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Localization in Photosystem II of the histidine residue putatively
responsible for thermoluminescence A ,-band as probed
by trypsin accessibility
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Effects of trypsin digestion on the capability of the thermoluminescence A | -band thit arises from charge recombination between
Q. and an oxidired histidine in PS 11 (Ono and Inoue (1991) FEBS Lett. 278, 183-186) were studied. The following results have
been obtained. (i) Trypsin dizestion markedly inhibited the capal lity of A -band <y when applicd at higher pH levels, showing
a clear threshold pH at 7.25. (ii) This pH dependence agreed with that of the inhibition of O, evolution, but disagreed with the
pH-independent modification of the acceptor side of PS II. the impairment of Q4 to Q, electron transport. Gii) Trypsin
digestion at pH 7.75 did not affect the capability of the EPR Signal I, arising from oxidized secondary clectron donor of PS 11
even though it totally abolished the capabilities of both A |-band and Q. evolution. (iv) The susceptibility to trypsin of the
A-band capability rctained a pronounced pH dependence even after depletion of Mn, although the dependence curve was
shifted to lower pH levels. (v) Trypsin digestion inhibited the capability of Mn® " -photooxidation by Mn-depleted PS 11, showing a
pH dependence similar to, those found for inhibitions of A [-band capability and O. evolution. It was inferred that the histidine
residuc putatively responsible for the A -band capability is localized in the domain of a PS 11 protein(s) that provides ligands for
the Mn-clustcr. and this domain becomes exposed through pH-dependent structural rearrangement of the O,-evolving enzyme 1o

be attacked by trypsin.

Introduction

On the donor side of Photosystem (PS) 11, a strong
oxidizing equivalent produced by the primary photo-
chemical reaction of P680 is transferred to Z (tyrosine
160 of DI protein) and subsequently stabilized in the
Mn-cluster consisting ot four Mn atoms to oxidize
water to molecular O, (for reviews see Refs. 1. 2). In
addition to these components, D (tyrosine 161 of D2
protein), high-potential cytochrome 5559 and chloro-
phyll are known to store oxidizing cquivalents under
some special conditions [3], although they do not par-
ticipate in water cleavage, the main function of the
donor side of PS Il. Padhye et al. [4] have proposed
that a histidine residue can operate between Z and the

Abbreviations: D, auxiliary electron donor of Photasystem il Z.
secondary electron donor of PS II; DCIP. 2.6-dichlorophenolindo-
phenol; DCMU, 33’ 4"-dichlorophenyD-1.1-dimethylurea: DPC.
diphenylcarbazide: Q ,. primary quinonc acceptor of Photosystem H;
Qy. secondary quinone acceptor of Photosystem 11

Correspondence: T.-a. Ono. Solar Energy Rescarch Group. The
Institute of Physical and Chemical Research (RIKEN). Wako.
Saitama 351-H. Japan.

Mn-cluster as a redox active ligand of the Mn-cluster.
and several lines of kinctic studies suggested that there
will exist onc more clectron transport intermediate
other than Z functioning between P680 and the Mn-
cluster [5.6], although many ambiguitics remain. duc
mainly to the difficultics in detecting a convincing
signal from the candidate intermediate molecules.
Recently. new EPR and thermoluminescence signals
were detected in Ca”"-depleted PS 11, and are pro-
posed to be attributable to a new electron transport
intermediate functioning on the donor side of PS 11
[7-9). Based on its optical absorption spectrum and
EPR spectrum. which assumes 1 magnetic coupling
with Mn. the chemical entity of this new intermediate
has been hypothesized to be a redox active amino acid
residue (probably histidine) located in the close vicinity
of the Mn-cluster [7]. A quite similar EPR signal was
found in F-substituted or Cl "-depleted PS 11 [10], and
it was inferred that this redox species can be stabilized
as the oxidized form only when the functioning of the
Mn-cluster is impaired. When the Mna-cluster is de-
pleted. both of these EPR and thermoluminescence
signals arc lost. but another thermoluminescence signal
becomes detectable in place of these [11-13]. This
thermoluminescence component {(denoted as the A -
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band} is efficiently produced by iilumination of Mn-de-
pleted PS THat - 200C.and is suppressed v a very low
concentration of exagenous Mn”* [12]. The capability
of A j-band formation was reversibly inhibited by treat-
ment with dicikylpyrocarbonate that modifics histidine
residue with high specificity [12]. These results are
interpreted to mean that a histidine residue located in
the vicinity of Mn-binding site is substantially phoio-
oxidized in Mna-depleted PS 1L We also found that the
putative histidine plays a role in puotoligation of Ma®*
to reconstitted active Mn-cluster by functioning as a
redox mediator between 2 and exogenous Mn® ' [13].

In this communication, we report the cffects of
cnzymatic digestion of PS 11 proteins by trypsin on
various PS 11 activities including the A -band capabii-
ity. It is known that in PS 11 membranes. the suscepti-
bility of the O.-cvolving enzyme to proteolytic attack
by trypsin shows a specific pH dependence: O, evolu-
tion is impaired only when digested above pH 7.5,
while Q, to Qy clectron transfer is equally impaired
between pH 6.0 and 8.0 [14.15]. Based on these obser-
vations, it has been preposed that trypsin is accessible
to the O.-cvolving enzyme only above pH 7.5, where
the proteins on the donor side of PS 1l undergo struc-
tural rearrangement. probably due to deprotonation of
basic amino acid residues [14,15]. It has been also
reported that trypsinization degrades one of the two
high-affinity Mn-binding sites that are sensitive to car-
boxyl amino-acid modifiers [16}. This information led
us to apply trvpsinization as a structural and functional
probe selective for the protein domain near the O,-
evolving enzyme. It was found that A -band capability
was lost by trypsinization in a pH-c¢ependent manner
identical to the loss of O, ¢volution and Mn-” “-photo-
oxidation. while the EPR Signal 11, capability was not
aftected at any tested pH. Based on these data, we
propose that both the putative histidine respensible for
thermoluminescence A -band and the  amino-acid
residues ligating the Mn-cluster are located within the
same domain of PS H proteins.

Materials and Methads

Triton X-100 solubilized BBY-type PS Il mem-
brances were prepared as described in Ref. 15, and
stored in liquid N,. Before use. the membranes were
thawed and suspended in an assay buffer (0.4 M su-
crose /40 mM Mes-NaOH /20 mM NaCl(pH 6.5)) after
one wash with the same buffer. The PS 1 membranes
were treated with 50 wg/ml TPCK-trypsin (Cooper
Biochemical) in the dark for 20 min at 22°C at a
chlorophyll concentration of S0 pg/ml. For pH-de-
pendent trypsinization the following buffers were used:
Mes-NaOH for pH 6.0-7.0. Hepes-NaOH for pH
7.25-7.5 and Tricine-NaOH for pH 7.75-8.3. all at the
same concentration of 40 mM. including 400 mM su-

crose and 20 mM NaClL Trypsin digestion was stopped
by dilution with a large volume of ice-cold assay buffer
supplemented with soybean trypsin inhibitor (Type 1-S,
Sigma. 30 pg/ml). After two washes. the sample was
resuspended in the assay buffer containing tryp:in in-
hbitor (5§ pg/ml) at a chlorophyll concentration of
253-4.5 mg/ml.

Removal of Mn was done by cither NH,OH treat-
went (3 mM NH,OH /400 mM sucrose /40 mM Mes-
NaOH /20 mM NaCl (pH 6.5) or Tris treatment (0.8
M Tris-HCEH(pH 8.7 at 0°C for 30 min at a chlorophyll
concentration of 27 g Chl/ml. When indicated, PS
Il membranes were washed with 2 M NaCl before
NH,OH treatment for complete removal of 16 and 24
kDa peripheral proteins. The Mn-depleted membranes
were centrifuged. washed once and suspended in the
assay bufter.

DCIP-photoreduction was measured spectrophoto-
mectrically at 6({) nm at room temperaturc in the assay
buffer supplemented with 40 uM DCIP. When indi-
caicd, DPC (1 mM), DCMU (10 p M), CaCl, (20 mM)
and MnCl, (70 or 10 uM) were added. O, evolution
was measured with @ Clark-type oxygen clectrode at
25°C in the assay buffer supplemented with either
dimethylbenzoguinone (2 mM) or ferricyanide (2
mM)/CaCl, (20 mM). DCMU (10 uM) was added
when indicated. EPR Signals 11 and ii, were recorded
at 20°C with a JEOL X-band EPR spcctrometer model
JES FEIXG as described carlier [13]. For thermolumi-
nescence measurements, samples were excited by con-
tinuous light (> 500 nm) at —23°C or bv a single flash
light (white, 5 us) at 5°C ard frozen quickly in liquid
N, and then the light emission during warming was
recorded against sample temperature as described in
Ref. 11

Results

Fig. I shows ihe cffects of trypsin digestion at vari-
ous pH levels on two thermoluminescence components,
the B-band and Q-band arising from charge recom-
bination of §,0Q, and S,Q, change pairs, respectively
(for review see Ref. 17). and on the Aj-band that is
proposed to arise froin charge recombination between
Q) and oxidized histidine in Mn-depleted PS 11 [12],
PS 11 membranes were treated with trypsin and then
thermoluminescence glow curves were recorded before
and after depletion of Mn by NH,OH treatment. Un-
treated Mn-retaining PS 11 membranes showed the
B-band (S.Qy) at around 35°C after a single flash
excitation. When digested with trypsin at pH 7.0, the
peak temperature of the B-band was downshifted to
around 18°C that coircided with the peak temperature
of the Q-band (S _Q), indicative of interruption by
trypsinization of the electron transport from Q4 to Q.
Note that the shoulder at around 0°C is an artifact due
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Fig. 1. Effects of trypsin digestion on thermoluminescence from
Mn-retaining PS 11 and Mn-depleted PS I1. O,-evolving PS 11 mem-
branes were trvpsinized at the designated pH levels. and illuminated
with a single flash at —4°C (panel A). For depletion of Mp. the
trypsinized membranes were further treated with NHOH. and then
iluminated with continuous light for 20 sec at —23°C (pancl B).
Trypsin digestion was done at 22°C for 200 min at three different pH
levels at a trypsin/chlorophyl ratio of (L1 {w /w). Non-trypsinized PS
Il membrancs (a. ¢); PS 11 memb:anes trypsinized at pH 7.0 (b, f):
pH 7.5 (c. gy pH 8.0 (d, h).

to the change in heating rate caused by melting of ice.
After trypsinization at pH 7.5, the intensity of Q-band
was largely suppressed, and after trypsinization at pH
8.0 the band was practically lost (panel A). Panel B
shows the effect of trypsin digestion on the A -band.
The trypsinized membranes and untreated control
membranes were further treated with NH,OH for
complete depletion of Mn, and then excited by contin-
uous light at ~23°C for 20 s. Non-trypsinized but
Mn-depletcd membranes showed a strong A -band at
around —20°C arising from charge recombination be-
tween Q, and the putative oxidized histidine [12], but
neither the B-band nor the Q-band was observed due
to thc absence of Mn. After trypsinization at pH 7.4
the Aj-band was normally induced. but after
trypsinization at pH 7.5 its intensity was partially sup-
pressed, and the band was almost lost after trypsiniza-
tion at pH 8.0. Notably, the suppression of the A -band
appears to be of all-or-none type: neither the shape
nor the peak temperature of the glow curve was af-
fected at all by trypsin <igestion. indicating that the
functioning of either the positive or negative charge
carrier for this thermoluminescence component is
specifically damaged, with no modulation in their re-
dox properties (oxidation potential etc.).

The effects of trypsin digestion on various PS 1]
activities are shown in Table 1. O, evolution with
dimethylbenzoquinone is largely inhibited after
trypsinization at both pH 7.0 and 8.0, while O, evolu-
tion with ferricyanide was largely [14] enhanced after
trypsinization at pH 7.0 but markedly inhibited after
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trypsinization at pH 800 1t is ol note that 8070 of O.
evolution with ferricvanide after trnvpsinization at pll
7.0 were ansensitive to DOMU. DCIP-photoreduction
with water was not much affected by trypsiization at
pH 7.0 but was largely inhibited by trvpsinization at pH
8.0. On the other hand DCIP-photoreduction with
DPC was well retained regardless of the pH during
trypsin digestion. Note that DCIP-photoreduction with
DPC was measured with NH,OH-treated samples in
complete absence of Mn in order to avoid the interfer-
ence due to the presence of Mn-cluster or exogenous
Mn® ‘. DCIP-photoreduction supported by DPC be-
came DCMU insensitive after trypsin digestion (data
not shown. see Ref. 14). These results indicate that
both trypsinizations at pH 7.0 and 8.0 similarly modify
the DCMU-binding sitc and induce more effective
electron transport to ferricyanide than to synthetic
benzoquinone acceplors. but trypsinization at pH 8.0
additionally affects the O,-evolving enzyme consistent
with our previous conclusion {15]. Based on these data.
the results in Fig. | are interpreted as indicating that
the capability of A ;-band formation is insensitive tu
damage of the Qy site, but is highly sensitive to dam.
age of the O.-evolving enzyme,

Fig. 2 shows the effects of trypsin digestion at vari-
ous pH levels on PS I activitics. O, evolution with
ferricyanide (open circles) and DCIP-photoreduction
with water {(open triangles) were not affected by
trypsinization below pH 7.0, but declined steeply after
trypsinization between pH 7.25 and 7.75. and was al-
most completely abolished after trypsinization above
pH 8.0. The loss of O, evolution by trypsinization at
higher pH levels is not due to a modification of the
acceptor side. since DPC 1o DCIP clectron transport

TABLE

Effects of inpunzation on tariws P8 I acnies

PS H reactions Activity “{aelectron equn ., ‘mg Chl per b}

Noa- Tropsinized "
inpainized pH 74t - ol wil
H.0O -~ dimethy]
benzoquinone JHHIC Ry
H,0 — ferngyanide 3 1930 (1488)) Kt
H.O-DCIPY SH 610 14
DPC - DCIP L] Ti T
A +band 1R ! ju4! 7

* Electron transfer achvities were measured at pH 0.5 1 the pres-
ence of 20 mM CaCt,.

Trypsinization was doae at 22°C for 20 min i a tnpsin - Chi ratio
of (b1 (w/w).

¢ Measured by O evolution.

Measured by DCIP-photoreduction.

© DCMU (1) M) -insensitive activity was indicated in parentheses.
Intensity of A -hand relatinve 1o that in nontnpanized PS T was
indicated.

i
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Fig. 2. pH-dependent inhibition by trypamizanon of vanous PS 1
activities, O evolang PS T memibranes were trypsinized at vanous
pH devels. and then suected 1o assays ol Os-evolution with fern-
cyanide as clectron acceptor ¢ ) and DCIP-photoreduction with
water as clectron donor {200 The tnvpsinized membranes were
airther treated with NJT OF! 1o deplete Mn, and then subjected to
assavy of A p-band capebihine (@) and DETP-photore Juction with
DPC as cleetr. i donor (201 Al assay baifers for electron transfer
activities contained 20 mM CaCle. Conditions for trypsimization were
the same as 18 Fig. 1

(open squarest keeps a constant high level over all the
pH renge tested. while waier to DCIP electron trans-
port activity (open triangles) was inhibited specifically
at higher pH levels. This clearly demonstrates the
specific trypsinization of the proteins responsible for
O. evolution at higher pH levels.

Fig. 2 also shows the effect of trypsinization at
various pH levels on the capability of A,-band. The
A ;-band was constantly photoinduced after trypsiniza-
tion below pH 7, but steeply inhibited after trvpsiniza-
tion between pH 7.25 and pH 7.75. The resulting
pH-dependence curve was almost identical with those
for inhibition of Q. evolution. This suggests that the
putative histidine. the positive charge carrier tor A -
band. is located in the O,-evolving enzyme or impli-
cated on a protein(s} adjoining the O.-evolving en-
zyme. so that trypsinization of this protein(s) causes
simultancous loss of O, evolution and A -band capa-
bility.

It the above interpretation is correct, we may expect
that destruction of the Mn-cluster will give rise to a
conformational rearrangement of the target protein(s)
and thereby alter the pH-dependent accessibility of
trypsin. Fig. 3 shows the effect of Mn depletion on the
inhibition of the A-band capability by trypsin diges-
tion at various pH levels. PS M membranes were de-
pleted of Mn with Tris or NaCl/NH,OH treatment
and then subjected to trypsin digestion. Note that
Tris-treated membranes were devoid of all the three
extrinsic  proteins  whereas  NaCl/ NH,OH-treated
membranes retained the 33 kDa extrinsic protein. Inhi-
bition of the A .-band capability by trypsin digestion
revealed a pronounced pH dependency in Mn-depleted
PS Il membranes as well. but the dependence curve
was slightly but significantly shifted to fower pH levels,
showing a half-inactivation pH of about 7.5 for Mn-re-

taining PS 1. and pH 7.2 tor Mn-depleted PS 11, This
suggests that Mn depletion somchow facilitates the
accessibifity of trypsin to the protein(s) that bears the
putative histidine, the positive charge carrier for the
Aq-band. It 15 of note that the two pH-dependence
curves obtaned for Tris-treated and NaCl/NH,OH-
treated samples were identical to each other, regard-
less of the presence or absence of the 32 kDa protein.
Probably, this protein is not a barrier for the attack by
trypsin,

Fig. 4 shows the effect on EPR Signals 1 and 11, of
trypsinization at pH 7.25 and 7.75. Trypsinized and
non-trypsinized control Mn-retaining PS Il membranes
were further treated with NH ,OH for complete deple-
tion of Mn, and EPR signals were measured in the
presence of ferricyanide in order to keep Q, oxidized
by supporting multiple turnovers of the reaction center
by accepting multiple electrons from Q. Note that the
clectron transfer between Q, and Qy is interrupted in
trypsinized membranes (see Table ). In non-trypsinized
membranes, illumination induced Signal 11, arising
from Z~. the oxidized form of the secondary electron
donor of PS II. being superimposed on Signal 11,
ansing from D7, the oxidized form of the auxiliary
clectron donor of PS 11. Trypsinization at pH 7.25 did
not affect Signals I, and Il. consistent with the find-
ing that trypsinized membranes retained a high rate of
O, evolution {sec Fig. 2 and Table 1). When trypsinized
at pH 7.75, O, evolution and A -band capability were
markedly suppressed (see Fig. 2). but more than 80%
of Signals 11, _, could be detected, although the contri-
bution from Signal I was much more decreased as
compared with that in non-trypsinized membranes.
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Fig. 3. Comparison of pH-dependent inhibition by trypsinization of
A -band capability between Mn-retaining PS IT and Mn-depleted PS
H. For trypsinization of Mn-depleted PS 1. O.-evolving PS 11
membranes were first depleted of Mn by treatment with N*1,OH
(a) or with Tris (@) trypwinized at various pH levels. a-. then
subjected to the assay of Ap-band capability. For trypsimiz.t-on of
Mn-retaining PS 1. Q.-evolving PS 11 membranes were first
trypsinized al various pHs. depleted of Mn by treatment with
NH.OH. and then assayed for Ay-band capability (). The deden-
dence curve with (2} is 4 reproduction of the corresponding cun.? in
Fig. 2. The conditions for trypsinization and A ;-band induction w re
the samie as in Figo 1. A -band capability was expressed in perce it
relative to the intensity in non-trypsinized PS 11
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Fig. 4. Effects of trypsin digestion on EPR Signals H, and 11,
Mu-retaining PS [l membranes were trypsinized at 22°C for 20 min
with a trypsin /<hlorophyll ratio of 0.1 (w/w). treated with NH.OH
to deplete Mna. and then subjected to EPR measurement. Non-
trypsinized control PS Il membranes (a): PS I membranes trypsinized
at pH 7.25 (b) and pH 7.75 (c). Solid curves indicate the light spectra
recorded during illumination. and dashed curves indicate the dark
spectra recorded in darkness following '-min dark incubation after
wirning off the illumination. Chlorophyll concentration was 4.4 mg
Chl/ml: Ferricyanide (2 mM) and CaCl. (20 mM) were supple-
mented in the assay buffer. Instrumental settings: microwave power.,
I mW; microwave frequency. 9.445 GHz; modulation frequency and
amplitude. 100 KHz and 4 G. respectively.

These results indicate that Z is normally photooxidized
even after trypsinization at pHi 7.75. Volker et al. [I8).
however, reported that no Signal Il could be photoin-
duced in PS II membranes t.ypsinized at pH 7.5. This
discrepancy may have, arisen from the absence of an
electron acceptor in their measurements: when only a
single turnover is allowed, Z~ decays rapidly through
recombination with Qj . since the Q, to Qy electron
transfer is interrupted in trypsinized PS I. The low
amplitude of Signal H_ in the membranes trypsinized
at pH 7.75 is qualitatively consistent with the finding in
Ref.18, and suggests that D™ became more exposed to
the ambient environment to be reduced more rapidly
in the dark after illumination. Preservation of the capa-
bility of Z oxidation after trypsinization at pH 7.75
accounts v-.il for the finding that DPC to DCIP elec-
tron transfer is not affected by trypsinization at any
tested pH, as shown in Fig. 2: DPC will be efficiently
oxidized by Z".

It ha. been reported that inactivation of O, evolu-
tion by trypsinization is accompanied by the release of
Mn" from the O,-evolving enzyme [15]. We at-
tempted to estimate this destructive effect on the Mn-
cluster by measuring the electron donation capability
from exogenous Mn”". As shown in Fig. 5. the rate of
Mn?"-photooxidation was constant after trypsinization
below pH 7.25. but was steeply decreased after
iypsinization above pH 7.5 to reach a constant iow
level after trypsinization above pH 7.75. Note that the

I8y

coneentration of Mn™ ™ during the assay (75 g AMD was
controlled as low s the range of ligaton iuiinity of
Mn"" durirg photoactivation [19.20] Fhe osalted pHi
dependence was quite similar to those for the capabili-
ties of O, evolution and A |-band formation with an
identical half inhibition pH of 7.5, Assuming that the
sitc of Mn*" photooxidation is identical with the liga-
tion site of the Mn-cluster. the results are interpreted
to mean that trypsinization gives rise to damage of the
Mn-ligation site. thereby leading to release of Mn and
then inhibition of O, evolution. Notably, about 407 of
the activity was retained after trypsinization at higher
pH levels. Blubaugh and Cheniae [21] have reported
that there are two types of Mn” "-oxidation site on the
donor side of PS II: for Mn ligation through photoacti-
vation. the onc with higher affinity is responsible. For
Mn~"-photooxidation. about 617 of the relatise V|
valuc in the presence of 75 M Mn"™ is due to the
Mn*" ions ligating at the high-affinity binding site.
while the other 407 is ascribed to those at the low-af-
finity binding site. The trypsin-insensitive activity in
our results may be attributable o the oxidation of
Mn-" binding to the low-affinity site.

There exists another very-high-affinity, Mn" "-bind-
ing site with a dissociation constant of the order of
submicromolar [22-24]. and binding of Mn"" 1o this
site has been proposed to competitively inhibit DPC-
pnotooxidation [23]. As shown in Table II, the rate of
DCIP-photoreduction with DPC by non-trypsinized.
NH ,OH-treated PS II was inhibited by 407 by the
addition of 10 «M MnCl,. and similar extent of inhibi-
tion could be observed after trypsinization at pH %.0 as
well, This indicates that the site for ven-high-affinin
Mn-binding s insensitive to the trypsinization that
destroys the Ma-cluster, Based on this obsenation, we
hypothesize that the high-affinity Ma-binding site de-
tected by DPC-DCIP compctition assav m net be

[
I
T

shivity el e

M oxdatiar o

£l &L -

falad
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Lftecr of trvpspmzation on My’ dependent sappreswon of DPC 1w
DCIP electron transpent

Trypsinization was carricd out at 22C ot 20 mm a0 tinpsin, Chl
ratio of 0.1 tww)

I'SII numwhrm:\' o DCIP-phaotoreduction
Cgemol DOCIP 2mg Chi per hiGeelatives

Cl0pM MoCl,

no addition

;\':;lr}psinllcd o ir{’x’{]ml} RARN ()]
Trevpsinized it phi 8.0 IR (100} 236

invoived i ligation of the Mn-cluster. A relevant issue
for this hypothesis 1s that DPC-photooxidation activity
after trypsinization at pH 8.0 was inhibited by about
3077 when assayed in the absence of Ca” ", whereas it
was not greatly inhibited in the presence o Ca®™ (see
Table I and Fig. 2). The stimulation effect by Ca”* of
DPC-photocsidation might be related to the finding by
Satoh et al. [23] that Ca” " is functional as an indis-
pensable cofactor for the electron transfer from Z to
PGSO .

Discussion

The present study sthowe! that the capabilities of
thermoluminescence A -band and O, evolution were
markedly inhibited by wrypsin digestion with quite a
similar pH dependency. The A -haad capability and
O, cvolution were sasceptibie to trypsin digestion only
above the threshold pH of 7.25. while the properties of
PS 11 aceeptor side were equally modulated between
pH 6.0 and 8.5 (Figs. 1, 2). This indicates that, below
this threshold pH. trvpsin damages selectively the ac-
ceptor side of PS 17 leaving the O,-evolving enzyme
uriffected. When the acceptor side is damaged by
trypsinization. the ctiicierey of clectron acceptors for
0. cvolution changes dramaticatly: synthetic benzo-
guinones lose their high eificiency, while ferricyanide
i a very high efficiency. In contrast. the rate of

#-photoreduction remains unaffected (Fig. 2 and
Tadle . Based on the observation that binding of
DCMU-type herbicides is severely affected [15.26]. the
main target of trypsinization below the threshold pH is
belicved to he the Qysite. Our observation in this
study that the membranes digested at pH 7.0 exhibited
thermoluminescence Q-band avising from S,Q,, charge
recombination. indicating that Q. but not Q. is sta-
bly reduced (Fig. 1), i consistent with the previously
proposed view [26.27] that mild trypsinization function-
ally disconnects Qy from Q,. Trypsinization at lower
pH levels is also known to convert cytochrome 5359
from high- to low-potential form [18]. Reasorably.
however. this damage does not affect the capabilities of

A -band and O, cvolution (Fig. 1 and Table ), be-
cause the target components of he damage are not
directly involved in either capability.

On clevating the pH during trypsin digestion, O,
evolution becomes inhibited. This is interpreted that a
pH-dependent structural rearrangement of PS 1 pro-
tein(s) Teads the donor side of PS 1 to be accessible to
trypsin [14.15]. After trypsinization sbove the threshold
pH of 7.25, both O, evolution und A.-band capability
arc concurrently inhibited (Fig. 2). The inhibition of O,
cvolution and A -band cagability cannot be due to
damage of redox functioning of Z, since the capability
ol Signal 11, arising from Z* is well retained after
trypsinization at pH 7.75. This resuit is compatible with
our previous proposal that the putative redox active
histidine is functionally located between Z* and the
Mn-cluster [13]. We may thus assume that trypsin di-
gestion above the threshold pH specifically damages
the structure and/or functioning of the O,-evolving
enzyme. the Mn-cluster among the various electron
carriers on PS 11 denor side. Vélker et al. {15] reported
that release of Mn accompanies the trypsin-induced
inhibition of O, cvolutior. Their finding appcars to be
compatible with our present results in that the binding
site for exogenous Mn“* that functions in photooxida-
tion of Mn* " in reconstitution of O, evolution was lost
by trypsinization above pH 7.75 (Fig. 5). Based on
these considerations, we speculate that trypsin at higher
pH levels digests the proteinaceous domain responsible
for Mn-ligation and this damage elicits inhibition of
both the A ;-band capability and O, evolution.

We have to take into account, however, the possibil-
ity that the loss of A-band capability can also result
from trypsin induced meodification of Q, properties
that involves destabilization of Q, : rapid dissipation of
Q, will decrease the A j-band capability due to short-
ag. in negative counterpart for charge recombination.
However, this possibility is unlikely. based on the fol-
lowing results: (i) Q, is stably reduced in righi-side-out
thylakoids after trypsinization at pH 7.5 (Ref. 28),
suggesting that trypsinization at this pH specificaily
damages Qg function, leaving Q, function unaffected.
{i1) DCIP photoreduction with DPC of NH,OH-treated
PS 11 retained high activity after trypsinization at every
pH (rig. 2). We may thus attribute the loss of A ;-band
capability induced by trypsinization at higher pH levels
to the damage on the PS 11 donor side. The idea that
trypsinization at higher pH specifically affects the Mn-
cluster can be supported indirectly by the results in
Fig. 3 experiments that removal of Mn significantly
altered the pH-dependence curve of trypsinization-in-
duced inhibition of A ;-band capability. Probably, Mn
removal gave rise to a subtle conformational change on
the donor side of PS 11, and thereby modulated the
pH-dependent accessibility of trypsin to the Mn-clus-
ter.



Bascd on these considerations, we presume that the
putative histidine residue responsible for the A ;-band
is located in, or in close vicinity of, the proteinaceous
domain where the Mn-cluster resides, and is associated
with the Mn-ctuster in structural and functional terms.
This presumption is compatible with our previous find-
ing [13] that photodamage of the A -band capability in
Mn-depleted PS 1 causes the loss of photoactivation
capability to reconstitute the Mn-cluster through
photooxidation of exogenous Mn** at its prospective
ligation site. Renger et al. [14] have reported that
trypsinization of Tris-treated inside-out thylakoids at
pH 7.4 stimulates re-reduction of Z*, and suggested
that trypsinization induces a protein modification that
causes rapid reduction of Z*. If we assume that the
putative histidine is functional as a redox intermediate
between Z and Mn®*, oxidizing equivalents will accu-
mulate on the putative histidine in Tris-treated PS 11,
whereas they will accumulate on Z in Tris-/ trypsin-
treated PS 11. Re-reduction of Z* will be more stimu-
Jated in the latter case. because of direct reduction of
Z" by an ambient reductant due to the absence of the
putative histidine.

We may reasonably assumc that trypsin does not
have access to proteins buried in lipid bilayer. In iact,
trypsin digestion does not affect Z to (4, electron
transport which comprises onl* "¢ redox components
ligating to the amino-acid residues assumed in the
membrane spanning segments of D1 and D2 proteins
[29]. We may therefore assume that some arginine
and /or lysing residues in b !~y ~f DI and/or D2
proteins protruding to the lumenal .J¢ of thylakoids
are the target of trypsin a‘t:ck *hat gives rise to the
inhibition of A -band capabi: o and thcreby the loss
of Mn-photoligation capability. According to the fold-
ing model of D1 and D2 proteins deduced from their
DNA sequences =250 three trypsin sites can be
pointed out on lurenal . ».ps: one between helices 1
and 1l of both Di .w.J D2 protcins, one between
helices 111 and IV of D2 protein. and one more on the
C-terminal tail of both DI and D2 proteins. Among
these three sites, the structural disorder resulting from
trypsinization will be most pronounced for the C-termi-
nal tail of the two proteins, since maximally three
polypeptide fragments are expected to be released by
trypsinization, while no fragments come from the other
lumenz; ‘oops. Notably, there exists a cluster of basic
amino-acid residues including arginine and histidine in
the C-terminal tail of DI protein (c.g.. R1:; to Hy;i0)
At present we assume as a working hypothesis that
protonation of this cluster will be responsible for the
pH-dependent conformational rearrangement of the
O,-evolving enzyme and thereby to the increase in
accessibility to trypsin. Recently, Nixon and Diner [31]
have reported that site-directed mutation of Asp-342
and His-332 residues in the C-terminal tail of the DI
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proteins abolishes the capability of O, evolution with-
out impairing the clectron transfer from 7 to Q. and
they have suggested that both Asp-342 and 1is-332
donate ligands to the Mn-cluster. Qur working hypoth-
esis appears compatible with their results.
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