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ABSTRACT

The function of the Aacceptor in cyanobacterial Photosystem | (PS I) complex was
probed — using EPR and optical spectroggnp- by: i) interrupting phylloquinone
biosynthesis; i) replacing phylloquinoneitiv foreign quinones; iii) introducing point
mutations in amino acids within the guinone binding site.

Major findings include that: i) interruption of timaenA (phytyl transferase) anenB
(naphthoate synthase) genes in the plylinone biosynthetic pathway results in a
functional PS | complex in which plastoqone-9 replaces phylloquinone in thegqiinone
binding site; ii) forward electron transfer from ® F is endergonic in a PS | complex that
contains plastoquinone-9; iii) ggtoquinone-9 is loosely bound nmenA and menB mutant
PS | complexes, thus it is readily exchanged with both substituted and unsubstituted foreign
guinonesin vitro; iv) forward electron transfer in cyanobacterial PS | — as determined by
studying the site-directed mutants W69{#saA) and W677 (PsaB), S692C (PsaA) and
S672 (PsaB), and R694A (Psa#&)d R674A (PsaB) — proceeds predominately through the
PsaA-branch of cofactors.

Backward electron transfer from, Ao Py, is biphasic, with lifetimes of ca. 10 ps
and ca. 300 ps, in a PS | complex that am#t plastoquinone-9. The slow kinetic phase
disappears upon reduction with dithionite, intireg that the plastoquinone related to the
slow phase has been reduced. However, thekfastic phase remains, indicating that the
plastoquinone related to the fdshetic phase has not been reduced. Therefore, these two
plastoquinones differ in &ir midpoint potentials.

Supplementation of the growth medium wenB mutant cells with a set of

unsubstituted quinones causes incorporation of phytylated quinone into, tip@inane



binding site. When the growth medium rménA mutant cells is supplemented in the same
way, no such incorporation occurs and thegAinone binding site remains occupied by
plastoquinone-9. However, when eithemenA or menB mutant cells are grown with
guinones that have long hydrophobic carboaimh (phylloquinone and menaquinone-8),
these quinones occupy the, guinone binding site at thexpense of plastoquinone-9.
Therefore, a long hydrophobic carbon chaimeguired for quinone incorporation into the

A; quinone binding sitén vivo.
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Chapter 1

General Introduction

ABSTRACT

In this introductory chapter, | define photosynthesis as an energy conversion
system, discuss the functional organiaatiof the photosynthetic machinery, and
introduce reaction center types. Cyanobadtdplaotosystem | (PS 1) is discussed in
detail. The arrangement of the electron carriers is described based on the latest structural
information. Unresolved andontroversial topics relateto PS | are discussed and
relevant issues are identified. The chaptedsewith a brief review of the functional

chemistry of the Aacceptor in PS I.



Photosynthesis: a high-efficient ener gy conversion system

Photosynthesis can be broadly definedhgmocess that converts energy of light
into chemical bond energy. Energy-rich lecules are synthesized and are further
employed in driving and regulating metéibm. The photosynthetic process typically
involves generation of a transmembranet@n gradient via photon-driven charge-
translocating enzymes coupled to ATP synth@sg. 1.1). Examples of this scheme are
ubiquitous amongst the three branches of Hieotosynthetic eukaryotes include higher
plants and algae; examples of photosynthi#cteria are purple bacteria, green sulfur
bacteria and cyanobacteria; archaeal phopdty is common amongst halophiles (a well-
known case i$ialobacterium salinarium. As a rule, bacteria and eukaryotes use electron
translocating molecular pumps (photoswtit reaction centers), while archaea use
proton translocating pumpse.d. bacteriorhodopsin). Photosynthesis is an ancient
metabolic process. Ehearliest organisms found indementary rocks formed 3.5 billion
years ago were, in fact, identified as closkatives of cyanobacteria. It is commonly
accepted that the appearance of oxyg@hiotosynthesis caused dramatic atmospheric
changes which involved the shift from a@uwvetive to an oxidative atmosphere.

Oxygenic photosynthesis utilizes two different types of light-driven electron
translocating reaction centers - Type | ahgpbe Il. The next section describes the

mechanism of oxygenic photosynthesis.

Photosynthetic reaction centers; Photosynthesisin Cyanobacteria

In the early 1930s Emersahal. (1932) demonstrated the presence of two types
of photosystems that constitute the lighactions in plant photosynthesis. They were
named Photosystem | and PhotosystenPI® ( and PS Il). Later it was shown that
reaction centers in different types of photosetith bacteria are structurally related to
either PS | or PS I, hence the more gentrahs, Type | and Type Il reaction centers,
were introduced. Type | reaction centers have [4Fe-4S] clusters as terminal acceptors,
while Type Il reaction centers have quinoressterminal acceptors. Typically, Type |
reaction centers carry out one-electron tracetions, and type Il reaction centers carry
out two-electron translocations. In thétéa case the terminal quinone is loosely bound,



3

and upon sequential acceptance of two electeortstwo protons, it Bves its site and
diffuses into the quinone pool. Non-oxygemikotosynthetic organisms employ one of

the two reaction center types. For example, purple bacteria use Type Il reaction centers,
while green sulfur bacteriand heliobacteria use Type | reaction centers. In their recent
review, F. Baymanet al. (2001) hypothesize that the salled Reaction Center | is the
ancestral photosystem and PS Il descendad fReaction Center | via gene duplication

and gene splitting.

Oxygen-evolving photosynthetic organismtilize both types of reaction centers.
The organization of the photosynthetic apparatucyanobacteria, the simplest oxygenic
phototroph, is shown in Fig. 1.2. The two photosystems are coupled through the
plastoquinone pool, the cytochromesf bcomplex, and either plastocyanin or
cytochromecs.

PS Il performs light-catalyzed oxidation of water and reduces loosely bound
plastoquinone-9 (see Yodet al., 2002; Dineret al., 2001; Rhee 2001; Debus 2000).
After absorption of a photon, an electronrensferred from the chlorophyll donoggfto
a pheophytin. The next step is the retittn of a plastoquinone-9 molecule,,Qvhich in
turn reduces the second quinong. Qxidized Rgo is then reduced by the redox-active
tyrosine Z, which mediates electron flow from the manganese water-splitting complex.
The net result is that the loosely bound plastoquinonés @educed to the quinol form
for every 2 electrons transferred fromater and every 2 photons absorbed. The
manganese water-splitting complés able to accumulateodir oxidizing equivalents.
Hence, stoichiometricaly, PSaction can be expressed by:

2H,00T" ™' . 4H" + O, +4e
Four electrons on the right side of the dguraleave PS Il in form of two plastoquinol
molecules, and 'fresh' plastoquinone alwaysives at the vacated site from the
plastoquinone pool. Therefore - for every ogggmolecule evolved - there must be 4
photons absorbed, 4 electrons tramrsi@ and 2 plastoquinone-to-plastoquinol

conversions.
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Plastoquinol produced in PS Il is foer recycled by the cytochromgf somplex.
Plastoquinol is oxidized at a special oxidatisite. At this step the electron transfer
pathway bifurcates: one electronegothrough heme cofactors, and Iy and reduces
plastoquinone at the plastogone reduction site; the other electron proceeds to the
Rieske FeS cluster followed by the transfer to a soluble carrier, either cytootygroe
plastocyanin depending on thaveonmental conditions (Zhang al., 1992). The net

action of the cytochromesbcomplex is:

2PQH,(0)+ PQ(r) 0L, 2PQ(0) + PQH,(r) +2H" + 2¢”
Letters o and r denote quinol oxidatiomdaquinone reduction sites, respectively.
Therefore, for every 2 plastoquinols oxedd, one plastoquinone is reduced and 2
electrons are removed by the soluble carrier cytochro@e Note that 2 protons are
captured at the reduction site and 2 protonsedeased at the oxidation site. The released
and captured protons are on opposite sidem@mbrane. The process described was
proposed by Mitchell in 1976 and termee tiQ-cycle hypothesis" (Mitchel, 1976).

Cytochromecssz has a relatively high reduction potential, and a weak oxidant

needs to be used in order for electron fimwcontinue. This is achieved through PS |
action. When a photon is absorbed by PSd, ékcitation energy within the antenna is
transferred to the primary electron donofgPEXcited By is oxidized by the primary
electron acceptor A and this initial charge separation is stabilized by the sequential
electron transfer via redox-active cofactors, B, Fa and kg (for reviews see Brettel
and Leibl, 2001; Golbeck, 1993; Golbeck and Bryant, 1991). The terminal accgpsgor F
further oxidized by a soluble ferredoxin. Oxidizegd®s re-reduced by cytochronogss.
As a net result, PS | performs light-mediated catalytical generation of the low-potential
reductant (ferredoxin) by removing elemt from the high-potential reductant

(cytochromecssg):

—_ light —_
e (+400mVv) 0 "8 _ e (-400mV)
During this process the redng equivalent is transfemeacross the membrane and an

electrochemical gradient is established. The result is that the lumenal side of the
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membrane is more oxidizing and more acidic than the stromal side of the membrane. The

potential energy of this gradient drives ATP synthesis

PS1; Componentsof the electron transfer chain; Electron flow

A prolonged research effort has resulted in an X-ray crystal structure of PS | at a
resolution of 2.5 A (Jordaet al., 2001). The precise arrangement of the 12 subunits and
the components of the electron transfer chaas been elucidated. Cyanobacterial PS |
consists of 12 polypeptides, 96 chlorophglmolecules, 13 R-carotene molecules, two
phylloquinone molecules and three [4Fe-4S] clusters. Two large subunits of about 83
kDa each (PsaA and PsaB) bind the following redox centess:(€hlorophyll a/a’
dimer), A (a monomeric chlorophylh), A; (a phylloquinone) and ¥ (a [4Fe-4S]
cluster). Both of the terminal electron acceptoksaRd ks (also [4Fe-4S] clusters) are
coordinated by the PsaC subunit.

The cofactors potentially involved in eglfron transfer are arranged in two
branches related by almost perfegtsgmmetry (Fig. 1.3). These branches are located in
the dimeric interface of PsaA/PsaB heterodimer. The cofactors primarily located either on
PsaA or PsaB are called "PsaA-branch" and "PsaB-branch”, respectively. Currently it is
unclear whether one or both branches are active in the forward electron transfer.
Experimental data in suppat both hypotheses exist.

The unidirectional model is supported in the work of Yang. (1998), in which
the authors employed a strategy of deletion mutagenesis. PS | complexes, with their
subunits along the PsaA-branch (Psmd PsaF) deleted, rendered theafceptor more
susceptible to double reduction. In compamisPS | complexes ith similar deletions
along the PsaB-branch showed no effectquinone reduction. These findings led the
authors to conclude that the PsaA-branch of cofactors is active in the forward electron
transfer. In contrast, Guergova-kumesal. (2001), favor a bidirémnal model based on
work with site-directed mutants in the-Ainding site. This issue is discussed in more
detail in the introduction to chapter 5.

The scheme of charge separation inl BSshown in Fig. 1.4. Excitation of;§
leads to its singlet state #g from which an electron is transfered tg #d then to A



6

on a picosecond time scale. Fromthe electron is transferred tq Bnd then to Fand
Fgs on the nanosecond time scale (Brettel, 1997).

The primary acceptor Ais a low-potential chlorophylh molecule that undergoes
rapid reoxidation with a Idtime of 32+5 ps (Shuvalo&t al., 1976), leading to the
reduction of phylloquinone to the semiphylloquindaem. This is faster, by three orders
of magnitude, than the charge recombination betwegams Poy', which has a lifetime
of 30 ns to 50 ns (Sétif and Bottin, 1989).

Electron transfer from Ato Fx is biphasic, and is deribed by kinetic phases
with 20 ns and 200 ns lifetimes (Lunebetgal., 1994). Forward electron transfer from
A; to the iron-sulfur (FeS) clusters comgeivith charge recombination between @nd
P00’ (Xu, Q.et al., 1994). This reaction can be studied by prereducingtié.fand kg
acceptors. At cryogenic tempgures a backreaction with a lifetime of ca. 20 us between
A; and By directly populates the ground state of thgoPAt room temperature this
charge recombination occurs with a lifetimecaf. 250 ns in the presence of prereduced
iron acceptors and populates thgoRriplet ('Pso0) state. ThéPyoo relaxes to the ground
state with a 3 yus to 5 pédiime (Sétif ad Bottin, 1989).

It was suspected that these lifetimes could be influenced by the electrostatic
interactions with the reduced FeS clustetisus alternative methods that involved
physical removal of the FeS clusters were developed. In the case in which the FeS
clusters were removed, charge recombamatinetics is descriloeby ca. 10 pus and 100
ps lifetimes (Brettel and Gmeck, 1995). The approactvhich involves selective
inactivation of the terminal FeS centers isadissed in more detail the introduction to

chapter 3.



The A acceptor of PS|

One of the general questions this thesitempts to answer is what structural
features of the quinone and its binglisite constitute a functionah Acceptor. In this part
of the introductory chapter, | review reseaagtihe past two decades on the structure and
function of the A acceptor in higher plants and cyanobacteria. Research efforts
culminated in the solution of the X-ray crystal structure at a resolution sufficient to
elucidate the precise location and orietatof the phylloquinone molecules in the PS |
(Jordanet al., 2001). It is now establishédat phylloquinone (Vitamin K functions as
the A, acceptor; it accepts electrons fromakd passes them forward to the FeS clusters.

Sufficient experimental evidence in favor of phylloquinone being thacgeptor
in PS | was accumulated even before the detailed X-ray structure became available. This
information was gathered by electron pargmetic resonance (EPR) as well as optical
and chromatographic methods, all of whigbinted to the quinone nature of thg A
acceptor. In this work we employ thesen-crystallographic methods of study. Even
though the structural information they providenot as detailed, a significant amount of
functional information on the dynamicsthie electron flow can be gathered.

Phylloquinone (vitamin K) was discovered in plants by H. Dam in 1941,
however its function remained unknown. Iretharly 1980'’s, its association with PS |
was established (Interschick-Nieblet,al., 1981; Takahashi, Yet al., 1985; Schoeder,
H-U. and Lockau, W. 1986). Schier and Lockau showed spiecally that there are two
phylloquinones per 4, and that they are associated with the PsaA/PsaB heterodimer.
Using high performance liquid chromataghy (HPLC) along with sodium dodecyl
sulfate (SDS) page electrophksis, the ratios of phylquinones and plastoquinones per
Pzoo were determined in membranes and PS | complexes. PS | complexes isolated from
spinach were found to contain 1.8ypdbquinones and 0.2 plastoquinones pgfp.Rt was
known from EPR and UV spectroscopy that the secondary acceptor of RSHa@h
guinone-like features (Thurnauet al., 1985; Petersest al., 1988; Mansfieldet al.,

1986; Brettekt al., 1986). Extraction/reconstitution stediprovided further evidence for
the A; being phylloquinone (Itokt al, 1987; Mansfieldet al., 1987; Biggins and Mathis,
1988). Biggins showed that a PS | complexweactive in the reduction of nicotinamide
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adenine dinucleotide phosphate (NADP) afeamoval of phylloquinone, but its function
was restored after re-addition of phylloquino&@milarly, the EPR spectrum associated
with A; and the optical transients associated witf PA1~ recombination were restored
upon addition of phylloquinone. For a compnesige discussion on the reconstitution of
the solvent-extracted PS | see l@lal. (2000).

Solvent extraction of PS | complexes hissadvantages that up to 85% of the 100
chlorophylls and all of the carotenoids arstjand so it is uncertain whether or not the
PS | complex has undergone structural changes sesult. In this thesis | present an
alternative approach to study; Aunction by utilizing phyllogquinone biosynthetic
pathway mutants. When phylloquinone bio$wsis is interrupted, plastoquinone is
recruited into the A site and functions as the;Aacceptor (chapters 2 and 3). The
plastoquinone is rather loosely bound and easily exchanged with foreign quinones,
bothin vivo andin vitro (chapter 4).

It is very likely that the two quinone nesdules in PS | have different affinities for
the binding sites on PsaA and PsaB. Malkif86) as well as Biggins and Mathis (1988)
demonstrated that phylloquinones can be exdthsequentially using different solvents.

Additional clues come from a comparisohthe quinone-binding sites on PsaA
and PsaB, based on the atomic-resolution 22618y crystal structure. Fig. 1.5 A depicts
the PsaA quinone-binding site. The phylloquiromolecule is held in the site by
interactions with W697, an O-H-N Hyogen bond with L722, and by hydrophobic
contacts of the phytyl chain with chlorophyll afetarotenes. Hydrophobic interactions
with PsaA residues are limited to the interactions of the phytyl chain with the side chain
of L722 and to the 2-methyl group with the side chain of M688. The strength of the
hydrophobic interaction betweeatiphatic groups can be estited based on the distance
between corresponding carbon atoms. A distarfcgé A renders a strong interaction of
the groups (one can take the C-H bond lersgtl A and the van der Waals radius of a
hydrogen as 1 A). The entropic effect of water exclusion also plays a role in these
interactions.

Fig. 1.5 B displays the PsaB quinone-binding site. Interactions of the

phylloquinone head group with PsaB residues\aary similar to interactions at the PsaA
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guinone binding site. There arert interactions with W677; an O-H-N hydrogen bond
with the amide group of L706; and hydrophobitenactions of the phytyl chain with the
side chain of L706 and 2-methyl group witle thide chain of M668. However, in contrast
to the PsaA binding site, the phytyl chaihthe quinone has more hydrophobic contacts
with residues on PsaB, for example with W21 and 124 as shown in Fig. 1.5, B. As a result
of these interactions, the phytyl chain is curved within the PsaB subunit. In light of this
argument, we can predict that the quinone in PsaB is more strongly bound tpdite A
than its counterpart in PsaA.

However, it is still not clear whethesne or both of the phylloquinones are
involved in forward electron transfer. This issis addressed in chapter 5, where | focus
on site-directed mutants in the quinone-binding pocket.

Collaborativework included in the Thesis

The study of quinone function in PS | has been a highly collaborative project, and
a multidisciplinary approach was necessary to arrive at solutions to problems. All of the
data are presented in the thesis so that reliable conclusions can be reached.

The mutant constructs were preparedrfe by Parag Chitnis and Wade Johnson
(menB andmenA mutants ofSynechocystis sp. PCC 6803); by Parag Chitnis and Wu Xu
(site-directed phylloquinone-binding mutajtby Yumiko Sakuragi, Gaozhong Shen and
Donald Bryant inenB andrubA / menB mutants ofSynechococcus sp. PCC 7002).

Physiological studies afubA / menB mutant cells cultures were performed in
collaboration with Gaozhong 8h, Yumiko Sakuragi and DoldaBryant. Physiological
studies ofmenA and menB mutant cells cultures were performed in collaboration with
Wade Johnson and Parag Chitnis. Wade Johpgrformed growth studies of th&nB
mutant cells in media supplementegith naphthoquinones. Supplementation by
anthraquinones was done oooperation with Ester @lome and Gaozhong Shen.
Identification of the quinone in the;Asite in the mutant PS | complexes by mass
spectrometry was performed in collaboration with Daniel Jones. Transient EPR
experiments were performed @ollaboration with Dietmar 8$hlik and Art van der Est.

Pulsed EPR experiments weatene in collaboration with RokteBittl. Measurements of
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the transmembrane potentials in proteolipossmwere performed inollaboration with
Mahir Mamedov and Alexey Semenov. Ma Mamedov and Alexey Semenov also
participated in the characterization of timenB™ and menA” PS | complexes by visible
spectroscopy. Optical measurements i@ thV were done in coooperation with Bruce
Diner. Most of the originalgor Pro code for the data handling and analysis was written
by llya Vassiliev, who also built and maintained the spectrometers used in the optical
experiments.

Experimental work performed exclusly by me included X- and Q-band
continuous wave (CW) EPR spectroscofayie-resolved X-band EPR measurements of
the whole cells, flash-induced differentispectrophotometry in the visible and near-
infrared (near-IR) regions, HPLC analysis of the quinone extrattsijtro quinone
replacements, inactivation of the terminal FeS clusters by chaotropic treatment, and

studies of thenenB" PS | complexes reduced with dithionite.
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FIGURE LEGENDS

Figure 1.1 General scheme of the photosyriheenergy conversion. A charge

translocating molecular pumpésupled to the ATP synthase.

Figure 1.2 Photosynthetic machinery of cyanobaiegt€¢adapted from Jones, R. M. 2001)

Figure 1.3 Electron transfer cofactors in PS|I. Electron carriers precedingre
symmetrically arranged in two chains time interface of PsaA/PsaB heterodimer. FeS
cluster K is ligated by four cysteines, two cysteines from each of PsaA and PsaB.

Terminal electron acceptors Bnd ks are harbored by PsaC subunit of PS I.

Figure 1.4 Energy diagram of the electron flow in PS I. Solid arrows represent forward
electron transfer, broken arrows represdrarge recombination. Lifetimes for the known

processes are shown.

Figure 1.5 PsaA and PsaB phylloquinone binding si#gsphylloquinone binding site in
PsaA.B, phyllogquinone binding site in PsaB. ybquinone molecules are depicted in
pink color. Water molecules are depicteiblue dots (PDB entry: 1JB0)
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Chapter 2

Recruitment of Plastoquinone-9 into the A; Site of Photosystem |

[Published in part, as papers:

Johnson, T. W., Shen, G. Z., Zybailov, B., Kolling, D., Reategui, R., Beauparlant, S.,
Vassiliev, I. R., Bryant, D. A., Jones, A. D., Golbeck, J. H. and Chitnis, P. R.

Recruitment of a foreign quinone intbe A(1) site of photosystem I. GENETIC AND
PHYSIOLOGICAL CHARACTERIZATION OF PHYLLOQUINONE BIOSYNTHETIC PATHWAY
MUTANTS IN Synechocystis sp.PCC 6803 (2000). Biol. Chem. 275: 8523-8530

Zybailov, B., A. van der Est, S. Zech, C. Teutldf,W. Johnson, G. Shen, R. Bittl, D.
Stehlik,P. R. Chitnis, and J. H. Golbeck, Recruitment of a foreign quinone intojthe A
site of photosystem I. IISTRUCTURAL AND FUNCTIONAL CHARACTERIZATION OF
PHYLLOQUINONE BIOSYNTHETIC PATHWAY MUTANTS BY EPR AND ENDOR J. Biol.
Chem,, 275: 8531-8539

Semenov A. Y., Vassiliev I. R., van der Bst Mamedov M. D., Zybailov B., Shen G.,
Stehlik D., Diner B. A., Chitnis P. R., and Golbeck J. H., Recruitment of a foreign
guinone into the A site of photosystem |. IIIALTERED KINETICS OF ELECTRON
TRANSFER IN PHYLLOQUINONE BIOSYNTHETIC PATHWAY MUTANTS STUDIED BY TIME-
RESOLVED OPTICAL, EPR. AND ELECTROMETRIC TECHNIQUHER2000)J. Biol. Chem. 275:
23429-23438]
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ABSTRACT

In this chapter | describe timenB andmenA phylloquinone biosynthetic pathway
mutants, and | show that plastoquinonesstgad of phylloquinone) functions as the A
acceptor in PS I. The biosynthetic pathway mutanSyoéchocystis sp. PCC 6803 grow
photoautotrophically under low light intensiti@sd support high rates of electron transfer
from cytochromecs to flavodoxin. HPLC analysis of PS | complexes show that
plastoquinone-9 is present in thhenA andmenB mutants, but not in the wild type. Room
temperature CW EPR measurements at 9.4 @Hwhole cells of the mutants show
transient appearance and disappearance of an organic radical wigivéhee and
anisotropy characteristic of a quinone.eTBW EPR spectrum of the photoaccumulated
Q radical measured at 34 GHz, and the electron spin-polarized transient EPR spectra of
the radical pair B0’ Q measured at 9.4, 34 and 94 GHz, show three prominent features:
(i) Q has a largeg-anisotropy than phylloquinone; (i) @oes not display the prominent
methyl hyperfine couplings attributedeti2-methyl group of phylloquinone; (iii) the
orientation of Q in the A site, as derived from the spin polarization, is within
experimental error that of phylloquinone the wild type. Electron spin echo (ESE)
modulation experiments on,dg Q show that the dipolar coupling in the radical pair is
also the same as in wild-type P$.4,, the distance betweenof and Q (25.3 + 0.3 A)
is the same as that betweegiPand A in the wild type. Pulsed electron nuclear double
resonance (ENDOR) studies show two speceatures that can be interpreted as arising
from a nearly axially symmetric hyperfine coung, which is tentatively assigned to two
methyl groups on Q.

In total, these results show thaetforeign quinone Q: (i) occupies the pocket
much as phylloquinone does; (ii) functions in accepting an electron fronard in
efficiently passing the electron forward to the FeS clusters; (iii) has spectroscopic
characteristics consistentttvits identity as plastoquinone-9. A global multiexponential
analysis of time-resolved optical spectratiive blue region shows the following three
kinetic components: (i) a 3-nlifetime, in the absence of meglhviologen, that represents
charge recombination betweenof and an FeScluster; (i) a 750-us lifetime that
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represents electron donation from an Fe&ster to methyl viologen; and (iii) a ca. 15-us
lifetime that represents an electrochromic shift of a carotenoid pigment. Room
temperature direct detection transient EPR studies of forward electron transfer show a
spectrum of By Q during the lifetime of the spin poladiion and give no evidence of a
significant population of B¢ FeS for 1 < 3 ps. The UV difference spectrum measured 5

ps after a flash shows a maximum at 315 amsrossover at 280 nm, and a minimum at
255 nm as well as a shoulder at 290 nm to 285all of which are characteristic of the
plastoquinone-9 anion radical. iGtic measurements that monitor Q at 315 nm show a
major phase of forward electron transfer to the FeS clusters with a lifetime of 15 us -
which matches the electrochromic shift at 486 of the carotenoid - as well as a minor
phase with a lifetime of 250 us. Electrane measurements show similar biphasic
kinetics. The slower kinetic phase can be detected using time-resolved EPR spectroscopy
and has the characteristic spectrum ofraigeinone anion radical. | estimate the redox
potential of plastoquinone-9 in the Aite to be more oxidizing than phylloquinone, so
that electron transfer from Q toc ks thermodynamically unfavorable in thenA and

menB mutants.

The initial biochemical chacterization and physiologal studies were done in
collaboration with Gaozhong Shen and Wadénson. The transient EPR experiments
were done in collaboration with Dietmare8tik, and the pulsed EPR experiments were
done in collaboration with é&bert Bittl. The electrometric measurements of the
transmembrane potential were performadcollaboration withMahir Mamedov and
Alexey Semenov. Identification of quinone sgexcin the mutant PS | complexes by mass

spectrometry was performed inlledoration with Daniel Jones.
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INTRODUCTION

Light induced charge separation in phgtabetic reaction centers proceeds via a
common multistep electron transfer procesa &iabilized, charge-separated radical pair
state P Q, consisting of an oxidized chlorophyll donor and a reduced quinone acceptor.
Two types of reaction centers can be distinguished according to the electron acceptors
and electron transfer pathways subsequent to the quinone acceptor. A series of FeS
clusters with electron transfer essentially perpendicular to the membrane characterize
Type | reaction centers (PS |, green sulfur bacteria, heliobacteria), whereas a second
guinone acceptor gand electron transfer parallelttte membrane from the first quinone
acceptor @ characterize Type Il reaction centers (PS Il and the reaction centers of purple
bacteria). The first quinone is therefore the interface either between electron transfer
involving organic cofactors and electron téar involving FeS clusters (Type I), or
between pure electron transfer and coupddéettron and proton transfer involving a
second organic cofactor (Typ. Their widely varying milpoint potentials, their ability
to be an electron-only or an electron-grdton carrier, and their function as a bound or
mobile electron (and proton) carrier are fhrémary reasons to study and compare the
available structural and funohal properties of qoones in their native binding sites.

Compared with the binding sites fon@nd @ in bacterial reaction centers, the
binding sites for phylloquinone in PS leapoorly understood. Transient EPR studies of
the radical pair P A; (Stehlik et al., 1989; van der Estt al., 1997) show that
phylloguinone is oriented with its carbgrbonds parallel to the vector joiningog and
A;. Measurement of the dipolar coupling between thg' Rnd A" radical pair shows
the distance between these two radicals to be 25.4 + 0.3 A &eth 1996; Dzubaet
al., 1997; Bittl et al., 1997). Transient EPR studies of R, in single crystals of PS |
provide an angular range for the ati@tion of phylloquinone (Kamlowslet al., 1998)
which is consistent with a spin echo study (Bitthl., 1997). These studies show that the
dipolar coupling axis and the quinone candobonds make an angle of 27+5 degrees

with the crystallographic-axis (membrane normal). Neartile same orientation has
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been determined from EPRudtes of photoaccumulated;Ain oriented membranes
(MacMillan et al., 1997).

The orientation of the other axis ithe quinone plane is less certain. For
photoaccumulated Ain oriented membranes, the quinone plane is nearly perpendicular
to the membrane (76 degrees) (MacMilld®97). Recent transient Q-band EPR of
P;o0 A1 in PS 1 single crystals (Zech, 1998¢termine an angle of 55 + 20 degrees
between the quinone plane and the planeatoimg the carbonyl bond direction and the
crystallinec-axis (membrane normal), which is good agreement with the most recent
X-ray structure (Jordaet al., 2001).

The spectroscopic distance and orieotatinformation was crucial in allowing
the identification of two regions in the electron density map that likely correspond to the
quinones. One of the two quinones couldideated on the initial 4 A electron density
map of PS | complexes froi@ynechococcus elongatus (Schubertet al., 1997), but a
refined electron density map has since alldwee second quinone to be located (Klukas
et al., 1999). The modeling of theAinding pocket, which was initially derived from
the ENDOR and spin echo studies, placeglphuinone near the loop connecting tine
(m’) transmembrane ana(n’) surface helices of PsaA/B heterodimer in the PS | reaction
center, with a parallel arrangement to a W residue located at the beginninghdhthe
helix as a likely contribution to Abinding (Kamlowskiet al., 1998). The current X-ray
structure of PS | confirms these predictions (Joedah, 2001).

A variety of benzoquinones, naphthagomes and anthraguinones can replace
phylloquinone after solvent extraction, atitese substitute quinones are capable of
accepting electrons from ¢A(Takahashi, 1985; Ikegami, 1987; Biggins, 1990; Iwaki,
1991). 2-methyl-3-decyl-1,4-nagtdquinone, 2-methyl-3-(isoprenyl,4-
naphthoquinone, and 2-methyl-3-(isopremil)4-naphthoquinone are the only quinones
that appear to be capable of passing electrons forwarg.t@Hs implies that the 2-
methyl group and/or the 3-phytyl sideadh of phylloquinone are required for correct
interaction with a hydrophobic domain of the gite (Biggins, 1988; Biggins, 1990). The
proper orientation of the head group maythe critical factor in the ability of the
guinone to transfer an electron tp (Sieckmaret al., 1991; van der Esdt al., 1995), or
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an appropriate redox potential may be theyarhuirement for a quinone to function in
electron transfer from Ato Fx (ltoh and Iwaki, 1991; Iwaki and Itoh, 1994). The
discrepancy between the twdhsols of thought could result from differences due to the
chemical treatments used to extract thgllpquinone and to introduce a foreign quinone
in PS 1. In view of this problem, | sought an entirely new approach to remove
phylloquinone from the Asite.

My approach was to study mutants in which the phylloquinone biosynthesis
pathway was interrupted (Johnsenal, 2001). ThemenA gene product (naphthoate
synthase) and theenB gene product (phytyl transferase) were proposed to be directly
involved in the biosynthesis of phylloquinoaad were therefore targeted for insetional
inactivation. The goal was to disallow the@$ynthesis of phylloquinone and produce an
empty A site, which could then be reconstituted with a variety of quinones. Instead, it
was found that photoautotrophic growth unbiey light intensities and steady-state rates
of flavodoxin reduction were Iaively unaffected by the absence of phylloquinone. To
account for these results, | proposed that thesife was not empty, but that a foreign
qguinone had been recruited into the gites of themenA and menB mutants. In this
chapter | provide evidence for theepence of a functional quinone in thenA and
menB mutant strains ofSynechocystis sp. PCC 6803. From its EPR spectroscopic
properties, structural characteristics are derived that are consistent with identifying the
foreign quinone as plastoquinone-9 (Fig. 2.3).

| further explore the functional conseqaen of the presence of plastoquinone-9
in the A site. Plastoquinone-9 and phylloquindmeve different one-electron reduction
potentials in dimethylformamide, and therefore they are likely to possess different
reduction potentials - and hence differ&inetic properties - in the fsite. The kinetics
of forward electron transfer from;Ato the FeS clusters in wild-type PS | have been well
documented using transient EPR spectroscopy and time-resolved UV spectroscopy. Both
methods are consistent in showing a fodvatectron transfer time of ca. 280 ns in
spinach and cyanobacterial PS | complexes (Brettel 1988; &oalk, 1989; Sétif and
Brettel, 1993; van der Esdt al., 1994). Photovoltage measurements of the oriented

cyanobacterial PS | complexes reveal aectbgenic phase with a forward electron
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transfer time similar to that ascribed to the £ Fx transition (Leiblet al., 1995).
Optical studies revean additional component with arfeard electron transfer time of
ca. 10 ns in detergent-treated samples, rmitin whole cells (Brettel, 1988). In the
absence of detergent, the fast phase repiesaty 30% of the total contribution, leading
to the possibility that in native membrandge® forward transfer time is the same in
spinach and cyanobacteria.

Since electron transfer rates are sensitive to changes in Gibbs free energy, as well
as to alterations in distances and reorzgtion energies among donor and acceptor pairs,
the replacement of phylloquinone by plastogme-9 is expected to translate into a
change in the rate of electron transfer throughHowever, the reorganization energy is
not expected to differ significantly, giveahat the replacement quones are structurally
similar to phylloquinone. | find that the raté forward electron transfer from @ Fx is
slowed by a factor of 100 to 1000 compared with that of the wild type. The forward
electron transfer kinetics allows us to measure a light induced difference spectrum of Q
minus Q in the UV. Based on the behavadr plastoquinone-9 and phylloquinone in
organic solvents, and based on rate veraednergy relationships derived from electron

transfer theory, | estimate the redmotential of plastoquinone-9 in the Aite.
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MATERIALSAND METHODS

Growth of Synechocystis sp. PCC 6803

Wild-type Synechocystis sp. PCC 6803 cells were grown in medium BG-11
(Rippkaet al., 1979). ThemenA andmenB mutant strains oBynechocystis sp. PCC 6803
were grown in medium BG-11-TES supplented with 5 mM glucose and the
appropriate antibiotic. Agar plates for the growth of mutant strains were kept at low light
intensity (2 to 5 LE msY). Liquid cultures of wild-type and mutant strains were grown
under reduced light conditions (10 to 20 PE &) in the presence of 5 mM glucose
(Johnsonret al., 2000). Cell growth in liquid cultusewas monitored by measuring the
absorbance at 730 nm using a Cary-14 spphbtometer that ldabeen modified for
computerized data acquisition by On-Line Instruments, Inc. (Bogart, GA). Cells from
liquid starter cultures in the late exponehphase of growth (A730 = 0.8 to 1.2) were
harvested by centrifugation and were wealonce with BG-11 medium. For growth
experiments, all cultures wesealjusted to the same initieell density (A730 = 0.1) and
bubbled with air as described (Sretral., 1993).

Growth of Synechocystis sp. PCC 6803 in D,O

Unlike wild-type Synechococcus sp. PCC 7002 (Klughammet al., 1997; Yang
et al., 1998; Klughammeet al., 1999), wild-typeSynechocystis sp. PCC 6803 does not
immediately grow in a culture medium in which®is replaced with BD. Instead, we
found it necessary to adapt the cultures to gradually increas@g-@ncentrations. The
cells were initially grown in BG11l medium containing 35%CDunder normal light
intensity (40 to 60 HE isY). At late exponential phag@730, 0.75 to 1.0), the cells
were pelleted and reinoculated to A73®.1 in a BG11 solution containing 40%@
the excess cells were frozen in 50/50% (wigter/glycerol and tained. This process
was repeated by increasing theCDconcentration by 5% increments to 90%0ODand
lastly by a 2% increment to 92%,0, the maximum that allowed growth. Above 50%
D0, the cells were inoculated twice at a sgD[percentage to ensure the stability of the
cultures. Cells above 50%,D grew at approximately half the rate ofGHgrown cells
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when fully adapted. Cells grown in cultures>#00 ml were shaken slowly in a 3-liter
flat-bottomed Erlenmeyer flask. The flaskas slowly purged, but not bubbled, with
sterile, dry air to reduce the depletion ofDby evaporation. Cells grown at 92%@®
could be streaked onto a BG-afjar plate containing 100%:,8 for storage and still
retain the ability to grow in gD liquid cultures. To initiate growth of O -adapted cells
that had been stored on plates, the aslise inoculated in a medium with 75%@
grown to late exponential phase, and theinoculated in a medium with 92%O. The
menB mutant cells could grow in BG11 medium only up to 55% menA cells were
not studied). At concentrations higher than 55%, rtieaB mutant cells maintained a
green color but did not divide.

I solation of Thylakoid Membranes and PS| Complexes

Thylakoid membranes were prepared froglls in the late exponential growth
phase as described by Stetral., (1993). Cells were broken by two passages through a
French pressure cell at 20,000 I iat 4 °C. The thylakoid nmebranes were pelleted by
centrifugation at 50,008 g for 45 min. The thylakoid meménes were resuspended in
buffer (50 mM HEPES/ NaOH, pH 8.0, 5 mM MgClL0 mM CaC4, 0.5% (v/v)
dimethyl sulfoxide, and 15% (v/v) glycejofor storage, or resuspended in 50 mM
Tris/HCI, pH 8.0, for further PS | complex gparations. For the isolation of PS |
complexes, thylakoid membranes were solubilized in 1% (mbtddecylf-D-maltoside
(B-DM) for 2 to 4 h at 4 °C. The trimeriméd monomeric PS | comples were separated
by centrifugation on 5 to 20% (w sucrose gradients with 0.038¢DM in 50 mM Tris
at pH 8.0. Further purification was achidvey a second centrifugation on sucrose
gradients in 50 mM Tris at pH 8.0 in the absencg-@M at 10 ml mif* (Johnson,
2000).

Analysis of Phylloguinone Using HPLC-UV/Vis and Mass Spectrometry
Membranes containing.D mg of chlorophyll mf were centrifuged at 1000 g

for 60 min, and the supernatant was remoVd membrane pigments were sequentially
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extracted with 1 ml of methanol, 1 ml of 1:1 (v/v) methanol:acetone, and 1 ml of acetone,
and the three extracts were combined. The resulting solution was concentrated by
vacuum at 10 °C in the dark to approximately 0.8 mg chlorophil @hromatography

with UV/Vis detection was performed on an ISCO dual pump HPLC system (Lincoln,
NE). The pumps were operated by ISCBemresearch version 2.4.4 software, UV/Vis
detection was performed with an ISCO ¥Hsorbance detector set at 255 nm, and data
collection and processing were doneings JCL6000 version 26 software (Jones
Chromatography Limited, Mid-Glamorgan, UK). HPLC separations were also monitored
with photodiode array UV/visible detectiarsing a Hewlett-Packard (Palo Alto, CA)
model 1100 quaternary pump and model Gi8Photodiode array detector. Sample
injections (20 ml) were nuge on a 4.6-mm x 25-cm Ultrasphere C18 column (4.6 mm x
250 mm) with 5 mm packing (Beckman Instrurte Palo Alto, CA), using gradient
elution (solvent A, methanol; solvent Bppropanol; 100% A from 0 to 10 min to 3%
A/97% B at 30 min, hold until 40 min) at 0.5 ml min-1. A solution of phylloquinone (40
mM) was prepared in absolute ethanol anptlka -20 °C as a standard for calibration.
Extracts were also analyzed by LC/MS using a Perceptive Biosystems Mariner time-of-
flight mass spectrometer with electrospray ionization in negative mode with a needle
potential of -3500 V and a nozzle potential®d V. A postcolumn flow splitter delivered
column eluent to the electrospray ion source at 10 pfn@as chromatography/MS
analyses were performed using a HewRdtkard 5972 mass spectrometer coupled to a
Hewlett-Packard 5890 gas chraimgraph. Splitless injections &fO pl were made onto a
30-m DB-5 column (J & W Scientific, Folsom, CA) using helium (35 €nas the
carrier gas. The column was programmednfrb00 °C to 300 °C at a rate of 6°C fhin

Data were acquired in full scanning mode and using selected ion monitoring of m/z 450

for trace detection of phylloquinone.

X-band CW EPR Spectroscopy

Whole-cell EPR experinmts were carried out using a Bruker ER300E
spectrometer equipped with a TM110 caviutant and wild-type cells d&ynechocystis
sp. PCC 6803 were grown photomixotrophicadiyearly exponential phase, collected by
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centrifugation at room temperature and sp@nded in growth medium to 0.4 mg of
chlorophyll mI*. The protocol for studying the time-dependent kinetics;gf Bnd A’ is

a modification of the method described by Klughametea. in 1997 and 1999. Viable

cells were placed in a 10-ml reservoir that was incorporated into a closed circuit with an
aqueous flat cell by means of tubing amanicroprocessor-controlled peristaltic pump
(ISCO WIZ) to an aqueous flat cell (WilhdaNVG-813- Q). The reservoir, tubing, and
TM110 cavity were maintained in complete kifsgss to ensure that the cells were dark-
adapted. A 200-watt mercury-xenon lamp pded controlled illumination by use of a
Uni-Blitz shutter and shter driver/timer (model T132). The EPR computer was
programmed to begin data acquisition at t = 0, open the shutter at t = 0.2 s, close the
shutter at t = 2.7 s, and pump a fresh samptetime flat cell at t = 4.0 s. This protocol

was repeated 20 times at 10-s intervals at a given magnetic field to obtain data with an
adequate signal to noise mtiThe magnetic field was gged 0.5 G, and the process was
repeated until data had been obtained at 54 magnetic field settings. The data were
downloaded to a Power Macintosh G3 cormepuind plotted as three-dimensional and

two-dimensional dataets using Transform 2.0 (Spyglass, Inc.).

Q-band CW EPR Spectroscopy

Photoaccumulation experiments at Q-band (34 GHz) were carried out using a
Bruker ESR300E spectrometer equipped wathER 5106 QT-WL1 resonator with a port
for in-cavity illumination. Cryogenic tempetaes were maintained with an ER4118CV
liquid nitrogen cryostat and controlleditiv an ER4121 temperature control unit. The
microwave frequency was measured watiHewlett-Packard 5352B frequency counter,
and the magnetic field was measuretthva Bruker ERO35M NMR gaussmeter. The
magnetic field was calibrated byy-bisdiphenylend3-phenylallyl complexed 1:1 with
benzene.

Photoaccumulation protocols on wild type and mutant PS | complexes were
carried out in a manner similar to that described in (Yengl., 1998). Prior to the
measurement, the pH of the sample wassaéguto 10.0 with glycine buffer, and sodium

dithionite was added to a final concenwatiof 50 mM. After incubation for 20 min in
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the dark, the sample was placed into the rdsontéhe temperature adjusted to 205 K, and

a background spectrum was recorded. The Eamas illuminated vih a 20-mW He-Ne

laser at 630 nm for 40 min, the laser was edroff, and the light-induced spectrum was
recorded. The spectra reported represent the difference between the two measurements.
EPR spectral simulations were carried out on a Power Macintosh G3 computer using a
Windows 3.1 emulator (Soft Windows 3.0, InsmrSolutions, Santa Clara, CA) and
SimFonia software (Bruker Analytik), and then they were imported Igtwm Pro

(Wavemetrics, Inc.).

Time-resolved CW EPR Spectroscopy

EPR spectral changes shown in Fig. 2.10 B were measured using a Bruker ESP
300E spectrometer equipped with a TM110 cylindrical resonator (Bruker ER4103). A
frequency-doubled Nd-YAG laser (Spectra Phy$kCL) provided the excitation flash at
a wavelength of 532 nm and an energy ofrl4 The computer was configured to capture
and average the data and to flash the laser at 10-s intervals. The data represent an average
of 64 flashes. The flat cell (Wilmad WG-8L3 contained the PS | complexes isolated
from themenA or menB mutants at 0.4 mg of chlorophyll thI25 mM Tris-HCI, pH 8.3,
10 mM sodium ascorbate, 4 mM of ZJ&hlorphenol-indophenol (DCPIP), and 0.03%
w/v 3-DM.

Time-resolved EPR and ENDOR Spectroscopy

All samples contained 1 mM sodium ascorbate and 50 mM phenazine
methosulfate as external redox agents and were frozen in the dark for the low temperature
experiments. The W-band (94 GHz) transient EPR spectra were measured using a Bruker
E680 spectrometer. lllumination was accomplished with a frequency-doubled Nd-YAG
laser using an optical fiber fed into the séngapillary and terminatl directly above the
PS | sample. Q-band (35 GHz) transient EPR spectra were measured in the set-up
described earlier (van der Estal., 1998), except that a Bruker ER 056 QMV microwave
bridge equipped with a hommiilt cylindrical resonator and an Oxford CF935 liquid

helium cryostat was used. The transient and pulsed X-band EPR measurements were



31

performed using the experimental setup described in @itl, 1997). Two microwave
(mw) pulses with a variable pulse spacingvere applied to the radical paifoF’Q at a

time t, following the laser flash. ESE aliygpde modulation curvesvere obtained by
recording the amplitude of the echo detected at time &fter the second mw pulse as a
function oft. The mw pulse lengths were set to 8 ns for the first pulse and 16 ns for the
second pulse, resulting in flip angles about 65 and 130°, respectively, with a
microwave field B = 0.8 mT. The external magnetic field BO and the detection time T
were adjusted to yield maximum out-of-gkaecho intensity. The echo modulation was
recorded at 512 points with 8-ns increments &nd 64 traces were averaged to increase
the signal-to-noise ratio. Peld ENDOR studies of the;@8'Q state were performed
using the same experimental setup asttier pulsed EPR experiments, using a Bruker
ESP360D-P ENDOR accessory, a Bruker ER4118X-MD-5W1-EN ENDOR resonator,
and an ENI A500 radiofrequency amplifieFhe pulse sequence was, according to
Davies-ENDOR,imw) - 1t (radiofrequency) 1v2(mw) - 1t (mw) - echo, with identical

lengths of the two microwave pulses.

Optical Kinetic Spectroscopy in the Near-IR Region

Optical absorbance changes in the n&awkere measured using a laboratory-built
spectrophotometer (Vassiliest al., 1997). To ensure resolution of kinetics in the
microseconds time domain, the high frequendlyofs amplifier described in the original
specifications was not used, but instead signal was fed directly into the plug-in
(11A33 differential comparator, 100-MHbandwidth) of the Tektronix DSA601
oscilloscope. The sample cuvette contained the PS | complexes isolated froenAhar
menB mutants at 50 mg chlorophyll thiin 25 mM Tris/HCI, pH 8.3, 10 mM sodium
ascorbate, 4 mM DCPIP, and 0.04% \BADM.

Optical Kinetic Spectroscopy in the Visible Region
Optical absorbance changes in the visible region were measured using a

laboratory-built spectrometer consisting of a 400-watt tungsten-halogen source (Oriel), a
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1/4 -meter monochromator (Jarrell Ash mo8&t410) prior to thesample cuvette (to
select a measuring wavelength), a sample compartment for a 1 3 1-cm fluorescence (4-
sided clear) cuvette, a second 174 -metenochromator (Jarrell Ash model 82-410) after

the sample cuvette (to reject the flash and fluorescence artifacts), and a PIN-10
photodiode detector (United @etor Technology). Suitablerlses were placed to focus

the light onto the monochromator slits and to provide a collimated beam through the
sample cuvette. The photocurtevas converted to a voltagath a 30,000-ohm resistor;

the voltage was amplified using a model 10(pkier (EG & G) set to a DC bandwidth

of 100 kHz; the signal was digitized usiagModel 4094A digital aslloscope (Nicolet
Instruments, Madison, WI). This was interfaced via an IEEE-488 bus using a GPIB-TNT
board (National Instruments, Austin, TK) a Power Macintosh 7100/88 computer. The
data were transferred to the computed astored as binary files using LabView 4.1
(National Instruments, Austiff;X) and further processed igor Pro (Wavemetrics, Inc.,

Lake Oswego, OR). Actinic flashes wesepplied using a frequency-doubled Nd-YAG
laser (Spectra Physics) operating at 532with a flash energy of 1.4 mJ. Each kinetic
trace represents 16 averages within théaligscilloscope. The saple cuvette (10 x 10-

mm) contained 3.0 ml of PS | coter at 10 pg chlorophyll il suspended in 25 mM

Tris, pH 8.3 with 0.04% w/3-DM, 10 mM sodium ascorbate, and 4 uM DCPIP.

Optical Kinetic Spectroscopy in the UV Region

Optical studies in the UV (240 nm &0 nm) were conducted using a pulse-
probe spectrometer described in Diner (1998)e monochromator slit was fixed at 4
mm, equivalent to a bandwidth of 8 nme&surements in the UV were performed using
a xenon flashlamp as the actinic souritiered by a Schott and Kodak Wratten 34
filters. The photodiodes were protected @grion Solar Blind UV-transmitting filters.
The optical path length of the sample cuvettess 1 cm. Each data point represents the
average of eight measurements, taken with a flash spacing of 20 s to allow complete
reduction of Poo by the external donor. A backgrounmgbasurement was taken similarly,
except that the sample was shielded from the detecting flash to allow for correction of the

actinic flash artifact. The absorbance change reported represents the difference between
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the two measurements. The sample cuvette contained the PS | complexes isolated from
the menB mutant at 10 pg chlorophyll i 25 mM Tris/HCI, pH 8.3, 10 mM sodium
ascorbate, 4 mM DCPIP, and 0.0B¥dM.

Electron Spin Polarized Transient EPR Spectroscopy (Direct Detection)

Room temperature transient EPR experiments were carried out using a setup
described in detail séwhere (van der Et al., 1998). The samples were pumped
continuously through a flat cell mounted itVarian rectangular resonator equipped with
a rough-surfaced glass window that scatténs laser light to provide a more even
distribution of light intensity in the cell. Time/magnetic field data sets were collected
using direct detection by measuring lighttuced transients at fixed magnetic field
positions over an appropriate spectral oagi Decay-associated spectra were then
generated by fitting the transients with a kinetic function and plotting the amplitude(s)
against the magnetic field as discussed (B#ek., 1989; van der Est al., 1994).

Transient EPR Spectroscopy with Field Modulation Detection

The same setup and conditions were also used to collect time time/field data sets
shown in Fig. 2.16 but in this case with field modulation and lock-in detection. By using
direct detection, the decay of the smalarization limits the acesible time range to
times shorter than a few microseconds. Bygidield modulation, the spectrometer has a
rise time of ca. 50 pus but a much higher gfity so that slow forward electron transfer

and charge recombination can be monitored.

Photovoltage Measurements

Measurements of transmembrane electric potential difference generation by PS I-
containing proteoliposomes adsorbed ontogtrface of azolectin-impregnated collodion
film were done at room temperaguas described elsewhere (Mamedbal., 1996). The
instrument rise-time was 200.nSaturating light flashes wee provided by a frequency-
doubled Quantel Nd:YAG laser (532 nm; putsdf-width, 15 ns; flash energy, 20 mJ).



34

Analysis of Kinetic Data

The multiexponential fits of opticalnd EPR kinetics were performed by the
Marquardt algorithm in Igor Pro version 3.0/avemetrics Inc., Lake Oswego, OR) on a
G3/300 Macintosh computer. Fgtobal analysis of kinetics in the visible region (Fig.
2.11), individual kinetics were analyzed firassuming the presence of either three
components or two components and a base Tihe.results of these analyses were then
used for fitting the whole set of data to global lifetimes, and the best solution was chosen

based on the analysis %%, standard errors of the paramstand the residuals of the fits.
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RESULTS

Absence of Phylloguinone in the menA and menB Mutant Strains

The phylloguinone content of the PS Ingolexes was determined using HPLC
with photodiode array UV-visible detection. Akown in Fig. 2.3 A, multiple peaks are
present in the 254-nm chromatogram oé tolvent extracts from PS | complexes of
wild-type cells. By co-injecting standards and interpreting the UV-visible spectra,
chlorophylla was identified at 24.7 and 27.0 min (thenfier is missing the phytyl tail), a
polar carotenoid (probably monohydroxgd but otherwise uncharacterized) was
identified at 28.4 min, an@-carotene was identified &7.0 min. Phylloquinone was
identified by co-elution at 29.7 min with an authentic phylloquinone standard (Fig. 2.3 A,
top inset) as well as by its UV-visible spectrum (Fig. 28ttom inset). As shown in
Figure 2.3 B, virtually identical chromatogramere obtained for solvent extracts of PS |
complexes from thenenA andmenB mutants, except that the phylloquinone peak at 29.7
min is missing. Gas chromatography/MS#&pable of separatirand detecting nonpolar
benzoquinones, ubiquinones and naphthoquingresjded their molecular masses are
less than about 600 Da. Using total ion currfen detection, the crude solvent extract
from wild-type PS | complexes showed a peak with a retention time of approximately 8
min, which matched that of authengtylloquinone. The molecular ion a¥z = 450
confirmed the identification of this medule as phylloquinone. Sensitive selected-ion-
monitoring analyses did notiil a detectable amount ofyploquinone in solvent extracts
of PS | complexes isolated from either thenA or menB strains. The limit of detection
using selected ion-monitoring was determifi@in the calibration curve to correspond to
approximately 0.1% of the wild-type ldveBecause there are approximately 100
chlorophyll per Pogin cyanobacterial PS | complexes, thenA andmenB mutant strains

thus contairc0.02 phylloquinones per&.

Presence of Plastoquinone-9 in the menA and menB Mutant
Through the EPR measurements of the wihadeB andmenA cells, as well as of

the photoaccumulated PS | complexes (theselte are discussed further below), we
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found that a quinone other thahylloquinone functions as a;Aacceptor in the mutant
PS | complexes. To determine the identity this quinone, solvent extracts of PS |
complexes from thenenA andmenB mutants were analyzed by HPLC using photodiode
array UV-visible detection. The search wasially complicated by the absence of new
peaks in chromatograms. We therefore $bgyidence of a new component co-eluting
with another pigment, by comparing the UV-visible spectra of peaks in chromatograms
of themenA andmenB mutants with the corresponding peaks for the wild type.

The only significant difference was in a component that co-elutedfvatirotene
at 37 min. The difference spectrum of the components eluting at 37 min showed a strong
absorbance near 254 nm that was lacking in the wild type (Fig. &tBm inset). This
is the spectral region in which the biologlly occurring benzoquinones, ubiquinones,
and naphthoquinones absorb strongly but in whebarotene has relatively weak
absorbance. It was noted that the UV spawtof the coeluting component was similar to
plastoquinone-9, a quinone that is presenthilakoid membranes at a 10-fold higher
concentration than phylloquinone (Grastal., 1960). Indeed, it was found that authentic
plastoquinone-9 coelutes with, and has a U¥ctpm that matches, the peak at 37 min
(Fig. 2. 3 B,top inset). Sensitive selected-ion-monitoring analyses of the HPLC eluate at
the mass of plastoquinone-9wg 748) showed a peak at this retention time. We
consistently found levelsf plastoquinone-9 in trimeric PS | complexes from nienA
and menB mutants similar to those of phylloquinone in PS | complexes from the wild
type. In contrast, no plastoquinone-9, arvery small amount was found in PS|
complexes from the wild type. Full scan HPLC/MS analyses of the mutants showed that
none of the other peaks showed molecudas of related naphthoquinones (such as
biosynthetic precursors of phylloquinone).

In Vivo Detection of a Quinone in the A; Ste by X-band EPR

The semiquinone anion radical of Aan be observed transiently in whole cells of
Synechococcus sp. PCC 7002 as a light-induced resonance centergd= &.0049 and
with a peak-to-peak linewidth of 10 G (Klughammer and Pace, 1997; Klughaghaler

1999). The ability to detect a quinone radicavivo at room temperature thus provides a
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useful method to determine whether anguie is present or absent in thebAnding site

of the menA andmenB mutants. When wholmenA cells of Synechocystis sp. PCC 6803

are dark-adapted and illuminated for 2.5 s, @ pf time versus ngnetic field versus
amplitude depicts two independent radicals undergoing time-dependent and nearly
reciprocal patterns of oxidation andluetion (Fig. 2.4). Whole cells of threenB mutant
show a similar time course (data not shown). The radical attributedsfasPthe highly
symmetrical resonance witlmaxima and minima at 3482 and 3490 G, and the radical
attributed to a foreign quinone, termed @@ the anisotropic resonance visible around
3475 G as the low field shoulder (Fig. 2.4, arrow). The time course is caused by a
transient rate limitation in the utilization 8 ADPH, which causes electrons to back up,
reducing, in sequencea Hs, Fx, and finally the quinone in the;Aite. At a certain point

in time, the rate limitation iselieved, the reduced acceptors pass their electrons forward,
and Poy once again is allowed to accumulate due to the availability of oxidized
acceptors beyond AWere the foreign quinone Qot able to pass electrons forward in
the menA andmenB mutants, then both the quinone angh®ould remain reduced in the
light. The resonances fromydd and Q can be better distinguished when the plot is
oriented so that the time axis is normal te filane of the paper. In this depiction, the
P00 radical that develops on initial illuminati is identified in Fig. 2.5 (top, dotted line)

as the highly symmetrical resonance centeregl=a.0023 with peak-to-peak linewidth

of 7.8 G. The spectrum of @enoted by the arrow in Fig. 2.4 is the highly anisotropic
resonance in Fig. 2.5 (top, solide), with a crossover a = 2.0042 and peak-to-peak
linewidth of 10.5 G. On cessation of illumiran, the highly symmetrical resonance in
Fig. 2.5 (top, dashelihe) is derived again from;R". The kinetics of Ry and Q can be
resolved by measuring the former at thez€o crossing point of 3484.5 G, and the latter
at the Roo zero crossing point of 3475 G. Aftan initial instrument-limited rise, 7R
undergoes a time-dependent decay thatoughly mirrored as a rise in” QFig. 2.5,
bottom). After reaching a maximum at 0.5 s of illumination, the slower decay @ Q
roughly mirrored as a reciprocal rise ifpd. Measurements made at 3486 G, which is on
the low field shoulder of the 10.5 G-widé dical, and for which the contribution from
P00 is negligible, confirm th&inetic measurement made at 3475 G (zero crossing point
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of Pygo” atg = 2.00232). The relevance of this analysis tontleeA andmenB mutants is
2-fold: (i) the g-value andg-anisotropy of the transiently produced iQ consistent with
its identification as a semiquinone anion radieald (ii) the transiently produced radical
shows that Q is capable of nonly accepting electrons frompAvia Pgo but also of
discharging electrons by forward electroarnsfer after a suitable period of adaptation.
Hence, the foreign quinone Q is dynamic andigipates in forward electron transfer to

the FeS clusters under physiological conditions.

CW EPR Spectroscopy at Q-band of Photoaccumulated A;

The g-anisotropy derived from high field CW EPR studies of photoaccumulated
PS | complexes contains information abow tlegree of aromaticity of the semiquinone
anion radical. To extract thgtensor, the EPR spectrum of the photoaccumulated Q
radical in the wild type and in theenA andmenB mutants was measured at 34 GHz (Q-
band), a frequency in which the nuclear-el@cthyperfine couplings no longer dominate
the spectrum. Fig. 2.6 (solid line) shows the spectrum of wild-type PS | complexes
isolated fromSynechocystis sp. PCC 6803 grown inJd. At 34 GHz, the field-dependent
g-anisotropy dominates the spectrum of Arhurnauer and Gast, 1985), allowing the
turning points ofgy = 2.0062 andg,, = 2.0021 to be partially resolved. Tl
component of the tensor is obscured byfthe hyperfine lines resulting from the high
spin density at the carbon position 2 o gphyllosemiquinone radical with the methyl
group attached.

To better resolve theg-anisotropy, PS | complexes were isolated from
Synechocystis sp. PCC 6803 grown in 92%;,0, the highest concentration that permitted
growth. As shown in Fig. 2.6sglid line), the suppression of the hyperfine couplings
results in a narrowing of the line widths of tregomponents, with the consequence that
Oxx Oyy, andg,, are almost completely resolved. Satisfactory simulation of the spectrum is
obtained with they-tensor principal valuegy = 2.0062,g,, = 2.0051, andy,, = 2.0022
and line widths of 2.4, 3.7, and 2.4 G, respectively. This is in good agreement with
previous determinations of the; -tensor from 34 GHz (Q-band) studies of deuterated
PS | complexes frorBynechococcus sp. PCC 7002 (Fan Yamyal., 1998), from 95 GHz
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(W-band) studies of in non-deuterated PS | complexes 8grechococcus lividus (van

der Estet al.,. 1997), and from 283 GHz studies of non-deuterated PS | complexes from
Synechocystis sp. PCC 6803 membrane fragments (MacMilkiral., 1997). Because the
simulated spectrum (Fig. 2.8ashed line) matches the experimental spectrum quite well,
in the high field region, the amount of contaminating @& P.oo appears to be minimal

in the deuterated sample.

The nondeuterated spectrum was simulated (Fig.d2dhed line) using theg-
tensor extracted from the deuterated gpectrum and a hyperfine A-tensor with principal
values of 9.0, 12.9, and 9.0 MHz (Rigbtyal., 1996). The major deviations from the
simulated spectrum appear principally in the mid- and high field regions, therefore they
show a minor contribution from A and/or Boo. The Q-band EPR spectra of
photoaccumulated Qn PS | complexes isolated from th@nB and menA mutants of
Synechocystis sp. PCC 6803 grown inJB® are shown in Fig. 2.6dlid lines). In both
mutants, the four prominent hygliee lines are missing, and tlyetensor of Q appears
more anisotropic than that ofyAn the wild type. Attempt$o simulate the spectrum of
Q were complicated by a large contantioa with a second radical, probably And/or
P00 . Using the g-tensor for ‘@xtracted from transient EPR studies (see below), the
spectrum was accurately represented by principal values 2.0067,gy, = 2.0051, and
0,z = 2.0022, with an error of 2 in the last digit, and line widths of 6 G for each value
(Fig. 2.6,dotted line). The difference between tlaetual and simulated spectrum of Q
yields a roughly symmetrical radical with a g-value of approximately 2.0030 and a line
width of approximately 12 G to 15 G, whidattentifies the contaminating radical ag.A
Any distortion of the experimental spectrum ofwWuld therefore occur in the midfield
and high field portions of the spectrum, leavingdlxaesonance of Qunaffected.

Because thg,, component of the tensor is almost invariant farAy, and Poo,
the deducedg-anisotropy of Q should not be influenced by contamination of the
spectrum with A or Poo. Hence, the largeg-anisotropy of Q along with the
conspicuous absence of prominent hyperfingptings, agrees with the assessment that a
quinone different from phylloquinone $ideen photoaccumulated in tinenA andmenB
mutants. Indeed, the larggranisotropy (also seen in the transient spin-polarized EPR
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spectra; see Fig. 2.7) can be further ormlized in terms of differences in the

delocalization of unpairee@lectron density over plastoquinone-9 and phylloquinone.
Because benzoquinone derivatives (such asggasmone-9) have a single aromatic ring,

while naphthoquinone derivatives (such agllolgquinone) have two aromatic rings,

benzoquinone derivatives exhibit higherinsglensity on their carbonyl oxygens and

larger g-anisotropies. Thus, with plastogone-9 incorporated into theAsite, an

increase in thg-anisotropy compared with wild-type PS | is to be expected.

Time-resolved EPR Spectroscopy at X-, Q-, and W-bands

The spin polarization patterns derivédtbm transient EPR spectra of the
functional radical pair state;&8" Q contain information abouhe relative orientation of
the species involved and about the inflleeraf the protein environment and electron
transfer kinetics on the magnetic propertasl spin dynamics. For wild-type PS 1 in
frozen solution, spectra of the state,d?; are observed from the fraction of the
complexes in which cyclic electron transfer tptAkes place. At temperatures below 200
K, this fraction accounts for about 1/3 of tbenters, whereas stable charge separation
between Ry and R /Fg occurs in the remaining 2/3 (see Brettel, 1997 for review).

In Fig. 2.7 spin-polarized transient EPR spectra of PS | complexes franerie
andmenB mutants are compared with the wild type at X-, Q-, and W-bands (9, 35, and 94
GHz, respectively). The spectra of the two mtdaare depicted as solid curves, and those
of the wild type are depicted as dashed curves. In the spectrum of the wild type the low-
field features are due to;Awhereas the high-field region is dominated by'PFor the
mutants, the high-field sides of the spedra very similar to the corresponding wild-
type spectra, whereas there is a clear shift of the features on the low-field side,
particularly at the W-band. The partiallyssdved hyperfine couplings to the methyl
group in position 2 of the phylloquinone (Fig.3), discussed abovalso result in the
feature on the central absorptive maximumtlod spin-polarized X-band and Q-band
spectra of the wild type (Fig. 2dashed lines). Again, these features are absent in the
spectra of thenenA andmenB mutants golid lines). In general, the overall spectral width
increases as the micro-wave frequency is increased, i.e. in proceeding from X-band (Fig.
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2.7, bottom) to W-band (Figures. 2.%pp), because the components of the quingne
tensor are more highly resolved at higher field/frequency. The features on the low field
side of the transient EPR spectra are shifted downfield compared with the wild type, and
the magnitude of the shift increases with @aging microwave frequency. This behavior

is in agreement with the CW EPR finding at Q-band (Fig. 2.6), that Q im¢h& and

menB mutants has a larggranisotropy than phylloquinone. It also demonstrates that Q is
actively involved in the electron transfer aadhot simply a low quantum yield trap.

The emissive and absorptive componentg.(E.7, E and A, respectively) of the
high field and low field regions of the spiec have equal intensity because the radical
pair Poo A; is generated from a singlet precursor on a picosecond time scale. If the
lifetime of the precursois sufficiently long that appreciable singlet-triplet mixing takes
place, i.e. longer than about 0.5 ns, netapphtion develops on each of the radicals
(Hore, 1996; Kandrashkiet al., 1998; Tanget al., 1996). No net polarization of this type
is visible in the spectra of theenA andmenB mutants; thus it can be concluded that the
electron transfer to Q occurs on a time scale less than roughly 0.5 ns.

If the A; site in the mutants were vacant or forward electron transfer were slow,
charge recombination fromgAwould generate a spin-polzed EPR spectrum 0P5qo
(Budil and Thurnauer, 1991; Rettfiord and Sétif, 1990; Seickmahal., 1993). Thus,
the observation of a weakly coupled @i pair spectrum with no significant
contribution from the triplet state of the dord®% o shows that efficient forward electron
transfer past foccurs in the mutants. This observation also suggests thaj thadig
site is fully occupied.

For wild-type PS I, simulations of the polarization patterns oAP (Stehlik et
al., 1989; van der Estt al., 1997; Kamlowski, Zech. al., 1998; van der E&t al., 1998)
show that A is oriented such that the carbonyl bonds of the phylloquinone head group
are parallel to the vector joining;dg and A". Qualitatively, this orientation of the
qguinone is reflected in the essive feature on the low field edge of the spectra shown in
Fig. 2.7 @lashed lines). For the mutants, simulationsing the same parameters as found
for wild-type PS | (van der Est, 1998), but with a valug,ef= 2.0067 for the acceptor,
gives excellent agreement with the experimental polarization patterns at all three
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microwave frequencies. Thus it can be concluded that the acceptor in the mutants is
oriented in a similar fashiong. with its C=0 bonds directed towarehi

It is important to note that when just the headgraup, naphthoquinone, is
substituted for phylloquinone in PS |, its ariation changes, so that its C=0 bonds are
now oriented perpendicular to thesi®>A1 connecting vector (Sickmaat al., 1991; van
der Estet al., 1995; Zechet al., 1997). Nevertheless, it is bound to the saméiAding
site as phylloquinone in the wild type (Zeehal., 1997). Because the main difference
between naphthoquinone and phylloquinone isptfesence of the isoprenoid side chain
in phylloquinone, it is likely that Q is a quinomgth a side chain that is appropriate to
lead to the same orientation as phylloquinone.

Pulsed EPR Spectroscopy

The EPR results presented above slioat an acceptor with a quinone-like
tensor is involved in the electron transfer in thenA and menB mutants. However,
without an accurate determination of ttistance between the donor and acceptor, the
data do not show unambiguously that the acceptor is bound at 8iee ARecently, ESE
experiments have been used to determine the distance betwgeanB A in wild-type
PS | (Zechet al., 1996; Dzubat al., 1997; Bittlet al., 1997) and to demonstrate that the
distance remains the same for a numbenarfnative quinones used in phylloquinone
extraction/substitution experiments (Dzudtal., 1997; Zectet al., 1997). The ESE of a
weakly coupled spin-correlated radical paipigase shifted by 90° compared with that of
a single radical and shows deep amplitudelntations as a function of the pulse spacing
(Salikhovet al., 1992). The modulation frequency idessively determined by the spin-
spin coupling, the dipolar part of whigfelds the distance between the radicals.

The out-of-phase ESE amplitude modigia curves from the mutants and
wild-type PS | are compared in Fig. 2.8. The solid curves are from the muotemAs
(Fig. 2.8,top) andmenB (Fig. 2.8,bottom), whereas the result for the wild type is shown
for reference as a dashed curve. Comparisf the echo modulation curves shows that
the dominant frequency components from bothamtis and the wild type are virtually
identical. The values for the dipolar and exache coupling parameters can be determined
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guantitatively by comparison of the expeental echo modulaihs with numerical
simulations calculated using the correlated coupled radical pair model. An important
feature of such simulations is that the anigoies of the g-tensor and hyperfine splittings
do not influence the out-of-phase echo modulation significantly, so they can be safely
ignored (Bittl et al., 1997; Dzuba, 1998; Timmek al., 1998). Simulation of the ESE
modulation curves in Fig. 2.8 yields dipolcoupling constants, D = =172 + 4 mT for
both mutant samples. This value is ideatiwithin error to that (D = =170 + 4 mT)
obtained for the wild type (Zedd al., 1997). In all three samples, the isotropic exchange
coupling is extremely weak, and only an apgimit of J = 1.0 £ 0.8 mT can be given.
This small value is consistent with the simulation of the transient EPR spectra (van der
Estetal., 1997).

Using a simple point-dipole model, ehmeasured dipolar coupling constant
corresponds to a distance of 25.3 + 0.3 A betwegsi Bnd Q in the mutants, which is
the same within error as the distarof 25.4 + 0.3 A established betweeg,Pand A in
several preparations of wild-type PS | (Zesthal., 1996, Dzubaet al., 1997; Bittlet al.,
1997, Zechet al., 1997). Thus, it can be concluded that the recruited quinone acceptor in
the mutants is indeed bound to the gke. This corresponds to the results obtained by
quinone substitution experiments (Dzudiaal., 1997; Zechet al., 1997), in which the

same A site has been shown to be occupied in all cases.

Pulsed ENDOR Spectroscopy

CW EPR spectroscopy used in photoaccumulation and transient studies is capable
of resolving theg-tensor at higher fields/frequensiand thereby providing information
on the aromaticity of the foreign quinone in thesie. However, ENDOR spectroscopy
on the Ryo’ Q state is able to resolve hyperfine interactions that can provide additional
information on the specific interactions ottforeign quinone in its binding site. Fig. 2.9
shows the pulsed ENDOR spectra of thgRQ" state inmenA (top) andmenB (middle)
and, for comparison, the,@" A;” state in wild-type PS | complexes frd@mechococcus
elongatus (bottom). The first observation is that spectmofePS | complexes isolated
fromenA andmenB are identical within the availabkgnal-to-noise ratio. The second is
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that spectra are drastically different from thgoPA; spectrum observed & elongatus.

This is shown by the clearly resolved lines of an (almost) axially symmetric tensor in the
range of 8.6 MHz to 10.6 MHz and 18.9 MHz to 20.9 MHz in the wild-type PS |
complex. These lines are assigned to the 2-@idup of phylloquinone, with A= 12.8

MHz and A; = 9.0 MHz (Rigbyet al., 1996).

The pulsed ENDOR studies in bathe light-induced (transient);&" A; state
and on photoaccumulated, Aagree (Bittlet al., 1998), thereby bolstering confidence in
the ability of the latter to measure the quinone in the actjvaté. It is clear that this pair
of lines is missing in PS | complexes isolated from rie@A and menB mutants (Fig.

2.9). Instead, two pairs of lines of similaraple arise in the spea of PS | complexes
isolated frommenA and menB due to an axially symmetric hyperfine coupling tensor.
These line pairs, in the ranges (i) 9.6 MHz to 11.4 MHz and 18.0 MHz to 19.8 MHz and
(i) 12.0 MHz to 13.4 MHz and 16.2 MHz to 17.5 MHz correspond to coupling tensors
with (i) A;=9.86 0.2 MHz, A=6.8 +0.2 MHz and (ii) A=5.7 £ 0.2 MHz, A=28 *

0.2 MHz. The similar shape of the two seaif lines and their similarity to the
corresponding shape in the PS | spectrum hanhttheir assignmertb two inequivalent
methyl groups in the recruited quinone.

Both setsof hyperfine couplings are smaller than those of the 2-@idup of
phylloquinone in wild-type PS I, and they diffeignificantly from each other, indicating
substantial asymmetry in the spin densitstrdbution of the recruited quinone. Finally,
the ENDOR spectra of the P8dmplexes isolated frommenA andmenB mutants in Fig.

2.9 show clear spectral wings extendimgf to 8.3 MHz and 21.1 MHz, respectively.
They exhibit the opposite sign in signal intensity compared with the inner signal
contributions assigned above to two metgsdups. This opposite sign is most readily
associated with an opposite relative sign of the respective hyperfine couplings. This
suggests the assignment of the outer winghe ENDOR spectrum to the H atom of an
aromatic C-H fragment ithe recruited quinone.

Two pairs of ENDOR lines havbeen assigned to two GHyroups (Fig. 2.9),
which indeed occur as substituents aigpbquinone-9 (see Fig. 2.3). For the two3;CH

groups, different hyperfine couplings haleen observed for plastoquinone-9 radical
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anions in liquid and in frozen alcoholiclston, as well as for the reduced primary
acceptor Q in PS Il (MacMillanet al., 1995). The inequivalence of the €groups was
largest in frozen alcoholic solution, whichosved two hyperfine coupling tensors gf A
8.58 MHz, A; = 5.29 MHz and fA= 6.68 MHz, A; = 3.70 MHz, respectively. The
difference of the two Ckitensors found for the recruited quinoneifeven larger, with
A =9.8 MHz, A; = 6.8 MHz and A= 5.7 MHz, A; = 2.8 MHz, respectively. Despite
the increased inequivalence of these pwms#tj the sum of their average hyperfine
couplings with 11.1 MHz for plastoquinone¥®frozen alcoholic solution and 11.6 MHz
for Q is very similar, supporting our assignment.

The inequivalence of the -GHcouplings in Q indicates a rather strong
asymmetry in the spin density distribution of plastoquinone-9 in tHairkling site. This
finding is further supported by the largest coupling of dhproton, with Ay, = —12.8
MHz assigned to the spectral wings with negative intensity in Fig. 2.9. The corresponding
tensor component was reported as /A~ —9.0 MHz (and thus significantly smaller) for
the plastoquinone-9 radical anionfinzen alcoholic solution (MacMillaet al., 1995). A
similar increase of the hyperfine coupling of the Cytoup in the corresponding
position 2 of phylloquinone is observed beem semiphylloquinone in frozen alcoholic
solution and semiphylloquinone in wild-type PS I. The average IGiderfine coupling
for phylloquinone increases from 7.9 MHz in frozen solution to 10.2 MHz fo(RAgby
et al., 1996). Assuming an equivalespin density increase aarbon positions 2 and 6 of
the recruited Q, the larger of the two Cli/perfine coupling tensors of ¢ assigned to
the group attached to ring position 6 and the smalles €&Hpling tensor to the group
attached to position 5, respectively.

P-00’ Recombination Kinetics, Optical and EPR Spectroscopy.

In PS | complexes isolated from the wild type wWg#DM, the reduction of R’
is multiphasic after a saturating flash (Vassileal., 1997). When measured by optical
spectroscopy in the near-IR, and in the absence of external electron acceptors, the
majority of Pgo' is reduced with lifetimes of ca. 86 ms and 12 ms in ca. 10:1 ratio (minor

microsecond kinetic phases are present tdubackreactions from earlier acceptors in
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damaged reaction centers). There algets long-lived kinetic phase ofdg@ reduction

due to direct reduction of,R" by reduced DCPIP; this represents ca. 20% of the total
absorbance change. In PS | complexes isolated frorméghB mutant, the reduction of
P;oo is also multiphasic after a saturatingsh (Fig. 2.1 A). When measured in the
absence of external electron acceptosgy s reduced with lifetimes of ca. 2.6 ms and 7
ms in a 0.63:0.37 ratio (minor microseconaekic phases are similg present due to
backreactions from earlier acceptors in damaged reaction centers).

There also exists a minor long-lived kinetic phaseg§ Reduction due to direct
reduction of Py’ by reduced DCPIP; this represents 7% of the total absorbance change.
The PS | complexes from th@enA mutant showed nearly identical kinetics. When
measured in the same reaction medium using time-resolved EPR spectroscopy with field
modulation detection (Fig. 2.10 B), the majority afPin the PS | complexes from the
menB mutant is reduced with a lifetime 8f2 ms, a value in good agreement with the
optical study. Since the signal-to-noise ratio limits the precision of these measurements,
the single kinetic phase found in the ERRasurement may correspond to a convolution
of the 2.6-ms and 7-midetimes found in the@ptical experiment.

The EPR study also shows a long-lived kinetic phase-gf Peduction that
corresponds to ca. 13% of the total sppmaentration. The study of the PS | complexes
from the menA mutant showed similar kinetic€onsidering only the 3.2-ms kinetic
phase, the charge recombination of the electron acceptor(s) withifca. 25 times

faster in the PS | complexes from tnenA andmenB mutants than in the wild type.

Global Multiexponential Analysis of Optical Spectra in the Blue Region.

Fig. 2.11 A depicts spectra obtained ie thiue region by global multiexponential
analysis of kinetics, in the absence of methyl viologen, in PS | complexes fronertBe
mutant. Three discrete kitle components are present. The component fitted to the
slowest kinetic phase appimated by a base linehecked boxes), corresponds to the
spectrum (P minus Pog) and represents a population afd° reduced by the external
electron donor, DCPIP. In these reactiontees) the electron has already escaped from
FeS to an external acceptor, probably molecualaygen. The 3.2-ms kinetic phase (solid
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squares) corresponds to the spectrum efo(AFFeS minus Py FeS) and represents a
close match to the kinetics ofd? relaxation measured optically and by EPR (Figs. 2.10,
A and B). The third kinetic phase is the 13-ms kinetic event (solid circles), which will be
discussed in detail later.dzi2.11 B depicts spectra oltad by global multiexponential
analysis of kinetics in the presence of nyethologen. As in the absence of methyl
viologen, three discrete kitie components are presefthe component fitted to the
slowest kinetic phase ffen squares) corresponds to the spectrum-gf (Rinus Boo); it
represents the entire population gffreduced by the external electron donor, DCPIP.
The spectrum of the 18-us component (omércles) resembles that of the 13-ps
component in the absence of methyl viologdns component wilbe discussed later).
An additional third componentyith a lifetime of 744 ps (solid diamonds), is present
with a broad bleaching from 400 nm to 500 wharacteristic of an S to Fe charge-
transfer transition and corresponds to the spectrum ofrki@8s FeS. It is not possible to
identify unambiguously the FeS cluster givinggrio this absorbance change, because the
difference spectra (oxidizewinus reduced state) ok FFs, and Fx are nearly identical.
However, the electron is likely in equilibrium betweenaRd ks, and the kinetics likely
represents the forward electron donation from the terminal electron accepttw F
methyl viologen.

The larger absorbance change of the 3.2-ms phase in the absence of methyl
viologen (Fig. 2.11 A) compared with the sI@lvase in the presence of methyl viologen
(Fig. 2.11 B) is derived from the additionantribution of a reduceélectron acceptor.
Assuming that the spectrum of the 3.2-ms component in the absence of methyl viologen
corresponds to the absorbance changes brought aboutbylBs a reduced acceptor,
whereas the spectrum of the slow kinetic component in the presence of methyl viologen
corresponds to the absorbance changes®f Rlone, the difference will correspond to
the spectrum of the reducedcaptor. The resulting spectrum, presented in Fig. 2.11 C, is
similar to that of the 744-us kinetic phasehe presence of methyl viologen (Fig. 2.11
B, solid diamonds); it shows a broad bleaching from 400 nm to 500 nm characteristic of
an S Fe charge-transfer transition. The amyu of the absorbance change is lower

than in Fig. 2.11 Bsplid diamonds) because a fraction of the reaction centers has already
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lost the electron from the FeS clusterse Bfectron that back reacts withpd with a 3.2-
ms lifetime is therefore located in a FeS wusalthough for reasomsentioned above, it
is not possible to differentiate betweeg &d Fa. The PS | complexes from thaenA

mutant showed similar results.

Forward Electron Transfer; Decay of the Electron Spin Polarized EPR Signal from Pgo"
A

An attempt was made to measure the forward electron transfer fraortl@ FeS
clusters in the PS | complexes from thmenA and menB mutants, by accumulating
time/field transient EPR data sets at 9 GHz (X-band) in PS | complexes isolatggt with
DM. Fig. 2.12 shows spectra extracted frahe data sets by fitting the individual
transients as described in van der EE994). Fig. 2.13 shows selected transients
corresponding to the field position markedFiy. 2.12 by the arrow. For the wild type
(Fig. 2.12 top, and Fig. 2.13top), the onset of the laser flash results in the appearance of
an E/A/E polarization pattern within these time of the spectrometer due to the
generation of the spin-polarized radical pajgoPA; (Bock et al., 1989; van der Est,
1994). At the field position chosen for the tramgs in Fig. 2.12, this radical pair makes
the absorptive contribution to the top trace. ®psctrum decays, with a time constant of
ca. 280 ns, to the emissive spectrum due;te PFFeS) shown in Fig. 2.12top. In the
corresponding transient in Fig. 2.18(), the electron transfer results in a transition from
an absorptive contribution at early time to an emissive contribution at later times.

It was shown that in samples devoid of &d ks, the late signal is retained,
indicating that the electron transfer proceeds yi&@&n der Esét al., 1994). However, it
is not possible to identify unambiguously tReS cluster involved in the radical pair
giving the emissive spectrum in intact samples, because its contribution is spread over a
large spectral range and because of fast relaxation at room temperature (see Kandrashkin
et al., 1998 for discussion). The subsequent dexdahe emissive spectrum, with a time
constant of 1.5 ms, represents the relaxatioth@fspin-polarized signal. This represents

the limit on the time resolution dfie spin polarization method.
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For the PS | complexes from th&nA (Figs. 2.12middle, and 2.13middle) and
menB (Figs. 2.12pottom, and 2.13pottom) mutants, the onset of the laser flash results in
the appearance of a spectrum that is assigned tad§ieQPstate, where Q is identified as
plastoquinone-9 in the ysite. This spectrum does not show any singlet-triplet mixing in
the precursor state, and itsegitime is governed by the response time of the spectrometer.
Thus, it is concluded that electron transfe@Qt@ccurs on a time scale of less than ca. 0.5
ns.

Compared with the wild type, the spectrum e§,PQ decays more slowly than
that of Poo’ A, and there is no indication ofdd” FeS during the 1.5- us decay of the
spin polarization pattern. Thus, a conservative lower limit of 2 ps to 3 ps on the lifetime
of P;oo Q can be placed. This result indicates that electron transfer froro A&y is
slowed by a factor of at least 10, from ca. 280 ns in the wild-type PS | complex2s3to
ps in the PS | complexes from th@nA and menB mutants; one kinetic phase will be
shown to be ca. 300 ps when measuredcty in the field modulation transient EPR

experiment which is deribed further below.

Forward Electron Transfer, Optical Absorbance Changesin the Near-UV

It is possible to accurately measure forward electron transfer froim Qe FeS
clusters in the UV using flash-detection, pump-prolspectrophotometer (Joliet al.,
1980). Absorption changes in the PS | compldres the menA mutant were found to
range from 245 nm to 330 nm at time poinissh 100 us, and 5 ms after an actinic flash.
The light-minus-dark difference spectrum, recorded 5 ps after the flash, shows a
maximum at 310 nm, a cross-over at 280 nm, and a minimum of 255 nm, as well as a
shoulder at 290 nm to 295 nm (Fig. 2.14ckcles). The difference spectra at both 100
ps (Fig. 2. 14 Asgquares) and 5 ps (Fig. 2.14 Ariangles) after the flash resemble the
spectrum at 5 pus, implying that all kinepilbases are derived from the same species.

This spectrum is strikingly similar to the semiplastoquinone-9 minus
plastoquinone-9 difference spectrum in methanol (Fig. 2.1éh&ked circles), which
shows a maximum at 315 nm, a crossover at 280 nm and a minimum of 255 nm, as well
as a shoulder at 280 nm to 300 nm (Benassah, 1973). The reader should note that
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the absolute value of the absorbance change of the trough on the short wavelength (blue)
side is larger than the absolute value of the absorbance change of the peak on the long
wave-length side in both the” @ (Fig. 2.14 A,circles) and the plastoquinone anion
radical minus plastoquinone-9 (Fig. 2.14 @hecked circles) difference spectra. The
spectrum of Q minus Q is also strikingly similar to the,Qminus Q difference
spectrum in deoxycholate- isolated PS linpexes (van Gorkom, 1974), except that the
latter is shifted to the deabout 15 nm (Fig. 2.14 Bhecked squares).

It is noteworthy that the spectrum ingbre 2.14 A does not resemble that of
wild-type PS I, in which the flash-inducetifference spectrum (with phylloquinone in
the Ay site) shows a peak centered at 380 nm and a crossover of ca. 325 nm (Brettel,
1988). It is also interesting that the @inus Q difference spectrum differs from the
protonated semiplatoqudne-9 minus plastoquinone-9 difénce spectrum, in which the
peak occurs at 295 nm, and in which the absolute value of the extinction coefficient at
250 nm is over twice that at 300 nm (Benassbial., 1973). This indicates that the
plastoquinone radical in the;Aite remains unprotonated thg its measured lifetime.
The light-minus-dark difference spectrum of @inus Q therefore supports the
assignment of Q as plastoquinone-9 in thesife.

The kinetics of the absorbance cbanat the 310 nm maximum of tmaenA
mutant are depicted in Fig. 2.15 A. The de&netics are (at least) biphasic, and the
lifetime of the fast phase is estimated to be 17.6 us. The slow phase is difficult to fit
precisely due to the limited number of data points. Nevertheless, the extrapolated
absorbance at the onset of the flash indicates that ca. 60%det&ys within 100 ps. If
one assumes that 100 chlorophyll moleculesaasociated with each PS | monomer, then
at concentration of 10 pg chlorophyll'fkthe Pgo concentration in this sample would be
112 nM. The flash-induced absorption change ofrihus Q at the peak maximum of
315 nm (Fig. 2.14 Acircles) would correspond to 0.94 mOD measured 5 ms after the
flash.

The differential extinction coeffient of semiplastoquinone-9 minus
platoquinone-9 at the peak ithe UV is reported as 13,000 Mcm' in solution
(Benassoret al., 1973), and this value has also been used fom@S Il (van Gorkom,



51

1974). By using this value and the absorptidifedence at the onset of the flash gives a
total of 72 nM of Q undergoing lighttduced reduction. Assuming an equimolar
concentration of plastoquinone-9 in the gite with B this would correspond to 64%
of the redox-active Q.

However, the difference spectrum is recorded 5 ps after the flash, and given that
the lifetime of the fast kietic phase is 17.6 ps, the absorption change dQat the
onset of the flash can be estimated 1284 mOD. Hence 80 nM, or 71% of the
redoxactive Q, is associated with forward electron transfer. This estimation suffers from
uncertainty in the extinction coeffent of plastoquinone-9 in theiAsite and is the
estimate of the absorbance at the onset of the flash. Nevertheless, the calculation shows
that the majority of electrons that are transferred frogn td the FeS clusters are
mediated by plastoquinone-9. This rules audignificant electron bypass of the quinone

at room temperature in the PS | complefxem themenA andmenB mutants.

Forward Electron Transfer Kinetics; Electrochromic Band-shift at 490 nm

The global multiexponential analysis of the flash-induced changes in the
absorption spectra of PS | complexes from nfeeB mutant revealed a 13- us kinetic
event in the absence of methyl viologen, with a derivative-shaped spectrum centered at
460 nm (Fig. 2.11 A,solid circles connected withdotted line). This spectrum is
characteristic of the electroamic shift of a pigment thaiccurs in response to electron
transfer. The same electrochriz shift can be seen in the presence of methyl viologen,
except that the extracted lifetime is 18aml the amplitude is higher (Figure 2.20en
circles with dotted line). The longer lifetime mabe instrument-related; to obtain a
reasonable signal-to-noise ratio, the rise time (1/e) of the amplifier was limited to 10 pus,
which would tend to cause urrdstimation of the initial amplitude in Fig. 2.11 A.

The electrochromic shift also shows aveér kinetic phase in the absence (Fig.
2.15 B) and presence (data not shown) noéthyl viologen. The kinetics in the
near-millisecond time domain are complicatedaingorbance changes at 490 nm due to

the decay of R¢, and no further attempt was made to separate their relative
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contributions. Similar kingc phases were measured in the PS | complésaa the
menA mutant (data not shown).

In wild-type PS | complexes, the light-minus-dark difference spectrum shows a
positive-going absorption band from 440 nnb@d nm, with a shape that resembles the
red shift of a pigment centered at abett0O nm (Brettel, 1988). A similar set of
absorption changes were recently measured in mutant c&ldaiella sorokiniana that
lack PS 1l (Joliot, P., and Joliot, A., 1999). Thésatures in the wild type were attributed
to an electrochromic red shift of an absarptband of a carotenoid that is induced hy A
. Similarly, the spectrum of the ca. 18-us component measured in PS | confpexes
the menB mutant most probably representseaactrochromic bandshift due induced by
Q on a nearby carotenoid. The kinetics tbke flash-induced catenoid bandshift
therefore represents an indirect, but reliablethod to measure the oxidation kinetics of

the semiplastoquinone in the visible region.

Photovoltage Measurements on PS1 Complexes in Proteoliposomes

Excitation of oriented PS | complexes with a single turnover flash leads to the
generation of a transmembrane elecpmential difference from which the forward
electron transfer rates and dielectrically weighted transmembrane distances can be
measured (Leibkt al., 1995; Mamedowet al., 1996; Mamedovaet al., 1999). PS|
complexes were incorporated into prdigosomes, and the flash-induced response
corresponded to the negative chargiighe proteoliposome interior.

For wild-type PS I in the absence of an external electron donorgth Ehe
photoelectric response due d¢barge separation betweeryfand the terminal electron
acceptors, k/Fg, occurs within the ca. 0.2 us rise time of the instrument (Vasstlay,
1997). Thus, the 20- and 200-kisetic phases of forward exdtron transfer between A
and K in wild-type PS | are not resolved ugiour instrumentation. However, for PS |
complexes isolated from thmenB mutant (Fig. 2.15 C, inset) amtenA mutant (data not
shown), the photoelectric response shows amument-limited rise followed by a slower

rise in the submillisecond time range.
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Decomposition of these kinetics, presszhin Fig. 2.15 C, reveals components
with lifetimes ofca. 11.4 yus and 306 us, and equatiradacontributions (ca. 10%) to the
overall photoelectric response. The decomposiign includes an ofé that represents
a longer-lived component in the low millisecond time range. The lifetime of the fast
kinetic phase is in reasonable agreement with the measurement®xitiion at 315
nm and the carotenoid bandshift at 485 nm.

The slow kinetic phase is also prtbarelated to the oxidation of ‘Qalthough
the optical data at 315 and 485 nm are compromised by the presence of
millisecond-lifetime Rgy’ minus PRgo changes at these wavelengths. These two
components are assigned to vectorial electron transfer frdorvard to the FeS clusters
in the PS | complexesom themenA andmenB mutants. The data points contributing to
the 11.4-us phase are overwhelmed by thgelapike at early time, which is probably
due to dielectric relaxation of the sample following the charge separation (Vassiliev
al., 1997). Elimination of this artifct is difficult, and as a result there is a fairly large

error associated with the lifetime and amplitude of the faster of the two phases.

Forward Electron Transfer, Field Modulation Transient EPR

If the slow kinetic phase that extengigo the hundreds of microseconds time
range represents the oxidation of, @hen the semiquinone anion radical should be
detectable at these times using conventitinge-resolved EPR spectroscopy (i.e. using
field modulation detection). Fig. 2.16 showise results of an analysis of a room
temperature field modulationainsient EPR experiment. Fig 2.16p, compares boxcar
spectra of PS | complexes from tmenA mutant at two times with the decay-associated
spectrum of the 32-ms major kinetic phase in the wild type. At late times of ca. 5 ms after
the laser flash, themenA mutant and the wild type give the same spectrum, because the
electron is on one of the FeS clusters (sge2Fi1 B). At early times of ca. 100 us to 200
us after the laser flash, the zero crossing in the spectrum of the mutants is clearly shifted
to lower field because of the contribution from Q

The g anisotropy and crossover of this radical are similar to that obtained in dark-
adapted whole cells of theenA mutant after exposure to white light; they can be
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attributed to a semiquinone anion radical (Figs. 2.4 and 2.5). Fig.dattémn, shows a
fit at the field position marked with an arrow in Fig. 2.i. From this fit, an electron
transfer lifetime of ca. 300 us and a recomabion lifetime of ca. 5 ms can be extracted.
The identification of a slow ki phase with the decay of @& consistent with the
presence of the @Q difference spectrum measuredhe UV 100 us after the flash (Fig.
2.14 A,squares).
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DISCUSSION

The main finding of this chapter isahwhen phylloquinone biosynthesis is
interrupted, a foreign quinone is incorporated into the she of PS 1. When the
interrupted genes armenB (naphthoate synthase) amenA (phytyl transferase), the
foreign quinone is shown to be plastoquin@éFhe incorporated quinone functions as
an efficient electron transfer cofactor within PS I, accepting electrons frerand
passing them forward tocF

The asymmetric spin density distribution found for i@ the mutants, and for
phylloquinone in wild-type PS I, is consistewith an increased spin density at ring
position 2,i.e., between the carbonyl group in position 1 and the hydrocarbon chain in
position 3 (see Fig. 2.3). This asymmetric spin density is exactly opposite that fior Q
bacterial reaction center (see Lubitz and Feh®99 for a review). Here, a decrease in
spin density is observed for the corresponduogition 2. The latter is attributed to a
stronger H-bond to the carbonyl in position hgim in position 3). This is also concluded
from the structure of bacterial reaction wan which shows strong H-bonding to the
carbonyl in position 1 of Qfrom the H residue in thd-helix, which also ligates the
nonheme iron. A weaker backbone H-bond is suggested for the other carbonyl bond of
Qa.

If the opposite spin density distribution observed feirAPS | compared with £
in bacterial reaction center is attributedriequivalent H-bonds to the quinone carbonyls,
then the preferential H-bond has to be me@ between PS | and the bacterial reaction
center. The present PS | structure (Jordaal., 2001) supports the difference in H-
bonding to A compared with @ in purple bacterial reaction center. There is a direct
correspondence between the transmembraneelein PS | and in the bacterial reaction
center, but there are significant diffeoes in the quinone binding region. Tinehelix of
PS | ends earlier toward the strorsale compared with the corresponduigelix of the
bacterial reaction center. Moreover theraasH residue in the PsaA/B primary sequence
in this region. Hence, the strong H-bond donor farilQthe bacterial reaction center has
no analog in PS I. This may also be one of the reasons for the significantly different
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orientation and position of Aelative to the rest of PS | (Kamlowskial., 1998). On the

other hand, there is a possibility for H-bonding to the other carbonyl group of
phylloquinone in the Abinding site via an | residue, a proposal which is supported by
the PS | structure (Fig. 2.18). Similar conctus were reached on the basis of spin
density functional calculations (O'Mey, 1998, 1999). O'Malley was able to
guantitatively explain the observed spin densities fprirQthe purple bacterial reaction
center (O'Malley, 1998) versus; An PS | by assuming a preferential strong H-bond to
one of the carbonyl groups and to the opposite one in each of the respective quinone
acceptors. Experimental evidence is provideit ltkeat the same direction of asymmetric
spin density distribution (and correspondinghg same H-bonding pattern) is observed

for plastoquinone-9 recruited in the; Aite as for phylloquinone in wild-type PSI.
Further comparison can be made to the asymergpin density distribution observed for
plastoquinone-9, both in solution and ag @ PS II. It is interesting to note that an
asymmetric spin density distribution has beaiculated for plastoquinone-9 in isotropic
solution (O'Malley, 1998), presumably asresult of the inherent asymmetry of the
substituents (see Fig. 2.3). Indeed, a substantial anisotropy has been observed for
plastoquinone-9 in frozen solution (MacMillaeg al., 1995). Compared with this
intrinsic asymmetry for plastoquinone-9 in solution, the asymmetry is found in this work
to increase for plastoquinone-9 recruited @sin PS | mutants and, in contrast, to
decrease for plastoquinone- 9 ag @ PS Il (MacMillan, et al., 1995). The latter is
consistent with the assumption of an asyrriméd-bonding similar to that established for
purple bacterial reaction center, see ikmband Feher, 1999. As a consequence,
preferential H-bonding appears to operatellimantioned reaction centers. Interestingly,

the stronger H-bond concerns opposite carbonyl groups (with respect to the common ring
numbering used in Fig. 2.3) for quinones in thesAe of PS | versus quinones in thg Q

site of PS Il and purple bacterial reaction center. The results raise a number of interesting
issues concerning the nature of the Bnding site. First, the fact that the, Aite is
occupied in the absence of phylloquinoneams that under normal conditions there must

be strong competition in favor of phyllogquane as compared with plastoquinone-9, both

of which are presumed to be present durirglifosynthesis and assembly of PS I. Thus,
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the binding affinity of phylloquinone musbe higher. Given the relatively high
concentration of plastoquinone-9 in the meame, the difference in the binding constants
must be quite substantial. One reason for adriglffinity could be stictural constraints,

i.e. the binding site could be designéd accommodate phylloquinone better than
plastoquinone-9. Evidence to support thidea comes from quinone exchange
experiments which showed thaarameters such as hydroptaty influence the binding
affinity of quinones to PS(Iwaki and Itoh, 1991; Rustandi al., 1992). The structure of

the respective quinones may also pkayole. The binding of duroquinone (2,3,5,6-
tetramethyl-benzoquinone) is weaker tharedicted by its hydrophobicity (Iltoh and
lwaki, 1991), and out-of-phase ESE peximents on PS | containing duroquinone
suggested a wider distribution ofgf Q distances than forsR®" Q in the wild-type PS I.

This could be an indication that the poobanding is due to steric effects (Sieckmein

al., 1991). However, the spin poization patterns of the mutants show that any increase
in steric hindrance for plastoquinone-9 asmpared with phylloquinone is not
accompanied by a different orientation of the two acceptors. Another possible
explanation for different binding affinitee of phylloquinone and plastoquinone-9 has
been given by Zheng and Dismukes (Zheng, Dismukes, 1996). For the quinones with a
CHs group at position 2, such as ubiquinone-10 and phylloquinone, the side chain at
position 3 is attached perpendicularly te tfuinone head group plane (dihedral angle (C
-C3, G -C)) about 90°), whereas for quinones with a hydrogen at position 2, the side
chain is in plane with the head grompthe ground state (dihedral angle, (Cs, G -C, )

about 0°). A difference in energy sepavatibbetween ground state and excited state for
opposite side chain to head group comfation of about 25<J/mol was estimated,
yielding a greater than 10-fold excess af tiround state versus excited state population
at room temperature. Aoptimized protein structure fdhe respective quinone ground
state conformations has been proposedhmng and Dismukes (Zheng, Dismukes, 1996)
as a possible explanationrfthe low efficiency of substitution of ubiquinone-10 with
plastoquinone-9 in bacteriedaction centers (Okamuehal., 1975) and plastoquinone-9

by ubiquinone-9 in PSII (Dineet al., 1988). Because phylloquinone has the same
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ground state configuration as ubiquinone-i@is argument would also explain the
selectivity of PS | for phylloquinone.

Yet another explanation of the PS | stity for the phylloquinone comes from
considering the structural constraints imposed by the length and flexibility of the
isoprenyl carbon chain. Plastoquinone-9 hdsrger and more rigid isoprenoid chain
than phylloquinone (Fig. 2.3), and itsngpaction into the hydrophobic pocket may
include rearrangement of the antenna chloybptand carotenoids as well as changes in
the position of the hydrophobic amino-acid side-chains.

The results from time-resolved optical, electrometric and CW and transient EPR
techniques show that, despite the alteredvdod and back electron transfer kinetics,
plastoquinone-9 functions asn efficient electron cofactor in PS 1. To accomplish
forward electron transfer, it is necessary thatmidpoint potential of the cofactor in the
A; site be sufficiently reducing to transfer electrons to the FeS clusters at a rate that
outcompetes the inherent backreawtiof reduced plastoquinone-9 with,o®. The
midpoint potential of @Q can be estimated using two approaches: a comparison of the
redox properties of plasquinone-9 and phylloquinone in organic solvents, and a
consideration of rate versus free enengjgtionships from electron transfer theory.

Phylloquinone has a reported£0f -465 mV versus NHE in dimethylformamide
(DMF) (Princeet al., 1983), whereas plastoquinone-9 has a reportgdoE-369 mV
(versus NHE) in DMF (Princet al., 1986). If the A site has a polarity similar to that of
DMF, then plastoquinone-9 would be 96 m\bre oxidizing than native phylloquinone
in the A site. However, this is only a crudetiesate, and it should bgossible to refine
this value using the concept of “acceptor number.” Jaworski and colleagues (Javorski
al., 1979) showed that the redox potentialaofquinone undergoing the first electron
reduction in organic solvent is related to tlectrophilic properties ahe solvent. This
work was based on a formulation by Gutman (Gutman, 1976) of an acceptor number, a
dimensionless number that expresses the amcppiperties of a given solvent relative to
that of SbGJ. The central idea is thati&values of different quinones show smaller

differences from one another in solvents with low acceptor numbers and higher
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differences from one another in solvents with high acceptor numbers. This solvent effect
is quantitatively described by empirical Equation 1:

E,= Elo/z +a(AN) (Eq.1)
wherea is the slope (i.e. the sensitivity to the solvent effect based on Lewis acidity); AN
is the acceptor number (which ranges from 0 in hexane to 100 in, $h€lreference
solvents; benzene is 8.2, DMF is 16, and water is 54.8), asldsEthe intercept (the
value of B, corresponding to a solvent with AN = 0). An important point is that the
semiquinone radical is destabilized in solvents with low acceptor numbers, which leads to
a lower redox potential for the first electroeduction. Itoh and co-workers (lwaki and
Itoh, 1994) applied Gutman’s ideas to adst of re-placement quinone head groups
(lacking the phytyl tail) in PS | and estimated the acceptor number forjtlséeAto be
4.0, which is similar to the acceptor number for diethyl ether of 3.9. By assuming that the
redox potential of a given quinone in organitveat is strictly linearly related to the |z
value in the A site, the following Equation 2 waderived (lwaki and Itoh, 1994):

E, = 0.69E,, ,(DMF) —43zmV (Eq. 2)
whereEy, is the redox potential in DMF artg, is the redox potential in the;/Asite.

Given that phylloquinone has anfof - 465 mV (versus NHE) in DMF (Princ al.,
1983), theE, of phylloquinone in the Asite is -754 mV. Given that plastoquinone-9 has
an B, of -369 mV versus NHE in DMF (Prina al., 1986), theE, of plastoquinone-9

in the A site is -687 mV. Accordingly, the red potential of plastoquinone-9 in thg A
site is 67 mV more oxidizing than phytjuinone. Equation 2 was derived assuming that
the added quinones are capable of passiegetbctrons forward to the FeS clusters.
However, since there remains a lingeringcertainty over whether added quinones
without phytyl tails are properly oriented as to accommodate forward electron transfer
from A, to the FeS clusters (Biggins and Mathis, 1988, Biggins, 1990; Rustaaldi
1992), an independent approach to théemheination of the midpoint potential of
plastoquinone-9 in the /5site was sought.
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According to (Moseret al., 1992; Moser and Dutton, 1992), the rate of
intraprotein electron transfer betweenotwlectron carriers with distance R can be
described by following Equation 3:

logk =15-0.6R- 3.1(AG" + A)*/ A (Eq. 3)
where R is the edge-to-edge distance i\’ is the standard reaction free energy in eV,
and A is the reorganization energy in eV. Any change - whether in the reorganization
energy, the distance (including the ori¢iaia), or the redox potential of the quinone in
the A site - will have an effect on the ratenstant of electron transfer. For the purpose
of this argument, it is assumed that there is no change in the reorganization energy caused
by substitution of similar molecules in the Aite,i.e., a dimethylbenzoquinone for a
naphthoquinone. Results of the pulsed EPR tepgmopy (Fig. 2.8) indicate that the
distance between the plastagome-9 anion radical and;dd in the menA and menB
mutants is nearly identical to the distarmween the phylloquinone anion radical and
Psoo in the wild type. Hence, any alterationtire rate constant of electron transfer will
be governed primarily by the differencetime redox potential between phylloquinone and
plastoquinone-9. The rate retaiship in Equation 4 is equileat to that in Equation 3.

— 1 A(15-0.6R-3.1(AG°+1)%/ A)
kexergonic =10 (Eq. 4)
The equilibrium constant g between Q andyHs defined in Equation 5 as follows:
Keq = Kiorward Kreverse(EQ. 5) (Eq. 5)
The equilibrium constantdis related to Gibbs free energy according to Equation 6.
— 1 -G/ 0.05¢
Keg =10 (Eq. 6)
Hence, the reverse electron transfer ratgerde can be expressed in Equation 7 as
follows:
— 15-0.6R-3.1(AG° +1)2 /1 - AG /0.059)
kendergonic - 10( (Eq.7)

Equation 4 is used to specify the rate of forward electron transfer in an exergonic
reaction and Equation 7 is used to specify e of forward electron transfer in an
endergonic reaction. The averagathe-to-edge distance betweepn e two identified

quinones in the X-ray crystal structure) andi§ reported to be 11.3 A (Klukas al.,
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1999). A reorganization energy of 0.7 eV is commonly used for photosynthetic electron
transfer reactions (Moset al., 1992), although a value &f0 eV was recently estimated
for the reorganization energy of electron transfer betweena®d F from the
temperature dependence (Schloddeal., 1998). The value OKeergonic Will therefore
depend on the difference in Gibbs feseergy between the quinone and therén-sulfur
cluster. This calculation requires accuraeowledge of redox potentials for both
cofactors. The B(Q/Q) of phylloquinone in wild-type PS | has not been measured
directly. However, a value of -810 mV vassNHE has been derived from calculations
based on the kinetics of electrield-induced electron transfer rates (Vos and Gorkom,
1988), and a value of less than or equal to -800 mV versus NHE has been calculated
based on th&P;qyield (Sétifet al., 1990). As mentioned earlier, the considerably higher
value of -754 mV has been deduced from the measuggd&ues of phylloquinone and
plastoquinone-9 in DMF and an application of Gutman’s acceptor number of 4.0 for the
A; site. The &, (Fx /Fx’) of phylloquinone in wild-type PS | has been measured directly;
an B, of -705 mV was found for /Fx" in PS | complexes by electrochemical poising
and EPR measurement (Chamorovsky &@ainmack, 1982). However, this approach
suffers from the uncertainty that the midpoint potential pfwas determined in the
presence of a reduced Bnd Fg and may be overestimated due to the electrostatic effect
of nearly reduced acceptors. A considerably highemE-670 mV has been measured in
ProoFx cores that lack PsaC and, hencg alectrostatic influence from thexFand kg
clusters. Recently, an equilibrium constant of 73.5 was determined betweed F in
PzooFx cores by analysis of the backrgan kinetics, which indicates thak ffnay be 110
mV more electronegative than EShinkarewet al., 2000). Since the i of Fa has been
measured to be -520 to -540 mV, thg Bf Fx should be -630 to -650 mV. However,
these approaches suffer from an uncertawitgther there is any effect on the midpoint
potential of ik from the removal of PsaC, due eithestaictural changes or to alterations
in solvent accessibility of the FeS cluster.

Table 2.1 shows a matrix of the predictemlues of the forward rate constant,
Kexergonic; fOr the three published values of the midpoint potential pf/Aq, the three
published values of the midpoint potential gf F~, and the two published values of the
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reorganization energy. Assuming a reorganization energy of 0.7 eV, the averaged rate
constant of optimum forwarélectron transfer should 23 + 99 ns. This value is
similar to the ca. 280-ns lifetime of;Ameasured in wild-type PS | complexes (Brettel,
1988; Bocket al., 1989; Sétif and Brette1993; van der Estt al., 1994; Leiblet al.,
1995). If a reorganization energy of 1.0 eWuged instead, the averaged rate of optimum
forward electron transfer is 1.83 us, a vatansiderably slower than that observed
experimentally. The measured lifetime of iQ the PS | complexes from thmaenA and
menB mutants was next used to back-calculate the redox potential 1Q. Given that

the major kinetic phase of forward electron transfer fronrm@e PS | complexes from
the menA and menB mutants has a lifetime of c& ps (Figs 2.15, A-C), careful
consideration of Equations dnd 7 shows that electronafisfer must be endergonic
between A and Kk to accommodate this rate. Table Il lists a matrix of the predicted
values for the increase in Gibbs free energy betwgesnd K and the calculated redox
potential for Q/Q, for the three values of the midpoint potential f Fx, and the two
values of the reorganization energy. This results implies that, regardless of whether the
reorganization energy is 0.7 or 1.0 eV, electron transfer betwgand is endergonic

by 12 mV to 95 mV. If we accept a value of -705 mV for the/Fx redox couple and a
reorganization energy of 0.7, then plastoquinone-9 in theit& of the PS | complexes
from themenA andmenB mutants will have a midpoint pattial of -610 mV. A value of
-670 mV for the k /Fx redox couple leads to a midpoint potential of -575 mV for
plastoquinone-9 in the /site, a value which is nearly isopotential with thearBn-sulfur
cluster.

Although the value obtained using electraamsfer theory provides an interesting
exercise, this approach cannot be usegfecise estimation; the uncertainties approach
an order of magnitude for the energgpdathe rate constanGiven the additional
uncertainties in the midpoint potentials oetbhomponents, in the precise value of the
reorganization energies when phyllagpme and plastoquinone-9 occupy theshe, and
in the exact edge-to-edge distance betwherguinone and the FeS cluster, the estimated
values must be used with caution. Neleltss, these considerations support the
appraisal based on the redoghavior of plastoquinone-&nd phylloquinone in organic
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solvents;i.e., they suggest that the midpoint potential of Q is more oxidizing than that of
Fx (Fig. 2.17). If so, then we must ask how a thermodynamically unfavorable reaction
can be reconciled with the high quantum ¢ief electron transfer observed in the steady-
state measurements (Johnsaral., 2000) and with the efficient reduction of Frg
observed by optical and EPR spectroscopy (Johesaln, 2000). The important factor
here is that, even with an endergonic electron transfer step betweed A, overall net
electron transfer is exergonic betweep @nd R /Fg (Fig. 2.8). A drop in the quantum
yield and an inefficiency in &/Fg reduction would be expected only if electron transfer
between A" and k were sufficiently slow that thinherent backreaction betweeg And
P00 would dominate. There is no evidence for a backreaction betwesmd@o, when
the terminal FeS clusters land ks are oxidized and available for electron transfer (data
not shown). A similar instance of an umfaable electron transfer with an overall
negative change in the free Gibbs energy has been postulated for the electron transfer
stage from k via Fa and ks to ferredoxin (Diaz-Quintanet al., 1998; Vassiliewt al.,
1998; Golbeck, 1999).

The calculated values in Table 2.2 will nda@ compared with the experimental
data. The issue is whether the reduction offg on a single turnover flash (Fig. 2.10)
corresponds to the amount expected on ttesbaf chlorophyll concentration. In the
following analysis, the term FeS refers to the FeS cluster that accepts the electron on a
single-turnover flash, without specifying its identity as & Fs. Assuming that 100
chlorophyll molecules are associated witlcle®S | monomer, then at a concentration of
10 mg chlorophyll mt, the concentration of;/g, Fa, and & in this sample is 112 nM.
The flash-induced absorption change due to” Fe$his sample, determined by global
analysis of kinetics in the blue (Fig. 2.2 &Jid diamonds), corresponds to 1.4 mOD.
Given the extinction coefficient forsg at 430 nm is 13,000 Mcm ™ (Frankeet al.,
1995), a total of 108 nM of FeS undergoes light-induced reduction. The flash-induced
absorption change due to Fef this sample, determined by difference in the absence
and presence of methyl viologen (Fig. 2.11 C), corresponds to 1.1 mOD (however, this is
known to be an underestimate; see “Resultddre, a total of 84.6M of FeS undergoes
light-induced reduction. Takinghe midpoint potential of £to be -530 mV and the
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amount of Ik reduced to be between 76 and 96%, a straightforward application of the
Nernst equation indicates that the midpointeptial of Q must be more reducing than -

559 to -611 mV to account for the high quantyield of FeS reduction on a single
turnover flash (for simplification, the equilibrium betweendnd s has been ignored).
These values are in reasonable agreement with those determined by applying electron

transfer theory (Table 2.2).
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SUMMARY

These studies show that, upon interruption of thanB and menA genes in the
phylloquinone biosynthesis pathway, a foremuinone is recruited into PS | complexes
that functions as an efficient electron transfer cofactor. Employing various spectroscopic
methods, this quinone is identified as pdastinone-9. Multiple approaches show that
when plastoquinone-9 occupies the #ite, electron transfer between @nd K is

endergonic.
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FIGURE LEGENDS

Figure 2.1 Biosynthetic pathway of phylloquinone biosynthesi§jnechocystis sp. PCC
6803 (Johnsoret al., 2001). The gene products respbles for the biosynthesis of

menaquinone were initialt described irEscherichia coli (Sharmeet al., 1996).

Figure 2.2 HPLC profiles of pigment extracts from lyophilized PS | compleXes$S |
isolated from wild-type strain oBynechocystis sp. PCC 6803. The pigments were
separated on a 5.0 mm Ultrasphere C18 reyanase column. The detection wavelength
was 270 nm. The extract from the wild type shows a peak that co-elutes with authentic
phylloquinone at 29.7 minTop inset: UV/Vis spectrum of authentic phylloquinone.
Bottom inset, near-UV/Vis spectrum of HPLC peak that elutes at 29.7BnHPLC of
pigment extracts from PS | complexes of thenB mutant strain ofSynechocystis sp.
PCC 6803. The pigments were separated &m0amm Ultrasphere C18 reverse phase
column. The peak at 37.2 min in the wild type co-elutes P4ttarotene, and shows a
spectrum in the visible identical f3carotene. The peak at 37.2 min in thenB mutant
shows an additional UV-absorbing compongbbttom inset) that co-elutes with
plastoquinone-9 and that shows a UV spectsimmilar to plastoquinone-9 (top inset) and
an m/z of 748. The LC/MS analysis of the PS | complexes fronmémé& mutant was

similar.

Figure 2.3 Molecular structures of phylloguwone and plastoquinone-9. A common
numbering of the quinone ring positions is ugethe text, such that the carbonyl group

next to the hydrocarbon chain in position 3 is placed in position 4.

Figure 2.4 Magnetic field versus time versus amplitude @f;Pand Q in whole cells of

the menA mutant strain. Dark-adapted cells wdheminated for 2.5 s, and the intensity
was plotted as a function of time at a giveagnetic field. EPR conditions were as
follows: microwave frequency, 9.7698 GHuaiicrowave power, 50 mW; modulation
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frequency, 100 kHz; modulation amplitude, 1 G; receiver gain,14"; conversion time,

327 ms; time constant, 10 ms.

Figure 2.5 Two-dimensional slices (from figure 4f amplitude versus magnetic field
(top) and amplitude versus timbattom). The spectra are derived from the time-resolved
EPR studies at 0.1 (dotted line), 0.5 (soliet)inand 2.7 s dashed line) after the opening
of the shutter. The arrows refer to the fiskettings of the kinetic traces in the bottom
panel at 3484.5 G, which correspondstte time-dependent evolution of¢f, and at
3475 and 3486 G, which correspond te time-dependent evolution of.Q

Figure 2.6 Photoaccumulated and simuldt®-band CW EPR spectra of Aand Q in

PS | complexes isolated from wiliype, deuterated wild type, andenA and menB
mutants. Experimental data are depicted as solid lines, and simulated spectra are depicted
as dashed lines. The vertical dashed line is a visual aid; it is aligned to the low field peak
of the menA andmenB mutant samples. The photoaccumulation protocol was carried out
for 40 min at 205 K. Instrument settinggere as follows: microwave power, 1 mW,
microwave frequency, 34.056 GHz; moduat frequency, 100 kHz; modulation
amplitude, 1 G; temperature, 205 K; timenstant, 10 ms; conversion time, 10 ms. 100

scans were ave raged .

Figure 2.7 Spin-polarized transient EPR spectra of PS | froenA and menB mutants
compared with the wild type at threeffdrent microwave frequencies (from top to
bottom, 95, 35, and 9 GHz). The spectra weoerded at a temperature of 150 K and are
the integrated signal intensity in a timéndow 0.5 to 1.5 ms following the laser flash
except for the W-band spectrum of wild-typ& I, which is the two-pulse field-swept

echo spectrum reported in van der &stl., 1997.

Figure 2.8 Comparison at 80 K of the out-of-phaseho modulations of PS | complexes

from menA (solid curve, top)menB (solid curve, bottom), and wild type (dashed curves).
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Figure 2.9 Pulsed ENDOR spectra of theof® Q state of thanenA andmenB mutants
(top) in comparison to that of the,d@@” A;~ state in wild-type PS bbttom). The spectral
ranges attributable to the @Hyperfine couplings in Qare shaded. The vertical dashed
lines at about 8.3 and 21.1 MHz in the tracesiA andmenB indicate the outer wings

of the spectra. Shown is a Davies t§fé¢DOR pulse sequence; temperature, 80 K.

Figure 2.10 Reduction kinetics in PS | complexes isolated from rteeB mutant. A,
flash-induced optical transient measured at @t0after a single flash. Sample conditions

are as follows: 50 mg chlorophyll thiin 25 mM Tris, pH 8.3, 0.049%8-DM, 10 mM
ascorbate, and 4 mM DCPIP in a 1 3 1-cm fluorescence cuvette. Excitation wavelength
was 532 nm, and excitation energy was 1.4 M300-MHz bandwidth was used in the
preamplifier to recover kineticg the microsecond time rangB, flash-induced EPR
transient measured at 3485 G magnetic field position (average of 64 traces recorded at 10
s intervals between flashe§ample conditions are as follows: 0.4 mg chlorophyft ml

25 mM Tris, pH 8.3, 0.049%8-DM, 10 mM ascorbate, and 4 mM DCPIP in an EPR flat
cell. Excitation wavelengtiwas 532 nm, and excitation eggrwas 14 mJ. Time is
plotted on a logarithmic scale in which a deviation from the horizontal represents a
kinetic phase. The computer-generated expialeiits are shown as solid lines. Results

of the exponential fits are displayed as fit curdaeKen line) with the lifetimes of each
phase depicted by an arrow. Each individcamponent is plotted with vertical offset
relative to the next component (with a londgjgatime) or the base line, the offset being
equal to the amplitude of tHatter component. The relativertributions of each kinetic

phase can be judged by the intersection of the fit line with the abscissa.

Figure 2.11 Global decomposition of optical kitie spectra of PS | complexes from
menB mutant in the blue regior, spectrum of flash-induced optical transient measured
in the absence of methyl viologen. Sofiquares represent a component with a 3.2-ms
lifetime; checked boxes represent a long lived component (sensitive to DCPIP
concentration); solid circles repres@ncomponent with a 13- ms lifetim®, spectrum of

flash-induced optical transiemeasured in the presence of 100 mM methyl viologen.
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Open squares represent a long lived compofsemsitive to DCPIP concentration); solid
diamonds represent a component with744-ms lifetime; open circles represent a
component with an 18-ms lifetim€, difference between A (solid squares) and B (open
squares). The contribution of the spectrunifchecked boxes) was ignored; hence, the
difference spectrum underestimates the amofirteS cluster reduced on a flash (see
text). Sample conditions are as follows: PS | complex isolated rinemB mutant at 10
mg chlorophyll mfin 25 mM Tris, pH 8.3, 0.0498-DM, 10 mM ascorbate and 4 mM
DCPIP.

Figure 2.12 Electron spin-polarized EPR spectra of the PS | complexes from wild type,
menA, and menB mutants at room temperatur€op trace, wild-type PSI. The two
sequential spin polarized spectra have b@dracted from the contgte time/field data

set as described in detail (van der &sal., 1994). The solid curve corresponds to the
radical pair Ryo’ A1, whereas the emissive spectrum is due g FreS. Middle and

lower tracesmenA andmenB mutants. The curves are decay-associated spectra extracted
from the complete time/field ¢tk sets. In the mutants gnbne kinetic component is

observed which we assign tef® Q..

Figure 2.13 Electron spin-polarized EPR kinetic transients of the PS | complexes from
wild type, menA, andmenB mutants. Kinetic traces corpnding to the spectra shown in
Figure 12 taken at the field position indiedtby the arrow at the bottom of Fig. 2.12.
Top trace, native PS I. Middle trace, PS | fromnA. Bottom trace, PS | frommenB. The
electron transfer from Ato FeS is clearly visible in the upper trace. Note, however, that
the decay of the signals is dominated by the relaxation of the spin polarization and not by

recombination of the radical pairs involved.

Figure 2.14 Flash-induced absorbance change in the PS | complexesrienmmutant
in the UV regionA, flash-induced difference absorbance changes recorded at times 5 ms
(circles), 100 ms gquares),and 5 ms tfiangles) after a saturating flash. Sample

conditions are as follows: PS | complexes isolated from rieeB mutant at 10
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mg chlorophyll mf in 25 mM Tris/HCI, pH 8.3, 10 mM sodium ascorbate, 4 mM
DCPIP, and 0.03% w/\3-DM. Each point represents the average of 8 measurements
spaced 20 s between flashes minus a Badkground taken similarly but without the
detecting flashB, spectrum of the plastoquinone-9 anion radical in methahetked
circles) adapted from (Benasson and Land, 1973), and spectrum ahiQus Q in
deoxycholate-isolated PS Il complexes (cleetlsquares) adapted from (van Gorkom,
1974).

Figure 2.15 Kinetics of Q oxidation in themenA and menB mutants.A, flash-induced
absorbance changes nmenA measured at 310 nm. Each mioiepresents the difference
between the average of 8 flashes with theasuring flash on and 8 flashes with the
measuring flash blocked to both sample aefdkrence cuvettes. B@le conditions 10
mg chlorophyll mf-in 1 mM Tris, pH 8.3, 0.0398-DM, 10 mM ascorbate, and 4 mM
DCPIP in 4-sided fluorescence cuvette. The erpental data are shown as dots, and the
computer-generated exponential fits are shown as solid Bn#ash-induced absorbance
changes immenB measured at 490 nm. Each point esgnts the average of 16 flashes
using a conventional flash spectrometé&ixcitation wavelenp was 532 nm, and
excitation energy was 1.4 mJ. Sampteditions: 10 mg chlorophyll miin 25 mM Tris,

pH 8.3, 0.03% w/AB-DM, 10 mM ascorbate, and 4 mM DCPIP in fluorescence cuvette.
The experimental data are shown as daotd,the computer-generated exponential fits are
shown as solid line<C, electrometric measurements of oriented PS | complexes from the
menB mutant. Inset, kinetics of the flashduced membrane potentgeneration by PS I-
containing proteoliposomes. Deconvolutiontbé slow phase kinetics is shown in the
main figure. Sample conditions are as faléo 25 mM Tris, pH 8.3, 10 mM ascorbate,

and 4 mM DCPIP. Excitatiowavelength was 532 nm, andogation energy was 1.4 mJ.

Figure 2.16 Field modulation transient EPR spectroscopy of PS | complexes from the
menA mutant. Top, spectra extracted fréime complete time/field data sets foenA and
wild-type PS I. Solid curve, wild type, decay-associated spectrum of the 32-ms phase

assigned to By (FeS). Dashed curvemenA, boxcar spectrum taken in a time window



76

100 ms to 300 ms following the laser flash. Dotted-dashed comevd, boxcar spectrum
taken in a time window 3 ms to 4 ms followitige laser flash. Bottom, transient from the
menA sample taken at the field position indicatedabyarrow in the top part of the figure.
The dashed curve is a fit to the data whiatids a lifetime for thelectron transfer from
Q to FeS of 300 ms and a recamdtion lifetime of 5 ms. Theffset at long times is due
to reduction of B by an exogenous donor in centersvimch the transferred electron is

lost from FeS.

Figure 2.17 Energetics of PS | in the wild type (A) amienA/B mutants (B). The
backreaction rates in the wild type refer to conditions where the succeeding electron
acceptor has been removed, either biochalyi or genetically. The values in bold
represent the dominant kinetic phase. The majority of the forward and back electron
transfer times in themenA/B mutant have not been characterized. The backreaction
pathways are depicted as direct tgoPfor the sake of clarity; the actual pathway likely

proceeds, at least in part, babkough the electron acceptor chain.

Figure 2.18 Phylloguinone binding site (PsaA) acding to the latest, 2.5 A resolution
X-ray structure (Jordaet al., 2001). The next electron acceptor in the chainsshown

as a Yyellow spacefill, phylloquinone is shovwas thick wireframgpink); W forming
possibletert intractions with the naphthoic ring is shown in the thin wireframe (blue).
Hydrogen bond is evident between lle residue and the top carbonyl group of the

phylloquinone.
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Table 2.1 Calculated optimum rates of electron transfer froyoA~

ArlA, P TFx AG(A1-Fx) Kexer
Eip, mV Eijp, MV mV ng

A=0.7 A =10
-810 -705 -105 223 1830
-810 -670 -140 148 1180
-810 -650 -150 132 1050
-800' -705 -95 252 2080
-800 -670 -130 166 1340
-754 -705 -49 448 3780
-754 -670 -84 285 2370
-754 -650 -104 223 1830
Mean + S.D. 223 + 99 1834 + 669

& ns, nanoseconds
® see Moseet al., 1992

¢ see Schloddest al., 1998

4 see Vos and Gorkom, 1990

® see Chamorovsky and Cammack, 1982

"see Parretit al., 1989

Y see Shinkarest al., 2000

" see Sétikt al., 1989

' see Iwaki and Itoh, 1994
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Table 2.2 Deduced values forig of Q

Fx 1Fx AG(Q-Fx) Q/Q
El/z, mV mV E/Z, mV

A=0.7 A=1.0° A=0.7 A=1.0°
-705 +95 +12 -610 -693
-670 +95 +12 -575 -658
-650 +95 +12 -555 -638
Mean + S.D. -580 + 28 -663 + 28

4 see Moseet al., 1992
b see Schloddest al., 1998
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Chapter 3

Selective Inactivation of the Terminal Acceptors in the Plastoquinone-containing
PSI.

ABSTRACT

In the last chapter, it was shown that, when the phylloquinone biosynthetic
pathwayis altered by interruption of theenB gene inSynechocystis sp. PCC 6803,
plastoquinone-9 occupies the gite in PS | and functions as an electron transfer cofactor
from Ao to the FeS clusters. In this chapter, the redox and kinetic properties of this
modified quinone acceptor are deked. In order to observe Adirectly, the terminal
FeS clustersd; Fa, and kk were selectively inactivated by various methods: by chemical
reduction with dithionite, by physical meval of the PsaC subunit with chaotropic
agents, and by genetic interruption of FeS cluster assembly. In the latter pals&, /a
menB’ double mutant oBynechococcus sp. PCC 7002 was studied. Inactivation of the
particular FeS center was verified by X-band EPR spectroscopy and time-resolved optical
spectroscopy in the near-IR region. Through glahultiexponential fits of transients in
the UV, visible and near-IR regions | obtain the lifetimes of different processes that
involve plastoquinone-9 in the ;Asite. Based on spectral analysis of the kinetic
components kinetic phases wiltfetimes of ca. 10 ps and c&00 ps were attributed to
the plastoquinone-9to Py, backreaction. Consequently, two different quinone
environments in thenenB PS | are proposed; each of the environments is caracterized by
one of the two lifetimes. Further, the sldwnetic phase witHifetime of ca. 500 ps
disappears upon the dithioniteatment, while the fast kinetghase with lifetime of ca.

10 ps remains unchanged. Thus, the slow kirgtase is attributed to a high-potential
guinone, and the fast kinetic g which remains unaffected dithionite, is attributed

to a low-potential quinone.
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TherubA / menB double mutant o8ynechococcus sp. PCC 7002 was provided by
Yumiko Sakuragi, Gaozhong Shen and Donald Bryant. Optical measurements of the

kinetic spectra in the UV were perfoeahin collaboration with Bruce Diner.
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INTRODUCTION

The work in this chapter is aimed at urgtanding the functional chemistry of the
guinone acceptor A The general approach to studying iAvolves replacement of the
phylloquinone in PS | with foreign quinones different redox and sictural properties
that are nevertheless able to transfer electimiise FeS clusters. In the previous chapter,
| demonstrated that the interruption of theenB gene - which codes for
dihydroxynaphthoic acid synthase - term@saphylloquinone biosynthesis. As a result,
PS | complexes isolated from th@enB knockouts contain plastoquinone-9 as a
functioning A acceptor. For plastoquane-containing PS |, a global multiexponential
analysis of time-resolved optical spectra ia tilue showed three kinetic components: i)
recombination between,&" and FeSin the absence of methyl viologen with a 3-ms
lifetime; i) electron tansfer to methyl viologen with a 7%G lifetime; iii)
electrochromic shift of a carotenoid pigment with auE3ifetime. Kinetic measurements
at 315 nm, along with electrometric maemments showed biphasic kinetics with
lifetimes of ca. 15us and 25Q4s; both of these kinec phasbkad spectral characteristics
of a semiquinone anion radical. Based on eéhelgservations, the redox potential of the
plastoquinone-9 in the ;Asite was estimated to be more oxidizing than the potential of
phylloquinone in the Asite and that the electron transfer to iE thermodynamically
unfavorable.

Selective inactivation of the terminal FeS clusters had been employed
successfully for the studies of Rnd A in wild-type PS | (Jungt al., 1995; Brettel and
Golbeck, 1995; Warredt al., 1993). FeS clustergFean be inactivated by treatment with
mercury chloride (Jungt al., 1995). Treatment of wild-type PS 1 complexes with
dithionite results in the reduction ofy Fand kg and, in some casesx.FAn alternative
method of inactivating the FeS clusterspisysical removal of PsaC with chaotropic
agents, such as urea (Parettll., 1989). The result of this tremaent is a PS | preparation
that lacks k and kg (a so-called ‘k-core’). Addition of an oxidizing agent such as
ferricyanide to this preparation in the presence of 2 M urea effectively destyoys F

(Warrenet al., 1990). In the current study, thesethagls have been used to selectively
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inactivate the FeS centers irder to characterize the redox chemistry of the acceptors in
plastoquinone-containing PS I. One possible linotaof this approach is that chemical
inactivation can lead to a heterogeneouspgration, which can be more difficult to
analyze.
These biochemical methods were complimented with genetic inactivation of FeS
assembly. This is achieved by interruption of thbA gene inSynechococcus sp PCC
7002 (Shen, Zhaet al., 2002; Shen, Antonkinet al., 2002). The'ubA gene is required
for the assembly of thexHron-sulfur cluster, butfFis not required for the biosynthesis
of trimeric RogA;1 cores inSynechococcus sp PCC 7002 (Shen, Antonkieeal. 2002).
Following the same approach but inactivating bothrti®\ and themenB genes, PS |
complexes were isolated thaintained plastoquinone-9 and were devoid of FeS centers.
Spectral analyses of the kinetics of backward electron transfer in PS | preparations
in which some or all FeS were inactivated, enabled the determination with a high degree
of certainty, of which phases in the decay kinetics are associated with oxidation of the
semiplastoquinone. In the previous chapteringiistic relationship between the midpoint
potential of the A acceptor and the rates of electron transfer was demonstrated (see also
Shinkarev et al., 2002 for a detailed analysis of the energetics in plastoquinone-
containing PS I). Here, these studies have been expanded by considering the possibility
that the two plastoquinones mmenB™ PS | differ in their midpoint potentials, and thereby

give rise to two different kirte&e phases in electron transfer.
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MATERIALSAND METHODS

Preparation of PS| complexes lacking PsaC

The PS |-k core preparations were isolated from thesPa/Fg complexes by
treatment with 6.8 M urea at 24 Gat concentration of 0.2 mg chlorophyll h(Parrettet
al., 1989). Quality of the preparation sveested by X-band EPR spectroscopy.

Oxidative degradation of Fx

The BogrA1 cores were produced by treating thes#*x cores with 2 M urea and
5 mM potassium ferricyanide at 24° Git concentration of 0.1 mg chlorophyll 'l
according to (Warrest al., 1993). Quality of the preparman was tested by X-band EPR

spectroscopy; no EPR signals that couldthéated to the FeS clusters were seen.

Near-1R Spectrophotometry

PS | complexes for the optical measurements were diluted with anaerobic 50 mM
Tris/HCI pH 8.3 buffer to the final 5Qg chlorophyll mi* ( ca. 0.5uM of Pyog). Sodium
ascorbate and DPIP were added to the final concentrations of 2 mM avid (DM
was added (0.04%) to reduce light scatteribghionite (Sigma, St. Louis, MO) was
added before the measurents, as indicated.

Absorbance changes in the near-IR were measured using a laboratory-built
differential spectrophotomete(Vassiliev et al.,, 1997). The HF roll-off amplifier
described in the original specification was not used to ensure resolution of the kinetic
phases in the sub-microsecond range. Tleasuring beam was provided by a tunable
titanium-sapphire lasexquipped with two sets of mim®, which allowed measurements
in the 700nm to 900 nm range.

Excitation flash energy was regulated by a Hewlett Packard delay generator
tuning the Q-switch of the YAG laser and teet of neutral filterswhich allowed an
energy range from 0.5 mJ to 80 mJ. Absorbance transients in the 700 nm to 900 nm
region within 5 nm step were obtained at 2 mJ excitation flash intensity, to minimize the

antenna chlorophyll contribution. To obtairetdependence of the signal intensity from
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the excitation flash energy measuring beaas set to 810 nm and the excitation flash
energy was varied from 1 mJ to 80 mJ. The collected transients were analyzed using a
global multiexponentialitf routine. Point-by-point differece spectra werextracted from

the original transients in the 700 nm to 900 nm region and analyzedgaitPro v 3.1

(Wavemetrics).

Visible Spectrophotometry

Measurements were made with a laboratory-built pulse-probe spectrometer in the
blue and green regions on the different pragions of the plastoquinone-containing PS |
complexes. Excitation flashes at interval2d s were provided by an OPO laser at 685
nm to allow complete reduction ofdg’. The measuring light source was a xenon flash-
lamp filtered by a monochrometer. The sample was placed in a 10-mm x 10-mm quartz
cuvette perpendicular to therection of the excitation flaslEach data point represents

the average of sixteen measurements

UV-spectrophotometry

Optical studies in the UV were condutteising a pulse-probe spectrometer
(Diner, B.A., 1998). The monochromator slitas fixed at 4 mm, equivalent to a
bandwidth of 8 mm. Measurements in tH¥ were performed using a xenon flashlamp
filtered by a Schott and a Kodak Wratten 34 as the actinic source. The photodiodes were
protected with Corion Solar Blind UV-transmittriilters. The optical path length of the
cuvette was 1 cm. Each daiaint represents the average of eight measurements, taken
with a flash spacing of 20 s. A backgroumeéasurement was taken in a similar fashion,
except that the sample was shielded from the detecting flash to allow for correction of the
actinic flash artifact. The absorbance shawpresents the difference between the two

measurements.
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CW EPR Spectroscopy of the mutant PS| complexes at Q-band

Photoaccumulation experiments were performed using a Bruker ER300E
spectrometer equipped with an ER 5106-@8onator with an opening for in-cavity
illumination. Low temperatures were maimid with an ER4118CV liquid nitrogen
cryostat and ER4121 temperature controllére microwave frequency was measured
with a Hewlett-Packard 5352B frequency carniand the magnetic field was measured
with a Bruker ERO35M NMR Gaussmeter.

Prior to photoaccumulation, the pH of the sample was adjusted to 10.0 with 1.0 M
glycine buffer, and sodium dithionite wasdedl to a final concentration of 50 mM. After
incubation for 10 min in the dark, the sample was placed into the resonator and the
temperature was adjusted to 210 K. Thenga was illuminated with a 20 mW He-Ne
laser at 630 nm for 30 min. The daMkackground was subtracted from the

photoaccumulated spectra.

CW EPR Spectroscopy of the mutant PS| complexes at X-band

EPR spectra of the photoaccumulated FeS centers et and menA mutants
were obtained using the Bruker ESR 3d®strument equipped with an Oxford
temperature controller and liquid helium tséer line. For the measurements of the
reduced Kk and R clusters the instrument conditions were set as follows: microwave
power, 20 mW, temperature, 15 K, modulateonplitude, 10 G. For the measurements of
the reduced f cluster, the microwave power was set to 80 mW, temperature was set to 6
K, and the modulation amplitude was set td20rhe sample conditions were as follows:
dithionite, 50 mM; 50 mM Tris buffer, pH 8.3; 0.6 mg chlorophyli'ml

Data Analysis

The multiexponential fits of optical ketic data were performed on a G3/300
Apple computer by the Marquardt algorithm ligor Pro v 3.14 (Wavemetrics). For
global analyses in the visible region, indivillkanetics were analyzed first. The results

of these analyses were used for fitting tHeole set of data to global lifetimes, and the
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best solution was chosen based on the analysi$, atandard errors of the parameters,

and the residuals.
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RESULTS

Reduction of the mutant plastoquinone-containing PS| with dithionite

In these experiments, | used the dithionite reduction approach to inactivate the
terminal FeS clusters. Previously, inloxype (phylloquinone-containing) PS |1, this
method was used successfully to studgox and kinetic mperties of the & cluster
(Shinkarev.et al., 2002). Upon addition of dithionites wild-type PS | complexes, the
decay kinetics observed in the near-IR showed a major kinetic phase with a lifetime of ca.
0.5 ms; this is due to thexBackreaction. Minor kinetic pbas with lifetimes 10 us to
100 ps, which are characteristic of the phylloquinone backreaction, were also usually
observed.

Surprisingly, | did not observe thex Fbackreaction in thenenB™ and menA’
(plastoquinone-containing) PS | that was tréatéth dithionite. The expected 0.5 ms
phase was absent and fast ggswith lifetimes of ca. 100s and 5 pus were observed
instead. Fig. 3.1 shows a typical result métihionite reductionThe multiexponential fit
in this case resulted in majkinetic phases withfetimes 100 ns, 3 us, 8 us, and a minor
phase with a lifetime of 70 us. The goal was to properly assign these kinetic phases to
meaningful physical processes within P&lére, | employ spectrophotometry in several
regions of the light spectrum - UV, blugreen, and near-IR - to obtain differential
spectra of the individual components. The reidumcof the PS | acceptors is verified by

X- and Q-band EPR spectroscopy.

Excitation flash energy dependencein menB” PS Icomplexes treated with dithionite

This experiment allowed the identificati of relevant procses, namely those
that involve Roo. It was expected that kinetic phases associated with antenna chlorophyll
decay would not saturate at the available excitation flash energies, whereas processes that
involve Poowould saturate. B processes include backreactions from each of the PS |
acceptors as well d8,o decay to the ground state. Theasurements were taken at 820
nm, a wavelength at which both¢Pand antenna chlorophyll absorb rather weakly (the
extinction coefficient for Ry is 6500 M' cmi* at 830 nm), which would prevent over-
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oxidation of the sample. Fig. 3.2 depicts theults of a global multiexponential fit of the
transients obtained at several excitation flash energies fona® PS | complex treated
with dithionite. Major kinetigphases found, were essially the same as in Fig. 3.1, with
the exception that the 3 ps and 8 pus phasegadento one 5 us phase. The kinetic phase
with a lifetime of 44 ps correlates withetlyO ps phase in Fig. 3.1. The slower 476 us
kinetic phase becomes apgat only at higher excitation flash energies.

From Fig. 3.2 it is noted that kinetjghases with lifetime of 100 ns (open
circles), 5 us (solid circles), 44 us (solid triangles) show similar saturation behavior;
while the 476 pus phase (soliquares) does not saturateraadily. Hence, | concluded
that the 476 ps kinetic phasevolves relaxation of the &nna chlorophyll triplet.
Usually, the 100 ns lifetime is attribute to the A backreaction, as reported in
Warren, Parrettt al., 1990; the 5 us lifetime is close to reported values for i Proo
relaxation. To further distinguish between thgsocesses, | performed spectral analysis
in the near-IR, using low excitation energy (2 mJ) to minimize the contribution of the

slow kinetic phase.

Global Multiexponential Analysis of Optical Spectra in the Near—IR region for the menB’
PSI reduced with dithionite

Fig. 3.3 A depicts spectra obtained at 720 nm to 900 nm by global
multiexponential analysi®f the kinetics in themenB” PS | complexes reduced with
dithionite. Four distinct components are @m@s The spectrum of the fastest component
with a 125 ns lifetimesplid circles) has a broad maximum at 760 nm to 790 nm and a
rapid decline at about 795 nm, which iggimod correlation with the spectrum reported in
Warren, Parretet al. (1990) for the 30 ns phase of the backreaction in@Ag core (a
PS | complex in which all acceptors bug &e deleted). Two eoponents with lifetimes
of 2.5 ps and 8 us show similar spectra with the exception that the spectrum of the 2.5 ps
component has a crossover point around 730Mmor kinetic phase with lifetimes of
40 ps to 500 us are represented by the one component with an average lifetime of 152 ps

in this analysis.
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Fig. 3.3 B depicts selected individuaades at 815 nm, 730 nm, and 721 nm. The
trace at 721 nm definitely shows that the 2.5jungtic phase is difi@nt in nature from
the 8 us kinetic phase, in that it has negative absorbance changes (notice the slight "dip"
around 3 ps). Therefore, the fit in Fig. 3.1, which shows two components of 3 us and
8 us, is closer to reality than the globalstiown in Fig. 3.2. In the latter case, | failed to
distinguish between the two componentsd eghey are approximated by the single
lifetime of 5 ps.

Based on the three experiments preskraiBove, | can now assign individual
phases, the assignments ofiethare supported by lifetime kees and spectral features.
The kinetic phase with the 10% lifetime represents thedd Ao backreaction; kinetic
phase with the 2.5 ps lifetimepresents the relaxation of thegoto the ground state; the
kinetic phase with the lifetime of 8 s represents thidPA, backreaction.

The assignment of the major nmsecond kinetic phase to they APsoo
backreaction is supported by the observatiat the overall amplitude of the signal at
820 nm increases from about 3 mOD in the non-reduced complexes to more than 6 mOD
in the dithionite-treated sample. This behavior was expected becajidg Aas
significant absorbance changes3ad nm and that adds to the,dPs00 Spectrum. The
assignment of the ketic phase with the.5 us lifetime to théP;grelaxation is based on
the previously reported value for this pres€3 us, according to Sétif, 1989). Note also
that the spectral shape of the 2.5 us compasatitferent from the spectral shapes of the
100 ns and 8 ps components. The formesses over at 730 nm, which is most likely
due to the Ry Pz difference spectrum.

Slower kinetic phases withfetimes of 40 us to 500 us are more difficult to
assign, because of their relatively weak dbuation to the overall signal amplitude. The
kinetic phase with difetime of 476 ps became proneimt only at higher excitation
energies, and as was mentioned previouslyrobably due to the antenna chlorophyll
triplet relaxation. This is close to thelwa of 0.5 ms reported by Shuvalov for this
process (Shuvaloet al., 1976). Kinetic phases with difimes 40 pus to 150 ps can be
attributed to A" and K~ backreacting with fo'".
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EPR characterization of the reduced mutant plastoquinone-containing PS1 complexes

Both semiplastoquinone ang Fcan be photoaccumulated low temperature in
menB” andmenA” PS | complexes reduced with dithionite. When strictly dark conditions
were maintained during samppgeparation, no detectablevels of semiplastoquinone
and K were found. At cryogenic temperaturéise dark sample exhibited a typical F
/Fg" interaction spectrum. When the sample is illuminated for 10 min to 15 min at 200 K
or 7 K, the semiplastoquinone radical ot FEan be detected, respectively. This is
demonstrated in Fig. 3.4 A, B. Fig. 3.4,a@shows photoaccumulated spectrum at 7 K, in
which the feature & = 1.76 corresponds to,f The sharp line aj ~ 2.00 corresponds
to a mixture of Ry and the semiplastoquinone anion radical. When the
photoaccumulation experiment was penied at 200 K at Q-band, a typical

semiplastoquinone anion radical sppem was observed (Fig. 3.4 B).

Global decomposition of kinetic transients in dithionite-treated menB™ PSI in the blue
region

Fig. 3.4 shows a global multipgnential fit of tke kinetic transients in the 400 nm
to 500 nm region. The best fit was obtainsthg two exponents with 11 uS and 1.2 ms
lifetimes, respectively. The major kinetic phase had a lifetime of 11 ps and the spectral
shape of an asymmetric derivativeittwa minimum at 430 nm, a shoulder around 455
nm, a crossover point at 474 nm and a broad maximum at 480 nm to 495 nm. The
contribution of the kinetic phase with a 1.2 fifstime is rather minor and its spectral
shape resembles theyPP-oo difference spectrum, with a minimum around 430 nm and
a 450 nm crossover. The question of whylheus kinetic phase de@ot show a defined

P70d/P700” spectrum in the blue region will be addressed later.

Chaotropic removal of Fa and Fg by urea in plastogquinone-containing PS1 complexes

The drawback of the reductive inactivatiprotocol is that the redox potentials of
the preceding cofactors can be altered through electrostatic interaction with reguced F
and ks (see Brettel, 1997). The altered potentiatsuld cause alterekinetic properties,

and the obtained values would not be accurate. Hence, | used an alternative approach in
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which the PS | subunit PsaC, which harbotsaRd Fs, was removed by treatment with 7

M urea. This approach has been successfully used for removing PsaC from wild-type
PS | complexes (Golbeck, Parrettal., 1988; Golbeck, Parredt al., 1987; Golbeck,
Mehariet al., 1988; Parrett, Mehast al., 1989). The removal of PsaC is accomplished

by incubation of the PS | complexes with 7 M urea, while monitoring the backreaction
kinetics in the near-IR.

During the course of the reaction, the 88 ms kinetic phase representing back
donation from Kk/Fg" disappears, and the faster phases with lifetimes ranging from
0.1 ms to 1 ms appear (Fig. 3.6). ThenB-Fx core prepared by this method was treated
with dithionite, and the results were quite simiia the results of dithionite treatment of
the intactmenB-PS | complex (Fig. 3.7). When thghemical reduction is performed
anaerobically, generally more dithionite is needed to achieve the same resuthénBhe
Fx core. Qualitatively, the results of dithionite reduction in the case oh¢hB-Fx core
and themenB" PS | complex were the same. Thvas somewhat surprising, since the
potential of k is lower than the potentials oihfg, and usually this cofactor cannot be
reduced with dithionite at pH 8.3. A possbéxplanation is that dithionite reduces
plastoquinone rather thany,Fand this explains the appearance of thgtd\ Py
backreaction in the 820 nm measurement. WemB™ PS | complexes are treated with
dithionite, reduced ¥ is barely visible in the darkample, and becomes apparent only
after photoaccumulation (Fig. 3.8). @hmagnetic properties of thex Fcluster in
plastoquinone-containing PS | (Fig. 3.8 Apaomewhat different from wild-type PS |
(Fig. 3.8 B), especially in terms of cteased anisotropic linewidths and higggvalues.

This is an interesting finding, and it swggs that the phylloquinone-to-plastoquinone

replacement affects the Eluster, which is located 14 A distant.

Global decomposition of kinetic transients in the blue region

Global multiexponential analysis tfe kinetic transients of theenB-Fx core in
the blue resulted in threerlgtic components withfetimes of 10 ps, 81 us and 473 us,
respectively. Fig. 3.10 A shows kinetic spectra in the 400 nm to 500 nm region. The
components with 81 ps and 4@3 lifetimes show typical 4 /Poo difference spectra
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with a minimum at 430 nm, a crossover around 442 nm, a small maximum at 445 nm, a
small minimum at 460 nm and a broad maximum at 480 nm to 500 nm. The spectrum of
the 10 us kinetic phase shows more of a derivative shape, in which the intermediate
maximum at 445 nm is not very prominent el crossover point is shifted to 460 nm.
Addition of the external acceptor methyl viologen to thenB-Fx core
preparation results in the kinetic spectrum shown in Fig. 3.10 B. The long-lived
component is the &YP.o difference spectrum and the kinetics are DCPIP
concentration-dependent. The componeiththe lifetime of 220us has a derivative-
shaped spectrum with a broad 420 nm to 440 nm minimum, a crossover point at 460 nm
and a maximum around 480 nm. The compongith the lifetime of 11 ps has a
crossover point further shifted to 470 nndaan even broader minimum of 420 nm to 440

nm.

Absorbance changes in the UV region of the menB-Fx core

Flash-induced absorbance changestdisemiplastoquinone minus plastoquinone
can be observed in the near-UV. Fig. 3shbws the absorbance changes at 310 nm for
the menB-Fx core; these can be fitted to decay kinetics with lifetimes ranging from 15 ps
to 1 ms. This indicates that the quinone poment contributes tall the kinetic phases

observed in thenenB-Fx core preparation.

Inactivation of the FeS clustersin the plastoquinone-containing PS| by genetic removal

Removal of PsaC with urexdten results in heterogemes preparations, indicating
that some parts of the PS | complex may be damaged due to this chaotropic treatment.
The finding that rubredoxin is required for threvivo assembly of k in cyanobacteria
(Shenet al., 2002) provides an alternative method fpoeparing PS | complexes in which
the FeS clusters are absent. The interruption ofrtid gene in amenB mutant
background results in menB-A; corein vivo. Because of the absence of contributions
from Fx, Fa and kg, it is possible to observe kinetic [#es specific to electron transfer

processes involving plastoquinone (Figs. 3.12-2.15).
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Absorbance changes at 810 nmin rubA" / menB™ PS| complexes

Fig. 3.12 B shows decay kinetics measured at 820 nnubA" / menB" PS |
complexes. When all three FeS centers aser) charge recombination occurs between
P;oo. and A~ after a single turnover flash. Thesbdit was obtained using a stretched
multiexponential routine, whichesulted in kinetiphases with lifetimes of 1.3 us, 10 us
and 315 ps and stretchedraaeters of 0.92, 0.97 and 0.74spectively. The kinetic
phase with a lifetime 315 uis the major contributor (ca. 70%) to overall signal
amplitude. In several cases, very fast nanosd phases can be seen, the contribution of
which varies from preparation to prepaon. The fast nanosecond phases are most
probably due to the loss of plastoquinone-9rdursolation. In PS | complexes in which

plastoquinone is absent, thed® Ag charge recombination is observed.

Global decomposition of kinetic transients at 810 nm, obtained at several excitation flash
energies, in the rubA” PS| complexes and rubA / menB” PS| complexes

In order to rule out possible contributiottsthe absorbance changes by antenna
chlorophyll triplet relaxation, | studied th#ash-saturation profile in the near-IR.
Lifetimes reported previously for this gmwess range from the tens-of-microseconds
(Brettel and Golbeck 1995; Vassiliev, Jusi@gl., 1997) to the hundreds-of-microseconds
(Shuvalov, 1976). Fig. 3.13 showse saturation profile forubA" PS | complexes (panel
A) andrubA / menB PS | complexes (panel B).

The results of the global multiexponentiildid not always match the fit obtained
just for one transient; certain kinetic phases became apparent at different excitation
energies. For theubA mutant, the global fit correlates rather well with the fit shown in
Fig. 3.12 A. All three kinetic phases areepent, and the lifetimes obtained in this
analysis are 11 ps and 81 us for the miajoetic phases and 905 o the minor kinetic
phase. All three kinetic phases shows a similar saturation profile, but the kinetic phase
with the lifetime of 11 us saturates at higher flash energies, indicating that antenna
chlorophyll triplet relaxation contributes the tens-of-microsecond region in this mutant.
The flash-energy saturation profile for théA / menB double mutant is presented in Fig.
3.13 B. In addition to the kinetic phasdsown in Fig. 3.12 B, kinetic phases with
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lifetimes of 136 ns and 800 ps are preséhe nanosecond kinetic &represents the
back donation from Ato Py in those complexes from which plastoquinone is lost. All
kinetic phases show a similar saturation profile, and there is no apparent contribution

from the antenna chlorophyll triplet relaxation.

Global decomposition of optical kinetic spectra of rubA” / menB™ PS| complexes in the
blue and green regions

Study of the wavelength dependence of absorbance changes in the visible region
can show which kinetic phases are derived from thgMPy difference spectrum, as
well as from possible band-shifts of pigmemglose proximity to the quinone acceptor.
PS | contains 13 carotenoid molecules wHiahction to quench excessive energy. Most
probably, quenching occurs by accepting excitation energy from a chlorophyll triplet,
forming the metastable carotenoid tripl8E4r). The metastabl€Car was formed with a
lifetime of 25 ns and it decayed with a lifetimé 3 ps in whole Chlorella cells and in
chloroplasts (Witt, 1971). The spectrum asated with decay of this metastable
carotenoid state is charactaxdl by three negative peaks in the blue, at 430 nm, 460 nm
and 490 nm, as well as by a large positpeak at 520 nm (Witt, 1971). Study of
absorbance changes in the green, therefore, allows one to eliminate any contribution from
this decay process.

Fig. 3.14 depicts a two-exponential glbbi@ of the flash-induced kinetic
transients in the 380 nm to 600 nm region for the wild-typ@nB mutant, andubA" /
menB” PS | complexes. Kinetic spectra of thubA / menB™ PS | complexes (Figure 2.14
C) consist of two major coponents with lifetimes of 10 ped 580 us, respectively. The
component with a lifetime of 10 us hasdarivative-shaped spectrum with a broad
shoulder at 380 nm to 400 nm, a broadimum at 420 nm to 440 nm, a shoulder around
455 nm, a crossover point at 470 nm and a maximum at 520 nm The low-abundance
component, with a lifetime 58Qs, has a derivative-shaped spectrum with a shoulder at
380 nm to 400 nm, a sharp minimum at 425 nm, a crossover point at 440 nm and a
maximum at 460 nm; this is typical of the#P.o difference spectrum. A similar
situation is observed in threenB mutant PS | complexes, in which two kinetic phases of
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different spectral shapes are also preseith, 10 ps and 2 ms lifetimes (Fig. 3.14 B) The
kinetic phase with lifetime 2 ms reflects the backreaction of the FeS centers; it is an
admixture of PogProo and [FeS][FeS] difference spea (Semenov, Vassiliegt al.,

2000). The 10 ps kinetic phase is associatétl plastoquinone and shows a striking
resemblance to the spectrum observed inrthéd / menB mutant. It may reflect both
forward donation to the FeS clusters and backward donation teghdérém A, .

The absorbance changes in the blue and green for wild-type PS | complex are
shown in Fig. 3.14 A. The major kinetic @eahas a lifetime 0130 ms and is most
definitely associated with the backreaction frogl &1d . The minor kinetic phase,
with lifetime of ca. 400 ps redtts the backreaonh from the k™ cluster. The fast kinetic
phase with lifetime of 8 us kasignificant absorbance at 520 nm, it is very similar to the
TCar decay spectra reported by Witt (1971)tHa intact wild-type PS | complexes, no
phylloquinone backreaction is observed, hence the 8 ps phase represents @apure
relaxation. Most likely are three species tbantribute to the fast (tens-of-microsecond)
process in the case of thabA / menB double mutant: RyPzoo , CarfCar, and probably
a pigment band-shift.

Kinetic spectra of the rubA" / menB™ PS Icomplexesin the UV region

If charge recombination occurs betweeg,Pand semiplastoquinone in thabA /
menB double mutant, then the kinetics of Axidation measured in the UV should match
that of Poo reduction determined at 820 nm. Medsg the wavelength dependence in
the UV should also produce a semiplastoquie/plastoquinone difference spectrum that
matches the one obtained previously forrieaB mutant in chapter 2. Fig. 3.15 A shows
a point-by-point difference spea of absorbance changes taken 15 ps, 300 us and 1 ms
after a saturating flash. The spectra have avdiéve shape with a crossover point at 290
nm, which is more than 10 nm shifted to the red than previously reported foentBe
mutant (dotted line). This reflect a subs&uctural differene in the plastoquinone-
containing PS | complex that is also devoid of the FeS clusters. This slight change in the
spectral shape might also be attributable to an increase in the hydrophobicity of the
quinone binding site upon the loss of the FafStelrs A similar red-shift of the crossover
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point is observed between plastoquinone-9mathanol and plastoquinone-9 in PS I
complexes (Fig. 3.13). Fig. 3.15C shows the decay kinetics at 315 nm fitted to two
exponentials. The fit results itwo kinetic phases with Etimes of 15 ys and 390 us,

which correlate well with B¢ reduction monitored at 820 nm (Fig. 3.22,

Description of the kinetic phases in the mutant plastoquinone-containing PSI
preparations

The results presented above are sunmed in Table 3.1. Since different
spectrophotometric techniques withifferent time resolutionsvere used for different
spectra regions, the number and values of the exponential components vary among
experiments. Consequentlihe lifetimes reported in Tabdl3.1 for four types of PS |
preparation represent averages of the lifetimes obtained through analysis of their kinetic
spectra in the near-IR, UV, and visible regions.

The major components are relatively simileom preparation to preparation. All
of the preparations show a fast kinetic phase with lifetime of 10 ps to 15 ps. The visible
spectrum is derivative-shaped, has aimim around 430 nm, a crossover point around
465 nm and a maximum at 520 nm. This spectrum is observeenBi PS | complexes
reduced with dithionite, imenB-Fx cores and imubA” / menB™ PS | complexes. The fast
kinetic phase contributes significantly to absorbance changes in the UV in the cases of
the menB-Fx core and therubA” / menB" PS | complex. Wavelength-dependent
measurements in the UV show a tgdi semiplastoquinone minus plastoquinone
difference spectrum. These kinetic phasgse matched in the near-IR, where the
P;odProo difference spectrum contributes to the absorbance change. | therefore attribute
it to the A” to Py’ backreaction. ThéCar relaxation in the visible, which occurs with
similar microsecond kineticgjbscures the usuakddP-oo difference spectrum in this
region and increases the overall amylé of the fast kinetic phase.

The slow kinetic phases ¥ lifetimes that vary from 400 ps to 800 ps and are
also attributable to the Ato Prgo” backreaction. The slow kinetic phases are present in all
preparations exceptenB” PS | reduced with dithionite, and they have a contribution

from both semiplastoquinone minus plastoquinone apg Minus PBo'. There was
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significant heterogeneity associated with the slow kinetic phases. This was especially
noticeable in the preparation of th@&enB-Fx core: the contribution of the slow kinetic
phase to the total absorbance change varied from sample-to-sample. This might be an
indication that plastoquinone can é&a&sily lost from its binding site.

The addition of 100 mM methyl viologen to tiheenB-Fx core resulted in two
kinetic phases, with lifetimes 10 ps and 220 ps, that did not show the expggtedd
contribution in the blue region (Fig. 3.1ipttom). The 'Car relaxation contributes to the
fast kinetic decay. | attribute these two phases to electron transfer ffoamd\FK™ to

methyl viologen.



116

DISCUSSION

Biphasic photo-induced oxidation of plastoguinone

The main finding of this work is that there exist two kinetic phases associated
with the A to Pygo backreaction in plastoquinone-comiaig PS I. This is not a new
finding; the biphasic oxidation of ;A has been reported previously in wild-type
(phylloquinone-containing) PS | complexes. For example, in a PS | core devoid of FeS
clusters, two major decay kinetics associated with thietAPoo backreaction were
observed with half-times of ca. 10 pus ara 110 ps and an amplitude ratio ca. 2.5:1
(Brettel and Golbeck, 1995). Similarly, the PS | complexes isolated from theA
mutant, two major kinetic phases representing the t& Poo backreaction were
observed with the lifetimes 11 yus and 87gisan amplitude ratio ca. 1:1 (Shetnal.,

2002, see also Fig. 3.18). The reason for this heterogeneity remains unknown. In the
case of plastoquinone-containing PS |, howewsae can speculate that the two kinetic
phases appear due to the two differenttptasnones each in a different environment.
Specifically, the midpoint potentiatd these two quinones may differ.

The reason for the difference in the redox properties becomes clear when we
consider results of the ditmite treatment of the plasjuinone-containing PS | complex.
The slow (hundreds-of-microseconds) phaselastoquinone oxidation was observed in
all menB" PS | preparations except in the dithionite-treahedB™ PS | complex. The fast
(tens-of-microsecond) phase, however, igspnt in all preparations, including the
dithionite treated PS | complex (Table 3.1).nde, | attribute the siv kinetic phase to
the oxidation of a high-potential quinone whishreducible with dithionite at pH 8.3, and
| attribute the fast phase to the oxidatiof a low-potential quinone which can not be
reduced with dithionite at pH 8.3. The falbat no semiquinone species were detected in
the dark in the dithionite reduced sample by the Q-band EPR must also be considered.
This would imply double reduction of the plastoquinone; a doubly reduced quinone is
diamagnetic and does not have an EPR signal.

Importantly, the double reduction is irresile and renders the quinone inactive

in subsequent electron transfer reactidnsPS | complexes in which the quinone is
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doubly reduced, | expected to find thg £ Poo backreaction as the major component,
because there exists no suitable oxidized electron carrier to accept electronsyfrom A
This is exactly the case in the dithionite-treatashB™ PS | complex. The major kinetic
phase has a lifetime of ca. 125 mghich is characteristic of the gAto Py charge
recombination (Fig. 3.1).

In chapter 2, | demonstrated that in thenB mutant forward plastoquinone tq F
electron transfer is biphasic with lifetimes . us and ca. 300 pus. | also proposed that
A; to Fx electron transfer in themenB™ PS | is endergonic by +12 to +95 mV. Further
treatment of the data led toetlestimate of +35 mV for the;Ao Fx electron transfer
(Shinkarevet al., 2002), which fits well with the estirte that was given in chapter 2.
These reports did not take into accotim¢ possibility that two plastoquinones with
different midpoint potentials may both participan electron transfer. For example, in the
calculations of Shinkarest al. (2002), we used 15 ps for the forward electron transfer A
to Fx and 100 us for the backreaction #o Po These reports treated rates as the
"average of the rates of two quinonese.(the high and the low potential quinone). For
the low potential quinone, both the backreaction 4@ &1d the forward donation toF
occur in the tens-of-microseconds timenge; for the high-potential quinone these
reactions occur in the order of hundredisracroseconds time range. Forward donation
must be faster than the charge recombination for the electron transfer to be efficient.
According to my measurement for the higbtential plastoquinone, this condition holds
true; forward donation toxrhas a lifetime of ca. 200 pshereas backward donation to
P00 is preparation-dependent and occurs with00 ps to 600 ps lifetime. This is not
necessarily true for the low-potential quinoimewhich the lifetimes for the forward and
backreaction routes are rather similar.

The ca. 500 ps difference between {ifetimes of the backreaction would
roughly give a ca. 50 mV difference between the midpoint potentials of the two quinones,
with the high-potential one beindpaut 70 mV more electropositive thar &nd the low

potential one being 20 mV mmelectropositive thanxk
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Directionality of the electron transfer in the plastoquinone-containing mutant PSI

In phylloquinone-containing wild-type AStwo structurally different quinone
environments can be identified by examiitne 2.5 A X-ray structure (last section of
Chapter 1). However there is no consensaghe functional difference between these
two quinones (see also chapter 5).

With the identification of the twodifferent quinone environments in
plastoquinone-containing PS I, the idea of aswatric bidirectionalelectron transfer is
reinforced, if the high and low potential quineneere shown to be located in either the
PsaA or PsaB binding sites. However, there is no direct evidence to draw such a
conclusion. Furthermore, there exists the padsibhat electron transfer is bidirectional
in plastoquinone-containing PS I, but unatitional in phylloquinone-containing PS I. |
will return to this issue in the Chapter 5, where | will show that for the phylloquinone-
containing PS | (wild type) the forward electron electron transfer proceeds predominately
through the PsaA-branch.
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SUMMARY

The work presented in this chapter points to the presence of two structurally and
functionally different quinoneenvironments in plastoquinone-containing PS 1. One
quinone has relatively low redgotential and is characterady lifetimes of ca. 10 us
and 15 ps for the forward and backreactionegsuif oxidation, respectively. The second
guinone has relatively high redmotential and is characterz®y lifetimes of ca. 200 us
and 500 pus for the forward and backreaction routes of oxidation, respectively. The high-
potential quinone is doubly-reducible with dithionite in the dark at pH 8.3, as judged by
disappearance of the slow kinetic phase etiackreaction kinetics in dithionite-treated

menB’ PS | complexes.
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FIGURE LEGENDS

Figure 3.1 Absorbance changes at 810 nm in dithionite-treata®” PS | complexesA,
flash-induced optical transient at 810 nm in thenB° PS | complex. The transient
represents average of 4 single-flash expents. Excitation flash energy is 10 mJ.
Sample conditions: 50 pg chlorophyllfih 20 mM Tricine, pH 8.2; 0.02% DM, 2 mM
ascorbateB, result of the addition of dithionite (1 mM final concentration) to rtieaB’

PS | complex; the transient represents the average of 16 single-flash experiments, all

other conditions are the same a#\in

Figure 3.2 Global decomposition of kinetic transtenat 810 nm obtained at different
excitation flash energies in timenB™ PS | reduced with dithionit®pen circles represent
major component witha lifetime of 100 nssolid circles represent component with a
lifetime of 5 us; solid triangles represent mponent with a lifetime of 44us. Solid
sguares represent componentith the lifetime 476us. Solid diamonds represent the

baseline.

Figure 3.3 Global decomposition of djgal kinetic spectra ofmenB-PS | reduced with
dithionite in the near-IR regio, spectra of the flash-induced optical transiefgen
circles represent major component with a lifetimie100 ns, scaled by 0.35 for the better
view. Solid triangles represent component with & lifetime. Open triangles show
component with a lifetime 3 p8pen squares represent long-lived components with the
average lifetime of 152us in this analysis.B, Individual transients at selected
wavelengths. Sample conditions were as followsenB™ PS | complex at 50
g chlorophyll mft in 20 mM Tris, pH 8.2; 0.0298-DM, 1 mM sodium dithionite.

Excitation flash energy is 2 mJ

Figure 3.4 EPR studies of the photoaccumuthfsmramagnetic centers in thenB™ PS |
complexes. A, X-band EPR spectrum of the FeS centersmenB PS | after

photoaccumulation. Sample conditions reve as follows: concentration 0.5



123

mg chlorophyll mf', dithionite 50 mM, illuminated at 77 K outside the cavity,
temperature reduced to 7 K, with illumination continued in the cavity. EPR conditions
were as follows: microwave power 40 mWhnigerature 7 K, modulation amplitude 20 G.

B, Q-band EPR spectrum of the semipgsinone radical photoaccumulated in the
menB” PS | complexes. Sampleonditions: concentration 0.7 mg chlorophyl'ml
dithionite, 50 mM, 15 minutes of illumitian at 210 K. EPR conditions: microwave

power, 1 mW, modulation amplitie 1 G, temperature 210 K.

Figure 3.5 Global decomposition of optical kinetic spectranenB-PS | reduced with
dithionite in the blueA, spectra of the flash-induced optical transieBStéid triangles
represent the component with a lifetime of 11 @fen squares represent components
with average lifetimes of 1.2 mB, Individual transients at selected wavelengths. Sample
conditions: anaerobimenB PS | complexes at 10 mg chlorophylfith 10 mM Tris, pH

8.2, 0.02%3-DM, dithionite, 0.1 mM. Instrumerdonditions: excitation flash energy, 0.7
mJ; 32 flash-probes taken at logarithmicallacgd time intervals; each data point is an

average of 32 flashes.

Figure 3.6 Removal of ik and kg with 7 M urea inmenB” PS | complexe$lash-induced
optical transients at 810 nm in the PS ingdexes after the addition of urea. Individual
time points are labeled on the figure. n§de conditions: concentration of 0.2

mg chlorophyll mf*, Ascorbate 10 mM, DCPIP, 5 pM, 50 mM Tris buffer pH 8.3 (8.7
after the urea addition). Instrument condition: excitation flash energy 12 mJ, each

transient represents an average of 4 acquisitions.

Figure 3.7 Addition of dithionite tomenB™ PS | whole complex andhenB-Fx core. A,
result of the aerobic addition of dithionite t@enB-Fx core. Optical transients at 810 nm
are labeled according to the final concentration of dithionite in the saBpkssult of the
aerobic addition of dithionite toenB™ PS | whole complexes. Optical transients at 810

nm are labeled according to the final concentration of dithionite in the sample.
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Figure 3.8 Low-temperature EPR spectra of the photoaccumulagedcEeptor in the
menB” Fx core.A, EPR spectra of Jrin wild-type F core. Top trace represents dark
spectrum, middle trace represents light spectrumpottom trace represents
photoaccumulated spectruBi. EPR spectra of yrin menB-Fx core.Top trace represents
dark spectrum;middle trace represents light spectrumbpottom trace represents
photoaccumulated spectrunSample conditions inA, B : 0.5 mg chlorophyll mt,
dithionite, 100 mM, Tris buffer, 50 mM, pi8.3. EPR conditions: temperature, 6.3 K,

microwave power, 126 mW, modulation amplitude, 20 G

Figure 3.9 Global decomposition of kinetic traesits at 810 nm obtained at different
excitation flash energies in theenB Fx core complexesOpen sguares represent
component with a lifetime of 28 usplid triangles represent component with a lifetime
of 3 uS; solid triangles representraponent with a lifetime of 44S. Crosses represent a

component with a lifetime of 82%S andsolid diamonds represent the baseline

Figure 3.10 Global decomposition of optical kinetic spectra of thenB-PS | with R
and s removed by ureaA, Spectrum in the absence of methyl violog8pen circles
represent component withlifetime of 10 uSQpen squares represent component with a
lifetime of 81 uS;Open triangles represent component with a lifetime of 473 |BS.
spectrum measured in the presence of 100 mM methyl viol@peEn. squares represent
long lived component (sensitive to DPIP concentratiddjpen triangles represent
component with a lifetime of 220 u®pen circles represent component with a lifetime
of 11 uS.

Figure 3.11 Absorbance changes in the UV region of itemB-Fx core.The shown trace

represents the decay kinetics at 310 nm

Figure 3.12 Absorbance changes at 810 nnrubA  / menB” PS | complexesA, flash-
induced optical transient at 820 nm in flubA" PS | complex. The transient represents

average of 16 single-flash experiments. iaton flash energy, 3 mJ. Sample conditions:
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50 ug chlorophyll mtin 20 mM Tricine, pH 8.2; 0.02% DM, 2 mM ascorbaie flash-
induced optical transient at 810 nm in tieA / menB” PS | complex; conditions are the

same as ir.

Figure 3.13 Global decomposition of kinetic traesits at 810 nm obtaed at different
excitation flash energies in thabA" PS | complexes anduibA / menB” PS | complexes.
A, Flash energy dependency of thebA" PS | complexesSolid circles represent
component with a lifetime of 11 psplid triangles represent component with a lifetime
of 81 uS, solid sguares represent minor componentith a lifetime of 905us. Solid
diamonds represent the baselinB, Flash energy dependence of tibA / menB™ PS |
complexesChecked circles represent componentstiva lifetime of 136 nssolid circles
represent component with a lifetime of 28 gigen triangles represent component with a
lifetime of 3 us,solid squares represent componentitiv a lifetime of 300 psppen
squares represent the componentith a lifetime of 800 pssolid diamonds represent the
baseline.

Figure 3.14 Global decomposition of optical kinetgpectra of PS | complexes in the
blue and greenA, kinetic spectra of the wild-type PS | complex€hecked squares
represent component with a lifetime of 130 woyen triangles, represent component with
a lifetime of 390 pssolid circles represent component with a lifetime of 8 Bskinetic
spectra of thenenB" PS | complexesolid circles represent component with a lifetime of
10 ps,checked sguares represent componentitiv a lifetime of 2 m<C, kinetic spectra of
therubA / menB" PS | complexesSolid circles represent componenith a lifetime of 9

Ks,checked squares represent component with a lifetime of 585 pus.

Figure 3.15 Kinetic spectra of theubA / menB” PS | complexes in the UV regioA,
flash-induced absorbance changes recorded at times tBgeas), 300 us gquares, 1ms
(triangles) after a saturating flash. Dotted dirshows plastoquinone/semiplastoquinone
difference spectrum obtained in Chapter Sample conditions are as follows: PS |

complexes isolated fromubA / menB double mutant at 10 mg chlorophyll'min 25
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mM Tris/HCI, pH 8.3, 1 mM sodium ascorbate, 2 uM DCPIP and 0.83DM. B,
spectrum of the plastoquinone-9 anion radicahe&thanol (checked circles) adapted from
(Benassonet al., 1973), and spectrum of \@Qa in deoxycholate-isolated PS II
complexes (checked squares) adapted from (van Gorkom, 187#yo-exponential fit

of the kinetic transient at 31n, sample conditions asi
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Table 3.1 Assignment of the kinetic phasestire mutant plastoquinone-containing PS |

preparations
menB + dithionite ~ Major kinetic phasés Process
125 ns A— Progd
3 us "P200 — Pyoo
10 HS A- P700b’c
(>50 ps) A - Prod, Tchlay — chP
menB-Fx core 10 us A - Proo
100 [ORS) A- Proo
500-800 p$ Ar - Proo, Fx - Proo
menB-Fx_core +MV 10 us Ao Fx-> MV °©
220 ys Ao Fx— MV
Slow DCPIP- Psgo
rubA/menB 120 ns A Pyl
15 us A - Pro©
400-600 ps Ar - Pro

& Averaged through different experiments

b Contribution of the triplet of state;§g is not excluded

¢ Relaxation of Car contributes in the visible to the 10 us phase

4 minor phase with less th&¥ contribution to the total

® Becomes apparent only at higher exwta energies, lifetime ca. 500 ps, antenna
chlorophyll

" Percent contribution and lifetimes vary from preparation to preparation

91n the complexes where plastoquinone is lost
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Chapter 4

In vivo and in vitro Replacements of Plastoquinone-9 in Phylloquinone Biosynthetic

Pathway Mutants

ABSTRACT

In previous chapters, | showed that when phylloquinone biosynthetic pathway
altered by interruption of thenenA and menB genes inSynechocystis sp. PCC 6803,
plastoquinone-9 occupies the aite in PS I, where it futions as an efficient electron
transfer cofactor from Achlorophyll to the terminal FeS clusters. In this chapter, |
demonstrate that plastoquinone-9 in thetantt PS | complexes can be successfully
replaced by a variety of other quinonB®storation of phylloquinone into the Aite is
one case of replacement giistoquinone-9. | monitor theestoration of phylloquinone
by optical and EPR spectroscopinethods and show thafoF® re-reduction kinetics, the
guinone orientation in theifsite, and the pattern of the 2-Ehlyperfine splitting in the
menB mutant with the restored phylloquinoaee indistinguishable from the wild type.

In the menB mutant cells supplemented withsat of unsubstituted or substituted
anthraquinones, | observe incorporatiortted anthraquinone head-group into theshe
by CW-EPR and near-IR optical kinespectroscopies. In contrast, in timenA mutant
cells supplemented in the same way, | doatiderve incorporation of the anthraquinone
head-group into the Asite. Based on these observatjohsconclude that as with
naphthoquinones (Johnsenal., 2001), phytylation is requirefdr its incorporation into
PS linvivo.

When the quinone replacements were carriediouttro, naphthoquinones and
anthraquinones were added directly r@nB" or menA” PS | complexes, and both
phytylated and unphytylated quinones werdeab replace plastoquinone-9 as anp A
acceptor.

Growth studies of the mutant cyamalberia cells with anthraquinones were
carried out in collaboration with Gaozhong Shen.
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INTRODUCTION

Substituted quinones serve as cofactans electron transport chains, as
demonstrated in bacterial reaction centers (Gushat., 1986; Woodburet al., 1986)
and in the two photosystems of plant&l a&yanobacteria (Nugent, 1996; Golbeck, 1993;
Nitschke and Rutherford, 1991). These quincaescomprised of a polar aromatic ring
(which is either a benzoquinone or aphthoquinone head group), and a non-polar
isoprenoid tail of various chailengths and degrees otwation. Benzoquinones such as
plastoquinone-9 and ubiquinone-10 fupatiin membrane-bound protein complexes
either as fixed or exchangeable elentproton carriers during photosynthetic and
respiratory electron transport. In (PS Il), plastoquinone-9 functions as a bound one-
electron carrier in the Qsite and as an exchangeable 2-electron/2-proton carrier in the
Qg site. The reduced plastoquinone-Sigsequently displaced from the Qite by an
oxidized Q, diffuses laterally througthe membrane, and becomes oxidized and
deprotonated by the cytochrombsf complex (see the introductory chapter).
Photosynthetic reaction centers of purgdacteria either use ubiquinone-10 (e.qg.
Rhodobacter sphaeroides) in a similar double role or use menaquinone-9 in thesi(®
(e.g.Rhodosprillulum viridis).

In PS I, phylloquinone - a substitdtel,4-naphthoquinone (1,4-NQ) with a 20-
carbon, largely saturated phytyl tail - furmects as a bound one-electron carrier in the A
site. There exist two Asites with phylloquinone irPS 1, but neither of the two
phylloquinones functions i manner equivalent togdn the bacterial reaction center
and in PS Il. Instead, the electron is transferred througto Aoluble ferredoxin via a
chain of three bound FeS clusters. Quinonesextremely versatiiehey can function
either as the interface between electrongf@ninvolving organic cofactors and electron
transfer involving FeS clusters (PS 1), lbetween pure electron transfer and coupled
electron/proton transfer involving a sec organic cofactor (PS Il). Each quinone
displays equilibrium bindingrad redox properties that can be very different for each site
of interaction (Trumpower, 1982); these prdms are conferred largely by the protein

environment.
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One of the approaches that | use to understand the structural determinants that
allow quinones to function with a low redox potential in thesAe of PS I, is biological
replacement of the native phylloquinone.eTbnly used method previously used to
remove phylloquinone was to extract lyophiliZzé8 | complexes with organic solvents, a
method that is efficient at removing oMalkin, 1986; Biggins and Mathis, 1988) or
both (Biggins and Mathis, 1988; Ito#t al., 1987; Seétifet al., 1987) phylloquinone
molecules. Quinone substitution into the gite has been demonstrated for these PS |
complexes (Sieckmagt al., 1991; van der Est al., 1997). However, up to 85 of the 100
chlorophylls and all of the carotenoids and lipids are lost and it is uncertain whether or
not the PS | complex has undergone structthrahges as a result of solvent extraction.

In previous chapters, | discussed the generation and characterization of
phylloquinone-less mutants of the cyanobacterimechocystis sp. PCC 6803. The
method employed was interrupti mutagenesis of two genesenA, which codes for
phytyl transferase, andenB, which codes for 1,4-dihydroxy-2-naphthoate (DHNA)
synthase. The goal was to prevent phyllague production, with the intent of creating
an empty A site. However, through spectroscopic analysis, | found that tls&edin the
menA and menB mutants was still occupied by anzequinone derivative identified as
plastoquinone-9, which is otheise exclusively associated with PS II. Detailed EPR and
optical spectroscopic anales showed that the plastoquinéneccupies the site at the
same distance fromy§g" and with the same orientation @isylloquinone in the wild type;
it functions as an efficient intermediate electron transfer carrier betwgandAfk. The
redox potential of plastoquinone-9 in the gite was estimated to be somewhat more
oxidizing than phylloquinone, which would render the electron transfer step fram Q
Fx thermodynamically less favorable. Forward electron transfer nevertheless occurs,
because of the large, favorable free energy change fegotn Aavodoxin.

Wade Johnson and | (Johnson, Zybaikival., 2000) demonstrated that it is
possible to introduce various quinones into thesifein vivo by utilizing the unmodified
phytyl transferase and methyl transferase enzymes in the existing biosynthetic pathway of
the menB mutant cells. The interested readeowdd also refer to Wade Johnson's Ph.D.

dissertation, which provides aroprehensive analysis of tliesults of our experiments
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with naphthoquinone supplements. To summarize, whewA and menB mutant cells
were grown in a medium supplemented wptiylloquinone precursors, certain 1,4-NQ
derivatives become phytylated by the product of tieeA gene (a phytyl transferase)
methylated by the product of tineenG gene (a methyl transferase) and incorporated into
the A site as phylloquinone. For other 1,4-Nf@rivatives, the phytyl transferase and
methyl transferase appear to be unable to function.

In this chapter, | expand studies of the vivo supplementation strategy and
demonstrate that certain anthratpnes can replace plastoquinone-9menB-PS | in
vivo. Furthermore, | complement the resudfsthe biological replacement wiiln vitro
studies, which demonstrates that plastoquir®me rather loosely bound, and is readily

exchangeable with naphthogones or anthraquinones.
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MATERIALSAND METHODS

I solation of Thylakoid Membranes and PS| Complexes

Thylakoid membranes were prepaffeain cells as described in (Sehal., 1997).
The membranes were pelleted by centrifugation at 50,@0@x90 min and resuspended
in SMN buffer (0.4 M sucrose, 10 mM MOPS, 10 mM NacCl) for storage. Chlorophyll
was extracted from thylakoid membranes and PS | complexes with 80% acetone and
determined according to (Arnon, 1949). Foe tlolation of PS | complexes, thylakoid
membranes were incubated in SMN buffer with 20 mM @&®&10.5 to 1.0 hr at room
temperature in the dark to enhance the trimerization of PS I. To this mitDid, was
added to a final concentrati of 1.5% (w/v) and incubated in the dark on ice with
occasional gentle mixing for 0.5 to 1.5 hrseTion-solubilized material was removed by
centrifugation at 10,000 x g for 15 minuteseTthimeric and monomeric PS | complexes
and PS Il were separated by centrifugatiori@thto 30% (w/v) sucrose gradients with
0.04% DM in 10 mM MOPS, pH 7.0.

Measurement of PS| Activity

Steady-state rates of electron transfer in isolated PS | complexes were measured
using cytochromes as the electron donor and flavodoxas the electron acceptor, as
described in (Yangt al., 1998). The measurement ghdphotooxidation in whole cells
was based on a technique deped by Harbison and adapted to cyanobacteria as
described in (Jungt al., 1995).

Q-band EPR Spectroscopy of Photoaccumulated PS1 Complexes
Photoaccumulation experiments were carried out using the same instrumentation

and methods as described in chapter 2

Optical Kinetic Spectroscopy in the Near-IR Region
Optical absorbance changes in the near-IR were measured using a laboratory-built

spectrophotometer as describedlrapters 2 and 3. To assure resolution of kinetics in the
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ps time domain, the high-frequency roll-off amplifier described in the original
specifications was not used; instead, the sigres fed directly into the plug-in (11A33
differential comparator, 100MHz bandwidth) of the Tekbnix DSA601 oscilloscope.
The sample cuvette contained the PS | complexes isolated frommeti®e or menB
mutants at 50 pg chlorophyll thin 25 mM Tris/HCI, pH 8.3, 10 mM sodium ascorbate,
4 pM DCPIP, and 0.04% (R-DM).

In vitro Quinone Reconstitution

Two different methods of reastitution were used for tha vitro replacements of
the plastoquinone-9 in the mutant PS | by other quinones. Method one was used to
monitor quinone incorporation by Q-band EPR, method two was used to monitor the
guinone incorporation by near-IR spectrophotometry.

Method 1: tomenB™ or menA” PS | complexes resuspended in the Tris pH 8.2
buffer (50 mM), at concentration of 0.8 mg chlorophylt‘mias added a solution of the
guinone in ethanol (no more than 2% finahcentration by volume) to the final quinone
concentration of 0.5 mM. The sample was in¢aebtaon ice in the dark for 6 to 8 hrs.
Soluble quinones were removed by dialysig he sample volume was brought back to
the original by the ultrafiltratin with the Amicon YM-100 filters.

Method 2: to the solution of the mutant PS | complexes in the spectroscopic
cuvette (Tris buffer, pH 8.2, 25 mM), abncentration of 50 pg chlorophyll thlwas
added a solution of the quinone in ethawdhe final quinone concentration of 50 pM.
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RESULTS

Growth of Cells with Anthraquinone Supplements

Anthraquinone supplementati experiments were perfoed in a similar manner
to naphthoquinone supplementatiorpesiments (Johnson, 2000; Johnsbral., 2001),
except that the light-sensitiveenB18 strain was used. Fig. 4.2 shows photos ofhtkeB
(top) andmenA (bottom) cells grown for three days with various anthraquinones at high-
light intensity. The fact thabenA mutant failed to grow in these conditions hints that the
anthraquinones become phytylated prior to incorporation into tlssté\ The possibility
that anthraquinones are metabolized naphthoquinone, and only then become
phytylated, can be ruled out by the (B®R experiments presented below.

When the growth medium of theenB18 mutant cells is supplemented with
anthraquinones, the resulting kiles of the backreaction to;&" is more complex than
either in eithemenB or wild-type PS | complexes (Fig.4). Retention of the fast ms
phase indicates that some of the gites in PS | complexes still may be occupied by
plastoquinone-9. Appearance of the hundi@dmillisecond kineticsphases is due to
those A sites that recruited anthraquinonesovlphases with lifemes 1 s to 2 s are
sensitive to DCPIP concentrartis, which indicates that anthraquinone-containing PS | is
more prone to oxidation.

When the menB18 mutant is grown in media supplemented with 9,10-
anthraquinone, the EPR spectrum exhibignisicantly narrower linewidth (Fig. 4.3).
The narroweig-anisotropy can be explained by ather delocalization of the unpaired
electron spin density. Since 9,10-anthraquinorseehthree fused aromatic rings, the spin
density on the carbonyl oxygens is lovard the semianthraquinoeshibits smaller g-
anisotropy. This result supports the con@uasihat 9,10-anthraquinone is recruited in the
A site.

Phylloguinone Exchange Experiments
To determine the stability of phylloquinone in the Aite over time, two

experiments were set up. The first wasianvivo pulse experiment (Johnson, 2000;
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Johnsonet al., 2001). The second experimemthich | report here, was am vitro
reconstitution experiment withwuthentic phylloquinone. The vivo study was performed
to determine whether protein synthesis tpuieed for reincorporation of phylloquinone in
the A, site,i.e. whether only newly-synthesized P8omplexes take up exogenously
supplied phylloquinone. Thi@ vitro study was performed to determine if phylloquinone
can directly displace plastoquinone-9 RS complexes. These studies are
complementary and provide a clue as tor#ative binding affinities of phylloquinone
and plastoquinone-9 in the Aite.

Thein vitro study involved incubating PS | complexes from B mutant with
phylloquinone and then assaying the replasesinof plastoquinone-9 as a function of the
added amount of phylloquinone. We used timssheed flash spectroscopy in the near-IR
to determine the backreaction kinetics from/fe]” to Proo’, and EPR spectroscopy to
determine they-anisotropy and hyperfine corittion of the quinone in thefsite. Fig.
4.7 shows the CW Q-band EPR spectrshef photoaccumulated semiquinonesnenB
PS | complexes incubated with pleguinone for 8 hrs at 4 degree$.dhe spectra are
indistinguishable from wild-type PS | complexes, showing the restoration ofj-the
anisotropy and prominent hyperfine ctings characteristic of bound phylloquinone.
This shows that phylloquinone has assd its proper orientation in the Aite.

When reconstitution with phylloquinone pgrformed at room temperature and the
PS | concentration is lowered to ca. 50 pg chlorophyfi thie quinone replacement
happens almost instantly, as can be judged by disappearance in the near-IR of the 3 ms
and 9 ms kinetic phases in thed reduction transients (Fig. 4.8). In this experiment
phylloquinone was added stepwise into thecsfoscopic cuvette containing the reaction
media. Kinetic phases with average lifetsrranging from 50 ms to 100 ms (the 80 ms
and 10 ms kinetic phasegere not resolved in these transients) have appeared at the
expense of the 3 ms kinefihase, indicating almost comgdereconstitution when about
10:1 molar excess of phylloquinone tg@fwvas added.

An interesting feature of the reconstitutiisnthat the fast kinetic phases disappear
more rapidly than the slow kitie phases recovers, as Fig. 4.battom demonstrates.

The cause of this behavior has not yet beemmbiguously determined at this point. One
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interesting possibility is that both plastoquinsriBsaA and PsaB ssjeare equally active
in the backward electron transfer tgod> but the two phylloquinones differ in their
degrees of participation in the backward electron transfer. Thus, when the added
phylloquinone occupies the binding site evh it is less activefast kinetic phases
associated with plastoquinones are lost,dbmver, phylloquinone-related phases are not
recovered. However, the other possibility that the observed difference in rate of change of
the two phases is due to the artifacts of analysis or experimental error cannot be
completely excluded.

In summary, then vivo andin vitro experiments show that the phylloquinone to
plastoquinone-9 exchange is dieged by diffusion and doe®t involve the biosynthesis
of any new protein, the expenditure of AT#, the involvement of chaperones. That
wild-type PS 1 contains exclusively phylloquinone in spite of a 20-fold excess of
plastoquinone-9 in the membrane (Johnson, 2000; Jotehsdn 2001) implies that its
affinity for the A site is likely a factor of 10or higher than plastoquinone-9.

In vitro replacement of the plastoquinone-9 with alien quinones in the A; site of menB
PSI

In these experiments, | explore possilieraatives to either plastoquinone-9 or
phylloquinone as acceptors in the gite in PS |, using aim vitro reconstitution method.
The menB" PS | complexes reconstituted thvi menaquinone-8 (a naphthoquinone
structurally similar to the phylloquinone, widxception of the unsaturated phytyl chain)
exhibits backreaction kinetics almost identical to that in the wild type (Fig. 4.6). This
result indicates that degree of saturatiorth&f phytyl chain does not significantly alter
the function of the Aacceptor.

In contrast,menB™ PS | complexes reconstitdtenith naphthoquinones which
does not contain a phytyl chain (2-€NQ and 1,4-NQ) exhibit faster backreaction
kinetics (about 15 ms in both cases) coimmdiwith a likely change in the midpoint
potential of the A acceptor. A similar result can be expected when forward electron
transfer from A to Fx is affected by a different orientation of the quinone in theite.

For examplemenB™ PS | complexes reconstituted wigl0-anthraquinone showed two
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distinct kinetic phases inzf reduction kinetics (ca. 16 nad ca. 400 ms), which may
reflect two different orientationsf the anthraquinone in the Aite.

EPR studies of photoaccumulated PS | complexes were used to assess the
incorporation of a foreign quinone into the sitein vitro. Fig. 4.5 shows CW Q-band
EPR spectra anenB™ PS | complexes reconstituted with MQ-8, 20, 1,4-NQ and
9,10-anthraquinone. Distinct hyperfine splittirdyge to the 2-methyl group were evident
in the case of MQ-8 and 2-GHNQ indicating correct orient@n of the quinone in the A
site. A narrowing of the linewidth was obsged in the case of anthraquinone. This was
expected for a semianthraquinone radicala a®nsequence of a reduced unpaired spin
density on the carbonyl oxygen atoms.

Similar studies of quinone reconstitution in tmenA mutant PS in vitro gave
identical results. This was expected, sitice incorporation of the foreign quinone is

non-enzymatic.
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DISCUSSION

Results presented in this chapter destrate that plastoquinone-containing PS |
complexes can be effectively used forvivo biological andin vitro chemical quinone
replacements. Previously, Wade Johnson hrmonstrated that certain substituted
naphthoquinones supplied thg growth of themenB mutants result in recovery of
phylloquinone in the Asite (Johnsoet al., 2001). EPR and optical properties of the PS |
complexes with the recovered phylloquinonttyfmatch the properties of the wild type.
Specifically, the phylloquinone orientati, location, and amount of unpaired electron
density on the 2-methyl group are the same #éisawild type, as determined by transient
EPR, ESE pulsed EPR, and CW EBptctroscopy, respectively (Johnsaral., 2001).
Hence, we concluded that the interruptiminthe phylloquinone biosynthesis does not
irreversibly alter the structure of the quinoneding site. Given this important fact and
provided that plastoquinone-9 hasry low affinity to the A site, it follows that the
menB mutant PS | is an ideal system to employifovitro quinone replacements. This is
true regardless of the chemical naturetted quinone; all other features of the gite
remain the same, both befard after quinone substitution.

The menB mutant cells were also able to assimilate a variety of substituted and
unsubstituted anthraquinones supplied to ghewth media. Even though HPLC-MS
evidence for the methylation or phytylation is lacking, | suspect that phytylation occurs;
this is based on thearallel studies ofmenB andmenA mutant cells grown with supplied
anthraquinones (Fig. 4.4). This result, ifcan be confirmed by direct detection of
phytylated anthraquinones, will broaden the known substrate range of the phytyl
transferase.

Even though phytylation is presumably required for the incorporation of the
supplemented quinones into PS I, my stgdof the plastoquinone-9 reconstitution
vitro demonstrate that unphytylatechaphthoquinones and anthraquinones can
successfully replace plastoquinone in theshe, and that they function ag Acceptors
when added directly to th@enB PS | complex. This appent discrepancy between
vivo and invitro studies can be explained bynsidering that constraints on the
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hydrophobicity of a given molecule are more stnictivo in order for it to enter the PS |
complexes inside the thylakoid membranes.
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SUMMARY

Results of supplementations with anthrawpues suggest that three-ring aromatic
guinones also serve as substrates for thgtyphransferase. The fact that phytyl
transferase knockouts supplemented witphtlaoquinones were not able to assimilate
naphthoquinones into the;Asite suggests that phytylation is a necessary step for the
guinone incorporation into PSih vivo. However, quinone replacement experiments
performedin vitro showed that both phytylated and unphytylated quinones can replace
plastoquinone-9 and function ag acceptors when added to timenB™ PS | complexes.

A phytylation requirement fom vivo incorporation may indicate that quinones need to
pass through a hydrophobic barrier in oriieenter PS | in the thylakoid membrane.
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FIGURE LEGENDS

Figure 4.1 Molecular structures ofnaphthoquinones, benzoquinones and 9,10-
anthraquinone. A common numbering of the quinong position is chosen in the text,

with the carbonyl that is next to longer hydrocarbon chain placed in position 4.

Figure 4.2 Growth of themenB18 (top) and menA (bottom) in the BG-11 media
supplemented with various anthraquinones. Th&qs were taken after 3 days of growth
in the high light conditions (ca. 60 uE78?)

Figure 43 CW Q-band EPR spectra of photoaccumulated semiquinones in PS |
complexes isolated from wild-type cells¥enB mutant cells, andnenB mutant cells
grown in the media supplemented with 9dfthraquinone. EPR settings are the same as
in Fig. 4.2

Figure 4.4 P;oo reduction kinetics in PS | complexes isolated fromrtieaB18 mutant

grown in a media supplemented with wais anthraquinones. From top to bottom:
menB18 control, menB + 9,10-anthraquinonemenB + 1-methyl-9,10-anthraquinone,
menB + 1l-amino-9,10-anthraquinonemenB + 2,6-diamino-9,10-anthraquinone.

Excitation was provided by a xenon flasmfa All other conditions as in Fig. 4.5

Figure 4.5 In vitro replacement of plastoquinone-9 in thenB mutant quinones: CW Q-
band EPR spectra of the photoaccumulatedicggnones. Quinones were added to the
menB mutant PS | complexes dissolved in 50 mM Tris pH 8.2 buffer (0.5
mg chlorophyll mf") to the final concentration of 1 mM. Soluble quinones were washed
out by dialysis and the samples weamcentrated to 0.8 mg chlorophyll 'l

Figure 4.6 In vitro replacement of plastoquinone-9 in th&nB mutant by various

quinones: ko reduction kinetics. Replacement prduee was the same as described in
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the legend to Fig. 4.5, for the optical me@snents reconstitutedS | complexes were
diluted to 50 pg chlorophyll il

Figure 4.7 In vitro replacement of plastoquinone-9 in thenB mutant by phylloquinone
- CW Q-band EPR spectra of the photoacalated semiquinone radicals in wild-type
PS 1, menB" PS| incubated withphylloquinone, andmenB PSI. Reconstitution
procedure: to PS | preparation at 1 mg chlorophyft mlas added the solution of
phylloquinone in ethanol, 0.5 mM final con¢eation. The mixture was illuminated for
10 min at room temperature ateft for 8 hrs at 4 degreeXC in the dark. All other

conditions were as in Figs. 4.5 and 3.9

Figure 4.8 In vitro reconstitution of plastoquinone-9 imenB° PS | complex by
phylloquinone monitored by the near-IR spectrophotometry at 820 Tiom. Proo
reduction kinetics in mePS | complexes treated witicreasing amounts of Vitamin;K
The depicted transients represent averadbree different reconstitution experiments for
4, 2 and 1 phylloquinone emailents, and avage of two different reconstitution
experiments for the 0.5 and 10 phylloquinone equival®&uotsom, absolute amplitudes of
the fast and slow phases neecalculated using multiexportél fit routine and plotted
against molar ratio of Vitamin Kper P solid squares represent recovery of the slow
phasechecked circles represent loss of the fast phase.
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Figure4.2



162

Wild-Type

menB

menB +9,10-AQ (in vivo)

24 G

12.17

12.16

12.15

12.14

12.13

12.12

Magnetic field, kG

Figure4.3



163

0.04
"0 O j ‘ ‘ | . ‘H‘wm\ “”"Hl”h‘]‘“l‘ml‘”‘\ﬁw
04 3 N
% 10 _ 4 MS
< 0.5 — 9.4 ms menB
5 00 —_— IIIIIIII| ....... I....I...I..I..I.I..I.I.l ....... > IIIIIII|IIT‘IIIIIlIIIIIIIIl
10" 10° 10 10° 10° 10°
Time, ms _ _
Grown in a media
supplemented with :
0.06 | L ——
= T - . Ty o nwwmw'vmw_
m"og% 3 | 9.4 ms
g 15 _N 431 ms
< 1.0 — 5 B+ A
= 05 S men Q
é 00 T IIIIIII| T IIIIIII| T IIIIIII| T IIIIIII| T IIIIIII|
10" 10° 100 10° 10° 10"
Time, ms

L o

25 6.6 ms 155 ms menB +1-Me-AQ

14s

10" 10° 10" 10° 10° 10"
Time, ms
0.03 —= ‘ W_
= j T T
m’=0.034 3 44 ms menB + 1-NH ,AQ
S 3 —\g‘ 34 ms
X 2 14s
1
é O I IIIIIII| I IIIIIII| UL IIIIII| I IIIIIII| UL IIIIII|
10" 10° 100 10° 10° 10°
Time, ms
OO inm il skl
~0 020 jl it A ——
© = 8.8 ms menB +2,6-di-NH ,-AQ
o 15 — 62 ms
g 1.0 1.3s
0.5 —
é 00 T |IIIII| (b} |IIIII| (b} |IIII|I T ||IIIII| 1 ||IIIII|
10" 10° 10" 10° 10° 10°
Time, ms

Figure4.4



Wild Type

menB

+Vitamin K )

+Vitamin K 3

+1,4-Naphtoquinone

+9,10-Anthraquinone

2.008 2.006 2.004 2.002 2.000 1.998

g value

Figure4.5

164



ild Type 6B03

= 47 £5.4 3 ms; 0.50
E.‘ .
-L 2 —
q —
a_
— T T T T 1
107 10 107 10

N menB + Yitamin k2
4 -
_2.72 s, 0.83

=
Rt TE.E1 ms; 0.7E
< =
-q —
|:| ]
| | | | T |
107 10 10° 10*
Time, ms
005
0
-0.05 menB + 1,4 napthoguinone
5
© a7asul 106
Rt -
< 2
= | 15z22ms 1700
0 T T T T T |
107 10° 10° 10
Time, ms

165

135 98;;5 T am L+ Vitamin K3

3
14.1 Frms 1.00

Ad (x10%)

=
1
o

| I | | | |
10° 1c” 10° 10t
Time, ms

0.1 4
0

3 —[=tremBag Anthraguinone

- 1&8.08ms
o 2 _]
=
« 1 4 2325 07 =
=]
O+— T T T 1
10° 10° 10 10"
Time, ms

Figure4.6



166

e
Wwild type
menB +
Vitamin K;
W menB

2008 2006 2004 2002 2000 1.998

g value

Figure4.7



167

i men B
2.0 — o
. Vitamin K , added,
] P700 : Vitamin K,
- = e 1:05
1.5 —
e i
8 .
él 0
0.5
0.0
456 | ]
10

Time, ms

—&— fast phases (tau = 3 to 8 ms)
—— slow phases (tau = 50 to 100 ms)

mODg,,

00 _Lr I I I I |

0 2 4 6 8 10
Vitamin K ; per mol P ., added

Figure4.8



168

Chapter 5

Directionality of Electron Transfer in Type | Reaction Centers

[In preparation, in part as papers: "ElectrTransfer in Cyanobacterial Photosystem I.
Physiological and Spectral Characteriaatiof Site-Directed Mutants in a Putative
Electron Transfer Pathway frompA0 K" by Wu Xu, Boris Zybailov, Gaozhong Shen,
Julia Pushkar, Alfia Valieva, Christian Teutloff, Stephan G. Zech, Robert Bittl, Art van
der Est, Dietmar Stehlik, Parag Chitnis and John H. Golbeck;

"Evidence for Highly Asymmetrical Electrofransfer in Cyanobagtial Photosystem I
Characterization of Forward Electron Transfer throughAQand -B in Quinone
Binding Site Point Mutants" by Alfia Vahla, Wu Xu, Boris Zybailov, Klaus Brettel,
Mariana Guergova-Kuras, Julia Pushkaro@®ng Shen, Dietmar Stehlik, Stephan G.
Zech,Parag R. Chitnis, John H. Golbeck, Art van der Est;

"Electron Transfer in Cyanobacterial Pb®ystem I Characterization of Reverse
Electron Transfer through @A and x-B in Quinone Binding Site Point Mutants" by
Boris Zybailov, Oksana Gopta, Wu Xu, Parag Chitnis, and John H. Golbeck]
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ABSTRACT

A common structural feature of the photaatic reaction centers is the presence
of two pseudo-symmetrical branches oéatton carries. In Type Il reaction centers
electron transfer is unidirectional; the electron proceeds through only one branch of
cofactors and reduces the terminal acoepa soluble quinone, located in the other
branch. In PS | there no functidr@nstraint on the directionality of the electron transfer
is apparent. Hence, electron transfer frop B the K iron-sulfur cluster can involve
one or both branches.

In this chapter, | address the directilttyaissue by studying the phylloquinone-
binding pocket site-directed mutants, W69HsaA) and W677 @B), S692C (PsaA)
and S672 (PsaB), R694A (Pgaand R674A (PsaB) usinEPR spectroscopy and time-
resolved differential spectrophotometrytive UV/Vis region. The recombination kinetics
is faster in all of the mutants compared to the wild type. The W to F mutation on the
PsaA-side has a less pronounced effect on the backreaction kinetics than the
corresponding mutation on the PsaBesidfter an excitation flashdg is re-reduced in
the dark with a ca. 10 ms lifetime in theaBsside mutant while the PsaA-side W to F
mutant has backreaction lifetimes in thiédwype range (ca. 30 ms to 100 ms).

In the cases of S to C and R to A substitutions, the effect is different; the
mutations on the PsaA-side show the fadteskreaction kinetics. These findings imply
that the backreaction is bidirectional in P®ith both quinones capable of mediating the
P00 re-reduction in the dark. The introduced 'symmetry breaking' via the site-directed
mutations forces the backreaction to qged through the quinone with the highest
midpoint potential.

The photoaccumulated segquinone radicals in the wild-type and mutant PS |
complexes is further studied by Q-band (34z) CW-EPR spectroscopy. The strength of
the hyperfine splitting due to the 2-glgroup of the quinone is reduced in the case of
PsaA-side mutant S692C (PsaA), whereas istiengthened in the case of W to F
mutants,. The latter finding is corroboratby the pulsed ENDOR and transient EPR
data, which also show that the W697F @®sanutation leads to an increase in the
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hyperfine coupling of the methyl group dhe phylloquinone ring while the S692C
(PsaA) mutation causes a degse in this coupling.

| conclude that: i) mutation of amino acids in close contact with the PsaA-branch
guinone in PS | leads to changes in the spin density distribution of the reduced quinone
observed by EPR, either as a result of changes in the electronegativity of the environment
and/or changes in the strength of tiestacking ii) at low temperature, cyclic electron
transfer to A occurs along the PsaA-branch (because alteration of amino acids only in
the vicinity of the PsaA-branch phylloquinonex-@, leads to changes in the pulsed
ENDOR, CW-EPR and transient EPR spect3);the transient EPR spectra at room
temperature are due to radical pairs generated predominantly by electron transfer along
the PsaA-branch of cofactors.

At room temperature, the absorption differences in the near UV/blue of whole
cells and PS | complexes of wild-tyj@gnechocystis sp. PCC 6803 reveal a major, fast
kinetic phase with lifeme of ca. 300 ns and a minor, sléwmetic phase vth lifetime of
ca. 10 ns. Whole cells and PS | complexes fthenS692C (PsaA) and W697F (PsaA) of
mutants show a significant slowing of tew kinetic component, while the W677F
(PsaB) and S672C (PsaB) mutants showsa kgnificant slowing of the fast kinetic
component. Transient EPR stesli directly detect the @hing of the slow kinetic
component, and given the optically-measutieade constants for the mutants, the fast
component should slowed, anidus be detectable directlit should also be detected
indirectly by this predicted influence on the spin polarization patterns. The combined
effect of temperature and mutation, obsdryer the PsaA-side and predicted for the
PsaB-side, is expected to slow the fastetic phase to wellithin the time window
accessible by transient EPR; yet at 260k, spectra and kinetics of the W677F (PsaB)
and S672C (PsaB) mutants rema@ntical to wild-type PS I.

Simulations of the early timeehavior of the spectrdaew that the signals are due
only to Py’ A;” and that no significant population ofof® Fx is present during the first
100 ns following laser excitation. Together, tiesults demonstrate that the slow kinetic
phase is due to electron transfer from-Q@n the PsaA-branch toxF and that this

accounts for most of the electrons being tramsfl. The assignment of the fast kinetic
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phase and its relative amplitude remain uncertain; however, it is clear that the fast kinetic
phase accounts for a minor fraction of the electrons being transferred. All of the results
point toward a significant asymmetry in theaton transfer in PS | and suggest that the
forward transfer in cyanobacterial PS | is predominately along the PsaA-branch.

The transient EPR experiments reported in this chapter were performed in
collaboration with Dietmar Stehlik. The opai spectrophotometry in the UV was done in
collaboration with Klaus Brettel. The mutant strainSSgfechocystis sp. PCC 6803 were
generated for these studies by Wu Xu and Parag Chitnis. Initial physiological and

biochemical characterization of the mutastls was performed by Gaozhong Shen.
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INTRODUCTION

The 2.5 A structure of PS | complex revetils presence of two chains of electron
carries between-g and K which are related to each other byrGtational symmetry in
the interface of the PsaA/PsaB heterodindardan et al., 2001). All reaction centers
whose structure has been solved are knowshtoe a motif of symmetrically arranged
branches of electron carriers. Recent phylogenetic analysis presented in (Baiyalgnn
2001) places the type | reaction centertlas ancestral photosystem and infers the
descendence of PS Il from the type | reaction center via gene duplication and gene
splitting (see also chapter 1).

Based on the structural and phyloggmeelationships between the reaction
centers, unidirectionality of the electron tséar is a reasonable conjecture for PS |
complex . Electron transfer in Type Il reacticenters is unidirectional since there is no
direct electron transfer togQHowever, there is still a possibility that unidirectionality is
an emergent feature in the Type Il reacti@mters, and that the ancestral photosynthesis
was bidirectional (Baymanat al., 2001, Guergova-Kuraa al., 2001). Bidirectionality
in PS | complex, therefore, is a reasonable conjecture. Additional support for
bidirectionality comes from the sequence similarity between PsaA and PsaB, which is
ca.60% overall, and almost identical withine heterodimer interface at the quinone
binding sites). Moreover, Type | bacterial reaction centers are homodimers (Betttner,
al., 1992), hence there is very little room famy structural ambiguity leading to the
functional differences between the twaospible paths for the electron transfer.

In the PS I, however, | identify certain structural differences that exist between
the two branches of the electron carries. ilksstrated in Fig. 5.1, amino acid W673
(PsaB) does not have a counterpart @nRsaA-side. The two bound quinones differ in
the positions of their hydrophobic side chaios the PsaB-branch quinone, the phytyl
tail is "curved around”, making hydrophobicn¢acts with the PsaB amino acid residues,
while on PsaA-branch, the quinone phytylachis more linear, making hydrophobic
contacts with carotenoids and chlorophylls. Another interesting feature is the
arrangement of the structured tera between the phylloquinones ang, Rvhich is
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different on the PsaA and PsaB sides (fmmwa). As a result, the system of hydrogen
bonds is asymmetric in the vicinity of&hphylloquinones. While it is impossible to
resolve the directionality issue from the sturat arguments alone, what is apparent is
that the two quinones may differ in their functionalitye.(slightly different midpoint
potentials or rates of related electron transfer). The experimental data accumulated todate,
unfortunately, is still insuffi@nt to arrive at a firmanclusion, and sometimes leads to
opposite conclusions.

The experimental evidence suppogtinunidirectionality comes from EPR
experiments in which only one semiflbguinone can be photoaccumulated under
strongly reducing conditions (MacMillaat al., 1997; Yanget al., 1998). In this chapter,
| address this issue by studying photoaccumulation of the semiphylloquinone in wild-type
and mutant PS | complexes. It can bendastrated that two different quinones are
accumulated; which one depends experimental conditions.€ the percentage of
glycerol in the reaction medium and tthme and temperature of the photoaccumulation
protocol). Transient EPR experiments carstpport of the unidirectionality hypothesis
(Sieckmannet al., 1991; van der Estt al., 1994); the limitation, however, is that this
technique cannot rese lifetimes faster than ca. 20 ns.

Another set of observationsathmust be considered t@rms of a unidirectional or
bidirectional model concerthe biphasic oxidation of A- as monitored by visible
spectroscopy (Sétif and Btel, 1993; Joliot and Joliot, 1999) - and the biphasic back
donation to Py (Brettel and Golbeck, 1995). The twanktic phases of forward electron
transfer were explained by a fast redox equilibration ofaAd K (ca. 20 ns kinetic
phase) and a slower (ca. 150kmsetic phase) decay of thsgate due to further electron
transport to k/Fg (Sétif and Brettel,1993). An alternative explanation of the biphasic
kinetics in PS| involve the presence dtiie two structurally different quinone
environments (Joliot and Joliot, 1999). Spheally, the two different kinetics can be
attributed to two different quinone environnignone associated with PsaA and the other
with PsaB (Guergova-Kuraa al., 2001). The studies of W to F site-directed mutants in
Chlamydomonus rheinhardtii further demonstrated that theutation of a residue near the

quinone on the PsaB-side specifically eats the faster components, while the
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corresponding mutation on the PsaA-side a$f¢lse slower component (Guergova-Kuras

et al., 2001). This led the authors ¢onclude that both branches of cofactors are active.
General limitations of the mutagenic approach must, however, be considered: there is
always a possibility that the introduced muatmay alter the structure in a manner that

has not been predicted. For example, there is a chance that a mutation on the PsaA side,
can affect the environment of the PsaB safe] visa-versa. Hence, the results might not
reflect function in the wild type. Therefarwhile using the mutagenic approach, one
must be careful, and consider not a singletation, but various sets of mutations, to
separate different influencesd relate the obtained results to the wild type.

In this chapter | use the mutagenic approach and study three different sets of
mutants: (W to F mutants, R to A mutants and S to C mutants on PsaA, as well as
corresponding mutants on PsaB; Fig. 5.1). | gméstudies of the kinetics of reverse and
forward electron transfer in the mutamM&77F (PsaA), W677F (PsaB), S692C (PsaA),
S672C (PsaB), R674A (PsgBR690A (PsaA), using okl absorption difference
spectroscopy and transient EPR spectrogcomlso report photoaccumulation of the
phylloquinone in the mutant and wild-type PS | complexes in a search for two different

guinone environments.
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MATERIALSAND METHODS

Generation of the site-directed PS| mutants

For site-directed mutagenesis of @A andpsaB genes, two recipient strains
were constructed with tetion of a portion of th@saA gene or deletion of the whole
psaB gene. TheSynechocystis sp. PCC 6803 pWX3 recipierstrain was constructed
through deletion of the Eagl-EcoRI fragmehtt contains the 1130-bp 3’ part of the
psaA gene and the wholpgsaB gene, and replacement with a spectinomycin-resistance
cartridge gene. Th8ynechocycstis sp. PCC 6803 pCRTB recipient strain was obtained
through deletion of the HindllI-EcoRI fragmiethat contains the 3’ half of tipsaB gene
and replacement with a 1.3 kbp kemgin-resistance cartridge gene.

Two plasmids pGEM-3C+ and pIBC were constructed as the templates for PCR-
based site-specific mutagenesis. To generate mutations inBeb@ding site, the
plasmid pGEM-3C+ was constructed thrbugloning of al588-bp segment of theaB
3’ region and the 760-bp region downstream of pkaB into the pGEM7z vector. A
chloramphenicol resistance gene was inserted d&dbie| site just downstream qisaB
gene. To generate mutations in theAQbinding site, the pIBC plasmid was constructed
through cloning of a DNA fragment that contained most ofpaé gene, thgsaB gene,
and a 760 bp downstream region of is@B gene into a pBluescript Il KS vector. A
chloramphenicol resistant cassette gene was inserted after the 3' terminatopsaBthe
gene. PCR mutagenesis was aatriout using the Transformi¥r site-directed
mutagenesis kit (CLONTECH Laboratories, Inc). The constructs with specific mutations
in thepsaA gene were generateddngh PCR mutagenesis using the pIBC plasmid DNA
as the template and apprigpe primers for W677F (P83, R694A (PsaA) and S692C
(PsaA). The constructs with specific mutations inpgk&B gene were generated through
PCR mutagenesis using the pGEM-3C+ plasDNA as the tempta and appropriate
primers for W677F (PsaB), R674A (PsaB)daS672C (PsaB). All mutation sites were
confirmed by DNA sequencing.

The plasmids with the desirgmaA mutations derived from pIBC were used to
transform theSynechocystis sp. PCC 6803 recipient strain pWX3. The plasmids with the
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desired psaB mutations derived from pGEM-3C+ were used to transform the
Synechocystis sp. PCC 6803 recipient strain pCRB. Transformants with chlorophyll-
resistance were keted under low light conditions. Terify the full segregation of the
transformants, DNA fragments containing thatation sites were amplified through PCR
from the genomic DNA of the mutant strains and sequenced to confirm the desired
nucleotide change.

Growth of Synechocystis sp. PCC 6803

Wild-type and mutan8ynechocystis sp. PCC 6803 cells were grown in medium
BG-11 (Rippkaet al., 1979). Agar plates for the growth of mutant strains were kept at
low light intensity (2 to 5 LE ths™); liquid cultures of wild-type and mutant strains were
grown under reduced light conditions (10 to 20 PE &) in the presence of 5 mM
glucose (Johnson, 2000). Cell growth in liqaidtures was monitored by measuring the
absorbance at 730 nm using a Cary-14 spphbtometer that lhabeen modified for
computerized data acquisition by On-Line Instruments, Inc. (Bogart, GA). Cells from
liquid starter cultures in the late exponehphase of growth (A730 = 0.8 to 1.2) were
harvested by centrifugation and were welonce with BG-11 medium. All cultures
were adjusted to the same initial cell dgngA730 = 0.1) for growth experiments and
bubbled with air as described (Sretral., 1993).

Isolation of Thylakoid Membranes and PS| Complexes

Thylakoid membranes were prepared froglls in the late exponential growth
phase as described (Shetnal., 1993). Cells were broken byo passages through a
French pressure cell at 20,000 I iat 4 °C. The thylakoid nmebranes were pelleted by
centrifugation at 50,008 g for 45 min. The thylakoid nmebranes were resuspended in
buffer (50 mM HEPES/ NaOH, pH 8.0, 5 mM MgC10mM CadC}, 0.5% (v/v) dimethyl
sulfoxide, and 15% (v/v) glycerol) for storage and/or in 50 mM Tris/HCI, pH 8.0, for
further PS| complex preparations. For tlemlation of PS | complexes, thylakoid
membranes were solubilized in 1% (wfADM for 2 to 4 h at 4 °C. The trimeric and

monomeric PS | complexes weseparated by centrifugation on 5 to 20% (w/v) sucrose
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gradients with 0.0398-DMin 50 mM Tris, pH 8.0. Furthepurification was achieved by
a second centrifugation on sucrose gradie@® mM Tris, pH 8.0, in the absence [bf
DM(Johnson, 2000). at 10 ml min-1.

Q-band CW EPR Spectroscopy

Photoaccumulation experiments at Q-band (34 GHz) were carried out using a
Bruker ESR300E spectrometer equipped wathER 5106 QT-WL1 resonator with a port
for in-cavity illumination. Cryogenic tempetaes were maintained with an ER4118CV
liquid nitrogen cryostat and controlled Ban ER4121 temperature control unit. The
microwave frequency was measured watiHewlett-Packard 5352B frequency counter,
and the magnetic field was measuretthva Bruker ERO35M NMR gaussmeter. The
magnetic field was calibrated usigg-bisdiphenyleng3-phenylallyl complexed 1:1 with
benzene.

Photoaccumulation protocols on wild-type and mutant PS | complexes were
carried out in a manner similar to that described in (Yengl., 1998). Prior to the
measurement, the pH of the sample wassaéguto 10.0 with glycine buffer, and sodium
dithionite was added to a final concentatiof 50 mM. After incubation for 20 min in
the dark, the sample was placed into the rdsontéhe temperature adjusted to 205 K, and
a background spectrum was recorded. The Eamas illuminated vth a 20-mW He-Ne
laser at 630 nm for 40 min, the laser was édroff, and the light-induced spectrum
recorded. The spectra reported representlitierence between the two measurements.

For the search of differ¢ quinone environment pent glycerol, pH, time and

temperature of illumination, were varied and &urther discussed in the results section.

Transient EPR spectroscopy

The low temperature X-band (9 GHz) transient EPR experiments were carried out
on a laboratory-built spectrometer, usiagBruker ER046 XK-T microwave bridge
equipped and an ER-4118X-MD-5W1 dieléctring resonator and an Oxford CF935
helium gas-flow cryostat (12). The load@dvalue for this dielectric ring resonator was

aboutQ=3000, equivalent ta rise time off; = Q/(2771/Vmy) = 50 ns. The low temperature
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X-band experiments on the R694RsaA) and R674A (PsaB)utants were carried out
using the set-up described below for room temperature measurements except that the
sample was placed in quartz tube and a diquitrogen cryostat was used to control the
temperature. Q-band (35 GHz) transient EP&#sp of the samples were also measured
with the same set-up except that a BrukBr056 QMV microwave bridge equipped with
a home built cylindrical resonator was used. All samples contained 1 mM sodium
ascorbate (NaASC) and 50 uM phenazine meifate (PMS) as external redox agents
and were frozen in the dark. The samplesewluminated using a Spectra Physics Nd-
YAG/MOPO laser system operating at 10 Hz.

Room temperature X-band experimentgavperformed using a modified Bruker
ESP 200 spectrometer equipped with a homik;mmoadband amplifie(bandwidth >500
MHz). A flat cell and a rectangular resonator were used and the samples were illuminated
using a Q-switched, frequency doubled @mmum Surelite Nd-YAG laser at 532 nm
with a repetition rate of 10 Hz. 1 mM Na&sand 50 mM PMS were added to mediate

cyclic electron transfer.

Optical Kinetic Spectroscopy in the Near IR Region

Optical absorbance changes in the n&awkre measured using a laboratory-built
spectrophotometer (Vassiliest al., 1997). To ensure resolution of kinetics in the
microseconds time domain, a high frequency offllamplifier described in the original
specifications was not used, and the signat fed directly into the plug-in (11A33
differential comparator, 100MHz bandwidth) of the Tekbnix DSA601 oscilloscope.
The sample cuvette contained wild-type or mutant PS1 complexes at 50
g chlorophyll mtt in 25 mM Tris/HCI, pH 8.3, 10 mM sodium ascorbate, 4 pM DCPIP,
and 0.04%@-DM.

Flash-Induced Transient Absor ption Spectroscopy in the near UV/Blue region
Flash-induced absorbance changes werasured with a time resolution of about

2 ns with a set-up desloed previously (Brettedt al., 1998) using 300 ps pulses of about

300 nJ/crfiat 532 nm for excitation (repetition raeHz) and the relatively flat top of a
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50 us Xe flash as measuring light. Stock sohs of PS | complexes were diluted in a
buffer containing 50 mM Tris, pH 8.3, 10 mM NaAsc and 500 uM DCPIP, to a final
chlorophyll concentration of typically 60 and 150 uM for measurements at 380 and 480
nm, respectively.

The optical pathlength for the measuring light was 2 mm. Between 1024 and 4096
transients were averaged for each sample and wavelength in order to improve the signal-
to-noise ratio. A Marquardt least squaregoathm program was e for fitting of the
absorbance change transients to a multi-exptaledecay. Time zero was defined as the
midpoint of the rising edge of the transiesd fitting was started from 2.5 ns after time

Zero.

Analysis of Kinetic Data

The multiexponential fits of optical kities were performed by the Marquardt
algorithm in Igor Pro version 4.1 (Wavemes$ Inc., Lake Oswego, OR) on a G3/300
Macintosh computer. The best solutiwas chosen based on the analysig‘oftandard

errors of the parameterg)dathe residuals of the fits.
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RESULTS

Backward Electron Transfer Kineticsin the A; Mutants

While the pathway taken by the electron in the initial charge separation
determines the directionality of forward dlemn transfer, the pathway of the backreaction
is determined at,F, the point at which the bifurcagnpathway converges. Since forward
electron transfer originates fromof and backward electron transfer originates fram F
it is likely that the factors that govern the choice of the pathway are different in each case,
and that the behavior of the forward ahdckreactions may differ with respect to
directionality.

The kinetics of Ry reduction in PS | complexes can be monitored using the
absorbance change at 820 nm, which is depicted in Fig. 5.2 for the wild type, W697F
(PsaA) and W677F (PsaB). At 298 K, wild-type PS | shows that the majority®fis
reduced with lifetime of ca. 100 ms. A mingtpw decay phase, with lifetime of ca. 1 s
results from the donation by DCPIP in PS | comptein which the electron has been lost
from the acceptor side. The re-reduction afPin the W697F (PsaA) mutant is faster
than the wild type, with lifetime of c&2 ms, and the lifetime in the W667F (PsaB)
mutant shows a further acceleration in the kinetics,gf Peduction to lifetime of ca. 7
ms. The room-temperatumptical kinetics of R reduction in PS | complexes of the
wild type, S692C (PsaA) an8672C (PsaB) mutants are aldepicted in Fig. 5.5. The
lifetime of Pog in the S672C (PsaB) mutant is longlean in the wild type, with lifetime
of ca. 58 ms, and the lifetime in the S692C (PsaA) mutant shows a further acceleration in
the kinetics of Ry reduction to lifetime of ca. 8 ms. Therefore, in contrast to the W
mutants, in which alteration of thé&saB-branch quinone produces the greatest
acceleration in the rate of;dg reduction, in the S mutants, the PsaA-side mutation
produces the greatest acceleration in the rate;@f Beduction. A similar effect is
observed with R to A mutants, where tR§94A (PsaA) mutant shows the faster
backreaction kineticdifetime of ca. 20 ms) while thBsaB-side mutant, R674A, barely

differ from the wild type.
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According to the reasoning outlined in (Semeebsl., 2002) and (Shinkarest
al., 2001), an acceleration in the backreaction kinetics implies that the quinone in the
mutant has more oxidizing redox potential than the quinone in the wild type. The
significance of this result is that backward electron transfer fromfrgF to Pog’ may to
proceed down the branch of cofactors that confers the more oxidizing environment to the
qguinone. The break in the kinetic symmetry between the PsaA-side and PsaB-side
mutants within the class of W to F mota and S to C mutants implies that the
environment of the two quinones is not ideaticThus, backward electron transfer is
likely to be governed by a different set of initial constraints than those that govern
forward electron transf originating in Py The different rate constants from the PsaA-
side and PsaB-side mutants imply that the redox potentials of the PsaA-branch

phylloquinone and PsaB-branch phylloquinone are not identical.

CW EPR Spectroscopy at Q-band of Photoaccumulated A; in the mutant and wild-type
PSI complexes

The CW EPR spectrum of photoaccunteith semiphylloquinone in wild-type
PS | complexes, obtained using standard podtas described in Material and Methods
exhibits strong hyperfine splitting due to irased spin-density on the carbon atom of the
2-methyl group (chapter 2, see also Yahgl., 1998). The observed pattern of the strong
hyperfine splitting is most likely due to the protein environment, since the
semiphylloquinone in an alcoholic solutioshows significantly weaker hyperfine
coupling and the four-line ptarn is not observed.

Therefore, by measuring Q-band EPR spectra and estimating strength of the
hyperfine interactions of the photoaccuatald semiphylloquinone in the mutant PS |
complexes, we can keep track of the structural changes because they lead to variations in
the spin density of the 2-methyl group by. Figs. 5.3, 5.5 show the photoaccumulated EPR
spectra in the sets of W to F mutants, S to C mutants, respectively. Photoaccumulated
semiphylloquinone in the W677F (PsaB) extslbess prominent hyperfine splitting than
does the corresponding PsaA-side mutant, WGP&aA). The situation is reversed for
the sets of S to C and R to A mutants, where it is the PsaA-side mutants that show the
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lack of the hyperfine pattern, whileelpattern of hyperfine splitting of 2-GHn the
PsaB-side mutants does not differ significantly from that of the wild type. A small
amount of A’ is also present in the wild typ@/697F (PsaA) and S692C (PsaA) spectra,
and contributes to the overall spectra in the highfiglg (egion. Contamination of the
semiphylloquinone spectral shape by & rather poorly remducible, and probably is
the function of heterogeneity of the PS | comyeeparation, in that we expect to get A
photoaccumulated in those centers wherés/Aither missing or doubly reduced (Yaatg

al., 1998).

Both EPR and optical data point 8 high degree of functional asymmetry
between the two quinones: point mutationdhet PsaA or PsaB quinone binding sites
produce different effects on the electron transfer rates and the shapes of the
photoaccumulated EPR spectra. The implicationas ih principle, we would be able to
observe two different quinones in wilgge PS1 by varying the conditions of
photoaccumulation. The premise behind suem experiment is that, after
photoaccumulation and subsequdatible reduction of the 'active’ quinone, it is possible
to photoaccumulate the second quinomal d@hat the two semiphylloquinones have
potentially different EPR spectra. Finding appropriate conditions for such
photoaccumulation is not a straightforwatakk, since one of the quinones must be
completely doubly reduced prior to thecamulation of the second quinone; hence,
photoaccumulation of Ais likely.

Fig. 5.7 demonstrates that it is indgeubsible to observe two different quinones
in PS1 by varying the conditions of photoaccumulation. Using the standard
photoaccumulation protocol (see Materiatsl Methods) - and illuminating the wild-type
PS | complexes containing of ca. 15% to 30% sucrose or glycerol at 210 K - we obtain
the usual EPR spectrum with four prominent hyperfine lines (FigAB.If after that we
illuminate the same sample at room temgture for ca. 5 minutes (supposedly doubly
reducing one of the quinoneahd bring the temperature back to 210 K, we obtain a
spectrum that lacks the hyperfine pattern (Fig. 5.7 B). However, the possibility that this
effect may be due to thewformational changes during freezing/unfreezing, and not to

the differentiation of the two inherentlgresent quinone environments can not be
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completely excluded. Nevertheless, in combination with our other data this result further

demonstrates inherent asymmetry between the two quinones.

Spin Polarization patterns of Pg" A;” at X- and Q-bands

The spin polarization patterns ofgPA; are sensitive to the orientation of and
toits environment (see van der Estal., 2001). Thus, they provide a good method for
probing the effects of the mutations on thenone. Fig. 5.8 presents X-band and Q-band
spectra of Ry A;” in the W677F (PsaA) and W677FséB) mutants, together with the
corresponding wild-type spectra taken atvltemperature. The same comparison for
S692C (PsaA) and S672C (PsaB) is shawhig. 5.9, and corresponding X-band spectra
of the R694A (PsaA) and R674A (PsaB)tamis are shown in Fig. 5.10. The overall
polarization patterns for theR694A (PsaA) and R674A (FBamutants are very similar
to those of the wild type, but subtle differences in the partially resolved methyl hyperfine
structure are observable in W&677F (PsaA) and S692C (PsaA)tants.

The effect of the hyperfine couplings is most pronounced in X-band spectra,
while the g-anisotropy plays a more important role in the Q-band spectra which makes
the latter more sensitive to the quinonéeotation. Because the Q-band spectra are
virtually identical with those of the wiltlype, we conclude that the mutations do not
induce any significant change in either theeotation of the observed quinone or in its
g-anisotropy. Careful inspection of the X-band spectra (FigsADR9 B and 5.10A,
5.10B) shows that while the spectra of the PsaB mutants are almost indistinguishable the
wild type, the methyl hyperfine splitting patteis slightly more pronounced for the
W677F (PsaA) mutant (Fig. 58) and less pronounced for the S692C (Psafjant
(Fig. 5.9A). This is seen most clearly on thevidield shoulder of the central absorptive
peak; it suggests that mutations in PsaA affect the strength of the methyl hyperfine
coupling, probably due to changes in théenspensity distribution and binding of the
guinone. There is also a slight shift of fbev-field emission in the Q-band spectrum of
the W677F (PsaA) mutant relative to that o thild type, which is also consistent with
an increase in the methyl hyperfine coupling.
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Pulsed ENDOR of P7o0" A1’

Fig. 5.12 compares the pulsed ENDOR spectra;@f &, in the W697F (PsaA),
W677F (PsaB), S692C (PsaA)thS672C (PsaB) mutants with that of the wild-type PS 1.
The ENDOR spectra are taken at a field position for which the spectra appear
approximately symmetric with respect tioe proton Larmor frequency. ENDOR lines
occur in absorption (positive features) and emission (negative features), depending on the
electron spin polarization of the radical pdiwo clearly resolved powder patterns of an
axially-symmetric tensor are observed at ¢éxéremities of the spectra in the range 8.6
MHz to 10.6 MHz and 18.9 MHz to 20.9 MHz. These features are assigned to the 2-CH
group of phylloquinone, and the shift of corresponding features in the two powder
patterns indicates the change in the apoading hyperfine tensor componentg,afd
An.

A qualitative comparison shows that the spectra of the PsaB mutants are virtually
identical to wild type while those of the d&s mutants display systematic changes. The
edges of the methyl hyperfine powder patteshit by about 5% compared to wild type
for both PsaA mutants, but the directiontbé shift is opposite in the two cases with
larger couplings observed for the W68 mutant and smaller couplings in the S692C
(PsaA) mutant. If we set the hyperfine nsomponents of wild type and both PsaB
mutants to A4=12.1#0.1 MHz, A=8.9t0.1 MHz, we evaluate &12.#0.1 MHz,
A=9.40.1 MHz for W697F (PsaA) and A11.5:0.1 MHz, A=8.40.1 MHz for
S692C (PsaA). These changes in the streafjthe hyperfine splitting for the PsaA and
not the PsaB mutants are consistent with the changes in the spectra of photoaccumulated
A7 (Figs. 3 and 5) and with the spin polarization patternggf/, (Figs. 5.8 and 5.9).

Clearly, only mutations in the PsaA protdead to a change in the hyperfine
couplings; while PsaB mutations do not, which shows that only the quinone in the
PsaA-branch is being observed in theRE&d ENDOR experiments. Keeping in mind
that for the low temperature spin polatina patterns and puldeENDOR experiments,
only the fraction of reaction centers in which cyclic electron transfei talkkes place are
observed, we conclude that for this dian electron transfer occurs along the

PsaA-branch. However, the low temperature results do not rule out the possibility that the
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PsaB-branch might represent the pathway that leads to stable charge separation to the FeS
clusters. It is conceivable that the beloavat low temperature or under the strongly
reducing conditions used for the photoaccuatiah experiments might be different from

the behavior under physiological conditioi$ierefore it is important to combine these
experiments with measurements at room temperature, in which forward electron transfer

past Poo A1 can be observed.

Room temperature electron spin polarized EPR spectra at X-Band

Electron spin polarized EPR spectra from the wild type and the mutants,
measured at room temperapuare depicted in Fig. 5.11. Temperature dependence of the
spectra was also measured, and no sigmfidifferences were observed between the
spectra at 250 K versus those at room temafure. The spectra were extracted from the
complete time/field data sets using the fitting procedure described in (van deraEst
1994 and Kandrashkin 2002); positive signals correspond to absorption (A) and negative
signals correspond to emission (E). As the edects transferred to the FeS clusters, the
initial E/A/E polarization pattern due tadd’A;” changes into the primarily emissiva§
contribution to the Ry (FeS) spectrum. Again, the mutations in the immediate vicinity
of the PsaA-branch quinone lead to small éighificant changes in the spectra (top left
and middle left) while no difference is detectable within experimental error between the
PsaB-side mutant data and wild-type dataré&doer, the spectral differences induced by
the W677F (PsaA) and S692C (PsaA) motadi are the same as observed at low
temperature, and are consistent with the@dlENDOR data. The hyperfine structure due
to the methyl group ortho to the phytyiltaf phylloquinone is more pronounced in the
P00 A1” spectrum of the W677F (PsaA) mutanthereas it is less pronounced in the
spectrum of the S692C (PsaA) mutant.eTtorrespondence of the low temperature
spectra and those at physiological temperatures is significant because it shows that
conclusions based on low tematre data are relevant for the function of PS | under
physiologically-relevant conditions.

In contrast to the W and S mutants, which only show an effect when the mutation
is on the PsaA side, both the R694A (Psafll R674A (PsaB) mutants (Fig. 5.11
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bottom), show significant differences from the wild type. The fact that both mutations
cause a change at room temperature when electron transferstolsserved, while they
are identical to wild-type PS | when it is blocked at low temperature, indicates that the

mutations affect the properties of Father than A

Forward Electron Transfer - Time-Resolved Optical Measurements in Whole Cells

Table 5.1 summarizes the lilmes and amplitudes of tHast and slow kinetic
phases measured at 390 nm and 400 nmiladrtype and mutant cells. At 390 nm, two
kinetic phases are found in the wild typé&hnifetimes of ca. 10 ns and ca. 300 ns. At
390 nm, the lifetime of the slokinetic phase is increased by a factor of ca. 3.5 in the
PsaA-side mutant W697F (PsaA) and at hettvelengths by an average factor of 4 in
the PsaA-side mutant S692C (PsaA). Howetlee, lifetime of theslow kinetic phase
does not change significantly at eithervei@ngth in the PsaB-side mutants W677F
(PsaB) and S672C (PsaB). In comparison &dlowing of the slow phase in PsaA-side
mutants, the slowing of the fast phase isampronounced in the PsaB-side mutants. At
390 nm, the lifetime of the fakinetic phase is increased by a factor of 2.6 in the PsaA-
side mutant W677F (PsaB) and at both wawvglles by an average factor of only 1.3 in
the PsaA-side mutant S692CséA). However, the latter mayot be significant, in so
much as the S692C (PsaA) mutant alkoves a similar increase in its lifetime. Note,
however, that the S692C (PsaA) mutant hasldéingest effect on the slow kinetic phase;
hence, a similarly large effect on the fasiekic phase in the S672@saB) mutant might
have been expected. However, the precisicth®fdata is limited to (probably) + 50% so
that it may not be possible to draw firm conclusions.

Nevertheless, the scatter in the data, and the relative change in the values
indicates that more weight should be giverthie to the PsaA-side values than the PsaB-
side values. Consistent with the expectatihat the R mutants should affect the redox
potential of k, and thus electron transfer in bobranches, the slow kinetic phase
becomes slower in the R674A (PsaB) muf@vien though the mutation is in the PsaB
side). Surprisingly, however, the fast kingtltase is not altered significantly. Again, due
to the limited number of data points collected which restrict the precision of the
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measurement, the values of the fast kinptiase need to be considered with caution.
Nevertheless, the data are sufficiently reliableshow that in the R674A (PsaB) mutant
there is no correspondingly large increase e fist phase. Together the data show that
for all mutations expected to influence electron transfer in the PsaA-branch, the slow
kinetic phase is slowed significantly. It is less clear whether such a trend holds for the
fast kinetic phase. The lifetimes for the W mutants suggest that the fast phase is only
affected by mutations on the PsaB sidewweer, the R and S rtants do not confirm

this.

Room temperature and 260 K electron spin polarized EPR signals at X-Band

The lifetime values determined frorthe room temperature transient EPR
experiments summarized in Table 5.Beft( column). In the room temperature
experiments, fit of the data yields a lifetirioe the electron transfer of 520 + 50 ns in the
WG697 (PsaA) mutant compared lifetime of 240 = 50 ns ithe wild type. In contrast,
the transients and spectra from the W677 BPsautant are indistinguishable from wild-
type PSI. the S692 (PsaA) and S672C Bysaautants, whichhave similar kinetic
behavior to the W mutants, except that the effect of the PsaA mutation is even greater. A
fit of the data set yieldsldetime of 920 + 50 ns in the@92 (PsaA) mutant and again the
PsaB mutant is indistinguishable from the wild type. Thus, consistent with the optical
data a slowing of the slow phase as altefuthe mutations in the PsaA-branch quinone
binding site is observed. However, therresponding PsaB-branch mutations do not
produce a noticeable effect.

For the R to A mutants at room temperature the analysis of the transient EPR
datasets yields almost ideral lifetimes of 460 + 50 ns and 410 + 50 ns for the forward
electron transfer confirming thahe mutations primarily affecty The values of the
optically determined lifetimes for the mutastsown in Table 4.1 are consistently longer
than the values determined from the transient EPR experiments in Table 4.2. It is possible
that the spin relaxation can also influence the lifetimes obtained from EPR transients.
Relaxation effects are microwave power dependent (van det &#st1994) and since no

significant dependence on the microwave powas found for the electron transfer
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lifetimes; temperature is the more likely cause of the difference in the lifetimes
determined optically and from EPR. These datggest that electron transfer occurs only
along the PsaA-branch. The room temperature transient EPR data show no clear
influence from the fast kirtie phase observed optically.

When wild-type PS | complex is cooled to a temperature of 260 K, charge
separation between;§3d and R/Fs remains reversible, yet the slow phase of forward
electron transfer, as measurby transient EPR and absorbance changes at 380 nm
(Schlodder, 1998), slows down, which hintsaatemperature activation of the forward
electron transfer process. When measured by transient EPR, the kineticg of A
reoxidation in the W697F (PsaA) and S692C fsautants is also slowed by a factor of
three as compared with kinetias room temperature (see Table 4ight column). Yet,
at 260 K the kinetics of A oxidation in the W677F (PBa and S672C (PsaB) mutants
remains identical to that of wild-type PS | complexat 260 K, and show no indication of a
fast kinetic phase. If we asse that the fast kinetic phase has the same temperature
coefficient as the slow phase, and if we further assume the room temperature optically-
determined rates are similar to those asdigteTable 4.1, then we would expect the fast
phase to slow to ca. 75 ns to 90 ns, whiclithin the kinetic window of transient EPR
for direct detection of a & A; signal from the PsaB-branch. In addition, the spin
polarization pattern of this spectruas well as that of the subsequerf,P(FeS) state,
would be characteristically different asedicted from the theoretical description of
sequentially populated radical pairs (Kantikas, 1998). In a detailed analysis of the
transient EPR spectra of the PsaB mutarith respect to both kinetic behavior and
polarization pattern, there is no indication fbe existence of a fast kinetic phase af A
oxidation (in either wild-type or mutant PS | complexes - van der Est, personal
communication). Thus, there is no evidenceaafontribution by a &t kinetic phase in
the electron transfer between And the FeS clusters. Based on the experimental error in
both the simulation parameteasd net polarization, | estimatteat the slow kinetic phase

accounts for at least 90% of thbserved transient EPR signals.
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DISCUSSION

The EPR and ENDOR spectroscopic data tfee site-directed mutants can be
interpreted in terms of chargén the local environment of the quinones. It is generally
accepted that, for photosynthetic reaction @nthat asymmetry in the H-bonding to the
two carbonyl groups of the quinone acceptosules in an alternating spin density
distribution over the quinone ring (Lubitz af@her, 1999). This can also explain the
relatively large hyperfine coupling of the phylloquinone methyl group in PS I. The 2.5 A
resolution X-ray structure (1JBO) shows that the carbonyl meta to the methyl group is H-
bonded to L722 (PsaA) or to L706 on PsaBijle the carbonyl ortho is not H-bonded.

The electron withdrawing effect of thengie H-bond changes the distribution of the
electron and leads to a high spin density on the ring carbon to which the methyl group is
bound. This in turn leads to a large methypérfine coupling. Exact interpretation of the
changes in the hyperfine couplings induced by the mutations is difficult, because they are
sensitive to a number of factors. Howeverwg assume that the distortion of the spin
density caused by the H-bonds is the dominant factor, then the W677F (PsaA) mutation
appears to increase the asymmetry while3682C (PsaA) mutatioappears to decrease

it. S692 on PsaA is 3.27 A distant from the carbonyl ortho to the methyl group-Af Q

and S672 on PsaB is 3.37 A distant from the carbonyl ortho to the methyl grougBof Q

The S is H-bonded to the-stacked residues W677Fs@”) and W677F (PsaB). A
second H-bond is present from the seri@H to the M688 (PsaA) backbone C=0,
located 2.6 A distant. Because of the pmuiky of these H-bonds to the quinone carbonyl
oxygen, changes in the electron withdrawatglity of the residues or the presence or
absence of the S-W H-bond can be expectedfiwence the spin density on the quinone
carbonyl oxygen. The hyperfine couplings sugdgest replacement of W697 (PsaA) by F
leads to a greater asymmetry between two carbonyl oxygens. Replacement of S692
(PsaA) by C leads to a smaller asymmetry. In both cases the change in the hyperfine
couplings can be related to changes ingheéironment of the quinone near the carbonyl
ortho to the methyl group. In the W677F (PsaA) mutant the H-bond between the S692
(PsaA) and W697 (PsaA) is disruptechcg the phenylalanine side group cannot
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participate in H-bonding. It is reasonable tgest that this results in a stronger H-bond
between S692 (PsaA) and M688 (PsaA) and decrease in the electronegativity of the
surroundings of the quinone carbonyl groReplacement of S692 (PsaA) with a C will
also affect this region of the quinone eoviment. Although S and C differ only by the
substitution of the hydroxyl group in serine by a thiol group in C, the van der Waals
radius of the sulfur is larger than that oxygen. The effect of this change on the
environment is difficult to predict, since there will be a subtle balance between the lower
electronegativity of the sulfur (which wilend to weaken the H-bond to the W) and the
larger radius (which will place the sharbgdrogen atom closer to the W and quinone
carbonyl). The hyperfine couplings suggest that environment of the carbonyl oxygen
ortho to the methyl group becomes lesscbnegative in the W677F (PsaA) mutant,
resulting in a larger asymmetry in the eteat withdrawing effect of the two carbonyl
oxygens and hence a larger spin density on the ring carbon next to the methyl group. In
the S692C (PsaA) mutant, on the other hahd,weaker methyl hyperfine coupling is
consistent with an increase in electroriegiy of the environment of the carbonyl
oxygen ortho to the methyl group resultinganlower asymmetry in the spin density
distribution on the quinone.

Other factors - such as changes indtiength of the H-bond from the quinone to
L722 (PsaA), and of the-n interaction with the W - undoubtedly also contribute to the
changes in the hyperfine couplings. Tistacking is known to diminish the H-bond
asymmetry effect. Thus, changes in thereaxt@on between the quinone and W or F are
also expected to influendde hyperfine couplings. In the W677F (PsaA) mutant, it is
likely that the strength of the-stacking is weaker than in the wild type, and hence the
H-bond asymmetry effect shoute: increasedSimilarly, the decreasemethyl hyperfine
couplings in the S692C (PsaA) mutant can bglared by an increase in the strength of
the n-stacking. However, the location of the H-bond between the S and W suggests that
the environment of the carbonyl ortho to the methyl group probably plays the dominant
role in altering the hyperfine couplings. Based on the values of the couplings the

magnitude of the change in the spin density distribution can be estimated to be of the
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order of ca. 10%, thus the change in thetededac structure of the quinone is rather subtle
but nonetheless clearly visible in the spectra.

The photoaccumulation experiments shtvat the electron-active quinone is
located in the PsaA-branch. The samadtusion was reached previously (Yasial.,

1998) from studies of PsaE/PsaF double delatiotants, which showed complete loss

of the A’ spectrum and appearance of ag #pectrum. This effect requires double
reduction and protonation dhe quinone. Because PsaE and PsaF are located on the
PsaA side of the PS | complex, it was suggested that removal of these subunits facilitates
protonation of the quinone via a water channel.

The ability to photoaccumulate;Arests largely on a favorable combination of
kinetic rates, paicularly in that forward electron dansfer between the sulfite ion, and
P00 outcompetes the backreaction betweeqy Rand A", This condition is clearly met
for the PsaA-branch quinone; however, it is cleair whether or not this condition can be
met for the PsaB-branch quinone, which nfawe different forward and backward
kinetics. If electron transfer along the PsaB-branch occurred to any significant extent, it
would require that either (i) no accumulation of-B occurs or (ii) the point mutations
have no effect on QB while removal of the PsaE afR$aF has the same effect on both
qguinones. Clearly, neither of thesssamptions is physically reasonable.

At low temperature, the photoaccumulated Apectra, the spin polarization
patterns, and the pulsed ENDGRectra all show an effesthen mutations are made in
PsaA, but the corresponding spectra from the PsaB mutants are identical to those from
the wild type. Thus, we concludeathonly the phylloquinone bound to PsaAx{®)
contributes to these spectrax-® does not. Because the observed changes in the
properties of the quinone are small, it is o¥aEble to extrapolate to the conclusion that
the electron cycle betweengPand A at low temperature is unidirectional along the
PsaA-branch. This is consistent witie conclusion reached in (Boudreaanal., 2001)
from point mutation studies in the eukaryotic organi€hlamydomonas reinhardtii.
However, it must be kept in mind thajclic electron transfer involvingzi and A only
occurs in roughly 50% the reaction centers in frozen solution, while stable charge
separation to the FeS clusters takes place in the remainder. Therefore, we need to
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consider the pathway taken by the fraction thatvolved in non-cyclic electron transfer.
An important feature of the two fractionstieat their relative amplitudes does not change
under prolonged illumination.

This behavior rules out the possibility that they are due to two competing
pathways, since if all reaction centersdheven a low probability for the non-cyclic
pathway, prolonged illumination would lead complete non-cyclicharge separation.

The two fractions clearly have different activation energies for forward electron transfer
past A presumably as a result of a structurdfedlence. Therefore, if we postulate that
the non-cyclic pathway is via the PsaBanch, the activation energy of £ Fx electron
transfer would have to be different the two branches, and since the acceptoisF
common to both branches, the difference activation energy would have to be
associated with differences in the two quinones.

Moreover, at low temperature there wotlave to be two populations of reaction
centers in which the initial charge separation was biased exclusively towards the
PsaA-branch and PsaB-branch, respectively. The fraction biased towards the PsaA-
branch would lead to cyclic electron transfer, while the fraction biased towards the PsaB-
branch would lead to non-cyclic charge sepana Alternatively, if we postulate that the
non-cyclic pathway is also along the Psaisxzh, the two fractions would have to be
associated with differences in either Ar Fx in the PsaA-branch, and the electron
transfer would be biased strongly towarthe PsaA-branch. At present, we cannot
distinguish between these two possibilities, however, the “freezing out” of directionality
of the initial charge separation into two ftiaos as required by the bi-directional model
seems unlikely given that this reaction is almost certainly activationless. On the other
hand the two activation energies for the tA F¢ electron transfer in the unidirectional
model might be associated with different dizitions of the charge among the four iron
atoms of k. It is known from NMR experiments that the dynamics of the charge
distribution is strongly temperature dependant] simple calculations of the electrostatic
energy suggest that changes in the charge distribution could have a significant impact on

the rate of electron transfer from £ K.
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At room temperature the changes in fipectra from the W and S mutants (Fig.
5.11) mirror those at low temperatuiies.,, mutations in PsaB have no effect on the
patterns, while those in the PsaA result in clearly visible changes. Therefore we conclude
that the spectra at room temperature are also dominated by radical pairs generated by
electron transfer along the PsaA-branchiti€ experiments reveal a component of
electron transfer from Ato K with a lifetime of ca. 10 ngnd it has been proposed that
this corresponds to electron transfer in BsaB-branch (Brettel arigtibl, 2001). Thus, it
is important to consider the influence @ich a kinetic phaseamld have on the room
temperature transient EPR data.

Although the nominal time resolution of otransient EPR spectrometer is in the
range of tens of nanoseconds, the sgymamics of short-livedprecursors has a
significant effect on the transient EPR spedfasubsequent radical pairs. Indeed, the
influence of singlet-triplet mixing in the ipnary radical pair on a timescale as short as
600 ps has been observed in reaction centegsesn sulfur bacteria, heliobacteria and
purple bacteria (van der Egtal., 1998; Tanget al., 1999; Hulseboshet al., 1999). In
PS | complex, the lineshapes and relative amplitudes of the early and late spectra are
sensitive to the presence of a fast kineticsghaf electron transfer to the FeS clusters
(van der Estt al., 2001) and recently, the contributiontbe spin polarization patterns of
such a phase was calculated (Kandrashkin 2008 .simulations indicate that although a
minor fraction of fast electron transfer abserved optically cannot be ruled out, the
experimental spectra from wild-type cyanoteial PS | complex show no clear evidence
for the presence of the 10 ns phase. Thus, the room temperature spin polarization patterns
presented in Fig. 5.11 suggest that the majority of electrons proceed along the

PsaA-branch under physiological conditions.
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SUMMARY

Data presented in this chapter suppttt hypothesis that forward electron
transfer in wild-type PS | occurs predominately through the PsaA-branch of cofactors
under physiological conditions. In contrasackward electron transfer proceeds through
both branches. The presence of the two quinoneadifferent environments results in

functional asymmetry oélectron transfer.
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FIGURE LEGENDS

Figure 5.1 Two phylloquinone binding sites indhinterface of PsaA/PsaB heterodimer.
The guinone molecules are depicted in yelldieks, left side corresponds to the PsaB-
branch, right site corresponds to PsaA-bhamamino acid residues discussed in the text
are W677 (PsaB), Sr672(PsaB), R674(PsaBB97(PsaA), S692(PsaA), R694(PsaA).
Amino acid residue W673 (PsaB), which does have a counterpart on PsaA-side is
also shown. (pdb entry - 1JBO0)

Figure 5.2 Absorbance changes at 820 nm in the PS | isolated from W677F (PsaB) and
W697F (PsaB) mutants and wild-ty@gnechocystis sp. PCC 6803. The decay kinetics
were fitted to the multigoonential decay, the residualstbé fits are shown on top of the
each transient Sample conditions were as follows: 50 pg chlorophyihr8s mM Tris,

pH 8.2; 0.02% DM, 10 mM sodium ascorbate, 4 uM DCPIP

Figure 5.3 Q-band CW EPR spectra of photoaccumulatedil@AW677F (PsaB) and

W697F (PsaA) mutants and wild-typ8/nechocystis sp. PCC 6803. EPR settings:
microwave power, 1 mW, modulation amptiey 1G, modulation frequency, 100 kHz,
temperature 205 K. Dark-adapted PS | comexere illuminated for 40 min inside the
Q-band resonator (see Materials and Methadts)k background was subtracted from the

resulted spectrum.

Figure 5.4 Absorbance changes at 820 nm ia #S | isolated from S692C and S672C
mutants and wild-typ&ynechocystis sp. PCC 6803. The decay kinetics were fitted to the
multiexponential decay, the residuals of tite &re shown on top of the each transient.
Sample conditions were as follows: 50 ug chlorophyltimi25 mM Tris, pH 8.2; 0.02%
DM, 10 mM sodium ascorbate, 4 uM DCPIP

Figure 55 Q-band CW EPR spectra of photoaccumulatedilAS692C and S672C
mutants and wild-typ&ynechocystis sp. PCC 6803. EPR settingaicrowave power, 1



199

mW, modulation amplitude, 1G, modulatidrequency, 100 kHz, temperature 205 K.
Dark-adapted PS | complexes were illuminated for 40 min inside the Q-band resonator

(see Materials and Methods), dark backgrowad subtracted from the resulted spectrum

Figure 5.6 Absorbance changes at 820 nm in @1 isolated from R674A (PsaB) and
R694A (PsaA) mutants and wild-ty@ynechocystis sp. PCC 6803. The decay kinetics
were fitted to the multigponential decay, the residualstbé fits are shown on top of the
each transient The decay kinstiwere fitted to the multiexpongal decay, the residuals
of the fits are shown on top of the each transiSample conditions were as follows: 50
g chlorophyll mftin 25 mM Tris, pH 8.2; 0.02% DM, 10 mM sodium ascorbate, 4 pM
DCPIP

Figure 5.7 Q-band CW EPR spectra of photoacalsed semiquinone in wild-type PS |
complex. A, semiquinone spectrum obtained by photoaccumulating at 205 K using
standard protocol.B, solid line represents semiquinone spectrum obtained by
re-illumination of the same sample at room temperature for 5 minutes (sealbiet);

line represents spectrum of semiphylloquinoadical in methanol (reductant - NagBH

Figure 5.8 X-band (top) and Q-band (bottom)isppolarized EPR spectra of PS |
complexes from the W697F (PsaA), W677Kk4B) mutants (solid spectra) compared
with wild type (dashed spectra) at 80 K. The spectra are dugd@ P and have been

extracted from the full time/field datasets toyegrating the signal intensity in a time
window from 152 ns to 1520 ns following theséa flash. Note that the field axes are
different for the X-band and Q-band specarad that the spectral width at Q-band is

much larger. The experimental conditions giken in the Materials and Methods section.

Figure 5.9 X-band (top) and Q-band (bottom)isppolarized EPR spectra of PS |
complexes from the S692C (Psa&672C (PsaB) mutants compared with wild type at
80 K. All other conditions are as for Figure 9
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Figure 5.10 X-band spin polarized transient EPR spectra of PS | complexes from the
R694A (PsaApnd R674A (PsaB) mutants compared with the wild type at 135 K. The

spectra are due to,dg'A;” and are the integrated signal intensity in a time window 0.8 us

to 1.6 ps following the laser flash. The expwntal conditions are given in the Materials

and Methods section.

Figure 5.11 Room temperature transient EPR spectra of PS | with point mutations in
PsaA (left) and PsaB (right). The spectra are due7tgMR (E/A/E pattern) and

P00 FeS (emissive spectrum) and have been extracted from the time/field datasets by
fitting the individual transients. The solid curves are from the mutants and the dashed
curves are the corresponding spectra fromd-type PS I. Top left W667F (PsaA), top
right W677F (PsaB), middle left S692C (R$amiddle right S672C (PsaB), bottom left
R694A (PsaA), bottom right R674A (PsaB).

Figure 5.12 Pulsed ENDOR of 8,'A; state in PS | point mutants. Top (a): The W697F
(PsaA) (solid spectrum) and W677F (Psd8ashed spectrum) mutants compared with
wild-type PS | (dotted spectrum). Bottom (b): S692C (P9aald spectrum), S672C
(PsaB) (dashed spectrum) mutants compared with the wild type (dotted spectrum). See
Materials and Methods for tils of the pulse sequencemd other experimental

conditions.
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Figure5.1
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Table 5.1 Kinetic Analysis of Flash-induced Absorbance Changes Attributed to A
Reoxidation in Whole Cells

390 nm 400 nm
tau(rel.ampl.) tau(rel.ampl.) tau(rel.ampl.) tau(rel.ampl.)
WT 10 ns (0.400) 300 ns (0.600) 11 ns (0.335) 340 ns (0.664)
PsaA W6E97F n.d. n.d. 12 ns (0.268) 1200 ns (0.732)
PsaB W677F n.d. n.d. 29 ns (0.382) 384 ns (0.618)
PsaA S692C 15 ns (0.350) 1340 ns (0.650) 14 ns (0.375) 1140 ns (0.625)
PsaB S672C 13 ns (0.380) 214 ns (0.620) 15 ns (0.414) 240 ns (0.586)

PsaB R674A 14 ns (0.298) 1300 ns (0.702) 12 ns (0.320) 910 ns (0.680)

n.d. : not determined
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Table 5.2 Kinetic Analysis of Transient EP$pectra at 260K and room temperature

Room temperature 260 K
WT 240150 ns 840+50 ns
PsaA W697F 520450 ns 1820+50 ns
PsaB W677F 240450 ns 840150 ns
PsaA S692C 920450 ns 3020+100 ns
PsaB S672C 240150 ns 840+50 ns
PsaA R694A 41050 ns n.d.
PsaB R674A 460150 ns 110050 ns

n.d. - not determined
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Chapter 6

Concluding Remarks

The work presented in this dissematiexpands understanding of the electron
transfer in PS 1. Specifically, the structure and function of the aBceptor of
cyanobacterial PS | are studied in detailp&xments in chapters 3, 4, and 5 firmly
establish a functional difference betweentihie quinone molecules. Investigation of the
plastoquinone-containing PS | (chaptersafd 3) determines unambiguously that
plastoquinone-9 functions as an; Aacceptor in the absence of phylloquinone.
Furthermore, quinone substitution experimentafter 4) demonstrate that a variety of
naphthoquinones and anthraguinonesstarcessfully bind to the /sites and function as
efficient electron acceptors.

Results of chapter 4 also demonstrétat various quinones can be directly
assembled into the jAsite in vivo. However, only a smalfraction of the potential
substrates of the phytyl transferase has begrlored. It can be expected that more
comprehensive work will be done in thisear because the broad substrate range of the
phytyl (and potentially methyl) transferas@yides an attractive opportunity for biogenic
synthesis of exotic, substituted quinonoid compounds.

Findings presented in chapter 5 suppoe ktypothesis that electron transfer in
cyanobacterial PS | is asymmetric. SpecificatBsults of EPR and optical spectroscopic
measurements demonstrate that most of the electron flow proceeds through the PsaA-
branch of the cofactors.

Firstly, to establish definitely the directionality of the electron flow in
cyanobacterial PS | it is necessary to look atelectron transfer ahe onset of charge
separation. Part of this work is ongoing professor Golbeck's laboratory through the
generation of the site-directed mutants in the vicinity of akd the connecting
chlorophylls.

Secondly, even more caution needs toekercised when we one discusses the

directionality of the electron transfer in gg | reaction centers in general. Although
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substantial evidence is presented here #dattron transfer is highly asymmetric in
cyanobacterial PS 1, this might not be the case for heliobacter@il orobium (Type 1)
reaction centers. To investigate directionality fully, a model which assigns functional and
physiological significance to bidirectionalersus unidirectional electron transfer is
required. Construction of such a model wouldolve cross-species studies of the origin

and evolution of the reaction centers.
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