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Laser-tlash-indnced absorption changes at 830 nm, fluorescence-indnction curves and the average oxygen 
yield per flash have been measured in spinach Photosystem II  membrane fragments as a function of trypsin 
treatment and its modification by CaC! z. The |ollowing was fontal  (i) The relative contribution ot the 
nanosecond relaxation to the overall decay kinetics of 1130 nm absorption changes reflecting the P-680 +-re- 
duction decreases as a function of incubation time with trypsin. Simultaneously, mild treatment at p H m  6.0 
markedly increases the extent of 200 ps kinetics that highly revert back to nanosecond kinetics by CaCi z 
addition. After harsher trypsin treatment (pH -- 7.5) pH-dependent 2-20  IXS kinetics appear that cannot be 
reverted to nanosecond kinetics by CaCI2. (ii) The CaCl2-induced restoration of nanosecond kinetics is 
mainly due to a Ca z +-induced effect rather than to a functional role of CI -. Sr  2 + can substantially substitute 
for Ca 2+, whereas Mg 2+, Mn 2+ and monovalent ions are almost inefficient. (iii) A quantitative correlation 
between the extent of the nanosecond kinetics and the average oxygen yield per flash was not observed. (iv) 
If CaC! 2 is present in the assay medium for trypsin treatment the samples are markedly protected to 
proteolytic degradation. This effect mainly refers to the reaction pattern of the acceptor side. Other bivalent 
cations can substitute Ca 2+ for its protective function. (v) The CaCl2-induced protection to proteolytic 
attack is extremely sensitive to a very short trypsin pretreatment that does hardly affect the shape of the 
fluorescence induction curve. The results are discussed in relation to the functional and structural 
organization of Photusystem II. 

Introduction 

Photosynthetic water oxidation by visible light 
takes place in Photosystem II  via a four-step uni- 
valent redox-reaction sequence initiated by photo- 
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oxidation of a special chlorophyll a, referred to as 
P-680. Dioxygen formation is assumed to occur at 
a catalytic site which contains a binuclear 
manganese center (for a recent discussion, see Ref. 
1). 

The functional connection between the cata- 
lytic binuclear manganese duster  and P-680 im- 
plies at least one further redox component, re- 
ferred to as Z [2]. In samples competent in oxygen 
evolution, P-680 + reduction exhibits a multiphasic 
kinetics in the nano- and microsecond range [3-5], 
whereas the oxidation of the catalytic site was 
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shown to occur within the range of 30 I~s to I ms, 
depending on its redox state S i [6-8]. If the 
oxygen-evolving capacity is completely eliminated 
by selective treatments (e.g., Tris-washing) the P- 
680+-reduction kinetics markedly slow down: P- 
680 + becomes reduced either via a pH-dependent 
electron flow from Z with half-life times of 2-20 
~s [9] or via a back reaction ( t l / 2  = 100-200 ~ts) 
with the reduced primary plastoquinone acceptor 
Q~, [10,11]. This phenomenon raised the idea that 
any microsecond kinetics of P-680+-reduction 
might be indicative of detrimental effects at the 
water-oxidizing enzyme system Y [12]. In this case 
the extent of nanosecond kinetics could be used as 
a measure of the percentage of PS II reaction 
centers that are functionally coupled with an in- 
tact catalytic site for water oxidation [12,13]. 
However, experiments with ADRY-agents [14] in- 
dicated that the extent of a 35 ~ts kinetics of 690 
nm absorption changes depends upon the flash 
number of repetitive flash groups [15]. Therefore 
at least part of the microsecond kinetics are re- 
lated to functionally intact systems Y. Further- 
more, based on these data the P-680 ÷ reduction 
kinetics were inferred to depend on the redox state 
S t of the water-oxidizing enzyme system Y [15]. 
Later much more refined measurements confirmed 
this basic conclusion [13]. 

In order to study possible correlations between 
P-680+-reduction kinetics and the structural and 
functional integrity of the PS II donor side, ex- 
periments have to be performed in properly mod- 
ified PS II membrane fragments. Mild trypsin 
treatment at pH -- 6.5 leads to degradation of the 
surface exposed 18 kDa, 23 kDa and 33 kDa 
polypeptides [16] which act as regulatory subunits 
(decrease of C1- requirement, Ca 2÷ trapping and 
stabilizing of functional manganese) of the water- 
oxidizing enzyme system Y (for a recent review, 
see Ref. 17). Likewise, integral membrane proteins 
of the PS II reaction center and its associated core 
antenna (CP47, CP43, D1, D2 and Cyt b 559) are 
attacked by trypsin [16,18]. On the other hand, 
oxygen evolution with K3[Fe(CN)6 ] as exoge- 
neous electron acceptor remains highly active in 
trypsinized PS II membrane fragments [16] and 
inside-out vesicles [19]. Furthermore, under com- 
parable conditions (trypsination at pH = 6.0), the 
low temperature EPR signals due to light-induced 
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S 2 formation (multiline and g = 4.1 signal) and of 
donor D (signal IIs) are almost unaffected; 
whereas, the high potential Cyt b-559 is trans- 
formed into the low potential species [20]. Accord- 
ingly, limited proteolysis of PS II membrane frag- 
ments appears to be a proper tool for analyzing 
the functional and structural topography of PS II. 
Here we report the effect of trypsin treatment on 
830 nm absorption changes that reflect the 
turnover of P-680 on oxygen evolution and on 
fluorescence induction. Furthermore, our atten- 
tion was focused on the effect of Ca 2+ as an 
essential cofactor for the function of system Y 
[21-23] because recent experiments revealed a 
marked stimulation of the oxygen evolution rate 
in trypsinized PS II membrane fragments [16]. 

Materials and Methods 

PS-II particles with a high oxygen-evolving 
capacity were prepared from market spinach as 
described in Ref. 24 with the modifications 
described in Ref. 16, except that the applied Tri- 
ton X-100/chlorophyll  ratio was 20: 1. Bovine 
pancreas trypsin was purchased from Boehringer 
(Mannheim). For comparitive measurements the 
proteolytic treatment for the measurements of the 
oxygen-evolving activity and of absorption changes 
at 830 nm was carried out under identical condi- 
tions, i.e., the PS-II particles (50 ~tg Ch l /ml )  were 
incubated in darkness with trypsin ( t rypsin/Chl  
= 2 : 1) at 20°C in the oxygen-measuring cuvette 
and after a certain time either illuminated directly 
for detecting the oxygen yield or transferred to the 
cuvette of the flash photometer for measuring 
absorption changes. In all other experiments 
trypsination was performed in the sample cuvette. 
In either experiment the dark time between the 
flashes was 600 ms and the samples were il- 
luminated with the same number of flashes. The 
flash induced O2-yield was measured as described 
earlier [14]. 

The measurements of the 830 nm absorption 
changes with nanosecond time resolution were 
performed with a single-beam flash photometer 
similar to the one described in Ref. 3. The measur- 
ing light was provided by a laser diode (TXF 8300 
AEG-Telefunken, ~, = 834 nm). By means of a 
microscope objective lens, the beam was focussed 
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through the cuvette (4 cm pathlength) onto a 1 
m m  aperture, which.was located in front of the 
photodetector (Photodiode preamplifier module 
RCA C 30952 E). In order to suppress a flash-in- 
duced fluorescence artefact, the distance between 
the cuvette and the aperture was approx. 1 m. 

The photodiode was protected against fluores- 
cence by a 830 nm interference filter and coupled 
via a 50 MHz amplifier (Pacific 2 A 50) to a 
Tektronix 7912 digitizer. 128 signals were aver- 
aged and stored on floppy disks. 

In order to make sure that the total initial 
amplitude of the absorption change in the 
nanosecond time range could be detected with our 
time resolution an additional check was per- 
formed. N H 2 O H  (3 mM, 6 min dark incubation) 
was added to the sample after each experiment 
that leads to retardation of the relaxation kinetics 
at 830 nm, due to an inhibition of the water- 
oxidizing enzyme. The total amplitudes of the 830 
nm absorption changes in the presence of N H 2 O H  
are not limited by time resolution of our 
equipment.  Accordingly, the extent of the 
nanosecond component  related to the correspond- 
ing control value was calculated in two different 
ways: (1) the portion of the amplitude that decay 
within 1 ~s related to the total amplitude at t = 0; 
and (2) the portion of the amplitude that decays 
within 1 ~ts related to the total amplitude in 
NH2OH-trea ted  samples at t = 0. 

In experiments with microsecond time resolu- 
tion, the photodetector was coupled to a 1 MHz 
amplifier (Tektronix AM 502) and the signals 
were transferred to a Nicolet 1170 averager. 

Photosynthesis was excited by non saturating 
pulses from a Q-switched frequency-doubled 
NdYAG-laser  (Spektrum GmbH,  Berlin, h = 534 
nm; duration, 7 ns). 

All experiments were carried out with a chloro- 
phyll concentration of 50 ~ g / m l  in a medium 
containing 10 mM NaC1 and 20 mM M e s / N a O H  
(pH 6.0) with 1 mM Ka[Fe(CN)6 ] as an artificial 
electron acceptor..Other additions, as indicated in 
the figure legends. Fluorescence was monitored as 
described in Ref. 25. For these measurements the 
chlorophyll concentration was 5 ~M. 

R e s u l t s  

The P-680 turnover can be monitored by 
absorption changes peaking around 820 nm [3,11]. 
Typical traces of absorption changes at 830 nm 
induced by repetitive flashes in spinach PS II  
membrane fragments are depicted in Fig. 1. The 
relaxation kinetics that reflect the reduction of 
P-680 ÷ exhibits a multiphasic pattern. In oxygen- 
evolving control samples at pH --- 6.0 the decay is 
dominated by nanosecond kinetics contributing 
approx. 65-70% to the overall relaxation. Addition 
of 10 mM CaC12 further increases the relative 
extent of the nanosecond kinetics up to 80%. 
Destruction of the oxygen-evolving capacity by 
incubation with 3 mM NH2OH for 6 rain is 
accompanied with complete elimination of the 
nanosecond kinetics. In these samples P-680 ÷ ex-  
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Fig. 1. Absorption changes at 830 nm induced by repetitive 
laser flashes in normal and trypsinized PS [I membrane frag- 
ments at pH = 6.0 in the absence and after addition of 10 mM 
CaCi  2. Experimental conditions as described in Materials and 
Methods. 



hibits half-life times in the microsecond range that 
depend upon illumination conditions [26]. The 
invariance of the initial amplitude to NH2OH 
treatment indicates that the detection of the 
nanosecond kinetics of P-680 + reduction is not 
limited by the time resolution of our equipment. 
After incubation of PS II membrane fragments 
with trypsin at pH = 6.0 the extent of microsec- 
ond relaxation kinetics increases (up to more than 
50%) at the expense of nanosecond components. 
This effect appears to be interesting in the light of 
recent findings, indicating that oxygen evolution 
was hardly affected by mild trypsin treatment at 
pH = 6.0 in PS II-membrane fragments [16] and 
inside-out vesicles [19], whereas the polypeptide 
pattern became modified [16]. The relaxation 
kinetics of 830 nm absorption changes was 
analyzed as a function of trypsin treatment. A 
thorough analysis reveals that at least three differ- 
ent kinetics with half-life times of the order of 10 
~ts, 200 ~ts and more than 1 ms (these kinetics will 
be referred to as 10-gs, 200-~s and slow compo- 
nents, respectively) contribute to the decay in the 
micro- to millisecond time domain (data not 
shown). 

Fig. 2 shows the extent of the different kinetics 
related to the overall relaxation of 830 nm absorp- 
tion changes as a function of incubation time with 
trypsin at pH = 6.0. The data reveal a marked 
decrease of the relative extent of nanosecond 
kinetics (for the sake of simplicity a separation 
into different nanosecond components was not 
performed) and a concomitant increase of contri- 
butions in the micro- to millisecond range. Re- 
cently, it was found that trypsin treatment at 
pH = 7.5 highly reduces oxygen evolution and 
elicits the pH-dependent 2-20 r~s kinetics [17,26] 
which are characteristic for the electron transfer 
from Z to P-680 + after destruction of the 
water-oxidizing enzyme system [9]. Accordingly, it 
seemed worthwhile to study the pattern of relaxa- 
tion kinetics as a function of trypsin treatment at 
pH = 7.5. The results of Fig. 3 reveal an interest- 
ing phenomenon. At the beginning, the 200-~s 
component (also the slow component, data not 
shown) sharply rises and subsequently steeply de- 
clines, whereas the 10-~s component continues to 
increase with increasing incubation time. The most 
simple explanation for the appearance of 200-~ts 

69 

3 
(1J 

u 

E e -  

"6 

3 

& 
,:58o 
r 
U 

t-" 

.9 

~ 60 
.Q 
0 

E 
0 \ 

pH=60 

40, _ _ l  

"a \ . - ' "  " " ,  2oo~ 

~. 20 L • . /  • ~ . ~ a ' ~ "  " 1 1 ~ . ~  -gs-kine~Lcs 
E I # ~ .~ ..... o .I ...... ,~ 
cJ . L /  / a . "  . . . . . . .  - , - . .  

i,,,, " ... 
"~ o." 

0 I I I 
0 20 t.O 60 

incubat ion  t ime  tin c /m in  

Fig.  2. Re la t ive  ex ten t  o f  d i f fe ren t  k ine t ics  in the overa l l  d e c a y  

of 830 nm absorption chanses in PS II membrane fragments as 
a function of incubation time with trypsin at pH = 6.0. Experi- 
mental conditions as described in Materials and Methods. 

kinetics is the assumption that after elimination of 
the function of water to act as an electron donor 
Z °~ remains oxidized under repetitive flash exci- 
tation and therefore a back reaction arises be- 
tween P-680 ÷ and Q~. This interpretation would 
imply that progressing trypsination accelerates the 
regeneration of Z °x (as shown for inside-out 
vesicles, see Ref. 19) so that under the same 
excitation conditions the extent of the 10-1~s com- 
ponent increases. The P-680+-reduction pattern in 
mildly trypsinized (pH = 6.0) PS II membrane 
fragments is markedly affected by addition of 
CaCI 2. In respect to the origin of the CaC12 
reversible kinetics arising due to mild trypsin 
treatment, an interesting finding should be men- 
tioned. The extent of the 200-~s relaxation kinet- 
ics is not affected by exogeneous PS II donors 
(data not shown) that are known to feed electrons 
efficiently to Z °x, if the water-oxidizing enzyme 
system Y is destroyed (e.g., by Tris-washing), but 
do not compete with dioxygen evolution in func- 
tionally competent samples. This result indicates 
that the shielding effect exerted by polypeptides 
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Fig. 3. Relative extent of the 10-~s and 200-rts kinetics in the 
overall decay of 830 nm absorption changes in PS II mem- 
brane fragments as a function of incubation time with trypsin 
at pH = 7.5. Experimental conditions as described in Materials 
and Methods. 

which are probably related to the water-oxidizing 
enzyme system Y is not eliminated by the mild 
trypsin treatment. On the other hand, the pattern 
of P-680 ÷ reduction becomes significantly af- 
fected. Therefore, it appears reasonable to assume 
that a mild proteolytic attack causes structural 
changes which modify the functional connection 
between reaction center and water-oxidizing en- 
zyme system Y without degrading the functional 
capacity of the latter operational unit. In Fig. 1 
the extent of the nanosecond kinetics was shown 
to become increased 'by addition of CaCI 2. This 
effect is pronounced in PS-II membrane frag- 
ments trypsinized at p H  = 6.0. Therefore, it was 
interesting to analyze the CaCl2-indueed trans- 
formation of the relaxation pattern. Fig. 4 depicts 
the relative extent of ns, 10-its and 200-t~s compo- 

nents as a function of incubation time with tryp- 
sin at p H  = 6.0 and of its modification by ad- 
dition of 10 mM CaC12 after the indicated time of 
proteolysis. The data reveal two characteristics: 
(a) CaC12-addition partly restores the contri- 
butions of nanosecond kinetics and (b) the 200-1xs 
component  is markedly reduced after CaCl~ ad- 
dition, whereas the 10-1~s kinetics remains almost 
unaffected. 

The partial restoration of the nanosecond kinet- 
ics by CaC12 could be related to specific effects of 
Ca 2+ a n d / o r  C1- [21-23,27-29] or simply caused 
by structural effects due to nonspecific electro- 
static interactions that are changed by salt ad- 
dition. In order to test these alternatives experi- 
ments with different salts were performed in 
trypsinized PS II membrane fragments. A relative 
simple method was applied for the determination 
of the restoration degree. The results of Fig. 1 
show that the extent of nanosecond kinetics can 
be easily determined as the difference of the am- 
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trypsin at pH = 6.0 in the absence and after addition of 10 mM 
CaC12. Experimental conditions as described in Materials and 
Methods. Open symbols, experiments without CaC12; closed 
symbols, with CaCI ~. 



plitudes at 1 ~s, measured in the presence of 3 
mM NH2OH and its absence, respectively, i.e. 

AA~ o = AA~( + NH2OH ) - AA~( - NH2OH ) 

This relation can be applied only if the 830 nm 
absorption changes remain invariant (in extent 
and kinetics up to 1 ~s) to different salt additions. 
This was shown to be practically the case for all 
salts tested (data not shown). Taking into account 
AAis~(+ NH2OH ) = constant, the reconstitution 
factor related to the CaC12 effect can be expressed 
by Eqn. 1: 

A A ~  (control) - A A ~  (salt) ) 

A R ~ t  = AAl~'~(control)-- AArOn(Z0 mMCaCl2)  t,3,p~i~ 

( t )  

where ARsn~lt represents the normalized reconstitu- 
tion factor of the extent of the nanosecond kinet- 
ics in PS II membrane fragments trypsinized at 
pH = 6.0. 10 mM CaC12 was used as reference, 
because at this concentration the restoration effect 
completely saturates [30]. 

The data obtained for different salts are sum- 
marized in Table I in terms of percentage recon- 
stitution, i.e. 100×ARsn~t. The results clearly 
demonstrate that the restoration of the nanose- 
cond kinetics is dominated by Ca 2÷ and that C1- 
plays only a marginal role. Ca 2÷ can be sub- 
stituted to a marked extent by Sr 2+ and partly by 
Ba 2+. whereas Mg 2÷, Mn 2÷ and monovalent ca- 
tions are almost inefficient. It should be men- 
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Fig. 5. Absorption changes at 830 nm induced by a train of 
four flashes in dark-adapted normal and trypsinized PS II 
membrane fragments at pH = 6.0 in the absence (left side) and 
presence (fight side) of 10 mM CaCI v Experimental condi- 
tions as described in Materials and Methods. 

tioned that Ba 2+ causes additionally a time-de- 
pendent inhibition. Therefore the data of Table I 
for Ba 2+ refer only to the initial activity. The 
degree of the conversion of nanosecond kinetics of 
P-680+-reduction in PS II membrane fragments 
into decay components in the microsecond range 
by mild trypsin treatment at pH = 6.0 as well as 
the extent of restoration by 10 mM CaCI 2 varied 
quantitatively for different preparations. The same 
qualitative behaviour, however, was observed in 
all samples that were used in this study. The 
above-mentioned results support the idea that a 
specific structural modification affects the reduc- 
tion kinetics of P-680 +. Now the question arises 
about the functional site of the trypsin-induced 
effect and its partial reversal by Ca 2+. Fig. 5 
depicts the absorption changes induced by a flash 

Salt added 
aA;~(co"tro 0 -  aA~(salt) .100~ 

a A~(~o-tro0- aA~(10 mM CaCh) 

10 mM CaC12 100 
10 mM Ca(NO 3) 2 92 
10 mM Ca(OAc)2 89 
10 mM Ca(OAc) 2 

(assay medium - CI - ) 74 
10 mM SrCI 2 85 
10 mM BaC12* 43 
10 mM MgCI 2 8 
10 mM MnC12 29 
10 mM NaC1 0 
100 mM NaC1 15 
10 mM KC1 0 
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train in dark-adapted PS II membrane fragments. 
The data indicate a progressive increase of the 
slow kinetics during the flash train (the steady 
state is reached only after 20-30 flashes, data not 
shown). This pattern is not indicative for a selec- 
tive blockage of Z°X-reduction at a specific redox 
state S i (see Discussion). In order to test a possi- 
ble correlation between the extent of the nanose- 
cond kinetics and the oxygen evolving capacity, 
the average oxygen yield per flash was measured 
under comparable experimental conditions (see 
Materials and Methods). In most of our experi- 
ments oxygen was found to be less sensitive than 
the nanosecond kinetics to mild trypsin at pH = 
6.0, as is shown in Fig. 6. Unfortunately, we 
observed for different preparations marked devia- 
tions from the pattern depicted in Fig. 6. There- 
fore unambiguous conclusions cannot be drawn at 
this point. However, the opposite effect, i.e., per- 
sistence of nanosecond kinetics to specific treat- 
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Fig. 6. Average oxygen yield per flash and extent of the 
nanosecond kinetics in the overall decay of 830 nm absorption 
changes in PS II membrane fragments as a function of incuba- 
tion time with trypsin at pH = 6.0 in the absence (top) and 
after additions of 10 mM CaC12 (bottom). Experimental con- 
ditions as described in Materials and Methods. 

ments that highly suppress oxygen evolution, was 
recently well established [31]. Therefore, the rela- 
tive extent of the nanosecond kinetics of P-680 ÷ 
reduction cannot be used as an unambiguous 
quantitative measure for the percentage of func- 
tionally competent water-oxidizing enzyme sys- 
tems. So far we have analyzed the modification of 
the P-680+-reduction pattern by mild trypsin 
treatment at pH = 6.0 and the Ca2+-induced par- 
tial restoration. Recently, it was shown that CaC12 
in the assay medium affects also the susceptibility 
to trypsin of herbicide binding and the p-benzo- 
quinone-mediated electron transport in PS II 
membrane fragments [32]. This protective effect to 
tryptic attack was further investigated by measure- 
ments of room temperature fluorescence induction 
curves in PS-II membrane fragments that were 
trypsinized at pH --- 7.5 in the absence or presence 
of 10 mM CaCI 2. Fig. 7 shows the effect of 
increasing incubation time with trypsin. After a 
few minutes trypsination in the absence of CaC12 
interruption takes place of electron transfer from 
Q;, to QB. This effect causes a fast fluorescence 
rise. The retardation of the subsequent slower-ris- 
ing part probably reflects two effects: a fraction of 
the PS-II centers could remain connected with the 
total plastoquinone pool, and in addition the donor 
side activity degrades too. Further, the decrease of 
the maximum fluorescence reflects a trypsin-in- 
duced quenching, probably by effects of trypsin 
on the light-harvesting complex [33-35]. A 
markedly different pattern is observed, if trypsin 
treatment is performed in the presence of CaC12. 
Under these conditions, the acceptor side is highly 
protected against tryptic attack as shown by the 
invariance of the fast-rising part of variable fluo- 
rescence. This result is in perfect agreement with 
corresponding lines of evidence from herbicide 
binding studies and measurements of p-BQ-medi- 
ated electron transfer [32]. 

In PS II membrane fragments trypsinized at 
pH = 7.5 in the absence of CaC12 the shape of the 
fluorescence induction curve becomes only slightly 
changed after addition of 3 mM NH2OH (data 
not shown). This result indicates that the trypsin- 
induced blockage at the acceptor side involves a 
large fraction of the PS II reaction centers. A 
markedly different pattern is observed if 10 mM 
CaC12 is present during the 10 re_in trypsin treat- 
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Fig. 7. Fluorescence yield as a function of actinic illumination in normal and trypsinized PS II membrane fragments: (a) control; (b) 
1 min; (c) 3 rain; (d) 5 rain; (e) 10 min and (f) 20 min. PS II membrane fragments were trypsinized at pH = 7.5 in the absence or 
presence of 10 mM CaCI 2. The level indicated at the end of each induction curve was taken after 7 s. Experimental conditions as 
described in Materials and Methods. 

ment.  In this case, the acceptor side is highly 
protected against tryptic attack, whereas the 
donor-side capaci ty appears to be diminished due 
to degradat ion of  the water-oxidizing enzyme sys- 
tem. Addi t ion  of  3 m M  N H 2 O H  almost  com- 
pletely restores the inducat ion curve of  the control  
samples (data not  shown). Accordingly,  in the 
presence of  CaCI 2 the donor  side is less resistant 
to tryptic at tack than the acceptor side. 

Fluorescence measurements  also show [30] that 
the protective function of  Ca 2+ regarding further 
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Fig. 8. Fluorescence yield as a function of actinic illumination 
time in PS II membrane fragments: (a) control; (b) trypsinized 
for 20 s at pH ~ 7.5 in the absence of CaCI2; (c) trypsinized 
for 10 min in the presence of 10 mM CaCI2; (d) trypsinized for 
20 s, then addition of 10 mM CaCI 2 and further trypsination 
up to 10 rain. Other experimental conditions as described in 
Material and Methods. 

proteolytic degradat ion disappears after trypsin 
t reatment  of  PS II  membrane  fragments. Two 
questions are of  mechanistic relevance. (a) Does 
the loss of  Ca 2 + protect ion after trypsin treatment 
kinetically coincide with the proteolytic degrada- 
tion of PS II? (b) Does the protective function 
exhibit the same specificity as the partial restora- 
t ion effect of  the nanosecond kinetics? 

The experimental da ta  depicted in Fig. 8 show 
that a trypsin treatment of  only 20 s is sufficient 
for preventing the protective action of  added 
CaC12. On the other  hand, the 20 s trypsination 
itself hardly affects the  fluorescence curve. This 
interesting finding indicates that the potency of  
Ca 2+ to act as protectant  is lost after a rather 
short  trypsin t reatment  which does not  affect the 
general pat tern of  PS II  electron transport.  Specific 
surface modifications are assumed to be responsi- 
ble for this phenomenon.  Referring to the specific- 
ity of  the Ca2÷-induced protect ion to trypsin ex- 
periments were performed with different salts. The 
protective effect was found to be much less specific 
than the restoration of  the nanosecond kinetics. 
All bivalent ions tested exhibit similar effects. 

Discussion 

The present study shows that trypsin t reatment  
at p H  = 6.0 markedly affects the P-680 + reduction 
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by transforming part of the nanosecond kinetics 
into markedly slower kinetics. Taking into account 
the effect of trypsin on the polypeptide pattern 
[16,19] the data reflect a structural modification of 
the PSII donor side leading to a change of the 
electron-transport pattern. For the 200-~ts kinetics 
this modification can be functionally compensated 
to a significant extent by the specific action of 
Ca 2+ salts. This phenomenon implies different 
questions of mechanistic relevance for the func- 
tional and structural organization of the PS II 
donor side. (1) What is the origin of the 
trypsin-induced 200-~s reduction kinetics of P- 
680+? (2) What is the nature of the Ca2÷-binding 
site? (3) What is the functional role of Ca 2 +? 

Two alternative interpretations can be pro- 
posed for the trypsin-induced 200-~ts back reac- 
tion: (a) blockage of electron transport from the 
water-oxidizing enzyme system Y to Z °x giving 
rise to a back reaction between P-680 ÷ and Q~,, 
or (b) retardation of the electron-transfer kinetics 
from Z to P-680 ÷. The former proposal could be 
in line with recent reports on NaCl-washed sam- 
pies. Measurements of ultraviolet absorption 
changes (320 nm) and of the average oxygen yield 
per flash in inside-out vesicles indicated that after 
removal of the 23 kDa protein a back reaction 
between P-680 ÷ and QA probably arises under 
repetitive flash excitation at the expense of the 
oxygen-evolving capacity [36]. Based on delayed 
fluorescence and oxygen-yield measurements in 
dark-adapted NaCl-washed PS II membrane frag- 
ments deprived of their 18 and 23 kDa 
polypeptides the redox transition S3Z °x --* S0Z + 
O 2 + 2 H ÷ was inferred to be blocked. The reac- 
tion can be restored by Ca 2 ÷ [37]. Likewise, under 
comparable conditions a partial loss of oxygen 
evolution and a concomitant increase of the EPR 
signal IIf have been observed that can be reversed 
by Ca 2+, but not by other cations [22,38]. There- 
fore, our present data could be analogously ex- 
plained by a trypsin-induced degradation of the 
18 and 23 kDa polypeptides which causes a Ca 2+ 
reversible blockage of Z °x reduction by S 3. This 
would lead to a P-680 ÷ Q~ back reaction under 
repetitive flash excitation. Measurements of 320 
nm absorption changes (data not shown) are not 
in contradiction to this idea, but do not provide 
an unambiguous proof. However, other tests are 

available. If the appearance of the 200-~s kinetics 
at the expense of the nanosecond reduction of 
P-680 + after mild trypsin treatment (pH = 6.0) is 
exclusively due to blockage of S 3 oxidation by Z °x, 
then two effects should be observed: (a) stoichio- 
metric correlation between the average oxygen 
yield per flash and the extent of the nanosecond 
kinetics; (b) excitation of dark-adapted trypsinized 
samples with a flash train should exhibit a rather 
small extent of the 200-~s kinetics after the first 
three flashes followed by a marked increase after 
the 4th flash due to formation of the state 
S 3 [[Z°xp-680 + Q~,. Both phenomena have not 
been observed at the expected degree (see Figs. 5 
and 6). Therefore, we conclude that trypsin treat- 
ment affects the electron-transfer rate not only 
between the water-oxidizing enzyme system Y and 
Z °x, but also between Z and P-680 +. The quanti- 
tative correlation of these effects remains to be 
clarified. 

The trypsin-induced functional modification of 
the PS II donor side appears to be closely related 
to the site of Ca 2+ action. It is now well estab- 
lished that the surface-exposed polypeptides of 18, 
23 and 33 kDa do not contain the Ca2+-binding 
site (for a recent review, see Ref. 17). Recently, it 
was shown that after removal of the 23 kDa 
polypeptide a light-induced conformational change 
takes place at a not yet identified intrinsic poly- 
peptide that opens the Ca2+-binding site to the 
outer aqueous medium [39]. Ca 2+ release is as- 
sumed to cause blockage of oxygen evolution. 
Addition of sufficient exogenous Ca 2÷ saturates 
the binding site and restores oxygen evolution via 
an unknown mechanism. Based on thermo- 
luminescence and oxygen-yield measurements in 
dark-adapted PS II membrane fragments, Ca :+ 
was inferred to be required for the functional 
integrity of system Y through an all-or-none-type 
mechanism [40]. Furthermore, it is interesting to 
note that after depletion of the surface-exposed 
polypeptides the Ca2+-induced restoration of 
oxygen evolution exhibits a marked heterogeneity 
[40]. A similar heterogeneity of the Ca 2+ effect 
has been also observed in PS II membrane frag- 
ments deprived of their 18 kDa and 23 kDa 
polyeptpides by NaCI washing. The existence of a 
high affinity (50-100 ~tM) and a low affinity (1-2 
mM) binding site was reported [41]. A quantita- 



tive analysis of  the restoration effect of  P-680 +-re- 
duct ion kinetics reported here as a function of 
CaCI  2 concentra t ion led to the conclusion that the 
Ca 2+ effect is a cooperative effect implying at 
least two binding sites with affinities of  60 I~M 
and 1.3 m M  [30]. These values are in close corre- 
spondence with the above-ment ioned data  [41] 
and latest findings in NaCl-washed wheat PS II-  
membrane  fragments  [42]. This suggests that the 
effect induced by mild trypsin treatment (pH = 
6.0) is caused predominant ly  by microenviron- 
mental  changes of  the same Ca2÷-binding site(s) 
that  is (are) also affected by NaCI  washing. There- 
fore, removal (NaC1 washing) or  desintegration 
(trypsin, p H  = 6.0) of the surface-exposed poly- 
peptides markedly affects the binding of  Ca 2÷ 
that is functionally relevant to water oxidation. 
However,  it remains to be clarified whether the 
regulatory funct ion of Ca 2÷ implies only one 
binding site per PS II  or  two cooperatively inter- 
act ing binding sites. As Ca 2÷ cannot  act as a 
redox active group its funct ion is assumed to be a 
tuning of the reaction coordinates at the donor  
site by  structural 'cal ibrat ion '  of  the polypeptide 
matrix a n d / o r  electrostatic affects. Our  data con- 
firm that the effect of  Ca 2+ is rather specific [22]. 
The mechanistic implications of  this specificity 
have to be identified in future work. It is interest- 
ing to note that after harsher trypsin treatment 
( p H =  7.5), a pH-dependen t  2 - 2 0  ~ts kinetics 
emerges for the P-680 ÷ reduct ion which cannot  be 
reversed by Ca 2+. In  this case the water-oxidizing 
enzyme system becomes irreversibly destroyed [16]. 

Beyond the Ca 2+ restoration of  functional de- 
fects at the donor  side due tO Ca 2+ release after 
mild trypsin treatment ( p H - - 6 . 0 )  a marked pro-  
tection effect against proteolytic degradat ion of  
the acceptor  side is observed, if Ca 2÷ is present in 
the assay medium. This effect is very likely related 
to a tight membrane  appression which hampers  
trypsin attack. The implications of  this protect ion 
shall not  be discussed extensively in this study. 
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