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The protonization pattern of the endogenous donor component D; which feeds electrons directly into
chl-arf has been analyzed in Tris-washed inside-out thylakoids with the aid of appropriate pH-indicators.
It was found that under repetitive flash excitation the amount of protons released is proportional to the
extent of Dj-oxidation, depending on the time between the flashes. The kinetics of D,-oxidation (being
practically the same as in normal Tris-washed chloroplasts) are faster than the proton release by two orders
of magnitude. The results lead to the conclusion that D; is protonized in the reduced state with pX(D{*) < 5
and becomes deprotonized in the oxidized state with pK(D®) = 8. The proton release is kinetically limited
by a transport barrier. Implications on the interpretation of the proton release pattern in preparation with
intact water oxidation are discussed.
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1. INTRODUCTION

Photosynthetic water oxidation to molecular ox-
ygen occurs via a 4-step univalent reaction se-
quence which gives rise to a characteristic oscilla-
tion pattern of oxygen evolved in dark-adapted
chloroplasts after excitation with a flash train
[1,2]. Redox equivalents of sufficient oxidizing
power are produced by electron ejection from the
excited singlet state of a special chlorophyli-a com-
plex, referred to as chl-an [3]. The cooperation of
4 oxidizing redox equivalents takes place within the

Abbreviations: BCP, bromocresol purple; chl-amn,
chlorophyll-a;;; DCIP, 2,6-dichlorophenolindophenol;
DCMU, 3-(3,4-dichlorophenyl)-1,1-dimethylurea; D,
endogenous donor to chl-air; ISO thylakoids, inside-out
thylakoids; MES, morpholinoethanesulfonic acid; Tris,
tris(hydroxymethyl)aminoethane
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water splitting enzyme system Y. Water oxidation
to molecular oxygen is necessarily coupled with
proton release. As the patterns of oxygen evolution
and proton release significantly differ, redox tran-
sitions in system Y preceding O, formation are in-
ferred to be coupled with deprotonization [4—6].
Kinetic EPR measurements indicate that a redox
carrier, symbolized by D,, provides the functional
connection between chl-g; and system Y [7]. In-
direct evidence led to the conclusion that in normal
chloroplasts the reduction kinetics of chl-arf is
regulated by the pH of the inner thylakoid space
[8]. Likewise, in Tris-washed chloroplasts, com-
pletely deprived of their oxygen evolving capacity,
the rate of chl-ari reduction was found to depend
on the pH [9]. These results favor the idea that
either D, itself or a protein responsible for the
functional connection between D; and chl-ay is
protonizable. Recently, a deprotonization was
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reported to be coupled with the transitory oxida-
tion of D; in normal chloroplasts in the presence of
DCMU [10]. However, some ambiguity remains in
the interpretation of the data, because there has
been neglected the existence of a cyclic reaction
path around system II taking place in DCMU-
treated chloroplasts as detected by measurements
of the reoxidation kinetics of the primary plasto-
quinone acceptor via fluorescence [11] or absorp-
tion changes [12]. In order to clarify the protoniza-
tion properties of D4, experiments were performed
with Tris-washed class II chloroplasts and Tris-
washed inside-out (ISO) thylakoids. These data in-
dicate that D; becomes deprotonized in its oxidized
state, DY*, in Tris-washed thylakoids. The pK-
value of the reduced state, DI, is estimated to be
~8. Furthermore, D; is inferred to be separated
from the aqueous phase by a transport barrier.
This causes a retardation of proton release so that
no information could be obtained about a
deprotonization of D; during its fast transient ox-
idation in normal chloroplasts with intact system
Y.

2. MATERIALS AND METHODS

Class II chloroplasts and inside-out thylakoids
have been prepared as in [13,14]. Tris-washing of
normal class II chloroplasts and inside-out thy-
lakoids was performed as outlined in [15], tryp-
sinization as in [16]. The standard reaction mixture
contained chloroplasts (10 zM chlorophyll), 10 mM
KCl, 2mM MgCl; and 100xM phenyl-p-benzoqui-
none as electron acceptor. Other additions as in-
dicated in the figure legends.

Absorption measurements were performed with
a repetitive flash spectrophotometer [17]. Flash-
induced oxygen evolution was detected with a
Clark-type electrode as in [18]. For the chl-a
measurements at 703 nm (measuring light intensity
254W.cm™?) additional far-red background il-
lumination (7 = 4504W.cm™2) was applied (see
[19]). To prevent a significant disturbance of the
Df*-reduction in Tris-washed chloroplasts, the
measuring light beam at 570 nm was pulsed as in
[20} (light pulse 30ms, I =50,W .cm™2, exciting
flash was fired 10ms after switching on the
measuring light pulse). At 834nm a continuous
measuring light beam (1 mW .cm™2) can be used,
because of the very low absorption in this spectral
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region and the insufficient energy of the light
quanta for chl-an photooxidation.

3. RESULTS

Absorption changes at 834nm and 570nm
measured in Tris-washed class II chloroplasts and
inside-out (ISO) thylakoids are depicted in fig. 1.
The time between flashes was long enough (10s) to
allow D; reduction in the dark, and the total
number of quanta absorbed due to the measuring
light beam was sufficiently small to assure that
< 5% of the centers are excited before the flash.
The fast relaxation kinetics (f1/2 =5-104s) of
834 nm absorption changes reflecting chl-ag} reduc-
tion by D; [9] are practically identical in both
preparations. These results show that the func-
tional connection between D; and chl-g;; remains
invariant to inverted membrane polarity.

A completely different behavior is expected for
the pH-detecting absorption changes of bromo-
cresol purple (BCP) at 570 nm because of reverted
membrane anisotropy. This was found to be the
case. In suspension of Tris-washed class II
chloroplasts a rather small positive absorption
change with slow rise kinetics is observed, which
reflects a proton uptake from the outer aqueous
phase, probably coupled with reduction to the
quinol redox state of the secondary plastoquinone
B [21]. As the proton transport from the outer side
is limited by a transport barrier in normal
chloroplasts [22], only part of the total signal can
be resolved within 10ms. In contrast, in Tris-
washed ISO thylakoids a pronounced negative
570 nm absorption change is induced with a half-
risetime of 1ms, indicating a proton release into
the outer aqueous phase. A calibration shows that
the signal amplitude corresponds to ~0.85
protons/600 chl. The failure to obtain a 1:1
stoichiometry with the concentration of the system
reaction centers (~1:600 chl) is very likely due to
some contamination of ISO thylakoids with right-
side-out (RSO) particles. Regardless of these
stoichiometric subtleties, the data of fig. 1 reveal a
flash-induced proton release of almost 1:1
stoichiometry in Tris-washed ISO thylakoids. As
the average oxygen yield/flash in Tris-washed ISO
thylakoids was <5% of that in normal ISO
thylakoids, the proton release in fig. 1 cannot be
due to water oxidation. To prove that this proton
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Fig. 1. Absorption changes at 834 nm (left) and 570 nm
(right) as a function of time in Tris-washed class II
chloroplasts (top) and inside-out thylakoids (bottom).
K;[Fe(CN)s] (0.5mM) and 20mM MES/NaOH
(pH = 6.5) were added for measurements of 834nm ab-
sorption changes. The absorption changes at 570 nm
were not affected by 0.5mM K;[Fe(CN)], the pH was
adjusted to 6.5 by injection of small amounts of HCI or
NaOH, respectively. Repetitive excitation: 0.1 Hz. Other
additions and experimental conditions as in section 2.

ejection is coupled with oxidation of the donor Dy,

it remains to be shown that:

(i) Under the experimental conditions of fig. 1,
only system II is functionally active in the Tris-
washed ISO thylakoids;

(ii)) The amplitudes of the 570nm absorption
change correlate with the extent of flash-
induced D, oxidation.

The former problem has been solved by mea-
surements of absorption changes at 703 nm. The
data depicted in fig. 2 reveal, that the extent of the
703 nm absorption changes is < 10% in the absence
compared to that observed in the presence of
DCIP/ascorbate. Accordingly, system I reactions
cannot be responsible for the proton release
detected in Tris-washed ISO thylakoids (see fig. 1).
The second question can be answered by compar-
ing (under repetitive flash excitation) the extent of
D, oxidation and proton release as a function of
the time ¢4 between the flashes. The amplitude of
the 5-104s component of the 834 nm absorption
change, referred to as AA345 (ta), detects the extent
of D; oxidation by chl-ai} [9], which depends on
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Fig. 2. Absorption changes at 703 nm as a function of

time in Tris-washed inside-out thylakoids in the absence

and presence of 15 4M DCIP and 0.5 mM ascorbate. The

chloroplast suspension contained: 5xM chl, 50 xM phe-

nyl-p-benzoquinone and 20 mM MES/NaOH (pH6.5).

Other additions and experimental conditions as in sec-
tion 2.

the slow recovery of D; during the dark time, ¢4,
between the flashes. Fig. 3 shows that the nor-
malized amplitudes of D; oxidation expressed as
AAE (ta)/AAR4 (ta = 10s) and of proton release
described by AAsso (ta)/AAsw (ta= 10s) nearly
coincide in their dependencies on the 74 between the
flashes. The result confirms that D; oxidation in
Tris-washed ISO thylakoids is coupled with proton
ejection into the outer aqueous phase. A complete-
ly different pattern is expected to arise in ISO
thylakoids with intact water-splitting enzyme
system Y. In this case Df* becomes reduced in the
0.1-1ms range [7], and the overall reaction of
system II is limited by the electron transfer to the
exogenous acceptor (phenyl-p-benzoquinone)
which occurs in the ms range. Accordingly, the ex-
tent of H* release should be independent of the #4
down to ~100ms (see fig. 3, ---). A striking
phenomenon of the data in fig. 1 is the significant
divergence in the kinetics of flash-induced D, ox-
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Fig. 3. Relative extent of proton release AAs7o (ta)/AAs70
(ta = 10s) (O, @) and relative amplitude of the 5—104s
relaxation kinetics, AA%% (14)/A A% (fa = 10s) as a func-
tion of time 74 between the flashes in normal (O) inside-
out and Tris-washed (®, A) inside-out thylakoids. Ex-
perimental conditions as described in fig. 1, except of
variable repetition frequency.

idation (5—104s) and H" release (~1ms). A free
diffusional proton transport to the indicator
molecules is expected to be much faster than 1 ms.
Accordingly, it is reasonable to assume that the
functional group of D; is covered up by surroun-
dings which act as a transport barrier to protons.

The results of fig. 1-3 support the idea that, at
neutral pH, D, is protonized in the reduced state
and becomes deprotonated in the oxidized state.
Preliminary data (not shown) further indicate that
the extent of proton release declines at higher pH.
On the basis of these data a rough estimation can
be given of the pK-values of D¥? and D$*:

pK(DI*"~8; pK(DS® < 5

4. DISCUSSION

This study leads to the conclusion that in Tris-
washed ISO thylakoids the donor D, contains a
functional group carrying a protonizable site with
a pK-value which depends on the redox state. Fur-
thermore, this group is embedded in a matrix
which functions as a transport barrier to protons.
If one takes into account the estimate of
pK(D¥%)~8, the pH dependency of the reduction
kinetics of chl-arf in normal [8] as well as in Tris-
washed chloroplasts [9] regulated by protonizable
groups with pK 5—6 is probably caused by another
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effect (e.g., allosteric effect), not related to possi-
ble differences in the electron-transfer kinetics of
the functional group of D; in the protonized and
deprotonized state, respectively.

Interestingly enough, the electron-transfer ki-
netics from D; to chl-af} is not markedly affected
by mild trypsinization, neither in Tris-washed,
class II chloroplasts [23] nor in Tris-washed ISO
thylakoids (unpublished). Therefore, further ex-
periments are required in order to characterize the
D; matrix.

In normal ISO thylakoids a lag phase has been
observed for proton release [24]. However, in Tris-
washed ISO thylakoids hardly any lag is detected
(in preparation). The absence of a lag in Tris-
washed ISO thylakoids can be easily understood,
because of the fast formation (5—104s) and the
long lifetime of the oxidized state of D;, which
becomes deprotonized. Likewise, the results with
normal ISO thylakoids can also be explained by a
barrier for H*-transport from D$* which prohibits
proton release into the outer aqueous phase during
the lifetime of DY, so that only the S;-state transi-
tion in system Y (see [1,2]), characterized by a lag
of a few 100us, gives rise to formation of species
stable enough to act as source for H*-ejection.
Another explanation could be offered by the
assumption of markedly different protonization
properties of Dy in normal compared to Tris-
washed ISO thylakoids. For the time being we can-
not decide whether the protonization properties of
D, are modified by Tris-washing. However,
regardless of these details, the possibility of proto-
nization/deprotonization reactions coupled with
the transient oxidation of D, implies a serious con-
sequence for the interpretation of proton release
kinetics of the system II donor side. If D, oxidation
in normal chloroplasts is also coupled with depro-
tonization, then the detected rise kinetics of proton
release would reflect either the transport barrier to
the outer aqueous phase or the deprotonization of
oxidized D,, depending on the site of the proton
sensor. Under these circumstances, a correlation
with the S; state-transition in the water-splitting en-
zyme system Y can be achieved only by use of an
indicator dye which selectively binds to Y but does
not monitor the transient proton release from D;.
Other theoretical problems arising with the proton
release pattern of system Y have been discussed
[25].
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These data show that the donor component D,
contains a protonizable site close to its functionally
active redox group, and therefore the question
arises as to the chemical nature of this group. Ex-
periments are in progress to solve this problem.
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