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PULSED POLAROGRAPHIC STUDY
OF THE OXYGEN-EVOLVING SYSTEM OF PHOTOSYNTHESIS IN CHLORELLA

A pulsed polarographic device was built for measuring
the amount of oxygen evolved in photosynthetic gystems
illuminated with light flashes, The oxygen-yield sequence of
Chlorella suspensions under 30 us flashes at a repetition
rate of 2 Hz revealed that the experimental oscillatory
pattern of the yield vs. number of flashes can be described
theoretically with the linear four-step model (Kok’s model)
with the exception of the height of the yield after the
first flash., The deviation of theory and experiment can be
explained by the dark relaxation processes in the oxidized
states (S-states) of the water-splitting enzyme, gince
nearly half of the reaction centers can be found in S-sta-
tes having no positive accumulated charges in dark-adapted
systems, Based upon the homogeneous hypothesis for the
initial distribution of the transition probabilities among
the S-states, the average transition probabilities are 10,
75 and 15% for the non-reactivity (misses), normal reacti=-
vity and double-reactivity (double-hits) of the reaction
centers, respectively. ¢

Introduction

Green plant photosynthesis primarily implies oxidation-re-
duction reactions driven by two light reactions in series, in
two distinct systems, photosystem I (PS I) and photosystem II
(PS II), respectively (Fig. 1). The light is absorbed by light-
~harvesting pigments of these systems, and the excitation energy
migrates via exciton transfer to the reaction centers. The exci-
ted reaction centers (special chlorophyll-a forms) are able to
donate an electron to the primary acceptor molecule (G or X), re-
sulting in the primary charge separation, i.e. the direct conver-

[59]
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Fig. 1. Z-scheme of green plant photosynthesis, demonstrating the

intermediates according to their estimated midpoint potential. The

vertical arrows denote the photochemical charge separations due

to the absorption of gquanta hv in the two photosystems. The

further arrows show the transfer of a single electron. Pypg and

Pg % are the primary donors, X and Q the primary acceptors of
$ I and PS II respectively; M is the water splitting enzyme

Z-gchemat fotosyntezy roslin zielonych. Skiadniki Zadcucha trans-
portu elektrondw utozone w kolejnosSci ich potencjaidéw normalnych.
Strzaiki pionowe wekazujg fotochemiczne rozdzielenie *adunku spo-
wodowane pochfonigeciem kwantu hv w dwu fotosystemach. Nastepne
strzazki wskazujg przenoszenie pojedynczego elektronu. Pogo &
Pggo 94 plerwotnymi donorami, X i Q - pierwotnymi akoep%orami
uktadéw PS I i PS II; M - enzym rozszczepiajgcy wodg

Z -cxemMa GOTOCHUHTE3a 3eNEHHX pacreHuid, HuTepMenmaTd B mOcCHenoBa-
TEJIBHOCTH HX HODMAJBHHX [OTEHUUAANOB, BeprHKaJbHHE CTPEJKH 0603HaAUA~
oTHoTOXUMAYECKOE paslielleHde 3apAna BH3BAHHOrO MOrJOmMEeHHeM  KBAHTOB
hv B nByx dorocucremax. Cireaywmue CTpPeJKU MNOKABHBANT MNEPEHOC eXd-
HOrO 3JeKTpoHA. Ppyy #  Pggy ABIANTCA NMEepPBAYHHMM NOHOpam#a, X u

nepBauHuMu aknenropamu PS I m PS II; M - sH3uM paccuenaawmuid Boxy

gion of the light energy into chemical energy; PS I produces a
strong reducing agent (NADPH), performing the fixation of 002
into carbohydrates and oxidizes the pool of plastoquinone mole-
cules. PS II oxidizes water, thereby evolving oxygen and redu-

cing the plastoquinone pool.
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Whereas the reduction of 002 to carbohydrates via the Calvin
cyocle has been clearly elucidated, the path of oxygen has till to
be explained. Although much experimental evidence has been accu-
mulated against light-induced water decomposition  (photolysis)
and in favour of the charge-acoumulating system on the donor side
of PS II, the mechanism of 02 evolution from H20‘ is still
unknown e

The present work deals with the question of the oxygen libe=-
ration, and how the technique of pulsed polarography and mathe=-
matical analysis of the transition probabilities between different
oxidized states of the oxygen-evolving enzyme has helped wus to
get a coherent view of the processes,

Egen polarograph

The principle of the polarographic cell (Fig. 2) is aimilar
to that described by Joliot and Joliot [3] A
drop of algal suspension is homogeneously spread on a platinum
electrode. In order to attain a single layer of cells, the Chlo-
rella concentration should be adjusted. In a chamber of 0,15 mm
thickness with an algal concentration of 4.59108 cell mi'1, a
monolayer is formed on the electrode after the cells settle to
the bottom. This can be checked visually (the color of the elec-
trode should be faintly green), electrically (the elestrode res-
ponse should be steady within geveral % after 15 min of stabi-
lization), or microscopically. The algal suspension is covered
with a cellophane membrane. Between this membrane and a plexi-
glass cover, the culture medium flows, The medium contains 2 M KCl
to ensure sufficient electric conductance. A constant oxygen con-
centration in the chamber is ensured by an equilibrium between
the oxygen uptake by the algae and the oxygen supply by the flo-
wing buffer. The glass window on the cover renders possible illu=-
mination with a Xe flash tube of about 30 ps flash duration and a
repetition rate of 2 Hz,

The wiring diagram of the apparatus consists of three main
parts (Fig. 3). The first part ensures the suitable voltage
(=0.7 V) for Oa-deposition by polarizing the platinum electrode
with respect to the Ag/AgCl electrode. This is achieved with a
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Fig. 2. Device for measuring oxygen exchange.
Explanation see in text

Urzgdzenie do pomiaru wymiany tlenowej. Wyjaénienia w tekscie
YerpoficTBo nnA uMsMepeHHA o6MeHa Kucaopona., OOBACHEHHA B TEKCTe

measuring
device

to
X multichannel
analyser
deposition current differential
voltage to voltage amplifier
adjustment converter

Fig. 3. Wiring diagram of the system for oxygen measurements.
Explanation bBee in text ' :

Schemat elektryczny urzgdzenia do pomiardw tlenu.
Wyjasnienia w tekscie

dMexkTpuuecKas cxema ycTpodcrsa gnaA msMepenmi xmemopoza.
O6BACHEHUA B TEKCTEe
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commercial integrated operational amplifier (Fairchild, 709) with
full feed-back (1 amplification). From an electrical point of
view, the illuminated polarographic cell can be cohsidered a ocur-
rent generator. The small current through the measuring device
is transformed into electric voltage via a current-to-voltage
converter, an operational amplifier with low bias current (Fair-
child, 740, 2 nA), in the asecond part of the diagram. In order
to measure only the flash response of the polarograph, i.e. to
avold the detection of the slower variations of the oxygen con-
centration, a differential amplifier (Fairchild, 741) is connec-
ted with the previous step. The signal is fed into a multichan-
nel analyzer (KFKI-gystem, NTA 512) where it can be stored. The
gignal-to-noise ratio can be improved by repetition of the mea~-
surement,

The unicellular green algae (Chlorella pyrenoidosa, Chick=
-gtrain Emerson 3) were grown and harvested under standard con-
ditions: 4 mW/om2 light flux, Tamiya culture medium at room
temperature.,

Results

Figure 4 demonstrates a typical Oz-evolution pattern (Yn)‘of
dark-adapted Chlorella cells exposed to a series of 30 .ps
light flashes spaced 0.5 8 apart. Several interesting observa-
tions can be made. The most striking feature is the oscillatory
behavior of the 02-yield with a periodicity of four which disap-
pears after 3 or 4 periods due to a strong damping. Similar Te-
sults were obtained first by J o 1i ot et al. [4]and cor-
roborated later by others (see e.g. [5]). After the first and
the second flash practically a negligible amount of oxygen could
be detected (Y1 & Y2 ~ 0), and the first maximum appears not
after the 3rd flash but after the 4th one. The further maxima
can be found after the 8th and 12th flashes, and the minima
after th 6th and 10th flashes. The steady state 02 evolution Yss
is attained at the 14th or 15th flash,.

In order to check whether the flash energy is high enough to
saturate the oxygen evolution, the above measurements were car-
ried out under the same experimental conditions, but with attenu-
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Fig. 4. Oxygen evolution in dark adapted Chlorella cells illumi-

nated by a series of 30 gs saturating flashes, as function of

flash number., Yg; means the steady state oxygen evolution under

flashes with different inténsities (in arbitrary unites): e -100%,
x-62%, ©0-30% and A-14%

Wytwarzanie tlenu przez komérki Chlorella adaptowane do ciemno-
Sci, oswietlone serig 30 psekundowych biyskdéw nasycajqcych w za-
leznodci od liczby biyskdéw. Yo oznacza stacjonarny poziom  wy-
twarzania tlenu w odpowiedzi na biyski o réznej intensywnosci éw
jednostkach umownych): e = 100%, x= 62%, o - 30%, & = 14

O6pazosaHue Kucaoposa B kierxkax Chlorella DpACHOCOCIEHHHX K TeM—

HOTEe, OCBemeHHHX cepe#t 30 MMc HacHmapmUX BCOWMEK, B QYHKUAU vUCHa

BeMumeK. Yeg OOO3HAUAET CTauuoHapHOe o6pasoBaHHe KHCIOPONa BCHHM-

KaMd pasHO! WHTEHCHBHOCTH MPOH3IBOJBHHE ENUHHUUH e - 100%, x =
2%, 0=~ 30% m A~ 14%

ated flash energy. The pattern does not change signifioahtlyi
the periodicity and the locations of the maxima and minima are
preserved - except for a small shift of the third maximum in’ the
case of the smallest energy. The light-saturation curve of the
gsteady-state oxygen evolution indicates that the highest flash
intensity (100% in relative units) can be satisfactorily consi-
dered as saturating.
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The Oa-yield sequence of Chlorella grown under synchronized
(16 h light and 8 h dark) and asynchronized conditions was prac-
tically unchanged.

It was found that the ratio Y4/Y3 was very sensitive to the
dark-adaptation of the algae. When the sample was kept in dark-
ness for 30 ¢ after steady flashing, Y3 became equal to, or even
greater than Y4 if the time for dark-adaptation was less than 30s.

The Oz-response did not follow the exciting flash  promptly,
but had a delay of about 15 ms, in good agreement with the fin-
ding of Zankel [10] based on delayed fluorescence measu=
rements.

Discussion
[ ——— =

- The kinetic property of the damped oscillation can be
successfully explained by a linear four-step model, first intro-
duced by Kok et al. [6]. According to this model, each PS II
centre occupies cyclically five states, SQ-S4, agsociated with
the accumulation of four positive charges; the subscripts refer
to the number of positive oxidizing equivalents stored on the
"S"-complex. The transition from one state to the next requires
.the absorption of one photon:

o hv‘s hv‘s hv hv
4© L R et o8 S3 *’S?'

i -
2'H28‘_—ﬁ/§ + 02

Since the 02-response follows 15 ms after the flash, one can argue
thgt the transition from one state to an other occurs via a meta-
stable state with a rate constant k ~ (15 ms)"1. To explain the
damping in the oscillatory pattern, Kok assumed that even with
saturating flashes, a center has a small probability of not reac-
ting ("misses"). Depending on the flash duration, there is a
given probability for a center to react twice ("double hits"):

. si miss
/ I
/ 5; <$| 8;,q normal
b S; double hit
o +2
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oy By and ¥y denote the probabilities of misses, normal reac-
tions and double hits, respectively. The quantitative = analysis
of Kok’s model was first elaborated by De lr i eu [1, 2],
and later developed by Lavorel [7], Lavorel and
Lemaseson [8] and Thibault [9) In the quanti-
tative treatment, Kok’s model is considered a Markoff-process.
The effect of a flash may be described as the operation of a ma-

trix K on a state vector S(n), resulting in a new state vec-
tor S(n+1)=

e W LG (1)

The components of S(n) are defined as the relative concentrations
of centers in states So' S1, 82 and S3 after n flashes, and
the elements of X are the transition probabilities between di-
fferent states:

@y 0 s 85
oLy 0 %3
B0, By, Sa W

0 P By o3

=2
1
@
o

(2)

Let us focus our attention to the following three important
questions. 1. How to determine the transition elements? 2, Is
the matrix-model appropriate or not? 3. What can be said about
the initial S-state distribution?

Ad 1 and 2. Unfortunately, the direct determination of the
matrix elements of K in Eqs. (1) is not possible. However, four
quantities, with limited content of information, are readily de-
rived from the experimental data (Yn values). The general recur=-
rence law deduced from the eigenvalue problem of the matrix K

(Rx = Ax) .is

Y - d1' b4 +d

n+4 2 Ynyp = 93 ¥ t 9 ¥, = 0y (3

n+3
where 91s  Op d3 and d4 are quasisymmetrical funcitons of the
transition coefficients. Accepting the homogeneous hypothesis
(o =@, By = @ and Ty = ¥), they can be expressed as
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d‘ = La’
=2 o 9m2
g = 6&2 - 2% %, - (4)
dy = 4&3 - a2 +up2y,
g, = ok - Bb+ Fh-2a?3%+ Lap2y.

The ¢, (i =1, 2, 3, 4) values can be directly calculated

from the experimental sequence Yn: they are the solutions of a
gystem of four linear equations, where five consecutive Yn va-
lues enter each equation as coefficients. The calculations can
be conveniently performed on a programmable pocket calculator
(Texas Instruments, SR 52) and the results are given in Table 1.
The numbers (n) in the first column denote the starting values
of the trains of flashes applied for calculation of g5 in Eq.
(3). The last column containg the 91 =6, = d3 = g values ca-
lculated from different trains of flashes. This expression serves
ag a relatively simple method for checking the validity of the
model: it should always be equal to 1, as A = 1 is an eigenva-
lue of the matrix K. A very surprising observation is that the
first flash acts in a specific way not consistent with the model.
The effects of the following flashes (up to the 8th), however are
in reasonably good agreement with the model. If n = 8, we again
get deviation from the predictions of Kok’s model; this discre-
pancy, however, can be attributed to the inaccuracy of the mea-
surement in this domain, mainly due to the strong damping. The
reason for the deviation of the first flash behavior is unknown.
Similar conclusions can be drawn from the analyses of Lawvo-
rel [7] and Thibault [9]

The problem of calculation of the transition probabilities
from the d; values (Eq. (4)) ariges from the non-linear and
overdetermined properties of the equations (even a normaliza-
tion relation, o + 8 + ¥ = 1, should be connected with the
set of equations under (Eq. (4)). A graphical optimum calcula-
tion was carried out to obtain the average transition probabili-
ties: & = 0,10, @ = 0.75 and ¥ = 0,15, Not all the quanta of
light absorbed by the system advance the S-states forward. There
* ig an inefficiency of approximately 10%, which correspond fairly
well to the value obtained by others [7] with simulation methods.

Ad 3. As regards the S-state distribution of the dark-adap-
ted cells we refer to Fig. 4: no Oz—responses could be detected
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Table 1

Values of o¢; S derived from Eq. (3) using trains
of flauhea starting with the n-th flash

Wartosci ¢; S otrzymane z réwnania (3) dla serii biyskdw
poczynajac od n-tego biysku

Benuuun d; S noayduenHwe ¢ ypapHenua (3)
LNA PANA BCOHMEKX HAYKHAWMEroCA ¢ N-TOH BomMmKK

n d1 dz | d3 gy d1'dz+d3‘d[.
2y 3, 4, 5, 0:466 | -0:047 | 0128 | -0-347" 0-988
3, 4, 5, 6, 0:422 | =0-083 | 0:097 | -0-390 0-993
4y 5y 6, T, 0:376 | -0:117 | 0:094 | =0:410 0-998
2y 4, 6, 7, 0-393 | -0:024 | 0-228 | -0-343 0-988
@, 2,73, 4, | 0-442 | =0-368 | 0-185 | -0-443 1-437
M, 3, 5, 7, | 0:088 | -0:749 | 0-113 | -0-248 1-198
(M, 4, 5, 6, | 0-127 | =0-522 | 0-150 | -0-041 0-839
5, 6, 7,®, | 0547 | =0:115 | 0:159 | -0-092 0-893
6, 7,®,, | 0-561 | -0-159 | 0-246 | -0-240 1-205
7, @@, @,| 0-444 | -0-068 | 0-150 | -0-457 1117
2, 5, 7, @, 0:319 | -0-174 | 0-266 | -0-118 0-876
after the first and the second flashes:
Y, = ¥, =0, (5)
additionally
¥ty = (1 -a)% (1 - 8{%)) (6)
and
¥, = (1 -2)7 800+ w1 -@)? (1 - 50 )

may be derived from Eq. (1) using the homogeneous hypothesis, From
the last two equations the following expression is deduced:

1 ;
oy . (8)

Y
(1 -a) ¢
RO
1-3&-1;%
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Substituting the exgerimental data (!3/Y4 = 0,9), we obtain
0.47 and 0,53 for S and for S °), respeotively (53 ©)  gnd
s§°) R - A Eq. (5)). This would i Rhok
practically half of the centers are in state So and half in S1 in
a dark-adapted sample. The relatively high ratio SO/S1 we obtained
can be attributed either to a thorough dark-adaptation, or to
- some speciality of the oxygen-evolving system of our Chlorella
strain, or more specifically to the rapid relaxation processes of
the higher 8 states.

Aoknowledgementa

The authors are indebted to J. Lavorel for providing many
useful suggestions in constructing the polarographic devioce.

" REFERENCES

[1]Delrieu M, J., Photochem, Pnotobiol. 20, 357 (1974).

[2] Delxrieu M, J., Pnotochem. Photobiol. 20, 441 (1974).

[3J0o1lio0ot Pey Joliot A., Biochim. Biophys. Acta
153, 625 (1968).

[4JJ 01140t P, Barbieri G, Chabaud R,
Photochem. Photobiol. 10, 309 (1969).

[5]Porbush B, Kok B,, Mc G104in M, Photo-
chem, Photobiol. 14, 307 (1971).

[6] Kok B,, Forbush B,, M¢ G1loin M, Photoohem,
Photobiol. 11, 457 (1970).

[7]Lavorel J., J. theor. Biol., 57, 171 (1976).

[8] Lavorel J., Lemasson C,; Biochim, Biophys.
Acta 430, 501 (1976). , :

[9J Thibault P, J. theor. Biols 73, 271 (1978).

(10 Zankel K. L., Biochim, Biophys. Agta 245, 373 (1971).

Ingtitute of Biophysics
Jézgef Attila University
Szeged, Hungary



70 P. Maréti, G. Laczkd, A. Ringler, L. Szalay

Péter Mardti, Gébor Laczkd, Andrds Ringler, Ldszld Szalay

BADANIA UKLADU
FOTOSYNTETYCZNEJ GENERACJI TLENU METODA POLAROGRAFII IMPULSOWEJ

Skonstruowano urzgdzenie do badania metodg polarografii im-
pulsowej iloseci tlenu wytwarzanej w ukiadach fotosyntetycznych o-
Swietlanych biyskami Swiatta., Okreslono sekwencje wydajnoSoci tle=-
nowej zawiesin Chlorella oSwietlanych biyskami 30-psekundowymi
powtarzanymi z czg¢stosScig 2 Hz i stwierdzono, Ze sekwencja taka
moze by¢é opisana teoretycznie za pomocg liniowego modelu cztero=-
etapowego (model Koka), ktdry jednak nie daje wiasciwych przewi-
dywan wydajnosci tlenu po pierwszym bkysku. Odchylenie teorii od
eksperymentu spotecznego moze by¢é wyjasnione procesami relaksacji
ciemnej w stanach utlenionych (stanach S) enzymu rozszczepliajace=
go wode, gdyz stwierdzono, ze prawie poXowa centréw reakcjl o
stanach Sy w ukadach adaptowanych do ciemnoSci nie posiada na=-
gromadzonych adunkdw dodatnich. W oparciu o hipotezg¢ homogennego
rozkiadu poczgtkowego prawdopodobiedstw przejs¢ pomigdzy stanami
S otrzymano nastgpujace przecigtne prawdopodobienstwa przejsé¢ po-
migdzy centrami reakcji: 10% dla niereaktywnosci (chybienia), 75%
dla normalnej reaktywnosci i 15% dla podwdjnej reaktywnosci (po-
dwéjne trafienia).

[lerep Maporu, T'a6op Jlauko, Aunpeac Puuriaep, JNacno Canait

MYNbC~MTONAPOI PAPUUECKUE MCCNENOBAHUA
®OTOCUHTETAY ECKOA CUCTEMH OBPA30BAHWA KUCHIOPOJNA ¥V CHLORELLA

Mocrpounyu mynbc = MOAAPOrpapAveckoe YCTPOACTBO IAA H3MEDPEeHHA
KOMMYECTBAa KUCIOpoAa OO6pasoBAHHOrO B (OTOCHHTETHYEeCKod  cucreme
ANNOMAHKPOBaHHOM BemumkaMmu cpera. [locaenoBaTeNbHOCTH BHXOAA KHUC—
nopona cucrnensuu Chlorella mpu 30 MMC' BCINmMKAX, MOBT OPAEMHX C
yacrorok 2 '3 MOKHO ONmHCaTh TEOpETUYECKH NpH noMomu JUHeHHOH uerH-
pecryneHuarHo# mozenm (Mozmenr Koka) koropas, ONHaKO, He OXBaTHBaer
BEJMYMHH BHXOZa Hecike mepBoft Bcmwmkd., OTKIOHEHHE TEOpHH OT osKcHe-
PHMEHTA MOXHO OGBACHHTH MNpONECCAaMd TEMHOBOH pelAKcandd B OKMCHEH-
HHX cocTosHuAx (S =coCTOAHMA) DH3UMA pacmeIAPmEero BOXY, TaK Kak,
MOYTH NOJOBUHY LEHTPOB DEAKOUH MOXHO HalTM B S-COCTOAHHAX B CUC-
TeMax alalTHPOBAHHWYX B TeMHOTEe 6e3 HAKOMIEHHHX MOJOKATENBHHX 3a-
panoe. [loraras roOMOreHHOE HauajbHOE pacHpeneleHHe BepoATHocTel me-
pexona mo S=COCTOAHMAX, HACANA CPejHEe BEPOATHOCTH Mepexonal 10%
Iaa HOpManbHOX peakrTmBHOCTH M 15% xaa nBolRHo# peakruBHOCTH IBOH-
HHE ynapH LEHTDOB DeaxknuH.



