashi et al. 1990; van Leeuwen et al. 1991; Chang et al.
1994; Eijckelhoff and Dekker 1995; Pueyo et al. 1995). We will describe the detailed

features of the newly modified or added cofactors below.

3. Chlorophylis

In my previous model with D1/D2 and cofactors (see Chapter IV), various possible
conformations of P680 were discussed. It was concluded that the P680 conformation for
which the special pair is perpendicular to the membrane was the preferred conformation. In

this current model, the two monomers of the P680 chlorophyll dimer were further modified
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according to Svensson et al. (1996) to allow the center-center distance of the two
monomers to be 10.0 A and their Qy excitonic transition moments to be at an angle of 150°
(Fig. 5.3). Such P680 conformation was suggested to match all existing experimental data
on the primary donor (Svensson et al. 1996). Those magnesium ions at the center of the
two chlorophyll monomers are liganded by two specific histidine residues, D1-H198 and
D2-H197, which, according to sequence comparison, match well with L-H173 and M-
H210 (Rps. viridis numbering) of the bacterial special pair ligands (Fig. 5.3). Mutations at
these two histidine residues have strongly implicated the role of the two residues in
coordinating the P680 (see Vermaas et al. 1988; Nixon et al. 1992).

In this current model, two of the accessory chlorophylls were modeled based on
their bacterial counterparts (Fig. 5.3). As in previous models (Ruffle et al. 1992: Chapter
IV), these two chlorophylis have no conserved histidine ligands in D1 and D2. Svensson et
al. (1996) proposed a possibility that water molecules may act as ligands for the
chlorophylls. This possibility is supported by the crystal structure of peridinin-chlorophyll-
protein of Amphidinium carterae (Hofmann et al. 1996) which shows a chlorophyll
liganded by a water molecule.

Recent experimental evidence have indicated that two additional accessory
chlorophylls may exist and may be liganded by D1-H118 and D2-H117 (D2-H118 in
plants) (see e.g. Koulougliotis et al. 1994; Schelvis et al. 1994; Hutchison and Sayre 1995;
Mulkidjanian et al. 1996). We have modeled two such accessory chlorophylls (termed
chlorophyllz) perpendicular to the membrane and allowed them to be liganded by the above
two histidines (Fig. 5.3). In this model, the two docked chlorophylls on D1-H118 and D2-
HI17 are separated from the non-heme iron by 38.6 A and 39.4 A, respectively, which
matches well the experimentally determined 39.5 +2.5 A (Koulougliotis et al. 1994). The
center-to-center distance of the two accessory chlorophylls to P680 are 30.4 A and 32.3 A,
for the D1 and D2 chlorophylizs, respectively, which also match with the experimental

determination of 30 A (Schelvis et al. 1994). Site-directed mutagenesis conducted by
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Hutchison and Sayre (1995) on C. reinhardtii also indicates the strong possibility of D1-
H118 to a chlorophyll liganding residue.

As shown in Figs. 5.2 and 5.3, the two chlorophyllz molecules are actually located
on the exterior of the D1/D2 complex and its binding may involve other PSII core proteins.
It is conceivable that in some PSII reaction center preparations the two chlorophylls may be
lost when removing the "contaminating” PSII core proteins, resulting in lower number of
chlorophylls per reaction center and hence the controversies in experimental determinations
(see Nanba and Satoh 1987; Gounaris et al. 1990; Kobayashi et al. 1990; van Leeuwen et
al. 1991; Chang et al. 1994; Eijckelhoff and Dekker 1995; Pueyo et al. 1995).

4. Donors to P680+

Also shown in Fig. 5.3 are two tyrosine residues, D1-Y161 and D2-Y 160, which
are electron donors to chlorophyll P680* (known as the donor Z and D). Their role as a
donor to P680* were clearly demonstrated by site-directed mutagenesis studies (for review
see Vermaas et al. 1993). The two tyrosine residues, both with their hydroxyl groups
pointing toward the lumen, are arranged symmetrically around the special pair chlorophylls
and in relation to the non-heme iron. The modeled distance from the D1-Y161 phenolic
oxygen to the center of the nearest chlorophyll P680 monomer is 12.1 A, which matches
well with the experimentally determined distance of 10-15 A (Hoganson and Babcock
1989). The measured distance between D1-Y161 and D2-Y160 are 30.0 A which matches
the experimentally measured 29-30 A distance in spinach samples (Astashkin et al. 1994
Kodera et al. 1995). The modeled distances of the tyrosines Z and D to the non-heme iron
is 36.5 A and 35.0 A, respectively, which fall in the range of the EPR spectroscopic
measurements of 37 £ 5 A by Koulougliotis et al. (1995) using spinach samples. The
above experimental studies provide strong support to the validity of this PSII three-

dimensional model.
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Site-directed mutagenesis in C. reinhardtii has indicated that one of the crucial
residues in the PSII donor side is D1-H190 as it is believed to be involved in the assembly
of the manganese cluster (Roffey et al. 1994; Kramer et al. 1994). This residue (Fig. 5.3)
was modeled to the close vicinity to donor Z (4.5 A) consistent with the result of Svensson
et al. (1996) who proposed a possible electrostatic interaction between the two residues.
D2-H189 is nearly symmetrically located from D1-H190 relative to the P680 chlorophylls
(Fig. 5.3). It is modeled at a close distance (3.6 A) to the donor D (D2-Y160).
Spectroscopic studies on the site-directed mutants of D2-H189 in Synechocystis 6803
strongly supports its proposed interaction to donor D (Tang et al. 1993). It was suggested
that D2-H189 may function to accept the proton from D2-Y160 upon oxidation of D (see
Svensson et al. 1996). This close interaction is, however, not observed in my previous
model (Chapter IV); I attribute this inconsistency to the slightly different methodology used

during the different modeling processes.

3. B-Carotenes

Carotenoids in the PSII reaction center are suggested to function in protecting the
complex against photo-oxidation by quenching the triplet state of the primary donor (for
review, see Frank and Cogdell 1996). In isolated PSII reaction center preparations, there
appears to be two carotene molecules per PSII reaction center (Gounaris et al. 1990;
Kobayashi et al. 1990; Montoya et al. 1991; Eijckelhoff and Dekker 1994; Mimuro et al.
1995). Accordingly, I modeled two B-carotene molecules in the D1/D2 protein complex,
one which is located on the D2 side was modeled by modifying the structure of dihydro-
neurosporene from Rb. sphaeroides (1PCR), the other by docking a B-carotene to the
symmetrical position of the D2 B-carotene relative to the central axis of the reaction center
(personal communication with Achim Trebst). Each of the molecules were modeled to be
within the van der Waals contact distance with two accessory chlorophylls, one "proximal"

accessory chlorophyll close to the special pair, and the other "distal" accessory chlorophyll
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liganding to D1-H118 or D2-H117. The close proximity of B-carotene to the accessory
chlorophyll validates the high probability of its function in quenching the triplet state of
primary donor P680 via the accessory chlorophyll, analogous to the role of the carotenoid

in the bacterial reaction center.

The protein binding environment for the carotenoids was examined. Both B-
carotene molecules are located in the middle of the transmembrane region and their
surrounding protein binding environment for the B-carotene is exclusively hydrophobic.
The protein binding niche for the B-carotene in the D1 side D1-F48, D1-E65, D1-P66, D1-
G110, D1-Y112, D1-Q113, D1-L114, D1-1115, D1-V116, D1-C117, D1-H118, D1-
F119, Di-L120, D1-L121, D1-V157, D1-F158, D1-M172, D1-L174, D1-G175, D1-1176,
DI1-T179, and D1-F180 (Fig. 5.4A). The residues that form the binding environment for
B-carotene on the D2 side include D2-A44, D2-L45, D2-W48, D2-149, D2-T52, D2-Y67,
D2-L74, D2-H87, D2-F91, D2-W1l11, D2-A119, D2-L116, D2-F153, D2-V154, D2-
V156, D2-F157, D2-L158, D2-W167, D2-P171, D2-S172, D2-F173, D2-G174, D2-
V175, and D2-1178 (Fig. 5.4B).

6. Cytochrome b559 and the heme binding region

Cytochrome b559 is an intrinsic and essential component of the PSII reaction center
(for reviews, see e.g. Cramer et al. 1993; Whitmarsh and Pakrasi 1996). Its presence is
critical for the biogenesis and stable assembly of the PSII reaction center. Though the
protein is not involved in the primary electron transport in PSII, experimental studies
suggest that it may be involved in protecting PSII from photodamage in excess light.
However, since this protein has no bacterial homologue to direct its modeling. Thus, it
presents a challenge to modeling the structure de novo not only at the secondary and tertiary
levels, but also at the quantery level. In this modeling, extensive knowledge on the
experimental characterization of this protein is required for constructing the model. The

relevant literature will be briefly summarized below.
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Cytochrome b559 has two subunits, & and B, each containing one transmembrane
a-helical domain (Herrmann et al. 1984; Pakrasi et al. 1988) and one histidine residue
which is presumably to be a heme ligand (Babcock et al. 1985). It is proposed that both
histidines are required to act as ligands for the heme, which is a common situation in a
number of membrane-bound a- and b- type cytochromes (Esposti 1989). Site-directed
mutagenesis of the two histidines resulted in a complete loss of PSIT (Pakrasi et al. 1991).
The number of cytochrome b559 per reaction center determined by spectroscopic and EPR
analyses was shown to only one cytochrome b559 in isolated PSII preparations (Buser et
al. 1992). Thus, a heterodimer conformation appears to be a preferred one, consistent with
the previous work of Herrmann et al. (1984) and Widger et al. (1985). Protease digestion
and immuno-gold labeling experiments demonstrate that the amino terminal end of the o
subunit is located in the stromal phase and its carboxyl end in the lumenal pha.ée (Tae et al.
1988; Vallon et al. 1989; Marr et al. 1996), and that the amino terminal end of the { subunit
is located on the stromal end (Tae and Cramer 1994). If the heme is coordinated by the
histidines from each subunit, the above evidence will put the heme on the stromal side of
the PSII transmembrane region. The surface-enhanced Raman scattering spectroscopic data
further support this suggestion (Picorel et al. 1994). Although the estimate for the number
of hemes per reaction center has been a matter of controversy in literature (see review in
Whitmarsh and Pakrasi 1996), in isolated reaction center preparations, the stoichiometry
for the a and B subunits is 1:1 (Widger et al. 1985), and that for D1, D2, aﬁd cytochrome
b559 is 1:1:1 (Nanba and Satoh 1987). The heme group can also exist in at least two
different interconvertible redox potential forms, a pH-independent high potential form and a
pH-dependent low potential form (see review in Whitmarsh and Pakrasi 1996). Shuvalov
(1994) has proposed a model that allows a hydroxyl anion binding between the heme iron
and the £2-nitrogen of the histidine of the o subunit in the /B heterodimer form, making it

a low potential (or extra low potential) form of cytochrome b559.
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In this modeling, we have proposed a conformation that accommodates the
consensus of the above experimental data. We modeled one cytochrome b559 with the o/
form (the amino acid sequences ware based on Mor et al. 1995). The cytochrome was
positioned with the N-terminal ends of both subunits on the stromal side and C-terminal
ends on the lumenal side and was placed near the D1/D2 complex fitting into the opening
space between the two proteins (Fig. 5.2). This location appears to match the electron
projection map of the two dimensional PSII crystal structure (Nakazato et al. 1996).
Transmembrane a-helices of the o and P subunits were assigned according to the sequence
analyses of Cramer et al. (1993) and Whitmarsh and Pakrasi (1996). The modeling allows
the heme to be liganded by the histidine from each subunit (o-H23 and B-H23). The
conformation of the N- and C-terminal regions of the o subunit and the N-terminal region
for the B subunit was modeled using the BLAST approach. An o-helix was newly
generated on the N-terminal region of the o subunit based on one of the searched template
fragments (INHP). Similarly, two short B-strands were newly generated on the C-
terminus of the o subunit based on the template structure of 1ALB.

The o and f subunits together with the heme were docked to the D1/D2 complex on
the QA side in close association with the helix E of the D2 protein. This close association of
cytochrome b559 with D2 was based on the experimental suggestion that cytochrome b559
is intimately associated with D2 (Pakrasi et al. 1991: Shukla et al. 1992). However, the
cross-linking experiments of Barberto (1995) suggested that the cytochrome is located on
the Qp side. Though we cannot exclude this possibility, we attempted to accommodate the
suggestion by modeling the two cross-linked regions, N-terminus of the o subunit and a
D1 DE loop region (D1-F239-D1-E244), in close contact. In our docking of the
cytochrome protein to the D1/D2 complex, we also took into account of the following
experimental evidence: the estimated distances between the heme and QA and P680 are 20

and 35 A, respectively (Shuvalov 1994).
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After modeling cytochrome b559, I examined the protein binding region for the

heme moiety. As shown in Fig. 5.5, the heme iron is coordinated by the two histidines, a-
H23 and $-H23. The bond distances are 1.9 to 2.0 A. Two tryptophan residues, o.-W-20
and B-W19 appear to provide the crucial hydrophobic interactions for stabilizing the heme.
The sidechains of B-T16 and B-Y12, provide hydrogen bonds to the two carboxylate
groups on the rings IIT and IV of the heme, respectively. Other residues that are involved in
the heme binding are o-V27, a-L30, a-F31, B-P13, B-R18, B-L20, and B-V27. I suggest
that site-directed mutagenesis be carried out on these residues to test their actual

involvement in the heme binding.

D. Discussion

We have first constructed a three dimensional model of D1-D2-Cytochrome b559 of
the PSII reaction center with the inclusion of a complete set of cofactors both based on
homology principles and experimental suggestions. We believe this new model will
provide a more useful tool for a broad spectrum of research, particularly to test predictions
on both the structure and function of PSIL.

Compared to the major PSII reaction center models constructed earlier, the current
model does share a sighiﬁcant similarities with them. However, due to the procedural
differences in the modeling processes, differences do exist among them. A detailed
comparison of the key residues associated with the cofactors in several major models
(Ruffle et al. 1992; Svensson et al. 1996: Chapter IV; this chapter) is shown in Table 5.2.
Through the comparison, a consensus of the modeling results can be drawn and further
experiments can be designed to test the validity or resolve inconsistencies between the

models.

246

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



"dWY oy 3wizIpqels 10j suonovIANUL d1qoydoipAy rerontds ay apiaoid oy readde ‘61 M-g PUe OZ- -0 ‘sonpisal

ueydordAn om, ‘Ajoanoadsar ‘g X-g pue 911-g £q papuoq ua30IpAy are owdy Jo A pue fij s8un oy uo sdnoi3 areuordord

0M1 YL '€ZH-g pue ZH-0 £q pareurp100o Si toxy QUIdY 3y, "655q 2WwoIyd01Kd Ul dwWaY Y1 Joj dYdIU Suipuiq YL, 'S¢ gy

247

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



248

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



apis VO ayp

uo unAydoayd sanoe
o pue [[Aydoiofyd
K10ss9030

3} uamioq

) 60Z71-zd pue  wodsuen uonaa[a 1oy

9071-ta VN SOTTTd  90TO-TA ‘S0TT1-Td  NNPUOd B SB 9AJS

6L14 6L14d $3010§ dunyoels

VN -¢d pue O814-1d -cd pue O814-1d 3uu opraoig
LTIH swinisaugew 1A ydosofyo
VN VN VN -capue 8ITH-1Q 01 spuedr] bﬂmmouww.

suonoeIul

VN Y8IN-1d €SIN-1d t8IN-1a anesonsoy

‘lAydoiomyo

089d ¢Q Jo

mwu.m-mo pue Al 8uur oy uo dnoig

VN T6IM-Td ‘98zL-1d VN VN 180 oy1 01 puoq-H

. $3210j Sunyoels

VN t6IM-TA I61M-Td 161M-Td duu apraoig

861H 861H L6TH L61H swnissugew
- - - ! Ired
capue 861H-1d CAPue8eIH-1d  -TAPUBRGIH-IA  -ZA PUe 86IH-1A orpuedry  e1oads qidydosory)y

C661 9661 'Te1 uossuaAg A1 1ardey) (jopow Iadeyd st
'[e 19 aygJny (japow (1epow  g089 suscr0ysaul 3 %

vad) sonpisoy yoeurds) sanpisoy . mwzvaow { Ewwwﬂﬂ“ﬁﬂ o HIONEI00

UONOEAl [ISd 91 JO S[9pow JunSIXD [BI9AAS WOIJ SI0198J09 [[Sd JO sayoiu Surpuiq 9y Jo sns

"3[qe[IeAR 10U UOIBULIOJUT /N "19)U3D
a1 duifapow jo uostredwo)) “z°c 9|qeL

249

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



VN VN VN

0814

-1apue ‘6Ll -1d
‘9L11-1A ‘SL1D-1d
‘YLIT-1A ‘TLIN-1A
‘8S1d-14 ‘LSTA-1d
‘Te1I1-1a ‘oz Tia
‘6114-1Q ‘81IH-1A
LD 1A 91IA-Id
‘SUI-1A PI1T1a
‘€110-1a ‘TI1A-1a
‘011D-1d ‘99d-1a
‘693-1d ‘svd-1a

1ox00d (pts
Surpuiq oy uloyg 1Q) uauajores-g

‘SLTA-TA
‘YL1D-7d ‘€L1d-Td
‘TL1S-Td ‘8§1T1-2d
‘LST4-Td ‘YSTA-TA
‘€€1d-zd ‘911 1-2d
‘611vV-zd ‘SI1v-za

‘e11d-zd ‘z1id
-TA11IM-Ta
‘164-2d ‘vLT1-2A
‘1LV-Td ‘6v'1-ta

8L1I-¢q pue
‘SLIA-TA 'vL1D-TA
‘€L14-7d ‘TLIS-zd
TLId-TA ‘L9TM
-¢a 'ssi1-za
‘LS14-7d ‘'9STA-TA
‘YSIA-TA ‘eS14-2a
911712 ‘611V-Td
‘TITM-Td ‘164-7d
‘L8H-TA ‘vLT1-Td
‘L9A-Td ‘TS1-Ta
‘6V1-7d ‘s¥M-Td

1ox00d (opis

VN VN ‘8yM-Zd‘StT-td  ‘SvT-Td ‘vbV-zd  Swipuig o uuog ¢qQ) uauatored-g
2661 9661 'Te19 uossuaAS A Jaidey) (jopouwr 131deyd sy

‘[e 19 oy (japow (19pows 089 susdroyrauf) (1opow 1pavyuas 910y $10108J0D)
vad) sanpisoy yoeutds) sanpisoy SaNpISoY ‘D) Sonpisoy

(panunuod) ‘z'¢ 91qe],

250

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



umouyun
uonaung ‘40 puw
vITA pITN unkydoayd
A4 - . hAydooyd aanoeu;
N vIZIN-1d , 1d pue ¢czd-1a -1 PUE SCTI- 1 A uoamIag coﬁoc\_.

v ) §9010§ Juiyoeys
N Lvid-za 9vI1d-td Iid-zd duu uEv\_SE
0E1-D- e . ‘A duu uo dnosg :
N_Q £¥10-2a ‘0g1 0-z2a zvIN ca‘ez1-0-za tYIN-Ta‘6zI-0-za oy 941 0) puoq-H ay =oum__~mammww”m
VO pue undydoayd
. ) JANIE A UIIMIAq
14 KA 1A ¥4| el
) ) g 21 uodsuen uos
pSTM-Ta capue gpil-1q -¢d pue g6zM-zd -¢d Pue €6TM-7d lnpuod v “,No%n%m
01tT1-za
N o ) suonorIAUl SjeR
N 0S1d-1Q ‘i x-1a VN LYIA-1Q 10p uea _SELQ:\W_
fud ‘Yourelq
[01Ayd jo ua3Axo
VN VN 9CIA-1A VN 13159 01 puog-H
undydoayd
v 10§ Sunjowms
N VN LYIA-1d YN duu apirog
) ) ] Al 3uu ap jo dnosg
9IX-1A  9TIA-IA/LPIA-1Q LYiIA-1d 9ClA-1d _Bau%muco:%h:
) €10 0elg ‘Ad d
P ] - A duir uo dnosd
a oeld-1qg Iapue 23-1Q “lapue [29-1d oy g o puog-H4 aAnoe) ::EQMMNW
2661 9661 ‘I8 19 UOSSUIAS Al 3adey) (japow 19
. deyo s
[en wwﬂqﬂuﬁuﬁw& (1opow €089 ,,..:aa.geeum.&@ (Jopow :ﬁtui:_wm
pisoy yoeuids) SanpIsay SonpIsay .Uv..muzcz.gy_ o1od HOREI00

(panunuoo) ‘z'¢ sqe]

251

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



1L271-1da
'892S-1A ‘L9TN-1A
‘99ZN-14 ‘$97S-1a
‘T9TA-1d ‘6521-1Q
'$ST4-14 ‘TSTH-1a
‘1STV-1d ‘61TA-1Q
‘8127114 ‘'SIZH-1Q

8C1Y-td ‘szid-za
‘8€4-2d ‘LET-TA
‘0¢l-Td ‘s9z4-1a
‘€9TV-1d ‘T9ZA-1a
‘0924-1d ‘65TI-1Q
VITW-1A ‘T12d-1d
‘TeTd-Ta ‘1LT1-1d
‘99ZN-1d ‘¥97S-1a
'$ST4-14 ‘TSTH-1A

£7d-za

‘1€21-d 'S8Td-1a
‘1821-1d ‘8LTM-1d
‘YLTd-1d ‘€9TV
-1d ‘vITIN-1a
‘11td-1Q ‘LoTD-1d
‘€0Tv-14a ‘002114
‘L614-1d ‘961d-1a
ILTT-1A 'L9TN-1a

‘1STV-1d ‘99TA-1a ‘sSTH-1a ‘1sTv-1d 19300d
‘PITN-1A ‘1124-10 VN ‘61ZA-1d ‘SIZH-1a ‘61TA-1A ‘81ZT-1d duipuig oy uniog
¥97S-1d pue ‘v97S-1@ pue  suddAxo [Kuoqres
$92S-1d VN TSTH-1A‘SIZH-1Ad ZSTH-IA ‘SITH-1d 3y} 01 puoq-H 9D
VN VN STM-za TSTM-Ta VO yum yoers Sury
9ZIA-1d
99TM-TAd  ‘6z1¥-1A ‘1vT1A
‘1924-2d ‘09zv-zd ‘LEW-1d ‘v€D-1a
‘6STI-7d ‘sszD-zd ‘8¢I-1Q ‘8TT1-1d
‘€I1TI-TA ‘01TT-2A  ‘OLZd-za ‘19z4-7d
‘60271-2A ‘L9TT-TA ‘6STA-TA ‘sSTO-TA
‘89271-2A ‘S92N-zA ‘Y9TI-TA ‘€9IN  ‘€ITI-zd ‘01z1Ta
‘P9TN-7A ‘797d-7a -2d ‘797S-Td ‘vsTS  ‘6071-2d ‘19z 1-ta
‘PSTM-Td ‘0SZV -Td ‘eSTM-Ta ‘P9TA-TA ‘€9ZN
-7d ‘LYTN-Ta ‘0STN-Td ‘6vTv-7d -Td ‘eSTM-Td
.M.:N,—.-NQ ‘SITH-TA ‘0€TN-Zd ‘17zl-2a ‘0STN-Td ‘6vTv-Ia 19y00d
vitl-td ‘11z1-2a ‘L171-7d ‘v1TH-Ta ‘81TA-TA ‘LiTL-ZA duipurq ap uuog
£9IN
-Td pue 79zS-zd 79¢S suadAxo jAuoqied
VN VN ‘0€ZN-zd ‘L1Tl-za -cd pue ¢(gH-td i 01 puog-H YO
CT66T1 9661 ‘T8 19 UOSSUIAS Al 11dey) (jopows Indeyd sup
‘e ayny (opow (1spow €089 susooysauds) (1Ispows qpaviypaiaa 210y $10108J0)
vad) sonpisoy yoeuids) sonpisoy sanpisay ') Sanpisoy

(ponunuond) z'¢ 91qe.

252

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



VN

06Z1-1d ‘061H-1d
‘9814-1d ‘z814-1a
1L1D-1d ‘oL1d-1a
‘6910-1d ‘791d-1d

68¢I-1d

06IH-1d

‘b6Tv-1d
‘6810-1d ‘9814-1d
‘0L1a-1d ‘s910-1a

VN

¥0£0

-1d Pue ‘€0EN-1Q
‘T0EN-1d ‘667D
-1d '86IN-1d
'991D-141 ‘'§910-1a
¥910-14 ‘€911-1d
‘T91d-1d ‘0911-1d
‘6517714 ‘8S1d-1Q
‘LSTA-1A'SS1L-Id

€6TIN-1d ‘T6TL-1d
‘162S-1d ‘06TA-1d
‘68TD-1d ‘88TN
-1a ‘L8Tv-1d

061H-1d

‘P6TV PUR ‘C6TIN
-1d ‘061H-1Q
‘T81d4-14 ‘OL1g-1d
‘L91S-1d ‘991D-1d
‘6910-1a ‘¥91D-1a
‘€911-1d ‘T91d-1d
‘09TA-1d ‘6S1T-1d
‘8STI-1d ‘SSIS-1a

¢6TL-1d ‘067T-1d

suonorIAUl
aneIsonsag

JUSWUONAUD
ura101d Supunowung

‘687D-1d ‘9814-1a 089d pue
‘S8IA-1Q ‘LSTA-1A VN ‘9814-1Q‘9SIV-IA ‘LSIA-1A'9SIV-IA  Z usamiaq paedso] Z louog
‘POT
-td pue ‘peTv-7da
‘1€2L-2d '97zH-Ta
‘897S-1d ‘LTza-1d 19%00d
VN VN T€24-2d ‘61TA-1A  ‘61TA-1Q ‘vzTI-1a Swipuiq oy uuog  puedy areuoqreng
89CH 89TH
69CH-TA pue ‘GIZH 69TH-TA  -zAPUe‘VITH-TA -7 PUe ‘p[TH-TA
-¢d ‘TLTH-1d ‘S1TH-Td ‘tLtH ‘TLTH-14 ‘SITH ‘TLTH-14 ‘SITH
‘SITH-1A ‘1€79-1d -1d ‘SIZH-1d -1 *areuoqrediq -1d “euoqresiq uor 3y) 03 puedyy uolt} swey-uoN
C661 9661 'Te19 uossuaAg A1 Jaidey) (japouw 1avdeyd sup
Te 19 9pJJny (fopow (19pow €089 susooyrauds) (fopow tupavyuras J0y $10108J0D
ead) sonpisay  yoeuids) sonpisay Sanpisay ') sanpisay

(penunuod) z°¢ alqe,

253

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



S92y

-2d Pue ‘y9z73-za
‘Tv7a-7d ‘1vza-zd
‘9¢Td-1d ‘€£7¥-7a
‘vezd-td ‘sza-za
‘€TI-2d ‘6924-1d
‘LSTY-1d ‘TSTH-1A
‘Ypea-1d ‘evea-1a
‘TYTA-1d ‘8T

Ly

-0 14D pue 93-0 14D
‘€3-0 14D ‘9z4-7a
‘Y9T-7d ‘T¥7a-TA
‘€€T¥-7d ‘LTTd-Td
‘ved-td ‘std-za
‘€249-27d ‘69Z49-1d
‘LSTY-1d ‘TSTH-1d
‘vbea-1d ‘vza-1d

[suueys uodsuen

VN VN -1A'SITH-1A ‘THTd-1d ‘8€T-1d aAnend oy uuoyg Iarem/ajeuoqrearq
suonoeiui
VN 291d-2d ‘16zv-td VN VN  S[ees) Jop uea Aoy
06IH-ZA $910-7d ‘061H-TA 6914-2d 681H-2d duipuoq-H
C6IN-Td
‘16271-2d ‘062V-7d
‘681d-7d ‘1L1d-Td
‘0L1V-Zd ‘6914-cA  68271-2d ‘L8TA-¢d
910-7d ‘€91D-7d ‘681H-7d ‘S814-7A
¥621-2a ‘T61M-7d ‘T91'T-2A '191d-ed  ‘6914-2d ‘29171-2A
‘06TH-7d ‘9814-zd 167V-7d ‘6STIN-7d ‘8S17T-2A  ‘191d-2d ‘8S171-2d
‘T814-2A ‘OL1d-Td ‘06T1-Td ‘6814-2d ‘LSTA-TA '9STA-TA ‘LSI-Td ‘'9STA-ZA WOWUONAUD
‘$910-7A ‘791d-tA  ‘z814-2d ‘OL1d-Td ‘SS I1S-2A ¥STA-TA ‘SSIS-TA ‘PSIA-TA umioid durpunoung aiouoq
C661 9661 ‘[e19 uossuaAg A1 Jardey) (jopow Jaideyd siy
‘Te 19 opyny (jopow (1spowr €089 susfo0ysauds) (1epows 1pavyuta 9|0y §10108J0))
vad) sanpisoy yoreuids) sanpisoy SaNpISoY ‘) SaNPISAY

(ponunuod) ‘z'¢ 9qey,

254

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



Regarding the physiological role of cytochrome b559, it is worthy to note that the
location of the transmembrane helix of the o subunit resemble that of the bacterial H
subunit which is involved in the assembly of the bacterial reaction center (Chory et al.
1984; Sockett et al. 1989). It is proposed here that the transmembrane a—helix of the o
subunit may assume a similar role by forming a nucleation center for the sequential
assembly of the other.components of the PSII reaction center, i.e., D1 and D2. The
molecular genetic and immunological evidence of Shukla et al. (1992) and Tae and Cramer
(1992) may be taken to support the notion that cytochrome b559 may serve a functional
homologue of the H subunit in the bacterial system.

Based on discovery from the newly refined crystal structure of the bacterial reaction
center (Ermler et al. 1994; Deisenhofer et al. 1995) that multiple water molecules are
present to facilitate the protonation of Qg (Fig. 5.6A), an analogous water/bicarbonate
binding niche which may function similarly was first proposed in the D1/D2 model for
Synechocystis 6803 (Chapter IV). Such a model was constructed by making the
assumptions that (1) Qg molecule in PSII is also buried inside the protein complex; and its
protonation is ultimately dependent upon the transport of protons from the outer
environment; (2) the direction of the transport in the PSII reaction center is similar to that in
the bacterial reaction center; (3) the charged residues form the putative transport channel, as
in the bacterial reaction center; (4) the local electrostatic characteristic of the binding region
weighs more than the precise geometric match with the bacterjal water-binding residues; (5)
the channel to be constructed has another end at the non-heme iron site as well. Thus, by
superimposing the bacterial structure (IPCR) onto the constructed PSII reaction center
model, a series of D1/D2 charged residues were identified as the putative bicarbonate/water
binding residues. Interestingly, most of the identified residues had been previously shown
in experimental investigations to be related to the "bicarbonate effect”. A striking feature
was that near the Qp and non-heme iron sites the residues are predominantly positively

charged in contrast to the bacterial reaction center which lacks the bicarbonate effect. In our
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current model that includes cytochrome b559, a similar attempt for constructing the channel
was made based on the same assumptions (see above). In addition to the charged D1/D2
residues, three residues from the o subunit of cytochrome b559 were also found to fall in
the close vicinity of the water channel when the bacterial structure is superimposed on the
PSII reaction center model (Fig. 5.6B). Though the inclusion of the residues are
considered speculative, site-directed mutagenesis on these residues may provide further

clues.

Data presented in this chapter are based on the published work of the author (Xiong et al.

1996).
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