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Abstract 

In the S-state cycle of water oxidation, a local electric field was measured in states S 2 and S 3. This was indicated by the strongly 
retarded reduction kinetics of the oxidized primary electron donor of PS It in these states (Brettel, K., Schlodder. E. and Wilt. H.T. (1984) 
Biochim. Biophys. Acta 766. 403-415) as well as by electrochromic band shifts in state S 2 and S 3 (Saygin, O. and Win, H.T., FEBS 
Lelt. 176 (1984) 83-87:189 (1985) 224-226). The electric field oscillation of 0:0:l :l in So:St:S2:S ~ is strictly coupled with the pattern 
of manganese redox changes measured at 365 nm and of O 2 evolution under very different conditions (Kretschmann, H. and Win. H.T. 
(1993) Biochim. Biophys. Acta 1144, 331-345). In this work with PS It complexes from the cyanobacterium Synechoc¢a'cus elongatos it 
is shown that the electric field o~illation as well as the panem of redox changes of manganese are practically pH-independent between 
pH 5.5 and pH 7.0: i.e., in the range in which the pattern of 02 evolution and water oxidation, respectively, is pH-independent, it was 
suggested that a net charge created as charge difference between electron extraction and proton release from the catalytic center may be 
the origin of the electric field. With this explanation it follows that, with the S n ~ S t ~ S 2 ~ S 3 -.~ S n transitions, a pH-independent 
proton release of 1:0:1:2 from the catalytic center takes place. The proton release into the medium is• however, generally pH-dependent. 
For PS II complexes from cyanobacteria a mechanism is proposed which may be responsible for the modification of the supposed 
pH-independent proton relea.~ from the catalytic center into the pH-dependent proton release into the medium, it is proposed that in the 
pH 5-7  range an amino acid residue with a pK value of approx, 6 releases a proton induced by a pK shift through electrostatic 
interaction with the local electric field ~ t  up in state S 2. When, subsequently, the created base traps a proton released from the catalytic 
center in the S.a ~ S n transition, this results in a pH-dependent non-integer oscillation of the proton release into the medium. The 
predicted values have been compared with the directly measured ones. 

Ke.~arords: Photosynthesis: Water oxidation: Proton relea.~: Net charge: Electrochromism: Photosystem I1: Oxygen-evolving complex 

1. Introduction 

in the primary act o f  photosynthesis, a transmembrane 
charge separation takes place at the reaction centers (RC) I 
and ll which is indicated by the creation of  a t ransmem- 
brane electrical field [!].  At RC ll this is realized through 
an electron ejection from the excited chlorophyll  a n (P08u) 
[2,3] located at the inner side o f  the membrane to the first 

Abbreviations: BBY. membrane fragments of enriched PS ll; Chl. 
chlorophyll a: DCBQ. 2.5 dichloro-p-benzoquinone: Hepes, 4-(2- 
hydroxyethyl)-I-piperazine ethanesulfonic acid: Mes. 2N-morpholino- 
ethane sulfonie acid: OEC. O2-evolving complex: PS It. Photosystem il: 
P680. Chl a n primary electron donor of PS II: RC. reaction center: 
Tricinc, N-[2-hydmxy-I,l-bi~hydmxymethyllethyl] [~lycine. 
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plastoquinone acceptor. QA, at the outer side [4]. The 
redox potential o f  P6"~JP~,sn is the driving force for  water 
oxidation. P~0 oxidizes the electron carrier Yz, tyrosine- 
161 of  the polypeptide DI [5,6], which is the immediate 
electron donor  to P~n [7]. Y~, in turn, extracts an electron 
from a manganese cluster located in the water-oxidizing 
complex.  The water oxidation requires the extraction o f  4 
electrons from 2 H 2 0  with the release o f  I O :  and 4 H +. 
It was shown that for this process the complex cycles 
through five redox states, S n ~ S 4, whereby 0 2 evolution 
takes place in the transition from state S~ to S u [8,9]. The 
subscripts indicate the number  of  electrons extracted step- 
by-step from the complex. The period-tour oscillation o f  
the complex is driven by four turnovers of  P~,~Q,x "-* 
P~Q,~ .  It is generally accepted that a cluster o f  tour  
manganese (Mn) is located within the catalytic center. The 
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S-state transitions correspond most likely to the successive 
oxidation of the Mn cluster that acts as a storage device for 
the oxidizing equivalents. 

With respect to the four protons released from water, it 
was accepted for many },ears that the stoichiometric pat- 
tern is I:0:h2 for the transitions S. --, S I --* S z ~ S 3 --* S o 
[10.11]. More recent work based on measurements with 
pH-indicating dyes showed, however, that the stoichiom- 
etry of proton release into the medium depends strongly on 
the type of preparation (thylakoids, BBY particles or PS II 
core complexes), the experimental material (spinach. pea. 
cyanob'cteria, etc.) and the pH. Furthermore, non-integer 
stoichiometries of proton release have been reported ([12- 
15], for a review see Ref. [16]). 

For the protons released from the catalytic center it is. 
however, expected that these are strictly correlated with 
the S-state oxidations. Obviously. the proton release from 
the catalytic center is transiently superimposed by protons 
dissociated from other material-dependent groups, e.g., 
from amino acid residues located at the periphery of the 
PS 11 complex. The proton release from these unknown 
acids may be realized by pK shifts due to the electrostatic 
interaction between the charge of the protonatable residue 
of the amino acid and the positive charges created with the 
manganese oxidatioq in the catalytic center or even through 
the oxidized tyrosine. Yz, preceding the Mn oxidation 
[16]. Therefore, on the basis of extrinsic proton measure- 
ments in the medium with pH-indicating dyes or pH 
electrodes, no direct conclusion can be made regarding the 
specific stoichiometry of the proton release from the cat- 
alytic center and bound water, respectively. 

In this context it would be worthwhile if an intrinsic 
indicator were available to monitor the proton release from 
the catalytic center. We have suggested that the local 
electric field which has been observed to oscillate with the 
S-state aansitions may indicate this proton release [17-19]. 
In the nanosecond range, the Pr~) reduction kinetics show 
a period-four oscillation: fast kinetics in S o and S I (20 us) 
and kinetics strongly retarded in states S: and S 3 (biphasic 
with 50 and 250 ns) [17]. This characteristic pattern, fast 
kinetics in S o and Sj on the one one hand and slow 
kinetics in S, and S 3 on the other hand, was found to be 
independent of the pH in the range between 4.5 and 7.0 
[20]. The drastic retardation of P680 + reduction was at- 
tributed to a local electric field which may be caused by a 
positive charge localized in the catalytic center in states Sz 
and S~. It wa:; assumed that the electric field retards the 
electron transfer from Yz to Pr"~o by Coulomb attraction, it 
has been estimated that the electrostatic effect of one 
positive elementary charge in the catalytic center may well 
explain the retardation of P~,'~0 reduction in states S z and S 3 
[17]. The tbrmation of a local electric field was supported 
by the observation of electrochromic band shifts which 
occur on the S t --o S, transition and are reversed in the 
$3 -'* So transition [18~19]. These shifts have been ascribed 
to the presence of a local electric field in the catalytic 

center in states S, and $3 These electrochromic changes 
wet'e discovered at 515 nm [18] and in the red around 680 
nm [19]. The difference spectrum in the red indicates that 
the absorption band of a chlorophyll a molecule, possibly 
Pt~o itself, is blue-shifted. (These local electrochromic 
changes should not be confused with the delocalizcd dec- 
trochmmic changes indicating the formation of the trans- 
membrane electric field [I].) In summary, the retardation 
of the electron transfer and the electrochromic band shifts 
give strong evidence for a period-four o~illation of a local 
electric field: 0:0:1:1 in So:SI:S2:S 3. A local electric field 
was furthermore detected by an e!ectrochromic band shift 
in state S_ t [21]. S_ I is obtained by reduction of the S I 
state, e.g.. by hydroxylamine, to the over-reduced state, 
S_ t, which can be further reduced to the superreduced and 
terminal state, S_ 2 [22,23]. The reduction is due to the 
over- and super-reduction of the manganese cluster 
[21.23.24]. In this extended system, the oscillation of the 
local electric field therefore is 1:0:0: i: I in S _ i :So :S t:S2 :S 3. 
With respect to the origin of the electric field it has been 
assumed that a positive net charge is generated as a 
difference between electron abstraction and proton release 
from the catalytic center. Then the pattern can be ex- 
plained if the hl : l : l  electron extraction in the S o + Sj ---, 
S 2 + S 3 + S O transitions is accompanied by a proton re- 
lease of I:0: 1:2 from the catalytic center. In the extended 
S-system, a proton release of 2:1:0:i:2 should take place in 
the S_ i -" S() ---, S I ---, S 2 - ,  S 3 + S o transitions. 

The oscillation of the local electric field appears to be 
strongly coupled with the turnover of the catalytic center. 
Therefore. it is expected that the pattern is independent of 
the PS !I material and the type of preparation. Indeed, the 
same oscillation of the retarded reduction kinetics of P~o 
was observed in PS !I from spinach [17] and PS !I core 
complexes from cyanobacteria [17,20]. pea (Schlodder and 
Drewenstedt, unpublished data), and spinach [25]. A corre- 
sponding material-independent behavior of the local elec- 
trochromic band shift was observed by the same period-four 
oscillation in different preparations of PS 11 complexes 
from cyanobacteria [18+!9+23], PS !I particles from spinach 
[12] and core complexes from spinach [13]. Furthermore, a 
strict correlation between the oscillation pattern of O_, 
evolution, the absorption changes at 365 nm attributed to 
the redox changes of manganese [26] and of the electric 
field has been observed under very different conditions 
using PS 11 complexes from cyanobacterla [23]. 

In this work. we measured absorption changes at 695 
nm indicating the local electric field and at 365 nm 
assigned to the redox reactions of manganese as a function 
of the flash number between pH 5.5 and pH 7.0. The 
patterns were found to be independent of the pH, suggest- 
ing that the proton telea.~ from the catalytic center is 
pH-independent. On the other hand, the proton release into 
the medium depends on the pH. A model is proposed 
which explains in a simple manner, how the pH-indepen- 
dent proton release from the catalytic center is transformed 
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into a pH-dependent non-integer proton release into the 
medium. 

2. Material  and methods  

Oxygen-evolving complexes (OEC) were prepared from 
the cyanobacterium S.vnechocotz'us ehmgatus  according to 
Refs. [27], [28]. For the optical measurements the medium 
contained a concentration of 3 p,M chlorophyll, 20 mM 
buffer (at pH 5.5-6.5, Mes; at pH 7.0, Hepes or Trieine)+ 
0.3 M mannitol, 20 mM CaCI,  and 10 mM MgCI2; 
temperature 20°(2. DCBQ (600 p M )  was used as acceptor 
to eliminate the binary oscillation of the acceptor side [26]. 
The flash-induced electrochromic shift at 695 nm and 
absorption changes of manganese at 365 nm were mea- 
sured as described in Refs. [19] and [24]. The samples 
were excited at 640 nm by saturating laser flashes with a 
pulse duration of about 300 ns from a dye laser (Phase R 
Model DL-1400). The absorption changes were monitored 
at OA9 s after the flash for 10 ms. The time between the 
flashes was 0.5 s. The signals are the average of 20-30  
measurements. The optical path for the measuring light 
was ! cm in the UV and 5 cm in the red. For the reduction 
of the OEC to the overt'educed state, S_.,. hydrazinium 
sulfate was used [23]. Proton release was monitored in the 
laboratory of W. Junge by absorption transients of the 
pH-indicating dye Bromcresol purple at 575 nm as de- 
scribed previously [29]. 

In order to obtain the correlation of  the measured data 
with the unmixed individual S-state transitions, corrections 
were made with the Kok parameter (Su/S~ ratio of dark 
adapted samples, misses and double hits). The latter were 
determined by analysis of the UV-absorption changes at 
367 nm (for details .see Ref. [23]). 

Electroeht0mlc shift at 69S nm (net chotge®) 

! 
" ' ( % !  t_ ) : 

- s I 

3. Results  and  discussion 

Fig. IA,B shows electrochromic absorption changes at 
695 nm measured in a train of flashes at pH 5.5 and 7.0. 
Alter dark adaptation, S~ is the most stable state, whereby 
the sequence practically starts with S~--*S z ~ S3.. etc. 
The signal in the first flash is overlapped by an unknown 
signal and is excluded from the considerations. The further 
pattern oscillates with a period of four and is practically 
the same at pH 5.5 and pH 7.0. The best fit is obtained 
with the Kok parameters given in the figure legend (see 
triangles), if  the relative electrochromic band shifts are 
(0:O:l.h0.9) in the states So:S=:S~:S.~ at pH 5,5 as well as 
at pH 7.0. 

In [23] it was shown that under different conditions the 
period-four oscillation of the electrochrnmic band shifts is 
strictly coupled with the UV absorption changes at 365 nm 
assigned to the redox reaction of manganese. Mn. This 
should also apply to the pH dependency. Fig. IC,D shows 
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Fig. I. Oscillation pattern of relative absoq~tion changes measured 0.49 s 
alter the flash as a function of the flash number (dark time between the 
flashes 0+5 s). (A) Elcctrochromic changes at 695 nut at pH 5.5 and (B) at 
pH 7.0. The symbol zx indicates the calculated values using the following 
Kok parameters: for pH 5.5 19% So, 81~/~ Si, 4 c,~" misses. 8e/~ double hits 
and for pH 7.0 165~" S., 84% Sj. 3c, f , misses. 3% doable hits. (C) UV 
absorption changes at 367 nm at pH 5.5 and (D) at pH 7.0. 

the flash-induced absorption changes at 365 nm as a 
function of the flash number at pH 5.5 and pH 7.0. The 
pattern of the optical changes of Mn at pH 5,5 closely 
resembles that at pH 7.0, i.e., in both cases the pattern 
were found to be pH-independent. 

In Fig. 2A,B, the patterns of the electrochromic absorp- 
tion changes starts with state S 2 . The super-reduced S_ ,  
state has been attained by reversible reduction of the S~ 
states and manganese, respectively, with hydrazine (details 
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Bectrochn~c sleet at 695 nm (net chargeO) 
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Fig. 2. O~cillation pattern as in Fig. I but alter incubation wiJh I(X) p.M 
hydrazine for 2.5 h. (A) clectrochromic changes at 695 nm at pH 5.3 and 
(B) at pH 7.0. (C) UV absorption changes at 367 nm at pH 5.3 and (D) at 
pH 7.0, 

see Ref. [23]). S_~ is the most reduced state which is 
reversible. The signal in the I. flash is overlapped by an 
mlefact which is indicated by brackets. The subsequent 
patterns at pH 5.3 and pH 7.0 are very similar. As shown 
in Ref. [23]. the pattern at pH 7.0 can be fitted best with 
the Kok parameters if the relative electrochromic band 
shifts are (h0:0:l.h0.9) in the states S I:Sn:SI:S.~:S~. 
This stoichiometry is regarded as relevant also at pH 5.3. 
The small deviations of the stoichiometries of the elec- 
trochromie changes from the integer values in Figs. I and 

2 are close to the experimental accuracy. Therefore, these 
values are regarded as integer between pH 5 and 7. 

in Fig. 2C,D the corresponding pattern of the absorption 
changes at 365 nm are shown at pH 5.3 and pH 7.0. In 
comparison with Fig. IC,D, beyond the S t state three 
additional reduction steps become visible up to the S_ 2 
state, which are assigned to the Mn reduction by hydrazine 
[2.~]. The fiash-induced pattern of the redox changes start- 
ing at state S 2 is similar at pH 5.3 and pH 7.0. 

The smaller amplitudes of the pattern of the elec- 
trochromic absorption changes as well as of the UV ab- 
sorption changes in Figs. I and 2 at the acid pH values in 
comparison with those, at pH 7 are due to the deactivation 
of a fraction of the PS II complexes. The deactivation is 
reversible, because within the sequence of the measure- 
ment pH 7 --, pH 5 ~ pH 7, we observed at pH 7 practi- 
cally the same amplitude at the end compared to that at the 
beginning (not shown). The results presented in Figs. I 
and 2 show that the oscillation of the local elec:ric field as 
well as of the redox changes of the manganeses are 
practically pH-independent in a range in which also the 
oscillation of the 02 evolution is pH-independent [20]. 

Different events may be considered as cause for the 
local electric field and its pH independence. The possibil- 
ity that local ion displacements on the protein matrix may 
be responsible for the electric field [25] is unlikely because 
this should depend on the pH. On the other hand, ion 
displacements of < 3 ,~. within the catalytic center may he 
too small to induce a significant electrochromic shift con- 
sidering the distance from the shifted chlorophyll a (possi- 
bly P6sn)(> 20 ,~). It is also unlikely that such displace- 
menL~ in the order of ~ 3 A can induce a retardation of the 
kinetics of the electron transfer from Yz to P~a by a factor 
of l0 (see above). Therefore, it is most likely, as proposed 
earlier [17-19], that a net charge created as difference 
between the electron abstraction and the proton release 
from the catalytic center may be the origin of the electric 
field. A high dielectric strength in the vicinity of the Mn 
cluster would facilitate the formation of this net charge 
energetically. (This intrinsic net charge should not be 
confused with the extrinsic net charge defined, for example 
in Ref [29], as charge difference between electron abstrac- 
tion and proton release into the medium.) On this basis. 
between pH 5.5 and 7.0, the stoichiometry of proton 
release from the center would then be hO:h2 for the 
transition So -" St -4 Sz -4 $3 -4 So and 2:h0:h2 for the 
transition S_j -* So ---> S~ ---* S 2 -4 $3 "-) So (see Introduc- 
tion). With the specific assumption that the proton released 
from the catalytic center is originating front hound water, 
the release of 4 protons between S I and S 3 is only 
consistent with 2 H20 in S_ a and 2 OH- in S o. Conse- 
quently, the possible water derivatives in the other S-states 
should be those indicated in Scheme l. 

The pH-independent proton release from the catalytic 
center derived from the local electric field is different from 
the proton release into the medium which is pH-dependent 
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(see Introduction). Therefore, the latter cannot be the cause 
of the electrochrnmic shift. This is in accordance with 
results of  Van Leeuwen 1"13] obtained with core particles 
from spinach. Although the pattern of proton release into 
the medium was !:1:1:1, he nevertheless observed a pe- 
riod-four oscillation of the local electric field effects. 
According to Van Leeuwen [13], elcctrochromic absorp- 
tion changes around 435 nm associated with the S-state 
transitions S t ---> S_, and S, --* S 3 are practically pH-inde- 
pendent between pH 5.5 and 7.2. In contrast to our results, 
these workers observed a pH-dependent band shift for the 
S o ~ S, transition. In spite of this difference, our conclu- 
sion and those in Refs. [13] and [29] are, however, in 
contradiction to measurements of  Rappaport and Lavergne 
[12]. They reported that in BBY particles from spinach the 
pattern of  the electrochromic changes are strongly corre- 
lated with the proton release into the medium. The reason 
for these discrepancies is not clear. 

In the following, a mechanism is discussed for PS 11 
complexes from cyanobacteria which explains how in the 
pH 5 - 7  range the proposed pH-independent and integer 
proton release of the catalytic center may be modified into 
the pH-dependent non-integer proton release into the solu- 
tion (see scheme). It is proposed that this is due to the 
electrostatic interaction of the positive net charge in the 
catalytic center with amino acid residues of the prote:n 
matrix. In order to elucidate the application of the mecha- 
nism, it seems useful to focus the consideration on a pH 
range in which an interaction with only one amino acid 
residue takes place. PS II of  cyanobacteria do not contain 

the subunits of 17 and 24 kDa found in the PS Ii of higher 
plants. In these samples, we consider in the pH 5 - 7  range 
the presence of one effective amino acid residue AH per 
PS II with a pK value of about 6. In PS I! complexes from 
cyanobacteria a protonation of a group with a pK of about 
5.3 was observed [20], retarding the electron transfer from 
Yz to P{,~{r in BBY particles from spinach a protolytic 
group with a pH 5 .8-6  has been found which retards the 
electron transfer from YD to the catalytic center [30]. Both 
effects may be due to one and the same group (histidine?) 
which may be identical to that considered in our model, it 
is assumed that in the dark the residue of the amino acid is 
predominantly protonated in the acid medium (n = I) and 
is successively deprotonated (n < I) towards the alkaline 
medium (n ~ 0). It is I - n = ot = degree of dissociation. 
For a weak acid it is p H - p K - ~ l o g  ( o t / I - o L ) .  i.e., 
n = 0.5 if  pH = pK = 6. nAH indicates the fraction of the 
amino acid residue in the protonated state. It is further 
assumed that in the S I ---* S~. transition the release of all n 

protons from nAH into the medium takes place with the 
formation of nA-  bases. This should be induced by a pK 
shift towards pK = 4.0 due to electrostatic interaction be- 
tween the charge of the protonated residue of the amino 
acid and the positive net charge of the catalytic center in 
state S, (see above). The base h A -  remains up to S 3 
because the net charge remains up to this state; h A -  
becomes reprotonated when in the S 3 ~ S 4 --~ S O transition 
the net charge disappears through the release of two 
protons and uptake of 2 OH- .  respectively, at the catalytic 
center (see scheme). Thereby, nH+ of the two protons 

e- e- 
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\ 
P59 cue 

o o ~-~0= ~Ops / 0 ~ o ' -  loop s 

% 
catalytic 

complex center 
1H~,,.. 1H + hA" .~ '.. " 

_ . . ! .  n" [ 

soliJtion | H" n-H* 1H* 

e" ~- 

02*", I ,..2H20 

! 

l 
21-t + 

I 

,n .AH 

( 2 - n ~  ÷ 

Scheme I. Proposed mechanism for PS li complexes of cyanobaeteria functioning in the r, mge of pH 5.5-7.0. Top: Electron and prnton release from the 
catalytic center and d,;rivatives of water in the different S states. The times indicate the electron transfer times 126]. Bouom: AH, deprotonatable amino 
acid residues with pK = 6. n. pH-dependent value het,,veen one (acid medium) and zero (alkaline medium). Deprotonalion of the amino acid residue AH 
and formation of A- is assumed to take place through a pK shift induced by tim electric field and net charge ~. respectively, in state S~ and its 
reprotonation when ~, disappears with tim S~-S o transition. Dotted lines: possible preceding proton release by pK shift through oxidation of Yz. For 
details see tex¢. 
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Table I 
Expected ..,toichiomeny of proton relea_s¢ into the solution between the 
acid and alkaline medium accoeding to the mechanism depicted in the 
scheme (details see text} 

S I , ~ S  I S ! ~ S  2 S.  ~ S , .  S~ ~ S , ,  

Acid medium 
n = l f ~ p H 5 )  I I I I 
0.5 I 0.5 I i .5 
0.3 I 0.3 I 1.7 
n = O t > p H  I1 I 0 1 2.0 
Alkaline medium 

must be trapped by nA because of the electrostatic 
balance and the necessary restoration of the initial nAH 
state. Therefore. in the S 3 - ,  S 0 transition only ( 2 -  n) 
protons of the two protons released from the catalytic 
center are released into the medium. For amino acid 
residues with effective pK > 7. it is assumed that a possi- 
ble pK shift induced by the net charge in S., does not pass 
over values which would noticeably contribute to proton 
releases at _< pH 7. 

The presence of hA-  in states S+ and S~ could. 
however, contribute to the extent of the clectrochromic 
response and retardation of the P,,~,~ reduction kinetics. 
Such a contribution must depend on the locus of A 
within the protein submtit and its distance from the shifted 
chlorophyll(s). This effect would, however, not affect the 
pattern of the oscillation and scarcely the sensitivity of its 
indication, if  A-  is located towards the protein periphery. 

The values of the proton release into the medium. 
which are expected according to the outlined model are 
depicted for some n values between 0 and I in Table I. A 
characteristic feature of the data is the indication of a 
change of a non-oscillating proton release in acid medium 
towards a period-four oscillation with increasing pH val- 
ues. A pH-independent release of one proton is expected in 
the S n ---, S, and S+ ~ $3 transitions. Changing from an 
acidic to an alkaline medium, a decrease of the proton 
release from one to zero is predicted in the S , - r  S_. 
transition and an increase from one to two in the S~ ---, S.  
transition. 

To test the quality of the model and its predictions. 
direct measurements of the proton release into the medium 
with the same material which has been used in this work 
were carried out with a pH-indicating dye in the laboratory. 
of W. Junge (Haumann. M.. unpublished results). The 
stoichiometries measured with the S. ---, S I ~ S_, ---' S~ 
S. transitions are 

pH5.5 I / 1  : 0 . 9 /0 .9  : I / I  : I . I / 1 . 1  

pH6.5 0 . 5 / I  : 0 .4 /0 .3  : I / 0 . 7  : 2 . 1 /2 .0  

pH7.5 0 . 5 / I  : 0 .3 /0 .3  : 0 . 9 / 0 . 6  : 2 .3 /2 .1 .  

The slash separates data obtained with two different 
Kok parameters. In PS II samples from another cyano- 
bacteria (Synechococcu.v ruh'antlx Copeland) at pH 6.5 a 

stoichiometry of (1:0:1:2) was measured [31]. The pre- 
dicted data in the table are in moderate agreement with the 
measured values. The predicted non-oscillating proton re- 
lease in an acidic medium towards a period-four oscillation 
with increasing pH is in accordance with the measured 
values. The predicted pH-independent release of one pro- 
ton in S,  ---, S I as well as in S 2 ~ S 3 is also similar to the 
measured proton release. The pH dependence of the proton 
release in the S I - ,  S_, and in S 3 ~ S o transitions is also in 
agreement with the experimental resu~'Ls. 

The mechanism outlined has been applied to a pH range 
(pH 5 - 7 )  where obviously only one amino acid residue is 
effective ( p K ~  6). According to the same mechanism, 
other amino acids with pK > 7 should be responsible for 
the pH-dependent proton release into the solution in the 
range of pH > 7. However, in this range, the proof for the 
calculations is more complicated. Obviously, at pH > 7 
mree proton-binding sites or ,:wen more are present at least 
in Synechococcus ehmgatu.~ [32J. Furthermore. in the alka- 
line medium at pH > 8. the deactivation of water oxidation 
is in part irreversible, in contrast to the reversible deactiva- 
tion in the acid medium [20.32]. 

If a large number of different protolytic groups (AH. 
BH. CH etc.) are present with a large spectrum of appro- 
pilate pK values, a deprntonatable acid is present at 
practically each pH value. Under these conditions, at all 
pH values one proton should be released in the S I ~ S, 
state transition (n = I) from an amino acid. Consequently, 
at all pH values the pattern of the proton release into the 
medium should be I : l : l : l .  Such a pH-independent stoi- 
chiometry has been observed in PS il  core complexes from 
spinach [14]. The extrinsic 17 kDa and 24 kDa poly- 
peptides which shield the water oxidizing complex from 
the aqueous medium are removed during the preparation of 
these core complexes and the lifetime of the higher S-states 
is drastically reduced compared to thylakoids [33], indicat- 
ing a modification of the donor side. Possibly thereby a 
le:~s hydophobic environment at the protein surface is 
created which may decrease the initial pK value of a large 
number of otherwise "silent" amino acid residues, in this 
way, the electrostatic response of these groups to a local 
electric field may become effective [16]. However, the 
proton release induced under such conditions does not 
yield inlbrmation on the mechanism of the proton release 
in the intact native system and the catalytic eeuter, respec- 
tively. In PS II core complexes front cyanobacteria used in 
this work a pH-independent !: I: I: I pattern has not been 
observed (see above). This might be expected. Cyano- 
bacteria have already by nature no 17 and 24 kDa subunits 
and the donor side is shielded from the hydrophilic surface 
by different means. This is also supported by the fact that 
lifetimes of the higher S states are not reduced. 

With respect to the kinetics of the proton release from 
the catalytic center, it is plausible to assume that the 
release is coupled with the electron transfer from the 
manganese-cluster to Y~ (50 # s - l . 5  ms. see scheme). 



H. Kret.schmaml el aL / Bio,'hhnica et BhJi,hysi,'a Acta 1274 f 1996J 1-8 

This might be expected because of the strong electrostatic 
interaction of the created positive charge on the manganese 
with the bound water in its vicinity. Also, the speed of 
deprotonation of acid. AH. should depend on the Mn 
oxidation because its pK shift is induced by the net charge 
formation in the transition S~ ---, S.,. 

The kinetics of the proton release might, however, be 
faster if in a preceding reaction a proton is released from 
an amino acid residue by electrostactic interaction with the 
oxidized Y~. preceding the Mn oxidation as reported by 
Haumann and Junge [15] for PS II samples from pea (see 
below). If we also consider this protolytic reaction in our 
model, it is nAH that could be deprotonated first by the 
Y~ lbrmation preceding the S, -S m transition. When Yz + is 
reduced by oxidalion of the manganese, the pK shift 
induced by the electric field of Y~ is reversed and the 
base nA- will immediately trap that proton which is 
subsequently released from abe catalytic center with the 
oxidation of the manganese (me dotted pathway in the 
.scheme]. The nAH created can again be deprotonated by 
the Yz formation preceding the S~--S_, transition. In this 
way. the time course of proton release from the catalytic 
center could become apparently fast in the S, ~ S L and 
Sj ~ S., transitions. The extent of the fast portion should 
be pH-dependent because n has been introduced as pH-de- 
pendent (see al'ove). Magnetic resonance studies [34] indi- 
cate the formation of a neutral tyrosyl radical. ¢/z. upon Yz 
oxidation, which would exclude proton releases induced by 
Y~as discussed above. Indeed. due to the very low pK 
value of oxidized tyrosine in water (pK_<0) it is most 
likely that a deprotonation of the tyrosine occurs upon its 
oxidation. The similarity between the UV-difference spec- 
trnm of Y/Of in water and the oxidized-minus-reduced 
tyrosine spectrum measured in O:-evolving PS II com- 
plexes [7] supports this assumption. However. this sugges- 
tion is in contrast to the observation that the oxidized Yz 
induces an electrochromic band shift of a nearby chloro- 
phyll [35]. Both results could be consistent with each other 
if the phenol proton of the oxidized Yz, is reversibly 
bonded to a base. B. in the immediate vicinity, i.e., 
Yz ~ Yz- - -H-B ' -  as discussed especially for YI~ (D2- 
Tyrl60) in Ref. [34]. Thereby. the proton is hydrogen 
bonded to the oxygen of the neutral radical ~'z- In this 
case. fast proton releases from amino acids in general - 
and from AH in our model - would not be induced by 
electrostatic interaction with Y~ but with . - • H-B *. 

Haumann and Junge observed in their PS Ii samples 
that under certain conditions the time course of the major 
portion of proton release takes place with phases much 
shorter than the rise time of the electron transfer from Mn 
to Yz in any of the four transitions [15]. From this result 
they concluded that in each transition an amino acid 
residue is deprotonated by Y~. whereby the four corre- 
sponding bases created should be stable up to the S.~ state. 
The release of the four protons from water is assumed to 
take place only in the S~ ~ S, transition. These should be 

trapped by the tour bases produced before in S 0 ~ S 4. 
This should occur rapidly and is tberefore not detectable. 
This mechanism would correspond to a concerted abstrac- 
tion of lbur electrons and protons from 2 H20 in the 
$4 ---, S o transition. Rappaport et al. reported recently [36] 
that a fast proton release does not occur in all S-state 
transitions (230 p,s in the S 2 ~ S 3 transition); it was also 
concluded that in the $3 ~ S~ transition 1.5 protons are 
released from the catalytic center which are not trapped by 
compensa',ing bases. But in spite of these differences in 
[15] and [36]. the principal conclusion in Ref. [15] that 
practically no proton release occurs up to state S 4 differs 
from our interpretation of the electrochromic absorption 
changes presented in this work. The net charge indicates 
proton releases from the catalytic center in the St~ --* S u as 
well as in the S., ~ S 3 transitions (see Scheme I). Further- 
more. according to the concept in Ref. [15], an accumula- 
tion of four negative charges (or lack of positive charges) 
of the four bases would take place up to the S 4 state. 
Additionally, the accumulation of four positive charges 
within the catalytic center (mainly oxidized manganeses in 
approx. 3 A distance) would occur up to the S. I state 
without a compensating effect preventing the expected 
very strong Coulomb repulsion. (The compensating influ- 
ence of the negative charges of the bases supposed to be 
located at the protein periphery would be too weak.) These 
features are not consistent with the measurements shown 
in Figs. I and 2. The accumulation of the four positive 
charges in the catalytic center should induce a strong 
four-step electrochromic band shift. This is. however, not 
observed in Figs. I and 2. 

4. Conclusion 

The S-state-dependent oscillation of a local electric 
field of 0:0: I : i starting with S o is coupled with the pattern 
of oxygen evolution and of absorption changes at 367 nm, 
attributed to the redox changes of manganese under very 
different conditions [23]. These patterns ate material- and 
pH-independent between pH 5.5 and 7.0. it is suggested 
that a net charge created as difference of the electron 
abstraction and proton release from the catalytic center is 
the origin of the electric field. Then, the pattern indicates 
between pH 5.5-7.0 a pH-independent proton release from 
the catalytic center with a stoichiometry of about 1:0:1:2. 
The proton release into the solution is, however, generally 
pH-dependent. For the PS !1 complexes from cyano- 
bacterk~, it is assumed that in the pH 5-7 range from an 
amino acid residue with a pK = 6 releases a proton in- 
duced by a pK shift through electrostatic interaction with 
the local electric field and net charge, respectively, in state 
S:. When subsequently the created base traps a proton 
released fiom the catalytic center in the S3-S~j transition, it 
results a pH-dependent non-integer oscillation of proton 
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re lease  into the  m ed ium .  T h e  predic ted  va lues  are in 

modera te  ag reemen t  wi th  the  protons  m e a s u r e d  in the  

med i u m.  Regard less  o f  ou r  interpretation, the obse rved  
oscil lat ion o f  the local electr ic  f ie ld mus t  p rov ide  essent ia l  
in lbrmat ion  on  the  wate r -ox id iz ing  mechan i sm .  
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