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Laser-flash-induced absorption changes have been measured with a time resolution of 1-2 pus in PS 1l
membrane fragments. The following was found. (1) In the presence of 0.5 mM K, [Fe(CN),] at pH = 6.0
absorption changes at 830 nm induced by repetitive flash excitation in PS 11 membrane fragments pretreated
(10 min) with trypsin at pH = 7.5 are dominated by 10-15 us kinetics. Under the same conditions the
relaxation kinetics at 325 nm are slower by at least two orders of magnitude. (2) In the same samples us
components contributing to the overall kinetics of transient ultraviolet absorption changes have the same
half-life time as the 830 nm relaxation kinetics within the range of 4.0 < pH < 8.0. (3) At pH = 6.0 the
extent of 10-15 pus kinetics of ultraviolet absorption changes as a function of wavelength is characterized by
peaks at 260 nm, 300 nm, 360 nm (positive) and 340 nm (negative). It is vanishingly small in the range of
315-325 nm. (4) In the presence of 1 mM hydroxylamine dark-adapted samples illuminated with a few
flashes (n < 8) revealed the same pattern at 270 nm and 830 nm as PS I1 membrane fragments trypsinized at
pH = 7.5. In contrast to that, after preillumination with 70 flashes the absorption changes at 270 nm and 830
nm exhibit slower kinetics in the microsecond range with half-life times of 200-300 ps. These results are
interpreted as a light requiring disconnection of Z from P-680 by hydroxylamine. (5) After subtraction of the
difference spectrum for the reduction of the primary plastoquinone acceptor Q, the extent of the separated
initial amplitudes (limited by time resolution of 1-2 us) as a function of wavelength exhibit characteristic
features, depending on the functional integrity of the water-oxidizing enzyme system Y. If the samples were
deprived of their oxygen-evolving capacity the data obtained resemble the difference spectrum reported for
oxidation of chlorophyll a in solution (Borg, D.C., Fajer, J., Felton, R.H. and Dolphin, D. (1970) Proc. Natl.
Acad. Sci. USA 67, 813-820). On the other hand, a markedly different spectrum is obtained in samples with
a functionally competent water-oxidizing enzyme system Y. Based on kinetical arguments this difference
spectrum is inferred to reflect Z-oxidation in oxygen-evolving PS II membrane fragments. The shape of the
72°* /Z difference spectrum appears to be slightly affected by the functional integrity of systems Y. (6) No
direct evidence was obtained for the existence of a kinetically and spectrally distinguishable redox
component D_ between Z and P-680 in samples that were deprived of their oxygen-evolving capacity. On the
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basis of the present data the mode of functional coupling between system Y and P-680 is discussed.
Furthermore, implications of possible changes in the electrostatic interactions between the redox active
chromophors and the surrounding protein matrices are considered.

Introduction

Despite of intensive research activities many
details of the functional organization of photosyn-
thetic water oxidation are not yet clarified (for a
recent review, see Ref. 1). Generally, three basic
mechanistic questions have to be answered in order
to understand the overall process. (a) Which
arrangement of a photoactive pigment and cou-
pled redox groups within the reaction center com-
plex is required for high quantum yield generation
of redox equivalents with an oxidizing power suf-
ficient for water oxidation? (b) What is the molec-
ular mechanism of dioxygen formation at the cata-
lytic center of the water-oxidizing enzyme system
Y? (c) What is the coupling mechanism between
the photooxidized chlorophyll a group, P-6807, of
the reaction-center complex and system Y? The
present study deals with problems related to the
third question.

Kinetic measurements revealed that the reac-
tion-center complex and system Y are functionally
coupled via at least one redox component, referred
to as D, or Z. Its oxidized from Z°* exhibits a
characteristic EPR-spectrum [2]. Selective destruc-
tion of the water-oxidizing enzyme system Y does
not affect the flash-induced formation of this
EPR-signal [3]. Accordingly, the elimination of the
oxygen-evolving capacity by appropriate treat-
ments does not block the electron transfer from Z
to P-680", but the kinetics of P-680*-reduction
were found to become retarded significantly [4].
Likewise, the relaxation kinetics of the flash-in-
duced EPR signal changed markedly. Accord-
ingly, these signals are referred to as signal I
(system Y functionally intact) and signal II, [2,3].
The slowing down of P-680"-reduction after
destruction of system Y permitted comparative
studies with the formation kinetics of signal II;
(these emasurements were just at the limit of the
time resolution of the EPR equipment). It was
shown, that both kinetics almost perfectly coin-
cide, so that Z was inferred to be electronically

coupled directly to P-680 [5]. Furthermore, the
relaxation kinetics of the EPR signal II,; observed
in samples that are fully active in oxygen evolu-
tion [6] closely resemble those for the redox state
transitions in the water-oxidizing enzyme system
Y [7,8]. Therefore these kinetic data could favour
the idea that Z°* is the only detectable redox
component which functionally connects system Y
with the reaction-center complex. On the other
hand, considerations about the P-680*-reduction
kinetics suggest the possible participation of a
further redox component D, [9,10]. However, so
far no direct evidence has been presented for the
existence of D,. A comparison of the shape of
signal II with the spectra of model substances led
to the conclusion that the functional group of Z in
its oxidized state represents a plastosemiquinone
cation radical [11]. This assignment requires a
specific protein matrix to keep the protonated
form sufficiently stable [12] and implies that the
observed proton release due to Z°* formation
{13,14] does not arise directly from the redox
active prosthetic group of Z.

Recently the Z°*/Z difference spectra in the
ultraviolet range were reported [12,15,16] for sam-
ples with selectively destroyed system Y. These
spectra are in line with the idea that the functional
group of Z°* is a special plastosemiquinone cation
radical. However, it should be mentioned that
these data were obtained from measurements with
restricted time resolution. Furthermore no spectra
are reported for Z°* /Z under conditions of fully
intact system Y. In this study laser-flash-induced
absorption changes were measured in order to
obtain information about: (a) the Z°/Z-dif-
ference spectrum under conditions of system Y
being functionally intact, (b) possible effects of
the destruction of system Y on the Z°*/Z-dif-
ference spectrum and (c) the possible participation
of further redox components in the functional
coupling between the catalytic site in system Y
and the reaction-center complex.



Materials and Methods

PS II membrane fragments with high oxygen-
evolving capacity were prepared from market
spinach as described in Ref. 17, with some modifi-
cations outlined in Ref. 18. Mild trypsin treatment
was performed by incubation of PS II in the dark
at a 1:1 trypsin/chlorophyll w/w-ratio. Trypsin
was purchased from Boehringer (Mannheim). For
a selective modification of the acceptor side
trypsination in the dark was performed at pH < 6.5
(for 5-10 min) and the samples were immediately
used after the dark treatment. Measuring times up
to 10 min did not diminish the activity by more
than 10%. Complete inhibition of the oxygen-
evolving capacity was achieved by trypsination in
the dark at pH= 7.5 (Chl/trypsin = 1:1). After
trypsination the samples were diluted by a factor
of 20 and adjusted to the desired pH-values, at
which the measurements were performed.

The additions to suspensions used for the
experiments are indicated in the figure legends.
Absorption changes in the ultraviolet region were
performed by a conventional flash spectropho-
tometer with a pulsed measuring light beam as
described in Ref. 19. Laser flash excitation
occurred 1 ms after opening the shutter for the
detecting beam (illumination time per measuring
light pulse, 5 ms; intensity, approx. 100 pW /cm?;
optical bandwidth, approx. 4 nm). Absorption
changes at 830 nm were measured in a similar way
as in Ref. 20, but with a markedly improved time
resolution and sensitivity. All measurements were
performed at an optical pathlength of 1 cm. The
samples were excited with pulses from a frequen-
cy-doubled Nd-Yag-laser (5-7 ns full width at
half maximum (FWHM); A = 532 nm).

Absolute oxygen yield measurements under
repetitive flash excitation (Xenon flashes, 10-15
ps FWHM) were performed with a Clark-type
electrode as outlined in Ref. 21.

Results

Laser-flash-induced absorption changes in PS 1]
membrane fragments that were deprived of their
oxygen evolving capacity

In order to eliminate interfering effects due to
reactions of system I and to improve the optical
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Fig. 1. Absorption changes at 830 nm and 325 nm as a
function of time in trypsin incubated (pH 7.5) PS II particles
measured at pH 6.0. The suspension contained: PS Il-particles
trypsinized at pH = 7.5 (30 uM chlorophyll) /10 mM NaCl /20
mM Mes-NaOH (pH = 6.0). The small signal at the left side is
measured without an exogeneous acceptor, the other signals
were obtained with 0.5 mM K, [Fe(CN)¢]. Addition of 10 mM
CaCl, accelerates the relaxation kinetics at 325 nm (dashed
line), whereas the kinetics at 830 nm remain unchanged (not
shown). Time between the flashes 0.7 s. 16 and 32 signals were
averaged for measurements at 830 nm and 325 nm, respec-
tively. Other ¢onditions as described in Materials and Meth-
ods.

properties of the samples the measurements were
performed with PS II-membrane fragments that
exhibit negligibly small PS I-activity. These pre-
parations also permit to analyze easily effects due
to destruction of the water-oxidizing enzyme sys-
tem Y, because it was shown, that trypsination at
pH = 7.5 completely destroys the oxygen-evolving
capacity, whereas the same procedure at pH = 6.0
leaves this activity almost unaffected [18,20].

Fig. 1 shows absorption changes induced at 830
nm and 325 nm by repetitive laser flash excitation
in PS-II-membrane fragments that were trypsin-
ized at pH = 7.5. These absorption changes reflect
the turnover of P-680 and predominantly of the
primary plastoquinone acceptor Q,, respectively,
within the reaction-center complex. In the absence
of exogenous acceptors only a small absorption
change is observed, due to blockage of Qj
reoxidation by Qg in trypsinized membranes
[22,23]. In the presence of K,[Fe(CN)¢] the
relaxation of the 830 nm absorption change is
dominated by a 10-15 ps kinetics, whereas the
decay at 325 nm is slower by orders of magni-
tudes. These findings correspond with previous
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results obtained in inside-out vesicles, that were
trypsinized at pH = 7.4 [20]. The data show, that
P-680* becomes mainly reduced by Z in trypsin-
ized (pH=7.5) PS II membrane fragments.
Accordingly, between the flashes an almost com-
plete Z regeneration has to occur. This implies
that in contrast to Tris-washed thylakoids [24,25]
and PS II membrane fragments obtained by the
use of CHAPS/digitonin the back reaction be-
tween Q. and P-680 contributes only marginally
to P-680" reduction, because the electron transfer
from Z to P-680* (10-15 us) is much faster than
that from Q} to P-680" (150-300 us).

Based on these kinetical properties one would
expect that the back reaction could contribute to
not more than 10% of the overall relaxation kinet-
ics at 830 nm, provided that Z becomes com-
pletely regenerated between the flashes. Accord-
ingly, the slow component at 830 nm observed in
Fig. 1 might be due to a small fraction of PS II
that undergoes back reaction between Q) and
P-680*. If this would be really the case, one might
expect to elicit the back reaction Z°* - P-680" Q3
— Z°*-P-680 Q, if Z°* is kept oxidized by de-
creasing the time between the flashes. To clarify
this point, double-flash experiments were per-
formed. It was found that even at a dark time 7,
of 1 ms between the 1st and 2nd flash of each
group the extent of the slow kinetics of absorption
changes caused by the 2nd flash remains unaf-
fected, whereas the extent of the 10--15 us kinetics
decreased markedly. The extrapolated initial am-
plitude (at a time resolution of approx. 1 us the
back reaction between P-680* and Ph™ cannot be
observed) of the 10-15 pus kinetics due to the 2nd
flash depends on the time t; between the two
flashes. The half maximum is achieved at 7, = 15
ms (data not shown). This result indicates the in
the majority of PS II the reduction of Z°* appears
to be faster than Q, reoxidation, i.e., the latter
process determines the extent of the overall reac-
tion (#,,,=10-15 ms under our conditions). A
simple explanation for these findings could be
offered by the assumption of a heterogeneity of
PS II in our samples with Z°* reduction being
rather slow in a small fraction (approx. 25%)
giving rise to back reaction between Q, and P-
680*, whereas in the majority of PS IT Z°* reduc-
tion is faster than Q} reoxidation. Further experi-

ments are required to test this idea. For the prob-
lems that will be attacked in this paper the origin
of the slow relaxation component at 830 nm is not
relevant. It is interesting to note that in the pres-
ence of 10 mM CaCl, the relaxation kinetics of
the 325 nm absorption changes become accel-
erated (dashed curve in Fig. 1, right side), whereas
the 830 nm decay kinetics remain unaffected (data
not shown). This result indicates that CaCl, also
influences reactions at the acceptor side in Triton
X-100 fractioned PS II membranes. This idea is
supported by the latest findings that reveal a
remarkable CaCl, effect on the PS II acceptor
side as reflected by herbicide binding and the
efficiency of p-benzoquinone as exogenous elec-
tron acceptor (Renger, G., Fromme, R. and Hage-
mann, R., unpublished results). The underlying
mechanism for this CaCl, effect has to be clari-
fied. Regardless of these details PS II membrane
fragments trypsinized at pH = 7.5 are shown to
provide proper samples in order to analyze the
functional connection between P-680 and Z and to
determine the difference spectrum of Z°*/Z by a
method that differs from the techniques which
were used in previous studies [12,15,16]. If Z di-
rectly reduces P-6807, then the extent of the 10-15
ps-kinetics reflects the extinction coefficient dif-
ference Ae ;o , MiNuS Aep g9+ pggo- Furthermore,

ol o 270
®  296)nm
" 4 825
3 .
o o}
o
£
= 204 <+
@ \
=
-
5 wof *\
< A% .
°~
A
0 - j - 1 1 -l
4 S 6 7 8
pH

Fig. 2. Half-life time of absorption changes at 270 nm, 296 nm
and 830 nm in trypsinized (pH = 7.5) PS-II particles as a
function of pH. The suspension composition was the same as
in Fig. 1, except of the buffer and that 10 mM CaCl, was used
in all experiments. The buffers at 20 mM were: succinate at
pH = 4.0, Mes-NaOH at 5.0 < pH < 6.5, Hepes at pH=7.0
and Tricine-NaOH at 7.2 < pH < 8.0.
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Fig. 3. Extent of the 10-15 us-kinetics as a function of

wavelength in trypsinized (pH = 7.5) PS II particles. Experi-

mental conditions as in Fig. 1.

these kinetics should reveal the characteristic pH
dependence of the half-life time that was observed
in normal thylakoids [4] and inside out vesicles
[20]. The data obtained for absorption changes at
830 nm (reflecting P-680*-reduction) and at 296
nm and 270 nm (indicating predominantly Z°-
formation), that are depicted in Fig. 2, reveal this
to be the case.

The extent of the 10-15 ps kinetics (measured
at pH = 6.0) was obtained by using a semiloga-
rithmic plot of the data that was extrapolated to
t=0. The results are depicted in Fig. 3 as a
function of wavelength. Surprisingly, the shape of
this function resembles remarkably the Z°*/Z
spectrum reported previously by different groups
[12,15,16]. This might indicate that the P-680* /P-
680 difference spectrum in the ultraviolet region
exhibits rather small extinctions in the range of
250-380 nm, in contrast to what was found for
Chl a*/Chl a in solution [26].

Determination of the difference spectrum for P-680-
oxidation in the ultraviolet region

In order to clarify this point we attempted to
determine the P-680%/P-680 difference spectrum
in the ultraviolet region in trypsinized PS II-mem-
brane fragments. As P-680" becomes reduced
mainly via a 10-15 us kinetics (at pH = 6.0) in PS
II membrane fragments, trypsinized at pH = 7.5,
the extent of the extrapolated initial amplitude
(kinetically unresolved at a 1-2 us time resolu-
tion) as a function of wavelength represents the

177

ae ImMlem™

250 300 350 400

wavelength/nm
Fig. 4. Separated difference spectra of P-680*/P-680 (dotted
and dashed curve) and of chlorophyll a*/chlorophyll a (con-
tinuous line) according to Borg et al. (1970). The P-680*/P-
680-difference spectra in trypsinized (pH =7.5) (a) and in
NH,OH-treated (pH = 6.0) PS-II particles (0) measured at
pH = 6.0 were obtained by a procedure that is described in the
text. Experimental conditions as described in Material and
Methods.

difference spectra Acp_“of speso Plus Aeq o .
Accordingly after subtraction of the well-known
deq; sq, spec.:trum -the difference spectrum of
Aep g0+ sp.gso 1S Obtained. On the basis of a num-
ber of 300 Chl/reaction center (determined in
control samples by measurements of the average
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Fig. 5. Absorption changes in NH,OH incubated PS-II-par-
ticles at 830 nm as a function of time after a laser flash. The
fast relaxation kinetics represents the average of absorption
changes induced by flashes 1-8 in dark-adapted samples. After
preillumination with 70 flashes signals with slow relaxation
kinetics were obtained by averaging eight traces. The suspen-
sion contained: PS Il-particles (30 uM chlorophyll), 0.5 mM
K;[Fe(CN)¢], 1 mM NH,OH, 10 mM NaCl and 20 mM
Mes-NaOH. Time between laser flashes, 0.7 s.
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Fig. 6. Absorption change at 270 nm as a function of time in
PS-II particles at pH=6.0. Top curve: PS-II particles,
trypsinized at pH 7.5; lower curve: PS-II particles incubated
with 1 mM NH,OH, addition of 10 mM CaCl,. The measure-
ments were performed with 0.5 mM K,[(Fe(CN)4]. Time
between laser flashes, 0.7 s; 256 signals were averaged.

oxygen yield per flash) the data depicted in Fig. 4
(filled triangles) are obtained.

Another method that can be applied is the
measurement of absorption changes in samples
where Z becomes functionally disconnected from
P-680. This has been reported to be the case if
samples are illuminated in the presence of hydrox-
ylamine [27]. Figs. 5 and 6 show absorption
changes at 270 nm and 830 nm observed at pH =
6.0 in the presence of 1 mM NH,OH in PS
II-membrane fragments that were not trypsinized.

If the samples were illuminated with only a few
laser flashes, the donor function of Z remains fully
intact as reflected by the 10-15 pus relaxation
kinetics at 830 nm (indicating P-680* reduction)
and 270 nm (predominantly due to Z°* formation),
but the oxygen-evolving capacity is destroyed. In
contrast to that, after preillumination with more
than 50 flashes, the relaxation completely changes
to a kinetics with 200-300 ps. This kinetics is
indicative for a back reaction between P-680" and
Qx under the above-mentioned conditions. There-
fore, the extent of the kinetically unresolved fast
phase of the absorption changes as a function of
wavelength should again reflect the sum of
Acp 50+ sp.630 PlUs Aeq. . Taking into account
the number of reaction centers (1 per 300 chloro-
phylls) and the data for Aeq; o, from the litera-
ture [28], the data described in Fig. 4 (open

squares) are obtained. Both methods result in
spectra with a generally similar shape in the range
250-400 nm. However, remarkable differences are
observed around 300 nm and above 360 nm. The
origin of these differences is not yet clarified. It
seems likely that they reflect — at least partly —
changes in the microenvironment of P-680 exerted
by different treatments of the samples. A compari-
son with in vitro data for Aecy, ,+ cm , in CH,Cl,
solution reveals similarities in the range 280-400
nm. The small negative peak of the Chl a*/Chl a
difference spectrum at 250-260 nm and negative
values between 330 and 355 nm are not observed.

Determination of the difference spectrum for Z-
oxidation in the ultraviolet region and the depen-
dence of the spectral shape on the functional inte-
grity of the water-oxidizing enzyme system Y

Aep 650+ /p.gs0 NOW permits the determination of
the Z°* /Z-difference spectrum from the data of
Fig. 3. In order to correct the results obtained
with the same sample type, the values of
Aep g0+ pego 1N Fig. 4, that are represented by
closed triangles, were used. The results obtained
are shown in Fig. 7 (open squares). Generally, the
same result for de;o , should be found by using
the amplitudes remaining approx. 100 us after the
flash and subtracting the difference spectrum
deq: o, This was found to be the case (data not
shown). However, this procedure does not provide
information about Aep gg0+ pgg0- A COmparison of
the Z°/Z-difference spectrum obtained in this
study with previously reported data (for compari-
son, the spectrum of Ref. 16 is redrawn in Fig. 7
as a dashed curve) exhibits deviations that could
be due to the use of different sample preparations.
In order to check this point, absorption changes at
325 nm were measured in Tris-washed PS II mem-
brane fragments under conditions (time resolu-
tion, 250 ns) that exclude masking effects due to
limited time resolution of the P-680" reduction
kinetics. The results depicted in Fig. 8 indicate
that decay kinetics of 10-15 us is not observed
(after 1 us a small transient increase (up to 5% of
the total amplitude) rather than a decrease could
be resolved). If Aezo,, would be really vanish-
ingly small, P-680* formation should not give rise
to positive absorption changes at 325 nm, in con-
trast to what was found in this study for
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Fig. 7. Separated difference spectrum of Z°*/Z. The details of
the calculations are described in the text. For comparison the
Z*/Z-spectra of Dekker et al. [16] (dashed curve) and the
difference spectrum of durosemiquinone cation radical /duro-
quinol (dotted curve) of Land (see Ref. 16) are depicted.

Aep g0+ psso @s Well as for Aecy 4+ cm o iN sOlu-
tions at 325 nm [26]. On the basis of these consid-
erations we conclude that A¢;x , at 325 nm is not
negligible. A comparison of the calculated
Z°* yZ-difference spectrum with data reported for
the difference spectrum of the durosemiquinone
cation radical formation in solution reveals simi-
larities between both spectra. (Fig. 7, dotted curve).

The main deviation appears to be a 15 nm
hypsochromic shift of the 280 nm band and a
slight bathochromic shift (up to 5 nm) of the band
peaking around 305 nm. If one accepts that these
shifts-are caused by differences in the microen-
vironment of the chromophore, the data of Fig. 7
are in line with the assumption that the prosthetic
redox group in Z°* is a specifically bound plasto-
semiquinone cation radical [11}. The data in Fig. 2
suggest, that Z directly reduces P-680*. However,
these measurements were performed with a limited
time resolution of 1-2 us. Under these conditions
lag phases in the 10-15 us kinetics were observed
at some wavelengths (e.g., at 270 nm, data not
shown). The appearance of lag phases could be
indicative for a reaction sequence that implies the
participation of a further redox component D,.
Theoretical considerations show that lag phases
can arise even without the existence of D, in the
simple P-680-Z-redox system at wavelength re-
gions of large negative Aeq. o, and positive
Aezo ,, values (and vice versa), if the measure-
ments are limited by a microsecond time resolu-
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tion of the equipment. In order to eliminate these
effects experiments were performed at 270 nm
with a time resolution of 250 ns. At this wave-
length region the effect giving rise to “artificial’ lag
phases should be especially pronounced. It was
found that lag phases observed at 270 nm with a
time resolution of 1-2 ps are totally absent when
the same experiments were performed with a time
resolution of 250 ns. Therefore, the present data
do not provide direct evidence for the existence of
a further kinetically and spectroscopically dis-
tinguishable redox component D,. The results also
show that a sufficiently high time resolution is
required in order to avoid kinetical artifacts. The
spectral deviation of Aep g9+ pggo Observed in dif-
ferently treated samples suggest that microen-
vironmental effects could play an important role
regarding the shape of the difference spectra.
Therefore, the question arises about the possible
influence of the destruction of the water-oxidizing
enzyme system Y on the Z°/Z-difference spec-
trum. So far, this spectrum has not been reported
for samples with intact system Y. In this case the
set of absorption changes is much more complex,
because of the significantly faster electron transfer
to P-680* [29-31] and the subsequent reactions
between Z°* and the water-oxidizing enzyme sys-
tem Y. The following attempt to determine the
Z°* difference spectrum is based on the most
simple scheme for the donor side that implies
P-680, Z and system Y. If one takes into account
the electron transfer kinetics (for P-680*-reduc-
tion [29-31] and the S,— S,,; redox transitions
[6-8], the amplitude of absorption changes mea-
sured 2 ps after the excitation laser flashes should
reflect mainly the sum of the difference spectra of
Aeq; o Plus Aezon 5. Accordingly, Aezo ; is ob-
tained as the difference between the measured
‘initial’ amplitude at 2 ps and deq; q,-

Dark adapted PS Il-membrane fragments
trypsinized at pH = 6.0 were illuminated in the
presence of 10 mM CaCl, and 0.5 mM K,
[Fe(CN)¢] as exogenous acceptor (under these
conditions system Y remains fully active in oxygen
evolution; see Renger G., Fromme, R. and Hage-
mann, R., unpublished data). Trypsin treatment at
pH = 6.0 was used in order to eliminate effects
due to surface exposed polypeptides that could be
modified at pH=6.0 and at pH=7.5. In the



180

o

~

~

[=]

absorption change at 325nm

n

o © P
time/ us

Fig. 8. Absorption change at 325 nm in Tris-washed PS-II
particles as a function of time after the laser flash. The
suspension contained: 10 M chlorophyll, 04 mM K,
[Fe(CN)¢], 10 mM NaCl, 20 mM MES/NaOH, pH 6.0. Time
between the flashes, 0.7 s. 512 signals were averaged.
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Fig. 9. Average extent of the apparent initial amplitude as a
function of wavelength in dark adapted PS 11 particles (dashed
curve). The values of the absorption changes induced by the
2nd, 3rd and 4th flash were averaged. The suspension con-
tained PS-II particles (15 pM chlorophyll) 15 pg/ml Trypsin,
10 mM CaCl,, 10 mM NaCl and 20 mM Mes-NaOH, pH = 6.0.
Dotted curve: Qx /Q,-difference spectrum (see Ref. 28); full
curve: difference between the dashed curve and the Qz /Q,4
difference spectrum (dotted curve).
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Fig. 10. Z°*/Z-difference spectra in PS-1I particles with full
competent oxygen-evolving capacity (a) and of completely
OEC-deprived samples. (W) The data are redrawn from Fig. 7
and 9.

presence of K;[Fe(CN)], the 2-us amplitude of
the absorption changes due to the first flash was
markedly smaller than in the following flashes
where the amplitudes are almost constant. In Fig.
9 the average values of the amplitudes at 2 us of
absorption changes caused by the 2nd to 4th flash
are depicted as a function of the wavelength. The
data obtained are dominated by the contribution
of the difference spectrum Aey: o . For the de-
termination of A€z, the absolute number of
intact photosystems II is required. This value was
determined to be one active system per 300 chlo-
rophylls by measurements of the average oxygen
yield per flash with a Clark type electrode. With
the use of this value and taking the spectrum of
Aey; o, from the literature [28] (dotted curve in
Fig. 9), the spectrum of Ae¢;. , represented by
the full curve is obtained. In order to be able to
compare this spectrum with that of Z°*/Z in
samples that were completely deprived of their
oxygen-evolving capacity, the data of Figs. 7 and
9 were redrawn in Fig. 10. The spectra inhibit an
excellent correspondence of the main band peak-
ing around 260 nm. In the wavelength region
between 275 nm and 340 nm systematic deviations
are observed between the Z°*/Z-difference spec-
tra of samples with intact and destroyed water-
oxidizing enzyme system Y, respectively. These
deviations are probably not due to uncertainties
caused by the limitations of the applied procedure,
because they exhibit alternating regions of positive
and negative differences between the spectra.



Discussion

The results presented in this study reveal that
the shape of the separated difference spectrum
A€ ox ,, depends on the functional integrity of the
water-oxidizing enzyme system Y (see Fig. 10).
Likewise, in PS II membrane fragments that were
deprived of their oxygen-evolving capacity
Aep g0+ pggo €xhibit differences if system Y is
destroyed either by trypsination at pH = 7.5, or by
incubation with hydroxylamine (see Fig. 4). As all
the difference spectra Aezox,, and Aepggo+ p.gso
were obtained by subtraction of deq; o, taken
from the literature [28] two alternative explana-
tions can be offered for the observed deviations:
(a) if different sample treatments applied in this
study would affect Aey; o, the spectral dif-
ferences could be simply due to changes of
AeQ; /O (b) if AeQ; /Qn remains invariant, the
data of Figs. 4 and 10 really reflect environmental
effects that modify Aezox,; and Aepggo+ pggo- A
change of deq o, seems to be less likely for the
following reasons: (1) a modification of the donor
side is expected to affect the functional chromo-
phores of P-680 and Z more severely than Q, at
the acceptor side; and (2) mild trypsination at
pH = 6.0 that markedly reduces herbicide binding
at the PS II acceptor side does not change the
EPR-signal of Qj - Fe?*, indicating an almost un-
altered microenvironment of Q, [32].

Of course, this finding does not unambiguously
exclude possible spectral changes of deq; o, in
the ultraviolet range. Despite of lacking a direct
proof we still conclude that effects due to changes
of Aeqy: o, play a minor role for the phenomena
observed in Figs. 4 and 10. Based on this assump-
tion changes of the polypeptide structure at the PS
I donor side caused by trypsination [20] or
NH,OH-treatment [33] are inferred to affect the
difference spectra Aep.gg0+ p.gzp and Aezor 5. pre-
dominantly. It should be kept in mind that in
NH,OH-treated samples preilluminated by 70
flashes redox component Z becomes functionally
disconnected from P-680, whereas trypsin treat-
ment at pH=7.5 does not interrupt electron
transfer from Z to P-680*. Therefore, the micro-
environment of Z is expected to be modified in a
different way. It appears reasonable to assume
that this effect also influences the difference spec-
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trum  Aepggo+ p.ego- Lhe underlying molecular
mechanism remains to be clarified. In the case of
Aeo ,;, the alternating positive and negative devi-
ations caused by the destruction of the water-
oxidizing enzyme system Y favour the idea of
changes in local electrochromic effects. It has been
concluded that the negative charge of Q5 causes
an electrochromic band shift of pheophytin that
gives rise to the C550 absorption changes [34].
Likewise, the rearrangement and/or removal of
point charges in the proteinaceous environment
due to destruction of the water-oxidizing enzyme
system could lead to electronic band shifts of Z
and Z°* that cause the observed changes of
dezo ;.

The possibility of spectral changes due to mod-
ifications of the polypeptide pattern at PS II rises
another interesting question: to what extent are
affected the spectral properties of chromophores
acting as prosthetic groups by detergents that are
used for the isolation of PS Il membrane frag-
ments? Further experiments are required to clarify
this point.

Changes in the microenvironment of redox-ac-
tive chromophores, however, can not only affect
their spectral properties, but also induce signifi-
cant redox potential shifts. A well-known phe-
nomenon in PS II is the modification of the
cytochrome b-559-apoprotein, that leads to trans-
formation of the high potential into the low poten-
tial form [35]. Accordingly, analogous effects could
be relevant for other prosthetic groups, especially
for P-680*/P-680 and Z°*/Z. It has been dis-
cussed that the destruction of the water-oxidizing
enzyme system Y shifts the redox potential of
Z°/Z towards less positive values [9] thereby
changing the electron-transfer kinetics from Z to
P-6807 [36]. Recently, in Tris-washed thylakoids
this redoxpotential shift of Z°* /Z was estimated
to be approx. 120 mV [37]. An alternative ex-
planation, however, could be offered by the as-
sumption that P-680 and Z are connected by a
further redox component D, and that Tris wash-
ing enhances the redox potential of D* /D, rela-
tive to that of P-680* /P-680 [38]. In this case the
equilibrium P-680* D, = P-680 D could be
shifted towards the left and D2* would escape the
detection as a spectroscopically and kinetically
resolvable redox state. This assumption would also
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be in line with the finding that in Tris-washed
chloroplasts the donor capacity beyond P-680
amounts to only one electron per PS II {39]
Likewise, the failure to obtain direct evidence for
the existence of D, in the present study could be
explained by the assumption that destruction of
the water-oxidizing enzyme system Y leads to the
above-mentioned equilibrium shift. However, it
has to be emphasized, that our data do not permit
an unambiguous conclusion about the possible
existence of D, because theoretical calculation
shows that lag phases in the kinetics of absorption
changes could be masked in a system containing
three reactants, provided that the extinction coef-
ficients of the participating reactants have ap-
propriate values (data not shown).

The existence of two redox components in the
electron-transport pathway from the catalytic site
of the water-oxidizing enzyme system Y to P-680"
has been postulated on the basis of indirect kineti-
cal evidence [9]. Later, this scheme was used in
order to explain the nanosecond relaxation kinet-
ics of 830 nm absorption changes that were ob-
served in oxygen evolving systems [10]. To test
whether D, exists as a kinetically and spectro-
scopically distinguishable species if the water
oxidizing enzyme system Y remains intact, but
escapes the detection after system Y destruction,
further experiments are required with a much
higher time resolution. Experiments are in pro-
gress to solve this problem.
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