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Effects of trypsin digestion on the capability (~1 the thcrmolumincsccncc A l-band th~.t arises from charge recombination bctx~ccn 
Q;~ and an oxidized histidine in PS 11 (Ono and Indue (1991) FI:BS Lctt. 278, !~3-186) wcrc studied. The folMv, ing rcsuhs ha',c 
been obtained. (i) T'rypsin digestion markedly inhibitcd the capal lily of A I-band ~mly vvhcn applied at higher ptt levels, shorting 
a clear threshold pH at 7.25. (ii) This pH dependence agreed wilh that of the inhibition of O 2 evolution, but disagreed with the 
pH-independent modification of the acceptor side of PS II. the impairment ,~f O.,, m Ou clcctnm transport. (iii) T~.psin 
digestion at pH 7.75 did no! atfect the capability of the EPR Signal II~ arising from oxidized sccondaD' electron d(mor of PS !I. 
even though it totally abolished the capabilitie:, (:f both A i-band and 0 2 evolution. (iv) The su~cptihility Io tr3.p*,int of the 
A-band capability retained a pronounced pH dependence even aftcr depiction of Mm allhough thc dependence curx, c v, as 
shifted to lower pH levels. (v) Trypsin digestion inhibited the capability of Mn2"-photc~xidation b~ Mn-dcplctcd PS II. sht;wing a 
pH dependence similar to those found for inhibitions of A ~--band capability and 02 cvolution. It ~,a'~ inferred that the histidinc 
residue putatively responsible for Ihc An-band capability is localized in the domain of a PS II protein(s) that providc~, ligands for 
the Mn-cluster. and this domain becomes cxlm';ed through [.:H-dependent structural rearrangement ~1-the O2-e,,oMng cn~mc to 
be attacked by trypsin. 

Introduction 

On the donor side of Photosystem (PS) II, a strong 
oxidizing equivalent produced by the primat3 ~ photo- 
chemical reaction of P680 is transferred to Z (tyrosine 
160 of DI protein) and subsequently ,;tabilized in the 
Mn-cluster consisting ot four Mn atoms to oxidize 
water to molecular O: (for reviews sec Refs. 1. 2). In 
addition to these components, D (tyrosine 161 of D2 
protein), high-potential cytochrome b559 and chloro- 
phyll are known to store oxidizing c:quivalents under 
some special conditions [3], although they do not par- 
ticipate in water cleavage, the main function of the 
donor side of PS 11. Padhye et al. [4] have proposed 
that a histidine residue car~ operate between Z and the 

Abbreviations: D, auxiliar3' electron donor of Photosystem i!: Z. 
secondary electron donor ol PS I!; DCIP. 2.6-dichlorophcnolindo- 
phenol; DCMU, 3-t3',4'-dichlorophenyl)-I.l-dimethylurea: DPC. 
diphenylcarbazide" QA, primar~ ~ quinonc acceptor of Phtm~s.vstem I!; 
Om secondary quinone acceptor ot Photosystem II. 

Correspondence: T.-a. Ono, Solar Energy Research Group. The 
Institute of Physical and Chemical Research (RIKEN). %Vak~. 
Saitama 351-qt, Japan. 

Mn-cluster as a redox activc ligand of the Mn-cluster. 
and several lines of kinetic studies suggested that there 
will exist onc more electron transport intermediate 
other than Z functioning between P68(I and the Mn- 
cluster [5.6], although many ambiguities remain, duc 
mainly to the difficulties in detecting a convincing 
signal from the candidate intermediate molecules. 

Recently. new EPR and thermoluminescencc signals 
were detected in Ca: ' -depleted PS !1, and arc pro- 
posed to be attributable to a new electron transport 
intermediate functioning on the donor side of PS II 
[7-0]. Based on its optical absorption spectrum and 
EPR spectrum, which assumes a magnetic coupling 
with Mn. the chemical entity, oI this nov,' intermediate 
has bcen hypothesized to bc a rcdox activc amino acid 
residue (probably histidine) It~atcd in the close vicinity 
of the Mn-cluster [7]. A quite similar EPR signal was 
found in F--substituted or Cl -dcple ted  PS II [l(t], and 
it was inferred that this redox species can be stabilized 
as the oxidized form only when the functioning of thc 
Mn-cluster is impaircd. When the Mn-elustcr is de- 
pleted, both of thesc EPR and thermolumine:,cencc 
signals arc lost. but another thermolumincseence signal 
becomes detectable in place of these [11-13]. This 
thermoluminescence componcnt (denoted a', the A. t- 
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band} is cIticmntly pr,,duccd b} iiluminali~m ,~f Mn-dc- 
pitied PS il at - 2(Y(. ,rod is suppresser' h~ a x cry h,v, 
omccntralion of cxogcnotl.~ Mn"' [12]. lhc  capabilily 
ol A j-band fi~rmation was reversibly tnhibilcd by trcal- 
mcnt with dicihylpyrocarbonalc that modifies histidinc 
rcsiduc with higt~ specificity [12]. These rcsult.~ arc 
interpreted to mean that a hislidine residue h,caled in 
the vicinity of Mn-bindin!., sile is substantially nhol,~- 
oxidized in Mn-deplclcd PS !1. Wc also fimnd thai the 
putative hislidinc plays a role in pi,~loligation ,,f Mn"' 
to reconstituted aclivc Mn-clustcr by lunctioning as a 
rcdox mediator between Z anti exogenous Mn e' [13]. 

In this comununication, wc report the effects of 
enzymatic digestion of PS Ii proteins by trypsin ~m 
various PS II activities including the A :-band capabil- 
ity. It is kmw, n that in PS il mcmbrancs, the susccpti- 
bilit,, ,,t the O,-cvolving cnzymc to protcolytic attack 
by try. ps;n shows a specific pH depcndcn,'c: O, cvolu- 
lion is impaired only when digested above pH 7.5, 
while Q.,~ to Ou electron transfer is equally impaired 
between pt-I 6.(t and 8.()[14,15]. Based on these obser- 
vations, il has been proposed that trypsin is accessible 
to the ():-cvoMng enzyme only above pH 7.5. where 
the proteins on the donor side of PS Ii undergo struc- 
tural rearrangement, puobably duc to dcprotonation of 
basic amino acid residues [14,15]. It has bccn also 
reported that w:'psinization degrades one of the two 
high-affinit!, Mn-binding sites that arc sensitive to car- 
boxyl amino-acid modifiers [Io]. This information Icd 
us to apply trypsinization as a structural and functional 
probe seleclive for the protein domain ncar the O,- 
c,~olving enzyme, it was found thal A ~-band capability 
was los: by trypsinization in a pH-ecpcndent manner 
identical to the loss of O, evolution and MnZ'-photo- 
oxidation, whilc the EPR Signal I1~ capability was not 
allcoted a! any tested pH. Based on these data. wc 
propose that both the putative histidinc rcspm~siblc h~r 
thcrmolumincsccncc A~-band and the amino-acid 
residues ligating the Mn-clustcr arc localcd within the 
same domain of  PS II proteins. 

Materials and Methads 

"lriton X-t011 solubilized l?,BY-typc PS !! mcm- 
brancs wcrc prepared as described in Rct. 15. and 
stored in liquid N,. Bcfore use, the mcmbrancs wcrc 
tha,,cd and suspcndcd in an asaay buffcr (0.4 M su- 
crose/40 mM Mes-NaOH/20 mM NaCI(pH 6.5)) aftcr 
tmc wash with thc samc buffer. "l-'hc PS !I mcmbrancs 
were treated with 511 tag/ml TPCK-trypsin {Cooper 
Biochemical) in the dark for 211 min at 22°C at a 
chlor,,phyll concentration of 500 /ag/ml. For pH-dc- 
pcndcn'~ trypsinization thc following buffers were used: 
Mcs-NaOH for pH 6.0--7.(I. Hcpcs-NaOH for pH 
7.25-7.5 and Tricinc-NaOH fi,r pH 7.75-8.5, all at the 
same conccnlration ol 40 raM. including 4011 mM su- 

crc~sc and 211 mM Na('i. Tr3'psm digestion was stopped 
by dilulion with a large volume of icc-cohl assay buffer 
supplemented with soybean trypsin inhibitor (Type i-S, 
Sigma. 51) #g/ml).  After two washes, the sample was 
rcsuspcndcd in the assay buffer containing tryp::in in- 
hibitor 15 #g/m[)  at a chlorophyll concentration of 
2.5-4.5 mg/ml. 

Removal of Mn was done by either NH,OH treat- 
,at.nt (3 mM Nt t :OH/400  mM sucrose/40 mM Mes- 
NaOll /20 mM NaCI (pH 6.51) or Tris treatment (0.8 
M Tris-I-!CI (pH 8.7)) at 0°C fl)r 31) min at a chlorophyll 
conccntration of ?Y~ ~g Chl/ml. When indicated, PS 
11 mcmbranes wcrc washed with 2 M NaCI before 
NH:OH treatment for complete removal of 16 and 24 
kDa periphcral proteins. The Mn-depleted membranes 
wcrc ccntrifugcd, washed once and suspended in the 
assay buffer. 

DCIP-photoreduction was measured spectrophoto- 
metrically at 61.}11 nm at room temperature in the assay 
buffer supplemented with 4(1 taM DCIP. When indi- 
cated, DPC (1 raM), DCMU (10 #M), CaCI, (2(i mM) 
and MnCle (70 or ll) taM) were added. O, evolution 
was mcasured with a Clark-type oxygen electrode at 
250( ̀  in the assay buffer supplemented with either 
dimcthylbcnzoquinone (2 mM) or ferricyanide (2 
mM)/CaCI:  (211 raM). DCMU (10 taM) was added 
when indicated. EPR Signals !1, and iif were recorded 
at 20°C with a JEOL X-band EPR spc.etromcter model 
JES FEI XG as described earlier [13]. For thermolumi- 
ncsccncc measuremcnts, samples were excited by con- 
tinuous light ( > 500 nm) at -23°C or b,,, a single flash 
light (whitc. 5 tas) at 5°C and frozen quickly in liquid 
N, and then the light emissio,, during warming was 
rccordcd against samplc temperature as described in 
Ref. 11. 

Results 

Fig. i shows ihc effects of trypsin digestion a' vari- 
¢~us pH levels on two thcrmoluminescence components, 
thc B-band and O-bana arising from charge recom- 
bination of S,Oi~ and S20,x change pairs, respectively 
(for review see Ref. 13). and cn the A-r-band that is 
proposed to arise frown charge recombination betwcen 
(2:, and oxidized histidine in Mn-depleted PS I! [12]. 
PS !1 membranes were treated with trypsin and then 
thermoluminesccnce glow curves were recorded before 
and aftcr depiction of Mn by NH,OH treatment. Un- 
treated Mn-rctaining PS tl membranes showed the 
B-band (S:Q u) at around 35°C after a single flash 
excitation. WheJl digested with trypsin at pH 7.0, the 
peak temperature of the B-band was downshifted to 
around 18°C that coincided with the peak temperature 
of thc Q-band (SQ],) ,  indicative of interruption by 
trypsinization of the electron transport from QA tO Qn. 
Note that the sh~mldcr at around 0°C is an artifact due 
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Fig. I. Effects of tB,psin digestion on thermotuminescence from 
Mn-retaining PS I! and Mn-depleted PS II. O2-evolving PS II mem- 
branes were trvpsinized at the designated pH levels, and illuminated 
with a sii~gle flash at -4°C (panel A). For depletion of Mn. the 
trypsinizcd membranes were further treated with Nil zOlt. and then 
illuminated with continuous light for 20 ~ c  at -23°(  ` (panel B). 
Trypsin digeqion was done at 22"C fl~r 21t rain at three differcnl pt l  

levels al a trypsin/chlorophyll ratio of  ILl (w /w) .  Non-tv3'psinized PS 
il membranes (a. eL PS II membnanes trypsinized at pit 7.ll Tb. f): 

p | l  7.5 (c, g): 2It 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 
sho~s the effect of trypsin digestion on the AT-band. 
The trypsinized membranes and untreated control 
membranes were further treated with NH2OH for 
complete depletion of Mn, and then excited by contin- 
uous light at -23°( ? for 21) s. Non-trypsinized but 
Mn-depletcd membranes showed a strong Art-band at 
around -20°C arising from charge recombination be- 
tween O,~ and the putative oxidized histid;ne [12], but 
neither the B-band nor the Q-band was observed due 
to the absence of Mn. After trypsinization at pH 7.0 
the AT-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-r-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 ,.tigestion. indicating that the 
functioning of either the positive or negative charge 
carrier for this thermolumine~ence component is 
specifically damaged, with no modulation in their re- 
dox properties (oxidation potential etc.). 

The effects of trypsin digestion on various PS 11 
activities are shown in Fable 1. 0 2 evolution with 
dimethyibenzoquinone is largely inhibited after 
trypsinization at both pH 7.0 and 8.0, while 0 2 evolu- 
tion with ferricyanide was largely [14] enhanced after 
trypsinization at pH 7.1) but markedly inhibited after 
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tD'p',inizalion al ptl 8.1L It i,, ,~1 mJlc that stJ'~ ~,I ()- 
c,,olution ~ith Icrric)anidc alter trH~,iniz;tti~m 4t pll 
7.It wcrc inscnsili~,c to I)(MU. I'!('lP-phot~rcductiem 
with water was not much affected by tDpsinizaticm at 
pH 7.11 but was largely inhibited by Ir3psinizati~m at pit 
,8.(i. On the other hand DCIP-photorcduction with 
DPC was wcll retaincd regardless of the pit during 
trypsin digestion. Nolo thai DCIP-photorcduction with 
DPC was measured with NH,OH-lreatcd 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 Rcf. 14). These results indicate that 
both trypsinizations at pH 7.0 and 8.0 similarly modify 
the DCMU-binding site and induce more effective 
electron transport to ferricyanidc than to synthetic 
benzoquinonc acccptor,,, but trypsimzation at pH 8.0 
additionally affect,, the O2-evoiving enzyme consistent 
with our previous conclusion [15]. Based on thcse data. 
the results in Fig. I are interpreted as indicating that 
the capability of A ~-band formation is insensitive r.,, 
damage of the Q~ site, but is highly' scnsiti~,c to dam. 
age of the O:-evoMng enzyme. 

Fig. 2 shows the effects of tv3,psin digestion at vari- 
ous pH levels on PS ii actMties. O2 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 at- 
most completely abolished after trypsinization above 
pH 8.1). "l~he loss of O: evolution b~ trypsinization at 
higher pH levels is not due to a m~Mification of the 
acceptor side. since DP(" to DCIP electron transport 

TABLI- I 

t:it!t'~ t~ ot tmp~tntcatt~m on  t ,~ru~d~s P.g t l  m m tt,,~ 

PS II reactions .A.cti~it} " 4,electron cqul,.,."mg ('hi per h) 

Non- l~ps lmzcd " 

t r )p, in ized p i t  ~.t~' p i t  .~I~ 

II-O i, d,mcth~l 
bcn,,oqum~nc ' 2~,u~1 6u, 

I I  ,O  --, ierric.~ anvdc ' 311t 194(l ( 14Sd)l ' 

t l  . ( )  --, D ( I P  ~ 5441 tq0 
DPC --, I)('IP ~: 6tin "7 ict 

A ~-band l(}O ~ 1~i4 

"7t~ 

14 

?lit 

7; 

'~ Electron tr,m,d~r aclMtic~ ~crc m~:asurcd at pH 6.5 m the pres- 

ence of 20 mM Ca(' l  ,. 
~ T~'psimzation wa,, dnnc at 22 : (  lc~r 20 rain :~ a t~p~, in . , (h i  rati~ 

of (i.I (w/~). 

Mea,,ured b,. O- e,,olution. 
J Mca,,ured h.,, DCIP-photorcducuon, 
• DC'MLI i lO gM) -insen..ilKc acti,.it} v,a~ indicated in parcnthc,.e,,. 
' I n t em,  it~ of A r-band relatke IO that in nontDp,,inizcd PS II ~a,  

indMcatcd. 
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Fig 2. r~ll-th:l~cndcnl mlul,tlion b~ Iryp~,in~,,:il~on of ~a~tou,, PS II 
~wti~ilic',~ (),-c~ol~nng I 'S II mcn,br ,mc, ,  ~ c r c  I,'3'p,,inizcd al v:nu~u,, 

p i t  h'vcb,, md  lhcll ~,1..',~1¢¢1cd Io ;i,,~;1~,, t~l () ,-cv~flution wilh lerri-  
c~,midc a~, c icc l ron  ,n¢ccplor ( ) lind l ) ( ' i P - p h ~ l ~ n c d u c l i o n  with 
v, a lc r  a,, clcctr,  m dont~r ~ .:, ). l-h~: lr3:p,,i]lizcd mcmhranc~,  v, er~ 
.ur lhcr  Ire;fled ~i lh  NII~ (.)t', Io dep le te  Mn. and lhen ,~ubjcctcd t~ 
assa.,,, of A r -band t.aF.d~ihr~ (0) ;rod D ~ ' l P - g h ~ t o r c l u c l i o n  with 

I ) P ( '  :~ clcctr ,  .l dont)r ( " ) .  All a',',;L~ bultcr~ h~r e lec t ron  ~ran,,fer 
acti',itic~ tof~t.lil'~cd 2(~ w~,| ('~1('[.:,. ( 'ondi t ion, ,  for l~rpsiniz;~tion v, crc  

th~ ' ,ame a,, in Fig. 1. 

(open squares) keeps a ctmstant high level over all the 
pH r:~ngc tested, while wa~cr to DCIP electron trans- 
port activity (open Irianglcs) was inhibited spccifically 
at high~:r pi! Icvcl.s. This clearly demonstratcs the 
specific trypsinization of the proteins responsible for 
O~ evolution at higher pH levels. 

Fig, 2 also shows the effect of trypsinization at 
'~;arious ptt levels on thc capability of Aj-band. The 
A l-band was const:mtly photoinduced after trypsiniza- 
tion bc!ow pH 7, but steeply inhibited after trypsiniza- 
lion between pH 7.25 and pH 7.75. The resulting 
pH-dept'ndcncc cur~c was almost identical with those 
for inhibithm of O, evolution. This suggests that the 
putative histidine, the positive charge carrier tor A- r- 
band, is located in the O_~-evolving enzyme or impli- 
cated on a protein(s) adjoining the O,-ew~Ivmg en- 
zyme. so that trypsinization of this protein(s) causes 
simult;meous loss of 0 2 evolution and A.~-band capa- 
bility. 

if the above interpretation is correct, we may expect 
that destruction of the Mn-cluster will give risc to a 
conformational rcarrangcment of the target protein(s) 
and thereby alter the pit-dependent accessibility of 
tDpsin. Fig. 3 shows the cffect of Mn depiction on thc 
inhibition of the At-band capability by trypsin diges- 
tion at various pH levels. PS 1I membranes were de- 
pleted of Mn with Tris or NaCI/NH:OH treatment 
and then subjected to trypsin digestion. Note that 
Tris-treated membranes wcrc devoid of all the thrcc 
extrinsic proteins v,hcrcas NaCl/NH2OFt-trcatcd 
membranes retained the 33 kDa extrinsic protein. Inhi- 
bition of the A,.-band capability by trypsin digestion 
revcated a pronounced pH dependency in Mn-depletcd 
PS II membranes as well, but the dependence curve 
was slightly but significantly shiftcd to lower p[-I levcls, 
shov,ir~ ~ half-inactivation pH of aboul 7.5 ft~r Mn-rc- 

lathing PS II. ~Jnd pLl 7.2 for Mn-depleted PS ii. Thi,~ 
,,t,gg~.'~t.,, thal Mr l  deplet ion somehow faci l i tates lhe 
accc,,,ihilil~, of trypsin to lhe protein(s) thal bears the 
putatwe histidine, the positive charge carrier lor the 
A-t-band. it is of note that the two pH-dependence 
curve,, •blamed for Tris-lreated and NaCI/NH2OH- 
treated samples were identical to each other, regard- 
less of the presence or absence of the ~3 kDa protein. 
Probably. this protein is not a barrier for the attack by 
tryp.,,in. 

Fig. 4 shows the effect on EPR Signals 11, and 11~ of 
trypsinization at pH 7.25 and 7.75. Trypsinized and 
non-trypsinized control Mn-retaining PS !! membranes 
were further treated with NH2OH for complete deple- 
tion of Mn, and EPR signals were measured in the 
presence of ferrieyanide in order to kccp OA oxidized 
by supporting multiple turnovers of the reaction center 
by accepting multiple electrons from Q,~. Note that the 
electron transfer between On and Q a is interrupted in 
trypsinized membranes (see Table 1). In non-trypsinized 
membranes, illumination induced Signal llf arising 
from Z ' .  the oxidized form of the secondary electron 
donor of PS II. being superimposed on Signal !1, 
arising from D*, the oxidized form of the auxiliary 
electron donor of PS II. Trypsinization at pH 7.25 did 
not affect Signals ii; and 11~, consistent with the find- 
ing that trypsinized membranes retained a high rate of 
O~ evolution (see Fig. 2 and Table 1). When trypsinized 
at pH 7.75, 0 2 e~olution and AT-band capability were 
markedly suppressed (see Fig. 2). but more than 80% 
of Signals 11,~ t could be detected, although the contri- 
bution from Signal II, was much more decreased as 
compared with that in non-trypsinized membranes. 
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Fig. 3. Comparison of pit-dependent inhibition by trypsinization of 
A r-band capabilit!, between Mn-rctaining PS II and Mn-depleted PS 
II. For tryp~,inization of Mn-depleted PS II, ()z-evolving PS II 
mcmbranc~, v, cre first dcpteled of Mn by treatment with N' t . ,OH 
(A)  or ~ilh Tri~ ( i ) .  tryp~mized at various pH ie~,eis, a ~, then 
subjected to the as_sa3 o|  AT-band capabili~'. For try.psimz:~on of 
Mn-retaining PS I]. O:-e~ohing PS l] membranes v,e.;e fiP,,t 
lr3p~i~dzed at various pHs. depleted of Mn by treatment with 
Nit ~Ott. and then assayed for A-r-band capability (~). The dt 3en- 
dence curve with (: :) is a reproduction oi the corresponding curs,: in 
Fig. 2. The conditions for tr~psinization and A ~-band induction W 're 
the ',ame a', in Fig. 1. A ~-band capabilily ~a,, expressed in percc n 

rclati~c to the intensity in non-trypsinized PS 11, 
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Fig. 4. Effects of trypsin digestion on EPR Signals 1I, and ll t. 
Mn-retaining PS II membrane~ ~,ere trypsinized at 22:C for 2(;, rain 
~ith a trypsin/chlorophyll ratio of 0.1 {w/w). treated ~,ilh Nil .Oit 
to deplete Mn. and then subjected to EPR measurement. Non- 
trypsinized control PS !1 membranes {a): PS II membranes tr!,.'p, inized 
at pH 7.25 {b) and pH 7.75 (el. Solid cu~e~, indicate the light ,,pcctra 
recorded during illumination, and dashed cur~es indicate the dark 
spectra recorded in darkness fl)llowing I-rain dark incubation after 
turning off the illumination. Chlorophyll concentration was 4.4 mg 
Chl/ml: Ferricyanide (2 raM) and CaCI, (20 mMI were supple- 
mented in the assay buffer• inslrumental settings: micro~,a,,e po~cr. 
1 roW; microwave frequency. 9.445 GHz; modulation frequen~ and 

amplitude. I00 IOtz and 4 G. respectively. 

These results indicate that Z is normally phottmxidized 
even after trypsinization at pH 7.75. V61ker et ai. [18]. 
however, reported that no Signal I1 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 QA" since the On to Qu electron 
transfer is interrupted in trypsinized PS II. The low 
amplitude of Signal II, 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. Presen'ation of the capa- 
bility of Z oxidation after t~'psinization at pH 7.75 
accounts w,Al for the finding that DPC to DCIP elec- 
tron transfer is not affected by trypsinizatio~ at ar~; 
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 tq,'psinization is accompanied by the release oi 
Mne* from the Oz-evolving enz3'me [15]. We at- 
tempted to estimate this destructive effect on the Mn- 
cluster by measuring the electron donation capabilit,, 
from exogenous Mn-". As shown in Fig. 5. the rate ot 
Mn'-'-photooxidation was constant after trypsinization 
below pH 7.25. but was steeply decreased after 
;xypsinization atx~ve pH 7.5 to reach a constant toy, 
level after trypsinization above pH 7.75. Note that the 

concenlratk.1 ~t M n :  during the ~.,sa~ {.75, M~ x~.~. 

c~mlro!lcd as h,,~, ;,,, the range ~d !ieati~m ;i,;;llil', ~q 
Mn ? durit;g 13hohlaclivalilul [ i IL_II] Ihc ,,sultcd pll 
dependence ~,~.as quite similar to those t{~r lhc capalqli- 
lies of 0 2 evolution and A l-band formation ~,',ith an 
identical half inhibition pH of 7.5. A~,,,uming thai the 
site of Mn-'" phottw, xidation is identical with the liga- 
lion site of the Mn-cluster. the result,, arc interpreted 
Io mean that tryp.',inization give.,, rise to damage of the 
Mn-ligation site, Ihereby leading to rclcase of Mn and 
then inhibition of O,  cvolution. Notably. about 40"; of 
the activib, was retained after trypsinization at higher 
pH levels. Blubaugh and Cheniae [2~] have reported 
that there are two t.~pes of Mn-" +-oxidation site on the 
donor side of PS !I  for Mn ligar.ion through photoacti- 
ration, the one with higher affinity is responsible. For 

Mn:'-photooxidation. about 60"; of the rclati,.c Im.,, 
value in the presence of 75 /aM Mn:" is duc to the 
Mn:" ions ligating at the high-affinit,, binding site. 
while the other 40c.; - is ascribed to those at the lov,-af- 
finity binding site. The tq,'psin-in,,ensitive acti,.itv in 
our result', may be attributable to the oxidation ot 
Mn:-  binding to the Io~-affinit,. ,,itc. 

There exists another ',er3-high-atlinib Mn ~-bind- 
ing site with a dissociation constant of the order of 
submicromolar [22-24]. and binding of M n :  ~o this 
site has been prolx~sed to competitivel} inhibit DPC- 
pnomoxidation [23]. As shown in Table II, the rate of 
DCIP-photoreduction with DPC by non-t~psinized. 
NH,OH-treated PS II was inhibited b.~ 40"~ b) the 
addition of 10/.tM MnCI,. and similar extent of inhibi- 
tion could be obse~ed after trypsinization at pH S.0 a,, 
well. This indicate; that the site for ~c~-high-affi,it~ 
Mn-binding is insensitive to the tq, pstnization thal 
destroys the Mn-cluster. Based ~,n this ~b,,er',.~tkm. v,c 
hypothesize thal the high-affinity M:>binding ,,tie de- 
tected by DP('-DCIP competition a,,,,x, ,'=~_'=~ m". bc 
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F~g. 5. plq-dcpcnd~:nt mhlbi'don h7 Ir3p,m~/~m~m ,d Mn : [,ho~, 
ox~dJtum capabdil~. Mn-rcl,,:nmg Pb i1 mcml'uan~.-, wcrc |~D',,'.I!JI'~.J 
a~ xarlou- p i i  fe,cl~. Ihen 1teated v, tlh N I l . O I l  ~,~ dcpJclv Mn ~:nd 
a~t,,t_~ed t~r Mn -pho~c~\tdai~on a~ measured h.~ phoh~rcdu~h<m td 
D(1P . .Mn : ' - depcndcm .~cmitie, v~cre ~rcscnted after ,,uhm~.t~,.m 
ot lhe ba',al ac',i~,it~ ( ] "  ~cqu~ ,. mg (71-; per t~ ~b,,cr~cd m ',h~: 
ab~cn~c of exog~-nou, M n : .  ]he a,,, : hu.qc~ ccmlamcd =i! ,.,M 

DCIP a, clccmm acc~:p~,n and "5 .aM Mn(i,  a~ c!ecmm d,:n..: 
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involved !n rigation ,¢ the Mn-clustcr. A relevant issue 
for this hypothesis is lhat DPC-pholooxidation activity 
after trypsinization at pH 8.(t was inhibited by about 
3(I~; when assayed in the absence of Ca: ". whereas it 
was not greatly inhibited in the presence o( Ca e" (see 
Table i anti Fig. 2). The stimulation effect by Ca 2~ of 
DPC-pholooxidation might be rc!ated to the finding by 
Satoh el al. [25] thal Ca:" is functional as an indis- 
pensable cofactor for the elcctnm transfer from Z to 
P~,,R() '. 

Discuss i o n  

]he present study sl,awc( :hat the capabilities of 
thermoluminescenee A ~-band and O: evolution were 
markedly inh~bited by trypsin digestion with quite a 
similar pH dependency. The ~,-b,~,ld capability and 
(), evolution v~crc sasceptible to trypsin digestion only 
:throe the threshold pit of 7._... while the properties of 
I'S II aeceptor side were equally modulate4 between 
pH ~.0 and ~.5 (Fig',. !, 2). This indicates thai, below 
this threshold pH. t~'psin damages selectively the ac- 
ceptor side of PS w" leaving ,l~e O2-ew, lving enzyme 
uptffected. When the acceptor side is damaged by 
I~psinization. the elliciev.cy of electron acceptors for 
O. evolution changes dramatically: synthetic benzo- 
quinoncs lose their high efficiency, while ferricyanidc 
..., a ve D, high efficiency. In contrast, the Iate of 

:'-photorcduction remains unaffected (Fig. 2 and 
iar~lc I). Based on the observation that binding of 
DCMU-typc herbicides is .,evcrely affected [15.26]. the 
main target of trypsinization below the threshold pH is 
believed to be the Qu-site. Our observation m this 
study that the membranes digested at pH 7.0 exhibited 
thermoluminescence Q-band arising from S~Q A charge 
recombination, indicating that QA, but not Qu, is sta- 
bly reduced (Fig. !), :.., consistent with the previously 
proposed view [26.27] that mild trypsinization lunction- 
all,, disconnects QB from Q..x. Trypsinization at lower 
pH levels is also known to convert cytochrome b559 
from high- to h)w-potential form [18]. Reasonably. 
ho,,vcver, this damage does not affect the capalfilities of 

A ~-band and ()~ evolution (Fig. 1 and Table I), be- 
cause the target componcnts of ,he damage are not 
directly involved in either capability. 

()n elevaling the pH during trypsin digestion, O, 
evolution becomes inhibited. This is interpreted that a 
pH-dcpendent structural rearrangement of PS II pro- 
tein(s) leads the donor side of PS II to be accessible to 
trypsin [14,15]. After trypsinization above the threshold 
pH of 7.25, both O 2 ew~lution and A.t-band capability 
arc concurrently inhibited (Fig. 2). The inhibition of O 2 
evolution and AT-band car:ability cannot be due to 
damage of redox functioning of Z, since the capability 
of Signal Ill arising from Z + is well retained after 
trypsinization at pH 7.75. This result is compatible with 
our previous proposal that the putative redox active 
histidinc is functionally located between Z + avd the 
Mn-cluster [13]. Wc may thus assume that trypsin di- 
gestion above the threshold pH specifically damages 
the structure and/or functioning of the O2-evolving 
cn~'mc, the Mn-cluster among the various electron 
carriers on PS I1 donor side. V61ker et al. [15] reported 
that release of Mn accompanies the trypsin-induced 
inhibition of 0 2 evolutiov. Their finding appears to be 
compatible with our present resulls in that the binding 
site for exogenous Mn 2÷ that functions in photooxida- 
tion of Mn z• in reconstitution of O 2 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 AT-band capability and O z evolution. 

We have to take into account, boy, ever, the possibil- 
ity that the loss of AT-band capability can also result 
from trypsin induced modification of QA properties 
that iavolves destabilization of QA" rapid dissipation of 
QA will decrease the A-r-band capability due to short- 
ag,. in negative counterpart for charge recombination. 
However, this possibility is unlikely, based on the fob 
lowing results: (i) QA is stably reduced in right-side-out 
thylakoids after trypsinization at pH 7.5 (Ref. 28), 
suggesting that tryminization at this pH specifically 
damages Qu function, leaving QA function unaffected. 
(ii) DCI P pholoreduction with DPC of NH ,OH-treated 
PS !1 retained high activity after trypsinization at every 
pH (Fig 2). We may thus attribute the loss of AT-band 
capability induced by trypsinization at higher pH levels 
to the damage on the PS Ii donor side. The idea that 

t t trypsinization at higher pH specifica,l~ 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 inh,bition of AT-band capability. Probably, Mn 
removal gave rise to a subtle conformational change on 
the donor side of PS iI, and thereby modulated the 
pH-dependent accessibility of trypsin to the Mn-clus- 
ter. 



Based on these considerations, we presume that th,; 
putative histidinc residue responsible for the A ~-band 
is located in, or in close vicinity of, the pmteinaccous 
domain where the Mn-clustcr resides, and is associated 
with the Mn-Oustcr in structural and functional terms. 
This presumptien is compatible with our previous find- 
ing [13] that photodamage of the At-band capability in 
Mn-depleted PS II causes thc loss of photoactivation 
capability to reconstitute the Mn-clustcr 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 !1, 
whereas they will accumulate on Z in Tris-/trypsin- 
treated PS I1. Re-reduction of Z '  will be more stimu- 
lated in the latter case, because of direct reduction of 
Z + by an ambient reductant duc to the absence of the 
putative histidine. 

We may reasonably assume that trypsin does not 
have access to proteins buried in lipid bilayer. In lact, 
trypsin digestion does not affect Z to Oa electron 
transport which comprises on'." '"c redox components 
ligating to the amino-acid residues assumed in the 
membrane spanning segments ol DI and D2 proteins 
[29]. We may therefore as.~,ume that some arginine 
and/or lysine residues in t~" !',.~;- '~f D'I and/or D2 
proteins protruding to the lumenal ,2e of thylakoids 
are the target of trypsin a~'* :ok 'hat gives rise to the 
inhibition of AT-band capabi' ,~ and th~.reby the loss 
of Mn-photoligation capability. According to the fold- 
ing model of D I and D2 proteins deduced from their 
DNA sequences i" ,,30], ~h~ee trypsin sites can be 
pointed out on lurr,znal , ~,,ps: one between helices 1 
and II of both Dt . , . I  112 protei,~s, one bem'een 
helices ill 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 
trypsin;ration, while no fragments come from the other 
lumena: !oops. Notably, there exists a cluster of basic 
amino-acid residues including arginine and histidine in 
the C-terminal tail of DI protein (e.g.. R~z~ to H>~). 
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, ew)lution with- 
out impairing the electron transfer from Z to O~. and 
they have suggested that both Asp-342 dnd Ilis-332 
donate ligands to the Mn-clustcr. Our working hypoth- 
esis appears compatible with their results. 
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