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ABSTRACT. The characteristic period four oscillation patterns of oxygen evolution induced by a train of
single-turnover flashes were measured as a function of temperature in dark-adapted photosystem Il (PS
1) membrane fragments that were reconstituted with native plastoquinone-9 (PQ-9) by a recently developed
procedure [Kurreck, J., Seeliger, A. G., Reifarth, F., Karge, M., & Renger, G. (1Bi@shemistry 34
15721-15731]. The following results were obtained: (a) within the rang@®°C, the probabilities of

misses ¢) and double-hitsf) and the dark population of redox stateeXhibit similar dependencies on

the temperature; (b) below a characteristic temperatithese parameters remain virtually independent

of temperature, abové; (¢. = 20 °C for a andg; ¥ = 30 °C for §) the values ofx andf increase
whereas $decreases; and (c¢) the dark decay ph8d S via fast and slow kinetics owing to reduction

of the water oxidase by Yand other endogenous electron donor(s), respectively, exhibits comparatively
strong temperature dependencies with the following activation ener§ig&,?s) = 60 £ 10 kJ/mol,
Ea(Ss2%) = 55 4 10 kJ/mol,Ea(S5°%) = 80 £ 5 kd/mol, andEa(S:5°%) = 75+ 5 kd/mol. These values

of PQ-9 reconstituted PS Il membrane fragments are very similar to those that were previously reported
for thylakoids [Messinger, J., Schder, W. P., & Renger, G. (199Bjiochemistry 327658-7668]. These
findings reveal that the reaction coordinates of feeding electrons by endogenous electron donors into the
water oxidizing complex (WOC) that attains the redox statearfl S is virtually invariant to Triton

X-100 treatment used in the isolation procedure of PS Il membrane fragments from thylakoids. Implications
of these findings are discussed.

Photosynthetic water oxidation to molecular oxygen and during the redox transition; S~ S+; within the WOC, $
the coupled release of four protons into the thylakoid lumen represents the redox state with: number of oxidizing redox
takes place within a manganese-containing functional unit equivalents stored in the WOC, aidg is the Kronecker
referred to as water oxidizing complex (WG(fpr reviews, symbol, i.e.,0i3 = 1 for i = 3, otherwise zero. This
see Debus (1992) and Renger (1993)]. The overall processormulation tacitly implies that §* is assumed to cause an
comprises a sequence of four univalent oxidation steps (Kok oxidant-induced reduction ofs30 S under formation of
et al., 1970) that is energetically driven by the strongly mojecular oxygen (Renger et al., 1994; Rappaport et al.,
oxidizing P680" formed during the primary steps of light- 1994). Furthermore, it has to be emphasized tgdt S 0)
induced charge separation [for a review, see Renger (1992)]s the Jowest redox state under steady state illumination while
A redox active component Yidentified by site directed i thoroughly dark adapted samples the WOC is virtually
mutagenesis as Tyr 161 of polypeptide DISynechocystis  gpirely in § (Vermaas, 1984) and under special conditions
sp. PCC 6803 (Debus et al., 1988a; Metz et al., 1989) ssuper-reduced” states with < 0 (e.g., S1, S.5) can be

functionally connects the WOC with P680 In a compact populated [for a discussion, see Messinger and Renger
manner the four-step univalent oxidative pathway in the (1993)]

WOC with Y2X as oxidant can be summarized by eq 1: y _ _
Apart from Y(Z) as the unique oxidant of sequence eq 1,

other endogenous redox groups can interfere with different
redox states ;Sf WOC. In analogy to ¥ in D1, the D2
polypeptide also contains a redox active tyrosine symbolized
by Yp and identified as Tyr 160 isynechocystisp. PCC
%803 (Debus et al., 1988b; Vermaas et al., 1988). Although

- » by Deutsche Forsch chaft and Fond almost symmetrically arranged with respect to P680, the
Inancial support by beutsche Forscnungsgemeinscnart an on H H ‘i H H :
der chemischen Industrie is gratefully acknowledged. Syrosine residues Q(and Yz egxh!blt quite different properties.

* Corresponding author. FAX:+49-30-314 21122. The redox potential of ¥/Yy” is about 250 mV below that

® Abstract published ildvance ACS Abstract§ebruary 1, 1997. of Y-/YS* (Boussac & Etienne. 1984). Therefore®¥
1 Abbreviations: PSII, photosystem II; PQ-9, plastoquinone-9; WOC, d “ Zt ( it oxidati fth, WOC).' d tDt S
water oxidizing complex: ADRY, acceleration of the deactivaton @0€S NOl pe€rmit oxidation or the In redox states

reactions of the water-splitting enzyme systefaDM, B-dodecyl with i = 1 but Yp rather leads to reduction of,&nd S

maltoside;f\é, rledox agtive tyrosine gf pollypepticciie DZ%MﬁdOX active (Styring & Rutherford, 1987). Except for reactions with
tyrosine of polypeptide D1; D1, D2, polypeptides of photosystem II; ox
S, redox staté of the WOC; MES, 24¢-morpholino)ethanesulfonic =~ Yo/Yp  the redox stateszSand § undergo a slow decay

acid; Qu, Qg, quinones of the acceptor side of PS II. into S; via back reactions with the acceptor side, probably

K
ox
Yz S+ W HO—=Y,S 4, + MHiument 01202 (1)

wherek; is the rate constanty andwi.; are the numbers of
protons released and substrate molecules bound, respectivel
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involving Yz and P680 as deduced from measurements of
delayed light emission (Rutherford & Inoue, 1983) and
thermoluminescence (Rutherford et al., 1984).

In addition to these endogenous redox groups the reaction
pattern of the WOC can be significantly modified by
specifically acting exogenous compounds like hydrophobic
ADRY-type substances (Renger, 1972; Hanssum et al., 1985)
and hydrophilic reductants like NNH and NHNH, [see
Messinger et al. (1991) and Messinger and Renger (1993)
and references cited therein].

Recently, the kinetics of the,%&nd S decay by endog-
enous donors and the, Sxidation by Y3* have been
thoroughly analyzed in isolated thylakoids (Vass et al., 1990;
Messinger et al., 1993). Correspondingly detailed studies
are lacking for PS Il membrane fragments because the rather
limited size of the endogenous plastoquinone (PQ) pool in
this sample type hampered the use of the characteristic period
four oscillation of oxygen evolution induced by a train of
single turnover flashes as an analytic tool [for a discussion,
see Messinger et al. (1993)]. Recent studies, however,
revealed that the PQ pool can be restored to high levels so
that oscillation patterns are obtained comparable with those
of isolated thylakoids (Kurreck et al., 1995, 1997). There-
fore, in the present study PQ-9 reconstituted PS || membrane
fragments were used in order to analyze the reductive
relaxation of $and S by endogenous redox groups and the
temperature dependence of these reactions.

MATERIALS AND METHODS

normalised oxygen yield
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Ficure 1: Normalized oxygen yield as a function of flash number

in dark-adapted spinach PQ-9 reconstituted PS Il membrane

fragments in the gxsl state illuminated by a train of single-
PSIl membrane fragments were isolated from spinach turnover flashes at 2 (a), 20 (b), and5(c) at pH 6.5. The oxygen

according to the procedure of Berthold et al. (1981) with
slight modifications (Viker et al., 1985). After the final

yield of each flash was normalized to the maximum yield of the
third flash. Experimental conditions as described in Materials and
Methods.

isolation step, the PSIl membrane fragments were resus-

pended in a weakly buffered medium [10 mM MES/NaOH
(pH 6.5), 15 mM NacCl, 4 mM MgGl and 400 mM sucrose]
to chlorophyll concentrations of about 5 mg/mL.

(pH 6.5), 20 mM CaGl 10 mM MgCh, and 300 mM
mannitol.
The probabilities of misses, double-hits, and the apparent

Plastoquinone-9 (PQ-9) was prepared according to ainitial S; state populations, [, of dark-adapted samples

method described by MacMillan et al. (1995) with some
modifications (Kurreck et al., 1995). The reconstitution

were determined by a least-squares fit method comparing
the relative oxygen yields of the first 16 of the train with

procedure was done as outlined in Kurreck et al. (1995) with calculated sequences [on the basis of the conventional Kok
some changes to reconstitute larger amounts. An increasemodel, see Kok et al. (1970)] as outlined in Messinger et al.
of the pool size by a factor of about 2.5 was achieved. It (1991). The & and S lifetimes were measured in the
has to be emphasized that this reconstitution procedure doegonventional way (Joliot & Kok, 1975) by exciting dark-

not affect the value of the maximum oxygen evolution rate

measured under saturating continuous light (Kurreck et al.,

1995). Y2Xs, PS Il membrane fragments were obtained by
excitation of 10QuL of a suspension (chlorophyll concentra-
tion about 1 mM) with one flash at C and subsequent
dark incubation on ice fo2 h (Messinger & Renger, 1990).
Flash-induced Qoscillation patterns were measured with

adapted samples with oney(f®rmation) or two (g forma-

tion) preflashes and monitoring the @ield pattern induced

by the flash train given at various dark timgsafter the
preflashes. These patterns were deconvoluted into normal-
ized S state populations within the framework of the
conventional Kok model by the use of a least-squares fit
method, taking misses and double-hits of the normal

a modified Joliot-type electrode (Joliot, 1972) that keeps the Sequence (2 Hz) as fixed values. The rate constants were
temperature at the electrode and the buffer reservoir constanglerived from curve fitting of Sor S population as a function

within +£0.2 °C (Messinger & Renger, 1990). The pH of

the flow buffer was adjusted at each temperature to pH 6.5.
All measurements of this study were performed with samples
of PQ-9 reconstituted PSIl membrane fragments at a

chlorophyll concentration of 1 mM. 1QL of these

suspensions was transferred to the Pt electrode and incubated

for 2 min to achieve precipitation and thermal equilibration.
The polarization of~650 mV was switched on 30 s before
excitation with a train of short [full width at half-maximum

of ty with a biexponentional decay model.
RESULTS

Effects of Temperature on the Oscillation Pattern of
Flash-Induced OxygentBlution

Figure 1 depicts the characteristic period four oscillation
of the oxygen yield induced by a train of single-turnover
flashes in dark—adaptedg? (S1) samples of PQ-9 reconsti-

= 3 us] saturating xenon flashes separated by a dark timetuted PSIl membrane fragments at 2, 20, and°G5 An

of 500 ms. The flow buffer contained 50 mM MES/NaOH

inspection of these traces readily reveals that the oscillation
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patterns measured at 2 and“ZDare virtually the same while 03
at 35°C a pronounced damping arises. Within the frame-

work of Kok's model, and taking into account the observation

that practically all WOCs attain the redox state &ter

sufficiently long dark adaptation (Vermaas et al., 1984), the
enhanced damping can be phenomenologically explained by 024
an increase of the probabilities of misseg é@nd double-
hits (3) at higher temperatures.

In order to analyze these temperature effects in more detalil,
the oscillation patterns were measured in intervals 6€2
within the range 6-40 °C and evaluated within the frame- 0,1
work of Kok’s model. Figure 2 shows the probabilities of
misses and double-hits and the dark population;p{S]o,
as function of the temperature. The temperature dependence
of a, B, and [S]o exhibits the same feature with a
characteristic transition temperatutgof about 20°C for a. 0,0
and 8 and about 30C for [S]o. At values belowd. the
parametersa, 8, and § are virtually independent of
temperature, while abov#&. a remarkable increase afand 0,04
S and a decrease of {|g are observed with increasing
temperature. Below the transition temperature, values of
0.10-0.12 and 0.0260.022 (Figure 2, traces a and b) are
gathered for the probabilities of misses and of double-hits,
respectively, from the experimentally measured oscillation
patterns of PQ-9 reconstituted PS Il membrane fragments.
This analysis also reveals that up to about’@0the WOC
of dark-adapted samples populates exclusively thet&e
(Figure 2c). At temperatures above 30 the normalized
population of $ starts to decline and concomitantly an
increasing fraction of the WOC's attains the appargrit&te.

An analogous feature was recently observed when thylakoids 0,00 . — } . t
are incubated in buffer solutions of high pH (Messinger &
Renger, 1993). This phenomenon was shown to arise 124 ¢
predominantly from $and S decay between the flashes
owing to a fast reduction by Y. An analogous explanation
would require that §* becomes partly reduced when ol e e . T

Y gxsl" samples are incubated at temperatures above 30 ] . — .
°C. Alternatively the WOC itself could progressively ]
populate the $state. The data available do not permitan ¢ .

unambiguous assignment. 0,84 N

In general, the temperature range where the above
mentioned effects can be analyzed is limited due to the
thermal degradation and denaturation of the samples. Previ-
ous measurements of the absolute average oxygen yield per 061
flash with a Clark type electrode have shown that dark
incubation of isolated thylakoids for 3 min at elevated T ' 20 " 30 ' 40
temperatures causes an irreversible loss of the oxygen
evolution capacity. The onset of this effect is in the range
of about 30°C (Renger et al., 1989). Similar features were FIGURE 2: (a) Probabilities of misses, (b) double-hits §), and
observed in PS Il membrane fragments (data not ShOWﬂ).(C) initial S, state population in dark-adapted PQ-9 reconstituted
Therefore, in order to exclude a possible interference of PS Il membrane fragments as a function of temperature. For further

. . details, see text.
effects other than a thermally induced increase of the rate h flects the reduction of &hd S by Y dthe sl
constants and gather reliable results on the activation PN'aS€ rETiects the réduction 3 by Yp and the slow

energies, only the results below 28 will be taken into phase represents the kinetics of the fﬁd $ decay by
account in the following analysis. electron donation from the acceptor side and other endog-

enous reductants [for details see Messinger et al. (1993)].
Activation Energies of Sand S Decay by Endogenous Therefore, in order to permit the resolution of both kin_etics,
Redox Components PS Il membrane fragments were used that contained a
significant fraction of ¥% in the reduced state. Figure 3
The decay kinetics of Sand S can be determined by  shows the biphasic decay of the stateqtBces a and b)
varying the time between the first and second as well asand S (traces ¢ and d) at 3 and 2@€. Two interesting
between the second and the third flashes of the sequence afeatures emerge from this data: (i) the relaxations are
outlined previously [for a review, see Joliot and Kok (1975)]. markedly slower at 3C compared with those at 2T as
In general, a biphasic decay is observed, in which the fastreflected by the different time domains of the four curves;

alpha

beta

0,02+

temperature /°C
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Ficure 3: Normalized population of redox states&@d S as a function of dark time between the first and the second or the second and
the third flash of the sequence in PQ-9 reconstituted PS Il membrane fragments &,x) and 20C (b, d). The dotted curves represent

the biexponential fit of the data (contents of Table 1).

Table 1: Normalized Extents{ a) and Half-Lifetimes ¢, and
t3,,) of the Fast (f) and Slow (s) Phases oféd S Decays at
Different Temperatures in PQ-9 Reconstituted PS || Membrane
Fragments at pH 6.5

temp S, decay Sdecay

o temperature.
(CC) & () & 6,08 & tp(s) a  6,(s) P

3 040 35 060 320 021 25 079 750

8 050 30 050 230 016 20 0.84 450

12 041 20 059 120 034 25 066 320

16 044 15 056 90 047 15 053 190

20 042 8 058 55 041 8 059 110

and (i) the initial population are the same at both temper-

atures (not shown because for the sake of direct comparability

the initial extrapolated populations &t 0 are normalized

to 1.0). The first feature is indicative of comperatively high
activation energies of both the fast and the slow decay, of S
and S (vide infra).

The half-life times gathered from a fit of the experimental
data by a two exponential decay kinetics are compiled in
Table 1. An inspection of this data fop Eeveals that the
tyz values vary betwae8 s (20°C) and 35 s (3C) for the
fast phase and 55 s (2@€) and 320 s (3C) for the slow
phase. Likewise the half-life times of the dark relaxation
reactions of $vary betwea 8 s (20°C) and 25 s (3C) for
the fast reaction and 110 s (2Q) and 750 s (3C) for the
slow reaction. These findings show that the dark stability
of S, and § markedly increases at lower temperatures for

properties it is clear that measurements at lower temperatures
are much more suitable for analysis of the period four
oscillation of the redox states.S

The activation energies can be gathered from an Arrhenius
plot (Figure 4) of the rate constants as a function of reciprocal
In all cases the experimental results are
satisfactorily described by straight lines. It has to be
emphasized that the error of the rate constants is larger for
the fast decay component and that the activation energies
are less precise for these reactions. The activation energies
calculated from this plot are summarized in Table 2. Two
features emerge from this data: (i) the activation energies
for both the fast and the slow relaxation of &d S are
rather large, and (ii) the thermal activation of the slow decay
kinetics is markedly higher than that of the fast decay.

DISCUSSION

Recent progress achieved in reconstitution of a functionally
competent endogenous PQ pool (Kurreck et al., 1995, 1997)
opened the way to perform a detailed study on two
characteristic properties of photosynthetic water oxidation
in PS Il membrane fragments: (i) period four oscillation of
the oxygen yield induced by a train of single-turnover flashes
in dark-adapted samples and (ii) reductive dark relaxation
of redox states Sand S in the WOC by Y5 and other
endogenous electron donors. The results obtained with
YJ'S, samples of PQ-9 reconstituted PS Il membrane

both the fast and the slow decays. As a consequence of thesGagments [see Materials and Methods] reveal that the
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0 reactions [for further discussion, see Renger and Hanssum
(1988) and Shinkarev and Wraight (1993)]. Therefore, these
parameters provide only limited information on the WOC.

More details on the properties of the WOC can be obtained
by analyzing the individual redox steps that are induced by
the redox active tyrosines3¥ and the couple ¥/Y2*. It
was recently shown that in PS Il membrane fragments the
reaction coordinates of the individual oxidation steps induced
3t é I fast by Y?* (see eq 1) exhibit a characteristic pattern with

i % ..... A activation energies which are strongly dependent on the redox

T ﬁ _______ ﬁ state $of the WOC (Renger & Hanssum, 1992). Activation
e, energies of 12 and 35 kJ/mol were found for the formation
of S, and 3, respectively. These values remain virtually
the same after removal of several protein subunits by a
solubilization procedure witl$-dodecyl maltoside [Karge,
& ..__ Slow M., Irrgang, K.-D., & Renger, G., submitted for publication]
oL T E that permits the isolation of PS Il core complexes with high
5 RS oxygen evolution capacity (Haag et al., 1990). Likewise,
‘ in PS Il particles from the thermophilic cyanobacterium
7k A SynechococcusilcanusCopeland similar activation energies
were observed (Koike et al., 1987). In marked contrast to
the oxidative reaction pathway, the reduction efadd S
R ———— exhibits a quite different kinetic pattern. These reactions
000345 0,00350 0,00355 0,00360 0,00385 are not only slower by orders of magnitude but also the
VT /1K temperature dependence is quite different. Two character-
FiGure 4: Semilogarithmic plot of the rate constants of the slow istics emerge from the results of the present study: (i) the
(closed symbols) and the fast (open symbolsjsguares) andsS activation energies are significantly larger than those of the
(triangles) decay as a function of reciprocal temperature in PQ-9 corresponding oxidative reactions of &d S [see Renger
reconstituted PS Il membrane fragments. The error bars are L -
calculated from the maximal and minimal rate constants resulting 2"d Hanssum (1992)], and (ii) within the experimental error,
from the deviations in the biexponentional fit curves. the Ea values are virtually the same fog 8nd S reduction
by Y5 while those of $and S formation by Yo~ differ by
Table 2: Activation Energies of Dark Relaxation Reactions in the  a factor of about 3. The latter finding indicates that electron

21

In(k(Si))
o

-

woc funneling from Yp into the WOC in redox states, &and S
reaction type activation energy comprises a markedly different pathway than electron
S, and S reduction by ¥ Ea(S2%) = 60 10 kJ/mol abstraction by ‘gx from the WOC. In the case of WOC
Ea(S5®) = 55+ 10 kJ/mol oxidation, direct electron transfer between the redox groups
Szand § reduction by other Ea(S%*") = 80+ 5 kJ/mol is very likely to occur because the distance betwe&h Y

endogenous electron donors  Ea(S:5°%) = 754 5 kJ/mol .
9 A(ST) and the manganese cluster was recently estimated to be as

probabilities of misseso) and double-hitsg) and the dark  short as 4.5 A (Gilchrist et al., 1995). On the other hand,
population of redox state 1S[Si]o, gathered from data the distance betweenpYand the manganese cluster was
analysis within the framework of the conventional Kok model reported to be in the range of 230 A (Kodera et al., 1994;
(Kok et al., 1970) exhibit a characteristic temperature Hara et al., 1996). It therefore seems questionable that the
dependence. Below temperatungsof 20 and 30°C the electron transfer takes place without the participation of the
values ofa, 8, and [S]o, respectively, remain virtually  redox groups ¥ and P680 as intermediary redox carrier. A
constant, but abové, the former parameters(3) start to recent detailed analysis of electron transfer reactions in
increase while [go decreases with progressing temperature. biological systems led to the conclusion that a variation of
Apart from somewhat smallg values, which are fully 20 A in the distances between donors and acceptors in a
consistent with a slight retardation of,@eoxidation by @ protein matrix changes the rate constant by about 12 orders
(Qg) owing to the Triton X-100 treatment of PS Il mem- of magnitude (Moser et al., 1992). The actual ratio of
brane fragments, the temperature dependence is strikinglyoxidative formation of $by Y2* and reductive decay by
similar to that of isolated thylakoids (Messinger et al., 1993). Yo is of the order of 1®[see Renger and Weiss 1986 and
This feature leads to the conclusion that the mode of thermaldata of Table 1]. A similar ratio45 x 10%) is found for
tuning ofa, 8, and [S]o via structural changes and/or shifts the corresponding reactions of. SThese experimental data
of redox equilibria at the donor and acceptor side [for a more sharply contrast with a “theoretical” value of the order of
detailed discussion, see Messinger et al. (1993)] are notl0'2 The theoretical value is certainly only a qualitative
significantly affected by treatment with the detergent Triton estimate because the Gibbs enefdy° and the reorganiza-
X-100. Likewise, the reconstitution procedure of the PQ tion energies have not been taken into account. In both cases
pool is also without effect. The possibility that the PQ-9 the same type of redox groups is involved. Therefore, the
reconstitution procedure reverses effects caused by Tritonreorganisation energies should not differ drastically even
X-100 appears to be highly unlikely and therefore will not though the microenvironments of;Yand Y, could be
be considered as a reasonable explanation. somewhat different [Tommos et al., 1995; Force et al., 1995;
The shape of the period four oscillation pattern and the Tang et al., 1996; but see comments of Christen et al. (1997)].
values ofa and § depend on donoand acceptor side  The exothermicity of the reductive pathway is higher by
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about 130 meV than that of the oxidative reaction [about Force, D. A., Randall, D. W., Britt, R. D., Tang, X.-S., & Diner,
170 versus 4850 meV, see Vass and Styring (1991) and _ B. A. (1995)J. Am. Chem. Sod 17, 12643-12644.

- Gilchrist, M. L., Jr., Bell, J. A., Randall, D. W., & Britt, R. D.
Vos et al. (1991)]. These values, however, cannot explain (1995) Proc. Natl. Acad. Sci.S.A. 92 9545-9549.

a discrepancy by a faptor of Mlseg Moser et al. (1992)]. Haag, E., Irrgang, K.-D., Boekema, E. J., & Renger, G. (1990)
Therefore, one could discuss that either the reported distances Eur. J. Biochem189, 47—53.

are wrong or that the reductive pathway involves ahd Hara, H., Kawamori, A., Astashkin, A. V., & Ono, T. (1996)
P680 as intermediary redox groups. On the basis of theH B'OCh'm-BB'OShr)]’S- Aéta&lémm—léﬁ-lg% H Bionn
finding that the back reaction betweep&hd Q (Qp) also ot 806 S oang, o & Renger. & (1988pchim. Biophys.
occurs via Y, P680, and Pheo as intermediates [for a joliot, P. (1972Methods EnzymoR4, 123-134.

discussion see Rutherford et al. (1984) and references citedjoliot, P., & Kok, B. (1975) inBioenergetics of Photosynthesis
therein], the latter alternative appears to be much more (Govindjee, Ed.) pp 387412, Academic Press, New York.

lausible. This idea is in line with a previous report of Buser Kodera, Y., Dzuba, S. A., Hara, H., & Kawamori, A. (1994)
gt al. (1992) P P Biochim. Biophys. Acta 118®1—99.

. . . Koike, H., Hanssum, B., Inoue, Y., & Renger, G. (198idchim.
Another interesting conclusion can be drawn from the data  Bjophys. Acta 893524-533.

compiled in Tables 1 and 2 and their comparison with Kok, B., Forbush, B., & McGloin, M. (1970Photochem. Photobiol.
recently reported values for the rate constants and activation 11, 457-475. )

energies of the reductive decay of &d S in thylakoids Ku(r]r_gglg)%fo%ﬁgrr?ig{}yAéfis$ZeE{t5h7yg 7 Karge, M., & Renger, G.
(Messinger et E.ll". 1993). Clos_er_lnspectloon of thes_e re_SUItSKurreck, J., Seeliger, A G., Reifarth, F., & Renger, G. (1997)
reveal_s that within an error limit of 10% the activation Photosyntheticdin press).

energies are the same for the fast and slow decay in bothMac_MilIan,_F., Lendzian, F., Renger, G., & Lubitz, W. (1995)
sample types. Furthermore the half-life times efa®d S Biochemistry 348144-8156.

reduction by ¥ at 20°C differ by a factor of no more than m:z:mgg: j g‘ RR:r?g:rr' g ((115589)5;% ;?525737 2 gg%;_lggé 6
1.4. These flnc_jlngs _read|ly show that the reaction coordinate Messinger: J. Wacker, U., & Renger, G. (19&lIychemistry 30,
of these reactions is affected neither by the treatment of  7g52"7562.

thylakoids with Triton X-100 (Berthold et al., 1981) nor by  Messinger, J., Schder, W. P., & Renger, G. (199Biochemistry
the sonication step that is required for the PQ-9 reconstruc- 32, 7658-7668. _ _

tion (Kurreck et al., 1995, 1997). Extrapolation of this Mﬂz’dggg’)E}Eﬁﬂg%‘é{;ﬁé‘é@;y@gggv'g’ G.W., &Diner, B.
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