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Photosynthetic oxygeh evolutibnvoccufs in‘thé thylakoid
membranes of chloroplasts as a result of water—splitting;
which provides electrons for carbon'dioxide assimilation in - i
plantsawaheﬂcg;rently%aggeotgd,quel of Qxyggn,evglgﬁignL,tiggfﬁoh;;;
S state hypothosis,‘fequiros the generation and oooperation of\ 7
‘four photochemically—fofmed oxidizfng equivafents-in |
individuél photosystem II reéction centers. The major W,_% o
evidence for this ﬁodel‘involves a lihear four step -
oscillation in okYgen eOolution observéd during a series of
saturating'light flashes.

Oxygen exchange (evolution and uptake) was measured in
marine algae using a2 bare platinum electrode in direct contact

~with the sample, and a silver/silver chloride counter.

»

electrode. Illumination of dark-adapted algae with fiQe
microsecondrsaturatiog lightrflashos oroouood o ohoroc£o£iotio
series of oxygen reduction current pulses at fhe‘platinum
electrode. A "pile-up" of oxygen pulses was'observed in
- marine algae Qhen the decay time of thé oxygen pulse.wo;
longer than the time interval between flashes.

These partially resolved experimental oxygen exchangé\\>

pulses for the green algae, Ulva gpecjes, were numerically

deconvoluted by fitting the experimental curve with the sum of

time-shifted single pulses derived from the shape of the pulse
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: o .
. . ‘
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due t;\the th{rd fiésh,ﬁpfégihg'd;namic linearity of the
electrode system. »By?determining the amé ﬁt of 6xygéh
preduced on the third flash, mulfiplés of the reference curve
were used to quantify the amount of oxygen produced for eachr

flashiyn,the flash sequence.

~ ¥ Plotting the oxygei. yield as a function of flash number .

ied to:the familiar four step;bsciliatary pattern 6f oxygén
exchange for Ulva. However, this oxygen exchange is a
composite of axygen evolution ané endogenous oxygen uptake iﬁ
the algae. Eliminating'ﬁhe oxygen‘eVOIUtion ?bmbonent and
subtracting the resultant oxygen ubtake from /the oxygen

exchange curve yielded the corrected oxygen /evolution flash

» sequence. This_showed'a similar four step osciilatidd, but

with‘negligible damping-over the first three oscillations.

- Ambient oxygen concentration affects /oxygen exchange in
Ulva. Oxygen uptake does not occur. under anaerobic

conditions, but oxygen evolution in is reversibiy and

partially inhibited.
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CHAPTER 1. INTRODUCTION

Oxygen e&olution is an integral component of photosyn-
thesis in green plants, algae, and thercyanobacterih;-_Stﬁdiés
of bxygen evolution in isolated chloroélasts and plantS'habé
contributed‘gteatlytotheknowiedgevOf phdtosynthéticwproegg-—u77ﬁ~¥—
seS (Emerson and Arnold, 1932; Joliot and Joliot, 1968; ka et
al., 1970; Joliot et al., 1971;,forbush et al., 1971; Radmer
and Cheniae, 1977;'Jursinic, 1981). &;;ever, the nature of’ ' w;ffi;
the oxygen—evolving coﬁplex (OEC) and the detailed_mechahism
of oxygen evolution in plants is still léégely unknown.

Research on photosynthetic oxygen evolutién'neceSSarily

encompasses several scientific disciplines, such as physics, e

electrochemistry, plant biochemistry, and plant physiology, :
A A S

 which are essential to the interpretation of O2 exchange

measurements. An-overvigg of phofpsynthes;gwyiq}ipgtprgégntgd
first( in order to present the scope of O2 evolutionAand up-—
take within the field of photosynihesis before discussing the
subject of study in Sec. 1.7. A detailéd discussion of the
oxygen—evolving coﬁplex and the currently accepged models for

O2 evolution and uptake will be presented in Chapter 2.
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1.1 Photosynthetic systems

Photosynthetic bacteria, algae,Aénd green'plénts_absarb
the electromagnefig enérgy,gf suniight and.cdnvert'it to
~chemi¢a1 energy in the form of high energy bonds in adendsine
triphosphafev(ATP)>and reduced (protonated) nicotihamider
adenine dinucleotide_phoéphate(NADPH).°AIPandﬁABPHare'r‘l"‘
ubsequently used to anagglize CO2 to carbohydrates. \In the
photosynthetic process in plargts and?cyanobacteria, Hzo is.
the initial electron donor for electron-transport. |

VThe ability to oxidize water and evolve‘holecular“oxygeﬁ
is unique to plants, alg;e, ahd the cyanobacteria. The early
work of Eherson (see Emerson, 1958) led to the diécovery ofv

two distinguishable pigment systems within the photosynthetic

- apparatus, and the detepmination'that photosynthesis in these

P S R ~5

organisms reqﬁires the cooperation of two light reactions from
Photosystem I (PS I) and -Photosystem IT (PS II) (Hill and
Bendéil, 1960;‘Duysens et al., 1961; Kok and Hoch, 1961). _The
two reaction centers of PS I andrPS II (feferred to as P.,,

and P respectively) are connected in series by electron—

680
and proton-carrying components. Reaction centers are denoted

by the letter P (for pigment) and the wavelength of maximum

absorption of its lowest electronic transition, i.e..L 700 nm

for PS I and 680 nm for PS II. ' ' o e
the funct;on of PS I is t§ generate a reductant in the

form of NADPH, while the function of PS II is to provide the



oxidizing powef neceSEaffifetrwater;splitting and to transfer

electrons via electron carriers to PS I. Photosystem II photo—

reactions remove electrons and protons from water, transfer

electrons through'the,electerrtranspbrt chain to reduce the

- PS I reaction centers, and yield molecular oxygen as a _by- ;

product. The NADPH and ATP molecules generated by light are

then‘used to reduce CO2 to carbohydrates by -a series of dark

reactions called the Calvin cycle.

Photosynthesis in all'photosynthetic org{giSms consists of

‘the following processes (after FoYer; 1984):

Light’ absorption:

(referredtoasalight—harvestin%7complexorLHC)that

»
N

~

The first step in photosynthesis is initiated when light

is absorbed by an array of antennae,pigmeqt;ﬁolecules

are embedded in lipoprotein membraﬂes (Junge, 1977). -Some
of the energy absoreed by the pigment ﬁoieeuieewisrtnahs?
ferred to a reaetioh center associated with either PS I of
PS II that contains a type of chlerophyll molecule in-a

special environment..

Charge separation:

The -absorption of a photon by a PS I or P?iiiipeectiogﬁ

center chlorophyll molecule results in excitation of the
molecule and the loss of an electron to an adjacent -

acceptor molecule (either a pheophytin or another



chlorophyll mglggg;g)iiizp}s initial charge separation is
the'first chemical change in the reaction sequence of

photosynthesis (Sauer, 1979).

Electron transport.

s

The oxidized PS iI reaction center chlorophyll becohes

-

reduced bY”EGCEptiﬁg'aﬁ7éléctfdn'frdm'én’dxfdizabrémsuﬁ:"
strate su%? as Hzé. ?he electron derived from the
reaction center chlorophyll is removed from the feaction
center by the primary electron acceptor. The transfer of T
electrons via the électréh-frénsport chain is coupled. to -
the accumulatidn of protons which fécilitates the syn-

thesis of ATP (phosphorylation) by a mémbrane—bound4ATPase

(Avron, 1981).

Energy‘storage.
The chemical eﬁergy obtaihed,from sunlight by,the,iight
re;céions of'photosynthesis is stored in the form of high
energy bonds of nucleotides (ATP tjpe) andwin the reducing
power of NADPH. ATP and'NADPH are used to-synthesize
organic compounds QZ; carbon metabolism (Robinsoh andt

Walker, 1981).

In green plants and algae, photosynthesis occurs im sub- "
cellular organelles called chloroplasts (Fig. 1.1) which have

a double .boundary membrane jpferred to as the chloroplast



/o
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A

envelope. The area iﬁg;qgmphgﬂenvelope;'Called the stroma,

/
/

conta%ps the enzymes/

/

necessary for carbon metabolism. Within
the stroma are innef membranes conSistihg;of flattened sacsAori
discs, called thyLékoidgi_ Each chloroplast .contains apprdxi—

/ .
mately 103 thyla@bids, each on the order of 500 nm in diame-

/

ter (Witt, 1975). In higher plaqts, these are often arranged

in stacks knowp as grana, which are linked by hollow tubes

called stroma/lamellae. This interconnected thylakoid mem--

separates /the components required for the light and dark
reactiong of photosynthesis. ' The process of photosynthesis

willwbe/disgussed in the following sections.
A B ’

/ /
/ . R b,

/1.2 Light absorption and the transfer of energy

V'The phofdsynthetic pigments, associated with proteins in a
light-harvesting complex in the thylakoial&émb;ane,facilitate
| the absorption of ligﬁt. Each thylakoid contains approxi-
mately 105 pigment moleculgs (Witt, 1975), largely the
primary photosynthetic pigment chlorophyll, carotenoids, and

phycobilins. Higher plants contain chlorophyll-a and chloro-

JE R e - - . - S SN

phyll-b, while algae may contain other chlorophylls (c and &),

in addition to chlorophyil—a. Chlorophyll and the various

—

accessory pigments have absorption maxima at different



--ba

Fig.

1

.1

lamellae.

“Diagram of a higher plant 6r green algae

chloroplast (after Salisbury and Ross, 1978)

i

£

system comprised of lipids and® teins. The outer
membrane serves as a physical barrier between the
chloroplast and cytosol, while the inner membrane

controls molecular traffic into and out of the

‘chloroplast. The internal membranes of the

chloroplast, which contain the photosynthetic
pigments and associated proteins, are referred, to

as thylakoids (stacked to form grana) or stroma

The chloroplast is surrounded by a double membrane

These meﬁbranégwgifénd'EH}6ﬁ§h6u£rthe
chloroplast matrix (stroma).
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Fig.

1.

z.

Diagram of a thylakoid

This modei of a thylaknid niembrane sho;; thev

components of a phbtosynthetic systém. ’Each‘ o .
thylakoid contains approximately 260»electron A

. transfer chains and their associated pigmgnt

) ”éomplexeS"(Hif?}miQ?Sb)}"Tge'PS”If*and*PS*I"Qf'”""*"*“*4"*4

reaction centers (P680 and P700) are situated

near the intrathylakoid space. Thé primary

acceptors for both photosystems are located near

the stroma side of the membrane (Witt, 1979b).

Symbolg:

" PS I, Photosystem i; PS iI, Photosystem 11; NADP,

HAEed;Anamide adenine diﬁuélééfié;r;hégéhgie; QA’
the primary eléctron acceptor;”QB,rthgrsgcondary
’electréd acceptor; PQ, plastoquinone; FNR,
ferredoxin-NADP reductase; Fd, ferredoxin; Pd,
plastocyanin; Fd-Th-red, Ferredoxin-thioredoxin
reductasg; CF1 ané CFO' coupling factor
components; ADP°(ATP), adenine di(tri)nucleotide
phosphaté; éyt 96’ cytochrome b6; Cyt £,
7cytoChrome‘f; Fe-5, iron-sulfur compound; Pi’ i
phosphate; ﬁ’ lipid molécule Fin thylakoids, the:

lipiad molecules are mainly galactolipids.
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wavelengths, ranging from 400 nm to 1100 nm. In higher

plants,,absorption peaks in both the blue (approximately 435

nm) and red (approximately 680 nm) portione of the spectrunm.
Approximately 99% of the chlorophyll molecules in the
photosynthetic membranes absorb light and channel excitation

energy to the PS I and PS II reaction1center5‘(Sauer, 19‘15r

These antennae chlorophylls are associated w1th accessory,,fﬂﬂ

pigments, such as carotenoids and phycooiliproteins, in a
light-harvesting complex (Fig. 1.3). In'green plants and
hgreen algae, antennee pigments are primari;y”ghlorophylls |
(Fig. 1.3a), while cyanobaéteria_end'the red algae contain
speciaiized u@its called phycobilisomes which Efe composed‘of
eeveral different types o;.pighents (Fig. 1.3b). The light-
harvesting complexes are in close proximity to the reaction

centers and.electron transport chains. Approximately: 500-600

~antennae pigment molecules ‘are assog;ated with each electron

transport chain (Witt 1975). The set of antennae molecules

— - —

related to each electron transport chain is often referred to

as a photosynthetic unit (PSU).

A small oercentage of the total chlorophyll molecules,
oftenvfound in dimers (Katz et al., 1979), are bound in
special environments where they form the reaction centers or

- . H . 7 — - - ‘
traps for‘the absorbed energy LPBBO and P700). The PS II
reaction center, QGBG’ has been suggested to be elther a di-

nerig.chlorophyll—a aggrégxfe”Tden Blanken et al. 1983) or a

~
.

monomeric éhlorophyll—a molecule (Davis et al., 1979). The
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: ps I1 reaction center P

- PS II Pight harvesting complex of a green alga.

o -

-(after data by Nakatani 1983a, Green and Camm;

1984 Nakatanl‘et al.; 19845 and a cyanobacterium “ '

dr~;ed alga (after Gantt et al 1976)

o
" .

= v - 3
.
- ” ¢

e . ) A'“e

The photosystem II (PS'II) light harvesting complex

- e

(LHC? in.green algae (Chlorophyta) is asSociatedW;ﬁfy

with the reactlon center polypeptlde containlng the

A Lt e

680 .

tron donorl,eQA (the prlmary electron acceptor),

Z.(the pnlmary elec~'

P

and PHEO (pheophytln) | The.llght enerdy absorbed

AVE N

in the LHC 1s tfansferred to p680 v1aﬂresonance%\

' energy transfer (Forster,_1965) ’ FluoreSCence L

occurs from ‘the antenna chloropnyll molecules ‘and

from the back—reactlon QA - p680': o fl; T Er'

L7 - - »

a a ~

o

The PS II llght harvestlng c0mplex for red algae

(Rhodophyta) or cyanobacterla contains pigments

embedded in a phycabllisome-(Gantt and Conti, 1966)
~ s v -
attached to the thylak01d membrane as shown for

Egnnhznldlnm cruentun. Energy transfer ie from ——.
phycoerythrin to phycocyanin to allophycocyanin to

chlorophyll a: (CHL) The‘proteln at the center oﬁ

the phycobillsome is most 1ikely inuolved in an-

choring it to,the;membrane:(Gantt etval., 1976). - .
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‘reaction centers a;ethesites‘eﬁthe'{n%%rakphotechemfﬁik‘*

events, whidh will be discussed in Sec. 1.4. |
'AbSOrptionlbf a photon by a pigment molecu1e>causes an

electronic transition from its molecular ground state tqran

excited state. eThe'ground stafe of chlorophyll molecules is

ES

generally the singlet state and thus excitation energy ab-.

sérbedrin fhe 1i§ﬁf—h§?§e§fiﬁ§ complex prdaﬂééé théwfigsf or
second excited singlet state. TQi; occﬁrs on a time scale of
10—15 s (Govindjee and Govindjee,'1974; Pearlstein, 1982).
nThis_excitation energyvcad be transferred via exciton migra-
tion or‘resonancé ener;; transfer through the anﬁenna system
to a reaction.cehtgr ({Franck and Tgller, 1§38; Férster, 1965) ?m\
or be aissipated as light or heat. The loss of the acquired

energy-as light occurs through two different phenomena,

fluorescence and phosphorescence. Fluorescence refers to S

emission of light that accompanies allowed radiative tran-

sitiong from singlet excited states; these emissions usually -
haveﬂlifetimes less than 10“8 s. Radiative de-excitations

from longer—liQed metastable statesl(i.é triplet states) are -
referred to as phosphorescencel However, due to the orienta4~ Vﬁg;’
tion of the light—harvésting complex with respect to the

reaction center féee Fig 1.3 for PS II LHC), transfer of

energy tﬁrough the pigment array is very’éfficient (~98%)

(Danks et al:, 1983). Fluorescénce from the antennae 5&§ﬁénté"

is referred to as O-level or non-variable fluorescence.
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1.3 Cﬁarge separatiéh éﬁd the electron transportschain,

Excitation energy is extracted_from the lighf-harvesting

complexv(LHC) by thgxreaction'center chlorophylls (Psao'or

700

P ). Energy trénsferred from the antennae pigmehts to the

reaction center chlorophylls elevates the reaction center
pigment to an excited state (PSBO;‘or P700*); Thg chloro-
phyll'molecule relaxes to its lowegt excited state before a.
chemical change occurs. WEEpin picosecongi of fhe eiectronic
transition, an electron of the excited reaction cgpter is
captured by an adjacent'accéptor molecule (A), which is then .
reduced (A ). The acceptor molecule A:-is benerally a

dimeric chlorophyll (PS I) or pheophytin (PS II) (Féyer,

1984).
I

*Tﬁé"Biiaiiéa’PS*II"reactioh ce‘“nter‘(P680 )”iS”E“Efféhﬁ
oxidaht which then captures an electron from the primary'
donor (2) and féturnsrto its grbﬁhd:étater(Pgaoj lééQinQﬁZ B
in an oxidized form (2'). The oxidized primary donor, z*,
obtains an electron from the oxidatiqn of H20. Water oxida-
tion and donation of eleétrons to P680+ will be-discussed
in Sec.'2.3.‘ The electronvremoved from p680 is rapidiy

transferred to a second electron acceptor and then through a

chain of carriers that are situated acfoss Fpg meWbréng Elgc—

trons removed from P680 are transferred to a plastoquinone
(PQ) pool which reduces the oxidized PS I reaction center

+
700 -

3

chlorophyll (P
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a —

- The ser;es of electron transfers that occur in the light

reactions of photosynthesis are represented .by fhe Z-schemé

(Hill and Bendall, 1960) as shown in Fig. 1.4. .,

1.4 Photophosphorylation = e

The floﬁ of electrons through the electron transpert chain
is coupled to the synthesis of ATP ﬂArnon et él., 1554; C e
rFrenkel,'1954; Foyér, 1?84). Thé membrane-bound enzyme
comp}ex responsible far the synthesié of ATP is ATPaSe or ihe
_ coupling factor (CF) (Mitchell, 1976; McCarty, 1979) . The
chloroplast cqupling factor is a re;ersible, 1ight¥a¢ﬁivéted

ATPase that has two distinct components, a hydrophilic protein

complex, CF,, and a hydrophobic protein éahpiei;QC§bW(sée (
Fig. 1.2). The protein complex, CFO, spans the thylakoid

membrane and forms the binding site for CFI; which projects“

- into the stroma. The sité of 'ATP synthesis is located in

A -

CF while CF_ contains a protdn chgnnel for translocation

1’ 0
of protons across  the thylakoid.memb;ane (HcCarty and Carmeli,u
1982).

"There are two sites of proton uptake on the stroma side of.

the thylakoid membrane and two sites of proton release into
the intrathylakoid space. Protons arg'takén uprfrom the

stroma by the reduced plastoguinone pool (PQHzi‘and by the

proton-binding terminal acceptor, NADP'. Protons are released
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The 2 scheme is a model of Péj{iénd PS II linear

-

-~ | electron transfer given in terms of the redox

pdtentials of the electron carriers. (Hili and

Bendall, 1960). Electron transfer (indicated by

' - . " = ' e
Fig. 1.4 The,Z,scheme”ofuphotosynthesis;LaftetE%pbay;g;gﬁsgg;glggggﬁgi

solid lines) is coupled with proton translocation -

(dashed lines) across the thylakoid membrane.
Elmhgli=

M

active site of theroxygen—evolving complek'

Z

primary electron donor to PS II (still unknown)
PHEO = pheophytin

~Qy and Qp = protein-binding quinones .

PQ PCOL = plastoquinone pool
Fe-§8 = an,iron—sulfurrproéein“
CYT = cyt§chrome : o
PC = plastocyanin

Chla = chlorophyll a

FDX, FD,. FDy = iron-sulfur proteinsnibound
: . : ferredoxins)
FDg = soluble ferredoxin |

- FP = ferredoxin-NADP-oxidoreductase
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into the ihtrétthékbidigﬁéééﬁby oxidation of H20 and oxida-
tion of the'PO pool. Plastoquinone ser;es as a "profon
shuttle" which results in two protons translocated from the
stroma into the thylakoids for eQer? two electrons transferred
througﬁ the elecf?dh'transport chain (Trebst, 1978).

Charge separation generates an electrochemical potential

difference AY and a localized electric’ field (Witt, 1979b)

across the membrane. The translocation of protons in response

. to the electrochemical gradient generates a pH gradient”across

the membrane (ApH) which produces a conformational change in
the coupling factor (McCarty, 1979; McCarty and Carmeli, 1982;
Oort and Melandri, 1982). Both AY¥ and ApH‘drive ATP synthesis

by "pumping" protons thréugh a proteolipid channél in CFO.

This causes a structural transformation in the coupling factor

complexv(CFd~CF1), converting'CF1 into an ATP-synthesizing

system. The ApH produced contributes éighifiéénflyito Ehe

driving force fof'photophoSphorylation, the protoﬁ motive

force (pmf):

pmf = Ay - 2.3 RT ApH : 1.1
| - .

@

where F is Faraday's constant, T is témpétéfﬁfé'TKélVin),*R"is
the gas constant (8.31 J/mole/K). This is the potential avail-

able for the synthesis of ATP by the chloroplast coupling

2



 factor CF,-CF.. At 25°C, 2.3RT/F has a value of 59 mV.

15

N

0 1 ,
The‘synthesis of ATP froﬁ ADP is a dehydration reaction:

ADP + P, - ATP + Hyx0 | . | 1.2

where Pi refers to a phosphate group, P94W£§£t99:9h95993t3);;,
Duriﬁg photosynthesis, the H+ and;OH— iohs are separated as
soon as they are removed from ADP and Pi due to the light-
generated pH gradient across Fhewpeﬁbr9dé and water does not -
actually form. This ensﬁfeg thaflangexcess of H+ ions are
present inside the thylakoid membrane relative to outside the
membrane (which is alkaline). Thus, the synthesis of ATP
continually nehtralizes the pfoton gradient that is generated

by electron transport (Foyer, 1984). ) S,

1.5 Carbon Fixation

The énergy stored in the phosphate linkage of ATP and in
the reducing power of NADPH is utilized and consolidated in
the dafk reactions of photosynthesis. The energy temporarily

stored in these compounds is used to drive the fixation of

CO2

/‘1 .
via the Calvin cycle (Benson and Calvin, 1958; Calvin and

tqurdduce carbohydrates im the stroma of chloroplasts,

Basgham, 1962) and to power biosynthetic reactions of the cell

H

in the light.



J

The Calvin cycle, as it occurs in chloroplasts, is shown

in Fig. 1.

molecules

‘molecules

give rise

- taken out

5.

of

of

to

of..

Six carbons (in the forﬁ of COZ) react with 6
ribulose 1,5 bisphosphate (RuBP) to form 12
glyceraldehyde 3-phosphate (G3P), two of which
one molecule of gfugose (CgH 1,0, which is

théwcycle+,ﬂTwelvewmolecules,ofﬁHZOﬂare,addedfghﬂfﬁmggg_

i'nto the cycle which are not shown in Fig. 1.5.

The first enzyme in the_cycle, RuBP carboxylase, reacts

with COZ'

The enzyme catalyzeé a two-step reqction and has

a high affinity for COZ’ but a{{;w affinity for HCO3 . This

enzyme is present in the chloroplast in large quanfities. It

represents at least 15% of the tbtal chloroplast protein and

may be bound to the outer sur face of the thylakoid membrane.

RuBP carboxylase is allosteric and its enzymat}d activity is

controlled by light intensity, oxygen concentration, pH, and

various metabolites. This enzyme is the main controlling "

factor of the Calvin cycle and also plays a role in photo-

respiration, which will be discussed in Sec. 1.6.

- a

Each molecule of CO2 fixed into glucose (1 complete

cycle) requires 2 NADPH and 3 ATP molecules. The overall

reaction for the Biosynthesis of 1 glucose molecule is:
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B
X

Fig. 1.5 The Calvin cycle (after Lehninger, 1982).

The conversion of CO2 into glucose during

photosynthesis is represented by -the Calvin cycle

AN

3PG 3—phosphoglyderate

1§

G3P glyceraldehyde 3-phosphate

DHAP = dihydroxyacetone phosphate

FDP fructose 1,6 diphosphate
Z} . F6P = fructose 6—-phosphate
G6P = glucose 6—phosbhaté

E4P = erythrose 4-phosphate

*”mﬂ”*ﬂW"XSP"=wxy1dlose”5=phosphate”"" e -
SDP = sedoheptulose 1,7}phosehate
S7p = seddheptulose 7-phosphate

ribose 5—phosphate‘

RSP =
RuS5P = ribulose 5-phosphate
RuBP = ribulose 1,5-bisphosphate

P, = phosphate
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© 6 RuBP + 18 ATP +

~

LZ¢NADEH—imlzﬁHigiﬁ64C024i4l24H7044491+3444;;f

— C_.H,,O0. + 6 RuBP + 18 ADP + 18 Pi + IZ:NADP+

1 761276

The net réaction’of carbon ;ixétion is:

6,CO2

———4:T C._H,,0,. + 18 ADP + 18 Pi + lZ'NADP+

6 1276

» _

T.*

+ 18 ATP + 12 NADPH + 12 H' + 12 H

P T — .

>

1.6 Photorespiration

.

Respiration is an ATP—generating:process by which meta-

bolites are ouxidized by an inorganic compound, such as mole-

-

cular oxygen. In the dark, this occurs in the mitochondria of

plants, ﬁhich are subcellular organelles that contain the -

R

enzymes necessary to catalyze'tﬁe oxidation of organic cell

nutrients (i.e. carbohydrates). In the mitoch;ndria, NADH and

CO, are produced by the tricarboxylic acid cycle and NADH is

2

then reoxidized by an enzyme in Ehé electron transpoft chain

¥

are passed by the chain to reduce O, to give H,0. 'The trans-

fef of electrons from NADH to O

lation of ADP to ATP.

(Stryer, 1981). The electrons obtained from this oxidation

2 is coupied to the phosbhory—

iy

[ . £ - N
Under normal conditions,.mitochondrial

respiration is not dependent to any extent on Ozhconcentration )

since it is saturated at O2 concentrations of 2% (Forrester et .



[ur
0

al., 1966; D'Aoust and Canvin, 1974).

2 uptake in plants and algae is super-
- ' e~ cunihugi

released from the photosynthetic oxidation of H20.

a ' . : .

evolution during photosynthesis is generally

In the light, net O

ceded by 02

The rate of O

2

much greater than™the rate of O, consumption in the dark

2
(Foyer, 1984).  However,; in some'plantéf”the”process”of"photo-“f*4”44
vrespirétioh occuf& in .the light and 6ften exgeeds dark respira-—. 9 ‘
tion by as much as two to three times (Zelitch, 1968; Jackson

and Volk, 1970).Y'This light?dependent respifation is associ-
ated with glycolate biosynthesis in the chloropJaSt and.sub—

sequent glycolat; metabolism in peroxiéomqg,and mitochondrié

(Andrews et al., 1973; Berry et alp, 1978;.Tolbért,k1981).

The process of photorespiration is depicted in Fig. 1.6. In

contrast'to'mitochondrial respiration, photorespiration does

g - — e R - -

not conserve energy, but consumes it. The term photorespira-
tion is often used to refer to all forms of eruptake in the

light. Other types of O, consumption réactions that can.

2
occur in the light will be discussed in Sec. g.é.
Photoreépiration also oxidizes metabolites, releases»COz,.
and requires ATP and NADPH. The majority of 02 consumed in
the light results from_thé oxygenation of RuBP via the oxygen-

ase reaction of RuBP carboxylase:

2+
Mg : .
02 + RuBP — 3-phosphoglycerate + 2-phosphoglycollate 1.5

_./



Fig.

- generated by this reaction is oxidized by Oz‘to’

Photorespiration (&ftePAFéye£T¥¥%§§¥—t

The process of photorespiration involves reactions

that occur in the chloroplaéfs, mitdchondriérsand

s

peroxisomes (which are subcellular'qicrobo@les\that

contain enzymes to form, utilize, and break d¢wn

PR}

i- .

H202).77SeVeralrpféducts'formed d&flﬁE*thEé?é#ﬁ
ration are transferred through the agqueous phase of S

- -

the cytoplasm, the cytosol. ' oo o ;1‘

—3

Photorespiration in chloroplasts results'from the

.

ox&genation reaction catélyzédiﬁy RuBP

carboxylase/oxygenase. Phosphéglyéerate (3PG) (L; -0

CO,. The photorespiratory cycle ultimately .

2

recovers CO2 in the mitochondria.
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Both CO2 and O2 compete’fOr the same active éite on the

membrane, and thus the rates of the two reactions depend on_

the relative concentrations of COzrand o Since RuBP

2°
cafboxylase also catalyzes the oxygenatioh reaction of RuBP,

4

it is often referred to as RuBQ carboxylase/oxygenase.

The rate of photorespiration depends on Oz,concentration

and is absent at low 02 concentrations (Jackson and Volk,
1970; D'Aoust and Canvin, 1974; Cornic, 1974). LPhotorespiraé

tion is initiated when the O2 concentration increases in the

presence of light since 02 is a competitive inhibitor of RuBP

4fcarboxylase. Oxygen is consumed during photorespiration and .

H202 is formed which is metabolized by catalase. Ultimately,

RuBP, the substrate for RuBP carboxylase, is formed. These

pathways are presented in Fig. 1.6.

- The process of photosynthesis generates a strong oxidant .
and a strong reductant. The strong reductant formed in PS I
is reduced, the highly

2 and C02. Ii O2

toxic superoxide anion (027) is formed which reacts readily

can reduce both O

with chlbroﬁlast.cOmpohents. Thié'light—oxygen'tpxiqity

occurs when the supply—olf‘QCO2 isllimited or there is an

excess amount of 02 present (Asada et al., 1977). The over-

all effect of photorespiration is to reduce the O2 concentra-
. — [ . . -

- tion and- therefore relieve the inhibition of RuBP carboxylase, _

allowing reduction of"CO2 rather than 02., Thus, photores-

pirétion is most likely a physiological~defensé mechanism

against light-oxygen toxicity (Bjérkman, 1973; Rsada et al.,

b
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- gas (CO, 6r625 ‘exchange, biochemical isolation of lipid

1977). Under conditions of limiting’CO2 or:excess light
eneréy,_the process of photorespiration wastes ATP and NADPH
vand thus enables'transfer of electrons‘from the PS I reductant

via ferredoxin to NADP This also prevents photooxidation of

chloroplast components by 02“ and other active forms of. oxygen -

\ 1.7 Subject of Study -
. ! - :

°

Many problems still remain to be solved before the mole-

cular mechanism_of‘photosynthetic O2 evolution is fully

understood.  There are many methods available to study this

process, including ESR, NMR, fluorescence, light-induced

" absorbance changes, electron microscopy, mass spectroscopy.

and/or protein complexes, etc However, somé)of the break-

' throughs in this field have come from kinetic studies of O2

evolution in plants and chloroplasts which were illuminated by
brief, saturating light‘flashes (Kok et al., 1970; Forbush et
al., 1971; Joliot et al., 1971). These studies of o2 evolu- N

—tion-have been hampered largely by two problems, the diffi-

culty of separating 02 evolutlon and O2 uptake components,

| and calibration of the electrode system ) e

Two types of electrode systems are currently used for O2
exchange (evolution and/or uptake) measurements in plants or

chloroplasts using a series of brief, saturating flashes. The
_ o,



modulated pelareg%aphic—electfede=0f;&el%etfand—&eiiot—{&968ﬂ——**———*

2

platinum electrode (Chandler and Vidaver, 1970; Swenson et al.,

provides the first derivative of the O, signal,while the bare
1986) provides the current due to Ozﬁreduction at the cathode
as a function of time. Use of the bare Pt electrode has de-

creased in recent.years.'lafgely due to an inability to pre-

ciselyrcalibfakeieﬁiewgyberef éieétroae'QQstQ@;WBLEWAiQQ due
to the fact that it can provide ;ittle information on individ-
ual steps in the photosynthetic process. However, the bare Pf
electrode is a'valuable tool to study the effect ot O2 up- 7
take which occurs in the light and to determine the relation-
ship between ambient O2 concentration ahd Ozlevolutioﬁ.,
Neither of tbesertwo problems ean be studied using the Joliot

electrode, which attempfs.to discriminate between a fast light-

,induced”:esponsemand;anyeslonermlight—inducedﬂresponsesﬁ,WTbeew

- Al

Joliot electrode minimizes, but does not eliminate, an O2 up-

take cempoqentf

The object of thi%'fesearch is to inveetigate'the influ--
‘ence .of O2 cencenbration andrinteenal 0, consumption
,reactions’on photosthhetié Qz evoletion; The electrode
.syStemvgas calibreted, and‘an aftempt,was made to separete the

uptake and evolution components of the 02 exchange measure-

. ments. -‘Different genera and species of marine algae were used
; 7

2% expéfimental‘sé%ples as they may resembie hiéhe;ﬂglggzgiwvmi
\ S | _
with respect to photosynthetic apparatus and reactions, are

easily obtained, and are complete'systems in themselves.

!
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" CHAPTER. 2. THE OXYGEN EVOLVING COMPLEX

Phqtosynthetic oxygenAevéIution is carried out in the
oiYgen-evblving complex associated with Photosystem II. The
componen;sfof'thewoxygen—evolviﬂbWcomplex and-the- mechanism-of————
water Bxidatioh are discussed, beginning with the photochemi- |

cal reactions of PS II. -

2.1 Photogsvstem [L

L]

The primary photochemical reaction of PS II is an electron

——

transfer from the excited PS II reaction center (P680*) to an

R _ — — N - - _ S R

intermediate electron acceptor (Pheo) (Fig. 2.1). This charge

separation (discussed in Sec.‘;.Q) can be written as:

hy _ ,
P Pheo — P Pheo . 2.1

680 680 : . -
where Pheo refers to pheophytin (Klimov et al., 1977). Trans-
“fer of an electron from the lowest excited singlet state of
PSBO* to Pheo is believed to occur within 1 ps (Butler et al.,
1983). The secondary electron transfer stép (FigJVZ.l), which

results in charge stabilizatibn (Eckert and Renger, 1980), can

be depicted as:



accumulation are shown together with the

1985). ' \\

The electron carriers of PS II thgtAundergo

oxidation-reduction reactions and charge

P

approximate electron transfer times.

/

A Charge separation in PS II (after Govindjee et al.,
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Pheo Q — Pheo QA . u ' . 2.2

The primary electron acceptor, QA' is a plastoguinone (PQ)

‘molecule which is assoeiated with an iron molecule, and
‘tightly bound to the reaction eenter pelypeptide; this iron—“
associated plastoquinohewiswdesignated”QAW(Rengerwand"wméwwwﬂmeueﬂé—
Govindjee, 1985). QA is reduced to the unprotonated semi-
guinone anion, QA—' in less thamr 1 ns (Satoh, 1985). This
charge transfer reaction, from P680* to QA, results in - e
forhation of.an electrical pbtent1a1 difference across the
thylakoid membrane (Junge and Wltt 1968).

QA is reoxidlzed by. the secondary electron acceptor,

QQB (Fig. 2.1) which accepts two electrons to form QB

(Bouges-Bocquet, 1973"Velthujs and Amesz, 1974; Velthuys,

”19563. Whlle the electron transfer from Q to Q is slow

(200-300 ps), the electronrtransfer from QA,,?P QB 7te eveniq
slower (0.6-0.8 ms) (Cramer and Crofts, 1985). The reduced
secondary acceptor, QBZ—, is subsequentlylprotonated to form

a bound plastoquinol (Qéh ) which exchanges protons within

2 ms with a mobile plestoqu1none molecule (PQ) The series of
reactions is deplcte with 70% and 30% of the PS II reection'

. centers in either~qﬁ two oxidation states, QAQB or QAQB~"
,’/ . .

. respectively, prior to the first, short (ps) light flash

(Cramer and Crofts, 1982; Govindjee et al., 1985):



E L e hy
70% 0y G5 = Q7 85 — 0y GTH) = 9,7 0T
HY  (stable)
;» Qy QgH, — Q 05 2.3
HY PQ  PQH,
v __ o _ _ _
-+ Dy - -t :
30% - 0, 0 (HY) - — 0,7 0pT(HD) ;e Q, QpH, 2.4
) H* :
hy _ -t
= 9,05 — 9 ;» Q) Qg (HD)
PQ  POH, - . HY . (stable)

On the donor side of PS II, the oxidized PS II reaction

+)u157reducedrby the fédék cdﬁﬁbﬁeﬁfwﬂﬂ(Bébcbék EEV Cj

680
al., 1976) (see Fig. 2.1). Renger and Govindjee (1985) have

‘center (P

suggested that Z is a special plastoquinol (PQHZ) that func-
tions as_a one-electron carrier between the oxygen evolving

complex (OEC) and P The redox couple 2°%/z has been sug-

680°
gested to be PQH2+/PQH2 (Ghanotakis et al., 1983). Electron

transfer from Z to P * is dependent on the oxidation state

680
or S state (S_, n = 0,1,2,3,4) of the oxygen-evolving com-’

plex (Brettel et al., 1984; Schlodder et al., 1985). After

one light flash, electron transfer from Z to P680+ occurs

within 50 ns (van Best and Mathis, .1978).



Electron transfer from the manganese site in the OEC to 2
takes placé in 50—8007ps depeﬁding on the oxidation state of
the OEC (Govindiee et al., 1985). Reduction of p680+ occurs in
20 ns during transitioné,from S0 - S1 and’S1 - 52 and ih 250
to 300 ns_during transitions from 52 - S3‘and 85,4 (Sq) = S0
(Brettel et al.,1984; Schlodder et al., 1984). . Oxygen evolu-
tion'results*from water-splitting in approximatel? 1l ms after
xtpe QEC has ¢yéL§d to its mqst oxidized stite (SQ) (Juﬁge
énd Jackson, 1982; Govindjee et al., 1985)1t A<detaiied dis-.

cussion of O, evolution will be presented iﬁﬁ§ec. 2.4. .

2

B

2.2 The oxygen evolving complex

~2.2.1 Polypeptides

The oxygen-evolving complexes (OECs) of PS II are
localized near the inner side of the thylakoid membrane
(Akerlund et al., 1982; Larsson et. al, 1984) as shown in

-

Fig. 2.2 . Each OEC in the thylakoid membrane acts indepen- i
dently of the others (Kok et al., 1970; Forbush-et al.,
1971). Associated with the OEC are at least seven polypep-

tides. Four of these polypeptides are believed #qﬂpgrq1rect}!

associatedlwith'the active site of the o¥ygen—eVOlving complex
(Govindjee et al., 1985), labelled as 18, 24, 33, and 34 kD

proteins in Fig. 2.2 . The unit of moleculaf weight is a
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-

Fig. 2.2 Model of the oxygen-evolving complekA(after

Govindjee, 1984; Govindjee et al., 1985)

s ! _ ,] ,:,,,,,, [ ',,,, E R - IR oL - S, ,;ﬂ,,,v,,,, -

M = 234 kD polypeptide containing active site for
water-splitting - » .
CYT b55§ =—cytochrome b559

2 = primary electron donor to PS II
RC = reaction center complex

P PS II reaction center

680 ‘ S
'PHEO ’

pheophytin

bA = piimary electron acceptor

LHC = light-harvesting complex
3
Qg = secondary electron acceptor

*

PQ = plastoquinone

A= lipid molecule -

kD = kilodalton; 1 kD(&,l kg/mole

pe)
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dalton- (D), whérgrl kD = 1000 g/mol. The other three

polypeptides are labelled in Fig. 2.2 as CYT bgegr RC, and .

32kD. These p?{{Siftidés can be summariég? as follows

_(Govindjee et 3l.)~1985):

3
L] - ) E

1. 1Photosystém—Ilwreacfién7cen§er polypeptide (47-51 kD)
‘containing a-chlorophyll-a complex (Pssb); pheq—. |
phytin (PHEO), the intermediate electronyaccebtgr; a

: boﬁn;‘plastoquinol, the primary electron. acééptor, B

(QA); and a bound plastoquinol electron .donor (2}~

2. Secondary bound plastoquinol electron acceptor (Qp)

of 32 kD molecular weight

3. Cytochrome byg, with 10 kD molecular weight

q" Intrinsic 27-34 kD polypeptide (labelled in Fig. 2.2

as M; referred to in text as 34 kD) associated with Mn

5. Peripheral, hydophilic 33 kD polypéptide; possibly
associated with Mn (location in Fig. 2.1 .is arbitrary)
6. Peripheral 23-24 kD polypeptide (Akerlund et. al, o ———

1982), referred to in text as 24 kD)

7. Periphéral 17-18 kD polpeptide (Akerlund et al., 1982)

- \ o
. {



The intrinsic 34 kD#pblypepEféé is apparghtly the most
essential protein for 0, evolution, since removal of all

34 kD protein leads to complete inhibition of O, evolution

2
(Murata et al., 1983). .Membranes in which the 18 and 24 kD

polypeptides are removed, but which contain the 34 kD poly- »

peptide,ncan'sp;llkeyquerpz in thé'pfesenceigf Cl  and
Cazfuions, albeit with some lqss of 02 évolving capability
(Nakatani, 1984; Ghanotakis et al., 1984b; Miyao and Huréta,
1984). Oxygen evolution can be restored by rébinding one of
the 24 kD proteins back to the membrane if the 34 kD protefn is
present at the binding site (Murata et-al., 1983; Andersson et
al., 1984b; Larsson et al., 1984). dptimal 02 evolutioh is
restored'ohly if ohe 18 kD protein is rebound to the membrane
or if the CI—Aconcéntration is elevated to a greater conéen—
’H"ttatiOn”than is’réqufféa“fcffhbntGEpleted”PS EE?ﬁémbféﬁég"”"ﬁ“’ i
(Akapori et al., 1984; Miyao and Murata, 1985). }here is some
éontroversy over the ratip 6f 18, 24, and 34 kD polypép;ideé
present in theFOEC. Murata et al. (1984) sﬁggest that the 18,
24; and 34 kD Eolypeptidésvaré required for 6ptima1'02
evolution in ratios of 1:1:1 %%¥/6EC, while Cammarata et al.,
‘(1984; Larsson et al., 1984) suggest that the ratio is 2:2:2
per OEC ‘ °

The molecular composition of the OEg and the spe?if;c -
function of the different polypeptides afe stilllunknqwn, ' (2

however current research on the- isolation and purification of

the polypeptide components of the OEC may soon enable ' -



determination of the functlion ahd,spétial relationships of the

specific polypeptides.

2.2.2 MHanganese
Manganese is known to be essential for the oxidation of
.

Hzo to 02 {Cheniae, 1980; Sauer, 1980; Ono apd Inoue,

1982; Dismukes, 1986). Studies done with mutant strains of

the green élgae thgﬁxﬂgmgnag, whiéh have a reducetj»O2 evpiu-I
tion, show ; direct correlation betuéeg O2 evolutiqn, Mn coh—'
'tént, and the abundénce of a 24 kD polypeptide'(Cammérata et
al.. 1984}7 _gginé che@icdl treatmgnts'to remove ﬁn from the

' membrane., four Mn atoms per PS II reaction center were found

’ fhhnéibiihes'ﬁlfhfﬁafﬁéffﬁz‘EﬁbTﬁfgon, while only 1-2 Mn
atoms/PS 11 were released froﬁ the mutant strains. Therefore,
4‘equivalent Hn atoms may benorganizediintb é Letfahﬁclearr N
cluster Tbound féja 34 kD p%otein (lébellea as M in Fig. 2.1) _
and a 24 kD extrinsic protein (Cammarata et al., 1984).

Exper imental evidence shows that in a variety of
photosynthetic ofganxans; 4 Mn atoms atevbQund\to the OEC
(Schatz and Witt, 1984a.,b; Bowes et al.., 198;;3Kuwabara ahd
Murata, 1983; Cammarata et al., 1984; Ghanotakis et al.,
1984a). PS Il particles isolated from a red algae, (
Eg:nhxgiﬁlnn ¢gruentum., show that ~50 Chl mdlecules and 4 Mn

atoms are bound together per reaction center ‘(Schatz and Witt,

"a
4
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1984a,b). These p?ebaratibn;rsﬁé;réhTOZQevolution rate of

. ‘ N _ 9 o o
2300 pmol O, (mg Chl) 1 171 (schatz and witt, 1984a.b) under
normal conditions and with saturating light intensity.' In fhe

many experiments which cdrrelafe the Mn content of. thylakoid

membranes with the O, evolution rate, considerable variations

2

2
that 4 Mn atoms per PS II- reaction center are present in PS TI

' in 0, evolution rates were found, but all evidence indicates '

membranes with optimal Ozlevolution (Kuwabara and Murata,

7‘1983; Ghanotakis et él, 1984b; Cammarata et al., 1984).

<

Lcwered 0. evolution rates have been correlated tq a reduced‘

2

Mﬁ content in chloropiasts and PS II particles (Cammarata et

al., 1984). However, variations in 02 evolution rates could
also reflect variations in the rate of reoxidation of the ;
'secondaryiquinone-acceptor (QB) (Dismukes, 1986) . ' .

- The réqufrémeﬁﬁfbfw4”ﬁﬁ‘§£6h3’pér\PS‘II'féaéfIEﬁmééhfé?'ﬂﬁ** o
doesinot imply that-all 4 atoms are essential for HZO OXida;
tion. Ofﬁthe séveral bound Mﬁ pools ih Chlofbﬁlésts (Chehiaér
and Hértin, 1970; Sharp and deum, 1980;<Khanna et al.,
1981a,b), only one ?ppears to be esseﬁEial for Oz'evolution:
Anothef pool of Hn;is "very-loosely bound" énd;non—fuhctiongi
in pz evolﬁtion (ﬁadﬁer ana Cheniae, 1977; Yocum et al., |
.1981; Khanna et al., 1981b). Howéver;‘a ﬂlobselyubound" pool
appears’to pIAy a {ole in O2 evolution (Radﬁer andrcﬁ¢n£§gtrrr
1977; Yocum et al., 1981; Khanna et ai.,'1983). The function
of the "tightly bound" pool of Mn is hot ciear, but is essen-

tial for O, evolution (Khanna et al., 1383).

2
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. . The }eea}izéfiqneftheHﬂwith%n%he@E€has#ﬁetbéeﬂA
completely’resolved. In the'model of CammérataAet—al. (1984); -
. 4 Mn atom; lie in/a cleft; bound to two 34 kD prbteins‘and tor
the;"Z" region of the reaction center protein. Thisvalso sub—f
‘ports the model of Dismukes et al. (1983), which suggests that

there are 2 Mn atoms per 34 kD protein (shown in Fig..2.2)..

2.2.3 Chloride ions

Chloride ions are known to be essential to the function of
the OEC in that removal of Cl~ reversibly inhibits fhe O2
evolution mechanismr(Hind et al., 1969; Kelley and Izawa,
1978; Govindjee et al., 1983; Izawa et al., 1983). The number
, ofmCl:WionsﬂpengS;lergagtign”cénter,has,beeniestimated,tgn,mﬁﬂﬁmﬁ

. be as high as 40 (Izawa et al., 1984). Chloride ions may be

replaced by Br , N03 », or I with decreasing order of effec-

tiveness'(Kelléy and Izawa, 1978; Critchley et al., 1982)§

Other anions either inhibit 0, evolution (F, OH ) or have no

effeét (8042-, c104’, P04_). Fluoride ions have been shown to

reversibly inhibit the transitions S0 - 81'4 S2 (Casey and
~— Sauér, 1984a,b), while depletion of Cl~ in the dark appar-
/ 1

ently inhibits the S, -+ S, transition (Theg et al., 1984;

Itoh et al., 1984), resulting in inhibition of'O'2 evoldfioﬂ.i

Since optimal 02 evolution fequires‘the presence of the

18 kD protein or an elevated Cl1 concentration, it has been
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suggeSted thatighé 18 kbrp;otein functiohs.in,concentrating

and delivering Cl~ to its funcfional site (Murata et él.;

1983; Fukutata et al., 1983). If the 24 kD protein is
rémoved,.fheﬂconcentration of‘Cl_ ions needs to be 5-10

times gréater than ifvthis proteinviS'pEesept. Andersson ét
 al..(1984a)’have~§uggested~that~the—24 kD prote}niprévides%mej—; —————
bind;ng sites which have a high affinity fof Cl , possibly

thefémino acid residues, arginine and lysine, which ;ke

abundant in this proteip. However, since O2 evolutLoﬁ doe; B —
proceed without the 24 kD pblypept{de, its C1°~ biﬁding site

2 evolution. : ‘ i , | ' ;

The binding site for’CI- has been determined to be

is not essential for 0

localized within the OEC. The following evidence supports

»this conclusionr ‘ : S .

hydroxylamine (NHZOHIginhibition,in ylakoids, -
indicating that the mostviikely binding site is Mn

(Kelley and Izawa, 1978; Critchley et al., 1982).

2. F~ and OH (Kelley and Izawa, 1978) and amines

(Sandusky and Yocum, 1983, 1984) compete with Cl ™ for

2
at a binding site which has been localized at or be-

binding sites and inhibit O, evolution. This occurs

tween the site for H_O oxidation and photooxidation

2
"' of artificial electron donors (Kelley and Izawa, 1978).
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3. Binding of C1~ stabililizes the OEC against thermal
damage leading to the release of Mn atoms from the

active site and irreversible inactivation (Coleman et

al., 1984).

In Fig. 2.2, C17 is shown to be bound to the 34 kD protein _ _ _
in the cleft which contains 2 Mn atoms and is the site of

‘HZO oxidation and H' release.

Chloride appears to»exert its effect by binding to the
membrane in a pH dependent manner (Critchley et al.,»1982;
Theg and Homann, 1982; Govindjee et al., 1983). At pH values
above 7.2-7.4, more Cl~ is required for optimal O, evolu-
tion (Kelley and Izawa, 1978; Critchley et al., 1982) and

Critchley et al. (1984) suggest that OH and Cl ions compe te

'"for”Blhdihg"gftéé. Experimental evidence 'in inverted thyla—

koid membranes shows that irreversible 1nact1vat10n of O2 '
evolution is suppressed by high Cl~ concentration and is not’
dependent on thevpresenceror absence of the 24 kD protein.
Depletion of Cl—.ions causes the OEC to become nere
sensitive to inhibition by Tris (hydroxymethyl)aminomethane
buffers (Tris) (Izawa et al., 198@), NHZOH (Kelley and Izawa,

1978), and heat treatment (Coleman et al., 1984). This indi-.

cates that Ccl~ is’involved in'maintainingwthtQQxidaLiQngqtaﬂwu;;;;ﬁ

the OEC by the reaction center (Sandusky and Yocum, '1983).
Two models have been described which are consistent with

- these observations. However, nebkther of these two models
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completely éXpléIng"all”éxbéfimental evidence concerning the

‘effect' of C1 on O, evolution. In the first model, Cl

is assumedvto bind .in one of the lower S-states (S

0 or Sl)

to the active sité containing Mn in the OEC. 1In the dark,

ClT stabilizes the S, state against deactivatien to S

1 0.
and alldys fo;p;t%pn qfuém}9ng—}iyed $2 stétéiLh?ﬁgﬁactive
site would then directly control binding of H20\at the_Mﬂ
‘atpms (Dismukeﬁk 1986).

~_In the secdhd model, a singlefCly ion binds to the Mn
site in order to neutralize eéch positive charge accumulaféd
in response to the differential extraction cf protons and
electrbns in the S-state transitions. This would result in
~the proper conformation for O2 evdlutign by'coupling the OEC
to the PS II reaction center (Johnson et al., 1983; Goviﬁdjee,
';1984;~Dismukes;~l986077WThug;~bothﬁuptake~ofrle during--one———————
ASrstate transition, and release of Cl duriné a different
S-state transition will take place. If éﬁargélhedtféiity-iS 

maintained by binding Cl_, it could be predicted that one

2
trans:ition (Dismukes, 1986). This

Cl is taken up on the S1 ~ S_ transition, and one Cl_ is
3 7 5
agrees with the observed inhibition loci for F  inhibition and

released during the S

Cl~ depletion, respectiVely (Dismukes, 1986).
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2.2.4 Calcium binding

The role of Ca’" in PS II and 62 evolution is still

uncertain, although it is known to be essential for O2 evolu-

tion (Dismukes, 1986). Cg?&,can restore O2 evolution in

membranes which-are missing -the 24 kD polYpeptider(Miyaowandmwﬂmﬁgw—f
SN » L
Murata, 1984). Treatment of PS II particles which releases

the 18 and 24 kD proteins results in inhibition of O2 evolu~

2+

tion and shows a reduced (40%) Ca content (Miyao and - erﬁfm

Murata, 1984). At-physidlogiCaI (ip viveo) salt concentra-

‘tions, Ca2+ and the 18 and 24 kD proteins are all required

for 0, evolution. The 18 and 24 kD proteins provide high

2
affinity binding sites for Ca2+ (Ghanotakis et al., 1984b).

Calcium appears to be involved in the binding of essential

 protein subunits within the OEC or in the binding of the 34 kD .

[

polypeptide to the PS II reaction center protein. Ono and

VInoue‘119833,b) have proposed that both Mn and Ca2+ must be

bound to the "resting" OEC before it can be photoact&&ated.

2.3 _Water oxidation 7 , .

- e

H@ter,oxidation to molecular oxygen,inwphotnsynthetic_,”ﬁﬁmifg;;f

systems may be represehted by the overall equation:

-

. . a
2H0 20, + 4 H +4ae
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The effective pH near the water—splittiné site in chloro-

- plasts is determined to be approximately 7 (Sauer, 1980). 1In
chloroplasté, water oxidation occurs in four steps with an

* energy average of 0.81 eV for each step in the Coupling:of

HZO with the OEC,r However, ﬁhe enerqgy reqﬁirements for the
individual steps are?very*differént. Figurew2v3wshowsjthe“¥~vW~th——f
redox energies for free intermediates of each of the oxidation

'steps for wate:—éplitting. Figdre 2.4 compareé one-electron

energy steps for free intermediates and the cbrrgspohding‘ rmns
steps for intermediates associated with an oxygen—evolving“v

complex (Renger, 1978: Renger:and Eckert, 1980). -
The charge-accumulating\intermediatés which fﬁnction in

the oxidation of H,0 are most likely Mn complexes (Renger,

2
1977; Govindjee et al., .1978; Radmer and Cheniae, 1977;

Wydryzynski, 1982; Renger and Govindjee, 1985). The highest

energy barrier in the oxidation of Hzorigﬁtpgrf;rstﬁgﬁgpﬁagwr
shown in Fig. 2.4 (Renger, 1978). -The water—splitting'é%zyme

(labelled M in Fig. 2.2) must function in lcwering this <

e

potential barrier, thus reducing the .energy needed to undergo

the first electron transfer!' Complexes can be formed with Mn

in the oxidation states Mn(II), Mn(III), and Mn(IV) (Harriman

et al., 1978) and thus Mn comPlex;s arefattractivé for charge-
storing. Mn(II) complexes are generally stableT,whiLe;MnLlllﬁg_ggggf
complexes usually form oxygen-bridged bimolecular stnuciures
(Harriman et al., 1978). In principle, this would allow’ﬁh

b

overall four electron oxidation as a Mn(II) complex undergces.



Fig. 2.3

'This diagram shows the redox energy of the one- -

Redox energy for oxidation of HZO (after Radmer

and Cheniae, 1977)

electron steps for the oxidation of HZO t; 02.

The solid line ( ) indicates the pathway-via

H202 as/the two-equivalent reduction state.
The dashed line (' ————— ) indicates the reduction.
pathway via H,0 + 0 as the two-equivalent

reduction stage. The dotted line (..... ) shows the

\ -
. - ®

path of minimum energy.
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Fig. 2.4 Comparison of redox énergies for oxidation of H20
via free intermediates and via the catalytic

" pathway in photosyﬂtheSis (after Renger, 1978).

e

Energetics of the four step water oxidation via:

a.. free intermediates ‘ -

)

*

b. intermediates complexed with Mn in the oxygen-

]

avolving complex o .

The zero points of the energy scale, H,0 and

* ’ .
(H,0) , are arbitrary and the absolute energies
- " of both states do not have the -same value. . The .. .

symbol * is used to denote a complexed inter-

)

mediate; which is not the same as the corresponding

freerintermediate.

L
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a two_elehtroh oxidation td form a bimolecular Hn(IV)’éomplex
(Harriman'et al., 1978). | | |

The water-splitting enzyme must. also ensdré that the o f   - 's;
highly reactive water oxidation intermediates are stabi}ized -

until the oxidation of Hzo is completed. Manganese has‘é

variable"goqrdibatiqp,numbgr,(Chgniég, 1970; Lawrence and
Sawyer, 1978) and thus a variable number of gfoups can fbrm:'

’bonés with the central Mn‘a?5m>in the Mnrcomplex’. - Thus bOnds

can be forméd which stabilize the reaétive'intermedigtes,g ’ o
formed during H20 oxidatioh'(Renger, 1978). Compared to all

the other tranéition metal ions, Mn has the laréest thermal

equilibrium constant for the-fbllowing reaction (Wells, 1965):

H(III)(HZO) + H2

0 » M(IID (O™ + H 0" .~ 2.6

- N i I .

?his'indicates that Mn(III)OH  is very stable ih neutral ~
~aqueous solutions (Well§, 1965).

2O molecules with the OEC is still,

The interaction of H
undetermineq. Based on experimental studies with HZO

-

analogs (i.e. NHZOH ahd NH_NH ),‘it was proposed that the

272
ability of a molecule to interact with the Q_2 evolving site

correlates with the shape of the molecule, rather than its

chemical properties (Radmer, 1983; Radmer and Ollinger, 1983). ’

" Radmer determined that the H20 binding site lies in a cleft

P

approximately 4 A wide and 2.5 A deep, with two Mn atoms

_binding two H.O molecules 1.47 A apart }therlgngth'of.an

2
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o- N bond) Radmer suggests that the existence of a cleft

around the binding site may help: prevent the decay of S states-'
by allowing HZO oxidatlon 1ntermed1ates to react with other
molecuies inhthe binding site, but not thylakeid membrane

components outside of the cleft. v

2.4 Kinetics of oxygen evolution
- Ongehuevolutioh results froh Photoeystem II water-
splitting activity in the'okygen—evolving complex (OEQ)! - The -
currently‘accepted model of water-splitting, the S state
hypothesis (Kok et al., 1970; Forbush et al., 1971) requires
the generation and cooperation of four photochemically formed
'*oxidtzing ‘equivalents—(OEC- ‘+o0Ec?™) in individual~PSWII~reac~mefffif
tion centers. The major evidence for th{é model involves a
linear four step o;cillation'inrbzVevolutidhfebserved during
a series of short saturating light flaShesu(Kok et al., 1970;
'fJoiiot etlél.,‘I971). Every light flash oxidizes each reac-
tioh eenter by releasing one electron, which results in oxida-

1

tion of the oxygen-evolving centers. One electron is trans-

ferred to Z,'which in turn transfers an electron to;P680+,

and protons are released This event is referred tb as a S

‘dingle _turn-over of the OEC. The turn-over time Qf the OEC 13“~ .
the time which is required for the OEC to.recover from S

i

photoexcitation. In terms of kinetic studies,«it is the time
<
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interval between two successive saturating llght flashes which

vglve half of the maxinum.oz yield on,. the second flash as.-on

. the first flash (Diner and Mauzerall, 19?3b«9 - e
The 0, yield per light flash oscillates with a W ‘ R
periodicity of Eour uhich is co?ggtlble with chemlcal |  £ c."f ;
ntermediates or. oxygen—evolving centers sqpcessively “cycking ;;;jg;gi
Sﬁrough five different oxidation states. S0 through Sq,qas | ‘; ,':f\

shown 10 Fig. 2 5. The subscript n =0,1,2,3,4 indicates the )
\ - .

number of oxidizing eqqiva}ents stored in the system,‘in‘
excess of that in So. Each S state differs .from the pne—

ceeding state, S -1° by thé 1053 f one electron. Hhen the

intkrnediates reach the most oxi ized state¢ 54,»02 ‘is

%S

released in the final step as Sq returns to S iﬁ'the dark.

Each S state transitlion: occdrs in~ tuo stages, i.e. Sn7+- ’
LB :

e e
Sn - sn+1

created immediately after light absorption in the reaction

The prime ('), represents the ‘excited state

cqnter 9680' .Tbe transi;ion ffom Sni - Sn+1 15 a dark

reagtioh duriné which one positive charge eqa;valent i§
aC:déuthed. png électron is érénsfertedfto the pho#boxidizea
;PSAII"reaétion centér (P.. 0+) aqd.transfg}%edtfhy;ugy the
‘electron transport chain uhlle‘the's;Ate‘advéncés The éA-‘h

state, yhich has accumulated four oxidiaing equivalents, is .

highly unstable, and rapidly regenerates S by evolvlng o

0 The stata advancement reactions are rate~limitcd by the

2
reoxtdatlon of the prlnary acceptor QA,.pexcept for 5, LR

’

(S ) + 8., vhxch is rate- limxted by reactions leaﬂing to " ‘ o



e

" The S-states of the oxygen-evolving complex {after

Radmer ‘and:Gheniaé, 1977). ‘ .

sy . ‘ .v" &
+

T.

hThis schematic diagram represents the model of O2

e S

‘evolution préposedkby Kok ‘et al. (1970) Each OEC -

w‘undergoes tha,cyclic series of reactions which are

Q

depicted in thlS figure The S—states denote the

oxidation state of the OEC and are indicated by the

. w

subscripts n ;'df4. The readtions S - Sn“ are

phototransxtions and the subsequent dark relaxations
b wﬂf h Y
are the steps S f'a $n+1'~ The approxxmate time

constants for the S-state transitions are indicated

L

' for each transitibn.meThéideactivation<teactionswim,,”mﬁ,ﬁaﬁ_i

whichheccur»are repreéented.by dashed lines -(—---- )

and labelied'withfthé‘corresbonding rate constants.
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tKe release”of O2 (Dekker et al., 1984c). ' ‘

"The S state transitions, the H+ release pattern, and the

time constants for electron transfer tbnthe primary acceptor 2

may be listed as follows (Junge and‘Jackson; 1982):

]

<100 ps <100 ps 400 ps 1 ms  ~1 ms .
2 2 2 2 ' ;
T T ' T_ T o
e e e ‘ e “023 ‘
s 2.5 g -_2 2 g 2 S S
S0 - : 5] 3 5 - : 83 5 : S4v 5 :.SO 2.7
H : H H H .
{250 ps . 500 ps 1 ms 1 ms - _ \
Each of the transitions S0 ﬁ Sl,AS1 - Sz, 52 - S3, and l J

—S3h4~ﬁsal %’SO constltute -one—-step in- the oxldatlon -of Hzoeﬂﬂ~~m~~4w—

The step pattern for H release in dark adapted thylak01ds

4

is 1,0,1,2 (Wille and Lavergne, 1982) for the sequential S
state transitions with the corresponding‘H+ release times\
(Forster et al., 1981). The 2 reduction times were deterﬂinedb
by Babcock et al. (1976). Recently Brudvigxetral. (1984) nave
shown’that the OEC exists in two different states, resting‘
(following long dark-adaptation) and active. Thus; the HY

release pattern may actually be different for an active OEC

v " In dark adapted chloroplasts, the only S states present
are S0 and S1 S2 and 53 deactivate in the dark to

S1 w1th1n 5 s in chloroplasts and w1thin 60 s in isolated



of approximately 1 to 4 Hz will result in single turn—overskof

'S-state distribution in dark-adapted chloroplasts is

S,:5,:5,:S

'S

e

thylakoids (Joliot and Kok, 1975). Dark adaptation of plants,

algae, and chloroplasts essentially synchronizes the oxygen-—

evolving centers, in that only S0 and Sl'are present,after a

few minutes. " Short,"saturating:light'flashes with a frequency

each oxygen—evolving complex Deactivation of Sz,and 53 in

e

Ps II membranes at room temperature has been determined to be
11)2 = 20 s and 100 s, respectively (Beck et al., 1985). ,The
deactivation of S states is dependent on the redox state of

the electron acceptor side of PS I1 (Rutherford et al 1984
Vermaas et al., 1984; Govindjee'et “al., 1985). Decay of s2

centers to the S1 state associated with QB— had a halftine of

F
~

20 30 s, while those associated with QB had a halftime of

~150 s (Rutherford et al., 1984). The decay of 83 - S2 was de-

*terminedéto~be~relativeiywindepe dent of the redex state of .

the PQ pool (Vermaas et al., 1984).

The distribution of S.states in dark'adapted’chloropIaSts

. has been suggested to range from 100% S0 (Bader, 1984) to

100% S, (Vermaas et al., 1984). The most probable initial

1

M ' 1
0:5,:8,:8, = 0'25:0f75:0;0 (Velthuys and Kok, 1978; o o

Lavergne, 1986) However, Vermaas et al. (1984) showed tnat

in long ~time dark adapted thylakoids, the distribution is 100% -

1’ with a fraction of the centers (15- 25%) possessing a

one-electron donor capable of. reducing S, or Sj yith fast

kinetics (T,,, = 1.0-1.5 s). This is equivalent to an

// .
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initiale state distrlhution of 75—85%_81 and 15-~-25% SO‘
The 0, flash yield seqnence’produced'by a series of
single turn-over saturating flashes shows arperiodicity Ofl
four whichtis eventually damped to a steady—statexvalue.
Magimumkozfyield in most photosynthetic systems'occurs on
the third flash, with ‘successive maxima on -the seventh
eleventh, etc. flashes; After 20-30 flashes, the O2 yield
has reachediits steady—state'value'(Yi). The general
behavior of the O

2
PS II reaction centers act independently. The periodicity ofn

flash yield'sequence~indicates¥that all

four is generally consistent with‘experimental'results and -

"with the. S-state model, but the damping to a steady-state

value after a number of flashes is still the subﬁect of debate

(Forbush et-al. 1971' Thibault 1978; Lavorel, 1978;

Jursinic, 1981; Delrieu, 1983). D

The'damping‘to,a steady—statervalue,was“erplained,by
Forbush et al. (1971) as a phase loss due to double‘hits or‘
misses at the PS IIlreactionbcenter. "Misses" are randomly
distributed failures of S-state transitlons or’quantum absorp-

-

tion. "Double hits" occur when there are two successive

S-state transitions within a single light flash i.e. when two

photons are absorbed by the same P680 reaction center Thus,

misses retard the phase of the cycle, whlle double hrtS*”'"'9**“———*

advance it, and both contribute to the phase loss However,
the damring can also partly be explained by a light indueed

endogenous 0 uptake which occurs in green plants and algae

¢
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during a series of saturating flashes and may influence single

. »
flash yields to the extent that measured yields are not equiv-

alent to actual water-splitting yields;

2.5 The role of oxygen uptake

Green plants and algae show a l;ght—dependent O2 uptéke
(Hoch et al., 1963; Vidaver and Frehch; 1965; Ried, 1968;
Jaqkson and Volk, 19%0; Sarégnt andaTaylor, 1972; Radmer andd
Kok, 1976; Radmer et al, 1313;;Gerbaud and Andre,‘1979; Canvin
et al., 1980; Uétanabe et al., 1980; Fock et al., 1981);' |
Oxygen uptake in the light mhy occur by direct photoreduction

of O referred to éé the Mehler reactionv(Mehler, 1951a,b;

2’

‘Radmerand Kok, 1976; Radmer et al., 1978), the oxygenase

reaction%of RuBP carboxylase—oxygenasé and the subsequent
bhofore;piratory metabolism of glycolate (see.Sec. 1.6)
.(Andrews et al., 1971; Bowes et al., 1971; Badger and‘Ahdrews,
1974; Berry et al., 1978), mitochondrial respiration (qéckson
and Volk, 1970),}ané’possibly chlororespiration (Bennoun,

1982).

Light—induced O, uptake has been studied in many ;Fﬁto—

2
synthetic organisms. In the green alga, Chlorella, this O2

El

uptake was shown to be wavelength dependent; an increase in

0, consumption occurred with short wavelength light (maxima

2
~at 370 nm and 460 nm) (Miyachi et al., 1980; Pickett and

2 L]
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French, 1967; Ried, 1968; Sargent and.Taylor, 1971), while red

light (maximum'at ~680 nm) caused - a decrease in the rate of

O2 uptake (Ried, 1968; Sargent and Taylor, 1972). The in-

crease in O consumption has been associated with a blue

2

light enhancement of dark respiration during photosynthesis.

El

Mitochendr*al respiration has been shown to be both

-inhibited (Hoch et al., 1961) and uninhibited (Peltier andr

’ interaétion'betﬁeen'phdtdsintﬁetié”and”respiratdry'éhains;mw

Thibault, 1985b) by light. -In cyanobacteria, which have two
functioning photosystems, but no membrane-bound organeiles
(1.e. chloroplasts or mitdchondria), plastoquinone has been
determined to be a common link between the respiratory and
photosynthetic electron transport chains (Hirano et al.,
1980). In the cYandBacteria and»photosynthetic bacteria,

inhibition of dark respiration is suggested to be due. to an

which are present‘in the same membrane (Sandmann and Malkin,

8

$1984; Vermeglio and Carrier, 1984). However, in green al?ae,

the photosynthetic and respiratory apparatus are found in

"different subcellular oréanelles, the chloroplasts and mito—

chondria, respectively. Thus any,interaction between the two

pathways must- be via metabolic shuttles (Evans and Carr,

o2
1979).

-ﬂ"Light dependent O, uptake which is sensitive to CO, concen- °

2
tration was fou&S to be due to the photorespiratory glycolate

J o

pathﬁay (Sec. 1.6) (Canvin et al., 1980; Gerbaud and Andre

1979; Peltier ang Thibault, 1985a). With saturating C02‘



concentrations;~thefoxygegasemactivity—effR&BP—éarbexy}ase‘——%————f—
oxygenase should be completely inhibited in the light, but

O2 uptake still occursv(CanVin et al., 1980; Gerbaud and

Ahdre,<1980} Peltier and Thibault, 1985a). However, the'
meqhanism of this uptake is still’ unknown. 1In green algae,

under céﬂﬂitiOns’in which photorespiration has been shown to

be absent (i e. 0 8% C02, 8% 02), no light inhibition of.

r

O2 uptake was found (Brown, 1953; Peltier and Thibault,

1985bf Peltier and Thibault (1985b)~” have suggested that in

the green alga, thgmxﬂgmgnﬁﬁ Lﬂlnhildil, Mehler reactions
(direct photoreduction of 02)'do.not occur during CO2 fixa-

tion, and that this O2 uptake is due to mitochondrial respira-

tion. _ 7
Radmer and Kok (1976) have reporteddthat'1lluminated algae

__reduce 0, atwaﬁhighfretefuhenmthe,Cozfconcedtration is not

limiting, and when CO2 fixation does not occur (i.e. during

the lag in CO2 reduction following a dark-light transitidn

or induction phase). During the first 20 s of continuous il-

lumination of dark—adapated Scenedegmus, no net O2 evelution

or CO2 uptake was detected using a mass spectrometer (with
respoﬁse'time of 2-3 s). However, O2 evolution during this

interval was normal, and thus was completely compensated for

by the 02 uptake. _ .

In the presence of inhibitors of CO2 fixatidh, O2 evolu-
tion was maximal, but a high rate of O2 uptake was also ob-

served. In the presence of cyanide, a potent inhibitor of
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¥

pth th;Soxygenasé énd éarbokyiéée activity of RuBP carboxy-

.lase/ oxygenasé (Lorimer et al.;'1973a,b),’0

2 uptake was

‘inferred to be due tb the photoreduction'bf 02 in place of

COZ‘ Radmer and Kok (1976) suggested that a special high?

capacity oxidase, distinct from RuBP oxidase, exists in whole

cells, and that CO, and O, directly compete via Mehler

2 2

reactions’for the light—generated reducing power of PS I.

This oxidase may be associated with ferredoxih, which is known
to mediate\O2 reduction by illuminated chloroplasts'(Arnon

et al., 1967). During the induction phase and when co,

]

reduction does not keep pace with 02°evolution, 02 is the main-®
électron acceptor (Radmer and Kok, 1976; Radmer et él., 1978).

Thi'svo2

uptake was observed in several different pla ts;and (..t
algae (Ozbun et al., 1964; Lex et al., 1972; Volk and Jackson,

1 1972), suggesting that rapid direct photoreduction of 0, i

common to all photosynthetic organisms.

The 02 uptake by isolated, illuminqted‘chloropfasts in

the. absence of added electron acceptors occurs vi; a Mehler
reaction (Mehler, 1951). Electréns which are transferred from
the water—splitting.system (OEC) through tngteléctron'tranf— |
port chain of PS II and Pé_I may be a ai}ab%é for reduction of

a suitable mediator. At some point in the electron transfer
3

chain, the electrons are transferr;? from the auE@q;@QigﬂQ}gi

mediator to O,. This may proceed by three different mecha-

2
nisms, depicted in Fig. 2.6. Thé photosynthetic reduction of

O2 results in a net consumption of 02 since H202 is usually

e -
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Fig.

a. Photosynthetic O

b. A mediator accepts two electrons per molecule

" Photoreduction 6f’62«0f§ thé‘Meh1er reaction

(after Allen, 1977).

The transfer of electrons to O2 occurs via- the

réeaction:

v

+ mediator

2T ¥ 0, # 2H ————> H, 0, T

2 272

, reduction is mediated by a

-

compound (R), such as methyl viologen,‘whiéh ’ =

transfers electrons singly to oxygen.
Superoxide may dismutate catalytically or’

spontaneousiy'to produce H202:

from the electroh tragsport chain, donating one
electron to oxygen and one to sdperpxide

(Elséner and Heupel, 1974).

0

c. Oxygen reduction is mediated by'the‘electron_

°

carrier,_ferredoxin; and involves reduction of

both oxygen and superoxide (Allen, 1975).
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203 '202—7—>02+H202
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e dd




the product, rather than H,0 (Mehler, 195la,b; Good and Hill,

. 2
195%5). . - ~,,‘
Reduction of 0, by electron acceptors associated with PS I
(Asada et al., 1974; Harbour and BQltbn;'1975; Jursinic, - 1978) — 7 N

yields the superoxide free radical, 027. The rate of 027

production has been estimated from the superoxide dismutase

inhibition rate..0of cytochrome c reduction in spinach chloro-

plasts to be ~15 pmol (mg Chl) -1 hrml (Asada et a1 1974).

This rate corresponds to ~§:10% of the total electron flow

., usually observed in chloruplasts (Asada et al., 1977). Addi- .

tion of ferredoxin increases the rate of O2 uptake since ferre-

doxin is rabidly reduced by PS I and reduced ferr doxin reacts

'quickly with_O2 (Allen, 1975). Generaily, reduced fredoxin

will donate an electron to NADP+, generating NADPH.‘.Howevef,

*'gnder*conditionsféfvlimitingwGszconcentration,wmqreweiumiSWﬁ<~mﬂwew——

3

generated (Radmer and. Kok, 1976; Marsho et al., 1979; Egneus -

et al., 1975). This radical is highly toxic and 1ts ‘conver-—
sion to O2 and H202 is catalyzed by a family of enzymes, o ﬂ1>
the superoxide dismutases. Superoxide dismutase, present in .

« ~

chloroplasts, catalyzes the reaction:® o ' . - Av;
20,7 -2H+ > H,0, + O | n E PR
s 1 : 20, + 0, 7 o ) ?.Q
. s : . .

S - - - - -

in order to preventﬁhonversion of 0 " into more reactive L,

species, such ag the hydroxyl radical OH (Fridovich, 1978:

[

Halliwell, 1978). Hydrogen peroxide may diffuse to the

A
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_peroxisomes where it is scavehQEd”by cataiase,~a1though the

chloroplasts may have another enzyme presen; to break down’ -

HZOZ (Asada et ,al., 1977 Halliwellpet al., 19&1) Ascorbate

(Foyer and Hafgiwellf 1976) and“glyoxylate‘(Elsther et ai oo

1975) have been proposed as scavengers of H202 in chloroplas%f;g3
with

The superoxide anion rs also scavenged by 1nteraction

other chloroplast components, such ‘as cytochrome f IFeA?:4 - -;w7

Fe2+), plastocyan'in(Cuz.+ - Cut), ferredoxin (Fezt - Fe3+l,vr“x

o £

ascorbate, reduced glutathione, and Mn2+ (Mn?* 5 Mn 3+); Super—

. - e

Wi

oxide is converted to inactive molecular okygen only when Oé"' .

oxidizes reduced ferredoxin, plastocyanin,ﬂandrcytochrome%f?‘

) : . Qs

(Asada et al., 1977). |

Oxgégn uptake has been observed ‘during flash illumination fl»ﬁ‘\
of algae and chloroplasts (Weiss and Sauer,71970 rJursinic, » | ‘
1978; Schmid and*Thibault;W1979;3JursinicyW19§00 ~but- thew~f~;¥ff*4¥
sites of this uptake are still uncertain '-hitochondrial res- \

piratiﬂjzin the light does not vary on a time scale- of segﬁhds

A

ol

(Jackson and Volk, 1970), and for this reaSon, 1t most likely

does not contribute to a flash—induced 02 uptake (:2
'Schmid and Thibaultr(1979) have shown that ip,tobaccoi

chloroplasts, a PS l 0, uptake affects the 02 yield in a‘

2
sequence of short (5 ps) saturating flashes This 02 uptake-

‘1n chloroplasts was greatly enhanced by the presence of an»

exogenous electron acceptor such as p-benzogquinone or ferri—

cyanide but its order of magnitude was not determined.p The 4on

= . -

0, uptake was evident on the first two flashes,,but was

2

5.
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,2'§—dlcblorn—p-b&nznquinane (DCBQ) is the slectror donor fof‘

- - IR R

‘swamped by the baéaylat;ng Oé'eqo;utiun pattern after the *j¥7‘;1

RS

second flash. In the prévenée of'the e’écfron transpart
inhibltor 33, 4-dichlnropheny1)—1 i-dimethylurea {DCMU), the

0, uptake was present when an exogenous electron accepto:

2 .
was addcd, indicating that this\uas a Ps I~mediated 02 up-
take. Using mutant tobacco chloroplasts (with aﬁ"éiagéﬁ66§"”””
electrén acceptor) exhlbitiﬁg bply PS 1 photoreactions, the

steady-state 0, uptake vas shown to._be dependent on flash

ES

-frequenéy.

Recently, Beck et al. (1985) have shown that a biphasic

0. consumption occurs in untreated PS Il membranes after

2
continuous illumination. The fast phasesof 02 consumption

(3

was highly variable, and depehdent_dn ﬁhe ihtensity and length

of the 111um1nation period and lasted approximately 2 min

‘Thiswtjst 02 uptake vas suggested to be due ;o;dissipaticn‘
of reactive,intarm&diatas forméd dur'ing illumiha;kon. The =
slow pﬁase of Oz‘conghmption lasted about 1 h, was Bependent
on th; amount of PS5 II OEC in the sample pr?pé:ation 3nd was
vnot inhibited by tﬁe e;ectron tranaport {nhibitor,_DCHU. The
maximum rate of o, consuﬁption in the slow phase uas‘pfoporf
tlpna}-to the maximum rat# of Ozvevo}ukion with %éturat;ng
fllumination.. The authors. suggest that the slow phase may be

a prOPGrty at’tha PS II OEC. Beck &t al. (1985) suggést that

reduced endoqenaus plastoquinane {PQ) or reduced endogenous



57 -

-y

" the slow bonkumptibn of!Oé‘daﬁélyzed‘g>\§he béc._
Oxygen con&umption*?as found‘ppﬂoccur in both PS I and
PS II of'photosyhthetié>Organisﬁs through several aifferenér
proceégés ang is aﬁ intéérsl COMpongntJof;phdtosynthesis :
f(Hehler( 1951a:b; Vidaver and French, 1965; Jéckson and,Vélk,
1970; dl;deiéii;and Ravéh,L1975; Radﬁer'ét'af.f"f@éé}'ééhhlé“bwgfgff
and Thibault, 1979; Peltier and Thibault 1985a,b; Beck et al., -
1985). Oxygen cbnsumption‘apbears to play a'fole in the_dissi-v
pakion of excess reducingéower in PS I and may occur ét th;
level of the pbotosynthetig electron trénsport chqin'viaka
Mehler reabtioh‘or étrthe\ evel of CO, metabolism. 1In the

-
|

1ight, the PS II OEC is apparently in an active state which is

able to catalyze the rédﬁction of 02 (Beck et-al, 1585).

>

During dark-adaptation of PS Il particles, a structural change

in the Mn sité bf the OEC occurs, changing the electron trans-
port properties of the donor side of PS iIrand causing a con--

vérsion from the active state to a resting sta'te which does

not consume O

{ »
2 (Brudvig, 1984; Brudvig et al., 1984).
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CHAPTER 3. MATERIALS AND METHODS

-

' 3.1. Marine algae

Different genera of multicellular marine algae from three =
divisions of eukaryotic algae were used to study.the kinetics
of O2 exchange in photosynthesis.';Green,algaé (Chlorophyta)

contain chloroplasfs end are similar to higher plants in their ‘

photoSynthetic apparatus and function. - Brown algae

(Phaeophyta) also contain chloroplasts, but have different
thylakoig arrangements and pigment/protein éomplexes and
slightLyiaifferent photosynthetic mechanisms than green algae

and higher plants. Red algae (Rhodophyta) are eukaryotic, ‘but

have a photosynthetic structure similar to the prokaryotic

‘cyanobacteria. The characteristics of the three divisions

will be discussed in Chapter 4, alongawith'O2 ethange
measurements for various genera within the divisions.

One genera of green algae, ngg, .was used predomi iy N
for photosynthetic 02 exchange measurements due to its local
availability and similarﬂty in photosynthetic structure and

apparatus to higher plants

"~ 3.1.1 Sample preparation

The algal genera used for this research were subject to



local availability. Red elgae'(suchfég”legggi SR. and
Porphvra sp.) were predominantly'collected during\the winter -

" and early’springr(January through April), ﬁhile‘green;algae

(such as Ulva sp. and Epteromorpha sp.) were collected during

the- late spring and summer months (April through September).

Brown algae (Lﬁmlngzli and Alﬁgig were collected at various ’f

times throughout the year.
_ Marine algae were collected from specific sites in order
to minimize sample variability. : Jlva sp. was found in low

s

intertidal zones at Brockton Point in StanLey Park,‘VancOuver;

B.C. Enteromorpha sp. and Porphvra saniuanensis were found in

high intertidal zohes in Ambleside Park in West Vancouver,

b

B.C. and Belrarra Park in Port Moody, B.C. Eg;ghlgi

WEWMEQ meuaéndaum‘

wereé collected from-Brockton-Point-in Vancouver;rB:Ga~andw
Barnet Marine Park in Burnaby; B.C. Whenever possible, entire
living plants were collected, however,. in some cases, living.
algae which were cast up on the beach were used.

. Algae wére maintained in Millipore filtered (0.22 pm) -
seawater in aerated contaimers iﬁ a PerclVal (model 1.35LL)‘
incubator at 10 ¢+ 1°C for oeriods up - to aAweek. A 14 h
photcoeriod was provided by cool-white fluorescent tubes with
an intensity of 0.3-0.4 mH/cm2 Generally, most experiments
were performed within 1-3 days after collecting algae : A‘i |

reduction in overall 02 exchange was noticed in algae which

had been maintained in an artificial environment for 5-7 days.



3;1.2 Dgtermihation_pf chlorophyll contentv
The tofal chlorophyll cbntént‘inkgreen algée was measﬁrgd‘

using the method of'ArnOn (1949). ‘Twentyvsamples‘of algae 

were cut with a 6 mm diameter cork Sofer and then plééed into

a‘mo:tar; "After the addition of'fihevSaﬁd”particieS"anﬁia”fe§;4W”"”4*

mlvof atefone fo the mortar, the algag disks wéfe-finely‘ | A

ground. Two fo three more ml of acetone were added;to the:

mor tar and the chlorophyll/aggtone solution was poured iﬁtoya

‘flask. The mdrtaf'was_continuaily rinsed with‘acetohe;antil

all the chlorphyll was e#trac;ed. The flask was filléd‘to

provide 10 ml of solution which was centrifuged:for 5-10 min . .

at 6000-7000 rpm. Sand, iipids; proteins and extraneoés

material precipitated out of solution, while the extraction

laYer‘contained chiéfobhylliénd a&éfOné. give ﬁ1 ;é—;£é~
extract was\pipettedéinto‘ZS ml acetone, resulting in a 1:6
diidtion for the chlorophyll abso;béhce'méaSurements. .
The absorbance (in pg chlorophfii/ml solution) was R

measured in'a Beckman spectrophotometer and determined by the

following equation (Arnon, 1949): | }

A= (20.2 A

645 ) | 3.1

+8.02 Agn

LS

wherevhhqs'and A663'are the absorbances of chlorophyll at
€45 nm , and 663 nm, ;espectivéiy. Sincg 10 ml of solution

(algae in acetone) was used, the total chlorophjll content
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per'algal thallus (pg Chl) was‘found,by‘multiplying eqn. 3.1
by 10 ml x 6/20, where 6 is the dilution factor and 20 samples

were used.

3.2 The electrode system

Ongen-exchange»(upteke and/or evolutioh) measurements on
mar ine algae were made using a bare Pt and’ Ag/AgCl electrode
"system (Haxo and Bllnks,’1950, Chandler and Vldavet, 1971;
‘Swenson‘et al., 1986) shown in Fig. 3.1. The basic bomponents
of the electrode'system include the Pt and Ag/AgCl electrodes
and a dialysis membrane separating the electrodes and-
electrolyte solution f?ET,E§e ehyironment in the sampleriiiiii
holder. A thin layer of electrolyte was in direct contact
with the cathode,and anode. This type of electrode system is
often referfed”to as a membrane-covered'polarographic,deteetor
(MPOD) (Clark, 1956; Hitchman, 1978). - |

The electrode assembly is hoosed in a stainless steel -
preesure‘cell (Morita, 1970; Chandler and Vidaver, 1971) with
a Lucite window at one end. The electrodes are seated in a
ﬁplastic moqnting in the top of the Samp1e~holder and the.algae
sample is placed on top of the bt electrodel The‘top of the
sample holder .screws into the metal base.

The electrode system with Pt as the cathode and Ag/AgCl as

bocth counter and 'reference electrode was used in order to




. 62a

Fig.

3.

1 L

" holder (after Chandler and Vidaver, 1971). The

Diégram~of,the platinum and silver electrode hdlder;

- The platinum and silver elqctrodes are indicated in

this exploded perspective view of the electrode

bottom_of the sample holder is not shown.

»

The relationship of the Pt and Ag electrodes to the .
algae sampfé; dialysis membrane and electrolyte

solution is depicted (not drawn to scale).



2
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avoid voltage fluctuations due to the polarization. The com-

o

ponents and chemicul reactions of the electrode system will be

discussed in the following sections.

3.2.1 Membranes and electrolyte solutions o

v

‘A membrane separating the algal thallus and‘electrolyté»

solution from the surrounding environment provides a finite

»difquionviayer of contrdlled thickness at the electrode.

A

The membrane is the largest_bar;ier to diffusion of the O2
molecules to the Pt cathode (Hitchqan, 1978).
When the Pt electrode is biased at -0.7 V vs Ag)AgCl,'O2

is reduced at the cathode. This r1esults in a lowered 02 con-

centration at the Pt electrode, and "th’uS,O"Z’ in the sample
holder diffuses through the membrane and into the thin layer

of eléctrolyte solution at a faster rate than in the absence

of the applied potential. Approximately 15—2b min were

required for equilibration-of the system.

The criteria for a suitable membfane for polarographic
02 detectors is adequate physical strength, pérmeability_ﬂ

characteristics whfch do not vary with time, high permeability

to 0,. and availability in thin sheets (Hitchman, 1978). Many"

different membfanes have been used for polarographic 02 detec-

tors, such as fluorinated plastics, polyethylene. silicbne

4

rubber, natural rubber,'pgljvinyl chloride, cellophane, mylar,



N
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and teflon (Hoare, 1968; Hitchman, 19785. - The thickness of

the most commqnly used membranes is 10-25 pm (Hitchman, 1978).
For these experiménts, a dlialysis membrane was uéed; which
consists predominantly of cellulose, and has'a high permeabil-

ity to O " The dialysié membr ane was soaked in-seawater and

2"
held tightly in'place”on~top'of the'electrodeszithman304ringf“V"4*
Both the thickness of the dialysis membrane and the resultant

shape of the 0, exchange curve depend on how tightly the

2

membrane is stretched over the electrodes. : =
The electrolyte sdlution-provides the electrochemical

contact between the anode énd cathode and must contain the

anion(s) necessary to provide»the'reference couple for thg

anode. Seawater, the natural habitat of marine algae, pro-

vides the best choice for the electrolyte solution since'if

contains a high concentration of Cl1~ ions. The environmental

cdncentration of Cl— ions in the seawater varied over the

-

period of this research from 18.8-22.9 g'Cl—/l seawater.
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3.2.2 The Platinum Cathode

L

Qxygen produced by the a;gig ﬂ}g diffuse through the
diaiysis mehbrane:into the ambient atmosphere ahd it may
diffuse to the Pt electrode where it is réduced. A Pt cathode
potential of -0.7 V with-respect to Ag/AgCl - provides- four - — - ————

electrons in total for the reduction of each O, molecule to

2
OH according to the(i?uatiéns: , o . =
O2 + 2H20 + 2e- = H202 +'2OH- , 3.1
H202 + 2e- - 20H- ' 3.2

if all the hydrogen peroxide is reduced (Davies et ag, 1962).

H,0, dissociates to the pefoxide anion byf

272 ) ’
H,0, - Hoz-: H+ | - 3.3
where:
- [H02_] -
coT ~ log —=— = pH - 11.63 ‘ o 3.4
[H202] :

4

Equation 3.4 indicates that in the vicinity of the Pt

electrode, the electrolyte solution is alkaline as indicated B

Nt

by the pink:red coldr of phenolphthalein’addedltc the electro-

W

lyte (seawater); the pH at the Pt has beep determined to be

approximately 12.3 {(Hitchman, 1978). The proposed reaction

™

N



scheme for the reduction oE,O2 at the Pt'électrodekin

alkaline media (Hoare, 1968) is:

I

a(/ . . o ) 4 ' a"
; o . Pt o ; I ,
. . i02 — 02- —_—)AIHO2 — HOZ- , : _ 3.5
o : e~ Hzo OH-- e~
- ' - - ‘ 1 d _ e R o
w *
dj/ ‘ : N ; - .
v ’. . i , R

The peroxide anion is tatalytically decompoéed at the ¢§thode:

p - . ™ : :
y ) ’7 pt R ' v ) .
' . : 2HO,- — 20H- + O, . . 3.6
| 2 2 , .
orming an Oz_molecule which may also undefao the electron
transfer steps of Eq. 3.,5. Thus the overall reaction.can”benAn,nﬁ
-G, . . o L I e
written as: e T~ e
‘ & K \\N"\ V - ’ .
O, + 2H,0 + 4e- - 4OH-. - ' . 3.7
- Four electrons are prdduced for each O2 @o}ecule reduced at * &'
the cathode .and thus the net amount of Oz’éfoduced.by thé; ’
algae can be calculated from the integratedaoxygeh current
¢ pulse. This will be discussed in Sec. 3.4. ) o

. » The reduction of O2 ét the Pt electgbde,qbeYs the -

@

relation (Hoare, 1968; Hitchman, 1978):




o
~

where Nb represents the.number of moles of 02 reduced at the
~e - , . .

cathode per unit area per unit time, n is the number of elec-

’

trons transferred‘from one'ozkmolecule,,j is the current
density (amps/mz). F is Faraday's ‘constant, [02]el nd -
[OH"Le are the concentrations of thg two species at the
~surface of the electrode, and Kl -‘and KZ are rate constants
for' the forward and backward reactions of eqn 3.7; li.e.'_“O2

-

reduction and OH- oxidation,urgspectiuely.

. . J )
L : “

- » ;
-
L e Y - - _ N N
3.2.3 The’ silver electrode -
The silver electrode serves two functions: it,acts as

both counter and reference electvode The reference‘electrode
in E?is system is the redox couple Ag/AgCl (0.222 V vs. NHE at
"25 oC), which is prepared by operating the anode in seawater.

.-

The Ag'oxidIZation in the presence of C1~ ions in the electro-

lyte solution”is glven by: ! .

w0

Ag '+ C1™ - AgCl + e ‘ | 3.

F
.

2»‘5

Depletion of C1 ions in the electrolyte solution will occur

]



etablefbaseline

over a period of time since CI—'ts*requiréd“by‘both thé<A

-
h %

electrode system and for partlcipation 1n the pRrocess of

photosynthethc water splitting in the algae \,HoweVer,'in aﬂl

=4

of the experiments performed the duratioh of the experlments

. was short enoughfto minimize the depletion of Cl ions and

the resultant decrease in the electrolyte strength~, : B

\ J— L

" 3.3 'Ekperimental methodsvanddapbaratus

3.3.1 Experimental methods

Y

oy

Samples were cut from a;gae'with a 6.0 mm dlameter cork

borer and tightly held on the bare Pt electrodé by a thin R

-dialysis membranewLcelIuloselmsoaked in seawaterquTheﬁw ”iwwmwlfw

membrane was stretched to cover the Ag/AgCl electrade and

' secured with an O-ring. ‘For all measurements, the.Pt

electrode was blased at -0.700 + 0.001 V vs Ag/AgCl, and was

naintalned t constant potential by the circuite shoun~1n“

Fig. 3.2 ¢ an d. T - 7

w

lFor all ex eriments, the voltage was applied across thev

electrodes after‘the sfmple had dark adapted for approxlmately‘

10 min. Approiimately 20-30 min was reguired to obtain a

»

All experiments weregrepeated two to three "‘times at room

N

 ‘temperature using disks cqt ?rom the same algal thallus. If ;

. s Y
[}
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Fig. 3.2 Measuring circuit for the data aCQuisitiOn systemiQ
- a.. The circuit used ES?Tﬁreliminary O2'exChapge«
‘méasufements is dj@:cted..
b.  The pouétﬁsupglyffbr,tpeﬁmeasurihg pifcuitSQﬁm”,;”W,;wf”,;;;
shqwn in ¢ and d replaced the 1.5 V battery e
s used in part a. o
£ & - - . ) ) )
c. The Oé redpdtion current at the cathode ‘is meas-
o . ° ured across a load resistor, R, (1 or 10 k).
d. The O, reduction current at the cathode is meas-
ured across a decade box resistor,'(RL can be
.7 =" varied from 1 2 to 99.999 ka). B N
In all three”measuring_cigtuits}'the voltage across
‘ b, N , o .
%L was input td the Tracor Northern signal averag-
. B g.y . e
. er. . The Pt electrode was maihtainedfatv—0;70 + 0.05
- ‘j ) ) N
. vs Ag/AgCl in circuit a, and -0.700 V with respect
to Ag/AgCl in circuits'c and d. ‘The symbol
.represents shielded cable. '
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samples were used for a second experiment, they were dark-

"adapted for ten minutes, which was sufficient for repro—

Aducibility Most experiments were repeated up to ten times

using algae collected over the growing season, usin972-3

‘samples from each'thallus, yieldiQ2L20—30Aexperiments for'each

'species. This was necessary to com ensate for diurnal and

rseasonal variations. Much variability was found among a
species, thus anrestimation ofrerror_in the meaéurements is -
difficult'torachieve. rData whichpis presented in‘this thesis
Arepresents individual experiments which arerrepresentative'of
the average response for/a given species. To compensate for
seasonal variations, only O2 exchange_measurements thch
were reproduCLble over a long period ‘of time are presented
The physiological state of the algae at the time of the

'Oé’exchange measurements is of— paramount ImportanCE"W’Gontrol¥*4"ﬂ~c

Oz»exchange’Curves were taken prior to each_experiment.« If

the control curve did not fall within the expected range of T

Oé exchange values, the experiment was repeated until this

occurred. In some cases, optimization of the sample placementp

———

within the electrode was sufficient, in other cases, a new
control was eventually established

Establishing control O2
)

genera of marine algae was essential to interpretation of the

exchange curves. for different
data. Long—term control O2 exchange measurements, encompas~
sing seasonal variations, were done for several different

genera of marine algae and are presented in Chapter 4.

~ =
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3.3.2 Electfon transport inhibitors

The electron tran§pprt'inhibitor, 34(3,4fdichloropheny1)4

l,l—dimethyluréa‘(DCMU), was used to inhibit Oz-eVOIutibn by

o

blocking the photosynthetic electron transport chain. Discs
cut from algaefwere—keptrinfseawatér containing 5 pM DCMU for. |

1 h in the dark prior to measurement.
A e ,

— [,

Antimycin A was uSed to block mitochondrial electron.

transport, and thus inhibit respiration (Izawa_et al., 1967).
Algal discs were kept in 10 pM .Anfimycin A for 3 h in the dark

prior to measurement. : , o

T : : ‘

- a——

3.3.3 Apparatus for oxygen exchange measurements

.7

The -apparatus £°£,all,02 exchange7mga§g;gmgptsréqnsistgdr7
of the electrode system (Fig. 3.1), the measuring circuit
(Fig. 3.2), a light source (and pulsé_generator for flash
‘illumination), a sign;1 averager, and'a monitor fcbmputer or
chart recorder). For flash iilumination, the apparatﬁs is -
depicted in Fig. 3.3. For expetiﬁents using continuous light,
the flash source and frequency generator were replaced by a-
light source and,a‘4.7 cm thiék layer dfvuarerutg,a gorb the ]
infrared portion of the speé;rum (depicted in_fig; 3f4 for

anaerobic conditions.




Fig. 3.3 Apparatus for oxygen exchange measurements'withf

flash illumination

The light was channeled to the sample_holder by a

light pipe from the xenon flash lamp or reflected -

NN SO

by mirrors from the excimer-pumped dye laser.
Early experiments were recorded on a chart
recofder;vlater experiments weré—ihput to a

" microcomputer

-
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Fig.

3.

Apparatus for oxygen exchange measurements under

low 0., concentrations.

2

The data acquisition system is the -same as shbwn in

Fig. 3.2. The mixing tanks allow any ambient

= ]

v02/N2 ratic to be obtained. To obtain an

anaeraobic environment, N2 is flushed through the

system.
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3.3.4 Oxygen exchange measurements under low oxygen

partial pressures or under anaerobic conditions

Oxygen exchange measurements were'made under conditions Bt
low ampient O2 concentrations andrunder anaerobic conditions.
Two different systems,weretused”for”these,measurementsgtwldl .
ordet to‘measure O2 exchange under low O2 partial pressures ’
or under anaerobic conditions, the sample holder was connected
were supplied to the

to 0, amd/or N2 tanks. The Q and N

2 2 2

sample cell by two high pressure Linde scecialtydgas mixture
. (

tanks, one containing‘O2 with 280 pl CO2 per 11ter, and the

~other containing N, with 285 pl CO2 per liter. A 1.5 1 stain-

2
less steel chamber was arranged in parallel with the sample
cell to allow mixing of the O2 and N2 to any desired partial
pressure (Fig. 3.4).

An anaerobic envirconment was also obtalned by connectlng

the sample holder with plastic tublng to a small Plttman air
pump as shown in Fig. 3.5. Air was circulated through a flask
of alkaline pyrogallol solution and th{oughout the closed |
§ystem at a flow rate of approximately 100 cm3)min until the

‘ O2 in the system was removed The pyrogallol solution wes
prepared by adding 2.8 g pyrogallic acid in 10 -ml distilled
water to 5 g KOH in 10 ml distilled water (Gabb and Latchem,
1967). Generally, two to three hours were required to obtain

a completely anaerobic environment. In order to ensure that

the algae did not become dessiccated by the circulating air, .
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Fig.

3.

5

t

Apparatus for oxygen’exchange measurements under

anaerobic conditions.

Continuous illumination was used. for this series of
exper&ments. Algae was placed in‘the samplé holder

and thg system closed to the atmosphere. The gas

in the system was pumped through pyrogailol to

remove'Oz. The data acquistion system is the

same as for flashing light experihents.
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~a flask of .water was connected in series with the flask of

3 - S

7,pyrogallol solgtion. : L

3.3.5 Light sources

Both pulsed and continuous light were used to illuminafe
the sample, depending on the type.of experiment performed.

Continuous .illumination was provided by a Quartzline EGH lamp 7777;

-

‘(Canadlan General E}ectric, 120V, 300W) operated at voltages
up to 110 b. Light was passed through‘a 4.7 cm thick layer of
water tp,absorh the infrared portion of the spechrum.‘ Pulsed
llghf was obtained by a xenon flash (4 or 5 ps hulselaan_an;«
excimer-pumped dye laser with flash duration lese than 10 ns.

" Both.xenon flash and continuous excitation light were led to
the'sample through fiber optic bﬁhdles. Mirrors were used to
reflect the laser lightrinto the,samble holder.rr

For the first series of‘flash illumination Ozlexehange‘
experiments, an EG&G.FX 224 xenon flash lamp operated at
1.0 kV with'a 10 pF diScharge capacitor produced a pulse width
(FHHH; of 4 ps. For latervexperiments, an EG&G FX 249kxenon
flash lamp operated at 1.0 kV with a 10 pF discharge ca?acitor
resulted in a pulse width of 5 ps. Each pulse must be intense
“and sufficiently long tq provide at—least.one turn-over of
each oxyéen—evolving complex (OEC) for allow probability of

misses, but must be short enough to minimize‘double hits in



D”gs

the reaction centers (two turn-overs of the OEC); - ‘The ‘light’
was increased untiluthe maximum net 0,

Howeber, it is dlfficult to saturate the S2 4.53 transition

wf

. {Delrieu, 1980), and thus there still may have been a hlgh

proportion of misses for OECs- in the SzAstate prlorrto a.

evolution was'achievedf‘ir

light flash.

v

The flash‘trequenc

function generator, which'also triggered the signaf,averager

51mu1taneously with the first flash " The flash frequency for
zal\cvntnml experiments was set to 3.3 Hz, which kept the time
1nterva1 between flashes short enough to minimize deactivation‘

of the S- states of the OEC (Joliot et ‘al. 1971' Kok et al L

1971), but long enough to allow the S- state transitions to

occur.

. 3
LR

‘ The energy output per pulse of the (1 kV) xenon flash at

3.3 Hz was determined to be 3.0 : 0.3 mJ using a bcientech 351

B S

power meter with detector‘model VPH—Z (Newport Qesearch {'.'"

' Corporation). Using 450 nm as the average wavelength of . the'i?'

v~ :’1Ar-

xenon lamp (reference), the emission was calculated to be-

15 photons per flash. S B .

" An excimer ~pumped dye laser was used to provide flash

0

111um1natlon when a. short pulse of a spe01fic wavelengtn was

required

perchlorate dissolved in methanol as the laser dye, whlch hasa‘

maximal fluorescence dt approximately 720-nm. Red'light was

’

obtained by using DCM dissolved in methanol; which has a.

was set by a Hewlett Packard‘3jdf§f%:»é

ar red light was obtained by uslng oxazine 225 e

V%

e

.
-
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7withlagTektrcnix J16 photodetector with J6502 irfadiance

iéveragér. “Three measurtng circuits ‘were used during this  —

i .

fluorescence maximum at 650 nm.

Hhite light from a Quartziine EGH lamp. operated at

'voltﬂqes up to 110 V, was used to prouide fllumination times

of up to 2-min. A simple mechanical shutter controlled the

duration of illQmination. The 1light intensity was heasufed
probe. . I : ‘ ‘ L o

3.3;6v Data acquisition system

The current produced by Qz ;eductlon at the Pﬁ.cathode was

. O C e

measu:éd across a ioad resistér, RL (which ranged from 1 to

40 ki), "and input to a Tracor Northern Hodel TN 1710 signal

research. Preliminary measurements were performed using the

P

yciicuit depicted in Fig: 3.2a. Later measurements used the

circult shown in Fig. 3.2c, while the final clrcult is shown

in Fig. 3.2d. Figure 3.2 b depicts_the power supply used for

0

circuits Q.2c and d.

~Barly experiments were reccrded on a Hoseiey 7001 AR X-Y -

recorder. For later experiments, the sighal averager was

inter faced to a microcomputer and output to a*Heulett'Paékard

-

7470A plotter. | : o



N

79

-

374 ,Datavanalysisv ,;‘,”*, I ,ﬁi;ﬁ

To correct for the pile-up of pulses,,the;ggta were fitted

'Qith,the'Simplex algorithh (Nedler and Mead, 1965;-Caéeci‘and-

—

Cacheris, 1980) on an IBW PC." The data were read into the PC
- : o R S
by means of a Houston Instruments HIPAD digitizer to a maximum \

. 'of'1000 gquidistaht'hdrizbnfal and verticai7déiéwbbiﬂggf WWﬁWA&Mm*A;?
Curve fitting,as a function of the total number of data points
- (N) showed that the number of data points invthe curve did not

affect the values of the parameters used to fit_the'curvéf

" The 0, exchange curve was generated by adding phiseé

2

fuith_the samé;ghape as the third pulsev(tbe.referehce re-
7 sponSg). sh;fted along the time axisuwith theiappropriate time‘
interval between pulses. The<amplitudé of each pulse was

,determined to give the best fit to the ¢X9¢Fi0§ﬂﬁ3l;?3£!ﬁ¥f9£,i@;

the total°0O, exchange. This fitting procedure assumes that

2

tﬁe time course of the O, current ffom a single flash deliv—-

2 .
ered at different times changes in scale, but not shape. This 
is a reasonable assumption since O2 is always producéd‘at the
‘same loc;tions within tgé algae, ﬁhe evolhtion'of O2 follows
four-step kihetics which only change- in magnitude as a func-

. tion of fla%h number (Kok et al., 1970), and the half-time for

AY

2

0, evolution is independent of flash number (Joliot et-al.,
1966; Dekker et al., 1984b).
The error function for the algorithm computed the sum of

the squares of the distances from the experimentgl curve to

&
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the computet—générateé eﬂrve—fbfﬂehevpeiatgiﬂ—%eﬁ—+épppexxs—e;———kgf
maﬁely 100 equidistant points).. The fractional'effofrper

h ¢1ash can be expressed by taking the square

h

pulse for the It
root of the error "value for the 1P flash d*ﬁided by the
‘number of points analyzed for each flash (N’, where N' = N/10x.

and x is the total number of flashes), and dividing by the
. : h —

relative amplitude of the i'P flash multiplied by the -~
"~ amplitude of thé reference response, expressed in number of

th

points, The fractional error for the i flash is thus:

—

. routput error /N’ . ’ ,
E = == a - 3.10
Y, (rel) x Y3 : . , .

i

where Yi(rel) is the relative amplitude of the ith pulse

“(with respect to the amplitude of the reference responseawand—ﬂ*ﬂfﬂ~f

Y3 is the net 02 yield for the third flash expressed in
number of data points. R o 'ﬁmf' S

The net O produced-by the algaeican be determined for

2
O2 exchange curves which have ‘been fitted by the Simplex
algorithm‘by multiplying'the relative yield for the lth

¢

pulse, Yi(rel), by the amount of O2 produced during the

reference response.

)




"uptake) and lighﬁ—induced 0

- algae (Brown and Weiss, 1959; Hoch\ét_al., 1963; Viaaﬁer and

and to those of higher plants.

kinetics of O
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CHAPTER 4. OXYGEN EXCHANGE ﬁEASUREMENTS IN MARINE ALGAE - -
, , B - , .
Much of the early work on O2 exchange (évoiutignfsﬁa e

, uptake was first measured in

French, 1965). Algae, in general, rebresént’véfymaiﬁétse

, evolution and uptake- in

groups, but the processes of O
différent algal divisions have many similarities to each other

An analysis of 0, ekchange'curvés is difficult because o

of the inter-relationship betweén production and consumption

2

system}#‘Thus, a discussion of photosynthetic O

cf 0, by tﬁe algae and its detection by éhe,electrode .
, exchange S o

cannot be coMpleté withoyt éonside}ing the mechaniﬁﬁ of O

reductipn,éththe Pt élect(ode and how it affects the meqsured’

O2 exchange in the algaeJ However, in,ordefﬂto:invéstigate:),

2

it “is essential to détermine  the "normal” (control) O

exchange, both 1n.alg$e‘and,in higher plaqts;
a o €X-
change. Control 02 exchange curVgS~représent,02 exchange

in untreated, freshly collected algae,vdark—adapﬁed for 10 min
in air prior to 3.3 + 0.1 Hz flash illumination.

For flash illumination, rélatiVeiy little information

exists in the literature on 02 exchange ﬁééSEYEmEﬁtS"USTﬁgW”]’"f,‘
the bare Pt electrode; for this reason,>control O2 exchangerr

curves were establ;shed for different genera of mar ine algae.'>
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Oxjgen exehange_meaeurementswwere;takenwever¥L6=§jueekseoverf————f—e
the é&;iod-of this research in order to establish the:conr
trols. Genera in three divisions were studied, Rhodophy:ca

(red algae), Phaeophyta (brown algae), and Chlorophyta (green

)kedgae) ' A deteiled discussion of thevdlfferent'klnetics for

the genera studied isrbeyondothe4scope of this thesis.

4.1 The Red Algae (Rhodophyta)

Rhodophyta can be distinguished from other groups of

eukaryotic algae by severai.characteristics, including the

.absence of aggregated thylakoids and the presence of certain

accessory photosynthetic pigﬁents, the phycobilins (Beld and_»-‘

Wynne, 1985). Phycoerythrin is generally the predominant ac-

cessory pigment and imparts the red coloration to many Rhodo-

- phyta, thus giving thi%,genera the common name, red algae.

Hoeever,_manycred algae do not,éppear reddishf,andiin fect a
full range of coloration is foued (Boldﬂand/Wynne,rl985).

The light-harvesting cpmpiex in the'red algae consists.
largely-of aggregeted phycobilipreteins which are found onlthe ‘
externaL surface of the thylakoids. These are referred to ast.
phycobilisomes (see Fig. 1.3). o |

—

The control O2 exchange curves for dark—adapted EQLEh!Li

Qg;jg;g;i and L;;gggi SR. are shown in Fig. 4.1a and Fig. 4.2,

respectively. The variation between the two O2 exchenge



Fig. 4.1 0Oxygen exchange in Egznhzgi o

a. The O 'exchange curve_forgdark—adapted

2 7 ‘
ngﬁﬁifaﬁﬁérféfgig in air at 3.2 Hz flash
frequency is depicted. The first flash occurs
at t = 0. Oxygen i;tproddced on the third
flashj‘ ' - | - S

b. The same sample of Porphvra perforata used in
Fig. 4.la was dark-adapted for 30 min in 5% O,
_§\~prior to illumination. This shows more distinct

current pulses than Fig. 4.1la.
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Fig.

Oxygen exchange in Jrjidaea

3.2 Hz flash frequency is shown. Eleven light

flash at t

= 0, and the last flash at t = 3.2 s.

~ The O2 exchange curve for dark-adapted Irjidaea at

.flashes were given to the sampie, with the first
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curves suggests that the”mechanismsvdf*OE“evo1ution and/or

uptake may be quite different between the two red algal gen-

era. The meghanisms of O ,ekchange in red algae is unknown, -«

2

however, there is no eyidence to indicate that the process of

Q2 evolution is different in red algae than in the green

algae Brechlgnac and Andr¢'(1984) found that in the red

alga, Chrondus grispus, photoresplration is absent and thus ‘is

not respon51b;€’for a llght 1nduced Ozbuptake Photoreduc-

tion of O has been found 1n all photosynthetic organlsms_

qn‘i

2 ;
&
examined (Bunt and Heeb, @4971; %ﬁldewell and Raven, 1975
Radmer and Kok, 1976; Radmer and Ollinger, 1980; Shelp and
Canvin, 1980; Fock et al. 1981; Behrens et al. 1982; Furbank

et al., 1983) and thus it likely occurs in red algae.

The O2 exchange curve for Porphvra in air (Fig..4.1a) does -

not fit the S state model depicted by Kok et al. (1970). - The ...

lack of a four step battern of O, exchange in Porphyra under
normal conditions may be due to differences in'Oé'dptake'br’

O2 evolution or both. The structure and/or function of the

~ oxygen-evolving compiex/in-EgLthga may be different than other

red algal_genera (e.qg lrjdaea). The possibility that Porphvra is
photoinhiblted under lower light intensities than other red algal .
genera should be investigated. In order to determine if the
variation in O2 exchange is due to different O2 uptake proc-
esses,fsampies of Porphvra were dark—adanted 15"5% dé toe -

30 riin prior to illumination. With a reduced ambient O2 con-

centration, O, consumption processes which occur in Porphvra /

"2 | ,‘
‘ h\



will be decreased. The 0, exchange curve for Porphyra in 5%
O2 (Fig. 4.1b) does show four step 62 exéhange kinetics. The
'significance of this result is difficult to interpret since a
decrea;e in ambient Oz‘concentration will probably inhibit the

-process of Ozlevolution as well as decrease Ozlconaumption

‘processes However, since a four step O2 exchange pattern is

evident from Fig 4 lb this indicates that the strdcture and
function of the OEC is Porphvra cannot beiradically,d1fferent>
from other marine algae which show a four step O2 exchange
pattern under normal condltlons

4.2 The Brown Algae (Phaeophyta)

The division Phaeophyta consists of diverse organisms
which rango in _size from -microscopic-to the largest of. marlne4”WW;_f:,
plants (Mgg;ggxgt;g).‘ One common factor .among brown algae is
their uniqgue thylakoid arrangement ‘The thy1ak61ds*06cur'in
groups of three with some interqgnniitlons between the lamel-
lae (Bold and Wynne, 1985). The brown coloration of many mem—
bers of Phaeophyta is due primarily to the pighent fucoxanthinf
Studies on photosynthetic water—splitting in the brown
algae have indicated that both copper and manganese play a' 7 L
role in the OEC (Holdsﬁorth and Arshad, 1977), however this
has not yet been conclusively proven. o - n

Oxygen exchange curves for flash illumination of two

genera of brown algae are shown in Fig. 4.3 for Alaria and in



Fig.

4.

3

lulyé,rguﬁris lower in magnitude.ﬁrTﬁisrﬁay be

Oxygen exchange in Alarjia | ,

The O ’exchangé curve for dark-adapted Alaria

2
at 3.2 Hz flash frequency is similar to that of

due to the thickness of thekalgae. There is no

evidence .to indicate that the 0, exchange

‘mechanishs in Alarja are different than in the

green algae.

Three light flashes‘given to fhe sample, (with

the first flash at t = 0) produce O2 on the

third flash, which represents the characterist i,',c;f

response of the system to O2 produ¢tion by

Alﬁr_i_l..ﬁ.-

A
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= Fig. 4.4 and 4.5 for Lamiparia. Different samples of

; v,kgminggia showed: two distinct O2 exchange curves; the .

E ’ ' 2

‘ .
] "variation may be due to two different species or te seasonal -

or diurnal variations within the same species.

Q

4.3 The Green Algae (Chlorophyta) ‘ | ,

_Oxygen exchahge has been Qidely’studied in the gréen,algae
,dug td the similarity of éhstoéynthetic strﬁcture and'functlon-
to higher plants. - Two genera of éreen aléae ;ere studied,
Ulva and En;g;ﬁg;gni,‘which both belong to the same family,
Ulvaceae. Figurer4.6 sths the O2 exchéhge curve for

" Entermorpha, which is similar té’ﬁhe O2 exchange cirve shown

for Ylva in Fié; 4.Z}VWW

. Oxygen exchange curves for Ulvg wer= obtained for a large

number of samples; a representative O2 exchange curve is

o

depicted in Fig. 4.7. The O2 exchange curve of Fig. 4.7, .

‘taken for dark-adapted Ulva., shows O2

secdnd flash. This is consistent with the findings of

was released on the

Jursinic (1978), who observed that 0, was released on the

2
second flash for physiologically fresh samples. This

indicates that a certain number of OECs undergo double turn- = .

overs of some of the PS II reaction ¢enters onAeither the

Ed : D —

first or second flash.

The ' Q, exchange curve for nggﬂilluﬁinated with 680 nm

2
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4.4

@

,; i :
Oxygen excbanée in Laminaria ——
4 o
ThaYbZ exchange curve~£br datk:adaptedrygmigﬂgigjb
at 3.1 r'iza”flasvﬁ' fifeque,ncy shgus distinctogpulse;w‘.,.A;g
“anqﬂincludesvbcth o, dptéke and evolution
cémpﬂnents as observed in Ulya. Thirteen li?ht- ‘
lf!ashes,ugré»gxgen to the sample. The firs§ £1$sh
occufred at ¢t =‘6, and the last flash occurred at
t = 3.9 8. ) | |
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- Fig. 4.5 Oxygen exchange in Laminaria

).

~The O

, eXchange curvé'for dark-adapted

- Lamiparia at 3.3 Hz,flash,freqdencywisiquitéf;ﬁhﬁ,;,;llm;m;

different from that of Figr.4.4 for a diffetent o -

sample of Laminaria, but is similar to that:of‘

Alariag in Fig. 4.3. The "dip" ‘in the

"oscillation at the sixth and eleventh flashasuip

57¥¥:sﬁFig. q. 4 is not evident in thlS flgure Thé

. common in freshly collected algae (Jur51nlc,‘

O2 current pulse at the second flash 1nd1cates

the number of double turnovers of the OEC durlng

either the flrst or second flash. ThlS is

1978).

Three short light'flashes (ﬁith the firétcflash

-at t = 0) given to depict the reference response

| for Laminaria.
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2

Fig. 4.6 Oxygen exchange in.ERLEZQQQLQHEH'

The O exéhange‘curve for dark-adapted

2

Enteromorpha at 3.OWHz”flash £requency.LSWSimilarthWWW,Wh,,-

thaf.for Qlii in Fig} 4.7.

4 . ) e
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Fig. 4.7. Oxygen exchange in Ulva

The O2 exchanée curve fqr dark—adapféd ngi at
3.3 Hz flash frequency is s,im%iar ‘to that for
W in Fig. 4.4. The first flash occurs at
t =0. Thevpresence‘of an O2 signal for theréecénd

flash ihdicates double hits on either the first or

second flashi
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, light is shown in Fig. 4.8.. The ratio of Y3/Y4 (Yn is the

net 02'yieid on the nth flash) is larger for white light

illumination (Fié. 4.7) thah for 680 nm illumination} Dark-
adapted Ulya was illuminated with light of different wave-

léngths, ranging frdm 602 -to 680 nm. The flash yield se-

2

quences for these O, exchange curves aré shown - in-Fig. -4.9.
Britz (1976) has reported that Jlva undergoes a circadian
rhythm of chloroplast movement. This would almost certainly .

alter O, exchange measurements. In fact, Ulva has been found

2
to undergo large diurnal variations of light-saturated photo—

synthetic capacity jinp gigg, which is manifest by minima and
maxima in the rate of het O2 evolution (Mishkind et al., 1976;
Mishkind and Mauzerall, 1977). Freshly'collected samples had

a:maximum,nqt 02 evolution under saturating light at noon, and

a minimum at midnight (Mishkind et al., 1976). At low light

intensities, however, the rate of net O2 evolution remained

constant. Mishkind et’ai. (1976) found that freshly collectedr

Ulva, kept under continuous illumination (2 mW/cmz), main-
tained these oscillations for up to 36 h. These variations in
O2 exchange for one sample give‘an indication o@ftﬁe diffi-

culty inherent in obtaining control O2 exchanéé curves. For

this reason, an error analysis for the control curves pres-

ented in this chapter was not attempted. A

The experimental results presented in this chapter repres-

ent "normal" O2 exchange for three divisions of algae. A

5

comparison of O2 yield per flash for the different algée is’



Oxygen exchange in Ulva ‘illuminated with 680 nm
light

The'Oé exchange curve for dark-adapted Ulva

illuminated with 680 nm light at 3.2 Hz flash -

frequency is different from that in Fig. 4;7 for

white light illumination. The absence of 02 on

the, second flash (indicated by t) indicates that

duration of the nanosecond laser flash was short

enough to minimize double turn-overs of the OECs.

El

the
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Fig. 4.

4

Oxygen exchange flash yield sequences for Ulva

illuminated at different wavelengths

602 nm

620

640

660

680

nm

nm

nm

nm
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depicted in Fig.°4.10. This figure suggests that some of the

mechanisms of uptake and evolution may be quite different

between the divisions. The difference in-thallus thickness of

the different algal‘genara should be considered, as well as

the location of chloroplasts within the cell.

In order to begin to interpfet the kinetics of O, o -

2

exchange in marine‘algag, one genus of algae, {lva, was
‘studied. The analysis presented in Chaptgr{S‘for the green
élgae, Ulva, can be adapted to analyze 02 exchange kinetig% .

for the genera of marine algae discussed in this chapter.

i

- @



?ig. 4.10 Comparison of oxygen exchange flash yield‘ﬁgduenCes‘

for the different generaicﬁ algae

- ~

o 1 © ixidasa (Fig. 4.2)- a——=~-4

Alaria (Fig. 2.3) . s

Laginacia (Fig. 4.4) o

Lasiparia (Fig. 4.5) o o
 Entermorpba (Fig. 4.6) asce—a

iiki (Fig. 4.7) o" .
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CHAPTER 5. RESULTS AND DISCUSSION
OXYGEN EXCHANbE MEASUREMENTS IN' QL!A

The bare Pt electrode system descrlbed in Chapter 3. re—'

.cords the current due to 02 reduction at the cathode as a—réwmaw~§}~;

fgnction of ‘time and 1s linear over a w1de range of amblent

2 concentratlons durlng steady state measurements. Dynamlc
measurements of 02 evolutlon and/or uptake in blglggucal

0

systems can be made w1th the bare platlnum electrode, however,

these . measurements are 11m1ted by the response time of the
electrode system.
The bare Pt electrode has been used extensively for .

research on Ozlexchange‘dn marine algae under continuous

illuminatlon (French et-al. 1961 Eork iéééffyiaééé; andt

French, 1965; Chahdler and Vidaver, 1970' Chandler and

‘Vidaver, 1971). .However, llttle or. no research has been done

using this electrode system for O2 exchange measurements

with short,’saturatlng light flashes. In the past 15 years,

research has' focussed on elucidating the molecular components»

and the mechanism of photoSynthetic-qater—splitting and

vconcomltant 0. evolution. The Joliot electrode (Joliot and-

2

Joliot, 1968) has.been'used'predominantly for flashing light .

studies since it minimizes the O, uptake component.
However, both the mechanism of 0, evolution and the

sites of light-induced O2 uptake in photosynthesis are still

——rpb—
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9 . . . . . K . '

.,unknown.* Much specuiatlon has focussed on the role of light—

1nduced O2 consumptlon in photosynthesxs and 1ts effect on 02

evolutlon, but no one has yet been able to separate the O2

,evolutlon and uptake components 1n ‘the kinetlc measuremen::.
e

vélu-

,1In order to determlne the mechanism and Kinetics of O

~tion, 1,,1:,:.. ,seems, Vtzg,‘asona,bl,,e, “that ,the .var 1ou,s,-pr,Q,c_es,se,s, [

juptakeﬁmuSttbefseparated f'rom'O‘2 evolutionaand not just

Vmini@ized“orxneglected ~In fact, Vidaver et al. (1984) have

. 'suggested that the "Ln,y;yg functlonlng” of the water sp11t~ » ,;_h;

ting system depends on the presence of partial O preﬁ:ures
(50.01 atm)._Brudv1g (1984) has shown that thylak01d5 with an’ "

’active OEC_take;up O2 at the rate of 1-2 pmol 02/mg Chl/h

Govindjee et al. 3(1985) proposed that an acceptable model=o£

OZ evolutlon must 1nc1ude the p0551b111ty that OECS may be

capable of convertlng d\\ﬁ H,0, ';.e.f"run 1n‘reverse"fb Thls‘
.suggests the.incofporation of an‘O2 uptake component:inathe
! S‘state model‘ofvphotdsynthetic water—splitting. x

ih this research, the hare Pt electrode_system was_used in
order to study‘both O2 evolution and Oé.uptake, sincerbdth‘
components are providedain the O exchange measurements. The
magnitude of the competlng processes determines whether the
net current response Hlll be positiye or negative. Thus any
transient 02
to a ;ight flash will.oe superimpdsed on an O2 evolutionf-

consumption occurring in the algae in response

component and measured as O2 *xchange

——

Since the bare Pt eleecrode system depxcted in Flg 3.1
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- calibration of the electrode sYstem, and attempting tol

" has not been used previously to stﬁdy 02 ékchange undér

flash illumination, it was essrntial to determine the best

method to analyze O2 exchange (evolution>aﬁd ubtake)

measurements, including determination of system linearity,- how
to interpret‘and'éal;brate~the O2 reduction édrves,

separate 02~qptake and evolution componenté“ffom the

exchange measurements. A large part of this thesis research

focussed on setting up*the'system, dptimizing and calibfating.
it (Chapter 5),uand detefmination of control responses in

different genera of marine,algée (Chapter 4).‘ -f

5.1 Interpretation of oxygen exchange curves for Ulva

T . TTTTTTTTnoT oo e B . ¥

~ Bn analysis of O2 exchange curves must consider the

p;@cesses leading to the‘prbduction and ConSdﬁbtibh'of 02 in

the algae as,well as the diffusion-of"O2 out of the algal

thallus and reduction of 0 at.thé Pt electfode} Oxygen

2 v
produced by the"algag!in the sample holder can diffuse through

the dialYSig-membrane into the environment in the sample hol-

der and diffuse toward the Pt electrode where it,is reduced.

The recorded OzvexChange curves will reflect the rate-

iimiting steps which occur during any of these processes; , —

Some of the éarliest O2 flash yield“Studies by Joliot

AN

"and co-workers indicated that the two principal limiting
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processes occurring between the photochemical acts in the

chloroplasts and O, reduction at the cathode are a first

2

order thermal reaction which occurs after the primary photo-

chemistry, but prior to Ozvevolution (with a rate constant
1

of_800_s— ‘at 20°C) and diffusion of O from the algae to the

2
Pt cathode (Joliot et al.; 1966);' This rate—limlting process

priorhto'the?prodnctlon o;‘SO2 1n the algae (1 e. the $3

_(S ) - S'Htransition) has been determined by means of

G
.flash-induced UV absorbance spectroscopy (Dekker et al.;
1984a) to have a half-time of 1300 ps, which 1s comparable to

the time constant of 1. ZQ ms determlneg by Joliot et al.

(1966). Thus, O, evolut4on occurs on time scale which is

2
o |
much longer than the duration of a microsecond flash,-and

within a few ms after the onset of the flash, no more 02 is

| evolved by the plant

An estimate of the d1%£u51on time of O, from the algae to

2
the cathode may be determlned by considering diffusion across - -
a unlform sample of thlckness d, where the time constant is |
given by T ~ 4d2/n2D (Rubinow, 1975; Crank, 1975). Thickness
of the nga'samples was determlned to be ~10 pmrby weighing

samples of knoWn area on a Mettler H20 balance, and assuming-

that'algae has the same density as water. Estimating the

thickness of the electrolyte layer,is difficult, but for this

approximate calculation, the electrolyte layer is assumed to
be less than the thlckness of the algae, i.e. ~5 pm. The

dlffu51on constant D for 02 in biological materials is



D~ 1.3 x 1072 m%/s (Fischkoff and Vanderkooi, 1975) and in

102

9

9

water D ~ 1.8 x 102 m%/s (Boynton and Brattain, 1929). Using

an average value of D to include diffusion through bofh the

algae and electrolyte, the diffﬁ%ion time is calculated to be

T ~ 30 ms.. This diffusion time is manifested 'in the rise time

. _
2 current pulse for each flash. : : ‘
The O, pulse for each flash indicates the rate at which

L

of the O

O2 is reduced ét the Pt cathode from the onset of a flash to
the begihning of the next flash. Production of O2 by the :
aléae increasésrthe rate of O2 feduction‘at,the cathode;
while u?take'of 02 by the algae.remo'vesr-o2 fromAtheVSysf
tem, which results in a decrease in the rate of‘02/reduction

at the Pt electrode. This cathodic 0, reaction depends on

the ambient 02 concentration in the sample holder (discussed

in Sec. 5.3).. A series of three short (4 ps) light flashes ...

given to an algal thallus produces the characteristicrresponse
of the system, with 02 produced on the third flash, as shown
in Fig. 5.1. The O2 current pulse will decay back to the'

original baseline if no successive flash is given. The

’fntegrated curve is a measure of the O2 produced by the-

algae due to one camplete cycle of the oxygen-evolving complex
(i.e. S state transitions from S; 2 S, ? 53 2 (5,) 2 54), with

"

0, evolved on t'heS3 = (S,) = S, transition.



The O

~Reference curve for Ulva gp.

2 reduction current pulse due to the third

4 ps light flash at 3.3 Hz flash frequency (the
. ¥

reference curve) represents the characteristic

r;spénse oé the eléctrode system. The decay of“the_r
pulse represents.the decay of the system response
toAO2 produced by Ulva by the third flash. Thé
integrated curve gives a méasure of the net amount:

of O2

‘evolved as a result of three light flashes.




et
(&3]
o

LD

L

4.0

@
49 w
NS
=

1.0

0.4

¢



- | - - 104

’

5.1.1 Variation of flash frequehcy

Flash frequencies, varying from 1-3.3 Hz for optimai
response, have Leen used by different research groups (Kok et
al., 1970; Forbush et al., 1971; Joliot et al., 1971; Diner,

1975). A series of experiments was performed‘with Ql1§ to -

/

determine the’flash frequency fdr optimum O2 exbhange: The
result of\Varying the flash'freQuency for Ulva is shdwn in:
’Fig{ 5.2. The same sample was used for each of the four flash>»
frequencies in order tO'minimizé.sampLe variability. 'Between
eéch sefies of flashes, the samples were dark-adapted for )

10 min. A vafiation in.flaSh frequency significantly altered
the O,
different total liéht energy received by the algal thallus

exchange, pattern. Part of this changévis dué to the

"duringwthe“saqq'time”interyatt‘WThé"smallispikesWonche“curves*ﬂf¥¥f
are due to the resbonse of the electrode to the light pulsé

and aré constant in size in all experimenté‘ﬁSihgrfhe same

flash intensity.

The © exchange'curve at 1.65 Hi flash fregquency showed

2
no‘O2 produced on the first pulse, avsmall/aMOugp on the
second (which can be attributed to double turnpvefs of the
OECs on either the first or Secqnd flash), and‘the 1argest'
amount of O, on the third pulse. At-G.GWH%{ the individual’lﬁ‘
Oé‘pulses ége absent, but a dip iﬁ the O2 exchange curve is

observed approximately 1.3 s agter‘the first pulse,v.The

initial slope of the O2 current pulse resulting from 02
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Fig. 5.2 Oxygen exéhange curves for Ulva at various flash

frequencies

O2 exchange measurements in air as a function of

time for 10 min dark-adapted Ulva are given for

flash frequencies of 1.65, 3.3, 6.6, and 13.2 Hz.
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of O

)

0.

*

exchange in the algae caused by the third saturating flash at

all flash frequencies is approx1mately the same, this indi—

cates that the rise of the pu]se is proportional to the amount

2
0,
2

2

produced by the algae. The maximum slope of the rising

s

signaldfor each flash is thus a measure of the change in

curve for each pulse as a function of flash number w1ll

give the net O2 yield per flash (the flash ‘yield sequence)

At 3.3 Hz, the ind1v1dual pulses in the O2 exchange

°

pattern were distinct, and the dark 1nterval between flashes

‘waS—short enough“to minimize deactivation of the S states

This flash frequency is comparable to that used most often by

other researchers (Joliot et al 1971; Weiss et ai 1971;

Diner, 1975; Zeinalov and Litvin,~1979; Schmid andfThibault,

1979).. For these reasons, 3.3 Hz was used as_the control. ~

5.l.2q Extrapolation of decay curves

Oxygen exchange (evolution and uptake) in Ulva as a func-

tion. of flash number at)3.3 Hz flash.frequency is shoun in

Fig. 5.3. At a flash frequency of 3.3 Hz, the rate of O2

reduction at the

and the baseline

Vidual 02 bulses.

~N ,
of the system to

cathode does not stabilize after each flash

steadily increases due to a "pile—up" of indi-

This occurs because the relaxation time

a steady-state value is much longer than the

exchange by’the'alga , Plotting the slopes of the rising



.

Fig. 5.3 vhoxygen exchange for Ulva in air with 3.3 Hz flash

frequency ' ‘ - ‘“~\\“yi

Qz>exchénge~for 5 min dark-adapted ngi.ﬁg- in

'~ seawater under atmospheric conditions during 4 ps

saturating light flashes at 3.3 Hz (300 ms between

flashes). -Thevlette;s A, B, C, -and D are used to

Al;_pdlculate the flash yields as discussed in the

‘text. The beginning of each 4 ps flash is labelled

en the horizontal axis.'
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time between flashes. The pile— p’of"Ué pulses at the bare

Pt‘electrode is difficult to avoid during O exchange'
measurements using light- flashes since the flash frequency

must be high enough (>1 Hz) to minimize decay of the 82 and

‘ S3 states durlng the dark 1nterval between tlashes (Kok et

al, 1970; Joliot et al., 1971). To ellmlnate the effect of the

gplle—up of pulses, each O2 pulse is corrected tor- the O
evolved from the\prev1ous flash. However, thlS correctlon

does not accountftor 0o evolved‘by the plant which is o ‘\;7."

2
consumed in a PS I or PS II reaction withoutr diffusing to the

- ———

N Pt”cathode.

The llnear four-step flash yleld sequence of O evolu—
ftlon (exchange) may be deduced by plottlng the change in O2
current due to each light pulse. For example, in Fig - B 3;

-point-C- denotes the—rate—ef 0

3

2~be1ng reduced at the- cathode R

at the beginning of the fourth flash whereas point D denotes
the maximum rate of»Ozareductlonfat the cathodé-fotrthieri'
flash; The difference D - C = 0.49 pA is the change in O2

- current due to O exchange on the fourth flash. However; it

is preferable to extrapolate the actual maximum rate qﬁﬂﬂ?'gé

o

reduction at the cathode for a given flash by correctlng.for'

~ the decay of the 0 Slgnal due to the preceding flash. - For

2
ekample, in- Fig 5 3, the decay of the 02 51gnal after the

third flash is approximated by the line CE, where p01nt E is
,the extrapolated value of the residual O2 from the thlrd

flash at the time of the maximum 0, signal from the fourth
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flash (point b).'”The:difEEfEncekﬁf;.E whlch is 0.69 pA in

Fig. 5.3, is the 02 signal from the fourth flash afterrf'

accounting for the residual O2 from the th1rd/flash . This
ldifference‘uas calculated for each flash in the sequence and
’plotted'asva»iunction of,flash number. The ekpanded'ozrex;

change curve of Fig. 5.3 is shown in Fig. 5.4a, and the flash
~yleld sequence for this curve is shown in Figt 5.4b.. Actual 7
decay curves werevtaken for each flash in the sequence (as~
shown in Fig. 5.1 for the third flash) and 1n all cases, the
linearly exttapolated decay for a given pulse (e.g. line CE) V
;'is_thé'same to within 0.5% as the measured decay togthe point

indicating residual O2 for the fdllowing flash'(e.g:'point E).

lf the slopes of the linear -part of each'rising O2 signal areg
' plotted as a function of flash number as discussed previously,i‘
a simllar four step— pattern“as shown in- Fig ? 4b- is obtained~scf%hf*
\The integrated*iﬁdTVidual O2 current‘pulseS'plotted as a

function of flash number also giveAthe samé*fésu1£Zf Thesehi

flashfyield sequences, however,'represent Oz‘exchange Qrvnet

‘02 evOIution,,rathef than actual Ozlevolution. o

"To facilitate'comparison between our results and those of‘p

other researchers,‘all values of O2 per flash were normalized

,t0'the\difference B - A s 0.90 pA for the third flash in

Fig. 5 3 Flash yield sequences obtalned with intact algae

have been found to be notably more damped than those with

chloroplasts (Lavorel, 1978), however, as can be seen in

exchange data for Jlva show gcod agreement

Fig. 5.5, the 0,



Fig. 5.4 Oxygen exchénge curve and the'flésh‘yield sequenCé
—at 3.3‘Hz;for'dark-adapted Ulva j"~;'w . — : ﬂ;
‘a. The Oé exchange curve of Fig. 5.3 is expanded "
to show the piiehup of puiéesw : R
b. The net 0, yield per flash shows a damped
oscillatory pattern with maxima at the third, , /

eighth; twelfth, etc. flashes. This type of

flash yield sequence is the basis for the four

step model of O2

evalution (Kok et al.,

1976 .
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Fig. 5.5 Comparison of’oxygen flash yield sequenées for
déeradapted éamp1é5“under atmospheric conditions

as a result 0f-saturating‘1ight7f1ashes:

l 2

3)

4)

Our data from Fig. 5.3 for Ulva sp. using 4 ps
flashes at 3.3 Hz (e- o).
Data of Joliot et al. (1971) for chlor.plasts
using 2 ps pulses 320 ms apart,(g; .w).
‘Data of Forbush et al. (1971) for isolated

~ spinach chloroplasts with 1 s between flashes
(a..... ‘a)
Data of Diner (1975) for Chlorella cells using
4 ps pulSeé 320 ms apart (Q?———fo).
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with that of Forbush et al. (1971) and Joliot et.al. (1971)
for chloroplasts, but are lower in comparision to thét~off

Diner (1975) for 9319;3111, 5 unicell%ﬁgzaggéen algae. Ther
flash yield sequencelof Forbush et al. (1;;1)‘for spinach
chlorbplésts was oBtained,by using a flgsh ﬁrequencykof‘i.Hz,
while fhe others used 3.1 Hz.
| A'simiiAfﬁwaéhbéa*faﬁ}-stéb'csc111atigﬁ7w;éjébsé}§ééwB§f”"WW”“ﬁ
Dekker et al. (1984b5 by measuring UV flaéh—induced absorbance
changes‘in darR—adépted'PS II membraheé.‘ This‘OSCillation has =~ . ¢
been attributed to the reduction of.Mn(IV)'ibhs in'the
oxyggn—eVolQing,comple# (OEC) to Mn(III)4ddring»the 1 ﬁs
S3 - (Sq) - Soltransition. The oscillation in absorbance

changeé in Mn is independent of ele_ctfode/o2 meésurements

and thus may reflect the actual O2 evolution pattern'(Dékker 

et al., 1984b). However, this method still does not separate

the processes of O evolution. Beck et al.

2 2

(1984) reported that the OEC takes -up 029and'thisfmay have

some bearing on the Mn oxidation states. This absorbance

uptake and O

change sequence gives a fit to the Kok model with‘initial
distribution of S0 = 25%,‘51 = 75%, and with 9% misses and

9% double hits on all transitions (Dekker et al., 1984b) .



5.1.3 Fitting with the Simplex algorithm’.
o R - ‘ Lo g, -5, R N ¥
If the bare platinum electrode is assumed to bewa linear‘

e PR T

‘.system, then the total output functign due to a series of

i . R ® \ ._’,""
excitations is 51mp1y the sum of’ a11 1nd1v1dual 02 currEnt :;,

pulses, modified by their time decay f%is appears to be a - fri,‘@

A

reasonable assumptionf51nce ¢he O2 d1ffu51onrt1me from th%v " ?-‘;~
plant to the electrode is short compared to- the decay time of

2 reduction current - (~50 ms compared to 1 5 2. 0 s), and o oo

the-()2 reduction rate at the cathode is most likely linearly

proportional to 02 concentration : Therefore, it should be.

,“!1 d'

the O

LN

possible to describe the waveform .0f the entire flash sequencé'

as a superposit;on of the O2 51gnals from each‘flash”lnfthe x\'tf.

sequence. ‘ . ‘ ‘ S Cs ce e

~ To prove thlS hypothe51s, different amplitudes of the

oxygen current pulse'for»thelreference curve (as shown inr.ﬁ

Fig. 5.1), were time-axis shifted ahduaddedwtogether ibwgiéefglk S

the best fit to experimental oxygen exchange measurements

Im‘

' The characteristic electrode response (the referenoe carve,

shown in Fig 5. 1) was determined by giv1ng three 5 psm_ e

saturatlng flashes to samples -of dark—adapted Ulga *;No Qé
was produced on the first and second flashes by the dark-

.adapted Ql!i» The Oz'signal due tcﬁthe;third short, satu— : Ce

‘rating flash was recorded untib?the'slgnal’had%decayed back to. -

the original baseline ‘as seen-in Fig.ES.l.lfBulsethaVing‘the’

same shape as this reference curve, but shifted along the'timeA
: T
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****** **best*computer fit, and the reference curve‘are shown in

e

axis by'the'time*bethen”fTashES,'were added.togetnerrto ob=

‘tain the best fit to the experimental 0, exchange seguence,
AdcompariSOn of the experinental O2 exchange sequence, the

Fig. 5.6.. r

L The-control'O2 exchange curve in F1g 5.6 shows that f _-'Qfx’

51m11ar amounts of o

2

1fourth ﬁ}ashes. This control curve is different £

~

are produced on both the thlzﬂ and

om the

~

COntroldcurve showniin Fig' 5.3, wh1ch shows a 1arger amount

of O2 produced on the th1rd flash than on the fourth flash"%

(Elg. 5.3). These dlfferent control curwves may be~due'to o \\\i

PR

- seasonal variations within the same species, or to two dif-
ferent species of Ulya. The control curve in Flg. 5. 6 may

indicate a high number of misses for the 53-4 S4 transition in

: rglgga!#hichfresultsmin»a;decreasefin~theMOZWYieldW£or4thef 777777777 ﬁe;if

third flash (Ya) and an increase in O, yield for the fourth o

flash (Y ).

The computer fitruSesfthe Simplex-algorithm,/thus it is
difficult to use statlstlcal theorles to compute the error
(Caceci and Cacheris, 1984). _For this_reason, the sum of ‘l - -
squares of the vertical distances (tn'number of,points) for

one horlzontal point in ten was used to determine max1mum

error (dlscussed xn Sec. 5.4). As can be seen from Table 5. I

the largest error for fitting any of the pulses was 7. 25% for
the fifth pulse Most error values were in ‘the range of 3—5%.

The computer fit determines the maximum rate of oxygbn
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Table's.1 R’el”a'f:iv’é"Amb'l"'i\i‘fqdé; ‘Positiprn}‘, “and »Ma;xim‘um Error for
each Flash Defermined by1Computer Fitting of the
. ’”Expérimentailoxygén Exchange Curve '
_ . , |
. The felative_ampiitude-with respect to the reference pulse and.

the maximﬁm'error is given for each Oz"pulse in the flash -~

-~

5equencé; Net Oz.produced-pef‘pulse can be obtdined by
muitiplying-the amount»of‘ozdprodUCed during the reference

‘iresponse by the: relative amplitude of each pulse.

FLASH NO. ELAPSED . RELATIVE . = ERROR
. TIME (s) AMPLITUDE S (%)
1. -0.031508 0.0031660 ———
2 0.26782  0.0062441 —ie-
3 ~ 0.57239 ¢.98370 3.10
4 ... 0.87696 . 0.99156. . . . . 2.51
5 1.1815 0.68305 7.25
6 '1.4861 0.36928 . W,,,,,‘f 5.42

7 1.7907 0.53418 - | 3.61
8 2.0953 0.71800 3.29

9- 2.3998 0.71462 -~ ~  3.17 .
10 ‘2;7044 | 0.6151? “ 4.92
11 3.0037 _ 0.57637 . 3.99
12 '3.3083 | 0.70000 . 4.15
13 - 3.6129 _ 0.78421 3.72

14 3.9175 0.76443 3.36 -
15 4.2220 10.70290 3.39
16 4.5266 0.68206 - .  4.77
4.8312 0.68153 5,18

—
~
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reduction at the cathode foreachfiash,reratrveto*therefer—f
ence cufve, and is also shown in Table 5.1. Plotting the‘rela~
~{ive amplitudes (Tabie 5.1) as a function of flash nuﬁher |
gives the flash yield sequence for the computer generated oxy—
gen exchange curve. Flgure 5. 7 compares the amplitudes of the
computer—generated curve to the flash yleld sequence obtained -
by plotting the change in tQﬁ\v7 reduction rate for each ) )
flash‘and extrapolating (i.e. to point E in Fig. 5.3 for the
fourth flash) to_account for_reeidual O2 fron the previous
flash as discussed in Sec. 5.1.1.

The‘computer—generated fiash yield.sequence (Fig. 5.7)
: sho;s essentially no difference,. within the fitting error, in:
the amount of oxygen‘produced dutiﬁg the third and fourth - s
flashes. The_fatio of O2 yield%>for the third and fourth
flashestY3 and Y4,¥$spectively;“qivesua value of . ...
Y /Y = 0.9920! Extrapolating the decay ot the 02 current

v

pulse to account for re51dual 0. “shows. only slightly more O2

2
produced on the thlrd pulse than on the fourth pulse, with

Y3/Y4 = 1.053. The variation between the values of Y3,/Yq for

both methods of determining the O, yield is within experimen-

2
tal error. Thus Y3/Yq is ~1 for this control O2 exchange

curve. .
The first two oecillations in yield are similar for both
* flash yield sequences in Fig.“5.6. However, the third ogcilla-

tion in yield for the computer-fitted curve is much larger

than was previously obtained by extrapolating the decay of the



Fig. 5.7 Oxygen exchange and evolution flash yield sequénceS‘_>'

‘~gGsing phé two methods of determining the‘hét 02
yield, the 0, yield as.é function of flash number

is plotted for the 0, exchange curve Of Fig. 5.6:

0= extrapolating the decay of the previdus :
' pulse *o the intersection of a~vertiéal
——11ine with the maximum'feductiOn”tate»fo;

.~ _the given pulse .. . .. . ,,,f”fi,¥

o \\ B St . the computer fit
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‘tudesiéivehqianable 5.1. This ﬁethod of'quahtifyihémthe"bé

;cuprentfpulsesTrrThisacouLdebeudueftcgan;incxeased,erfnf in

the fitting at the minima and‘maxima of‘thefozrexchange EQrGe

after the twelfth flash (t > 3.2 s) as can be seen in Fig. 5.6

‘j>,The net amount of Oz‘ev01ved per flash can beecalcuiated

from the relative amplitudes determined during the computer

fitting if the amount of ozyproduced by the third flash can be

calculated. The Ozryield due to fhe third flash (the»refere'

enée curve) wes ihtegrated to. give the net cha}ge!p;gduged:by
‘Oé reduction at the cathode. This‘Calculation\does not

account for a flash;indUCed,Oé uptake which has been shown to
occur (Weiss and Sa@er, 1970; Schmid and Thibault, 1979;

Jursinic, 1980;:Swensdn et al.,°1986),‘but will.only enable

to a.steady-state value as quickly’as was determined preyioesly;'r

or may iﬁfd';i’(:ate,that’theo2 yield for Ql&g_may not be demped!;,b,

the reference curve (Fig. 5,1) gives a net chafée of

4.15 » 10~ Coulombs.

Using 4 as the number of electrons which resultlfrom the

reduction of 0O, at the cathode (as discuésed in Sec. 3.2-2),

2
the amount of 02.pfoduced‘bY‘ngi during the reference re
sponse (the third flash), is,then'celculated to be 1.1 X 10"12

moles} The net amount of_O2 produced pef flash can then_be

.

determined by multiplying this value by the relative empli—

reduction during a series of short saturating flashes takes

into account the pile-up of pulses which occur during o, .

determination of net. 0, produced per flash. Integration of =



: relatlve amplltudes for 0

bflashes are 0.0031660, 0.0062441, 0.98370, and 0.99156{uwﬁui:”7

120

,exchange measurements us;nq 3 bare Pt electrode : ';’3;

ThlS 1nformatlon can also be used to determlne ‘the - photo— o f;;

‘synthetlc unit- (PSU) size for Qlli - The chlorophyll content

of the sample was determined to be 4.2 pg chl, " or 2.8 x 1015

_chlorophyll molecules (6 x 107 . mole). Fronm Table 5.1, the

0 produced on the flrst four‘

tlplylng these amplltudes by the amount of O produced dur—

2
ing the reference response (1.1 x 10 -1z moles) glves the
number of moles'(moléCEIES)#df‘Oé“prodUCed by a complete

0

.cycle of the OEC (which includes OECs in both the S. or S1

states prior to the series of light flashes). Adding the

amounts of O2 produced during the first four light flashes

gives a value of 2.2 x 1071% mole, or 1.3 x 10'2

Thus, 2.8 k,lqls chlonoph¥lltmolecules cooperatemtowproduce_;ewf%;ef_f

1.3 x 1012 O2 molecules. This is equivalent to a PSU size

molecules.

"of 2290 + 150 chlorophyll molecules, close to the value of’.

2360 160 chl/szcalculated for Ulva lactuca by Mishkind

and Mauzerall (1977).
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5.2 Separatidn of Okygen‘Uptake‘and.EuolutionvComponents‘

' 5.2.1 Flash Illumination

'The magnitude-of the uptake dhmponent of 0 exchange was

- determined by 1nh1b1t1ng—photosynthetlc water sp11tt1ngﬂby ﬁmeﬂw

DCMU, which~preventsrthe oxidation of QA (the flrst stable
:electron-acCeptor in PS II) by electron transporff Addition

: of,DCHU produced-a largeaoz‘uptake,as shown -in-Fig. 5.8 for o

‘ Varying flash frequencies. The O2 uptake occurs either during C

- the ps flash or in -the subseguent dark 1nterva1 and was larger
for hlgher flash frequenc1es. As seen in Flg 5.8, a flash

frequency of 6.6 Hz resulted .in a 'shift in the‘onset ofO2
: . _ v

uptake to earlier times and alsd'produced a ﬂarger uptake than

at lower flash frequencies The uptake at 3 3 and 6 6 Hz

reached its max1mum rate 1n less than 2 s after the flrst

- o

flash, which coincides with the positions of the fifth
sixth flashes at 3.3 Hz, and the ninth and tenth flashes at-”
6,f Hz.‘ Since the-amplitude of theeuptake.isiapproximatel'
inverselyopropurtional t0'fiash frequency,land thus propor—
tional to the totalblight 1ntensity, this uptake may reflect

:he oxidation in the light of a limited pool of reductants,

most likely plastoquinols and other Lntersystemfcarriersruby
PSS I. |
Antimycin A was added to seawater_with samples of [lva to

inhibit the mitochondrial respiratory chain and determine.if’
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"Fig. 5;8‘ Oxygen uptake in air for DCMU-treated Ulva with

varying flash frequencies

°

- Jf":"’ﬁq\___n—- ' » ‘
The DCMU-mediated Oz,uptake in Ulva appears to be
dependent on total light intensity since the uptake

is larger at higher flash frequencies.
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tom

thfs uptakéiéodld“bé'édewfa respiration. Addition of Anti-
mycin A also 1nh1b1ted O2 evolution, and thus it is not_

v poss1ble to ellmlnate mltochrondlal resplratlon HoweVer;wany
Yarlatlon 1n.m;tochondrlalﬂresplrat1on is much longer than 5 s
(Jackson and Volk,_1970f-§nd this suggests that the_O2
ubtake;is,th}dggﬁio,r9§p};ation} -
1. The nESults of the DCMU eXpeflments (Fig. 5.8) suggest

4;that theffirstfminimumvin the.o2 fla%h{;ield in Fig,_5.4fis
not only'due to a four step O2 evolu}ion,bbut containsra;
superlmposed O uptake component : The.light~driven 02

C
- uptake whlch is not inhibited by DCMU has been assocliated with

PS I actav1ty (V1daver and. French 1965; Satoh et al., 1976).

o Thls wellvknown 0}

uptake tnanslent is generally masked«by
ngh rates of Ozeevolﬁtion |

e

= Oxygen‘ﬁhlch 1s takeh up by “the algae concurrently wlth

" L

KR "02 evolutlon max not be detected at the Pt electrode 'if the

o .
s a - b

kmagnltude‘of the uptake is less_than that of,the O2 evolved
and is notﬁsqfficlentttb alter the shape of the signal. "If

the only effect ofgan 0 uptake'is to reduce the amount of

2

0 detected at the Pt cathode, plott1ng the O2 y1eld as a

2

functlon of flash number cannot dlstlngulsh 02 exchange from

‘iactual o] evolption by water—splitting. Since a light~

, 2
idependent 0

- LY

2 uptake¢occurs, some ok the featuresiof the

flash yleld sequence could be associated with the O2 uptake

@« 4

as well as some of the reactlon centers receivxng misses or -

+

double hlts. Although the_occurrence of misses and double
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* However, PS I O

hits in the PS II Oéagwigiééil-known, the existence of an O2 o

- uptake should be incorporated into the S state theory.

The O, uptake in Fig. 5.8 is clearly a PS I phofo~

2
reaéfion since 02 uptake associated with PS II would be

suppressed by DCMU. Oxygen uptake during‘flash illumination

_has been shown to _exist in tobacco chloroplasts (Schmid §B§Wﬁﬁv

Thibault,‘197d) and'was,gréatiy enhanced by-thg presence of‘én

dxégeﬂous electron acceptor such as p-benzoquinone or ferri-

cyanide. Sincé Schmid ahd Thibault (1979) d;d not presegt a

quantitaiive estimate of the magnitudevof“thé O2 dptake,

their results are not directly comparable fo the uptake>shown

in Fig. 5.8. |
Because of fhe'maénitude of thiS'DCMU—médiated 02_up-

take, it seems reasonable thkat an analysis of the 02 ex—

‘change curve in terms of the S state hypothesis can not be

‘cqncerned;solgly with O2 evolUtidnéwbht must consider O2

uptake as well. Oxygen‘éoﬁsumpt;on has beeh shown to occur in,

both PS I and PS II (Vidaver and Frenéh, 1965; Béck et al.,
"1985), and-thus it is unlikely that the’02 uptake will be

exactly the same with PS II agtiye,or inhibited. As well,

flash yield sequences obtained with PS II membranés;éontaining

exogenousfelectron acceptors may not be equivalent to‘02

evolution which occurs whehVpoth_phptosyspgmgiére fungE}dnal.

2 uptake is most likely larger than that of

PS II, thus a first épproximation to actual O2 evolution

would determine the magnitude of the Oz,uptake and "correct"

1

EN
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. exchange results in suppression of the damplng “in the OE":'

~ which 1nhib1ts O2 uptake. Thus if the O

for this'effect'byvaaafng"it3to the O2 exchange curve. The
corrected 0, evolution curve is shown in Fig.'5}9a’together'
with the Oz‘eXChange curve of Fig.-5.4 for compariSon.° The

O2 evolution curve can then be plotted in terms of the O2

yield as a- function of flash number'as descr ibed fon//

Fig. 5.3. Figure,5.9blcompares the O2 exchange flash yield h

sequence;of Fig. 5.4 with the corrected O2 evolution'curve.
The correctedfO_2 evolution flash yiéid is greater than that

-

of the measured O2 exchange, suggestlng the actual rates of

O2 evolutlon may be greater than measured O2

fates. The damping which is‘evident in the Oé exchange -

exchange

flash yield sequences (Figs.‘5;ﬂ, 5.5, and 5.9) is not present

in theQ2 evolution flash yield sequence. Removal of the

DCMU—induced PS I O uptake component from the neasured O

2

.F

A3

'yleld w1thout invoking .the miss and double hit parameters/~Q°

% x4

A flash yield sequence with deep sustained osc111ations,

similar to those in Fig. 5.4b but lower than the one in

Fig.'5.?b, was obtainep by Kok and Velthuys (1976), who added
onidized benzoquinone to Anagystis cells (cyanobacteria) tc.
inhibit respiratory O2 uptaKQJ Thelr results clearly 1nd1~
cate that the flash yield sequence cai be altered by a process
2 exChange cutve -
of Fig.‘5.h contains a significant'O2 uptake component, then

in terms of an S state model, with or without'nisses and

‘double hits, the calculated initial distribution of S states
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Fig. 5.9 Heasufed’oxygen exchangevih Ulva compared to-

corrected oxygen evolution

a)

N

b)

Comparison of Measured O2 exchange in air

( ) and corrected O2 evolution (..... ) as

a function of flaéhvnumber for 10Amin’dark—

adapted Ulva. ’ ‘ | N

Compar ison of measured O2 exchange (e——e)

and qorfécted Oz'evolution (o..... o) flash

~yie1dwsequencesmiorwtheﬁaboveﬂcurve51~m~vmﬂwﬁ274b~fo”~W7

% .
&
8
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~

willvbe‘differentufor O2 evolution andvoz‘exchange (evolu-—
tion ‘and uptake) 5

Using the’ experimental O2 exchange curve and the:.

corrected O2 evolution curve of Fig. 5.9a, the area under

‘the curve to the baseline for each of the first four flashes

will give a measure of the initial S state distribution - . . .

(0) (0) (0) (0)

S S S

. . I4
(S0 ’ 1 .+ Sy 3 l. Since 0, is observed on the

2

second pulse for fresh dark—adapted algae, consistent u%{hkthe

findings of Jursinic (1981), tﬁf’area under the curve of the
—
second pulse, to the beginning ot the third pulse, is inter-

preted as'a'measure of he number of S1 states in the dark

(i.e. S (0)) which undergo a double hit on either the first or

1
second flash: No O2 was evolved on the first pulse,
indicating that 52(0) = 0. The miss factor can be determined
\,

by monltoring the O2 yield for the third flash as a function
of light intensity. Many researchers consider that’ fhere 1s
an equal probability of misses for each of the S state transi-

tions (Thibault, .1978; Jursinic, 1981; Wydrzynski, 1982), but

ke

4Delrieu (1980, 1983, 1984) has shown that the SZ' - 83 transi-

tion has the greatest probability of misses. Caleulating the

area under the curve for both the third and fourth pulses, to

'the beginning of the fourth and fifth pulses respectively, and

taking into account the miss and double hit factors, the . .
‘ : 5 B

initial S state distribution for both measured O2 exchange
- )

and corrected O2 evolution was determined to be 34%50(0) and
6635, %) for 0, exchange and 38%s;‘®) and 6285, ‘%) for

-

/_ : i N



-
N
o

: SRR 3 - - o e
corrected O2 evolution. There is c¢onsiderable variation in- .

published initial S state distributions calculated'for both
algae and Chloroplasts Our 1nit1al S state dlstributlon for'
ngg_ls most comparable to that of. another green algae,

thg:gllg, also under xenon flash 1llumination,,where SO(O)'

ana'sllq) were found to be 33 % and 67 % respectively R
N € . ~ (0) (0) '
(Jursinic, 1981). For all of the above cases, S, and S

were zero.

5.2.2 Continuous Illumination'

Y A

Many attempts have'been made to interpret photosynthetic

induction phenomena which are manlfest as changes in the O2

exchange rates in dark—adapted algae and higher plants upan
'illumination,(Blinks and Skow, 1938; Hill andxﬂittlngham,'v
1953; Brown and Good, 1955;.V1daver,and French,tl965; Chandler
and Vidaver, 1970; Schmid and Tribanlt 1979).  The induction
transients are produced by the competing processes of evolu—
tlon and uptake. The llght lnduced O2 uptake tranSLent dur -
ing.continuous illumination has been well—documented as dis-
cussed in Sec. 2.5., and‘ienshoun‘in Fiy. 5.10 osiEE’BCMU to.
inhibit PS II o

2
A}
compared with the correspondlng 02 exchange curve for a’sample‘

evolution The DCHU 1nduced O2 uptake is - ;,,;1

cut from the same algal thallus.

Since the 0, ekchange:curve represents the sum of 0, o

N P - ) \
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> .Fig. 5.10 Oxygen etcﬁanqe and oxygen uptake in‘ngi under

continuous illumination

a. The 0, exchangs for Ulya under continuous
illumination is composéd of both“evolutian and
uptake, components. The magnitude of the PS'1 - .

uptake in comparison to total O2

&

0,

exchange can be seen from this figure.

b. The DCHU-induced O, uptake is shown for

contiﬂuOus jllumination.

Arrows indicate when the light was turned on (1)
cand off (). The baseline is shown as output from
the signal averager- This may be arbitrarily

shifted to zero.
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uptakeand_O2 évo&ﬁéiég;rgﬁgg;;é;ing the DCHU—mediatediOz

upfake (PS 1) from the measured-O2 ekchénge‘should yield the
correcfed O2 evolution curve (discussed for flésh illuminétioh

in Sec. 5.2.1). The éorrected Oz'evolutiop curve is shown in

Fig. 5.11, together with the O2 exchange curve and thé inverse,
ofrthe uptake éu:vé from Fig. 5.11. Variation in the O, evol-. . .
ution curve occurred at the point labelled A in Fig. 5.11; in
somé.cases, a rapid. increase ;n'O2 evolution at the onset of
ill;mination would taper off, decregse, and then increase to
the steaéy*state value, in other cases,. therebwas g‘sharé

decrease followed by a steady increase to a steady-state value

of‘O2 evolution.

The approximation of actual O2 evolution is affected by

‘the same considerations that apply to the approkimation of

0, evolution by flash illumination. Thewdz uptake shown in

-

2

Fig. 5.10 is solely a PS I reaction, since PS II is inhibited,

and it is unlikely that the corrected O2 évolution will be
the same with PS II active or inhibited. " It is interesting to
speculate, though, that the "anomaly" shown inAFig. £.11 at.

Point A represents the PS II uptake by the OEC reported by

Beck et al. (1985), which is not corrected for by subtracting

the PS I O, uptake.
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Fig.

5.

11

curvé to account for the PS I O

Oxygen exchange,:uptake, and evolution for {lya

under continuous illumination

I SR ,‘, . ‘ ‘\ ,,  el Cll ,,,L,,,;,,,

.
o]

An approximation to actual O2 evqlution in Ulva

can be obtained*by correcting the 0, exchange :

2

2 uptake shown in

 ?19. 5.10. The significance of point A is

discussed in the text. . , g
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5.3 .Variation of Oxygen Concentration

&

5.3.1 Effect of Ambient Oxygen Concentration on

-Oxygen Exchange

In order to*determipe"the'effect_offambient'Oi”concen=”*?”f’5f*"
tration on'O2 exchange, the samplé holder was flushed with !

different partial pressures of 02, with the remaining pressure

‘due to N, (discussed in Sec..3.3.4). Carbon dioxide was adaedf'w4fw

2
to the pure gaseé in orderﬂtd ensure that CO2 concentration .

was not limiting and that any variations in'O2 exchange_were

due .to variatiohs in O2 concentration, rather than COZ'

‘This was done using both continuous and flash illumination.

" The O2 exchange curves for ngg with flash illumination
(3.3 Hz) are shown in Fig. 5.12. The control curve in

""rFig. 5.12, obtained undér’aimosphéric?qond}pignsibqtbrihig}:

and at 20 % Ov, gaQe identical 0, exchange éurvegf VA
variation in‘the.O2 concentration from 17% to.24%fshqw¢d
litfle difference in Qhe resultant O2 ekchanée cnges from
‘those”in air. ~

The. O exchénge curve at 100% O2 (l atm./OZ,pressure)

v 2
shoﬁed'a similar pattern to the control curve atv20% 02'

{1 atm. total pressure), but with~a.deereased ne£ Oifevolu: - fuu;f

tion. Oxygen.partial pressures over 0.85 atm. gave similar

results. At high O2 bartial pressures, the minimum in the

O2 exchange curve at the seventh flash is still preseqt.
-



Fig.

5.

12

- 0, exchange in 1.5% and 100% O

&

Oxygeq ex¢hange flash yields in nggiés a function

of amb%enﬁﬁOXYQen concentration

' 2 at'l'atmospherg
is compared with O2 exchéhge in air (20% 02).
All sampleé were dark adapted for‘lormin and illumi-

nated with xenon flashes (4 ps FHHM) at 3.3 Hz.




133b

I ONHSY1d

€2 12 6l L GSL gl LL 6
. T

T LI ¥ § L LB ) f |3 ¥ L]




B

. 0

'of'theméecbha flash and less O2 was detected”on the t

however successive minima are -not apparent The slope\of the
. _

initial rise’ of each indiv1dua1 O pulse for each flash 1s not:

4

as steep as with 20% O2 and the individual 0, current pul—

~ ses are less distinct. This obeervation_may be due to.a eatura-“l

‘tion effect at the Pt cathode;ﬁresulting in"a decrease,in“the -

ozwredgétionfrate;reThiéacouidwalso be dueﬂto,an,xncreasediww;wwemnw

2 uptake,. since an increase in ambient Oz'partial pressures\

resulted in an increase in Oz,uptake‘ which-could be due to
direct photoreduction of O,. The O, exchange curve with R

1 atm. Oé is most likely affected by both saturation of the Pt

electrode and an increase iF O2 uptake by the algae.

DecreaSing'the amount of O2 in the sample cell to 1.5%

O, gave a different O2 exchange curve than did 20% O2 as

2
shown in Fig. 5.12. No O2 was evolved on e1ther the %ifet

rd

~flash than on the fourth, in contrast'to the results obtained

at 20% or 100% O The results in Fig. 5;i2 indicate that

2°
variations in ambient O2 concentration affect the measured

rate of O, exchange. Plotting the peak heights as a £hnc—

2
tion of flash.number does not yieid a four step pattern of net .

0, evolution as shown in Fig. 5.13. After each flash, the

2 o

rate of O2 reduction at the cathode decreasesralmost to the

original baeeline. The later flashes in the sequence yield a

higher cathodic 02 reaction rate than the third flash, which

is usually larger at higher O2 concentrations.

The lack of a four step pattern of O2 exchange under low



w2

‘Fig..

13 Ox?géﬁfeXChéhée flash yield sequences for Ulva at

2,and under anaerobic conditions

"1.5%.0

Iy

2

sequence between-low ambient 0, partial pressure

A comparison of the O, exchange flash yield

{1.5% O2 at 1 atm) (e—— — — ——e) and under

anerobic conditions (a————a) is Sshown. At low’

O2 concentrations, the four step pattern is not

evident. ) . S »
- ) — : i . - /
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.explanations have been posthlatéd‘to explain the altered O

-ambient O2 concentfationsfmay be- due to variation; in either

oy

the O, evolution or uptake kinetics, or both. Several
v 7 » , 2
exchangé curves under anaerobic conditions and these are also

applicable,tb Oé exchange under low 02,partia1 pressures.

+*

Theése explanations will be discussed in the following sectien.

<

5.3.2 Effect of Anaerobiosis on {lva .

d a

For many years, there has been considerable debaté on the

et ~

etfects of anaérobiosis on photosynthetic water—-splitting in
the measured rate of O2 exchange (Rabinowitch;,1956);' The

presénce of environmental O, is believed to be essential

2

(Burk and‘Warbdrg;miésiﬁ7Warburg:”i§52;'Viéébéfrétméi:}wf§§33ﬁ

ke

or not essential (Franck, 1953; Allen and Franck, 19%5) for

2

0., evolution. It is widely accepted that lack of O, inhib-

ifs thé OEC, but the sités and extent of the inhibition are ‘%ﬁ

'still not certain.

1

Part of the controversy appears to result from the diffi-

culty of obtaining a completely anaerobic environment. Differ-

ent fechniques.havé been used to deplete the system of Oé;”

v

some of these tecﬁniques may result in an,irreverSible inhibi-
tion of Oj which is not directly due to anaerobiosis. Many

of the experiments were most likely not carried out in anerc-

bic environments, but rather under condi:ions of low O,

¥
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E

partial pressures. "The sensitivify of the'systemhis.af
parambunt importance in order to detect minute quantities of

15 -16

0 ~10 ‘moles.

,+ on the order of 10

Some of the'earligst expériments on fhe effect 62 ahaero:‘
biosis on O2 exchange measurements showed thaF green algae
(gbig;g]}gwandmﬁggnggggmgggQthch,were,illumihatedfinﬁanﬂwmuvhﬁiéw%ff
anaerobic environment still evolved small quantities of O2 ‘ |
(Franck et al., 1945). This inhibition of‘Oz‘evol?tion has

been attribﬁted to the slow metabolic production of pbison(s)

(Franck et al., 1945),lthe.reqhifemént of O2 for water- . '7
splitfing (Burk and Warburg, 1951; Uaﬁburg, 1952),-or re%ué—

tion of the plastoquinone (PQ) pool (bine;, 1975, 1977;;‘ -
Diner (1974) has suggested that thg;gllibceiis éléced in

an anaerobic environment (argon containing: 5 ppm 02) undergo

an immediate reduction of the ﬁp’i’a’é{oquih&ﬁ; (PQ) pool in Ahe
dark. Thé redoi state of the OEC is dependent on the oxida—r;
tion state of the PQ pool. Uﬁher dégreasing O2 concentra-
tions, the PQ pool.becémes more feduéed (Diner and Hduzerall,
1973a). The increasing reduction of the PQ‘pool ﬁith:decreas~

ing O, concentration is due to a balance between the pool

2
reduction b§ an endogenous reductant and its oxidétion by Oéﬁ.
(Diner and Hauzerai}, 1973a).

Under ahagrobic conditions, the reduction Qf the PQ pool ,i, o
leads to a transfer of the rate—lim{ting sEép for a“sindle |

turn-over of the OEC to the acceptor side of PS II. Diner

(1975) has suggested that the OEC exists 1H'the following

—\
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redox state in response to the first lightiflash:

- - N — -

PQ PQ
| 2- Moo M DR | .
51095 7 S0y Q- €7 5,0, Qp e 5,0,0Q4 Sl B
.15 ms - 0.5 ms : 7 L

where the symbols are defined as in Sec. 2.1. The OECs in . .
the dark are thus almost exclusively in the SloAQBzw,state.
' : ' T, Y
Folqu1ng one ;1ght flash, the OEC§ exist in the SZQA QB
state and cannot undergo another photoreaction until QA is

reoxidized. The reoxidation of Q.A requires two steps, the

transfer of two electrons from‘QBzf to PQ, and the traﬁsfer of

one electron from_QA- to Qé.' If the PQ pool is compiétely

reduced, the transfer from QBZ._ to PQ cannot occur untii Kthe

n

PQ pool is reoxidized. Following the second and third flashes =

the following transitions are believed to occur (Diner, 1975):

1% .
f hy hy B . \ '
- - - 2~ - Y L,
52039 7 530, Qg 2 530,00 & SoQA’Qéhrij, 5.2

0.5 ms . L0,

Under Enaerobic7conditibns, if most OECs aré in the QAQBL“

state, then the-Sz' % S, transition is independent of the

,:édox state of the PQ pool and thus should be accelerated,

which was found to be the case in Chlorella (Diner, 1975).

N\

LIS



The lowered net'Oz evolution in Ulya at low Oz»partial';

pressures (Fig. 5w12) is partially due to the-effect of anaero-

biosis, which results in reduction of the PQ pool in the dark.
v . N
The PQ pool reduction causes an increase 1n the "miss" param-

geter, i.e. the number of OECs which do not have a 51ngle turn-'

,Qveygénutespgnseetg,eﬁ light - flash, and thus,results,4n»a demwmﬂf;—m;—
e D , o _

crease in the net O2 gield.

The 02 exchange curve under anaerobic conditions : st

@

“(Fig. 5.14) also showsvé decrease_in net O,iyield. - The.net . .. ...

Oq ylelﬁ plotted as- a function of flash number, does not

fit the four step S state model (Flg 5.13). T islmay be due - .

reductlon of.the PQ pool or possibly be due to an autocataly~

tic ‘effect of O, on the OEC..

"Tllumination of U}lva under anaerobic Ac

allow eliminatiop of the O; dptake comp

has been evolved by the'algae, may So be consumed However,

at least the O2

0, evolution. The Simplek% algorithm was not used to \fit this

: )
O2 evolution curve, since the anaerobic flash yield e

'pulse for the first flash should represent

ments preceeded development of the fitting technig

Diner and Mauz&rall (1973a) determined that continuous far

\

"red light superimposed on 0.25 Hz red light. flashes increased
the O2 yield under anaerobic conditions by.7—£old over the

O2 yield without background illumination. The‘inCreased- -

O2 yield was attributed to oxidation of electron carriers 6n
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-

Oxygen exchange for Ulva under anaerobic conditions

with flash illumination S s

The O2 exchange curve ié shown for Ulva which has
been:dark—adaptEd for 2 h under anaerobic condi-

tions prior to a series of 3.3 Hz xénon light

flashes.
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the" acceptor side of PS II by far red light

Sinceé far red light a ,anenf}y—exrdrzes e}ectron carriers

(e.g. Q. and the PQ pool) thatcare reduced in lan anaerobic

enx}pahment, it is poséibLe”thét iar:red lightkflashes given
- - ‘,,,,,,,,, / - - - B S e e .— e
iEB;bifTbn of O2 exchange. The control O2 exchange curve

l%////(data not shown) in air showed‘sméller O2 pulse‘
flash, however the 02 yield per pulse ‘gradually increased

with increasing flash number. The oscillations i
were greatly diminished with far red light flashes This

decrease in net O2 evolution is most likely due to la higher

- rate-of misses-on all S state transitions; which indicates -

that the far red'lightﬁflgshes are not intense enou h to
saturate the PS II feacfiqh centers. A series of far red light” N

flashes, given to 2 h dark-adapted and anaerobic showed

the same result as the control, but the O2 pulses were not

“ .
. . -

visible until the fourth flash. This observation suppbrts the

anaerobic inhibition of O, evolition, but is not conclusive

2
since the light intensity effect cannot be eliminated.
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R o
5.3.3 Oxygen Requlrement for Water- Splltting and

- - ' ‘ Concomltant Oxygen Evolution

The dependence of O2 evolution on the presence or ab—

-

sence of O has been W1de1y debated Zelnalov and thvin

(1979) suggested that Oz_may be bound to the S states. . Beck

et al. (1985) have shown that the resting PS II OEC takes up

" v -
02. Vidaver et al. (19?3)“iaqg suggested, on ‘the basis of '

absorbance change measdfements under anaerobic conditions,

that the functioning of*the waterlsblitting syspem reqﬁires

the participation of <0.01 atm. 02. |
Oxygen exchange measurements were performed over a period

of three years to determine if the water splitting system

- could"be reversrbly and— completely inhlbited by the absence"bi?‘ﬂ‘*"

%

02, as measured by O2 exchange. These experiments were per-
formed over a long time beriod to éiiﬁihéfé'éﬁyVséééohAEEQAriAQ
tions in overall 02 e#change,that oEéﬁr within a species. The
discussion ih Sec. 5.3.2 supported a“reversible>inhibition)of

O, evolution, but did not '‘explore the possiblity that the

2
environment Hn the sample holder was not COmpletély anaerobic.

- For Chlorella, Kessler (1973) observed that 20 h 6f dark inac-

tivation were required for maximum inhibition of Oz,evolution;

However,”for.Qlli, 6 h was the loﬁgest time that anaerobic
conditions could be maintained and still obtain recovery of
O2 evolution when air was added to the system.

The sample holder was made anaerobic by flushingrthe -
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3
-
\

_sample holdér:withrﬁz (contéininé Co,) for periods of time ub’

to 6 h,~ The first results (Fig.‘B.lS) appeated to indicate

that a complete, reversible inhibition occurred. However, the

measuring system was redesigned (Fig., 3.5) to allow approxi- -

' mately a ten-fold amplification of the signal, ‘and the experi-

ments were repeated. ‘Usingltwo different methods for obtain-
’ihg an aerobic environmeﬁts,‘flusaing with N2>and pdmping

air through P,YPQSE}},:?,l (Fig. 3.3 and 3.4, -r’espe‘ctiv;lyboz"
evolution was alﬁaysvobserved, eveh after 6 h anerobic eXpb_

;o ‘ , ‘
sure (in the dask) as shown in Fig. 5.16. This seems'to indi-

cate, at least for Ulva, that ambient O, is not required; for

water-splitting to occur. However, the Sggsibility that O2

may be bound to the S states, and released at the onset of

13

‘illumination to catalyze water-splitting cannot be excluded.

\]

7 s



Fig. 5.15 Oxygen exchange for Ulva under aerobic and ' L

anaerobic conditions with continuous illumination

The 0¢, change curve is shown for QIEE‘Wﬁich was“K
dark-adapt in air Tox 1 h as comparedAto u;gg, 7,\ .

. which'wasidafﬁ?édapted for 1 h-under anaérdbic

conditions prior to a continuous illumination.

After anaerobiosis, air was letwin to the sample

-~

holder and the sample'was darkeadaptedlfor lobmin.'

The recovery curve 1is shown in the upper right

-

~+ - corner of the figure.

= - . el L

Arrows indicate when the the light was turned

on‘(Tﬂ oraoffr(i).
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Fig. &.

a1

16. Oxygen exchange for Ulva under aerobic and 6 h

anaerobic conditions with ¢continuous illumination
N 4 ~

The O2 exchange curve is shown for Ulva which was

darkradéptedAin'air for 20 min as compared to Qllg

N e

which was dark—adapted tor & h under anaerobic
conditions priof to a continuous illumination.
After'anaerobiosfs; air was let in to the sample

holder and the sample recovery was similar to that

shown i¥ Fig. 5.15.

[
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CHAPTER 6 . SUMMARY AND CONCLUSIONS .0,

Kinetic studies of;OZ éxchénge1(ev01ution'and?uptake)Aih"
isolated chloroplasts and plants have contributed greatly to

the knowledge of photosynthetic processes. Oxygen evolution =
. e oo L g - -

~occurs in the thylakoid membranes;of chlorOpiasts asﬂﬁ result
of water-splitting in photoéystem I1, while O2 uptake occurs .
through both PS I and PS II photoreactions. In mar ine algae, \

O2 uptake in the light occurs primarilyxfh;ough direct photo-

reduction 6f O2 by photosynthetic’eléctron%cérriers kthe.Heh~ﬂ

ler reéctions) (Mehler .1951a,b; Radme; and Kok, ;976). Mito- .
chondrial pespiration‘in both the 1light and dark also contrib-

ute; to 02\consumption, although respiratioﬁ in the 1ight
bccurs~onmamlonger“timemscafe*than'60*the'Hehlér"reactionS‘“””f*“‘**‘*
éﬁackson and Volk, 1970). Photorespiration does ndf appear fo
play a large role (if any) in iight—ihadééd 6é”66héﬁmpfi§ﬁ'"i
in marine algaé (Glidewell ahd Rgven,'1976; Shelp and Cénvin,
-1980; Osmond, 1981; Brechignac and Andre, 1984} Péltier and
Thibault, 1985a,b). ' . - |

Several major problems still remain to be resolved in the

area of photosynthetic water oxidation, including isolation of —

the oxygen-evolving complex (OEC) and delineation of its ar-

réngement in the-thylakoid.Membrane, elucidation of the mole-
cular componenfs of the OEC and definition of their specific
biochemical functions, and determination of the mechanism and

molecular intermediates (e.gq. plastoqdinong, Mn complexes,
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Cl") of water oxidation and concomitant Q2 evolution. The
consumption of Qz by various processes in photOsynthetic“or—

ganisms‘complicates“the interpretation of O2 exchange meas—:

urements- which are aimedcat understanding the mechanism of

the O2 evolution and uptake components from the measured

‘rates of 02 exchange, but'w1thout much success. Although’ _ ,;;j"é-

‘most research in the past few years has focussed on isolating

'processvof"directhhotoreductionwofﬂoi_bymelectron“transport“f**‘f*'

7the molecular components of the OEC and on the process ‘of

water oxidation»itself, the ability to distinguish O2 uptake

from O2 evolution in Oé exchange measurements woulngreatly
advance the"Understanding of the kinetics of both processes,f

Both. water oxidation and thevintrinsically energy—wasteful

carriers (which diverts electrons from the‘final PS I electron¥w%;;;;f

acceptor, ‘NADPY) are important to the formation and regula-'" fir -

o

tion of NADPH and ATP which are used to power the dark reac- N

tions of CO, fixation.

2
Different genera of marine algae in the divisions Chloro-

phyta, Phaeophyta, and Rhodophyta were used to study the flash
yield kinetics of photosynthetic O2 uptake and evolution» A

"pile up" of 02 current pulses was observed 1n all genera of

marine algae which were studied under conditions. where the

-4

time interval between the flashes was shorter than the decay
time of the'O2 pulse. This pile-up of pulses occurred since

the flash frequency had to be chosen to allow a continueus
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% L S ‘ ’

cycling of the oxidation states 3%5fhe'oxygen—evolviﬁ§ éombléx

(OEC) with minzhal'deacg}vation of the S states..

El

_The tesponse oﬁka bare platinum electrode to O2 exchange

in marine algae (and more generally to any plant sample in an

,,¢1¢???9llﬁe,@QQ@QW)mi§WQD§E§GtF§i$fi§WOf the electrode system.

The reference response of the electrode/algae system is given

bfffhe current pulse due to the third satﬁrating‘microsecona o T
light flash for dé{?&fa,,s?é;)?w,,?ls,aéz including decay of the =
pulse to the o;iginalvbaseline. The améunt of‘Oziproduced
by‘thé albae during‘éhe reference response is detefmlnéd by‘
calculating the area ﬁndef the curve, whi¢h4represents the to-

tal ‘charge produced by reddction of 0, at the c§thode. Since

2

four electrohs are produced for each molecule of'Oé redvced
'~'(Iié”ﬁfE”4”éIébtf6ﬁ§70£77"fﬁ§“ﬁ€f”0£mévolbéa”bx'bho%EByntﬁé*

tic water oxidation is given by: ' . A ' ‘

. . -db‘
Net O, (moles) = ——2- : ’ 6.1
aquA
where QO = the area under the O2 curve (in Coulombs},
2 _
q, = electronic charge, and 'NA = Avogadro's number.. F’

the area under the O2 exchange curve to be expressed in Cou-
lombs, the vertical and horizontal axes must be expressed in
terms of O2 reduction cdrrentw(geﬁErally in-pA) and time, T

respectively. : . ' o It



plete cycle of the QEC (i.é. considering the 02 produced

-

The partially resolved experimental 02 exéhange'pulses

for the green algae, {lya sp.. were numerically-deconvoluted

"by fitting the e:perimental curve with the sum of time- shifted

single pulses derived frcm the shape of the reference re-

sponse, proulng dynamic linearity of the electrode system

- This- alXous quantﬁficatxon of “the net amount of- oxygen pro*>*ﬂ*”W"

s .

duced per flash by multiplying the relative amplitude of each

pg;sé by the amount oEO2 produced during the reference

éespo&&e {egn. 6.1). This wvalue, however, represents net 65 e

evolution, and does not account for 02 produced by water
oxidation, but consumed in Mehier reactions before diffusing
out of the algae.‘ The photosynthetic unit size can also be

determined by calculating the net 02 evolved for one com-

ifrom four saturating Ilght flashes), For QLX&.&R thib was

determined to be 2290 : 150 chl/Oz‘molgcqle,WS}m;}agrtp;;bqt

of Ulva Lﬁg&gﬁi with 2360+ 160 chl/0, molecdule (Mishkind

and Mauzerall, 1977).

The 02‘06n$umptionuhichfis gﬁident in UYlya when DCMU is
used to inhibit exectroﬁ transfer from Q, torthe PQ pool,
reaches its maxi@um value at ~2 s after the onset of 3.3 Hz

flash illumination. This means that the 0, current pulses in

the nnasn:ed,ﬁzuexchange curve which are due to the first few

)

light flashes do not contain a significant O2 uptake compon- ’

ent. By the fourth and fifth flashes. however, the light-

induced 02 consumption reactions in Ulyag do contribute



' siéniflcantly to the ﬁeasured 0]

‘producensuperoxidé'(02?) and another electron to produce H202.:"
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2

exchange rates. The form of
the O ‘uptake suggests that a limited pool of reductants, e.q.

2

plastoquinols and other intersystem carriers, is available for
oxidation by 02. The chargé (in'Coulbmbs)'broduced by n

flashes could be determined by taking the area under .the DCMU -

induced O, uptake curve, and dividing by the charge per elec-

tron thch gives the number of electrons taken up by Oé. \Xn

1

the Hehler'reaétions; molecular oxygen requires one electron to

Thus the number of O2 molecules (moles) consumed in Mehler
reactions could be determined.

1f the net Ozryield is plotted as a function of flash

number, a four-step sequence of O2 exchange was observed in

the genera Jridgega. Lﬁmmm dlaria. Ulvg, and @n&m&@L

'Su£ficient‘evidence'for a transient endogenous uptake in algae

and Eﬁf5r0p1a5t§”has~been demonstrated to justify including a
correétion for 02 uptake in the four-step flash seéuencé.
Subtrqcting the DCHU~induced,O2 uptake component from the
measured Oz-exchangevresults in a foﬁr¥step flash yield
sequence with sustéined oscillations in yield; However, O2
consumption occurs in both PS I and PS 1I, and thus(the flésh
yield seqhqnce‘uhich has been corrected for PS I uptake |is npt
likely the same as if PSII 02 uptake is also cbnéiaé;éa{
As well, flash Qield sequenres obtained with PS II membranes

containing exogenous electron acceptors may not be equivalent

to O2 evelution which occurs when both photosystems-are
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functional. VHowever, PS I O2 uptake is most likely larger
thén that of PS II, thus subtraction of the PS I O2 uptake‘
should give a feasonable approximation to actual O2 evoi;—,
tion. If it were possible to inhibif,PS I o, uptake aithoqt

affécting O2 evolution, the effect of O2 consumptionrreéc—
tions on the-méééuréd”rétésrof Oé'éxChange and the flash

yield sequence could be determined. Vidaver (1969; 1972) has

——

shown that in Ulva lobata under continuous illumination, high
hydrostatic pressures (~5000-10,000 psi) result in inhibition

of PSI O uptake with little inhibition of O2 evolution.

2
Using short, saturating light flashes to illuminate Ulva sp.
under 5000-10,000 psi hydrostatié»pressure,ﬁit may be possible
to experimentally inhibit PS I 02 uptake without signifi-

cantly altering the process of O, evolution. This may

result in further insights into the effect of O2 uptake on
the four-step flash yield sequence.

Many studies have been berformed with Ulva tb investigate
the transient light-induced O2 uptake using;éontinUous
illumination (Vidaver and French, 1965; Chandler and Vidaver,

1970). If the transient DCMU-induced O, uptake is subtrac-

2
~ted from the O2 exchange curve, the large dip’attr{buted by
- Vidaver to PS f'Oz uptake is absent (Vidaver and French, 7
1965). The results shown in Fig. 5.11 essentially verifies
his assumption that the large dip in O2 exchange after the
"O2 gush" must be mostly due to a PS I-mediated Q2 uptake.

The effect of anaerobiosis on the’mechanism of O2
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evolution is still being widely debated. Generaliy, however,

most researchers concur that lack of O2 inhibits 02 evolu-

‘tion, bht the extent of the inhibition and the sites of,inhibi-
tion are not clear. Diner éhd Mauzerall e1§73a,b) haveréhown
‘that;anﬁerobiqsié results in feduction,of,the;PQmpoolwin”themﬁmﬁwww,
dark, bu% thié may not cdmpletély‘acéouht for thevinhibition

2 2L Since continuous

of O
far red light superimposed on 0.25 Hz red flashes ihcréased

evolution in the absence of O

the O2 yield under anaerobic conditions, Diner and Mauzerall

(1973a) attributed this increase to the oxidation of reduced
PS I1 electron carriers by far red light. Thus,‘it is pos-
sible that far fed light flashes given to algae in the absence

of 0O, evolution.

2 2

However, an dttéhﬁt"ﬁéérﬁéaé"fd’abéthis’usinérfafﬁféawiaser

will aiter the anaerobic inhibition of 0
pulses (705-720 nm), but the intensity was not sufficient to
altef the anaerobic response from the cohtroifré;éénsé ;nréir.
The O2 exchange curves for Jlva under anaeroszc condi-
tionsralwayS show a small amount of O2 produced; even qfter
"6 ﬁ of anaerobic exposure. For Ulva, it appears that O2 is
not required fbr water-splitting torocéun. 'However, the pos-
sibility that'O2 cquld be bound to the § states and released
af the onset of illumination to bétalyze the éroductiqn of
.O2 cén not be disregafded. Experiments by Radmer and Ollinger
(1980a) using mass spectrometry have led them to suggest that

under aerobic conditions in the dark, the S1 state of Ve

spinach chloroplasts does not contain a bound intermediate



oxidatio; product of HZO' The authors also state that any

association betﬁeen the S0 and Si statés and water inter-
mediates would be shoft—lived. However, it is difficulf té_
exptrapolate experimentaldfesulfs obtaineqrin air'to'thosé
obtained under anae;obqucopditibns, where pL§ntsVate_under;mmW;;W
O2 stress, and th&s this possibility‘should be ihvestigated'

more thoroughly under anaerobic conditions.

Further studies should be made onrthe flash yield kinetics
of red algae, e.qg. Porphvrka, which shéw different“kinetics » . N
than the green or brown algae. It would be interesting to ;
determine if the lack of a four step O2 exchange’pattern in
Eg;ghx;ivis‘due to variations in O2 ebolution or uptake.

The appearence of a four-step pattern of net O2 exchange in

Porphvra underwlbﬁ1éﬁbféﬁfwbz'&Bﬁééﬁfration'suggeSEE'fﬁéfmi
different hechanisms (or lack) of O2 uptake may be occurring
under normal conditiohs. Determination ofrfﬁe liéht intensity
which is sufficient to saturate oxygen—edﬁlving centers should
also providévinformatioh on O2 exchange in Porphvra ‘and

enable determination of whether photoinhibit&on~is occurring

under light intensities which provide normal responses-in

green and brown algae.



APPENDIX

ADP

_ ATP

CF CF

o 1
CHL, Chl’
Cyt
DCMU
éd-fh-red

Fa

" FD

Fa
Fe-S

FNR

QET

kD

LHC

NADP

NADPH

OEC-

‘iron-sulfur protein
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LIST OF ABBREVIATIONS

adqniné dinucleotide phosphate

adenine trinucleotide phosphate

coupling factor components SO

chlorophyll molecule A(
cytochrome
3-(3,4-dichlorophenyl)-1,1-dimethylurea ) o

ferredoxin-thioredoxin reductase

\,

" ferredoxin ' g

bound fafreddkinnusually subscripted, e.g. FDy.

FD,, or FDp

‘soluble ferredoxin

ferredoxin-NADP reductase

ferredoxin—-NADP oxidoreductase

kilodalton, 1 kD = 1000 g/mole

light-harvesting complex
active site of the oxygen-evolving complex

nicotinamidehadénine dinugkgotide phosphate

reduced nicotinamide adenine dinucleotiden

phosphate ' ' e [
oxygen-evolving complex

primary electron acceptor for photosystem II

secondary electron acceptor for photosysggm I1
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°

PC S plastocyanin

PHEO, Pheo pheophytin

Pi ' phosphate’group'(boa—) -

PS I _ photosystem I T 47»
PS IT , ,photosystém,IIj _ I
PSU 7 _ photosynthétic unit

P680 photosystem IIVreaction center pigment

Psoo  photosystem I re;ction center pigmentr -
PQ 7 plaspoquiﬁone

RQ ‘%\reaction centerﬁcoﬁplex_

RuBP ribulose bisphosphatc

Yi - net oxygen yiéld tor fiash number i

2 - p;imary electron’dann.térphotosystem_II 4

a¥ | electréchemical potential difference

L3

h- lipid>molecule
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