Modification of Histidine Residues of Photosystem II by Diethyl
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and Secondary (Qg) Quinone Acceptors
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The effect of diethyl pyrocarbonate (DEPC) on the photosynthetic electron transport was
investigated in isolated spinach thylakoids by partial electron transport rate and thermolumi-
nescence measurements. Incubation of thylakoids at pH 6.5 with 5 mm DEPC for 15 min re-
sulted in a considerable inhibition of electron transport from water to dichlorophenolindo-
phenol. The inhibition was only partially releaved by addition of the donor, diphenylcarbazide
indicating the effect of DEPC both on the donor and acceptor sides of PS II. In the thermolu-
minescence glow curve DEPC-treatment abolished the B band (S,Qj radiative charge recom-
bination) at 30 °C with a concomitant appearance of the Q band (S,Q,~ charge recombina-
tion) at 10 °C. This suggests that in isolated thylakoids possessing an active water-splitting sys-
tem DEPC affects the electron transfer from Q, to Qg but does not inhibit the electron
transport from manganese to Q, during the S,— S, transition of the water-splitting system. At
the acceptor side of PS II the targets of DEPC are probably the histidines which are coordinat-
ed to the non-heme iron. Illumination of thylakoids at —80 °C following DEPC addition after
two preflashes at 5 °C resulted in the replacement of the A(A ) thermoluminescence band at
—30 °C with a band appearing at —15 °C. This observation can be explained by the effect of
DEPC on a donor side histidine component participating in the generation of the A(A;) band.
Consequently, in the interpretation of results obtained by DEPC treatment of PS 11, both the
donor and acceptor side effects of DEPC should be considered.

Introduction in oxidation-reduction redox reactions of the pho-
tosynthetic electron transport chain without addi-
tional cofactors. It has been demonstrated that
histidine [1], carboxyl [2] and glutamate [3] resi-
dues provide ligands to the manganese atoms of
the water-splitting system. Moreover, electron
transfer between the oxygen evolving complex and

the reaction center chlorophyll, P 680 is mediated

Several amino acid side chains of the D1 and
D2 proteins or photosystem II (PS II) function as
ligands toward transition metal ions or participate

Abbreviations: D1 and D2, reaction center proteins of
PS II; DCIP, 2,6-dichlorophenolindophenol; DCMU,

3-(3',4'-dichlorophenyl)-1,1-dimethylurea; DQH,, duro-
hydroquinone (tetramethyl-p-hydroquinone); DEPC,
diethyl pyrocarbonate; DPC, 1,5-diphenylcarbazide;
MYV, methyl viologen; P 680, reaction center chlorophyll
of PS II; Q,, primary quinone acceptor of PS II; Qg, sec-
ondary quinone acceptor of PS II; Q band, TL band as-
sociated with S,Q,~ charge recombination; B band, TL
band associated with S,Qy~ charge recombination;
PS II, photosystem II; S, and S,, oxidation states of
the water-splitting system; TL, thermoluminescence;
TMPD, N,N,N’,N’-tetramethylphenylenediamine; Yp,,
redox active tyrosine-161 of D2 protein; Y,, redox ac-
tive tyrosine-161 of D 1 protein.
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by a tyrosine residue, Y, (Tyr-161 of D1) [4—5]. In
addition to Y there is a second redox-active tyro-
sine in PS 11 designated as Y, (Tyr-161 of D 2) [6].
The D1 and D2 reaction center proteins of
PS II contain ten and eight histidine residues, re-
spectively [7]. Several histidine residues participate
in the ligation of the four manganeses of the water-
splitting system [1, 8—9]. Both Y, and Y, are sug-
gested to form a hydrogen bond with histidine 190
in the D 1 and D2 protein, respectively [10]. Histi-
dine 198 of both D 1 and D2 are proposed to ligate
P 680 [11]. Thermoluminescence (TL) [12—13] and
EPR [14—15] observations support the earlier pro-
posal [16—17] that a histidine residue also partici-
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pates in physiological electron transfer reaction
from the manganese cluster to P 680, either via the
redox active Y, or on an alternative pathway. It
has been suggested that the S, to S; transition oc-
curring in Ca’>* depleted PS II corresponds to the
oxidation of a histidine residue [14]. Light-induced
formation of this histidine radical can also occur in
functional PS II [18]. It has been also reported that
the so-called A; TL band which appears at about
—30 °C in the glow curve of manganese-depleted
PS II particles is abolished by the histidine modi-
fier, diethyl pyrocarbonate (DEPC) [12, 13] in a
manner parallel with the loss of photoactivation
capability [19]. It was suggested that a redox active
histidine residue is mediating electrons from the
manganese cluster to Y,, and the A; TL band is
generated by charge recombination between this
photooxidized histidine and the reduced primary
quinone, Q,~ [12]. Recently Tamura er al. [1]
found by DEPC treatment of wheat PS II particles
that a histidine residue on the D1 protein is in-
volved in binding Mn during photoactivation. Inhi-
bition of manganese binding by DEPC in the high-
affinity Mn-binding assay also suggests that histi-
dine residues are involved in binding Mn functional
in the O,-evolving process [2, 9]. It might happen
that the same putative electron-mediating histidine
is providing a hydrogen bond to Y, [10, 19] and is
essential for photoligation of exogenous Mn (II)
atoms during photoactivation[1, 2, 12, 19].

Histidine residues also participate in the struc-
tural arrangement of the acceptor side of PS II. By
analogy with the bacterial reaction center [20] four
histidines on helices IV and V of both the D1 and
D 2 subunits were suggested to be involved in bind-
ing of non-heme iron [7]. Histidine 214 of the D2
protein is involved in binding of Q, [21] and histi-
dine 215 of the D1 protein is a ligand to Qg
[22, 23]. Consequently, it should be considered in
the interpretation of results obtained by DEPC
treatment of thylakoids, that DEPC can modify
not only the donor — but the acceptor — side histi-
dines, as well.

The present study demonstrates that modifica-
tion of histidine residues by DEPC treatment in-
hibits electron transfer not only on the donor side
of PS II but also on the acceptor side, between Q,
and Qg. Contrary to the expectation, electron
transfer between the manganese cluster and Q,
during the S, to S, transition of the water-splitting
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complex is not inhibited by DEPC treatment in
manganese-containing spinach thylakoids.

Materials and Methods

Thylakoid membranes (broken chloroplasts)
were isolated from 1—-2 month old spinach grown
in a green house as described earlier [24] and sus-
pended in a medium containing 0.4 M sorbitol/
10mM NaCl/l mM MnCl,/5SmMm MgCl,/2 mMm
EDTA and 50 mm phosphate buffer of pH 6.5 un-
less otherwise mentioned. In order to modify the
histidine residues of the D1 and D2 proteins of
PS II freshly prepared thylakoids were incubated
with different concentrations of the histidine mod-
ifier, DEPC (from Sigma) for different intervals of
time at 20 °C. DEPC treatment was carried out at
pH 6.5 which is optimal for modification of histi-
dine residues. The reaction was stopped at a given
time by addition of 20 mm histidine containing
suspending medium, washed twice and resuspend-
ed in the suspending medium. Due care was exer-
cised in not allowing ethanol concentration to ex-
ceed 0.025% in any of the measurements.

The rate of photosynthetic oxygen evolution
and uptake was measured at saturating light in-
tensity by using a Clark-type electrode in a temper-
ature controlled cell at 25 °C. The assay medium
contained 0.1 m d-sorbitol, 10 mm K,HPO,, 20 mm
NaCl, 4 mm MgCl,, 2 mm EDTA, 50 mm HEPES,
pH 7.5 and thylakoids carrying 50 pg chlorophyll
in a final volume of 3.0 ml. Different parts of the
electron transport chain were studied by addition
of electron acceptors and donors: 100 uMm MV
(PS I+ PS II), 2 mM ascorbate/500 uyv TMPD and
100 um MV (PSI). The DCIP-Hill activity was
measured with the help of an Aminco spectropho-
tometer used in the split-beam mode. The DCIP
photoreduction was assayed by recording absorb-
ance changes at 590 nm. In the assay, 40 pm DCIP
(for water to DCIP) or 500 um DPC and 40 um
DCIP (for DPC to DCIP) were added. The intensi-
ty of the illuminating red actinic light (Kombinat
VEB NARVA, TGL 10619) was 300 W m 2.

TL profiles were measured in an apparatus simi-
lar to that described by Tatake et al. [25] and the
conditions of measurements have been described
elsewhere [24]. No extra care was taken to avoid
the distortion of TL bands at 0 °C during the ice-
water transition.
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Results

The effect of the histidine modifier, DEPC on
the photosynthetic electron transport chain was
investigated by partial electron transport rate
measurements. In agreement with earlier observa-
tions [1, 26] the extent of inhibition was dependent
on the concentration and incubation time. Fig. 1
shows the inhibition of various partial electron
transport reactions after 15 min incubation of iso-
lated spinach thylakoid membranes with increas-
ing concentrations of DEPC. While the whole
chain electron transport from water to methylvio-
logen was completely inhibited by | mm DEPC the
photosystem I reaction from TMPD, which by-
passes the oxidation site of plastohydroquinone
[27], to methylviologen was little affected even by
SmMm DEPC. Thus PSII is more sensitive to
DEPC than the PS I electron transport. Fig. 1 also
shows that the inhibition of the H,O0— DCIP Hill
reaction is considerably higher than that of the
DPC— DCIP reaction. Since DPC is directly do-
nating electrons to Y, [28—29] this observation
suggests that one of the action sites of DEPC is
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Fig. 1. Effect of DEPC on various partial electron trans-
port reactions. The assay medium contained 0.1 M
D-sorbitol, 10 mm K,HPO,, 20 mm NaCl, 4 mm MgCl,,
2 mm EDTA, 50 mm HEPES, pH 7.5 and thylakoids car-
rying 50 uM chlorophyll in 3 ml. Concentrations of the
acceptors and donors were: 100 um MV, 500 pm TMPD,
40 um DCIP, 500 pm DPC, 120 um DQH,. 100% rates in
the HLO—MYV, DQH,—MYV and TMPD—MYV reac-
tions were 125, 162 and 180 umol O, consumed per mg
chlorophyll per h, respectively. Control rates in the
H,0—DCIP and DPC— DCIP photoreductions were
170 and 190 pmol of DCIP (mg of Chl)~! h™!, respec-
tively.
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located between the manganese cluster and Y.
Addition of DPC to the DEPC treated thylakoids
can only partially releave the inhibition of the
water to DCIP reaction, indicating a DEPC-in-
duced modification of the acceptor side of PS1II
before the acceptory site of DCIP. Another inhibi-
tory site may exist between the plastoquinone pool
and PS I as suggested by comparison of the inhibi-
tion of DQH,—MYV and TMPD— MYV reactions
(Fig. 1).

The TL technique proved to be a very sensitive
method to follow small changes in the redox states
of the Mn cluster and the primary (Q,) and sec-
ondary (Qg) quinone acceptors [30—32]. Fig. 2,
curve A shows the TL glow curve of untreated
spinach thylakoids excited at —80 °C. In the glow
curve the so called B band originating from S,Qg~
charge recombination [32, 33] appeared at around
30 °C. A small satellite band could also be ob-
served at about —30 °C. This band probably corre-
sponds to the A band [34] and is suggested to be
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Fig. 2. Effect of DEPC on the thermoluminescence of
spinach thylakoids. The samples contained 0.4 M sorbi-
tol, 10 mm NaCl, 1 mm MnCl,, 5mMm MgCl,, 2 mMm
EDTA. 50 mMm phosphate buffer pH 6.5 and 50 pm chlo-
rophyll. Thermoluminescence was excited at —80 “°C for
1 min with white light of 50 W m~2. (A) Control; (B) In-
cubated in the presence of 5 mm DEPC for 15 min; (C)
Treated with 10 uym DCMU.



U. Hegde er al. - Effect of Diethyl Pyrocarbonate on the Photosynthetic Electron Flow

associated with S;Q,~ charge recombination [35].
It is of note, that the A band, which can be excited
in manganese-depleted PS II particles, appears at
the same temperature as the A band [35] and is as-
signed to charge recombination of an oxidized
electron mediating histidine component (His*) and
Q. [12, 13]. At the descending side of the B band
the appearance of a shoulder at about 50 °C indi-
cated the presence of a small hidden C band
[31, 36] under the envelope of the B band. The ori-
gin of the C band has not been clarified yet [31,
36]. We note that the distortion observable in the
form of a shoulder or trough at 0 °C in all of the
glow curves, is caused by the solid-liquid phase
transition of water and should be neglected in the
interpretation of results [37]. Incubation of thyla-
koids for 15 min in the presence of DEPC resulted
in the loss of the B band with a concomitant ap-
pearance of a band at about 10 °C and also with
the intensification of the band at 50 °C (Fig. 2,
curve B). The same TL bands could also be ob-
served in the glow curve of DCMU-treated thyla-
koids (Fig. 2, curve C). Therefore, the bands at
+10 and 50 °C in the glow curve of DEPC-treated
thylakoids can be considered as the Q and C
bands, respectively, which are the characteristic
TL bands in the glow curve of DCMU-treated
chloroplasts [33, 38]. Thus, DEPC and DCMU
have similar effects on the electron transport of
thylakoids. Since the Q band in the glow curve of
DCMU- and DEPC-treated thylakoids can be ac-
counted for by the S,Q,~ charge recombination,
we suggest that DEPC, like DCMU, inhibits elec-
tron transfer between Q4 and Qg.

In agreement with the observation that the A
band can not be charged in the presence of DCMU
[35] both DCMU and DEPC abolished the A(A})
band at around —30 °C with a simultaneous ap-
pearance of a hidden band under the envelope of
the Q band at about —15 °C (Fig. 2, curves B and
C, respectively). While the band at —30 °C is prob-
ably associated with S;Q,~ charge recombination
[35] the origin of the band at —15°C in the
DCMU- and DEPC-treated thylakoids is not
known.

Modification of the thylakoid membrane and
inhibition of photosynthetic electron transport by
DEPC treatment is a time dependent phenomenon
as shown in Fig. 3. Correspondingly to the devel-
opment of inhibition of electron transfer between
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Fig. 3. Effect of DEPC on the thermoluminescence of
spinach thylakoids as a function of incubation time. (A)
Control; (B) Incubated for 5 min; (C) Incubated for
15 min. Incubation of thylakoids with 5 mm DEPC was
carried out at room temperature in the dark. Other con-
ditions as in Fig. 2.

Q4 and Qg during DEPC treatment, the B band
(S,Qg7) is gradually abolished and replaced by the
Q band (S,Q,7). Under our experimental condi-
tions, in the presence of 5 mm DEPC, complete es-
tablishment of the Q band and loss of the B band
required incubation of 15 min (Fig. 3, curve C).
TL measurements were also carried out to deter-
mine the effect of DEPC treatment (histidine mod-
ification) on the A(A;) band which appears at
—30°C (Fig. 4, curve A). The A(A;) band was
charged by two preflashes at 5 °C (S,—S; transi-
tion) followed by quick DEPC treatment and cool-
ing to —80 °C. At —80 °C an additional light exci-
tation was applied. The two preflashes lifted the
water-splitting system to the S; state, which is a re-
quirement for the generation of the A band [35].
The low temperature illumination at —80 °C pro-
vided electrons for the Q, acceptor pool by includ-
ing an additional electron transfer from the donor
side to Q4 (light-induced oxidation of an unidenti-
fied donor). Since the DEPC treatment was very
short (not to allow the relaxation of the S, state
after the two preflashes) the B band at 30 °C was
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Fig. 4. Effect of DEPC on the thermoluminescence band
appearing at —30 °C. Excitation of samples by two pre-
flashes at +5 °C was followed either by the addition of
SmMm DEPC (B) or by 10 yv DCMU (C) and cooled
quickly to —80 °C. At —80 °C the samples were illumi-
nated with white light of 50 W m~2 for 1 min. (A) Con-
trol; (B) Treated with SmM DEPC; (C) Treated with
10 pm DCMU.

only partially abolished in the glow curve (Fig. 4,
curve B). This is understandable because complete
DCMU-type effect can be achieved only by long-
term DEPC incubation of thylakoids (Fig. 3, curve
C). Treatment of the sample with DEPC after two
preflashes and an additional illumination at
—80 °C abolished the A(A;) band and a new band
appeared at —15 °C (Fig. 4, curve B). The same
phenomenon could be induced by using the same
illumination procedure but replacing DEPC with
DCMU (Fig. 4, curve C). The DEPC- or DCMU-
induced replacement of the band at —30 °C with
the band at —15°C was also observed without
preilluminating the sample by 2 flashes (see the
shoulder at —15°C in Fig. 2, curves B and C).
However, this hidden band under the envelope of
the Q band was less pronounced.

Discussion

Diethyl pyrocarbonate (DEPC) is a specific re-
agent for the modification of histidine residues of
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proteins [39]. Since histidines provide binding sites
for several electron transport components of PS II
it can be expected that DEPC treatment influences
the electron transport rate. However, Tamura
et al. [1] observed only a very little effect of 500 um
DEPC on isolated PS II particles (TMF 2) during
60 min incubation. They concluded that DEPC
does not affect very much the intact manganese
cluster in TMF2. In contrast, in manganese-de-
pleted PS II particles DEPC severely affected the
photoactivation capability of the preparation. The
acceptor side effect of DEPC has not been consid-
ered.

In the present work, in agreement with the re-
sults of Singh et al. [26], the electron transport was
considerably inhibited both at the donor and ac-
ceptor sides of PS II by incubating spinach thyla-
koids with 5 mMm DEPC for 15 min.

The inhibition of electron transport at the donor
side of PS II between the manganese cluster and
the donation site of DPC (Fig. 1) can be explained
by the DEPC-induced modification of the putative
electron mediating histidine component which is
bound to Y, by a hydrogen bridge [10, 19] and
participates in photoligation of exogenous man-
ganese atoms during photoactivation [1, 2, 12, 19].

Our TL measurements demonstrate that DEPC
also inhibits the electron transport at the acceptor
side of PS II. The Q, binding histidine is not influ-
enced by DEPC since the Q TL band (S,Q, ") can
be charged after DEPC treatment (Fig. 2, curve
B). On the other hand, inhibition of electron trans-
port between Q, and Qp, as indicated by the abol-
ishment of the B band in the glow curve, suggests
that histidine residues participating in binding of
non-heme iron and Qg are modified by DEPC.
This conclusion is in agreement with earlier
suggestions [7, 22], concerning the role of histidine
residues in the structural arrangement of the ac-
ceptor side of PS II.

The inhibition of electron transport by DEPC at
the acceptor side of PSII has several conse-
quences. The effect of DEPC in the photoligation
and photoactivation experiments [1, 40], and in the
high affinity Mn-binding assay from DPC to
DCIP [2, 40], should be interpreted with care in the
light of our present results. The inhibition of elec-
tron transport between Q, and Qp influences the
donor side reactions, as well. The water-splitting
system can undergo only one transition affecting



U. Hegde et al. - Effect of Diethyl Pyrocarbonate on the Photosynthetic Electron Flow 901

the photoligation and photoactivation process of
Mn, which probably requires the absorption of at
least two light quanta and in turn, transfer of two
electrons from the donor to the acceptor side [1].
However, this can not take place if the Q,—Qp
electron transfer is inhibited and if the primary ac-
ceptor is already in the reduced state after the first
photoact. Similarly, photoactivation which is fa-
cilitated in the presence of DCIP [41] might be
slowed down or inhibited in the presence of
DEPC, since electrons can not reach the exoge-
nous acceptor bound at the Qg binding site. Partial
inhibition of the Q, to Qg electron transfer by
DEPC can also affect the high affinity Mn binding
assay from DPC to DCPIP [2].

DEPC replaced the TL band peaking at —30 °C
with a band appearing at about —15 °C (Fig. 4,
curve B). This phenomenon can not be attributed
to an inhibition of electron flow only at the accep-
tor side of PS II, because the B band (S,Qz™) could
be partially charged after a short DEPC treatment
(Fig. 4, curve B). Thus the abolishment of the
A(A7) band indicates an effect of DEPC on the do-
nor side of PS II [1, 12] probably on a histidine re-
sidue which is suggested to be oxidized in the S, to
S, transition [14, 18]. This putative photooxidiza-
ble histidine may also participate in the generation
of the A} band [12, 13] which appears at the same
temperature as the A band [35].

The donor side effect of DEPC develops faster
than the electron transport inhibition at the accep-
tor side, because the replacement of the A(A)
band with the band at —15 °C preceds the disap-
pearance of the B band (Fig. 4, curve B). Surpris-
ingly, the formation of the S, state is not inhibited
by DEPC as can be concluded from the appear-
ance of the Q band (S,Q,7) in the glow curve of
DEPC-treated thylakoids (Fig. 2, curve B). This
observation can hardly be reconciled with the ex-
istence of a putative intermediate histidine compo-
nent between Mn and Y ,. Modification of this his-
tidine by DEPC should inhibit the formation of
the S, state. The contradiction might be resolved
by assuming the location of the electron-mediating
histidine on an alternative pathway to P 680 as it
was suggested in [13].

The band appearing at —15 °C simultaneously
with the disappearance of the A(A;) band at
—30 °C has not been reported earlier [31, 35, 36].
This band can not be attributed to charge recom-

bination of the putative oxidized histidine compo-
nent (His™) with Q,~ [12, 13] because it appears at
higher temperature than the A(Aq) band. As it is
reflected in the higher peak temperature [42] the
midpoint redox potential of the donor responsible
for the —15 °C band should be less positive than
that of the donor (S, state or His™) participating in
the generation of the A(A;) band at —30 °C. We
can assume that after two preflashes in the pres-
ence of DEPC or DCMU, an additional low tem-
perature illumination at —80 °C results in the oxi-
dation of an unidentified donor responsible for the
—15°C band. The identification of the donor re-
sponsible for the —15 °C band requires further in-
vestigation. Since the band at —15°C can be
charged in the presence of DCMU (Fig. 2 and 4)
the acceptor participating in its generation is prob-
ably the reduced primary quinone acceptor, Q,-.

It is rather perplexing that DCMU, which is an
inhibitor of electron transport at the acceptor side
of PS II between Q, and Qpg, also resulted in the re-
placement of the —30 °C band by the —15 °C band
(Fig. 4, curve C). As a possible interpretation we
suggest, that in uninhibited thylakoids during illu-
mination by continuous light at —80 °C following
two preflashes at 5 °C some of the PS II reaction
centers undergo two turnovers. After the first pho-
toact the oxidized donor responsible for the
—30 °C band (S; or His™) is rereduced by a second-
ary donor of less positive potential which is re-
sponsible for the —15 °C band. In the second pho-
toact the donor associated with the —30 °C band is
oxidized, again. During TL measurement it under-
goes charge recombination with Q,- resulting in
the appearance of the —30 °C band. In DCMU-
treated thylakoids PS II can turn over only once
and the —15 °C band appears in the glow curve. In
the presence of DEPC the donor responsible for
the —30 °C band (probably histidine) is inhibited
and only the donor accounted for the — 15 °C band
can be oxidized. Consequently, in the presence of
DEPC only the —15 °C band can be charged and
observed. Inhibition of the donor responsible for
the —30 °C band does not inhibit the appearance
of the Q band (S,Q, ") as shown in Fig. 2. Similar-
ly, the appearance of the B band (S,Qg7) is not in-
fluenced by replacement of the —30 °C band with
the —15 °C band (Fig. 4, curve B). Subsequent de-
velopment of the inhibition between Q, and Qg at
the acceptor side histidines results in the disap-
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pearance of the B band with a concomitant ap-
pearance of the Q band (Fig. 2, curve B).

In summary, we can say that in the interpreta-
tion of results obtained by DEPC-induced modifi-
cations of electron transport both the donor and
acceptor side effects of DEPC should be taken into
account. In addition to the well documented modi-
fication of an electron mediating histidine donor
component at the donor side of PSII [1, 12, 13,
19], inhibition of electron transfer between Q, and
Qp by DEPC indicates, in agreement with earlier
suggestions [7, 22], the participation of histidine
residues in the functioning of the acceptor side of
PS 11, as well. It was also found that in manganese-
containing thylakoids DEPC does not inhibit elec-

[1] N. Tamura, M. Ikeuchi, Y. Inoue, Biochim. Biophys.
Acta 973, 281—289 (1989).

[2] Ch. Preston, M. Seibert, Biochemistry 30, 9615—
9624 (1991).

[3] W. F. J. Vermaas, J. Charite, G. Shen, Biochemistry
29, 5326—5332 (1990).

[4] R. J. Debus, B. A. Barry, G. T. Babcock, L. McIn-
tosh, Proc. Natl. Acad. Sci. U.S.A. 85, 427—-430
(1988).

[5]1]. G. Metz, P. J. Nixon, M. Rogner, G. W. Brudvig,
B. A. Diner, Biochemistry 28, 6960—6969 (1989).

[6] W. F. J. Vermaas, A. W. Rutherford, O. Hansson,
Proc. Natl. Acad. Sci. U.S.A. 85, 84778481 (1988).

[7] A. Trebst, Z. Naturforsch. 41 ¢, 240—245 (1986).

[8] P. J. Nixon, B. A. Diner, Biochemistry 31, 942—948
(1992).

[9] Ch. Preston, M. Seibert, Biochemistry 30, 9625—
9633 (1991).

[10] B. Svensson, I. Vass, E. Cedergren, S. Styring,
EMBO J. 9,2051-2059 (1990).

[11] R. J. Debus, Biochim. Biophys. Acta 1102, 269—352
(1992).

[12] T.-A. Ono, Y. Inoue, FEBS Lett. 278, 183—186
(1991).

[13] S. I. Allakhverdiev, V. V. Klimov, S. Demeter, FEBS
Lett. 297, 51—54 (1992).

[14] A. Boussac, J. L. Zimmermann, A. W. Rutherford,
J. Lavergne, Nature 347, 303306 (1990).

[15] A. Boussac, A. W. Rutherford, Photosynth. Res. 32,
207-209 (1992).

[16] T. Kambara, Govindjee, Proc. Natl. Acad. Sci.
U.S.A.82,6119-6123 (1985).

[17]1S. Padhye, T. Kambara, D. N. Hendrickson,
Govindjee, Photosynth. Res. 9, 102112 (1986).

[18] A. Boussac, J.-L. Zimmermann, A. W. Rutherford,
FEBS Lett. 277, 69—74 (1990).

[19] T.-A. Ono, Y. Inoue, Biochemistry 30, 6183—-6188
(1991).

[20]J. Deisenhofer, O. Epp, K. Miki,
H. Michel, Nature 318, 618624 (1985).

[21] W. F. J. Vermaas, J. G. K. Williams, C. J. Arntzen,
Z. Naturforsch. 42¢, 762—768 (1987).

[22] A. Trebst, Z. Naturforsch. 42¢, 742—-750 (1987).

[23]1 P. K. Wolber, N. Eilmann, K. E. Steinback, Arch.
Biochem. Biophys. 248, 224—233 (1986).

R. Huber,

U. Hegde et al. - Effect of Diethyl Pyrocarbonate on the Photosynthetic Electron Flow

tron transfer from manganese to Q, during the S,
to S, transition of the water-splitting system.

Acknowledgements

This publication is based on work sponsored by
the Hungarian — U.S. Science and Technology
Joint Fund in cooperation with the USDA and the
Hungarian Academy of Sciences under Project
HU-AES-25 (J. F. No. 087/91). Additional sup-
port was provided by the Hungarian National
Science Foundation OTKA 1/3 2667/1991 and
OTKA 1/3 2668/1991. UH would like to thank
CSIR (India) for a Senior Research Fellowship.

[24] S. Demeter, Zs. Rozsa, 1. Vass, A. Sallai, Biochim.
Biophys. Acta 809, 369—378 (1985).

[25] V. G. Tatake, T. S. Desai, S. K. Battacharjee, J. Phys.
E. Sci. Instr. 4, 755-757 (1971).

[26] M. Singh, R. Shyam, P. V. Sane, Indian J. Exp. Biol.
28, 162—165 (1990).

[27] A. Trebst, S. Reimer, Biochim. Biophys. Acta 305,
129-139 (1973).

[28] D. J. Blubaugh, G. M. Cheniae, Biochemistry 29,
51095118 (1990).

[29] N. Tamura, H. Inoue, Y. Inoue, Plant Cell Physiol.
31,469-477 (1990).

[30] S. Demeter, Govindjee, Physiol. Plant 75, 121-130
(1989).

[31] L. Vass, Y. Inoue, in: The Photosystems: Structure,
Function and Molecular Biology. Topics in Photo-
synthesis (J. Barber, ed.), Vol. 11, pp. 260—287,
Elsevier Publ., Amsterdam, London, New York,
Tokyo 1992.

[32] A. W. Rutherford, A. R. Crofts, Y. Inoue, Biochim.
Biophys. Acta 682,457—465 (1982).

[33] S. Demeter, 1. Vass, Biochim. Biophys. Acta 764,
24-32(1984).

[34] T. Ichikawa, Y. Inoue, K. Shibata, Biochim. Bio-
phys. Acta 408, 228 —239 (1975).

[35] H. Koike, Y. Siderer, T.-A. Ono, Y. Inoue, Biochim.
Biophys. Acta 408, 228239 (1975).

[36] P. V. Sane, A. W. Rutherford, in: Light Emission by
Plants and Bacteria (Govindjee, J. Amesz, D. C.
Fork, eds.), pp. 329-360, Academic Press, New
York 1986, ISBN 0-12-294310-4.

[37]1. Vass, G. Horvath, T. Herczeg, S. Demeter,
Biochim. Biophys. Acta 634, 140—152 (1981).

[38] S. Demeter, I. Vass, G. Horvath, A. Laufer,
Biochim. Biophys. Acta 764, 33—39 (1984).

[39] E. W. Miles, Methods Enzymol. 47,431 -442 (1977).

[40] M. Seibert, N. Tamura, Y. Inoue, Biochim. Biophys.
Acta 974, 185—191 (1989).

[41] M. Miyao, Y. Inoue, Biochim. Biophys. Acta 1056,
47-56(1991).

[42] D. DeVault, Govindjee, Photosynth. Res. 24, 175—
181 (1990).



