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of photosynthesis - possible states and configurations of manganese and water 
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Absorption changes coupled with the individual transitions So-S 3 and redox reactions in the water-splitting 
enzyme system S of photosynthesis have been measured. The principal difficulties of measuring the very 
small absorption changes in the ultraviolet coupled with those reactions have been reduced drastically 
through the use of a highly purified Photosystem II complex isolated from the Cyanobacterium synechococ- 
cus. The general problem caused by the mixing of the S states during a train of flashes and the falsification 
through the overlap with absorption changes of Qa (binary oscillations) have been treated as follows. (1) The 
binary oscillations were bypassed through the use of silicomolybdate and high concentrations of DCBQ, 
respectively, as external electron acceptor. (2) Stable absorption changes of the mixed S-state transitions 
have been deconvoluted through fitting procedures to get the changes of the individual transitions of 
S t --, S 2 --, S 3 --, S O --, S t. (3) Kinetically resolved absorption changes of the S-states in the 100-1~s range 
gave independent information on the individual transitions. (4) Stable absorption changes of the S O --, S t 
transitions in the forefront were induced after shifting the S states through low concentrations of N H  2OH 
two units backwards. Analysis of the resulting sequence S x --, S 0 --* S ! --, S 2 --* S 3 --, S 0, beginning with an 
N H 2 O H  depending pre-state, S x, and followed by an S O --* S t transition not mixed with the opposite S 3 --, S O 
transition, increased the conclusiveness considerably. It results that the ultraviolet spectrum of the S O --, S t 
transition is different from the spectra of the S t --' $2 and S 2 --, S 3 transition. Possible states of manganese, 
water and surplus charges responsible for these spectra are presented. 
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Introduction 

One fundamental reaction in photosynthesis, 
the splitting of water, takes place in System II of 
photosynthesis. This process is started by the pho- 
tooxidation of chlorophyll a n (P-680) [1,2]. The 
ejected electron is trapped by the first stable 
acceptor, a plastoquinone molecule, QA (X-320) 
[3,4]. This charge separation is vectorial and sets 
up an electric field across the center [5,6]. From 
Q~, the electron is transferred via QB [7] through a 
pool of plastoquinones, Q, lastly to System I where 
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excited Chl a I (P-700) [8] transfers the electron to 
the terminal acceptor, NADP +. The Q-pool spans 
the membrane from the outside of System II to- 
wards the inside of system I [9]. 

The oxidized Chl a n extracts electrons from 
water via possibly two electron carriers, D 1 [10] 
and D 2 [11] and is thereby re-reduced. In order to 
use the univalent oxidizing power of Chl a u for 
the cleavage of 2 H 2 0  into 4 H ÷, 4 e -  and for the 
evolution of one 02, four Chl a u oxidations have 
to cooperate to supply water with the necessary 
four oxidizing equivalents. First, in three Chl a n 
turnovers, three electrons are sequentially ex- 
tracted step-by-step from a water-splitting 
manganese-containing enzyme system S. The three 
oxidizing equivalents thereby generated are stabi- 
lized and stored. After a fourth photooxidation of 
Chl a u and electron extraction, the formation of a 
further oxidizing equivalent takes place, followed 
by the evolution of one 02 [12]. According to Kok 
[13] the four unknown oxidation states of S are 
termed S states. (The indices n indicate the num- 
ber of electrons extracted.) The reaction cycle 
starts in S o. The states S 0, $1, S 2 and S 3 are stable 
with lifetimes ranging from seconds to several 
minutes. S 3 is followed by an unstable S 4 state 
which reverts to S O within 1 ms, together with the 
02 evolution from water. In the dark-adapted 
system the major state is S~. Therefore, under 
these conditions, the reaction starts with S~ and 
the sequence is 

Sz --. $2 --, $3 (s4) . , 7  °2 ~S ° --, Sz (1) 

i.e., 0 2 evolution takes place after the third flash 
[12]. It is the goal of this work to evaluate absorp- 
tion changes of the different S-state transitions in 
order to get information on the chemical meaning 
of those states and on the mechanism of water 
oxidation. The stability of the attained S n states as 
well as the charactgristic period-four oscillations 
allow one to distinguish absorption changes of S 
from non-oscillatory a n d / o r  transient absorption 
changes originating from other events. Reversible 
redox reactions of the one-electron carriers, Chl 
an,  QA, the D donors and others are eliminated if 
measurements are performed, e.g., 0.5 s after flash 
excitation. However, three complications have to 
be considered. 
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Principal problems 
Binary oscillations. In contrast to QA, the subse- 

quent electron carrier, QB, has a two-electron 
capacity. Q~ is stable until, upon a second Chl all 
photooxidation, two electrons are accumulated as 
Q2- and released into the PQ-pool; i.e., Q~ is 
formed in the first and odd flashes, Q2- in even 
flashes. This Q~ oscillates with a periodicity of 
two [7] and interferes with the quaternary oscilla- 
tion of the S states. 

Mixing of the S states. If only the S 1 state is 
present after dark adaptation and if each flash 
transfers one state into exactly one higher state, 
then the correlation of measured absorption 
changes with the different S, states could be 
unambiguous. However, (a) the predominant state 
after dark adaptation is $1, but not exclusively, an 
unknown remainder is in So; (b) some centers 
where no charge separation by the flash light takes 
place cause 'misses' (probability = a), retarding 
the S-state progression; (c) 'double hits' (probabil- 
ity = fl), mainly due to excitation by the measur- 
ing beam, cause more than one turnover, advanc- 
ing the S-state progression. For these reasons the 
populations of the S-state transitions are increas- 
ingly mixed with progressive flash numbers. (After 
many flashes the states are even randomized so 
that after each flash 25% of each transition takes 
place simultaneously.) The mixing is also responsi- 
ble for the fact that 02 evolution takes place not 
only after the 3rd and 7th flash, but also, to a 
smaller extent, more or less after each other flash 
[12]. From such a pattern of 02 evolution the 
values of S0/S 1 after dark adaptation and of a 
and fl can be estimated (see below) [13]. 

First flash event. Irreversible absorption changes 
occurring only once after the first flash may dis- 
turb the first period of oscillation. Such absorp- 
tion changes may be due to inactive particles 
ready for only one electron transfer. 

Types of correction 
(i) Binary oscillations have been usually 

eliminated through subtraction of their contribu- 
tions from the overall oscillation. However, pre- 
cise information on the extent of these contribu- 
tions from such binary oscillation as a function of 
flash number is rarely available. This may lead to 
considerable mistakes. 
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(ii) To draw conclusions on the absorption 
changes belonging to one individual S-state transi- 
tion, one has to deconvolute the mixed S-state 
transitions through calculations. Such corrections 
are based on the parameters of misses, a, double 
hits, fl, and the initial S0/S 1 ratio in the dark- 
adapted state. But, we have shown in Ref. 20 that 
one may obtain different sets of individual ab- 
sorption changes by variations of the values of the 
parameters within discernable accuracy. There- 
fore, such procedures do not permit an unambigu- 
ous determination of the absorption changes cou- 
pled with the individual unmixed S-state transi- 
tions. 

(iii) The first flash problem is often bypassed 
by skipping the absorption changes after the first 
flash in the calculations. Since the first transition 
is least mixed with other transitions, this results in 
a significant loss of information. 

Existing results 
Using such corrections attempts considering the 

patterns of absorption changes of S in the ultra- 
violet were done by Velthuys [14] who concluded 
from his measurements a pattern of 0 : + 1 : 0 : - 1 
for the absorption changes accompanying the 
transitions S O ~ S 1 ~ S 2 ~ S 3 ~ S 0. This was fur- 
ther confirmed by Lavergne [15]. According to 
this result, S O ~ S 1 and S 2 ~ S 3 transitions should 
be coupled with an accumulation of redox equiv- 
alents that are not visible in the studied ultraviolet 
region. This may be explained by the formation of 
colorless oxidation products of water in the S O ~ S~ 
and S 2 ~ S 3 transitions. Later, Renger and Weiss 
[16,17] reported two interfering patterns, 0 : 2 : 0 : 
- 2  for one species and 1 : - 1 : + 1 : - 1  for 
another. However, the spectra published in [16,17] 
were superimposed by a contribution from the 
binary oscillations located at the acceptor side 
(private communication by Renger), so that the 
outlined interpretations are therefore no longer 
relevant [18]. Dekker et al [19] proposed a pattern 
of +1  : +1  : +1  : - 3  for absorption changes in 
the ultraviolet region accompanying the transi- 
tions S O ~ S~ ~ S 3 ~ S 3 ~ S o. They suggested that 
three Mn 3+---, Mn 4÷ transitions take place which 
are reversed in the last step. The discrepancies 
between the patterns of the four authors may be 
mainly due to differences in the use of the neces- 

sary corrections rather than due to differences in 
experimental results. For clarification of the dis- 
crepancies we introduced additional independent 
methods. The results we obtained in Ref. 20 at 
one special wavelength (384 nm) provided the 
information that all three transitions, S O ~ S 1, S 1 

S 2 and S 2 ~ S3, are coupled with absorption 
changes contrasting Lavergne and Velthuys but 
being in accordance with Dekker et al. However, 
the question whether all three transitions are equal 
and have the same behavior at different wave- 
lengths has not been answered in Ref. 20. Using 
the approaches outlined below, we shall report in 
this work that the transitions $1 - - ,  S 2 and S 2 - ,  S 3 
are coupled with similar spectra of absorption 
changes but that the S O ~ S~ transition exhibits a 
different spectrum. The consequences regarding 
the possible states of manganese and water are 
discussed. A short note is published in Ref. 21. 

Methods 

Approaches 
For  the elimination of the binary oscillations of 

Q~ from the acceptor side we used three different 
methods. (a) We used SiMo as external acceptor 
in the presence of D C M U  which eliminates binary 
oscillations from the acceptor side by extracting 
electrons directly from QA, bypassing and pre- 
venting the QB action. This method is the safest 
way for making measurements without dis- 
turbance through Qa oscillations and is therefore 
always used as a check when also methods (b) and 
(c) are used. The problem with silicomolybdate is 
that this substance absorbs much light especially 
in the ultraviolet region. This makes the measure- 
ments difficult. To overcome this complication, we 
have alternatively eliminated the binary oscilla- 
tions as follows. (b) We used DCBQ as external 
acceptor but increased its concentration to 6 • 10 -6 
M which is 6-times higher than that used by 
Dekker et al [19]. Only under such high concentra- 
tion of DCBQ were the obtained patterns identi- 
cal to those obtained with silicomolybdate and 
DCMU.  This method yielded especially good re- 
suits in the wavelength range of 340-370 nm 
where Q~ has a small amplitude anyhow. This 
can be explained by considering that the actual 
time-determining step in the electron chain is the 
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electron transport to the external acceptor. In- 
creasing its concentration on the other hand helps 
to extract the electrons from Q~ directly to the 
external acceptor during the time of 0.5 s between 
the flashes [22]. (c) By using no external acceptor 
at all we observed in the above ultraviolet region 
(340-370 nm) the same pattern as with silicomo- 
lybdate. The disappearance of the binary oscilla- 
tions in this case is due to the fact that in a 
dark-adapted preparation in the absence of any 
oxidizing agents (like that of an external acceptor) 
the Q a / Q B  ratio is close to one. Therefore only 
that portion of QB which deviates from this ratio 
can lead to oscillation [23]. However, QB/Qa  
absorption change at this wavelength region is 
small compared to manganese absorption changes 
[24]. This means that the binary oscillations be- 
come negligible. Since the electron capacity of the 
Q pool is limited, in this case the total amplitude 
of the signals decreases monotonically with in- 
creasing number of flashes. All three methods 
allowed measurement of the quaternary oscilla- 
tions of S directly; i.e., without an overlap of 
binary oscillation and without the need for sub- 
tractions which are always a source of mistakes 
(see above). 

Apart from the normal conditions, we per- 
formed additional experiments with low con- 
centrations (24 ~tM) of hydroxylamine (NH2OH) 
which shifts the S states backwards by two units 
to an unknown state, S x [25]. Under these condi- 
tions, after dark adaptation, 02 is evolved in the 
fifth flash, i.e., instead of $1 ~ $2 ~ $3 ~ So ~ $1 
the following transition takes place: 

O2 

Sx ~ S0 ~ Sl ~ 82 ~ 53 (s,,) ~ )S 0 (2) 

This has an enormous advantage: one critical point 
in the transition under normal conditions is the 
transition in the fourth flash, S O ---, $1; i.e., the last 
step of the quaternary period (see Eqn. 1). This 
transition is most heavily mixed with simultaneous 
transitions from S 3 ---, S O (20-45%). The absorp- 
tion changes coupled with the S 3 ---, S O transition 
may be up to 3-times larger than those of the 
other transitions and have a sign opposite to the 
other transitions. This situation is avoided, how- 
ever, when it becomes possible to observe with 
NH2OH the S O --, S~ transition at the beginning of 

the flash series, when the mixing is small and 
when also the other transitions, S 1 ~ S 2 and S 2 -~ 
S 3, can be observed before the opposing jump, 
S 3 ~ S o. In this way one obtains, in addition to 
the information without NH2OH, an independent 
set of absorption changes reducing the source of 
mistakes considerably. 

Materials 

Oxygen-evolving PS II particles from thermo- 
philic cyanobacteria Synechococcus sp. were sep- 
arated according to Ref. 26 and subsequently 
highly purified [27]. In single turnover flashes, the 
resulting PS II complexes evolved 1 / 4  02 per 50 
chlorophylls on the average. This corresponds to 
more than approx. 3000 ~tmol O2/mg Chl per h in 
saturating permanent light. The suspensions used 
for measurements contained 3 . 1 0  -s M Chl a n 
centers, 0.01 M MgC12, 0.5 M mannitol, 2 -10  -2 
M M e s / N a O H  (pH 7.0). As external acceptor we 
used 2 . 1 0  -5 M silicomolybdate or in kinetic ex- 
periments 6 . 1 0  - 4  M DCBQ or no acceptor at all. 
The temperature was 20 o C. 

The PS II particles were dark-adapted at least 
for 1 h before the measurements. Every 0.5 s after 
each flash, the absorption of the solution was 
measured for a few milliseconds. In the experi- 
ments with hydroxylamine the PS II particles were 
incubated after dark adaptation with 24 ~tM hy- 
droxylamine for 20 rain in the absence of an 
acceptor. After this incubation time silicomolyb- 
date was added (2 .10  -5 M) and the measure- 
ments were started 1 min later. Under these condi- 
tions about 25% of the particles were inactive in 
oxygen evolution. Optical changes were measured 
with the same apparatus as described in Ref. 28 
except that below 330 nm a high-pressure mercury 
lamp (Hannovia 250 W) was used as the light 
source. 

In each flash, the reduction of the electron 
acceptor takes place accompanied by absorption 
changes. The extent - in the order of up to Ac --- 1 
m M - 1 .  cm-1 _ and the sign of the changes de- 
pend on the acceptor type and are a function of 
the wavelength. Such changes are the same in each 
flash and are superimposed as a nonoscillating 
constant step to the oscillating stable levels of 
absorption changes of S. This results in a shift of 
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Fig. 1. Time-course of absorption changes of dark-adapted isolated PS II complexes from Synechococcus as a function of the flash 
number.  Dark t ime between the flashes, 0.5 s. Concentration of the reaction centers, 3-10 -8  M. Top: absorption changes at 362 nm 
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moved to the same position. The pattern is the average of 12 measurements.  Center: absorption changes at 362 n m  in the 4-ms time 
range with 0.6 m M  DCBQ as accepter. The pattern is the average of two measurements.  Below: stable levels of absorption changes at 

367 n m  0.5 s after each flash. Accepter  2.10 -5  M silicomolybdate. The pat tern is the average of 14 measurements.  



the s tab le  levels p r o p o r t i o n a l  to the f lash number .  
In  all  f igures cons t an t  con t r ibu t ions  causing such 
shifts have been  subt rac ted .  

R e s u l t s  

The characteristic changes of Ac . . . .  ACre" and 
A~ irrev 

Fig.  1, bo t tom,  shows a typical  pa t t e rn  of  s table  
ab s o rp t i on  changes  of  the enzyme system S as the 
' e n d  p r o d u c t '  o f  a cha in  of  p reced ing  react ions,  
t r iggered b y  the e lec t ron ex t rac t ion  th rough  Chl  
a ~ .  The  ma in  fea ture  of  such a pa t t e rn  are oscil-  
la t ing  d a m p e d  qua t e rna ry  abso rp t ion  changes.  The  
d a m p i n g  of  the osc i l la t ion  is due  to the increased  
mix ing  of  the  d i f ferent  S, states wi th  increas ing 
f lash numbers .  Usual ly ,  o ther  workers  in this f ield 
d o  no t  cons ider  the  changes  af ter  the first flash, 
s ince in their  exper imenta l  resul ts  these abso rp t ion  
changes  devia te  cons ide rab ly  f rom the expected 
values  ( compared  with  flash numbers  5, 9, etc.) 
due  to unknown  effects af ter  da rk  adap ta t ion .  In  

our  measu remen t s  wi th  S iMo at  367 n m  (Fig.  1, 
bo t tom) ,  the  effect  af ter  the first  f lash is not  
s igni f icant ly  d i f ferent  f rom the co r re spond ing  ef- 
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feet of  the 5th and  9th flash. Therefore ,  the ab-  
so rp t ion  changes  of  all four  f lashes in the first 



458 

period are shown in Fig. 2 as a function of wave- 
length. The spectra after the 1st and 2nd flash, 
mainly due to S 1 --, S 2 and S 2 --, S 3 transitions, 
respectively, are similar. The spectra are, however, 
mixed with other transitions due to misses, a, and 
double hits, ft. The spectrum after the 4th flash, 
which should furnish information on the S O ~ S 1 
transition, is nearly zero through mixing of changes 
coupled mainly with the opposite transition, S 3 --, 
S O . (All authors in this field are measuring after 
the 4th flash practically no stable absorption 
changes in the whole ultraviolet region.) The ' t rue 
spectra' of the S, -+ S,+1 transition, especially that 
of S o ~ S~, can therefore only be evaluated by 
deconvolution of the mixing. 

Deconvolution requires information about the 
misses, a, double hits, fl, and the initial So/S 1 
ratio available directly from the pattern of 02 
evolution (see Introduction). They can be ob- 
tained from the absorption changes of S 3 - ,  S O 
transitions which are coupled with O 2 evolution. 
Before going into detail, the meaning of the differ- 
ent phases of the kinetics, e.g., at 362 nm with 
DCBQ as acceptor are discussed first. In general, 
six partial reactions are induced by the absorption 

of 1 hv per reaction center II 
Scheme I): 

Q^ + C h l  a n - - - ~ m  alx +Q~, 

(see Fig. 1 and 

Chl a~l + D ~  Chl a n + D  + 

D + + S . ~ D s . + S . + 1 s .  n = 0 , 1 , 2  

D + + $3 -.-, S 3 DS  3 + S 0 

Q,~ +QB -" QA + Q B  

Q~ + acceptoro~ -~ QB + accep to r~  

(i) The fast rise in up to 1 Ixs up to the horizontal 
arrow (Fig. 1, top and Scheme I) is set up by the 
QA reduction and oxidation of the terminal donor 
D (the oxidation and reduction of Chl ail and 
that of its immediate donor [10] take place in the 
nanosecond range and do not appear). (i.i) In the 
subsequent rise within 200 Fs (Fig. 1, top and 
Scheme I) D + oxidizes S. to S.+ 1 (n = 0, 1, 2) (see 
Table II, below). Only that portion of D ÷ is not 
reduced which transfers later in the decay phase S 3 
to S 0. This portion is indicated as Ds3. In the case 
of DCBQ as acceptor, the electron moves from 
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Scheme I. Schematic representation of the time-course of absorption changes and Ac, coupled with the different redox reactions at 
360 nm. ACD/D÷ as well a s  A(Q~QB/QAQ i are practically zero. Contributions due to the external acceptor reduction are subtracted 

(for details, see text). 



QA to QB which is practically not coupled with 
any absorption changes at 360 um [24]. The total 
rise is indicated as Acm~. (iii) The phase which 
decays thereafter in about 1 ms indicate especially 

D + + S 3 + water (s4))Ds, + S O + 02. This trans- 
$3 

fer takes place more or less after all flashes; the 
maximum decay appears after the 3rd and 7th 
flash (Fig. 1, center). The further decay up to 0.5 s 
to the stable levels (see Fig. 1, center and bottom) 
is due to the oxidation of Q~ by the external 
acceptor A (in the case of A = SiMo, this acceptor 
bypasses QB and the decay is due to oxidation of 
QA by SiMo). The total decay phase is indicated 
as Acre v (see Fig. 1, center, and Scheme I). 

Since within 0.5 s deactivation of S~, S 2 and S 3 
is negligible, the difference of the level after 0.5 s 
and the level before the flash, indicates the ab- 
sorption change of S~ ---} S,+ 1 and S 3 ~ S O together 
with that of the acceptor reduction. The change 
through the acceptor, A, is the same in each flash 
and has been subtracted (see Materials). There- 
fore, the difference between the levels after 0.5 s 
and the level before the flash, i.e., Aci.ev indicates 
the absorption change of the transition S, ---, Sn + 1 
and S 3 ~ SO. 

D e c o n v o l u t i o n  p r o c e d u r e  - Ac . . . .  Ac i . . . .  

The total Acre v decay of Fig. 1, center, is de- 
picted in Fig. 3, top, as a function of the flash 
number. Acr~ v is composed of the millisecond 
amplitude due to the transition D+s~ $3 ~ Ds3S0 
and - if DCBQ is the acceptor - due to Q~ ---} QB, 
which is the same in each flash. The dashed offset 
in Fig. 3, top, includes the constant change of 
QB - '  Qa. As the absorption changes of D [29-31] 
are practically zero at 362 nm, the oscillating 
amplitudes above the onset are due to the contri- 
bution of S 3 ~ S O in each flash. These amplitudes 
are proportional to the extent of 02 evolution. The 
pattern of 0 2 evolution depends on the parameters 
a, fl and SO/S 1. To fit these oscillations in Fig. 3, 
top (closed circles), one has to use those values of 
the parameters a, fl and initial S0/S 1 ratio which 
are listed in Fig. 3, top, right. The amplitudes 
calculated from these values are indicated by open 
squares. With these parameters one can analyze 
the pattern of the stable levels of absorption 
changes, Acirre v of Fig. 1, center. Acirre v is redrawn 
in Fig. 3, center (closed circles). A¢ir~ ~ represents 
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the uncorrected, i.e., mixed S. ~ Sn+ 1 and S 3 -~ S o 
transitions. The best fit is obtained when for the 
corrected, i.e., unmixed transitions the following 
Ac values are used: for the So---, S 1 transition 
Ac=1.2,  for S 1 ~ S  2 Ac=2 .9  and for S 2 ~ S  3 
A c  = 2.3 mM -1-  cm -1 (Fig. 3, center, open 
squares). The SO ~ S 1 transition at 362 nm is much 
smaller than the S 1 ~ S 2 and S 2 ~ S 3 transitions. 
Eight further patterns (not shown, but similar to 
the one in Fig. 1, center) were analyzed with 
regard to Acir~ev by the same method. The average 
resulting from these fittings is presented in Table 
I. Without considering the values of the fitting 
procedures incontestable (see Introduction), we 
can at least say that the S o ~ $1 transition at 362 
nm is coupled with a much smaller absorption 
change compared to the other two transitions, 
S 1 ~ S 2 and S 2 ---} S 3. Up to this point, we used the 
same method as other authors in this field, but 
with the exception that binary oscillation caused 
by QB has been eliminated by using DCBQ in 
very high concentration, which was checked by 
comparison with addition of SiMo (see Methods). 

A n a l y s i s  o f  the  k ine t i c s  - Ac, ,ax 

Independent information concerning the ab- 
sorption changes of the individual S-state transi- 
tions is available from the inspection of their 
oxidation kinetics in the 200 ~ts range (Fig. 1, top). 
We focused our attention again on 362 nm. The 
fast rise less than approx. 1 IXS up to the arrow 
indicates the D ~ D +, QA ~ QA transfer (see 
Scheme I). Since the experiments were performed 
without any external acceptor, the extent of the 
rise (less than approx. 1 ~ts) in Fig. 1, top, de- 
creases with increasing flash number because the 
Q pool is gradually reduced (s. arrows). The use of 
SiMo is not necessary, because under these condi- 
tions binary oscillations do not occur (see Meth- 
ods). The subsequent rise within 200 Ixs is due to 
D+Sn ~ DnS~+ 1 (see Scheme I). Since at 362 nm 
the absorption changes of D are practically zero, 
the half-rise times of the absorption changes be- 
ginning at the point of the arrows indicate the 
S~ ~ S~+ 1 transition times. The amplitude of this 
phase are the absorption changes coupled with the 
S~ ~ Sn +1 transition. The half-life times have been 
evaluated for the different flash numbers and are 
shown in Table II. The values represent, besides 
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TABLE I 

CHANGES OF THE MOLAR EXTINCTION COEFFI- 
CIENTS OF THE UNMIXED INDIVIDUAL S-STATE 
TRANSITIONS AT 362 nm 

The values were evaluated from A¢irre v and A~ma x (see text). 
Eight time-resolved patterns corresponding to the pattern in 
Fig. 1, center, were analyzed and averaged. 

Ac362 (M- L cm -1 ) 

evaluated evaluated 

from A~irre v from Acm~ , 

s o --, s I 770 480 
s 1 ~ s 2 2770 2630 
s 2 --, s 3 2760 2490 

the transit ion times, also the times for  re-reduc- 
t ion of  D ÷ and oxidation of  the S, states, respec- 
tively. With  regard to the time range, the kinetics 
correspond to those obtained in Ref. 32 and 16. 
However,  the individual time constants  are differ- 
ent up to a factor  of  5. The slowest oxidat ion of  S, 
to S.+~ (not  S 3 --* So) has a half-life time of  about  
100 ~ts which is at least 15-times faster than the 
other  processes with an opposing absorpt ion 
change like the S 3 ~ S O transit ion as well as the 
acceptor  reduct ion taking place in the millisecond 
range. Therefore, the maximal  amplitudes of  the 
rise above the arrows indicate the S~ ~ S~ + 1 tran- 
sition. These transitions - including the S O ~ S~ 
transit ion - are not  mixed with the opposite S 3 
S O transition taking place 15-times later. Already 
by simple inspection one can see in Fig. 1, top (no 
acceptor) that  Acm~ x minus the fast change less 
than approx. 1 ~ts indicated by arrows shows at 
362 nm a nearly equal ampli tude after the 1st and 
2nd flash (S 1 ~ S 2 and S 2 --~ S3) while after the 

TABLE II 

HALF-LIFE TIMES OF THE ELECTRON TRANSFERS 
DURING THE S-STATE TRANSITIONS 

The indicated times were obtained from experiments in the 
absence of an external acceptor at 362 nm. The values are 
taken from patterns corresponding to Fig. 1, top. At pH 5.5 a 
significant change of the half-life time was only observed for 
the S 2 ---, S 3 transition. 

S o ~ S ~ - z ~ _  S2 _-Z-~_ S~ (s')~S 0 _ ~ _  

pH 6.5 50 I~s 40 ~ts 100 I~s 1.5 ms 
pH 5.5 220 I~s 

4th flash (S O ~ $1) it is much smaller. We further 
analyzed Acm~ , quantitatively for the pat tern in 
Fig. 1, center (acceptor DCBQ).  

The A~ max values are depicted in Fig. 3, bo t tom 
(solid circles). The dashed offset includes the con- 
stant  change of  the QB ~ Q~ transfer. Using the 
same values of  parameters  (misses, a, double hits, 
fl, and initial S0/S 1 ratio) evaluated from Acre v 
(Fig. 3, top), the best fit is obtained for the 
corrected, i.e., unmixed transitions, if the follow- 
ing Ac values are used (Fig. 3, bot tom,  open 
circles): 

So~$1:Ac=675; Ss--.S2: Ac=2540; 

S 2 ~ $3: Ac = 2010 M-l-cm -1 

The  S o ---, S 1 transition at 362 nm showed again a 
smaller absorpt ion change than the S 1 ~ S 2 and 
S 2 --, S 3 transitions. Eight other patterns (not  
shown, but  similar to those of Fig. 1, center) were 
analyzed with regard to Acm~ x. The obtained aver- 
ages are depicted in Table I. One can see that both  
methods,  i.e., evaluation of  Ac from Aci,,e~ and 
Aem~ x, respectively, yield similar results: S o ~ S t 
has a much smaller Ac362n m value than the other 
two transitions (S 1 ~ $2; S 2 --* $3). The latter two 
have almost the same value. 

Backwards shift of two S units through the action of 
NH20H 

Despite the similarities in the results of  two 
independent  methods (A¢i~¢v and Acm~x) we 
searched for independent  sets of  experiments in 
order  to arrive at an unambiguous  decision. For  
this reason, in the following we have addit ionally 
analyzed the irreversible absorpt ion changes, 
Acir~e v, 0.5 s after the flash in the presence of  low 
non-destruct ive concentrat ions of  N H 2 O H  which 
shift the oscillation pat tern backwards  by two 
units [251. 

Al though the true mechanism of the two-unit  
backward  shift through N H 2 O H  and the transi- 
t ion by the first flash, respectively, is not  yet 
known (but see Discussion), it is accepted that 
during the 2nd, 3rd and 4th flash mainly transi- 
t ions S O ~ S 1, S 1 ~ S 2, and S 2 --* $3, respectively, 
occur. This means that the S O ~ S 1 transition is 
shifted by N H 2 O H  from the 4th flash to the 2nd 
flash which has the advantage of  being practically 
unmixed with the S 3 ---, S O transition. By measuring 
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Fig. 4. Stable levels of absorption changes of dark-adapted PS 
II particles 0.5 s after the flash at 314 nm and 355 nm in the 
presence of 24 ~M hydroxylamine (NH2OH) as a function of 
the flash number. Concentration of reaction centers 3.10-s M. 
After incubation with 24 ~M NH2OH for 20 min in the dark, 
silicomolybdate was added (2.10 -5 M). The measurements 
were done 1 min later. The pattern at 314 nm is the average of 
20 and that at 355 nm the average of 24 measurements. The 
backward shift of two flash units is evident by comparison, 
e.g., of the S 3 ~ S o transition in this figure and that in Fig. 1, 

bottom, without NH2OH. 

the patterns in the presence of hydroxylamine as a 
function of wavelength and subtracting again a 
linear drift due to SiMo reduction, we observed 
two different types of patterns in the ultraviolet 
region. Fig. 4, top and bottom, shows typical 
examples at 314 and 355 nm. One can easily 
recognize in both cases the backward shift by two 
units: the S 3 ~ S O transition, for instance, takes 
place after the 5th flash instead of the 3rd flash 
without NH2OH (see Fig. 1, bottom). While at 
314 nm the amplitudes of the stable absorption 
changes after the 2nd, 3rd and 4th flash are simi- 
lar, at 355 nm the jump after the 1st and 2nd flash 
is much smaller than those after the 3rd and 4th 
flash. The spectrum of the absorption changes in 
the 2nd, 3rd and 4th flash is depicted in Fig. 5. 
The spectrum after the 2nd flash differs noticeably 
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Fig. 5. Spectra of the stable levels of absorption changes of the 
first four flashes in the presence of 24 FM hydroxylamine. 

Other details, see Fig. 4. 

from that of the 3rd and 4th flash, while the latter 
two are similar within the accuracy of the experi- 
ment. Particularly around the check point at 362 
nm it is again evident that the absorption changes 
coupled with the S o ~ S 1 transition are much 
smaller than those of the S 1 ~ S  2 and S 2 ~ S  3 
transitions. 

With the introduction of NH2OH we have 
drastically reduced the strong mixing of the S-state 
transitions by shifting the S o ~ S 1 transition to the 
front of the flash train, thereby preventing a mix- 
ing with the opposing jump coupled with the 
S a ~ S o transition. Therefore, the spectra in Fig. 5 
should present already characteristic features of 
the ' t rue '  spectra. Nevertheless, the spectra are 
charged with a remaining 'soft '  mixing. Fitting 
procedures for the patterns of Fig. 5 (for two 
examples see Fig. 4) yielded values for the misses 
of about a -- 10%, on the average; i.e., higher than 
in the absence of NH2OH (see Fig. 3). According 
to Hanssum and Renger [33] and Andrrasson and 
Hanson [34], the S 2 and S 3 states deactivate much 
faster than the S o and S~ states in the presence of 
hydroxylamine; i.e., the individual misses for the 
$1 ~ $2 and $2 ~ $3 transitions must be chosen 
greater than for the S 3 ~ So and So--' S~ transi- 
tions. Considering this, therefore in the presence 
of hydroxylamine, the corrected spectra of the 
S] ~ S 2 ~ S 3 transitions should be shifted by more 
than approx. 10% to higher absolute Ac values, 
while the So ~ S] spectrum should change by less 
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Fig. 6. Time-course of absorption changes at 362 nm in the presence of hydroxylamine as a function of flash number in the absence 
of an external acceptor. The time-courses are the difference of patterns in the presence of 24 ~M NH2OH and 1 mM NH2OH. In 
this way one can eliminate contributions from the acceptor side (approx. 50% Qi, QB --' QAQ 2- and approx. 50% Q~ Qa --' QAQ~; 

in each flash) so that mainly absorption changes of S-state transitions remain visible. 

than 10%. This means that after fitting procedures 
the difference between the spectra of S O ---, $1 and 
the other two should even be greater than the 
difference in the ' sof t '  mixed spectra shown in 
Fig. 5. 

Analysis of the kinetics in the presence of NHeOH 
As in the case without N H 2 O H  (Fig. 1), we 

also studied the kinetics in the presence of hydrox- 
ylamine. To observe the absorption changes of the 
S-state transitions in the ms range without being 
disturbed by the absorption changes of the accep- 
tor side, we used the following technique: we 
subtracted the traces obtained in the presence of 
high concentrations of N H 2 O H  (2 mM) where the 
water oxidation is inhibited and N H 2 O H  donates 
electrons to PS II  via D, from traces obtained in 
the presence of low concentrations of N H 2 O H  (24 
~M), where the oxygen evolution is intact but the 
pattern is shifted by two flashes. Since no acceptor 
was used, the initial ratio of QB/QB is close to 
one which means that binary oscillations in both 
cases do not disturb (see Methods). The results are 
presented in Fig. 6. Since the S O ---, S~ transition is 
shifted to the 2nd flash and not masked by the 
mixing with an opposing S 3 -+ S O transition, the 
amplitude can be roughly compared with those of 
the transitions in the 3rd and 4th flash. Again, one 
observes in the microsecond range at the check 
point 362 nm that the S O ~ S~ transition has a 
much smaller amplitude than S~ ---, S 2 and S 2 ---, S 3. 

D i s c u s s i o n  

Despite the many  difficulties in the determina- 
tion of the ' t rue '  difference spectra of the absorp- 
tion changes coupled with the S-state transitions, 
it is at least an unambiguous result that the 
absorption changes coupled with the S 1 ~ $2 and 
S 2 --* S 3 transitions are similar, but that those of 
the S o ~ S t transition are different from the latter; 
the ' spect rum'  of S o ~ S t is shifted to a shorter 
wavelength and characterized especially around 
360 nm by much smaller Ac values (see Fig. 3, 
Table I and Fig. 5). 

With this information the possible chemical 
groups involved in the accumulation process of 
the redox equivalents can be discussed. We as- 
sume that the S o -* S] transition is due to an 
Mn(II)  ~ Mn(III )  oxidation and the transitions 
S 1 ~ S 2 and $2 --* $3 due to Mn(III )  --* Mn(IV) 
oxidations (see arguments below). With this as- 
sumption, the valence states of manganese in So, 
$1, S 2 and S 3 states should be those outlined in 
Table III .  The states are outlined for the cases 
where two and four Mn are engaged in the water 
oxidation. For  the 4-Mn model, only one of several 
possibilities is discussed. With regard to the 
oxidizing equivalent created with the last transi- 
tion from S 3 to the unstable ($4), this may be, in 
the 2-Mn model, the oxidized form of the electron 
carrier D between Chl aii and S (details see 
below). In the case of the 4-Mn model, in the last 
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transition from S 3 to SO, D + might oxidize a third 
manganese. This remains 'invisible' with regard to 
transient absorption changes due to an immediate 
re-reduction together with the two oxidized Mn's 
in S 3. The fourth Mn might function only as 
stabilizer in a tetrameric Mn-duster  (see Table 
III). In the following arguments are presented 
which (a) support the valence state changes of Mn 
with the S0-S 3 transitions and (b) allow conclu- 
sions as to the states of water coupled with the 
valence state changes of manganese. 

The spectrum of the transition from Mn(II) to 
Mn(III) in certain in vitro complexes, e.g., in 
gluconate complexes, is shifted to shorter wave- 
lengths compared to the Mn(III) to Mn(IV) change 
and characterized by smaller Ac values [35-37]. 
This would be similar to the difference spectra 
shown in Fig. 5. Recently, isostructural Mn(II, III) 
and Mn(III, III) complexes with biologically rele- 
vant ligands have been synthesized [38]. The dif- 
ference spectrum with a maximum at 303 nm is 
close to that of Fig. 5 for the S O ~ S 1 transition. 
The AE values are also comparable. It must be 
pointed out that the states responsible for the 
absorption of the individual S states should de- 

pend - besides the possible valence states of 
manganese - more or less also on the different 
states of the ligating water and on the presence of 
surplus charges (see Table III). In this discussion 
it is, however, assumed that the dependence on the 
valence states is the dominating factor. 

After dark adaptation, S 1 is the major stable 
state of S. According to Table III, in S 1 only 
Mn(III) states are present or dominating. In some 
in vitro complexes Mn(II) is unstable in the pres- 
ence of oxygen [39,40]; on the other hand, Mn(IV) 
should be unstable in the neighbourhood of intrin- 
sic donors. Therefore, the Mn(III) state in S] may 
explain its stabilization in the dark. (For a further 
stabilization of S 1 through a special binding of 
H +, see the final paragraph of this section.) 

The multi-line EPR signal [41-451 of manganese 
can be explained by the presence of Mn(I I I ) -Mn 
(IV) valence states in S 2. This corresponds to 
Table III, in which such a manganese redox-level 
constellation is present in S 2. 

In the presence of NHEOH (low concentration) 
the 'deactivation' of S 2 and S 3 is much faster than 
that of S 1 [33,34]. This demonstrates with regard 
to the reactivity again the difference of S 1 from S 2 

T A B L E  I I I  

S T O I C H I O M E T R Y  A N D  STATES O F  D I F F E R E N T  E V E N T S  IN  T H E  T U R N O V E R  O F  T H E  W A T E R - S P L I T T I N G  E N Z Y M E  

SYSTEM,  S 

S-state  t rans i t ions  So "+ $1 ~ $2 ~ $3 ~ ($4) ; So 

A b s o r b e d  q u a n t a  hv  n 1 1 1 1 

E lec t ron  ex t rac t ion  

Chl  a~l * - -e -  . . .S  n 1 1 1 1 

C h a n g e s  of  posi t ive  sur- 

p lus  charges  0 1 0 - 1 

In t r ins ic  H + release 1 0 1 2 

Surplus  charge 0 0 • 

Poss ible  s ta tes  of  wa te r  O H  - O H -  O H -  O -  
O H -  O" O- O" 

Poss ib le  s ta tes  of  M n  M n  2 + M n  3 + M n  3 + M n  4 + 

i f  two manganese  are M n  3* M n  3+ M n  4+ M n  4+ 

engaged  in wa te r  ox ida t ion  

Poss ib le  s ta tes  of M n  if  four  
m a n g a n e s e  are  engaged  in  

wa te r  ox ida t ion  

- 0 2  
+ 2 H 2 0  

M n 4 + 

Mn4+ D + 

Mn ~+ Mn3+ Mn3+ Mn4+ Mn 4÷ 
Mn3+ Mn3+ Mn'÷ Mn4+ Mn4+ 

M n  2 + M n  2 ~- M n  2 + M n  2 + M n  3 + 
Mn 2+ Mn2 + Mn 2+ Mn 2+ Mn 2+ 

o 

OH- 

OH- 

Mn =÷ 
Mn 3+ 

Mn2+ 
Mn~ ÷ 

Mn 2+ 

M n  2~- 
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and S 3. This can be understood according to Table 
III by a fast Mn(IV) reduction in S 2 and S 3 and a 
slow Mn(III) reduction in S 1 and S 0, lastly ending 
in Sx (see the next paragraph). 

Reductants like NH2OH but also NHENH 2 
and H202 shift the S-states in the dark backwards 
by two units to an unknown state, Sx. This is 
documented by the fact that in the presence of 
these reductants, after the 1st flash not S 2 (see 
Eqn. 1) but S O is created (see Results). Different 
mechanistic models are discussed for this effect. 
According to Radmer and Ollinger [46], the reac- 
tion sequence for NH2OH should be: 

(a) S 1 + 2 NH2OH dark)So(NH2OH ) + ½ N 2 + H3 O+ 

So(NH2OH) lstflash,~Sl(NH2OH ) water ) 

water)So(water) + ½ N2 + H3 O+ 

The suggestion in Refs. 47 and 48 is the binding of 
four NH2OH: 

(b) S 1 +4 NH2OH derk)S~"4 NH2OH 

S~ .4 NH2OH lstnash)[S~'-4 NH2OH]o x water ) 

water)So (2 OH-  ) + [4 NH2OH]2+ + 2 H + 

Our results - see below and Ref. 20 - may indi- 
cate the following sequence: 

(c) S, ( 0  2- OH-  ) + 2 NH2OH 

dark)sx (2 H20 ) + N  2 + H 2 0 + O H -  

Sx(2 H20 ) lstflash>s0(2 OH-  )+2  H + 

S x should represent a state 'over-reduced' through 
NH2OH by one unit with regard to S 0. In models 
(a) and (b) an oxidation of NH2OH should occur 
in the 1st flash but not in model (c). In (a), 
probably also in (b), this oxidation should be 
accompanied by an N 2 evolution. N 2 evolution in 
the 1st flash has been measured according to 
Radmer's results [46]. But it was outlined in the 
Discussion in Ref. 20 that the measured N 2 yield 
in Ref. 46 is 20-times too low to support the 
mechanism in (a). According to (a), one H ÷ should 

be released after the 1st flash, but the release of 
two H ÷ has been measured in Refs. 20 and 48 (see 
paragraph on page 465, beginning with 'We have 
shown by . . . ' ) .  

In a similar ' two-unit shift' experiment with 
H202 (instead of NH2OH) in case of (a) and (b) 
oxidation of H202 should take place after the 1st 
flash, i.e., 02 instead of N 2 evolution. This has 
been checked and 02 evolution was not observed 
[49]. Therefore, in the case of H202 it is very 
likely to assume mechanism (c); i.e., that H:O2 
reduces S 1 to S o and, in a further step, S o to an 
over-reduced state, S~. This makes the existence of 
S~, also for NH2OH and NH2NH2,  probable. 
Otherwise, one has to accept for H202, on one 
hand, and NH2OH and N H 2 N H  2, on the other 
hand, two different mechanisms for the same phe- 
nomenon: backwards shift from $1 by two units. 

A consequence of the existence of a state S~, 
reduced through NH2OH by one more unit with 
regard to S o , is that the first two flashes should 
induce practically the same spectrum, because 
according to the valence state of S o (see Table III) 
an Mn(II)--,  Mn(III) transition must take place 
twice: S x l s t f lash)s  0 2ndflash)s 1. The asterisks in 

Fig. 5 show the absorption changes after the 1st 
flash. Although not comparable to the absorption 
change after the 2nd flash, the changes of the 1st 
flash all have positive absorptions in the range of 
270-370 nm. Deviations may be due to that part 
of particles which was deactivated through the 
addition of NHEOH (approx. 25%, see Materials) 
but can still perform on turnover with abnormal 
changes ('first flash event', see Introduction). 
According to model (a) in the previous paragraph, 
the difference spectrum after the 1st flash should 
be practically zero, because in this model 
SO(NHEOH ) changes to S0(water ). This is in con- 
trast to the positive absorption changes of the 1st 
flash depicted in Fig. 5, if one assumes that the 
absorption changes due to the change of the 
ligands in S O from NHEOH to water are neglig- 
ible. According to model (b), mainly an inverse, 
i.e., negative, spectrum should appear because in 
(b) after the 1st flash, S~ is moved to S 0. This is 
also in disagreement with the positive absorption 
changes in Fig. 5. Therefore, the 1st flash result in 
Fig. 1 supports model (c) and, thereby, the ex- 
istence of a state S x. The formation of S~ through 
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NH2OH,  evaluated in this paragraph and the pre- 
vious one, is a very helpful result, because if we 
know the chemical products of the action of 
NH2OH,  i.e., especially the composition of S x with 
regard to manganese, then we also know the S O 
state and, as a consequence, all other states. 

In vitro experiments show that N H 2 O H  reduces 
Mn complexes of higher valence states up to 
Mn(II)  [50]. Recently, Wieghardt et al. have shown 
(unpublished results) that through N H 2 O H  the 
synthesized binuclear complexes of Mn(III)  [51] as 
well as those of Mn(III)-Mn(IV) [52] are reduced 
to Mn(II),  whereby the oxidation of N H 2 O H  is 
accompanied by N 2 evolution. If  also in vivo the 
reduction through N H 2 O H  ends fully in Mn(II)  
states, then S x must be composed of Mn(II) 's  
only. Consequently, the S O state - oxidized by one 
unit more with regard to S x - must be char- 
acterized by Mn(II)  states plus one Mn(III) .  This 
is in accordance with the valence states in the 
2-Mn as well as the 4-Mn model of Table III .  
Starting with S o state, 'calibrated'  in such a way, 
as a consequence the valence states in S1-S 3 are 
also known; they are identical with those already 
outlined in Table I I I  but founded by other argu- 
ments (see above). 

We have shown by electrochromism that in the 
presence of N H 2 O H  after the 1st flash a negative 
surplus charge is created with the formation of S O 
after the 1st flash [20]. This means that with the 
electron extraction from S x and the formation of 
S O two H ÷ must have been released. This has also 
been observed by p H  measurements [48]. If after 
the 1st flash the transition S x (2 Mn(II)) 
So(Mn(II ), Mn(III))  occurs (see above), then these 
protons originate very probably from water bound 
in Sx. This is plausible because if hydroxylamine is 
bound in S x in the first coordination sphere of 
manganese, it would have been oxidized after the 
1st flash together with N 2 evolution. This has, 
however, not been observed (see above). Since 
4 H ÷ are released in the reaction sequence from S x 
to S 3 (2 H ÷ with the transition Sx ~ S 0, 1 H ÷ with 
S O ~ S 1, 1 H ÷ with S 2 ---, $3), this is possible if Sx 
is loaded with two undissociated H 2 0  molecules, 
i.e., S x (2 H 2 0  ). Consequently, water must be 
present in S o in the dissociated form, that is, 
So(2 O H - )  [20]. Two O H -  in S O was evaluated 
through ESR analysis already in Ref. 53 and 

discussed as a possibility in Ref. 48. 
The changes of surplus charges with the S-state 

transition were observed by analysis of the Chl a~ 
re-reduction kinetics [10] as well as electrochro- 
mism [28,54]. From the observed patter of changes 
of charges the stoichiometry of the intrinsic H + 
release for all 3 states is available (see Table III). 
Starting with S0(2 O H - )  the possible states of 
water in the other S states are consequently known 
(see Table III). 

The H ÷ release in the cycle of water cleavage 
should be a subsequent event of the electron 
transfer and not vice versa. This is in accordance 
with the transfer times outlined in Table II; these 
values are all below the times measured for the 
external H ÷ release in Ref. 55. The values mea- 
sured in Refs. 16 and 32 are for the S 2 ~ S  3 
transition longer than those for the H ÷ release. 
This calls for complicated explanations [55]. 

Since with the transition from S O to S 3 all 
electrons are extracted from Mn, an essential fea- 
ture of this result is that water is not oxidized in 
the transition from S O to S 3. This statement was 
outlined already in Ref. 19 and recently by Radmer  
[56] who showed that 160 water added to a sus- 
pension of PS II  particles which was illuminated 
before by two flashes in labeled H2180 (brought 
the system mainly to state $3) was able to evolve 

1602 o n  the following 3rd f l a s h  (53 (S--~S0 transi- 

tion). Similar results were obtained by Bader et al. 
[57]. 

The main feature of the results in Figs. 1 -6  is 
that the S O ~ S 1 transitions are different from 
S 1 ~ S 2 ~ S 0. These results together with the argu- 
ments discussed in all the previous paragraphs of 
this section support the statement that S O ---, S 1 
may be due to an M n ( I I ) ~  Mn(III )  transition 
and S 1 ~ S 2 --~ S 3 due to an Mn(III )  ~ Mn(IV) 
one. The arguments exhibit also the specific Mn 
compositions in the different S states. A 2-Mn as 
well as a 4-Mn model is discussed. That all 4 Mn 
localized in Photosystem II  are engaged in water 
oxidation was argued by De Paula et al. [61], on 
the basis of the non-Curie behavior of the EPR 
multiline signal of  manganese. However, recently 
Pace R.J., Smith, P.J., Bramley, R. and Stehlik, D. 
(unpublished results) have investigated the com- 
plete saturation behaviour of the signal, giving 
evidence that the EPR signal exhibits Curie be- 
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haviour. Then a coupling of the anti-ferromagnetic 
coupled Mn dimer to other paramagnetic  
manganese species resulting in a 4-Mn complex is 
no longer necessary; i.e., a 2-Mn model is not 
excluded. The argument by Dekker et al. [19] for a 
4-Mn model was based on three equal changes 
(Mn(III) ~ Mn(IV)) with the S O ~ S 1 ---, S 2 ---, S 3 
transition. If they are no longer relevant (see this 
work), then, also from this point of view, a 2-Mn 
model is open for discussion. Preferring the sim- 
plest model, we have outlined the 2-Mn model in 
more detail. 

For the case of a 2-Mn model we suggest as 
possible configurations of manganese and water in 
the different S states those outlined in Scheme II. 
Mn is probably stabilized on the polypeptide 
framework by ligating atoms on one hand and 
water as ligand on the other hand. Principally, 
after every electron extraction from S also a pro- 
ton should be removed from S so that the total 
charge does not change. A stable step where no 
proton release takes place is the S~ ~ S 2 transition, 
whereby consequefltly also a positive surplus 
charge formation • takes place in S 2 and S 3 
(Table III). This charge may be partially neutral- 
ized by a chloride ion which may enter the outer 

coordination sphere of the manganese [58,59]. One 
plausible reason for the failure of a proton release 
could be that the proton is particularly stabilized 
through intramolecular hydrogen bonds to two 
oxoatoms as outlined in Scheme II. This config- 
uration is supported by analogous constellations. 
On one hand we have shown that acetate can 
inhibit O2-evolution activity reversibly [59], prob- 
ably by exchange in S t against the bound water. 
On the other hand, Wieghardt et al. [52,60] have 
demonstrated that on oxo-Mn-complexes acetate 
can replace the two oxo groups in a very uncom- 
plicated manner by exchanging them through" the 
OCO-group with minor movements in the atomic 
distances. (This H ÷ stabilization in S i may be a 
further reason for the stabilization of S~ in the 
dark, see the paragraph on page 463, beginning 
with 'After dark adaptation . . .  '.) With respect to 
the S 4 state it may be that already the electrostatic 
field of D + is the actual promotor giving rise to 
the electron transfer from the oxo-atoms to the 2 
Mn(IV). A 2-Mn(III)-peroxo-intermediate (see 
dotted circle) may be considered on the way to the 
2-Mn(II) and O=O formation. A subsequent 
Mn(II)-Mn(III) formation through D + reduction, 
uptake of 2 H 2 0  and release of 2 H ÷ ends up in 

D+ D ÷ -l.Sms 

2H2 R ' Mn II Mn I1",~ Sl,', / /  Mn Iv MnlV"~ 

/~' 0=0 ®~Cl-i ~, 0 o~/Cl -  / , ,~, , '  ,, ,, -X 

t,.'....'o .. . . . . . . . . . . . .  " s'\  'o' ! )  

'..,-,-,,c..., /4,,° 

i 1i .... "" ~, \ -, .. . ~ - -,, ,, / 
', x ' - . ~ ~  c r  

Sl 4Ol~S S2 

Scheme II. Possible states and configurations of water and manganese in the 2-Mn model of the water cleavage cycle in 
photosynthesis (for details, see text). The times shown indicate the electron transfer times. 



S O (see Scheme II). The rate-limiting step of the 
cycle of water cleavage takes approx. 1.2 ms [12]. 
This is probably identical with the 1.5 ms time of 
the absorpt ion decrease and reduction of 
manganese, in the transition S 3 ~ S O (see Table 
II). This step should be located between S 3 and S 4 
because a manganese reduction takes place 
according to Scheme II only in this transition, not 
between S 4 and S 0. 

Conclusions 

Our results shown in Table III and Scheme II 
do not support any of the models proposed in 
other works. They are only in accordance with our 
alternative interpretation at the end of Ref. 20. 
The absence of absorption changes in the ultra- 
violet in the S O --* S~ and S 2 --* S 3 transitions as 
outlined by Velthuys [14] and Lavergne [15] has 
not been confirmed by Dekker et al. [19] and our 
work. According to Dekker et al., in all transitions 
from S o to SO the same event takes place (Mn(III) 

Mn(IV)) on at least three Mn atoms. In our 
results the transition S O ~ $1 differs from S 1 ~ S 2 
and S 2 ---) S 3. 

Regardless of the methodic differences (see be- 
low), there is one point in Dekker's results which 
remains incomprehensible: the spectra of Dekker 
et al. contain a contribution from a binary oscilla- 
tion of absorption changes of plastoquinone at the 
acceptor side. They subtracted, of course, this 
binary oscillation from the overall spectra. The 
remaining spectra do not result in three times the 
same spectra for S O - ,  S 3. This is only the case 
when they label the acceptor side contribution 
with factors between 0.71 and 1.19. These correc- 
tion devices remain unexplained and thereby cast 
doubt  on the conclusions. 

Apart from this remark one should discuss the 
differences on the basis of the methods used. 
Firstly, the binary oscillation problem was solved 
in this work especially through the use of SiMo 
and high DCBQ concentrations, respectively (see 
Methods). Secondly, the problem of the mixing of 
the S states with increasing flash numbers was 
tentatively solved by deconvolution of the over- 
lapping spectra through calculations based on the 
SO/S 1 ratio and ct and fl values (see Introduction). 
In this respect we have done the same fitting 
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procedures as all other authors active in this field. 
According to our results we calculated from Acir~ev 
at the check point at 362 nm for S o ~ S 1 a differ- 
ent Ac value as that for $1 --* S 2 and S 2 ~ S 3 (Fig. 
3, center and Table I) in contrast to Dekker et al. 
This discrepancy is not astonishing because it was 
shown that the fitting procedure alone is not 
unambiguous [20]. Particularly, since all authors in 
this field detected practically no stable absorption 
change in the whole ultraviolet region after the 4th 
flash, it does not feel right that by deconvolution 
from 'nothing' the spectrum of the corresponding 
S O ~ S 1 transition should be available. For this 
reason, besides the fitting procedures to the stable 
levels, the result was checked by additional meth- 
ods. Thirdly, we analyzed the transient levels of 
Acm~ x attained in the time range up to 200 rts 
where neither the mixing through the contribution 
of the S o ~ S 3 transition nor the binary oscilla- 
tions are effective, since they only take place in 
the millisecond time range. At the 362 nm check 
point it was found again that the S O ~ S 1 transi- 
tion is different from the S 1 ~ S 2 and S 2 --* S 3 
transitions (Fig. 3 below, and Table I). Fourthly, 
besides this method the concealment of the S O ~ S 1 
transition by the opposite S 3 ~ S O transition was 
eliminated by shifting the S states two units back- 
wards by the addition of small amounts of 
NH2OH. Again, it resulted that the S O --* S 1 transi- 
tion is different from S 1 ~ S  2 and S 2 ~ S  3 not 
only in the range of 360 nm but practically at all 
other wavelengths between 260 and 400 nm (Fig. 
5). Lastly, the transient amplitudes, Acm~ x, at- 
tained after a flash in the 200 ~ts range were also 
analyzed in the presence of hydroxylamine. At the 
check point of 362 nm, again the S O ~ S~ transi- 
tion is different from the other two transitions 
(Fig. 6). 

This work demonstrates by the use of five 
different methods the same result. A methodologi- 
cal advance was the use of a highly purified simple 
Photosystem-II complex of high optical quality 
isolated from the cyanobacterium Synechococcus 
sp. We believe that by the extensive changes of the 
conditions in this work, in particular through the 
use of NH2OH and by elimination of the binary 
oscillation through the use of SiMo and DCBQ, 
respectively, as acceptors, the ambiguities inherent 
in the procedure of fittings and subtraction of 
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binary oscillations have been circumvented. Table 
III and Scheme II give a convenient interpretation 
of our results in terms of the possible states of 
water and manganese. 
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