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!. Introduction 

I\ (otli;lildllll~ rc'lll,ilk~ . . . .  

.,\~ k nt ~ I¢ dgi." nit n I . . . . .  

The. l l l t l ' . . l  i n l p o r t a l l t  I t l n c l i o l l  o |  n l ; l l l g , l l l C ~ , C  i l l  biol- 
ogy is to catalyze Iht conxcrsion ot water to molecular 
oxygen. Thb, process t;.ikc~, place in l'tlolos~Mem II 
near the lumenal  surface of the thylakoid mcmi3ranc. 
Tl-e catalytic reaction is driven by light and requires 
four manganese .  2 - 3  calcium and several e l  ions. 
Our understanding of  the catalytic proce,,s has ad- 
vanced dramatically in the last decade.  Three  major 
sets of  deve lopments  have been responsible  for tim, 
progress. First. methods  to separate PS I! from other 
components  of the thylakoid membrane  ~verc devel-  
oped [1 -4 ]  and refined, both for higher plants [5-131 
and cyanobactcria l sce  .~ubsection I l l -F) .  The  high 
concentrat ions  of  PS I1 and relative lack of  contain |ha-  
l ing pigments in these preparat ions have ,nade the 

ca,,d~,tic p;oc¢,,~, mcrcasingls accessible to ~}phisti- 
c , tcd  , ,pcctroscopic i.nalysis. Second.  the deve lopment  
of  method,,  to isolate sp,:cific genes  has resulted in the 
determtllatiol l  ~| the amin~l-actd sequence  of  evcu,  
const i tuent  polypept ide  of  P5 II from a wide var{cty o f  
organi,~ms. These  sequences  ha~e y ie lded insight into 
tPc structure of  these  polypept ides  and into their Im)ssi- 
ble e~olutionary relat ionships  and have made it i ~ s i -  
hie to analyze s t r u c t u r e / f . n c t i o n  relat ionships  by di- 
rected m~atagcncsis. For recommended  nomenclature  
lor the corre, ,ponding uenes,  xee Rcf.  14; for c o mp e n -  
dia of  publ ished . sequences . . see  Refs .  15.16. For re- 
vie~,s of  mdtagcnes i s  studies,  see  Refs.  17-19 .  Finally. 
the determinat ions  tit the structures of  reaction centers  
from the purple non-sulfur bacteria Rho, dopseu- 
drnmmas tiridis i2|l] and Rhodohacter sphaeroides 
[21.221 at < 3 /~ resolution {rexic~-ed in Refs.  2 3 - 2 8 )  



have surpl ied a m , ~ c l  for the s t ruc tu re  of the core ,,t 
PS II (fl,r review, scc Refs. 24.2q). The  a im of thi~ 
review is to  crilicully asscs~ our  cu r ; cn l  knov, lcdgc ~I 
the m a n g a n e . ~  and  calcium ions in PS Ii end  thc=r 
roles in catalyzing the  oxidat ion of  water.  Many excel- 
lent reviews that  emphas i ze  o t h e r  aspects  of  PS I!. or 
o the r  points  of view. have appea red  recent ly [30-38]. 
For a comprehens ive  ear l ier  review, see  Rcf. 39. For  a 
recent  review that  emphas izes  the  molecular  biology, of 
PS i l ,  .~¢ Ref.  16, al.~) .~e  Ref. 19. 

i-A. Cofactor~ and eh'ctron transfer 

Photosys tem 11 (PS II) couples  the  oxidat ion of 
wa te r  with the  reduc t ion  of  p las toquinonc .  Molecular  
oxygen is re leased  as a by-product  of  water  oxidation.  
The  ent i re  process  begins  with the  absorp t ion  of light 
by a l ight -harves t ing p igment -p ro te in  a n t e n n a  comple~ 
that  is located per iphera l ly  to PS Ii. In h igher  plant,, 
and green  a lgae the  main  a n t e n n a  complex is known as 
L H C I i  [16.41)-441. The  LHCII  ca)mplex spans  the thyl- 
akoid m e m b r a n e  and  conta ins  non-c(walcnt ly  bound  
chlorophyll  a .  chlorophyl l  b and  caro tenoid  molecules.  
The  th ree -d imens iona l  s t ruc tu re  of  LHCI!  at 6 .,~ r c ~ -  
lut ion has  recent ly  been  r epo r t ed  [45]. in red algae and  
eyanobac te r ia  the  a n t e n n a  complex  is the phyca~ili-  
some [23,46]. Phycobil isomes a re  located on  the stro- 
real surface  of  the  thylakoid m e m b r a n e  a n d  conta in  
many wa te r  soluble  pro te ins  tha t  have  covalently at- 
t ached  l inear  te t rapyrro le  p igments  cal led bilins. T he  
s t ruc tures  o f  two phy.cobilisome pro te ins  f rom dif ferent  
o rganisms  at ~< 2.7 A reso lu t ion  have been  repor ted  
[47-49].  In all organisms,  the energy  abso rbed  by the 
a n t e n n a  complex is t r ans fe r red  to PS II and  ul t imately 
to a special ized m o n o m e r  or  d i rec t  of  chlorophyll  a 
molecules  known as POS0 ( ~ e  Fig. i.  for reviev.. ~ e  
Ref. 50). T h e  energy from a single pho ton  promotes  
P680 to an excited singlet state.  Wi th in  approx.  3 ps ot 
its fo rma t ion  [51.52] ( and  ~ e  Ref. 53). the  excited 
singlet  s ta te  of  P~;O reduces  a n c a r ~  phcophyt in  
{Phco).  forming P680" and Pheo  . S tab ihza t ion  ot 
these  species  against  charge  recombina t ion  is achie~.ed 
b.v the  rapid  (250-550  ps [54-5*9]) oxidat ion of P h e o -  
by a nearby  p las toqu inone  molecule known as O x and  
by' the  rapid  140-280 ns. .see sut~,ection l l -D.2)  reduc-  
t ion of  P680" by a redox-active tyro, sine res idue kmw, n 
as Yz [60.61.986]. This  c o m p o n e n t  was proposed  to he 
a tyrosine res idue on  the  basis of  specific deu t c r a t i on  
expe r imen t s  [62-64].  This  ass ignment  has  been  sup- 
po r t ed  by t ime-resolved optical  absorp t ion  measure -  
m e n t s  in the  ul traviolet  [61] and  by d i rec ted  mutagene-  
sis s tudies  [65-68].  ] ' he  la t ter  s tudies  ident i f ied Yz as 
Tyr-161 of  the  DI polypept ide  1¢~7.~S1 (see bekm'  and  
subsect ion I.B-I).  Cha rge  recombina t ion  betv, 'een O ~  
and  Y~ is p r even t ed  by fu r ther  e lec t ron  t ransfe r  cxcnts:  
a .second plas t ,~luinone molecule.  O~.  oxidizes O~ 
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~i lh in  I0(I-2(I(I ~ [ht~-?l] (forming 0~1 i~nd the ~a- 
ler-oxidizing complex, u~hich contain,, the tour Mn hms. 
reduces Y,~ ~ i lh in  3(1 13011 ~ (,,ce ~ubseclion l l - l ) . l  ). 
Plast(~luinone hind,, onl~ ~caklx to the (.)~, ~tc [70.72] 
Many herh~cidt.s. ~uch a~ I X ' M [ ' .  mhib~! cl¢clr~m 
lransfer [rom tO,, to Ol~ b~ competing ~ith plaslo- 
quinone tot  the O~, site !73-.75I. (For review,, of O~ 
and Oa function in PS II. see R¢fs. 71.76.77: lor rccen! 
reviews of  herbic ide  binding in PS I!. see Rcfs. 7~-Mt. 
a l~,  see Ref. 81). Before charge  rccx;,mbination bc- 
twe_'z'n Oa and the water-oxidizing complex takes place. 
a ,,,ccond c h a r g e - ~ p a r a t i o n  genera tes  Y ;  and O r  a 
s, .cond time. The_ v=ater--oxidizing complex then  again 
reduces  Yz.  thereb3, accumulat ing a second oxidizing 
e q u k a l e n t ,  v.hile O x reduces  O ~ .  In reacti , ,n center,,  
from purp le  non-sulfur  bacteria,  e lec t ron  t ran,dcr  from 
O,x to fO~ is a¢'¢ompanicd b v proloFl;tlltWl c~.cnl,,, l¢- 
suit ing in the  fi~rmalion (d O ~ t t  : t~lOt rc~,icv,. ,,co Eel.  
82t. The rc,,ulling ( ) a t t :  h~dr(~quinonc Icaxc,, lhc re- 
act ion cen te r  IX3] (also sec Ref. ~4~ and ~,, replaced h~ 
an oxtdizcd qu inonc  | rom the m c m h r a n c - a , , , ~ i a t c d  
quinonc  i ~ 1 .  in PS Ii. Oz~t! is bel ieved to form and 
exchange analogousl~ [33.'7,1.76.77]. 

~Watcr oxidat ion rcqui~c,, !hal the walcr-oxldl/ ing 
complex accumulate, ,  it total ,,t four oxidizing ~.-qu~,~- 
lcnts. (',.m,,cqucntI~. tv, o pl;.t*-,h~h)dl,~K,,luil1,~flc rm,tc~ulcx 
are formed for each O .  molecule rclcas d lr,.~ the 
oxidat ion of ~a te r .  As it accumula tes  tour  oxidizing 
equivalents ,  the v, ater-oxidizing complex c3cle,, t h rough  
a ~ r i e s  of fwc oxidation states, t e rmed  S-stales and  
des igna ted  S, .  "~herc n denotes  the n u m ~ c t  of  oxidiz- 
ing equivalents  s tored (~ec Fig. 2L in da rk -adap led  
samples,  the S~ slate  p rcdomina lcs :  c-.en the S,, s tate 
becomes  oxidized to the S~ state  dur ing  p ro longcJ  
(ten.', of  minutes} dark adapta~dm [86-~i ] .  i nc S; M;.~rc 
is bel ieved to l',e a t ran 'dent  in le rmedia tc  that  Sl~}nta- 
n¢ousl.~ re~erts  to the S~, Mate u~ith the conc,:~milant 
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Rc+p l l l l i cd  X%lltl 1~121Fili~lon ( l . i lp~. l l l2hl I l l t l l .  ( i ; l i l l h l C l - t i l l l . l f S l  

release o l  O .. I h c  ox ida t ion  ~f ts~o molecules o f  ~,alcr 
is generally believed to occur during the S ; --+ i S~) - ,  S,, 
transition, but thix 1relief is not unixcrsallx acci:pled 
and will bc discu,e, cd in nut~,,cclitm !1-1t. The S-slatc 
mtldcl  ~a~ ~r ig inal lx  h l rmu la tcd  h x Kt+k and ct+-v.t,rkcrs 
[Stl.~l] lil explain why the ~icld lit O .  given tiff h~ 
chloroplasts in response to a scric-  of light flashes 
oscillates ~i th a period of tk+ur [,~'~3-+1] ( rcxic~cd in 
Rcfs. q2.cJ3t. The Mn ions of the rearer-oxidizing com- 
plex arc arrangcd ,is a muhinuclcar  complex. The 
structure ot the Mn complex and x~hcthcr it accumu-  
lates all four oxidizing cqui~,alcnls in response to the 
l\~ur succc.ssi,,e chargc-scpi i l i i t i i ins th.it ;ire Icqu i rcd  
l \ l r  ~.'llCr , ix idt l l i l l l l .  i~ cIJrrellll~, a subicct o|  t i go rou~  
dcbiltC and x~ill be discu~scd in ~,cciion II. 

ih~th tO x Iq ,--~J7] ~lnd ( i l l  I t * i S - I t l t i l  in teract  nldglGic-tl- 
¢all~ w i th  a nearby non-he ine I c:  i i l  +[ I  " "l'h~: roh: of  the 
F c :  ion is not clearly und~.'r,,lood { l o t  rc~ic~, ~,~.'c 
Rcfs. 77.1111£ in rcaction centers  from purp le  non- 
~ulfur bacteria, it can hi: replaced b.~ Mn-" .  C o : - .  
Ni 2+. Cu-"  or Zn:  without changing the talc of 
electron transfer  from O x It+ On  [1112] (al~t~ ',co Rcl,+, 
1(13.1(t4i. exi:n though the Pc :+ ion is h~-illc.d bctx~ecn 
the two quinoni :s 1211-221. l-~cn in lhc cim'iplctc ab- 
nonce of  a t ransi t ion nictal  t im at the Fc :+ ~it¢. clcc- 
I ron t ransfer  l r om  O x  ttl O i l  in slomed b~ on ly  a factor  
of 2-3 [1112]. In these Fc:  "-depicted reaction centers.  
obtained from Rho~hd+acll'r .v~heicr+mh,s R-2a.!.  ci te-  
I ron l ranMer  f rom l>hct+ Io O x ~a~ s lo~cd bx a I t lc lor  

l l |  2it 51t l i l t _  ~ 1(i4] and thc q l i an !um " l i dd  <il O ~  tbr-  
inawi(,n ~a~ d im in ished  b~ 50 ' ,  [105]. ( ' on f l i c t i ng  data 
haxc hccn rcp<irt..'d h i r  l i i c la l -dep lc ted  rcact i , ln centers 
t t l l t . l l l l C ' t i  h t i n l  I~JitJtilt#Jllttlt'l ,q~hm'toilh'~ s t r a i n  Y .  h o ~ -  

e~.cr IlliCit (also set" Rely.  I(te). "i hi: non-hemc I :c :+ ion 
ha~ been cMra¢ led  f rom PS II  [l(lt~.ltl~Jl. It has recent ly  
he tn  rcp l l r l cd  Iha l  e lec l r t ln  t ransfer  I rom [Ihel l  It l C) A 
i~ not ; ippr¢ckibl~ shix~cd in PS II in thc absi:ncc o f  the 
l c :  ion 14tt]. t n d e r  ~,p¢cial non-phvsi t l log ic : i l  condi -  
I it ln% lhe I;i. - ~  i t l l l  in I)~ I I  carl ~ , x i d i z e d  I l l  I-'e ~* 
I t , L l  l i t .  I l l ]  ( f l i r  rc~ ie l l .  ~ce Ref. I l i l i .  ] 'h is  t l x i da lhm 
ha~ not bccn ohscrxcd in purp le  non-~u l fur  bac te r i a  In 
rcacti(m centers  t~+~nl these bacteria,  the t-e:" ion i,  
ct~trdinatcd b~ four histidinc residues and one  giuta- 
nlatc [20-22]. In PS I! the non-heine  Fc '+  ion is also 
bel ieved to bc coordina ted  b v four histidin¢ residues 
(e.g.. scc Fig. 3). but the lifth ligand ma~ bc suppl ied 
h+~ bicarl~male [ l ( l l . i l2 .113]  (for review, scc Rcfs. 
17.1&77). 

In addit ion to Y/ .  there in a second rcdox-aclivc 
t~ro,,inc in PS I1+ kntv~n as YI)- Thi,, c o m l r m e n l  l las  
sho%%n to bc "i Dros inc  residue t in tht.. ba~i~ t l f  the 
~pcci l ic d c u l c r a l i o n  c x p c r i m c n t 5  i l l c n t i o n c d  a t ' l~ l%c 1 ( ) 2 -  

t)4]. S i te-d i rcc tcd rnulagcnc~i~ ~ludics la ter  idcn l i f i , :d  
Yi~ a~ l~ r - l~ l l  of  the D2 l~)lvreeptid¢ lt-S.~l l ,n the 
sequence n u m b e r i n g  %vstcm o f  spinach, see Fig. 3). The 
oxidized form of Y~r Yl~- gives ri~.e to the dark-stable 
EPR signal known as Signal II (reviewed in Refs. 
35.<+2.9~h.I. The Yi) tyrosinc has nt) known function: 
cx. anobactcrial  mutants  that lack Yl~ grow pilotoau- 
totrophicall~ and c~,oke ox3gen, al though at ~ m c w h a t  
dimini,,hed ratcs tsee discussions in Rcfs. (~5.t~O. While 
Yl+ can reduce the S. and S~ ,,rates i~ darkness  [l,16- 
i%;.117-122] and Yl'~ can oxidize the S ,  slate tl S i 
[ST.S~.1221. thcs~ procc,,,,cs take place sltili'l~ and their 
ph.~siological relevance is unkmwln. Nevertheless.  the 
oxidation ol  S,, t,+ S t b~ ~'l~ has been prtilX:~scd lit) 
stabili /c the Mn complex during prolonged periods of  
darknc,,,, h~ oxidizing a Mn:"  ion that in pl)stulali:d to 
bc plc,,cnt ill the S,, state [871. Rcccnt  data indicate 
lha l  ' t ' l l  ¢;in hc oxidi /ed  b x P h i l  + as v,i:{I ;is b.x the Mn 
om.,~lc\  1122.1231. At ¢'rs. ttgcni¢ tcmpi:ralurcs.  ~'l~ can 
hc reduced h~ ()x [110-1211 and po+,,dbl.~ by O -  
Iochromc 1,-55t~ !1241. I t  should be noted that Y~; and 
~ll; arc belic+c,+ to bc m.utral radicals [32.62.63. 
hS.125+i2t+] teat  ft+rm h s d m g e n  l~m0,, v.ith ncarb~ ba- 
-ic ri:siduc,, [32.hS.125+12h]. These ba,,ic ri:',iduc', ha,lc 
bccn proposcd to bc It is-lqtl  o! the DI and D2 I~)1~ - 
pcplidc,.  [35J,5.11..l.I lti. 1221 (in the , .cqucncc numbcr-  
inI¢ system ~1 ~ p l n ; i c h l  ( ~ C C  | : i g O r  3 and +'1 

I-B #)+d~Iry~'ti,:Ic +, 

I-B. I 17w l)1 +rod 1}2 I~d31~7,lidc~ 
] 'he  minimal o,~l:cn-c~ol~.ing PS-II ct)mplcx conq, , ts  

O1 ',C~,ell RlalOr I~ll%Pci~lidc~. plu~ one or  more  ,,mall 
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po lypcpt idcs  of ,:~ 111 kl )a  (Fig. I). t to ,~cvcr .  PS-l i  
complexes  in viw~ may conta in  at least 2(1 polypcpt idc~ 
(~,cc Table  I; ti)r review. ~cc Rcls.  3-'-36.12,~-13(D. 
( ' h a r g c  sepa ra t ion  takes p la te  in a I~ctcrodimer o f  t ~ o  
38-3t)  k l )a  polypcpt idc~ known as DI  and  D2, which  
are encoded  by the chloroplas t  p.~hA and p.~hl) genes .  
respectively. (For  a compari,~on of the amino-ac id  ~,c- 
q u c n c c s  of  38 i)1 and 15 D2 po lvpcpt ides ,  see Rcf. 
131. also scc Fig. 3 and Ref. lh). The  s e q u e n c e s  o f  
these  two po lype? t i de s  arc highly h o m o l o g o u s  to one  
a n o t h e r  and exhibit .~triking similaritic~ to the  se- 
q u e n c e s  of  tl]c l . -and M-suhunit~, of  tc, c t r m  cen t e r s  
f rom purp le  non-~nl lur  bacter ia .  These  s imilar i t ies  led 
nl;iny anthor~  to p ropo se  that the 1)1 apd  D2 pol.~- 
pcp t idcs  fo rm a cord s t ruc tu re  s imilar  to that  in the 
react ion cen te r s  f rom Rhodopseu~h>mona.~ viridis and  
Rho~hd~acter Vgu,'roide~ ( rcvicwcd in Rcf~,. 24.2~)). T h e  
ch loroph) l l ,  phc:oph.vtin and ca ro teno id  contcnt~, of  
b, o la tcd  I ) l / 1 1 2  complexes  ( isolated as a complex  that  
included the po lypep t ides  of  c y t o c h r o m c  h-55q and  the 
p roduc t  of  the  pshl gone.  ~,cc suh. ,cct ions  I-B.3 and  
i-B.51 ~ c r c  originally r epo r t ed  bc s imilar  to those  of  
I,,tctcria! rc;.tcti~m tenter , ,  [132-134]. lh )wcvcr ,  recent  
anatp ,  c~, indicate thai the I11 / I12  h c t t - o d i m c r ,  iso- 

!atcd c i tPcr  with [13.135-139] or  w i thou t  [14(I] the 
cy toch romc  h-559 po lypep t idcs  and  the  pshl gene  
p roduc t ,  con ta in s  significantly m o r e  ch lorophyl l  and 
c a r o t c n o i d s  than  bacter ia l  reac t ion  cen te r s .  Es t ima te s  
of  approx .  6 chlorophyl l  a m o l e c u l e s  pe r  D I / D 2  het-  
c r o d i m c r  ~assuming tha t  PS II c on t a in s  2 p h c o p h y t i n  
molecu les  pe r  P680 and  that  no  ch lorophyl l  is con- 
ve t t ed  to p h e o p h y t i n  du r ing  isolat ion o f  the  complex )  
[13 ,1~h-140f  or  1(I-12 chlorophyl l  a m o l e c u l e s  pe r  
111/I12 h c t c r o d i m c r  ( a s s u m i n g  tha t  PS il con t a in s  2 
c y t o c h r o m c  h-559 h e m e s  per  P6811, see  subsec t ion  I-B.3) 
[135] and  2 /3-carotcnc  mo lecu le s  [136,137] have b e e n  
r cpo r t cd ,  c o m p a r e d  to 4 bac te r ioch lo rophyl l  mo lecu le s  
and  i c a r o t e n o i d  in I acterial  r eac t ion  cen te r s .  T h e  
d i f fc rence  in p i g m e n t  c on t e n t  b e t w e e n  the  D I / D 2  
h c t c r o d i m e r  and bacter ia l  reac t ion  c e n t e r s  sugges t s  
that .  while  the  la t lc ,  may  serve as a r e a s o n a b l e  mode l  
for  the s t ruc tu re  o f  the  D I / D 2  complex  in the  vicinity 
of  the p h e o p h y t i n  and  q u i n o n c  e lec t ron  accep tors ,  it 
may not  accura te ly  ref lect  the s t r u c t u r e  o f  the  D I / D 2  
-omplex nea r  P680. F u r t h e r m o r e ,  the  r eg ions  o f  the  
I)1 and  D2 po lypep t ide s  that  are  bel ieved to p r o t r u d e  
f rom the  lumena l  side of  the  thylakoid  m e m b r a n e  
con ta in  many  m o r e  r e s idues  than  the c o r r e s p o n d i n g  

g' J 
I tg ~ N nu~dcl ol the d~mor -=de ol the= DI and I12 pol~,pupt;.ic~ ,~| PS ] l  a~ ~icv, cd oblitlucl~, f rom abo'~c the lumenal surface o|  the thylakoid 
membrane The DI  polypcptid¢ i,, in the Iov.cr-lctt half ot the figure, The ~,cqucncc numbcrings correspond re, those in spinach. The pcptide 
ba~kl~m¢,, of  the DI  and D2 potypcptid¢,, correspond to tho~,c o f  the L and M ~ubunit~,. respectively, of  the reaction center f rom 
Rho~h~p~c,chmuma~ ; iridi~ [2t) I. The I,-q,', c .nncctmg the A and B hdicc,, arc da,,hcd and the carho~'-termina| ,,equcnces are ()mil led m signify 
thai thc,,c' regions ol the DI and D2 polypeplidc~, contain re,are re,,idue., than L and M p(dypcptidc,, of Rp, ~rndis and that their positions are not 
prcdiclcd in thi,, model. The hacteriochloroph,,ll dimcr fr~m Rp t m.h~ i~ included ~a.ithout modilicalion a'. indicating a possible location for P680 
la~uming that P~S() is a direct and r, *mentcd the: ,,amc a ~, I n  /~1~. , Irlch~, '-co Re[, 127 lot di,,c0~,,mn). The ~,idc chains of Tyr-161 and ttis-190 
ha'.c hc~:n ',ab'Jitutcd fi)r the: corrc',|~mdm~ L and M Ic~,iduc', and arc included t~ ,.hov, the pos,,ihlc locations of Yz (Tyrz) and YL. (TyrD) and 
Ihcir proposed !~5J,5,.114.1 Ih. 122] h.~drugcn bond partner,, ( for details concerning the orientat ion of  lhe,,c residue_', in this m(~lel. ~ee Refs. 
35,114 | h~) In ~h=~ model, dc~clopcd b x B. S,.cns~.on and S S~ring. Phc-l;~6 of  the D |  polypeptidc is proposed t() mediate electron transfer from 
Y/ to PhS~)" [35.11~] and a Mn or ( a :  " ion (,,tippled ~.phcr¢) is proposed to bind to Asp-170. Gin-165 and Glu-18q of the DI p,atypeptide [114]. 
In addition, rc~.idu, ~ 17i| and IF,9 (phcn,.lalaninc', in D2 and aspartate and glutamate, respectively, in D| ) arc proposed to make the lumenal end 
~t the ~,/ ca'.lt), n. ~rc h~.drophilic than the lumenal end ot the YI) cavity [35,114.116]. The figure v.as kindl~ modified tram Ref. 114 by B.  

S',cn,,~on and S %t).rmg. Reprinted vqlh pcrmi*,,,ion (cop'.right tgql h~ Zcit,,chrift dcr Naturfi~r,,chung). 



r e g i o n s  o f  b a c t e r i a l  r e a c t i o n  c e n t e r s .  N e v e r t h e l e s s .  t h e  

b a c t e r i a l  m o d e l  f o r  t h e  P S - I i  c o r e  l e d  t o  t h e  s i t e - d i -  

r e c t e d  m u t a g e n c s i s  s t u d i e s  t h a t  i d e n t i l i c d  Y /  a n d  Yt~ 

a s  s p e c i f i c  l y r o s i n e  r e s i d u e s  o n  t h e  I ) I  a n d  I ) 2  po l~ -  

p e p t i d e s  [ h5 -6~ ; ] .  T h e  D I  p o b p e p t i d e  is p o s t - t r a n s l a -  

l i o n a l l y  c l e a v e d  b e t w e e n  A l a - 3 4 4  a n d  r e s i d u e  345 
[ 14 I ,  142]  by  a 3 3 - 3 5  k D a  p r o c e s s i n g  e n z y m e  [ 1 4 3 - 1 4 6 ]  
a n d  is I r a n s i e n t l y  p a l m i t o y l a t e d  !147]. B o t h  D I  a n d  D 2  

a r e  p h o s p h o r y l a t e d  [ 1 4 8 - 1 5 1 ]  a n d  N - a c e t y l a l c d  [15( I ]  
a l  t h e i r  a m i n o - t e r m i n a l  l h r e o n i n e  r e s i d u e s  | o l h ~ w m g  

l ~ ) s l - l r a n s l a t i o n a l  c l e a v a g e  o f  t h e i r  i n i t i a t i n g  N -  

formyl-melhioninc  residues.  It has recently been re- 
ported that the D I / D 2 / i / e y t o c h r o m e  h - 5 5 9  complex  
posses ses  a low intrinsic serine prote inase  activity 
[ 1 5 2 - 1 5 5 ]  t h a t  m a y  b e  i n v o l v e d  w i t h  t h c  l i g h t - i n d u c e d  

t u r n o v e r  o f  t h e  D I  p o l y p e p t i d e  ( r c v i e w c d  in R e f s .  

35 .156+  1 5 7 . 9 8 7 ) .  
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I -B ,  2. "/7w ( + P 4 7  a n d  ( ' P 4 3  p+d)7~<7~tide~ 

I n  a d d i t i o n  ~o the  I ) I  and  I ) 2  pol_~pcpl ide,~, o x 3 g e n -  

c, ,ol ' , . ing PS II c o m p h : x c , ,  c++H1tain |x~+o o t h u ' r  chl.~uo- 
p h ) l l - c o n l a i n i n g  p o b p c p l i d c ~ ,  knoxsn  a,, ( P 4 7  a n d  

( ' P 4 3 .  T h e s e  p o l y p c p l i d c s  h a x ¢  m o h : c u l a r  ma~,,,cx o l  

a p p r o x .  51 a n d  4h  k D a  a n d  a re  e n c o d e d  b y  the  c h l o r o -  

p las t  pshB  a,~d psi , ("  g e n e s ,  respect i~ ,e ly .  ( F o r  a c o m -  

p a r i s o n  o f  a r n i m ~ - a e i d  s e q u e n c e s  o f  ( ' P 4 7  a n d  ( ' ! ' t 3  

f r o m  a n u r n b c r  o f  o r ~ a n i s m s ,  s e c  i e f .  130,  a l s o  s e e  

R c f s .  1 5 , 1 6 k  T h e  ( ' P 4 7 ,  ( ' P 4 3 .  I)1 a n d  1)2 p o l . x p e p t i d e s  

are  i t ru , ,en l  in a I : l : l : l s t o i e h i o m e t ~ y  ba, ,ed o n  the  
i n c o r p o r a t i o n  o f  [ 14C]aec la le  [ ]Sg]  o r  [ ~ a ( . ] h i c a r h o n a t e  

[ 1 5 9 ]  int~, u n i c e l l u l a r  g r e e n  a lgae .  T h e  f i rs t  t w o  [ I ~ I .  I fi  I ] 

a m i n o - a c i d  r e s i d u e s  o f  C P 4 3  a re  p o s t - t r a n s l a t i o n a l l y  
c l e a v e d  a n d  t h e  r e s u l t i n g  a m i n o - t e r m i n a l  t h r e o n i n e  
r e s i d u e  is ( ) - p h o s p h ~ l a t c d  a n d  N - a c e t ~ l a t e d  [150] .  

B o t h  ( ' P 4 7  a n d  ( ' P 4 3  a p p e a r  t o  o m t a i n  ' , ix t r a n s m e m -  

1ABI+I i  I 

IV.m+,v+tem II p,d+irTmde+ 

( i l ) .  I l l  smalh:st w,mpk'x -ho+~n b~ [ : P R  nlc+l~,LIFcrlB.'l'l| ',* ~tl cr~oge[11~." [cmpcralur~:n to cart3 o t l l  t}~,t l~ ~Cl),Ifdtl()l+. (b)+ III srt]~lllk "| klHt~I)It 'XC" !hdt 
,,x~gen al high rate', in +il lo: (c). 11111 irl P% I I  (A com|mmenl Id ;* N A I ) | I  I+! %-'~I)PII pl;p,n+qulnor~c t*x~tl~c+lt+~_l,~,t.'). +dr ~l.dqh]~_.,, the %|n 

Ct+lhl+b,'x a n d  is required for O p l i m a l  r d l e s  o [  o ~ g ~ ' n  c~ .o ln t i on :  ( c ) .  maintain~ h i ~ h - a n l n i t )  b l n d i t l g  o l  ( a ' " ; |D.  r n , l iN l ; nn -  [ngh- .Ht l l l lD .  hl l ldln+2 o l  

(3 : ++.). ruquircd fl;r normal lunclioning of O++. 

(;u. ,e Nuclear  Polxpeptidc 1.~ k'at ion .~.mino acid,, Rc lc rcncc ,  
Or Or i r l  111a1 t l re  

chloropla ' , i  f u n c l  Ion p~ d) p c p t  IdC 

,.t, (- D I  a.h ~'3 [ 1~.1.142.1:;ll] 
I ~' ~ i (" ( ' P 4 7  t' ":l~-- i I 3t~} 
p~h( ( ( 'P43 b !f'~ i 150] 
p~hl) (" I)2 u.h 3:'2 [ 142. l;I~i 
l++l+l: (" L-+Xlod]rOmL" h-55"l ++ a.b ~2 [ 1~<] 
. , h F  ( c'~t-chr~.nc /+-55+# ¢~ ,, b +~ [ t,+m] 

'~.~b I I (" ~ kI);\  " phosphoptok in  72 i ~ I<I 312} 
'~1, I (" I :~, i2u-2  ~̀<~ ~'"+] 
'~hJ (+ (not ~ct idcnt ihcd)  ~+l I ~,06 3H-j 

. ~ ,h  1.  ( '  I " ~ i 2 ~ ' + . 2 ~ , .  3 ~ +, , i 

. , ' , .h~. l  ( NI ' ' 7"3 i ~I+lj 
'~bN (" N " ' 4C [ ~ l  i 
r~'J)() (" ~ kl)a cxtrm,~t b d 24", [22u 2211 
,,*/,P N 24 kD,+ cxlrm,q+ : ~+ I ~+ [25 ~ 25 "~ ] 

- N 22 kDa intrm'q,+ ~ 
- ~; 2X kDa intrinsic " 
-- N~ h l  kl)a ~ {2~:4.2t) 's] 

+ N 4 ] kl) i t  ? [29~,3111] 

I Dctermim:d enlircl~ from lh¢ nuch:otide ~equeno.' o| the ¢orru~pondin~ gcnc 
-" Pol+'.rpcptide +.:onsi~t', ol PAl h3 ammo-dcid rw,.idue~ +,1 ~:~.anohacl~'l~a, thu N tc rmm.d  I~gum i~ ~h¢,ttct b~ ,tpprox 12 rc',klu,+:~ [2 ~u ~2J.325] 

Ng,)! "yet deI[¢~:|.dd in planl-,. 
~' N+.II dt:lec:...'d hi c~an+,~ba¢lcria 
" Thi'~ f~fl~peplide liar, been propo,,ed to he {'P2*~ Ito~e~er. the ,cqu,'nce, al t t ibulcd Io CP29 m hMndn~ ~ I ~ | }  ( ~.~, :lrFlinll-:JCIL~ TC~,IduL "~, I l l d u d l n ~  

lran~.ilpeplide) and bar]¢) [332] (2Nh amino-acid te~idue~ iactudmg tranqT l~d)pepl~d~-) dppcar t~i coi re-pond t~, dillercnI protcln~. 
" The appnv,+ 5 kDa pol+':+peplidc in ~3anobaclc+ia i~ .tpparcntl~+ unrelated to that hmnd in plan!~ i+hq ,+~l+2J 
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b r a h e  r e g i o n s  tutti a x, er~ h u g e  h y d r o p h i l i c  loop  tha t  is 
l oca t ed  on  t he  l u m e n a l  s ide  o f  t he  t h y l a k o i d  m e m b r a n e  
[1311.162]. T h i s  loop  c o n t a i n s  app rox ,  lt)(I r e s i d u e s  in 
C P 4 7  and  app rox .  1311 r e s i d u e s  in ( ' P 4 3  [ 130] ( sec  l oops  
"E" in Fig. 5). Bo th  ( ' P 4 7  a n d  C P 4 3  a r c  t , e l ievcd  to 
se rve  as  t i g h t l y - b o u n d  l i g h t - h a r v e s t i n g  a n t e n n a e ,  b u t  
m a y  have  o t h c )  f u n c t i o n s  tha l  r e m a i n  u n d e t e r m i n e d  
{for revie~v, scc  Rcf .  13tl). 11 hats r e c e n t l y  b e e n  p ro -  
p o s e d  tha t  ( ' P 4 3  m a y  p o s s e s s  an  i n t r i n s i c  s c r i n e  p ro -  
t c i n a s c  act ivi ty t ha t  c l e a v e s  t he  DI  p o l y p e p t i d e  fi~llow- 
ing  p h o t o i n h i b i l o r y  t r e a t m e n t s  [163]. PS I! c o m p l e x e s  
t ha t  a rc  d e p i c t e d  o f  ( ' P 4 3  ( a n d  w h i c h  c o n s c q u c n t l y  
c o n t a i n  CP47 ,  I)1.  112, c y t o c h r o m c  h-55", ~ a n d  t h e  p r o d -  
net  o f  t he  l~shl g e n t )  have  b c c n  e s t i m a t e d  to c o n t a i n  
3 0 - 3 4  c h l o r o p h y l l  a m o l e c u l e s  p e r  P6811 b a s e d  o n  t h e i r  
c o n t e n t s  o f  e y t o c h r o m c  h -559  [135,164] o r  p h o t o r c -  
dnc ib l e  O x [165] ( see  a l so  Ref .  166). H o v v e v c l . . s i m i l a r  
c o m p l e x e s  have  b e e n  r e p o r t e d  to c o n t a i n  only 1 7 - 1 8  
c h l o r o p n y ! l s  b a s e d  on  t he  a s s u m p t i o n  t h a t  PS 11 c o n -  
t a m s  on ly  t~,vo m o l e c u l e s  o f  p h e o p h y t i n  ,13J .137 ,167] .  
Also .  s o m e  o x y g e n - e v o l v i n g  PS 11 con%, tcxcs  ( w h o s e  
c o n s t i t u e n t  p o l y p e p t i d e s  i nc l ude  C P 47 .  C P 4 3 .  DI  a n d  
D21 have  b c c n  r e p o r t e d  to c o n t a i n  as fcvv as  3 1 - 3 5  
c h l o r o p h y l l s  p e r  P6~() b a s e d  on  t he  a m o u n t  o f  p h o t o r c -  
J , , z ib lc  Q.x p r e s e n t  [13.168]. C o n s e q u e n t l y .  C P 4 7  h a s  
b c c n  e s t i m a t e d  to  c o n t a i n  19-21~ [135.11~5] o r  111-13 
[137.167] c h l o r o p h y l l  a m o l e c u l e s .  T h e  C P 4 3  p o l y p e p -  
t ide h a s  b e e n  e s t i m a t e d  1o c o n t a i n  111-12 [167] o r  
a p p r o x .  15 c h l o r o p h y l l  a m o l e c u l c s  [165]. 

T h e  C P 4 7  p o l y p e p t i d e  a p p e a r s  to be  r e q u i r e d  for  
t he  s t ab l e  a s s e m b l y  o f  PS i l  c o m p l e x e s :  n e i t h e r  DI  n o r  
D2  a c c u m u l a t e s  in t hy l ako id  membrane . , ,  o f  t he  c y a n o -  

b a c t e r i u m  Synecttoo'stis sp.  P C C  6803  w h e n  t h e  psbB 
g c n c  is in : l c l iva ted  [169]. T h e  C P 4 7  p o l y p c p t i d c  a l so  
a p p e a r s  to bc r e q u i r e d  ¢or QA a n d  Yz  to f u n c t i o n  
n o r m a l l y .  I n d i r e c t  e v i d e n c e  i n d i c a t e s  t h a t  PS 11 p r e p a -  
r a t i o n s  tha t  ha'co b c c n  s t r i p p e d  o f  C P 4 7  c a n  p h o t o r e -  
d u c t  a d d e d  q u i n o n c s  [170 -172] .  p o s s i b l y  w i t h  h i g h  
q u a n t u m  e f f i c i ency  [173 -175 ] .  H o w e v e r ,  t h e r e  is l i t t le  
d i rec t  e v i d e n c e  t h a t  p h o t o r e d u c t i o n  o f  q u i n o n e s  t a k e s  
phtee at  t h e  QA s i te  in D l / D 2 / l / c y t o c h r o m e  3 -559  
c o m p l c x c s .  Such  e v i d e n c e ,  a s  o u t l i n e d  in R e f .  176, 
s h o u l d  i n c l u d e  f l a s h - i n d u c e d  op t i ca l  a b s o r p t i o n  c h a n g e s  
in t h e  u l t r av io l e t  t h a t  c a n  be  u n a m b i g u o u s l y  a t t r i b u t e d  
to QA [177 -179 ] ,  t l ' e  f l a s h - i n d u c e d  f o r m a t i o n  o f  C 5 5 0  
(an  e l e c t r o c h r o m i c  b l u e - s h i f t  o f  a p h e o p h y t i n  a a b s o r p -  
t ion  b a n d  n e a r  545 n m  t h a t  is c a u s e d  by t h e  f o r m a t i o n  
o f  O(r~177,1811])  a n d  l i g h t - s a t u r a t i o n  o f  O,~ f o r m a t i o n  
as  t h e  i n t e n s i t y  ,~f t h e  f l a s h e s  is i n c r e a s e d .  W h e n  
q u i n o n c s  b i n d  to n o n - O  A s i tes ,  l igh t  s a t u r a t i o n  is n o t  
a c h i e v e d  [176]. F l a s h - i n d u c e d  a b s o r p t i o n  c h a n g e s  in 
t he  u l t r a v i o l e t  h a v e  r e c e n t l y  b e e n  r e p o r t e d  fo r  
D I / D 2 / l / c y t o c h r o m c  h -559  c o m p l e x e s  i n c u b a t c d  wi th  
d i b r o m o t h y m o q u i n o n e  ( D B M I B ) [ 1 8 1 ] ,  b u t  t h e y  d i f f e r  
f r o m  t h o s c  p r e v i o u s l y  a t t r i b u t e d  to  O,;, [ 1 7 7 - 1 7 9 ] ,  n o  
C 5 5 0  was  d e t e c t e d  a n d  no  l i g h t - s a t u r a t i o n  s t u d i e s  w e r e  
r e p o r t e d .  It s e e m s  likely t h a t  t h e  O,,, s i te  is a l t e r e d  o r  
a b s e n t  in t h e  a b s e n c e  o f  CP47. In PS 1I c o m p l e x e s  t h a t  
c o n t a i n  C P 4 7  a n d  C P 4 3 ,  t h e  spec i f i c i ty  o f  t h e  QA s i t e  
for q u i n o n c s  [108,176.182]  a p p e a r s  to  bc  m o r e  s t r i n -  
g e n t  t h a n  in r e a c t i o n  c e n t e r s  f r o m  p u r p l e  n o n - s u l f u r  
b a c t e r i a  [183]. T h e r e  is n o  d i r ec t  e v i d e n c e  fo r  t h e  
f o r m a t i o n  o f  Y ~  in t h e  D l / D 2 / l / c y t o c h r o m c  b -559  
c o m p l e x e s  [184] ( a l so  s e c  Re f .  1851, a l t h o u g h  a 5 ~ s  

A CP47 B 
+ ~  ~ r---coo - 

CP43  
AC~-Tllr __ ~ -,---~O00M A 

° 

Fig. 5. The predicted folding pancrn~ lol the CP47 pt~bpcptidc (A) anti die CP43 polypcptide (BI. In both polypeptidcs, the six predicted 
mcmbr~mc-',panning ~-hclicc~ arc denoted '1" through 'V]." Extrinsic hydrophilic Ioop~ arc denoted ' A  through "lE." The approximal¢ locations 
of conscp,ed hi,,lidmc rcMducs arc sho~,n (nolo thai 11i,,-431) ol (.'P43 is not com, cp, cd in Synechococcus ~,p. P('C 7942 (also knov, n as Attacystis 
nidtthtn* R21 [1311.1l~O]. x~hcJc it is a prolinc). In the *.equcncc re(inhering shown for CP43. the ,,t:,rl codon occurs ;it position 13 1160.161]. The 
large apprl~x. 190 residue loop "E" of ('P47 h;t'~ been proposed to exlend approximal¢b from rcsitlue 257 to residue 450 [1311]. The large approx. 
1311 residue loop "E" of CP43 ha~, bccn propor, cd to extend approximately from residues, 292 to 426 [1311] or from rcsiduc~ 281"1 to 412 [884]. Figures 

kindb pros(deal b~ T.M. Bricked. 
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phase  in the  kinetics of  reduct ion of  P680" observed in 
one  such complex has  been  a t t r ibu ted  to e lectron do- 
nat ion by Yz [173]. 

The  CP43 polypept ide  can be readily removed from 
PS !1 p repa ra t i ons  tha t  lack the extrinsic 33, 24 anti 17 
kDa polypept ides  (see subsect ion l-B.4) by t r ea tmen t  
with  chao t rop ic  agen ts  [135,166,186] or with de t e rgen t s  
[134,187,188]. E P R  signals tha t  resemble  tyrosine radi-  
cals have been  g e n e r a t e d  in some of  the resul t ing 
p repa ra t i ons  [184,189]. These  have been  a t t r ibu ted  to 
YZ ~ a n d / o r  YI~ [184,189]. However,  w h e t h e r  these  
p r epa r a t i ons  con ta in  [166,187,188] or  lack [134,184] 
pho to reduc ib le  QA has  been  disputed.  Recently,  how- 
ever,  bo th  the  pho to reduc t i on  of  QA and  the  pho to-  
oxidat ion of  Yz have been  d e m o n s t r a t e d  to proceed  
with normal  q u a n t u m  efficieneies in PS II complexes  
t ha t  were  isolated from m u t an t s  of  the cyanobac te r ium 
Synechocystis sp. PCC 68(13 tha t  lack pxbC and  henec  
tha t  lack CP43 [165]. The  ear l ie r  d ispute  over Q, ,  
funct ion  may have resul ted  from the  concu r r en t  extrac- 
t ion of QA or  f rom part ial  dena t u r a t i on  of the  complex 
dur ing  removal  of CP43 (scc discussions in Ref. 
165,190), or f rom the  concur ren t  removal  of  one or 
more  small  po lypept ides  [138] (see subsect ion I-B.5). 
E lec t ron  t rans fe r  f rom Q~ to QB is slowed [165] and  
specific b ind ing  of  the  herbic ide  D C M U  is absent  [191] 
in the CP43-1ess PS Ii complexes  isolated from the  
Synechocystis mutan ts .  The  CP43 polypept ide  may fa- 
cil i tate the  assembly of PS II: cells and  thylakoid 
m e m b r a n e s  of  Synechocvstis 6803 accumula te  partially 
funct ional  PS 11 complexes  at only approx, l()C)~ - of 
wild-type levels when  the psbC gene (which encodes  
CP43)  is inact ivated or  de le ted  [165.169]. Similar com- 
plexes have been  de tec ted  in m u t an t s  of  Chlamy- 
domonas reinhardtii t ha t  are unab le  to synthesize CP43 
[1921. 

l-B.3. Cytochrome b-559 
Oxygen-evolving PS !1 complexes  also conta in  poly- 

pep t ides  of  approx.  9 kDa and  approx.  4 kDa which 
coord ina te  the heine  of cytochrome b-559. These  poly- 
pep t ides  are p resen t  in a 1 : 1 s to ichiometry  [193]. They 
are  known as the  a-  and  /~-polypeptides and  are en- 
coded by the  chloroplas t  psbE and psbF genes,  re- 
spectively. (For  a compar i son  of amino-acid  sequences  
of thc or-and /~-polypeptides f rom a n u m b e r  of organ-  
isms, see Ref. 194, also see Refs. 15,16). Both  poly- 
pep t ides  have a single m e m b r a n e - s p a n n i n g  region 
[193,195]. The  ot-polypeptide is o r ien ted  with its car- 
box'y-terminus on the  lumenal  side of  the thylakoid 
m e m b r a n e  [196-198].  Based on prel iminary data ,  the 
f l -polypept ide has  b e e n  p roposed  to be o r ien ted  simi- 
larly [199]. The  cytochrome has  been  p roposed  to be a 
h e t e r o d i m e r  of  the a-  and  ,8-polypeptides [193,200]. 
The  c~- and  ,8-polypeptides each  conta in  a single histi- 
d ine residue [193,195], whereas  the cytochrome b-559 

home is coord ina ted  by t~o  hi,,tidine rc~,iduc~ [2HI]. 
Consequent ly ,  if cytoehrome h-550 consists of an ((,131 

hcterodimer ,  a par,dlel o r iemat ion  of the t~- and [~- 
polypcpt ides  ~ou ld  require that  the hcmc hc h~catcd 
near  lhc stromal cdgc el the th~,lakoid membrane  
[19(}-199]. However,  in a recent prel iminaD' report .  1110 
carboxy- terminus  of the a subunit  wax linkcd to thc 
amino- te rminus  of  thc /J subunit  by fu~ing the pshE 
and pshF genes of the eyanobaeter ium .'iwwcho(3"sti~ 
sp. PCC 68(13 [18]. In the resul t ing mutant .  PS 11 
activity was not severely impaired [18]. Because the (~- 
and /9-polypeptides in the  mutan t  arc expected to be 
or ien ted  ant ipara l le l  to one another ,  the hist idinc 
residues impl icated in coordinat ing the hcme  in the 
( a / l )  he t e rod imer  model  would be located on opposi te  
edges  of the  thylakoid membrane .  Hov~ever. the c.v- 
tochrome b-559 con ten t  of the mutan t  ~as  repor ted  to 
bc similar to that  of  wild-type cells [18]. On the basis of 
this result,  it was suggested that  cytochromc h-559 may 
consist  of ( a ) ,  and  (~)z  homodimers ,  with each ho- 
modimcr  coordina t ing  one heine [18]. in this model.  
one heine would be located nea r  the stromal cdgc of 
the thylakoid m e m b r a n e  and one home would be h~- 
cated near  the lumenal  cdgc [18]. 

It is current ly  controversial  whe the r  PS II eomplcx,_'s 
conta in  one  [13.137.167.202,203] or two [12.2114-2119] 
cytochromc b-559 per  P68(1 in vivo. (For  a recent  
review of this controversy, see Ref. 203. for earl ier  
discussions,  see Refs. 135,200,202.) The  analyses of the 
psbE-p.,bF fusion mutan t  descr ibed in the preceding 
paragraph ,  if conf i rmed,  could severely impact  this 
controversy.  

The  rcdox potent ia l  of c ) tochromc  b-55~ is he tero-  
geneous  (reviewed in Rcf. 2 * and sec Rcf. 211). In 
intact, oxygen-evolving PS II centers ,  the cytochrome is 
p redominan t ly  in a high potent ial  fi~rm and  is reduced 
in da rk -adap ted  samples  [210.211]. Removal  of the 
extrinsic 24 and  17 kDa extrinsic polypeptidcs,  despite  
the a p p a r e n t  proximity of the eytoehrome heine to the 
opposi te  side of the thylakoid m e m b r a n e  in the (~/3) 
he t e rod imer  model,  causes a substant ial  decrease  in 
the e~tochrome 's  rcdox potent ial ,  resul t ing in thc oxi- 
da t ion of  the cytochrome in da rk -adap ted  samples  
[2117,211-214]. In intact  PS-ll  centers ,  the home is 
oxidized at low quan tum yield [215] by P680" via a 
chlorophyll  monomer  [216] {also see Ref. 123). It is 
r e redueed  by the p las toqumone  pool [217], reportedly 
via the  QB site [215]. The  function of cytochrome b-559 
is unknown-  several proposals  for its function have 
appea red  [21R1.21(1,215,216,218,219] (for review, see 
Refs. 199,200). 

l-B.4_ lhe 33. 24 atzd 17 kl)a extrinsic lUgypeptides 
The seventh major  polypeptidc in ox~gen-cw}b, ing 

PS-l l  complexes is an extrinsic polypept ide of 33 kDa. 
It has rccently been  de te rmined  to be present  in a 1 : 1 
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stoichiometry with CP47 based on cross-l inking s tudies  
that  measured  the degree  of cross-l inking as the amount  
of the cross-linking reagent  ~as  increased [222] (ear l icr  
es t imates  had yielded 1 [2(15,223]. 2 [224,225] or I - 3  
[226] 33 kDa polypcpt idcs  per  P680). The  33 kDa 
polypept ide protects  the Mn complex and  main ta ins  it 
in a configurat ion that  optimizes the catalytic efficiency 
of water oxidation. It is encoded  by the recent ly re- 
named  [14] nuclear  pshO gone, previously known as 
psbl. ~.~'el or woxA. (For  compar isons  of amino-acid  
sequences  from a n u m b e r  of organisms,  see Refs. 
227,228. also see Ref. 16). The  33 kDa polypcpt ide  
contains  one in t rachain  disulfide bond  that  is located 
in the inter ior  of the protein and  is essential  fi)r 
main ta in ing  the protei~.s  conformat ion  and  ability to 
rebind to PS Il p repara t ions  [229.230]. The  33 kDa 
polypept ide binds directly to the intrinsic polypept ides  
and  its b inding is stabil ized by the Mn complex [231-  
234]. Carboxylatc  residues from the 33 kDa polypep- 
tide have been  suggested to be involved in b inding 
[235]. These  residues appea r  to bc  in the  po[ypept ide 's  
amino- te rmina l  domain:  removal of 16 to 18 residues 
from the amino- te rminus  prevents  the 33 kDa polypep- 
tide from binding without  disrupt ing its overall  confor-  
mat ion [23¢)]. A 15 kDa f ragment  of t.r:.c 33 kDa 
polypept ide  remains  a t tached  to PS II m e m b r a n e s  tha t  
have been  t rea ted  with trypsin at pH < 7.25 and sus- 
ta ins  the funct ional  activity of the Mn complex [237]. It 
was not ascer ta ined  whe the r  this f ragment  was from 
the amino- te rmina l  domain.  The  33 kDa polypcpt ide  
can be readily released from PS It by t r ea tmen t  of 
samples  with 0.8 M Tris at pH 8.[)-8.2 [238-241],  0.7 M 
NaSCN [223], I M CaCI ,  or MgCI z [232,242,243]. or 
high concen t ra t ions  of urea [223,244-246]. (Most  ol  
thcsc t r c a ' m c n t s  fail to r*~move the  33 kDa polypept ide  
from PS Ii particles of  the eyanobae te r ium Phormid- 
ium laminosum, however  [247]). Most of these  t reat  5 
ments  concurrent ly  extract  manganc>e (also scc subsec- 
tion II-A.2), but  t r ea tmen t  with 2.6 M urea  in the 
prcscncc of IL2 M CI [246,248] or with 1 M CaCI ,  or 
MgCI:  [232,242,243.248] leaves the Mn ch, s ter  intact 
(see subsect ion lI-J . i ) .  However,  if samples  that  have 
been  depic ted  of the  33 kDa polypept ide  are not 
ma in ta ined  in high concen t ra t ions  of C I  ( > 10(1 raM), 
two Mn ions become paramagnct ica l ly  uncoupled  
[249.250] and arc slowly rclcascd [232.245,246.251-253]. 
For fur ther  discussion of the effects of removing the  33 
kDa polypeptide,  sec subsect ion iI-J.1. 

Two o the r  extrinsic polypept idcs  of 24 and  17 kDa 
arc also associated with oxygen-ew~lving PS 11 prepara-  
tions. They are the products  of the rccently r e n a m e d  
[14] nuclear  psbP and psbO gcnes, rcspcctivcly (For  a 
compar ison of amino-acid sequences  of the  24 kDa 
polypept ide from a n u m b e r  of organisms,  sce Rcf. 256, 
also scc Rcf. 16). The  24 and 17 kDa polypept ides  arc 
present  in a 1 : 1 : 1  s toichiometry with the  33 kDa 

polypept idc  [2(15,223,226]. Thcy can  be readily re leased  
from PS 11 by washing samples  with 1-2  M NaCI 
[223.240.241,257,258]. The  17 kDa polypept ide  can be  
complctc ly  re leased (along with approx.  35% of  the 24 
kDa polypcpt ide)  by 60 mM MgCI 2 or  CaCI 2 [259]. In 
thc absence  of the  24 and  17 kDa  polypept ides ,  h igh  
ra tes  of oxygen evolut ion can only be ob t a ined  in the  
presence  of  high concen t ra t ions  of  Ca z+ [260-262] a n d  
C I  [262-265] (for review, see Rcfs. 33,34,37,38,128, 
266-270) .  The  24 kDa polypept ide  e n h a n c e s  the  b ind-  
ing of  at least one  Ca-' ~ ion to its funct ional  site in PS 
!! (scc sect ion I l l -A) ,  while the  17 kDa polypept ide  has  
been  repor ted  to e n h a n c e  the  b inding  of  C I -  to PS !i 
[264,265]. Such a role for the  17 kDa polypept ide  has  
b e e n  disputed,  however  [259,263]. T h e  m a n g a n e s e  
complex becomes  suscept ible  to a t tack by exogenous  
r educ tan t s  when  the  24 and  17 kDa polypept ides  a re  
removed [231,259,271-277]. This  pro tec t ion  appea r s  to 
bc pr~wided ~,pecifically by the  24 kDa  polypept ide  
[2591. 

The  binding of  the  24 and  17 kDa polypept ides  is 
stabil ized by t'~c manganese  complex [234,278,279] a n d  
appears  to involve tkeir  amino- te rmina l  domains  
[280.281]. The  24 kDa polypept ide  appea r s  to b ind  to a 
site c rea ted  b~ eonformat iona l  changes  tha t  are  caused  
by the  b inding of  the  33 kDa polypept ide  [233]. Cross- 
l inking of the  24 kDa  polypept ide  wi th  the  33 kDa  
polypept ide  has  been  repor ted  [282]. Similarly, the  17 
kDa polypept ide  appea r s  to b ind  to a site c r ea t ed  by 
conformat iona l  changes  tha t  are caused  by the  b ind ing  
of the  24 kDa polypept ide  [233]. Crossl inking of  the  17 
kDa polypept ide  with the  24 kDa polypept ide  has  b e e n  
repor ted  [283]. It is not  known w h e t h e r  the  24 and  17 
kDa polypept ides  b ind  directly to the  intr insic  poly- 
pep t ides  or  to sites on  the 33 a n d / o r  24 kDa  poly- 
pept ides .  However,  a specific in te rac t ion  be tween  the  
24 kDa polypept ide  and  CP43 has  been  sugges ted  
based  on the accumula t ion  of the  24 kDa polypept ide  
in s tacked rt;gions of the thylakoid m e m b r a n e  in the  
presence,  bw: not  in the  absence,  of the  CP43 polypep- 
t ide in mu tan t s  of the  alga Chlamydomonas reinhardtii 
[192]. Nc i thcr  the  24 kDa nor  the  17 kDa polypept ide  
appea r s  to I~c p resen t  in cyanobacter ia  [168,247,284- 
290]. 

1- B. 5. Sntall ;~ob'peptides 
In addi t ion  to the  major  polypept ides  descr ibed  

above, several  small  polypept ides  ( 3 - 7  kDa)  are also 
associated with oxygen-evolving PS !I p r epa ra t i ons  
[289,291-303] (Table  I). The i r  func t ions  are unknown  
(for  review, see Ref. 16,18,302,304). O n e  of these  poly- 
pept ides ,  the  approx. 4.8 kDa produc t  of  the  chloro-  
plast  psbl gene,  copurif ies  with  the  D 1 / D 2 / c y t o -  
chromc b-559 complcx [293,297,299,300]. It appea r s  to 
have one  m e m b r a n e - s p a n n i n g  hydrophobic  domain  and  
a hydrophil ic  carboxy- terminal  region tha t  conta ins  
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several  acidic and  basic res idues  [297,299]. Its stoi- 
ch iomel ry  in re la t ion to the (r and /3 kDa polypcpt ides  
of cy tochrome b-559 has  been  es t imated  to bc 1 : 1 : 1  
based  on S I ) S - P A G t -  profi les that  were s ta ined wilh 
Coomass ie  blue [293,297]. A recent  d i s s o e i a t i o n / r e c o n -  
s t i tut ion study suggests  tha t  one  or two addi t iona l  
small  po lypept ides  may be requi red  for the pho to-  
reduc t ion  of QA to p roceed  with normal  q u a n t u m  
efficiency [138]. The  au thors  of  this  study propose  that  
the  approx.  5 kDa product  of the  chloroplas t  pshL 
gene  [296,298,3011] a n d / o r  a nuc lear ly -cneoded  4.1 kDa 
polypept ide  [293,298] (also see Ref. 3011 are the  re- 
qu i red  polypept ides .  However ,  the  band  ass igned to  
the  4.1 kDa  polypept ide  in the  pub l i shed  S D S - P A G E  
profi lcs appea r s  to bc p rescn t  in subs tan t ia l  amoun t s  in 
all of  the  authors"  p r epa ra t i ons  tha t  conta in  q u i n o n e  
[138], including those tha t  are incapable  of pho to-  
reduc ing  QA with high q u a n t u m  efficiency. Fu r the r -  
more ,  several  po lypept ides  a p p e a r  to eomigra te  with 
the  band  ass igned to the  psbL polypept ide  [13R]. Con-  
sequent ly,  fu r the r  work will be  requi red  to subs tan t i a te  
the  p roposed  involvement  of  e i t he r  the  4.1 kDa 
polypept ide  or the  psbL product  in Q a  funct ion.  The  
psbL gene  is co t ranse r ibed  with the  psbE and  psbF 
genes  tha t  encode  the  c, and  ,8 polypept ides  of cy- 
t och rome  b-559 [194,296,3115,3116] and  its p roduct  has  
b e e n  repor ted  to be more  tightly associated with thc  
D I / D 2  h e t e r o d i m e r  in cyanobac te r ia  thalJ in h igher  
p lan t s  [300]. T h e  produc t  of  the psbL gene may be  
essential  for the  assembly of PS II: the  de le t ion  of  the  
psbL gene  from the cyanobac te r ium Synechocvstis sp. 
PCC 6803 is r epo r t ed  to abolish PS !1 funct ion  [18]. 
The  psbJ gene is co t ranscr ibed  with psbE, psbF and  
psbL [194,296,305,306], but  no  polypept ide  tha t  corre-  
sponds  to this gene  has  yet been  repor ted .  However,  a 
m u t a n t  of  Synechoo'stis 6803 that  should  be unab le  to  
synthesize the psbJ produc t  grows pho t oau t o t r oph i -  
cally and  ewflves oxygen, a l though  at somewha t  dimin-  
ished ra tes  [308]. This  result  suggests  tha t  the  psbJ 
produc t  may inf luence  PS !! funct ion [3118]. Two ap- 
prox. 4.7 kDa polypept ides  tha t  co r respond  to the  
ch loroplas t  psbM and psbN genes  have been  f imnd in 
PS Ii complexcs  isolated from the  cyanobac te r ium 
&vnechococcus t'ulcanus [301,302], but  no cor respond-  
ing polypept ides  have yet been  de tec ted  in h igher  
plants .  Addi t iona l  nuc lear  encoded  polypept ides  of 6.1 
kDa [294,298] and  approx.  5 kDa [291,298] have been  
de tec ted  in PS II m e m b r a n e s  from sp inach  and  wheat .  
The  6.1 kDa polypept ide  is not  essent ia l  for oxygen 
evolut ion [293] and  does  not a p p e a r  to be  p resen t  in 
cyauobac tc r ia  [289,300-302]. A l though  a approx.  5 kDa 
polypept ide  has  been  de tec ted  in oxygen-evolving PS il  
complexes  f rom the  cyanobae te r ium Syneehococcus 
'~'ulcanus, it appea r s  to be un re l a t ed  to the  approx. 5 
kDa polypept ide  de tec ted  in p lants  [3111,302]. 

An  approx.  3.9 kDa polypept ide  tha t  is associated 

with oxygcn-ewfl~mg PS-II complexes is encoded  by 
the chloroplas t  p~hK g e n t  [289.295.29[4,3(Iq]. ~Vhc 
polypcptidc's amino-tcrnfinus is post-translationally 
cleaved [2t;5.20,'q31lt;] to yield a product  that  is bel ieved 
to bc have its amino- te rminus  exp,,sod on  the lu:ncnal  
side of  the thylakoid m e m b r a n e  [299.309]. -l-hi., 
polypept idc is not essential  lot  oxygen evolution be- 
cause it can be removed dur ing  isolation of oxygen- 
evolving PS-II complexes [295] and  because  mutan t s  of  
,S'wwchoo'~-ti~ sp. PC(" 6g(13 that  lack the Iz~IJK g e n t  
grow phogmuto tmph ica l l y  and  ewflve oxygen, a l though  
at somewhat  d iminished rates  [3(19]. Interest ingly.  the  
addi t ion of glucose to these Svnechoo,stis m u t a n t s  does  
not res tore  the i r  growth ra tes  to wild-type levels [3{)9]. 
Consequent ly .  the p.~hK product  has  been  suggested to 
inf luence some process unre la ted  to PS I! in addi t ion 
to be ing  requi red  for maximal rates  of oxygen c~,olution 
[309]. 

I-B.6. Odwr pol)peptMe~ 
Polypept ides  of approx, g kDa (the product  of the  

chloroplas t  psb H genc)  [ 16.44.298,310-312], approx. 1(I 
kDa ( the  p roduc t  of the  nuc lea r  pshR gene)  
[16,298.313-316] and  approx. 22 kDa Ca nuclear  gone 
produc t )  [313,314] are  also associated with isolated PS 
I1 complexes.  The funct ions  of these  polypept ides  are 
unknown.  They  havc been  removed  biochemical ly  
[8,9.12,128,129,314] or, in the  case of the  psbR prod-  
uct, by inhibi t ing t rans la t ion  with ant i -sense  R N A  [317]. 
wi thout  severely disrupt ing oxygen evolution.  Dele t ion  
of  the psbH gene from ,%'nechoo'stis sp. PCC 6803 
does not  abolish pho toau to t roph ic  growth at low light 
intensi t ies  (5 p,E m - - ' s  ~). but  p reven ts  pho toau to -  
t rophic  growth at high light intensi t ies  (S.R. Mayes. 
Z.H. Z h a n g  and J. Barber,  c i ted in Ref. 18). The  
approx. 10 kDa p,sbR product  is not requi red  lk~r the  
24 kDa extrinsic polypcpt ide  to b ind to the PS-II core  
complex [318]. in contras t  to an ear l ier  report  [314]. In 
cont ras t  to a prel imina~" repor t  [128] the approx. 22 
polypept ide  is not required for Qj~ to funct ion nor- 
mally [129,319.320]. However,  O,x appear s  to become 
more  exposed to exogenous  oxidants  in the  absence  of 
bo th  the  approx. 22 kDa and  the approx, lit kDa pshR 
polypcpt idcs  [129,319.3211]. The approx. 111 kDa psbR 
product  does not a p p e a r  to he present  in cyanobacter ia  
[ 168,284,286-289,301,302.314,321 ]. The approx. 22 kDa 
polypept ide  has  been  repor ted  to be p resen t  in the 
eyanobac te r ium S)'necttoo'stis sp. PCC 68113 [321]. in 
h igher  p lan ts  [322] and  in the alga Chlamydomonas 
reb~hardtii [323] the pshH product  is phosphory la ted  
near  its amino- te rminus  at a t h r eon ine  residue. The  
psbH product  does  not appea r  to be phosphory[a ted  in 
cyaaobac te r ia  [289,324]. In bo th  S~'nechococcus vul- 
canes [289] and  Synechocystis sp. PCC l~803 [324,325] 
the  psbH product  lacks the first 12 amino-acid  residues 
found in p lants  and  Chlamydomontt~, including the  
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thrconinc residue that is ph~sl~horyl,ttcd it~ cukau ' ,q  c 
organ!~ms. 

An addititmal chlorophyll-containing p~l~pcptidc o'" 
approx. 2S kDa i~ required foi O~ to ftmction norm;tll~ 
[ 120,319,32(I]. In the absence of this pqfl.~ pcptidc,  herbi- 
cide-sensitive electron transfer from O~ to Ol~ is dis- 
ruptcd. O~ I~ccomcs more easily oxidizcd b~ cx~gc 
nous agcilt~ , t .d  thc mae.n¢tic coupling bct~.,~ccn (.,). 
l i n d  t h e  n o n - h c n l C  l -c  2 ' b c c t l n l  c s  d i s r u p t c d  

[|20,310,32(I]. Some ~f thcnc ,alterations arc rcnlinis- 
cent of thosc caused by the rcmowd of the tt-~ubunil 
from haclcrlal reaction ccntcrn [32h], al though whether  
the similarities have any c~olutlonary signiticancc is 
not known. The stability o', Y(~ appears  to bc dimin- 
ished in the absence of the 28 kl)a polypcpt ide 
[319.32(I], suggesting that this polypcptide may inllu- 
cncc the donor  side of PS Ii as well as the acceptor 
side. it has bccn reported thai the 2h kDa polypcptidc 
can bc crossiinkcd to CP47 in samples that lack the 
extrinsic 33 k~)a pobpcp t idc  [0S0]. The 28 kDa 
polypcptide has bccn proposed to bc the light-harvest- 
ir, g chlorophyll a /h -con ta in ing  pol.vpcptide known as 
CP20 [327-330]. Itowcvcr,  there appears  to bc some 
confusion over the identity ol CP29. The scqucnccs  
that have bccn at tr ibuted to ( 'P20 in tomato [331] and 
barley [332] appear  to correspond to d,ffcr,znt proteins: 
one of these has been suggested to bc CP26. another  
I ,HCil  polypeptidc [332]. It has also bccn repor ted  
that CP29 consists o f  two non-identical  polypept ides  of 
approx. 26 and 28 kDa [988J. 

An extrinsic approx. 9 kDa polypept idc has bccn 
pr~posed to be essential for water  oxidation in the 
cyanobactcr ium PhorlHidillm laHlillo.,llm: its loss from 
PS I1 particles correlated with the loss of  oxygen evolu- 
tion [333.334] and its subsequent  rcconsti tut ion re- 
stored oxygen c,,~;lution [334]. This polypeptide also 
appears  to bc present  in PS II particles from the 
cyanobactcrium Syne(hoco('(,~ I'llh'tlllll.S. although it 
has a molccttlar mass of approx. 12 kl)a in this organ- 
ism [200]. The two polypeplides share cxtunsivc se- 
quence hemlologics in their amino-terminal  regions 
[290]. The approx. 0 kDa polypcptidc can bc extractcd 
from Phormidi ton htmmo.~tml PS il particles by treat- 
ment with 0.8 M Tris (pH 8.5). 1 M NaCI. ( 'aCl~ or 
Mg(q : .  or by incubation in the presence  of low concen- 
trations of glycerol [247.333.3341. The approx. 12 kDa 
polypcptidc can bc cxtracted from Synechococctts vtd- 
CaIIIIX PS I! particles by t rea tment  with 1 M "lris (pH 
N.5) or 1 M CaCI • [290]. The same t rea tments  remove 
an additional approx. 17 kl)a polypcptidc from Syne- 
d lo toccus  I'lllctlnlls PS 11 particles. It is a t t r ibuted to 
cytochrome c-550 [29(I]. a cytochrome that has been 
tound in o ther  cyanobacteria and in a red alga (see 
discussion in Rcf. 29{11. 

A 24-2~ kDa polypeptidc that was origimdly Ik~und 
in PS II-cnrichcd membranes  and whose chloroplast-  

encoded  gcnc was labeled psb ( ;  [335] has since bccn 
~ ,h~n  to be unrelated to PS il and has bccn p roposed  
to b c a  componen t  ot a NADIt  or N A I )PH  olasto- 
quinor~c oxidorcductasc  [336.3371. 

!!. Manganese  

II-.,t. ( h,neral ~ onMeh'raliOl,s 

11-.4. I. ,~to. h iomelO 
A requi rement  for Mn in photosynthet ic  water  oxi- 

dation has long been known (for early reviews, see  
Rcfs. t)3,338,339). On the basin of  atomic absorpt ion 
measurements  or  EPR quantifications of  Mn 2. ions 
released by HCI. numerous  workers have conc luded  
that active (oxygen-evolving) PS II complexes contain 
four Mn ions per  P680 [8,10,11,209,241,271.284,286, 
340-344]. Determining  the Mn content  of  active PS-l l  
centers  rcquires  accurate  quantification of  active PS-I! 
centers.  In early studies, active PS II centers  were  
quantif ied on the basis of ()z-flash-yield measu remen t s  
[340,345]. Thcse  flash-yield measuremen t s  gave esti- 
mates  of the ch lorophyl l /P680  stoichiometry in chloro- 
plasts. These or similar est imates were used in subse- 
quent determinat ions  of the Mn content  of  active PS-II 
centers  [284,341.346]. In some studies, ch lo rophy l l /  
P6N{} stoiehiometr ics  relative to those in chloroplasts  
werc est imated from the rise kinetics of  0 2 evolution 
[346] or variable f luorescence [284] produced  by a weak 
or modula ted  light beam. In prepara t ions  of  isolated 
PS II particles, quantif icat ions of PS-I! cen ters  gener- 
ally have been based on quantif ications of  P680 + [342, 
3461, QA [8.10,11,286.342,344] or Yt~ [209,241,271,343]. 
t towevcr,  these de terminat ions  can be chal lenged on 
grounds that quantification of  P680 +. OA or YI~ does  
not necessarily quanti ly oxygcn-evolving PS-i l  centers  
[347]. The measured M n / P S  11 s toichiomctr ies  would 
have underes t imated  the Mn content  of active centers  
if the analyzed samples  conta ined inactive centers  that  
could form P680 ~, O F~ or Yl~, but lacked Mn. Based 
on quantif icat ions of active PS-Ii centers  in purified PS 
I1 particles by O ,  flash yield measurements ,  Pauly and 
Witt recently proposed  that active PS-II centers  con- 
rain six Mn ions per  P680, ra ther  than four [347]. These  
authors  argue that PS II prepara t ions  previously ana- 
lyzed Ik~r Mn content  containcd significant fractions of  
Ms-def ic ient  inactive centers.  If this was true, it should 
be possible to photoaccumulate  significant quant i t ies  
of Y~ in such preparat ions;  however,  this does  not 
appear  to be the case (e.g., Refs. 2,209,342). Photoac-  
cumulat ion of Y~ in such prepara t ions  requires the 
removal of Mn (e.g., Refs. 2,2(}9,342,348) or the inhibi- 
tion of S-state turnover  (e.g., sec subsection III-C). An 
al ternate  explanation for the data of  Pauly and Witt is 
that their  samples conta ined significant fractions of 
inactive PS-II centers  that conta ined residual Mn ions. 



Even the most active samples  analyzed by Pauly and 
Wilt con ta ined  no  more than al,p~,~x. 51it,: aclivc P%-II 
centers  [347]. if any of the reactive centers  conta ined 
Mn ions. the me~surcd stoichiomct~,~ would have o~cr- 
e s t i m a t e d  t h e  MII c o , l i g h t  o f  active t : l i t e r s .  I l l  a p p r e c i -  
a t i o n  of this fad.  Pauly and Witt a l :o  examined sam- 
ples that had been  partially dep le t ed  of Mn. They 
concluded that the i r  inactive PS-Ii cen ters  conta ined 
no Mn ions [347]. Their  a rgument  was based on plot- 
ting the Mn  conten t  of active c e n w r s  a~ a funct ion of 
the fract ion of active cen te r s  present  in samples  de- 
p le ted  of varying amounts  of  Mn [347]. The data were  
fit with a hor izonta l  line signifying 6 Mn ions per  active 
PS !I complex in all M n - d e p l e t e d  samples .  However,  
becausc  no  samples  conta in ing  more than app "ox. 50~: 
active cen te rs  were  examined,  the  data  can easily be fit 
by a line that  ex t rapola tes  to four Mn ions per  cen te r  
in samples  that conta in  no inactive cen te r s  (see Fig. 4 
of  Ref.  347). No i n d e p e n d e n t  cor robora t ing  data (e.g., 
charge  recombina t ion  assays) were p resen ted .  Conse-  
quently,  the  conclusion that the  inactive centers  con- 
ta ined  no Mn ions may not be valid. The rcinvcstiga- 
tion of  the Mn con ten t  o f  active PS-II cen te rs  by Pauly 
and Witt should be r epea ted  with samples  that  contain  
larger fract ions o f  active centers .  Such samples  should 
be charac te r ized  by E P R  and  charge recombinat ion  
assays in addi t ion to O z flash yield measuremen t s .  

II-A.Z Extraction 
All but 0 .4-0 .8  Mn can be re leased from PS 11 

concomi tan t  with the loss of  the 33, 24 and  17 kDa 
polypept ides  by t r e a t m e n t  of  samples  with 0.8 M Tris 
at pH 8.0-8.5 [223,240,349,3511] (also see subsect ion 
I-B.4), with 0.7 M NaSCN [223], or with 2 mM La ~÷ in 
the p re sence  of  reduc ing  agents  [39]. Similar amounts  
of  Mn can be re leased  if reducing agents  are added  to 
samples  d e p l e t e d  of the 24 and  17 kDa polypept idcs  
[231,273]. More comple t e  release of  Mn has been  re- 
por t ed  in samples  that were  t rea ted  with 1.0 M Tris in 
the p resence  of 0.5 M MgCI z [351,352], or in samples  
that  were  t rea ted  with 1 mM N H , O H  following re- 
moval of  the 24 and 17 kDa polypept ides  [353]. Not all 
t r ea tmen t s  to extract  Mn release the 33, 24 and 17 kDa 
polypept ides .  T r e a t m e n t  of  intact PS 11 m e m b r a n e s  
with 5 mM N H z O H  releases  all but 0 .1-0.4  Mn con- 
comitant  with the loss of  only approx. 5% of the 33 
kDa polypept ide and 25-411% of the 24 and 17 kDa 
polypept ides  [272,349,350,354]. One  pair o f  Mn ions 
appear s  to he more  weakly bound than the  other:  as 
men t ioned  in subsect ion 1-B.4, if samples  that have 
been  dep le ted  o f  the 33 kDa polypept idc  arc not 
main ta ined  in high concen t ra t ions  of  CI -  ( > I(X) mM), 
two Mn ions are slowly re leased  [232,245,246.251-253]. 

H-A.3. Binding and photoactit'ation 
Assembly of the functional  Mn complex requires  

light. This process  is known as 'photoact ivat ion" and 
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h a s  ;.t .,eD,' It.¢,A q u a n l u r n  } o l d  {c~,~tilniltcd H~ bc ~tppl-O\. 
(|.{ll j;55]L I)t, ring assembly ol the Mn t¢lr,|nlt.i-. ~! 
stat)k' intclnlcdiatt_, is formed b.~ tt~) l ight -dependent  
',Icpn hdt arc st_'pltlatcd tvv a [ight-indcr.ci~dclll step 
[t~3,35" -3¢'~tl]. "l his ' ,cquencc ~l light-dark-light excnf> is 
believt ] to cor respond to (i) photooxidat ion of a lig- 
a ted Ik n e" ion to fl~rm a ligated mommuclea r  Mn ~" 
intermt Jiat¢. (it) ligation of  a second Mn ' ion t~ 
form a binuclear  Mn-~'-Mn : '  in tcrmedia lc  and {till 
photoox ]ation of the s~.'cond Mn e" ion to form a 
stable ik, ~ ~ '-Mn~ " complex [349,350,354,35¢L3~1,362]. 
The mo~ muclear  Mn ~' and binuclear '~'ln ~ ' - M n - ' "  
inlermed~ des are very unstable [349.354.359.361-363], 
with the fl rmer  being less stable than the latter. Charge 
reeombina  ion be tween  O~ or O u  and the ligated 
Mn 3* ion has recently been  shown to account for 
much of  lht  instability [363]. confirming carlier  indica- 
tions [349.3:3,362]. Reduct ion  of  the Mn ~" ion by 
exogenous  rt :Juctants also contr ibutes  to the instability 
of the intern edia tes  [353.359.361.363.364]. The insta- 
bility of the t. ,o in termedia tes  largeiy explains the low 
quantum yieR of  the overall photoactivafion process. 
in addit ion,  tt z photooxidat ion of  the second M n - '  
ion may occur , 'ith a low q u a m u m  efficiency [3511,365]. 
~,hich would als ~ contr ibute  to the low overall yield of  
photoact ivat ion.  The photooxidat ion of  the first Mn:  " 
ion occurs with h . ; h  quan tum efficiency [366-368.981 ]). 
The conversion ( ,  the mononuclcar  Mn 3 ~ intermedi-  
ate to the binuclc ~r M n 3 + - M n  :"  in termedia te  is be- 
lieved to be the ra 'e- l imit ing s tep in the photoactiva- 
lion process  [349.35 J,] and is believed to be accompa-  
nied by eonformati~ hal r ea r rangements  of  the PS-II 
core polypept ides  [3-9,359.362]. Thesc  conformat ional  
r ea r rangement s  change the susceptibility of  the ligated 
Mn 3+ to exogenous rt .ductants [359,361,362] and may 
facilitate the binding of  the second Mn-'* ion 
[349.359.362] Once  the stable binuclear M n ~ ' - M n  ~" 
complex is formed,  the snon taneous  l ight - independent  
coordinat ion of  two fu r t r e r  Mn-'" ions is believed to 
complcF- the assembly o~ the Mn te t ramer  [349,350, 
354,361,3c,2]. This second I: air of  Mn:  " ions may corre-  
spond to the  more  weakly b ')und pair that was noted in 
the preceding  paragraph.  ,~ctivation of the Mn to- 
trainer requires  calcium [34'-).369-375] and I - 2  Ca-'" 
ions are believed to bind ne:,r lhe Mn complex after it 
is assembled  [349,354,362,37:]. At least one  ( 'a  '+ site 
appears  to be c rea ted  during the assembly of  the Mn 
complex [362]. Chloride ion', are also required for 
functional assembly of  the Mn complex [364,376]. For 
recent  discussions of the optimal condi t ions for pho- 
toactivation of PS II membranes  or particles, see 
[353.363,364,377]. 

Two binding sites lor Mn-'* in Mn-dep le ted  PS !1 
prepara t ions  have been rep( tied. One of  these has a 
K,,  of  0 .4-2  /aM, as es t imated from steady-state  assays 
of Mn- '~-supported electron ransfer  in the presence  of  
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I I  , ( ) ,  137,X-3Sit ]  ; intt  c ' , th l l , l ' ; c l  li~m~ , , i n g l c - l t l ~ l l l i x c r  
:t,,,,ilSL t,t t he  i c d u c l i o i l  i l l  "~/ h+ M i l "  " [.4fiT.3f+, ~'~,~11 
( i i l ' , t l  ,,c~. > I<tcl. 3+in) ~n l i i l l c i  ;il+l-~iil-t_'lll h, , ,  (tH + h , )  
\ ; i l t i c ' ,  ( - ( t . "  ,u .+'kl i. c,sli i/ l~ilCt] h~ ",tllllc+ ' q l t i l k c l +  I l l l  t t lc  
I+ui',i ", t+l 'qC; td) - ' , l , i lC  ;i"',;i~. ~, 1352.3Xl  I- I +ll+l++il~ll) ICI'It 'ci 
Ihc  ",h+',~+ t i l ~ t i t l , l i ' l I l l  i l l  ;I M l l  ~. i on  | r i l l l l  lhc' ~,++tlllt_' ,, i tc 
I~cc di~cti , ,si~ms in t4c1~+ 354..+465YlSI i. l h i ~  M n "  s i i c  
i~ prc~unl , ib l )+ the  l i r ' , i  M l l  ~i l¢ t~ccup lc t l  c tu r i i l g  the  
i+hlliiiiit-ii\,lliti! 1 l'~l-t)ct->.s J35.l.365.3++,~+3N21. ,% ',,,.'o+lltl 
M n '  ~ih;.  h i l \ i n ~  ,l K l c , , i i i n ; i i c t l  it+ i lc 411 511 #,'x,1. h~l.,, 
bt: t :n i n f c r i c d  fr~li11 ~ lu t l i+ ' ,  ~1 Ihc k in¢l ic~,  o l  I ' l l l i+ll l~ic'l i- 
~ i l i t l l l  13~.+1.3711. Ih i , ,  ,+lie hll,, I+c'+n i+ff++l+ll+l'~l.tt to I+~." t he  
~>cCttlld MI1 x i l c  t+ct't i l+ictl t l u l i n l z  l hc  I+h i / l i l : i c t i x , l i i t l n  
['lltlCi."-', 13541 (,il',o :,,C.,: I.li~,t_'tls~.itll", in I~,t_'ls. 3flS,J,R2i. 
l . . sscn l ia l l )  lilt." ,,,1111c K i x ; i i t l c  x~+;Is c s t i m : i t c d  l r o n l  ;i 
Mtict% t lcn,.~m,, l lal i117 lh<il  M n '  ,,h~t~, t he  i~itc i l l '  c l¢c -  
t i t l l l  irall:+,It:r f l -on l  ~l i I t l  l l l l ~ ( t  in  M n - d c p I c t c d  p r c p ; i -  
r~lli</ll~, l.~,~Zl, l i  ~ i ~  p l o p t l ~ c d  lh~ll  film t~ in t l ing  nil ,'kln ~ " 
i+. , Item i i T h i l b - l q n d i l l ;  M n  ~itc ha' ,  n~  i~ci c l c c t i o M ~ i t i f  
hl , ]h, ' ln. ' t "  ~ l l  l h c  l~ilc" ~t' clc,+'l: 'tm l l~i l l~| ]cr I r o i l l  ~ i  I o  
I~t~Nli . ~ l l i l c  t i i c  b i ' , d i n  7 ,~1 ~ l i l ;  t~l t he  v,C~lkcr , , i lc 
c, l cc i l i ~ , t n i i c~ i l l )  lc ' l< l l t l  ~, ih i~  r l i l c  I.~,~_+1. ,%, p l ) i n i c d  +,lill 
b_x l h c  :itl ihl/l-~, l.~,~_~1_ Ih i ' ,  pl l l l ' t t l '+i l l  , , ton i ' ,  rcn l~ i rk t l l~ lc .  
I I¢c : lu~c l hc  rct luct i~+n t~l ~l'/ b~, M n '  in l h c  t i+ehtly- 
I~ i i id ing ~ i lc  i~, t lUilm i : l p i d  [3nf~-3n,x] .  th i~ , , i ic i,, cx -  
i)ct'lc, tt I o  be h~c;i lCd t'h/y+¢l i t l  ~l i i l l ; i l l  l h ¢  %t.c; ikcr  

h i n d i n g  M n  ~i lc .  It n i i g h l  bc c x p c c l c d ,  l h c r c l \ l r ¢ ,  i h ; i i  
MIn-" " in  tbc  t ight l+x- I~ ind ine ~i tc ~ o t l l d  h~i~c ~i g r c : l i c r  
ciccll-Or, I ; i l i c  in l ] t lCl lCt :  Oll t.,It_,c'lrOll l r ; . i nM¢r  | r l ) n l  ~l' 1 I t l  
I)(~11 " Ih~il l  M n  : "  in the  ~,~,i.';ikmr , , i lc.  bu l  j u M  the  
lil+l+tir, ilt+- is p l t / p t i s c d  13s21. l ' h c  I'fftll~t+~;.ll lllZi5 tl;+l~.t." 
i lnp l ic ; l l i l+n , ,  f l u  i h c  I t l c l i l i on  i l l  t he  tx~+ M n  s i tes  l c l t l -  
t i t c  tt~ the  l~t+sit i tms t f l  I~f~li  illltt ~i ' / .  l {h. 'c l r t~M~i l ic  
i i+ii¢i; i¢l it lnP, ; i re I~c l i¢ \c t l  I i i  : i c t t l t i l l l  l~l l  l h c  ',h+A~,l+'r r~iit_" 
~ll ¢lc'clit~n I r ; i i iMt:r  h o i l l  ~l i ttl IhiNII  in i i l i ; iml I>.~ 11 

prcp+lr~lti~m~, ',,.hen the  x~+itcr oxidiz ing c ~ m l p l c x  is in 
the S ,  t+l- .%; Sliltl.. "~ 1~,¢C suh~,cctitm 11-1).2). Such  in lcr-  
~iclit~ll~ +lrc +tl,,~ be l i excd  to acc tmnl  Ior tt+c p l t - d e p c n -  
tlcrlcc of  111i,, ra te  in Mn+dcr l lc lcd  t+S II p r cpa ra l i t m ' ,  
13S3. "~X4 ]. 

T h e  Mn c t tmp l t ' x  h+i', h l n g  I1ccn +l,,~,umed I t l  ~ iceumt i -  
I;itc' the  t+xid i l in+e cquix+ lh . 'n l ' ,  lh+i l  l_'tlrrc~,l'~tlild I l l  Ihl.~ 
.~-M,i lc l i ;~ l i , , i l i t l l l , ,  ~intl I l l  ~t_.l~+ ~1~, l h c  cl i l~i lxl i l ."  ~it+ i1f  
,e,+il+l L l l~it t :<i l i t l i l  (l.,.~.. ~.¢t+ + Rcl,+. tL4.33,"4.3Jtti, t ~w i l u , i l i t i n  
i l l  l h+ ' ,c  ; l~, ' , t l l l lp l i t l i l  ~, tl~i~ b c c n  +lc-hiexc,t (ix,,_'[ I hc  |1~1~,I 
dci+'~ldt.' ill1 i h¢  I+:i~i+ ~ll t - P R ,  X - I ; i )  ;.i,l~,llrFIlJtltl ;+llid 
Ol+lic~il +ll+',orl'~lioli iil12~l+tll121111+'nl~. 

II-,'L L I ' R  ~n,lir~ 

I I - f l .  I .  7/++' m H l t i l i n c  a n d  .i,, - 4. I I : ' I~R +,i~,nal'; 
"lv+t+ t ' :PR ,,ign;il,, haxc b c c n  a t l r i b u t c d  to lhc  Mi+ 

c~wripIcx in Ihc .'.;, s ta le .  l h c s c  sign,ll~,+ lll+sclwalllc i+llly 
+it tcml+cr;lturc~, <-35 K. :ire krioxt, n ~i~, lhc  mul t i l in t : "  
and  "g 4.1" ,,ignzll~, (l\+r r ecen t  rcxic~,~.~,, s c c  Rcfi,. 
3x.,',.;~, 3,',.;5 3,,.4t,)). T h e  mul t i l inc  sigmtl ~,as fJr,,t ob~,cl~'¢d 
m ~amplcs  that  h+ld b c c n  rapidlx f rozcn  folhwving a 
I]a~,h given ;.11 rotma t c n l p c r a t u r c  [3t)ll-3tsl2]. Th i s  s ignal  
is c e n t e r e d  ;it ~,, : 19,'42 + I).1i112 [3t~3.3t;41 illld h;.is .;.i 
lincv, idlh ~1 15111)-ISII0 (iatl~,~,. At X - b a n d  (t,l.l-tJ.4 
( i l l , '+,  the  ,,igmll c'daibitr, 1,"4-211 p a r t i a l b  reso lved  hy- 
pc r f i nc  linch, th;It :tr'_' spztccd t~y 85-t,1(I G a u s s  and  a rc  
t d t c n  ~,tll+ct-impt+scd <in a brt+ad (;+iussian-~,hapcd sigmll 
n,'~tr g - 2  (+cc Fig. hA) .  At high r e so lu t ion ,  thc~,c 
h_~pcrl+inc linch have nunlcr(+us srll;.lll pc.~iks aild shtml-  
d,.:rn ~ ,upcr imposcd (e.g. .  ~,cc Rcfs .  3t,15-3t)8). At  S b a n d  
(3.u ( H I / ) .  lhc  mul t i l inc  ~,ignal exhib i t s  411--5(1 h y p c r f i n c  
linch,, v+ith most  be ing  s e p a r a t e d  by 211-25 G a u s s  
[3t~t;.41ill] (scc  Fig. 7). The  ~,ignal ha:, a l so  b c c n  cxam-  
iricd ut O-b~lnd (34 (Htz)[3~,13.3t.14]. T h e  o r i c n t a t i t m -  
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~*UlllqC omt. i+n~'d 5 ' ,  ~'lh,+ntfl It+ >Ul+l+I++~'~ hirlll~illtHl t+I t he  i,. 4 1  ~igmd. ( I l l  S~in+pic COlll~tHlctJ ~II FII~.| I: t~+ cnh~tncc  t h e  i~ - 4.1 ", ignal +it t h e  

t_+X|lCllx~ ' t+l the ll~iiltliillC ~l~ll.tI. ~J+C+Jll,I l~+'lllt~'~Clll the diltcrctlcc J+~_'l'~++L.'t:tl ~+l'~.'clr,l lOCi+tried ;llt+_'r +llld h¢Itlr~. + IJmlIlllin~ll+iitl :!rld x.~++~'I+~. ` It.,~'lirdcd ;ii 

t+l +id'~CllIlht+u~ lht,nI,ic |u ~ " m Ill~: picl+;Ilalit~I1+ h,i~.~- ' bC~:ll tmldI~.+d hll cl.iiil) I i~iir~:~ kindI5 pro',Idcd b5 R.D. lhitt. 



X b a n d  m a g n e l o c  f l u x  d e n s o t y  ( r o T )  

2111 3 1 4  ..1 ~) 4 ] ~ 4  

r - T ..... T . . . . . . . . . . .  T . . . . . . .  T 

t, ;" ;! , ' ;  I', ' ," 
,,~ [i~!,, ' " ' j~  L ] ', X - Band 

~ / X ~ /  \~ ~' ~ ' + , ' ~  ( 9 3 8  GHz) 

t ",aJia ,,, 

. . . . . . .  L . . . . .  L . . . . . . .  J+ . . . . . .  I __ 
I O  1 2 0  I ~ o  ~ o o  

$ + b a n d  m a g n e t i c  f l u x  d e n $ o t y  ( r o T )  

l:~g 7. ( ' om pan , , ,m  ~1 mulTihn~: I P R  ,,i+:n,il~ lc¢ortl~.'d ,tl X-b,md f lop 
spec t rum)  and at ~,+b;in++l l l ~ t t o m  ~p~.'ctrum)+ l+,olal~:d P~ II parll~:Ic+, 
in 11.4 M ~U~.'n)~c ~.'Ik' i l lu ln i l l , l t~d ,lI 2tffl K il] 7hL' p r c~ ' n t c  ol 2',: 
ethanol  and llg7 /~M I ) ( ' M t t .  "l h~' "+p~.%'tta rcpt~:,,cll7 the.' dl|k.+rcrit+~: 
b~+'tv, c cn  ,+p¢c7r;l tcct+rtk'd atk ' r  <IIltJ ~I IHL*  llltlmln+itioll and ~Cl~' 
I[cord~.'d ill 12 K (l~lp) I l l  15 K 7boHinnI. The ccrlTral p t l r l ion t~l L%ldl 
~p¢clrLllll. COIlli l inill~ 113V l l ; i r ro~ ~ignM o l  ~r'l" ~ + ha+, I~C~ll orl+ln~d tot 
clarit~. Mod i l i cd  I rom R~.'I. 39t~. Rcprinl~.'d ~iTh pcrrm~qon (~op~,rd~ht 

191~.9 b) 71+¢ Anlcr ican ( 'heroical  ~ l c l 3 ,  t 

d e p e n d e n c e  o f  the multil ine signal has been examined 
at both X-band [4111,41121 and S-band [399.4110]. Signifi- 
cant anisotropy was  observed,  particularly at S-band 
and was  attributed primarily to hypcrfine anisotropy.  
]'his anisotropy explains  the many small peaks and 
shoulders  that are super imposed  on the main h.vperfine 
lines in unor ientcd  samples.  

The  ampl i tude  o f  the mult i l ine signal tlseillate', ++ith 
a period of four in response to a series  of f lashes gixcn 
before freezing [3911.391+403.404]. Because  its ampli-  
tude is maximal fl)l lowing the first and fifth flashes,  the 
signal was attributed to the S+ state [391,41t3.4114]. This  
ass ignment  was conf irmed by studies  of  the s i g n a l s  
rate of  decay  and t empera ture -dependence  of  torma- 
lion [392.395.4113]. The  signal can also be generated  b.~ 
cont inuous  i l lumination under condi t ions  that limit PS 
11 to a single charge separation ( i l lumination at 160-2041 
K [392,395], or whi le  s imultaneously  freezing to 77 K in 
the prcscnce  of  D C M U  [4t1511. Because  the multi l inc 
signal, with its many hyperfine lines, resembled the 
EPR spectrum of  a synd,Ltic mixcd-valent  dinuclcar 
Mn c o m p o u n d  [406] ( a k )  see Rcf. 41)7) and because  
the signal was  abol ished by treatments  that extract Mn 
[391,4tl51, the signal was  originally proposed to arise 
from an S -  1 / 2  magnet ic  ground slate of either an 
exchange-coupled  M n ( i l I ) ; - M n ( I V )  lc tramcr [3ql.4081 
or a M n l l l ) - M n ( i l l )  or M n ( I i l ) - M n l l V )  d imer  

2x3 

[405.41t~L.1111]. Xh+te r cccn l  model , ,  t~ill be d,-<u,.s~d 
bc!ox, k. ] h c  l l i l , , h - i T l d u c c d  pct iodlci t> ~+t tile' d m p l i l l l d c  

Ol thc DaiI|iliilc Xiglliil h;Ts bCCIl 171+c7[',71qcd ;i~ d~.+Tntlil- 

M1a1111g lit.if ~,|ii IX oxidi/cd "JtTMII~2 the ~,,-..t;m." Ii,iil~l+ 

t,m, I hi, mh:rpiL:latitm p, ,,Upl}Oylcd b~, X-tax :d~,,otp- 
litlIi nI~-iTsuicnlciiI~, lhiit correIabc the h~rIllaliOll (~I the 
multilin¢ ',ignal v. ilh the o\idation t,t Mn durm~ the 
S I , S .  t r a n s i t i o n  [343.411.41211scc  "-,LlbXcctitm 11-( .2L 
l he  m u l t i l m c  'qgnal  Ila,~ bccn  ob, ,cr~cd in PS II pwcpa- 
ratiorl,~ l r on l  ,,v~.clal , , p c c i c  ~, o t  ~.~JTloba~lcf in  
12tt9.342..M3+411, _ 4151 a n d  dl~pl i l ) ,~  ,t s imi la r  t e lnpcr i l -  
l u r e - d e p e n d e n c e  1414]. rc, ,pon,,e to N I l :  [414.415] a n d  
r e s p o n s e  to  S t :  a l t e r  ( a "  - d e p l e t i o n  [4151. COlnparcd 
to its p r o p e r l i c s  in p r e p a r a t i o n s  I rom h i g h e r  p l an th  ( see  
bclo~.~, a n d  s u b s e c t i o n  I I-(i. 1 ). 

T h e  ~., 4.1 ~,ignal ha ' ,  a v, idlh  ~1" "~20-3r~11 ( iau ' , , ,  
a n d  lacks  r e ' , oKcd  h ) p c r f i n c  MrtlvlHrc ~-cc i ig. +~II). 11 
ha s  c s scn t i a l l}  t he  ' , amc  a p p e a r a n c e  at %+band as  ,71 
X - b a n d  1411tL4133}. T h e  s ignal  ',~a', tirM ob~ ,e~¢d  ill 
samples that v, e r e  conlinu+mq_':, i lhmfinaTed at 1411 K, u 

t c n l p c r a t u r c  IsPAct t h a n  tha t  rLqu i l cd  lot gcm_'r,flion ol 
the  m u h i l i n e  ",ignal [417t. It ua , ,  M,,o ~ b s e n c  ! in ,+anl- 
p ies  i l l u m i n a t e d  at 21111 K in the  p rc , . cuce  oI ,.,ucro,-.c 
14031. In s a m p l e ' ,  me! COTltainlng ',ucro,.c+ the  i./ -1.1 
s igna l  v, as  sllo,.~-n t~+ +on,.crt  in to  t he  nlttllihl3+.2 "qgllal 
~.~,hcll , , a s p i c s  t h a l  had  bccn  i l l u m m a t c d  at 1411 K u c r c  
sub~,cquept l )  ' ,~armcd in darknc, , , ,  [2118.417.418[. Like 
the m u l t i l i n e  s igna l ,  t h e  .r4 : 4.1 ,,ignul was  ,,hou, n to be 
a b o l i s h e d  b~ t rea tment+ ,  that  rcmo~.c Mn  14113.41"7] a n d  
a c o r r e l a t i o n  b e t w e e n  its f o r m a t i o n  and t h e  ox ida t i on  
o f  M n  g a ' ,  d e m o n ' , t r a t e d  b,, X- ra )  ab , , o rp t ion  m e a s u r e -  
m e n t s  I412.419}. A h h o u g h  t he  k' =4 -1  q g n a l  lack',  rc- 
' , o l : cd  h .~pcl l inc  s t r u c t u r e ,  it h a s  b e e n  ~,ugge,,led to 
hm, e u n d e r b i n g  h ~ p c r t i n c  - t r u c t u r c  [413q bccau+,c ;he  
s igna l  is no t  appreciabl. , ,  n a r r o ~ ¢ r  at S - b a n d  t h a n  at 
X - b a n d  141NL41h]. Indecd+,+t  Ica'.t lq+ part ial l3 rc, ,oi~cd 
h ) p c r f i n c  l ines .  " ,p .xcd b.~ a p p r o x  .'~f~ (+atT',~. II:.+'~.c l".cCrl 
ob,.encd (m the +- 4 I ,,igmd in oricnlcd F% II mum- 
b r a n u s  tha i  had  b c c n  trc+~tcd with N i t ;  [41t2+420] ~',cc 
Fig+ N). " ihc  ~ :: 4.1 ",ignal ha,, not  bL.crl ob, ,cr~cd in 
, ,ample, ,  d e p i c t e d  ol '.] : cxtrm,, ic  +-: 0nd  17 k[ )a  ix~l'+- 
pcp t idc , ,  1214.421] u !css t h e s e  , ,ample ' ,  ha, .c  b c c n  sup -  
p l e m e n t e d  u i t h  S t ' -  [4211. l h c  ~ :-: 4. t s igna l  ha' ,  al ' ,o 
not  b e e n  obs~.'r,.ed in ( a  +dep ic ted  ' ,ample, ,  th:.tl re- 
la in  t he  24 and  17 k l ) a  i 'x, l ' .pcptidc, ,  [ 4 2 2 4 2 4 1  tttilcs ~, 
these samples ha~.e bccli supplcnlcnted xs Ith ST' [4221. 
R c e o n s t i t u t i o n  ol t h e s e  - a m p l c s  ~.ith ( 'a="  d o e s  not  
r e s t o r e  the ,~ + 4.1 s igna l  [422-424]+ 

T h e  g = 4.1 s igna l  ha++, not  .~et b e e n  r e p o r t e d  in an.'+ 
PS 11 p r e p a r a t i o n  f r o m  a c y a n o b a + t c r i u m  tc .g. .  Refs .  
343.4151. Its a b s e n c e  p robab l s  d o e s  not  ref lec t  the  
a p p a r e n t  lack o l  the 24 and 17 k l ) a  p o l y p e p t i d c s  in 
c!~anobactcr ia ,  h o w e v e r .  W i t h o u t  t h e s e  p o b p e p t i d e s .  
PS II t l l e n l b r a n c s  fr~tn s p i n a c h  oxid ize  a chlor(q:}h3]l 
m o l e c u l e  w h e n  i l l u m i n a t e d  at 1 3 0 - 2 1 ~  K [214]. In 
con t ras t+  a PS II p r e p a r a t i o n  f r o m  t he  c ) a n o b a c t e r i u m  
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l ' l g  t'; , \ m m o m a  m o d i h c d  L,, -1.1 I ' , P R  ~ i g n a l  o h , , c r ' , e d  i n  o r t c n l c d  

I)S II lncrllhlilnt '~. 111113 "~|lc-t'|runl), *|'hi." ITlt:mbldnt* ililrmal v,a:~ orl- 
c n t t d  p~2rallcl Io the apphcd magnetic field. The PN II mcmbran¢~ 
v.cre l rca lcd  ~ i th  III11 mM NI l  ~('t ;tl pl I 7 5 in the prc,.cncc ol ll.4 M 
~ucro~,c and v, crc or iented by drying them on lo  mylar fi lm, The 
• ,ignal ~v~ gencra led  h~ i l luminat ion al It}5 K. The ~peclrum reprc- 
~,enls the difference bct~*cen lilt: xpcctrum recorded after and bclorc  
i l luminat ion and v, as recorded at b; K. The h'*ttom spectrum ~how,, a 
~dmulalion ~1" the experimcnl;d spectrum calculated a~,suming thal  
the experimental  ~,peclrum ari~c~, trom a lc t ranuclcar  Mn clu~tcr Ihat 
h.l,, a ground ~tatc ~t' 3; -- a/2 Modified from Rcf, 4112. Repr in ted  
v, ith pcrmi~,,ion (c,v~vrighl l')q2 hy the American  ( 'heroical  Society). 

Sytlecltococctis clotlgatz~s (formerly k l a o w n  a s  ,~)'/tc- 

choc,)ccu.~ sp. [425]) was shown by X-ra~ absorp t ion  
mcasu rcmen l s  to have oxidized the  Mn complex when  
i l luminated fit 1411 K. a l though no g = 4.1 signal v, as 
observed [343]. C ,nscquen t iy .  a reason o lhc r  than  the 
appa ren t  lack of the 24 and 17 kDa polypepl idcs  must  
be responsible  lor the  absence of the g = 4.1 signal in 
this cyanobaeter ia l  prepara t ion ,  it should  he noted.  
bowever,  that  only one  swtcmat ie  search for the g = 4. I 
signal in a cyanobacter ia l  p repa ra t ion  has been  re- 
por ted  I343] and that  the glycerol that  was employed  in 
this study as a e ryoprotec tant  (and  r epo r t ed  to be  
necessary for the observat ion of  the  mult i l ine  signal) 
may have p reven ted  the g = 4.1 signal from be ing  
observed [426] (see below). 

The  g = 4.1 s;gnal was originally a t t r ibu ted  to an 
e lec t ron  t ransfe r  in te rmedia te  be tween  Mn and P681)" 
[403,417]. However,  because it was found to be a pre-  
cursor  of only the mult i l ine sio, nal and  not of the S 3 
s tate  [208] and  because  its ampl i tude  was found to 
oscillate with a per iod of lour in response  to a series of 

flashes given hefl~re i l luminat ion and to be maximal  
following the  first find fifth f lashes [426]. it was subse-  
quent ly  assigned to an alternate form of  the S 2 state 
[2(II';.4lg.42~,492[. ] 'he h , m  of  the S, slate that cx- 
hihits the g -  4.1 signal has been reported to recom- 
bine with QA more  rapidly than  the  form that  exhibi ts  
the mul l i l inc  signal [426]. 

The  two forms of the  S, s tale  tha t  give rise to the  
mult i l ine and  ~," = 4.1 signals have been  p roposed  to be  
l inked hy an equi l ibr ium [394.426-428] that  is influ- 
enced by many factors  [428]. Indeed .  the relat ive ampli-  
ludc', ~1" the two signals are sensitive to a var iety  o f  
treatments. For example, the choice of  cryoprotectant  
is crit ical. Eb.~th sigl,als are observed in samples i l lumi-  
nated at appro×. 200 K i p  the presence of  0.4 M 
sucrose [418.426], but a smal ler  g = 4 . 1  signal is ob-  
served in the  absence  of c ryopro tec tan t  [429] and  litt le 
or none  is observed in the p resence  of  30% e thy lene  
glycol [418.426] or  50q~ glycerol [426], or  when  4 - 6 %  
e thano l  [393,294.416,426.4.',,I] (see Fig. 6A) or  3 %  
me thano l  [431] is added  to :~amples tha t  con ta in  0.4 M 
sucrose. The  ampl i tude  of the  g = 4.1 signal has  b e e n  
repor ted  to be increased  re!alive to tha t  of the  multi-  
line signal when  Ca 2 ~ is replaced by Sr 2 ÷ [421,422A32], 
when  samples  arc  dep le ted  of CI in the  p resence  of  
SOj  [428,433,434], when  CI is rep laced  by F -  
[417,428.434] (see Fig. 6B), NO.~ [434] or  I -  [434], o r  
when  samples  arc  t r ea t ed  ~ i t h  NH 3 [427-429,435,436] 
(even in the  p resence  of 4 '~  e thano l  [402]) or  me th -  
ylaminc [428]. It-, contras t ,  the ampl i tude  of  the  g = 4.1 
signal has  been  r epo r t ed  to be  d imin i shed  when  C i -  is 
replaced by B r -  [428,434] Because N H  3 [437-439],  
me thy laminc  [439] and  F -  [439] compe te  for a C I -  site 
on Mn (see subsect ion l l - t i . l ) ,  it has  b e e n  sugges ted  
that  the convers ion  of  the  ~ = 4.1 to the  mul t i l ine  form 
of the  S~ state  involves the b ind ing  of CI - [38,85,428], 
even at t e m p e r a t u r e s  as Iox, as 160 K [38]. Because  the  
ampl i tude  of the g = 4.1 signal is increased  b o t h  by the  
presence  of sucrose and  t'y the  dep le t ion  of CI- ,  su- 
crose has  been  p roposed  t~ in tc r te re  with  the  b ind ing  
of ('1 to PS II [428]. 

Many of  the t r e a t m c r t s  just descr ibed  a l te r  the  
l inewidths  of the mult i l ine  and g -  4.1 signals. For  
example,  subtle changes  in the hyperf ine  s t ruc ture  of  
the mult i l ine  signal have "~een observed  d e p e n d i n g  on  
w h e t h e r  sucrose,  e thylene glycol, ethan:*i or m e t h a n o l  
is p resen t  [393,394,400.418,426,431]. T h e  widths  of the  
c o m p o n e n t  l ines of E N D O R  spec t ra  of  the  mul t i l ine  
signal are also inf luenced by w h e t h e r  sucrose,  glycerol, 
or  e thylene  glycol is pre~ent  [440,441]. The  addi t ion  of  
4 - 5  & e thanol  to samples  tha t  con ta in  0.4 M s,,crose 
has  been  repor ted  to shift the  posi t ions  of the  hyper-  
fine l ines of the  mult i l inc  signal at S -band  [400], to  
na l row the  hyperf inc  lines of the  signal at X-band ,  
a l l o w i n g  a d d i t i o n a l  s t r u c t u r e  lo  be  r e s o l v e d  
[393.394,426] and  to make  the signal eas ier  to sa tu ra te  
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[3q4,426]. The addit ion of 3"; methanol  to sanlple~, 
containing 0.4 M sucrose has recently been repor ted  to 
eliminate the  broad Gauss ian-shapcd  signal Ihal ap- 
pears  to underl ie  the multiline signal [431]. Trcatmenl  
wilh N H ,  in the prcscnec  of sttcro~,e [436.442]. or in 
the ab .~nce  of cryoproteetant  [429], has been  reI~)rtcd 
to shift the  g = 4.1 signal to g approx. 4.2 and to 
narrow the signal to approx. 300 Gauss  (also see t~.ef. 
402). This t r ea tment  also induees the re~dut ion of  at 
least 16 hyperf ine lines on the g = l.I ~ignal in ori- 
en t ed  samples  [4tt2,420] (Fig. 8), as ment ioned  earlier. 
Substi tut ion of F -  for CI ha~ been r e r~ r t ed  to nnr- 
row the g = 4.1 signal by approx. I0"~ [417] (see Fig. 
6B). Trea tment  with NH~ al~) alters the multiline 
signal. The NH3-al tered signal has more  lines (21-22 
vs. 18-20) and smaller  hy l~r f ine  splittings (67.5 vs. 87.5 
Gauss)  than the unmodif ied signal [414,415.427- 
429,436,442-446] (see Fig. q). This N H F i n d u c e d  ahcr-  
ation of the muitiline signal was originally repor ted  to 
require il lumination at 0°C [443] or incubation at tem- 
pera tures  near  O°C following illumination at Iq5 K 
[427,444,446], but has more  recently been r e l ~ r t e d  t,) 
occur with a halftime of  approx. 15 rain when samplc~, 

g - v a l u e  
2 £ 2.4 2 2 2.0 ~.8 * 5 

U n t r e a t e d  

t:875O 

* NH 3 ~;./~. ," 

I L - 5 , 

22'3"- 2600 3SS; 340S 3"3ZC t23C 
Magnebc Field (Gauss) 

Fig. 9. Compari.,.on ot normal (top spectrum} and %it  a( I-mJ, Jmed 
t h u l i u m  s p e c t r u m )  m u l t i l i n e  EPR ~ignat~, o b s e r v e d  in P.~ II m e m -  
b ranes .  S a m p l e s  in 30% (v/ , , ' )  e t h y l e n e  glycol  ~.ere i l l u m i n a t e d  at  
0°C in t he  pre',~ence ( i f 250 ptM 2 . 5 - d i c h h , r o - p - h e n z o q u i m m e  ant i  40 
u.M DCMU in the absence (tOlD spcclrunlt or presence (k i l ion l  
s p e c l r u l ~  ~ of l(~ I mM N H 4 C I  before being frozen Io 77 K. Spectra 
represent the difference between ~peclra recorded after and before 
illumination and ~,'ere recorded m ~ K. -lh~: ,.erhcal lines ',h(~ the 
Ix~,itions of the hyperfine lines. "l'h~. a~,crag.e ,+pacing bt:t~,een line~ in 
each ~,pectrum i~ indicated h~, ..1. "lhe central l~,ti(,n c,f tach *,l~-c- 
I t e m .  c o n t a i n i n g  Ihc  n a r r o ~  ~,ignal o f  YI)-  has  b e e n  teml l !ed  | o r  
c lar i ty .  M o d i f i e d  f r o m  Rcf.  4,13. R e p r i n t e d  w i t h  p e r m , s s i o n  ( c u p ,  r igh t  
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Branch.  SanlpJ~'~ ~t'r~: dc l ; )e l t .d  o| ( :I: "~ttl~ | 2 %I N<I(I }q~J KIt l.~ k~l 
l i t ,  I A ~,t pl ' t  6 ¢~ durln,~: : lhtmtnal,(~r~ IhLn ~c~c r t ~ o n - l l t u h : d  ~ d h  
either 2(I mM ( 'a( ' t  ( lop ,,r~,.-ctrt,ml ,~[ 20 mkt  ~,r(t .  ( I~t tom 
' ff~c(trum} T h e  '.,amplc~ "~erc d tumm;~led  at 2fWl K. I h c  . . impk. ' ,  
~er¢ N(It fcCtil3~.lltUtt-'d '&'lh lhC 2"] J n d  I" l¢Ll~ r~i t3 l lcpt lde~ :lfld ~;1(; 
c l~ ,op ro l ec l an l  'd,~l~ a d d e d  The  ,~peclra repre ' . en l  lhc  dlnerclt~.c 
hc t~ .ccn  ~pcclr,~ r c u i r d t d  a l t c l  dad  i~cll)[v Ilhlmlri.~til!f! ;l[Id "~CI~: 
rco~rd~:d at Ill K The  r ight  h,~il ,,t c ~ t h  l r , . .c  h . .  ht:~..n . ,htfl~d 
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are incubated at 19M K f i~ l lo~iag i l l um ina t ion  at IXN K 
[429]. Subst i tu t ing Sr ~-" for Ca ~" also alter,, the mul t i -  
l ine s ign;"  [415,421.422A32] ~,,ee Fig. 1(I). The S r : ' -  
mod i f i ed  signal sttperficial l~ ~e,.-mbles the N H  ~-m~l-  
iiied signal (compare  Figs. 9 and lflL Depletion ol  
( ' a : "  under  ~mle condit ions rc,,ults in anolher  ahe rcd  
m, ultiline signal that exhibits approx. 26 h.,,pcrfinc line', 
spaceu by 55--65 Gaus,, anti thai ir ~lable in (tarknc,~'~ 
1423,447--456] (sec beluga ). 1 hc in te la : t l ,m ,d Nlt~ and 
other  amines with PS !! v, ill be di,,eus,,ed in greater  
del;,il in subsection II-G.1. The hyperfine line~ ot the 
mullilinc signal ha~e been rclxwted to he broadened  h~ 
!t~-O [436.4571 and to be narrowed b.~ - ' t |  , 0  [-15Y, j. 
al though t~o o ther  groups ha~e been unable to repro- 
duce lhe narrowing rcportcdl~ cau',ed b~ -~H ( )  
[396.399]. The l ineshape of the muhil ine signal i,, also 
int luenced b~ the length ol lime lhat the ,,ample is 
dark-adapted  before the S ,,tale i,, Iormcd 1.159.1~'~0[. 

The multi lme and g = 4.1 signals ha~,e been  pro- 
r ~ l s c d  t o  represent  the only form~ of  the S,  ,,talc [4281. 
This may be incorrect. While the ampli lude of the 
g = 4.1 signal has been reF~)rted to be enhanced  at the 
expense of the muhiline ~ignal in samples that were 
deple ted  ot  Ct in the presence of ethylene glycol 
[42M]. the ampli tude ot the g' = 4.1 signal has t~ccn 
r e l ~ r t e d  to be diminished b~ 5-21let concurrent  ~,ith 
Ios~, of the multiline signal in samples deple led  ot ('1 
in the pre~ence of sucrose [433.434]. Moreover.  sub,,ti- 
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tution ol Br lot ('1 in the presence of ~ucr~t,,c ha', 
bccn reported to diminish the amplilud¢ ot the ~' 4.1 
signal by approx. 305; without significantly increasing 
the ampiituu~ of the multilinc signal [434]. ~hi lc  ~uh- 
slitution of Br tier (q in the presence t)l sucrose plu3 
4(.~ ethanol (added to inhibit the fi)[mation ot  the 
g = 4.1 signalL has hccn reported to diminish the am- 
plitude of the ntulttlinc signal by approx. 3W; [4f+l]. 
Finally. the substitution of NO~ for CI has bccn 
reported to only slightly enhance  the g : 4.1 sign,II 
[43,-11 while nearly abolishing the multiline signal 
[434,4f~1]. The decrease in the ampliludc' ,  ol the multi- 
line signal observed it sonic Br - and N()~ .suhslil t t tcd 
samples has been at leaM partially allrib(lled Ill g-strain 
tm)adening 1461 ]. Nevertheless.  the trequently repor ted  
at;,c.-.ce of ,t c,~roplemc'ataD relat ionship be tween the 
ampli tudes of the multilinc and g = 4.1 signals suggests 
that there may bc o ther  fitrms of  lhe S, state that 
exhibit I_:PR ,,pcctra ;; lib features that are too broad to 
bc recognizable. Broadened.  unrecognizable I{PR sig- 
mils have prc~,iously been :litributcd to the S, state in 
Ca= ' -dcp lc icd  ~404,421.432] and C I - d e p i c t e d  [433] 
samples (see subsections III-C and i l l -D).  Such signals 
have also bccn invoked Ill explain why no g = 4.1 t~r 
other  Mn I{PR signal i,, ob~cr~cd v, hcn PS-II prepara-  
tions t r i t l l l  .~)'#l('Uhoftlttt l~ l']t#lll~ttlt¢% a r t  i l luminated at 
1411 K, or are warmed to 215 K after being i l lumiml ted 
at 140 K. despite the appearance o f  the O.xPe=" signal 
anti despite the X-ray absorption data showing thai the 
Mn complex was oxidizcd in these samplcs [343]. It 
should be noted,  however, that de termining the a b ~ -  
lute amounts  of the multilinc and g = 4.1 signals pre- 
sent m samples poised in the S, state may be compli- 
cated by difficuhics associated with quant iGing the 
amount ol the S, shire present.  The amount  of  the S,  
state produced during illumi~lation is generally deter-  
mined from the anaplitude of the EPR spect rum of the 
O.x FeZ" complex al g -  1.8-1. t) [208]. Fto~cver, this 
signal is v c ~  broad, extending o~er se'.cral thousand 
( iauss  [462] and its intensity at ,t,, : 1.8-1.9 can bc 
greatly inl]ucnccd by sample conditions [t17.4~}2-4c,4] 
tfor re',iew, see Rots. 3b;6,4f15). For example, the ampli- 
tude ill" the O x t : e : "  signal tit g -  13} hats been re- 
ported 1o increase 2-fold in the prc~cnce ol sotnc 
lierhicidcs [463] and by more than 12-fold m the pres- 
cnt_c t)f formate [4h4]. 

The g = 4.1 signal has been proposed to arise trom 
an inactive fitrm of the Mn complex that ix unable to 
advancc to the S~ _,,tatc [428]. This proposal was based 
on reports  that the deplet ion of CI " blocks the S. --, S 
transition [433.466-470] (however. sec belo~ lind see 
subsection I l l - l ) )  and on obsc[vatitms thai the deple- 
tion of ( 't (in the presence o[ SO~' t enhances  the 
g = 4.1 signal relative to the muhi l ine  signal 
[428,433.434]. Because t: [417.428]. NH ~ [427- 
429.435,436] and methylaminc [428] inhibit s teady-state 
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|:i/.z. II Normal  (At and dark-..tahlc till) mul t i l ine  I:.PR ~ignab. 
oh- .c~cd ;n ¢ : t :  -depleted PS II membrane' .  S a m p l t .  '.~erc depic ted  
of ('.12* 9.iltl 1 2 M Na( ' l  and 5|1 .t.tM [:(J l"A itl p l l  h.5 dur ing 
i Ih:nt inat ,m.  [hc  '~amplc.. '.~crc not rccon' . l i tuted ~ l t h  the 24 and 17 
kl)a  rn,13pcptiOcs. (;k) S.Jmpl¢ ..*.as d lumina ted  at 19~ K in the 
pr~.'.cnc¢ of IO mM E(iT.A. 1[]) ~amp!c "~.a~. i l luminated  at WC for 2 
rain ;n Ihe presence t;I I0 mM L G I - A  and then incubated in 
tJalkl/ts'~ at 11"(' toe h4t rain hclor¢ the spect rum v.a.. r e c o r d e d  
Spct t ra  reprc..ent lilt. Odlerenee between , , p e o r i a  rct 'orded a l ter  an J  
hefort" li lumin;Jtlon :lit0 ~a.ure I¢corded :it It |  K .  The ten l r  t l  p a l r t i o n  

, i l  c t : h  q'K'tlrtlm t~lnt.llnln~.' the n.irtl.l~. ~.i)211.1i i l l  YI'~' ha.. b ~ t : n  
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oxygen evolution and enhance  the g = 4.1 signal rela- 
tive tit the multiline signal, inhibitory, a n i o n s  a n d  small 
primaD' amines were  prolxsscd to inhibit s t e a d y - s t a t e  
oxygen evolution by favoring an "inactive" conformat ion  
of the Mn complex [428]. However.  recent  data contra-  
dict this proposal.  Nei ther  s teady-state  oxygen evolu- 
tion nor  O .  flash yields were a~'fected when the relative 
prtg '~rfions of the multiline and g = 4.1 signals were 
varied h v the addit ion ol e thanol  [43tl]. Fur thermore .  
~hilc substitution of N()~ for C I  enhances  the g = 4.1 
EPR signal and almost completely abolishes the multi- 
line ,~ignal I434] (and see Rcl. 461). only the S~---* (St)  

S.  transition appears  to be slowed [471] and the rate 
of stcad~,-state oxygen c~,olution compared  to un- 
t reated samples remains  as high as 4ti-75%- [434,461, 
472.473]. Finally. hey, evidence suggests that the deple-  
tion of ('1 in the presence of SO~ may not bl(x:k the 
S, ~ S: transition (see below and see subsection I l l -D).  

Recently. an a l tered lorm of  the multiline signal. 
having at least 26 hyperfine lines spaced by 55-65 
Gauss. has been  repor ted  in spinach PS I1 membranes  
dep le ted  of Ca z* ei ther  by washing with i - 2  M NaCI 
and 1-20 mM E D T A  or E ( i T A  at pH 6.5 in the 
presence  ot  light [447.44g,453,454.456]. or  by incuba- 
tion with 11)-21) mM ~)dium citrate at pH 3 in darkness  
[423.424.448,450.455.456.982] (M.J.  La t imer .  V.I .  
DcRose .  V . K  Yachandra ,  1. Mukcrji. K. Sauer and 
M.P. Klein. pe r~mal  communica t ion)  (Sec Fig !!), 
The new signal has been  at t r ibuted to a m(~lifi,,.d form 
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of the S. ,,tale and is stable in darkncs',, lor mare 
hour.,,. The cxtrin~,ic 24 and 17 k l )a  l ' .~bpcptidc', arc 
retained during ~ )mc  of  thc~,c ( 'a  ~ edract ion pr,~:c- 
dnrcs [423,447,4414A5(1]. but mlt dur ing  other  ~- 
f449,453,454].  ( 'onscqucntly.  the prc~,ciicc" ol nl:ithci 
[~)lypcplide is required for generat ion of lhe ,,ignal 
(also see  the discussion in Ref. 454 and see Ref. 456}. 
but their presence  has been  rewwted  to influem.e the 
observed hyperfine pattern to "" ,,mall extent  [454] 
When  the 24 and 17 kDa lX)lypcptides are absent,  the 
addit ion of  Ca-" rapidly converts  the altered mulli l inc 
signal into Ihe normal signal [4,19.453]. W h e n  these  
ix i lypept ides  are present ,  the addit ion of Ca :+ appears 
to restore the normal $2 state much more ,,lowly than 
it decays  [447]. This  may rcflczt the 24 and 17 kDa 
po lypept ides  acting as apparent  diffusion barriers to 
Ca "+ rebinding in darkness,  as has been  demonstrated 
previously [274 .474-476]  ( ~ e  subsect ion I i l -Cl .  H ( ~ -  
ever, the presence  of  thes.c po lypcpt ides  does  not pre- 
vent added Ca:" from rapidly deacti , ,ating the m , ~ i -  
fled S~ state [447]. This  obsetx'ation agrees  with reporh 
that binding and dissociation of  ( 'a  2" occurs mo~t 
reatiily in the S ,  sta, lc [447.477] and ma} ,uplxwt ~ug- 
gest ions  that structural changes  accalmpan~, lhc  S --, S~ 
transition [ ,~27.429.443.477-479]  (for review, see  Rcf~. 
38.387 and subsect ions  II-G.I and II-H). 

G e n e r a t i o n  o f  the altered mull i l ine  signal requirc~ 
i l lumination at t e m l x r a t u r e s  near (FC [a23.42.L450. 
454]. These  temperatures  are approx. 70°C higher than 
the temperatures  that are suff icient for generat ion of 
the normal multi l ine signal in untreated sample ,  
[208.417.418].  In samples  incubated ,' ith .sodium citrate 
at pH 3 in darkness,  the half-inhibition temperature of 
the a l tered signal was determined  to be 24(|-25(1 K 
[423.424.450].  c lose  to that for the S ,  - ,  S ,  transition in 
untreated .samples [480-4h2] .  In sample', ~,a,.hcd ~ l lh  
NaCI and high conccntrat ions  of  chelat ing agcnt~ dur- 
ing i l lumination [4.47.449,452-454.456].  the altered ~lg- 
nal is generated  during the CaZ'-dcpic t ion  prc, cc,~. 
However.  when  the altered signal m lhe,,c , ,ample,  wa,  
a l lo i led  to deea~, h} an approx . . iS  hour incubatum m 
darkness  at (l=('. regcncration of tht: ",ign,d required 
i l lumination at temperatures  near 0"(" [454]. 

Genera t ion  o f  the altered signal al,,o rcqmrc', the 
prc~cncc o f  high concentrat ions  of  chelat ing  agent< cat 
least 0.2 mM E D ' I A  [453]). If samples  ate dcp lc icd  ~,t 
Ca:"  by treatment  v, ith only 50 ~ M  E G T A .  onl)  th,: 
normal multi l ine signal, with normal .,,tabilit.~ character- 
istics, can bc gcnerated  [421.454]. The altered 'qgnM 
can be produced fol lowing the subsequcnt  addition of 
10 mM E G T A  or 4(1 mM citrate,  but onl.~ after the 
.,~amplcs arc i l luminated at 11"(7: i l lumination at t ~  K 
generates  only the normal ~,ignal [4541, On the ba,,t- ~,[ 
the .~  tffl~-rxations, the pillt~'lltC~, td the al lcrcd mull> 
line signal have been propo,,ed to it  ,oil f rom the Onset 
l igation of  Mn b} i:-(i ' lA. [-:I'YlA. or cnra*c {454~ m 

a l~ rccmcn l  :~ilh cartl~_r , u ; ~ c , l l , , n -  ~ ' . 1 ' ' . : ~  '~ 1 1 , .  
hie p~, l ) -c; i rb~*t) l iv  a c l d - ; I p l -  ,l~ l,~ bc i , l l lJt~c f i-< ~,.< 
l h c  a l l c l c d  ~,17II;i] C l l i l l t l  I1oi hc l ' * l , l t t i i t . . , ]  ,!i I!~< I ' ! , "  
milt. t. i l l  c ' l l t lv ' l  ; lk tq i l t t2  i l l  ltt21d I+~,1) c . l ! i , ~ \~ l~ ,  .~ , !d ,  

~uch ,l~ l )h lh , lhc  :~ i , l  ~,l h i c p h l h , d ~ c  ,~<~1 [ , " :  
I h c  a n l p h l u d c  *d lhc , ,he rod  ~lCrl.~l t],~. },<.~i : .  

pa)r ted I o  I%" m a x i m a l  v, hcn ,,amplc~ ,tic. ; Ihimlrl , i tc~t 
u n d c l  C ¢ l l l d l l h l n ,  Ih;i!{ pi21-nlil lhc acl lCc~cmci i l  ,lr~d .ub  
~,cqucnl dc;Ic'lP, i l l i~ll l o l  at7 , lpD.l~cii l  % '.l.~rc I ,  i! 
i l l u m i n a t i o n  in the ;lh<¢llCe {,l l ) ( % , ' l l l  [ 4 5 ; i ,  ,Is,,-c_< 
Rc l .  I lk~ i .  lh l~.  i l l ; i }  eM}l , t 'n the lct , t l i~cl~ ~m, f l  . tn iph-  
lud,2,~ i t |  the ;t i le-red nlul l i t in~: ~lgnal., l~_'l~lllcd In ~.~lln,: 
~tudi¢~ [423.44~.4501. ( 'on~+cqucnl l ) .  lh¢ < . t i~2p t ib ih l }  
o f  lne  ~,|rl c ( )mplex  h)  hgat i (m b~ t l cx ib lc  ix)t ' ,-<ari~o- 
x~lic acid ,  has b e e n  prop~v..ed to bc  g rca t eM in lh¢ 5 
state,  much le',~, in t h e  S.  , , talc a n d  m l m m a l  in t h e  .~ 
stale  [454]. A s s u m ; n g  that  c h c l , , t o r -  ga in  a , .~c- ,  t,~ Ir.c 
Mn ".ia t h e  t a c a n t  ( a -  q l¢ .  lhl,~ p n q ~ , a l  ai,,~ ac~cc-  
l i l h  t he  prc~.l+lU ~. ind ica t ion , ,  [447 .47 : ]  tha t  the  ( ,i 
s i t e  b, m o s t  acce,~,ibl¢ in t he  S - ' / t ic  la;+. '+.-2] <-,~ 
, ,ub ,a :c t ion I l l - A t  t .k:cau,c  the  pi~.-,,cr:,.c ol 2 ~ i  m'~'/ 
' ~ ld lum ace ta te  d id  nt}t lead t," gcn¢rat~+ln ,it the ,al- 
t e r e d  , , ignM [ 4 5 1 ]  ~t i, unlikcl: ,  t['tAI t t r  i~;~'pc!tic~ ~d 
lhi',, , , ignal arc  Mgni|i~:anll) lnllucll¢.cd b~ , tcCtjl-a(i,\  ,d 
a ( ' a : "  site h) H a ' ,  ,l~ '01;l~ I ' l lcvi~,l i. l~ ~ii~12,',tvt~ 
[37.447j  "lh, plopCt l lC ' ,  l i t  lhc a i t t l c d  l l lu t l t i l l l c  "!V~t,i ! 
~l i l l  t ~  l u r l h c i  di~,cu',',,cd in ~ub~Ccl ion 1114  

.No d a r k - q a N c  a l t e red  m J h i h n l .  ,,igna! u.,~ dc (cc l<d  
in a n  e a r h c r  ,,tud.~ ~f  ( ' a : - d e p l e t e d  P% II m~.-m.~<ran~- - 
t h a t  v, c r c  p r e p a r e d  b~ mctilo3*, - imi la r  t+~ th , , ,~  d~- 
-c' t i . .~d a h , ~ c  [as3]  l m c r c q i n g l ' , .  2lp'. i : l)<~t~,l ,;~,~- 
e m  110,,cd a ~, a cfytq:~r,~h.:clanl tn -'_hi,, -,!ud; [~.',.,]. 
~hc rca~ ,  l t .3- f l  a Xl ,uc¢,,,~_ h. , ,  bcc,-, crept, , , . ,  i < , . .  
c D , w r o i c c t a n '  !n al l  q u d h = -  t h a t  h,t~.~ l 't.p~,tH.d i}'~. 

a ! l e r e d  m u h d i n t :  , igr .a!  tk>~.,~t;,~. ~hc ch(u~.<, o.' c r ~ , , p r , ,  
It.'Cldrtl inftucn~_c- {h~_ pnq"~_rt~c- ~q :qa ~',,r.m.J. '°,~ 'l 
lin~- and e 4 ] ~tg7"<at- !.< ~ <~!,,*,c ~ :' mi>c,~ f,v '.~:+::'} 

inlluwnce the  pl{,;,cr ' ,a. <1 ,>.c :!l, rct: I: ;.~{1 i:!~ - . ' ! . . :  
in ( a  - - d c p h : h : d  , a m p l e ,  

l i b  2 1/."  ].?t~ l t~.  ( ;<; .  . . . .  M, t t'A" ,~c,,~,:: 

i ind ~lgnM disJpt :< '~r ,  up~,r~ u~:ti~r f~<~.-h ,,t ..... t ; : ~ ,  . -  

4.4.S..151.~52.455 45t,.4~-1 ~'-cc ! W 12~ ar~.d 1 *~ ! ~ '  
G a u  ~-, in thc~l" ab,cvict .  [..i54.4~5] |. nh*,~: lh'. m,~,t;I.~'d 
m u l t d i n c  <ignai.  g c r ~ c r a t u m ~ q  ;he  1311 t+,4 ( i ~ u , , . ~ d ~  
, , lgnal d~,~~ no l  rcq~Jird hLgh c<mccrt.'.rul ~ ,d t h e  i,,! m r  
agcn t~  bccau,<" ~1 car. b,. ~,t~t:r'~cd tn ,~,arnplc- -~.vq'<d 
"*nh N a ( !  tn ,A'~,. p r ~ - ~ . n , ;  ,,i ,ml~ 5ti , aM I ¢ , |  . \  i - ' r .  
l { ( r 0 i g tC~ .  ~.~rl~.. g r , , u p  t't it, r~.'~.t.'l+tl]~ r~.~,<,r't_t~ t h ; l t  ~ > ' ,  .~ 

,~::Mt arn,>unt  ~q the ,  ,4gna[ i .  p ; , , JL . .c .d  v,h~.r~ , r J ,  t~ 
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j aM E ( I T A  is p r e s e n t  [456]. A l t h o u g h  the  s ignal  ~a,,, 
o r ig ina l ly  rep¢~rtcd 1¢~ have  a n c a r - f k t u s ~ i a n  l i n c s h a p c  
[447.448.451].  it wa~ la ter  r e p o r t e d  t,~ bc a d o u b l e t  
[452] (Fig.  121 a n d  m o r e  r c c c n d y  ha s  b e e n  r e p o r t e d  to 
have  a m o r e  c,~mplex ~ t ruc tu rc  [485]. T h e  ca r l i c r  n e a r -  
( i a u s s i a n  s p e c t r a  have  been  a l t r ibu1 , 'd  to a s u p e r p o s i -  
ti.~ning o f  the  approx .  13(I G a u s s  a n d  app rox .  164 
G a u s s  form~, o f  t he  s igna l  [454]. T h i s  s igna l  ha s  h c c n  
p r o p o s e d  Io a r i sc  f r o m  an  ox id ized  o r g a n i c  c o m p o n e n t  
tha t  is m a g a c t i c a l l y  c o u p l e d  1o t he  S , - s l a l c  M n  c o m -  
plex [ J47 ,44K452 ,454 .484-487] .  T h e  s ignal  h a s  b c c n  
a t t r i b u t e d  to a m o d i f i e d  li~rm :~1 the  S~ s t a l e  
[447 .448 .452 ,454 .4~5-487] .  A h c r n a t . ' , c l y .  i1 h a s  b e e n  
s u g g e s t e d  to  a r i se  I m m  an  i n t e r a c t i o n  b e t w e e n  Y ;  a n d  
the  m(~dified S , - s t a t c  M n  c o m p l e x ,  p,~ssibly as  a rc ' ,ul t  
o f  a pcr turba t i -on  o f  t he  M n  c,~mplcx c a u s e d  by Yd 
[456]. T h i s  "S~" or  ' S : - p l u s - r a d i c a l  s t a t e  ha~, b c c n  re-  
p o r t e d  to  have  a cons idc rab l~  =ongcr l i f e t ime  in the  
p r e s e n c e  o f  t he  24 a n d  17 k l ) a  p o t y p e p t i d e s  t h a n  in 
the i r  a b s e n c e  [454]. F r o m  a d e t e r m i n a t i o n  o f  t he  op t i -  
cal a b s o r p t i o n  change , ,  in the  u h r a v i o l e t  t ha t  a c c o m -  
p a n y  the  f o r m a t i o n  o f  the  app rox .  I*M G a u s s - w i d e  
s ignal ,  t he  t~xidizcd specie, ,  ha~ b c c n  p ro lapsed  to bc  a 
h i s t id inc  rad ica l  [452] (scc  Fig. 13). a l t h o u g h  th i s  as-  
s i g n m e n t  h a s  b e e n  d i s p u t e d  [456] ( scc  s u b s e c t i o n  II- 
F.I) .  M o d e l s  o f  the  m a g n e t i c  c o u p l i n g  b e t w e e n  t h e  
p u t a t i v e  h i s t i d ine  radica l  and  t h e  M n  c o m p l e x  s u g g e s t  
t h a t  t h e  r ad i ca l  d o e s  no t  d i r e c t l y  l iga tc  M n  
[452.454.484.48~].  T o  accoun t  fl>r t he  a b s e n c e  o f  an  
E P R  s igna l  f r o m  the  S~ .,,late in u n t r e a t e d  s a m p l e s ,  it 
h a s  b e e n  p r o p o s e d  th:tt  t h e  rad ica l  is l o c a t e d  c lose r  to 
t he  Mn  in the  u n t r e a t e d  sy,,,tem, so  tha t  its s p e c t r u m  is 
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Magnehc  F,eld (Gauss )  
Fig. 12 The approx. 164 (ktn~,,-v.ide EPR ~ignal *~b,,e~ed in ('a: ". 
depleted PS Ii mcmbrane~ that had bccn recon~litutcd W, ilb the 24 
and 17 kl)a r~*l~peptide,,. Sample wa~, depicted o| ('a: " v.llh I 2 M 
N;l('l and 211 mM [:.(;IA at pll h5 during illumination I h~ ,ie~al 
wa~ generated b~ flash illumm=~ll~m at 211(. h~llo~.,ed b~ rap~d 
hec,'ing in darkness.. The ~pectrum represent,, the ,.hfference bc 
twcen ~,pt'~:tl-a recorded alter and I~forc illummalio=; and ~'a-, 
recorded at 15 K The cent~'al ~aHion of the Sl~ctrum. ctmtainint~ 
the narro,.~ ~.ignal of YI'~. ha', been omitted for clarity. Mothlicd ff,,m 
R e f .  X~ R e p r i n t e d  ~,~.~th pcrmi. . , , i tm (cop~,r~ght l t ~ l .  ( ; a u t h ~ c r  
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Fig. 13. Ol~tical absorption ~,pcc.trum induced by flash illumination of 
('a: "-depicted PS II membrane*, tha! had been l~i~,cd in the dark- 
~t-:bl¢ S, %l;lle befl~re illuminalion (circles and solid line) in compari. 
~m to the: in ~itro ~pectrum ~f a (hi,didine-Otl] radical (da~,hed 
line). PS 11 mcmbranc~ v, crc depleted of Ca:" with 1.2 M NaCI and 
20 mM E(;-IA at pit  6.5 during illumination and were subsequently 
rccon.,tJtulcd ~xith the 24 and 17 kDa p*~lypeptider,. Modified from 
Ref 452 Reprinted v.i!h permi~,sion (copyright 109(I by" Macmillan 

Maga,,ine,~ lid.) 

b r o a d e n e d  b c y o n d  r e c o g n i t i o n  [452.484,486].  W h e t h e r  
the  13(I-164 G a u s s - w i d e  s igna l  r e p r e s e n t s  an  a l t e r e d  
f o r m  o f  t h e  S ,  s t a t e  [447 .448 .452 ,454A86] ,  a p r e c u r s o r  
o f  t h e  S~ s t a t c  [453]. an  o r g a n i c  r ad ica l  f o r m e d  ( r e -  
vers ib ly)  b e c a u s e  t h e  n o r m a l  o x i d a t i o n  o f  M n  is b l o c k e d  
[453]. o r  an  i n t e r a c t i o n  b e t w c c n  Y ~  a n d  t he  m o d i f i e d  
S , - s t a t c  M n  c - m p l e x  [456]. r e m a i n s  u n k n o w n  a n d  will 
be  d i s c u s s e d  f u r t h e r  in s u b s e c t i o n  I I -F . I .  T h e  a d d i t i o n  
o f  N H 3  to C a Z * - d c p l e t e d  s a m p l e s  t ha t  l ack  t h e  24 a n d  
17 k D a  p o l y p e p t i d e s  n a r r o w s  t he  s igna l  to  a p p r o x .  100 
G a u s s  [485]. In C a :  ~ -dep lc t ed  PS I1 p a r t i c l e s  i so l a t ed  
f rom the  c y a n o b a c t c r i u m  S y n e c h o c . v s t i s  sp.  P C C  6803,  
t he  s igna l  o f  t h e  "S : -p lus - rad ica l"  s t a t e  h a s  b e e n  re -  
p o r t e d  to have  a l i ncwid th  o f  < 9(1 G a u s s  [415]. 

A f o u r t h  g r o u p  h a s  r e p o r t e d  t ha t  a b r o a d  E P R  
s igna l  at g = 2 is i n d u c e d  by i l l u m i n a t i o n  o t  
N a ( ' l / E l ) T A - w a s h c d  s p i n a c h  PS II m e m b r a n e s ,  b u t  
~ i t h o u t  t he  ioss  o f  t h e  a l l e r e d  m u l t i l i n e  s igna l  [453]. 
T h i s  g - 2 s igna l  w a s  al,~o p o s t u l a t e d  to  a r i se  f r o m  a n  
ox id i zed  h i s t i d ine  r e s i d u e ,  bu~ t h e  s igna l  was  no t  wel l  
c h a r a c t e r i z e d ,  i ts  l i ncwid th  was  no t  r e p o r t e d  a n d  t h e  
pos, , ibil i ty o f  m a g n e t i c  c o u p l H g  wi th  t h e  M n  c o m p l e x  
w a s  no t  c o n s i d e r e d  [453]. T h e  o b s e r v a t i o n  o f  b o t h  t h e  
a l t e r e d  m u l t i l i n e  s igna l  a n d  t he  1 3 0 - 1 6 4  G a u s s - w i d e  
s i g n a l s  in t he  s a m e  s a m p l e s  [453] conf l i c t s  w i th  t h e  
work  d e ~ r i b e d  in t h e  p r e c e d i n g  p a r a g r a p h .  T h e  r ea -  
s o n s  fl~r t h e  d i s c r e p a n c y  a re  u n k n o w n .  H o w e v e r ,  t h e  24 
a n d  17 k D a  IrX~lypeptides we re  a b s e n t  f r o m  t h e  s a m p l e s  
e x a m i n e d  by in th i s  g r o u p  1453]. B e c a u ~  t h e  s t a t e  t h a t  
g ives  r ise  to  t he  a p p r o x .  164 G a u s s  s igna l  h a s  b e e n  
r e p o r t e d  to be  m u c h  less  s t ab l e  in t he  a b s e n c e  o f  t h e s e  
l~ l l ypcp t i dc s  t h a n  in t he i r  p r e s e n c e  [454], t h e  s p e c t r a  
r c l ~ r t e d  in Ref .  453 m a y  ref lec t  a c o m b i n a t i o n  o f  



spec t ra  f rom PS-II cen te r s  in the  S ,  and  "S,-plus-radi-  
eal" states.  

T h e  loss of the  a l t e red  mul t i l ine  signal in paral lel  
wi th  the fo rma t ion  of the  130-164 Gauss-wide  signal 
has  b e e n  a t t r i b u t e d  to t he  same  magne t ic  coupl ing  that  
gives rise to  t he  la t ter  signal [447,452,484]. Spectra l  
s imula t ions  have been  advanced  to suppor t  this  view 
[452]. However ,  in a recen t  study, when  samples  ex- 
h ib i t ing  t he  approx.  164 Gauss -wide  signal were s tored 
at  77 K for  one  week,  abou t  5 0 %  of  this  signal decayed  
whereas  n o  paral le l  f o rma t ion  of  the  a l t e red  mul t i l ine  
s ignal  was  d e t e c t e d  [456]. W h e n  these  samples  were 
subsequen t ly  i l lumina ted  at  8 - 7 7  K. the  approx.  164 
Gauss -wide  signal  was immedia te ly  res tored .  O r d i n a r -  
ily, no  fo rma t ion  of this  signal is d e t e c t e d  when  sam- 
ples  are i l lumina ted  at  200 K [447]. F u r t h e r m o r e ,  the 
abili ty to r e g e n e r a t e  th is  s ignal  was lost w h e n  samples  
t ha t  had  been  s to red  at  77 K for  one  week were 
i n c u b a t e d  at  200 K for 15 min  be fo re  be ing  i l lumina ted  
at 77 K [456]. T h e s e  resul t s  suggest  tha t  a s t ruc tura l  
c h a n g e  involving the  m a n g a n e s e  c lus te r  a ccom pan i e s  
the  oxida t ion  of  the  organic  c o m p o n e n t  t ha t  gives rise 
to the  130-160 Gauss -wide  signal  and  tha t  the  concur -  
r en t  loss of  the  a l t e r ed  mul t i l ine  signal may be caused  
by th is  s t ruc tu ra l  c h a n g e  r a t h e r  t h a n  by magne t i c  cou- 
pl ing to the  oxidized radical  [456]. Con f o r m a t i ona l  
r e a r r a n g e m e n t s  of  the  m a n g a n e s e  complex  a re  be- 
l ieved to accompany  t he  S-s ta te  t r ans i t ions  [427,443. 
477-479] ,  even a t  t e m p e r a t u r e s  as low as 198 K [429] 
( for  review, see Refs. 38,387 and  subsec t ions  l l - G . l  
a n d  II-H).  

A new E P R  signal c e n t e r e d  at  g approx.  2 and  
hav ing  a l inewidth  of  160 + 20 G a u s s  [486] or  < 90 
G a u s s  [487] was recent ly  r e p o r t e d  in sp inach  PS !1 
m e m b r a n e s  d e p l e t e d  of  CI -  in the  p resence  of  S O ~ -  
[486,487] and  in samples  inh ib i t ed  wi th  F -  [486]. These  
signals  r e semble  the  130-164  Gauss -wide  signal ob- 
se rved  in Ca- '* -deple ted  samples .  They  have  also b e e n  
a t t r i b u t e d  to a magne t i c  in t e rac t ion  be t w een  an or- 
ganic  radical  a n d  the  S2-state M n  complex  and  have 
also b e e n  r e f e r r ed  to as a modi f ied  form of  the  S 3 s ta te  
[486,487]. Similar  s ignals  with  l inewidths  ~< 100 Gauss  
have recent ly  b e e n  r e p o r t e d  in samples  t r e a t e d  with 
N H  3 [456,485]. A s imilar  signal was previously r epo r t ed  
in N H  z O H - t r e a t e d  samples  i l lumina ted  at  200 K, even 
a f t e r  t r e a t m e n t  with Tr is  to  ext rac t  the  M n  complex  
(see subsec t ion  l i - A )  [488]. Th i s  signal was a t t r i bu ted  
to an  un iden t i f i ed  c o m p o n e n t  assoc ia ted  with the  ac- 
c e p t o r  s ide of  PS II [488]. A s imi lar  signal,  r epo r t ed  
n e a r  g ~  2.1 in Ni-12OH-trea ted  samples ,  was at- 
t r i bu t ed  to  a modi f ied  form of  the  s ignal  f rom QA F e :  
[489,490], a l t hough  this  a s s ignmen t  has  b e e n  ques-  
t i o n e d  [386,456]. It has  b e e n  sugges ted  tha t  the  signals  
obse rved  in Ca 2 ÷-depleted,  C l - - d e p l e t e d ,  F - - i nh ib i t ed .  
N H ~ - t r e a i e d  a n d  N H , O H - t r e a t e d  samples  all arise 
f rom the  same in te rac t ion  b e t w e e n  an  o rgan ic  radical  

a n d  the  S.-s ta tc  Mn complex [45~]. The  rclatiem~hip 
be tween  (Za2"-dcplction. ('1 -depict ion.  F - t r ea tment .  
N l - l c t r c a t m c n t  and the 90--1~'~4 ( ; auss -~ idc  E P R  ,,ig- 
nai;, will bc fu r the r  discussed in subsect ion  II1-I). 

lI-B.3. Stnwtural implication~ ]or the mangam'~c clmtct 
The  mul t i l ine  and  g = 4 . 1  signals v.'erc originally 

a t t r i bu t ed  to two slightly d i f fe ren t  conf i , rmat ions  of a 
t e t r anuc l ea r  Mn cluster  with different  spin s ta tes  
[2118,418,426,492]. This  m ( ~ c l  was suppor ted  by rcpor t s  
tha t  the  ampl i tude  of  the mul t i l ine  signal d imin i shed  
below 7 K [418,459,491-493]:  this non-Cur ie  t e m p e r a -  
t u r e - d e p e n d e n c e  could  only be expla ined  if the  four  
m a n g a n e s e  ions were  a r r anged  as an  exchange-coup led  
t e t r a m e r  [418,492]. Because  the g = 4.1 signal was ob-  
served to exhibi t  Cur ie  t e m p e r a t u r e - d e p e n d e n c e  [388. 
393.394,492] (but  see  Ref. 431. d iscussed below), the  
mul t i l ine  and  g =  4.1 signals were  a t t r i bu t ed  to an  
S = 1 / 2  excited s ta te  and  an S = 3 / 2  g round  state .  
respectively,  ,)f a single t e t r anuc l ea r  c luster  [418,42h. 
492] (see also Rcf. 459}. However .  the observa t ions  of  
non-Cur ie  t e m p e r a t u r e - d e p e n d e n c e  for the mult i l ine  
signal have not  been  r ep roduced  subsequent ly  [85.388, 
389,393,394.410,414.431]. in  spitc of the p recau t ions  
t aken  to  avoid sa tura t ion  [418,459.492]. the  ear l ie r  ob-  
se:-vations of non-Cur i e  behav io r  are now bel ieved to 
ha~, : b e e n  caused  b.~ sa tu ra t ion  of  the mul t i l ine  signal 
a t  t t ' , ape ra tu r e s  below 7 K [388]. The  mul t i l ine  signal is 
now [.enerally bel ieved to arise f rom an S = 1 / 2  g round  
s ta te  [31,33.38.85,385.388,389.4311. Consequent ly .  the  
non-Cur i e  a r g u m e n t  in favor of  an  exchange-coup led  
t e t r a n u c l e a r  c lus ter  no longer  exists. Never theless .  hav- 
ing t~,e mult i l ine  and  g = 4.1 E P R  signals o r ig ina te  
f rom two d i f fe rent  confo rma t ions  of a single t e t r anu-  
c lear  c lus te r  still r emains  an a t t rac t ive  model  (see 
below). Several  models  for the  mechan i sm of wate r  
oxidat ion based  on  t e t r anuc l ca r  c lus ters  have been  
advanced  [478,479.494.495] (see also the model  of  
Moravsk~ and  Khramov cited in Rcfs. 30.496. and see 
subsect ion  I I -H)  and  n u m e r o u s  t e t r anuc lea r  clusters  
having spect roscopic  p roper t i e s  tha t  resemble  those of  
the  m a n g a n e s e  in PS !! have been  synthesized Ire- 
viewed in Refs. 387,495-504 and  see Refs. 5(}5-508). 

T r imer ic  Mn c o m p o u n d s  can  give rise to E P R  sig- 
nals  tha t  r e semble  the muhi f inc  and  g = 4.1 signals 
[509-511 ]. Consequent ly .  it has  b e e n  suggested  tha t  the  
mul t i l ine  and  g = 4.1 signals  may arise f rom two differ- 
en t  con fo rma t ions  of  a t r inue lear  Mn clus ter  and  tha t  
the  four th  M n  ion in PS !! may serve as an  e lec t ron  
t r ans fe r  i n t e rmed ia t e  b e t ~ e c n  the  t r imer  and  Yz 
[509,512]. T h e  possible re levance  to PS 1I of the  t r inu-  
c l e a r / m o n o n u e l e a r  coppe r  cen te r s  in a sco rba t ,  oxi- 
dase  [513.514], which catalyze the  four -e lec t ron  oxida- 
t ion of  O ,  to H , O .  has  been  suggested  [23.511] (also 
see the  discussion in Rcf.  388}. 

An  a l t e rna te  model  for the  origin of the  mul t i l ine  
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and g = 4.1 signals involves a redox equi l ibr ium be- 
tween a monomcr ic  Mn( IV)  ion and  a mixcd-valent  Mn 
dimcr  [393.394,414] or t r imer [498,509.512]. Numerous  
dimcric  and  tr imeric Mn clusters with p roper t i e s  simi- 
lar to those of the manganese  in PS !I have been  
synthesized (reviewed in Rcfs. 495-502,504,511,515) 
and studies of inorganic  Mn(1V) compounds  indicate  
that  a mononuc lca r  Mn( IV)  ion could exhibit  a g = 4.1 
signal similar to that  observed in PE 11 [510,511,516]. 
However, lhc recent  observat ion of  h, perf inc s t ruc tu re  
on the  g = 4.1 signal in or iented  NH~- t rea ted  samples  
[402,420] (F ig  8) undermines  the  redox-equi l ibr ium 
model.  The  n u m b e r  of hypcrfinc lines and  the i r  spac- 
ing demons t r a t e  that  the g - 4 . 1  signal cannot  arise 
from a Mn m o n ~ m c r  [402,420]. Fu r thc rmorc .  the  signal 
has been asser ted  to arise from a cluster  that  conta ins  
at least three  Mn ions [42(~]. An isolated M n ( l l ) - M n ( l l l )  
or M n ( i l l ) - M n ( I V )  d imcr  with a M n - M n  distance that  
is compat ib le  with E X A F S  m eas u r em en t s  on PS 11 (see 
subsect ion I I -C  I) would bc strongly an t i fc r romagne t i -  
cally coupled  and consequent ly  would have an S = 1 / 2  
ground state and  exhibit  an E PR signal nea r  g ~ 2 
[385,499,517]. Fu r the rmore ,  cvcn if the g = 4 . t  signal 
wcrc to arise from an excited s tate  of such a dimer ,  it 
would exhibit  an addi t ional  E PR  signal nea r  g = 2 
[385,421),499.517]. Nevertheless ,  it should  be no ted  that  
tree group has recently repor ted  that ,  u n d e r  some 
condit ions,  there  is an EPR signal cen te red  nea r  g 
approx. 2 tha t  is associated with the  Mn that  give rise 
to the g = 4 . 1  signal [431]. This  signal is the  b road  
Gauss ian - shaped  signal that .  unde r  some condi t ions ,  
under l ies  the mult i l inc signal [431]. On the basis of an  
or ien ta t ion  study and spectral  s imulat ions,  the  NH 3- 
modified g =  4.1 signal has been  proposed  to arise 
from an S > / 3 / 2  g round  state of a manganese  t e t r amer  
and most likely from an S - - 5 / 2  ground state  [402] 
(also scc the discussion in Rcf. 389). 

An S = 5 / 2  g round  state origin lk~r the g =  4.1 
signal was originally proposed based  on a recent  multi-  
frequency E P R  study that  involved compar ing  tile g = 
4.1 signal at S-band (3.9 GHz),  X-band  (9.2 G H z )  and  
P-band (15.5 GHz)  [416]. On the basis of spectral  
s imulations,  these data  were in te rp re ted  as indicat ing 
that  the g = 4.1 signal arises f rom the  middle Kramer ' s  
doublet  of a near  rhombic  S = 5 / 2  system. This  origin 
for the g = 4.1 signal predicts  tha t  it would exhibit  
appa ren t  Curie- law behavior  above 2 K [416], in agree- 
men t  with the ear l ier  studies tha t  repor ted  [492] or  
suggested [393,394] that  this signal exhibits  Curie  tem- 
pe ra tu re -dependence .  The  signal was proposed to arise 
from an exchange-coupled  t r inuclear  or  t e t ranuc lea r  
Mn cluster  [416]. in ag reement  with the  studies of the  
NH3-modif ied  signal [402,420]. However ,  ano t he r  re- 
cent  study disagrees with the ass ignment  of the  g = 4.1 
signal to an S = 5 / 2  ground state  [431]. From an 
investigation of the sa tura t ion  proper t i es  and  tempera-  

l u r e -dependenc i e s  of bo th  the  mul t i l ine  and g =4 .1  
signals, the g = 4.1 signal is r epor ted  to exhibi t  non-  
Curie behavior  when  g e n e r a t e d  by i l luminat ion at  180- 
240 K in the  p resencc  of  0.4 M sucrose [431]. This  
conflicts with the  ear l ie r  s tudies tha t  repor ted  [492] or  
suggested [393,394] Cur ie  t e m p e r a t u r e - d e p e n d e n c e  for  
this signal. The  confl ict  with one  of  the ear l ier  s tudies  
[492] is a t t r ibu ted  to a pos tu la ted  d i f ference  in the  
exchange  coupl ings  of a manganese  t e t r a m e r  w h e n  the  
g = 4.1 signal is g e n e r a t e d  at  d i f ferent  t empera tu re s :  
the signal is suggested  to arise from an S = 3 / 2  g round  
state  when  g e n e r a t e d  at  approx. 130 K (as in Ref.  492) 
and  from an  S = 3 / 2  excited s tate  when  g e n e r a t e d  a t  
180-240 K [431]. The  conflict  with the  o the r  s tudies  
[393,394] is a t t r ibu ted  to the  b road  Gaus s i an - shaped  
signal tha t  is suggested  [431] to be p resen t  b e n e a t h  the  
mult i l ine  signals r epo r t ed  in Refs. 393,394. This  b road  
signal, cen te red  nea r  g = 2, is r epor t ed  to be  associa ted 
with the g = 4.1 signal gene ra t ed  at  180-240 K and  to 
exhibit  the same non-Cur ie  t e m p e r a t u r e - d e p e n d e n c e  
[431]. The  b road  Gauss i an - shaped  signal is r epor t ed  to 
con t r ibu te  significantly to th~ a p p a r e n t  in t eg ra ted  in- 
tcnsity of the  mul t i l ine  signal [431]. Consequent ly ,  the  
relative in tegra ted  intensi t ies  of  the  g = 4.1 and  mult i -  
line signals a p p e a r  to change  little with t empe ra tu r e ,  
giving the impress ion  [393,394] tha t  the  g = 4.1 signal 
exhibi ts  Cur ie  behav io r  [431]. The  au thors  a t t r ibu te  the  
g=4.1 signal g e n e r a t e d  at 180-240 K to the  first 
excited S = 3 / 2  s ta te  of  an S = 7 / 2  mul t ip le t  [431]. 
The  reasons  for the  conflicts be tween  th is  study [431] 
and  the  mul t i f requency  EPR study discussed above 
[416] are not  unders tood ;  in bo th  s tudies  the g = 4.1 
signal was g c n e r a t c d  by i l luminat ion at  approx.  200 K 
in the  p resence  of  0.4 M sucrose. Never theless ,  bo th  
s tudies  [416,431] a t t r ibu te  the g = 4.1 E P R  signal to an  
exchange-coupled  t r imer  or t e t r a m e r  of  Mn,  in agree-  
men t  with the  s tudies  of  the  NH3-modif ied  g = 4 . 1  
signal [41)2,4211]. 

Recen t  data  indicate  tha t  the mul t i l ine  signal may 
also arise from a exchange-couple  Mn t r imer  or  te- 
t ramer .  Prel iminary o r i en ta t ion  s tudies  of  the a l tered,  
approx.  26-line mul t i l ine  signal in Ca2+-deple ted  sam- 
pies (see Fig. I1) have been  in t e rp re t ed  as indicat ing 
that  the  mult i l ine  signal arises f rom a M n  clus ter  tha t  
is larger  than  a d imer  [447,451]: the  n u m b e r  of  l ines 
does  not  d e p e n d  on  or ien ta t ion ,  suggest ing t ha t  the i r  
n u m b e r  canno t  be  expla ined solely on  the  basis  of  
anisot ropic  hyperf ine  coupl ings  [447,451] (also see the  
a rgumen t s  in Refs. 38,85). The  large n u m b e r  of  hyper-  
fine lines exhibi ted by the mul t i l ine  signal at  S -band  
[399,400] (Fig. 7) also suggests tha t  the  mul t i l ine  signal 
may arise f rom a complex of  more  than  two M n  ions. 
However,  this n u m b e r  of  hyperf ine  l ines could arise 
f rom a d imer  if the  hyperf ine  in te rac t ions  are 
anisotropic  and  include second o rde r  con t r ibu t ions  
[399,400]. Recen t  magnet ic  susceptibi l i ty measure -  
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men t s  have been  in t e rp re t ed  as indicating that  both 
the multiline and g = 4.1 signals arisc from the  same 
Mn cluster  [486] and that this cluster  is larger than a 
d imcr  [518]. The  change  in susceptibili ty induced by a 
flash given at room t empera tu re  is r epo r t ed  to be 
identical in CI - recons t i tu ted  and F- - inh ib i t ed  samplcs  
that  exhibit p redominant ly  the multi l ine and g = 4 . 1  
signals, respectively [486], suggest ing that  the  same 
cluster  is oxidized when e i ther  signal is formed.  How- 
ever,  it is not clear that  the  two samples  con ta ined  
significantly d i f fe rent  p ropor t ions  of 'multil ine" and  
"g =4.1" centers :  the ampl i tude  of  the g = 4.1 signal 
was not significantly e n h a n c e d  in the  F - - inh ib i t ed  sam- 
ple compared  to its ampl i tude  in the sample  that  had  
been  recons t i tu ted  with C I -  (compare  Fig. 1 of  Ref. 
486 with Figs. 6A and 6B of  subsect ion ll-B. I ), suggest- 
ing that both samples  may have conta ined  the  same 
fract ion o f  cen te rs  that  gave rise to the g = 4.1 signal. 
The  lack of the multi l ine signal in the F - - inh ib i t ed  
sample  (Fig. 1 of  Ref. 486) might have resul ted from 
the prior deple t ion  of  CI - f rom this sample:  the  multi- 
line signal is not observed in C I - - d e p l e t e d  p repara t ions  
in the p resence  of SO~-  [214,433,434.487.519] (see 
subsect ion III-D). Fur ther  magnet ic  susceptibility mea- 
su r emen t s  seem warran ted .  

if  both  the mult i l ine and  g = 4.1 signals arise from 
Mn clusters  that  contain more  than two Mn ions, then  
the  four manganese  ions in PS !1 must he a r ranged  
e i ther  as a t e t r amer  (possibly a r ranged  as a pair of  
in teract ing d imers  a~ in the inorganic  model  compound  
repor ted  in Ref.  505 (see Fig. 14C) or as dep ic ted  in 
Fig. 15 in subsect ion II-C.I) ,  or as a t r imer  that  gives 
rise to both  E P R  signals, with an E P R  silent m o n o m e r  
located some dis tance  away. While the t r imer  model  
cannot  be excluded at p resen t ,  a t e t ranuc lear  origin for 
the multi l ine signal is favored on theoret ical  g rounds  
[520]: if only M n( l l l )  and Mn(IV)  ions arc present  in 
the S,  s tate  (see subsect ion II-C.2), and if the muhi l ine  
signal exhibits little o r  no g anisotropy [393.394]. it is 
a rgued  that  the width of thc multi l ine signal cannot  be 
accounted  for by a Mn d imer  or t r imer  [520] (also see 
the a rguments  in Ref.  385). D e p e n d i n g  on the mag- 
netic couplings,  an exchange-coupled  te t ranuc lcar  clus- 
te r  could have an S = 1 /2  ground  state in one  confor-  
mat ion  and an S = 3 / 2  [385A18,420,517] or S = 5 / 2  
[402] g round  state  in another .  These  two conformat ions  
could give rise to the mult i l ine and g = 4.1 signals. 
respectively [385,402,418,420,517], as was p roposed  
originally [208,418,426,492]. Different  exchange cou- 
plings within a manganese  t e t r amer  have also been  
invoked to explain the recent  repor t  that  the g = 4.1 
signal arises f rom an excited S = 3 / 2  state and exhibits 
Curie  t e m p e r a t u r e - d e p e n d e n c e  when gene ra t ed  under  
some condi t ions  [431]. Per tu rba t ion  of  the exchange 
coupl ings by inhibitory amines  and anions,  d i f ferent  
c ryopro tec tan ts  and by the subst i tut ion of  Sr-'+ for 
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Ca z +. presumably causes the al terat ions in the muhi-  
line and  g = 4.1 signals that  are descr ibed in su!,sec- 
tion II-B.I [38.85,389,428]. 

The SI-state EI 'R signal. Not all available data neces- 
sarily agree with a te t ranuclear  (or t r inuclear)  origin 
fnr both  the  multiline and g = 4 . 1  signals. In one  
recent  study, the relat ionship be tween  these signals 
and an EPR signal that was recently obser , ,ed in dark- 
adap ted  PS li membranes  and assigned to the S~-state 
Mn complex was examined  [521,522]. This signal (see 
Fig. 14), de tec ted  by parallel polarization EPR,  is cen-  
tered at g approx. 4.8 and has a peak- to-peak width of  
approx. 600 Gauss [521,522]. It appears  to be a precur-  
sor of the multi l ine signal, hut not of the g : 4.1 signal: 
when the g = 4.1 signal is produced,  the Sl-stat¢ signal 
is unaffected,  whereas  when the multiline signal is 
produced,  the Si-stale signal disappears .  On the basis 
of these results, the  S~-state signal and the multiline 
signal have been p roposed  to arisc from a different  Mn 
ccnter  than the g = 4.1 signal [521,522]. This proposal  
favors the m o n o m e r - d i m e r / t r i m e r  redox equil ibrium 
model.  To rationalize the behavior of  the S~-state 
signal with a te t ranuclear  origin for the multiline sig- 
nal, it has been  suggested that the S~-state signal might 
arise from an isolated Mn( l l l )  ion, that  the S,-s ta te  
g = 4.1 signal might arise from an exchange-coupled  
Mn t r imer  and that  the multiline signal might result 
from a conformat ion-  or l igand-induced coupling of the 
m o n o m e r  and t r imer  to ~ield an exchange-coupled  
t e t ramer  [85]. This model is similar to one p resen ted  to 
rationalize the non-Curie  t e m p e r a t u r e - d e p e n d e n c e  of 
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the g = 4.1 signal u n d e r  some condi t ions  [431]. In a 
re la ted  deve lopmen t ,  a para l le l -polar ized  E P R  signal, 
c en t e red  nea r  g = 6 and  having a peak- to -peak  width  
of  approx.  700 Gauss ,  has been  de t ec t ed  in a t e t r anu -  
clear  Mn complex that  conta ins  a symmetr ical ,  b r idged  
d imer  of  d i -# , -oxo br idged  M n ( I l I ) - M n ( I V )  d imcrs  
[504,505] (scc Fig. 14). l h i s  c o m p o u n d  has been  pro-  
posed  to b c a  model  of  the Mn complex in the  S I s ta te  
in t e rms  of  its e lec t ronic  p roper t i e s  and  Mn oxidat ion 
s ta tes  (see subscct ion 11-C.2) [504,505]. However ,  if the  
S~-state signal ar ises  f rom magne t ic  coupl ing  be tween  
two Mn( I I I ) -Mn( IV)  d imers  in PS I1. as is p roposed  for 
this c o m p o u n d  [5(14,505], it is unc lea r  why the  Sj-s ta tc  
signal would seem to be re la ted  to the  mul t i l ine  signal 
in the  S, state,  but no! to the g = 4.1 signal.  

N M R  proton relaxatio~t enhancement  studies. Com-  
par ison of the  N M R  relaxat ion ra tes  of  bulk solvent  
water  p ro tons  in te rac t ing  with PS 11 in the  S I, S,. and  
S~ states  [523-527]  were originally i n t e rp re t ed  as favor- 
ing the redox equi l ibr ium model [526]. T he  re laxat ion  
rates are increased in the S~ and  S~ s ta tes  and  arc  
most consis tent  with ~, rapid chemica l  exchange  of  
w::tcr p ro tons  be tween  the  bulk solvent and  the  coordi-  
na t ion sphe re  of a monomcr i c  M n ( I V )  ion [523-527].  
The  observed  relaxat ion rate  e n h a n c e m e n t s  are  more  
difficult to reconcile  with a po lynuc lcar  c lus ter  tha t  
conta ins  a M n ( l l l )  ion [526,527]. Never the less ,  a model  
that  reconci les  these  data  with a t c t r anuc l ea r  origin for  
the  mul t i l ine  and  g = 4.1 signals  has  recent ly  b e e n  
proposed  [527]. in this model .  PS II con ta ins  a t ightly 
coupled  Mn t r imer  tha t  is magnet ical ly  coupled  with a 
Mn monomer .  The  coupl ing  be t w een  the  m o n o m e r  
and the  t r imer  is p roposed  to be weak at room t emper -  
;tture, but to be s t rong at cryogenic  t empe ra tu r e s .  T h e  
chemical ly-cxchanging wa te r  molecules  are p roposed  
to interact  only with the monomer .  Consequent ly ,  the  
s t rongly-coupled t r imer  would inf luence the m e a s u r e d  
pro ton  re laxat ion e n h a n c e m e n t s  only t h r ough  its weak 
coupl ing with the  monomer .  In the Sj state,  the  M n  
oxidat ion s ta tes  would bc M n ( l l l )  for the m o n o m e r  
and  e i the r  M n ( l l i )  3 or  M n ( I V ) z - M n ( l l l )  fl)r the  tr imcr.  
The  Mn m o n o m e r  is p roposed  to be oxidized to M n ( I V )  
in the  S_, s tate  and  to persist  as M n ( I V )  in the  S 3 state.  
whereas  the oxidat ion s ta tes  of  the  M n  ions in the  
t r imer  arc p roposcd  to r emain  the  same in the S~, S 2 
and  S 3 states.  T h e  weak coupl ing  be tween  the  M n  
t r imer  (S  = 1) and  m o n o m e r  (S = 3 / 2 )  in the  $2 s ta te  
at room t e m p e r a t u r c  would give risc to the N M R  
pro ton  re laxat ion e n h a n c e m e n t s  tha t  a p p e a r  to origi- 
na te  f rom a m o n o m e r i c  Mn( IV)  ion, while s t rong ant i-  
f e r romagne t i c  or  f e r romagne t i c  coupl ing  be tween  the  
m o n o m e r  and  t r imer  at cryogenic t e m p e r a t u r e s  would 
give rise to the mul t i l ine  ( f rom an S = 1 / 2  s ta te)  and  
g =4 .1  signals ( f rom an S = 5 / 2  state) ,  respect ively 
[527]. This  model  does  not  a p p e a r  to account  for the 
behav ior  of the Sl-s tatc  E P R  signal,  however.  

F u t u r e  work mus t  reconci le  the  r e l a t ionsh ip  be- 
tween the  S~-state E P R  signal and  the S2-state mult i -  
line and  g = 4.1 signals,  t he  N M R  prc, t,~,- re laxat ion  
e n h a n c e m e n t  da t a  and  the d i spa ra t e  conclus ions  o f  the  
recent  t e m p e r a t u r e  d e p e n d e n c e  and  mul t i f r equency  
E P R  s tudies  t ha t  p ropose  d i f fe ren t  magne t i c  or igins  
for the  S2-state g = 4.1 signal.  

II-C. X-ray absorption studies 

l i - C  I. The stnlcture o f  the manganese  complex - EX-  
A F S  studies 

T h e  or iginal  E X A F S  m e a s u r e m e n t s  on  PS II 
[412,528-531)] were  p e r f o r m e d  by Klein,  Saue r  and  
co-workers  on b r o k e n  ch lorop las t s  or  PS II mem-  
branes .  These  au tho r s  conc luded  t ha t  the Mn ions are 
c o o r d i n a t e d  by oxygen or  n i t rogen  a toms  with M n - O  
or M n - N  d i s tances  of  1.75 /~ and  2.0 ,~,. B e t w e e n  one  
and two M n - M n  in te rac t ions ,  having  M n - M n  d i s tances  
of approx.  2.7 ,~, were  also de t ec t ed  [412,529] and  a 
possible  approx.  3.3 A M - M n  in te rac t ion  was r epo r t ed  
[412,530]. T h e s e  d i s t ances  we re  i n t e r p r e t e d  in t e rms  o f  
a di-t~z-oxo br idgcd  M n  dimer ,  wi th  e i t h e r  two M n  
m o n o m e r s  or  a second  d imer  located approx.  3.3 ,~ 
dis tant .  In work pub l i shed  in 1988-1990 [343,531-533],  
the K l e i n / S a u e r  g r o u p  e x a m i n e d  PS II m e m b r a n e s  
f rom bo th  sp inach  and  the  cyanobac t e r i um Syne-  
chococcus elongatus with  a n  improved  de t ec t i on  sys- 
tem.  F rom these  da ta  they conc luded  t ha t  each  M n  is 
l igated by ° 1-2  and  2 - 4  oxygen or  n i t rogen  a t o m s  at  
1.75-1.8 A and  1.9-2.2 ,~, respect ively a n d  tha t  t he re  
are 2 - 3  M n - M n  in te rac t ions  with d i s t ances  of  2.73 + 
0.05 ,~. No 3.3 A M n - M n  in tc rac t ion  was de t ec t ed ,  
however.  T h e  resul ts  were  i n t e r p r e t e d  in t e rms  o f  two 
inequiva len t  di-~2-oxo b r idged  M n  d imers  t ha t  are  
located > 3.0 A apar t ,  a l t h o u g h  a l inear  or  ben t  
t r imer ic  di -#2-oxo b r idged  Mn s t ruc ture ,  wi th  a 
m o n o m c r i c  M n  located  > 3.0 A dis tant ,  would  also be  
cons is ten t  with these  da ta  [343,531-533] ( reviewed in 
Rcf. 534). 

Two o the r  E X A F S  s tudies  on  PS ii  also a p p e a r e d  in 
1989-1990: P e n n e r - H a h n  and  co-workers  [535,536] an- 
alyzed a h ighly-pur i f ied  oxygca-cvolving PS 11 complex  
from sp inach  tha t  lacks the  24 and  17 kDa  poly- 
pept ides ,  while  C ramer ,  G e o r g e  and  Pr ince  [537,538] 
analyzed o r i e n t e d  ch lo rop las t  m e m b r a n e s .  Both  g roups  
r epo r t ed  M n - O  or  M n - N  d i s tances  of  1.9-2.1 A and  
ci':~,-r 2 - 3  [535,536] or  3 - 5  [537,538] M n - M n  in terac-  
t ions with a d is tance  of  approx.  2.7 .~. Bo th  g roups  also 
r epo r t ed  1 -2  M n - M n  in te rac t ions  with a d i s tance  of  
approx.  3.3 A. The  m e a s u r e m e n t s  on  the  o r i e n t e d  
chloroplas t  m e m b r a n e s  d e m o n s t r a t e d  t ha t  the  3.3 ,4, 
in te rac t ion  is s t rongly d ichroic  and  is o r i e n t e d  p e r p e n -  
dicularly to  the p lane  of  the  m e m b r a n e  [537,538]. W e a k  
d ichro ism was also r epo r t ed  for the  2.7 ,~ in terac t ions .  
These  in te rac t ions  were  r epo r t ed  to be o r i en t ed  at  an  
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average  aogle of 62 ° to the m e m b r a n e  normal  [537,538]. 
" o 

P e n n e r - H a h n  and co-workers  p roposed  that  the  3.3 A 
i n l c r a c t i o n  It:|nC:,.Clli.,~ ,t COln',~lflallon o1 M n - M n  and  
Mn-ea rbon  in terac t ions ,  with the  la t ter  arising from 
coord ina t ion  of M n  by earboxylate,  alkoxide,  or phe-  
noxide l igands [535,536]. These  workers  suggested tha t  
the approx.  3.3 .& interact ion could also represen t  
e i the r  an M n - M n  ol an M n - C a  in terac t ion [535]. but  
favored the fo rmer  because  3.3 ,~ is shor t  for an 
M n - C a  dis tance.  However ,  based  on invest igat ions of 
t r inue lear  c o m p o u n d s  con ta in ing  bo th  Mn and Na 
[510,516,539], Pecora ro  and  co-workers  have p roposed  
that  such a shor t  M n - C a  d is tance  is possible 
[510,511,516]. in con t ras t  to the  work of the  K l e i n /  
Sauer  group,  no 1.75 A in terac t ion was de tec ted  b~¢ 
e i the r  the P e n n e r - H a h n  or the  C r a m e r / G c o r g c /  
Prince groups.  P e n n e r - H a h n  and  co-w-~rkers conc luded  
that  the i r  da ta  do not  exclude the  existence of  a small  
n u m b e r  of 1.75-1.8 ,~ in te rac t ions  [535,536], but ar- 
gued tha t  such shor t  M n - O  dis tances  are  found only in 
model  compounds  tha t  have strongly dona t i ng  n i t rogen 
l igands (such as p h e n a n t h r o l i n e  or pyr idincs)  t n : n s  to 
the  /.t:-oxo bridges,  a s i tuat ion not  likely to exist with 
amino  acid l igands, which are weaker  donors .  Two 
o the r  groups  have recent ly  begun  X A N E S  or  E X A F S  
m e a s u r e m e n t s  on PS II m e m b r a n e s  [54(I-542] and one  
of  these  repor t s  t ha t  each  Mn is l igated by 2.0 ± 0.4 
oxygen or n i t rogen  a toms  at 1.79 ,~ [540], in a g r e e m e n t  
with the  K l e i n / S a u e r  group.  

More  recently,  the  K l e i n / S a u c r  g roup  has collected 
data  at 10 K wi 'h  the same type of de tec to r  as em- 
ployed by the  C r a m e r / G e o r g e / P r i n c e  and  Penner -  
H a h n  groups  [389,543]. A n  in terac t ion  of  approx.  3,3 ,~ 
is clearly visible at  the lower t e m p e r a t u r e  and  is at- 
t r ibu ted  m approximate ly  one M n - M n  or M n - C a  in- 
t e rac t ion  [389,543]. With  the h igher  s ignal- to-noise ra- 
tio ach ieved  in the  most  recen t  n lcasurcmcnts ,  the 
K l e i n / S a u e r  g roup  now repor t s  approx,, 2 oxygen or 
ni t rogenoatOms (per  Mn)  at 1.80 ± 0.05 A. and  2 - 4  at 
! .9 -2 .2  A, with  the n a m b e r  of  2.7 .& M n - M n  interac-  
t ions  r emain ing  ° at 2 - 3  [389]. T he  o r ien ta t ions  of the 
2.7 A and  3.3 A in terac t ions  were  also s tudied  in the 
most  recent  s tudies  [389]. T hc  3.3 .~, in terac t ion was 
found to be strongly dichroic and  to be o r ien ted  per- 
pend icu la r  to the p lane  of the  thylakoid m e m b r a n e  
[389,543], as was  p rev ious ly  r e p o r t e d  by the  
C r a m e r / G e o r g c / P r i n c e  group [537,538]. In addi t ion,  
the  2.7 A in te rac t ions  were also found to bc weakly 
dichroie  and  to be  o r i en ted  approx,  paral lel  to the 
thylakoid m e m b r a n e  [389]. Never theless ,  the  ampli-  
tudes  of  the  Four ie r  peaks  in E X A F S  spectra  t aken  at 
d i f ferent  o r i en ta t ions  by the K l c i n / S a u e r  group were 
r epo r t ed  to differ  significantly [389] from those re- 
por t ed  ear l ie r  by the  C r a m e r / G e o r g e / P r i n e e  group.  

in  all of the r epor ted  E X A F S  studies,  the  environ-  
men t s  of the  Mn ions have been  conc luded  to bc very 

heteTogeneous,  be ing  charac ter ized  by a d is t r ibut ion of 
M n - O  and M n - N  distances.  The  anisotrop} and ob- 
scrn'~.d quant i t ies  of 2.7 A M n - M n  interact ions  arc 
inconsis tent  with the publ i shed  symmetric  t e t ranuc lea r  
models  for the Mn complex [478,479.494,4t)5], but a 
highly dis tor ted te t ramer ,  a d i rec t  of directs,  or a 
t r imer  plus monomer  would be cons is ten t  ~ i th  the 
dat~. If the  S,-s tate  g = 4.1 EPR signal were to arise 
from a monomcr i c  Mn(IV)  ion, then P e n n e r - H a h n  and 
co-workers  a rgued  that  the remain ing  Mn must  bc 
a r ranged  as a trinaer [535,536]. However,  as discussed 
in subsect ion  II-B.2, a monomer ic  origin for the g = 4.1 
signal has recently been  excluded by the  hyperf ine 
s t ructure  obser~,cd on this signal in o r ien ted  NH~- 
t rea ted  PS !1 m e m b r a n e s  [402,4211]. 

All groups  agree  tha t  the 2.7 ,~ M n - M n  interact ion 
suggests tha t  the Mn ions involved arc l inked by more 
than one short  br idging ligand. All groups have pro- 
posed di-~.2-oxo br idged s t ructures:  at issue is tile 
length  of the  M n - O  bonds. Because ne i the r  the Pen- 
ne r -Hahn  group nor  the C r a m e r / G e o r g c / P r i n c c  
group required a 1.75 ,~ in teract ion to fit thei r  data,  
bo th  groups  suggested that /z3-oxo or /, , ,-hydroxo 
br idges  may also be involved. However.  the  Penner -  
H a h n  group  has since discovered tha t  the mylar tape 
em~loyed to mount  some of the i r  samples  was contam-  
ina ted  with M n ( l l )  !ons amount ing  to approx. 25'7i of 
the observed Mn signal intensi ty [544]. Also, the 
C r a m e r / G e o r g e / P r i n c e  group has since discovered 
th~,t the p ro longed  dehydra t ion  t imes employed to ori- 
en + the i r  samples  on to  m~'lar sheets  led to the forma- 
t iua of  M n ( i l )  ions; as much as approx. 25C,; of the Mn 
in the  analyzed samples  may have been  M n ( l l )  {S.P. 
Cramcr ,  personal  communicat ion) .  In spectral  simula- 
tkms. the K l e i n / S a u e r  group has repor ted  that  they 
ca;1 reproduce  the  X-ray absorp t ion  edge ( X A N E S I  
da, ta of the  P e n n e r - H a h n  and C r a m e r / G c o r g c / P r i n c e  
g raups  by assuming that  the m o u n t e d  samples  of these  
groups  con t a ined  25G and 4lie,: advent i t ious  M n ( l l k  
respectively [389]. (7ontaminat ion by Mn( 1 ! ) would have 
led to overes t imat ion  of  the M n - O  or M n -  N dis tances  
[380] (S.P. Cramer ,  personal  communica t ion) .  Con tam-  
inat ion by M n ( l l )  may also partially explain why the 
ampl i tudes  of the  Fourier  peaks  in tile o r ien ted  EX- 
AFS spect ra  of  the C r a m c r / P r i n c e / G e o r g e  group dif- 
fer from those  of the K l e i n / S a u e r  group [389]. An 
addi t ional  cont r ibu t ing  factor could bc tha t  the more  
rap id  d e h y d r a t i o n  p r o c e d u r e  e m p l o y e d  by the  
K l e i n / S a u e r  group,  which produces  less advent i t ious  
M n f l l k  p roduces  samples  tha t  arc less o r i en ted  (S.P. 
Cramer .  personal  communicat ion) .  

Based on  a corre la t ion  be tween  M n - M n  dis tances  
and  M n - O - M n  bond  anglcs in 22 dimeric  Mn model  
compounds ,  Pecoraro  and co-workers  have suggested 
that  the 2.7 ,~ interact ion ar ise ,  l rom a di-ue-OXO or 
di- / . t , -oxo/c~rboxylato br idged s t ruc ture  w'ith M n - O -  
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t ig .  15. M o d c l l o l  Ihu' Mn  comp l~x in  I'~ I I  p lo l~O~:d l~ Kk' in,  gaut ' l  
Hlld Co-~AOll~u.l~ ti l l  lhc b.IM~ el Ihu i l  I 'X . k l :S  data 13s~q The. model  
om,ixt, el tx~t, di-,, -oxo h~idgcd Xhl dimc+~ thai ate blidgcd 1+~. ouu" 
IIIO110-.~.-O'~O illltI I~.~.l) C,IIbO\~,LIIO I,IH.llzcS ]he ,~',|ll ~,|11 dlsl,lllCC ill 
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,~,tn XIn d lqan~c bc l~ccn  lhc dmlcl~ i~ ;Ipl~lO\ I ~, ,~. The 3 3  
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Mn-mctal intch~ction,, [515 53,x I. Rvplinlcd IH,m Ru'l..ISt)vdlh 
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Mn bond angles of t]5- lilly [5 Ill,511.545]. The  Penner -  
lh ,  hn [535]. ('ramer/George/I)rincc [537,53N1 and  
K l e i n / S a u c r  groups [3N9] (also l )eeoraro and co- 
workers  [510.51 I]) have suggested  thal  the approx.  3.3 
7\ in teract ion,  i f it co r responds  to an M n - M n  dis tance.  
may arise from br idging of Mn hy some combina t ion  of 
oxo, hH.lroxo, alkoxo, phenoxo and carboxyla to  ligands, 
s u c h  a s  b y  o n e  / J .o -oxo ,  ,u ~-oxo .  o r  , t t 2 - h y d l o X o  bridge 
phls one  or  two carhoxylato  br idges (see Fig. 15). 

Some of tile d iscrepancies  be tween  the pt, bl ished 
~ork  of the various gx'oups nlay have resul ted from 
dif ferences  ill sample p repara t ions ,  degrees  of  contan~- 
inat ion by Mn(l i ) .  dc tcc t ion  s~stcms {the P e n n e r - t I a h n  
and ( ' r a m c r / G c o r g c / P r i n c c  groups  used the same 
detec t ion system), da ta  analysis procedures ,  or sample  
t e m p e r a t u r e s  (4 K by the ( ' r a m e r / ( i e o r g e / P r i n c e  
group.  10 K or  bill K by the  P e n n e r - t l a h n  group.  IO K 
or  170-It)() K bYothe K l e i n / g a u e r  g r o u p )  For example,  
the approx. 3.3 A dis tance a t t r ibu ted  to a M s - M s  or  a 
M n - ( ' a  in terac t ion  is only observable  at t e m p e r a t u r e s  
well below 80 K [3gq,536.543]. Wi th  all th ree  g roups  
now free of advent i t ious  M n ( l l )  and  employing the 
same sample t e m p e r a t u r e s  and  improved de tec t ion  sys- 
tems. a consensus  conce rn ing  tile n u m b e r s  and  dis- 
tanees  of a toms coord ina ted  to Mn is expected  in the 
n e a r  future.  

( ' a h i . m .  Whether ( ' a ' "  in located near Mn has 
heen addressed by both the Penner-Hahn and 
K l c in /gaue r  groups. As mentioned ea,'lier. Penner- 
I tahn and co-workers suggested that the approx. 3.3 /~ 
distance could represent ei ther :t M n - M n  or a M n - C a  
interaction, but favored the former assignment. These 
authors also observed a Mn-metal  interaction of ap- 
prox. 4.35 /~ [535] and suggested that it. too. could 
represent either a M n - M n  or  a M n - - ( ' a  interaction. As 
a p r e c e d e n t  liar such a 4.35 ,& M n - C a  in te rac t ion  in PS 
II, these  au tho r s  po in t  out  that  eoneanava l in  A con- 
ta ins  a Mn 2 '-('a-" " h e t e r o d i n u c l e a r  site. with t he  Mn 2 + 
and ('a:" ions ~eparated by 4.25 ,~, [546] Oar 4.6 .g, 
[547]) and brMged hy two carboxylate groups. The 
potential relevance of concanavalin A to l 'S II had 
been noted previously [539.54~.549]. Klein, Sauer and 
c o - w o r k e r s  h a v e  :-eeently t ' o n l p a r e d  s a m p l e s  reconsli- 
luted with ( 'a 2" or Sr-" f(~llow, ing the deplet ion o f  
('~12" b) trL'almcll l wi th ~odium citrate :11 pf t  3 [543] 
(M..I . I .z, t imer. V.J. I)eRose. V.K. Yachandra, !. Muk- 
erji. K. S:mer and M.P. Klein, personal eommuniea- 
lion). A second-derivative analysis of  the absorption 
edge found l i t t le difference between untreated samples 
and samples reconsti tuted with ( 'a ~' or Sr 2". hut 
found signif icant  changes  in un reeons t i t u t ed  Ca~"-de -  
pWeted samples ,  suggest ing thal  the s t ruc ture  of  the M n  
complex is a l te red  in the  absence  of ( ' a  z" or S r - "  (at  
least when  Ca~" " is ex t rac ted  al pH 3). A second  g roup  
has also r epo r t ed  tha t  dcpletiJ ,g PS Il m e m b r a n e s  o f  
Ca:  " with sodium ci t ra te  at pH 3 significantly p e r t u r b s  
the  s t r u c t u r e  of  th.c M n  c o m p l e x  [424]. T h e  
Klein/.'Sauer group has reported that the EXAFS scat- 
te r ing ampl i tude  o r ' he  approx.  3.3 ,~ in te rac t ion  is 
significantly larger in samples  r econs t i tu t ed  wi th  Sr z '  
than in samples  r econs t i tu t ed  with Ca-" " [543]. Because  
Sr has a grca t e r  sca t t e r ing  ability than  Ca. these au-  
thors  Pror~osL~, that  lhere  is a ( ' a  2 '  b ind ing  site located 
approx. 3.3 a f rom Mn. F rom quantitati~.e analyses,  
the approx.  3.3 ~k in te rac t ion  is p roposed  to ar ise  
c i the r  solely f rom a M s - C a  in te rac t ion ,  or from a 
combina t ion  of  M n - M n  and  M n - ( ' a  in te rac t ions  
[3S~),543] ( M . J . l . a t i m e r ,  V.J. DeRosc .  V.K. Yaehandra ,  
!. Mukerj i .  K. Sauc r  and  M.P. Klein, persona l  c o m m u -  
nication).  Samples  having Sr z+ subs t i tu t ed  for Ca e+ 
have also been  analyzed by the P e n n e r - H a h n  group.  In 
cont ras t  to the results  of the  K l e i n / S a u c r  group,  the  
sca t te r ing  ampl i tude  of  the  approx.  3.3 A in te rac t ion  
was not larger  in the P e n n e r - H a h n  g roup ' s  Sr e +-supp- 
l emen ted  samples  c o m p a r e d  to its ampl i tude  in Ca z ~- 
s u p p l e m e n t e d  .samples. However .  the mul t i l ine  E P R  
signal was not examined  in the  P e n n e r - H a h n  g,oup's 
E X A F S  samples  to show definit ively tha t  Sr  2" had  
replaced  Ca-' ", a l t hough  equivalent ly  p r e p a r e d  samples  
exhibi ted  the  Sr 2 +-modified mul t i t ine  signal (see Fig. 
10) (J.E. P e n n e r - H a h n ,  personal  communica t ion) .  Fur-  
ther  expe r imen t s  are  in progress .  If the  d i f fe rence  



b e t w e e n  the  S r - ~ - s u b s t i t u t e d  s a m p l e s  of  the  
K l c i n / S a u e r  and  P e n n e r - H a h n  groups  persists,  it is 
unlikely to be  caused  by the  lack of the  extrinsic 24 ' :nd 
17 kDa  po lypept ides  in the  P e n n e r - H a h n  g roup ' s  sam- 
ples, desp i te  the lower a p p a r c n t  affinity fllr Ca 2 '  in 
such samples  (see subsect ion  I l l -A):  both  groups  re- 
port  s imilar  da ta  for the i r  respect ive C a - " - s upp l c -  
m e n t e d  samples  (J.E. P e n n e r - H a h n  and  C.F. Yocum. 
personal  c o m m u n i c a t i o n ;  V.K Y a c h a n d r a  and  M.P. 
Klein, persona l  communica t ion ) .  

ChlorMc. W h e t h e r  o n e  or  two CI - ions are  p resen t  
in the  M n  coo rd ina t ion  sphcrc ,  as pos tu la ted  from 
inhibi t ion  s tudies  with a m i n e s  [437-439]  (sec subsec-  
t ion I I -G. i ) ,  c anno t  be d e t e r m i n e d  in u n t r e a t e d  sam- 
pies with the  cur ren t ly  achiewlble  E X A F S  signal-to- 
noise ra t ios  [412,535]. However ,  the subs t i tu t ion  of  F 
fl~r CI p e r t u r b s  the  s t r - c t u r e  of  at  least one  of  the 
di-/.t2-oxo b r idged  Mn d i rec ts  pos tu la ted  to bc p resen t  
in PS il [543]. T h e s e  data ,  in addi t ion  to  a rcccnt  
examina t ion  of  samples  having  Br - subs t i tu t ed  lor  CI - 
(ob ta ined  by growing Sypwchocoecux ehmgatus on  Br 
salts in place  of C I - ) ,  has  led the  K l e i n / S a u e r  g roup  
to suggest  tha t  o n e  CI ion may ligate the M n  complex 
as a t e rmina l  l igand with a M n - C I  d i s tance  of approx.  
2.3 .A [5,-13] (M.P. Klein and  V.K. Yachandra ,  personal  
communica t ion ) .  Klein, Saucr  and  co-workers  argue 
that  the i r  da ta  exclude the  possibility tha t  the  Mn 
complex  is l igated by morc  t han  one  C I  ion, or  tha t  
CI is p resen t  as a b r idg ing  ligand, at least  in the  S~ 
s ta te  [543]. 

Models. A model  p roposed  by thc K l c i n / S a u e r  group 
to accoun t  for t he i r  E X A F S  da ta  is p re sen ted  in [Zig. 
15. A de ta i l ed  s t ruc tura l  model  has also bccn  proposed  
by Kusunoki  and  co-workers  based  on the  p re -edge  
fea tu res  of  X-ray absorp t ion  edge  ( X A N E S )  da ta  and  
on  cons ide ra t ions  of l igand field theory  [541.542]. This  
model  includes  a single di-p.2-oxo b r idged  Mn di rec t  
tha t  is b r idged  on  one  side by a d e p r o t o n a t e d  wate r  
d i m e r  ( H O H O H )  , l igated on  the  oppos i te  side by an 
imidazole  n i t rogen  and  a carboxyla tc  ox'ygen and  
br idged  to two M n  m o n o m e r s  by addi t iona l  carbox3'latc 
ligands. However ,  it is difficult  to u n d e r s t a n d  how 
these  au tho r s  could  have arr ived at such a de ta i led  
model  wi thout  the  benef i t  of  M n - M n  or Mn- l igand 
d i s tances  der ived  by E X A F S  spect roscopy and  wi thout  
add i t iona l  exper imenta !  data.  

I I -C.Z The oxidation states o f  manganese - X A N E S  
studies 

The S I state. In most  X A N E S  spect ra  ol  dark-  
a d a p t e d  samples ,  the  posi t ion of  the  absorp t ion  edge 
has  b e e n  t aken  to indica tc  tha t  the  average  oxidat ion 
s ta te  of the  Mn in the  S~ s ta te  is Mn( l l l ) [343 ,411 .412 .  
419,529,530,534,535,541,542,550] .  T h i s  a s s i g n m e n t  
ag rees  with p ro ton  N M R  relaxat ion e n h a n c e m e n t  mea-  

295 

s u r c m e n l s  [523-527],  and w¢th bo th  micr¢~;~ave power 
sa tu ra t ion  [551] ;rod spin-~a~tice rclaxati¢m t ime [552] 
m e a s u r e m e n t s  of Yl~. 1:'¢m e r -Hahn  and  co-workcrs  
r epo r t ed  that  the  X A N E S  a t ' sorp t ion  edge is unusual ly  
b road  for  model  compound: ,  con ta in ing  Mn~l l l )  and. 
from an  analysis of  the  en t i re  edge  region,  p roposed  
~hat the  S~ s ta te  consists  of  one Mn( l l ) .  two M n ( l l l )  
and  one  Mn( IV)  ions [535,536]. However ,  the mylar 
t ape  tha t  was employed  to r roun t  some of  the samples  
was subsequent ly  fotmd to be  c o n t a m i n a t e d  with M n ( l l )  
ions [544] (see subsect ion II-C.I).  Klein. Sauer  and  
co-workers  have a rgued  against  the  p rcscncc  of  M n ( l l )  
in the S I state,  ma in ta in ing  hat the  similarity of  the i r  
S~-. S.- and  S3-stalc E X A F S  da ta  (see below), rules 
out  the ~,ignifieant s t ructura l  : hangcs  m the  Mn coordi-  
na t ion  sphere  that  would b~. expected from oxidat ion 
of M n ( l l )  to M n ( l l l )  d u r i r g  e i the r  the S I - ~ S ,  or  
S, --* S 3 t rans i t ions  [38q]. Frt m second derivat ive amd- 
yses of  the X A N E S  edge m d  l~rc-edgc features  of  
samples  poised in the  S~ and  5, states, the  K I c i n / S a u c r  
group now favors an ass ignment  of two M n ( l l l )  plus 
two M n ( I V )  ions to the  S I szatc and  one  Mn( l I I )  and  
th ree  M n ( I V )  ions to thc S, state [389,533.543] (sec 
Fig. 2). P e n n e r - H a h n  and c )-workers now afso favor 
the  ass ignment  of two M n ( l l : )  and  two Mn(1V) ions to 
the  S t s ta te  based  on  thei r  r los t  recent  data  acqui red  
with samples  tha t  were m o u n t e d  with Mn-f rec  
polypropylenc  windows [544]. Such an oxidat ion s ta te  
ass ignment  would be consis tent  with the model  com- 
pound  tha t  conta ins  a symmetr ical ,  br idged pair  of  
e, ~;at !11 ) -Mn(IV)  d imers  [5114.51)5] and  that  gives rise to 
,~ para l le l -polar ized  EPR signal that  resembles  the  
E P R  signal observed  in Si-s tatc  samplcs  [521.522] (sce 
subsect ion  lI-B.3 and  Fig. 14~. 

in a recent  deve lopment ,  bond  valence sums have 
been  ca lcu la ted  for metal  ioqs in a variety of  model  
c o m p o u n d s  and  metal loenzymcs,  based  on bond  lengths  
d c t c r m i n e d  crs~stallographically a n d / o r  by E X A F S  
m e a s u r e m e n t s  [553]. In all ez, scs, thc ca lcula ted  bond  
valence  sums correct ly predic t  the  oxidation s tate  of  
the metal  ion in qucst ion.  W h e n  appl ied  to PS II. 
assuming  tha t  (i) the average  M n - O  dis tance  i., l .ql  ,~. 
(ii) the re  are only 1-2  n i t robens  to the  Mn c,~mplex 
[38q,398,554] Iscc subsect ion !1-1), (iii) the S, stale 
consists  of e i the r  a (III)s(IV).  ( I l lXIV)~,  or ( I V L ( V )  
Mn t e t r amer  (see subsect ion I I -B. I )  and  (iv) the  aver-  
age M n - O  dis tance  does not  t h a n g c  significantly when  
the Mn c lus ter  is oxidized to the  S, s ta te  (as de te r -  
mined  by E X A F S  measu remen t s ,  see below), the  S~ 
s ta te  is predic ted  to contain two M n ( l l l )  and  two 
M n ( I V )  ions [553]. Thc  bond  valence sum analysis 
would be inconsis tent  with an a s s i g n n e n t  of four 
M n ( l l l )  ions to the St s tate  [553]. It should  bc noted.  
however,  tha t  Kusunoki  and  co-worker., favor an as- 
s ignment  of  four M n ( l l l )  ions o t h e  S~ state  based  on  
the i r  X A N E S  data  [541.542]. 
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1he S .  state, ihc  cdgc cnclgies  of S,-statc samples 
arc approx. 1 cV higher ~han those ~l Si-statc , ' lmplcs  
and the pro-edge features are dif lercnt  [343,411,412, 
419,541.542]. B} comparison with model  compounds.  
these differences have been interpreted as demonstrat-  
ing that tmc M n ( l l l ) i o n  in oxidized to M n I I V ) d u r i n g  
the S~- - ,S ,  transition [343,411,412,419,541.542] (rc- 
vic~,ed in l~cf. 389,534). Consistent with this interpre- 
tation, the S~- and S~-state E X A F S  spectra appear  
.qcarly identical [343,38~L4t2,533,534]. The  similarity of 
these spectra demonstra tes  that no large structural 
rearrangements  take place during the S~ --, S, transi- 
,.ion. Nevertheless.  subtle differences between the S~- 
and S,-':~atc samples wcrc observed in spectra recorded 
,~ t ,  K by the K l c i n / S a u e r  group. l h e s c  differences 
are consistent with the oxidation of Mn( l l i )  ion to 
Mn(IV) during the S~ - , S ,  transition [389,543] (also 
scc [542D. The N M R  proton relaxation enhancement  
[523-527], nlicrowa~,e power saturation [55 I] and spin- 
lattice relaxation [552] measurements  cited above havc 
also been interpreted as indicating that or~e Mn( l l l )  
ion is oxidized to Mn (IV) during the S t ~ S~ transi- 
tion, as have most measurenlent,~ of t lash-induced opti- 
cal absorption changes in the ultraviolet (scc subsec- 
tion iI-D.I L 

The S¢ state. Samples t rapped predominant ly  in thc 
S~ state (65c,; S~. 358: S , )  have been repor ted  by the 
K l c i n / S a u c r  group [389,531.533,534]. Thcsc  sampics 
were prepared under  conditions that permit 2-electron 
oxidati~m of the Mn complex during il lumination at 
cryogenic temperatures:  prior to i l lumination at 240 K, 
the acccptor-sidc non-home Fez + was oxidized to Fc ~" 
ei ther by oxidation of  dark-adapted samples with ferri- 
cyanidc [5551, followed by cxchangc of fcrricyanidc for 
DCMU,  or  by illumination at 77 K of samples contain- 
ing the high-potential  quinonc phenyl-p-bcnzoquinonc,  
fi~llowed by brief  warming to 293 K [99,11(I]. Earl ier  
attcm;~ts to poise samples in the S 3 state had achieved 
at most 47ci S 3 [411,530]. The absorption edge of the 
S3-statc samples (following subtraction of  spectra cor- 
responding to residual S ,-state centers)  was not signifi- 
cantly changed in shape or  cncrgy from that of samples 
poised in the S,  state [411,530,531,533.534]. These 
rcsuhs have been interpreted an demonstra t ing that 
Mn is not oxidized during the S~ ~ S~ transition. The  
oxidizing equivalent  in proposed to reside on a redox- 
active histidine or tyrosine residue ei ther  ligated to 
Ms,  or locatcd close enough to the Mn complex to be 
magnetically coupled with it. Such magnet ic  coupling 
has bccn proposed to account for the lack of an ob- 
servable EPR signal from the S~ state in native prepa- 
rations [389,5311,531,533]. Howcvcr,  the apparent  lack 
of  Mn oxidation during the S, ~ S 3 transition has been 
chal lenged on two grounds. First, because no direct 
spectroscopic assay f o r  the S 3 state ,~et exists, the 
authors arc forced to assulnc that, following illumina- 

titan, samples not  displaying the S,-s tate  multi l inc E P R  
signal ; i re in t he  S 3 state.  Consequently, it is no t  ye t  
possible to assess directly whether  the authors" S~-statc 
samples arc contaminated  with PS II complexes  that 
are in |he  S,  or  S I staten, whose presence  might offset  
tin increase in edge energy associated with the $2 ~ S~ 
transition [3(1.482.556.557]. Second, because the ab- 
sorption edge data reflect only the electron density 
arouml the metal  ion, changes in the Mn coordinat ion 
sphere could mask a change in the Mn oxidation state 
[3(L387,496,498,502,556] While  the E X A F S  data do  
show small structural changes in the envi ronment  o f  
the Mn i(ms during the S, ~ S~ transition, the 
K l c i n / S a u c r  group maintains that the Mn site symme- 
t~' remains virtually unchanged.  Fur thermore ,  they 
argue that it would bc highly unlikely and unprece-  
dented from studies of  model  compounds,  for an in- 
crease in cdgc energy caused by the oxidation of  the 
Mn complex to be coincidentally offset by a decrease in 
energy causcd by ligand rear rangements  [389,531]. 
Other  w¢~rkers dispute this point, however, arguing 
that c lcc t ron-poor  Mn( l l )  centers  rcscmblc Mn( l l I )  
centers in X-ray photoe lec t ron  spectra of  model  com- 
pounds [387,558]. 

l ndcpcndcn t  of the X A N E S  and E X A F S  data,  the 
N M R  proton relaxation enhancemen t  measuremen t s  
[524-527], the microwave power saturat ion [551] and 
spin-latticc relaxation [552] measurements  of Yl~ and 
recent  measurements  of proton release and of  elec- 
t rochromic shifts ncar  440 nm [559] (sec subsection 
II-EL have also been interpreted as indicating that the  
oxidation state of the Mn cluster remains unchanged  
during the S:  ~ S 3 transition. The  130-164 Gauss-wide 
E P R  signal, rccently observed in Ca2*-deple ted  
[423,447-456] and CI -deple ted  [486,487] samples (see 
subscction II-B.2), has also been in tcrpre ted  as indicat- 
ing that no Mn ions are oxidized during the S, ~ S 3 
transition; this signal has been  proposed  to arise from 
a histidinc residue (or another  organic componen t )  
that is oxidized during this transition, even in un- 
t r ea t ed  samplcs  [447,448,452,453,486]. H o w e v e r ,  
whethcr  oxidation of  this putative histidine residue 
occurs in unt rea ted  samples (or occurs at a id  remains 
in dispute (see subsection II-F). in contrast  to the 
interpretat ions based on X-ray absorption,  I ' ;MR and 
E P R  spcctroscopics,  most interpretat ions ol flash-in- 
duced optical absorption changes in the ultraviolet  
favor the oxidation of  onc  Ms( I l l )  ion to Mn(IV)  
during the S, ~ S~ transition (see subsection II-D.I) .  

The  small structural  changes in the envi ronment  of  
the Mn complex qmt  result from the $2 ~ S~ transi t ion 
[389,531,533,534] have been at t r ibuted to a slight 
change in the 2.7 ,~ M n - M n  distances: the distance 
bctwccn thc Mn ions in one d imer  was suggested to be 
approx. 0.15 ,~, larger than the distance be tween  the 
Mn ions in the o ther  dime," [389,531,533]. No evidence 



for more  extens ive  s t ruc tura l  r e a r r a n g e m e n t s  was ob- 
ta ined ,  a rgu ing  agains t  several  recent ly  p roposed  
m e c h a n i s m s  based  on r e a r r a n g e m e n t s  of  t e t r a n u c l e a r  
Mn c lus ters  [478,479,494,495] (see subsec t ions  II-B.3 
and  I1-H). However .  t he  S3-state spec t ra  were all 
r ecorded  at  170-190 K, t e m p e r a t u r e s  too high to per-  
mit obse rva t ion  of  the  approx.  3.3 ,~ in te rac t ion  
[389,536,543]. Consequen t ly ,  if the  M n  complex con- 
sists o f  two Mn cen te r s  (e.g., two d imers  o r  a t r imer  
plus a m o n o m e r )  t ha t  a re  loca ted  approx.  3.3 ,~ apar t ,  
the cu r ren t ly  avai lable  da t a  c a n n o t  exclude the  possi- 
bility tha t  the  d i s tance  b e t w e e n  the two M n  cen te r s  
changes  s ignif icant ly  dur ing  the  S, --, S 3 t ransi t ion.  

The So state. Samples  possibly t r a p p e d  in the  So 
s ta te  have b e e n  p r e p a r e d  by the  K . e i n / S a u e r  g roup  by 
i l lumina t ion  at  195 K of samples  incuba ted  in da rkness  
with low concen t r a t i ons  of  hydroxylamine  ( 4 0 - 6 0  # M) 
[389,530,532-534]• Prior  to i l luminat ion,  the  X A N E S  
and  E X A F S  spec t ra  of the  N H , O H - t r e a t e d  samples  
were  ident ical  to those  of  samples  in the  S~ state .  ~ f ter  
i l luminat ion,  the abso rp t ion  edge  shi f ted  approx.  1 eV 
to lower  ene rg ies  and  the  E X A F S  da ta  showed  evi- 
dence  of  s t ruc tura l  r e a r r a n g e m e n t s  in the  M n  environ-  
men t .  The  a u t h o r s  p roposed  tha t  N H , O H  has  no 
effect  on  M n  in the  S~ state ,  bu t  reduces  Mn in the 
illumination-induced S, state by two electrons, forming 
the  S 0 s tate .  Th i s  m e c h a n i s m  for  the  act ion of 
hydroxylamine  had  b e e n  p roposed  previously on the 
basis  of  p r o t o n  re lease  m e a s u r e m e n t s  [56(I-564] and  is 
cons i s ten t  wi th  a r ecen t  p roposa l  tha t  N H  2OH reduces  
a redox-act ive  g roup  nea r  M n  [565,566] (see subsec t ion  
II-G.2).  However ,  in con t ras t  to  the  f indings  of the  
K l e i n / S a u e r  group,  P e n n e r - H a h n  and  co-workers  find 
tha t  a s imi lar  c o n c e n t r a t i o n  of  N H 2 O H  reversibly shifts 
the  abso rp t ion  edge  of  the  S~ s ta te  to lower ene rg ies  in 
darkness ,  w i thou t  loss o f  activity [544]. This  shif t  is 
cons i s ten t  with  r educ t ion  of  the  Mn complex  to an 
" S  ~" state,  as p roposed  based  on  E P R  [488,567] and  
f l a sh- induced  opt ical  abso rp t ion  m e a s u r e m e n t s  [568-  
571]. However ,  h y d r o q u i n o n e  re , e r s ib ly  shifts the  edge 
to a somewha t  g rea t e r  extent ,  also wi thou t  loss of 
activity, ind ica t ing  tha t  N H , O H  and  hyd roqu inone  ei- 
t he r  reduce  d i f fe rent  M n  ions,  or tha t  d i f ferent  re- 
duced  "states '  of  the  M n  complex  a re  p roduced  by 
these  two r e d u e t a n t s  [544]. T h e  d i sc repancy  be tween  
the  f indings  of the  K l e i n / S a u e r  and  P e n n e r - H a h n  
groups  may arise I rom the  absence  of  the  extr insic 24 
and  17 kDa  po lypept ides  in the  samples  of  the  lat ter:  
removal  of  these  po lypep t ides  increases  the  accessibil- 
ity o f  N H 2 O H  and  o the r  r e d u c t a n t s  to the  M n  complex 
[231,259,271-277].  

i t  r ema ins  unc l ea r  w h e t h e r  i l luminat ion  gene ra t e s  
the  t rue ,  physiological ,  S,  s ta te  in N H : O H - t r c a t e d  
samples .  For  example ,  it has  b e e n  r epo r t ed  tha t  the 
r educ t ion  of  Mn by N H , O H  al ters  the  e n v i r o n m e n t  of 
the  M n  complex,  mak ing  it less suscept ib le  to reduc-  
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tinn dur ing  succeeding S-state cycles [572-574].  It als~ 
remains  unc lear  w h e t h e r  oxidation product~, of NH .OH 
cont r ibu te  to the  E X A F S  spec t rum of the  i l lumina- 
t inn- induced  state.  Because of these  uncer ta in t ies .  
Klein• Saucr  and  co-workers  refer  to the  NH,( ) I - | -  
induccd  s ta te  as the "S,]:" s ta te  [389.530,532-5341. De- 
spite the uncer ta in t ies ,  the d i f fe rences  in the X A N E S  
and E X A F S  spect ra  be tween  samples  in the S~ and 
S, s ta tes  have led these  workers  to suggest tha t  one 

M n ( l l )  ion is oxidized to M n ( l l i )  dur ing  the S. ~ S I 
t ransi t ion [389,530,532-534]. The  s t ruc tura l  rea r range-  
men t s  observed upon format ion  of  the S~f s ta te  are 
consis tent  with this ass ignment .  This  in t e rp re ta t ion  
agrees  with the previously ci ted N M R  pro ton  relax- 
at ion e n h a n c e m e n t  [524-527],  microwave power satu- 
ra t ion  [551] and  spin-lat t ice re laxat ion m e a s u r e m e n t s  
[552] and  also with several  i n t e rp re t a t i ons  of flash-in- 
duced  optical  absorp t ion  changes  in the  ultraviolet ,  but  
conflicts with o the r s  (see subsect ion II-D.I}. The  na- 
ture  of  the  s ta te  induced  by i l luminat ion of N H , O H -  
t r ea ted  samples  should  be fu r ther  charac te r ized .  

II-D. l~-Iash-induced optical ahsorptio, i change.s 

II-D. l. Absorption changes hi the uhratioh, t 
Spectra. The  S-state t rans i t ions  are accompan ied  by 

optical  absorp t ion  changes  in the  u!traviolet  tha t  oscil- 
late with a per iod  of four in response  to a series of  
l lashes [575-577].  Numerous  au thors  have a t t e m p t c d  
to quan t i~ '  these  changes  and  assign t hem to the 
individual  S-slate t rans i t ions  [178.568.57[).578-589]. 
The  p rocedures  are  compl ica ted  and  have been  p lagued  
with controversy  [570.587.588,59(11 (for  recent  reviews. 
see the discussions in Ret\s. 557,589). Factors  that  must  
be cons ide red  are the initial d i s t r ibut ion  of  PS-I! cen- 
ters  in the S~ and  S. s ta tes  in da rk - adap t ed  samples.  
an a n o m a l o u s  absorp t ion  change  on  the  first flash 
given to d a r k - a d a p t e d  samples  tha t  is associated with 
cen te r s  unab le  to reduce  QB, the fract ion ol cen te r s  
tha t  unde rgo  zero  or two t rans i t ions  in response  to 
single f lashes of light and  the absorp t ion  changes  tha! 
accompany  the format ion  and  reduct ion  of semiqu inonc  
anion  at the  QH-site. In t e rp re t a t ions  of some car l ic r  
invest igat ions  [581,582] are now bel ieved to have been  
misled by the  la t te r  [57(I,584.587,591]. 

T h e  absorp t ion  changes  tha t  accompany  the S. --, Sp 
S~ ~ S 2 and  .~. -~ S~ t rans i t ions  were initially r epor t ed  
to be s imilar  and  to consist  of b r o a d  absorp t ion  in- 
c reases  tha t  are  maximal  near  305 nm and  have shoul-  
ders  nea r  350 nm [178,579,585]. This  work was per-  
fo rmed  by Dekker .  van G o r k o m  and  co-workers• who 
employed  PS ii  m e m b r a n e s  isolated from spinach.  
Subsequent ly ,  Lavergne.  working with an algal m u t a n t  
tha t  lacks PS 1 and  par t  of  the  LHC complex,  r epor t ed  
tha t  the  changes  accompanying  the  S,  ~ S 3 t rans i t ion  
are slightly d i f ferent  and  somewha t  smal ler  than those  
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accompanying the S t ~ S. transit ion [5S3.5,,4]. I tc al,,o 
repor ted that  the absorpt ion changc~, that  accompan.~ 
the S , - - ,  S n t ransi t ion arc negligible [5N3.5N4]. A! the 
~,ame time. Wilt and co-~rkcr~, ,  ssovking ssilh I)N II 
p repara t ions  isolated from the cyanobac tc r ium Svm'- 
chococclts ch*ngatus, reported spectra for the S, ~ S, 
and S~--, S~ t ransi t ions  ~hat were ctmsidcrably differ- 
cnt  from those repor ted  by l )ckker  et al. and by 
l .avergnc [569.571).502]. The spectra  of Wilt  and ,'o- 
~o rkc r s  had maxima near  340 nm, Wilt  and  co-v~orkers 
also repor ted  a different  spect rum lot  the S,~---,Sj 
transit ion.  This spec t rum had a maximum near  31(I nm 
and its ampl i tude  at 355 nm was at least 3-fohl smaller  
than  the spect ra  of the o t h e r  t~,so t r ans i t ions  
[51~t,~.57(I.5N6.502]. The  spectra ob ta ined  b.~ Will  and  
co-worker,, were obta ined  in the presence  of 24 # M  
Ni t  .O t t .  which ~ a s  added  ',o synchronize all cen ters  in 
the "S r" state (see subsect ion !!-(}.2). Howe~cr. the 
desired synchronizat ion of all cen ters  in t h c ' S  ~ ' s ta tc  
ma.~ not have been  achieved: consequent ly ,  the exam- 
incd sanlples nlaty ha'~c )ll lained a mixture of  S-states 
(scc discussions in Rclg. 557.5NS.503). eMso, because  
~)xidalion producls  of N i | , O H  have bccn  repor ted  to 
al ter  the re~'ctivity and env i ronment  of the Mn complex 
[572-574] (see subsect ion lI-G.2), the spectra  may be 
partly art ifactual.  Nevertheless ,  spectra  ob ta ined  hy 
Will  and co-workcrs  in the absence  of N I t , O H  [570] 
also differed from those ob ta ined  with the algal and  
spinach prepara t ions ,  suggesting that  the absorp t ion  
change ,  that  accompany the N-state t rans i t ions  may 
differ b e t ~ c c n  cyanobacler ia  and  cukaly'oles.  This  sug- 
gestion has recently been  disputed b.~ Dekker .  ho~vevcr 
15571. 

Lavergne recently repor ted  spectra  ob ta ined  with 
PS i l  n~cmbrancs isolated f r o m  spinach 1589] (see Fig. 
I(O. These  spectra  have higher  resolut ion than  
l .a~ergnc 's  previous spectra ob ta ined  with algal cells 
[5Nt*]. As originally repor ted  by Lavergnc [594]. the 
latest spec t rum of the S, --, S~ t rans i t ion is somewhat  
different  than that  ol the S~-* S. t rans i t ion and the 
absorpt ion cllangcs that ~.tcconlpauy the S,~-~ S~ transi- 
tiou arc negligible [5St.q. The shoulders  near  350 nm 
are clearly rc,,olvcd in these latest spectra.  The  contro-  
versies su r round ing  the ampl i tudes  and  shapes  of the 
spectra  remain  unresolved,  however.  On  the basis of 
recent  analyses. Dekker  has  conc luded  that  the  absorp-  
tion changes  that  accompany the S,, ~ S~ t rans i t ion are 
at least 50G as large as those that  accompany tile 
S t - ,S ,  and  S , - - ,  S 3 t ransi t ions  and  thal  all three  
spectra are similar, with those of the  S~ --, S.  and  
S, ~ S¢ t ransi t ions  be ing  essentially indis t inguishable  
in shape or ampl i tude  [557]. Rengcr  and  co-workers  
ha~c recently repor ted  [591] that  absorp t ion  changes  
measured  for the S,,--, S~ t ransi t ion at 355 nm are 
smaller  than rcpt~rtett by Dckkcr  [557] but  larger  than 
repor ted  by Lavcrgne [5SS.5St~]. Finally. Van G o r k o m  

C) 

I 

/ 

SO-~S1 , . "  

300 350 400 450 

Wavelength (nm} 

Fig If~ ()plical al'~,,t~rpli(}l'l ~.lpeclra *ff the individual S-~lale lran,~i- 
fibril', o b t a i n e d  with "q3inach PS 11 memhrane',. The d~tted cur'vc 
denoted "c.d." i, the ',pcctrum of flash-illuminated Ca" "-depleted PS 
II mcmbranc~ that had bccn pob.ed in the dark-~table S. slate 
hclorc illumin:~ti~m (reproduced from Fig. 13). Reprinted trom 
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and  co-workers  ma in ta in  tha t  the absorp t ion  changes  
for all th ree  t rans i t ions  are s imilar  and  have similar  
ampl i tudes  [594]. (Note .  however,  that  Lavergne ' s  re- 
cent  work [589] was pe r fo rmed  in reply to Dekke r  [557] 
and  ' ; a n  G o r k o m  [594].) 

The  absorp t ion  increases  that  accompany  the  S~--* 
S I, S I --* S, and S 2 ~ S 3 t rans i t ions  are reversed dur ing  
the S~ ~ (Sz) --* S ,  t ransi t ion [568.570,579.580,583- 
586.589.590]. Consequent ly .  the optical  absorp t ion  da ta  
have been  in t e rp re t ed  in suppor t  of mechan i sms  of  
wate r  oxidat ion that  involve a conce r t ed  oxidat ion of  
water  dur ing  the Sa---, S 0 t rans i t ion  [557.568,570.579, 
580.585.580.59(I] (scc subsect ion l i -H).  

lnteq~retatkms. Based on compar i sons  with spectra l  
changes  in a b inuc lca r  Mn-g lucona tc  complex. Dekker .  
van Gorkom and co-workers  p roposed  that  S , - - , S  n, 
S~---,S, and S : - - ,  S 3 t ransi t ions  each rep resen t  the  
oxidat ion of one  M n ( l l l )  ion to M n ( I V )  [178.557,579]. 
In contrast .  Wil t  and  co-workers  [569.570.586] and  
La~crgnc [584] p roposed  that  the  S,--* S I t rans i t ion  
represen t s  a M n ( l i )  to M n ( i l l )  oxidat ion because  of  
the smal ler  absorp t ion  increases which they a t t r i bu ted  
to this transition. However. some workers ( including 
Lavergne)  have cautioned that  Mn oxidat ion s ta tes  
canno t  be unambiguous ly  ass igned on the basis of  
optical  absorp t ion  data  alone [584,587,588,591,595- 
597]. For  example,  the  spectral  p roper t i e s  of M n ( l l )  to  
Mn(l l l )  oxidat ions  in tri- and  tetranuclear /.t3-oxo 
br idged  Mn-carboxyla tc  complexes  [595] resemble  those  
of the  S~---, S,  and  S, ~ S 3 t rans i t ions  repor ted  by 
Dckkcr  ct al. and  Lavergnc.  Oxidat ions  of  a M n ( l l )  ion 
to Mn(i i l )  dur ing  the S~--,S~ t rans i t ion and  of a 
M n ( l i l )  ion to M n ( I V ) d u r i n g  the S~--+S.  t rans i t ion  
would agree with the in te rpre ta t ions  of the X-ray ab- 



sorpti~m and magnet ic  res tmance  da ta  t lescrihed in 
subsect ion 11-('.2. However.  the  in te rp re ta t ion  that  a 
Mn ion is oxidized dur ing  the  S:--* S~ t rans i t ion is 
clearly in conflict.  Because the fi~rmation of the 130-  
I(~ Gauss -wide  E P R  signal observed  in Ca z ' - d e p i c t e d  
samples  was a t t r ibu ted  to the oxidat ion of a his t idine 
residue (see Fig. 13 and subsect ion  I I -B. I )  it has been  
proposed  t ha t  the S, ~ S~ t ransi t ion in nat ive PS-II 
complexes  also co r re sponds  to the  oxidation of  a histi- 
dine residue [452]. This  sugges t ion  remains  con t rover -  
sial, howcver  (see subsect ion iI-F).  Indeed ,  Lavcnfnc  
has recent ly  suggested  tha t  this t rans i t ion  might  corre-  
spond  to the  oxidat ion of  a t ryp tophan  residuc [589]. 
B a ~ d  on  his spec t ra  for the  S,  --* S~ t rans i t ion .  Dekker  
has recent ly  suggested tha t  the S.---, S~ t rans i t ion may 
cor respond  to the oxidat ion of a his t idine res idue [557]. 

The rate of  electron tramfer fr~nn Mn to Y / .  T h e  
mechan i sm driving the S-state t rans i t ions  is the  oxida- 
tion of  Mn by Y z .  The  ra tes  of  the individual  t ransi-  
l ions have b e e n  d e t e r m i n e d  by t ime-resolved measure -  
men t s  ol optical  absorp t ion  changes  m e a s u r e d  in the 
ultraviolet.  Dekker ,  Van G o r k o m  and  co-workers  ob-  
ta ined  ha i l t imes  o f  3ll, 1 i1), 35(1 and 13111) ~ s  for the  
S~---~ S~, S=---+S,, S,---* S 3 and  S ~ ( S ~ ) - * S .  t ransi-  
tions, respectively [581)] and  .~ubsequcnt au thors  have 
ob ta ined  s imilar  values  [48(~.570,582]. These  values are 
cons is tent  with  those  measu red  for the dccay of  Y j  in 
t ime-resolved E P R  exper imen t s  [6G,598-601] and  in 
expe r imen t s  involving m c a s u r c m c n t s  of  e lec t ro lumi-  
neseencc  [61)2] (also sec Ref. 6t)3). As  might  be ex- 
pec ted  from elec t ros ta t ic  cons idcra t ions ,  the  rate of  
e lec t ron  t rans fe r  from M n  to Yz dec reases  as the  
n u m b e r  of oxidizing equivalents  that  are s tored in the 
water-oxidizing complex increases.  T hc  t em pe r a t u r e -  
d e p e n d e n c e  of thc S-statc t rans i t ions  has  been  de te r -  
m ined  by E P R  [392.482]. t hc r m o l um i nes cence  [481.989] 
and  optical  absorp t ion  [481).591] measu remen t s .  Activa- 
t ion energ ies  [480,591] and  en t rop ies  [48[)] ha~c been  
repor ted .  T h e  S~ ---, S,  t rans i t ion  takes place at much  
lower t e m p e r a t u r e s  (135-14(1 K) than  the  o the r  t ransi-  
t ions (221)-235 K) [392.481.482]. The  h igher  t empera -  
tures  requi red  for the o t h e r  S-state t rans i t ions  ha~e 
been  suggested  to corre la te  with p ro ton  release or 
s t ruc tura l  r e a r r a n g e m e n t s  that  accompany all S-state 
t rans i t ions  except  the  S~---, S,  t rans i t ion  [38.481.482] 
(nee subsec t ions  II-E and  i l -H).  

II-D.2. Absorption changes m the ri.~ihle and near-in- 
frared 

Flash- induced  optical  absorp t ion  changes  in the visi- 
ble [ 178,568.571,579,584,595,599.590.604-60g] and  pos- 
sibly the  nea r  in f ra red  [609] lsee  below), are also asso- 
c ia ted  with the  S-state t ransi t ions.  Like those  in the 
ul traviolet ,  these  changes  o.~il late with a per iod  of  four 
in resl~)nse to a ser ies  o! flashes. The  ab,a~rpti~m 
changes  in the visible ha~e been  a t t r ibu ted  to c i t e -  

ch lo rophy l l  a: an aPl'~arcn! ' ,hi l l  ~1 a car~lcl l~ud bal ld 
was observed at 514 nm [(d)51. an apparen t  rcd-~hi l t  ol 
the ch lo rophy l l  a Sorct band wa~ observed nean 435 
nm [ 17g.57~L5N4.5NtJ.f~()4.l,()N] (sec l-is. try) ;rod zta ap- 
parent  blue-sh i f l  o f  o the r  chhwophq l  u tJan~it ions v+a~ 
observed nea r  ~S(l nm [SfiN,571.f~(lT.f~(Ig] I h c  magni- 
tudes ol Ihese shi l ls  w:ere observed I~ bc Ir laxinlal.  but 
opposi te  in direct ion,  dur ing the S~ --. S.  and S ~ -- (S~) 
---, S.  t ransi t ions.  A smaller  shift, oppo~.itc in di rect ion 
to tha t  ass~ciated with the S m --~S, t ransi t ion,  was 
r c l ~ r t e d  fi~r the S.  ~ S~ t ransi t ion and  a negligible 
shift ~,as r epor t ed  Ior the  S. --, N, Iransili~m (see Refs. 
585.589.591) in part icular) .  The  magni tudes  of th~:,.c 
shifts (at least  those near  435 nm) ha,.c recenll.,, bccn  
shown to d e p e n d  strongly on p i t  [559]. The shift associ- 
a ted with the S. - - *  S I t rans i t ion appears  to be maximal 
below p t l  5.5. while that as,,t~.'iated ~ i t h  the ~ --. S. 
t ransi t ion appea r s  to be maximal near  p l l  7.75 [55~]~ 
These c lcc t rochromic  shills ha~e been a t t r ibu ted  to the 
crea t ion  an uncompensa t ed  p~sil i~e charge  (~u p l l -dc  - 
penden t  fract ion ol charge,  see sub,,ecti~m II-t :)  in the 
water-oxidizing complex dur ing  ti~c S~ • S, transiti~m 
[56N-571.5N4.(~I)5.t'~tt7.6118] (see also the  t i,,cussions in 
[5N5.589.5¢~()]). Because the u n c o m p e n s a | ~ d  charge  ap- 
pears  to be p resen t  p r imar ib  in the S,  :rod S~ states,  it 
has been propa~sed that  dep ro tona t ion  ev,-nts compen-  
sate lor  positive charge  lo rmed  dur ing  th t  S,~ ~ St and 
S, - ,  S~ ,=xidations. but not for a charge  ¢~r fract ion of 
charge  fi]rmed dur ing  the S~ .... S z oxi tat ion [568-  
571.584.592.61)5.6117] (fi]r fu r ther  d isc '~-Mn,  see sub- 
sect ion II-E). The  absence  of a dep ro lona t ion  event 
dur ing  the S~--, S. t rans iqon  has been  pr~p~,,ed t~ 
account  t~.~r *~rh~ th is tram, it i(,n ~,~cur,~ at , ,cmpcraturcs 
considerably  Iov, e r  than dmsc rcqum_d !~,~ the o the r  
t rans i t ions  I4gll-482]. A s t rong c lec t rochromic  shift 
near  435 nm dur ing  the S. ~ S~ t ransi t ion has rcccnt lv 
been  rep~r ted  in ( ' a :  "-del~lctcd ,,amplcs [4521 (see Fig. 
161. On  the  basis of this o b s e ~ a t i o n ,  it hay been  
proposed  tha t  the dep ro tona t ion  e~ent normally as,~vci- 
atcd wi th lhc S. ~ S~ transit i~m ix p resented  in the 
absence ~1 ('a:: "- [452]  The l :resencc tv ~mc~mH'~cn- 
sated p<v, itff, e charge <m ¢~r near the Mn c+,mplex iv] the 
S. and  S~ ,,late', has been  prol~V, ecd tt~ ac t , ran t  liar wh~ 
CI ions a p p e a r  to b ind mitre str~mgly in lhe S ed S, 
s ta tes  than  in the  S,, or S~ s ta tes  [f~l(i] (see subsect ion 
I I I -D ) .  

Op t i ca l  ah~a~rption changes in the near  in f ra rcd  that 
arc ass¢~'iated ~ i t h  the S-state transiti~r=,, tla~.e been 
a t t r i bu ted  to intcnalence elect ron ic  tran~iti~m~ ~ i l h i n  
a mixed-valent  Mn cluster  [¢~N.tSI I]. The  ~ptical spec- 
t rum corresl '~mding to the S~ stale  hay been  rep~r led  
to ex tend  ou! to 11)51) nm and to ha,,c ;, maximum at 
7N) nm [N~,q. Ho~e~er .  this ass ignment  ha,, been  chal- 
lenged and the spectral  changes  ha,,c been  a t t r ibu ted  
instead to changes  in sample ,ucattcring [~'~t~,j. 
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The rate q f  electron tran~Ji'r /)'ore }',,, to 1'080 '. in 
oxygen cvolving samples,  thi-. e lec t ron  Ir;msfer ra '  " has 
been  de t e rmined  from chlorophyll  a f luorescence mea-  
su remen t s  [612-614]  and  frc, m optical  absorptioi~ 
changes  in the near  in l ra rcd  at 820-~37  nm [615 618] 
and in the  visible at 6811-6~8 nm [617.61~,~]. U n d e r  
mult iple flash condi t ions  (conditiou,,  where  the l~ur  
S-states arc equally popula ted) ,  the ra te  was found to 
be mul t iphas ic  [615-~,17.61q]. In approx.  711¢, . of  PS-II 
centers ,  ha l t t imcs  of approx.  25 ns. approx.  511 n~. and  
approx. 31111 ns were observed,  while in approx.  311~,: of 
centc ls ,  ha l f l imes  of approx.  5 pts. approx.  35 #s :  and  
approx. 21}11 /as: wcrc ob..;crved [b! 7]. Subsequen t  mea-  
surements,  util izing single f lashes found ,hat the ra te  
hay a half t imc of approx.  2(1 ns v, hcn  the x~atcr-oxidiz- 
ing complex is in the S,  and  S~ s ta tes  and  to ha ' :c  
c o m p o n e n t s  of approximate ly  equal  m a g n i t u d e  mith 
half t imcs of approx.  411 and  apprt,x. 2t';(} ns x~hcn the 
water-oxidizing complex ix in the  S. and  S~ state:, 
[618.6211]. The  approx.  5 i ts  and  ar, prox 21111 ~s compo-  
nents  ~ e r c  a t t r ibu ted  to i nac t ke  cen te r s  ( the  la t ter  to 
charge  r ecombina t ion  be tween  O.~ and  P6S(}') .  but  
the magni tude  of  tile approx.  35 # s  c,m,~ponent ,,,,as 
found to bc S - , t a t e - d e p e n d e n t  and  to t. maximal  in 
the S,  and  S:~ s ta tes  [621]. An  invo . e m e n t  of the  
approx. 35 # s  c o m p o n e n t  in oxygen-,~wqving cen te r s  
was sugges ted  [621]. However.  i r  more  t cccn t  s tudies  
this c o m p o n e n t  has been  a t t r ibu ted  to inactive PS-II 
cen te r s  [382.622]. It has  been  suggested  to arise from 
the reduc t ion  of a monomcr i c  C h l  molecule  r a the r  
than  of P680" [623] and  its a p p a r e n t  S-state  d e p e n -  
dence  hay been  sugges ted  to be ar t i factual  [382]. T he  
presence  of an u n c o m p e n s a t e d  positive charge  (or frac- 
t ion of  charge)  on or  nea r  the Mn complex in the S. 
and  S, s ta tes  has been  pos tu la ted  to accouot  for v¢]ly 
the rate of e lec t ron  t rans fe r  from Yz to P6g0" ix 
slower in the S. and  S.~ states  than in the  S. or S~ 
sta tes  [569.618.(,20]. 

T r e a t m e n t s  tha t  pe r tu rb  or cxtrac,  the  Mn complex 
e l iminate  the nanosecond  compon t ' n l s  of the  e lec t ron  
t ransfe r  react ion.  These  t r e a t m e n t s  include incuba t ion  
with Tris or N H , O t t  [383.384.615.616.624-627]. ex- 
t rac t ion of  ( 'a- '"  ;,487] (scc ab;o Ref.628L or part ial  
digest ion with trypsin [62').6311]. T r e a t m c n t  with 611H- 
660 mM . . . .  =,e. which reversibly inhibi ts  oxygen evo- 
lut ion [631] and  ~..,mr, e ,cs  with CI for a sitc poss ibb  
on the  Mn complex [439] (sec subsec t ions  I I -G.I  and  
III-D).  slows the react ion to 1611-1711 /as [631-633].  (It 
should  be no ted  that  r e t a rda t ion  of e lec t ron  t ransfe r  
from Yz to P680 * is apparen t ly  not a charac te r i s t ic  of 
all t r e a t m e n t s  tha t  inhibi t  oxygen evolut ion [634].) 

The  t e m p c r a t u r c - d e p c n d e n c c  [635] and  p H - d c p e n -  
dence  [6211,622] of  e lec t ron  t rans fe r  f rom Yz to PgN0" 
have been  examined  in oxygen evolving sa,nplcs,  as 
well as in Mn-dep le t ed  samples  [383.384.625.t~27.62q. 
636.637]. The  reac t ion ' s  act ivat ion energy ix subs tan-  

tially g rea t e r  in M n - d c p l c t c d  [636] t h a n  in oxygen- 
evolving 1635] samples  (approx.  46 k J / t o o l  vs. approx.  
10 k J / m o l l .  Baxed on  the ac t iva t ion  energy  m e a s u r e d  
in oxygen-evolving samplcs ,  a r eo rgan iza t ion  p a r a m e t e r  
of 4511-6(10 m V  was e s t ima ted  for  the  reac t ion  f rom 
classical Marcus  e lec t ron  t r ans fe r  theory  [638]. In oxy- 
gen evolving samples ,  as the  pH was lowered fr,)m p i t  
6.5 to p | l  4, the  rate of the  reac t ion  in the S~ s ta te  
slowed front approx.  211 ns to 4 0 - 5 0  ns [620]. Concu r -  
rcntly, the rat io  of  the  approx.  411 ns phase  to the  
approx.  2~(1 ns phase  m the  S, s ta te  dec rea sed  to nea r  
zero  [620] and  the  f ract ion of  cen te r s  wi th  ra tes  in the  
/as tit c range  inc reased  f rom approx.  31c,: to approx.  
77c,; [~ 22]. To accoun t  for these  da ta .  the  [ rcsence  o f  
an acidic g roup  with a p K ,  of  5.3 nea r  the  Mn ::on~plex 
was pos tu la tcd  [6211]. The  p r c s c n c c  of an  acidic g roup  
with a I ,K,  of 5 .8 -6 .0  hay also b e e n  p roposed  on  the  
basis of  the  p H - d e p e n d c n e c  of  the  rate,; of  YD oxida- 
tion and  Yl~ r educ t ion  by the  Mn complex  [122]. Also. 
the p resence  of an acidic g roup  with a pK,, of 6.05 has  
bccn  pos tu la ted  based  on recen t  m c a s u r c n t c n t s  of the  
p H - d c p e n d e n c c  of p ro ton  re lcasc  [55¢)] (sec subscc t ion  
II-E). 

ILl:. Proton release accompanying the S-stale tr, znsition. 

O n  the  basis of  the  S - s t a t e - d e p e n d e n c e s  o f  clec- 
tochromic  shifts of  opt ical  absorp t ion  b a n d s  a n d  the  
ra te  of  P6F0 ~ reduc t ion  (see subsec t ion  i i -D.2L the  
stoichiometr3 '  o f  p ro tons  re leased  f rom the  water -  
oxidizing complex  pe r  PbS0 du r ing  the  %-state oxida- 
l ions was p roposed  to bc I : 0 :  I "2 fi~r the S . - : ,  S L. 
S I ~ S , .  S z  ~ $3 and  S~ --, ($41--,  S.  t rans i t ions ,  re-  
spectively [568-5711.584.6115.6117.618]. 1 h i s  p r o p o s e d  
r, a t t e rn  of "intrinsic" p ro ton  re lease  ~.'as found to coin-  
t i de  with direct  m e a s u r e m e n t s  of the s t , f ichiomctry o f  
pro tons  re leased  into solut ion dur ing  the  S-stale  t ransi-  
tions: a s to i ch iomet~ '  (q" I :11 :1 :2  tier "extrinsic" p ro ton  
release was d e t e r m i n e d  by several  groups,, on lhc  basis  
of m e a s u r e m e n t s  ,~kh sensi t ive glass e l ec t rodes  [639]. 
pH-scnsi t ive  dyes [504.574.640-645].  or  an  UPR spin 
probe  11~46]. ,~,'lcanu-cmcnts of dc laycd f luorescence  as 
a funct ion  of  S-state  were i n t e r p r e t e d  as be ing  qua l i ta -  
tivcly cons is ten t  with this  s to ich iomct ry  [647.648]. 

Howexer .  on  the  basis  of  a new in t e rp r e t a t i on  o f  
p ro ton  release m e a s u r e m e n t s  and  newer  data .  t he  
m e a s u r e d  p ro ton  re lease  stoich~ometr~ in in tac t  p repa -  
ra t ions  has  recent ly  been  d c t c r m i n e d  to be  non - in t ege r  
[559.t~4q-651] and  tc d e p e n d  on  pH [559.651]. At  p H  
6.5. the  s t o i c h i o m c t r y  was  d e t e r m i n e d  to b e  
1 .2 : ( ! . 2 :0 .95 : t . 65  for the  S ~ - * S  i. S t - - * S , .  S , ~ S  3 
and  S~ ~ (S~) --~ S,, t rans i t ions ,  respcct ively [559]. As  
the pH was increased  from pH 5.5 to p i t  8. the  n u m b e r  
of p ro tons  re leased  du r ing  the S ,  ~ S I t rans i t ion  de-  
c reased  from 1.75 t,~ I. the n u m b e r  of p ro tons  re leased  
dur ing  S~ * S, t rans i t ion  increased  from (| 1¢3. 0.5. and  
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Fig. 17. Tht: plt-dcpcndt:nt:c ol the number ol pr~q,m~ rch.'i~.cd mtt~ 
s o l u t i o n  pt :r  p614ll d u r i n g  the  m d i ' . i d u a l  'g M a t e  t rdn~i t ion ' . .  I h c  , ,olid 

l ine ' ,  rcpr¢~,cn!  a l i t  o f  t h e  d a l a  r ~ t ; l t -  io  a m o d e l  i m . o l v i n g  p K .  

shill*, or t l e p r t ~ l o n a l i o n ' ,  e l  lout  '~cparal~ ~rlllJp~ Iot:dlc+d (In (It nt :ar  

l i l t :  M n  ¢()mplt:x. "t'ht: d a q l c d  t : u n c ,  r t :prt :*, t :nzmg Iht: , 4 o l c h . ~ m c t r 3  

~al p r oh~n  rt : lca, , t :  d u r i n g  tht: %z -~ ( .~ ; I - -S .  t l a n , , l l l o q .  W.J~, caku- 
h t l ed  b~ a ~ s u m i n g  Iha l  t.our p l ' ohm ' ,  itrt- r t : l t :a ' , t :d d u r i n g  t:a.:h S '~ldlt: 
cycle. Reprinted lrom Rel. g5 ~4 ~i th pcrme,,,ion (eop,,rt~ht I ~ l  b} 

the American (heroical  S~.'it't) }. 

the number  of protons re leased during the S, ~ S~ 
transition remained  close to 1 [559.651] (see Fig. 1"~). 
Earl ier  in terpre ta t ions  of  proton relcase data are be- 
lieved to have been  misled by an expectat ion of  an 
integer s toichiometry [559.649.650]. Some earl ier  ~o~k 
is also believed Iv have been misled by a transient  
alkalinization of  the narrows extcrnal  part i t ions that 
exist be tween  appressed  thylakoid membranes  [559. 
649.650]. This t ransient  alkalinizati~m ~as  caused by 
proton uptake in response  to the reduct ion of  Ou- The 
superposi t ion of this alkalinization on the acidification 
caused by proton relea.~ created  a slow phase ¢~1 
acidif ication thai was ignored in earl ier measuremcn,s. 
Correcting some earl ier data [643] for this alkalin,za- 
l ion yields lhe non-integer stoichiomet D' obserxcd in 
recent  s tudies [651]. The non- in teger  and pH-dcpen- 
dent  s toichiometry of  proton release has been  inter- 
p re ted  in te rms of a combinat ion of specific depro tona-  
l ions and electrostat ical ly- induced p K ,  shifts of 
pro tona tab le  amino-acid residues [559.6X4-651]. As a 
p receden t  for this in terpreta t ion,  it has been pointed 
out [559.649-651] that non- in teger  and p H - d e p c n d e n t  
proton binding is associated with the single electron 
reduct ions  of  O x and Qu in rcactmn centers  from 
purple  non-sulfur bacteria,  and that these data ha~e 
also been explained in terms of  p K ,  shills of ~,c~,cral 
ncar-b~ amino-acid residues [652-654] (al,,o see Ref. 
x2}. 

1+he p H - d c p e n d c n c c s  e l  the electro,chromic ,~htlts 
that accompan~ the S , , - ,S~  and S~--" S~ transiti~m,, 
correlate  with the p H - d e p e n d e n c c s  of the fractional 
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nunlbel-s ~iI pr(l|Oil,,, rulca,.:d (m  lht." c |liill'-i|i~Hl'-. 155ill 
('onse(.IUClltI~,,. the ;i~21ccnlell ~, betv~¢cn the. aI~pa~.':I 
illtrinsit" proton rdcasc pattenl estimated t r t m l  ¢1c - 

trochromic shilt,, and the measured c×trin,,ic plOl,~ll 
release pal lern still appears  tt~ hold. ttm~c~cr, ~llctl~-T 
either pattern represents deprot{matiem c,,cnt,, :~I the 

u~ater ~xidi/ing c, mlple×, or c~en in it, ~ iLinit.~, i,, undo= 
debate (see bchw,). I-urlherm,~rv. it ha,, been argued 
that lhe proton release stoichiomclr3 iL~tllll(lt l i e  d e -  

d u c e d  solel~ lrom eleetrochromic shifts [559]. 
,According to one view. the extrinsic proton release 

s t o i e h i o m e t o  measured  in Jnlacl samples reflects de- 
protonat ion  e ' ,cnts in lhc immediate  ~icinit~ of the 
v,ater oxidizing complex and include,, indi, idual dcp lo-  
t(mations and p K .  shill,, el amino ,,c=d rc,ddtlcs thai 
are closely as,,oeiated V.lth the Mn complex 155q]. At 
least fimr di',tinct pr{~tonatable group,  arc postulated 
t() hc in'~ol,.cd [559]. l 'v.o of these group,, arc propo,  e0 
to have p K ,  ~alucs ¢~l f~.fl5 and H.2 in the N, ,,talc I~59]. 
As ment ioned  in suh,,cction II-D.2. an acidic group 
v, ith , : lpK,  c~I 5.g--6.1! ha', prc',i~nid~, been proposed 1,.l 
influence electron tran,,k.r bct~L'cn 'I=~ and the Mn 
complex [122]. The numbers  ot prot~ms reh:alscd per 
P6gll during the S,,--* g I and S I ~ S~ tran',iti ,ms arc 
p roposed  to result I tem changes  ill the p K ,  ",alues ,if 
at least three group'~ caused b.,, electrostatic imerac- 
lions w'ith the Mn t,)mplex [559]. I-|ov, c,,er, one pr,~ton 
re leased during the N., --* $t tram, itinn ma~ correspond 
to a dcprot,.matu:,n of the Mn complex itsclt (J. 
i_.a'~crgne, persamal communicat ion) .  The proton re- 
leased during the S:---*S, transition i,, proposed to 
result solel~ from the depr{ih,:lathm ot a ',pcciHc 
residue: bccau,,c nn significant elcczr~=ch~miv ,,hill ,tc- 
~ompames  the release el approximatcb  ,me prol,m pc~ 
P6Xfl during this transiti~m, it is prop{ixcd thal ;.H3 
amino-acid re',idue rather than the ~.ln om~plex i'- 
oxidized during this tran~iti~,n {559] l'hi~ ru,,iduc ix 
suggc,qed 1o have a p h ,  ,ff < 9.5 in n- rcduc~.d l{~rm 
and # 3.5 in its oxidized form [55u]. 

An al ternate  ",ic~,~ i,, that lhe cxtrinsiL proton ~clca,e 
s toichiomel~ '  measure' ,  protoll.~ c{mlribuled b~ sc,.~:~',d 
sources and d(ms not n,.-cc.,,,arilx rt.:t]ccl dc|lr(~l~Hl~Hl~ql 
exenl,, at the t~:,.ler oMdl/ine ~,11c {5!.~.s(dL5?l.571.59f~ 
597.645.651.655-659j. It has been suggested that tile 
protons  r d e a s e d  b) ,~atcr uxidation ma.~ equilibrate 
sto~ly with the external aqueous phase during th,= time 
scale of the proton rclca,,e mcasure, '~ents [5f,;L65 ~ 
hSh.65t,q. Consequent ly .  the measured pr~ton~ ,ould  
ari,,c iron] amino acid p K ,  shills that are ind~rectl'~ 
cau~ 'd  b) e~ent,, at the ~ak:r  oxidizing ,,itc {571.57a. 
59~r.597.l~45.h59]. Sm.h re-,idues could I,e located lar 
from the k |n  comple ,  [~,u7.(~45]. The p K  ",alucs ~ff 
,uch residue,, could change in respon,,c to lhw c~*nlor- 
mati~mal rear rangements  ot the Mn comp',¢x that arc 
helicxed t~ acct}mpan) the S-,l~*'~: tran,,ith n,, (,,c~_ ~tlb- 
,ccti~m ll-(i . l}.  Such pK ch, ,ngc,  el amin,,-acid 
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res idnes  located far from the Mn complex may als¢~ 
con t r ibu te  to the ul~compensatcd positive chztrge in the  
S, and  S~ states  that  gives rise to the  S-s ta te -depen-  
den t  c lcc t rochromic  shifts and  P6b~(l reduct ion  kinet-  
ics that  were a t t r i bu ted  to "i~trinsic" depl t~tonat ion 
events  [597,645]. ( ' onscqucn t ly ,  the  intr insic and  extrin- 
sic p ro ton  relcas,~ pa t t e rns  could bc d i f fe rent  manifes-  
ta t ions  of  a singlt~ nhenomenem that  does  not  direct ly 
reflect dcp ro tona t io~  events  at the  wa te r  oxidizing site. 

If the measu red  p ro ton  re lease  pa t t e r n  is only indi- 
rectly re la ted  to dep ro tona t ion  events  at the  wate r  
oxidizing site, the pa t t e rn  sh~,uld be sensi t ive to changes  
in the  s t ruc ture  of  PS II. h ldeed ,  the  pz~ttern changes  
significantly when  PS 11 m e m b r a n e s  arc pur i f ied  to 
remove the  extrinsic 24 and  17 kDa polypept idcs  and  
the I_.HC polypept ides  [657.658] or are  t r ea t ed  with 
trypsin [657.659]. A pro ton  release s to ichiomctry  of 
1 : 1 : 1 : 1 was recent ly observed  in thylakoid mem-  
b ranes  from pea plants  thz~t were g~own u n d e r  inter-  
mi t t en t  light and  that  consequent ly  lacked the L! C 
polypcpt ides  [651,660]. ( )h  the basis  of  these  da ta ,  it 
was suggested  that  (i) one p ro ton  is re leased  f rom ~ 
specific Lzroup near  the  M n  comolex dur ing  each  of  the  
S~ ---, S I, S l - -  S,. and  S, ~ S 3 t rans i t ions ,  (ii) four pro-  
tons  and  four e lec t rons  are abs t r ac ted  from H z O  dur-  
ing the S 3 ~ ( $ 4 ) ~ S t ~  t ransi t ion,  (iii) t h ree  of  thc  
pro tons  tha t  arc re leased  from H 2 0  du r ing  the  S 3 ---, 
(S 4) ---, S~ t rans i t ion  r ep ro tona t e  the  g roups  that  had  
been  d c p r o t o n a t e d  dur ing  the  o the r  t rans i t ions  and  (iv) 
the LHC polypept ides  modu la t e  p r o t o n  re lease  f rom 
the wa te r  oxidizing complex,  imposing the  p H - d e p e n -  
dent ,  non - in t ege r  s to ichiometry  tha t  is actually mca-  
surcd  [651]. The  inv,~lvemcnt of LHC polypept ides  in 
di rect ing p ro tons  from the  wa te r  oxidizing complex  to 
the lumen will be discussed la ter  in this  subscct ion.  

However,  those  workers  who a rgue  tha t  the  extrinsic 
p ro ton  release s to ichiometry  reflects  d e p r o t o n a t i o n  
events  at the wa te r  oxidizing site offer  a d i f ferent  
i n t e rp re t a t ion  to t  the 1 : 1 : 1 : 1 s to ich iometry  observed  
in samples  tha t  lack the LHC polypept idcs .  Accord ing  
to this  a l t e rna t e  in t e rp re ta t ion ,  the  absence  of the  
I .HC polypept idcs  exposes add i t iona l  p r o t ona t ab l c  
amino-ac id  res idues  nea r  the  M n  complex to the  aque-  
ous phase  [559]. D c p r o t o n a t i o n  of these  addi t iona l  
res idues  neu t ra l izes  charge  accumula t ion  in the  vicinity 
of  the  wate r  oxidizing complex caused  by the  S-state 
oxidat ions,  giving rise to  the  a l t e red  p ro ton  re lease  
s to ich iomet r ies  observed  in these  [559] and  in trypsin- 
t r ea t ed  p repa ra t ions .  T he  d e b a t e  over  w h e t h e r  the  
extrinsic p ro ton  re lease  s to ich iometry  m e a s u r e d  in na- 
tive samples  directly reflects deprotonati¢~n events  at 
the  wate r  oxidat ion site r emains  unresolved.  

The  ra tes  at which pro tons  are re leased  dur ing  the  
individual  S-state t rans i t ions  have b e e n  r epo r t ed  
[564.643.645]. Except  for the S~ ---, ($4) ---" S,~ t ransi t ion,  

these  ra tcs  do not  c o r r e s p o n d  to the  r a t e s  at which  t he  
Mn complex is oxidized by Yz (see subsec t ion  I1-D.I)  
[564.643]. P ro ton  re lease  ha l f t imes  of 250 /zs, 200 /xs 
and  1.2 ms were  e s t i m a t e d  for the  5 o ~ S  t, S ~ S  3 
and  S~ ~ (S 4) ~ Sft t r ans i t ions  in thylakoid  m e m b r a n e s  
[564,643] and  s imi lar  va lues  were  r epo r t ed  in PS I1 
m c r n b r a n e  fragmcrl ts  [645]. For  the  S 0 ~ S I t ran ,  it ion, 
the r epo r t ed  ra tes  of  p ro ton  re lease  a re  s lower  t h a n  
the ra te  of  r educ t ion  of  Y~  by the  M n  complex.  Fo r  
the S z -~ S 3 t rans i t ion ,  however ,  the  r epo r t ed  ra tes  o f  
p ro ton  re lease  are fas te r  t h a n  the  ra te  of  r educ t ion  o f  
Y~ (200-2511/as  for p r o t o n  re lease  [564,643,645] com- 
pa red  to 350 -450  ~ s  for  the  r educ t ion  of  Y:~ 
[480,570,580,582]). Th i s  resul t  was expla ined  in t e r m s  
of a d e p r o t o n a t i o n  of  an  acidic g roup  n e a r  Yz [564,643]. 
Howe /e r ,  the p ro ton  re lease  ha l f t imes  m e a s u r e d  in 

• o i d  m c m b r a n c s  need  to be  reeva lua ted .  It is now 
,eyed tha t  the  ex ten t  of  p ro ton  re lease  dur ing  each  

,-state t rans i t ion  was u n d e r e s t i m a t e d  in these  s tudies  
ecause  of  the t r ans ien t  a lka l in iza t ion  of  the  na r row 

e. t e rna l  pa r t i t ions  b e t w e e n  appres sed  thylakoid  m e m -  
b r a n e s  [559,649,650]. T h e s e  u n d e r e s t i m a t e s  o f  the  ex- 
t en t  of  p ro ton  re lease  would have led to e r r o n e o u s  
c s t ima t ions  of the  p r o t o n  re lease  ha l f t imes .  T h e s e  half-  
~imes are  now be ing  r e m e a s u r e d  in comple te ly  un-  
s tacked thylakoid m e m b r a n e s  (P. J a h n s  and  W. Junge ,  
pe rsona l  communica t ion ) .  In such p r e p a r a t i o n s ,  t he  
hr.lftime of  p ro ton  re lease  dur ing  the  S,, ~ S 3 t rans i -  
t ion r ema ins  fas te r  t h a n  the  ra te  of  Y~ reduc t ion  (P. 
J a h n s  and  W. Junge ,  pe rsona l  communica t ion ) .  T h e  
kinet ics  of  p ro ton  re lease  are  also be ing  examined  by 
t ime-resolved  s tud ies  of  the  e l ec t roch romic  shifts  t h a t  
accompany  the  S-s ta te  t r ans i t ions  (J. Lavergne ,  per -  
sonal  communica t ion ) .  

Cova len t  modi f ica t ion  of  s tacked thylakoid  m e m -  
b r a n e s  with N,N'-dicyclohex3,1carbodiimide ( D C C D )  
a p p e a r s  to in te r fe re  with  normal  p ro ton  re lease:  in- 
s tead of  be ing  r e l ea sed  to the  lumen,  p ro tons  re leased  
by the  water-oxidiz ing complex  a p p e a r  to be t aken  up  
at the  O u  site, d imin ish ing  the  p ro ton  up take  f rom the  
externa l  phase  tha t  is associa ted  with r educ t i on  of  QB 
[661-663].  Modi f ica t ion  with [14C]-DCCD resul t s  in 
the der iva t iza t ion  of  po lypept ides  of  2 0 - 2 8  kDa  
[661,663]. T h e s e  po lypep t ides  have b e e n  ident i f ied  as 
LHC polypept ides ,  a l t hough  some of t h e m  are be l ieved  
to be  associa ted  with PS I [663]. Consequen t ly ,  it has  
b e e n  p roposed  tha t  some LHCII  po lypep t ides  play a 
role in c h a n n e l i n g  p ro tons  f rom the  water -oxidiz ing  
complex  to the  lumen  [660,663]. As  n o t e d  above,  t he  
m e a s u r e d  p r o t o n  re lease  s to ich iomet ry  changes  dra-  
mat ical ly  in the  a b s e n c e  of  these  po lypep t ides  
[651,657,658]. In teres t ingly ,  the  b ind ing  of  Ca-" + ions to  
some LHC polypept ides  in t e r fe res  with  p r o t o n  re lease  
in the  same fashion as D C C D  (P. J a h n s  and  W. Junge ,  
persona l  communica t ion ) .  
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l l - F  The possihh, oxMation o f  histMine 

II-F. !. Samph's  depleted o f  Ca 2 ~. (7  or  mangtowse 
As ment ioned  ca rher  (see subsection II-B. 1), the 

130-164 Gauss-wide E P R  signal o0servcd in Ca2*-dc- 
pleted and CI - -dep le t ed  samples has been proposed to 
arise from an oxidized organic component  that is mag- 
netically coupled  with the modif ied  S,-state Mn com- 
plex [447,448,452,454,484,486,487]. Based on the ultra- 
violet  absorpt ion spectrum that  accompanies  the oxida- 
tion of  the modified S 2 state in CaZ+-depleted samples 
(see Fig. 13), this organic  componen t  was proposed to 
be a histidine radical [452]. Specifically, the spect rum 
in Ca2+-depleted samples was found to be similar [452] 
to that  genera ted  by the covalent  addit ion of  a hydroxyl 
radical to histidine in water  at pH  9.2 [664]. It was 
suggested that the resulting h i s t i d i n e - O H  radical might 
represent  an in te rmedia te  o f  water-oxidat ion [452] (see 
subsect ion II-H). Similari t ies between optical absorp- 
tion spectra genera ted  in biological samples and with 
model  compounds  should be in terpre ted  with caution.  
however.  For  example,  earl ier  comparisons o f  such 
spectra [178,637,665] were in terpreted in support  of  
ear l ier  proposals  that Y;~ and Y~ are qu inone  cation 
radicals. Specific deutera t ion  exper iments  subsequently 
demons t ra ted  that  Yt~ is a tyrosine radical [62-64] and 
directed mutagenesis  studies subsequently identif ied 
Yo and Yz as specific tyrosine residues of  the D1 and 
D2 polypept ides [65-68]. Also,  it should be empha-  
sized that  the spect rum that  was compared  to the 
spect rum genera ted  in the Ca2*-deple ted  samples was 
that of  a covalent  O H  adduct  of  histidine, not that of  
an unmodif ied  histidine radical. In fact, the spect rum 
represents  a mixture of  different  his t idine-OH- radicals 
[664,666]. In one study it was concluded that the spec- 
t rum corresponds  to at least three  different  radical 
species [666]. These  correspond to thc addi t ion of the 
hydroxyl radical to different  positions on the imidazole 
ring [664,666]. 

It has recently been suggested that the optical ab- 
sorption changes  that accompany the oxidation of the 
modif ied S 2 state in Ca2+-depleted and C l - -dep l e t ed  
samples may arise from Y~ [456] (al though the possi- 
bility of tyrosine oxidation was ear l ier  dismissed by 
Ruther ford  and co-workers [452]). It was proposed  that 
the 130-164 Gauss-wide E P R  signal observed in these 
samples arises from an interact ion be tween Y~ and 
the modif ied S2-state Mn complex [456]. This assign- 
ment  is based on two observations: first, the 130-160 
Gauss-wide and Y~ signals both decay with the same 
kinetics in the same samples at room tempere.ture and 
second, both signals can repor tedly  be genera ted  by 
i l lumination at 1{I K af ter  having been allowed to decay 
at 77 K for one  week [456]. ( I l luminat ion at 10 K allows 
only a single charge separat ion to occur). However .  if 
the 130-164 Gauss-wide signal a, ises from an organic 

radical that is magnetically coupled to the Mn complex. 
as was previously proposed [447.448,452.454.4,'.1J,.48(~. 
487]. it s te ins  unlikely that both the 130-1(~4 (}atls~,- 
wide and '~] signals would bc present  at I(1 K. as 
reported [456]. Instead, the signal of  Yz should vanish, 
as does the signal of  Pheo when it interacts with the 
QAFe  z~ complcx to yield a doublet  with a 40-60 
Gauss-wide splitting that is visible at tempera tures  
below 15 K [97,98,108,415.667.668]. in one version of  
the recent proposal,  the modified S ,-state Mn complex 
gives rise to the 130-164 Gauss-wide signal as a result 
of  a per turbat ion caused by the oxidation of Yz [456]. 
This proposal  should be carefully evaluated. Indeed.  if 
the 130-164 Gauss-wide and Y:,~ signals arc not closely 
related,  it is difficult to understand why the}' would 
decay at the same rate at room temperaturc  [456]. (It 
should be noted that Boussac and Ruther ford  have 
recently argued that the signal at t r ibuted to Yz in the 
presence of the 1311-164 Gauss-wide signal [456] arises 
from an S 3- state relaxation enhancement  of Yl~ [999].) 

Photooxidation of  a histidine residue has recently 
been proposed  to occur  Mn-deple ted  PS I! membranes  
[669-672]. This  proposal is based on the observation 
that the thermoluminescence  " A j ' - b a n d  previously ob- 
served in Mn-dcp le ted  samples [673,674] is reversibly 
quenched  by t rea tment  o f  Mn-deple ted  samples ~ i th  
diethylpyrocarbonate  (DEPC)  under  condit ions that 
favor the specific modification of  histidine residues 
[669,671]. (For  reviews of  thermoluminescence  mea- 
surements  of  PS !!, see Refs, 675-677). Because the 
loss of  the A t - b a n d  during D E P C  treatment  [669,671], 
during photoinhibi t ion [6711]. or  after digestion with 
trypsin at pH 8 [672] does not correlate  with the 
repor ted  ampli tudes  of  the EPR signals of  Yz or  Yi;-  
it has been concluded that the A-r-band corresponds to 
charge recombinat ion between Qx and a photo- 
oxidized histidine residue [669-672]. This residue is 
proposed to be oxidized by Y]  with high quantum 
efficiency (the ampli tude of  the A~-band that can be 
genera ted  by a single flash is approx. ¢~l)r:i of that 
genera ted  by multiple flashes and approx. 31V{- of that 
genera tcd  by cont inuous illumination [669]). This 
residue is also proposed to mediate  the oxidation of  
Mn 2* during photoactivat ion [670,672]. Consequently,  
i l lumination is proposed to genera te  both Yz and the 
oxidized histidine residue in the same Mn-deple ted  
PS-II centers  [669,6721. 

There  appear  to bc several problems with assign- 
ment  of  the AT-band to charge recombinat ion involv- 
ing an oxidized histidine residue, however. First. no 
E P R  signal appears  to be associated with the putative 
histidine radical [670-672,674]. Second, from the rate 
that P680+ is reduced following each of  two closely- 
spaced saturating flashes, both Mn-dcple ted  PS-11 
membranes  [383.624.625] and PS Ii complexes that lack 
functional Mn [678,679] have been shown to contain 
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only a single electron donor (Y,~) to P68(1 * and not two 
donors (Y z plus histidinc), as is now proposed [669- 
672]. Both EPR [34/q.627.6H(l,6~qi] and optical absorp- 
tion [68,178.179637.665] studies have identified the 
single electron donor  as Yz (also scc Rcf. 123). Finally. 
in the absence of  exogenous electron donors or  acccp- 
tors, 75c; - of the O.~ and Yz genera ted  b v a single 
flash in Mn-dcple ted  PS il particles decay with identi- 
cal half-times, presumably by charge recombinat ion 
[68]. Consequently,  any donor  :o Y j  in Mn-deple ted  
PS il preparat ions must bc oxidized with a relatively 
low quantum yield. 

The  A-f-band had previously been assigned to charge 
recombinat ion between Q~, and Y~ [673]. The involve- 
ment of Y~ in the charge recombinat ion reaction that 
gives rise to the A w-band had been suggested even 
earl ier  [682]. If these carl icr  ~tssignmcnts arc correct.  
the quenching of the A ~-band by t reatment  with D E P C  
[669,671] could have resulted from an al terat ion of the 
redox potential  of  Y,: (or of the quinone electron 
acccptors) in response to the chemical modification of 
nearby histidinc residues. For example,  if His-190 of  
the DI  polypcptidc forms a hydrogen bond with Yz as 
recently proposed [35,65, t14.116,122], then derivatiza- 
tion of  His-190 with D E P C  would be expected to 
significantly alter the redox propert ies  of  Yz- Changing 
His-19(I to Gin or  Asp by si te-dircctcd mutagenesis  
slows the oxidation of Yz by P68(I ~ by a factor of 
approx. 200 [17,19]. The  conclusion that Y;~ is not 
affected by t reatment  with D E P C  [669.671] or by 
photoinhibit ion with intense yellow light [6711] needs to 
bc further substantiated. The observati ,m of a low-field 
shoulder on an E P R  signal that is centered at g ~ 2 
[670] is not unambiguous proof  for the presence of  Y j .  
Light-induced radicals o ther  than Yt~ have been ob- 
served in samples that lack Yz (e.g., samples that had 
been photoinhibi tcd with wcak white light [683] or 
samples in which the Yz tyrosine residue had been 
changed to phenylalanine [684]). These  signals were 
attr ibuted to a cart~tenoid radical [683] and to an 
unidentif ied oxidized amino-acid residue [684], respec- 
tively, in Mn-dcple ted  samples that have been digested 
with trypsin at pH >i 7.4. the reduction of  Y~ is greatly 
accelerated compared  to its reduct ion rate in undi- 
gested Mn-deple ted  samples [629,630,e,65]. The  insta- 
bility of  Y~ in such samples does not interfere with the 
ability of Yz to function in steady-state e lectron trans- 
fer assays [2373,72] nor prevent  the EPR signal of Y~,+ 
from being photoaccumulated in tb~- presence of  elec- 
tron acceptors [672]. Nevertheless.  the instability of Y~ 
in samples digested with trypsin at pH 8 [6721 might 
explain the lack of an A x  bap.d in such samples if the 
A~-band arises from charge recombinat ion involving 
Yz .  Finally, the possibility that D E P C  modifies the 
stability of  Yt~, render ing it easily conl-used with Y z ,  
must be considered. Unfortunately,  only l ight-induced 

EPR signals were repor ted  in the one study that  pre- 
sented E P R  spectra o f  DEPC-modi f ied  samples [671]. 
An unambiguous  assignment  of  the A r-band in Mn- 
depic ted  samples will require that this band be corre-  
lated with changes in E P R  and optical absorpt ion 
spectra. 

It should be noted that the  E P R  and optical studies 
which demons t ra ted  that Yz is the only donor  to 
P681)" in Mn-dep le ted  samples were pe r fo rmed  at 
room tempera ture .  The  A-r-band is formed maximally 
by i l lumination at approx. 250 K [674]. T h e  reduct ion 
of P680 + by Yz is more  drastically affected by temper-  
ature in Mn-dep le ted  [636] than in oxygen-evolving 
[635] preparat ions.  Because of  the slower donat ion by 
Yz. the reduct ion of  P680 ~ in Mn-deple ted  samples at 
t empera tures  below 270 K has been described in terms 
of a compet i t ion be tween electron donat ion by Yz and 
QA;  no o ther  e lectron donors  were  invoked [6361. 
Nevertheless ,  it would be worthwhile to ascertain by 
E P R  or optical absorption measuremen t s  whether  a 
component  o ther  than Yz (e.g., an amino-acid residue) 
bccomes oxidized in a fraction of  Mn-dep le ted  PS-II 
centers  at t empera tu res  near  250 K. Such a component  
might give rise to the AT-band even i1' it were oxidized 
in only a small fraction of PS-l l  centers,  provided that 
the A r -band does not arise from charge recombinat ion 
inw~lving Y j .  

li-F.2. Natire samples 
The  optical absorption spect rum that accompanie,~ 

the oxidation of  the modif ied S: state in Ca-'~-tr~ated 
samples [452] (Fig. 13) resembles the spectra repor ted  
by Dekker  (e.g., Rcf. 557) and Lavcrgne (e.g., Ref. 589) 
for thc S , - - ,  $3 transition in unt rea ted  samples. A 
major difference,  however,  is that the shoulder  near  
3511 nm is missing in the spect rum of  Ca2+-depleted 
samples [452] (see Fig. 16). Because of  the similarities 
between the two spectra, Ruther ford  and co-workers 
proposed that histidine is oxidized during the S 2 ~ S~ 
transition in native samples [452]. This  proposal  would 
explain the apparent  lack of  Mn oxidation dur ing the 
S,--- ,S 3 transition found in the X-ray absorption 
[,~89,411,530.531.533,534], N M R  [524-527] and EPR 
[551,552] exper iments  (sec subsection i1-C.2). The  dif- 
ferences be tween the two spectra,  most notably the 
absence of  the shoulder  near  350 nm in the spect rum 
of Ca-" ~-deplcted samples,  were at t r ibuted e i ther  to 
artifacts introduced by the deconvolut ion procedures  
that were employed to de termine  the S,  ~ S 3 spect rum 
in the unt rea ted  samples, or  to structural changes that 
resulted from the removal  of  Ca 2+ [452]. Problems 
with the deconvolul ion procedures  appear  to have been 
ruled out by recent  optical absorpt ion measurements  
repor ted  by one of  these authors [589] (see Fig. 16). 
However ,  as ment ioned  in subsection I1-C.1, based on 
X-ray absorpt ion edge measurements ,  extract ion of  
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Ca -'+ appea r s  to a l t e r  the s t ruc ture  of the  Mn environ-  
ment ,  at  least  w h e n  Ca 2÷ is ext rac ted  with sodium 
ci t rate  at p n  3 [424] (M.J. Lat imer ,  V.J. DeRose ,  V.K. 
Yachandra ,  I. Mukerji ,  K. Sauer  and M.P. Klein, per-  
sonal communica t ion) .  

In cont ras t  to the  a rgumen t s  of Ru the r fo rd  and  
co-workers,  Dekker  has a rgued that  the  presence  of  
the shou lde r  at 350 nm in the spec t rum of u n t r e a t e d  
samples  indicates  tha t  Mn,  not  hist idine,  is normal ly  
oxidized dur ing  the  S 2---, S s t rans i t ion  [557]. Fur ther -  
more ,  Lavergne  has  recently suggested tha t  the  absorp-  
t ion changes  tha t  accompany this t rans i t ion  in un-  
t r ea t ed  samples  might  co r re spond  to the  oxidat ion o f  a 
t ryp tophan  res idue [589]. Consequent ly ,  the  cont ro-  
versy over w h e t h e r  the  same c o m p o n e n t  is oxidized in 
bo th  native and  Ca~'+-depleted samples  dur ing  the $2 

S s t rans i t ion  remains  unresolved.  It has recent ly 
been  suggested tha t  the puta t ive  hist idine res idue and  
the M n  complex may normally be  in redox equi l ibr ium,  
with oxidat ion of the  hist idine residue be ing  favored at 
the cryogenic  t e m p e r a t u r e s  tha t  were employed  for the  
E P R  and  X-ray absorp t ion  m e a s u r e m e n t s  and  oxida- 
t ion of  the M n  complex be ing  favored at the ambien t  
t e m p e r a t u r e s  tha t  were employed  for the optical  ab- 
sorpt ion m e a s u r e m e n t s  [557,571] (G.T. Babcock, per-  
sonal  e~3m~aunication). This  suggest ion does not  ac- 
count  for the  N M R  data,  however,  which were recorded  
at room t e m p e r a t u r e  and  have been  in te rp re ted  as 
favoring no  oxidat ion of m a n g a n e s e  dur ing  the  $2 ~ $3 
t rans i t ion [524-527]  (see subsect ion lI-B.2). 

To  summarize ,  the  evidence tha t  a his t idine residue 
is oxidized dur ing  the  S: --, Ss t rans i t ion  in nat ive PS I! ,+ 
complexes,  or  even in samples  dep le t ed  of Ca" , CI - .  
or manganese ,  is far  f rom conclusive. The  recent  pro- 
posals: t ha t  a t r y p t o p h a n  residue may be oxidized 
dur ing  this t rans i t ion in native samples  [589], tha t  the  
manganese  complex may be in redox equi l ibr ium with 
an a romat i c  amino-acid  residue [557,589] and  that  the  
130-164 Gauss-wide  E P R  signal arises from an inter-  
act ion be tween  Y~ and  a mtxlified S,-s ta te  of  the Mn 
complex [456]. all wa r ran t  fu r ther  study. 

ll-G. Substrate analogues and the site eLt" water oxidatiot) 

ll-G. 1. Amines 
Many pr imary  amines  (ammonia ,  methyl  amine,  

tert-butylamine, Tris,  2-amino-2-e thyl - l ,3-propanedio l ) ,  
at low concen t ra t ions ,  are  reversible inhib i tors  of  wate r  
oxidat ion [437-439,685-689] .  The i r  effect iveness as in- 
h ib i to r s  is p r o p o r t i o n a l  to the i r  nucleophi l ic i ty  
[439,689], suggest ing tha t  they act as Lewis bases  to 
displace H 2 0  or  o the r  l igands f rom M n  [689]. Ammo-  
nia had  previously been  proposed  to compe te  with 
subs t ra te  H 2 0  for a site on M n  [687]. The  b inding  of 
amines  is purely compet i t ive with CI -  in s teady-state  
inhibi t ion s tudies  [437-439]. Because CI -  is required 

for oxygen evolution [472.685] (for revicw sec Rcfs. 
38,27(I,69(I,691), thcsc  results have been  in te rp re ted  as 
indicating tha t  amines  displace C I  from a site located 
on the  Mn complex [437-430]. From cxpcr imcnts  th:lt 
were pe r fo rmed  with e lectron acceptors  having differ- 
ent  efficiencies, it was proposed ;hat  amincs  b ind  to 
this site in the  S: or  S~ states [439]. A m m o n i a  is unique 
among  amines  in tha t  its binding is not purely competi-  
tive with C I -  [438]. This  finding has been  in te rpre ted  
as demons t r a t i ng  that  NH 3 binds  to a second site on 
the M n  cluster,  a site that  sterically excludes amines  
larger  than  NH ~ and  which does not b ind CI - [438,439]. 
Because N H  3 is isoelectronic with H , O  [687], this 
second NH3-specific site has been  proposed to be a 
b inding site for subs t ra te  H , O  [438.439]. 

If  amines  b ind to the Mn complex, they should al ter  
its magne t ic  propert ies .  Indeed.  microwave power satu- 
ra t ion studies of  Y~ have shown that  amines  disrupt  
the magnet ic  interact ion between Mn and Y~ and that  
the extent  of  the disrupt ion increases  with the size of 
the amine  [689]. Disrupt ion is minimal for NH 3, how- 
ever [688]. Studies of the S,-state manganese  EPR 
signals have found two coordinat ion  sites for NI-! 3 
e i the r  on or  near  the Mn complex. One  site is specific 
for NH 3 [427] and  methylamine  [428]. The  extent  of 
b inding of NH 3 and  methylamine  to this site correla tes  
inversely with the concent ra t ion  of C I -  [428,435.436]. 
Coord ina t ion  occurs  in the S 1 state and, with h igher  
affinity, in the S,  state [427.436]. Coord ina t ion  stabi- 
lizes the S,-s ta te  g = 4.1 E P R  signal with respect  to 
the mult i l ine  signal [427-429,435,436] tn the presencc  
of 3(1~ e thylene glycol, the e n h a n c e d  g = 4.1 signal is 
identical to that  p roduced  by i l luminat iun of un t rea ted  
samples  at 131) K [427,428]. However,  in the presence  
of 0.4 M sucrose [436,442] or in the absence  of cryopro- 
tec tan t  [429], the  signal narrows from approx. 361) 
Gauss  to approx. 3,00 Gauss  and  shifts to g approx. 4.2. 
As discussed ear l ier  (see subsect ion I I-B.1), o r icn tcd  
NH3- t rea ted  samples,  p repa red  in the presence of  1).4 
M sucrose, display approx. 16 partially resolved hyper- 
fine lines spaced by approx. 36 Gauss  [402,420]. Be- 
cause C I  decreases  the binding of NH 3 and meth-  
ylaminc to the site responsible  for these a l tera t ions  of 
the g = 4.1 E P R  signal [428,435,436]. this site has been  
equa ted  with the CI-  site identified in the steady-state 
inhibi t ion studies men t ioned  above [428,436]. Indeed,  
the NH3- induced  resolution of hyperfine lines on  the  
g = 4.1 E P R  signal has  been  suggested to represent  
direct  coord ina t ion  of NH 3 to a CI-  site on the  Mn 
complex [402], as was concluded in the steady-state 
inhibi t ion s tudies  [437-439]. There  are difficulties with 
equa t ing  the  CI -  sites identified by EPR and steady- 
s tate  inhibi t ion studies,  however. First, many more 
amines  interact  with the CI site in the steady-state 
inhibi t ion s tudies  [437-430] than  in the EPR studies 
[427,428]. Second,  NH 3 stabilizcs the g = 4.1 signal at 
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conccntr i : t ions  that  are cem,,idcrahl~ hclov, tho~,c re- 
qui red  to inhibit , Ic; idy-stale oxygen evolut ion [427]. 

The  second Nlt~-binding ,~ite idcnt i l ied  m E PR 
studio,, is spccii ic lbr  N[t~ [427] and  does  not bind CI 
[427,420,436,44(~]. Consequent ly ,  it has been  equa t ed  
v, ith the CI -insensitive,  NH ~-specific site ident i f ied  in 
the sleady-~,tate inhibi t ion studies.  This  site has  a lower 
affinity for Nt t~  than the  CI -sensil ive site [427,428, 
43t~,442]. It bind.,, Nt t~  in the S~ state,  resul t ing in an 
a l te red  mul t i l ine  EPR signal having more  lines and  
nar rower  hyperf inc  spl i t t ings {67.5 vs. 87.5 Gauss )  than  
the  u n m o d i f i e d  s ignal  [414 ,427-429 ,436 ,442 ,443  
445,446] (see Fig. 9). T he  a l te ra t ion  of  the hypcrf ine  
spacings was in t e rp re t ed  as d e m o n s t r a t i n g  direct  coor- 
d ina t ion  of the Mn complex by one or  more  NH ~-de- 
rived ligands in the S, s tale  [427,443] and a specific 
model  for NtI~ b inding  involving format ion of ~ : - im-  
ido br idges in the S, and  S~ st;ires was p roposed  [444]. 
Elect ron Sp in-Echo  Envelope Moduhl t ion  ( E S E E M )  
cxper in len ts  with ~NI I~  and l~Nli~ have conf i rmed 
that  a single Nl t~-dcr ivcd  l igand coord ina tes  the Mn 
complex in the S • s tate  [44~.554]. On the  basis of  these  
data ,  an amido  (I~[t ,) br idge betv ,ecn two M n  ions. or 
be tween  one  Mn anti one  ('a-" " itm. has b e e n  proposed  
[446,554]. The  exchange  of  NH ~ into the  coord ina t ion  
sphe re  of  the Mn complex in the  S,  s ta te  has  been  
shown by t -PR studies  to lake place at t e m p e r a t u r e s  as 
low its 198 K [429]. account ing  for ear l ier  repor t s  of 
coord ina t ion  of NI-| 3 to this site in lhe S I s tale  
[436,442,445]. Because NH~ and  H , ( )  arc inoclec- 
Ironic. ev idence  for direct  coordinat i~m of  Mn by a 
NH~-dcr ived ligand has been  t aken  as evidence for 
direct  coord ina t ion  of  the  Mn complex  by subs t ra tc  
H ,O [427,428,438,439.443,446]. Indeed ,  because  Nt t~  
exchanges  into the  coord ina t ion  sphe re  of  the  Mn 
complex in the S, s tate  and  because  H , O  is a weaker  
nuclcophi lc  than  NI le ,  subs t ra lc  H ,()  has been  pro- 
posed to exchange  into the coord ina t ion  sphere  of the 
Mn complex at the CI - insensit ive NH~-specif ic  b ind-  
ing site in the more  e lec t ron  def ic ient  S~ state  
[427,42~,443,478,567]. 

The  hypcrf ine  lines of  the S~-state mul t i l ine  E P R  
signal arc slightly b r o a d e n e d  by H 170 [436,457]. This  
b roaden ing  suggests direct  coord ina t ion  of M n  by 170, 
a l though a subtle  a l te ra t ion  in the Mn e n v i r o n m e n t  
caused  by prote in  s t ructural  changes  reduced by replac- 
ing the  solvent  with H ~,70 canno t  bc excluded.  Direct  
coord ina t ion  of Mn by i 7 0  could occur  e i t he r  by direct  
coord ina t ion  of Mn by subs t ra tc  H ~7(), or  by exchange  
of  It ~70 into s t ructura l  ,tt2-oxo or  # : - h y d r o x o  br idges  
[30,3t-,428,496], as occurs  in model  c o m p o u n d s  [602]. 
The  NH ~-altercd mult i l ine  signal is also b r o a d e n e d  by 
HI, VO [436,445]. This  could indicate  tha t  NH 3 ex- 
changes  only into a single subs t ra tc  H ,O  site in the S~ 
state,  or that  e i the r  t i~ :O  or NH 3 (or  bo th )  exchange  
into s t ructura l  /.z:-oxo br idges  and  not  into subs t ra tc  

I-~1:O sites. Nar rowing  of t he  muh i l i nc  hyper f inc  lines 
hy 2t t  , O  (ob,~erved by one  group [45S]. but  not by two 
o thers  [396,399]) a n d  recent  E S E E M  m c a s u r c m c n t s  
c o n d u c t e d  with : H , O  in ~hc p rcsencc  a n d  absence  o f  
NH ~ [554], are also cons i s ten t  e i t h e r  with direct  coordi-  
na t ion  o f  the M n  complex by - ' H , O ,  or with  exchange  
o f - ' ! 1 , O  into #z~hydroxo bridges.  Exchangcab le  pro- 
tons  ~ i t h i n  2 - 3  A of  thc M n  complex have also been  
r epo r t ed  based  on analyses  of  E N D O R  spec t ra  of  the  
mul t i l inc  signal ob t a ined  in the  p re sence  of  ~1 t ,O  and  
: H , O  [440,441,693]. Never the less ,  because  exp lana -  
t ions  o t h e r  than  direct  coord ina t ion  of M n  by H_,O can 
account  fl)r the  EPR,  E N D O R  a n d  E S E E M  m e a s u r e -  

H 170 mcn t s  c o n d u c t e d  in thc  p re sence  of : H 2 0  o r  , , 
t he re  r emains  no  conclus ive  evidence  tha t  the CI - - in -  
sensitive.  NH3-specif ic  site ident i f ied  by E P R  s tudies  is 
a b ind ing  site fl~r subs t r a t e  H , O .  Indeed ,  it has  re- 
cent ly b e e n  sugges ted  tha t  it is not  a subs t ra t e  site 
[429] (s~:c below), 

Inhib i t ion  of  s teady-s ta te  oxygen evolul ion has  b e e n  
sugges ted  to result  f rom the  occupa t ion  of  a subs t r a t e  
site by NH ~ [38,427,428,435.442,443,446.¢~87]. However ,  
the anapli tudc o f  the  NH3-a l t e red  mul t i l ine  E P R  signal 
oscil lates with a per iod  of four  in r e sponse  to a ser ies  
of f lashes  [429]. This  d e m o n s t r a t e s  tha t  the  b ind ing  o f  
NH 3 to the  (?1 - insensi t ive site ident i f ied  by E P R  
studies  is not suff icient  to block the  S-state  t rans i t ions ,  
a l though  a slowing of  these  t rans i t ions  may  accoun t  for 
the inhibi t ion of  oxygen evolut ion that  is insensi t ive to  
CI [429]. Two recen t  s tud ics  have n o t e d  a lack o f  
cor re la t ion  be tween  the  inhib i t ion  of  s teady-s ta te  oxy- 
gen evolut ion and  the  b ind ing  o f  NH 3 to the  sites 
idcnt i f icd by E P R  expe r imen t s  [429,436]. One  o f  these  
s tudies  p r e sen t ed  ev idence  tha t  inh ib i t ion  resul ts  f rom 
the Mow b ind ing  of  a second  NH~ molecule  in the  $3 
s ta te  [429]. in a g r e e m e n t  with  an ear l ie r  luminescence  
s tudy [687]. Both  luminescence  [686,687] and  t h e r m o l u -  
mincscencc  [442] s tudies  indicate  tha t  NH 3 blocks the  
S 3 ~ (S~) ~ S.  t ransi t ion.  The  recen t  obse rva t ion  tha l  
NH ~ induces  an  approx,  ll)0 Gauss-wide  E P R  signal in 
an "S_,-plus-radical" s ta te  also suggests  tha t  NH 3 blocks 
this t rans i t ion  [456,485]. Similar  signals observed  in 
Ca2~-deple tcd  and  C I - - d e p i c t e d  samples  have been  
a t t r i bu ted  to modi f ied  forms of  the  S~ s ta te  (see sub- 
sect ion 11-I3.2) and  bo th  C a :  ' - dep ic t ion  a n d  CI -deple-  
tion have been  sugges ted  to block the  S 3 --~ (S 4) --~ S o 
t rans i t ion  (see subsec t ion  !1 l-D). T h a t  N H  3 b inds  slowly 
in the  S 3 s tate  is sugges ted  by fai lure  of  f lash i l lumina-  
tion to gene ra t e  the  approx.  10l) Gauss -wide  E P R  
signal in N H 3 - t r e a t e d  samples  [485]. 

It has  been  sugges ted  t ha t  amines  inhibi t  by b ind ing  
in the  S 3 s ta te  to the Ci site tha t  was ident i f ied  by 
E P R  s tudies  [38,427,429,436]. it has also been  sug- 
ges ted  tha t  the wa te r  oxidizing complex  may con ta in  a 
th i rd  site for N H  3 and  tha t  N H ,  may inhibi t  by b ind ing  
to this  site in the  S 3 s tate  [38,420]. A m i n e s  have also 



been p roposed  to inhibit by displacing a bt ;dging CI 
ion f rom the Mn cluster  [437-43'0]. or hy al tering the 
d u s t e r ' s  rcdox potent ial  [438.439]. An NH3-induced 
decrease  m the redox potent ia l  of the S.  state is 
sugges ted  by the increased  lifetime of the S.-s ta te  in 
NH3- t rea tcd  samples  as es t imated  by E P R  [-427,429]. 
luminescence  [h87]+ thermt~h, mincsccncc  [442] and 
f lash- induced 0 2 yield [694] measurements .  

It has recently been  sugges ted  that the CI -insensi- 
tive. Nt t3-spccif ic  site identif ied by E P R  studies  is not 
a site for subst ra te  H . O  [38.429]. contrary to previous 
proimsals  [427.428.443-]. ins tead ,  substratc  H .O  is sug- 
ges ted  to bind at the CI--sensi t ive  site [31,429] (sec 
also the  model  p r e sen t ed  in Refs. 695J+96}. or to the 
hypothes ized  third NH ~-binding site [3b~.4211[. In one  
recent  model  [31.31~ 429]. subs t ra te  H .O  exchanges for 
a Ci ion dur ing the  S~ ---, Sa transi t ion.  In the lower 
S-states.  substrat¢ H .O is p roposed  to coord ina te  to a 
nearby Ca" + ion. The  CI ion. sugges ted  to h ind  to Mn 
on the  basis of  the s teady-s ta te  inhibit ion s tudies  ci ted 
above, is p roposed  to influence the redox potent ia l  of 
the Mn complex and to prcvcr+t oxidation of  water  (or 
hydroxyl ions) in the Sp  S. ,  o r  S 3 states [31.38.42'0. 
567.695 +sO7] (for fur ther  discussion,  see subsect ion 
II-H). The close proximity of  Mn and Ca ,+ and the 
mutual  interact ion o f  these  ions with CI . is sugges ted  
to explain why the a l tered  S . -s ta te  multi l ine EPR sig- 
nal observed  in samples  having Ca:  + replaced by Sr 2+ 
[421,422.432] resembles  the NH ~-altcre3 multi l inc sig- 
nal ( compare  Figs. 9 and ltD. Such close proximity and 
mutual  in teract ions  may also explain why the 1311- 11+4 
Gauss-wide EPR sign+,! (suhsect ion II-B.2) is obserx, ed 
in both  Ca 2 +-depleted [447,448.451-45h,484] and ('1 - 
dep le t ed  [48h.487] samples.  This model ,  while intrigu- 
ing, is speculative.  There  remains  no direct spectro-  
scopic p roof  that e i ther  CI or  H . O  occupy sites illl 
the Mn complex,  al though recent  E X A F S  measure+ 
m e a t s  Oll F - inhibited samples  or on samples  having 
CI subs t i tu ted  hy Br have been  in te rp re ted  as indi- 
cat ing that one  CI ion ,s l igated to the Mn complex in 
the S I s tale  [543] (scc subsect ion II-C.I ). 

It remains  unclear  how (or whe the r )  the NH~ sites 
identif ied in E P R  studies  cor respoud  to those identi- 
fied in the s teady-state  inhibit ion studies.  It also re- 
mains  unclear  whe the r  subs t ra tc  H , O  coord ina tes  to 
any of  the identif ied sites. Indeed,  it has recently been  
p roposed  that  water  oxidation may take place at a site 
that  is physically removed from the Mn complex 
[56h,593,659,698]. One  such proposal  [608] is based on 
a recent  measu remen t  ol  the. rate that  O .  is re leased 
fronl f lash-i l luminated PS II m e m b r a n e s  [h'09.7110]. The 
re leased O was de t ec t ed  with a bare metal  e lec t rode  
that was ope ra t ed  at a much less negative ca thode  
potent ial  than was employed  in previous s tudies  [701- 
7115]. In this study, O .  was found to be re leased from 
PS !! much more  slowly (311-1311 ms) than the time 
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required for the S 3 - ~ ( S ; ) - + S , ,  transition to occur 
(approx. 1.2 ms). it was also found that  the Mn coln- 
plcx could be oxidized through tile S-states a second 
time. from S.  to Sx. while O.  or an O-  plccllrxor was 
still bottnd, This apparen t  ability of the Mn complcx to 
become oxidized through a second round of  S-slate 
transitions before O .  is re leased is difficult to recon- 
cile with direct coordinat ion o |  Mn by an O~ precursor  
[6981. Recent  e lec t ro luminescenee  measuremen t s  have 
also been in te rp re ted  in te rms of a sh)w rate of  O .  
release (with a half-t ime of  60-+ 100 nls [594.603]). How- 
ever, these slow rates of  O ,  release contras t  sharply 
with ear l ie :  measu remen t s  that found the rate to be 
comparable  to that es t imated for the S 3 --~(Sa)-+ S.  
transition [7{}1-705]. They also conflic'l with recent  
measuren~ents '+I" the rate of  O ,  release as de tec ted  by 
photoacoust ics  [70f~.707]. by EPR oximet~ '  [708.709], hy 
the f lash- induced oxidation of mitoehondria l  cy- 
tochromes in anaerobic  algal cells [7111,711], by a 
Clark-type e lec t rode  [712] and by bare metal e lec t rodes  
ope ra t ed  at vitrious polarizing potent ia ls  [712,713,'0t)1, 
992]. In some of these more recent studies,  the slow 
release repor ted  in Refs. 699,700 was a t t r ibuted to an 
unident i f ied problem of e lec t rode  chemistry or to an 
unclean e lect rode [712,713]. 

t l igh  concent ra t ions  of  Tris (e.g., 0.8 M) irreversibly 
inhilqt oxygen evolution by releasing Mn( l l )  ions from 
tile Mn complex [714,715]. Inhibition is facilitated by 
light [716.717]. presumal~ly because "l'ris preferential ly 
reacts with the S .  state [718]. Recent  evidence indi- 
cates that l"r;s acts by rcdncing the Mn conlplcx via the 
('1 site ident i f ied in s teady-state  inhitqtion studies 
and that this reaction also takes place in the S, state.  
a l though at a Im, eer rate [719.7211]. This process  is 
suggested to be a four-elect ron reduct ion of  the S.  

, • * -') 1-  
s t a t e  to "S and of the f~l state to "S ~ [710.7_{)1. 
Sinlilai" concent ra t ions  of  many o thc r  primat3, amines  
(NIt  3, mcthylamine,  c lhanolamine ,  d imethylamine  and 
2-amino-2+ethyl-l .3-propancdiol} also reduce lhe Mn 
complex in darkncss  [71'0./_'11]. The reduct ion rate by 
l ' r is  is 2-fohl faster in fiat: absence t3i the 24 and 17 
kDa polypept ides  [721t]. Consequent ly .  high conccnt ra-  
lions of amines  arc propt~scd to act anah+gously It+ 
hydroxylamincs (sec subsect ion lI-(L2) and to bulky 
rcductants  tc.g., hydroquinone,  phenylened iamine  and 
N,N.N ' ,N ' - tc t ramethyl- /~-phenylenediamine)  [567+720[. 
The latter reduce the Mn complex via a CI + site in the 
absence of  the 24 and 17 kl)a polypept idcs  [231.259. 
271--27<+]. 

Ft,tt, re work must rigorously establish how low con- 
ccnt ra t ions  of anaines reversibly inhibit s teady-state  
oxygen evolution, how or whe the r  the NH 3 sites identi-  
fied in the EPR studies cor respond  to those identif ied 
in the s teady-state  inhihition studies and w h e t h e r  sub- 
strafe 11.O tnt+tecules or ('1 ions directly coordinate  
Mn ions. Factors  governing the measured  rate of  O ,  
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release must  also bc clarified and  the similarity bc- 
t ~ c c n  lht: a l te red  S,-slil lc mul t i l inc  [:~PR sig;lab, ob- 
served in S r : ' - sub , , t i t u t ed  and  Ni t  ; - t rca lcd  s~lmples 
must be explained.  

lI-G.2, t-lvdro,vvhtmitzc~s 
The  rcductivc amines  N H - O t t  and  N H , N H ,  ~re 

isoclcctronic with t~,,I molccuhrs of  H ,O and were long 
ago proposed  to bc subs t ra tc  ana logues  [721-723].  As 
diseu,,scd ear l ier  (see subsect ion lI-A.2),  at concen t r a -  
t ions o1 1-111 raM, NH , O H  irreversibly inhibi ts  oxygen 
cw~lution by extract ing Mn. p resumably  by reduc ing  
Mn to M n ( l l )  [272,349,350,353,354]. Approx imate ly  
25-41)c.k of  the 24 and  17 kDa I~ lypep t ides  and  ap- 
prox. 5% of the  33 kDa pnlypcpt idc ,  are re leased 
coneurrcl"ttly, l tydroxylaminc has also been  repor ted  to 
reversibly inhibit  e lec t ron  t rans fe r  be lween  Y/  and  
P6811" [665.724-727]. This  inhibi t ion ha:, bccn  re- 
por ted  t~ require  i lh lminat ion [665]. Ho~.'c,~ct, this  
inhibi t ion is difficult to reconcile with repor t s  thtlt 
i l tuminat i~n protects  ag:~lins! inhibi t ion,  presum~bly  by 
increasing the  relative p ropor t ions  o l  the h igher  S-states  
[231.728]. At  much  lower concen t r a t i ons  (50-21111 t tM,  
d e p e n d i n g  on the conccntra ' , ion  of  PS-Ii  centers) ,  
N I t , O H  ha.', a negligible effect on  the rate of  steady- 
state O ,  evolut ion [729]. but delays 0 2 re lease  
[571.593,77113,721.722.730-732], p ro ton  release [561t- 
564], opt ical  a b s o r p t i o n  c h a n g e s  in the  visible 
[568,569,571] and  ultraviolet  [568-571]  and  the mani-  
fes ta t ion  of  the  S , - s t a l e  mul t i l ine  E P R  signal 
[488.489,567]. by two charge  separa t ions ,  Low concen-  
t ra t ions  of N H , N H ,  [562-565,572,573,593,723,731, 
733-735] and  H ~ O ,  [:/36,737] (sec subsect ion  !1-(;.31 
cause a s imilar  r e t a rda t ion  of  the  S-state  t rans i t ions .  
Low concen t r a t ions  of H~S [738] and  ace tone  hydra-  
zone [739,7411]. a potent ia l  pro te in  label ing rctlgcnl 
[739], have also been  proposed  to funct ion similarly. At 
low concen t ra t ions ,  N H , O H  has been  repor ted  to in- 
teract  with the reduc ing  side of  PS !1 [488-490]  and  
shift the [-~PR signal of  the Q ~ F c  -'~ complex to g 
approx. 2.1 1489.491;]. However ,  the ident i ty  of  the  
signal at g ~pprox. 2.1 has  bccn  ques t ioned  [386,456]. 
At h igher  c~r.nccntrations, N t t , O t t  causes  the redox 
potent ia l  of cy tochrome t -559  to substant ia l ly  decrease  
[741] and  in ter feres  with herbic ide  b inding  and  Ol~ 
funct ion [742,743]. 

l : rom an examina t ion  of the ability o1 a series of 
NH , O H  and NH2NI-i ., der ivat ives  to elicit a two-flash 
delay in O., rclc,'lse, a model  Ik~r the d imens ions  of the 
subsl ra tc  It ,O binding site was proposed ,  based  on the  
assumpt ion  that  N H ~ O H  and NI-i_,NH, b ind  to this  
site [723,731]. The  p roposed  site would sterically re- 
strict the access of N-methyl  subs t i tu ted  c o m p o u n d s  
and  part icularly of N.N-dimcthyl  subs t i tu ted  com- 
pounds  (also scc [573]). The  N,  re leased  from the  
oxidation of N I l , O H  or  NH~Ni-I~ was de tec ted  by 

mass  spec t rometry ,  as was the  O ,  re leased  f rom the  
oxidat ion of  water .  As  a result  of t he se  studies,  a 
model  for the mechan i sm of  S-state r e t a r d a t i o n  was 
p roposed  [722,731]. However .  the N,  tha t  was d e t e c t e d  
has more  rccentl3,' been  a t t r i bu t ed  to oxidat ion o f  
N H , O H  or  N I t , N H ,  by d a m a g e d  PS-l l  c en te r s  tha t  
lack-Mn [488,565,568]~ 

Several  m e c h a n i s m s  for the  two-e lec t ron  de lay  o f  
the S-state t rans i t ions  by N H z O H  and N H 2 N H  2 have 
been  proposed  (for  review, see Refs. 38,488,532,567, 
57111. Early models  based  o n  m e a s u r e m e n t s  of O 2 flash 
yields p roposed  tha t ,  in da rkness ,  the  S~ s ta te  was 
e i t he r  not  r educed  by N H 2 O H  [703]. or  was  r educed  by 
one  e lec t ron  [703,72 i ,722,730,731 ]. More  recent ly ,  E P R  
studies  h0ve b e e n  i n t e r p r e t e d  in t e rms  o f  a two-elec-  
t ron reduct ion  of  the  Mn complex  in da rkness ,  f rom 
the S~ s ta te  to a s table  "S_ j" s ta te  [488,567]. R e c e n t  
X A N E S  spec t ra  ob t a ined  with samples  tha t  lack the  
extrinsic 24 and  17 kDa po lypep t idcs  a re  cons i s ten t  
with this m e c h a n i s m  [544] (see subsect ion  !1-C.21. 
H a s h - i n d u c e d  opt ical  absorp t ion  changes  in the  visible 
and ultraviolet  have been  i n t e r p r e t e d  similarly [568-  
571] and  H , O ,  has  b e e n  p r o p o s e d  to delay 0 2 flash 
yields by the  same m e c h a n i s m  [736,737] (see  subsec t ion  
l | - G . 3 k  However ,  t he  r e d u c t i o n  m e c h a n i s m s  o f  
N H 2 O H  and  N H 2 O H  a p p e a r  to differ:  o n  the basis  o f  
O ,  flash yield m e a s u r e m e n t s ,  N H 2 O H  a p p e a r s  to  act 
as a single e l ec t ron  d o n o r  [593J32] ,  while  N H 2 N H ,  
appea r s  to act as a two e lec t ron  d o n o r  [572,593,735]. 
Both  N H , O H  [571,593,732] and  N H 2 N H  2 [593,735] 
have been  a rgued  to p roduce  a s t a b l e ' S  2' s ta te  in 
da rkness  and  the  exis tence of an uns tab le  'S ~' s ta te  
has bccn  sugges ted  [277,488,719,72(I] (also see  Ref. 
g93). in con t ras t  to the  recent  da ta  jus t  descr ibed ,  
i n t e rp re t a t i ons  of  ea r l i e r  O ,  flash yield [572] a n d  pro- 
ton re lease  [56(I-564] m e a s u r e m e n t s  favored a s table  
associat ion of one  to four  N H , O H  molecules  wi th  the  
Mn complex  in the S~ state ,  fol lowed by a rapid reduc-  
t ion of  the  S,  s ta te  to S .  t r iggered  by i l luminat ion.  This  
mechan i sm agrees  with an  ear l ie r  p roposa l  [703] and  
with X-ray absorp t ion  spec t ra  tha t  were o b t a i ~ e d  with 
samples  tha t  r e t a ined  the  extr insic 24 and  17 kDa 
po lypcpt ides  [389,53(I,532-534] (see subsec t ion  11-C.2). 
Cons i s ten t  with this  mechan i sm,  it has been  p roposed  
that  N H , O H  and  NH,Nt - I  2, in darkness ,  may reduce  a 
rcdox-acl ivc c o m p o n e n t  tha t  is located near  the  Mn 
complex r a the r  than  the  Mn complex  itself [565,593,735] 
(also see Ref. 732). However ,  it has  b e e n  q u e s t i o n e d  
w h e t h e r  N H 2 O H ,  N H ~ N H  2 or  any r educed  redox-ac-  
tivc p r o t e i n - b o u n d  c o m p o n e n t  could stably exist in 
close proximity to the  M n ( l l l )  or  M n ( I V )  ions of  the  S~ 
s ta te  [488]. Some of  the  d i sc repanc ies  be tween  the  
obse rva t ions  and  conclus ions  of  the  var ious  N H 2 O H  
studies  may be caused  by d i f fe rences  in the  concen t r a -  
t ions of  PS 1I and  N H 2 O H  employed  a n d  in the  t imes  
a l lo t ted  for reac t ion  with NH 2OH (e.g., see  discussions 
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in Refs.  38,488,532.564). T he  d iscrepancies  have also 
been  a t t r ibu ted  to d i f fe rences  in sample  pH or to 
d i f ferences  in the c o n c e n t r a t i o n s  of Ca z + or CI in the  
samples  [696]. Al ternat ively ,  it has  been  suggested t ha t  
the M n  complex may be in redox equi l ib r ium with an 
un iden t i f i ed  redox-active c o m p o n e n t ,  wi th  oxidat ion of 
the M n  complex be ing  favored  at r ~ m  t e m p e r a t u r e  
and ox ida t ion  of the  un iden t i f i ed  c o m p o n e n t  be ing  
favored at the  cryogenic  t e m p e r a t u r e s  that  were  em-  
ployed for the  X-ray  abso rp t ion  m e a s u r e m e n t s  [571]. 
This  p roposa l  does  not accoun t  for the  ear l ie r  O ,  
re lease  [572] or p ro ton  re lease  [5611-564] measu re -  
ments ,  however ,  which  were  c o n d u c t e d  at r oom tem-  
pe ra tu re .  A s imilar  proposa l  has  been  made  regard ing  
the S z ---, S 3 t rans i t ion  (see subsect ion  II-F.2). 

i t  has b e e n  p roposed  tha t  the  oxidat ion o f  NH , O H  
or N H z N H ,  a l ters  the  e n v i r o n m e n t  o f  the Mn com- 
plex, mak ing  it less susccpt ib lc  to a t tack  by these  
r educ tan t s  dur ing  succeed ing  S-state  cycles [572-574].  
If th is  proposa l  is correct ,  t he  S 0 s ta te  fo rmed  by 
NH zOH t r e a t m e n t  (see subsec t ion  !1-C.2) may not be 
equ iva len t  to  tha t  fo rmed  du r ing  the  S 3---, ( S a ) ~  S~, 
t rans i t ion  in u n t r e a t e d  samples .  Hydrox) ' lamine reacts  
more  readily with the  S,  s ta te  than  wi th  the  S~ s ta te  
[445,489,572,593,735,744]. in contras t ,  O~ re lease  mea-  
s u r e m e n t s  have recent ly  shown tha t  bo th  N H , O H  
[593,744] a n d  N H , N H  [593,735] reac t  more  rapidly 
with the  $2 s tate  t h a n  wi th  the  S 3 s tate ,  even though  
the S 3 s ta te  is a s t ronge r  oxidant.  These  da ta  have 
b e e n  i n t e rp r e t ed  as indica t ing  that  the  M n  complex  
unde rgoes  a s ignif icant  s t ruc tura l  r e a r r a n g e m e n t  dur-  
ing the  S, ~ S~ t rans i t ion  [593,735] (see subscc t ion  
II-H). 

Inh ib i t ion  of  s teady-s ta te  oxygen evolut ion by 
N H , O H  is impeded  by C I -  in PS !! complexes  tha t  
r e t a in  the  24 and  17 kDa  po lypep t ides  [275,438,472]. 
At  the  concen t r a t i ons  o f  N H , O H  employed  in these  
s tudies ,  inhib i t ion  would have resu l ted  from ext rac t ion  
of  M n  following its r educ t ion  to Mn( l i ) .  In contras t ,  
CI -  does  not  a p p e a r  to impede  the two-flash re ta rda-  
t ion of the  S-state  t rans i t ions  induced  by m u c h  lower 
c o n c e n t r a t i o n s  of  N H , O H .  This  conclusion is based  on 
m e a s u r e m e n t s  of  p r o t o n  re lease  [563,564] or  of optical  
absorp t ion  changes  in the  visible [571]. A l though  CI 
has  b e e n  asse r ted  to p ro tec t  agains t  the  delayed mani -  
fes ta t ion of  the  S , -s ta te  mul t i l inc  E P R  signal caused  by 
low concen t r a t i ons  of  N i l  2OH [428,435,488], the  actual  
m e a s u r e m e n t s  tha t  led to this  asser t ion  were  per-  
fo rmed  with the  bu lk ie r  N,N-dimethylhydroxylamine  
[488], a c o m p o u n d  tha t  is 300-fold less effect ive in 
p romot ing  S-state delay t han  N H 2 O H  [488] (and  sec 
Rcfs. 723,731 ). 

Because  C I -  impedes  the  ra te  of  r educ t ion  of Mn 
by N,N-d imethy lhydroxylamine  [488], it was conc luded  
t ha t  hydroxylamine and  its der ivat ives  in terac t  with the 
M n  complex exclusively via the  CI -sensit ive amine  

b inding site ident i f ied by EPR studies and  not  via tile 
CI - insensit ive,  NH ~-spccific sif t  [428.435.488]. On the  
basis of  this conclusion and  bcc~ausc the  httter site was 
assumed to be the  b inding  site for subs t ra te  H , ¢ )  
[427,428,443], it was conc luded  that  N H , O H  and 
Ni l  , N i t ,  should  not  be cons idered  as subs t ra tc  ana-  
logues [30,428,435,488]. This  conclus ion is not  valid. 
however.  Beeaus :  it is based  on data  acqui red  only 
with bulky N H ~ O H  dcriva: ivcs ~md bccausc  CI does  
not impede  thc two-flash delays of p ro ton  release 
[563,564] or  opt ical  absorp t ion  changes  in the  visible 
[571] induced  by N H , O H ,  it sccms likcly tha t  NH_~OH, 
like N H s ,  in te rac t s  with the  Mn complex via a second 
site tha t  does  not b ind  CI - and  that  ster!cally excludes 
bulky amines  and hydroxylamine derivatives. Fur the r -  
more,  as d iscussed above (sec subsect ion I I -G.I) .  the  
locat ion of the  b inding ~ite for subs t ra te  H ~O remains  
unknown a n d  has recent ly ~een proposed  to be a site 
where  CI-  binds.  Finally, bccause  the  inhibi t ion of  
s teady-s ta te  oxygen ewllut ion by N H , O H  is impeded  
by many  anions,  inc luding SO~-  [27.(]. an anion  that  
does  not  pro tec t  against  inhibi t ion by o the r  amines  
[428,437,438,532]. it has bccn  proposed  tha t  an ions  
protect  against  NH_,OH inhibi t ion by stabil izing the  
b ind ing  of the  24 and  17 k l )a  polypcpt ides  to the  PS-I1 
core, r a the r  than by (or in addi t ion to) in terac t ing with 
a b inding  site for CI- [275] (also see Ref. 745). In the 
absence  of the  24 and  17 kDa polypcpt ides ,  11111 /.tM 
N H , O H  is sufficient to extract  Mn [231.272,275-277], 
and  no  an ion  offers p ro tec t ion  [275,277]. In contrast ,  
CI-  p ro tec t s  [275] against  bulky reduc tan t s  tha t  gain 
access to thc  Mn complex in the  abscnce  of the  24 and  
17 kDa polypept idcs  [231,271-273,275,276] (also sce 
Ref. 720). In light of these  data,  it has  recent ly b e e n  
proposed  that  bulky amines ,  subs t i tu ted  hydroxyl- 
amines  and  o t h e r  reduc tan t s  in teract  with the Mn 
complex via a b inding site for CI - .  but  tha :  small  
amines  such as NI-t ~, N H 2 O H  and N H ~ N H ,  also react  
with Mn via an  addi t iona l  silo tha t  sterically excludes 
largcr  amines  and  that  docs  not b ind  CI-  [275,277]. 
This  site may cor respond  wo the  CI - insensit ive,  "NI-t ~- 
specific '  site ident i f ied in the s teady-s ta tc  inhibi t ion 
s tudies  [437-439],  and to the s ter ical ly-restr ictcd site 
that  was ident i f ied  by mas,; spectrometry. [723.731]. 

11-(;.3. tlydrogen peroxide 
As m e n t i o n e d  ear l ier  (see subsec t ion  lI-G.2),  H , O ,  

delays O ,  release by two charge  separa t ions  in intact  
samples  [736.737]. in the  exper imen t s  that  d e m o n -  
s t r a t ed  this  delay, samples  were incuba ted  with 3-91) 
mM H , O ,  and then  were t r ea ted  with cata lase  to 
decompose  the  un reac t ed  H 2 0  - , [736,737]. Because no  
Oz was re leased  dur ing  the first two charge  separa-  
tions, it was p roposed  tha i  [ t 2 0  z reduces  Mn in dark-  
ness from the  S~ state  to the  pos tu la ted  "S ~" s tate  
[736,737]. Evidence  Ik)r a much  faster  reduct ion  of  the 
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S, state to S,, af ter  a flash was also presen ted  [736.737]. 
S~milar c o n c c n t r a l i ~ n s  o f  tt , ( ) ,  ex t rac t  M n  fronl  s a m -  
plc'~ that I~ck the 24 and 17 kl)a  pol>pcptidcn [231]. 
thai lack the 33 kl)a  p(,!ypcptidc [746]. or that have 
bccn deple ted of 171 [7471. 

In intact samples  that  contain the 24 and  17 kl)a  
polypcptidcs,  a flash of light induces a catalytic decom- 
position of t t  ,O ,  in darkness  [736,737]. If the concen-  
t ra t ion of II ,(~), exceeds I raM, all of the O ,  p roduced  
tbl lo~ing a l]ash is derived from H ,O , ,  as d e t e r m i n e d  
by exper iments  conducted  with H-L~(~ [737]. In the 
presence of 1(tl)-21111 mM H , O , ,  more than 211 
molecules of ( ) ,  per  PS 11 have been  es t imated  to be 
genera ted  in darkness  following a single flash [737]. 
Tiffs catalasc-likc dccomp~si t ion ~t' H ,O,  ha~ bccn  
postula ted to involve H ,O,  a l ternately  reducing the S, 
state to S. and oxidizing the S,, state to S, [736.737]~ 
~ i th  one molecule of ( ) ,  and tw~ molecules  of H , O  
being lormcd for e y e d  2 molecules of !t  ~()~ con- 
sumcd. Turnover  of this S, -~ So, ~ $2 cycle is believed 
l o b e  I lmi tcdby  r c d u c t i o n o f S . , t o S  t by I t , O ,  and  by 
the deact ivat ion t~l S, to S I [736,737]. A slower cat- 
alytic cycling between S. and S ~ has also been  post~,- 
latcd [696.736.74g,741~]. Al thtmgh it has bccn p rc snmcd  
that  the Mn complex remains  intact dur ing  the cat- 
alytic decomposi t ion of  H ,O-,  it has not been  demon-  
s t ra ted that  subsequent  remowd of unreac ted  H . O ,  
restores normal  photosynthet ic  oxygen evolut ion from 
water.  Failure to restore normal  H . O - d e p c n d e n t  O ,  
evolution, with O ,  yields that  oscillate with a per iod of 
four in response to a series of flashes, would indicate  
that the l ight- induced catalytic d i spropor t iona t ion  of 
H , O ,  does not inw~l~c the truc S, and S. s ta tes  of the 
Mn complex. It should be noted that  inorganic  model 
c o m p o u n d s  tha t  contain  a single lae-oxo or di-~e-OXO 
bridged Mn dintcr  arc capable  of catalyzing the  dispro- 
por t ionat ion  of H , O ,  1511,7511-752] (also see Ref. 753) 
and a mechanist ical ly similar d i spropor t iona t ion  of 
H , O ,  by a # : -oxo  br idged Mn d imcr  has bccn  pro- 
posctt m occur in the Mn-conta in ing  catalases from 
Thermu~ thermophilis [754,755] and Lactohacilh~s plan- 
tarum [756,757]. If the Mn complex in PS II is com- 
prised of two di-#2-oxo br idged Mn dimcrs  (see Fig. 
15), a single such d imer  might give rise to the observed 
activity without  the involvement of  the t luc  S-states. 

It ha~, recently bccn  proposed that  the It,O_~-sup- 
por ted  lo rmat ion  of O ,  by the pos tu la ted  S, • S.  - ,  S, 
cycle takes place in darkness  without being ini t iated by 
light [t~96,74g,749,758]. Paradoxically, the s teady-state  
rates of ()~ cw~lution repor ted  [748,749], in te rms of O ,  
molecules evolved per  PS-II center ,  arc higher  and  
more sustained than the rates previously a t t r ibu ted  to 
this cycle when ini t iated by light [736,737]. The  experi- 
ments  wcrc pe r lo rmcd  with PS 11 complexes that  lack 
thc 24 and 17 kl )a  polypcptidcs. Al though  H , 0 ,  had 
earl ier  been  shown to extract Mn in the absence  of 

lhcsc polypept ides  [231]. the  au thors  of  the more  re- 
cent  s tudies repor t  tha t  incubat ion  with 13(I m M  I t 2 0  2 
does not extract  Mn, as d e t e r m i n e d  by thc absence  o f  
the EPR signal of aqueous  Mn 2 ' at room t e m p e r a t u r e  
[758]. The  discrepancy between thc  two s tudies  (Ref.  
231 vs. Rcf. 758) may be partially explained by differ- 
cnces  in incubat ion  t imes and  whe the r  Ca 2'  was pre-  
sent  dur ing  incubat ion;  Ca -'~ has recent ly been  shown 
to stabilize the l igation env i ronmen t  of  Mn in PS II 
complexes  t r ea ted  with N H 2 O H  [275,277,544]. How- 
ever, the comple te  abscncc  of  the  E P R  signal o f  aque-  
ous Mn 2+ in the  recent  study [758] remains  an  unex- 
p la ined discrepancy,  especially because  M n  2+ need  no t  
be re lcascd from PS I1 to exhibit  this signal at  room 
t e m p c r a t u r c  [277]. A n  unambiguous  de t e rmina t i on  o f  
whe the r  the  S.  and  S 2 s tates  par t ic ipate  in the catalytic 
d i sp ropor t iona t ion  of  H , O ~  in darkness ,  or w h e t h e r  
the Mn ions p r e s u m e d  to be involved are located in 
the i r  native env i ronments ,  will requi re  fu r the r  work. 
For example,  if the Mn complex is u n p e r t u r b e d  by 
g0-4110 mM H , O ,  in the absence  of  the 24 and  17 kDa 
polypcpt idcs  as asser ted  [748,749,758], it should  be  
possible to obscrve normal  pho tosyn the t ic  O 2 evolu- 
tion in these  samples  following removal  of  the  uncon-  
sumed  H 2 0 ,  by catalase.  The  discrepancy be tween  the  
rates  of HzOe-suppor t ed  O ,  ew~lution a t t r ibu ted  to 
thc S . - - ,  S_,---, S,~ cycle in darkness  [748,749,758] and  
af ter  the cycle is ini t iated by light [736,737], should  also 
bc clarified. It should  again be emphas ized  (see pre-  
ceding pa rag raph )  tha t  inorganic  model  c o m p o u n d s  
[511,7511-753] and  Mn-ca ta lascs  [754-757]  that  con ta in  
a single /.t:-oxo br idged Mn di rec t  can catalyze the  
d i sp ropor t iona t ion  of  H,(), in darkness .  The  dispro- 
por t iona t ion  of t t 2 0  2 b y P S  ~ il  in da rkness  may inwflve 
only a partially intact  Mn cluster,  it should  also be  
no ted  that  the d i sp ropor t iona t ion  of  H , O ,  by PS !1 in 
darkness  has recent ly been  p roposed  not  to involve the  
Mn complex; H , O z - s u p p o r t c d  O 2 evolut ion was inhib- 
ited by only approx. 411% in samples  dep le ted  of  Mn by 
t r ca tmcn t  with NH , O H  [759]. 

Mn-dep le t cd  Pff-ll cen ters  catalyz,~ the light-in- 
duced oxidat ion of H.,O~_ to O 2, but  the reac t ion  
requires  aqucous  Mn 2 * ions [378--3811,736.7611]. Conse-  
quently,  thc  react ion is inhibi ted by EDTA.  The  free 
MP- 2. ions  presumably  serve as a redox med ia to r  be- 
tween i t , O ,  and  Y~ [746.747]. 

I1-tl. The mechanism o f  water oxidation 

From the rmodynamic  cons idera t ions ,  the mecha-  
nism of water  oxidat ion is bel ieved to involve e i the r  
one concer t ed  four-e lec t ron oxidat ion or  two sequen-  
tial two-electron oxidat ions with a peroxide in te rmedi -  
ate [479,71-1]. The  la t ter  mechan i sm is cons idered  to be 
thc more  likely [762]. These  mechan i sms  arc bel ieved 
to involve the oxidat ions of d e p r o t o n a t e d  forms of  
wate r  (e.g., O H  or O e- formed by the  exchange of  



311 

substrate water  molecules  into / , . -oxo bridges). They 
arc also believed to be coupled with p K ,  shifts of 
/.Q-oxo bridges or other  protonatable groups associated 
with the Mn complex st) that water  oxidation is accom- 
panied by proton rclcasc [311.479] (sec also Rcf. 38). 
The appropriate pK,  shifts of  #2-oxo bridges have 
been proposed to arise from structural rearrangements  
of the Mn complex during the S 4 ~ S  0 transition 
[3(1,387,479,5112]. It has bccn proposed that thc cncr- 
getic favorability of  water  oxidation may bc increased 
by binding the protons released during water  oxidation 
to nearby basic amino-acid residues [30,479,761]. 

Sequent ial  one-elect ron oxidations of water  to form 
hydroxyl radical intermediates  are considered to be 
energetically unfavorable [761]. Nevertheless.  it has 
been argued that the mechanism of  water  oxidation 
could involvc the formation of  hydroxyl radicals if thcir 
association with thc water  oxidizing complex is suffi- 
ciently strong [597,655,656,763]. Indeed,  it has recently 
been suggested that hydroxyl radicals are generated 
during the S-state oxidations and form covalent adducts 
with histidinc [452] or tpjptophan [589] rcsidacs. The 
formation of  such add,,cts would have to be reversed 
during the S 4 --, S .  transition and during the decay of  
the $3 a n d / o r  S~ states in darkness. Consequently.  if 
the mechanism of  water  oxidation does involve the 
formation of  covalent hydroxyl radical adduets of amino 
acid residues, some fairly exotic chemistry must take 
place during the catalytic cycle. 

It is generally believed that water  oxidation occurs 
during the S 4 ---, S 0 transition. As ment ioned in subsec- 
tion II-D.I ,  f lash-induced optical absorption changes in 
the ultraviolet have been interpreted in support of 
mechanisms of water  oxidation that involve a conccrtcd 
oxidation of  substratc water  during the S 4 --, S, transi- 
tion [557,568,57(1,579,580,585,586,590]. t towever,  these 
interpretat ions have been challenged [452,584,587,588, 
595-597] (see subsection II-D.I).  Mass spectrometry 
has been employed to address whether  partial oxida- 
tion of substratc water takes place before the S 4 state 
is achieved. When chloroplasts in the presence of H ~,uO 
were flashed to the Sx state, rapidly washed with H~"O 
and then flashcd to the Sa state, only u 'O,  was pro- 
duced [764]. The  reverse experiment  was also per- 
formed: when samples in the presence of H ~"O wcrc 

~ 

flashed to the S 3 state, mixed with H~sO and then 
flashed to the Sa state. JsO_, was produced [765]. The 
mass spectrometry results were in tc ipre ted  as demon-  
strating that water  oxidation does not involve partially 
oxidized intermediates  that are stably bound in the S, 
or  S 3 states [764,765]. However,  thc possibility that the 
oxygen atoms of partially-oxidized intermediates  are 
exchangeable with H 2 0  in the S 3 state cannot be 
excluded [31,388,597] and mechanisms involving a per- 
oxide intermcdiate  bound in the $3 state (or earlier, 
see Ref. 388) have been proposed [574,596.597]. 

The mcdlanlsm of  ~ater  oxidation is unknm~n. Nu- 
merous mechanisms have been proposed over the years 
(for recent reviews, see [30,387.496,5011,5(13,50-1,511. 
659.763]). As mentioned in subsectior, ll-B.3, mecha- 
nisms have been advanced that are based on tctranu- 
clear clusters structurally analogous io known model 
compounds [47g,479.4t;4,405.983] (also see the model 
of  Moravsky and Khramov cited in Refs. 30.496). These 
and many othcr  proposed mechanisms involve O O 
bond formation between the oxygen atoms of # , -oxo  
bridges a n d / o r  terminal O H  ligands of  the Mn com- 
plex (e.g., Refs. 504,766-769,983). Model compounds 
that contain the resulting p.e-peroxo bridging ligands 
between Mn ions have been prepared [770,771] (also 
see [769]). Some mechanisms predict that the Mn com- 
plex undergoes significant structural rearrangements  
during the S, * S~ and Sa-~ S. transitions [478,479. 
494.495] or during the Si --' S, and Sa ~ S. transitions 
[495,497,51){l,501,5(16-508]. One of these involves the 
conversion between a distorted p.3-oxo bridged Mn404 
cubane structure and a #2-oxo bridged Mn~O, 
adamantane structure [478,479]. Another  involves the 
conversion between a ~.3-oxo bridged M n 4 0  _, "but- 
terfly" structure and a distorted p,3-oxo bridged Mn404 
or Mn403CI cubane structure [494,495] (and see Refs. 
497,50(1.5111,5116-5(181. The CI -induced conversion of a 
Mn404 "butterfly" into a Mn40~CI cubane has been 
demonstra ted [506]. N~; evidence for significant struc- 
tural rearrangements  during the S~--* S, or S,  ~ S 3 
transitions have bccn obsc~'ed in E X A F S  analyses of 
samples  poised in the S~, S, and S~ states 
[343,38q,412,530,531,533.534]. Howe~cr. the EXAFS 
spectra of the S3-state samples were recorded at tem- 
peratures  too high to permit resolution of the approx. 
3.3 A interaction [389,536,5431. Consequently,  a signifi- 
cant change in the distance between two Mn dimcrs (or 
between a t r i m e r  and a monomer)  during the S, -+ S, 
transition would have escaped detection. Significant 
structural changes during the S , - ,  S 3 transition have 
been proposed based on the higher temperatures  re- 
quired for this transition to occur than for tbe S~ --~ S, 
transition [392,481,482] (see subsection I I-D.1), based 
on Ihe much slower reduction of the Mn complex in 
the S 3 slate than in the S, state by hydroxylamine 
[593,744] and hydrazine [593,735] (see subsection il-  
G.2) and based on a three-fold larger reorganization 
parameter  for the S, --+ S 3 transition than for the S0 ---, 
Sj or S~ ~ S, tr ':nsitions calculated from classical Mar- 
cus electron transfer theory [591]. in addition, the 
activation energy of  the S~ -~ (S 4)--, S, transition 
changes markedly below 279 K in spinach [591] and 
below 289 K in the cyanobactcrium 5~vnechococcu.~ 
yah'antis [4811]. This change in activation energy has 
been interpreted as indicated that the S 3 state can exist 
in two different structural configurations [48(),591]. 

The protonation state of p,,-oxo bridging ligands 
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critically inf luences the rcactivilics [751.752.772]. rcdox 
potent ia ls  [773-776] and  magnet ic  p roper t i es  [777] of 
Mn complexes and can affect thei r  nuclcar i ty  [778] (ff)r 
reviews, see [387.5(12.504,511]). Con~,cqucntly. factors 
tha t  influence the  p K ,  valucs of the #2-oxo bridges 
and the pH in the vicinity of the Mn cluster  are 
expected to profoundly influence water  oxidation.  Pcc- 
oraro  and co-workers have recently dem ons t r a t ed  that  
di-b, ,-oxo br idged Mn( IV) -Mn( IV)  d imcrs  can catalyze 
the d ispropor t iona t ion  of l - t ,O,  to l iberate  O ,  and  
H , O  [511.751]. This  rcact ion is exquisitely sensit ive to 
the p ro tona t ion  of one/ . t  ~-oxo bridging ligand [511.752]. 
Previous work by Boucher  and Coc had  shown that  the 
acidification of di-/zz-oxo br idged Mn( IV) -Mn( IV)  
directs  can l ibcratc H ,O~ [779]. On the basis of thcsc  
known H 2 0 , - p r o d u c i n g  and H202-d i sp ropor t iona t ing  
react ions of  di-~t3-oxo br idged Mn( IVJ -Mn( IV)  dimers.  
Pecoraro  has recently suggested :t speculat ive model  
for the mechan ism of w;ttcr oxidat ion in PS II [511] 
(see Fig. 18). This  model assumes that  the Mn ions are 
a r ranged  as a br idged pair  of di-/.t_,-oxo br idged dimers,  
as p roposed  by K l c i n / S a u c r  and co-workers  (Fig. 151. 
The  S, s tate  is assumed to consist of one Mn(I l l ) -  
Ms( IV)  d imcr  and  one Mn( IV) -Mn( IV)  dimcr .  The  
S, -~ S 3 and  S 3 --, S 4 t ransi t ions are p roposed  to corre-  
spond to the oxidat ions of an amino acid residue (e.g., 
hist idine) and the M n ( l l l )  ion. respectively. Upon  oxi- 
da t ion of the M n ( l i l )  ion dur ing the S 3 ~ S 4 t ransi t ion,  
the pro ton  from the oxidized hist idine residue induces 
one Mn(1VJ-Mn(IV)  d imer  to l iberate a molecule  of 

H ,O~, which, before  it diffuses ou t  of the  water-oxidiz- 
ing complex, reacts  with the second M n ( I V ) - M n ( I V )  
d imer  to form O, .  Peroxide in te rmed ia tes  have b e e n  
proposed  by many workers  ( reviewed in [387,502-  
504,511,659]), but  this  is the  first proposal  based  o n  
known react ions  catalyzed by M n  s t ruc tures  tha t  a re  
bel ieved to be p re sen t  in PS II. 

If the b road  out l ine  of  Pccoraro ' s  sugges ted  mecha-  
nism for wate r  oxidat ion is correct ,  H , O  e might  be  
rc lcascd from thc  wa te r  oxidizing complex u n d e r  spe- 
cial c i rcumstances .  Indeed,  there  have been  several  
rcpor ts  of  H~O2 fo rmat ion  by PS !! m e m b r a n e s  o r  
inside-out  thylakoids [695-6q7,780-785] .  The  forma-  
l ion of H20_, appea r s  to be s t imula ted  by cond i t ions  
tha t  pc r tu rb  the  Mn complex. These  include alkal ine 
pH or low concen t ra t ions  of  CI - in the  absence  of the  
24 and  17 kDa polypept ides  [695,696,780,781,784], de-  
plet ion of  CI -  in low concen t ra t ions  of  sucrose [783], 
t r e a t m e n t  with compounds  that  destabi l ize  the  S 2 a n d  
S 3 s ta tes  (e.g., with A D R Y  reagents)  [786], acidifica- 
t ion or "ageing' of s a  1pies [782], mild heat  d e n a t u r a -  
t ion [697] and  t r e a t m e n t  of  samples  with lauroylchol ine 
chlor ide [9911]. The  H 2 0  2 has been  p roposed  to be  
p roduced  by a ' shor t -c i rcui t ing '  of  the  normal  wa te r  
oxidat ion process  [567,695-697,758,783], or by the re-  
lease of a peroxide in te rmed ia te  of wate r  oxidat ion 
[781-783].  Some workers  have i n t e rp re t ed  the  forma- 
t ion of H 2 0  2 as suppor t  for mechan i sms  of  wa te r  
oxidat ion that  involve a peroxide in t e rmed ia t e  b o u n d  
in the S~ or S 3 s ta tes  [574,596,597]. O t h e r s  a t t r ibu te  
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Fig. IS. A speculative mechanism for ~ater  oxidation in PS II propnsed by V.L. Pecoraro [51 I] based on known reactions catalyzed by di-#2-oxo 
bridged Mn(IV)-Mn(IV) dimers and on the structural model of Klein. Sauer and co-workers (Figure 15). The S, stale is assumed to consist of 
one Ms(Il l)  and three Mn(IV) i(ms. Oxidation of a histidine residue during the $2 ~ S~ transition in proposed to result in the protonation of one 
of the Mn(III)-Mn(IVt direct ' ,  ~,-oxo bridges. Oxidation of this dimcr's Ms(I l l )  ion during the Sa ~ $4 transition could liberate H 2 0 :  as 
described by Bouchcr and ( 'pc for the reaction ol di-,e.2-oxn bridged Mn(IV)-Mn(IV) dimers with acid [770]. The liberated H~O,  then reacts with 
the second Mn(IV)-Mn(IV) direct to liberate () ,  as described by Larson and Pecoraro for the reaction of di-,u,-oxo bridged MntlV)-Mn(IV) 

dimers with tl20:[751.752j.  Reprinted from Ref. 511 with permission (copyright 1902 by VCIL Inc.). 



the  p r e s u m e d  ' shor t -c i rcui t ing"  of wa te r  oxidat ion to 
the  oxida t ion  of  O H -  ions at  a C I -  site [38,567,695- 
697]. As no ted  in subsec t ion  II-G.1, CI -  has  been 
sugges ted  to p reven t  the  b ind ing  of  wate r  or t.ydroxyl 
ions to the  Mn complex  in the  lower S-s ta tes  and  
there:by p reven t  the  p r e m a t u r e  oxidat ion of  wa te r  or 
hydroxyl ions [31,38,429,567,695-697]. However ,  it 
shou ld  be  no t ed  tha t  the  H202 produced  by PS II may 
not  resul t  f rom the oxida t ion  of  water :  whcn  PS II 
m e m b r a n e s  were  i l lumina ted  in the  p re sence  of  H [~O, 
no  s ignif icant  i nco rpo ra t ion  of  t sO in to  H202 was 
de t ec t ed  [784]. It v, as p r o p o s e d  tha t  the H 2 0  2 resu l ted  
f rom the  r educ t ion  of  0 2 by the  accep tor  side o f  PS 1I 
[784]. F u r t h e r  c lar i f ica t ion of  the  mechan i sm(s )  of  H 20~ 
p r o d u c t i o n  by PS II shou ld  b e  unde r t aken .  P roduc t ion  
of  H 2 0  2 by the  M n  complex  obviously could have 
mechan i s t i c  impl ica t ions  for the  m e c h a n i s m  of  water  
oxidat ion.  

H-L Specific residues for  ligating manganese 

T h e  l igands to  the  m a n g a n e s e  complex  mus t  stabi- 
lize the  highly oxidizing S 3 s t a t e  wi thout  s tabi l iz ing the  
more  highly oxidizing S 4 state.  W h e n  formed,  the  lat ter  
mus t  immedia te ly  oxidize H z O - d e r i v e d  l igands  and  
rever t  to the  S 0 state,  l ibera t ing  0 2 in the  process.  
F r o m  cons ide ra t ions  of  M n  c o o r d i n a t i o n  chemis t ry  and  
f rom s tudies  of inorgan ic  M n  compounds ,  the  l igands 
to the  M n  complex  in PS II have  b e e n  p r o p o s e d  to be 
pr imari ly  carboxyla te  res idues  in com b i na t i on  wi th  #2" 
oxo or  /x2-hydroxo br idges  [496,498,503]. Carboxyla te  
l igands  a re  favored  because  they  can  stabil ize the h igher  
oxidat ion s ta tes  of  M n  wi thou t  be ing  oxidized t hem 
selves [496,498]. Never the less ,  a lkoxo groups  f rom ser- 
ine or  t h r e o n i n e  res idues,  p h e n o x o  groups  f rom tyro- 
sine res idues  and  imidazole  g roups  f rom his t idine 
res idues  could be  possible  co l igands  [495,496,498,501, 
503,511]. D e p r o t o n a t e d  [496] or d e a m i n a t e d  [787] glu- 
t a m i n e  a n d  a spa rag ine  res idues  have ai.,,o been  dis- 
cussed  as possible  l igands a n d  the  possibility tha t  a 
carboxyla te  l igand migh t  be g e n e r a t e d  by the  isomcr-  
izat ion of  an  asparagine-g lyc ine  pai r  to form e i the r  an 
a spa r t a t e  or  i soaspar ta te  rcs iduc  [788] has  b c c n  sug- 
ges ted  [116]. Even  a rg in ine  has  been  discussed as a 
possible l igand [368]. 

E lec t ron  Spin Echo  Enve lope  M o d u l a t i o n  ( E S E E M )  
m e a s u r e m e n t s  have  con f i rmed  tha t  the  M n  ions are 
l igated pr imari ly  by ~60 a toms  [398,44o,554,789]. How- 
ever,  if t he  S z s ta te  mul t i l ine  E P R  signal ar ises  from 
fewer  t h a n  four  M n  ions,  this  conclus ion  would pe r t a in  
only to the  M n  ions tha t  give rise to the  mul t i l ine  
signal.  Ligat ion of M n  by carboxyla te  g roups  is sup- 
p o r t e d  by recen t  repor t s  tha t  ca rbod i imide  modif ica-  
t ion  of  carboxylate  res idues  in M n - d e p l e t e d  PS 11 
m e m b r a n e s  appea r s  to in te r fe re  with  rel igat ion of Mn 
[790,791] (D.J. B l u b a u g h  and  G.M.  Chen iae ,  pe rsona l  
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c o m m u n i c a t i o n )  and to bc suppressed  in the  p resence  
of  Mn 2. [791,792] (see subsect ion  ll-J.3). However.  
con fo rma t iona l  changes  induced  by photo l iga t ion  of 
M n  or by der iwtt izat ion of  res idues  located far l rom 
the  Mn complex could also account  for these  observa-  
t ions  (see subsect ion  ll-J.3). A l though  a hist idinc 
[452,454] or t r yp tophan  [589] residue has  been  pro- 
posed  to  be oxidized dur ing  the  S, ~ $3 t rans i t ion  and  
to  give rise to the 130-164 Gauss-wide E P R  signal in 
Ca2*-dep le ted  and CI -deple ted  p repa ra t i ons  (see sub- 
sect ion II-B.2), models  of its magnet ic  coupl ing to the  
M n  complex place it too far  away from the  Mn com- 
plex to direct ly ligate Mn [452,454,484,486] (at  ieast  !n 
samples  dep le t ed  of  Ca  -'+ or  CI--). 

The  possibility tha t  one or more  l igands to M n  are 
his t id ine  res idues  o n t o  which some dclocal izat ion of  an 
oxidizing equiva lent  may occur  (as p roposed  in ear l ie r  
models  [793,794]) is suppor t cd  by several  recent  devel- 
opmen t s .  First,  E S E E M  m e a s u r e m e n t s  on  PS 1I com- 
plexes isolated from the eyaoobac tc r ium Synechococ- 
cus elongatus grown on ~aNO( or ~NO.~- have d e m o n -  
s t r a t cd  tha t  n i t rogen  a toms are  located in close proxim- 
ity to the  M n  ions tha t  give rise to the S2-state multi-  
l ine E P R  signal [389,398,554]. T h c  au thors  of these  
s tudies  favor direct  l igation of  these  Mn ions by 1 -2  
h is t id ine  residues,  but  do not  exclude the  possibility 
t ha t  n i t rogen  a toms from non-h is t id ine  residues,  or  
f rom the  pep t ide  backbone ,  in teract  with Mu ions 
t h r o u g h  hydrogen  bonds  fo rmed  with p,~-oxo br idges  
[389,398,554]. Direct  l igation by his t idine is favored by 
these  au tho r s  because  exchanging  2H~O for t H 2 0  
does  not  affect  the obscrved  14N hypert;ine couplings,  
even though  2H forms weaker  hydrogen bonds  than  I H 
[398,554]. Thc  weakness  of  the  I~N and )~N hyperf ine  
coupl ings  m e a s u r e d  in the  E S E E M  exper imen t s  ex- 
plains why exchanging  15N lot  HN has no  effect  on  the  
mul t i l ine  signal measu red  in convent iona l  EPR evperi- 
ment~ [~07,39g]. In a second dcvc lopment .  E P R  mea-  
s u r e m e n t s  of  the  reduc t ion  of Y~ by exogenous  Mn 2" 
in M n - d c p l e t e d  PS 11 m e m b r a n e s  indicate  tha t  Mn 2+ 
b inds  more  s trongly to PS il  at p14 7.5 than  at pH 6 
[366]. These  resul ts  have b e e n  i n t e rp r e t ed  as suggest- 
ing that  an e n d o g e n o u s  Mn site con ta ins  a p ro ton-  
a table  l igand with a p K ,  be tween  6 and  7.5 [366], 
cons is ten t  with  l igation of  Mn by a his t idinc residue.  
Finally, chemica~ modif ica t ion  exper imen t s  have been  
i n t e rp r e t ed  in t e rms  of  l igation of  Mn by his t idine:  
modif ica t ion  of  PS il m e m b r a n e s  by dicthyl pyrocar-  
b o n a t e  ( D E P C )  ha~ been  r epo r t ed  to pre~,ent photol i -  
gat ion of M n  to Mn-dep l e t cd  PS 11 m e m b r a n e s  
[790,791,795-797] ~h i l c  p r io r  Mn photo l iga t ion  has  
b e e n  r epo r t ed  to suppress  der ivat iza t ion by [ m4C]-DEPC 
[792] (also see [791] and subsect ion  II-J.3). However .  
con fo rma t iona l  changes  induced  by his t idine derivati-  
zat ion,  or by Mn photol igat ion,  could also account  for 
these  observa t ions  (see subsect ion il-J.3). 
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I1-.I. I-h(' lo('atiott ~I man.~,anes(" in PS II 

II-J. 1 The rt httion.~hip o1 thc 3bt c~mzph'x to the 33/,-Da 
polyp) 7~thh" 

Effects ~l" remoriJzg the 33 kl)a pol)ln7~tidc on the Mtv 
comph:~. Because several procedures  for dissociat ing 
the extrinsic 33 kDa pclypcpt idc from PS Ii ~dso re- 
lease Mn (scc subsect ion I-B.4) and because st',n~e 
prepara t ions  of the isolated 33 kI)a polypept idc  have 
bccn fi~und to contain  bound  Mn ions [798.709]. a l len-  
lion was once  focused on the 33 kDa polypept idc  as 
providing the  l igands fi~r Mn in PS II (e.g.. Rcf. 81111). 
However, this polypept idc can be removed from PS II 
without  extract ing the Mn comFIcx [232.242.246.248. 
251.252,265,404,801-N05]. Fur the rmore .  many such 
p repara t ions  have been  repor ted to evolve oxygen in 
the presence  of clexatcd concen t ra t ions  of CI (I(10- 
200 raM) and 5 - 2 0  mM Ca 2 " [232.246.2aS.252. 
2~5.~q(12-~1)5] (als~ see Ref. 251). While  some studies  
have a t t r ibuted  the residual oxygen-evolving activities 
observed in these s~mlples (10-45cq compared  to un- 
t rea ted  samples~ to incomplete  removal of the  33 kDa 
polypept ide  [3t~2.,'.;116.~(17], a recent  study showed that  
spinach PS II m e m b r a n e s  depic ted  of > 99C~ of the 33 
kDa polypcptide e~olve ~xygen at approx.  24ci of the 
rate obscr~,.'d in un t rea ted  samples  [248]) ( the  active 
PS-I! cen ters  in the preparatio~.~ were suggested to 
evolve oxygen at approx.  55c; the ra te  observed  in 
un t rea ted  samples,  based on relative q u a n t u m  yield 
m e a s u r e m e n t s  [248]). In addit ion,  th ree  groups  have 
dele ted  the  pshO gcnc that  encodes  the  33 kDa 
polypcpt idc from the cyanobac ter ium .~vJtecho~3sli.s sp. 
PC(" 681)3 [8118-8111] and  a four th  has insert ionally 
inactivated the p.~hO gcnc in S)ttechococctts sp PCC 
7t~42 [811]. The  result ing organisms grow photoau-  
totrophically.  The  Syttechocy.stis m ut an t s  evolve oxygen 
at approx. 30c~ the rate of wilu-type cells when  2J~-di- 
chlt~ro-p-bcnzoquinonc ( D C B Q ) a n d  potass ium fcrri- 
cyanide arc employed as artificial PS !1 e lec t ron  accep- 
ters  [808] and at 611-75cr; the rate of  wild-type cells 
~ h e n  C O ,  is employed as the e lec t ron  accepte r  [~118- 
810]. The  Svncchococct:' mutan t  is r epor ted  to evolve 
oxygen at the same rate a~ wild-type cells when  ( ' O ,  is 
employed as the e lectron accepte r  [811]. Thylakoid 
m e m b r a n e s  from one of the Syttecho(3".gtis mutan t s  
retain 70 -80 t i  of thei r  D C B Q / f c r r i c y a n i d c - s u p p o r t e d  
activity when  isolated in the p resence  of 0.5 M CI 
(R.L. Burnap.  personal  c~mmunicat ion) .  Thylakoid 
m e m b r a n e s  from the Synechococctts m u t a n t  are re- 
pra ted  to re ta in  activity (approx. 7 5 ~  compared  to 
~i ld-type m e m b r a n e s )  when  s u p p l e m e n t e d  with MnC1, 
and CaCI z [81 I]. The  ,~vm'cho~3'stis mutan t s  arc unable  
It) g ro~  in Ca2"-dcplc tcd  media  [8119] and  arc more  
susceptible to photo inhib i t ion  [809,811}]. 

The  ability of the cyanobacter ia l  m n h m t s  to grow 
photoautt~trophically and  evolve oxygen dem ons t r a t e s  

that  the 33 kDa polypcpt idc  is not requi red  fi~r the  
assembly and act ivat ion of  the Mn clus ter  in cyaqo- 
bactcrm.  I lowcvcr.  the  33 kDa polypcpt idc  may bc  
requi red  for the  assembly and act ivat ion of the  Mn 
complex in cukaryo tcs  in r ive.  A m u t a n t  of  the cukary-  
()tic alga Chhonydomonas reinhardtii tha t  lacks this  
polypcpt idc  is incapable  of  pho toau to t roph ic  growth,  
conta ins  depressed  s teady-s ta te  levels o f  the intr insic  
i 'S I1 polypept idcs  and  evolves no  oxygen [192,812]. 
Fu r the rmore ,  du r ing  g reen ing  of Euglena gracilis cells, 
the  acquisi t ion of  oxygen evolut ion activity cor re la tes  
with the accumula t ion  of the  33 kDa  po lypept ide  [813]. 
The  reasons  for the apparen t ly  d i f fe ren t  requi remelr t s  
of the  33 kDa polypept ide  for assembly o f  PS I! or  the  
Mn complex be tween  prokaryot ic  and  eukaryot ic  or -  
ganisms are not  unders tood .  It has  been  sugges ted  tha t  
concen t r a t ions  of  Ca  -'+ and  CI- ions in cyanobac te r ia  
may be sufficiently high to permi t  assembly of the  M n  
complex,  but tha t  the  concen t r a t ions  of  these  ions may 
be too low in chloroplas ts  [248]. The  Mn complex  
assembles  in the  absence  of  the 33 kDa polypept idc  in 
vitro when  50 mM CaCI ,  is included in the  incuba t ion  
buffer  [349,362,373] (also see [361),374]). 

The  33 kDa polypcpt idc  appea r s  to cover  and  pro-  
tcct the Mn complex.  In the  ~,bscncc of  this polypep-  
t ide,  two Mn ions become  par )magne t i ca l ly  uncoup led  
[240,25(}] and  arc gradually re leased  [232,245,246,251- 
253] unless  the  p repa ra t i ons  are  ma in t a ined  in h igh 
concen t r a t ions  of (?1- ( >  1110 mM).  In PS 11 mem-  
b ranes  tha t  have been  dep le ted  of  the 33 kDa polypep-  
t ide.  a su r f ace -enhanced  R a m a n  sca t t e r ing  ( S E R S )  sig- 
md at 225 c m - t  has  been  observed  and  a t t r ibu ted  to 
the weakly bound  Mn ions of the M n  complex [814,815]. 
Whc,~ the p repa ra t ions  were i ncuba t ed  in 100 m M  
SO~ ins tead of  CI , the  signal was lost in paral lel  
with the loss of  oxygen ew~lution and  apparen t ly  in 
parallel  with the  loss of  the weakly b o u n d  M n  ions 
[814]. Because this signal was not observed  in samples  
tha t  re ta ined  the  33 kDa polypeptide,  it was p roposed  
that  the 33 kDa polypept ide  covers the  Mn complex 
[814.81. ]. The  vibrat ional  mode  tha t  gives rise to the  
SERS signal is not a M n - C I  mode  [815] and has  not  
been  identif ied.  It may be a vibrat ional  mode  that  is 
affi l iated with the Ag e lec t rode  used in the  experi-  
men t s  and  which depends  on the p resence  of  Mn and  
CI at the PS il  m e m b r a n c  surface [815]. 

The  33 kDa polypept ide  opt imizes  the  catalytic effi- 
ciency of  the Mn complex, in the absence  of this  
polypept ide,  the  ex tent  of  s table charge  sepa ra t ion  
[8(15] and  the  ra tes  of  ox~jgcn ew~lution [232,246,248, 
251,252.265,8112-805], elect ron t rans fe r  [273,548], and  
0 2  release ( and  possibly the  rate of  the  S.~ --, ($4) --' So 
t rans i t ion)  [81)4], arc significantly d iminished.  Also, the  
S,  s tate  is abnormal ly  stable in these  p repara t ions ,  as 
d e t e r m i n e d  from oxygen flash yield [8(}4] and  t he rmo-  
luminescence  [470,816] measu remen t s .  Never the less ,  
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removal  of the  33 kDa p,3l,'pepth,_ ~ ,a ¢itro induces  
only slight s t ruc tu ra l  change,,  in : t ' .  ,~,n complc., ,  ,is 
d e t e r m i n e d  by a n a l y s t '  o f  X A N P  :,,(I EX,a I ! ,  da ta  
[253] and  of the  S2-state mt  I*,li,:c , . signal i 'h13,805] 
in samples  tha l  have  1)t.=3n dcp lc lcd  of  the  33 kDa  
polypept ide ,  n o ~ e v e r ,  tr, -'re ;~ some d~sagreement  o. ,er 
the  ex t en t  o f  these  c h a n g e s  (see Rcf.  803 vs. Ref.  805,. 
The  s imples t  i n t e r p r e t , . i o p  of  the obse rva t ions  de-  
scr ibed in th i s  p a r a g r a p  is tha :  tim extr insic  33 kD a  
polypept ide  covers,  prow,  ~ and  inf luences  the  opera -  
t ion o f  the M n  c o m p l ¢ ,  • ;~hout direct ly provid ing  it 
with l igands  (any lig,trd. + p rov ided  by the  33 kD a  
po lypept ide  would have to be  funct ional ly  r ep laceab le  
by C l -  ions,  wa te r  mole, .ules o r  l igands  f rom o t h e r  
po lyoept ides) .  Because  no  o t h e r  extr insic  polypeDtides 
are r equ i r ed  for w a t e r  ox ida t ion  (see subsec t ion  l-B), 
the  M n  complex  mus t  b ind  to the  lumenal ly -exposcd  
surface  of  o n e  or  m o r e  of the  intr insic  po lypep t ides  of  
the  PS-II  core.  Such a lot a t ion is also sugges ted  by the  
e l ec t roch romic  shif ts  of c a r o t e n o i d  a n d  chlorophyl l  a 
abso rp t ion  b a n d s  t ha t  a re  p roduced  by thc  S-state  
t rans i t ions  (see  subsec t ion  ':I-D.2). These  shifts  requ i re  
tha t  M n  ions are loca ted  in close proximity  to the  
chlorophyl l  a n d  c a r o t e n o i d  p igments ,  un less  the  elec- 
t roch romic  shif ts  resul t  f rom p K ,  shif ts  of  amino-ac id  
res idues  t h a t  are  loca ted  far  f rom the  M n  complex  
[597,645] (see  subsec t ion  II-H).  

The binding domain o f  the 33 kDa polypeptide - 
cross-linking studies. Because  the  extr insic  33 k D a  
po lypep t ide  p ro tec t s  and  in f luences  t he  catalytic effi- 
c iency o f  t he  M n  complex,  a d e t e r m i n a t i o n  of  whe re  
this  po lypep t ide  b inds  to the  PS-II core  might  be  
expec ted  to help  locate l igands  to Mn.  Cross l inking  
s tud ies  have d e m o n s t r a t e d  tha t  the  33 kDa  po lypep t ide  
can  b e  specifically cross- l inked to  CP47 in sp inach  PS 
I! m e m b r a n e s  [222.283,817,818], in sp inach  PS !I com- 
plexes  tha t  have  b e e n  dep l e t ed  of  the  LHCI1 a n t e n n a  
complex  [282,817,819,820], and  in PS II par t ic les  f rom 
Synechococcus elongatus [994]. T h e  c r o s s - l i nkcd  
res idues  are located in the  8 kD a  a m i n o - t e r m i n a l  do-  
main  of  the  33 kDa  po lypep t ide  and  in the  16.7 kDa  
carboxy- te rmina l  d o m a i n  of  CP47,  to  the  carboxy- 
t e rmina l  s ide of  Met -359  and  p resumab ly  in the  large 
(approx.  190 res idues)  hydrophi l ic  loop  (see Fig. 5A, 
loop E) [818]. T h e  am i no - t e r m i na l  16-18  . 'esidues of 
the  33 kDa po lypep t ide  h a d  previously been  shown to 
be  involved in b ind ing  [236] (see subsec t ion  l-B.4). 

Several  o f  the  cross- l inked PS II complexes  de-  
scr ibed in t he  p rev ious  p a r a g r a p h  have b e e n  r epo r t ed  
to  r e t a in  the  ability to  evolve oxygen [222,283,818]. O n e  
such complex  was r e p o r t e d  to resist  ex t rac t ion  of Mn 
by alkaline pH [283]. However, this resistance has since 
b e e n  a t t r i bu t ed  to fac tors  o t h e r  than  the  cross- l inking 
o f  t he  33 k D a  po lypep t ide  wi th  CP47  [222]. Cross-  
l inking of  t he  33 kDa  po lypep t ide  to the  a subun i t  of 
cy tochrome  b-559 a n d  to the  p roduc t  of  the  psbl gene  

has recent ly  bccn  r epo r t ed  [~211. The  hit ler  stud) em- 
ployed PS II complexes  that  had  bccn  dcp lc lcd  o l  the 
I , I tCi l  complex and  the 24 and 17 kDa extrinsic p~d~- 
pep t ides  and  m a d e  use ~t  a cross- l inkme rcagcnl  thai 
reacts  with a wide varieiy of funct ional  groups  [N21]. 
PJss ible  cross- l inking of the  33 kDa polypcpt idc  l<) the 
D2 po lypep t ide  has  al~) been  r epo r t ed  [820]. 

Cross l ink ing  of  the 33 kDa polypcpt ide  to the 
D I / D 2  heterodimea has also been  r epo r t ed  [696.822. 
823]. In these  studies.  PS 11 part icles  wcrc  dep ic ted  ~1 
the extr insic  polypept ides ,  r econs t i tu ted  with 33 kDa 
po lypept ides  that  had  b e e n  labeled with a photoal 'finitx 
cross- l inking reagent ,  t h e n  i l lumina ted  with 254 nm 
light. The  cross- l inked complex,  i.solated by prepara t ive  
gel e l ee t rophores i s  in the p resence  of lC~ - SDS and fi M 
urea,  was found  to include the  DI .  D2 and  33 kDa 
Ix) |ypeot ides  plus var iable  quan t i t i e s  of  a fourth.  
un ident i f ied ,  approx.  34 kDa  po lypept ide  [696.8__.8_3]. 
The  possibility tha t  the cross- l inked complex included 
small  po lypcp t ides  {e.g.. the  psbi 0roduc t  or  the  cy- 
tochromc  b-559 polypcpt ides)  was not examined.  The  
cross- l inked complex was rc lx)r ted to re ta in  approx.  4 
Mn ions pe r  P680 [696.822.823]. Because the  isolated 
complex  cata lyzed H 2 0 2 - d c p e n d e n t  O ,  evolut ion in 
darkness ,  previously a t t r ibu ted  to a H 2 0 . - i n d u c c d  cy- 
cling b e t w e e n  the  S, and  S,  s tatcs  [696.748.749.758] 
(see subsec t ion  lI-G.3),  the  cross- l inked complcx was 
p roposed  to  con ta in  the  Mn complex  in a partially 
active conf igura t ion  tha t  could cycle be tween  these  two 
S-s ta tes  [696,822,823]. Consequent ly .  the l igands to the 
Mn complex  were p roposed  to be con t r ibu ted  solely by 
r e s i d u e s  f r o m  the  D I  a n d  D 2  p o l y p c p t i d e s  
[696,822,823]. However ,  it is not  c lear  w h e l h e r  the Mr 
ions p r e s u m e d  to be  invalved in the  catalytic decompo-  
sit ion of  H 2 0  2 in the  cross- l inked complex were lo- 
ca ted  in the i r  nat ive env i ronmen t s ,  w h e t h e r  thei r  redox 
s ta tes  c o r r e s p o n d e d  to any of  the S-states.  or ho~ 
many Mn ions ~ c r e  involved, As discussed in subsec- 
t ion l I -G.3,  the d i sp ropor t iona t ion  of  H . O .  can bc 
catalyzed by model  c o m p o u n d s  tha t  conta in  a single 
~ : - o x o  or di-/a2-oxo b r idged  i n  d imcr  [51 i.7511-752] 
and  by c a t a l a ~ s  t ha t  conta in  a b r idged  Mn di rec t  at 
the i r  catalyt ic  site [754-757].  The  H +O~-dcpendent  O ,  
evolut ion obse rved  in the  cross- l inked complex might  
, -orrcspond to a #.,-oxo br idged  Mn di rec t  cycling 
bc twcen  its M n ( l l l l - M n ( i l l )  and  M n ( i l ) - M n ( l l )  or 
Mn( i  v ' ) -Mn(IV)  oxidat ion states.  This  activity may in- 
d ica te  tha t  two M n  ions (pe rhaps  the most  tightl~ 
bound  pa i r )  are l igated by the  D l / D 2 / i / c y t o c h r o m c  
b-559 complex  and  p e r h a p s  b~, the  D I / D 2  het -  
e rod imer .  However .  the cross- l inked complex  must be 
imla t ed  with p rocedures  tha t  a~e les~ harsh  and  prefer-  
ably tha t  p rese rve  t l : O - s u p p o r t e d  O ,  evoluti~m, be- 
fore any def in i t ive  conclus ions  regard ing  the  locat ion 
of  the  Mn complex  can be reached,  it should  bc m a c d  
tha t  the  D I  polypept ide  has  not been  cross- l inked to 
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any polypcpt ide  in unrecons t i tu tcd  p repara t ions  
[222.282,283,817-820.824,825]. The I) 1 polypeptide ap- 
pears to be unrcactivc to cross-linking reagents  unless 
the preparati~)ns have been trcated with spccific deter-  
gents [824,825] or  havc been dcplc ted  ot  the 33, 24 and 
17 kDa polypeptides [821]. 

The binding domain of  the 33 kDa poO'pepti~h" - 
accessibility studies. Accessibility studies have also been 
employed to locate the binding domain of the 33 kDa 
polypeptide. Removing the 33 kDa polypeptide has 
been reported to increase the accessibility of  PS Ii to 
antibodies directed against putative lumenal regions of 
the D1 polypeptide [826]. Removal  of  the 33 kDa 
polypeptide also increases the accessibility of  CP47 to 
reagents that modify free amino groups [817,827], in- 
creases the susceptibility of  CP43 to extraction by 
linolenic acid [828] and incrcascs thc accessibility of 
CP47 [82t~], CP43 [8311] and thc ~r subnnit of cy- 
tochr~mc /9-559 [ 198] to "digestion by trypsin. The  mod- 
ified amino groups on CP47 have been localized to the 
large (approx. 1911 residue) hydrophilic loop that is 
believed to be Iocatcd on the lumenal side of  the 
thylakoid membrane  [130,818,827] (see Fig. 5A, loop 
E). The modified residues lic be tween Lys-304 and 
Lys-321 and bctwccn Lys-389 and Lys-438 [818,827]. 
The accessibility of  CP47 to a monoclonal  antibody 
directed against an epi tope within a 32-residue seg- 
ment of this hydrophilic loop (Pro-300 to Ser-3911 is 
also increased by the removal of  the 33 kDa polypep- 
tide, but only if all four Mn ions are also removed 
[130,827,829,831]. The accessibility is not increased 
[829] if only the two more weakly bound Mn ions are 
r,,movcd (e.g.. by incubating samples deple ted  of  the 
33 kDa polypeptide with low concentra t ions  of  CI -  
[232.245,246,251-253]). The  lat ter  observat ion has been 
interpreted as indicating that removal of  the two most 
tightly-bound Mn ions is accompanied by polypcptidc 
conformational  changes [130.827,829,831]. These  con- 
formational  changes may be the reverse of those that 
are believed to accompany the form~,Aion of  the Mn 
complex during photoactivat ion (see subseclion !!-A.3). 

The binding domain of  the 33 kDa polypeptide - 
other studies. Interactions between the 33 kDa polypep- 
tide and the core polypeptidcs of PS II havc been 
examined by methods  other  than cross-finking. A spe- 
cific interaction be tween  the 33 kDa polypeptide and 
the DI ,  D2, or cytochrome b-559 polypeptides has 
been proposed based the successful purification of the 
D 1 / D 2 / i / c y t o c h r o m e  b-559 complex by affinity chro- 
matography using the 33 kDa polypeptide as an immo- 
bilized ligand [832]. Such an interaction was also pro- 
posed based on a report  that the isolated 33 kDa 
polypeptide binds to the isolated D l / D 2 / l / c y t o -  
chrome b-559 complex [833]. A specific interaction 
between the 33 kDa polypeptide and cytochrome b-559 
has been proposed on thc basis of  a radiation inactiva- 

tion study [834] and a specific interact ion be tween  the 
33 kDa polypeptidc a~d the  D2 polypept ide has been 
proposed based on the observat ion that changing Tyr- 
1611 to Phe in the D2 polypeptide of  Synechocystis sp. 
PCC 6803 [65,66] destabil izes the binding of  the 33 
kDa polypeptide to isolated PS II particles [835]. 

Taken  together ,  the  clata described in this subsec- 
tion indicate that  the 33 kDa  polypept ide interacts  with 
or shields essentially all of the intrinsic polypept ides  o f  
the PS-l l  core. On the basis of  these data,  none of  the  
intrinsic polypept ides can be exclude, ~- as possible 
sources of  ligands to the Mn complex. 

II-J.2 Tile relationship of  ttte Mn complex to Yz and Yo 
Some constraints on the location of the Mn complex 

have been provided by the  identif ications o f  Yo as 
Tyr-161 of  the D2 polypept ide  [65,66] ancl Yz as Tyr-161 
of the DI polypept ide  [67,68]. These  identif icat ions 
place Yz and Yo in nearly the same m e m b r a n e  plane  
as the presumed location of  P680 in models  of  the  
D I / D 2  he te rod imer  (see Figs. 1 and 4). This location 
is in agreement  with work demonst ra t ing  that e lec t ron 
transfer from Yz to P680 + is not e lectrogenic  [55] and 
is consistent with a Yz -P680  distance of 10-15 
es t imated from the broadening  of the E P R  spectrum o f  
P680 + by Y~ [681]. At  least one  iMn ion must be in 
close proximity to Yz because of the  rapid oxidation o f  
Mn by Y~ during the S-state transitions (e.g., approx. 
311 and approx. 110 /as for the S~--* S I and S, ~ S  2 
transitions, respectively [480,570,580,582], see subsec- 
tion II-D.1). The  proximity of  the Mn complex to both 
Yz and Yo is indicated by nlicrowave power  saturat ion 
studics [32,341,551,688.836-839] and spin-latt ice relax- 
ation t ime mcasurements  [552,789,8,10,841] of Y~ and 
Y,~ and saturat ion-recovery measurements  of  Yt~ 
[842,843]. These  studies l.ave demons t ra ted  that  there  
is magnet ic  coupling be tween the Mn complex and 
both Y~ and Y~.  The  coupling be tween Mn and Y~ is 
s l ronger  than that be tween  Mn and Y~ [32,836], indi- 
cating that the Mn complex is closer ~.o Yz than t o  YD- 
Consequently,  the Mn complex _must be located asym- 
metrically with respect  :o the central  axis of symmetri-  
cal models  of the D I / D 2  he te rod imer  (see Figs. 1 and 
4). The  distance bc twcen YZ, and the Mn cor, aplex has 
been est imated to bc > 10 A because the linewidth o f  
the E P R  signal of  Y~ is not changed when the Mn 
complex is removed [60]. This  distance has also been  
cs t imatcd to be 8 -15  A based on analyzing the temper-  
a tu re -dependence  of  e lectron transfer from Mn to Y~ 
in terms of  classical Marcus  electron t ransfer  theory 
[591]. The  distance be tween  ¥D and the Mn complex 
has been  es t imated to be 30-411 A based on the tem- 
pe ra tu re -dependence  of the relaxation rate of  Y~ 
[552,841]. The  non-heine Fe  ~+ ion contr ibutes  to the 
relaxation of  Y~ [841-845]. From the relaxation rate o f  
Yt~ measured in Mn-dep le t ed  samples,  the distance 
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between YD and the non-heme  Fe 2+ ion has been 
es t imated to be > / 3 8 / ~  [843] (also see Rcf. 845). This  
est imate agrees  with that predicted from the  crystal 
structures [20-22] of  react ion centcrs  from purple 
non-sulfur bacteria.  From studies of the relaxation of  
Y~ in the presence  of the exogenously added relax- 
ation enhancers  (Dy3+-EDTA)  - and Dy~+-HEDTA,  
YD has been  est imated to be located approx. 25 ,g, 
[838] or  approx. 20 ,~ [846] from the lumenal  surface of 
the PS-Ii  core  polypept ides  in the absence of the 
extrinsic polypeptides.  Recen t  e lee t ro luminescence  
measuremen t s  indicate that  e lectron t ransfer  from Mn 
to Y~ is e lectrogenic ,  but  spans only approx. 5% of the 
hydrophobic  core of  the thylakoid m e m b r a n e  [603]. 
Consequent ly ,  if the distance es t imates  based on the 
relaxation enhancemen t s  of  Y ~  caused by (Dy 3+- 
E D T A ) -  and D y 3 * - H E D T A  are correct  and if Yz and 
YD are  located symmetrically in the D I / D 2  het- 
erodimer ,  then  at least part  of  the Mn complex must 
be located deep  within the PS-II  core,  far from the 
lumenal  surface o f  the intrinsic polypeptides.  Fur ther  
investigation of  this point  seems warranted.  

Based on the distance est imates  descr ibed in the 
preceding paragraph,  many of the ligands to the Mn 
complex could be provided by residues in the lume- 
nally-exposed regions of the D I  and D2 polypeptides 
(see Fig. 4). In support  o f  this supposition, removal  of 
the Mn complex exposes Y~ [348,489,847] and Y~ 
[271,273,348,366,760,848,849] to exogenous reductants  
such as benzidine and N H 2 O H .  However ,  because the 
intrinsic polypept ides  of  PS 11 are likely to be exten- 
sively entwined,  like those of  the reaction centers  of 
purple  non-sulfur bacter ia  [20-22], none  of  the intrin- 
sic polypept ides that comprise the core  of  PS II can 
legit imately be excluded as providing some of the lig- 
ands to the Mn complex on the basis of  these data. 

11-£3 The relationship o f  the Mn complex to the intrinsic 
polypeptides 

The LF-I mutant o f  Scenedesmus obliquus. Several 
lines of  circumstantial  evidence have been  used to 
implicate the DI polypept ide as providing some of the 
ligands to the Mn cemplex.  Much of this evidence is 
based on studies of  the LF-I  mutant  of the green alga 
7cenedesmus obliquus. This mutant  assembles PS 11 
:omplexes  that do  not evolve oxygen [850-854] and 
cannot  be photoact ivated with exogenous  Mn and Ca-'" 
ions [795,796]. Normal  Y~ and OAFeZ+ E P R  signals 
can be genera ted  in PS l l  membranes  from the mutant ,  
however  [837]. Thylakoid membranes  [850-852] and PS 
II membranes  [795] from the LF-1 mutant  contain only 
2 5 - 4 0 %  of  the Mn found in wild-type preparat ions.  
The  residual Mn ions do not permit  the format ion of 
the S 2 state,  as de te rmined  by E P R  [837] and thermo-  
luminescence [795] measurements  and do not interact  
magnetical ly with Yt~ [837]. The  extent  of  inhibition by 

Mn 2+ ions of DPC-suppor tcd  DCIP reduction in Mn- 
dcple ted  I.F-1 PS 11 membranes  is approx. 5(1¢:J2 that in 
Mn-deple ted  wild-type membranes  [795.796] (for fur- 
thor discussion of  this assay, see later in this subsec- 
tion). These  data were interpreted as indicating that 
LF-I PS I1 complexes contain half the number  of  high 
affinity Mn sites as wild-type complexes [795,796]. The 
full complement  of  such sites could be genera ted  by 
treat ing LF-!  PS II membranes  with various pro- 
teinases [796]. A small surface-enhanced Raman scat- 
tering (SERS)  peak at 225 cm -I was de tec ted  in LF-I  
PS II membranes  following removal of the 33 kDa 
extrinsic polypept ide [815]. This  signal, previously at- 
t r ibuted to the weakly bound Mn ions of the Mn 
complex [814] (see subsection l l -J . l ) ,  decays far more 
rapidly in LF-I  than in wild-type preparat ions [815]. 

Thylakoid membranes  [850-852,854,855] and PS II 
particles [853] from the LF-I  mutant  were found to 
contain a protein that is approx. 2 kDa larger than in 
wild-type preparat ions.  This protein was subsequently 
de te rmined  to be the D l  polypeptide [855]. Its larger 
size in the LF-I  mutant  results from a failure to cleave 
a 1.5-2.0 kDa fragment  from the carboxy-terminus of  
the polypeptidc 's  precursor  form [856,857]. This failure 
is caused by the absence or  inactivation of the process- 
ing enzyme that normally cleaves thc D1 polypeptide 
be tween Ala-344 and position 345 [143-146,858]. The 
addit ion of  the processing enzyme from spinach [145], 
pea [146] or  wild-type Scenedesmus [146,858] to PS !1 
membranes  from the LF-I  mutant  results in the pro- 
cessing of the DI  polypeptide [145,146.858]. The pro- 
cessed complexes can reportedly be photoact ivated 
[146,858], but  whether  the extent of  photoactivat ion is 
significant has been disputed [796]. The  earboxy-termi- 
nal extcnsion of  thc unprocessed DI polypcptide has 
no known function (see the discussion in Ref. 146). It is 
not present  in Euglena gracilis [859.860] and can bc 
dele ted from Synechocystis sp. PCC 6803 without ef- 
fect [ 17,19,880,996]. (More  recently, the carboxy-termi- 
nal cxtension has also been deletcd from Chlam)- 
domonas reinhardtii, also without apparent  effect 
[997.998].) In contrast,  when Ser-34'; of Synechot3"stis 
6803 was changed to prolinc (but not when changed to 
alanine or  arginine}, the processing of the carboxy- 
terminus was prevented  and no functional Mn complex 
was assembled [17.19,996]. Consequently,  the failure to 
post-translationally cleave the carboxy-terminal exten- 
sion of  the DI  polypeptide correlates  with the failure 
to assemble a functional Mn complex. This correlat ion 
has led some authors to suggest that the D1 polypep- 
tide provides ligands to the Mn complex (e.g., 
[852.853,855]). So has the rapid loss of  the SERS signal 
[815] and the lower apparent  number  of high-affinity 
Mn sites in LF-I  PS II membranes  [795,796]. However,  
none of  these data necessarily imply that the DI 
polypeptide contr ibutes ligands to the Mn complex. 



318 

Because the  polypept ides  d~at comprise  th,, • cev-c of PS 
Ii may be extensively en twined ,  the  1.5--2.{} kl):t exten-  
sion of the unprocessed  polypcpt ide  m a ) d i s r u p t  the  
en t i re  lumenal  domain  of PS I!. Such a d is rupt ion  
would likely prevent  the assembly of a funct ional  Mn 
complex and  a l ter  the  p roper t i e s  of all Mn sites in PS 
I1. It should  bc no ted  tha t  the  extrinsic 24 and  17 kDa  
polypept ides  a p p e a r  to b ind  only weakly to LF-I  PS 11 
complexes  [854] and that  cy tochrome h-559 in these  
complexes is p redominan t ly  in a low po ten t i a l  tk~rm 
[837,850-852]. 

The light-induc~'d iodination o f  preparations contain- 
#zg Mn. A specific l igh t - induced  iodinat ion of  the  DI 
polypept ide  in PS I1 m e m b r a n e s  dep le ted  of  CI has  
been  repor ted  [861,862]. Iodina t ion  was r epor ted  to 
involvc thc l o rma t ion  of mono iodo ty ros ine  [862] and  to 
be suppressed  by CI . F and  ace ta te  [861]. Because  
these an ions  compe te  for a c o m m o n  site tha t  is be- 
lieved to bc on the  Mn complex [439] (scc subsect ion  
I I -G.I) .  it was p roposed  that  the  Mn complex oxidizes 
! -  at a C I  site on the  Mn complex and  that  the  
oxidized iodine labels a nearby  res idue of  the DI 
polypept ide  [861]. Based on part ia l  proteolysis  of ~:51- 
labeled C I - - d e p l e t e d  PS II m e m b r a n e s ,  it was pro- 
posed  that  Tyr-161 of  the  DI polypept ide  was specifi- 
cally iod ina ted  [862]. The  same res idue a p p e a r e d  to be 
iodinated  in Mn-dep l e t ed  samples  [862]. No sequence  
analyses of  iod ina ted  pep t ides  were  r epo r t ed  to sup-  
port  this  ass ignment ,  however  and  the  iod ina ted  tryptic 
f ragment  seems too  small  (7.7 kDa)  to be  ass igned to 
the f r agment  tha t  includes  Tyr-161 (8.9 kDa)  (see Fig. 
5 of Ref. 862). Because  the labeled  residue is par t  of 
the  DI  polypept ide ,  it was p roposed  that  the  Mn 
complex must  b ind  to the  DI polypept ide  [861,862]. 
Howevcr,  if the po lypept ides  tha t  comprise  the lume- 
nal domain  of PS 11 are  en twined ,  the iod ina ted  
residue(s)  will not  necessari ly be located on  the  same 
polypept ide  as those  tha t  ligate the  Mn complex.  

Ttte loss o f  Mn following photoinhibition. A corre la-  
t ion be tween  the loss of Mn ions and  the  deg r ada t i on  
of  the  D1 polypept ide  following pho to inh ib i t i on  of  
thylakoid m e m b r a n e s  f rom sp inach  has  been  repor ted  
[863,864]. On  the  basis of  this cor re la t ion  it was sug- 
ges ted  tha t  the M n  complex is l igated by the  DI  
polypept ide  [863]. However ,  this cor re la t ion  does  not  
imply tha t  the  DI  polypept ide  provides  l igands to Mn. 
Disassembly of the  PS-II core  s t ruc ture ,  which also 
accompan ies  the deg rada t ion  of  the  DI  polypept ide  
tk)llowing pho to inh ib i t i on  [864], would undoub ted ly  
cause  the  des t ruc t ion  of  the  M n  complex and  the  
re lease  of  M n  2+ ions i r respect ive of  wha t  po lypept ides  
provide l igands to the  M n  complex.  It has  recent ly  
been  repor ted  that  the  loss of  M n  ions cor re la tes  with 
hypothet ica l  confo rmat iona l  changes  in PS I! tha t  pre-  
cede the deg rada t ion  of  the  D1 po lypept ide  [984]. 

Chemical modification o f  PS IL Chemica l  modif ica-  

l ion and s teady-s ta te  e lec t ron  t r ans fe r  s tudies  have 
bccn  i n t e r p r e t e d  as d e m o n s t r a t i n g  t ha t  the  DI  
po lypept ide  provides  some of  the  h g a n d s  to the  Mn 
complex.  As  m e n t i o n e d  in subsect ion  11-1, chemica l  
modif ica t ion  of  h is t id ine  res idues  in M n - d e p l e t e d  PS I1 
m e m b r a n e s  has  been  r e p o r t e d  to p r even t  the  i igat ion 
[791,792] and  pho toae t iva t i on  [792] of  the  M n  complex.  
In addi t ion ,  pho to l iga t ion  of  Mn ions has  b e e n  re- 
po r t ed  to suppress  the  labe l ing  o f  PS II m e m b r a n e  
p r e p a r a t i o n s  by [14C]-DEPC [792]. A l t h o u g h  it was 
c la imed tha t  the  pho to l iga t ion  of M n  ions suppressed  
[14C]-DEPC label ing o f  bo th  the  D I  po lypep t ide  and  a 
approx.  6(1 kDa D I / D 2  h e t e r o d i m e r ,  t he  individual  
b a n d s  of n e i t h e r  the  DI polypept ide  nor  t he  D2 
po lypept ide  can be individual ly  d i sce rned  in the  pub-  
l ished f luorogram because  of  ove r l app ing  bands  from 
the LHCII  a n t e n n a  complex.  Consequen t ly ,  the  con-  
clusions,  tha t  the  label ing of  the DI  po lypep t ide  was 
suppressed  by Mn and,  consequent ly ,  t ha t  the  DI  
po lypcpt ide  con t r i bu t e s  his t id ine  l igands to the  Mn 
complex,  are  not  necessar i ly  correct .  The  expe r imen t s  
should  be  r c p e a t e d  with pur i f ied  PS 11 complexes  tha t  
lack the  L H C l l  po lypep t ides  so tha t  the  b a n d s  of  the  
individual  DI  and  D2 po lypep t ides  can  be resolved.  
Never the less ,  the  M n - i n d u c c d  suppres s ion  of  [14C]- 
D E P C  la0eling of the  D I / D 2  h e t e r o d i m e r  would  be  
cons is ten t  with M n  l igat ion by res idues  f rom e i t h e r  of  
the DI or  D2 polypept ides ,  a s suming  t ha t  n o  small  
po lypcpt ides  are  p re sen t  in the  approx.  60 kDa  com- 
plex observed  in the  f luorogram.  However ,  the  Mn- in-  
duced  suppress ion  of  labe l ing  could also b e  caused  by 
con fo rma t iona l  changes  tha t  accompany  the  photol iga-  
t ion of  M n  ions (see be lcw a n d  subsec t ion  l l-A.3).  

S u b m i c r o m o l a r  conce : t t ra t ions  o f  Mn 2~ have  b e e n  
r epo r t ed  to inhibi t  e lec t ron  d o n a t i o n  by 1,5-diphenyl-  
carbaz ide  ( D P C )  to M n - d e p l e t e d  PS 11 m e m b r a n e s  or  
complexes ,  as assayed by the  p h o t o r e d u c t i o n  of  2,6-di- 
c h l o r o p h e n o l i r d o p h e n o l  ( D C I P )  [381] or  sil icomolyb- 
da te  (S iMo)  [795]. Th i s  inhib i t ion  has  b e e n  employed  
by several  au tho r s  as an  assay for the  l igat ion of  Mn 2+ 
to one  or  more  o~ the  e n d o g e n o u s  M n  si tes in Mn-de-  
p le ted  p r e p a r a t i o n s  [381,790-792,795-797] .  Chemica l  
modif ica t ion  of  h is t id ine  res idues  with D E P C  [79(I- 
792,795-797]  or  carboxylate  res idues  wi th  l -e thyl-3-  
[ (3 -d ime thy lamino)p ropy l ] ea rbod i imide  ( E D C )  [7911, 
791,797], or  d igest ion with var ious  p ro t e inase s  [790,797], 
part ial ly abol i shes  the  ability of  M n  2÷ to inhibi t  elec- 
t ron  dona t i on  by DPC.  In add i t ion ,  mi l l imolar  concen -  
t ra t ions  of  Mn 2+ ions pro tec t  PS 11 m e m b r a n e s  f rom 
modi f ica t ion  by D E P C  and  E D C  [791,792]. Most  of  
this work has been  c o n d u c t e d  by Se iber t  and  co- 
workers .  

Se iber t  and  co-workers  a rgue  t h a t  the  modif ica t ion-  
suscept ible  his t idine and  earboxyla te  res idues  coordi-  
na te  one  or  more  of  the  M n  ions of  the  Mn complex  
[790.791,795-797].  By ana lyz ing  the  Mn2+- induced  in- 
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hibi t ;on of DPC-suppor t ed  DCIP  reduct ion in samples  
t r ea ted  with D E P C  a n d / o r  E D C  plus various combi-  
na t ions  of pro tc inases ,  Seibert  and  co-workers  a rgue  
that  they  have de tec ted  four separa te  e n d o g e n o u s  M n  
sites, a l t hough  they do  not exclude the possibility tha t  
these  four  "sites' may be four individual  l igands in the  
first s i te  occupied by a Mn ~'+ ion dur ing  the photoac t i -  
r a t ion  process  [791,797]. Accord ing  to the  in te rp re ta -  
t ions o f  Seiber t  and co-workers,  ha l f  of these  four  si tes 
include his t idine res idues  tha t  are  susceptible to  modi-  
f icat ion by D E P C  [790,791,705-797],  whi le  the  r emain -  
ing ha l f  include carboxylate  res idues  t ha t  are suscepti-  
ble to modif icat ion by E D C  [790,791,797]. O n e  of  the  
sites t h a t  con ta ins  a DEPC-suscep t ib le  his t id ine  residue 
is sensi t ive to digest ion by subti l is in [790,797], while the  
o the r  is sensit ive to  digest ion by carboxypept idase  A.  
Staphylococcus aureus V8 pro te inase  and  trypsin 
[790.797]. O n e  of  the  sites tha t  con ta ins  an EDC-sus-  
cept ib le  carboxylate res idue is sensi t ive to digest ion by 
trypsin [790,797], bu t  only in the  absence  of  the  extr in-  
sic 33 kDa po lypept ide  [797]. T he  his t idine and  carbox- 
ylate si tes are p roposed  to be  affi l iated with the  strongly 
and  weakly b o u n d  M n  ions of the  Mn complex,  respec-  
tively: bo th  carboxylate  sites are uncovered  w h e n  PS II 
m e m b r a n e s  d e p l e t e d  of the  33 kDa polypept ide  are  
incuba ted  in the  p resence  of  low concen t r a t i ons  of  CI -  
[791] (condi t ions  tha t  cause  the  re lease  of  two M n  ions 
[232,245,246,251-253]),  whereas  the  two his t idine si tes 
r ema in  p ro tec ted  u n d e r  these  condi t ions  [791]. Both of  
the  his t idine sites a p p e a r  to be occ luded  in the  LF-I  
m u t a n t  of  Scenedesmus obliquus [795,796] and  can be  
uncovered  by digest ion with var ious  p ro te inases  [796] 
(see above).  Bo th  of  the  carboxylate  sites are accessible 
in LF-I  PS II m e m b r a n e s  [791]. O n e  of  the  DEPC-sus -  
cept ib le  his t idine res idues  has be~n p roposed  to be  
His-337 of  the  DI polypept ide  [790,797]. The  o the r  has  
been  st, gges ted  to be  His-92 of  the D1 polypept ide  
[790,797] or His-62, His-88 or  His-337 of the  D2 
polypept ide  [797]. 

The  in terac t ion  be tw een  M n  ~' + and  DPC was origi- 
nally r epo r t ed  to be  compet i t ive  [381]. However,  this  
in terac t ion  has  recent ly  been  p roposed  to be non-com-  
peti t ive u n d e r  the  condi t ions  employed  for the  assay 
(200 /~M D P C  and  < 10 #,M Mn -'+) [791]. Conse-  
quently,  Mn -'+ ions and  D PC are  p roposed  to b ind to 
sepa ra te  si tes on  PS I1 [791]. T h e  inhibi t ion of  e lec t ron  
dona t i on  by D P C  has  b e e n  p roposed  to result  from the  
l igat ion of  a Mn 3 ÷ ion g e n e r a t e d  by the  oxidat ion of 
M n  2+ by Y ~ :  the  b o u n d  M n  3+ ion is p r e sumed  to 
p reven t  the  oxidat ion of  D P C  by Y~ [791] (D.J. 
B lubaugh  and  G.M.  Cheniae ,  personal  communica t ion) .  
H o w e v e r ,  t he  M n Z + - i n d u c e d  i n h i b i t i o n  in t he  
D P C / M n  z÷ inhibi t ion assay is never  more  than  ap- 
prox. 50%, even  in the  p resence  of  sa tu ra t ing  concen-  
t ra t ions  of M n  z+ ions (10 -100  txM). T h e  high residual  
D P C - s u p p o r t e d  D C I P  reduct ion  ra tes  observed  in max- 

imally inhibi ted ~amples at s~ltur~lting light intensi t ies  
have been  proposed  to resuIt from DPC dona t ion  to 
Yl~ [791] (also see Ref. 365). The  reduct ion of YI~ ~'' 
DPC has  been  repor ted  [276]. In addit ion,  bo th  Mn:  • 
and D P C  have been  repor ted  to reduce  bo th  Yfi, (with 
Km values of  10 /~M for Mn ~+ and 42 p,M for DPC)  
and an  unident i f ied  ",'omponent that  was p re sumed  to 
be YD (with K m values of  200 /~M for Mn 2* and  2.0 
mM for DPC)  [365]. 

Because the  na ture  of the  in terac t ion be tween  Mn 2. 
and  D P C  appea r s  to be complex [791] and  possibly to 
be compl ica ted  by the mult iple tu rnovers  tha t  are 
requi red  for the s teady-state  D P C / M n  -'+ inhibi t ion 
assay (e.g., see [354,365,366,791]), the  Mn binding 
proper t ies  of  the chemical ly modif ied and prote inase-  
t r ea ted  p repa ra t ions  should be charac te r ized  by inde- 
p e n d e n t  methods ,  These  should include f lash- induced 
m e a s u r e m e n t s  of the  reduct ion of Yz  by ] t n  -'+. The  
reduct ion of  Y~ can be moni to red  by the decay of  its 
E P R  signal [3o6], by the decay of  its optical  absorp t ion  
spec t rum in the  ultraviolet  [68] or visible [981], or  by 
moni tor ing  the  ability of Mn -'+ to block charge  recom- 
b ina t ion  be tween  QA and  Y~ in samples  tha t  lack QB 
or conta in  D C M U  [368]. It should  bc no ted  that ,  while 
Mn -'+ was r epor ted  to b ind more  weakly to PS 11 
m e m b r a n e s  at pH 7.7 than  at pH 6.1 on the  basis of 
the D P C / M n  2+ inhibi t ion assay [381], the  opposi te  
conclusion was reached  on the basis of  f lash- induced 
E P R  m e a s u r e m e n t s  of the decay of  Y~ [366] (see 
subsect ion 11-1). 

Seibert  and  co-workers  have proposed  tha t  all four 
endogenous  Mn sites are located on the  D l / D 2 / I / c y -  
tochrome b-559 complex.  This  proposal  is based  on 
D P C / M n  -'÷ inhibi t ion assays conduc ted  with silico- 
molyLla te  as the e lect ron acceptor  [795]. The  same 
degree  of inhibi t ion of DPC dona t ion  by Mn 2+ was 
observed  in these complexes as in Mn-dep le t cd  PS I1 
m c m b r a n e s  (approx. 50% inhibi t ion)  [795]. However .  in 
view of  the complexity of  this assay in the more  intact  
PS I1 m e m b r a n e  p repara t ions  [791] and  because  the 
donor  side of  D l / D 2 / I / c y t o c h r o m c  b-559 complexes 
appea r s  to be severely d i s rup ted  (for  example,  no  di- 
rect evidence for the  format ion  of Y~ in such com- 
plexes has  been  p resen ted  [184,185] (scc subsect ion 
I-B.2)), the proposa l  tha t  all four Mn ,,ites are located 
on the  D l / D 2 / l / c y t o c h r o m e  b-559 complex should  
be i n t e rp re t ed  cautiously until  conf i rmed by indepen-  
den t  methods .  

A l though  Seiber t  and  co-workers in t e rp re t  the i r  da ta  
in t e rms  of  direct  coord ina t ion  of Mn ions by the 
DEPC-suscep t ib le  hist idine and  EDC-suseept ib le  car- 
boxylate res idues  [790,791,795-797], it is possible to 
explain the i r  da ta  wi thout  invoking direct  coord ina t ion  
of  M n  by these  residues.  Polypept ide  conformat iona l  
r e a r r a n g e m e n t s  nea r  Yz, induced  by the  l igation of 
M n  3 +, could be involved in blocking e lec t ron  dona t ion  
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T A B L E  II 

I.umcnal tt.~,h,'s in the D /  attd I12 l,OhlnT,ttdc~ that din'cth' .r (rid(rectA" inllucncc water ,zwehttion 

( 'e l l~ v.crc grov+n in l iquid media  ( ' d I s  that  grcm photoautotrt)phicall~,  v.ith normal  doubl ing  t imes  (as  d e t e r m i n e d  by the op t ica l  "density of  t he  
cu l tu re s  at 730 nm)  arc  dcnolc~ " ~ ." ( ' e l l s  that  exhib i ted  impa i r ed  p h o t o a u t o t r o p h i c  g rowth  a r e  d e n o t e d  "4 (slow).  + W h e r e  known,  an e s t ima t e  o f  

the cel l  doub l ing  t ime re la t ive  to v+i|d-typc is given.  T h e  doubl ing  time of  w i l d 4 y p e  cel ls  was 14 211 h ,  d e p e n d i n g  on g rowth  cond i t ions .  Cel ls  t h a t  

were  unab le  to grow pho toau to t roph ica l lv  (and ,  thc re lo r . : ,  r equ i r ed  g lucose  for  p r o p a g a t i o n )  a r e  d e n o t e d  " -  ." T h e  maximal  l i gh t - s a tu r a t ed  r a t e s  

of  O :  evolut ion were  m e a s u r e d  with whole  cel ls  in growth  med ia  s u p p l e m e n t e d  with 11.3-1.11 m M  2 ,6 -d i ch lo ro -p -beazoqu inone  and  I m M  
K 3 F e ( ( ' N ) t , .  Except v+here noted,  the PS i l  con ten t  of  cells, re la t ive  to wild- type,  was  e s t i m a t e d  f rom the yield of  va r i ab l e  f luo rescence  in the  

p resence  o t  40 # M  D C M U  and  211 mM N i t  +Oit  a f t e r  cel ls  had been  p r e i n c u b a t e d  with 0 . 2 - 0 . 3  mM p-benz t~ lu inone  and  0 . 3 - 1 . 0  m M  
K +Fe ( ( 'N) ,  [lt~.3t+g] (H. -A.  Chu.  A.P.  Nguyen and  R.J.  Debus .  unpubl i shed) .  

Muta t ion  P h o t o a u t o t r o p h i c  O :  evolu t ion  PS II con t en t  

g rowth  (% wi ld- type)  (C/+ wi ld - type)  

D2 pol+vpeFtide: 

G l u - 7 0  ~ G i n  " 
-+ Val  '= 

DI  p o b p c p l i d c :  

Asp-5q -- ( ; l u  " ~- 
Asn t, + Ishw,. 1.3 "~ ) 

~ % a l  " ~ 1~1o~. 3.3 ~ 1 

Asp-61 ~ ( ; l u  i, +. 

-~ Ash I,= -' (%h)~.. 2.1 >'. } 

Ala ;' ~ (slo~, 3.l) × ) 

-~ Val ~ ~ (s|o~. 2.2 x 

Glu-65  -* Asp  l, ~. 

* G i n h '  * ( sn)w.  I . P x  

Akl ~ * (slo~*. 2.7 × 

Leu ' + ( s l o w ,  4.1) × 

A s p - 1 7 0  - *  ( ; l u  b ,  + 

His " 4- (slow) 

~ C y s  • 

Tyr 
Arg  c 
M e t  ' 

-* Trp 

Scr  ~ 
-~ l'he • 

Val I, 

Lcu b 

-* T t u  ~" 

(;h1-189 - ,  Asp  I, 

Gin  I,c + 

His-19(l  ~ Asp  • 
Asll  t, 

-+ ( i l n  i, ,  
-+ | ' y r  b 

-+ Eetl t,~ 

I t i s -332 -+ Asn t, 
( ; I n  t, 

• Tvr  b 

Ghi -333  -+ Asp  b 

Gin  t,+¢ + (slow'. 3.3 × ) 

His -337  ~ Asn t, + ( v e r y  slow) 

Gin  h + ( v e r y  slow) 
-+ Tyr  t,.c 

L c u  t,.~ 

approx.  311 approx .  35 " 
0 0 

approx.  71) 5 0 - 7 0  

211-311 5 0 - 6 0  
approx.  I11 approx.  311 

N(l 95 > 141i' 

approx.  15 ) 70  

approx.  10 ~ 70 

approx.  5 approx.  75 

80-90 >~ 70 

I1)-  211 .>. 6O 

approx.  10 ~ 80 

a p p r o x .  10 a p p r o x .  100 

(50-60) b (61)- I(X() ~ ~ 85 

20-40 >~ 80 

2U-30 i> 70 
111-211 > 50 

I 0 - 20 ~- 60 

10-211 > 70  

3 - 5  5 - 1 0  
13-9) h (11-21 ' ~ 611 

11 >/70 

(1 >~ 70 

(1 approx.  10 

0 approx.  11}11 
approx.  50 ~> 70 

(I 

0 >~ 70 

t) approx.  100 

0 1 0 - 2 0  
() approx.  20 

0 approx .  30  

approx.  10 3 0 - 4 0  
0 

0 a p p r o x .  10  

0 approx. 5 
a p p r o x .  20 > / 6 0  

approx.  6 2 0 - 3 0  

6 -  ) 8 3 0 - 4 0  

approx.  10 
( 3 - 5 )  h ( a p p r o x .  2O) c ( a p p r o x .  2 0 )  b ( a p p r o x .  3 5 )  c 
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Mutation Photoautotrophic O, evolution PS II content 
growth (' ~ wild type) (~/- wild-type) 

Asp-342 ~ ¢31u b +(slow. 1.2 × ) approx. 15 
-* Ash b _ 0 

Ala h _ 0 
Val c 

Ala-344 ~ Stop d 

Ser-345 -, Ala ¢ + 
--~ Pro c _ 0 

Arg " + 
--, Stop ~" + 

approx. 70 
approx. 15 

10 15 

20-30 

" Mutants constructed by Vermaas and co-workers [867l. 
h Mutations c~)nstructed by Debus and co-workers [871.873] tH.-A. Chu, A.P. Nguyen and R.J. l)ebus, unpubli~hed.k 
~" Mutations constructed by Nixon and Diner [17.1t~.368.996]. 
d Mutation constructed by Nixon and Diner [880,t~96]. 
" Measured from [14CIDCMU binding assays [867]. 

by DPC to  Y~.  Pro tease  digest ion or  chemical  modifi-  
ca t ion at sites located far f rom the Mn complex could 
prevent  o r  al ter  these  conformat iona l  r ea r rangements ,  
thereby  allowing full or  part ial  access of D P C  to Y~ in 
the p resence  of l igated Mn 3 . .  As a p receden t  for such 
a mechanism,  conformat iona l  r ea r r angemen t s  are  be-  
l ieved tc  occur following the  oxidation of  the  lirst 
Mn  z+ ion by Y~ dur ing the assembly of the  Mn cluster 
[349,359,362] (see subsect ion II-A.3). These  conforma-  
t ional changes  may explain why the  p resence  of  a 
funct ional  Mn complex both  facilitates the rebinding of  
the  extrinsic po lypep t ides  [232-234,278,279] and shields 
Yt~ and Y~ f rom exogenous  reduetan ts  [271,273,348, 
366,489,760,847-849]. Conformat iona l  changes  are  also 
bel ieved to accompany  the extract ion of  the  two most 
t ight ly-bound Mn ions [130,827,829,831] (see subsect ion 
l l - J . l ) .  These  conformat iona l  changes  may explain why 
the  extrinsic po lypept ides  are  more  easily extracted in 
the  absence  of  the Mn  complex  [231,234,279]. The 
unprocessed  carboxy- terminus  of  the  D1 polypept ide  in 
the  LF-1 mutan t  of  Scenedesmus obliquus may inter- 
fere  with conformat ional  changes  induced  by the liga- 
t ion of  a Mn 3+ ion that  would o therwise  restrict  the 
access of  DPC to Y~ and lead to the assembly of  a 
funct ional  Mn complex.  The  mechan i sm of  Mn z+ inhi- 
bi t ion of  e lec t ron donat ion  by D P C  to Y~ must  be 
fu r ther  clarified if the  D P C / M n  2÷ inhibition assay is 
to be employed  to identify l igands o f  the Mn complex.  

Site-directed mutagenesis of  PS IL Si te-di rec ted  mu- 
tagenes is  has begun to play an active role in the search 
for l igands to the Mn  or  Ca  2.  ions of  PS I1. Most  
publ i shed  work has focused  on conserved  res idues  in 
the  DI  and  D2 polypept ides  (see Fig. 3). Several  mod-  
els for the  ligation of  Mn and Ca -'+ by these  poly- 
pep t ides  have been  advanced  [32,35,114,116,787,865]. 
Some of these  mode l s  were  deve loped  f rom compute r -  
assisted mode l ing  based  on the s t ruc tures  [20-22] of  

react ion cen te rs  from purple  non-sulfur bacteria 
[35,114,116]. However,  none of the proposed  models  is 
compell ing.  For  example,  the C 2 symmetry believed to 
be present  in the memb ran e - s p an n i n g  regions of the  
D 1 / D 2  he t e rod imer  (e.g., Figs. 1 and 4) and which led 
to the identif icat ion of  Yz and Yo [65-68], does  not  
appear  to extend to the lumenal  regions of  these  
polypept idcs  in te rms of amino acid residues.  Also, the  
s t ructures  of  the bacterial  react ion centers  provide 
limited insight: not only do  these react ion centers  fail 
to evolve oxygen, there  is little similarity be tween  the 
sequences  of the lumenal  regions of the DI and D2 
polypept ides  and the cor responding  regions of  the L 
and  M polypept ides  of  the  bacterial  react ion centers .  
Fu r the rmore ,  the D1 and D2 polypept ides  have many 
more  res idues  in these regions than the L and M 
polypept ides .  Finally, recent  work indicates that the 
p igment  con ten t  of  the D I / D 2  hc t c rod imer  differs 
from that  o f  bacterial  react ion centers  [13,135-140,866] 
(see subsect ion I-B.I). 

Because of  the lack of  compell ing models ,  several 
groups have cons t ruc ted  mutat ions at nearly every 
residue it the lumenal  regions of the D1 and D2 
po lypep t iccs  that could conceivably (see subsect ion 
I1-1) l igat ,  ~ Mn or  Ca 2- ions. These  muta t ions  have 
been  cons t ruc ted  in the cyanobacter ium ~ynechocystis 
sp. PCC 6803. Of  the 30 conserved lumenal  res idues  
t a rge ted  in the D2 polypept ide  [18], including all lume- 
nal carboxylate and hist idine residues,  only muta t ions  
at Glu-70 (in the sequence  number ing  system from 
spinach)  abol ished pho toau to t roph ic  growth [18,867] 
(see Table  11). However ,  changing His-189 to Leu 
modera te ly  impaired pho toau to t roph ic  growth [868]. 
Of  the 30 lumenal  conserved res idues  ta rge ted  in the 
DI polypept ide ,  including all 21 lumenal  carboxylate, 
hist idine and tyrosine residues,  only muta t ions  at Asp- 
59, Asp-61, Glu-65, Asp-170, Glu-189, His-190, His-332, 
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Olu-333. His-337 and Asp-342 abol ishcd or  impaired 
pht~toautotr~phic growth (See Relk. 17.19,S69-871 and  
H.-A Chu. A.P Nguyen and R.J. Dcbus,  unpubl i shed  
data;  also scc Table  II). 

The  first residue identified as z~ potent ia l  l igand to 
the Mn complex was Glu-7(I of lhc D2 polypcpt idc  
[867]. This  work was carr ied out  by Vermaas  and  
co-workers. Cells having Glu-7[) changed  to Gin  or Val 
arc unablc  to grow photoauto t rophica l ly  [867] (sec 
Table  Ii). Nevertheless ,  cells and thylakoid m e m b r a n e s  
from the G l u - 7 l ) ~  Gin  mutan t  evolve oxygen at low 
rates  in the  presence  of  added e lect ron acceptors.  The  
rate of oxygen evolution was observed to decl ine rapidly 
dur ing  i l lumination.  This  ~pparent  photo inac t iva t ion  
was d iminished by the addi t ion of  Mn -'+ ions, but not 
by the addi t ion o f  Ca 2' i~ms. Thylakoid m e m b r a n e s  
from o ther  mutan t s  (e.g., P r o - 1 6 2 - ,  Lcu in the D2 
polypcpt idc)  wcrc similarly photo inac t iva tcd  [867,8"72], 
but the addi t ion of Mn ~ ions had no protect ive effect 
[867]. Because the presence of  exogcnou~ Mn -'~ ions 
d iminished the ralc of photoinact iwl t ion in the  Glu-7(I 

Gin mutan t ,  but not in the Pro-162 ~ Leu mutan t ,  
Glu-7(I of the D2 polypept idc was proposed  to be a 
ligand to the  Mn complex [867]. The  subst i tu t ion of  
Gin fi~r Glu was proposed to weaken  the b inding of 
one Mn ion in the h igher  S states. Loss of a Mn( IV)  
ion seems unlikely, since this would require  the  forma- 
tion of a pen ta -coord ina te  in te rmedia te  with consider-  
able loss of  ligand field stabil ization energy [498,503]. 
Such cons idera t ions  are less significant for M n ( l i l )  
ions, howcvcr  [498.5113]. Bccausc of th,z conformat iona l  
r ca r r angemcn t s  in the Mn env i ronmen t  tha t  are be- 
lieved to accompany the S-state t rans i t ions  [38,387, 
427,429.443,477-479] (scc subsect ions II-G.I  and  II-H), 
a lower affinity for M n ( l l l )  in a h igher  S-state in thc 
Glu-7{) ~ Gin  mutan t  is conceivable.  Nevertheless ,  ex- 
p lanat ions  o the r  than ligation of Mn by Glu-7() arc 
possible. For  example,  exogenous Mn-" + ions may slow 
the photo inac t iva t ion  of the Glu-7()-~ Gin  m u t a n t  by 
dona t ing  e lec t rons  to Y~.  The  e lect ron donor  DPC has 
bccn demons t r a t ed  to slow photo inac t iva t ion  in thc 
Glu-7() ~ Gin  mutan t  [867] and  in o the r  m u t an t s  of 
Syptechocystis 6803 [867,872], presumably  by dona t ing  
to Y~.  Insufficient  access of Mn -'~ ions to the  donor  
side of PS II may account  for the inability of Mn 2+ 
ions to slow photoinac t iva t ion  in the  Pro-162 ~ Leu 
mutant .  A rigorous de te rmina t ion  of  whe thm Glu-70 of  
the D2 polypcpt idc is a ligand to thc Mn complex will 
require  spectroscopic analyses of oxygen-ew)lving PS 11 
complexes isolated from the Glu-70 --, Gin  m u t a n t  and  
from mutan t s  having o ther  res idues  subs t i tu ted  for 
Glu-7l). Unti l  recently,  no sui table  p repa ra t ion  from 
Synechocystis sp. PCC 6803 was available.  For tunate ly ,  
highly-active oxygen-evolving p repa ra t ions  capable  of 
exhibi t ing the S2-state mult i l ine E P R  signal have been  
developed recently [2t)9,415,993] (also see Ref. 963), 

Recently,  a t t en t ion  has  been  focused on  the DI  
polypcptide.  Pho toau to t roph ic  growth was comple te ly  
abol ished when  Asp-17() was replaced with 12 out  of  14 
o the r  residues or  when  Asp-342 was replaced with Gin ,  
Ala  or Val [17,19,367,368,869-871,873] (H.-A. Chu,  
A.P. Nguycn and  R.J. Debus,  u n p u b l i s h e d ) ( s e e  below 
and  Table  !i). In contras t ,  replac ing Asp-170 or  Asp-342 
with Glu had little cffcct. Pho toau to t roph ic  growth was 
modera te ly  impai red  when  Asp-59 was replaced with 
Asn  or Val, when  Asp-61 was rep laced  with Ash,  mla 
or  Val, or  when  Giu-65 was replaced with Gin ,  Ala  or  
Leu [17,19,871] (H.-A Chu,  A.P Nguyen and  R.J. De-  
bus, unpub l i shcd )  (see Table  !I). In contras t ,  replac ing 
Asp-59 or  Asp-61 with Glu  or rep lac ing  Glu-65 with 
Asp had little effect. Based on the  cr i ter ia  tha t  elimi- 
nat ing a carboxylate l igand to Mn or  Ca 2÷ should  
impair  pho toau to t roph i c  growth,  while changing  the  
size of the  carboxylatc  l igand might  not .  Asp-59, Asp-  
61, Glu-65,  Asp-170 and  Asp-342 could  potent ia l ly  
coord ina te  Mn or  Ca -'+ ions. However ,  o the r  effects  
caused by these  mutat ions ,  such as des tabi l ized  b ind ing  
of the  33 kDa extrinsic polypept ide  or  confo rma t iona l  
changes  in the PS-l l  core, might  also account  for the  
impa i rmen t  or  abol i t ion of  pho toau to t roph i c  growth.  
Interest ingly,  pho toau to t roph i c  growth was comple te ly  
abol i shed  when  Glu-189 or  Glu-333 was replaced  with 
Asp  (H.-A Chu,  A.P Nguyen and  R.J. Debus ,  unpub-  
lishcd), but  was e i the r  unaf fcc tcd  (Glu-189)  or  was only 
impai red  (Glu-333) when  e i the r  res idue  was replaced  
with Gin  [17,19] (H.-A Chu,  A.P  Nguyen and  R.J. 
l )ebus ,  unpub l i shed)  (Table  11). As  m e n t i o n e d  in the  
[ . receding pa ragraph ,  to demons t r a t e  tha t  any of  these  
res idues  l igatcs Mn or  Ca-'* ions will requi re  spectro-  
scopic analyses of  isolated PS 11 complexes.  Such anal-  
y~es have recent ly been  repor ted  for muta t ions  con-  
s t r u c t e d  at  A s p - 1 7 0  o f  t he  D1 p o l y p e p t i d e  
[367,368,873,981 ]. 

The  effects of  mu ta t ions  cons t ruc ted  at Asp-170 of  
the  DI polypept ide  have been  examined  in detai l  by 
Nixon and  Diner  [367,368,981] and  by Debus ,  Barry  
and  co-workers  [873]. Only cells having Asp-170 re- 
p laced with Glu  or His were able to grow pho toau -  
totrophically,  with the  Asp ~ His m u t a n t  exhibi t ing 
considerably  impai red  growth (see Table  II). The  PS-11 
con ten t  of most  of  the  14 mutan t s  was 70-11X)% that  of  
wild-type cells, when  expressed on  a chlorophyl l  basis. 
Many n o n - p h o t o a u t o t r o p h i c  mu tan t s  evolved oxygen, 
a l though  at low ra tes  (see Table  11). The  la t ter  m u t a n t s  
exhibi ted oxygen flash yields tha t  osci l lated with the  
normal  per iod  of  four  [368]. F rom cons ide ra t ions  of  
m a n g a n e s e  coord ina t ion  chemis t ry  (see subsec t ion  11-1), 
those  mu tan t s  able to evolve oxygen con t a ined  a po ten-  
tial Mn ligand in place of Asp-170. The  highest  ra tes  of  
oxygen evolut ion were  exhibi ted by res idues  with the  
lowest pK~, values [368]. The  S2-state decay t imes in 
whole cells of  those  mu tan t s  able  to evolve oxygen, 
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TABLE Ill 

Fllrther dlara('leri~lic~ o f  IPlllt~llll3 
thh" sub.~'tituted b)" ,~;ther re~i+hwx 

hat'ing A~p-170 q t t h e  DI polvpq~- 

Mutation S 2 decay time K,~, for Mn 2 " Mn ctmlcn! of 
in whole cells binding to Mn-c~mlaining 
(S-QI~ ~ S~OI~) Mn-depletcd PS II particles 
(s) " PS It particlc~ (Mn per 2 cyl 

(/~M) " b-599 heroes) h 

wild-type 
Asp ~ Glu 

--, Iris 
Cys 
Tyr 
Arg 
Met 

--. Trp 
Arin 
Ala 

-~ Set 

211 + 5 1 
65± 5 2 
45+ 5 2-10 

I 
55 -+ 5 20-40 
311+_ 5 5 
65 ± I11 2tl 

511 
50 

4.11 (3 .8 -4 .2 )  c 
3.3 (3. 1-3 .6)  " 

1.4 (1.2-1.71 ' 

• ' From Rot. 368. 
i, From Rcf. 873. 
¢ Range. 

measured  in the absence  of D C M U ,  differed from 
those in wild-type cells by no more than a factor of 
three  [368] (see Table liD. (In the absence of  DCMU,  
the S z state decay time pri,aarily represen ts  charge 
recombinat ion  be tween Q~  and the S 2 state). 

All of  the non-photoau to t rophic  mutants  having 
res idues  subst i tuted for Asp-170 were unable to rapidly 
reduce Yz ~ [367,368,873]. In PS II particles isolated by 
a procedure  that  retains high rates of  oxygen evolution 
in wild-type particles [209], the Mn content  of  the 
Asp ~ Asn mutan t  was only 311-40% that of  wild-type 
particles,  while the Mn content  of the Asp --* Glu mu- 
tant was 75-90% [873] (see Table liD. The  K m for 
binding Mn 2+ ions to Mn-dep le ted  PS 11 particles from 
11 mutants  was es t imated by Nixon and Diner  from the 
ability of  different  concent ra t ions  of  exogenous Mn 2 + 
ions to block charge recombinat ion be tween Q,x and 
Y,~ [367,368]. The es t imated K m values were ! /.tM 
and 2 # M  were for the wild type and Asp--* Glu 
particles,  respcetively and 50-611 ~ M  for the A s p - ~  
Ash. A sp - - ,  Ser and Asp - - ,  Ala particles [368] (see 
Table liD. Because oxygen evolution or high affinity 
binding of  Mn 2+ ions was observed only when position 
170 of  the D1 polypept ide conta ined a potential  metal  
ligand [368] and because the Mn content  of  the Asp  ---, 
Asn mutant  was significantly diminished compared  to 
wild-type prepara t ions  [873], it was concluded that 
Asp-170 is critical for the assembly or stability of  the 
Mn complex [368,873,981]. Because the reduct ion of  
Y7~ by Mn-'* was impaired in Mn-dep le ted  particles,  it 
was fur ther  p roposed  that  Asp-170 part ic ipates  in the 
first s tep in the assembly of the Mn complex [368,981]. 
It was also concluded that  Asp-170 might serve as a 
ligand to the final Mn complex [368,873]. However,  if 

Asp-170 ligates Mn, because of the similarities of the 
S~ state decay times in those mutants  ;iblc to evolve 
oxygen [368] (see Table !11). this residue must have 
little influence on the rcdox potential  of the Mn com- 
plex and consequently must occupy only a terminal 
coordinat ion site. It cannot bc excluded that the al- 
te red  proper t ies  of the mutants  arc caused indirectly 
by global conformational  changes induced by the muta- 
lions. However,  the ability of  the Asp  ~ His mutant  to 
grow photoautotrophical ly (Table !11 and the similarity 
of the K m values in the mutants  containing Glu, His, 
Cys and Arg (Table liD, suggest that the al tered prop- 
ert ies  of  the mutants  are more likely to be caused 
directly by the different  proper t ies  of  the residues 
subst i tuted for Asp-1711. F u r t h e r m o r e , t h c  observed 
al terat ions (e.g., loss of  activity and metal binding) are 
typical o f  those repor ted  in other  proteins when puta- 
tive ligands to metal ions arc changed (c.g.. Rcfs. 
874-879). Nevertheless,  a de terminat ion  of whc thcr  
Asp-170 of  the DI polypeptide coordinates  the Mn 
complex (or a Ca -'~ ion that is intimately associated 
with the complex) will require fur ther  spectroscopic 
analysis o f  intact, isolated PS I1 particles. For example. 
if Asp-170 ligates Mn, ESEEM spectra  should reveal 
addit ional Mn ligation by nitrogen in the Asp-170 ~ His 
mutant  and E X A F S  spectra should reveal Mn ligation 
by sulfur in the Asp-170 ~ Cys mutant.  

Preliminary analyses of Mn-dcplc tcd  PS II particles 
isolated from mutants  having Asp-342 replaced with 
Val indicate that  the high affinity (K  m = 1 ~ M )  Mn 2~ 
binding site is intact in this mutant,  but that no func- 
tional Mn complexes can be assembled [17,8711.880]. 
The proper t ies  of this mutant  resemble thosc of the 
LF-i  mutant  of  Sce t led t ,  s m t l s  obl i t l l l t l s  (sec earlier in 
this subsection).  Propert ies  similar to those of the 
Asp-342 --* Val mutant  were also flmnd when the pro- 
cessing of  the carboxy-terminal extension was pre- 
vented by replacing Ser-345 with Pro [17,19.996] and 
when Ala-344 was replaced by a stop codon, so that the 
polypcpt ide te rmina ted  at Lcu-343 [8811.996]. (_)n the 
basis of the latter result, the frcc carboxylatc group of 
A1~,-344, the carboxy-terminal residue ¢,f the mature 
DI polypeptide,  has been proposed to ligate the Mn 
complex [ 17,870,880,996]. 

Replacing His-190 with Asp or Gin slowed electron 
t ransfer  from Yz to P680" by a factor of 200 [17.19]. 
consistent  with proposals that His-190 serves as a hy- 
drogen bond acceptor  for Yz [35,65,1i4,116,122]. Re- 
placing His-332 with Leu, Asn, Gin or Tyr completely 
abolished photoauto t rophic  growth [17,19,8811] (H.-A 
Chu, A.P Nguyen and R.J. Debus,  unpubl ished)  (see 
Table !I). The propert lcs  of PS 11 particles of the 
His-332 ---, Leu mutant  resemble those of the Asp-342 

Val, Ala-344 --* Stop and Ser-345 --, Pro mutants  
[17,19,880]. These results could be consistent  with His- 
332 serving as a redox-active componen t  of the water 
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oxidizing complex or as a ligand to the Mn cluster. 
Replacing His-337 with Leu or Tyr also abolished 
photoautotrophic growth [17,19] (H.-A Chu, A.P 
Nguyen and R.J. Debus, unpublished), while replacing 
this residue with Asn or Gin only impaired photoauto-  
trophic growth, although severely (H.-A Chu, A.P 
Nguyen and R.J. Debus, unpublished). These results 
could be consistent with His-337 serving as a terminal 
ligand to the Mn cluster, t towcver,  spectroscopic anal- 
yses will be required to determine the relationships of  
His-332 and His-337 to the water oxidizing complex. 

To summarizc, while a steadily accumulating body 
of indirect evidence has been interpreted as suggesting 
that the DI and D2 polypeptides provide ligands to the 
Mn complex (see subsection 11-3.2 and earlier in this 
subsection), only Glu-70 of the D2 polypeptide and 
Asp-59, Asp-61. Glu-65. Asp-1711, His-332. His-337, 
Asp-342 and Ala-344 of the DI polypcptide have been 
identified as potential ligands to Mn (or Ca 2+ ) by 
sitc-dircctcd mutagenesis experiments. Of  these, de- 
tailed spectroscopic analyses have been reported only 
for Asp-170 of thc DI polypcptidc [367,368,873,981], 
while preliminar3.' analyses have been reported Onl V for 
His-332, Asp-342 and the frec carboxylatc group of  
Ala-344 [17,19,880]. The fact that some or all of  the 
mutations at Asp-59, Asp-61, Glu-65 and His-337 re- 
tain some level of photoautotrophic growth indicates 
that, should they ligatc Mn, they must occupy only 
terminal coordination sites. An alternative possibility is 
that mutation of these residues interferes with the 
water oxidizing complex only indirectly by inducing 
conformational changes in the PS-II core. One conse- 
quence of such conformational changes could be desta- 
bilized binding of the 33 kDa polypeptidc. Wcaker  
binding of the 33 kDa polypeptide has been observed 
in a mutant having the YD tyrosinc changed to Phe 
[835]. 

It should be emphasized that there is currently no 
solid experimental  evidcncc that excludes any of the 
other  intrinsic polypeptidcs of the PS-II core as poten- 
tially contributing ligands to the Mn complex. Indeed,  
in the K lc in /Saue r  model (Fig. 15). only i0 of  the 24 
cta~rdination sites on the four Mn ions are filled by 
~z2-oxo bridges, leaving 14 positions to be filled by 
water, C I -  or amino-acid residues. Numerous  acidic 
residues suitable for ligating Mn (or Ca" + ) are located 
in the lumenally-cxposed regions of  CP47 [13(I], CP43 
[ 13IL 162] and the a-subunit  of cytochrome b-559 [ 196- 
199]. Furthermore,  thc hydrophilic carboxy-terminal 
region of the 4.2 kDa product of the psbl gene con- 
tains such residues [297,299]. Preliminary accounts of 
mutations constructed in the large (approx. 190 residue) 
hydrophilic loop of CP47 have been reported [818,881] 
(scc Fig. 5A, loop E). Changing the basic residue pairs 
Arg-286/Arg-287,  Arg-357/Arg-358,  Arg-385/Arg-386 
and Arg-422/l ,ys-423 to G l y / G l y  pairs in ,~vnechoo's- 

tis sp. PCC 6803 did not abolish photoautotrophic 
growth [881]. but the A r g - 3 8 4 / A r g - 3 8 5 - , G l y / G l y  
mutation led to a approx. 50% loss in oxygen evolution 
activity [818]. Delet ion mutations have also been  re- 
ported for CP47 [882] and CP43 [883,884]. Segments 
ranging in length from 6 to 17 residues have been 
deleted from the approx. 190 residue hydrophilie loop 
of  CP47 [882] (Fig. 5A, loop E) and from the approx. 
130 residue hydrophilie loop of CP43 [883,884] (Fig. 
5B, loop E). Photoautotrophic growth was abolished by 
all delet ions in CP43 (Gin-289 to Val-306, Arg-307 to 
Ala-313, Asn-314 to Thr-322, Gly-334 to Met-343, Phe- 
345 to Glu-354, Trp-352 to Asn-360. Gly-364 to Asp- 
370, Gin-375 to Ala-386) [884]. Photoautotrophic  
growth was abolished and no stably assembled PS II 
complexes were de tec ted  when the segment  extending 
from Gly-351 to Thr-365 was dele ted from CP47 [882]. 
The epi tope of the monoclonal  antibody that recog- 
nizes CP47 only in the absence of the two most tightly 
bound Mn ions [ 130,827,829,83 l] (between Pro-360 and 
Ser-391) overlaps this region (see subsection II-J. l) .  
Photoautotrophie growth was not affected when the 
segment  extending from Arg-384 to Val-392 was deleted 
from CP47 [882]. However,  the mutant  contained ap- 
prox. 65% fewer PS I1 complexes [882]. 

On the basis of  directed mutat ions (Arg-68 ~ Leu 
and Pro-63 --* Thr)  and segment  deletions (delet ions of  
18-20 residue-long segments) in the hydrophilic 37-re- 
sidue carboxy-terminal domain of  the ot subunit of  
cytochrome b-559 in Synechocystis sp. PCC 6803, 
Pakrasi and co-workers have reported that the region 
between Asp-52 and lie-71 influences oxygen evolution 
[18]. In contrast, Tae and Cramer  have repor ted  that 
changing Arg-68 or  Arg-59 to Gin, e i ther  individually 
or  simultaneously, has no significant effect on photo- 
autotrophic growth rates, oxygen evolution activity or 
low-temperature  fluorescence spectra [885]. Delet ion 
of  the carboxy-terminal 31 residues decreased photo- 
autotrophic growth and oxygen evolution rates dramat-  
ically, to approx. 15q~, of  those measured for wild-type 
cells [885]. However,  the PS-II content  of  this mutant  
(cst imated on a chlorophyll basis from [~4C]-DCMU 
binding assays) was also estimated to be approx. 15q~- 
compared to wild-type cells [885]. Consequently,  the 
small fraction of PS-ll  centers in this mutant  appears 
to be fully functional. It was concluded that the car- 
boxy-terminal 31 residues of  the a subunit of  cy- 
tochrome b-559 have little influence on water  oxidation 
and contribute no ligands to Mn or Ca z+ ions, but that 
the absence of these residues decreases the stability of  
PS 11 or  the probability of correctly assembling func- 
tional PS I1 complexes [885]. 

i l l  Calc ium 

For recent comprehensive reviews of  calcium in PS 
II. see [37,38,2711,886]. A role for Ca -'+ in .rS !1 was 



first obse rved  in pho tosyn the t i c  m e m b r a n e s  f rom 
cyanobac tc r i a  [887-894].  A role for  Ca -'+ in PS 1I f rom 
h igher  p lan t s  was d e m o n s t r a t e d  when  C a :  + was found  
to reverse  t h e  inhibi t ion of  oxygen evolut ion caused  by 
the  d e p l e t i o n  of  the  extrinsic 24 and  17 kD a  poly- 
pep t ides  f rom PS 1I m e m b r a n e s  [260-262].  These  poly- 
pep t ides  were  subsequen t ly  shown to substant ia l ly  in- 
c rease  the  a p p a r e n t  affinity of C a  2+ for  sites in PS 11 
[318,474,802,895-897].  F u r t h e r  work es t ab l i shed  tha t  
the  p r e sence  of  the  24 kD a  po lypep t ide  is suff ic ient  to 
e n h a n c e  b ind ing  of  the  Ca  z+ ion(s)  involved in oxygen 
evolu t ion  [259,895,897]. 

I l iA.  Stoichiometry and affinity 

Atomic  abso rp t ion  m e a s u r e m e n t s  have d e m o n -  
s t r a t ed  that  PS II m e m b r a n e s  [235,344,475,898-901] 
and  core  complexes  1902] f rom h igher  p lan t s  con ta in  
2 - 3  non-adven t i t i ous ly  b o u n d  Ca  -'÷ ions per  P680. All 
bu t  o n e  Ca 2 + ion can  be ex t r ac t ed  by wash ing  with 1 - 2  
M NaCI in the  p r e sence  of  I mM E G T A  and  the  
i onophore  A23187 (20 / a  M) [898,902], or  by incuba t ion  
with 10-20  m M  sodium c i t ra te  at p H  3 [475]. T h e  
extr insic  24 and  17 kDa po lypep t ides  are  lost du r ing  
t r e a t m e n t  wi th  NaCI (~ce subsec t ion  I-B.4). These  
po lypept ides  are a lso  d i ssoc ia ted  f rom PS II du r ing  
t r e a t m e n t  wi th  sod ium c i t ra te  at  pH 3, bu t  reassoc ia te  
when  the  p H  is ra ised  to pH 6.5 [235,274,903]. Conse-  
quent ly ,  samples  d e p l e t e d  of  Ca  2÷ by t r e a t m e n t  wi th  
sod ium c i t ra te  at  p H  3 re ta in  the  24 and  17 kDa  
polypept ides .  Extract ion of  the  final r e m a i n i n g  Ca-" ~ 
ion requ i res  more  s t r ingen t  condi t ions :  150 m i nu t e s  of 
incuba t ion  wi th  2 M NaCl,  1 m M  E G T A  a n d  20 taM 
A23187 at p H  5, fol lowed by r e p e a t e d  washings  with l 
m M  E G T A  and  2 0 / . t M  A23187 at pH 6 [902] ( and  see  
Ref. 898). All  Ca  2÷ ions in PS 1I can also bc  removed  
by quant i ta t ive ly  rep lac ing  t h e m  with La 3~ or  Dy a~ 
[476] (see subsec t ion  I l l -B) .  T h e  l a n t h a n i d e  ions can  
then  be r emoved  to yield PS 11 p r e p a r a t i o n s  tha t  lack 
bo th  Ca  -'+ a n d  l a n t h a n i d e  ions [476]. 

Ea r l i e r  p r o c e d u r e s  to ext rac t  Ca-'* employed  less 
s t r ingen t  cond i t ions  and  used the  ex tent  of  inhib i t ion  
of  oxygen evolut ion as an assay for  the  c o m p l e t e n e s s  of  
extract ion.  All p r o c e d u r e s  involved washing  PS 1I 
m e m b r a n e s  with I - 2  M NaCI  in e i t h e r  l ight  
[895,897,904] or  da rknes s  [214,260,404,474,802,905] to 
ext rac t  the  24 and  17 kD a  polypept ides ,  t he reby  ren-  
de r ing  the  Ca-'* ions more  labi le  a n d / o r  more  accessi- 
ble to  extract ion.  In some cases  E D T A  ( 1 - 5  raM) 
[404,802] or  E G T A  ( 1 0 - 5 0  taM [895,904] or  5 - 1 0  m M  
[214,474,897]) was inc luded  in the  wash or  a d d e d  sub- 
sequent ly .  I l lumina t ion  was found  to faci l i ta te  extrac-  
t ion  [802,895,897,904,905], usually in samples  tha t  were  
not  w a s h e d  concur ren t ly  wi th  b o t h  MaC! and  che la t ing  
agents .  However ,  one  s tudy r epo r t ed  tha t  i l lumina t ion  
was an  abso lu te  r e q u i r e m e n t  for extract ion,  even  in the  
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presence  o f  10 mM E G T A  [897]. Subsequen t  work 
d e m o n s t r a t e d  tha t  the effect iveness  of  C a  2 .  extract ion 
by t r e a t m e n t  with NaCI and  E G T A  depends  on  the 
redox s ta te  of the  M n  complex [477]. These  observa-  
t ions p resumably  explain why i l luminat ion  was re- 
por t ed  to facil i tate ext rac t ion  in the  ear l ier  studies.  
The  ease of  ext ract ion descends  in the  o rde r  $3 > S~, 
So > $1 [477]. Based  on  these  observat ions ,  it was pro- 
posed  tha t  the  affinity of PS I1 for C a  2+ depends  on  
the redox s ta te  of  the Mn complex,  with the S~ state  
possess ing the  highest  affinity and  the  S 3 s ta te  possess- 
ing the  least  [477]. It was also p roposed  tha t  the  
accessibili ty of the  Ca 2÷ site (or  sites) d e p e n d s  o n  the  
redox s ta te  of the  Mn complex  and  is g rea tes t  in the  S~ 
s ta te  [477]. The  possible re levance  of the Ca -~ ÷ p u m p  
of the  sarcoplas t ic  re t iculum to PS 11 was suggested  
[477] because  changes  in Ca :+ affinity and  accessibility 
take place dur ing  the catalytic cycling of  this enzyme 
[9(;16]. It has  recent ly  been  suggested  that  the  a p p a r e n t  
S-state d e p e n d e n t  affinity of  PS I1 for C a  2 + may result  
f rom an S - s t a t e -dependen t  b inding  of the  extrinsic 
po lypept ides  [37]. However,  th is  possibility was re jec ted  
in an  ear l ie r  s tudy [477]. T h e r e  has  been  cons iderab le  
controversy  conce rn ing  the relative effect iveness  of  
these  ear l ie r  p rocedure s  in removing all t races  of  Ca-"" 
(see subsec t ion  I l I -C and  see  the  discussion in Ref.  
421). Those  employing  E D T A  or E G T A  plus some 
degree  of i l luminat ion  are p r e s u m e d  to have ex t rac ted  
all bu t  the  one  most  tenaciously b o u n d  Ca :+ ion, but  
this suppos i t ion  has  not  been  tes ted  by a tomic  absorp-  
t ion mt .asurements .  

Effor ts  to  d e t e r m i n e  the affinity of Ca -~* for PS 11 
have rel ied on  measur ing  o ~ ' g e n  evolut ion in Ca2*-de - 
p le ted  samples  as a funct ion of  added  Ca-'+. The  most  
recent  d e t e r m i n a t i o n s  were  pe r fo rmed  on spinach PS-! ! 
core  complexes  dep le t ed  of  all but  (I.26 C a  2 .  ions pe r  
P680 [902]. This  study yielded th ree  appa ren t  K m val- 
ues: 1 -4  taM, 6 7 - 9 7  taM and 2 .7-7  m M  [tht2]. These  
K,, values have been  in t e rp re t ed  in t e rms  of  th ree  
separa te  Ca -'+ sites. However .  the  th ree  values may 
also reflect  a he te rogene i ty  of fewer sites. O t h e r  de ter -  
mina t ions  have been  pe r fo rmed  on samples  e i the r  
known [898,907] or now' p r e sumed  [895.908] (see above)  
to have b e e n  dep ic t ed  of all but  one  ( ' a  2" ion per  
P680. T h e s e  s tudies  have yielded a p p a r e n t  K m values 
of 5 l ) - l l~ l  /aM and 1 -7  m M  [895,898.907.908]. in 
a g r e e m e n t  with the  two weaker  values  d e t e r m i n e d  in 
the most  r ecen t  s tudy [902]. These  two weaker  values 
have been  i n t e rp r e t ed  as r ep resen t ing  e i t he r  two Ca -'÷ 
sites [808.902], or  a single Ca -~ ÷ site [895] having  a K,~ 
value tha t  is d e t e r m i n e d  by the  rcdox s ta te  of  the  Mn 
complex [421,,1"77]. It was suggested  tha t  the  Km = 5 0 -  
100 taM and  K m = 1 -7  m M  sites may co r re spond  to 
the same site, but  in samples  poised in the  S~ and  S .  
s ta tes  be fore  ext rac t ion  of Ca-" ~. respectively [421.477]. 
In suppor t  of a single site cha rac te r i zed  by tx~o K,~ 
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wdues, the  K,,, = 1-7  mM site can repor tedly  be con- 
ve t ted  into the K,, - 50-10(i IzM site by raising the pH 
of  the sample from 5. i to 6.2 [91}8]. It should  bc no ted  
that  all of these binding studies were pe r fo rmed  in the 
presence of  10-40 mM NaCI. Because N a '  has bccn  
shown to compete  with Ca-'* fi)r a common site on PS 
il (with a K i of  approx. 8 mM) [909,910], the  truc #7 m 
values could be much lower. W h e n  Na + ions were 
excluded from similar Ca2+-rebinding exper iments  by 
cmploying t e t r amc thy lammonium cat ion as a countc-  
rion to CI- ,  an a p p a r e n t  K m value of  2(}-30 /.tM was 
de te rmined ,  compared  to approx. 351) # M  in control  
samples  con ta in ing  30 mM NaCI [274.909.910]. No 
lower-affinit;, Ca-" * site was de tec ted  in these  experi-  
ments  [274]. It should also bc noted  that  all of the 
repor ted  K,, values were de t e rmined  in the absence  of 
the 24 kDa polypcptidc:  hc truc affinity of Ca-" + could 
bc much grca tc r  in native PS 11 complexes.  Al te rna-  
tively, removal  of the 24 kDa polypept ide  may expose 
Ca -~" site(s) to i a* ions: the appa ren t  decrease  in 
Ca : "  affinity may rcsult  from compct i t ion  be tween  
Ca :~ and Na* ra the r  than from any direct  or  indirect  
s t ructural  inf luencc of the 24 kDa polypept ide  on one  
or nqore Ca z` sites. The  24 and 17 kDa polypept idcs  
form an appa ren t  diffusion bar r ie r  to Ca 2+ reb ind ing  
in darkness  [274,474-476] and may similarly shield thc  
Ca z+ site(s) from Na +. In the prcscnee  of the  24 and  
17 kDa polypeptides,  the rebinding of  Ca -'+ to PS II is 
a slow process  (40 -60  min)  [274,474-476]. It has been  
proposed to involve the reversible dissociat ion of the  
24 and  17 kDa polypept ides  [274]. (K, ,  values for Ca  :~ 
rebinding d e t e r m i n e d  in the presence  of  the 24 and  17 
kDa polypept ides  by one  set of workcrs  [903,907] arc 
suspect  because  no account  was taken  of  the  slowness 
of Ca 2. reb inding  in the presence  of these  poly- 
pcpt ides  [474-476]). 

To summarize ,  PS II conta ins  1 high-affinity and  
1-2 lower affinity sites for Ca -~ per  P680. The  appar-  
cnt  affinity for Ca 2 ÷ of at least the la t ter  1 -2  site(s) is 
modula ted  by the redox state of the Mn clus ter  [477], 
a l though whe the r  this reflects an S - s t a t e -dependen t  
affinity for Ca z+, or an S-s ta te -dcpenden t  accessibility 
of the Ca 2.  site(s), remains  unknown.  The  Ca -~ ' in the 
highest-affinity site can bc removed  only by relatively 
harsh p rocedures  [898.902] or by t r ea tmen t s  with lar -  
than ides  [476] (see subsect ion I l l -B),  whereas  the  Ca 2 * 
in the 1 -2  lower affinity sites can be removed by a 
n u m b e r  of relatively mild procedures .  Occupancy of 
the 1-2  lower-affinity sites by Ca"*  is not  requi red  for 
assembly of  the  Mn complex, but  is requi red  for the  
complex to yicld O 2 [349,354,375] (see subsect ions  II- 
A.3 and Il l-C).  The re  is evidence tha t  the I - 2  lower- 
affinity sites are c rea ted  dur ing format ion  of  the func- 
t ional  Mn complex [362]. At  least one  Ca 2 ~ site can be 
occupied by l an than ides  in the absence  of  the Mn 
complex, as d e t e r m i n e d  from the  pa ramagne t i c  effect 

of Dy 3+ on the  E P R  signal and relaxat ion p rope r t i e s  
of  Y~ in samples  having Ca 2* quant i ta t ively  rep laced  
by Dy ~* [476]. in addi t ion  to inhib i t ing  oxygen evolu- 
tkm.  remcwal of  Ca -~+ from the 1 - 2  lower-affinity si tes 
has  also been  r epo r t ed  to slow the  oxidat ion o f  Yz by 
P680 ~ [487] (also see  Refs. 628,630,638) and see sub- 
sect ion I l l -C).  a l though  Ca :+ is not  requ i red  tor  th is  
e lec t ron t rans fe r  s tep  to p roceed  [902], at least  in 
samples  poised in the  lower S-states [487] (see subsec-  
t ion I l l -C).  Dep le t ion  of  Ca 2÷ may inhibi t  e lec t ron  
t ransfe r  from Yz to P680 + more  severely ;n cyano- 
bac ter ia  than  in h igher  p lan ts  [893,911], (see subsec-  
t ions III-C and  I l l -E) .  T h e r e  is cur ren t ly  no conclusive 
evidence that  the  Ca" + ion in the  highest-aff ini ty  site 
has  any role in e i the r  oxygen evolut ion o r  PS Ii  pho to-  
chemistry:  removal  of  Ca 2+ from the  lower-affinity site 
(or sites) is sufficient to inhibi t  oxygen evolut ion and  
PS II core  complexes  dep le ted  of all but  0.20 Ca" * p e r  
P680 were able to gene ra t e  Y~ upon  i l luminat ion at  
room t e m p e r a t u r e  [902]. However ,  these  samples  were  
unab le  to oxidize the  Mn complex at 210 K [902] and  
samples  tha t  had  b e e n  depic ted  of  all Ca 2+ ions by 
t r e a t m e n t  with La 3.  or Dy 3.  were  unab le  to oxidize 
the Mn complex at 200 K, even when  the  Dy 3~ ions 
were  subsequent ly  removed,  leaving no Ca 2+ or  n y  3+ 
ions in the  p repa ra t i on  [476] (see subsect ion  I l l -B) .  
W h e t h e r  any of these  Ca 2 ~-depleted samples  were  able  
to oxidize the M n  complex at h igher  t e m p e r a t u r e s  was 
not invest igated.  The  samples  dep le ted  of  all bu t  0.26 
Ca -'+ pe r  P680 were r epor ted  to photooxid ize  Mn 2+ 
dur ing  the  initial s teps  of pho toac t iva t ion  [912]. How- 
ever,  it was also r epo r t ed  that  the p resence  of  Ca 2+ in 
the  highest-aff ini ty site is requi red  for assembly of the  
Mn complex in Mn-dep le t ed  p repa ra t i ons  [912]. 

It should  be no ted  tha t  Katoh and  co-workers  dis- 
agree  with the majori ty view, expressed above,  tha t  the  
weakly bound  Ca 2+ ion(s) are essent ia l  for wa te r  oxi- 
dat ion.  They have repor ted  tha t  t r e a t m e n t  with ! - 2  M 
NaCI removes  no  Ca 2+ ions from PS II m e m b r a n e s  in 
e i the r  light or  darkness ,  even when  the  NaCI-washed 
m e m b r a n e s  are subsequent ly  incuba ted  with 2 m M  
E G T A  [900]. Oxygen evolut ion was inhib i ted  by ap- 
prox. 5(1~ in these  samples,  and was largely res to red  
by the  addi t ion of 5 m M  Ca "-+ [900]. They  have also 
rcpor tcd  tha t  only approx. 1 Ca 2+ ion per  P680 is 
p resen t  in highly pur i f ied PS I1 p repa ra t i ons  erom 
sp inach  [ l 1,900], including one  p repa ra t i on  tha t  re ta ins  
the  24 and  17 kDa polypept ides  [ l l ] .  They  also f ind 
only approx. I Ca 2 .  in PS II complexes  isolated f rom 
the  cyanobac te r ium S.vnechococcus  c longatus  [286,899, 
913,995] and  from a m u t a n t  of  rice tha t  lacks chloro-  
phyll b [344]. The  activities of  the  h igher -p lan t  p repa -  
ra t ions  tha t  con ta ined  only approx. 1 Ca  2+ pe r  P680 
were  significantly inhib i ted  by washing  with 1.5 M 
NaCi  [! !,344] or  by incubat ing  wi th  sodium ci t ra te  a t  
pH 3 [903,907]. No fu r the r  Ca 2÷ was ext rac ted  by these  



t r ea tmen t s ,  but  s i g  ificant activity a p p e a r e d  to be  re- 
s to red  by the  addi t ion  of  Ca 2+ [11,344,903,907]. O n  the 
basis  of t he se  results ,  Ka toh  and  co-workers  argue that  
p r o c e d u r e s  employed  to remove  Ca 2+ inact ivate oxy- 
gen evolu t ion  by induc ing  s t ructura l  p e r t u r b a t i o n s  tha t  
are u n r e l a t e d  to the  removal  o f  Ca 2+ ions, but  which 
can be  c o m p e n s a t e d  for by t he  subsequen t  add i t ion  of 
Ca 2+ ions [11,900,903]. They  have p roposed  tha t  the  
s t ruc tura l  p e r t u r b a t i o n  may be  the removal  of the  24 
kDa po lypept ide  [11,900]. However ,  o t h e r  workers  have 
shown tha t  r eb ind ing  the  24 a n d  17 kDa  po lypep t ides  
to NaCl -washed  samples  does  not res tore  activity in 
the  absence  of  Ca  2+ [447,474,896]. F u r t h e r m o r e ,  Katoh  
and  co-workers  have  recent ly  shown tha t  b ind ing  these  
po lypep t ides  to c i t r a t e - t r ea t ed  samples  does  not  re- 
s tore  activity in the  abs ence  of  Ca  2+ [903]. Conse-  
quent ly ,  t he  hypothe t ica l  s t ruc tura l  p e r t u r b a t i o n s  tha t  
cause  the  loss of  oxygen evolut ion remain  undef ined .  
The  reasons  for the  d i sc repanc ies  be t w een  the resul ts  
of  Ka toh  a n d  co-workers  a n d  the rest  o f  the  work 
discussed in this  review r e m a i n  unclear .  However ,  many 
of  the  p r e p a r a t i o n s  of  Katoh  a n d  co-workers  a p p e a r  to 
have signif icantly lower oxygen evolu t ion  activit ies than  
those  of  o t h e r  workers  ( for  a de ta i l ed  discussion of  this  
poin t ,  see  Ref. 914). T h e  p r e sence  of significant  
a m o u n t s  o f  Ca2+'-deficient inact ive cen te r s  would lead 
to u n d e r e s t i m a t i o n  of  t he  n u m b e r  o f  Ca  2. ions b o u n d  
to a n d  readi ly  r emoved  from, active centers .  In the  
r e m a i n d e r  o f  this  review, the  major i ty  viewpoint ,  tha t  
the  weak ly -bound  Ca 2+ ion(s)  arc essent ia l  for  wa te r  
oxidat ion,  will be  adop ted .  

I lI-B.  Other  me ta l  ions at  the Ca'- + site(s) 

T h e  lower-aff ini ty  Ca ~+ si te(s)  can  be occup ied  by 
several  me ta l  ions  o t h e r  t han  Na + and  Ca 2÷. (Fo r  a 
c o m p r e h e n s i v e  discussion,  see  Ref.  37). Both  Sr  "-+ 
[260,372,894] and  vanadyl  ions ( V O  z+ ) [483] can substi-  
tu te  for  C a  2+ a n d  suppor t  oxygen evolut ion,  bu t  the  
s teady-s ta te  ra tes  are  lower.  In the  case o f  Sr z+, the  
s lower  s teady-s ta te  ra te  has  b e e n  a t t r i bu t ed  to a Aow- 
ing of  the  S 3 --, (S 4) ---, So t r ans i t ion  [421,432] and  at 
least  one  o t h e r  S-s ta te  t r ans i t i on  [487]. Subs t i tu t ion  of  
Sr 2+ for Ca z+ resul t s  in a modi f ied  S_,-state mul t i l ine  
E P R  signal t ha t  has  n a r r o w e r  hyper f ine  spacings  
[421,432] (see Fig. 10). Bo th  K + and  Cs +, like Na ~, 
have b e e n  shown to inhibi t  oxygen evolu t ion  by be ing  
weakly compet i t ive  with Ca 2 ~ (with K~ values  of  5 - 1 0  
raM)  [909,910]. T h e  Cd + ion is a more  s trongly compet -  
itive inh ib i to r  ( K  i approx.  0.3 raM) [910]. Photoac t iva-  
t ion s tud ies  showed  tha t  M n  2÷ also inhibi ts  oxygen 
evolut ion by compe t ing  for  th is  si te(s)  [349,354,362, 
371,375] a n d  a m a t h e m a t i c a l  model  for the  photoac t i -  
va t ion  process  pred ic t s  tha t  M n  2+ b inds  to  the  Ca  z÷ 
site with  a K d of  approx.  90 t t M  [354]. Finally, La 3+ 
has  an  even  g rea t e r  affinity for this  site(s) than  Ca  a* 
[476,548]. T h e  effects  of  La 3 .  on  PS 1I are  not  l imited 
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to inhibi t ing oxygen evolut ion by compet ing  lk)r Ca-"  
sites. The  La ~'  ion also re leases  the 24 and 17 kDa 
polypcpt idcs ,  even in the p resence  of excess Ca z- ions 
[548]. in  the absence  of excess Ca x" ions. La ~ re- 
leases the  33 kDa polypept ide  and  approx.  (~0% of the  
M n  complex unless  approx.  200 mM CI -  is p resen t  
dur ing  exposure  to La ~+ [476,548]. It has  recent ly b e e n  
r epo r t ed  that  all Ca 2+ in PS I1 can be  quant i ta t ively  
replaced  by La 3+ or  Dy ~+ wi thout  loss of M n  [476]. 
T h e  resul t ing  samples  can be  r econs t i tu t ed  with the 24 
a n d  17 kOa  polypept ides  but  do not  evolve oxygen and  
oxidize a chlorophyl l  molecule  r a t h e r  than  the  M n  
complex  when  i l luminated  at 200 K [476]. Magne t i c  
coupl ing  be tween  Y~ and  Dy 3+ was r epo r t ed  in these  
samples  [476]. Th i s  coupl ing  ~ a s  observed  even in the  
absence  of  the  Mn complex [476]. Consequent ly .  the  
Ca 2 .  si te occupied  by Dy a+ in the  Mn-dep l e t ed  sam- 
ples  may co r r e spond  to the  most  t ight ly-bound Ca ~'* 
site. F rom the  magn i tude  of the  magnet ic  coupl ing  
be tween  Dy -~+ and  Y+ the  dis tance  be tween  this  I ) "  

Ca'-* site and  Yt] could be as large as 40 ,~, however  
[476]. 

III-C. Inf luence o f  Ca 2 ~ on the S-state transitions 

Extrac t ion  of  Ca 2~ from the  lower-affinity site(s) 
reversibly inhibi ts  oxygen evolu t ion  by d is rupt ing  nor-  
mal  cycling of the Mn complex th rough  the S-states.  
T h e  ident i ty  of  the  S-state t rans i t ion  b locked in the  
absence  of  Ca 2÷ has  been  a major  point  of  controversy.  
Blockage of  the  S I ~ S 2 t rans i t ion  has been  p roposed  
on  the basis  of E P R  s tudies  [9,214,600,601,805.902,915], 
b lockage of  the  S 2 - ,  S~ t rans i t ion  has been  p roposed  
on  the basis  of t h e r m o l u m i n e s c e n c e  m e a s u r e m e n t s  
[362,375,422,449,916]. b lockage of thc $3-- ,  S~ t ransi -  
t ion has b e e n  proposed  on  the  basis of  E P R  s tudies  
[421,447,454,487], luminescence  m e a s u r e m e n t s  [432. 
904] and  an  ear l ie r  t he rmo luminescence  s tudy [802] 
and  blockage of  the  S 4 -~ S 0 t rans i t ion  has  been  pro-  
posed  based  on  o the r  E P R  s tudies  [455] (also see Rcf. 
448). In addi t ion ,  the  So --" St t rans i t ion has been  pro- 
posed  to be  blocked in samples  dep le ted  of  Ca z+ while 
poised in the  So s tate  [421,477,483] and  one  set of  
workers  a rgues  tha t  Ca 2÷ is not  requi red  for any of  the  
S-state t rans i t ions  to proceed  (see subsect ion I l l -A).  

The  basis  for  conc lud ing  that  the  S .  --, S~ t rans i t ion  
is b locked in samples  dep le ted  of  the  lower-affinity 
Ca2* ion(s)  while poised in the  S,  s ta te  was the  inabil-  
ity to  gene ra t e  the  S, -s ta te  mul t i l ine  EPR signal dur ing  
i l luminat ion  at 200 l~ [483]. The  samples  were  dep le t ed  
of  Ca-'* at  pH 8.3 [483]. Incuba t ion  in da rkness  at  this  
pH has  b e e n  p roposed  to reduce  samples  f rom the  St 
s ta te  to the  S~ s ta te  [483,917]. However ,  this pH has  
been  a rgued  to d iminish  the  q u a n t u m  yield of  S-state 
t u rnove r  ( increase  the  "miss" p a r a m e t e r )  t a m e r  than  
gene ra t e  the  So s tate  [587.620]. Indeed ,  thc flash-in- 
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duccd yield of cytochromc b-559 oxidat ion has recently 
been  found to increase signilicanll ' :  above p i t  7.5 [215], 
pe rhaps  account ing  for the increased "miss" p a r a m e t e r  
repor ted  in Ref. 62(I. Consequent ly .  it is not clear tha t  
thc samples  depic ted  of  ( ' a  e" at pH 8.3 were poised in 
the Sf, slate,  a l though a weak multi l inc-l ike E P R  signal 
obscxved in the Ca 2 "-dcplcted samples  pr ior  to i l lumi- 
nation [483] suggests that some modif icat ion of  the Mn 
complex had occurred during Ca 2~ depletion. Further 
work wil l  bc required to establish whether the S. ~ ~'t 
t ransi t ion is blocked in the absence  of Ca: '. 

The basis for concluding that  the  S I --~ S, t rans i t ion  
is blocked in samples  depic ted  of  the lower-affinity 
Ca 2. ion(s) is also the inability to gene ra t e  the S. -s ta te  
mult i l ine EPR signal at 200 K [9.214.8{15,9(12,ql5)or at 
higher  t empera tu re s  in the presence  of D C M U  [214]. 
Some workers  have repor ted  that  a chlorophyll  
molecule is oxidized instead of the Mn complex when  
;bes t  samples  arc i l luminated at 2(}{) K [214] (also see 
Rcf. 902), but o thers  report  no  ,dgniEcant oxidation of  
chlorophyll  at 200 K in samples that  were t rea ted  
similarly [421]. P roponen t s  of a block at the S~---, S 4 
t ransi t ion ha~c argued that  the high concen t r a t ions  of  
chela t ing agents  employed by most workers  unab le  to  
genera te  the mult i l ine signal (1-1(} mM F_DTA or 
E G T A )  per turbs  the  relaxation p roper t i e s  of  the Mn 
complex sufficiently to preclude observat ion  of the  
signal [421,432,454]. Proponen ts  of  a block at thc  S~ --+ 
S 4 t ransi t ion observe a normal  muit i l ine  signal wh~.,, 
only 50 /aM E G T A  ix employed to extract  Ca-'* 
[421.432.454]. or  when  samples ext rac ted  with 5 mM 
E G T A  are subsequent ly  resuspcnded  in the p resence  
of 50 /aM E ( i T A  [421]. However,  the a rgumen t  tha t  
high concen t ra t ions  of  chela t ing agents  p rec ludes  the  
format ion of the muhi l ine  signal has been  weakened  by 
a recent  observat ion:  the addi t ion of  l0 mM E ( ; T A  to 
a sample that  had  been  depic ted  of  Ca 2- in the  pres-  
ence of  50 # M E G T A  decreased  the ampl i tude  of the  
mult i l ine signal by only approx. 20e/- [454]. 

The  p roponen t s  of a block at e i the r  the S~ --, S,  or  
S , - - ,  S.~ t ransi t ions  argue that  50 tzM EGTA,  em- 
ployed to extract  Ca 2 ~ by p roponen t s  of  a block at the  
S~ -+ S~ transi t ion,  is insufficient to seques ter  all of the  
large amount  of ad,,c,,,!i!i,,.,.'~ t ' a  2 * known (e.g., Rcfs. 
260,449.47t~,899) to bc associated with PS I1 mem-  
branes .  Consequent ly ,  these au thors  argue that  the 
mal t i l ine  signal observed by the  p roponen t s  of  a block 
at the S~ --, Sa t rans i tkm arises from advent i t ious  Ca- ' -  
that  has r cpopu la ted  the Ca- '-  site(s). Indeed,  it has  
been  argued [270,274] tha t  the observat ion  of a normal  
mult i l ine signal in these samples  shows that  adventi-  
tious Ca:  + had  r ebound  to PS II because  this signal is 
not observed in most  ( 1 - d e p l e t e d  p repa ra t i ons  
[214A33.434.487,519] (sec subsect ion I l l -D)  and  be- 
cause the b inding of CI to PS 11 has  been  repor ted  to 
require the prior b inding of Ca 2 ~ [274.91(I]. (Ho~'ever ,  

it is not  c lear  tha t  no mul t i l inc  signal could have been  
gene ra t ed  in the  Ca:*/CI -deple ted  samples  tha t  
were used in the o r d e r e d  binding exper iments :  the  CI -  
ions were r cmovcd  by an incubat ion  in a CI - - f r ee  
buffer  [274,910]; see subsect ion l l l -D , )  1 h e  lumines-  
cence  and  E P R  exper imen t s  suppor t ing  a block at the  
S~ --, $4 t rans i t ion  were originally pe r fo rmed  with sam- 
pies tha t  had  been  ext rac ted  with only 50 taM E G T A  
[421,432,9(14]. Unfor tuna te ly ,  the  Ca 2~ con ten t s  of  
these samples  were not  d e t e r m i n e d  by a tomic  absorp-  
tion measu remen t s .  Never theless ,  samples  ex t rac ted  
with 5 mM E G T A  and subsequent ly  r e suspended  in 50 
/aM E G T A  exhibit  a normal  mul t i l ine  signal [421] (see 
preceding  paragraph) .  F u r t h e r m o r e ,  samples  ex t rac ted  
with only 50 /aM E G T A  exhibit  the  130-160 Gauss -  
wide E P R  signal tha t  has  been  a t t r ibu ted  to a modi f ied  
form of  thc S~ s ta te  [454] (sec subsect ion ll-B.2). This  
signal has been  observed  in c i t r a te - t rea ted  samples  
[448,455,456,484] that  arc  bel ieved to conta in  only 1 
Ca-" ~ ion pe r  P680 on thc basis of  a tomic  absorp t ion  
m e a s u r e m e n t s  pe r fo rmed  on similarly p r e p a r e d  sam- 
ples [475]. 

Because the S n s ta te  p r edomina t e s  in d a r k - a d a p t e d  
samples,  b lockage of  the  S I --, S,  t rans i t ion  should  
prcvcnt  the  oxidat ion of  Mn by Y~.  U n d e r  these  
c i rcumstances  Y j  should  be  reduced  by QA with a 
half- t ime of  80 -120  ms [68,178] or  by Q n  with a 
halt ' l ime of  approx.  2{I sec [7[)]. Because Y~ is normal ly  
r educed  by Mn in the  S n s ta te  with a half- t ime of  
approx.  100/as  (see subsect ion II-D.I  ), b lockage of  the  
S I --, S,  t rans i t ion  should  bc l : lanifested as a d ramat i -  
cally s lower decay of Yz when  de t ec t ed  followit,g a 
single f lash- induced charge  separa t ion .  Indeed ,  the  re- 
duct ion  of  Y j  was observed to slow dramat ica l ly  in 
several  E P R  s tudies  that  involved averaging  many 
f lash- induced m c a s u r e m e n t s  [260,601,905], but  not  in 
o the r s  [404,6(}{1]. The  reasons  for the  d iscrepancy  be-  
tween these  var ious s tudies  remain  unclear .  However ,  
the conclusion of  one  of  the s tudies  tha t  r epor t ed  a 
slower decay of Yz has  been  cha l lengcd  [421,432]. 

Fu r the r  charac te r iza t ion  of  the dark-s tab le  approx.  
2h-line mult i l inc and  130-16C) Gauss-wide  E P R  signals 
recent ly de tec ted  in Ca- '*-deple ted samples  (see sub- 
sect ion II-B.! and  lI-B.2)  should help  clarify the  con-  
troversy over  which S-state t rans i t ion is b locked in the  
absence  of the  weakly-bound Ca 2* ions. For  example,  
genera t ion  of  the  a l t e red  mult i l ine signal in Ca2+-de - 
p le ted  samples  d e m o n s t r a t e s  tha t  oxidat ion of  the  Mn 
complex to at  least a modif ied  S, s ta te  can  take place 
u n d e r  some circumstances .  As discussed in subsect ion  
ll-B.1, the  modif ied  mult i l ine  signal has b e e n  r epo r t ed  
in samples  e i thc r  washed  with NaC! and  high concen-  
t ra t ions  of E D T A  or E G T A  in the  p resence  of  light 
[447,449,452,453], or  in samples  incuba ted  with 10-20  
mM ~)d ium ci t ra tc  at pH 3 in da rkness  [423,448, 
450,982]. 
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As  discussed in subsec t ion  II-B.2, the  130-160 
Gauss -wide  E P X  ~ignal has  b e e n  a t t r ibu ted  to a modi-  
fied fo rm of  the S 3 s tate ,  or  to an  organic  radical  tha t  
is magnet ica l ly  coupled  wi th  the  Mn complex  when  the 
la t ter  is po i sed  in a modi f ied  S z state.  It has  also been  
p roposed  t h a t  the  130-160 Gauss -wide  signal ar ises  
from a modi f ied  S 4 s ta te  [448,455,48,4]. T h e  block at 
the  S 4 --* S O t rans i t ion  was p roposed  on  g rounds  that ,  
when  samples  were  poised  in t he  da rk-s tab le  S 2 s tate ,  
gene ra t i on  o f  the  130-160  Gauss -wide  signal requi red  
two t u r n o v e r s  in a subs tan t ia l  f rac t ion  of  the PS II 
c en t e r s  [455,484]. F u r t h e r m o r e ,  the loss of  the  a l t e red  
mul t i l ine  signal r epor t ed ly  d id  not  co r r e l a t e  with the  
fo rma t ion  o f  the  130-160  G a u s s  s ignal  [455]. These  
resul t s  were  exp la ined  in t e rms  o f  a ' h idden"  r educ tan t  
tha t  is fo rmed  in a subs t an t i a l  f rac t ion o f  samples  
d u r i n g  Ca 2+ dep le t ion  a n d  t ha t  mus t  be  oxidized be- 
fore the  130-160 Gauss -wide  signal  can  be g e n e r a t e d  
[448,455,484]. No exp lana t ion  has  b e e n  offered  to ex+ 
plain why t he  yield of this  "hidden" r e d u c t a n t  is so 
var iable  [484]. T h e  na tu re  and  var iable  yield of  the 
un iden t i f i ed  ' h i d d e n '  r educ t an t  shou ld  bc  invest igated.  
This  r e d u c t a n t  was r e p o r t e d  to rapidly r educe  approx.  
50% o f  Yt~ w h e n  Ca-" + was a d d e d  to samples  tha t  had  
b e e n  dep l e t ed  o f  Ca  2÷ by incuba t ion  wi th  sod ium 
c i t ra te  at  p H  3 [448,484]. A s imilar  r educ t ion  of  ap- 
prox. 50% o f  Yt~ was r e p o r t e d  w h e n  C a  2+ w a s  a d d e d  
to samples  t h a t  h a d  b e e n  d e p l e t e d  o f  Ca-'* at p H  8.3 
[483]. However ,  a s imilar  r educ t ion  of  Yt~ has  not b e e n  
r e p o r t e d  in s amples  dep l e t ed  o f  Ca ~" + at  p H  6.5. De- 
scr ip t ion  of  the  130-160  Gauss -wide  E P R  signal as a 
modi f ied  fo rm of  the  $4 s ta te  .seems largely a m a t t e r  of 
semant ics ,  however ,  s ince e, :en the  p r o p o n e n t s  o f  a 
b lock  at the  S 4 --* S 0 t r a n s i t i o l  ag ree  tha t  t he  130-160  
Gauss -wide  signal  ar ises  f rom a n  organ ic  radical  inter-  
ac t ing  with the  M n  complex  w h e n  the  M n  ions are 
poised  the i r  S2-state oxida t ion  levels [448,455,484]. 

Blockage of  the  S 2--, S 3 t r ans i t i on  has been  pro- 
posed  based  on  i n t e r p r e t a t i o n s  of  t h e r m o l u m i n e s c e n c e  
flash yield da t a  [422,449,916]. However ,  g e n e r a t i o n  of 
the  130-160  Gauss -wide  E P R  signal,  wha teve r  its ori- 
gin, is difficult  to  reconci le  with  these  in te rpre ta t ions .  
S t a n d a r d  i n t e r p r e t a t i o n s  of  t h e r m o l u m i n e s c e n c e  re- 
qui re  tha t  the  t h e r m o l u m i n e s c e n c e  yield should  oscil- 
late in response  to a ser ies  of  f lashes  if any e lec t rons  
can  be  ex t rac ted  f rom the  d o n o r  side o f  PS lI once  the 
S 2 s ta te  has  b e e n  ach ieved  [674,q18,919] ( for  review, 
see  Refs.  675-677) .  G e n e r a t i o n  of  the  130-160 Gauss -  
wide signal concur ren t ly  with the  d i s a p p e a r a n c e  of  the 
mul t i l ine  signal [447,448,452,454] d e m o n s t r a t e s  tha t  at 
least  o n e  e l ec t ron  can  be  ex t rac ted  f rom the  d o n o r  side 
of  PS Ii  once  the  S 2 s ta te  is achieved.  However ,  no 
t h e r m o l u m i n e s c e n c e  osci l la t ions  have b e e n  obse rved  in 
Ca~+-deple ted  p r e p a r a t i o n s  t ha t  exhibi t  t he  130-160 
Gauss -wide  E P R  signal [422,449,453.916], even  when  
bo th  the  t h e r m o l u m i n e s c e n e e  and  the  E P R  measu re -  

ments were pe r fo rmed  in the same laborato~ '  [~t53]. 
The  t h e r m o l u m i n e s c e n c e  and  E P R  data  are.  therefore .  
in direct  cemflict, even if the 130-16(I G:tuss-v~ide | : P R  
signal ar ises  f rom a prccursor  to the  S~ s ta te  [453]. or 
f rom an organic  c o m p o n e n t  that  becomes  rcversibl} 
oxidized when  the  normal  S,  -+ S~ t rans i t ion  is b lockcd 
[453]. The  reasons  for the discrepz-ncy be tween  the 
t h e r m o l u m i n e s e e n c e  and  E P R  data  are  unknown.  One  
possibility is tha t  ext ract ion of  ( ' a  2+ modifies the  ac- 
cep to r  side of PS !1. For  example,  t r e a t m e n t  with 2 M 
NaCI has  b e e n  r epo r t ed  to abo l i s  the  binal) '  o,~cilla- 
t ions  of  O a  semiqu inone  f i , rmat ion in response  to a 
ser ies  of  f lashes  [585,905,920]. Such an  a l te ra t ion  in OB 
func t ion  o r  Q ~  stabili ty would likely lead to mis in ter -  
p re t a t ions  of  the  t h e r m o l u m i n e s c e n c e  flash yield data .  
However .  such an  a l te ra t ion  o f  the p roper t i e s  of the PS 
II e l ec t ron  acceptors  would have to be  reversed by the 
addi t ion  o f  Ca 2 ÷ [422,449.453]. O t h e r  0ossiblc explana-  
l ions  have al~) been  advanced  [38.447,454]. Fu r the r  
cha rac te r i za t ion  of  the E P R  proper t i e s  of samples  tha t  
have  been  analyzed by t he rmo luminescence  is needed .  
It would be  helpful  if the L~PR and  thc rmolumines -  
cencc  m e a s u r e m e n t s  were  pe r fo rmed  in the  same labo- 
ratorT on  samples  tha t  have been  dep le ted  of Ca -~" by 
a var iety o f  methtnis .  

Di f fe rences  be tween  Ca 2 +-extraction p rocedures  
may under l ie  the  controvcrsy over  which S-state t ransi-  
t ion is b locked.  For  example,  no  mul t i l ine  signal of  any 
kind ( o t h e r  t han  wha t  might  be a t t r ibu ted  to PS-II 
cen te r s  con ta in ing  residual  weakly-bound ( ' a :+  ions) 
has  been  repor ted  in samples  dep le ted  of C a : -  in 
da rkness  with high concen t r a t i ons  of  che la t ing  agents  
at o H  6 .0-6 .5  [9,214,421,902] (unless  the  concen t r a t i on  
of che la t ing  agen t  was ILv,vered to approx. 50 taM after  
the  Ca- ' -  ions were ex t rac ted  1421]), even when  the  
samples  were  i l luminated  at  273 K with con t inuous  
light in the  p resence  of D ( ' M U  [214]. Pe rhaps  the 
ext rac t ion  of Ca - "  in da rkness  at pH 6 .0 -6  5 and  the 
p resence  of  high concen t r a t ions  of  che la t ing  agents ,  
tr~Jps the  Mn complex in an  a l te red  Sj conf igura t ion  
that ,  d e p e n d i n g  on  the  t e m p e r a t u r e  of  i l luminat ion,  is 
unab le  to advance  to the  S:  state,  or  advances  to an  S, 
s ta te  tha t  yields only a b road  and  unrecognizab le  EPR 
signal.  Similarly, the ex t rac t ion  of  Ca 2 + dur ing  illumi- 
na t ion  may t r ap  the Mn complex in an S. or S~-like 
conf igura t ion  that  resists be ing  a l t e red  by che la t ing  
agen ts  w h e n  deac t iva ted  to the S~ state.  Di f fe ren t  
t r a p p e d  conf igura t ions  of the  Mn complex could  ex- 
pla in  why i l luminat ion  at  200 K in the  p re sence  of 10 
m M  E G T A  gene ra t e s  veD' little mul t i l ine  signal in 
samples  dep l e t ed  of  Ca  ~'+ with 5 m M  E G T A  in dark-  
ness  [421], yet genera tes  a subs tant ia l  mul t i l ine  signal 
in samples  dep le ted  of  Ca -'+ with 50 taM E G T A  dur-  
ing i l luminat ion  [454]. A l t e rna t e  configuration*, of  the 
M n  complex in the  S~ state  ha~c bee,a p roposed  previ- 
ously [120.459.460.921]. Moreover .  as d iscussed earl ier .  
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confi~rmational r ea r r angemen t s  in the Mn env i ronmen t  
are believed 1o ~lcconlpan} the S-slate t ransi t ions  
[31,38,387,427.443,477-479] (scc subsect ions i l -G.  1 and 
l l - l tJ ,  even ill t empera tu res  as low as 19g K [429]. 
Fur thermore ,  "structural orderings" have been  poslu- 
laled to accompany the fiwmation of the mull ; l ine 
signal based on the negative act ivat ion cn t ropics  esli- 
mated  for tile S~ ~" S, t ransi t ion [480] and  lor the 
conversion of thc S.-s late  g = 4.1 El'i,', signal It) the 
mull; l ine signal [418]. As men t ioned  in subsect ion il-  
C.I,  X-ray absorp t ion  m eas u r cm en l s  indicate  Ihat 
s t ruclural  r e a r r angemen t s  in the Mn env i ronmen t  lake 
place when Ca" " is cxlracled by t r ea tmen t  with sodium 
citrale at pH 3 [424] (M.J. Latin,c~. V.J. DeRose .  V.K. 
Yachandra .  i. Mukeqi ,  K. Sauer  and  M.P. Klein. per- 
sonal communicad tm) .  Structural  chall~eS ]laVe also 
been  suggesled to accompany lhe extract ion of ( ' a  z " at 
pH N.3 [483]. It would bc of intcresl  to dc t e rmine  
whe the r  similar s t ructural  r e a r r a n g e m e n t s  are ob- 
served in samples  dcplc tc  t of ('a~" ' by o the r  methods .  

II has recently been proposed that  Yz can no hmgcr  
bc oxidized once thu modificd S~ state (or  the "S,- 
plus-radical" s la te)  is formcd in Ca 5 "-deple led samplcs  
[38.487]. This proposal  is based  on  an inability to 
accumula te  significant quant i t ics  of Y~ in Ca:'-dc- 
pleted samples,  t,s de t e rmined  by E P R  m e a s u r e m e n t s  
conduc ted  with both  con t inuous  and  flash i l luminat ion 
[487] and by f lash- induced optical absorp t ion  measure-  
mcnts  in the ultraviolet  (hal failed to detec t  the ab- 
sorpt ion changes  character is t ic  of Y j  format ion  (J. 
Lavcrgne and  A. Boussac. quoted  in Rcf. 487). Elec- 
t ron t ransfer  from Y/  to P68()* was slowed to 211-411 
# s  in Ihc same Ca z ' - dep le ted  samples  [487] (also see 
Refs. 628,t~3(),6381. It was argued that  e lec t ron  t ransfe r  
from Yz to P68{1' is slowed even fu r ther  af ter  the 
putat ive hist idine radical of the modif ied S~ s ta te  is 
formed, so that  fur ther  charge separa t ions  result  in the 
rcducl ion of P6Nll" by O,x ra the r  than  by Yz [38,487]. 
Eleclrostat ie  in teract ions  involving an extra positive 
charge associated with the modified S~ state [452] were 
pos tu la ted  to cause the fur ther  s lo~ing of  e lec t ron 
t ransfer  from Y /  to P6811 ~ once the modif ied S~ state  
is achieved [38,487]. The  earl ier  luminescence  data  that  
were origimdly in te rp re ted  as demons t r a t i ng  the for- 
mat ion of both  Y~ and  the S~ state  in ( ' a  z *-dcpletcd 
samples  [432,9(14] have been  r e in t e rp re t ed  in accor- 
dance  with the new model  [38.487]. 

The  proposed  inability to genera te  Y j  in Ca-" ~-de- 
pleted samples  once the modified S~ state  is formed 
[38.487] is very. intriguing, part icularly since the  same 
p h e n o m e n o n  has also been  proposed  to occur  in C I -  
dep le ted  samples  [38,487] (see subsect ion I l l -D).  How- 
ever, the repor ted  failure to accumula te  the E P R  sig- 
nal of Y~ in Ca z ' -dep le ted  samples  [487] conflicts with 
o the r  studies.  In some studies, (I.5-(1.6 Y ~ pe r  P680 Z 

was de tec ted  as a f lash- induced t rans ien t  that  decayed 

in hundreds  of  mil l iseconds [261k271.6011-602,9(15,922]. 
In o the r  studies,  the  E P R  spec t rum of approx. 0.5 
[61111], 0.75 + 0.111 [214] or  IL8 + ILl [456] Yj  per  P680 
was gene ra t ed  by cont inuous  i l luminat ion.  In the la t te r  
s tudy [456], Y~,~ was d is t inguished f rom YE~ on the  
basis of  tilt: d i f fe rent  microw,ive power  sa tura t ion  char-  
acter is t ics  of  the E P R  signals of  twit radicals  in the  
p resence  of the  Mn complex (see subsec t ion  lI-J.2). 
Similar amoun t s  of Y~ were also gene ra t ed  by cont in-  
uous i l luminat ion of  samples  tha t  had been  dep le t ed  of  
Ca 2+ with sodium ci t rate  at pH 3 [424,456,916]. T h e  
substant ia l  quan t i t i e s  of Y~ observed  in these  s tudies  
are unlikely tit have resul ted from incomple te  removal  
of  Ca-"  ions because  in Ca-'*-sufficient samples  the  
reduc t ion  of Y j  by the Mn complex is too rapid  to be 
resolved in most E P R  exper iments  (30 -1200  p,s, see 
subsect ion II-D.I).  The  reasons  li)r the d iscrepancies  in 
the  amoun t  of  Yz gene ra t ed  in di f ferent  s tudies  need  
to be clarified. 

IlI-D. Rclationshq~ hetween Ca e +-th'pletion and CI -ale- 
ph'thin 

For reviews of CI in PS II, see Refs. 38,2711,6911,691, 
also see Ref. 33. The  binding of  Ca z~ and  CI ions to 
PS !1 has  been  repor ted  to be a rapid,  o rde r ed  equil ib-  
r ium process,  with the binding of CI -  requir ing the  
pr ior  b inding  of Ca 2+ [274,91(I]. Chlor ide  ions can be 
competi t ively displaced from PS Ii (possibly f rom a site 
on  the  Mn complex,  see subsect ion I I -G. I )  by F -  [4391, 
ace ta te  [439] and many pr imary amines  [437-439].  
Chlor ide  ions have also been  removed  by alkaline pH 
[685,923-926], by t r e a t m e n t  with 25-11111 m M  S O j -  
[241,437,466,471.927]. or  by ex tended  incubat ion  in 
CI -free buffers  [404.928,929]. All of  these  t r e a t m e n t s  
reversibly inact ivate oxygen evolution.  However,  SO.~ , 
which displaces CI-  ions from PS !1 in a non-compet i -  
tive fashion [241,438,927], irreversibly inactivates ap-  
prox. 25(;  of the  PS I! cen ters  [241,438,927,929]. Sul- 
fate also releases a s imilar  pe rcen tage  ,,f the  Mn clus- 
ter  as Mn z ~ ions [929] and  releases • f ract ion of  the  24 
and  17 kDa extrinsic polypept ides  [745]. Chlor ide  can 
be funct ional ly replaced by B r -  and,  to a lesscr extent ,  
by NO~ or I [434,461,472.473,923,928]. However,  the  
S~ ~ 1S41-~ So t rans i t ion is slowed in the p resence  of  
N O r  [471], (It  has been  repor ted  tha t  SO4- ,  HPO.~- 
and  Mes  an ions  can funct ional ly replace  CI -  in the  
cyanobac le r ium Synechococcus ehmgatus [9311,931]). 
Extract ion of O -  by ex tended  incubat ion  in CI - - f ree  
buffers  p roduces  di f ferent  effects than  extract ion by 
the  more  s t r ingent  condi t ions  of  alkal ine pH or S O j -  
(see discussion in Ref. 38). The  S, -s ta te  mul t i l ine  E P R  
signal can be g e n e r a t e d  in the fo rmer  samples  [404,928], 
but  not in the  la t ter  [214.433,434,487,519], even though  
a modif ied S,  s tate  is formed in the  la t te r  samples  
[433,434,466-4711.932.933] (see below). The  S, s ta te  is 
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also abnormal ly  s table in the la t ter  p repa ra t ions  
[433,434,408-471),932 -935]. 

The  n u m b e r  of  CI ions requi red  fol oxygen ew)lu- 
t ion in PS il (per  P680) is not known. ~'. C I / P S  I1 
s to ichiometry  o f  approx.  5 was e s t ima ted  on the  basis  
of  3: 'C1--binding s tudies  conduc t ed  with CI - - dep l e t ed  
thylakoid m e m b r a n e s  tha t  were incuba ted  with ~"CI- 
du r ing  i l luminat ion  [924]. Recen t  exper imen t s  con-  
duc ted  with 36C!- indicate  tha t  i l luminated  PS I1 mem-  
b r a n e s  con ta in  at  least  one  CI ion pe r  P680 t ha t  
exchanges  very slowly with C I -  ions in solut ion (half-  
t ime  of several  hours)  [936]. The  slowly exchanging CI - 
ions  were  rapidly lost when  the  extrinsic 24 and  17 kD a  
polypept ides  were  r emoved  [936]. A single class of  
t ight ly-bound bu t  rapidly exchangeable  CI-  ions in PS 
II has  b e e n  in fe r red  from recent  ssCI-NMR line b road-  
en ing  expe r imen t s  [937]. Ear l ie r  ~SCI-NMR da ta  tha t  
were  i n t e rp r e t ed  in t e rms  of  mult iple  classes o f  rapidly 
exchangeab le  C I -  si tes [938,939] are  now cons idered  to 
have b e e n  compromised  by a systematic  i n s t rumen t  
i r regular i ty  [937]. T h e  rapidly exchangeable  C I -  ions 
a p p e a r  to  b ind  more  tightly in the  S,  and  $3 s ta tes  
t han  in the  Sf~ and  S I s ta tes  [610] (also see Ref.  940). 
l : rom CI t i t ra t ions  of  the res tora t ion  of  oxygen evolu- 
t ion to C l - - d e p l e t e d  chloroplas ts  and sub-chloroplas t  
part icles ,  it was conc luded  tha t  C I -  funct ions  at a 
single catalytic site [472]. However ,  f rom C! t i t ra t ions  
of  F - - i n h i b i t e d  PS II m e m b r a n e s ,  it was conc luded  
t ha t  C I -  b inds  to two sites: the  res tora t ion  of the  
mul t i l ine  E P R  signal requi red  1 l -fold less CI -  than  the  
res to ra t ion  of oxygen evolut ion [928]. F rom a study of 
t he  onse t  of  C i - - d e p l e t i o n  caused  by SO 2- ,  N O ~  and  
ace ta te ,  it was also conc luded  tha t  PS- l i  cen te r s  con-  
ta in  two CI -  sites [471]. It was proposed  tha t  the  
d i sp l acemen t  of  C I -  from one  of these  sites slows the  
Ss ~ ( S ~ ) - - *  So t rans i t ion ,  whe reas  d i sp lacement  of 
C I -  f rom the o t h e r  complete ly  inact ivates  oxygen evo- 
lut ion [47i]. Ni t ra te  was p roposed  to act at only the  
first site, SO4 z-  was p roposed  to act at  the  second site 
and  ace ta te  was p roposed  to act a'. e i the r  site [471]. 
The  two CI -  sites ident i f ied in these  s tudies  were 
cons ide red  to be  p resen t  s imul taneous ly  in the  same 
PS-11 cen te r s  [471,928]. An  intr iguing a l t e rna te  possi- 
bility is tha t  the  two sites a p p e a r  in d i f ferent  S-states, 
so tha t  only a single site is p re sen t  at any given t ime 
[38,486]. In one  recen t  model ,  a single C I -  ion ex- 
changes  be tween  two sites dur ing  the  S s ta te  cycle 
[31,38] (see subsect ion  I l l -G) .  O n e  of  these  sites is 
p roposed  to be  on  a Ca  2+ ion, while  the  o the r  is 
p roposed  to be  on  the  M n  complex  [31,38]. 

A cons iderab le  n u m b e r  of  s tudies  have conc luded  
tha t  the  dep le t ion  of  C I -  with a lkal ine  pH or  SO~-  
blocks the  S 2 ~ Ss t rans i t ion [433,466-470,933]. How- 
ever,  as m e n t i o n e d  in subsect ion  II-B.2, a new E P R  
signal c e n t e r e d  at  g approx. 2 and  r epo r t ed  to have a 
i inewidth  of 160 + 20 Gauss  [486] or  < 90 Gauss  [487] 

has recent ly been repor ted in CI -depleted [4~6,487], 
F - - t r e a t e d  [486] and  NH~-t rea tcd  samples  [456.485]. 
This signal superficially resembles  the 131)--1611 ( iauss-  
wide signal o b s e ~ ' e d  in Ca e ~-depleted samples  and h;~s 
also oeen  a t t r ibu ted  to a modified form of the S~ suite 
[485-487] o r  to an  'S,-plus-radical" s late  [456]. Tbc  
conclusions of  the earl ier  C I - d e p l e t i o n  studies mu.,,t 
reevaluated.  In one  of the  ear l ier  studies,  the addi t ion 
of  CI ions to CI --depleted samples  immediately  af ter  
a flash yielded the mult i l ine signal in darkness ,  demon-  
s t ra t ing the  presence  of  an a l te red  "EPR-silent" S., 
s tate [433]. Because this signal was also gene ra t ed  
when  CI -  was  immediate ly  added  to samples  that  had  
been  given two or more flashes, it was concluded tha t  
the S 2 ---, S~ t ransi t ion was blocked in the absence  of  
CI -  [433]. These  data  would be consis tent  with the 
format ion  o f  a modif ied S~ or 'S2-plus-radical" state if 
the addi t ion  of CI-- led to a rapid deact ivat ion of this  
state in addi t ion to a conversion of the a l te red  "EPR-si- 
lent '  S 2 s ta te  to the  normal  S 2 state. The  addi t ion of 
Ca-" ~ has been  observed to cause a similar rapid deac-  
t ivat ion of the  'S2-plu~;-radical" state in Ca- '+-deplcted 
samples  [447]. F luorescence  m e a s u r e m e n t s  [466,467], 
luminescence  measu remen t s  [467] and  optical absorp-  
t ion m e a s u r e m e n t s  of  the  decay of P680"  [468,487] in 
C I - - d e p l e t e d  samples  indicate tha t  only two e lec t rons  
are rapidly t r ans fe r red  from the  donor  side of  PS il  to 
P680 ÷ in response  to a series of  flashes. These  da ta  
were in te rp re ted  in te rms of format ion  of the s tate  
Yz+Sz, with the  S 2 ---, S s t rans i t ion being e i the r  blocked 
or  slowed considerably.  How to reconcile these da ta  
with the observa t ion  of the 90-16[) Gauss-wide E P R  
signal is less obvious. However,  several  possible expla- 
na t ions  have been  suggested.  

One  explanat ion ,  suggested by Nugent  and co- 
workers  [456], is that  the  90 -160  Gauss-wide E P R  
signal arises from an in terac t ion be tween  Y~ and the  
modif ied S 2 state Mn complex. If so. the re  would be no  
con t rad ic t ion  be tween  the  ear l ier  s tudies  and  the ob- 
servat ion o f  the new E P R  signal. A second possible 
explana t ion  is that ,  following the format ion  of the 
Y~S 2 state.  Y~ is slowly reduced  by a donor  side 
c o m p o n e n t  to yield the "S2-plus-radical" state. Both the 
f luorescence [466] and  the optical  absorpt ion  data  
[468,487] showed tha t  one  of the two oxidized donors  
to  P680 + was slowly reduced  in darkness ,  with half- 
t imes of  approx.  120 ms [466] (or  approx.  300 ms [4681) 
and  several  seconds  (see Refs. 466,468, also see Ref. 
487). The  slowly-reduced d o n o r  was p r e sumed  to be 
Yz  [466,468]. A slow reduct ion of Y~ by an organic  
c o m p o n e n t  in compet i t ion  with QA or  O u  could form 
the 'S2-plus-radical" state. Because of  the t ime delay 
be tween  the  f lashing and  freezing of  E P R  samples,  a 
slow t rans i t ion  from the YzS~, state to the  modif ied S 3 
(or 'Sz-plus-radical ' )  s ta te  could give rise to the  90 -160  
Gauss-wide  E P R  signal even if only the YzS,_ state 
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could be formed rapidly in response to a series of  
flashes. This explanation was previously advanced to 
explain earl ier  thcrmolumincsccncc  data that were in- 
terpreted as indicating that ,,. modified S 3 state could 
be formed in CI - -dep le ted  samples [932]. 

A third explanation, proposed by Ruther ford  and 
co-workers [38.487], is particularly intriguing in that it 
may account for the similarities be tween CaZ+-de - 
pleted and CI -depleted samples. In CI -depleted sam- 
ples, two charge separat ions are proposed to rapidly 
generate  the modified S 3 (or "S2-plus-radical') state 
[38,487]. As proposed for Ca- '+-depleted preparat ions  
[38,487] {see subsection i l l-C),  it is proposed that Yz 
cannot  be oxidized by P680 + once the "S :p lus - rad iea l '  
state is formed in O - - d e p l e t e d  preparat ions  [38,487]. 
This proposal is based on an inability to accumulate  
significant quanti t ies of Y~ in C l - -dep l c t ed  samples, 
as de te rmined  by averaging many flash-induced E P R  
transients [487]. In agreement  with this observation,  an 
earl ier  study repor ted  that only 0.3--0.4 Y~ per  P680 
could be genera ted  by cont inuous i l lumination of  sam- 
ples deple ted  of CI by t rea tment  with SO 4 -  or  am- 
monia [602]. However,  higher yields of  Y~ were im- 
pficd in o ther  studies of  SO~-- t rca ted  [437], acetate-  
t reated [632] or NH3- t rea ted  [437,456] samples (also 
see Ref. 688). A significant fraction of  Y~ has been 
reported to decay rapidly in darkness in C l - -dep l e t ed  
samples [487,928]. In some of the earl ier  studies, a 
rapidly decaying Yt~ may have been misidentif ied as 
Y;~. However ,  Y~ was dist inguished from Y~ in one 
of  the earl ier  studies [437] on the basis of  the different  
microwave power  saturation characterist ics of  the E P R  
signals of  these two species (see subsection ll-J.2). The  
proposal that Yz cannot be oxidized by P680 + in the 
presence of  thc 'S,-plus-radical '  state would be consis- 
tent with the earl ier  CI - -dep le t ion  studies if the donor  
that is slowly reduced in darkness [466,468,487] is a 
component  of  the "S2-plus-radical' state and if this 
state decays more rapidly than the normal  S 3 state. In 
Ca- '*-depleted samples, the "S,-plus-radical" state de- 
cays more rapidly than the normal  S 3 state in the 
absence of  the 24 and 17 kDa extrinsic polypeptides 
[447,454,904]. 

Ace ta te - t rea ted-samples ,  like samples deple ted  of 
CI -  with alkaline pH or  SO~- ,  rapidly transfer  only 
two electrons from the donor  side of  PS 11 to P680 ÷ in 
response to a series of  flashes [631,633]. In response to 
subsequent  flashes, P680 + is reduced by QA in compe-  
tition with an unidentif ied electron donor  [633]. Unde r  
these circumstances,  the E P R  signal of P680 + is broad- 
ened from approx. 8 Gauss  to approx. 14 Gauss  [632]. 
Rutherford and co-workers have suggested that the 
first two flashes genera te  the 'S :p lus - r ad i ca l '  state and 
that the putative histidine radical of  this state causes 
the broadening of  the P680 + E P R  signal [487]. The  
histidine radical was est imated to be located approx. 

8.5 ,~ from P680 + [487]. It would be tempting to  
speculate that the putat ive histidine radical could be  
His-190 of  the D l  polypept ide  (see Fig. 4). If  His-190 
acts as a hydrogen bond acceptor  for Yz,  as p roposed  
[35,65,114,116,122], the  oxidation o f  His-190 would be  
expected to change the redox potent ial  o f  Yz. As  noted  
in subsection ll-J.3, replacing His-190 of the  D1 
polypeptide with Asp or  Gin  has been  observed to slow 
electron t ransfer  from Yz to P680 + by a factor of  200 
[17,191. 

It should be de te rmined  if the 90-160  Gauss-wide 
E P R  signal of  the "Sz-plus-radical" state is observed in 
acetate  t reated samples  af ter  two charge separations.  I t  
should also be de te rmined  if the E P R  signal o f  P680 ÷ 
is b roadened  in samples  deple ted  o f  Ca 2+ or  C I -  or in 
samples t rea ted  with F o r  NH3. In this regard  it 
should be noted that the approx. 100 Gauss-wide 'S z- 
plus-radical '  state signal observed in NH3- t rea ted  sam- 
ples apparent ly cannot  be gene ra t ed  by flash i l lumina- 
tion [485]. Fur thermore ,  the  proper t ies  o f  this signal 
have been suggested to reflect  the  binding of  NH~ to 
the NH.~-specific site (see subsection I I -G.I ) ,  ra ther  
ti,an to the C I -  site, of  the  water  oxidizing complex 
[456]. A comparison of  the proper t ies  o f  the a l tered 
multil ine E P R  signal, the 'S2-plus-radicar  E P R  signal 
and the potential ly b roadened  P680 + E P R  signal in 
samples dep le ted  of  Ca 2+ or  CI - ,  or  t rea ted  with a 
variety of  anions or  amines,  should yield fur ther  insight 
into the connect ions  be tween  Ca 2÷, C I -  and l igand 
exchange react ions in the water  oxidizing complex.  
Each type of  sample should be p repared  by a variety o f  
methods  and their  Ca z+ contents  should be  deter -  
mined  by atomic absorpt ion spectroscopy or  by an 
equivalent  analytical method.  The  format ion and sta- 
bility of  Y~ and the rates and t empera tu re  dependen -  
cies of  all e lectron transfer  reactions involving the Mn  
complex, Yz,  P680 and all o the r  redox active donor-s ide  
components  should also be examined.  

III-E. Location o f  Ca 2 + in PS  H 

For  a recent  discussion of  this topic, see Ref.  37. 
The  al tered l ineshapes of  the S2-state mult i l ine E P R  
signals observed in CaE+-extracted [423,424,447-456] 
(see Fig. l l )  and Sr -" +-reconsti tuted [415,421,422,432] 
(see Fig. 10) samples have been  taken as evidence that  
at least one  Ca 2÷ ion is located close to the IV, n 
complex, particularly because an NH3-der ived  l igand 
has been shown to coordinate  the Mn complex dur ing 
the S , - ~  S 2 transi t ion [446,554] and because  N H  3- 
t reated and SrZ+-substituted samples exhibit  a l tered 
multil ine signals that  are  superficially similar (compare  
Figs. 9 and 10). The  apparen t  creat ion of  the lower-af-  
finity Ca 2÷ site(s) during the format ion of  the  func-  
tional Mn cluster  [362] and the apparen t  dependence  
of  Ca ~+ affinity on the redox state o f  the Mn  cluster  



[477]. also suggests  tha t  one  o r  more  Ca-'* ions may be  
located nea r  the  Mn complex.  Fu r t he r  ev idence  that  
Ca -'+ and  Mn may be  located in close proximity is 
suggested  by recent  da ta  demons t r a t i ng  tha t  C a  2 * sta- 
bil izes the  l igation env i r onm en t  of  the  Mn complex,  
p ro tec t ing  the  complex  against  the  loss of  Mn 2÷ ions 
p roduced  by the  act ion of N H 2 O H  and o the r  reduc-  
t an t s  [275-277,544].  Finally, as discussed earl ier ,  based  
on E X A F S  measu remen t s ,  one  g roup  has  p roposed  
tha t  a Ca  2 .  ion is located approx.  3.3 A f rom M n  
[389,543] (M.J.  La t imer ,  V.J. D eR os e ,  V.K. Yachandra ,  
1. Muker j i ,  K. Saue r  and  M.P. Klein, personal  commu-  
nication),  while a n o t h e r  g roup  has  sugge~sted that  a 
Ca ~÷ ion may be  located approx.  4.35 A f rom M n  
[535]. Several  au tho r s  [5111,535,539,548,549] have no t ed  
the  possible  re levance  o f  the  Mn2+-Ca 2+ d inuc lea r  site 
in concanava l in  A [546,547] to  PS 11 and  some [34,37] 
have also po in ted  out  tha t  the  Ca-'* site in concana -  
valin A is c rea ted  by the  l igat ion of  M n  2+ [941], a 
s i tuat ion similar  to tha t  in PS I1. 

Because  Ca 2÷ and  the  Mn complex a re  bel ieved to  
be located in close proximity, many  of  the  l igands to 
Ca z÷ are expec ted  to be  con t r i bu t ed  by the  Di  and  D2 
po lypept ides  (see subsect ion ll-J.3).  However ,  none  o f  
the  intr insic  po lypept ides  can be excluded as possible 
sources  of  l igands. As m e n t i o n e d  in subsect ion  ll-J.3,  
n u m e r o u s  acidic res idues  sui table  for  l igat ing C a  2 * are  
located in the  lumenal ly-exposed regions  of  CP47 [130], 
CP43 [130,162] a n d  the  a - subun i t  o f  cy tochrome b-559 
[196-199]  and  in the  hydrophi l ie  carhoxy- terminal  re-  
gion of  the  4.2 kDa  p roduc t  of  the  psb. ! gene  [297,299]. 
In l ight of  the  low ra tes  of  oxygen evolut ion repor ted  in 
its absence  [232,246,248,251,252,265,802-805], the  33 
kDa  polypept ide  also canno t  be excluded as a possible  
source  of  l igands. Not even the  24 kDa  polypept ide  can  
be  excluded [37] because  the  affinity of  Ca  ~÷ for  PS 11 
has  only b e e n  m e a s u r e d  in its absence  (see subsec t ion  
I l l -A) .  Finally, it has  been  po in ted  out  [37] tha t  no  
da ta  exist to exclude the  possibility tha t  polar  g roups  of  
ca rbohydra t e s  or  lipids con t r ibu te  l igands to Ca 2~ in 
PS 11. 

T h e  specific and  reversible  ext rac t ion  of Ca  -,+ by 
sodium ci t ra te  at  pH 3 [475] has  b e e n  cons ide red  to be  
cons i s ten t  with  the  l igat ion of  Ca  2+ by carboxylate  
res idues  in PS I1 [37,38,270,422,475], particularl-¢ be- 
cause  the  efficiency of  ext ract ion is hal f -maximal  at  p H  
4.0 [475]. However ,  the  shor t  incuba t ion  at  pH 3 causes  
the  revers ible  d issocia t ion of  the  24 and  17 kDa  extr in-  
sic po lypept ides  [235,274,903], t he reby  increas ing  the  
accessibility of  Ca 2÷ to ci t ra te  as a che la t ing  agent .  
Consequent ly ,  the  s ignif icance of  the  revers ible  Ca-'* 
ex t rac t ion  at  p H  3 to the  l igat ion of  Ca  ~+ in PS i i  is 
unclear .  

High- reso lu t ion  crystal s t ruc tu res  of  many  Ca2*-bi - 
nd ing  pro te ins  are avai lable ( reviewed in Refs. 9 4 2 -  
944). A n  analysis of  27 Ca =÷ b ind ing  sites in 17 struc- 
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tures  ref ined to resolut ions  of ~ 2.3 A has recently 
been  r epo r t ed  [943]. All 182 Ca=" l igands in these 27 
sites are  oxygen atoms.  Of  these,  29G~, 18c~ ;, ~¢~ and  
2% arc  con t r ibu ted  by s ide-chain oxygens from Asp,  
Glu ,  Asn  and  Gin residues,  respectively, while 23% are 
con t r ibu ted  by pept ide  carbonyl oxygens and  20c~ are 
con t r ibu ted  by immobil ized H 2 0  molecules  [943]. The  
Asp  and  Glu  res idues  ligate with e i the r  one  or bo th  
s ide-chain  oxygens. The  most  c o m m o n  Ca :+ coordina-  
t ion numt ,e r  is seven, but  coord ina t ion  number s  of six 
or  eight  are not  uncommon .  The  oxygen l igands are  
general ly  a r r anged  approximately  as a penta, gonal  
bipyramid.  T h e  average Ca"+-O dis tance  is 2.4 A, bu t  
the  d i s tances  general ly range  from 2.1 to 2.6 ,~ 
[943,944]. All 27 sites conta in  at  least  one  pept ide  
carbonyl  oxygen as a l igand [943]. 

Ca lc ium-bind ing  pro te ins  are general ly  grouped  into 
two categor ies :  those  tha t  possess the  "Helix-Loop- 
Helix'  ( H L H )  mot i f  (also known as the  ' E F  h a n d '  
motif, reviewed in R,:fs. 942,945-948),  and  those tha t  
do  not.  In p ro te ins  that  possess the HLH motif,  the  
res idues  tha t  coord ina te  the  Ca 2+ ion are  located in a 
cont iguous  s t re tch  of 12 res idues  tha t  connec t s  two 
a-hel ices .  T h e  HLH moti f  is very highly conserved and  
consensus  sequences  are available [949-952].  The  
Ca2*-binding sites of proteins  tha t  do  not  possess the  
HLH mot i f  are exceedingly diverse [943]. In most  of  
these  "non-HLH" proteins ,  a majori ty of  the  l igating 
res idues  are located in a cont iguous  s t re tch  of  10-15 
residues.  In many c a ~ s ,  all of  the  l igating res idues  are  
located in this  s t retch,  as in HLH pro te ins  [943]. How- 
ever,  in .some n o n - H L H  prote ins ,  none  of  the  l igat ing 
res idues  are located in the  same region of  the  polypep- 
t ide sequence .  No corre la t ion  exists be tween  Ca z÷ 

affinity and  the  geometry  of  the  site or  w h e t h e r  the  
i igat ing res idues  are  par t  of a con t iguous  s t re tch  of the  
polypept ide  chain  [943]. However,  the  Ca 2+ affinity 
does  cor re la te  with the n u m b e r  of  H 2 0  molecules  in 
the  Ca'- + coord ina t ion  sphere  [943]. T h e  sites with the  
highest  aff ini t ies con ta in  0 -1  l igating H_,O molecules,  
while the  sites with the lowest affini t ies conta in  1 -3  
l igat ing H , O  molecules  [943]. Nearly  all HLH sites 
conta in  one  carbonyl  oxygen and  one  ligating H 2 0  
molecule ,  while  n o n - H L H  sites conta in  I - 3  carbonyl  
oxygens and  0 - 4  l igating H 2 0  molecules.  All HLH 
sites con ta in  a b iden ta t e  Glu  residue,  while few non-  
HLH sites con ta in  Glu  res idues  [943]. None  of  the  
HLH sites con ta in  b iden ta te  Asp  residues,  while many 
n o n - H L H  sites contain, b iden t a t e  Asp  res idues  [943]. 

Most  n o n - H L H  Ca- '+-binding sites are located in .O 
loops or  por t ions  of  JQ loops [943]. A n  t'~ loop is a 
6 -16 - r e s idue  loop tha t  is located on the  surface of  a 
prote in ,  con ta ins  no  regular  repeatin~g secondary  struc- 
ture  and  whose  te rmini  are ~< 10 A apar t  [953]. All 
HLH Ca- '+-binding sites are located in .Q loops if the  
res t r ic t ion on  regular  secondary  s t ruc ture  tha t  def ines  
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12 loops is relaxcd slightly [943,953]. Most Ca-" *-binding 
loops contain Asx turns, although o ther  reverse turns 
arc also found [943]. An Asx tu r f  involves a hydrogen 
bond between a side-chain oxygen of  an Asp or  Asn 
residue at position "n" and the pept ide amide nitrogen 
of  the residue at position "n + 2' [954-957]. (Occasion- 
ally the Asx residue is Scr, Thr  or (~'s [955]). in 
Ca"+-binding proteins, the Asx residue is usually Asp, 
occasionally Asn and rarely Ser [943]. The  Asx residue 
generally ligates the Ca 2÷ ion with one or two side- 
chain oxygens. The  vast majority of  Asx-turns in Ca 2*- 
binding proteins have a Pro or  Gly residue located 
immediately adjacent to the turn and within three 
residues of  the Asx residue [943]. In conjunction with 
the Asx turn, thesc residues facilitatc folding the 
Ca2*-binding loop around the Ca 2~ ion to correctly 
position oxygcn ligands [943]. Extensive networks of 
hydrogcn bonds arc  found in Ca" *-binding sites. These  
stabilize the conformation of the Ca2*-binding loop, 
correctly position the ligating H 2 0  molecules  and o ther  
oxygen ligands and help counteract  electrostat ic  repul- 
sion between negatively charged Asp and Glu residues 
that may be juxtaposed in the ligation site. The  ability 
of  Asp and Glu residues to form multiple hydrogen 
bonds, in addit ion to thcir  negative charge,  explains 
the prevalence of  these residues in Ca-" ~-binding sites 
[943]. 

Numerous  authors have examined PS 11 poly- 
peptides for sequences that resemble the H L H  consen- 
sus sequence.  Such sequences have been  found in the 
DI  [422,787,865], D2 [865] and 33 kDa [227,958] poly- 
peptides. The  similarities with the H L H  consensus 
sequence are weak, al though the similarity is strongest 
for the identified region of the 33 kDa polypeptide.  
Proteins with the HLH mot i f  have been shown to bind 
45Ca when transferred to nitrocellulose membranes  
after being denatured and subjected to gel elec- 
trophoresis [959]. When similar experiments  were per- 
formed on PS i l  membranes ,  the only n o n - L H C l l  
polypeptide that bound 4-SCa was an unidentif ied pro- 
tein of  33 kDa and the binding was very weak [960]. 
Recently, PS II polypeptides were  examined for se- 
quences that resemble the contiguous Ca2+-binding 
loops of several n o n - H L H  Ca~+-binding proteins [37]. 
Vaguely similar sequences  were found in the 33 kDa 
polypeptide and in the lumenally exposed regions of 
CP47, CP43 and the DI  and D2 polypeptides [37]. 

III-F. Ca 2+ m cyanobacteria 

The  influence of  Ca 2. on electron transfer and 
oxygen evolution in cyanobacteria may differ from that 
in plants. For  example,  deplet ion of Ca 2" from cyano- 
bacterial cells or PS I1 membranes  has been repor ted  
to block electron transfer from ¥ z  to P680 +, as mea- 
sured by flash-induced optical absorption changes (even 
after only a single flash) [911] or  by chlorophyll a 

f luoresccncc in the presence  of D C M U  [893]. How- 
cvcr. this conclusion has been  chal lenged [633] and a 
narrow .~ersion of  the 130-160 Gauss-wide E P R  sig,,al 
of the 'S2-plus-radical" state (see subsect ion l l-B.2) has 
recently been observed  in Ca2+-depleted PS 11 parti- 
cles from Synechocystis sp. PCC 6803 [415]. T h e  nar- 
row linewidth of  this signal ( <  90 Gauss)  resembles  
that of the signal observed in NH3- t rea ted  [456,485] o r  
some CI - -dep le t ed  [487] prepara t ions  from higher  
plants (see subsection II-B.2). In higher  plants, the 
deplet ion of  the weakly-bound Ca 2+ ion(s) reversibly 
slows electron t ransfer  from Yz to  P680 + [487] (also 
see Refs. 628,630,638 and see  subsection Il l-C).  

The  requ i rement  for Ca  2+ in cyanobacter ia  may 
also be different  from the requi rement  in plants  and 
may differ be tween di f ferent  species of  cyanobacteria .  
Early studies on the non- thermophi l ic  cyanobacter ia  
Phormidium luridum [887-889] and Anacystis nidulans 
[890-892,961] indicated that  approx. 30 m M  Ca  2÷ is 
required to maintain the stability and oxygen-evolving 
activity of  PS 11 membranes .  However ,  active PS II 
complexes from Anacystis nidulans have more recently 
been isolated in the presence  of  high concent ra t ions  o f  
Na ÷ (added as approx. 300 mM sodium citrate)  [962]. 
Highly-purified PS 1I complexes  from Synechocystis sp. 
PCC 6803 have also been repor ted  to require  e i ther  
20-50  mM Ca"* [209,415,963] or  approx. 300 m M  Na ÷ 
[963] for maximal activity. The  ability of  Anacystis 
nidulans and many o ther  cyanobaeter ia  to substi tute 
Na + for Ca '÷  has also been  inferred from studies 
conducted  on intact cells [964-966]. O t h e r  cyano- 
bacteria  apparent ly  have an absolute r equ i rement  for 
Ca 2+ [966], while at least one,  Synechocystis sp. PCC 
6714, apparent ly has an absolute r equ i rement  for Na+;  
Ca 2÷ reportedly does not substi tute [967]. (However ,  
thylakoid membranes  from this organism have been  
repor ted  to require  > 5  mM Ca 2+ for maximal 
oxygen-evolving activity [968].) 

Highly purified PS l l  prepara t ions  f rom thermo-  
philic cyanobaeter ia  do not  require  added  Ca 2+ for 
maximal activity. Al though some procedures  for isolat- 
ing PS II complexes fr{,m Synechococcus elongatus 
employ buffers that contain 20 m M  CaC! 2 [168,287], 
highly active PS l l  prepara t ions  have been  isolated 
from this organism [343,969-971,995], from Syne- 
chococcus lit'idus [972], f rom Synechococcus t'uicanus 
[285,289,480], f rom Mastigocladus laminosus [634] and 
from Phormidium laminosum [288] in buffers that  con-  
tain 5 -35  mM Na + a n d / o r  5 - 1 0  mM Mg 2+, but  no 
added Ca -'+ ions. However ,  the prepara t ions  from 
Phormidium laminosum have been  repor ted  to be most  
active and stable in the presence  of  e i ther  10 m M  
Mg 2÷ or  Ca 2+ [288,334] and some prepara t ions  from 
Synechococcus elongatus show slight (approx. 15%) en-  
hancements  in activity in the  presence  of  5 m M  Ca 2.  
[2861. 



T h e  Ca 2* requ i red  for oxygen evolut ion a p p e a r s  to 
have a lower-aff ini ty for PS 11 in cyanobac te r i a  t han  in 
h igher  p lants .  Th i s  Ca 2+ is easily lost f rom some 
cyanobac te r i a  d u r i n g  cell b r eakage  [889] a n d  appea r s  
to be readily ex t rac ted  f rom highly-pur i f ied  PS- l l  com- 
plexes  f rom the t he rmoph i l i e  cyanobac te r ium Syne -  
c h o c o c c u s  e longa tu s  by t r e a t m e n t  with  ! m M  E D T A  
[911,973] or  by gel f i l t ra t ion [930,931]. Activi ty can  be 
r e s to red  by the  add i t ion  of  Ca  2+ [930,931,973], Na  + 
[93(I,931], or  Mg 2+ [930,931] ions. A n  a p p a r e n t  K,.  
value  for Ca  2+ was  e s t ima ted  to  be approx.  13(1 /zM 
( m e a s u r e d  in the  p r e s e n c e  of  10-25  m M  N a * ) ,  whi le  
the  o p t i m u m  c o n c e n t r a t i o n s  o f  Na + or  M g  2+ were  
found  to vary  cons iderab ly  d e p e n d i n g  on  w h e t h e r  C l - ,  
SO4 z - ,  or  H P O ~ -  was p r e s e n t  as the  c o u n t e r i o n  
[930,931]. Highly-pur i f ied  PS-II complexes  f rom 5~,ne- 
c h o c o c c u s  e longa tus  have b e e n  r epo r t ed  to  con ta in  
approx.  1 t igh t ly -bound  Ca  2+ ion (per  P680) t ha t  resists 
ex t rac t ion  by chelex  resin [286,899,913,995]. It was pro-  
posed  tha t  th is  Ca  ~+ ion is essent ia l  for  oxygen evolu- 
t ion [286,913], bu t  a tomic  abso rp t ion  m e a s u r e m e n t s  on 
samples  f u r t h e r  ex t r ac t ed  with E D T A  were  inconclu-  
sive [913]. I t  shou ld  be  no t ed  that  these  complexes  
were  isola ted by K a t o h  a n d  co-workers ,  who,  in confl ict  
with o t h e r  workers ,  m a i n t a i n  t ha t  highly pur i f ied  PS I! 
p r e p a r a t i o n s  f rom sp inach  also con ta in  only approx.  1 
Ca  2÷ ion p e r  P680 [11,900] (see subsec t ion  I l l -A) .  
Never the les s ,  th is  g roup ' s  mos t  r ecen t  p r e p a r a t i o n  of 
PS II par t ic les  f rom S y n e c h o c o c c u s  a p p e a r s  to con ta in  
approx.  1 C a  2+ ion pe r  P680 a n d  to exhibi t  p h e n o m e -  
nally high ra t e s  o f  oxygen evolu t ion  at  45°C [995]. 

T h e  a p p a r e n t l y  lower-aff ini ty  of Ca  ~'+ for  PS l I  in 
cyanobac te r i a  may ref lect  the  absence  of  the  24 and  17 
kDa  polypept ides .  It  has  b e e n  sugges ted  t ha t  cyano-  
bac te r i a  may  con ta in  h ighe r  c o n c e n t r a t i o n s  o f  Ca  -'+ 
and  C I -  ions  t h a n  ch lo rop las t s  [248]. H i g h e r  concen -  
t r a t ions  of  these  ions in cyanobac te r i a  may obvia te  the  
n e e d  for t he  24 a n d  17 k D a  po lypep t ides  (see subsec-  
t ions  I-B.4 and  I l l -A) .  T h e  a p p a r e n t  ability of  Na ~ or 
Mg 2÷ to subs t i tu te  for  Ca  2 ÷ in cyanobac te r i a  con t ras t s  
wi th  the  specific r e q u i r e m e n t  for  Ca 2* in h igher  plants ,  
w h e r e  Na ~ is a compet i t ive  inh ib i to r  o f  oxygen evolu- 
t ion [909,910] and  Mg -'+ is n e i t h e r  a n  ac t iva tor  no r  an 
inh ib i to r  [37] (see subsec t ion  I l l -B) .  Clar i f ica t ion  of  the  
role o f  Ca  2+ or  o t h e r  ca t ions  in cyanobac te r i a  will 
r equ i re  r igorous  ex t rac t ion  p rocedures .  T h e  Ca -~+ con-  
t en t s  of  the  ex t rac ted  samples  shou ld  be  d e t e r m i n e d  by 
a tomic  abso rp t ion  spec t roscopy  or by an  equiva len t  
analyt ica l  m e t h o d .  A var ie ty  o f  cyanobac te r i a  shou ld  
be  e x a m i n e d  to a sce r t a in  w h e t h e r  t he  ca t ion  requ i re -  
m e n t s  of  t he rmoph i l i c  cyanobac te r i a  differ  f rom those  
of  n o n - t h e r m o p h i l i c  cyanobac te r ia .  Clar i f ica t ion  of  the  
ca t ion  r e q u i r e m e n t s  of  cyanobac te r i a  is essent ia l  if the  
amino-ac id  res idues  t h a t  coo rd ina t e  Ca-" + ions in h igher  
p l an t s  a re  to  be  ident i f ied  f rom d i rec ted  m u t agenes i s  
s tud ies  p e r f o r m e d  with cyanobac te r i a l  genes.  A l t e rna -  
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lively, mu tan t s  could be cons t ruc ted  in cukaD, otic or-  
ganisms. M u t a t i o n s  have recent ly been  cons t ruc ted  in 
the D1 po lypept ide  of  the alga C J t h l m y d o m o n a s  rem-  
hardt i i  [974,975,985,997,998]. 

l l I -G .  The  role c~f Ca 2 + bl o,~3"gell ecohtth~Jt 

Despi te  its r e q u i r e m e n t  in the  S-state t ransi t ions ,  
the  specific role of  Ca 2' in oxygen evolut ion r ema ins  
unclear .  Because  the a p p e a r a n c e  a n d / o r  stabili ty of  
the S2-state mul t i l ine  E P R  signal is a l t e red  w h e n  Ca 2" 
is r emoved  [423A24,447-456]  (see subsec t ion  II-B.I 
and  Fig. 1 1 ) o r  rep laced  with Sr 2. [415,421,422,432] 
(see Fig. 10) and  because  the  s t ruc tu re  of the  M n  
complex can  be  severely d i s rup ted  w h e n  Ca 2 .  is re-  
p laced  with La 3+ [548] (see subsect ion  I l l -B).  Ca  2+ has  
b e e n  p roposed  to stabil ize the  s t ruc tu re  of the  M n  
complex [34.37,39,422,448,474,475,548] or  to inf luence  
its redox behav io r  [34,37,422,511,549]. Indeed ,  recent  
ev idence  indica tes  tha t  Ca 2÷ stabil izes the  l igation of  
the  M n  complex,  p ro tec t ing  it against  the  loss of  Mn 2-  
ions p roduced  by the  act ions  of  N H , O H  or o the r  
r e d u c t a n t s  [275-277,544].  Calc ium has  also b e e n  pro-  
posed  to p ro tec t  the  M n  complex  against  che la t ion  by 
E D T A ,  E G T A  and  c i t ra te  [454]. The  p roposed  struc-  
tura l  inf luence  of  Ca "-+ has  been  l ikened to tha t  of the  
Z n  2+ ion in C u / Z n  supcroxide  d i smutase  [37,474]. 
The  Z n  2÷ ion in this  p ro te in  inf luences  the  redox 
po ten t i a l  o f  t he  Cu 2÷ ion by sha r ing  an  imidazole  
br idging  l igand with it [976,977]. W h e t h e r  Ca 2+ has  a 
mechan i s t i c  role in wa te r  oxidat ion r ema ins  unknown .  
It has b e e n  p r o p o s e d  to funct ion  in d e p r o t o n a t i o n  
even ts  coup led  to S s t a t e - d e p e n d e n t  con fc rma t iona l  
changes  or  p K ,  shifts of carboxylate  groups  [452.477], 
Indeed ,  a d e p r o t o n a t i o n  even t  t ha t  is bel ieved to nor-  
mally a c c o m p a n y  the  S 2 --* S 3 t rans i t ion  does not  ap-  
p e a r  to occur  in the  absence  of Ca-'*, as indicated by 
the  p resence  o f  an  e l ec t rochromic  shift  in the  optical  
abso rp t ion  spec t rum of  this  t rans i t ion  in Ca-" +-deple ted  
samples  [452] (see subsec t ion  II-D.2 and  Fig. 16t. Cal-  
c ium has  also b e e n  p roposed  to govern  the  accessibili ty 
of  H , O  to the  Mn c lus te r  [31,448,455.865]. In one  
recen t  model .  Ca  2÷ is p roposed  to coord ina te  subs t ra t e  
H , 0  in the  lower S-s ta tes  and  to exchange  it for  a CI 
ion on the  M n  complex  jus t  p r io r  to  wate r  oxida t ion  
[31]. This  model  is of  great  in teres t  in l ight of the  
ub iqu i tous  a p p e a r a n c e  of H 2 0  as a l igand to C a : -  in 
Ca2+-binding  p ro t e in s  (see subsec t ion  I l l - E ) a n d  in 
l ight  of  the  many  da t a  tha t  suggest  tha t  Ca  -'+ and  M n  
are  loca ted  in close proximi~' .  

IV. Concluding  r e m a r k s  

I have  t r ied  to descr ibe  the  cont rovers ies  tha t  cur-  
rent ly  enve lop  the  M n  and  Ca 2" ions in PS 11 and  to 
po in t  ou t  issues tha t  shou ld  be  clar i f ied or  r eexamined .  
Such issues include the  re la t ionsh ip  be tween  the  pro-  
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tons released into the lumen and deprotonation events 
at the site of water oxidation, the identity of the 
component that is oxidized during the S 2 -~ S~ transi- 
tion in intact preparations, the identity of the radical in 
the modified S 3 or "S2-plus-radical" state observed in 
Ca "~ ~-or CI--depleted samples and in samples treated 
with NH 3, the source of the 9(I-160 Gauss-wide EPR 
signal observed in this state, whether an organic com- 
ponent other than Yz is oxidized with high quantum 
yield in Mn-depleted preparations, the relationship 
between the S2-state multilinc and g = 4.1 EPR sig- 
nals, the Sn-state EPR signal and the NMR proton 
relaxation enhancement data, the relationship between 
extraction conditions and how Ca:÷-depletion and 
Cl--depletion disrupt the S-state transitions, the mech- 
anism of amine-induced inhibition of water oxidition 
and whether substrate water binds at the NH3-specific 
site, the C! --sensitive site or elsewhere. Further exami- 
nation of altered multiline, 'S,-plus-radical' and broad- 
ened P680 + EPR signals in samples depleted of Ca -'+ 
or Ci-  or treated with a variety of inhibitory anions or 
amines should yield further insight into the connection 
between Ca '*.  CI-  and ligand/substrate exchange re- 
actions during the S-state cycle. Examination of sam- 
ples prepared by a variety of methods and routinely 
analyzed for Ca ~" + content by atomic absorption spec- 
troscopy or equivalent analytical methods should be 
undertaken. The temperature-dependencies of the S- 
state transitions in these samples and whether particu- 
lar S-state transitions are blocked or merely slowed 
considerably should also be determined. The relation- 
ship between the 'S2-plus-radical' EPR signals and a 
similar signal reported in Tris-washed, NH 2OH-treated 
samples should also be explored. 

A clearer picture of the structure of the Mn com- 
plex is beginning to emerge because of what seems to 
be a growing consensus among the various groups that 
apply X-ray absorption spectroscopy to intact prepara- 
tions that are poised in the S 1 state. Continuing ad- 
vances in the sytlthesis of inorganic model compounds 
that potentially mimic the structure or reactivity of the 
Mn complex are contributing significantly to this pic- 
ture. Future X-ray absorption studies will undoubtedly 
focus on samples having Ca 2+ or CI- exchanged for 
other ions and on samples treated with NH 3 or other 
inhibitors. Further application of L-edge X-ray absorp- 
tion spectroscopy [978,979], magnetic susceptibility and 
ESEEM and ENDOR spectroscopies should provide 
further insight into the structure and operation of the 
Mn complex. The application of site-directed mutagen- 
esis to the search for the amino-acid residues that 
ligate Mn and Ca 2+ is only beginning and is currently 
being extended to polypeptides other than DI and D2 
and to organisms other than cyanobacteria. The recent 
development of highly-active oxygen-evolving PS 11 
preparations from Synechocystis sp~ PCC 6803 will give 

a major impetus to these studies. The coming decade 
will see major advances on many fronts. 
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