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ABSTRACT. Photosynthetic water oxidation by photosystem Il is mediated by adilister, a cofactor X

still chemically ill-defined, and a tyrosine,2{D1-Tyr161). Before the final reaction with water proceeds

to yield G, (transition § — &), two oxidizing equivalents are stored on MiS — S = S), a third on

X (S, = &), and a forth on ¥ (S3 = &). It has been proposed that Yunctions as a pure electron
transmitter between MX and Rsgo, or, more recently, that it acts as an abstractor of hydrogen from
bound water. We scrutinized the coupling of electron and proton transfer during the oxidatigrirof Y
PSII core particles with intact or impaired oxygen-evolving capacity. The rates of electron transfer to
Pssg", of electrochromism, and of pH transients were determined as a function of the pH, the temperature,
and the H/D ratio. In oxygen-evolving material, we found only evidence for electrostatically induced
proton release from peripheral amino acid residues but not frgthidéelf. The positive charge stayed

near Y%, and the rate of electron transfer was nearly independent of the pH. In core particles with an
impaired Mn cluster, on the other hand, the rate of the electron transfer became strictly dependent on the
protonation state of a single bas&K(pz 7). At pH <7, the rate of electron transfer revealed the same
slow rate 12 =~ 35us) as that of proton release into the bulk. The deposition of a positive charge around
Yz%* was no longer detected. A large H/D isotope effeeR5) on these rates was also indicative of a
steering of electron abstraction by proton transfer. Th&t Was deprotonated into the bulk in inactive

but not in oxygen-evolving material argues against the proposed rolg®®f¥ an acceptor of hydrogen

from water. Instead, the positive charge in its vicinity may shift the equilibrium from bound water to
bound peroxide upons;S= S, as a prerequisite for the formation of oxygen upan-5$,.

Photosystem |l of higher plants and cyanobacteria is a Psgg' is filled in nanoseconds4( 5) by an electron from a
multisubunit proteir-pigment complex which oxidizes two  redox-active tyrosine, ¥[D1-Tyrl61 ¢—8)]. The latter is
molecules of water and produces dioxygen at the expensein turn reduced in micro- to milliseconds by the oxygen-
of four quanta of light {—3). After photo-oxidation of the  evolving complex (OEC) that catalyzes the oxidation of water
primary electron donordgst (which is presumably a special- (9). It contains four manganese atoms [M(L0, 11)],

ized chlorophylla dimer that is located close to the lumenal  yopably a further redox cofactor, X, whose chemical nature
side of the thylakoid membrane), the electron vacancy on ig il ill-defined (12—14), and C&" and CF ions @, 15.

; | . " " " att( Clocked by four quanta of light, the OEC cycles through
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I Moscow State Un)?versity. ' posed to be located at a distance of1% A from Rsgo (17—

! Abbreviations: A and B, acid/base residues; Bis-Tris, bis(2- 19), in positions that correspond to residues L-Arg135 and

hydroxyethyl)iminotris(hydroxymethyl)methane; BRC, bacterial reac- M-Arg162 on the L and M subunits of the bacterial reaction
tion center;3-DM, n-dodecyl 3-p-maltoside; cw, continuous wave;

DCBQ, 2,5-dichlorop-benzoquinoneEn,, midpoint redox potential; center (BRC) 20-22). The electrogenicity of the electron
ENDOR, electron nuclear double resonance; EPR, electron paramagtransfer from Y% to Psgg" (23—26) and data on local

netic resonance; Mes, 2-morpholinoethanesulfonic acid; MX, redox ; PP ; ;
cofactors of the OEC; NHE, normal hydrogen electrode; OEC, oxygen- electrochromic band shifts in PSR7) are compatible with

evolving complex; PSIlI, photosystem Il;ed3 primary donor in this notion.
photosystem II; @ and @, primary and secondary electron acceptor . .
quinones, respectively; X, chemically undefined cofactoravid Yo, The distance between the Mn cluster ang i¥" under

tyrosines 161 on subunits D1 and D2 of PSII. debate. On the basis of EPR, some authors have claimed
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that Yz is relatively far away from Mn, at a distance of 80 to pH 9 for 5 min, and then the pH was readjusted to the
A (17, 28-30). Correspondingly, ¥ has not been said to  desired value directly before the measurements. Oxygen
be directly involved in a reaction with water but just as an evolution was below 10% of a control after this treatment.
electron transfer component in the consecutive sequence oft should be noted that the behavior of samples treated at
redox reactions water- manganese~ Yz — Psgo. Con- pH 9 in flash-spectroscopic measurements was indistinguish-
trastingly, a much smaller distance betweenand Mn of able from that of samples that were depleted of manganese
only 4.5 A has recently been inferred on the basis of ENDOR by the classical Tris-wash treatmer8( 49. The pH 9
data 81, 32), and these and other data (see below) have beentreatment thus probably also resulted in the release of Mn
interpreted to show a more direct involvement of i the from its binding site $0).

water chemistry. On the basis of the observation that the The substitution of BD for H,O was performed as follows.
hydrogen bonds to X* were found to be less ordered than After thawing, the PSlI-containing material was suspended
those of %2 (31, 33—36), and that the rotational mobility  in a medium with RO (99.7% pure), at pL 6.5 (i lyonium

of Yz was slightly larger4, 37 in calcium-depleted PSIl,  jon, H or D) and at the final chlorophyll concentrations for

it has been hypothesized that the oxidizedapidly releases  the measurements. Samples were then incubated in the light
its hydroxyl proton into bulk water to serve as an abstractor (2 mw cnr?) for 5 min at room temperature and, after
of hydrogen from bound wateB®, 38-40). These data  readjusting the pL to the desired value, dark-adapted for 15
were, however, obtained on material with impaired oxygen min prior to the first flash train. It should be noted that the
evolution. Itis thus an open question of whethersérves  maximum H/D isotope effects were already achieved after
as (a) an electron acceptor or (b) an abstractor of hydrogena much shorter incubation time, e.g. less than 1 min, as is

from bound water. We have previously argued in favor of apparent from measurements of absorption changes at 827
an electron acceptor function of,Yiecause of the detectable nm as a function of the incubation interval (data not
charge around it and the lack of detectable proton releasedocumented).
into the bulk from ;% (41, 42. The fact that we have The reduction of Rg" was measured as flash-induced
reported rapid proton release [at rise times down ti&0  ghsorption changes at 827 8. The beam of a stabilized
(43, 44] has been misinterpreted by some authors as acyy |aser diode was focused thrdu@ 5 cmlong cuvette
deprotonation of ¥ into the bulk. This has prompted us t0  gnq a pinhole at a distance of abdum on afast avalanche
carry out this detailed study. L _ photodiode. This setup suppressed the fluorescence of the
We analyzed the reactions involving Yh a systematic  sample and scattered light. A Q-switched, frequency-
way, both in fully functional and in inactive (Mn-depleted)  goupled Nd:YAG laser served as the excitation source (flash
core particles. We measured the rate of electron transferyration of 6 ns, 532 nm). The maximal electrical bandwidth
from Yz to Psgo", the release of protons and electrochromic ¢ the system was dc to 150 MHz (4 ns per address).
band shifts of intrinsic pigments as a function of the pH, of Transients were digitized and averaged for signal-to-noise
the isotopic ratio of HO/D;O, and of the temperature. The improvement on a Tektronix DSAB02 recorder. Samples
results give clues for solving the seeming incompatibility of 5 tained 5QM chlorophyll and 1 mM hexacyanoferrate-
two observations from the literature, namely the status of (Il1) plus 0.5 mM DCBQ as electron acceptors. Samples of
Yz as an electroneutral radicatd) and the lack of  pgj| core particles with impaired oxygen evolution also
detectable proton release together with the large electro-.gntained 0.5 mM hexacyanoferrate(ll) as electron donor.

chromism 1) that is caused by X*. We consider two  ynder these conditions, £ was stable for at least 5 ms at
equally possible solutions. (1)7¥ is a Yz**--H"-B~ pair pH 8.

wherein B denotes a base in close vicinity ta.Y(2) Yz is

in the anionic form (¢~) under physiological conditions,
and it is oxidized to the neutral ;Y. In both cases the
oxidized Y; is hardly appropriate as an acceptor of hydrogen
from water.

Flash spectrophotometrgt wavelengths other than 827
nm was performed with the setup described in5&f A
xenon flash lamp (flash duration of 10s) was used for
excitation. The optical path length was 1 cm. The maximal
electrical bandwidth of the system was 100 kHz«5 per
MATERIALS AND METHODS address). Transients were digitized and averaged on a
Nicolet Pro30 recorder. For the electron acceptor conditions
of the samples, see the legends to the figures.

Proton releasevas measured with various pH-indicating
dyes at 3Q«M (pH 4.5-6, methyl red at 548 nm; pH-57,
bromocresol purple at 575 nm; and pH 6&5, phenol red
at 559 nm) 44). From transients in the presence of the dyes,
background transients obtained under the same conditions
but in the further presence of 20 mM buffer were subtracted.

Oxygen-eolving PSII core particlesvere prepared from
12-day-old pea seedlings according to van Leeuwen et al.
(46) with modifications as in ref 44. Concentrated core
particles were stored at80 °C in 20 mM Bis-Tris/HCI,
400 mM sucrose, 20 mM Mggl5 mM CaCh, 10 mM
MgSQ,, and 0.03% (w/v)3-DM at pH 6.5 until use. For
one experiment, we used PSIl core particles prepared
according to ref 47. They were stored in 20 mM MES, 400

mM sucrose, and 10 mM CaCht pH 6.5. After thawing, Local eleptrochromism due toy% was recorded at 443
core particles were suspended im® chlorophyll (except ~ "M as previously describe&3).
for measurements at 827 nm, see below), 5 mM GaEl Oxygen eolution was measured under continuous white
mM MgCl,, and 20 mM buffer (pH 47, MES; pH 6-8, light illumination with a Clark-type electrode with 4M
Bis-Tris; pH 78, Tricine; and pH 811, Tris). The buffers ~ chlorophyll at 20°C with 5004M DCBQ as an electron
were omitted in experiments on pH transients. acceptor.

Inactivation of core particleswas achieved by pH 9 The time course of absorption transiemtas analyzed in

treatment. A suspension withk®1 chlorophyll was titrated terms of exponentials using commercial routines.
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inactive PSII core particles. A logarithmic time scale was chosen Se
to display the full decay of the transients. The time resolution was o2 2
100 ns per address; 50 transients were averaged for each trace, +§.§ 5°'A<,3A
and the samples were repetitively excited every 5 s. % E 1%
-
£E
RESULTS % g A%MA
Rate of Oxidation of Xin Photosystem Il with Impaired 55 of ———
Oxygen Eolution =% 45678910
pH

Inﬂ,uenc,e of pH O?(ygen eyolution by PSII core pa‘_rtides FIGURE 2: Rates and extents of the kinetic components of the
was inactivated by incubation at pH 9 (see Materials and reduction of Rss" in inactive PSII core particles as a function of
Methods). Electron transfer fromy¥o Psgg" was monitored the pH. (A) The rates of the two faster kinetic components from a
at 827 nm. Absorption transients at this wavelength can befit of transients as in Figure 1 by three exponentials plus an offset.
attributed to the radical cations®" (53—56). Figure 1 The rate of the fastest componekt (J) was about pH-independent

. AT . —), wh he rate of the sl th th
shows raw transients due to the oxidation/reductiongg§ P (), whereas the rate of the slower otkg () decreased with the

: ] ! : pH (—). (B) The relative extents of the two kinetic components
in the time interval from 100 ns to 10@s after the first (k, O; ks, O) from panel A. The extents dé (O) were described

exciting flash at six pH values ranging from pH 4 to 10.5 by a single titration with a i§ of 7 (—). For details, see the text.
(note the logarithmic time scale). The overall decay time (C) The SUT] of the ethntS of the Q/ery slow componekfsds a
of Peggt was strongly pH-dependent; it decreased from about function of the pH: 4) data from absorption transients at 827 nm

. . which reflected the oxidoreduction ofgdg and data from
200us at pH 4 to Ius at pH>8. The major portion of the  ansients at 320 nm which reflected tﬁgaoxidor%()juction of Q
pH-dependent decay could be attributed to electron transfer
to Psge™ from Yz Our data are in line with other data atpH<7. Its amplitude increased from about 10% at pH 8
obtained on Tris-washed PSHY, 57, 58. The approxima-  to 70% at pH 5.5, and again decreased below pH 5.5. The
tion of the decay of Ro" in Figure 1 by a single exponential increase of the amplitude of the slow component thus

was rather poor. Three exponents were more appropriate occurred at the expense of the extent of the fast component,

according to again with an apparentpof 7.
At pH <6, an additional very slow componerk ) rose
AAY) = afe_kft + ase_kst + a\,e_"”t (1) up. lIts total extent increased to about 60% at pH 4 (Figure

2C, open triangles). Its average rate consteptwas about

whereina;, as, anday, andk;, ks, andk, correspond to the 1500 s? (half-decay time of 45Qus). We suspected that
extents and rates of the fast, slow, and very slow componentsthe very slow component could be attributed to the recom-
respectively. Figure 2A (top) shows the pH dependence of bination of the charge pairi/Qa~. To test this possibility,
the respective rate constants of the fastgquares) and the  we directly monitored the reoxidation of,Q at 320 nm
slow componentl, circles) over a wide pH range from 4 where the quinone anion strongly absorb8-<(61). The
to 10. Figure 2B (middle) shows the respective extents, andupper part of Figure 3 shows UV transients at pH values
Figure 2C (bottom) shows the extent of the very slow ranging between 4 and 9 on the first flash given to inactive
componentl,, open triangles). centers. At pH 9, the decay was rather slow and due to

ki was little dependent on the pH, and between 6 and 10.5,oxidation of Q~ by external acceptors. It speeded up at
it averaged to 7x 1C° s which is equivalent to a half- more acidic pH. The bottom trace in Figure 3 shows the
decay time of about 4s. ks, on the other hand, decreased difference between transients obtained at pH 9 minus 4. The
by a factor of 5 from 10s™ (t;, = 7 us) at pH 8 to about  overall half-decay time of the difference signal was 450
2 x 10¢ st (ty, = 35us) at pH 4. It was coincident (Figure 2C, solid triangles) with the one

The extents of the fast and the slow kinetic components determined for the very slow component of the reduction of
were pH-dependent. They are shown in Figure 2B. At pH Psggt (Figure 2C, open triangles; see also ref 62). The
>7, the fast component (squares) was dominant with an coincidence supports the notion that the latter could be
amplitude of about 80% at pH 10. Its relative extent attributed to the charge pair recombination betweggp'P
decreased to about 10% at pH 5.5 with an appar&mfp/ and Q~. A fit of the difference transient in Figure 3 by
(line). The slow component (Figure 2B, circles) prevailed two exponentials (see the solid line) revealed two compo-
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Table 1: Parameters of Electron Transfer, Proton Release, and Local Electrochromism in Inactive and Oxygen-Evolving PSII Cofe Particles

inactive PSII core particles active PSlI core particles
pH 8.0 pH5.0 pH 4.0 pH 6.5
Yz — Pego" Psgo™ <~ Qa~ Yz — Pego"
kinetic component fask; slow, ks very slow,ky first flash (ns) third flash (ns)
Electron Transfer
half-time (us) 1 35 135/870 0.02 0.04/0.25
relative extent 0.8 0.6 0.3/0.3 0.65 0.3/0.4
H/D isotope effect <11 25 <15 <11 <11
activation energy (eV) 0.15 0.30 <0.10 <0.10 <0.10
apparent K 7 - 4.5
Proton Release
half-time (us) 450 40 - 85
H/D isotope effect 1.6 4.0 25
Local Electrochromic Effect of ¥°*
relative extent 45 0 - 100
apparent 7 (69 — 4.5

ans, nanosecond electron transfer in oxygen-evolving centers (see the @ath from ref90. ¢ In core particles of the Ghanotakishiners
type.d Data from ref69.

pH AR EPON
9 100055 S
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6 o pHY, k¢
i o pH 5, kq
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rate of Yz, oxidation/ms

n

10 T T T
....................... 33 34 35 36
/T x0.001 K

ime /1 .
. tme/ L ms . . o . Ficure 4: Arrhenius-type plot of the rates of electron transfer from
Ficure 3: Flash-induced absorption transients at 320 nm in inactive Y to Psggt in inactive PSII: fast componerk (0), at pH 9; and

PSII core particles due to the oxidation (rise) and reduction (decay) gjgy componentks (O), at pH 5. The dotted lines result from a
of Qa: upper traces, at pH values ranging from 4 to 9; and lower biexponential fit of transients at pH 6.3.
traces, difference of transients at pH 9 minus 4. Measuring

conditions: 5uM chlorophyll, 100uM DCBQ, 100 uM hexa- 0,03
cyanoferrate(lll), a time resolution ofi&s per address, 50 transients
averaged, and flash excitation every 10 s.

transients at 320 nm / a.u.

nents of equal extent with half-rise times of 135 and 880 0,02
(see Table 1). Taken together, the results which are
documented in Figures 2 and 3 and Table 1 showed that the
contribution of the charge recombination to the reduction of
Psso” was negligible between pH 6 and 10, whereas it rose
up to about 66-70% at pH 4. Forward electron transfer
from Yz to Psgg™ was, however, still well separated from 0.00 J , ‘
the charge recombination reaction because the former was 70,1 1 10 100
at least 4 times faster than the latter even at the lowest pH time / pus

values. _ FiGURE 5: Comparison of flash-induced absorption transients at
We summarized the rates of electron transfer betwegn Q 827 nm at three pL values in,3 and BO in inactive core particles.

0,01

at 827 nm /-Al/1

absorption transients

Psso, and Yz in Table 1. The measuring conditions were as in Figure 1.
Effect of Temperature We measured the influence of ] )
temperature on the rate of electron transfer froptd/Psgg™ slow componentsk() that are due to charge pair recombina-

atpH 5 and 9. At pH 5 mainly the slow kinetic component tion (see Figure 2C) revealed an even weaker temperature
(ko) prevailed (relative extent of 65%) and at pH 9 the fast dependence (data not shown) which corresponded to an
one &, relative extent of 80%, compare Figure 2B). Figure activation energy o&0.1 eV.

4 shows Arrhenius-type plots &f (squares) an#s (circles) H/D Isotopic Substitution We studied the effect of

as a function of the temperature. The fast component protium/deuterium substitution on the rate of dxidation.
revealed a small activation energy of 0.15 eV (pH 9, Table This parameter was again studied at pH 5 and 9 where the
1). The slow componenk) revealed a greater one, 0.30 slow and fast components prevailed. Figure 5 shows raw
eV (at pH 5, Table 1). A biphasic deconvolution of the transients at 827 nm at these pH values as measuregOn H
kinetic traces at pH 6.3 yielded similar activation energies and D,O. We found thats was essentially independent on
for the slow and fast components, namely 0.28 and 0.16 eV, the substitution of BO against HO. The H/D isotope effect
respectively (dotted lines in Figure 4). At pH 4.0, the very was less then 1.1 (Table 1). The slow comporgnn the
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Ficure 6: Flash-induced absorption transients at 827 nm in oxygen-
evolving PSII core particles at pL 6.5 in,& and BO on the first

and third flash given to dark-adapted samples. The time resolution
was 4 ns per address; three flashes every 10 s; 50 cycles were
averaged.

pH—transients at 575 nm (a.u.)

other hand, was substantially retarded isOD Its H/D
isotope effect was 2.5 at pL values between 7 and 5 (Table

time/100 us
1; see also ref 63). Charge recombination as observed af'GURE 7: pH-indicating transients of bromocresol purple (3@)

at 575 nm: active, on the first flash given to dark-adapted, oxygen-

pL =5 (prevailingk,) was apparently insensitive for isotopic evolving PSII core particles; and inactive, repetitive excitation

substitution (data not shown). (every 30 s) of inactive core particles. Measuring conditions: 100
o . . uM DCBQ, 100 uM hexacyanoferrate(lll), «M chlorophyll,
Rate of Oxidation of ¥in Oxygen-kolving Centers 0.03% wiv3-DM, and 20 transients averaged at a time resolution

. . ., .. _of 5us per address. The lower traces show the upper ones on an
Figure 6 shows transients at 827 nm due to the oxidation expa/ﬁ,dgd time scale. PP

of Psgg™ on the first and third flash given to dark-adapted

active centers at pL 6.5 in either® or D,O. The reduction that of Yz. Upon the second (and third) flash, about-20
of Psgo” was multiphasic, and it occurred mainly in the 25% of Rgs" remained oxidized. This implied an initial
nanosecond time range. Similar rates were observed onenergy gap of only 30 mV. Thus, the positive charge stored
transitions $= S; and S = S, on one hand and on,S= on the Mn cluster upon;S= S; increased the redox potential
S; and S = S, on the other (Table 1). The former rates of Y relative to Rgo by a surprisingly low figure of only 50
were greater than the latter (Table 1), in agreement with mV.

previous reports §, 64-66). This behavior has been o

attributed to one extra positive charge on the Mn cluster Proton Release upon the Oxidation of Y

which was brought in on transition; S S, (see refs and In oxygen-evolving PSII the oxidation of Yis ac-

67 and below). It was observed between pH 5.5 and 7. In companied by fast proton release in both thylako#g; 72
this pH region, the oxygen-evolving capacity of the centers gnq core particlessd). We have previously proposed that
was about constant (compare Figure 10). Below pH 5, the the variability of the extent of proton release as a function
nanosecond components were largely rgplaced by MICrosecyf the pH @3, 73-75) and of the preparationd{, 52, 74,
ond components which was accompanied by the reversible7g) argues against the notion that it originates from the
inactivation of oxygen evolution (see Figure 10), in line with phenolic moiety of ¥ itself [pK of Y, < —2 (77)]. This
previous reportsdg, 69). An irreversible inactivation was  argument was corroborated by the pH dependence of the rate
also observed above pH 7.5, presumably due to the releasgyf proton release4d), showing its origin from electrostati-
of Mn (50). The nanosecond components were practically cally induced K shifts of peripheral amino acids (for
independent of H/D substitution; their isotope effect was less reyiews, see refd1 and 79).
than 1.1 (Figure 6 and Table 1). That they were only weakly  \ve compared the rates of proton release as monitored by
dependent on temperature between 35 afi@ Qsee Table  pH.indicating dyes in inactive core particles with those in
1) was in line with a previous report7Q). Table 1 active core particles. The upper traces in Figure 7 represent
summarizes relevant data from the literature together with pH-indicating transients of bromocresol purple at pH 5.3
our .results on the rate of Yoxidation in intact PSII core upon a first flash given to dark-adapted centers. In active
particles. o _ centers, the transient due to proton release upon the oxidation
By analyzing the equilibrium portion oféi" (e.g. after  of v, (Figure 7, rise) persisted for several hundred mil-
nanosecond electron transfer was completed; see Table 1)iseconds. In inactive centers, on the other hand, the proton
we calculated the differenaeE; t_)etween the redox potentials  \yas released (rise) and rebound (decay) with a half-time of
Em(Psgo/Pssg) and Em(YZz*/Y7) in the states §and S and  gpout 40 ms. This half-time was shortened when hexa-

$; and §, respectively, thus in the presence of zere=(0) cyanoferrate(ll) was added as an external donor fgi ¥s
and one i(= 1) positive net charge on the Mn cluster. previously reported (not shown here; see f&). We
interpreted these findings to be in line with our previous
AE. = 2'3RTIog [Pesdred ) results 42). (1) In oxygen-evolving centers, the oxidation
! F [Pesd ox of Y creates a positive net charge in the catalytic center

that causes alp shift of peripheral amino acids. The&kp
On the first flash, the equilibrium proportion otdf3" was shift persists independent of the position of this net charge
only 5-10% (see ref7/1 and this work). The calculated on Yz° or on the Mn cluster. This interpretation is backed
midpoint potential of Bsowas by 80 mV more positive than  up by extensive studies on the kinetics of proton reled&e (
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was, however, not observed (Figure 8, dashed line, right
coordinate scale). Instead, the extent decreased only below
pH 5, concomitant with the increase of charge pair recom-
bination. Under these conditions, no protons were apparently
released in the presence ofgf. These results indicated
that possibility (b) was more likely.

We determined the rate of proton release in inactive centers
, : : in both HO and O as a function of the pH (raw data not
5 6 7 8 shown). At pH 8, the H/D isotope effect was 1.6. At pH 5,
pH it was much greater, namely 4 (Table 1). Similar H/D effects
FIGURE 8: Rates of proton release (left coordinate scale) in inactive were, however, observed in active centers. The variability
and oxygen-evolving PSII core particles as function of the pi ( of the H/D isotope effect as a function of the pH was

oxygen-evolving material and\) inactive material. The dotted line compatible with the contributions of various peripheral acid
shows the rates of the slow) component of electron transfer from If th diff betw th id and ¢
Y to Psggt in inactive centers for comparison. The solid line was 9rOUPS. e [ difference between the acid and water

calculated for the contributions of three peripheral acid groups to (PK = —2) decreases by 3 units, one expects an increase of
proton release with differentpvalues (see the text). The dashed the isotope effect by a factor of about &3].

line represents the extents of proton release per PSII center (right From these results, we draw the following conclusions.

coordinate scale) in inactive core particles. (1) In active centers and over the whole studied pH range,
a proton which is liberated from 2¥* itself remains inside
the protein for at least 30@s, i.e. until an electron is
transferred to ¥** from MnsX. The observed rapid protons
d- [which may appear slower (at alkaline pH) or faster (at acidic
pH) than the reduction of )*] result from peripheral groups.

The lower traces in Figure 7 show the upper pH transients (2) Only in inactive material and at pH6 are the rates of

+
on an expanded time scale. In oxygen-evolving material, proton release and of electron transfer frorm 6 Pee”
proton release occurred much faster at pH 5.3, with a half- similar. Only under these conditions may the proton which

time of about 15:s, than in inactive centers where the half- appears in the medium originate from the phenolic moiety
(0):¢
time was about 4@s (Table 1). of Yz

In Figure 8, we compared the rates of proton release in| ..\ Electrochromism in the Presence oPY
oxygen-evolving material (solid triangles, data replotted from
ref 44) and in inactive centers (open triangles) as a function  The positive charge on or near% causes local electro-
of the pH. The rate of the slow kinetic component of electron chromic bandshifts of the inner pigments in both active and
transfer from Y; to Psgo" in inactive material was replotted  inactive PSII 7, 79, 84-87). This effect has been used to
from Figure 2 for comparisonk, dotted line). In active  estimate the mutual orientations of pigments and cofactors
centers, the rate of proton release decreased steeply betwee27). Figure 9 shows time-resolved transients of local
pH 5 and 7 and less steeply up to pH 8. This behavior can electrochromism at 443 nm upon the oxidoreduction gf Y
be rationalized by the participation of various peripheral |n dark-adapted, active centers upon the first flash (left trace,
amino acids with differentigs depending on the chosen pH  pH 7), the amplitude of the initial fast rise is due to the
in the medium 44). The rate of proton release from each electrochromic effect of the formation of,¥ in nanoseconds
group depends linearly on itKp(44), and the overall rate  plus a contribution of a chemical transient from Q(60).
of the total release comprises the individual contributions The latter decays with a half-time of about 10 ms under the
of the various groups. The smooth line in Figure 8 was used electron acceptor conditions (see the legend to Figure
calculated for the simultaneous contributions of three groups 9 and ref88). We determined the relative amplitude that
with pK values of 7.5, 6, and 4.5. It describes the rates of could be attributed to £ by adding 1 mM hexacyano-
proton release from active centers fairly well. In inactive ferrate(lll) and monitoring the extent of the accelerated decay
centers and between pH 8 and 6, the rate of proton releasghalf-time about 0.5 ms) due to the reoxidation of @data
was similar to that in active material. This result likely not shown). The resulting relative extent of Quvas drawn
indicates that the same peripheral groups contributed toas a dotted line in Figure 9. The remaining amplitude could
proton release in both materials at pt6. At pH <6, the  be attributed to the local electrochromic effect of¥ In
rate of proton release in inactive centers was lower than thatactive centers (left), the latter extent decayed to about half

r1

aseapaa uojoud yo yuayxs

rate of proton release / ms-1

-
=4

44), and by studies on locabg, 79 and transmembrane
(26) electrochromism. (2) In inactive centers, the proton
which is released upon the formation of%fis rebound when
the latter is re-reduced (for a description of this push-an
pull mechanism of proton release/uptake, see 86{s82)).

in active centers and invariant, about10* s7* (35 us). its initial value (Figure 9, left) upon electron transfer from
This rate was about the same as that of the main componenivin to Y% on transition $= S, with a half-time of 8Qus
(ks) of the electron transfer from xYto Psgo' (see also ref42). In inactive centers this situation was

There are two alternative interpretations for the lower rates completely changed. At pH 8 (Figure 9, inactive pH 8), the
of proton release in inactive centers at acidic pH (Figure 8). charge pair ¥*/Qa~ was formed in about ks (compare
(a) Inactive centers may have lost some peripheral groupsFigure 2A). Whereas the relative extent due tg @Q/as as
whose acid s give rise to the fastest proton release at acidic in active centers (dotted line), the extent that could be
pH. (b) The release of protons in inactive centers may be attributed to the electrochromism in response t8*Yvas
limited by the rate of electron transfer or vice versa. about halved. At pH 6.5 (Figure 9, inactive pH 6.5), the
Possibility (a) implied that the ratio of protons over electrons latter extent was close to zero. At both pH values, no decay
decreased below pH 6 in inactive centers. Such a decreasén microseconds of the electrochromic effect due t8Was
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Ficure 9: Flash-induced transients at 443 nm reflecting local electrochromic band shifts in PSII core particles: “active pH 7”, oxygen-

evolving centers, first flash given to dark-adapted samples; “inactive pH 8 and 6.5”, inactive centers, repetitively excited every 30 s;

“difference”, difference of the two transients from inactive centers (the trace was scaled by a factor of 2 for comparison, and only every

tenth point is shown). Note the longer time scale in the latter trace. Measuring conditigid: cBlorophyll, 100uM DCBQ, 100uM

hexacyanoferrate(lll), and 20 transients averaged at a time resolutionyf pér address.

6 . - (Table 1). This K was similar to that observed for the
o/“’ 0'&\0 decrease of the amplitude of the fast componkitof the
o/ Y oxidation of Yz (compare Figure 2B). Below pH 6, the
44 / % signal extent became negative due to the superimposition of

a transient from the equilibrium portion ofdg" (see Figure
2C and refs71 and 87).

In the literature, several electrochromic difference spectra
of Yz—Yz* can be found that have been obtained with
inactive centers from different starting materials at gH
(13, 27, 60, 84, 8P In this pH region, the electrochromism

electrochromism of Y,* at 443 nm
Ae / mM-teml

. of Yz**was negligible in core particles of the van Leeuwen/
"5 6 7 8 0o Bogershausen type (Figure 10, open squares). We performed
pH the same experiments as with the latter material with a

Ficure 10: Extents of local electrochromism due te% as a dlffere_nt typenof core particles p_repared according to G_ha'
function of the pH: (open symbols) PSII core particles of the van Notakis and LCbbers (see Materials and Methods). With
Leeuwen/Bgershausen type, (solid symbols) core particles of the oxygen-evolving material, the electrochromism due Y

Ghanotakis/Lbbers type, (circles) oxygen-evolving samples, and was similar in both core preparations (Figure 10, solid and

(squares) inactive material. The solid lines correspond to single n circl In inactiv nters. th me pH- nden
titrations with (K values of 7.1 and 6.1, respectively. The oxygen- open circles). active centers, the same pH-dependent

evolving capacity is shown as a dashed curve for comparison; thedecrease of the electrochromic effect ofYas in the van
maximum corresponds to about 10@®ol of O, per milligram of Leeuwen/Bgershausen-type cores was observed. lIts ap-
chlorophyll per hour. parent [X in the Ghanotakis/Libbers-type core, however, was

] o ) much lower, 6.1 (Figure 10, solid squares). These differ-
observed. The right trace in Figure 9 shows the difference gnces hetween the two types of core particles may reflect
between transients in inactive centers at pH 8 and 6.5 on ayne gifferent content of extrinsic polypeptides and detergent,
longer time scale. The difference transient which representedyossibly causing alterations of the dielectric permittivity at

the formation/reduction of ¥ decayed with a half-time of  the jymenal side of PSII proteins as previously propoéd (
about 40 ms (line). This half-time was similar to that 7g)

observed for the rebinding of the proton that was released
in the presence of X’* (compare Figure 7). DISCUSSION

Figure 10 compares the extents of the electrochromic
transients due to »* in active and inactive centers as a Comparison of the Rates of Electron Transfer froptd/
function of the pH. In active material, the extent (about 10 Psgs' in Inactive and Actie PSII
us after the flash, open circles) was about constant between o ) .
pH 5.5 and 7.5. At more acidic pH, it decreased concomi- _The fast componerfk;) of Yz oxidation with a half-time -
tantly with the inactivation of the oxygen-evolving capacity ©Of about 1us was dominant between pH 7.5 and 10.5 in
(shown as a dashed line in Figure 10). At alkaline pH, the inactive PSiII core particles. Its feature_s were s_lmllar to those
active centers were converted into inactive ones atptb, of the nanosecond components of dxidation in oxygen-
probably due to the release of Mn. Consequently, the €volving material (see Table 1, and ré§sand 70). The
electrochromism of ¥ in active centers (open circles) activation energies of these components were low, 0.15 eV
dropped to the level which was observed in the impaired (this work) in inactive and<0.1 eV in active centers9().
material at pH>7.5. The slowing of the fastest portion of the oxidation of Y

In inactive material, the electrochromism due tg®Y from nanoseconds in active centers to abous In inactive
(determined about 15@s after the flash, open squares) was material can likely be explained by the higher activation
about constant between pH 9.5 and 8. This amplitude energy of the electron transfer in the latter case. An increase
decreased to about zero at pH 6 with an appar&ndfp7.1 of the activation energy by 0.1 eV slows the reaction by a
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factor of 50. The higher activation energy of electron transfer Does Y°* Release a Proton into the Bulk?
Yz — Psgo™ in inactive centers is in line with a higher
polarizability of the more hydrophilic binding pocket of Y
(92). The latter was also apparent from the about halve
amplitudes of the electrochromic shift of the absorption ban
of Psgodue to Yz°* (see below), and from the halved apparent
electrogenicity of electron transfer fromz;¥o Psss™ (26).

It has been postulated by various auth@%, 32, 38-40)
g that Yz abstracts a hydrogen atom from bound water on each
d of the four redox transitions of the catalytic cycle of water
oxidation. This model implied that the hydroxyl proton of
the phenolic moiety of ¥ was transferred each time to the
) ) bulk water of the lumen40).

Both the nanosecond components in active centers and 5, gne hand, this hypothesis seems to be hard to reconcile
the 1us component in inactive ones of electron transferfrom with the observations that in oxygen-evolving PSII the
Yz 10 Pego” were pH-independent (between 5.5 and 7.5 in gytents and rates of proton release vary as function of the S
active centers; see refid and69), nearly insensitive to H/D  ransition, of the pH, and of the preparation (for a review,
isotope substitution (for active material, see this work and gee ref41). Under certain conditions, proton release can be
refs42and63), and reyealed low activation energies. These practically absent on transition;S= S, in any PSII
features s_ug_gest that in both cases the rate of electron tra”Sf%reparation 16). The variability of the extents has been
was not limited by the transfer of a proton. unequivocally attributed to Bohr effects of peripheral acid

The slow componerks) of the oxidation of \; appeared  groups 41, 7§. Furthermore, electron transfer from b
in inactive centers at pH7.5. The redistribution between to Yz°* shows a negligible H/D isotope effect on some
the fast and slow modes ofyYoxidation was described by transitions 42, 63, 93, 9%which may not be expected if it
a titration with an apparent singl&pof 7.0. The features  is steered by the transfer of a hydrogen atom. These results
of the slow component were very different from those of have been discussed in detail elsewhe2, ©3.
the fast components. The rate decreased with decreasing The present work corroborates the above conclusions. In
pH; the H/D isotope effect was much larger, 2.5, and the inactive centers and at alkaline pH, the rate of proton release
activation energy was much higher, 0.3 eV. A counterpart was the same as in active centers and much lower than the
of this slow component may occur in active centers only rate of the oxidation of ¥. Thus, proton release greatly
below pH 4.5 where electron transfer slows from nano- lagged behind electron transfer. The charge on or ne&r Y
seconds to microsecond39j. We believe these featuresin  (see the next section) caused a large local electrochromic
inactive material indicate the limitation of electron transfer €ffect mainly on the absorption band ofsX(27, 87, 9§. If
from Yz to Psgs™ by a proton transfer reaction at pH7. the proton from ¥ is released into bulk water, one would
The pH-dependence of the slow componégk {as weak, expect to observe the concomitant decay of this electro-
and the rate decreased only by a factor of about 5 when thechromism due to the transfer of the positive charge from
pH was lowered from 8 to 4. This pH effect was likely the Io_w dielectric of the protein into tr_\e ele_ctrolyte. Such a
explained by the electrostatic interactions betweerad coupling of the decay of electrochromism with the observable

the proton-transferring groups (see the next paragraph). proton release was absent both in inactive centers at alkaline
pH (this work) and in active ones2q, 52, 79. The

. ; . - ) electrochromism due to 2* thus only decayed when the
redL_JCt|on was Increasing _at aC'd'C pH._ This Ehasie can beIatter was reduced [with half-times that vary as a function
assigned to the recomblnat|o_n reactionPo Qa” — of the S transition in active center$3, 87). We conclude
YzPssdQa. The overall rate of this process matched at pH 4 a1 in oxygen-evolving centers (between pH 5 and 7.5) and
the rate constant of the direct recombination that was , inactive material at alkaline pH the hydroxyl proton is

observed in PSII where ¥was mutated to phenylalanine ¢ transferred into the bulk within the lifetime of¥ but
(92) or destroyed §2). The observed effect is likely s trapped inside the protein.

explained by a decrease of the equilibrium constant which
reflects the ratio betweenz¥and Rgg". We attributed this  iqation of Y, and of the observed proton release were
decrease to an increased midpoint potential of the COUpleabout equal. Furthermore, the generation of\id not
Yz%/Y at acidic pH, which s likely caused by the increasing 5se an electrochromic effect. These observations can be
protonation of amino acid residues at the protein boundary. nqerstood as follows. Concomitantly with the oxidation
The latter effect likely also accounts for the slowing of the ¢ v, py pygs*, the phenolic proton is at least transferred
slower componentk) of forward electron transfer fromzY toward the boundary if not directly released into the aqueous
to Psgo" at acidic pH (see below). The fraction ofsf” that  pylk phase. This removes the positive net charge as soon
remained oxidized in equilibrium with f* was found to a5 it is formed. Electrochromic transients are therefore
be 50% at a pH of about 4.5; hence, the equilibrium constant aghsent. The observed proton release is kinetically steered
at this pH was unity, and the difference between the midpoint py the oxidation of ¥ or vice versa. The observed weak
potentials of ¥ and Rgo Was zero. At pH 7.5, only about  pH dependence of the slow componég} thay be rational-
10% of Rge" remained oxidized in equilibrium with 2P~ ized by the participation of at least one intermediate group
Thus, AE, was <0.1 eV at neutral pH. We conclude that in the proton transfer between,X and the boundaryd().

the midpoint potential of ¥/Y increased by about 0.1 eV The increasing protonation of the surface groups with
with respect to the potential of the couplgsf®/Psso when decreasing pH will decrease the&k pof this group and

the pH was lowered from 7.5 to 4.5. These estimates agreegradually slow the deprotonation o£¥. Perhaps the most
well with previous reports on the difference of the redox important aspect of these results is the experimental dem-
potential of Rgo and Yz in Mn-depleted PSII of about 0.1 onstration of a behavior where the phenolic proton is
eV at pH 6.5 27, 92. removed far away from »*. Only this situation would

The extent of thevery slow componentk,) of Psgg™

In inactive centers and at acidic pH, the rates of the
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Scheme 1. Two Hypothetical Models for the Functioning of
Tyrosine Yz2

" H
A
H” /
o/ A--en H—Q
pH>pKg @ pH<pKg
B
/
B B
B AH /
A\ .H/ /

PH>pKyy7 @ PH<pKry7

a(A) Yz is hydrogen bonded (dashed line) to a basenith a pK
of 7 in inactive PSII and with ak of 4.5 in oxygen-evolving PSII.
(Left) The transfer of the hydroxyl proton of,¥ to B~ is fast and not
rate-limiting for electron transfer. (Right) Only when B is protonated
the electron abstraction fromzYis limited by the transfer of the
hydroxyl proton (to a second base A, as shown, or to the bulk water).
(B) The K of Y7 itself is 7 in inactive centers and 4.5 in oxygen-
evolving centers. (Left) These lowKpvalues are in part achieved by
modulating hydrogen bonds to the phenol oxygen gf ¥fom bases
A and B. (Right) Electron abstraction from;¥s limited by the transfer
of the hydroxyl proton (possibly to bulk water) only where pHKy,
where Yz is protonated.

prepare Y°* for the postulated function of a hydrogen
acceptor 81, 32, 38-40). Unfittingly, we found it only in
core preparations with inactivated oxygen-evolving capacity
and only at acidic pH. This corroborates our view that the
phenolic proton of ¥°* remains in its immediate vicinity in
active material. This view is hardly compatible with the
postulated hydrogen acceptor function of°X

Mechanism of the Oxidation of;Y

Our results can be rationalized by two related models.

Biochemistry, Vol. 37, No. 4, 1998139

In inactive material, the proton transfer starts to govern
the rate of the oxidation of Xif group B is protonated, e.g.
below its [K of 7 (Scheme 1A, right). In this case, the proton
of Yz*¢is then transferred via a different pathway, e.g. to a
different base A (as depicted in Scheme 1A, right) that is
closer to the membrane/water interface or to bulk water. The
main difference between active and inactive material ac-
cording to model 1 is that thekpof B is 7 in inactive centers,
but 4.5 in active ones. In active material, we expect that
electron transfer from ¥to Psgo' is rate-limited by proton
transfer only below pH 4.5. Such a limitation has been
observed. It is reversiblég, 69) unlike the one which is
observed at alkaline pH and caused by the loss of Mn from
the center.

Model 20of Y oxidation which is summarized in Scheme
1B differs from model 1 by the assumption that ¥
negative (;~, Scheme 1B, left) and electroneutral in its
oxidized form, Yz*.The K values of 7 in inactive PSIl and
of 4.5 in oxygen-evolving material are then attributed to Y
itself. According to model 2, the low activation energy of
Yz oxidation and the absence of a H/D isotope effect in
oxygen-evolving samples (at all studied pH values) and in
inactive centers at pkt7 are now simply explained by the
absence of any proton transfer upon the oxidation gf.Y
The oxidation of the tyrosine anion to a neutral tyrosine
radical is equivalent to the appearance of a positive charge
at the place of ¥. This charge causes the observed local
electrochromic effect when 2fX is present. At pH values
lower than the K of Yz (pH <4.5 in oxygen-evolving centers
and pH<7 in inactive ones), ¥Yis protonated (Scheme 1B,
right). Then, the transfer of the hydroxyl proton (to water
or to a nearby base) limits the rate of the electron transfer.

The difficulty of model 2 is the unusually lowkpvalue
of Yz. The (K of tyrosine is 10 in water, and one expects
it to be shifted to even more alkaline values due to the
decrease of the Born solvation energy when placed in the
low dielectric of a proteinX07). Still, functional K values

Both models are based on the experimental evidence thatof tyrosine in the range of-64.5 have been reported for a

Yz (31, 33-36, 98—101) and Yp°* (102—105) are neutral
radicals and hydrogen bonded to the CD loops of the D1
and D2 proteins.

Model 1is shown in Scheme 1A (left). It assumes that

family of native and artificial myoglobin mutants (r&D8
and references therein). In the latter case, Heshpift was
due to the influence of a heme iron atom. In the case of
Yz, the anionic state of tyrosine may be stabilized by Mn

Y is neutral (protonated) in the ground state at physiological and Ca atoms in its vicinity. One positive charge spaced

pH. Upon its oxidation by &¢*, the [K of the tyrosyl side
chain is shifted from presumably 10 to extremely low values
(pK = —2 in water; see ref7) and the hydroxyl proton is

by 5 A from Yz may already shift the o by 3—5 units if
we takee in the range of 1620 (27). Another example of
a large K shift is the @-binding site of bacterial reaction

removed. The low activation energy and the absence of acenters. The crucial L-Glu212 has an unusuidl gf 10

kinetic H/D isotope effect on the oxidation of,Yoy Psgs"
implies that the phenolic proton is transferred to a very
effective base Bwith a higher rate than that of the electron

transfer, i.e. in nanoseconds. The transition is then ap-

propriately denoted asyYH:-*B~ — Yz*-+*H*-B~ (see also
refs 42, 70,and 106). The positive charge of the proton

(versus a K of 4.5 in water) owing to the negative charge
on L-Asp213 and to a possible hydrogen bond to the
ubiquinone 109, 110. A large K shift of Yz may result
from the combined action of positive charges on manganese
and calcium atoms, and from hydrogen bonds of neighboring
amino acids to its phenolic oxygen. Model 2 assumes that

gives rise to the observed local electrochromic transient. It the difference between active and inactive materials with

is likely that the proton is rebound by ¥ during its
reduction, a proton rocking motion similar to the one that
has been proposed to occur upon the oxidoreductionzof Y

respect to ¥ oxidation is mainly a shift of its i§ by about
2.5 units into the alkaline direction (from a&jof 4.5 to 7)
due to the loss of the Mn cluster and an increased dielectric

(45). It should be noted that the rapid release of protons polarizability of the protein.

that we observed with pH-indicating dyes does not originate

from Yz°* itself but from electrostatically inducedshifts
of at least three peripheral acid groups with differekt p
values.

Models 1 and 2 (Scheme 1) cannot be distinguished on
the basis of our data alone. They predict, however, that the
number and strength of hydrogen bonds tonvay explain
the higher midpoint potential and faster oxidation rate of the
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latter compared to those ofpY These properties likely

change as a function of the material (active versus inactive),
and of the pH in both the reduced and oxidized states. pH-

dependent variations in the ENDOR spectra ef*Y(111)
suggested a protonation with a similar appareft(p—7)

Ahlbrink et al.

pool the abstraction of four electrons from bound water on
the final, oxygen-evolving transition,S— & (42, 120.
Currently discussed models of the first type involve the
abstraction of hydrogen atoms from bound water during all
four redox transitions of the catalytic cycl8g, 40. As

in inactive material as reported above. Two hydrogen bondsargued above, our results in the current work as well as our
to Yz (as tentatively depicted in Scheme 1) have been previous investigations on electron transfer from /o

observed by the research group of D. Brit2{).

Implications on the Structure of PSIl and on the
Mechanism of Water Oxidation

There is good evidenc@Z, 26, 27, 112, 11)3hat tyrosines
Yz and Y are placed symmetrically at14 A from P,
and aboti4 A closer to the lumen. The position of Mn
relative to Yz and Rgois controversial. The Mn cluster has
been reported to be in close proximity to [lessitsA (31)]
or at a greater distance from;Y14—20 A (27, 30, 114,
115)], or it may even consist of two Mn dimer416) with
a distance of about 10 A between theii 7).

The effect of the positive charge stored on Mn during the
S, = S; transition on the redox equilibrium between ahd

Psso must be quite different for the above structural arrange-

Yz (42) make the functioning of ¥ as a hydrogen
abstractor on each step of the catalytic cycle unlikely. Our
results are more compatible with a mechanism of water
oxidation of the second type. We propose that two sequential
two-electron transfer steps with a (bound) peroxide inter-
mediate (see also rd&f06) occur only on transition S5~ S

and lead to the formation of dioxyge#d). In this concept,

Yz serves two functions: 1) It is an electron transmitter
between MaX and Rgg". (2) The effective positive charge
that is stored around )* in the S state (as ¥*-*H-B~
derived from Yz-H-:-B~ in model 1, or as ¥ derived from
Yz~ in model 2) may increase the oxidizing power of the
catalytically active Mn by up to 100 mV depending on its
distance from ¥ (see above). During the,® S transition,

this increase may be the prerequisite for a shift of the
equilibrium between bound water and bound peroxide toward

ments. If the whole tetranuclear Mn cluster would be located the latter 42, 10§. Yz, as an electrostatical promotor, starts

at a distance of ogl5 A from Y; (as suggested in réfl),

the reaction sequence that leads to the production of

one positive charge on Mn would raise the redox potential dioxygen.

of Yz relative to Rgoby about 180 mV (assuming an effective
dielectric constant of 10; see r27 and references therein).
This would shift theAG® of the equilibrium between XY
and Rgo for the S = Sz and $ = S, transitions relative to
the § = S; transition accordingly. Contrastingly, a rather

moderate shift by only about 50 mV was observed (see
Results). A distance between a compact tetra-Mn cluster
and Yz of only 5 A (as necessary for a hydrogen abstractor

function of Yz) seems unlikely. It would furthermore be

hard to reconcile with the observation of, at the same time,

a small activation energy and a relatively low ratg & 60
us) of electron transfer from Mn to 2#* on transition $=
S (42, 90. Alternatively, we suggest a triangular arrange-

ment. Either (1) a tetranuclear Mn cluster is located an only

slightly smaller distance from Xthan from Rg, (See also
ref 27) or, alternatively, (2) one of the two Mn dimerEl(?),

the one which (the auxiliary one) serves to store the positive

charge on transition:S= S,, is placed a similar distance
from Yz and Rgo, the other (the catalytic one) is placed closer

to Yz and participates in water oxidation. In both cases, a

positive charge on Mn would increase the oxidizing poten-
tials of both Y, and Rgo If we take 16-13 and 15-20 A
as estimates of the distances between Mn apdad Y,
and Ragq, respectively En(YZz/Yz) and En(Pessot/Pssg) are

CONCLUSIONS

Electron transfer, proton release, and local electrochromism
upon the oxidoreduction of the tyrosinez,Ywere investi-
gated in inactive and oxygen-evolving PSII core patrticles
under variations of the pH, the temperature, and the H/D
isotopic ratio. Only under special conditions (in inactive
centers and at acidic pH) is electron transfer froptd/Psge"
steered by the transfer of a proton to the protein/water
boundary if not into the bulk. Under all other conditions
(active centers in the physiological pH range, inactive centers
at alkaline pH), the hydroxyl proton is either trapped by a
nearby base inside the protein or intrinsically absent due to
the low (K (about 7 in inactive and 4.5 in active centers) of
Yz. These features make the functioning of°* as a
hydrogen abstractor from bound water unlikely. Instead, the
positive charge on or near /¥ may provide the final
oxidizing potential that allows two two-electron abstractions
from bound water at the Mn cluster during transition=S
S — S
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S, = S; transition (dielectric permittivity of 10). The energy
gap between ¥ and Rgo then decreases by 45 mV, in line
with the observations. The benefit is twofold. (1) The

energy gap between these cofactors remains appropriate to

assure the sequential electron transfer from Mn viatey
Psso™, and (2) the higher redox potential ofgPincreases
the driving force of the forward reactior118).

Various models have been proposed for the mechanism

of water oxidation. Some involve the stepwise oxidation of
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