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ABSTRACT. The proton transfer reactions induced by the oxidation and reduction of the secondary donor,
tyrosine Yz, have been studied in photosystem Il after inactivation (Mn-depletion) of the oxygen-evolving
complex. The rate of the recombination reaction g#¥vith the reduced primary acceptonQappears
modulated by a protonatable group witK p= 6 in the presence of 2*. The finding of monophasic
recombination kinetics requires that the proton equilibration of this group is faster than the recombination
rate. The same group modulates the extent of proton release, from 0 below pH 5 to 1 per center above
pH 7. The kinetics of proton appearance and disappearance in the bulk medium are markedly dependent
on the material used. In PSII core particles, the release is observed in thes 180ge and the uptake
accompanies the recombination reaction. In PSIl membranes, both of these reactions are markedly delayed,
so that the uptake considerably lags behind the completion of the recombination reaction. An electrochromic
shift of a chlorophyll is present during the whole lifetime of%, suggesting a charged character of this
species. A fast decreasing phase of this signal was observed in particles in the same time range as proton
release. These results are discussed in the framework of a model where the proton originating from the
formation of the neutral oxidized tyrosine radicakf}remains locally trapped. In turn, this proton shifts

the K of a nearby group from a value9 to a value of 6.

It has been broadly recognized in recent investigations of catalytic center, it remains debated which material reflects
the photosynthetic oxygen-evolving complex that a key role best the intrinsic pattern. Some authors tend to favor the
in the catalytic function rests on the way in which the system uniform release observed in particles (Gilchrist et al., 1995;
handles the protolytic reactions involved during oxidant Hoganson et al., 1995; Haumann & Junge, 1994), whereas
accumulation and water oxidation (Krishtalik, 1986; Rap- others argue in favor of the oscillating pattern (Rappaport
paport & Lavergne, 1991; Baldwin et al., 1993; Lavergne & Lavergne, 1991; Witt, 1991; Haumann & Junge, 1996).
& Junge, 1993; Gilchrist et al., 1995; Hoganson et al., 1995). To some extent, similar discrepancies concern the question
Although substantial progress has been gained in this domainpof the proton release rate. It is again broadly accepted that
the present picture is still unclear in several respects. Thethe appearance of protons in the aqueous lumen may be
stoichiometry and release rate of protons during the four considerably delayed with respect to the release from the
successive steps of the Kok cycle (Joliot & Kok, 1975) catalytic site by a diffusion barrier consisting of protein or
appear to vary depending on the biological material and membrane-bound buffering groups. Nevertheless, there is
techniques. In thylakoids or PSlinembranes, the release only partial agreement between results based on the use of
is modulated by the S states, with, around neutral pH, a dyes or on the electrochromic absorbance change reflecting
minimum on the $— S; transition and a maximum on the  the local electrostatic balance on the donor side of PSII. The
S — (S —) S + O transition (Saphon & Crofts, 1977;  results of Haumann and Junge (1994), using the amphiphilic
Forster & Junge, 1985; Rappaport & Lavergne, 1991). The dye neutral red in thylakoids, or hydrophilic dyes in particles
pH dependence of this pattern was, however, found to be(Libbers et al., 1993), support very fast10 us) release
different in these two types of materials (Lavergne & Junge, occurring on each of the S-transition before the intermediate
1993; Haumann & Junge, 1996). In purified oxygen- carrier, tyrosine Y, is reoxidized. Rappaport et al. (1994),
evolving PSII core particles, a uniform release of one proton analyzing the kinetics of the electrochromic change, found
was observed on each transition (Wacker et al., 1990; evidence for such fast phases only for two transitions,
Libbers et al., 1993). Whereas it is clear that such variationsnamely, the oxygen-evolving step S (S, —) S + Oz and,
must be due to the interference of protonatable groupsat low pH, the $— S, step. The views of Junge’s group
responding to the electrostatic influence of the Mn-containing that imply a rapid and stoichiometric proton release triggered

by the oxidation of ¥ irrespective of the S state have been
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primary donor Bso and the secondary donorYTyr D1—

161, see Diner and Babcock (1996)]. In this system, the
oxidation rate of ¥ is almost 1000-fold slower than in
oxygen-evolving material and displays a marked pH depen-
dence (Conjeaud & Mathis, 1980). Due to the absence of
the native reductant, the lifetime of¥ is also considerably
increased. The oxidation of¥n Tris-washed material was
reported to trigger a proton release (Renger & Voelker, 1982;
Forster & Junge, 1984). When electron transfer toward the
secondary quinone acceptog (3 inhibited, the re-reduction

of Yz proceeds mainly through recombination with the
primary quinone @, allowing a study of the proton re-
uptake process. In this paper, we describe the pH depen-
dence of the electron and proton transfer reactions occurring
under such conditions. We also investigate the coupling
between proton release and the local electrochromic absorp-

. . . .~ Ficure 1: Flash-induced absorption changes in PSIl membranes
tion change reflecting electrostatic events on the donor side. 5 315 nm (squares) and at 292 nm (circles) at pH 5.5 (solid
MATERIALS AND METHODS

symbols) and 7.5 (open symbols). The lines are best fits with a
sum of two exponentials. The amplitude of the second exponential

PSll-enriched membrane fragments were prepared asVas found to vanish for the 292 nm changes. The same rate constant

described by Ghanotakis and Babcock (1983), omitting the was found for the fast phase at all wavelengths.

second Triton incubation. The samples were frozen and kept

at a concentration of 4 mg of chlorophyll/mL in a medium

containing 0.3 M sucrose, 5 mM Mg£ 110 mm NacCl, and

2 mM Mes pH 6.5. They were diluted for Tris treatment at

0.2 mg of chlorophyll/mL in 0.8 M Tris at pH 8.0, and then

incubated under room light for 5 min and centrifuged for 30

min at 3500@. The pellet was resuspended in a medium

containing 0.3 M sucrose, 10 mM NaCl, and 10 mM of the

appropriate buffer (Mes for pH lower than 6.5 and Hepes

for higher pH). The centrifugation and resuspension steps 1. Transient Absorption Changes in the UV

were performed twice for washing. The inactivation of the

water oxidase was checked from the absence of oscillating We studied the time course of flash-induced absorption

PSIl membranes

24

|

-Al/1 x 10°

Time (s)

pH 4.0 to the medium and by measuring the absorption
changes induced by this addition. The concentration of PSII
reaction centers was estimated from the flash-induced
absorption change at 325 nm, which gives the amount of
Qa~ formed, taking an extinction coefficient of 13 mi¥
cmt (van Gorkom, 1974).

RESULTS

absorption changes in the UV, and SBIRAGE showed that
the extrinsic polypeptides (OEE) were lost.

The membranes were used at A€ of chlorophyll per
mL in the presence of 1@M DCMU and 50uM of the

changes at 315 and 292 nm, using either Tris-washed PSII-
enriched membranes in the presence of DCMU, or PSII core
particles fromChlamydomonas In the latter case Tris-

washing and inhibitor addition are not because since the Mn

oxidant octocyanotungstate (this substance was a kind giftcluster has been lost during the preparation and no secondary

of Professor A. J. Stemler). PSII particles were prepared
according to Diner and Wollman (1980) from a mutant strain
of Chlamydomonas reinhardtiiacking PSI and ATPase
(Fud50.F15). They were diluted for experimental use at 2
ug of chlorophyll per mL in a medium containing 10 mM
NaCl, 0.003% Triton X-100, 10 mM buffer, and &M
octocyanotungstate.

guinone acceptor is present. Under these conditions the
charge-separated state;™Qa~ is formed after a few
microseconds and is expected to decay through charge
recombination. At 315 nm the absorption changes reflect
predominantly, if not only, the redox changes of, @hereas

at 292 nm, an isosbestic wavelength of thea(QQa)

spectrum, only the changes due t:{*Y;) are observed

For proton release measurements no buffer was added tdvan Gorkom, 1974; Diner & De Vitry, 1984 ; Dekker et

the medium. The dye concentration was in the-20 uM

al.,, 1984). Figure 1 shows the flash-induced absorption

range depending on the pH region investigated. The dyeschanges at these wavelengths, recorded at pH 5.5 (open

used were bromocresol green (4£(H < 6.0), bromocresol
purple (5.5< pH =< 7.0), and phenol red (6.5 pH < 8.0).

symbols) and 7.5 (closed symbols). The decay af Q

(squares) is biphasic, whereas that of°¥Y (circles) is

The absorption changes of the dyes were measured at 57@nonophasic. The curves drawn in Figure 1 show the result

nm. At this wavelength, no significant absorption change

of fitting the Qs ~ decay with a sum of two exponentials and

is detected in the absence of the dye. For each of these dyeghat of Yz with a single exponential. The time constant of
the absorption changes were suppressed in the presence dhe latter was fOUﬂ(?l identical with that of the fast phase of
a buffer, showing that the observed signals were entirely duethe Q™ decay. While the rate of the fast phase depends on

to pH changes.

pH, that of the slow phase is almost pH independent. The

Absorption changes were measured with the Joliot-type Same features were observed with PSII particles (not shown).

spectrophotometer (Joliot & Joliot, 1984; Joliot et al., 1980)

In agreement with previous reports (Babcock & Sauer,

where the absorption is sampled at discrete times with short1975; Yerkes et al., 1983; Dekker et al., 1984), this result

monochromatic flashes. Saturating xenon flashes g2
half-width duration, filtered with a broad-band red filter, were
used for actinic illumination.

shows that a fraction of £ does not decay through

recombination with ¥°*, presumably because of another
reduction pathway for ¥ competing with the recombination

The amount of proton released per reaction center wasreaction. When multiple flashes are used (e.g. with a time
calibrated by adding a known volume of a HCI solution at spacing corresponding to completion of the fast phase), the
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FIGURE 2: Rate constant of the recombination reactiof®™Qa~ 1 4 -
— YzQa (computed as described in the text) as a function of pH. Ty PSll Particles B
The solid curves are best fits using the equatiti; = [K,. + !
K LOPH-PK))/[1 + 10PH-PK)], as explained in the Discussion. h
- 1
fraction of slowly recovering centers is progressively in- 2 '| \
creased, in agreement with the competition model (not  x L
shown). Concerning the nature of the competing donorto < ¢ \
Y z%%, some possibilities can be ruled out. It cannot be the <|1 \\ N
reduced form of thg exogenous acceptor _(i.e. octocyano- pH 5.5 & 3\\ bH 7.0
tungstate) since omission of this acceptor did not affect the \ KN
extent of the slow phase of Q reoxidation (but did slow ‘\ S
down its rate). No absorption changes associated with the oy :--oﬁ-—;o-—;J
oxidation of cytochromésse [see Buser et al(1990)] could O 1 2 3 410 100 200 300 400 500
be detected. On the other hand, in PSII membranes, the Ti (ms)
Ime (ms

decay kinetics of ¥** were accompanied with the formation

of a trough around 430 nm (not shown), which may be FIGURE3: Transient absorption changes (570 nm) of pH-indicating
ascribed to the oxidation of a chlorophyll, such as “Chl-z” dyes in PSIl membranes (A) and PSII particles (B) at various pH’s.

! . The nonsolid curves show the decay kinetics gfYor comparison.
(Thompson & Brudvig, 1988). Another, nonexclusive, |npanelA, the pH values are 6.5, 7.0, and 7.5 for respectively, the
candidate for the auxiliary donor is a Mn fraction remaining dashed, short-dashed, and dotted curves.

bound to the PSII donor side. It was reported that among
the 4 Mn atoms present in the intact cluster,-015atom is observed, consisting of a shift of the curve by about 1 unit
resistant to Tris-washing (Kuwabar & Murata, 1983). We toward lower pH and an almost doubled rate at low pH.
found that repetitive washing and/or use of EDTA only

slightly diminished the amplitude of the slow phase. As 2. Proton Release

shown by Ananyev et al. (1996), however, EDTA is a poor

chelator for Mn. We studied the kinetics of proton release and rebinding

N . induced by the oxidation and reduction of during the

The competition model predicts the same rate for the decaycharge separatiorrecombination cycle, using hydrophilic
of Yz*and Q.", as was observed. This rate shouldke:(  dyes. As previously reported for Tris-washed inside out
+ ki), where the first term denotes the recombination rate thylakoids (Renger & Voelker, 1982) or thylakoids in the
constant and the second one that of the competing reductionyresence of neutral red {Fter & Junge, 1984), we observed
pathway. On the other hand, the relative amplitude at 315 gych a proton release, both in PSIl membranes and particles.
nm of this phase i%ed(kec + ki), SO that one can readily  The kinetics of proton release and rebinding, however, turned
calculate both rate constants from the fit parameters. AS gyt to be markedly dependent on the material used. In the
shown in Figure 2k is markedly accelerated at low pH,  following, we assume that no or negligible protonation occurs
by a factor of 15 between pH 8 and 4. The refecomes  on the acceptor side, in agreement with previous work in
also faster when lowering the pH (not shown), although to thylakoids (Polle & Junge, 1986; Jahns et al., 1991) or PSII
a smaller extent, so that the relative amplitude of the slow membranes (Rappaport & Lavergne, 1991). As discussed
phase of the @ decay is diminished (compare the 315 nm pelow, some correction may be required in the case of core

traces at pH 7.5 and 5.5 in Figure 1). particles, where Bgershausen and Junge (1995) detected an
It has been reported by Conjeaud and Mathis (1980) that uptake of about 0.3 Hcenter at pH 5.5.
the rate of reduction ofdgs+ by tyrosine Y; in Tris-treated PSII Membranes. The time-course of the absorption

PSII membranes is pH dependent. This dependence ap<hanges which reflect the appearance and disappearance of
peared to be modulated by the ionic strength of the buffer. protons as sensed by the hydrophilic dye is shown in Figure
To address the influence of this parameter on the rate of 3A at various pHs. Comparing with Figure 1, the proton
recombination betweenz¥ and Q,~, we repeated the above kinetics appear to diverge markedly from those of electron
experiments in the presence of 5 mM MgCIAs may be transfer. In PSII membranes the rates of proton release (tens
seen in Figure 2 (diamonds) a marked effect was indeed of ms) and re-uptake (hundreds of ms to s) are much slower
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kobs (ms-I)

Proton release/RC

pH
FiIGURe 4: Rate of the observed proton release as a function of pH
in PSII particles. The data were fitted accordindida = Koo 10-PH

+ 10°P) (see text). The solid line is the best fit, obtained Kgg: FIGURE 5: Proton release per reaction center as a function of pH
=15x 1® M 1stand K = 6.05. For comparison, the dashed i, pg| particles.

and short-dashed curves correspond to the fit of the data with a

ingle f it L i f 6.2 and 5.8, . .
e oy 1 meteridhal. IMposing & [ of 8.2 an remained blocked in the & state (e.g. 25% at pH 5.5 and

58% at pH 7.0). We found no indication of a rapid uptake

than the oxidation (tens qfs, Conjeaud & Mathis, 1980)  transient, at variance with Bershausen and Junge (1995)
and reduction of ¥ (tens of ms). Renger and Voelker Using a different core particles preparation. We also
(1982), using Tris-washed inside-out thylakoids also noted Observed that the proton release in PSIl particles was
the slowness of proton release in their system. The delayinsensitive to the presence of DCMU, which is known from
between the electron and proton kinetics is especially striking Previous work in PSII membranes or thylakoids to preclude
during the reprotonation process since the lifetime of the Proton uptake (Polle & Junge, 1986; Jahns et al., 1991;
flash-induced bulk pH change is much longer than the Rappaport & Lavergne, 1991). Nevertheless, below pH 5.5
lifetime of Y,° which caused this change. As proposed by We did observe a slightly negative asymptote of the dye
Renger and Voelker (1982), the pH changes in the aqueougbsorption changes, consistent with the occurrence of a small
medium appear kinetically limited by a diffusion barrier since Uptake at low pH. This effect, however, is of little
we observed (data not shown) that addition of imidazole qyantitative consequence on the proton release titration of
accelerates the rate of proton transfer to the dye (i.e. a 5-foldFigure 5.

acceleration in the presence of 201 imidazole). This ] ] .

mobile buffer is known to accelerate surface to bulk proton 3. Electrochromic Changes in the Blue Region

movement by collisional transfer [see the review by Gutman
and Nachliel (1990)]. The extent of the acceleration is
dependent on the concentration of added imidazole as
expected for a collisional mechanism. The process of proton
re-binding induced by the reduction of,% appears more
complicated: (i) we observed no effect on the rate of
absorption changes upon addition of imidazole (not shown);
(i) increasing the pH leads to an overall slowing down of

Ezg’ep;?gcfrzsgzn)d induces a biphasic behavior atpi.0 Tang (1995)] that, in a mutant fro®ynechocystism which
e ) _ the difference spectrum of {g"—Pssg) is blue shifted, the
PSII Particles. In PSII particles (Figure 3B), the proton  gpectrum of (¥°*—Y) is also shifted to the same extent.
release is markedly faster than in PSI membranes (hundredsrhjs result supports the electrochromic interpretation and
of us), although still slower than Xoxidation. On the other  jgentifies R as the field-sensitive pigment. As the elec-
hand, the re-uptake phase is now concomitant with the trochromic signal is an indicator of the local electrostatic
reduction of Y;°* and follows the same pH dependence. As fie|d, one may expect that its amplitude is sensitive to proton
may be seen in Figure 3B, the rate of the observed releasgelease from the protein to the bulk. We thus measured the
is also accelerated when decreasing the pH. Figure 4 showsyhsorption changes observed upon oxidation pirintact
the variation of this rate as a function of pH. Because the and Mn-depleted PSIIl. The results are shown in Figure 6
detection of the flash-induced pH changes in this material (open squares, intact material; solid circles, Mn-depleted
is much faster than the reduction of¥, we could measure  material). The (@ —Qa) spectrum, shown for comparison,
the full extent of the proton release. Figure 5 shows the \ya5 optained in the presence of DCMU and hydroxylamine.
amount of proton release per PSII reaction center as aynder these conditions, ¥ is reduced by hydroxylamine
function of pH. The data are well fitted by assuming a single i, 3 few tens of milliseconds andJQ is stable for several
protonatable species undergoing K ghift upon oxidation  tens of seconds (Bennoun, 1970). The spectrum was thus
of the tyrosine ¥ (see Discussion). obtained from the extent of the absorption changes measured
It may be noted that both at pH 7.0 or 5.5 the proton- 1 s after a series of flashes. The spectrum gP{¥Y;) in
indicating absorption changes decay to the base line at longTris-washed PSIl membranes was obtained as the difference
times. This supports our assumption of a negligible uptake between the spectrum of fQ—Qa) and the absorption
on the acceptor side since a substantial fraction of the centerchanges measured 2 ms after a flash in the presence of

The oxidation of ¥ is known to induce absorption changes
in the region of the absorption peaks of chloropa{Diner
& de Vitry, 1984; Dekker et al., 1984; Lavergne, 1984;
Saygin &Witt, 1985; Diner & Tang, 1995; Mulkidjanian et
al., 1996). These changes have the shape of the first
derivative of an absorption band, suggesting an electrochro-
mic shift of a chlorophyll. It has been recently observed
[B. A. Diner and J. Lavergne, unpublished; see Diner and
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FIGURE 6: Spectra of (R —Qa) (solid squares) and f*—Y;) in FiGURe 8: Spectra of the absorption changes betweenu&and
intact and Tris-washed PSIl membranes (open squares and solidl.5 ms after a flash at pH 7.0 (circles) and 5.5 (squares) in PSII
circles, respectively) at pH 7.0. Using the extinction coefficient particles. The spectrum of {¥—Y) obtained by Diner and de
for the (Q.~—Qa) spectrum reported by Dekker et al. (1984) one Vitry (1984) with the same material is shown for comparison
Al/l unit corresponds to a variation of extinction coefficient of 1.3 (triangles), normalized to the same amplitude as the solid circle

mM~1cm™1. Thus,Ae(415 nm)= 7.4, Ae(445 nm)= 4.25 for the
(Qa™—Qa) spectrum;Ae(428 nm)= —0.55, Ae(440 nm)= 2.75
for the (Yz°*—Yz) spectrum in Tris-washed samples ahe(428
nm) = —3.2, Ae(440 nm) = 6.3 for the (\z>*-Y) in oxygen
evolving PSII.
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spectrum for the difference (44@30 nm).

Also consistent with the results obtained in the UV region
(Figure 1), the slow phase was hardly observed in the
difference (446-425 nm) which cancels the contribution of
(Qa~—Qa) and reflects predominantly the electrochromic
change associated with the oxidation of (6ee Figure 6).
The half-time of the transients were identical to those
obtained in the UV. These results indicate that the positive
charge which is at the origin of the electrochromic shift is
retained during the whole lifetime of 2¥*. The same
conclusion was reached by Diner and Tang (1995) from
similar experiments performed at8 °C.

It may be expected (Rappaport et al., 1994) that the proton
release event induced at short times by the oxidationof Y
is accompanied by a decrease of the electrochromic response.
To address this issue, we measured the absorption changes
occurring in the time range of the proton release observed
in PSII particles. Figure 8 shows the difference between
the changes measured at L@9and at 1.5 ms after a flash
at pH 7.0 and 5.5, and for comparison, the difference

FIGURE 7: Flash-induced absorption changes in PSII particles at Spectrum of (¥*—Yz) obtained by Diner and de Vitry

315 nm (triangles), 415 nm (squares), and for the difference<{440

(1984) with the same material. The concentration Y

425) nm (circles). The solid lines are the best fit of the data with does not vary significantly during this time interval which,

a single exponential decay and constant offset. The same half-time

was obtained at all wavelengths.

on the other hand, covers most of the proton release kinetics.
At pH 7.0, where the proton release is close to 1 per center

DCMU and in the absence of an exogenous electron donor.(Figure 5), the (10Qus—1.5 ms) spectrum resembles the

The spectrum of (¥*—Y7) in intact PSIl was obtained as
the difference between the spectrum ok (QQa) and the
absorption changes measuredu$ after a flash in the
presence of DCMU [in oxygen-evolving PSlII, the half-time
of the reduction of Yby S is in the 50-100us range; see

electrochromic spectrum associated witk¥¥-Y ;) at longer
times. Thus, as expected, a significant decrease (about half)
of the electrochromic change accompanies the proton release
event. According to this rationale, one expects a quite
different picture at pH 5.5 where the proton release is small.

Diner and Babcock (1996)]. The spectra were normalized The decrease of the electrochromic change in the sub-
to the same amplitude of the absorption change induced bymillisecond range should hence be smaller, and, conversely,
the reduction of @~ measured at 315 nm. The spectrum of the amplitude of the signal present at longer times should
(YZ*=Y ) displays similar features in both types of material, be larger than at pH 7, reflecting the higher net charge of
i.e. a trough around 428 nm and a peak at 440 nm. In thethe system. We found no clear confirmation of these
Tris-washed sample, however, the amplitude of the spectrumpredictions, however. As may be seen in Figure 8, a transient
is markedly smaller than in intact PSII. change is still observed in the (108—1.5 ms) difference
We also measured the transient flash-induced absorptionat pH 5.5. The large negative trough at 430 nm is likely
changes in this region. Figure 7 shows the kinetics observeddue to a slow phase ofgfg" reduction. The shoulder
at various wavelengths in PSII particles. At 415 nm where observed around 440 nm, however, is probably indicative
the contribution of (Q~—Q,) is predominant, we obtained of a contribution of the electrochromic spectrum, suggesting
the same features as at 315 nm, i.e. a phase decaying in ¢hat some electrostatic relaxation is still occurring in the sub-
few tens of milliseconds followed by a much slower one. millisecond time range, even when the proton release does



Proton Transfer in Mn-Depleted PSII Biochemistry, Vol. 36, No. 49, 199715299

not take place. The spectrum observed at longer times (not It should be stressed that in spite of the important delay
shown) also displays no clear evidence of a larger electro- for the exchange of protons with the bulk, the pH dependence
chromic contribution. Tentatively, we suggest that at low of the recombination kinetics is similar with that observed
pH in this material, another mode of electrostatic stabilization for particles, implying, as further discussed below, a rapid
(possibly involving other ions and/or a conformation change) proton equilibration of the group shifted to & glose to 6
becomes a substitute for proton release. In PSIl membranesupon oxidation of ¥. This means that, locally, the proton

at variance with particles, we could not resolve at pH 7 an release and uptake by this group occurs with similar fast
electrochromic decay in the 108—1 ms range (the search rates as observed in particles. The picture that emerges is
for a possibly faster decay is precluded by the strong that of a pocket allowing rapid proton equilibration of the

absorption changes ofsfg" at shorter times). Yz region but equilibrating sluggishly with the bulk medium.
The proton capacity of this pocket cannot be very small, as
DISCUSSION shown by experiments using multiple flashes. For instance,

when a second flash is given right after the recombination
phase, thus long before the complete uptake of the protons
PSII Particles. In this material, the proton release kinetics released to the bulk, the rate ofgf reoxidation by Y, or
are fast (hundreds qfs) and the re-uptake is concomitant the recombination rate, remains the same as on the first flash.
with the reduction of ¥°*. As expected for a diffusion = Some extra proton release to the bulk is also observed.
limited reaction, the rate of releakgs may be adjusted by o
Kobs = KorofH*] + Kaeprot(s€€ Figure 4, solid line) wheryo 2. Dependence on pH of the Rate of the Recombination
and keepro are, respectively, the rate constants for proton Reaction and of Proton Release

binding and release, and their raki@profKorot is €equal to the The rate of the recombination reaction®Qa~ — Y 7Qa
Ka of the group which releases the proton. The values thus shows a strong dependence on pH. As previously observed
obtained forkyrot andkaeprorare, respectively, 1.5 1 M™  (yerkes et al., 1983; Dekker et al., 1984) it is not increased
s*tand 1.3x 10*s™, corresponding to ay = 6.05. This  py a factor of 10 per pH unit as would be expected for a
value ofkyror is consistent with a diffusion-limited reaction,  stgichiometric proton uptake upon reduction of¥ To
since the rate of free diffusion of prOtonS in water has been account for the dependence of the rate of the back-reaction
estimated to be (110) x 10° M~*s™* (Gutman & Nachliel,  on pH, we thus propose that a charge, present on a
1990). It may not be excluded, however, that the detergent nejghboring protonatable amino acid, modulates through
concentration used in this experiment is not quite sufficient coylombic interaction the free energy gap between the
to guarantee a monodisperse suspension of the particles S§ ,oPysg0and Y,Pes™ States. Within experimental accuracy,
that the true diffusion-limited rate constant could be some- the recombination kinetics that we obtained are well fitted
what larger [see e.g. the 3-fold larger value reported by py 3 single-exponential decay, at any pH. This implies that
Bogershausen and Junge (1995)]. the protonatable group which modulates the recombination
PSII Membranes In this material, both the proton release  rate is in rapid protolytic equilibrium with its environment,
and re-uptake, as monitored by the absorption changes ofpecause otherwise, one would expect two kinetic phases, with
hydrophilic dyes, appear markedly delayed with respect to re|ative amplitudes reflecting the fractions of the protonated
the electron transfer event that causes them, i.e. the oxidatiorgng unprotonated states. Conversely, in the case of a fast
and reduction of ¥, respectively. As suggested by the equilibrium, the recombination process is influenced by the
acceleration of the proton release rate observed upon additionime-averaged protonation state of the interacting group,
of imidazole, a “diffusion barrier” is probably involved. It resylting in monophasic kinetics. One then expects the rate

presumably consists of an array of protein- or membrane- constanti,. to depend on pH according to
bound buffering groups among which the proton released

1. Kinetics of Proton Release and Uptake

by PSII hops many times before equilibration with the bulk [k, P4 (k. u 1O(pH7pK))]
phase occurs (Gutman & Nachliel, 1990). réter and Junge Koo = ¢ €c
(1984), using the dye neutral red, reported a much faster [1+ lo(pH_pK)]

rate (10 s1) for the observed proton release in Tris-washed
thylakoids than the one reported here or by Renger andwherek. andk. are the rate constants in the presence of
Voelker (1982). In this case, the amphiphilic dye acts as the fully protonated and unprotonated forms, respectively.
the mobile intermediate interacting with the buffering barrier The experimental data are satisfactorily fitted by such a
[see also Haumann and Junge (1994) for similar findings in function (curves in Figure 2), yielding &pof 6.05 for the
oxygen-evolving thylakoids]. PSII particles (in agreement with th& pestimated above
The very slow kinetics observed in this material for the from the release rate) and & pof 5.9 or 5.1 for PSII
re-uptake of the proton detected in the bulk medium raise membranes in the absence or presence df"Mgspectively.
an intriguing problem. If the appearance of the proton is If a protonatable group with K close to 6 interacts
limited by a diffusion barrier, the same rate limitation should electrostatically with ¥°%, one expects that, conversely, the
control the reverse process. Nevertheless, the uptake rateedox state of ¥ will affect the (K of this group, leading to
(Figure 3A) is much slower than expected for a convolution a pH dependent proton release. We observed (Figure 5) a
of the recombination kinetics with the “barrier-limited” rate release of about 1 proton per reaction center atpH and
observed for the release phase. This paradox becomes stila substoichiometric release at lower pH, decreasing to zero
more obvious in the presence of imidazole, which acceleratesbelow pH 5. This is in qualitative agreement with results
the release but does not affect the uptake. It thus appeardrom Renger and Voelker (1982) who observed that the
that, somehow, the communication between the buffering stoichiometry of proton release is close to one atpH
domain accessible toyYand the aqueous medium is modified and decreases to zero at lower pH. To account for the release
during the course of the experiment. of about 1 proton per reaction center around pH 7.5, #e p
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of the protonatable group must 9 in the presence of (Tommos et al., 1995). It has been recently established,
reduced ¥ (so that it is fully protonated at pH 7.5). This however, that ¥* is hydrogen-bonded (Un et al., 1996; Tang
implies a K shift of 3 units or more caused by the oxidation et al., 1996), although in a more delocalized manner than in
of Yz. As may be seen in Figure 5, the pH dependence of the case of ¥°. It is thus quite possible that the proton
the release stoichiometry is satisfactorily fitted by this model. released from ¥ remains engaged in a H-bond with a nearby
In agreement with the results of Conjeaud and Mathis ligand.
(1986) concerning the rate ofdg" reduction, we observed We may now recast our discussion in the following
a marked effect of the ionic composition of the medium on terms: either ¥* is the group with a i close to 6 observed
the pH dependence of the recombination reaction. In thein the present work [direct deprotonation, as in the models
presence of 5 mM MgGI(Figure 2), the modulatingpwas of Hoganson et al. (1995) or Gilchrist et al. (1995)] or the
shifted by almost one unit (5 instead of 6) and the rate proton released from the tyrosine remains trapped in its
constank,o: was almost doubled. Thipshift underscores  vicinity. In the latter case, a positive charge remains
the effect of fixed charges which impose a negative potential associated with ¥°X, which can in turn interact electrostati-
at the surface of the membrane. As predicted by the Gouy cally with a nearby group, that we denote “G”, responsible
Chapman theory, divalent cations efficiently collapse this for the protolytic reactions (indirect, or “domino” deproto-
surface potential (Barber, 1980). The model proposed by nation). We believe that our results are best accommodated
Conjeaud and Mathis assumed that the surface potential wady the latter model. First, the observe& fis about 6,
itself pH dependent due to the modified protonation state of compared with that of-2 for the tyrosine radicah vitro,
the groups that create it. This complication was introduced which would imply an unusually large shift due to the protein
because of the impossibility to account for the data in a environment. Besides, if theKpof Y ;> was close to 6, its
particular model for the protolytic reactions ot.Y It turns EPR or absorption spectra would be dependent on pH, which
out that our results and, as dicussed below, also theiss (P~ was not observed. A third evidence against direct deproto-
reduction rate), are satisfactorily accounted for by the presentnation is the spectral shift ofsi associated with ¥°*. This
model implying that deprotonation is carried out by one shift is most likely due to an electrochromic effect, implying
group fully protonated in the presence of reducedand a charged character of ;¥. The local trapping of the
shifted to a X of 5 to 6 (depending on the ionic composition tyrosine proton accounts for this effect, as illustrated by the
of the medium) in the presence ofY. We do not meanto  observation of a very similar shift associated witbP(Diner
exclude any variation of the surface potential as a function & Tang, 1995). We thus assume that the proton given off
of the ambient pH, which is to some extent likely, but only by Yz is trapped by a group “A”, possibly, but not
point out that the observed pH dependencies are well fitted necessarily, establishing a H-bond with,"Y Possible
by neglecting such variations. We have no obvious explana- candidates for A are His D41190, whose mutation affects
tion for the enhancement &, by MgCl,, which suggests  drastically the reduction rate ofsdg" (Diner et al., 1991),
that the field gradient betweery¥ and Rgobecomes steeper and Glu D1-189. It should be noted that the release of a
in the presence of divalent cations. H-bonding proton is expected to be a slow process, even if
- L its pK is low, because of the activation energy required for
3. Mechanistic Implications bond breaking (Hibbert & Emsley, 1990). This may account
The problem we wish to discuss now is the nature of the for the fact that the proton remains trapped during the lifetime
protonatable group which controls the recombination kinetics of Yz, and does not contradict the finding (Force et al., 1995)
and the proton release. Two models may be envisaged: (i)that, on a slower time-scale, the tyrosine proton is exchange-
this group is Y itself, or (i) it is a distinct species reacting able. If the H-bonding partner (A) of ¥ is a histidine
to the positive charge resulting from the oxidation of & nitrogen, an attractive possibility is that the deprotonating
first element to consider is that, under all likelihood, the group (G) belongs to the same histidine. The H-bonding
oxidation of Y results in a neutral, deprotonated radical group is expected to be the pyridine nitrogen. The proto-
(Yz?). Evidence for this rests on the comparison of the EPR nation of this nitrogen results in a markedly decreaskd p
spectra of ¥° and model tyrosines (Barry & Babcock, 1987; for the pyrrole nitrogen (from its value of 14 in free imidazole
Evelo et al., 1989). This interpretation is supported by the at high pH) so that, for example, the two nitrogens of free
pK of —2 of the tyrosil radical (Dixon & Murphy, 1976).  imidazole at pH= 6 tend to become indistinguishable
The deprotonation of the oxidized tyrosine does not neces-(Pullman & Pullman, 1963). In the present model, however,
sarily mean, however, that the proton is directly released to the structure remains dissymetric because of the proton
the bulk. A demonstration of this is found in the case of trapped between2 and the histidine and may keep a dipolar
tyrosine Yp, where magnetic resonance studies [reviewed character, accounting for the electrochromic shift @hFhe
by Diner and Babcock (1996)] have shown that the tyrosine same mechanism may also be proposed fg¥ thydrogen-
proton becomes trapped by a nearby histidine ligand andbonded to His D2189), accounting for the finding by Vass
remains hydrogen-bonded to they'Yradical. Whether a  and Styring (1991) that the protonation of a group wik p
similar mechanism applies tozYis controversial. In the =~ 7.4 accelerates thep?*S; — YpS; reaction.
model proposed by Hoganson et al. (1995) and Gilchrist et
al. (1995), the proton originating fromzYwould be rapidly
released into the bulk mediunaig transient protonation of According to the present results, the equilibrium between
a neiboring group). In the native,@volving system, the  Psgoand Yz°*is modulated by the protonation state of group
reduction of ¥z* would involve the concerted abstraction of G, which has a K of 6 in the presence of X* (in the
an electron and a proton (a H-atom) from the water substratefollowing we adopt as standard conditions those of Figure
or other intermediates. This model is mainly based on EPR 5: no Mg+, pK = 6). This group is fully protonated before
data showing (in the Mn-depleted system) a significant the flash at pHs< 7.5, hence its i§ before charge separation
mobility of the tyrosine ring in ¥°, at variance with ¥* must be>9. The observed recombination rate is 35.5 or

4. Thermodynamic Implications
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Pss0Qa . Poso Qa kl; Peso Qi the pH, whereas the.opposite was observed. F?gure 9, on
Y.OH A _", Y,0H A Y, o'ww'HWwA the other hand, provides a satlsfgctory explanation for the
* pH dependence d¢. The protonation state of G modulates
the AE,, between By and Yz, which will, in general, affect
k.. It is noteworthy, however, that the effect of pH on the
pK>9.0 pK=7.2 pK=6.0 equilibrium constant is essentially due to the effect on the
forward rate constarit;. Decreasing the pH from 8 to 4
causes a decreaselgby a factor of 30, compared with the
Foso s il k P““QA effect of 15-30 (depending on the ionic composition of the
Y;OH A +—— Y;O0H A<— Y; 0l HliA medium) observed for the equilibrium constant. Together
G Kro G kll; G with the kinetic aspects discussed below, this suggests that
FIGURE 9: Scheme summarizing electron and proton transfer in ¥z Oxidation is rate Iimi_ted by th(_a concerted transfer of the
the Mn-depleted systeni and k" are the rate constants for the _proton to A and protolytic r_ela)_(atlc_)n of G. The electrosta_ltlc
oxidation of Y; in the presence of protonated and unprotonated G influence of G controls this kinetic process by modulating
(kP ~ 11.5 x 10° s71, k¥ ~ 350 x 10® s71), respectively. The  the ApK between ¥ and A. In our model (Figure 9), the
backward rate constants® and k," can be computed from the pK of G is expected to be 7.2 in the presence @&P and
Eﬂ/ﬂbbiu%ggnstants derived from the present wokifkyf = 170, reduced Y, in reasonable agreement with the pH dependence
' found fork;. The view that the electron transfer fronz 16
2.3 st in the presence of, respectively, GH or.GThe Pssoin Mn-depleted PSII is rate limited by a proton transfer
recombination rate i&ec = ke/(K + 1), wherekepq is the is supported by the finding (B. A. Diner, personal com-
rate constant for §,"Qa~ recombination an the equi- munication) that the reaction is slowed down in the presence
librium constant [*Pssd/[Y zPsso']. If keq = 6000 s, of D,O.
thenK = 170 or 2600 in the presence of, respectively, GH  An important aspect of the observations of Conjeaud and
or G". The value of 6000 was determined by Conjeaud Mathis (1980, 1986) is that the oxidation ofz Yy Psgc"
and Mathis (1980) in the presence of A slower rate appears essentially as a single exponential process with a
(700 s?) for keqgwas found by Diner et al. (1991) in a mutant pH dependent rate. As explained above for the recombina-
lacking Y-. The difference between the two estimates may tion of Yz Qa™, this implies that the protolytic equilibrium
be due to an enhancement of the recombination rate due tds faster than the electron transfer reaction, which has a half-
the electrostatic influence of ;%*. Conjeaud and Mathis  time of 1-2 us at high pH. For al§ of about 6 (corrected
(1980), however, observed no dependencegef (in the for surface potential; 7.2 when uncorrected), the relaxation
presence of ¥) on pH, which suggests that this rate rate of a diffusion-limited protolytic equilibrium should be
constant is only weakly influenced by electrostatic effects less than 10s72, i.e. slower by almost 2 orders of magnitude
on Rge Hence, the value found by Conjeaud and Mathis than the electron transfer rate. This suggests that in
may be more appropriate in the present discussion than thethylakoids, the local proton exchange on G is faster than
value reported by Diner et al. (1991), which could be affected diffusion-limited [see the review by Grunwald (1965) on
by a structural change in the mutant. “ultrafast” proton transfer reactions]. A similar conclusion
The K decrease of more than 3 units upon oxidation of has been attained by Mar@and Wraight (1989), about the
Y implies an electrostatic interaction of more than 180 mV rate of proton uptake on the acceptor side of the bacterial
between G and the @¥-A) region. On the other hand, the reaction center. Such a ultrafast transfer implies some kind
equilibrium constank (as observed from the recombination of proton channel (e.g. bound water). The presence of a
rate) is increased 15-fold (2600/170) upon deprotonation of channel mediating proton transfer from G helps to rationalize
G (or 30-fold in membranes with Mgg}l This implies that the fact that in spite of its rapid proton equilibration

the deprotonation increases th& between By and Yz by properties, this group exerts marked electrostatic interactions
only 70 meV. Thus, G also interacts electrostatically with with Yz and Rgo, which would be severely screened if it
Psso, and this interaction is 70 mV weaker than with {{.e. were directly exposed to a liquid agueous phase.

>110 mV). Accordingly, the K of G in the presence of
Pt should be about 7.2. The electrostatic interaction between
G and P is consistent with the electrochromic data (see In a previous paper (Rappaport et al., 1994), we investi-
below), showing that (¥—H*—A) interacts with Rg, and gated the decay kinetics of the electrochromic shift associated
that the amplitude of the shift is about halved when a proton with Y ;°¢in oxygen-evolving membranes and interpreted the
is released from GH. The various equilibria involved are fast phase occurring on certain transitions (mainly during
summarized in Figure 9. the YzS; — Y ;S + O, reaction) in terms of proton release.
Conjeaud and Mathis (1980, 1986) reported that the major A similar approach in Mn-depleted material (this work) has
part of Rgst reoxidation (66-80%) corresponds to an encountered only partial success. As shown in Figure 7, the

5. Electrochromic Changes

exponential decay, with a pH-dependent rdge={ 11.5 x electrochromic spectrum is markedly (about 2-fold) smaller
10 st at low pH, 350x 1° st at high pH). The model in Tris-washed material (measured in the millisecond region,
proposed by the authors assumed that reducedwhich after proton release) than in oxygen-evolving material

had not been yet identified as a Tyr) had l& pf 7.5-8 (measured in thas region, before any fast phase of proton
(expressed for our standard conditions; their estimate wasrelease). In line with our expectations, we observed (in PSII
6.3 after correction from the surface-potential). ThHiswas particles at pH 7) that when the electrochromic shift is
believed to be independent of the redox stateggf &d the measured at short times (106), its amplitude is similar to
oxidation of Yz would cause total deprotonation. Clearly, that obtained in oxygen-evolving material. The signal then
this model does not account for the present data, since itdecreases to about half in the same time range as proton
would imply a decrease of the proton release when increasingrelease (Figure 8). Nevertheless, we are confronted with two
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difficulties. Firstly, we expected that at low pH (i.e. when

Rappaport and Lavergne

Gilchrist, M. L., Ball, J. A., Randall, D. W., & Britt, R. D. (1995)

no proton is released), this decrease would be suppressed, Proc. Natl. Acad. Sci. U.S.A. 98545-9549.

resulting in a “large” electrochromic change persisting in
the millisecond range. At variance with this prediction, we

still obtained evidence for an electrostatic relaxation in the

Grunwald, E. (1965Prog. Phys. Org. Chem., 317—-358.

Gutman, M., & Nachliel, E. (1990Biochim. Biophys. Acta 1015
391-414.

sub-millisecond range, and, accordingly, the electrochromic Haumann, M., & Junge, W. (1998iochemistry 33864-872.
spectrum in the millisecond range was of the “small” rather Haumann, M., & Junge, W. (1996) i@xygenic Photosynthesis:

than “large” type. A second difficulty is the failure to

The Light ReactiorfOrt, D. R., & Yocum, C. F., Eds.) pp 165

observe in PSIl membranes a transient decrease of the 192, Kluwer Academic Publishers, Dordrecht.

electrochromic shift in the 10@s—1 ms region as obtained

with particles at pH 7. This suggests that, in this material,

Hibbert, F., & Emsley, J. (199%)dv. Phys. Org. Chem. 2&55—
379.

the local proton equilibration is in fact already completed at Hoganson, C. W., Lydakis-Simantiris, N., Tang, X. S., Tommos,

100us, i.e. during the lifetime of &". As discussed above,

the results of Conjeaud and Mathis (1980, 1986) also support

this view.
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