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ABSTRACT. The mechanism of multiphasic P68Ceduction by ¥ has been analyzed by studying H/D
isotope exchange effects on flash-induced changes of 830 nm absoflesn(t), and normalized
fluorescence yield, EfFo, in dark-adapted thylakoids and PS Il membrane fragments from spinach. It
was found that (a) the characteristic period four oscillations of the normalized componexgsgt)
relaxation and of R}/Fo rise in the nanosecond and microsecond time domain are significantly modified
when exchangeable protons are replaced by deuterons; (b) in marked contrast to the normalized steady-
state extent of the microsecond kinetics of 830 nm absorption changes which increases only slightly due
to H/D exchange (about 10%) the State-dependent pattern exhibits marked effects that are most
pronounced after the first, fourth, fifth, and eighth flashes; (c) regardless of data evaluation by different
fit procedures the results lead to a consistent conclusion, that is, the relative extent of the back reaction
between P680Q,~* becomes enhanced in samples suspended,®; @nd (d) this enhancement is
dependent on the; State of the WOC and attains maximum values jmaBd S, most likely due to a
retardation of the “3%s kinetics” of P680° reduction. In an extension of our previous suggestion on the
functional role of hydrogen bonding of 2Yby a basic group X (Eckert, H.-J., and Renger, G. (1988)
FEBS Lett. 236425-431), a model is proposed for the origin of the multiphasic P68&duction by ¥.

Two types of different processes are involved: (a) electron transfer in the nanosecond time domain is
determined by strength and geometry of the hydrogen bond between-tHeg@up of Yz and acceptor

X, and (b) the microsecond kinetics reflect relaxation processes of a hydrogen bond network giving rise
to a shift of the equilibrium P680Y; = P680\é’x toward the right side. The implications of this model

are discussed.

Photosynthetic water oxidation to molecular oxygen and carrier in a conventional manner of electron transfer or as
four protons takes place via a sequence of redox steps at apecific hydrogen abstractor from substrate@+or OH")
manganese-containing operational unit referred to as water-coordinated to manganese (for further discussion, see refs
oxidizing complex (WOGC)(for reviews, see refs—3). This 10, 11). The kinetics of both P680 reduction by % and
process is energetically driven by the chlorophyll cation stepwise WOC oxidation by(ZV< depend on the redox state
radical P680r that is formed as a result of the primary charge S of the WOC (for a compilation of data, see (). The
separation in Photosystem Il (PS II) (for review, seedjef former reaction is dominated by nanosecond kineBic43—

The strongly oxidizing species P680extracts stepwise  15).
electrons from the WOC with tyrosine residue 161X In addition a smaller PS Il fraction exhibits a P680

polypeptide D1§, 6) icting as intermediary redox carrier. oy ction with at least three components of about 3, 35, and
The oxidized form \? appears to be in EPR studies as a 150us. The normalized extent of the microsecond kinetics
neutral radical 7) with the proton from the phenolic group s apout 30% at room temperature. Consensus exists that the
being either localized at a nearby base X as propose8)in ( nanosecond kinetics are characteristic for PS Il complexes
or released into the lumer®), As a consequence of these \uitn a basically intact WOC that can be modified only
two alternatives ¥ is discussed to act either as redox sfightly by specific types of substances without eliminating
this fast P680 reduction {6). After destruction of the WOC
tThe financial support by Deutsche Forschungsgemeinschaft (Re by treatments such as Tris washinbyr), incubation with
354/10-3 and Re 354/17-4) is gratefully acknowledged. NH,OH at high concentrationlg), or trypsin treatment in

* Corresponding author. . L .
1 Abbreviations: *Car, carotenoid triplet; Chi, chiorophyll; pcag, e a@lkaline 20) the ns kinetics of P680-reduction by ¥,

2,6-dichlorop-benzoquinone; fwhm, full width at half-maximum; disappear and are replaced by kinetics which exhibit a
LHCII, light harvesting complex Il, MES, morpholinoethane sulfonic  striking pH dependencel §—21).

acid; P680, photoactive chlorophyll of PS II; PS II, photosystem II; .
WOC, water-oxidizing complex; ¥, redox active tyrosine between In these samples the electron transfer fromtay P680"

WOC and P680. is dominated by a 1@s component at pkH= 6.5 (19—21).
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These kinetics and their characteristic pH dependence are ahe slower processes of P68Geduction were inferred to
general feature that is observed when the PS Il complex isinvolve S state-dependent intraprotein proton/hydrogen
deprived of an intact WOC in thylakoidd 9), inside-out transfer 82). Unfortunately, the time window of these

vesicles 20), and PS Il membrane fragment&1). It measurements was restricted to 4§ and therefore, the
originates from a marked increase of the activation energy information on the microsecond kinetics is limited. Further-
from about 10 kJ/mol in systems with intact WOS8) o more, the samples contained a significant amount of Triton

30—-40 kJ/mol in systems lacking a functionally competent X-100 that might affect the mode of the presumed proton
WOC (22—24). A recent analysis within the framework of movement. As an attempt to analyze the mechanism of
the Marcus theory revealed that the reorganization energyP680* by Y, we performed comparative studies in the
of this reaction increases from 0.5 to 1.6 eV due to microsecond time domain for both the relaxation kinetics of
destruction of the WOC. This effect was ascribed to a drastic flash-induced 830 nm absorption changes and the rise of
increase of the number of water molecules in the neighbor- flash-induced relative fluorescence quantum yield. The data
hood of Yz (24) in line with previous conclusions drawn on reported in this study reveal that a marked H/D isotope
the basis of EPR studie§)( In the oxidized form \?x is exchange effect arises for the P68@eduction pattern as a
unable to act as donor and P68Becomes reduced by, function of the redox state; 8f the WOC, most likely due

via a 130-200 us kinetics 25—27). On the basis of the 0 a$ state-dependent retardation of the ‘3% kinetics”.
above-mentioned findings, all microsecond kinetics of P680

reduction were assumed to originate from PS |l complexes MATERIALS AND METHODS

that are lacking an intact WO@8§, 29). However, this idea Thylakoid membranes were isolated from spinach as
is difficult to reconcile with the period four oscillation of  described in reil PS Il membrane fragments were prepared
the amplitudes of most microsecond components when dark-from spinach as described by Berthold et 4R)(with slight
adapted samples are excited with a train of saturating lasermodifications according to Mker et al. @3). For H/D-
flashes. If this characteristic feature is used as a fingerprintexchange experiments, concentrated PS Il samples at a
for an intact WOC, the pronounced oscillation patterns chlorophyll content of 48 mg/mL were suspended in a large
observed for both the “3 and 3bs kinetics” @9-33) excess of RO (99.9% D, Euriso-top) buffer solution.
strongly support the idea that they reflect P688duction Flash-induced changes of the fluorescence quantum gield
by Yz in PS Il complexes containing the WOG(( 32—34) with a time resolution of about 500 ns were monitored with
while the lacking (or at most very weak) oscillation of the home-built equipment33, 44). Fluorescence measurements
150 us kinetics is probably indicative for PS Il centers were performed with spinach thylakoids ([CH 20 ug/
without an intact WOC %3). The nature of the reactions mL) in the absence of artificial acceptors at@.
leading to the “Jus kinetics” and “3%us kinetics” is not yet Flash-induced absorption changes at 830 nm with a
clarified. It was proposed that the “3£ kinetics” reflecta  microsecond time resolution (maximum electrical band-
recombination reaction3f), the reduction by carotenoids width: 300 kHz) were measured with a single beam flash
(36), or the reduction of a Cht molecule different from  photometer as outlined previousl¥g 33). The absorption
P680™ (37). Recently it was ascribed to a stabilizing measurements were performed with PS Il membrane frag-
relaxation process. In this case the period four oscillation of ments at a concentration of 7@ of Chl/mL at 4°C.
the amplitudes was explained by astate-dependent redoX  The buffer medium contained 10 mM NaCl and 50 mM
equilibrium between P680Yz and P680/¥™, but the  puffer (succinic acid (pL 4.65.0), MES (pL 5.5-6.5), and
seemingly independent 2@0 us kinetics are difficult to  HEPES (pL 7.6-8.0)). The addition of artificial electron
reconcile with this idea32, 33). acceptors is indicated in the figure captions. The pI=(H

As an attempt to gather more information a comparative or D) values of the buffer solutions were adjusted using a
study was performed that comprises measurements of flashglass electrode with corrections according to Glasoe et al.
induced changes of the 830 nm absorption and of the relative(45).
fluorescence quantum yield in the microsecond time domain. The samples were excited by 10 ns (fwhm) laser flashes
On the basis of the results obtained it was inferred that the at 532 nm from a frequency-doubled Nd:YAG laser at a
“35 us kinetics” reflect a more complex reaction of at least repetition rate of 1 Hz. Absorption changes were fitted with
two processes: (i) P68Ceduction by %, and (ii) coupling three exponentials and a constant using a Levenberg-
and/or competing reaction(s) which give rise to additional Marquart fitting procedure.
increase of the Chl fluorescence yieBB). Time-resolved fluorescence yield changes were fitted with

Further insight into the underlying mechanism(s) can be & SPecial evolution strategy fit according to Ostermelé)
obtained by analyzing kinetic isotope exchange effects on t@King into account the nonlinear relationship between
the rate of P680 reduction because it was recently shownfluorescence quantum yield and quencher concentration due
that the nanosecond kinetics remain almost unaffe@ey ( to the connectivity of PS Il units by excitation energy transfer
whereas the “1Qus kinetics” (at pH= 6.5) in samples (47 Values ofa = 0.7 andp = 0.5 were used for the
deprived of the WOC exhibit a pronounced retardation by a fract|on_ of connected centers and transfer probability,
factor of about 3 when D is replaced by BD (23, 24, respectively 48).

38—40). Latest measurements of flash-induced 830 nm RESULTS

absorption changes indicate that also in samples with an

intact WOC the microsecond kinetics of P68@eduction Flash-Induced Absorption Changes at 830 rifigure 1

are prone to a marked H/D exchange effect that depends orshows transient 830 nm absorption changes that are induced
the redox state ;Sf the WOC. On the basis of these data, by a train of eight saturating laser flashes in dark-adapted
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Ficure 1: Absorption changes at 830 nm induced by a train of eight saturating laser flashes (dark time XG)iratdérk-adapted PS II
membrane fragments from spinach suspended in eithé-,Htop panel) or BO- (middle panel) containing buffer at pH(pB3) 6.5:

electron acceptor, 200M DCBQ; sweep time, 50@s. The signals shown represent the average of 30 traces which were each induced by
the train of 8 flashes. Other experimental conditions as were described in Materials and Methods. Bottom panel: difference between the

traces of top and middle panels.

PS Il membrane fragments suspended either i®-Htop 0.30r

traces) or DO- (middle traces) containing buffer (these o 025 m—®  pHeS
samples will be referred to as 78 sample” and “RO 3 \ A
sample”, respectively, throughout the paper) atCi(the é 0.20 /
experimental uncertainty of these measurements is generally S o015 -8 ° -0
about 10%). At first glance these data reveal two striking S otk W 's \ o
features: (i) the pronounced period four oscillation pattern g ’ A, QA A,
of the detectable initial amplitudes, observed in thgOH 2 0,05 s . v
sample with maxima after the third and seventh flashes and noo—— M
minima after the first and fifth flashes, almost fades out in '

the D,O sample, and (i) the detectable relaxation kinetics o 0% A PDES L,
of the 830 nm absorption changes slowed when samples were § 0,20 A 3 A
suspended in fD- instead of HO-containing buffer. To £ T m e
illustrate the effects caused by H/D exchange, we calculated % 0.151 ',/" \ */\./ w
the difference between the top and middle traces, and they ICAL SO U S
are depicted in the bottom part of Figure 1. For the sake of g 0.05 o~ N

direct comparison with fluorescence data the time scale for z " Vv oy Vv oV
these difference signals is enlarged (109 sweep). The 0,00 — 11 i g z

bottom traces clearly indicate that both amplitude and kinetics
are markedly affected.

flash number

A more detailed ana|ysis of these phenomena requiresFlGURE 2:. N(.)rmalized.anjplitudes of the decay components of
suitable data evaluation to extract effects on the amplitudes2Aesdt) with fixed half-lifetimes of 3us (squares), 3bs (circles),
L . and 150Qus (triangles) and offset (inversed triangles) as a function
and kinetics of each decay component. Since most of the it fiash number in PS Il membrane fragments suspendeg®: H
relaxation in the nanosecond time range escapes the detectioftop panel) and BO- (bottom panel) containing buffer. The data
due to limited time resolution, the maximum initial ampli- were obtained by a target fit with fixed half-lifetimes of the traces
tudes were determined by measurements withlHreated ~ shown in Figure 1 (see text).
samples and the data normalized to thA#®30 maxValues
as outlined in reB3. findings are in close correspondence with previous reports
At first a target fit was performed with three exponential (8: 14, 31, 33). A markedly different pattern is observed for
decay components where the half-lifetimes were kept the D,O sample. The most surprising result is the apparent
constant at 3, 35, and 156. In addition a small constant period four oscillation of the amplitude of the 158 kinetics
offset was used to account for contributions that are very thatis typical for the back reaction between P8&hd Q"
slow compared with the sweep time. The results obtained when Y;* is present 25—-27). Accordingly, in the HO
are summarized in Figure 2 and Table 1. sample these kinetics are ascribed to a small fraction of PS
In the HO sample the 3 and 3g@s kinetics exhibit Il with YSX kept oxidized between the flashes. As the
pronounced oscillations whereas the 1&8Xkinetics and the ~ amplitudes of the 15@s kinetics do not exhibit a marked
offset are almost independent of the flash number. Theseperiod four oscillation, it seems likely that they originate to
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Table 1: Target Fit of the Data of Figure 1 with Fixed ® 0.35 ™
Half-Lifetimes of 3, 35, and 15@s® E] g'gg C S .
flash number A’«;,,S %5,45 A15Q,5 Ass €2 E‘ 0.20 L O . O><O
- 0. o/ g—8 S 740/0 .
Target Fit pH 6.5 B 015} a/ A g
1 0.10  0.05 0.06 0.03  1.48 Sot0f ./ N
2 025 0.1 0.07 0.02  1.64 €005} 0/ g
3 0.26 0.15 0.08 0.03 1.20 S 000}
4 0.16  0.15 0.06 0.02  1.60 200 o
5 0.11 0.09 0.07 0.03 1.52 sol T~ 00— 6 o—9—5%
6 0.21 0.10 0.08 0.02 1.29 e e
7 025 014 009 002 132 JHL O—a—0 0 "0 00 _
8 0.20 0.14 0.07 0.03 1.46 © 13 E - —
. 10 S~
Target Fit pD 6.5 L = [ o
1 043 012 009 004 295 ; Ikﬁir??/l I /H
2 0.15 0.07 0.19 0.02 1.28 1 2 3 4 5 6 7 8
3 0.16 0.09 0.24 0.02 1.44
4 008 020 021 001 142 _ flash number o
5 0.10 0.16 0.16 0.03 2.07 Ficure 3: Normalized amplitudes (top panel) and half-lifetimes
6 0.13 0.11 0.19 0.02 1.32 (bottom panel) of fast (squares) and middle (circles) decay
7 0.16 0.09 0.23 0.02 1.32 componentsAAgz(t) as a function of flash number in PS I
8 0.11 0.15 0.23 0.01 1.71 membrane fragments suspended gOH(filled symbols) or RO-

(open symbols) containing buffer. The data were obtained by a
target fit with a constant fraction of the 156 component (fixed
half-lifetime) and free running parameters for amplitudes and half-
lifetimes for the fast and middle decay component (see text).

@ AAgadt) = Agus €Xp(—1/4.33)+ Agsis eXp(—1/50.5) + Assqis eXP(—
t/215) + Ass

a large extent if not completely from complexes that are
lacking an intact WOC. Measurements of the oxygen Table 2: Target of the Data of Figure_l with Fixed 148 Kinetics
evolution capacity prove that replacement of gxchqngeablegi;ﬁ%n;:gmggfz Aargg”'t:j‘;é 2?]% Mgglﬁfgt?r?e%onent as Free
protons by deuterons does not affect the functional integrity

of the WOC @8) but rather increases its thermal stability _flashnumber A 7mar  An Tiem As S
(49, 50). Therefore, the significant enhancement and the H20 Samplé

oscillation of the amplitudes of the 1565 kinetics in the 8";{2’ ?‘8 8'22 ‘312 8'83 ig?
DO sample cannot be ascribed to a decrease of the PS |l 026 33 016 40 003 131
fraction with an intact WOC. In principle, two different 0.15 6.0 0.12 40 0.02 1.28
mechanisms can be offered as explanation: (i) increased and . . 0.07 51 003 133
S state-dependent population oﬁ’XYor (i) marked retar- 8'%‘51 gg 8'% f{g 8'82 igg
dation of the 35us kinetics by an H/D isotope exchange 0.18 50 013 43 003 154
effect analogous to that observed for P68feduction by D,0 Samplé

Yz in samples lacking a functionally competent WOZ3( 018 12 0.04 113 0.03 137
24, 40). In an attempt to gather further information which 0.16 32 014 82 0.03 150
permits a distinction between these alternatives, we 018 39 020 92 003 173
compared the oscillation pattern of the difference of the 015 12 8:111 3(1) 8:82 i:gg
valuesAA, 15q.5(D20) — AAn 1s0.5(H20) (calculated from the 0.13 6.2 0.16 80 0.03 1.43
data of Table 1) with that of the normalized amplitudes of 0.16 51 0.19 97 0.03 158
the 35us kinetics in the HO sample. Both parameters exhibit

co~NOoOUThwWNE
o
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~
[

O~NOOTWNPEF
o
=
w
=
o1

0.13 7.2 0.23 80 0.03 2.00

a very similar period four oscillation. This finding supports a AAgao(t) = Ar exp(—(t/ty)) + An exp(—tity)) + 0.06 exp(-(t/215))

the idea that the 3Bs kinetics are prone to a marked kinetic + Ass * AAsad(t) = A exp(—(Ur) + An exp(~t/zm)) + 0.09 exp(-(t/

H/D isotope effect. Therefore the second type of mechanism 215) + Ass

has been analyzed in more detail by performing another type

of target fit. In this case the amplitudes of the J1&0kinetics 3 and compiled in Table 2. At a first glance, the oscillation
observed in RO samples are assumed to be a composite of pattern of the normalized amplitudes of the fast 48

two contributions, that is, a constant fraction due to Kkinetics) and the middle (3bs kinetics) decay components
P680°Qa* recombination (vide supra) and an oscillating is not markedly changed in the;& sample compared with
retarded 3%us kinetics. To extract the extent of the latter that gathered from the target fit with fixed half-lifetimes (see
contribution, we subtracted a constant fraction of the 150 Figure 2). However, a closer inspection of the data readily
us kinetics from the detected signals of both sample types shows that the half-lifetimes of the fast kinetics exhibit a
because P680reduction by Q~* was recently found to lack  characteristic period four oscillation with minimum values
a kinetic H/D isotope exchange effeet(j. The extent of of 2—3.5us after the second, third, sixth, and seventh flashes
this constant fraction was assumed to correspond with and maximum values of-57 us after flashes no. 1, 4, 5,
amplitudes of the 15@s kinetics after the first flash where and 8. An analogous feature emerges for th® Bample,
they attain minimum values of 0.06 §8 sample) and 0.09  but in this case the effect is more pronounced. In fact, the
(DO sample). After subtraction of these constant fractions fast kinetics appear to be a composite of two components
from all signals of the sequence, the remaining transientswith § state-dependent amplitudes, and the slower oné& (5
were subjected to a fit procedure where the other parameters:s) seems more affected by H/D exchange. These details,
were free running. The results obtained are shown in Figure however, will not be further analyzed in this study. In marked
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Ficure 4: Normalized changes of the fluorescence quantum WéllF, induced by a train of saturating laser flashes (dark time 1 s) at

4 °C in dark-adapted spinach thylakoids suspended in eith€r top panel) or BO- (middle panel) containing buffer at pH(pB) 6.5

in the absence of exogenous electron acceptors. The signals shown represent the average of two different thylakoid preparations and of 8
traces induced by the flash train in each sample: sweep timeyd.00ther experimental conditions were as described in Materials and
Methods. Bottom panel: difference between the traces of top and middle panels.

AF I,

contrast the half-lifetimes of the middle components remain dependent retardation of the kinetics of both the fagtgB
invariant within a rather narrow span &f20% compared  and the middle (3%s) phase by a factor of-23 (Figure 3,
with the average values of about 40 and about8tH HO Table 2). The above-mentioned considerations support the
sample and BD sample, respectively. latter mechanism. The general finding of an Sate-

Regardless of the differences between these two fit dependent H/D exchange effect is in nice agreement with a
procedures, both of them lead to virtually the same conclu- 'ecent report of Schilstra et al32), but differences exist
sion with respect to the average values of the microsecondWith respect to thg detal_ls of this feature, probably originating
component: the normalized extent of all microsecond from the limited time window of 4%s that was used in ref
components averaged over the eight flashes results for both32 Furthermore, data interpretation is largely extended by
methods to the same values of 0.410.02 for the HO comparative fluorescence measurement, especially with
sample and 0.45- 0.03 for the RO sample. This finding ~ respect to the competition with P68Q,~* recombination
indicates that the extent of these averaged amplitudes is(vide infra).
almost independent of the replacement of exchangeable Flash-Induced Changes of the Relati Fluorescence
protons by deuterons, in perfect agreement with recent Quantum YieldTo obtain complementary information, we
measurements performed with PS Il core complexes at highperformed comparative measurements for the flash-induced
time resolutions and excellent signal/noise rati@®).(This rise of the relative fluorescence quantum yield that reflects
study convincingly showed that, under repetitive laser flash P680 reduction 61). The measurements were performed
excitation P680* reduction in the ns time domain neither with a time resolution of 500 ns and a sweep time of about
exhibits any significant kinetic H/D isotope exchange effect 100 us as outlined in ref83 and44. The results obtained
(=1.05) nor exhibits a change of the normalized extent of by excitation with a train of eight saturating laser flashes in
these kinetics 38). It has to be emphasized that the the HO sample and BD sample of spinach thylakoids are
experiments of the present study were performed &€ 4 shown in the top and middle parts, respectively, of Figure
and therefore, the average extent of the microsecond kinetics4. The traces of both patterns exhibit a characteristic period
is larger (about 40%) than that of about 30% determined at four oscillation. They also reveal marked differences orig-
room temperature3@). This temperature effect will not be inating from HO/D,O exchange. For better illustration, the
analyzed in the present study. differences of the signals were determined and depicted in

In marked contrast to the steady-state properties, athe bottom part of Figure 4. Basically the same features
completely different feature emerges when taking into emerge as those observed for the 830 nm absorption changes
account the dependence of Pé8feduction kinetics on the  [for comparison, see Figure 1, bottom traces at the same time
redox state Sof the WOC. As a result of the analyses scale], that is, comparatively large effects after the first,
performed so far in the present study, it is clear that the fourth, fifth, and eighth flashes and markedly less pronounced
P680™ reduction in the microsecond time domain exhibits changes after flashes no. 2, 3, 6, and 7. This finding indicates
a marked H/D isotope exchange effect. Depending on thethat both techniques monitor essentially the same H/D
mode of data fit, the dominant effect is either a marked exchange effects on P680reduction.
increase of the population of3¥ that depends on the redox Apart from the correction for the nonlinear relationship
state $ of the WOC (Figure 2, Table 1) or a; State- between quencher concentration and fluorescence yield (see
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06 Table 3: Target Fit with Three Exponentials and Fixed Half-Times
of 200 ns and 3s and Variable Half-Lifetime of\,?
® 04 flash number  Axgons Agus An T Ass
§ 0.2 pH 6.5
EL 1 0.55 0.32 0.12 11 0.01
< 504 2 0.35 0.47 0.09 43 0.09
2 3 0.25 0.44 0.17 24 0.14
2 4 0.40 0.32 0.25 19 0.03
€ 0,41 5 0.50 0.34 0.16 14 0.00
S 6 0.39 0.47 0.09 29 0.05
0,21 7 0.31 0.47 0.14 27 0.08
8 0.37 0.40 0.21 18 0.02
0,0 pD 6.5
1 0.42 0.22 0.34 15 0.01
50 - 2 0.44 0.39 0.10 18 0.07
= 40t 3 0.34 0.44 0.10 24 0.11
Z 4 0.37 0.34 0.24 31 0.05
307 5 041 033 025 17  0.00
" 20t 6 0.43 0.40 0.16 22 0.01
1oL 7 0.39 0.44 0.13 29 0.04
A S B S e p— 8 0.40 0.37 0.19 26 0.04

2The experimental data were corrected for the nonlinear relation

. . . between fluorescence yield and quencher concentration as described
Ficure 5: Normalized amplitudes of the rise components-(ij/ in Materials and Methods.

Fo with fixed half-lifetimes of 200 ns (squares) and:8 (circles),
middle component with half-lifetime as free running parameter
(triangles), and offset (inverse triangles) as a function of flash component corresponds with those depicted in 38f
number in spinach thylakoids suspended #OH(top panel) and | jkewise, the pattern of the offset is fully consistent with

D,0O- (middle panel) containing buffer. The bottom panel shows :
the dependence of the half-lifetimg, on the flash number in O the § state dependence of the fluorescence quantum yield

sample (filled triangles) and £ sample (open triangles). The data of PS II. This phenomenon is well-established sjnce the early
were obtained by a target fit of the traces shown in Figure 4 after reports of more than 25 years aga?(53). It will not be
correction for excitation energy transfer between different photo- discussed here. This phenomenon is not significantly affected

synthetic units (see text). The error bars indicate the spread of result ;
over experiments with two different thylakoid preparations. Error by H/D_ exchange_ (see Flgurg 5and Tabl_e 3)_' .
bars were omitted when both fits led to the same result. The interpretation of the microsecond kinetics requires a

more detailed analysis. A general complication arises for the
Materials and Methods), two additional effects have to be 3 us rise of the fluorescence quantum yield because of
taken into account when P680reduction is monitored interference with the decay of carotenoid triplets (seé#ef
through transients of the fluorescence vyield: (i) the recom- and references therein) that act as efficient fluorescence
bination reaction P680Qa* — P680Q cannot be detected quenchers (for recent discussion, see 88 44, and
via a flash-induced rise of the relative fluorescence quantum references therein). To account for this contribution, we
yield because the disappearance of the quencher’P&0 subtracted a constant fraction of 30%. This value was
counterbalanced by the synchronous formation of quencherrecently experimentally determined for the excitation condi-
Qa; and (i) interference with the decay kinetics of carotenoid tions used in this study as outlined in ré8. A target fit

flash number

triplets that act as fluorescence quenchers (vide infra). performed with this correction for th#&Car effect leads to
It has to be emphasized that the first effect provides a the results shown in Figure 6 and summarized in Table 4.
suitable tool to distinguish P680reduction by Q~* from In perfect agreement with r&f3, the general feature of the

that of other donors such as;YThis great advantage of oscillation pattern of the normalized amplitude for the
complementary information by the fluorometric method will nanosecond component in the®dsamples closely resembles
be illustrated later (vide infra). that of the corresponding 830 nm absorption changes while
In a first attempt a target fit was performed where the remarkable differences between both parameters exist for the
unresolved kinetics in the nanosecond time domain are 20—40 us kinetics. The latter phenomenon has been ex-
described by a very fast component of variable amplitude plained by a more complex nature of the-24D us kinetics
and thery; value fixed at 200 ns. Two kinetics were used which comprises the coupling of P680reduction by ¥%
to fit the resolved rise in the microsecond time domain, that with additional reaction(s) as briefly outlined in r88 and
is, a fast component of fixed @s half-lifetime and variable  analyzed in more detail in the present study. With respect
amplitude and a middle component where both amplitude to H/D exchange effects, an inspection of the data of Figure
and half-lifetime were free running parameters. Furthermore, 6 unravels several characteristic features: (i) the pronounced
an offset of variable extent was taken into account. The oscillation of the normalized amplitude of the nanosecond
results obtained are depicted in Figure 5 and summarized inkinetics of the HO sample almost disappears in theCD
Table 3. It has been carefully checked that a variation of the sample (the same phenomenon is observed for the 830 nm
lifetime of the nanosecond component up to a reasonablemeasurements; see Figure 2 and Table 1); (ii) except for the
upper limit of 300 ns (a H/D exchange does not affect these markedly different half-lifetimes after the first flash, the
kinetics, see ref 38) did not modify the pattern (data not normalized amplitudes of the-B and 15-30 us kinetics
shown). All components of theJ@ sample exhibit charac-  are characterized by period four oscillations in both sample
teristic period four oscillations. The feature of the nanosecond types; and (iii) the half-lifetimes of these two kinetics do
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on the redox state ;Sof the WOC. In addition, the

0.8 recombination reaction described by rate conski@h )

064 TN \§7g competes with the P680reduction by % symbolized by
g z \EE a rate constank(Yz). For the sake of simplicity the possibility
3 041 of electron donation by additional components (Chl, Car)
20,3 } will be ignored because this does not affect the general
<02 /% conclusions [only the quantitative valuesk(® ) andk(Y z)
& 2’?_ .>§>§\g§j§/ % would be modified]. The fraction of the former process is
£ b given byk(Qa™)/[k(Qa~*) + k(YZ)]. In the more likely case
2 8:%- of a significant retardation on the 3& kinetics due to H/D

0.1 in Figure 3 and Table 2 to the following value&(Yz) =

024 K isotope exchange (vide supra), the rela#¢@a~*)/[k(Qa™")
T ‘\% + k(Y2)] leads with the results of the target fit data shown

(80 us)™* and (285us)™* for the HO sample and BED

_ ig} sample, respectively, and contributions of the back reaction
£ 30 A % of about 3% and 9%, respectively. If one adds the constant
F207 5 S SN S fractions of 6% and 9% used for the target fit, the contribu-
13’ fkcl, oo o d tion of the back reaction calculates to 9% and 18% of the
1 2 3 4 5 6 7 8 total extent of P680 reduction. Although the kinetic
flash number retardation mechanism appears to be more likely (vide supra),

FicURe 6: Normalized amplitudes (panels a, b, c) and half-lifetimes for the sake of comparison, the above-mentioned analysis
(panel d) of the rise componentsFft)/Fo with a fixed half-lifetime was also performed for the case of invariant rate constants
of 200 ns (Sqtuharrme?f)l'?ntq fastt lEcches? and middle (tnantgles) k(Y2) but H/D-dependent amplitudes. In this case of fixed
components with half-lifetimes taken as free running parameter as ik _ _ 1

a function of flash number in spinach thylakoids suspended® H Valu?? for K(Qa )_t k(Y2)] = In 2/t,1’2 = (50 _'“S) and
(filled symbols) and BO (open circles). The data were obtained K(Qa™) = (215 us)™ the back reaction contributes about
by a target fit of the traces shown in Figure 4 after correction for 23% to the normalized extent of the @5 kinetics, that is,
excitation energy transfer between different photosynthetic units 3% of the total P680 reduction. Taking into account the
and flash-induced transient carotenoid triplet population (for details, normalized amplitudes of the 156 kinetics, the extent of

see text). The error bars indicate the spread of results over two N .
sets of experiments with different thylakoid preparations. Error bars the back reaction is expected to be about 10% in th® H

were omitted when both fits led to the same result. sample and 23% in the O sample.
The analysis clearly shows that, regardless of the underly-
Table 4: Target Fit with Three Exponentials and Fixed ing mechanism, the results of this study lead to a consistent
Half-Lifetime of 200 ns for the Very Fast Compongnt picture; that is, the extent of the P68QA” recombination
flash number  Agoons A Tizf A Tizs  Ass reaction increases when exchangeable protons are replaced
pH 6.5 by deuterons. The increase is calculated to be about 10% of
1 0.82 0.3 6.1 0.05 49 0.00 the total P680* reduction kinetics. This conclusion has two
2 054 026 21 010 25 010  jmportant consequences: (i) the total amplitude of the
3 041 019 21 019 19 014 lized flash-induced ch f the fi ield
2 061 010 51 026 18 003 normalized flash-induced changes of the fluorescence yie
5 074 008 21 017 13 0.00 is expected to decrease by-180% in the DO sample
6 058 0.25 21 011 20 0.05 compared with that of the # sample when taking into
7 048 026 21 017 20 009  gccountthe nonlinear relationship between fluorescence yield
8 059 017 25 022 17 0.02

and quencher concentration; and (ii) the probability of misses
pD 6.5 in the period four oscillation pattern of flash-induced oxygen

% 8'22 8‘%2 12'? 8'22 i'g 8'83 evolution is expected to increase significantly due to H/D

3 056 021 24 011 19 0.12 exchange. A comparison of the traces in Figure 4 (top and

4 057 0.12 23 025 30 0.05 middle panel) indicates that the average value of the total

5 065 010 31 025 17 000  F(100 us)F, drops down by 17% when thylakoids are

6 0.65  0.16 21 017 18 001 " - ; L

7 060 021 54 014 24 005 suspended in ED instead of HO buffer. This value in in

8 063 016 33 018 31 003 perfect agreement with the expectation. Likewise, measure-

2 The data were additionally corrected f@ar triplets as described ments of the oxyge.n yield |n-duced by a train of satqratmg

in the text. flashes reveal that, in thylakoids at pH6.5, the probability

— — : of misses increases from 7.5% to about 12% after suspension
not exhibit a pronounced kinetic H/D exchange effectin all jn p,0 (64).

flashes but only after flashes no. 1, 4, 5, and 8.

A very important implication of the results presented in
this study is the significant enhancement of the extent of
P680°Qa* recombination due to replacement of exchange-
able protons by deuterons. On the basis of the target fit 5 ,gcuyssION
presented in Figure 2 and Table 1, the averaged normalized
extent of the 15Qus kinetics increases from 7.5% to about  The present study confirms that, in contrast to previous
20%. This feature and the oscillation pattern can be explainedreports 28, 29), the 2-4 and 26-40 us kinetics of P68
by a higher population probability ofg?( which depends  reduction by ¥ reflect reactions of PS Il complexes with

Both of these findings highly support the above-mentioned
conclusion of an increased P68Q,* recombination due
to replacement of exchangeable protons by deuterons.
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an intact WOC. They exhibit a pronounced period four The idea of tyrosinate which has been originally proposed
oscillation that becomes significantly modified when ex- and discussed in reb5 is in perfect agreement with the
changeable protons are replaced by deuterons. A detailecabove-mentioned mechanism. It is assumed that strength and
analysis of 830 nm absorption changes and the rise of thegeometry of hydrogen bonding determine the population
normalized fluorescence quantum yield induced by a train probability of P680Y* within the initial state (P680Y

of eight saturating flashes in dark-adapted PS Il membrane— P680V§X)inma|.

fragments and thylakoids lead to the fO”OWing conclusions: With respect to the nature of group X, mode"ng studies
(a) the fraction of the microsecond kinetics in the P680 (56, 57) suggest that it is likely to be His 190 of polypeptide
reduction kinetics under almost equilibratedstate popula- D1. This assignment is highly supported by studies of
tion of the WOC (average of eight flashes) is only slightly mutants where His 190 is replaced by Phe or B8-60)
affected by H/D exchange, in perfect correspondence with and Glu or Asp 1, 62). It has been concluded that changes
the results reported in re88; (b) in DO samples the  of the interaction with ¥ give rise to a significant shift of
contribution of the P680Qa™* recombination to the total  the equilibrium P68OYY = P680Y2X toward the left side
P680 reduction markedly increases most likely due to a (gp). A similar effect has been discussed for the mutant
comparatively large kinetic H/D isotope exchange effect on 195D of polypeptide D159). A recent detailed study on

the 35us kinetics; and (c) the effects str_ong_ly depend ON iha Kinetics of P68D reduction, % oxidation (Y<Z>>< reduc-
the redox state ;Sf the WOC, the fast kinetics are most tion), and Q~ reoxidation in PS Il particles from mutants

affected in §and S (first, fourth, fifth, anq eighth flashes) ¢ Synechocystis siPCC 6803, where His 190 is replaced
and weakly in $and 3 (second, third, sixth, and seventh , oignt different amino acids, provides convincing evidence
flashes) whereas the opposite is observed for the slow¢j, he assignment of group X to His 190 of polypeptide D1

kinetics, that is, pronounced effects in &d S. ( : - -
. e : ; __(63). The idea of a strong hydrogen bonding of*Yis
On the basis of these findings questions arise on the Or'gmsupported by recent FTIR datés).

of the S state-dependent microsecond kinetics and their The model summarized by eq 1 implies that the extent of

gIO(:ulatlonlif;]rough rer;llacbemerét. of excrljatr;]g??ﬁle protons byP680L‘Q,(' reduction increases due to the relaxation reac-
euterons. 1t has recently been discussed that the microsecon on(s) in the microsecond time domain. If these reactions

kinetics re_flect relaxation(s) in the environme.nt Qﬁ”\( are retarded, the state (P680, )i is kinetically “arrested”
coupled with proton rearrangement(8p(33). This gives iy 5 fraction of PS Il for a longer time. In this case the

rise to a further decrease of the population probability of .o mpination reaction of P680 with Oa~ which is

P680™. The present study highly supports this idea. Ac- ; [ifati -
pordingly, thg reduction of P680by Yz_ can be described Egﬂ;g:ggzﬁghbéjctlrgﬁsdr;ilfatl;ger;“?:gnﬁf_s(' 26) efficiently
in the most simple case by the following scheme: Accordingly, the pronounced H/D isotope exchange effect
. . X can be explained by the assumption that the relaxation
P680™Y, — (P680™ Y, = P680 ¥,™);1iia — reaction(s) is(are) dominated via rearrangement of a hydrogen
(P680™" Y, = P680 Yo%), giaxeq (1) bond network. The replacement of exchangeable protons by
deuterons is inferred to retard the relaxation process(es), and
In agreement with a proposal in r8g, it is assumed that ~ therefore the percentage of back reaction increases. Since

the first step occurs in the nanosecond time domain and theP680°Qa™* recombination is dissipative for the; State
second symbolizes the overall relaxation process which takes{ransitions in the WOC, the probability of misses has to
place in the microsecond time domain. The percentage ofincrease when exchangeable protons are replaced by deu-
total P680° reduction is higher in the relaxed state terons.Recent measurements of the oscillation pattern of the
(P68O*Qa~ = P680\§X)re|axed than in the intial state  °XY9en yield induced by a flash tra|.n in dark—adapteLtﬂ)H.
(P680"Qa—* = PE80Y )nial. samples and D samples showed this to be the case. Ratios
9 z Jinta of about 1.6 were found foe(D)/a(H) at pL = 6.5 (64).

A very interesting consequence of the present model is
the conclusion that the nanosecond kinetics disappear when
the hydrogen-bonded states

— @ = ¥ -+

where X represents an amino acid residue and D1 theare destroyed by protonation of X. Accordingly, the normal-

polypeptide D1. The reaction of type (2) was proposed to ized extent of the nanosecond kinetics is expected to decrease

explain the weak temperature dependence of P&&@dluc- concomitantly with an increase of tieevalues and decrease

tion in the nanosecond time domaid).(This implies that of the average oxygen yield per flash. Our previous and

the mode of hydrogen bonding betweenand X is essential  recent results@4, 66, 67) support this conclusion. A more

for the electron transfer via nanosecond kinetics. The strengthdetailed analysis will be presented in a forthcoming paper

of this bond also determines the tyrosinate anion character(Christen, G., Seeliger, A., and Renger, G., submitted to

of Yz in its reduced form via the population probability of Biochemistry.

state Independent lines of evidence for a structural tuning of
P680 reduction by % has been previously proposed on

D1«»CH2—©—8|~»H—; the basis of different types of experimen&S{70). It was
- found that the ratio of the normalized amplitudes of

We have previously proposed that the oxidation gfty
P680 is coupled with a proton shift to a nearby acceptor
group, by a reaction of the typ&)(
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nanosecond and microsecond kinetics becomes markedly
shifted toward the latter one when PS Il membrane fragments
are subjected to a very mild trypsin treatment that does not
significantly affect the oxygen evolution capaciggj. This
effect is dependent on ligh69) and can be largely reversed
by Ca&" in a very specific manner including binding sites
with two different affinity constants68—70).

With respect to the proposed mechanism for the multipha-
sic P680" reduction by ¥ another striking feature has to
be taken into consideration. It is well-known that the kinetics
of this reaction depend on the redox statefShe WOC g,

14, 30). This effect has been ascribed to the electrostatic
effect of a positive surplus charge in&d S (14), although
alternative mechanisms such as a conformational gating
cannot be excluded as discussed inG&fIn relation to the
kinetic modulation, the present study and the recent report
of Schilstra et al.32) describe very interesting findings. The
results obtained here clearly show that the H/D isotope
exchange effect on the fast kinetics is most pronounced when
the WOC attains the redox stateg &d/or $ while more
pronounced changes are observed for the slow kinetics in
S; and S. On the basis of the assignment to relaxation
processes within a hydrogen bond network in the environ-
ment of Y2* the marked Sstate dependence of the H/D
exchange effect on the fast P68@eduction kinetics is not
easily reconcilable with a simple electrostatic effect caused
by a single localized charge. It might rather reflect, at least
in part, structural differences of the WOC in redox states
S, S versus 9 Ss. This raises questions on the mode of
“communication” between ¥ and the WOC. At a first
glance, the most simple idea is a close interaction via a
comparatively short distance betweenand the manganese
cluster of about 3.5 A71). However, it has to be emphasized
that a hydrogen bond network can be rather extended so that
the effect of the redox statg & the relaxation processes is
also in line with the markedly longer distances reported in
the literature 24, 39, 72—74). The physiological relevance

of this mode of § state-dependent regulation has to be
clarified in future studies.
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NOTE ADDED IN PROOF

The very short distance between ¥nd the manganese
cluster noted in the paragraph above (3.5 A) has been shown
to originate from incorrect data interpretation and therefore
to be enlarged t0912 A (75).
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