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1. Introduction

The most important tunction of manganese i hol-
ogy s to catalyze the comversion of water to molecular
oxvgen. This process takes place m Photosystem 1
near the lumenal surface of the thylakoid memorance.
Tre catalvtic reaction is driven by hight and requires
four manganese. 2-3 calcium and several Cl7 ions.
QOur understanding of the catalytic process has ad-
vanced dramatically in the last decade. Three major
sets of developments have been responsible for ths
progress. First. methods to separate PS 1 from other
components of the thylakoid membrane were devel-
oped [1-4] and refined. both for higher plants [5-13]
and cvanobacteria (see subsection TH-F). The high
concentrations of PS Il and relative lack of contamina-
ting pigments in these preparations have made the

canabhtic process mereasingly  accessible 1o sophisti-
cated spectroscopic enalysis. Second. the development
of methods to isolate specitic genes has resulted in the
determimnation of the amino-acid sequence of every
constituent polypeptide of PS 11 from a wide variety of
organisms. These sequences have yielded insight into
tke structurce of these polypeptides and into their possi-
ble evolutionary relationships and have made it possi-
ble to analyze structure /function relationships by di-
rected mutagenesis. For recommended nomenclature
for the corresponding genes, see Ref. 14; for compen-
dia of published sequences. sece Refs. 15.16. For re-
views of mutagenesis studies, see Refs. 17-19. Finally.,
the determinations of the structures of reaction centers
from the purple non-sulfur bacteria Rhodopseu-
domonas 1'iri(li§) [20] and Rhodobacter  sphaeroides
[21.221 at < 3 A resolution (reviewed in Refs, 23-28)



have supplied a modcl for the structure of the core of
PS Il (for review, see Refs. 24.29). The aim of this
review is to critically assess our current knowledge ot
the mangancese and calcium ions in PS 11 and therr
roles in catalyzing the oxidation of water. Many excel-
lent reviews that emphasize other aspects of PS 1. or
other points of view. have appeared recently {30-38].
For a comprchensive carlier review, see Ref. 39. For a
recent review that emphasizes the molecular biology of
PS 11, see Ref. 16, also sce Ref. 19,

I-A. Cofactors and electron transfer

Photosystem 1I (PS II) couples the oxidation of
water with the reduction of plastoquinone. Molecular
oxygen is released as a by-product of water oxidation.
The entire process begins with the absorption of light
by a light-harvesting pigment-protein antenna comples
that is located peripherally to PS 11, In higher plants
and green algae the main antenna complex is known as
LHCII [16,40-44]. The LHCH complex spans the thyl-
akoid membrane and contains non-covalently bound
chlorophyll a. chlorophyli b and carotenoid molecules.
The three-dimensional structure of LHCIl at 6 A reso-
lution has recently been reported [45). In red algae and
cyanobacteria the antenna complex is the phycobili-
some {23.46]. Phycobilisomes are located on the stro-
mal surface of thc thylakoid membrane and contain
many water soluble proteins that have covalently at-
tached linear tetrapyrrole pigments called bilins. The
structures of two phygobilisome proteins from diffcrent
organisms at < 2.7 A resolution have been reported
{47—-49]. In all organisms. the cnergy absorbed by the
antenna complex is transferred to PS 11 and ultimately
to a specialized monomer or dimer of chlorophyll a
molecules known as P680 (see Fig. 1. for review, sce
Ref. 50). The energy from a single photon promotes
P680 to an excited singlet state. Within approx. 3 ps of
its formation [51.52] (and see Ref. 53). the excited
singlet state of P680 reduces a ncarby pheophytin
(Pheo). forming P680° and Pheo . Stabilization of
thesc species against charge recombination is achieved
by the rapid (250-550 ps [54-59]) onidation of Pheo”
by a nearby plastoquinone molecule known as Q, and
by the rapid (40-280 ns. see subsection H-D.2) reduc-
tion of P680"° by a redox-active tyrosine residue known
as Y, [60.61.986). This component was proposed to be
a tyrosine residue on the basis of specific deuteration
cxperiments [62-64). This assignment has been sup-
ported by time-resolved optical absorption measure-
ments in the ultraviolet {61] and by directed mutagence-
sis studies [65-68). The laticr studics identified Y, as
Tyr-161 of the D1 polypeptide {67.68] (sce below and
subsection 1.B-1). Charge recombination between Q
and Y7 is prevented by further electron transfer events:
a second plastoquinone molecule. Q. oxidizes Qg

Frg 1 Schematr viustration of the musgor polopeptide Componernts ot

PS 1 Numerous other pobpcatides whing functions orc unkroman

afe not depacted teee Table 1 Solud artows hom the daedtion of
clectton transdor

within 100-200 g« {69-71] (forming Q) und the wa-
ter-oxidizing complex. which contains the four Mn 1ons.
reduces Y, within 30 1300 u« (e subsection -1
Plastoquinone binds only weakhy o the Q, site [70.72].
Many berhscides, such as DOMUL inhsbhit clectron
transfer from Q to Qy by competing with plasto-
quinone for the Qy site 173-75) (For reviews of Q,
and Q, fuaction in PS Il sec Refs. 71.76.77: for recent
reviews of herbicide binding in PS 11, see Refs, 78-%0,
also see Ref. R1). Before charge recombination be-
twe=n Q4 and the water-oxidizing complex takes place.
a second charge-separation generates Y, and Q, a
sccond time. The water-oxidizing complex then agamn
reduces Y, . thereby accumulating a second oxudizing
equivalent. while Q, reduces Q. In reaction centers
from purple non-sulfur bacteria, clectron transfer from
Q. 10 Qy is accompanicd by protonation ¢vents, re-
sulting in the formation of Q,H - (for review. see Pt
821 The resulting Q H . hvdroguinene deaves the re-
action center R3] Calso see Ref. 831 and s replaced
an oxdized guinone from the membrane-associated
quinons pool. In PS 11 QyH s believed to form and
exchange analogously [23.71.76.77].

Water oxidation requires that the water-omdizing
comples accumulates a total of four oxtdizing cquinvg-
lents. Conseguentiv, two plastol droguinone molecules
are formed for cach O. molecule releasd by the
oxidation of water. As it accumulates four oxidizing
equivalents. the water-oxidizing complex cycles through
a series of five oxidation states. termed S-states and
designated S, where 7 denotes the number of onudiz-
g cqunalents stored Gee g 21 In dark-adapted
samples. the S, state predominates: even the S, sate
becomes omidized to the S, state during prolonged
(tens of minutes) dark adaptation [R6—-RR]. Tac §; stare
is helieved 1o be a transient iniermediate that sponta-
neoush reverts 1o the S, state with the concomitant
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release of O, The oxidation of two molecules of water
is generalh belicved o occur during the S, = (5,)) = S,
trapsition, but this behiet s not uninersally accepted
and will be discussed in subsection H-H. The S-state
model was oniginally tormulated by Kok and co-workers
[89.90] 10 explain why the sicld of O. given off by
chloroplasts 1in response to a series of hight flashes
oscillates with g period of four [89.91] (reviewed in
Refs. 92.93) The Mn ions of the water-oxidizing com-
plex are arranged as a multinuclecar complex. The
structure of the Mn complex and whether it accumu-
lates all four oxidizing cquivalents in response to the
four successive charge-separations that are required
for water oxidation. is currently & subject of vigorous
debate and will be discussed i section 1

Both Q {9:-97] and Q,, 98- 10 intcract magnet-
calhy with a nearby non-heme Fe” ™ jon. The role of the
Fo' ion is not clearly understood (for review, see
Refs. 77.101) In reaction centers from purple non-
sulfur bacteria. it can be replaced by Mn” . Co’ -,
Ni". Cu"" or Zn°  without changing the rate of
clectron transfer from Q, to Q,, [102] talwo e Rety,
103.104). even though the Feo© ton s located between
the two quinones [20-22] Exen in the complete ab-
senee of a transition mietal ion at the Feo o site, clec-
tron transfer trom Q, to Qy is slowed by only a factor
of 2-3 [102] In these Feo -depleted reaction centers.
obtained from  Rhodobacter sphacroides R-260.1. cloc-
tron transter from Pheo to Q  was stowed by o factor

of 2030 {102 105] ard the quantum yicld of Q for-
mution was diminiched by 5304, [103], Conflicting data
hinve been reported for mctal-depleted reaction centers
obtamced trom Rhodohacter sphacroides strain Y, how-
ever [106] Gilso see Refs. 107). The non-heme Fe™* jon
has been extracted from PS §ETION 109). It has recently
been reported that clectron transfer from Pheo t0 Qg
is not appreciably stowed in PS 1 in the absence of the
o' ron [S0) Under special non-physiological condi-
tions, the Fe'” jon in PS H can be oxidized to Fe'”
[Y9. 110,11 1] (or review, see Ref. 101 This oxidation
has not heen observed in purple non-sulfur bacteria. In
reaction centers {:om these bacteria, the Fe™ ion s
coordinated by tour histidine residues and one giuta-
mate [20-22]. In PS H the non-heme Fe= 7 1on is also
helicved 1o be coordinated by four histidine residues
(e.g.. see Fig. 3) but the tifth hgand may be supplied
by bicarbonate [101.112.113] (for review. sec Refs.
17.18.77).

In addition 1o Y,. there is a second redox-active
tyrosine in PS H. known as Yy, This component was
shown to be 1 tvrosine residue on the hasis of the
specific deuteration experiments mentioned above (62—
64). Site-directed mutagencsis studies later identified
Y,, as Tyr-1al of the D2 polvpeptide [65.66] Gn the
sequence numbering system of spinach. see Fig. 3). The
oxidized form of Y. Y. gives rice to the dark-stable
EPR signal known as Signal I (reviewed in Refs.
35.62.986.). The Y, tyrosine has no known function:
ovanobacterial mutants that lack Y,, grow photoau-
totrophically and cvolve oxygen. although at somewhai
diminished rates (see discussions in Refs. 65.66). While
Y,, can reduce the S. and S, states ia darkness [86-
RE.HI7-122) and Y|, can oxidize the S, state o S,
[R7.88.122]. these processes take place slowly and their
physiological relevance is unknown. Nevertheless. the
onidation of 5, 1o §; by Y, has been proposed to
stabilize the Mn complex during prolonged periods of
darkness by onidizing o Mn” jon that is postulated to
bu present an the S, state [87) Recent data indicate
that Y, can be oxidized by Po80O " as well as by the Mn
corpley 12201231 At enyogenic temperatures, Y| can
be reduced by G {119-121] and possibhy by -
tochrome £-336 11241 It should be noted that Y, and
Yy, are belicsed to be ncutral radicals [32.62.63.
65.125.126] that form hydrogen bonds with ncarby ba-
sic residues [32.05.125.126]. These hasic residues have
been proposed 1o be His-190 of the D1 and D2 poly-
peptides [3563. 114,116,122 Gn the ~sequence number-
my sastem of spinach) (see Figs, 3 and )

1-B. Pohpeprtides
1-B.1. The DI and 12 polypeprides

The minimal oaeen-cvolving PS-H complex consists
of seven magor pohpeptides. plus one or more small
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nolypeptides of < 10 kDa (Fig. 1). However. PS-1
complexes in vivo may contain at least 20 polypeptides
(sce Table I for review. sce Rets, 32-36.128-130).
Charge sceparation takes place in a heterodimer of two
38--39 kDa polypeptides known as D1 and D2, which
are encoded by the chloroplast pshbA and pshD genes.
respectively. (For a comparison of the amino-acid sc-
quences of 38 D1 oand 15 D2 polypeptides. sce Ref.
131, also sce Fig. 3 and Ref. 16). The scquences of
these two polypeptides are highly homologous to one
another and  exhibit striking similarities to the sc-
quences of the L-and M-subunits of redction centers
from purple non-sulfur bacteria. These simifarities fed
many authors to propose that the D1 and D2 poly-
peptides form a core structure similar to that in the
reaction centers from  Rhodopseudomonas viridis and
Rhodobacter sphacroides (reviewed in Refs. 24.29). The
chlorophyll. pheophytin and carotenoid contents of
isolated Di /D2 complexcs Gsolated as a complex that
included the polypeptides of evtochrome b-559 and the
product of the pshl gence. see subaections 1-B.3 and
I-B.5) were originally reported be similar to those of
hacterial reaction centers [132-134) However. recent
analyses indicate that the D1/D2 heterodimer., iso-

brom
Noterm

lated cither with [13.135-139] or without [140] the
cytochrome  £-559 polvpeptides and the psbl gene
product. contains significantly more chlorophyll and
carotenoids than bacterial reaction centers. Estimates
of approx. 6 chlorophyli a molccules per DI /D2 het-
crodimer (assuming that PS 11 contains 2 phcophytin
molecules per P680 and that no chlorophyll is con-
verted to pheophytin during isolation of the complex)
[13,136-140]. or 10-12 chlorophyll a molecules per
D1,/D2 heterodimer (assuming that PS 1 contains 2
cytochrome h-559 hemes per P680), see subsection 1-B.3)
[135} and 2 B-cavotene molecules [136,137] have been
reported. compared to 4 bacteriochlorophyll molecules
and 1 carotenoid in tacterial reaction centers. The
diffcrence in pigment content between the D1/D2
heterodimer and bacterial rcaction centers suggests
that. while the lattes may serve as a rcasonable model
for the structure of the D1/D2 complex in the vicinity
of the pheophytin and quinone electron acceptors, it
may not accurately reflect the structure of the D1 /D2
-omplex near P680. Furthermore, the regions of the
D1 and D2 polypeptides that are belicved to protrude
from the lumenal side of the thylakoid membrane
contain many more residues than the corresponding

Hrom @

Netorm

B A munded of the donor side of the DY and D2 polvpeptidcs of PS 1T sy viewed obliguely from above the iumenal surface of the thylakoid
membrane. The DI polypeptide is in the lower-leit half ot the figure. The sequence numberings correspond te those in spinach. The peptide
backbones of the DU and D2 polypeptides correspond to those of the L and M subunits, respectively. of the reaction center from
Rhodopwendimaonas iridis {20}, The loops connecting the A and B helices are dashed and the carboxy-terminal sequences are omitted 1o signify
that these regions of the DI and D2 polypeptides contain more residues than L and M polypeptides of Rp. vindis and that their positions are not
predicted in this model. The bacteriochiorophylt dimer frem Rp. dis is included without moditication as indicating a possible location for P680
Cassuming that PRS0 s o dimer and s oriented the same as i Ry s aridin, see Refl 127 for discussion). The side chains of Tyr-161 and His-190
have been substituted for the corresponding L and M residues and are included to show the possible locations of Y, (Tyr,) and Yy, (Tyrp) and
thetr proposcd 13565 114.116.122] hydrogen bond partners (for details concerning the orientation of these residues in this model. see Refs.
3500 o) In the model. developed by B, Svensson and S Styring. Phe-186 of the D1 polypeptide is proposed 1o mediate electron transfer from
Y, to Posi [35.116) and 4 Mn or Ca® " ion (stippled sphere) is proposed to bind to Asp-170. Gln-165 and Glu-189 of the D1 poiypeptide [114).
In addition. residucs 170 and 189 (phenylalanines in D2 and aspartate and glutamate, respectively, in D1) are proposed to make the lumena! end
of the Y, cavity nowre hvdrophilic than the lumenal end of the Y, cavity {35.114.116} The figure was kindly modified from Ref. 114 by B.
Svensson and § Stviing. Repnnted with permission (copyright 1991 by Zeitschrift der Naturforschung).



regions of bacterial reaction centers. Nevertheless, the
bacterial model for the PS-I1 core led to the site-di-
rected mutagenesis studies that wdentitied Y, and Y,
as specific tyrosine residues on the D1 oand D2 poly-
peptides [65-68]. The D1 polypeptide is post-transla-
tionally clecaved between Ala-344 and residue 345
[141.142] by a 33-35 kDa processing enzyme [143-146}
and is transiently palmitovlated [147]. Both D1 and D2
arc phosphorylated {148~151] and N-acctylated [150]
at thecir amino-terminal threonine residues following
post-translational cleavage of their initiating  N-
formyl-methionine residues. It has recently been re-
ported that the D1 /D2/1 /cytochrome b-559 complex
possesses 4 low intrinsic serine  proteinase  activity
[152-155] that may be involved with the light-induced
turnover of the D! polypeptide (reviewed in Refs.
35.156.157.987).

TABLE 1

Photosystenm 1 polvpeprides

275

1-B.2. The CP47 und CP43 polvpeptides

In addition 1o the D1 and D2 pohypeptides. oxveen-
cvolving PS H complexes contain two other chioro-
phyll-contnning  polypeptides known as CP47 and
CP42. These polypeptides have molecutar masses of
approx. 51 and 46 kDa and are ¢ncoded by the chloro-
plast psbB and pshC genes, respectively. (For a com-
parison of amino-acid sequences of CP47 arnd (P2
from a number of orpanisms, see Ref, 130, also see
Refs. 12.16). The CP47, CP43. D1 and D2 polvpeptides
are present moa 1ol stoichiometry based on the
incorporation of [ Clacetate {158) or [P Clbicarbonate
{159} into unicellular green algae. The first two [160.161]
amino-acid residues of CP43 are post-translationally
cleaved and the resulting amino-terminal threonine
residue 1s O-phosphonvlated and N-acetvlated {1530]
Both CP47 and CP43 appear to contain six transmem-

Gad. In smallest Complex shown by EPR micasurements at envogemc lemperatares to carmy out Charge separation. (b gn smallest complenes that
¢t oanvgen at high rates invitto (0), nor in PS (A component of o NADH o NADPH ptacvtoguimone oudoseductiase) edd stababizes che Mn
congiex and is required tor optimad rates of oxygen evolution: (0). maintains high-athnity binding of Ca” 72 (), maintins high-attinas hinding of

Ci 2 ), required for normal functioning of Q.

Cicaowe Nuclear Polhypepride Location Amino acids References
or or in mature
chloroplasi function polypeptide
nh C Dt ah 313 [RESI Fhl Ry |
ok C P47 h S0 {1341
b C (& CP13 b 13y f120]
psbD C D2 abh RR 1142440
mht C cytochrome A-35Y ab N2 jusi
mhF & cvtochrome £-3539 g8 a.h 13 [1a3]
mbG (@ - < 24 ARSI
by C S kDA phosphoprotein s2 IRIEREN
mbl O 1 i, L0720 e
b} (& (not vetidentificd) i L0630
K (& K ! 3" {259 263 298]
bl & I i {296,205 2|
mbM « M ) KT
mbN (& N N B {3013
mbQy C AR entninsgg b REAY [220.2213
mbP N 24 KDa extrinsie v INo [233.255]
phQ N 17 hDa extninae { 144 254
mbhR N 1 KDa entrinsic * ' 4y {2t
- N 22 kDa intninsie * i
- N I8 KD intrinsc © 9
- N ARSI N {203 20K}
- N SkDa” ! : [291.295.301]
- N 4.1 kDa ? f2o8.301]
! Determined entirely from the nuckeotide sequence of the corresponding pene
© Polypeptide consists of 6i1-63 amino-acid residues in cvanobactena, the Neterminad raon is shorter by appros. 12 residues [2%49 323.325]
)

Not vet detected in plants.
Nun detected in oyanobacterie

-

»

This polypeptide has been proposed to be CP29. Howeser. the sequences attributed to CP29 i tomato {331} 284 amino-acd residues imcluding

transitpeptide) and barley {332] Cxe amino-acid residues incduding transit polipeptide ) appear to cotrespond to different protwins,

© The approv. 5 hDa pohypeptide in cyanobacteria s apparenthy unrelated to that tound in plants {207 302}
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brane regions and a very large hydrophilic loop that is
located on the lumenal side of the thylakoid membrance
[130.162]. This loop contains approx. 190 residues in
CP47 and approx. 130 residuces in CP43 {130] (see loops
"E” in Fig. 3). Both CP47 and CP43 are believed to
serve as tightlv-bound light-harvesting antennace. but
may have other functions that remain undetermined
{for review, see Ref. 130). It has recently been pro-
posed that CP43 may possess an intrinsic serine pro-
teinase activity that cleaves the DI polypeptide follow-
ing photoinhibitory treatments [163]). PS I complexes
that are depleted of CP43 (and which consequently
contain CP47, D1, D2, evtochrome £-559 and the prod-
uct of the pshl gene) have been estimated to contain
30-34 chiorophyll ¢ molecules per PA80 basced on their
contents of cvtochrome b-559 [135,164] or photore-
ducible Q, [165] (sce also Ref. 166). Howevet. similar
complexes have been reported to contain only 17-18
chlorophy!ls based on the assumption that PS 11 con-
tains only two molecules of pheophytin 134.137.167].
Also. some oxvgen-cvolving PS H comipiexes (whose
constituent polypeptides include CP47. CP43. D1 and
D2) have been reported to contain as few as 31-35
chlorophylls per P680 bascd on the amount of photore-
Jucible Q, present [13.168]. Consequently. CP47 has
been estimated to contain 19-26 [135.165] or 10-13
[137.167] chlorophvll ¢ molcecules. The CP43 polypep-
tide has been estimated to contain 10-12 [167] or
approx. |5 chlorophyll ¢ molecules [165].

The CP47 polypeptide appears to be required for
the stable assembly of PS It complexes: neither DI nor
D2 accumulates in thylakoid membranes of the cyano-

bacterium Syaechocystis sp. PCC 6803 when the psbB
gene is inactivated [169]. The CP47 polypeptide also
appears to be required for Q, and Y, to function
normally. Indirect evidence indicates that PS 11 prepa-
rations that have been stripped of CP47 can photore-
duce added quinones [170-172). possibly with high
quantum efficicncy [173-175]. However, there is little
direct evidence that photoreduction of quinones takes
place at the Q, site in D1/D2/1 /cytochrome b-559
complexes. Such evidence, as outlined in Ref. 176,
should include flash-induced optical absorption changes
in the ultraviolet that can be unambiguously attributed
0 Q, [177-179), the flash-induced formation of C550
(an clectrochromic blue-shift of a pheophytin a absorp-
tion band near 545 nm that is caused by the formation
of Q, [177.180]) and light-saturation of Q formation
as the intensity of the flashes is increased. When
quinoncs bind to non-Q, sites. light saturation is not
achieved [176]. Flash-induced absorption changes in
the ultraviolet have recently been reported for
D1 /D2 /1/cytochrome b-559 complexes incubated with
dibromothymoquinone (DBMIB) [181], but they differ
from thosc previously attributed to Q5 [177-179], no
C550 was detected and no light-saturation studies were
reported. It seems likely that the Q, site is altered or
absent in the absence of CP47. In PS 11 complexes that
contain CP47 and CP43, the specificity of the Q, site
for quinones [108,176.182] appears to be more strin-
gent than in reaction centers from purple non-sulfur
bacteria [183]. There is no direct evidence for the
tormation of Y, in the D1/D2/1/cytochrome b-559
complexes [184] (also see Ref. 185), although a 5 us

LUMEN

Fig. 5. The predicted tolding patierns for the CP47 polypeptide (A) and the CP43 polypeptide (B). In both polypeptides. the six predicted

membrune-spanning a-helices are denoted *17 through VI Extrinsic hydrophilic loops are denoted “A™ through "E.” The approximate locations

of conserved histidine residues are shown (note that His-330 of CP43 is not consenved in Syaechococcues sp. PCC 7942 (also known as Anacystis

sidudans R2) [130.160], where it is a proline). In the sequence numbering shown for CPI3, the start codon oceurs at position 13 [160.161). The

turge approx. 190 residue foop “E’ of CP47 has been proposed to extend approximately from residue 237 to residue 450 [130]. The large approx.

130 residuce 1oop "E7 of CP43 has been proposed to extend approximately from residues 292 1o 426 [130} or from residues 280 to 412 [884). Figures
kindly provided by T.M. Bricker.



phase in the kinetics of reduction of P680° observed in
one such complex has heen attributed to electron do-
nation by Y, [173].

The CP43 polypeptide can be readily removed from
PS 11 preparations that lack the extrinsic 33, 24 and 17
kDa polypeptides (sce subsection 1-B.4) by trecatment
with chaotropic agents [135,166,186] or with detergents
[134,187.188]. EPR signals that resemble tyrosine radi-
cals have been generated in some of the resulting
preparations [184,189]. These have been attributed to
Y, and/or Yg [184,189]. However, whether these
preparations contain [166,187,188] or lack [134.184]
photoreducible Q, has been disputed. Recently, how-
ever, both the photoreduction of Q, and the photo-
oxidation of Y, have been demonstrated to procecd
with normal quantum efficiencies in PS Il complexes
that were isolated from mutants of the cyanobacterium
Synechocystis sp. PCC 6803 that lack pshC and hence
that lack CP43 [165]. The earlier dispute over Q,
function may have resulted from the concurrent extrac-
tion of Q, or from partial denaturation of the complex
during removal of CP43 (scc discussions in Ref.
165,190), or from the concurrent removal of one or
more small polypeptides [138] (see subsection I-B.5).
Electron transfer from Qj to Qy is slowed [165] and
specific binding of the herbicide DCMU is absent [191]
in the CP43-less PS 1l complexes isolated from the
Synechocystis mutants. The CP43 polypeptide may fa-
cilitate the assembly of PS II: cells and thylakoid
membranes of Synechocystis 6803 accumulate partially
functional PS Il complexes at only approx. 10% of
wild-type levels when the psbC genc (which encodes
CP43) is inactivated or deleted [165.169]. Similar com-
plexes have been detected in mutants of Chlamy-
domonas reinhardtii that are unable to synthesize CP43
[1921.

I-B.3. Cytochrome b-559

Oxygen-cvolving PS 11 complexes also contain poly-
peptides of approx. 9 kDa and approx. 4 kDa which
coordinate the heme of cytochrome b-559. These poly-
peptides are present in a 1: 1 stoichiometry [193]. They
are known as the a- and B-polypeptides and are en-
coded by the chloroplast psbE and psbF genes. re-
spectively. (For a comparison of amino-acid sequences
of thc a-and B-polypeptides from a number of organ-
isms, see Ref. 194, also see Refs. 15,16). Both poly-
peptides have a single membrane-spanning region
[193,195]. The a-polypeptide is oriented with its car-
boxy-terminus on the lumenal side of the thylakoid
membrane [196-198). Based on preliminary data, the
B-polypeptide has been proposed to be oriented simi-
larly [199]. The cytochrome has been proposed to be a
heterodimer of the a- and B-polypeptides [193,200].
The a- and B-polypeptides each contain a single histi-
dine residue [193.195), whereas the cytochrome b-559
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heme is coordinated by two histidine residues [201].
Conscquently, if cytochrome £-539 consists of un (o f3)
heterodimer. a parallel orieniation of the «- and -
polypeptides would require that the heme be located
near the stromal cdge of the thyvlakoid membrane
[196-199]. However, in a recent preliminary report. the
carboxy-terminus of the a subunit was linked to the
amino-terminus of the B subunit by fusing the pshE
and pshF genes of the cvanobacterium  Synechocvstis
sp. PCC 6803 [18]. In the resulting mutant. PS H
activity was not severely impaired [18]. Because the a-
and B-polypeptides in the mutant are cxpected to be
oricnted antiparallel to on¢ another, the histidine
residues implicated in coordinating the heme in the
(af) heterodimer model would be locatéd on opposite
edges of the thylakoid membrane. However. the cy-
tochrome 5h-559 content of the mutant was reported to
be similar to that of wild-type cells {18]. On the basis of
this result. it was suggested that cytochrome £-359 may
consist of {(a), and (B), homodimers. with cach ho-
modimer coordinating one heme [18] In this model.
one heme would be located ncar the stromal edge of
the thylakoid membrane and one heme would be lo-
cated near the lumenal edge [18]

It is currently controversial whether PS H compleses
contain one [13.137.167.202,203] or two [12.204-209]
cytochrome h-559 per P680 in vivo. (For a recent
review of this controversy. sece Ref. 203. for carlier
discussions. see Refs. 135,200,202.) The analyses of the
pshE—p.bF fusion mutant described in the preceding
paragraph, if confirmed. could severely impact this
CONtroversy.

The redox potential of cvtochrome £-359 is hetero-
gencous (reviewed in Ref. 27 and see Ref. 211D In
intact, oxvgen-cvolving PS 11 centers. the cytochrome is
predominantly in a high potential form and is reduced
in dark-adapted samples [210.211]. Removal of the
extrinsic 24 and 17 kDa extrinsic polypeptides. despite
the apparent proximity of the cytochrome heme to the
opposite side of the thylakoid membrane in e (afB)
heterodimer model, causes a substantial decicase in
the cyvtochrome’s redox potential. resulting in the oxi-
dation of the cvtochrome in dark-adapted samples
[207.211-214]. In intact PS-11 centers. the heme is
oxidized at low quantum vyield [215] by P6RO™ via a
chlorophyll monomer [216] (also see Ref. 123). It is
rereduced by the plastoquinone pool [217). reportedly
via the Qy site [215]. The function of cytochrome b-559
is unknown: scveral proposals for its function have
appeared [200.210.215.216.218.219] (for review. scc
Refs. 199.200).

I-B.4. The 33. 24 and 17 kDa extrinsic polypeptides

The seventh major polypeptide in oxygen-cvolving
PS-11 complexes is an extrinsic polypeptide of 33 kDa.
It has recently been determined to be present ina 1:1
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stoichiometry with CP47 based on cross-linking studies
that measured the degree of cross-linking as the amount
of the cross-linking reagent was incrcased {222] (earlier
estimates had yielded 1 [205,223], 2 [224.225) or 1-3
[226] 33 kDa polypeptides per Po80). The 33 kDa
polypeptide protects the Mn complex and maintains it
in a configuration that optimizes the catalytic efficiency
of water oxidation. It is cincoded by the recently re-
named [14] nuclear pshO gene. previously known as
psbl. ccel or wox A, (For comparisons of amino-acid
sequences from a number of organisms, sce Refs.
227.228. also sce Ref. 16). The 33 kDa polypeptide
contains on¢ intrachain disulfide bond that is located
in the interior of the protein and is essential for
maintaining the proteii.’s conformation and ability to
rebind to PS 11 preparations [229.2301. The 33 kDa
polypeptide binds directly to the intrinsic polypeptides
and its binding is stabilized by the Mn complex [231-
234]. Carboxylate residues from the 33 kDa polypep-
tide have been suggested to be involved in binding
[235]. These residues appear to be in the polypeptide’s
amino-terminal domain: removal of 16 to 18 residues
from the amino-terminus prevents the 33 kDa polypep-
tide trom binding without disrupting its overall confor-
mation [236]. A 15 kDa fragment of the 33 kDa
polypeptide remains attached to PS 11 membranes that
have been treated with trypsin at pH < 7.25 and sus-
tains the functional activity of the Mn complex [237]. It
was not ascertained whether this fragment was from
the amino-terminal domain. The 33 kDa polypeptide
can be readily relcased from PS 11 by trcatment of
samples with 0.8 M Tris at pH 8.0-8.2{228-241]. 0.7 M
NaSCN [223], 1 M CaCl, or MgCl, {232,242.243]. or
high concentrations of urca [223,244-246]. (Most ot
these treatments fail to remove the 33 kDa polypeptide
from PS H particles of the cyanobacterium Phormid-
ium laminosum, however [2471). Most of these treat-
ments concurrently extract mangancese {also sce subscce-
tion II-A.2), but treatment with 2.6 M urca in the
presence of 0.2 M Cl7 [246,248] or with 1 M CaCl, or
MgCl. [232.242.243.24K] leaves the Mn cluster intact
(sec¢ subsection 11-J.1). However, if samples that have
been depleted of the 33 kDa polypeptide are not
maintained in high concentrations of C1° (> 100 mM),
two Mn ions become paramagnctically uncoupled
{249.250] and arc slowly relcased [232.245.246.251-253].
For further discussion of the cffects of removing the 33
kDa polypeptide, sce subsection H-J. 1.

Two other extrinsic polypeptides of 24 and 17 kDa
are also associated with oxygen-cvolving PS 11 prepara-
tions. They are the products of the recently renamed
{14] nuclear pshP and pshQ genes, respectively ‘For a
comparison of amino-acid sequences of the 24 kDa
polypeptide from a number of organisms. s¢c Ref. 256,
also see Ref. 16). The 24 and 17 kDa polypeptides are
present in a 1:1:1 stoichiometry with the 33 kDa

polypeptide [205.223,226]. They can be rcadily released
from PS 11 by washing samples with 1-2 M NaCl
[223.240.241,257.258). The 17 kDa polypeptide can be
complcetely released (along with approx. 35% of the 24
kDa polypeptide) by 60 mM MgCl, or CaCl, [259]. In
the abscnce of the 24 and 17 kDa polypeptides, high
rates of oxygen cvolution can only be obtained in the
presence of high concentrations of Ca** [260-262] and
Cl™ [262-265) (for review, see Refs. 33,34,37,38,128,
266-270). The 24 kDa polypeptide enhances the bind-
ing of at least one Ca*>' ion to its functional site in PS
H (sce section HI-A), while the 17 kDa polypeptide has
been reported to enhance the binding of Cl~ to PS 11
{264,265]. Such a rolc for the 17 kDa polypeptide has
been disputed, however [259,263). The manganese
complex becomes susceptible to attack by exogenous
reductants when the 24 and 17 kDa polypeptides are
removed {231,2:59,271-277]. This protection appears to
be provided specifically by the 24 kDa polypeptide
[259].

The binding of the 24 and 17 kDa polypeptides is
stabilized by tac manganese complex [234,278,279] and
appears to involve their amino-terminal domains
[280.281]. The 24 kDa polypeptide appears to bind to a
site created by conformationai changes that are caused
by the binding of the 33 kDa polypeptide {233]. Cross-
linking of the¢ 24 kDa polypeptide with the 33 kDa
polypeptide has been reported [282]. Similarly, the 17
kDa polypeptide appears to bind to a site created by
conformational changes that arc causcd by the binding
of the 24 kDa polypeptide [233]. Crosslinking of the 17
kDa polypeptide with the 24 kDa polypeptide has been
reported [283]. It is not known whether the 24 and 17
kDa polypeptides bind directly to the intrinsic poly-
peptides or to sites on the 33 and/or 24 kDa poly-
peptides. However, a specific interaction between the
24 kDa polypeptide and CP43 has been suggested
based on the accumulation of the 24 kDa polypeptide
in stacked regions of the thylakoid membrane in the
presence. but not in the absence, of the CP43 polypep-
tide in mutants of the alga Chlamydomonas reinhardtii
{192]. Neither the 24 kDa nor the 17 kDa polypeptide
appears to ke present in cyanobacteria [168,247,284—
290].

I-B.5. Small polypeptides

In addition to the major polypeptides described
above. several small polypeptides (3—7 kDa) are also
associated with oxygen-evolving PS 11 preparations
[289,291-303] (Table 1). Their functions are unknown
(for review, sce Ref. 16,18,302,304). One of these poly-
peptides, the approx. 4.8 kDa product of the chloro-
plast psbl gene. copurifies with the D1/D2/cyto-
chrome b-559 complex {293,297,299,300]. It appears to
have one membrane-spanning hydrophobic domain and
a hydrophilic carboxy-terminal region that contains



several acidic and basic residues [297.299]. Its stoi-
chiometry in relation to the a and g kDa polypeptides
of cytochrome 5-559 has been estimated to be 1:1:1
based on SDS-PAGL profiles that were stained with
Coomassic blue [293.297]. A recent dissociation /recon-
stitution study suggests that one or two additional
small polypeptides may be required for the phoo-
reduction of Q4 to proceccd with normal quantum
efficiency [138]. The authors of this study proposc that
the approx. 5 kDa product of the chloroplast psbL
gene [296,298,300] and /or a nuclearly-encoded 4.1 kDa
polypeptide {293,298] (also sce Ref. 301) are the re-
quired polypeptides. However, the band assigned to
the 4.1 kDa polypeptide in the published SDS-PAGE
profilcs appears to be present in substantial amounts in
all of the authors’ preparations that contain quinone
[138], including those that are incapable of photo-
reducing Q, with high quantum efficiency. Further-
more, several polypeptides appear to comigrate with
the band assigned to tne psh L polypeptide [138)]. Con-
sequently, further work will be required to substantiate
the proposed involvement of cither the 4.1 kDa
polypeptide or the pshL product in Q, function. The
psbL genc is cotranscribed with the psbE and pshF
genes that encode the a« and B polypeptides of cy-
tochrome b-559 [194,296,305.,306] and its product has
been reported to be more tightly associated with the
D1/D? heterodimer in cyanobacteria than in higher
plants {300} The product of the pshL genc may be
essential for the assembly of PS II: the deletion of the
psbLL gene from the cyanobacterium Synechocystis sp.
PCC 6803 is rcported to abolish PS Il function [1R].
The psbJ gene is cotranscribed with psbE, pshbF and
psb1. 1194,296,305,306], but no pelypeptide that corre-
sponds to this gene has yet been reported. However. a
mutant of Synechocystis 6803 that should be unable to
synthesize the psbJ product grows photoautotrophi-
cally and evolves oxygen, although at somewhat dimin-
ished rates [308]. This result suggests that the psblJ
product may influcnce PS 11 function [308]. Two ap-
prox. 4.7 kDa polypeptides that correspond to the
chloroplast psbM and pshbN genes have been found in
PS II complexcs isolated from the cyanobacterium
Synechococcus vulcanus [301,302). but no correspond-
ing polypeptides have yet been detected in higher
plants. Additional nuclear encoded polypeptides of 6.1
kDa [294,298] and approx. 5 kDa [291.298] have been
detected in PS II membranes from spinach and wheat.
The 6.1 kDa polypeptide is not essential for oxygen
evolution [293] and does not appear to be present in
cyanobactcria [289,300-302). Although a approx. 5 kDa
polypeptide has been detected in oxvgen-evolving PS 11
complexes from the cyanobacterium Synechococcus
culcanus, it appcears to be unrelated to the approx. 5
kDa polypeptide detected in plants {301.302).

An approx. 3.9 kDa polypeptide that is associated
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with oxygen-cvoluing PS-1H complexes is encoded by
the chloroplast pshK  gene [289.295.208 309]. “he
polypeptide’s  amino-terminus  is  post-translationally
cleaved [295.293.309] to vield a product that is believed
to be have its amino-terminus exposed on the lumenal
side of the thylakoid membrane [289.309]. This
polypeptide is not essential for oxygen evolution be-
cause it can be removed during isolation of oxygen-
cvolving PS-11 complexes [295] and because mutants of
Synechocystis sp. PCC 6803 that lack the pshK gene
grow photautotrophically and evolve oxvgen, although
at somewhat diminished rates [309]. Interestingly, the
addition of glucose to these Synechocystis mutants does
not restore their growth rates to wild-type levels [309].
Conscquently. the pshK product has been suggested to
influence some process unrelated to PS 11 in addition
to being required for maximal rates of oxygen cvolution
{309].

1-B.6. Other polvpeptides

Polypeptides of approx. 8 kDa (the product of the
chloroplast psbH gene) [16.44.298.310-312], approx. 10
kDa (the product of the nuclear pshR  gene)
[16.298.313-316] and approx. 22 kDa {(a nuclcar gene
product? 1313.314] arc also associated with isolated PS
I complexes. The functions of these polypeptides are
unknown. They have been removed biochemically
[8.9.12.128.129.314] or. in the case of the pshR prod-
uct. by inhibiting translation with anti-sense RNA [317].
without severely disrupting oxygen evolution. Deletion
of the psbH gene from Svaechocystis sp. PCC 6803
does not abolish photoautotrophic growth at low light
intensitics (3 uE m~3s7 '), but prevents photoauto-
trophic growth at high light intensities (8.R. Mayes.
ZH. Zhang and J. Barber, cited in Ref. 18). The
approx. 10 kDa ps&R product is not required for the
24 kDa extrinsic polypeptide to bind to the PS-II core
complex [318]. in contrast to an carlier report [314]. In
contrast to a preliminary report [128] the approx. 22
polypeptide is not required for Q,, to function nor-
mally [129.319.320]. However, Q. appears to become
more exposed to exogenous oxidants in the absence of
both the approx. 22 kDa and the approx. 10 kDa pshR
polypeptides [129.319.320]. The approx. 10 kDa pshR
product does not appear to be present in cyanobacteria
[168,284.286-289.301.,302.314.321]. The approx. 22 kDa
polypeptide has been reported to be present in the
cyanobacterium Synechocystis sp. PCC 6803 [321]. In
higher plants [322] and in the alga Chlamydomonas
reinhardri [323] the psbH product is phosphorylated
ncar its amino-terminus at a threomne residue. The
psbH product does not appear to be phosphorylated in
cvaaobacteria [289.324). In both Synechococcus vul-
canus [289] and Svrechocystis sp. PCC 6803 [324,325]
the psbH product lacks the first 12 amino-acid residues
found in plants and Chlamydomonas. including the
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threonine residue that is phosphorvliated in cukaryot ¢
OrgUnisms.

An additional chlorophyll-containing polypeptide of
approx. 28 kDua is required for Q1o tunction normaty
[129.319.320]. In the absence of this polypeptide. herbi-
cide-sensitive electron transter from Q4 to Qyy is dis-
rupted. Q4 becomes more casily oxidized by exoge-
nous agents aind the magnetic coupling between Q
and the non-heme Fe®' becomes  disrupted
[129.319.320]. Some of these alterations are reminis-
cent of those caused by the removal of the H-subunit
from bacterial reaction centers [3260], although whether
the similaritics have any evolutionary  significance is
not known. The stability of YY) appears to be ditain-
ished in the absence of the 28 kDa polypeptide
{319.320). suggesting that this polypeptide may influ-
ence the donor side of PS H as well as the aceeptor
side. It has been reported that the 28 kDa polypeptide
can be crossiinked to CP47 in samples that lack the
extrinsic 33 kida polypeptide [980). The 28 kDa
polypeptide has been proposed to be the light-harvest-
irg chlorophyll « /b-containing polypeptide known as
CP29 [327-330). However. there appears to be some
confusion over the identity of CP29. The sequences
that have been attributed to CP29 in tomato [331) and
barley [332] appear to correspond to differ:nt proteins:
one of these has been suggested to be CP26. another
LLHCH polypeptide [332]. It has also been reported
that CP29 consists of two non-identical polypeptides of
approx. 26 and 28 kDa [988].

An cxtrinsic approx. 9 kDa polypeptide has been
proposed to be essential for water oxidation in the
cyanobacteriwm  Phormidium laminosum: its loss from
PS H particles correlated with the loss of oxygen cvolu-
tion [333.334] and its subscquent reconstitution re-
stored oxvgen cvclution [324] This polypeptide also
appears 1o be present in PS 11 particles from the
cvanobacterium  Svaechococcus  culcanus, although it
has a molecular mass of approx. 12 kDa in this organ-
ism [290]. The two polypeptides share extensive se-
quence  homologies in their amino-terminal regions
{290]. The approx. 9 kDa polypeptide can be extracted
trom Phormiditen laminosim PS 11 particles by treat-
ment with 0.8 M Tris (pH 8.5). 1 M NaCl CaCl, or
MgCl,. or by incubation in the presence of low concen-
trations of glycerol [247.333.334]. The approx. 12 kDa
polypeptide can be extracted trom Svaechococcus rul-
canus PS 11 particles by treatment with 1 M Tris (pH
8.5) or 1 M CaCl, [290]. The same treatments remove
an additional approx. 17 kDa polypeptide from Syie-
chococceus vulcanus PS 11 particles. 1t is attributed to
cytochrome ¢-330 [290L a cytochrome that has been
found in other cyanobacteria and in a red alga (sce
discussion in Retf. 290).

A 24-28 kDa polypeptide that was originally found
in PS I-cnriched membranes and whose chloroplast-

encoded gene was labeled psbG [335] has since been
shown to be unrclated to PS 11 and has been proposed
to be a component of 4 NADH or NADPH plasto-
quinone oxidoreductase [336.337].

11. Manganese
H-A. General considerations

H-A 1. Stoichiomenry

A requirement for Mn in photosynthetic water oxi-
dation has long been known (for carly reviews, see
Refs, 93,338,339). On the basis of atomic absorption
measurements or EPR quantifications of Mn?* jons
relcased by HCL. numerous workers have conciuded
that active (oxygen-cvolving) PS 1 complexes contain
four Mn ions per P680 [8.10,11.209,241,271.284,286,
340-344]. Determining the Mn content of active PS-11
centers requires accurate quantification of active PS-11
centers, In early studies, active PS 11 centers were
quantificd on the basis of O,-flash-yicld mcasurements
[340.345). These flash-yicld measurements gave esti-
mates of the chlorophyll /P680 stoichiometry in chloro-
plasts. These or similar estimates were used in subse-
quent determinations of the Mn content of active PS-11
centers [284.341.346]. In some studies, chiorophyll/
P6BO stoichiometrics relative to those in chloroplasts
were estimated from the rise kinetics of O, evolution
[346] or variable fluorescence [284] produced by a weak
or modulated light beam. In preparations of isolated
PS 1 particles, quantifications of PS-11 centers gener-
ally have been based on guantifications of Pe80* [342,
340l Q, [8.10,11,286.342.344] or Y5 [209.241,271.343].
However, these determinations can be challenged on
grounds that quantification of P6807, Q; or Y} does
not necessarily quantify oxygen-evolving PS-11 centers
[347]. The measured Mn/PS 11 stoichiometries would
have underestimated the Mn content of active centers
if the analyzed samples contained inactive centers that
could form P68OT. Q4 or Y. but lacked Mn. Based
on quantifications of active PS-1I centers in purified PS
I particles by O, flash yield measurements, Pauly and
Witt recently proposed that active PS-11 centers con-
tain six Mn ions per P680, rather than four [347]. These
authors arguc that PS II preparations previously ana-
lvzed for Mn content contained significant fractions of
Mn-deficient inactive centers. If this was true, it should
be possible to photoaccumulate significant quantities
of Y, in such preparations; however, this does not
appear to be the case (e.g., Refs. 2,209,342). Photoac-
cumulation of Y, in such preparations requires the
removal of Mn (e.g., Refs. 2,209,342 .348) or the inhibi-
tion of S-state turnover (e.g., sec subsection 111-C). An
alternate explanation for the data of Pauly and Witt is
that their samples contained significant fractions of
inactive PS-11 centers that contained residual Mn ions.



Even the most active samples analyzed by Pauly and
Witt contained no more than appiox. 507 active PS-1
centers [347]. If any of the mnactive centers contained
Mn ions. the measured stoichiometry would have over-
estimated the Mn content of active ¢ :nters, In apprec-
ation of this fact. Pauly and Witt al. o cxamined sam-
ples that had been partially depleted of Mn. They
concluded that their inactive PS-II coenters contained
no Mn ions [347]. Their argument was based on plot-
ting the Mn content of active centers as a function of
the fraction of active centers present in samples de-
pleted of varying amounts of Mn {347]. The data were
fit with a horizontal linc signifying 6 Mn ions per active
PS II complex in all Mn-deplcted samples. However,
because no samples containing more than app ‘ox. 50%
active centers were examined, the data can casily be fit
by a line that extrapolates to four Mn ions per center
in samples that contain no inactive centers (see Fig. 4
of Ref. 347). No independent corroborating data (e.g.,
charge recombination assays) were presented. Conse-
quently, the conclusion that the inactive centers con-
tained no Mn ions may not be valid. The reinvestiga-
tion of the Mn content of active PS-1I centers by Pauly
and Witt should be repeated with samples that contain
larger fractions of active centers. Such samples should
be characterized by EPR and charge recombination
assays in addition to O, flash yield measurements.

1I-A.2. Extraction

All but 0.4-0.8 Mn can be released from PS Il
concomitant with the loss of the 33, 24 and 17 kDa
polypeptides by treatment of samples with 0.8 M Tris
at pH 8.0-8.5 [223,240,349.350] (also see subsection
1-B.4), with 0.7 M NaSCN [223], or with 2 mM La** in
the presence of reducing agents [39). Similar amounts
of Mn can be released if reducing agents are added to
samples depleted of the 24 and 17 kDa polypeptides
[231,273]). More complete release of Mn has becn re-
ported in samples that were treated with 1.0 M Tris in
the presence of 0.5 M MgCl, [351,352]. or in samples
that were treated with 1 mM NH,OH following re-
moval of the 24 and 17 kDa polypeptides [353]. Not all
treatments to extract Mn release the 33, 24 and 17 kDa
polypeptides. Treatment of intact PS I mcembrancs
with 5 mM NH,OH releases ail but 0.1-0.4 Mn con-
comitant with the loss of only approx. 50 of the 33
kDa polypeptide and 25-40¢ of the 24 and 17 kDa
polypeptides [272,349,350,354]. One pair of Mn ions
appears to be more weakly bound than the other: as
mentioned in subsection 1-B.4, if samples that have
been depleted of the 33 kDa polypeptide are not
maintained in high concentrations of Cl~ (> 100 mM),
two Mn ions are slowly released [232,245.246.251-253].

11-A.3. Binding and photoactivation
Assembly of the functional Mn complex requires
light. This process is known as ‘photoactivation’ and
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has a very low quantum y cid (estimated to be approx.
0.01 {335D. During assembly of the Mn tetramer. a
stable intermediate s formed by two light-dependent
steps hat are separated by a light-independent step
[93.33- _360]. This sequence of light-dark-Tight events is
believ 1 to correspond to (i) photooxidation of a lig-
ated N n”° jon 1o form a ligated mononuclear Mn'-
interme iate, G ligation of a second Mn”' ion to
form a binuclear Mn*"-Mn”" intermediate and (ii)
photoox fation of the sccond Mn™° jon to form a
stable M 1'-Mn* " complex [349,350,354.359.361,362).
The mor >nuclear Mr'' and binuclear Mn' ' -Mn**
intermeds ites are very unstable [349.354.359 361-363),
with the fc rmer being less stable than the latter. Charge
recombina ion between Q. or Qg and the ligated
Mn** jon has recently been shown to account for
much of the instability {363]. confirming carlier indica-
tions {349.3:3,362]. Reduction of the¢ Mn'" ion by
exogenous re ductants also contributes to the instability
of the intern ediates [353.359.361.363.364]. The insta-
bility of the t o intermediates largely explains the low
quantum vyicic of the overall photoactivation process.
In addition, th 2 photooxidation of the second Mn*-
1on may occur ,'ith a low quanwm efficicncy [350,365].
vhich would als » contribute to the low overall yicld of
photoactivation. The photooxidation of the first Mn~*
ion occurs with h.zh quantum efficiency [366-368.981).
The conversion ¢ the mononuclear Mn? ™ intermedi-
ate to the binucle iwr Mn**-Mn”~ intermediate is be-
lieved to be the rure-limiting step in the photoactiva-
tion process (349.354] and is believed to be accompa-
nied by conformaticnal rearrangements of the PS-I1
core polypeptides [3-9,359.362]. These conformational
rearrangements changz the susceptibility of the ligated
Mn?* to exogenous rcductants [359.361.362] and may
facilitate the binding of thc sccond Mn?* ion
[349.359.362] Once the stable binuclear Mn' -Mn'"
complex is formed. the snontancous light-independent
coordination of two furtirer Mn?" ions is believed to
complet~ the assembly o the Mn tetramer [349.350,
354,361,302]. This sccond [ air of Mn** jons may corre-
spond to the more weakly bound pair that was noted in
the preceding paragraph. Activation of the Mn te-
tramer requires calcium {349.369-375] and 1-2 Ca™"
ions are believed to bind newr the Mn complex after 1t
is assembled [349.354,362,375). At lcast one Ca’ " site
appears to be crcated during the assembly of the Mn
complex [362]. Chloride ion. are also required for
functional assembly of the Ma complex [364,376). For
recent discussions of the optimal conditions for pho-
toactivation of PS H memoranes or particles. see
[353.363,364,377].

Two binding sites for Mn"* in Mn-depleted PS 11
preparations have been reperted. One of these has a
K., of 0.4-2 uM. as estimated from steady-state assays
of Mn”“-supported clectron ransfer in the presence of
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FE.OL [378-380] and estimatod from smgle-turnover
il\\&l}‘\ ot the reduction of Y, Mo [367.30% 081
(also ~ce Ret. 300 Smaller apparent K (or K)
values C< .2 g MO estimated by some workers on the
basis of steady-state assays [332.381) probably acetlect
the slow dissoctabon of o Ma' jon from the same site
(see discussions in Refs, 350305981, This Mn™ " site
is presunttbly the tirst Masite occupred during the
photoactivation  process [354.365.368.382L A sceond
Mn- o site. having a0 A ostimated to bo H-50 oML has
been inforred from studies of the kinctics of photoactt-
vation [354.371]. This site has been proposed to be the
second Mn site occupicd during the photoactivation
process [354] (alo see discussiors in Refs. 365387),
Fssentiallv the same A value was estimated from a
study demonstrating that M slows the raie of elee-
tron transier from Y, 1o Posi - in Ma-depleted prepa-
rations [382] It was proposed that the binding of Moo
to the tighth-binding Mn site has no net clectrostatic
imduence on the rate of clectzon transter from Y, o
Postt . while the binding of Min® to the weaker site
clectrostatically retards this rate {382]0 As pointed out
by the authors [382] this proposal seems remarkable.
Because the reduction of Y, by Mn' in the tightly-
binding site is quite rapid [3o6- 3680 this site s o
pected 1o be located closer to Y, than the weaker
binding Mn site. Homight be expected. theretore, that
Mun- o in the tighthv-binding site would have a greater
clectrostatic influcnee on electron transter from Y, to
POSO T than Mn  in the weakher site. but just the
apposite s proposed [382] The proposal may have
implications tor the location of the two Mn sites rela-
tive (o the positions of Post and Y. Electrostatic
interactions are belicved to account for the slower rate
ot clectron transfer from Y, to PoSO - in intact PS 1
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preparations when the water oxidizing complex is in
the S.oor Sy states (see subsection 11-D.2). Such inter-
actions are also believed to account for the pH-depen-
denee of this rate in Mn-depleted PS 11 preparations
[RERIREEH

The Mn complex has long been assumed to accumu-
late the onidizing equivalents that correspond to the
S-state transitions and to senve as the catalvtic site of
water oxidation (c.e.. see Rets, 93.338.339). Evaluation
of these assumptions has been achieved over the past
decade on the basis of EPRL Xeray aosorption and
optical absorption measurements.

1H-53. LPR studics

H-B.1. The multitine and ¢ = 4.1 EPR signals

Two EPR signals have been attributed to the Mn
complex in the S, state. These signals. observable only
at temperatures < 33 K. are known as the “multilinge’
and tg o L1 signals (for recent reviews, sce Refs,
38,835,385 389), The multitine signal was first observed
in samples that had been rapidly frozen following a
flash given at room temperature [390-392] This signal
is centered at g 1OR2 1 0,002 [393.394) and has a
Hinewidth of 1500-1800 Gauss. At X-band (9.1-9.4
GHZ). the signal exhibits 18~20 partially resolved hy-
perfine lines that are spaced by 85-90 Gauss and are
often superimposed on a broad Gaussian-shaped signal
near g =2 {(see Fig. 6A) At high resolution, these
hyperfine lines have numerous small peaks and shoul-
ders supenimposed (e.g., see Refs, 395-398). At S band
(3.9 GH/). the multiline signal exhibits 30--50 hyperfine
lines. with most being separated by 20-25 Gauss
[399.400] (sce Fig. 7). The signal has also been exam-
incd at Q-band (34 GH2) [393.394). The orientation-
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i o0 The mubtitine ty and ¢ 41D FPR agnals observed in PS T membranes illuminated at 1953 K i1 the presence of 0.4 M sucrose. (A)

Sample contamed 370 cthanol 1o suppross formation of the ¢ 41 signal (B) Sample contained 30 mM F o to enhance the ¢ = 4.1 vignabat the

expense of the mulbline signad. Spectia represent the difference between spectra recorded atter and betare tlumination oad were recorded i 8

K. The microw.ne fregienoy was 930 GHzo The narrow signal of Y5 near ¢ 2 and a subtraction artdact near ¢ = 4.3 caused by the presence
of adsentimous thombic F¢ ' the preparations have been onutted tor clanty. Figures kindhy provided by R.D. Britt.
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Fig. 7. Comparison of multiling PR signads recorded ot X-baad (top
spectrum) and at S-band thottom spectrum). Isolated PS T particles
i (b4 M sucrose were dlumimated wt 200 K in the presence of 277
ethanol and 100 xM DCMUL The spectra represent the difterence
betweon spectra secorded atter and betore iHumination and wese
recorded at 12 K (lap) or 15 K (battom). The central portion of cach
spectrum, containing the narrow signal of Yy, . has been onstied tor
clarity. Moditied from Ref. 399, Reprinted with permission tcopyright
1959 by the American Chemical Society)

dependence of the multiline signal has been examined
at both X-band [401.402] and S-band [399.300]. Signiti-
cant anisotropy was observed. particularly at S-band
and was attributed primarily to hyperfine anisotropy.
This anisotropy explains the many small peaks and
shoulders that are superimposed on the main hyperfine
lines in unoriented samples.

The amplitude of the multitine signal oscillates with
a period of four in response to a series of flashes given
before freczing [390.391.403.404). Because its ampli-
tude is maximal following the first and fifth flashes, the
signal was attributed to the S, state [391.403.404], This
assignment was confirmed by studies of the signals
rate of decay and temperature-dependence of forma-
tion {392.395.403]. The signal can also be generated by
continuous illumination under conditions that limit PS
H to a single charge separation Gillumination at 160- 200
K [392.395]. or while simultancously freezing to 77 K in
the presence of DCMU [405)]). Because the multiline
signal, with its many hypertine lines. resembled the
EPR spectrum of a synihictic mixed-valent dinuclear
Mn compound [406] tals» sce Ref. 307) and because
the signal was abolished by trecatments that extract Mn
[391,405]. the signal was originally proposed to arise
from an S = 1/2 magnctic ground state of cither an
exchange-coupled Ma(ITD -Mn(IV) tetramer [391.408]
or a Mn(ID-MnUID or Mn(HD-Mn(IV) dimer

AR

[403.309.310]. More recent models will be discussed
betow. The thich-mduced periodicity of the amplitude
of the naultiine signal has been mferpreted as demon-
strating that Mo os oadized during the S-state teans-
tons. Thismterpratation o supported by Xoray absorp-
tion measurements that correlate the tormation ot the
multiline signad with the ovidation ot Mn during the
S, Seotramsition {333,371 141 2] (e subsection 11-C .20
The multiline signal has been obsenved i PS 1 prepa-
ritions  from  soveral  spoecies of  avanobacteria
(209342343413 -415] and displass o similar tempera-
turc-dependence (314 response to NH . [413.315) and
response to St atter Ca'-depletion [415). compared
to its properties i preparations trom higher plants (see
below and subsection 11-GL1).

The ¢ - 4.1 signal has a width of 320--3600 Gaoss
and lacks resobved hyperfine structure see Fig, oB). T
has essentially the same appearance at S-hand as at
X-band {#HK.116]. The signal was first obsened in
samples that were continuoushy illuminared at 140 K o
temperature lower than that required for generation ot
the multiline signad {4171 I was also obsenve tin sam-
ples illuminated at 200 K in the presence of sucrose
[403]. In samples not contaiming sucrose, the ¢ 41
signal was shown to comvert into the multihine ~ignal
when samples that had been dluminated at 140 K were
subsequently warmed in darkness [205.417 418) Like
the multiline signal. the g = 3.1 signed was <hown to be
abolished by treatments that remosve Mn {403.117] and
a correlation between its formation and the osdation
of Mn was demonstrated by X-ray ab<orption measure-
ments [412.419] Although the ¢ = 4.1 signal lacks re-
sohved hyperfine structure. it has been suggested o
have underlying hyvperfine ~tructure [416] because the
signal is not appreciably narrower at S-hand than at
X-band [300L316] Indeed. at Teast 16 partially resobved
hypertfine lines, spaced by approx. 36 Gauss, have been
obsened on the ¢ = 41 ggodd i oniented PS H o mem-
brancs that had been treated with NH, {402.420] (e
Fig. 8). The o= 4.1 signal has not been obsened in
samples depleted of 8 - extrinsic o3 ond 17 &Da poly-
peptides 2144211 6 foss these sumples have been sup-
plemented with St [421] The ¢ = 3.1 signal has also
not heen obsenved in Ca “-depleted <amples that re-
tain the 24 and 17 kDa polvpeptides [422 2424 unless
these samples have been supplemented with Sr 77 {4221
Reconstitution of these samples with Ca®” does not
restore the g o= 4.1 signal [422-424].

The g = 4.1 signal has not set been reported 1in any
PS 1l preparation from a cvanoba . terium (c.g.. Refs,
343.413). Its absence probably does not reflect the
apparent lack of the 24 and 17 kDa polypeptides in
cyanobacteria. however. Without these polypeptides.
PS I membranes from spinach oxidize 4 chlorophyil
molecule when illuminated at 130-200 K {214] In
contrast. a PS i1 preparation from the cvanobacterium
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Fag. % Ammong modified ¢ 4.1 EPR signal observed in onented
Ps 1 membranes Gop spectrum), The membrane normal was on-
ented parallel to the apphed magnetic field. The PS T membranes
were treated with 100 mM NH ,CHag pH 7.5 in the presence of 0.4 M
wcrose and were oriented by drving them onto mylar films The
signal was generated by illumination at 195 K. The spectrum repre-
sents the difference between the spectrum recorded after and before
ilumination and was recorded at 8 K. The battom spectrum shows a
simulation of the experimental spectrum caleulated assuming that
the experimental spectrum arises from a tetranuclear Mn cludter that
has a ground state of S~ 372 Madified from Ref. 402, Reprinted
with permission {eonvright 1992 by the American Chemical Society).

Svrechococcus  elongatus  (formerly known as  Syne-
chococcus sp. [425]) was shown by X-ray absorption
measurements to have oxidized the Mn complex when
illuminated at 140 K. although no g = 4.1 signal was
observed [343]. Conscquentiy. a reason other than the
apparent lack of the 24 and 17 kDa polypeptides must
be responsible for the absence of the g = 4.1 signal in
this cyanobacterial preparation. It should be noted.
however, that only one svstematic search for the g = 4.1
signal in a cvanobacterial preparation has been re-
ported [343] and that the glycerol that was employed in
this study as a cryoprotectant (and reported to be
necessary for the obscrvation of the multiline signal)
may have prevented thc g =4.1 signal from being
observed [426] ‘see below).

The g =4.1 signal was originally attributed to an
electron transfer intermediate between Mn and P68
[403.417]. However, because it was found to be a pre-
cursor of only the multiline signal and not of the S,
state [208] and becausc its amplitude was found to
oscillate with a period of four in response to a series of

flashes given before illumination and to be maximal
following the first and fifth flashes [426]. it was subse-
quently assigned to an alternate form of the §, state
[208.318.4.26,492]. The foim of the S, state that ex-
hibits the g = 4.1 signal has been reported to recom-
binc with Q, more rapidly than the form that cxhibits
the multiline signal [426].

The two forms of the §, state that give rise to the
multiline and g = 4.1 signals have been proposed to be
linked by an equilibrium [394.426-428] that is influ-
enced by many factors [428). Indeed., the relative ampli-
tudes of the two signals arc sensitive to a variety of
treatments. For example, the choice of cryoprotectant
is critical. Both signals are observed in samples illumi-
nated at approx. 200 K ir the presence of 0.4 M
sucrose [418.426], but a smalier g = 4.1 signal is ob-
served in the absence of cryoprotectant {429] and little
or none is observed in the presence of 309 cthylene
glycol [418.426] or 50%¢ glycerol [426]. or when 4-6%
ethanol {393.294.416.426.45)] (sce Fig. 6A) or 3%
methanol [431] is added to ~amples that contain 0.4 M
sucrose. The amplitude of the g = 4.1 signal has been
reported to be increased retatve to that of the multi-
line signal when Ca®* s replaced by Sr?* [421,422.432],
when samples are depleted of Cl in the presence of
SO;  [428,433,434], when Clo s replaced by F~
[417,428.434] (sec Fig. 6B). NO; [434] or I~ [434], or
when samples are treated with NH; [427-429,435,436}
(even in the presence of 4% ethanol [402]) or meth-
ylaminc {428]. In contrast. the amplitude of the g = 4.1
signal has been reported to be diminished when CI™ is
replaced by Br~ [428.434] Because NH, [437-439],
methylamine [439) and F~ [439] compete for a Cl~ site
on Mn (see subsection I1-(i.1), it has been suggested
that the conversion of the ¢ = 4.1 to the multiline form
of the S. state involves the binding of Cl~ [38,85,428],
even at temperatures as lov as 160 K [38]. Because the
amplitude of the g = 4.1 signal is increased both by the
presence of sucrose and bty the depletion of Cl7, su-
crosc has been proposed t) interfere with the binding
of C1 "~ to PS I [428].

Many of the treatmerts just described alter the
linewidths of the muitiline and g = 4.1 signals. For
example. subtle changes in the hyperfine structure of
the multiline signal have neen observed depending on
whether sucrose. ethylene glycol, ethannl or methanol
is present {393,394,400.418,426,431). The widths of the
component lines of ENDOR spectra of the multiline
signal are also influenced by whether sucrose, glycerol,
or ethylene glycol is present [440,441]. The addition of
4-5 ¢ cthanol to samples that contain 0.4 M s crose
has been reported to shift the positions of the hyper-
fine lines of the multilinc signal at S-band [400], to
narrow the hyperfine lines of the signal at X-band,
u«llowing additional structure to be resolved
[393.394,426] and to make the signal casier to saturate



[394.426). The addition of 3%¢ methanol to samples
containing .4 M sucros¢ has recently been reported to
eliminate the broad Gaussian-shaped signal that ap-
pears to undcrlic the multiline signal [431]. Treatment
with NH | in the presence of sucrose [436.442) or in
the absence of cryoprotectant {429), has been reported
to shift the g = 4.1 signal to g approx. 4.2 and to
narrow the signal to approx. 300 Gauss (also sec Kef.
402). This treatment also induces the resolution of at
least 16 hyperfine lines on the g = 4.1 signal in ori-
ented samples [402,420] (Fig. 8). as mentioned carlier,
Substitution of F~ for CI~ has been reported to nar-
row the g = 4.1 signal by approx. 109 {417] (sce Fig.
6B). Trcatment with NH, also alters thc multiline
signal. The NH ;-altered signal has more lines (21-22
vs. 18-20) and smaller hyperfine splittings (67.5 vs. 87.5
Gauss) than the unmodified signal [414.415.427-
429,436,442-446] (see Fig. 9). This NH ,-induced alter-
ation of the multiline signal was originally reported to
require illumination at 0°C [443] or incubation at tem-
peratures necar 0°C following illumination at 195 K
[427.444,446), but has more recently been reported to
occur with a halftime of approx. 15 min when samples
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Fig. 9. Comparison of normal (top spectrum; and NH ,Cl-moditied
(bottom spectrum) multiline EPR signals observed in PS 1} mem-
branes. Samples in 3077 (v/v) ethylene glycor were illuminated at
0°C in the presence of 250 g M 2.5.-dichloro-p-benzoguinone and 50
M DCMU in the absence (top spectrum) or presence (bottom
spectrumr® of 100 mM NH,C1 before being frozen 10 77 K. Spectra
represent the difference between spectra recorded after and before
illemination and were recorded at ¥ K. The vertical lines chow the
positions of the hyperfine lines. The average spacing between lines in
cach spectrum is indicated by 1. The central portion of cach spoec-
trum. conaimng the narrow signal of Y. has been omutted for
clarity. Modified from Ref. 442 Reprinted with permission {copvright
1986 by the Amencan Chemical Society ).
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Fig. 10 Comparison of normal Grap spectiami and St -moditied
ihottom spectrum ) muttihine FPR aenads obawerned in PS 1 meme
brancs. Samples were depleted of o owrth 12 0M NaCl ond 20 M
EGEA ot pH 6 S duning sdlummation. then were roeonstituted with
either 20 mM CaCl- Gop spectrumd or 200 mM SrCH. (hottom
spectrum? The <amples were sHummated at 20600 Ko The samples
were not reconstituted with the 24 and 17 ks pohvpoptides and ne
cnyoprotectant was added. The spectra represens the dhilterence
hetween specira recorded atter and before altumination and were
recorded at M) K The right halt of cach trace has been shifted
upward. The cential portion of cach spectrum. contaimmg the nirrow
sgnal OF Y, has beernor ttted for Janity Med bl from Rof 408
Reprinted with pormession feopanght 9% I the Amencan Chenn
cal Nocieny)

are incubated at 198 K following illumination at 188 K
[429]. Substituting Sr” " for Ca’" also alters the multi-
line signs' [415.421.422.432] (sce Fig. 10). The Sr- -
modified signal superticially 1e<~mbles the NH ;-mod-
ihicd signal (compare Figs. 9 and ). Depletion ot
Ca” " under some conditions results in apother altered
multiline signal that exhibits approx. 26 hvperfine lines
spaccu by 5565 Gauss and that 1+ «table in darkness
[423.447--456] (see below ). The interaction of NH, and
other amines with PS 11 will be discussed in greater
detail in subsection H1-G.1. The hvperfine linge of the
multifine signal have been reported to be broadened b
HL O [436.457) and to be narrowed by “H,O [438].
although two other groups have been unable to repro-
duce the narrowing reportedly caused b “H -0
{396,399}, The lineshape of the multiline signal is also
mfluenced by the length of time that the sample s
dark-adapted before the S. state is tormed (459, 300]
The multiline and g = 4.1 signals have been pro-
posed o represent the only forms of the S. state {428]
This may be incorrect. While the amplitude of the
g = 4.1 signal has been reported to be enhanced at the
expense of the multiline <ignal in samples that were
depleted of €1 an the presence of ethylene glveol
{428]. the amplitude of the g = 4.1 signal has been
reported to be diminished by 5-207¢ concurrent with
loss of the multline signal in samples depleted of 1
in the presence of sucrose [433.434], Morcover. substi-
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tution of Br for (1 in the presence of sucrose has
been reported to diminish the amplitude of the » - 4.1
signal by approx. 307/ without significantly increasing
the ampiitucz of the multiline signal [434]. while sub-
stitution of Br for C1in the presence of sucrose plus
4% ethano! (added to inhibit the formation of the
£ = 4.1 signal), has been reported to diminish the am-
plitude of the raultline signal by approx. 307 {461}
Finally. the substitution of NO, for Cl  has been
reported to only slightly enhance the g = 4.1 signal
[434] whic nearly abolishing the multiline  signad
[434.461). The decrease in the amplitudes of the multi-
line signal observed i some Br - and NO -substituted
samples has been at least partially attributed to g-strain
broadening [461). Nevertheless., the frequently reported
absence of o complementary relationship between the
amplitudes of the multiline and g = 1.1 signals suggests
that there may be other forms of the S, state that
exhibit EPR spectra with features that are too broad to
be recognizable. Broadened. unrecognizable EPR sig-
nals have previously been attributed to the §, state in
Ca”“-depleted T304,421.432) and Cl -depleted [433]
samples (see subsections H-C and H1-D). Such signals
have also been invoked to explain why no g = 4.1 or
other Mn EPR signal is obsened when PS-11 prepara-
tions from Sviechococeus elongaties are illuminated at
140 K. or are warmed to 215 K after being iluminated
at 140 K. despite the appearance of the Q4 Fe " signal
and despite the X-ray absorption data showing that the
Mn complex was oxidized in these samples [343] It
should he noted. however, that determining the abso-
lute amounts of the multiline and g = 1.1 signals pre-
sent in samples poised in the S, state may be compli-
cated by difficulties associated with quantifying the
amount of the S, state present. The amount of the S;
state produced during illumination is generally deter-
mincd from the amplitude of the EPR spectrum of the
Q. Fe® " complex at g = 1.8-1.9 [208]. However, this
signal s very broad. extending over several thousand
Gauss [462] and v intensity at g = 1.8-1.9 can be
areatly influenced by sample conditions [97.462-364]
(for review, see Refs. 386.465). For example. the amph-
tude of the O Fe " signal at g = 1Y has been re-
ported to increase 2-fold in the presence of some
herbicides [463]) and by more than 12-fold in the pres-
ence of formate [464].

The g = 4.1 signal has been proposed to arise from
an inactive form of the Mn complex that is unable w
udvance to the S, state {428]. This proposal was bascd
on reports that the depletion of Cl 7 blocks the S, — S
transition [433.466-470] (however. sec below and sec
subsection HI-D) and on obscrvations that the deple-
tion of CI  (in the presence of SO ) enhances the
g =41 signal relative o the multiline  signal
{428.433.434]. Because £ [417.428) NH., [427-
429,435,436} und methylamine {428] inhibit steady-state
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Fig. 11, Normal (A) and dark-stable (B) multiline EPR  signals
observed in Ca® -depleted PS 11 membranes. Samples were depleted
of Ca” with 1.2 M NaCl and 50 uM EGTA at pH 6.5 duning
Memination. The samples were not reconstituted with the 24 and 17
kDa polypeptides. (A) Sample was alluminated at 198 K in the
prosence of 10 mM EGTA. (B) Sample was illuminasted at 0°C for 2
min an the presence of 10 mM EGTA and then ncubated in
diarkness at 0°C for 60 mun before the spectrum was recorded.
Spectra represent the difference between spectra recorded after and
hefore thumination and were recorded at 1Y K. The central portion
o canh apectrum. contammg the narrow sienal of Y has been
omitted By clanty Modified from Ref. 454

oxygen evolution and enhance the g = 4.1 signal rela-
tive to the multiline signal. inhibitory anions and small
primary amincs were proposed to inhibit stcady-state
oxygen evolution by favoring an ‘inactive’ conformation
of the Mn complex [428]. However. recent data contra-
dict this proposal. Neither steady-state oxygen evolu-
tion nor O, flash yields were afected when the relative
proportions of the multiline and g = 4.1 signals were
varicd by the addition of ethanol [430]. Furthermore,
while substitution of NQ; for Cl° cnhances the g = 4.1
EPR signal and almost completely abolishes the multi-
line signal [434] (and sce Ref. 461), only the §; - (§))
— §,, transition appcars to be slowed [471] and the rate
of steadv-state oxygen cevolution compared to un-
treated samples remains as high as 40-75% [434,461,
472473}, Finally. ncw evidence suggests that the deple-
tion of €1 in the presence of SO;  may not block the
S. — S. trunsition (sce below and see subsection 111-D).

Recently. an altered form of the multiline signal.
having at least 26 hyperfinc lines spaced by 55-65
Gauss, has been reported in spinach PS 11 membranes
depleted of Ca™  either by washing with 1-2 M NaCl
and 1-20 mM EDTA or EGTA at pH 6.5 in the
presence of light [447.449.453 454.456). or by incuba-
tien with 10-20 mM sodium citrate at pH 3 in darkness
[423.424.348.459.455.456.982] (M.]J. Latimer. V.].
DeRose. VK. Yachandra, 1. Mukeri. K. Sauer and
M.P. Klein. personal communication) (Sec Fig 1)
The new signal has been attributed to a modificd form



of the S, state and is stable in darkness for mamy
hours. The extrinsic 24 and 17 kDa polypeptides are
retained during some of these Ca’ estraction proce-
dures  [423.447,448,450). but not during othurs
1449 453 454). Conscquently, the presence of neithe
polypeptide is required for generation of the signal
(also see the discussion in Ref. 454 and see Ref. 456).
but their presence has been reported to influence the
observed hyperfine pattern w & small extent [454]
When the 24 and 17 kDa polypeptides are absent. the
addition of Ca’* rapidly converts the alicred mulutine
signal into the normal signal [449.453]. When these
polypeptides arc present, the addition of Ca™* appcars
to restore the normal S, state much more slowly than
it decays [447]. This may reflcst the 24 and 17 kDa
polypeptides acting as apparent diffusion barriers to
Ca’* rebinding in darkness. as has been demonstrated
previously [274.474-476] (see subtwection HI-C). How-
ever, the presence of these polypeptides does not pre-
vent added Ca”* from rapidly deactivating the madi-
fied S, statc [447]. This observation agrees with reports
that binding and dissociation of Ca’™ occurs most
reaaily in the S, state [437.477) and may ~upport sug-
gestions that structural changes accompany the S~ S,
transition [427.429.443.477-479] (for review, sce Refs.
38.387 and subsections 1-G.1 and 11-H).

Generation of the altercd multiline signal requires
illumination at temperatures near O0°C [423.424.450.
454). Thesc temperatures are approx. 70°C higher than
the temperatures that are sufficient for generation of
the normal multiline signa! in untreated samples
[208.417.418]. In samples incubated with sodium citrate
at pH 3 in darkness, the half-inhibition temperature of
the altered signal was determined to be 2340-230 K
[423.424.450]. close to that for the S, — S transtion in
untreated samples [480-482) in samples washed with
NaCl and high concentrations of chelating agents dur-
ing illumination [447.449,452-454.456]. the aitercd sig-
nal is generated during the Ca’ -deplction process,
However, when the altered signal in these samples was
allowed to decay by an approx. 4% hour incubation n
darkness at (FC. regencration of the signal required
illumination at temperatures near 0°C [454]

Generation of the altered signal alvo requires the
presence of high concentrations of chelating agents (at
least 0.2 mM EDTA {453]. If samples are depleted of
Ca-* by trecatment with only 50 uM EGTA. only the
normal multiline signal. with normal stability character-
istics. can be gencrated {421.454] The altered <ignad
can be produced following the subseguent addition of
10 mM EGTA or #) mM citrate. but only after the
samples are illuminated at PC: illumination at 19% K
generates only the normal signai [454]. On the bass of
these observations, the properties of the altered muite-
line signal have been proposed to resalt from the direct
tigation of Mn by EGTA. EDTAL or airare {4540 n
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uM EGTA is present [456]. Although the signal was
originally reported to have a ncar-Gaussian hneshape
[447.448 451). it was later reported to be a doublet
[452] (Fig. 12) and more recently has been reported to
have a more complex structure [485]. The carlier near-
Gaussian spectra have been attributed to a superposi-
tisning of the approx. 130 Gauss and approx. 164
Gauss forms of the signal [453]. This signal has heen
proposed to arise from an oxidized organic component
that is magactically coupled to the S.-state Mn com-
plex [447,448.452.454,484-487). The signal has been
attributed  to a modificd form of the §, state
[447 448,452 454 485-487). Alternatvely. it has been
suggested to arise tiom an interaction between Y, and
the modified §S.-state Mn compicx. possibly as a result
of a perturbation of the Mn comnlex caused by Y,
[456]. This *S;” or "S.-plus-radical” state has been re-
ported to have a considerably jonger lTifetime in the
presence of the 24 and 17 kDa polvpeptides than in
their absence [454]. From a determination of the opti-
cal absorption changes in the ultraviolet that accom-
pany the formation of the approx. 164 Gauss-wide
signal. the oxidized species has been proposed to be a
histidine radical [432] (see Fig. 13). although this as-
signment has been disputed [456) (see subsection 11-
F.1). Models of the magnetic coupling between the
putative histidine radical and the Mn complex suggest
that the radical does not dircetly ligate Mn
[452.454.484.486]. To account for the absence of an
EPR signal from the S, state in untreated samples. it
has been proposed that the radical is located closer to
the Mn in the untreated system. so that its spectrum is
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Fig. 12. The approx. 164 Ganss-wide FPR signal obsenved i Ca® -
depleted PS 11 membranes that had been reconstituted with the 24
and 17 kDa polvpeptides. Sample was depleted of Ca™ ™ with 12 M
NaCland 20 mM EGTA at pH 6.5 duning illununation. The agnal
was pencrated by flash dftlummation at 2000, followed by rapad
freezing in darhness. The spectrum represents the Jifference be-
tween spectra recorded  atter and before ilununation and was
recorded at 15 Ko The central partion of the spectrum. containing
the narrow signal of Y. has been omitted for clariny. Modsficd from
Ref. XS Reprinted with permission (copynight 1991, Gauthier-
Vilbars)
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Fig. 13. Optical absorption spectrum induced by flash illumination of
Ca” “-depleted PS 11 membranes that had been poised in the dark-
stable S, state before llumination (circles and solid line) in compari-
son to the in vitro spectrum of a (histidine-OH]  radical (dashed
line). PS 11 membranes were depleted of Ca®* with 1.2 M NaCl and
20 mM EGTA at pH 6.5 during illumination and wcre subsequently
reconstituted with the 23 and 17 kDa polypeptides. Maodified from
Ref. 452, Reprinted with permission (copyright 1990 by Macmillan
Muagazines Lid)

broadened beyond recognition [452.484.486). Whether
the 130-164 Gauss-wide signal represents an altered
form of the S, state [447.448.452.454,486], a precursor
of the S, state [453]. an organic radical formed (re-
versibly) becausc the normal oxidation of Mn is blocked
[453]). or an interaction between Y, and the modified
S.-state Mn complex [456]. remains unknown and will
be discussed further in subsection 11-F.1. The addition
of NH; to Ca”*-depleted samples that lack the 24 and
17 kDa polypeptides narrows the signal to approx. 100
Gauss [485]. In Ca® "-depleted PS 11 particles isolated
from the cyanobacterium Synechocystis sp. PCC 6803,
the signal of the 'S,-plus-radical” state has been re-
ported to have a linewidth of < 90 Gauss [415].

A fourth group has reported that a broad EPR
signal at g =2 is induced by illumination of
NaCl/EDTA-washed spinach PS H membranes, but
without the loss of the altered multiline signal [453).
This g = 2 signal was also postulated to arise from an
oxidized histidine residue, but the signal was not well
characterized. its lincwidth was not reported and the
possibility of magnetic coupiiag with the Mn complex
was not considered [453). The observation of both the
altered multiline signal and the 130-164 Gauss-wide
signals in the same samples [453] conflicts with the
work described in the preceding paragraph. The rea-
sons for the discrepancy are unknown. However, the 24
and 17 kDa polypeptides were absent from the samples
cxamined by in this group [453]. Because the state that
gives rise to the approx. 164 Gauss signal has been
reported to be much less stable in the absence of these
polypeptides than in their presence [454], the spectra
reported in Ref. 453 may reflect a combination of



spectra from PS-11 centers in the S, and *S,-plus-radi-
cal’ states.

The loss of the altered multiline signal in paralicl
with the formation of the 130-164 Gauss-wide signal
has been attributed to the same magnetic coupling that
gives rise to the latter signal {447.452,484]. Spectral
simulations have been advanced to support this view
{452]. However, in a recent study, when samples ex-
hibiting the approx. 164 Gauss-wide signal were stored
at 77 K for one week, about 50% of this signal decayed
whereas no parallel formation of the altered multiline
signal was detected {456]. When these samples were
subsequently illuminated at 8-77 K. the approx. 164
Gauss-wide signal was immediately restored. Ordinar-
ily, no formation of ihis signal is detected when sam-
ples are illuminated at 200 K [447]. Furthermore, the
ability to regenerate this signal was lost when samples
that had been stored at 77 K for one week were
incubated at 200 K for 15 min before being illuminated
at 77 K [456]. These results suggest that a structural
change involving the manganese cluster accompanies
the axidation of the organic component that gives rise
to the 130-160 Gauss-wide signal and that the concur-
rent loss of the altered multiline signal may be caused
by this structural change rather than by magnetic cou-
pling to the oxidized radical [456]. Conformational
rearrangements of the manganese complex are be-
lieved to accompany the S-state transitions [427.443.
477-479), even at temperatures as low as 198 K [429]
(for review, see Refs. 38,387 and subsections I1-G.1
and 11-H).

A new EPR signal centered at g approx. 2 and
having a linewidth of 160 + 20 Gauss [486] or <90
Gauss [487] was recently reported in spinach PS 11
membranes depleted of Cl~ in the presence of SO}~
[486,487] and in samples inhibited with F~ [486). Thesc
signals resemble the 130-164 Gauss-wide signal ob-
served in Ca”*-depleted samples. They have also been
attributed to a magnetic interaction between an or-
ganic radical and the S,-state Mn complex and have
also been referred to as a modified form of the S, state
[486,487]. Similar signals with linewidths < 100 Gauss
have recently been reported in samples treated with
NH ; [456.485]. A similar signal was previously reported
in NH,OH-treated samples illuminated at 200 K, even
after treatment with Tris to extract the Mn complex
(see subsection II-A) [488]. This signal was attributed
to an unidentified component associated with the ac-
ceptor side of PS II [488]. A similar signal. reported
near g=2.1 in NH,OH-treated samples, was at-
tributed to a modified form of the signal from Q;Fe?~
(489,490], although this assignment has been ques-
tioned {386,456). It has been suggested that the signals
observed in Ca®*-depleted, Cl -depleted, F ~-inhibited.
NH ,-treaied and NH,OH-treated samples all arise
from the same interaction between an organic radical
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and the S;-state Mn complex [456]. The relationship
between Ca®*-depletion. Cl ~depletion. F -treatment.
NH ,-treatment and the 90--164 Gauss-wide EPR Gg-
nais will be further discussed in subscction HE-D.

HI-B.3. Structural implications for the manganese cluster

The multiline and g = 4.1 signals were originally
attributed to two slightly different conformations of a
tetranuclear Mn cluster with different spin  states
[208,418.426.492]. This model was supported by reports
that the amplitude of the multiline signal diminished
below 7 K [418.459.491-493]: this non-Curic tcmpera-
ture-dependence could only be explained if the four
manganese ions were arranged as an exchange-coupled
tetramer [418.492]. Because the g = 4.1 signal was ob-
served to exhibit Curie temperature-dependence [388.
393.394.492] (but see Ref. 431, discussed below), the
multiline and g = 4.1 signals were attributed to an
S =1/2 excited state and an S =3/2 ground state.
respectively, of a single tetranuclear cluster [418,426.
492] (see also Ref. 459). However. the observations of
non-Curie temperature-dependence for the multiline
signal have not been reproduced subsequently [85.388,
389.393,394.410,414.431]. In spitec of the precautions
taken to avoid saturation {418.459.492}, the carlier ob-
servations of non-Curie behavior are now believed to
hav : been caused by saturation of the multiline signal
at tcmperaturcs below 7 K [388]. The multiline signal is
now generally believed to arise froman S = 1/2 ground
state [31,33.38.85.385.388,389.431]. Consequently. the
non-Curie argument in favor of an exchange-coupled
tetranuclcar cluster no longer exists. Nevertheless, hav-
ing the multiline and g =4.1 EPR signals originate
from two different conformations of a single tetranu-
clear cluster still remains an attractive model (sce
below). Several models for the mechanism of water
oxidation based on tetranucicar clusters have been
advanced [478,479.494.495] (see also the model of
Moravsky and Khramov cited in Refs. 30.496. and sec
subsection H1-H) and numerous tetranuclear clusters
having spectroscopic properties that resemble those of
the manganese in PS Il have been synthesized (re-
viewed in Refs. 387.495-304 and sec Refs. 505-308).

Trimeric Mn compounds can give rise to EPR sig-
nals that resemble the multitine and g = 4.1 signals
[509-511]). Consequently. it has been suggested that the
multiline and g = 4.1 signals may arise from two differ-
cent conformations of a trinuclear Mn cluster and that
the fourth Mn ion in PS Il may serve as an electron
transfer intermediate betwecn the trimer and Y,
{509,512]. The possible relevance to PS 11 of the trinu-
clear /mononuclear copper centers in ascorbat. oxi-
dase [513.514], which catalyze the four-electron oxida-
tior of O, to H.,O. has been suggested [23.511] (also
see the discussion in Ref. 388).

An alternate model for the origin of the multiline
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and g = 4.1 signals involves a redox cquilibrium be-
tween a monomeric Mn(I1V) ion and a mixed-valent Mn
dimer [393.394.414] or trimer [498.509.512]. Numcrous
dimeric and trimeric Mn clusters with properties simi-
lar to those of the manganese in PS I have been
synthesized (reviewed in Refs. 495-502.504.51 1.515)
and studics of inorganic Mn(1V) compounds indicate
that a mononuclcar Mn(1V) ion could exhibit a g = 4.1
signal similar to that observed in PS 11 [510.511,516].
However. the recent obscrvation of h, perfine structurc
on the g = 4.1 signal in oricnted NH ;-treated samples
[402.420] (Fig. 8) undcrmines the redox-cquilibrium
model. The number of hyperfine lines and their spac-
ing demonstrate that the g =4.1 signal cannot arise
from a Mn monomer [402.420). Furthermore. the signal
has been asserted to arise from a cluster that contains
at least three Mn ions [42¢]. An isolated Mn(11)-Mn(111)
or Mn(1ID-Mn(1V) dimer with a Mn-Mn distance that
is compatiblc with EXAFS measurcments on PS II (sece
subsection 11-C. 1) would be strongly antiferromagneti-
cally coupled and consequently would have an §=1/2
ground state and cxhibit an EPR signal near g =2
[385.499.517]. Furthermore. even if the g = 4.1 signal
were to arise from an excited state of such a dimer, it
would exhibit an additional EPR signal near g=2
[385.420,499.517]. Nevertheless, it should be noted that
one group has recently reported that, under some
conditions. therc is an EPR signal centered near g
approx. 2 that is associated with the Mn that give rise
to the g=4.1 signal [431]. This signal is the broad
Gaussian-shaped signal that. under some conditions,
underlies the multiline signal [431). On the basis of an
orientation study and spectral simulations, the NH ;-
modified g = 4.1 signal has been proposed to arise
from an S = 3/2 ground state of a manganese tctramer
and most likely from an S =5/2 ground state [402]
(also see the discussion in Ref. 389).

An §=5/2 ground state origin for the g=4.1
signal was originally proposed based on a recent multi-
frequency EPR study that involved comparing the g =
4.1 signal at S-band (3.9 GHz), X-band (9.2 GHz) and
P-band (155 GHz) [416). On the basis of speatral
simulations, these data were interpreted as indicating
that the g = 4.1 signal arises from the middle Kramer’s
doublet of a ncar rhombic § = 5/2 system. This origin
for the g =4.1 signal predicts that it would exhibit
apparent Curic-law bchavior above 2 K [416], in agree-
ment with the earlier studies that reported {492] or
suggested [393,394] that this signal exhibits Curic tem-
perature-dependence. The signal was proposed to arisc
from an exchange-coupled trinuclcar or tetranuclear
Mn cluster [416]. in agreement with the studies of the
NH ;-modified signal [402,420]. However. another re-
cent study disagrees with the assignment of the g = 4.1
signal to an S =5/2 ground state [431]. From an
investigation of the saturation properties and tempera-

turc-dependencies of both the multiline and g =4.1
signals. the g =4.1 signal is reported to exhibit non-
Curic behavior when generated by illumination at 180
240 K in the presence of 0.4 M sucrose [431). This
conflicts with the earlier studies that reported [492] or
suggcested [393.394] Curie temperature-dependence for
this signal. The conflict with one of the earlier studies
[492] is attributed to a postulated difference in the
exchange couplings of a mangancse tetramer when the
£ =4.1 signal is generated at different temperatures:
the signal is suggested to arise from an § = 3/2 ground
state when generated at approx. 130 K (as in Ref. 492)
and from an § = 3/2 excited state when generated at
180-240 K {431]. The conflict with the other studies
[393.394] is attributed to the broad Gaussian-shaped
signal that is suggested [431] to be present beneath the
multiline signals reported in Refs. 393,394, This broad
signal, centered near g = 2, is reported to be associated
with the g = 4.1 signal generated at 180-240 K and to
exhibit the same non-Curie temperature-dependence
{431]. The broad Gaussian-shaped signal is reported to
contribute significantly to the apparent integrated in-
tensity of the multiline signal [431]. Consequently, the
relative integrated intensities of the g = 4.1 and multi-
line signals appear to change little with temperature,
giving the impression [393,394] that the g = 4.1 signal
exhibits Curie behavior [431]). The authors attribute the
g=4.1 signal generated at 180-240 K to the first
excited § =3/2 state of an S =7/2 multiplet [431].
The reasons for the conflicts between this study [431]
and the multifrequency EPR study discussed above
[416] are not understood; in both studies the g = 4.1
signal was generated by illumination at approx. 200 K
in the presence of 0.4 M sucrose. Nevertheless, both
studies [416,431] attribute the g = 4.1 EPR signal to an
exchange-coupled trimer or tetramer of Mn, in agrce-
ment with the studies of the NH.-modified g =4.1
signal [402,420].

Recent data indicate that the multiline signal may
also arisc from a exchange-couple Mn trimer or te-
tramer. Preliminary orientation studies of the altered,
approx. 26-line multiline signal in Ca?*-depleted sam-
ples (see Fig. 11) have been interprcted as indicating
that the multiline signal arises from a Mn cluster that
is larger than a dimer [447,451): the number of lines
does not depend on orientation, suggesting that their
number cannot be explained solely on the basis of
anisotropic hyperfine couplings [447,451] (also sec the
arguments in Refs. 38.85). The large number of hyper-
fine lines exhibited by the multiline signal at S-band
[399,400] (Fig. 7) also suggests that the multiline signal
may arise from a complex of more than two Mn ions.
However, this number of hyperfine lines could arise
from a dimer if the hyperfine interactions are
anisotropic and include second order contributions
[399.400]. Reccnt magnetic susceptibility measure-



ments have been interpreted as indicating that both
the multiline and g = 4.1 signals arise from the same
Mn cluster [486] and that this cluster is larger than a
dimer [518]. The change in susceptibility induced by a
flash given at room temperature is reported to be
identical in Cl -reconstituted and F "-inhibited samplcs
that cxhibit predominantly the multiline and g =4.1
signals, respectively [486). suggesting that the same
cluster is oxidized when cither signal is formed. How-
ever, it is not clear that the two samples contained
significantly different proportions of ‘multiline’ and
‘g =4.1" centers: the amplitude of the g = 4.1 signal
was not significantly enhanced in the F -inhibited sam-
ple compared to its amplitude in the sample that had
been reconstituted with Cl™ (compare Fig. 1 of Ref.
486 with Figs. 6A and 6B of subscction 11-B. 1), suggest-
ing that both samples may have contained the same
fraction of centers that gave rise to the g = 4.1 signal.
The lack of thc multiline signal in the F -inhibited
sample (Fig. 1 of Ref. 486) might have resulted from
the prior depletion of ClI™ from this sample: the multi-
line signal is not observed in Cl™-deplcted preparations
in the presence of SO;~ [214,433,434.487.519] (sce
subsection 111-D). Further magnetic susceptibility mca-
surements seem warranted.

If both the multiline and g = 4.1 signals aris¢ from
Mn clusters that contain more than two Mn ions, then
the four manganese ions in PS Il must be arranged
either as a tetramer (possibly arranged as a pair of
interacting dimers as in the tnorganic model compound
reported in Ref. 505 (sce Fig. 140) or as depicted in
Fig. 15 in subsection 11-C.1), or as a trimer that gives
rise to both EPR signals, with an EPR silent monomer
located some distance away. While the trimer model
cannot be excluded at present, a tetranuclear origin for
the multiline signal is favored on theoretical grounds
[520]: if only Mn(I11) and Mn(IV) ions arc present in
the S, state (see subsection I1-C.2), and if the multiline
signal exhibits little or no ¢ anisotropy [393.394]. it is
argued that the width of the multiline signal cannot be
accounted for by a Mn dimer or trimer [520] (also see
the arguments in Ref. 385). Depending on the mag-
netic couplings. an exchange-coupled tetranucicar clus-
ter could have an § = 1/2 ground state in one contor-
mation and an S = 3/2 [385.418,420.517] or $=5/2
[402] ground state in another. These two conformations
could give rise to the multiline and g = 4.1 signals.
respectively  [385,402,418.420.517], as was proposed
originally [208,418,426,492]. Different exchange cou-
plings within a manganese tetramer have also been
invoked to explain the recent report that the g=4.1
signal arises from an excited S = 3 /2 state and exhibits
Curie temperature-dependence when generated under
some conditions [431]. Perturbation of the exchange
couplings by inhibitory amines and anions, different
cryoprotectants and by the substitution of Sr=~ for
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Fig. 14, Comparison of EPR spectra from PS H membranes poised in
the §) state €A) and from 4 model compound thuat contains a bridged
pair of dips-oxo bridged Ma(HD-Mn(IV) dimers (B). A schematic
lustration of  this compound.  {(Mn.O-).phpn).[*° (phpn =
NANNN tetrakis2-pyridy Imethy D-2-hvdroxypropance- 13- diamine )
is presented in (C). Spectra were recorded with paralic] polanzation
spectrometer geometry at 4.2 K (A or 3 K (B). The §, state PS 11
spectrum represents the difterence between spectra recorded betore
and after iflumination at 200 K [521.522). Left panel was moditied
from Ref. SOS. Reprinted with permission (copyright 1991 by the
American Chem® al Socicty).

Ca” ", presumably causes the alterations in the multi-
line and g = 4.1 signals that arc described in subsec-
tion 1-B.1 [38.85.369.428].

The S,-state EPR signal. Not all available data neces-
sarily agree with a tetranuclear (or trinuclear) origin
for both the multiline and g = 4.1 signals. In one
rccent study. the relationship between these signals
and an EPR signal that was recently observed in dark-
adapted PS Il membrancs and assigned to the S;-state
Mn complex was cxamined [521,522]. This signal (sce
Fig. 14), detected by parallel polarization EPR, is cen-
tered at g approx. 4.8 and has a pcak-to-pcak width of
approx. 600 Gauss [521,522]. It appears to be a precur-
sor of the multiline signal, but not of the g = 4.1 signal:
when the g = 4.1 signal is produced, the S -state signai
is unaffected. whereas when the multiline signal s
produced, the S -state signal disappears. On the basis
of these results, the Sp-state signal and the multiline
signal have been proposed to arise from a different Mn
center than the g = 4.1 signal [521,522) This proposal
favors the monomer-dimer /trimer redox cquilibrium
model. To rationalize the bchavior of the §,-state
signal with a tctranuclcar origin for the multiline sig-
nal, it has been suggested that the S,-state signal might
arise from an isolated Mn(Ill) ion. that the S.-state
g =4.1 signal might arise from an exchange-coupled
Mn trimer and that the multiline signal might result
from a conformation- or ligand-induced coupling of the
monomer and trimer to vield an exchange-coupled
tetramer [85]. This model is similar to one presented to
rationalize the non-Curie temperature-dependence of
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the g = 4.1 signal under some conditions [431]. In a
related development. a parallel-polarized EPR signal,
centered near g = 6 and having a pcak-to-peak width
of approx. 700 Gauss, has been detected in a tetranu-
clear Mn complex that contains a symmetrical, bridged
dimer of di-u,-oxo bridged Mn(ID-Mn(IV) dimers
[504.505] (scc Fig. 14). This compound has becn pro-
posed to be a model of the Mn complex in the S, state
in terms of its electronic properties and Mn oxidation
states (see subsection 11-C.2) [504.505]. Howcver. if the
S,-state signal arises from magnetic coupling between
two Mn(111)-Mn(1V) dimers in PS 11, as is proposed for
this compound [504,505], it is unclear why the S,-state
signal would seem to be related to the multiline signal
in the S, state. but not to the g = 4.1 signal.

NMR proton relaxation enhancement studies. Com-
parison of the NMR rclaxation rates of bulk solvent
water protons intgr.luing. with PS 11 in the S, S, and
S, states [523-527] were originally lntcrprctgd as favor-
ing the redox equilibrium model [526]. The relaxation
rates are increased in the S, and S5 states and are
most consistent with ¢ rapid chemical exchange of
water protons between the bulk solvent and the coordi-
nation sphere of a monomeric Mn(1V) ion [523-527].
The observed relaxation rate cnhancements are more
difficult to reconcile with a polynuclear cluster that
contains a Mn(111) ion [526.527]. Nevertheless, a model
that reconciles these data with a tetranuclear origin for
the multiline and g = 4.1 signals has recently becn
proposed [527]. In this model. PS I contains a tightly
coupled Mn trimer that is magnetically coupled with a
Mn monomer. The coupling between the monomer
and the trimer is proposed to be weak at room temper-
ature, but to be strong at cryogenic temperatures. The
chemically-cxchanging water molecules are proposed
to interact only with the monomer. Consequently, the
strongly-coupled trimer would influence the measured
proton relaxation enhancements only through its weak
coupling with the monomer. In the §, state, the Mn
oxidation statcs would be Mn(H1) for the monomer
and either Mn(11D; or Mn(IV),-Mn(1ID for the trimer.
The Mn monomer is proposed to be oxidized to Mn(IV)
in the S, state and to persist as Mn(1V) in the S, state.
whereas the oxidation states of the Mn ions in the
trimer arc proposced to remain the same in the §,. S,
and S, states. The weak coupling between the Mn
trimer (S = 1) and monomer (§ =3/2) in the S, state
at room temperature would give risc to the NMR
proton relaxation enhancements that appear to origi-
nate from a monomeric Mn(1V) ion, while strong anti-
ferromagnetic or ferromagnetic coupling between the
monomer and trimer at cryogenic temperatures would
give rise to the multiline (from an § = 1/2 state) and

= 4.1 signals (from an § =5/2 state), respectively
[527]. This model does not appear to account for the
behavior of the S -state EPR signal. however.

Future work must reconcile the relationship be-
tween the S,-state EPR signal and the S ,-state multi-
linc and g = 4.1 signals, the NMR proton relaxation
enhancement data and the disparate conclusions of the
recent temperature dependence and multifrequency
EPR studiecs that proposc different magnetic origins
for the S,-state g = 4.1 signal.

H-C. X-ray absorption studies

H-C.1. The structure of the manganese complex - EX-
AFS studies

The original EXAFS measurements on PS 11
[412.528-530] were performed by Klein, Sauer and
co-workers on broken chloroplasts or PS Il mem-
branes. These authors concluded that thc Mn ions are
coordinated by oxygen or nnrogen atoms with Mn-O
or Mn-N distances of 1.75 A and 2.0 A. Between one
and two Mn-Mn, interactions, having Mn-Mn distances
of approx. 2.7 A, were also detected [412,529] and a
possible approx. 3.3 A M-Mn interaction was reported
[412,530). These distances were interpreted in terms of
a di-u,-0xo bridged Mn dimer, with either two Mn
monomers or a second dimer located approx. 3.3 A
distant. In work published in 1988—1990 [343,531-533},
the Klein/Sauer group examined PS II membranes
from both spinach and the cyanobacterium Syne-
chococcus elongatus with an improved detection sys-
tem. From these data they concluded that each Mn is
ligated by 1-2 and 2- 4 oxygen or nitrogen atoms at
1.75-1.8 A and 1.9-2.2 A, respectively and that there
are 2:3 Mn—Mnumler.ncnons with distances of 2.73 +
0.05 A. No 3.3 A Mn-Mn intcraction was detected,
however. The results were interpreted in terms of two
incquivalent di-;ol.z-OXO bridged Mn dimers that are
located > 3.0 A apart, although a lincar cor bent
trimeric  di-u,-oxo bridged Iyln structure, with a
monomeric Mn located > 3.0 A distant, would also be
consistent with these data [343,531-533] (reviewed in
Ref. 534).

Two other EXAFS studies on PS II also appeared in
1989—1990: Penner-Hahn and co-workers [535.536] an-
alyzed a highly-purificd oxygea-cvolving PS 11 complex
from spinach that lacks the 24 and 17 kDa poly-
peptides, while Cramer, George and Prince [537,538]
analyzed oriented chloroplast membranes. Both groups
reported Mn-O or Mn-N distances of 1.9-2.1 A and

cither 2-3 [535,536] or 3-5 [537,538] Mn—Mn interac-
tions with a distance of approx. 2.7 A. Both groups also
reported 1-2 Mn Mn interactions with a distance of
approx. 3.3 A. The measurements on the onemed
chloroplast membrancs demonstrated that the 3.3 A
interaction is strongly dichroic and is oriented perpen-
dicularly to the plane of the membrane [5"»7 538]. Weak
dichroism was also reported for the 2.7 A interactions.
These interactions were reported to be oriented at an



average argle of 62° to the membrane normal [537.538].
Penner-Hahn and co-workers proposed that the 3.3 A
interaction repnescitls a comomnation ot Mn—-Mn and
Mn-carbon interactions. with the latter arising from
coordination of Mn by carboxylate, alkoxide, or phe-
noxide ligands [535.536). These workers suggested that
the approx. 3.3 A interaction could also represent
either an Mn-Mn or an Mn-Ca interaction [S35]. but
favored the former because 3.3 A is short for an
Mn-Ca distance. However. based on investigations of
trinuciear compounds containing both Mn and Na
[510,516,539], Pecoraro and co-workers have proposed
that such a short Mn-Ca distance is possible
[510,511.516]. In contrast to the work of the Klein/
Sauer group, no 1.75 A interaction was detected by
either the Penner-Hahn or the Cramer/ George/
Prince groups. Penrier-Hahn and co-workers concluded
that their data do not exclude the existence of a small
number of 1.75-1.8 A interactions [535.536]. but ar-
gued that such short Mn-O distances are found only in
modcel compounds that have strongly donating nitrogen
ligands (such as phenanthroline or pyridines) trens to
the w,-oxo bridges, a situation not likely to exist with
amino acid ligands. which are weaker donors. Two
other groups have recently begun XANES or EXAFS
measurements on PS 11 membranes [S40-542] and one
of these reports that cach Mn is ligated by 20+ 04
oxygen or nitrogen atoms at 1.79 A [540]. in agrecment
with the Klein/Sauer group.

More recently, the Klein/Sauer group has collected
data at 10 K with the same type of detector as em-
ployed by the Cramer/George/Prince and Pcnnc:;—
Hahn groups [389.543]. An interaction of approx. 3.3 A
is clearly visible at the lower temperature and is at-
tributed to approximately one Mn-Mn or Mn-Ca in-
teraction [389,543). With the higher signal-to-noise ra-
tio achieved in the most recent measurcments, the
Klein /Sauer group now reports approx. 2 oxygen or

nitrogen atoms (per Mn) at 1.80 + 0.05 A. and 2-1 at
1.9-2.2 A, with the number of 2.7 A Mn-Mn interac-
tions rematning at 2-3 [389]. The orientations of the
2.7 A and 3.3 A interactions were also studied in the
most recent studies {389]. The 3.3 A interaction was
found to be strongly dichroic and to be oriented per-
pendicular to the plane of the thylukoid membranc
{389,543}, as was previously rceported by the
Cramer /George /Prince group [537,538]. In addition,
the 2.7 A interactions were also found to be weakly
dichroic and to be oriented approx. parallel to the
thylakoid mcmbranc {389]. Nevertheless, the ampli-
tudes of the Fouricr peaks in EXAFS specetra taken at
different orientations by the Klein/Sauer group were
reported to differ significantly [389] from those re-
ported carlier by the Cramer /George /Prince group.

In all of the reported EXAFS studies, the environ-
ments of the Mn ions have been concluded to be very
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heterogencous, being characterized by a distribution of
Mn-O and Mn-N distances. The anisotropy and ob-
served quantitics of 2.7 A Mn-Mn intcractions are
inconsistent with the published symmetric tetranuclear
models for the Mn complex [478.479.494.495], but a
highly distorted tetramer, a dimer of dimers, or a
trimer plus monomer would be consistent with the
date. If the S.-state g =41 EPR signal were to arise
from a monomeric Ma(1V) ion, then Penner-Hahn and
co-workers argued that the remaining Mn must be
arranged as a trimer [535,536]. However, as discussed
in subsection 11-B.2, a monomeric origin for the g = 4.1
signal has reccently been excluded by the hyperfine
structure observed on  this signal in oriented NH ;-
treated PS 11 membrancs [402.420].

All groups agrec that the 2.7 A Mn-Mn interaction
suggests that the Mn ions involved are linked by more
than one short bridging ligand. All groups have pro-
posed di-u--0x0 bridged structures: at issue is the
fength of the Mn-0O bonds. Because neither the Pen-
ner-Hahn group nor the Cramer/ George/ Prince
group required a 1.75 A interaction to fit their data.
both groups suggested that pq-0x0 or u,-hydroxo
bridges may also be involved. However. the Penner-
Hahn group has since discovered that the mylar tape
employed to mount some of their samples was contam-
inated with Mn(II) ‘ons amounting to approx. 257 of
the observed Mn signal intensity [544]. Also, the
Cramer /George /Prince group has since discovered
that the prolonged dehydration times emploved to ori-
ent their samples onto mylar sheets led to the forma-
tior of Mn(11) ions; as much as approx. 25% of the Mn
in the analvzed samples may have been Mn(il) (S.P.
Cramer, personal communication). In spectral simula-
tions, the Klein/Sauer group has reported that they
can reproduce the X-ray absorption cdge (XANES)
data of the Penner-Hahn and Cramer/George /Prince
groups by assuming that the mounted samples of these
groups contained 2577 and 407 adventitious Mn(I1).
respectively {389]. Contamination by Mn(11) would have
led to overestimation of the Mn-O or Mn-N distances
[389] (S8.P. Cramecr, personal communication). Contam-
ination by MntIl) may also partially explain why the
amplitudes of the Fourier peaks in the oriented EX-
AFS spectra of the Cramer /Prince /George group dif-
fer from those of the Klein/Sauer group [389]. An
additional contributing factor could be that the more
rapid dchydration procedure employed by the
Klein /Sauer group. which produces less adventitious
Mn(11), produces samples that are less oricnted (S.P.
Cramer. personal communication).

Based on a correlation between Mn-Mn distances
and Mn-0O-Mn bond angles in 22 dimeric Mn model
compounds, Pecoraro and co-workers have suggested
that the 2.7 A interaction arisc~ from a di-u ,-0%0 or
di-u s-0x0 /carboxylato bridged structure with Mn- O-
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Fig. 15, Model tor the Mn comploy in PS T proposed by Klcin, Saucr
and ca-workets on the bass of their EXAES data [389] The maodel
comints of two diqg-ovo bredeed Mo dimers that are bridged by one
mone-g s-ono and two catbovvlato brodees, The Mo Ma distancee in
cach dig--ono bdeed diner as appron. 2.7 0 while the closest

M- Mo distance between the dimers s appron. 33 A, The 33
M Minnteraction s proposed to be oriented perpendicular to the

plane of the thyLikord membrane, Note that the model predicts two

2.7 A and one 33 Mn M oimteractions. The experimental data

hinve been .nlupuud as mndicating the prosence of 2 3 [389,335 ﬂ(:l

O 3-S5 {R3TREN 27 A Mo Mainteractions and FE3S9] or 1-2 33 A

Muo-mctal interactions [333 338) Reprinted fiom Ref, 389 with
permission tcopunight 19492 by VOHL Inc).

Mn bond angles of 93-1007 [510,511.545]. The Penner-
Hahn [535]0 Cramer/George /Prince [537.538] and
Klcin/Sauer  groups [389] (also Pecoraro and  co-
workers [S10.511]) have suggested that the approx. 3.3
A interaction, if it corresponds to an Mn-Mn distance.
may arise from bridging of Mn by some combination of
oxo, hydroxo. alkoxso, phenoxo and carboxylato ligands,
such as by one w.-0x0. w-0x0. or w--hydroxo bridge
plus one or two carboxyvlato bridges (see Fig. 19).

Some of the discrepancics between the published
work of the various groups may have resulted from
differences in sample preparations, degrees of contam-
ination by Mn(ID. dctection systems (the Penner-Hahn
and Cramer,/George /Prince groups used the same
detection system), data analysis procedures, or sample
temperatures (4 K by the Cramer/George /Prince
group. 10 K or 80 K by the Penner-Hahn group. 10 K
or 170-190 K by the Klein/Sauer group). For example,
the approx. 3.3 A distance attributed to &« Mn—Mn or a
Mn-Ca interaction is only observable at temperatures
well below 80 K [389.536.543]. With all three groups
now free of adventitious Mn(1l) and employing the
same sample temperatures and improved detection sys-
tems. a consensus concerning the numbers and dis-
tances of atoms coordinated to Mn is expected in the
necar future.

Calcium. Whether Ca”* is located near Mn has
heen  addressed by both  the Penncer-Hahn and
Kiein /Sauer groups. As mentioned cavlier. Pcnncx;-
Hahp and co-workers suggested that the approx. 3.3 A
distance could represent cither a Mn-Mn or &« Mn-Ca
interaction. but favored the tormer assignment. These
authors ‘l|\() obscrved a Mn-mctal interaction of ap-
prox. 4.35 A [535] and suggested that it, too., could
represent either a Mn—-Mn ora Mn-Ca interaction. As
a precedent for such a .35 A Mn-Ca interaction in PS
H, these authors point out that concanavalin A con-
tains a Mn* '-Ca” " heterodinuclear site. with the Mn””
and Ca’ " jons separated by 4.25 A [546] (or 46 A
[547]) and bridged by two carboxyvlate groups. The
potential relevance of concanavalin A to PS 11 had
been noted previously [539.548.549]. Klein, Sauer and
co-workers have recently compared samples reconsti-
tuted with Ca” " or Sr™° following the depletion of
Ca” " by treatment with sodium citrate at pH 3 [543]
(M1 Latimer. V.1 DeRose, VK. Yachandra. 1. Muk-
erji. Ko Sauer and MUP. Klein, personal communica-
tion). A sceond-derivative analysis of the absorption
edge found little ditference between untreated samples
and samples reconstituted with Ca® " or Sr7". but
found significant changes in unreconstituted Ca®*-de-
pleted samples, suggesting that the structure of the Mn
complex is altered in the absence of Ca” " or Sr°° (at
lcast when Ca® " is extracted at pH 3). A sccond group
has also reported that depleting PS 11 membranes of
Ca” " with sodium citrate at pii 3 significantly perturbs
the  structure of the Mn complex [424). The
Klein/Sauer group has reported that the EXAFS scat-
tering amphtude of <he approx. 3.3 A interaction is
significantly larger in samples reconstituted with Sr-*
than in samples reconstituted with Ca”* [543). Because
Sr has a greater scattering ability than Ca. these au-
thors propose that there is a Ca’* binding site located
approx. 3.3 A from Mn. From guantitative analyses.
the approx. 3.3 A interaction s proposed to arise
cither solely from a Mn-Ca interaction. or from a
combination of Mn-Mn and Mn-Ca interactions
[389.543] (ML), Latimer, V.J. DeRose. V.K. Yachandra.
L. MuKkerji. K. Sauer and M.P. Klein, personal commu-
nication). Samples having Sr-' substituted for Ca®*
have also been analyzed by the Penner-Hahn group. In
contrast to the results of the Klun/Sducr group, the
scattering amplitude of the approx. 3.3 A mtudctmn
was not larger in the Penner-Hahn group’s Sr- *-supp-
lemented samples compared to its amplitude in Ca®*-
supplemented samples. However. the multiline EPR
signal was not cxamined in the Penncr-Hahn group’s
EXAFS samples to show definitively that Sr2* had
replaced Ca- | although equivalently prepared samples
exhibited the Sr™'-maodified multiline signal (sce Fig.
10 (J.E. Penner-Hahn, personal communication). Fur-
ther experiments are in progress. If the difference



between the Sr*-substituted samples of the
Klein /Sauer and Penner-Hahn groups persists. it is
unlikely to be caused by the lack of the extrinsic 24 nd
17 kDa polypeptides in the Penner-Hiahn group’s sam-
ples, despite the lower apparent affinity for Ca®* in
such samples (sce subsection HI-A): both groups re-
port similar data for their respective Ca’-supple-
mented samples (J.E. Penner-Hahn and C.F. Yocum.
personal communication; V.K Yachandra and M.P.
Klein, personal communication).

Chloride. Whether one or two Cl~ ions are present
in the Mn coordination sphecrc. as postulated from
inhibition studies with amines [437-439] (scc subsec-
tion H-G.1), cannot be determined in untrcated sam-
ples with the currently achicvable EXAFS signal-to-
noise ratios [412,535]. However, the substitution of F~
for CI~ perturbs the stricture of at least one of the
di-p ,-0x0 bridged Mn dimers postuiated to be present
in PS 11 [543]. These data, in addition to a recent
examination of samples having Br ™ substituted for Cl1~°
(obtained by growing Synechococcus elongatus on Br
salts in place of Cl7), has led the Klein/Sauer group
to suggest that one Cl™ ion may ligate the Mn complex
as aotcrminal ligand with a Mn~Cl distance of approx.
2.3 A [543} (M.P. Klein and V.K. Yachandra, pcrsonal
communication). Klein, Sauer and co-workers argue
that their data exclude the possibility that the Mn
complex is ligated by morc than one Cl7 ion, or that
Cl - is present as a bridging ligand, at least in the S,
state [S43].

Muodels. A modcel proposed by the Klcin /Sauer group
to account for their EXAFS data is presented in Fig.
15. A dctailed structural model has also been proposed
by Kusunoki and co-workers based on the pre-edge
features of X-ray absorption edge (XANES) data and
on considerations of ligand ficld thecory [541.542]. This
model includes a single di-u,-oxo bridged Mn dimer
that is bridged on onc side by a deprotonated water
dimer (HOHOH) ", ligated on the opposite side by an
imidazole nitrogen and a carboxylate oxygen and
bridged to two Mn monomers by additional carboxylate
ligands. However, it is difficult to understand how
these authors could have arrived at such a detatled
model without the benefit of Mn-Mn or Mn-ligand
distances derived by EXAFS spectroscopy and without
additional cxperimenta! data.

H-C.2. The oxidation states of manganese - XANES
studies

The S, state. In most XANES spectra of dark-
adapted samples, the position of the absorption edge
has becn taken to indicate that the average oxidation
state of the Mn in the S, state is Mn(I11) [343.411.412.
419,529,530,534,535,541.542,550]. This assignment
agrees with proton NMR relaxation enhancement mea-
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surements [523-337], and with both microwave power
saturation [S51] and spin-Yattice relaxation time [552]
measurements of Y. Penier-Hahn and co-workers
reported that the XANES absorption edge is unusually
broad for model compound:. containing Mn(IH1) and.
from an analysis of the entire edge region, proposed
that the S, state consists of one Mn(I1). two MntIID)
and one Ma(IV) ions [535.:336]. However, the mylar
tape that was employed to mount some of the samples
was subscquently found to be contaminated with Ma(ID
ions [544] (sce subscction 11-C.1). Klein, Sauer and
co-workers have argued against the presence of Mndll)
in the S, state, maintaining “hat the similarity of their
S,-. S.- and Si-state EXAFS data (sec below), rules
out the significant structural changes in the Mn coordi-
nation sphere that would be cxpected from oxidation
of Mn(ID) to Mn(1l) durirg cither the §, =S, or
S. — S, transitions [389]. From second derivative anal-
yses of the XANES edge and pre-edge features of
samplcs poised in the S, and 3, states. the Kicin/Sauer
group now favors an assigniment of t(wo Ma(11D plus
two Mn(1V) ions to the S, state and one Mn(lIl) and
three Mn(lV) ions to the S, state [389.533.543] (sec
Fig. 2). Penner-Hahn and ¢)-workers now also favor
the assignment of two Mn(11°) and two Mn(1V) ions to
the S, state based on their st recent data acquired
with samples that were mounted with  Mn-free
polypropylene windows [544]. Such an oxidation state
assignment would be consistent with the model com-
pound that contains a symnetrical. bridged pair of
N adlD-Mn(IV) dimers [504 505] and that gives rise to
a parallel-polarized EPR signal that resembles the
EPR signal observed in S;-stute samples [521.522] (see
subsection 11-B.3 and Fig. 14

In a recent development. bond valence sums have
been calculated for metal io1s in a varicty of modcel
compounds and metalloenzymes. based on bond lengths
determined  crystallographically and /or by EXAFS
measurements [553). In all ceses, the caleulated bond
valence sums correctly predict the oxidation state of
the metal ion in guestion. When appliced to PS 1L
assuming that (i) the average Mn-0O distance is 1.91 A,
(ii) there are only 1-2 nitrogens to the Mn complex
[389.398,554] (see subsection 1I-1), (i) the S, state
consists of cither a (IHD(IV). (HIXIV),. or (IV), (V)
Mn tetramer (sec subsection {1-B.1) and (iv) the aver-
age Mn-O distance does not change significantly when
the Mn cluster is oxidized to the S, state (as dcter-
mincd by EXAFS mcasurements, see below). the S,
state is predicted to contain two Mn(I1D) and two
Mn(1V) ions {553]. Thc bond valence suin analysis
would be inconsistent with an assignment of four
Mn(I1) ions to the S, state [553]. It should be noted.
however. that Kusunoki and co-workers favor an as-
signment of four Mn(H1) jons © the S, state based on
their XANES data [541.542]).
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The Ss state. The edge energies of Sy-state samples
are approx. 1 ¢V higher than those of S, -state <imples
and the pre-edge features are different {343.411.412.
419.541.542]. By comparison with model compounds.
these differences have been interpreted as demonstrat-
ing that onc Mn{11D) ion is oxidized to Mn(1V) during
the S, — 8. transition [343.4] 1.412,419.541.542] (re-
viewed in Ref, 389,534). Consistent with this interpre-
tation, the S,;- and S,-state EXAFS spectra appear
nearly identical [343.389,412.533,534]. The similarity of
these spectra demonstrates that no large structural
rearrangements take place during the S, — S, transi-
Cdon. Nevertheless, subtle ditferences between the Sy-
and S.-state samples were observed in spectra recorded
a1 K by the Klein/Sauer group. These differences
are consistent with the oxidation of Mn(Ill) ion to
Mn(IV) during the S, — S, transition [389.543] (also
see [S42D. The NMR proton relaxation enhancement
[823-527}. microwave power saturation [551] and spin-
lattice relaxation {352} measurements cited above have
also been interpreted as indicating that orne Mn(H
ion is oxidized to Mn (1V) during the S| — §, transi-
tion, as have most measurements of tlash-induced opti-
cal absorption changes in the ultraviolet (sce subsec-
tion 11-D.1).

The S, state. Samples trapped predominantly in the
S, state (659 5;. 35% §,) have been reported by the
Klein /Sauer group {389.531.533.534]. These sampics
were prepared under conditions that permit 2-electron
oxidation of the Mn complex during illumination at
cryogenic temperatures: prior to ilumination at 240 K,
the acceptor-side non-heme Fe” " was oxidized to Fe?”
cither by oxidation of dark-adapted samples with ferri-
cvanide [555], followed by exchange of ferricyanide for
DCMU, or by illumination at 77 K of samples contain-
ing the high-potential quinone phenyl-p-benzoquinone,
followed by brief warming to 293 K {99,110]. Earlier
attempts to poise samples in the S, state had achieved
at most 47% S, {411.530]. The absorption edge of the
S -state samples (following subtraction of spectra cor-
responding (o residual S -state centers) was not signifi-
cantly changed in shape or encergy from that of samples
poised in the S, state [411,530.,531,533.534]. These
results have been interpreted as demonstrating that
Mn is not oxidized during the S, — S, transition. The
oxidizing cquivalent is proposced to reside on a redox-
active histidine or tyrosine residue cither ligated to
Mn. or located close cnough to the Mn complex to be
magnetically coupled with it. Such magnetic coupling
has been proposed to account for the lack of an ob-
scrvable EPR signal from the S; state in native prepa-
rations [389,530.531.,533]. However, the apparent lack
of Mn oxidation during the S. - S, transition has been
challenged on two grounds. First, because no direct
spectroscopic assay for the Sy state yet exists. the
authors are forced to assume that, following illumina-

tion. samples not displaying the S,-state multiline EPR
signal arc in the S, state. Consequently, it is not yet
pussible to assess directly whether the authors™ Sy-state
samples are contaminated with PS I complexes that
are in the §,, or §; states, whose presence might offset
an increase in edge energy associated with the S, — S,
transition [30.482,556.557). Second, because the ab-
sorption cdge data reflect only the electron density
around the metal ion, changes in the Mn coordination
sphere could mask a change in the Mn oxidation state
[30.387.496,498.502,556]. While the EXAFS data do
show small structural changes in the environment of
the Mn ions during the S, — S, transition, the
Klein /Sauer group maintains that the Mn site symme-
try remains virtually unchanged. Furthermore, they
arguc that it would be highly unlikely and unprece-
dented from studies of model compounds, for an in-
crcasce in edge energy caused by the oxidation of the
Mn complex to be coincidentally offset by a decrease in
cnergy caused by ligand rearrangements {389,531].
Other workers dispute this point, however, arguing
that clectron-poor Mn(II) centers resemble Mn(IIT)
centers in X-ray photoelectron spectra of model com-
pounds [387.558].

Independent of the XANES and EXAFS data, the
NMR proton rclaxation enhancecment measurements
[524-527]. the microwave power saturation [551] and
spin-lattice relaxation [552] measurements of Y3 and
recent measurements of proton release and of elec-
trochromic shifts ncar 440 nm [559] (see subsection
I1-E), have also been interpreted as indicating that the
oxidation state of the Mn cluster remains unchanged
during the S, — §; transition. The 130-164 Gauss-wide
EPR signal. rccently observed in  Ca®*-depleted
[423.,447-456] and Cl -depleted {486.487] samples (see
subsection [1-B.2), has also been interpreted as indicat-
ing that no Mn ions arc oxidized during the S, = S;
transition: this signal has been proposed to arise from
a histidine residue (or another organic component)
that is oxidized during this transition, even in un-
treated samples [447,448,452,453,486]. However,
whether oxidation of this putative histidine residue
occurs in untreated samples (or occurs at all) remains
in dispute (sce subscection H-F). In contrast to the
interpretations based on X-ray absorption, MR and
EPR spectroscopics, most interpretations ot tlash-in-
duced optical absorption changes in the ultraviolet
favor the oxidation of one Mn(Il) ion to Mm(IV)
during the §, — S, transition (see subsection II-D.1).

The small structural changes in the environment of
the Mn complex that result from the S, — S; transition
[389.531.533,534] have been attributed to a slight
change in the 2.7 A Mn-Mn distances: the distance
between the Mn ions in one dimer was suggested to be
approx. 0.15 A larger than the distance between the
Mn ions in the other dimer [389,531,533]. No evidence



for more extensive structural rearrangements was ob-
taincd, arguing against scveral recently  proposcd
mechanisms based on rearrangements of tetranuclear
Mn clusters [478,479.494,495] (see subscctions 11-B.3
and IH-H). However. the S,-state spcctra were all
recorded at 170-190 K, temperatures too high to per-
mit obscrvation of the approx. 3.3 A intcraction
[389,536,543]. Consequently, if the Mn complex con-
sists of two Mn centers (e.g., two dimers or a trimer
plus a monomer) that are located approx. 3.3 A apart,
the currently available data cannot exclude the possi-
bility that the distance betwecen the two Mn centers
changes significantly during the S, — S; transition.

The S, state. Samples possibly trapped in the §,
state have been prepared by the K.ein/Sauer group by
illumination at 195 K of samples incubated in darkness
with fow concentrations of hydroxylamine (40-60 yu M)
[389,530,532-534]. Prior to illumination, the XANES
and EXAFS spectra of the NH,OH-treated samples
were identical to those of samples in the S, state. After
illumination, the absorption edge shifted approx. 1 eV
to lower energics and the EXAFS data showed evi-
dence of structural rearrangements in the Mnr environ-
ment. The authors proposed that NH,OH has no
effect on Mn in the S, state. but reduces Mn in the
illumination-induced S, state by two electrons, forming
the S, state. This mechanism for the action of
hydroxylamine had been proposed previously on the
basis of proton release measurements [56(0-564] and is
consistent with a recent proposal that NH,OH reduces
a redox-active group necar Mn [565,566] (see subsection
[1-G.2). However, in contrast to the findings of the
Klein /Sauer group, Penner-Hahn and co-workers find
that a similar concentration of NH,OH reversibly shifts
the absorption edge of the S, state to lower energies in
darkness. without loss of activity [544]. This shift is
consistent with reduction of the Mn complex to an
‘S_," state, as proposed based on EPR [488.567] and
flash-induced optical absorption measurements [568-
571]. However, hydroquinone reversibly shifts the edge
to a somcwhat grcater cxtent, also without loss of
activity, indicating that NH,OH and hydroquinone c¢i-
ther reduce ditferent Mn ions, or that different re-
duced ‘states’ of the Mn complex are produced by
these two reductants [544]. The discrepancy between
the findings of the Klein/Sauer and Penner-Hahn
groups may arise trom the absence of the extrinsic 24
and 17 kDa polypeptides in the samples of the latter:
removal of these polypeptides increases the accessibil-
ity of NH,OH and other reductants to the Mn complex
[231,259,271-277].

It remains unclear whether illumination generates
the true, physiological, S, statc in NH.,OH-trcated
samples. For example. it has been reported that the
reduction of Mn by NH.OH alters the environment of
the Mn complex, making it less susceptible to reduc-
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tion during succeeding S-state cveles [372-574). 1t also
remains unclear whether oxidation products of NH .OH
contribute to the EXAFS spectrum of the illumina-
tion-induced state. Because of these uncertaintics.
Klein, Saucr and co-workers refer to the NH,OH-
induced state as the *S/2 7 state [389.530,532-534]. De-
spite the uncertaintics. the differences in the XANES
and EXAFS spectra between samples in the S, and
S states have led these workers to suggest that one
Mn(11) jon is oxidized to Mn(11D) during the $, — S,
transition [389,530,532-534]. The structural rearrange-
ments obscrved upon formation of the §F state are
consistent with this assignment. This interpretation
agrees with the previously cited NMR proton relax-
ation enhancement [524-527], microwave powcr satu-
ration [551} and spin-lattice relaxation measurements
[552} and also with severa! interpretations of flash-in-
duced optical absorption changes in the ultraviolet, but
conflicts with others (see subscction H-D.1). The na-
ture of the state induced by illumination of NH.OH-
treated samples should be further characterized.

11-D. Flash-induced optical absorptio.i changes

11-D.1. Absorption changes in the ultratiolet

Spectra. The S-state transitions are accompanied by
optical absorption changes in the ultraviolet that oscil-
late with a period of four in response to a series of
flashes [575-577]. Numerous authors have attempted
to quantifv these changes and assign them to the
individual S-state transitions [178.568.570.578-589].
The procedures are complicated and have been plagued
with controversy [570.587.588,590] (for recent reviews,
sce the discussions in Refs. 557.589). Factors that must
be considercd are the initial distribution of PS-1I cen-
ters in the S, and S, states in dark-adapted samples.
an anomalous absorption change on the first flash
given to dark-adapted samples that is associated with
centers unable to reduce Qy, the fraction ot centers
that undergo zero or two transitions in response to
single flashes ot light and the absorption changes that
accompany the formation and reduction of semiquinone
anion at the Qy-site. Interpretations of some carlier
investigations [581,582] are now belicved to have been
misled by the latter [570,584,587,5911].

The absorption changes that accompany the S, — S;.
S, =S, and >, — S, transitions were initially reported
to be similar and to consist of broad absorption in-
crecasces that are maximal near 305 nm and have shoul-
ders near 350 nm [178.579.585). This work was per-
formed by Dekker. van Gorkom and co-workers. who
employed PS Il membranes isolated from spinach.
Subsequently, Lavergne. working with an algal mutant
that lacks PS I and part of the LHC complex, reported
that the changes accompanying the S, - S; transition
are slightly different and somewhat smaller than those
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accompanying the S, — S. transition [383.5::4]. He also
reported that the absorption changes that accompany
the S, — S, transition are negligible [S83.584]. At the
same time. Witt and co-workers., working with PS 1
preparations isolated from the cyanobacterium Syne-
chococcus elongatus. reported spectra for the §, — S,
and S, — S, transitions that were considerably differ-
ent from those reported by Dekker et al. and by
Lavergne [569.570.592]. The spectra of Witt and co-
workers had maxima ncar 340 nm. Witt and co-workers
also reported a different spectrum tor the §, — §
transition. This spectrum had a maximum ncar 310 nm
and its amplitude at 355 nm was at least 3-fold smaller
than the spectra of the other two  transitions
[569.5370.5386.5392]. The spectra obtained by Wit and
co-workers were obtained in the presence of 24 uM
NH.OH. which was added to synchronize all centers in
the *S |7 state (see subsection 11-G.2). Howeser, the
desired synchronization of all centers in the °S |7 state
may not have been achieved: consequently. the exam-
ined samples may have  Hmtained a mixture of S-states
(see discussions in Rets, 357.588.593). Also, because
oxidation products of NH.OH have been reported to
alter the recctivity and environment of the Mn complex
[572-374] (sce subscection 1-(3.2). the spectra may be
partly artifactual. Nevertheless, spectra obtained by
Witt and co-workers in the absence of NH.OH [570]
also differed from those obtained with the algal and
spinach preparations. suggesting that the absorption
changes that accompuany the S-state transttions may
differ between evanobacteria and cukarvotes. This sug-
gestion has recently been disputed by Dekker, however
[557].

Lavergne recently reported spectra obtained with
PS 11 membranes isolated from spinach [589] (scc Fig.
16). These spectra have  higher  resolution  than
Lavergne's previous spectra obtained with algal cells
[S8Y]. As originally reported by Lavergne [584). the
latest spectrum of the S, — S, transition is somewhat
different than that of the S, - S, transition and the
absorption changes that accompany the §, — S, transi-
tion are negligible [589]. The shoulders near 350 nm
are clearly resolved in these latest spectra, The contro-
versies surrounding the amplitudes and shapes of the
spectra remain unrcsolved. however. On the busis of
recent analyses. Dekker has concluded that the absorp-
tion changes that accompany the S, — §, transition arc
at least 50 as large as those that accompany the
Sy » S, and S, — S; transitions and that all threce
spectra are similar. with those of the §, »S. and
S, — S, transitions being cssentially indistinguishable
in shape or ampliiude [S57]. Renger and co-workers
have recently reported [391] that absorption changes
measured for the §, - S| transition at 385 am are
smaller than reported by Dekker [357] but larger than
reported by Lavergne [588.589]. Finally. Van Gorkom
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Fip. 16 Opticad absorption spectra of the individual S-state transi-
tions obtained with spinuch PS 11 membranes. The dotted curve
denoted “e.d. is the spectrum of flash-illuminated Ca” -depleted PS
I membranes that had been poised in the dark-stable S, state

hetore illumination (reproduced from Fig. 13). Reprinted trom
Ret, 589,

and co-workers maintain that the absorption changes
for all three transitions are similar and have similar
amplitudes [394]. (Note. however, that Lavergne's re-
cent work [589] was performed in reply to Dekker {5571
and Van Gorkom [594].)

The absorption increases that accompany the §,, —
$,.5, =S, and S, — S, transitions are reversed during
the S; - (8,) =S, transition [568.570,579.580.583—
586.589.590]. Consequently, the optical absorption data
have been interpreted in support of mechanisms of
water oxidation that involve a concerted oxidation of
water during the S; — S, transition {557.568.570.579,
580.585.580.390] (sce subsection H-H).

Interpretarions. Based on comparisons with spectral
changes in a binuclear Mn-gluconate complex. Dekker.
van Gorkom and co-workers proposed that §, - S,
S, — S, and S, — S, transitions cach represent the
oxidation of one Mn(IID) ion to Mn(1V) [178.557,579].
In contrast. Witt and co-workers [569.570.586] and
Lavergne [584] proposed that the §,— S, transition
represents a Ma(lD to Mn(llD oxidation because of
the smaller absorption increases which they attributed
to this transition. However, some workers {including
Lavergne) have cautioned that Mn oxidation states
cannot be unambiguously assigned on the basis of
optical absorption data alone {584,587,588.591,595~—
597]. For example. the spectral properties of Mn(ID) to
Mn(lll) oxidations in tri- and tetranuclear u;-oxo
bridged Mn-carboxylate complexes [395] resemble those
of the S, =S, and S, — S, transitions reported by
Dekker ct al. and Lavergne. Oxidations of a Mn(1D ion
to Ma(lHD during the §,— 8, transition and of a
Mnd(Il) ion to Mn(lV) during the §; — S, transition
would agree with the interpretations of the X-ray ab-



sorption and magnctic resonance dita described in
subsection 11-C2. However, the interpretation that a
Mn ion is oxidized during the S, S; transition is
clearly in conflict. Because the formation of the 130-
164 Gauss-wide EPR signal observed in Ca® *-depleted
samples was attributed to the oxidation of a histidine
residue (sce Fig. 13 and subsection H-B.1) it has been
proposed that the S, — S, transition in native PS-11
complexes also corresponds to the oxidation of a histi-
dine residue {452]. This suggestion remains controver-
sial, howcver (see subsection H-F). Indeed, Laveigne
has recently suggested that this transition might corre-
spond to the oxidation of a tryptophan residue {589].
Bascd on his spectra for the S, — S, transition, Dekker
has recently suggested that the §, — S, transition may
correspond to the oxidation of a histidine residuc [SS57).

The rate of eleciron transfer from Mn to Y, . The
mechanism driving the S-state transitions is the oxida-
tion of Mn by Y, . The rates of the individual transi-
tions have been determined by time-resolved measure-
ments of optical absorption changes measured in the
ultraviolet. Dekker, Van Gorkom and co-workers ob-
taincd halftimes of 30, 110, 350 and 1300 us for the
S¢—8,, 8, —8,. S,—=8; and S, = (S,) > S, transi-
tions, respectively [580] and subsequent authors have
obtained similar values [480.5700,582). These values are
consistent with those mecasured for the decay of Y, in
timc-resolved EPR experiments [6G.598-601] and in
cxperiments involving mcasurements of clectrolumi-
nescence [602]) (also see Ref. 603). As might b ex-
pected from clectrostatic considerations. the rate of
clectron transfer from Mn to Y, decreases as the
number of oxidizing equivalents that are stored in the
water-oxidizing complex increascs. The temperature-
dependence of the S-state transitions has been dcter-
mined by EPR [392.482]. thermoluminescence [481.989]
and optical absorption [480.591] mcasurements. Activa-
tion cnergies [480.591] and entropics [480] have been
reported. The §; — S, transition takes place at much
lower temperatures (135-140 K) than the other transi-
tions (220-235 K) [392.481.482]. The higher tempera-
tures required for the other S-state transitions have
been suggested to correlate with proton release or
structural rearrangements that accompany all S-state
transitions except the S, =S, transition [38.481.482]
(sce subsections H-E and il-H).

H-D.2. Absorption changes in the risible and near-in-
frared

Flash-induced optical absorption changes in the visi-
blc [178,568.571,579.584,585.589.590.604 -608] and pos-
sibly the near infrared [609] (see below), are also asso-
ciated with the S-state transitions. Like thosc in the
ultraviolet, these changes oscillate with a period of four
in response to a series of flashes. The absorption
changes in the visible have been attributed to elec-
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trochromic shifts of abworption bands of carotenonds or
chlorophyll «: an apparcent <hift of o carotenod band
was observed at 514 nm [605], an apparent red-shift of
the chlorophyll ¢ Soret band was observed near 438
nm [178.5379.5384.589.604.608] (sce Fig, 16) and ua ap-
parent blue-shift of other chlorophyll ¢ transitions was
abservad near 080 nm [568.571.007.608] The magni-
tudes of these shitts were observed 1o be maximal, but
opposite in direction. during the S, =S, and $, — (8 )
— 8, transitions. A smaller shift. opposite in direction
to that associated with the S, — S, trunsition. was
reported for the S, — S, transition and a negligible
shift was reported for the §. — S, transition (see Refs.
S8S.589.590 in particular). The magnitudes of those
shifts (at least those near 435 nm) have recently been
shown to depend strongly on pH [339]. The shift associ-
ated with the S, — S, transition appears to be maximal
below pH 5.5, while that associated with the & — S,
transition appears to be maximal ncar pH 7,75 [859),
These clectrochromic shitts have been attributed to the
creation an uncompensated positive charge (or ph-de-
pendent fraction of charge. see subsection T-1) m the
water-oxidizing complex during the 8, -+ S, transition
[S68-ST71.584.605.607.608] (see also the (iscussions in
[S85.589.5901). Because the uncompensated charge ap-
pears 1o be present primanly in the S, #nd S states. it
has been proposcd that deprotonation ¢vents compen-
sate for positive charge formed during the S, — §| and
S. -+ S, oxidations. but not for a charge or fraction of
charge formed during the S, — S, oxifation [S68-
571.584.592.605.607) (for further discission. sce sub-
scetion H-E). The absence of a deprotonation event
during the 8§, — S, transition has been proposed to
account for why this transition occurs at iemperatures
considerably lower than hose requircd for the other
transitions [480-482]. A strong clectrocaromic shift
ncar 435 nm duning the S, — S transition has recently
been reported in Ca” -depleted samples [432] (see Fig.
16). On the basis of this obsernvation. it has been
proposed that the deprotonation event normally associ-
ated with the S, — S, transition s prevented in the
absence of Ca’' [452] The presence of uncompen-
sated positive charge on or near the Mn complex i the
S. and S, states has been proposed to account for why
Cl ions appear to hind more strongly inthe S d S,
states than in the S, or S, states [610] (sce subsection
-D).

Optical absorption changes in the near infrared that
arc associated with the S-state transitions have been
attributed to intenalence clectronic transitions within
a mixed-valent Mn cluster [609.611]. The optical spec-
trum corresponding to the S, state has been reported
to extend out to 1030 nm and to have s maximum at
780 nm [609]. However. this assignment has been chal-
lenged and the spectral chunges have been attributed
instead to changes in sample scattering [60OS],
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The rate of electron transfer frome Y, to PO80 . In
oxvgen evolving samples, this clectron transter rat - has
been determined trom chlorophyll ¢ fluorescence mea-
surcments [612-614] and from  optical  absorption
changes in the near intrared at 820-837 nm [615-618]
and in the visible at 680-688 nm [617.619]. Under
multiple flash conditions (conditions where the four
S-states are equally populated), the rate was tound to
be multiphasic [615-617.619). In approx. 707 of PS-11
centers, halitimes of approx. 25 ns, approx. 50 ns, and
approx. 300 ns were observed., while in approx. 309 of
centers. halftimes of approx. 5 us. approx. 35 us: and
approx. 200 us: were observed [617] Subsequent mea-
surements utilizing single flashes found .hat the rate
has a halftime of approx. 20 ns when the water-oxidiz-
ing complex is in the §, and S, states and to have
components of dapproximately equal magnitude with
halftimes of approx. 10 and approx. 280 ns when the
water-oxidizing complex s in the S, and §; states
[618.620]. The approx. 3 us and approx. 200 gs compo-
nents were attributed to inactive centers (the latter to
charge recombination between Q, and PO68U ™) but
the magnitude of the approx. 35 us component was
found to be S--tate-dependent and to ¥ maximal in
the S, and S, states [621]. An invo .cment of the
approx. 35 ps component in oxygen-cvolving centers
was suggested [621]. However, i more teeent studics
this component has been attributed to inactive PS-1
centers [382.622]. It has been suggested 1o arise irom
the reduction of a monomeric Chl™ molecule rather
than of P80 [623] and its apparent S-state depen-
dence has been suggested o be artifactual [382]. The
presence of an uncompensated positive charge (or frac-
tion of charge) on or near the Mn complex in the S,
and S, states has been postulated to account for why
the rate of clectron transfer from Y, to Po8)" s
slower in the S, and S, states than in the §, or §,
states [569.618.6020).

Trecatments that perturb or extraco the Mn complex
chiminate the nanoscecond components of the clectron
transfer reaction. These treatments include incubation
with Tris or NH,OH [383.384.615.616.623-627]. ox-
traction of Ca™" [487] (sce also Ref.628). or partial
digestion with trypsin [62¢.630). Treatment with 600-
660 mM .cowote. which reversibly inhibits oxygen evo-
lution [631] and «ompetss with Cl- for a site possibly
on the Mn complex [439] (sec subsections 11-G.1 and
[IE-D). slows the reaction to 160-170 s [631-0633). (It
should be noted that retardation of electron transter
from Y, to P680" is apparently not a characteristic of
all treatments that inhibit oxygen evolution [634])

The temperature-dependence {635] and pH-depen-
dence [620,622] of electron transfer from Y, to Pe8y”
have been examined in oxygen cvolving samples, as
well as in Mn-depleted samples [383.384.625.627.629.
636.637). The reaction’s activation cnergy is substan-

tially greater in Mn-depleted [636] than in oxygen-
evolving [635] samples (approx. 46 kJ /mol vs. approx.
10 kJ /mol). Based on the activation energy measured
in oxygen-cvolving samples. a reorganization parameter
of 150-600 mV was estimated for the ieaction from
classical Marcus clectron transfer theory [638]. In oxy-
gen evolving samples, as the pH was lowered from pH
6.5 to pH 4, the rate of the reaction in the S, state
slowed from approx. 20 ns to 40-50 ns [620]. Concur-
rently, the ratio of the approx. 40 ns phase to the
approx. 280 ns phase in the S, state decreased to near
zero [620] and the fraction of centers with rates in the
us tit ¢ range increased from approx. 2177 to approx.
77¢¢ [+ 22]. To account for these data, the 1resence of
an acicéic group with a pK | of 5.3 near the Mn conplex
was postulated [620]. The presence of an acidic group
with a pK, of 5.8-6.0 has also been proposed on the
basis of the pH-dependence of the rates of Y, oxida-
tion and Y|, reduction by the Mn complex [122]. Also.
the presence of an acidic group with a pK | of 6,05 has
been postulated based on recent measurements of the
pH-dependence of proton release [559] (sce subsection
H-E).

H-E. Proton release accompanying the S-state transition:

On the basis of the S-state-dependences of elec-
tochromic shifts of optical absorption bands and the
rate of P6R0™ reduction (see subsection 11-D.2), the
stoichiometry of protons released from the water-
oxidizing complex per P680 during the S-state oxida-
tions was proposed to be 1:0:1:2 for the S, —S,.
S, —8:. 8.8, and S$:-(§5,) =S, transitions, rc-
spectively  [568-570.5384.605.607.618]). This proposed
pattern of “intrinsic’ proton release was found to coin-
cide with dircct measurements of the stoichiometry of
protons released into solution during the S-state transi-
tions: a stoichiometry of 1:0:1:2 for “extrinsic” proton
release was determined by several groups on the basis
of measurements with sensitive glass electrodes (6391,
pH-scnsitive dves [564.574.640-645). or an EPR spin
probe {646]). Measu-cments of delayed fluorescence as
a function of S-state were interpreted as being qualita-
tively consistent with this stoichiometry [647.648].

However, on the basis of a new interpretation of
proton release measurements and newer data. the
mcasurcd proton release stoichiometry in intact prepa-
rations has recently been determined to be non-integer
[559.049-0651] and tc depend on pH [559.651]. At pH
6.5. the stoichiometry was determined (o be
1.2:0.2:095:1.65 for the S, —>8§,. § —=S8.. §.—8;
and S, —(8,) —> S, transitions, respectively [559]. As
the pH was increased from pH 3.5 to pH 8. the number
of protons released during the S, — S, transition de-
creased from 175 to 1. the number of protons released
during S, -» S, transition increased from 0 to 0.5, and



2
- $3—+50 I
T T T /'{
1.5 o T T
@ SO—+S1 i
2 e i o SN i
- T -
2 s2-+53 ‘
4 i
i i
[-% !
0.5 -
31»52// ~
.‘.
° :"&/

pH
Fig. 17. The pH-dependence ot the number of protons relcised into
solution per POKO during the individual S-state tranvitions. The solid
lines represent a fit of the data points to o model imolving pAk |
shifts or deprotonations of four separiic groups located on or near
the Ma complex. The dashed cune. represenimg the stoichiometn
of proton release during the S, =4S ) — 5, transition. was cakeu-
futed by assuming that four protons are released during cach S state
cyele. Reprinted trom Rel. S50 with permession (copyright 1991 by
the American Chemical Society )

the pumber of protons released during the S, — S,
transition remained close to 1 [559.651] (see Fig. 17).
Earlier interprctations of proton release data are be-
licved to have becen misled by an expectation of an
integer stoichiometry [559.649.650). Some earlier woik
is also believed to have been misled by a transient
alkalinization of the narrow external partitions that
exist between appressed thylakoid membranes [579.
649.650]. This transient alkisinization was caused by
proton uptake in response to the reduction of Q. The
superposition of this alkalinization on the acidification
causcd by proton release created o slow phase of
acidification that was ignored in carlier measurements,
Correcting some carlier data [643] for this alkaliniza-
tion viclds the non-integer stoichiometry obsenved in
recent studies [651]. The non-integer and pH-depen-
dent stoichiometry of proton release has been inter-
prcted in terms of a combination of specific deprotona-
tions and electrostatically-induced pK, shifts of
protonatable amino-acid residues [559.649-651]. As a
precedent for this interpretation. it has been pointed
out [559.649-651] that non-integer and pH-dependent
proton binding is associated with the single clectron
reductions of Q. and Qy in reaction centers from
purple non-sulfur bacicria. and that these data have
also been explained in terms of pK, shitts of several
ncar-by amino-acid residucs [652-654] (alco see Ref.
82).

The pH-dependences of the clectrochromic shifts
that accompany the S, -8, and §, — S, transitions
correlate with the pH-dependences of the fractional
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numbers of protons released on the: ¢ transitions (334,
Consequently, the agreement between the appurenst
trinsic proton release patiern ostimated trom cle -
trochromic shifts and the measurcd oxtrinsic proton
release pattern stull appears to hold. However, whether
cither pattern represents deprotonation cvents it the
water oxidizing complex, or even in ity vicinity. is undet
debate (see below). Furthermore., it has been argued
that the proton release stoichiometny cannot be de-
duced solely trom clectrochromic shifts [339).

According to one view, the extrinsic proton release
stoichiometry measured in intact samples reflects de-
protonation cvents in the immediate vicinity of the
water oxidizing complex and includes individual depro-
tonations and pK, shifts of amino acd residues that
are closely associated with the Mn complex [559] At
least four distinet protonatable groups are postulated
to be involved [359] Two of these groups are proposed
to have pA | values of 6,05 and 8.2 in the S, state [539].
As mentioned in subsection H-D.20 an acidic group
with a pK, of 58-6.0 has previoushy been proposed to
influcnce electron transfer between Y, and the Mn
complex [122]0 The numbers of protons released per
PORO during the §, —§, und S, — S, transitions are
proposed to result from changes in the pA | values of
at feast three groups caased by clectrostatic interac-
tions with the Mn complex [339]. However. one proton
released during the §,, -+ S, transition may correspond
to a deprotonation of the Mna complex atselt (1.
Lavergne. personal communication). The prowon re-
lcased during the S. —S. transition is proposed o
result solely from the deprotenation of a specifc
residue: because no significant elecirochromic shift ac-
compames the redease of approximately one proton por
PoRO during this transition. it s proposed that an
amino-acid residue rather than the Mn complex i
omidized during this transition {3539) This residue s
suggested to have a pA | of < 9.5 i 1 reduced torm
and 2 3.5 in its onidized torm [539],

An alternate view is that the extrinsic proton relcase
stoichiometry measures protons contributed by several
sources and does not nocessariby reflect deprotonation
events ot the waier oaidizing site (MRG0T ST1806,
597.645.651.655-659). It has been suggested that the
protons rcleased by water oxidation may cquilibrate
stowly with the ¢xternal agucous phase during the time
scale of the proton relcase measurcinents [S69.6355
6536.6534]. Conscquenty. the measured protons could
arise from amino acid ph | shifts that are indirecth
caused by events at the water oxidizing ~ite 1371.574,
596,597,645 659 Such residues could be located far
from the Mn comple. [S697.645) The pK, values of
such residucs could change in response 10 the confor-
mational rearrangements of the Mn complex that are
belicved to avccompany the S-~tate transitis ns (seo sub-

seetion -G, Such pKo changes of amine-aaid
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residues located far from the Mn complex may also
contribute to the uncompensated positive charge in the
S, and S; states that gives risc to the S-state-depen-
dent electrochromic shifts and P680 " reduction Kinet-
ics that were attributed 0 intrinsic’ deprotonation
cvents [597.645). Conscquently, the intrinsic and extrin-
sic proton relcase patterns could be different manifes-
tations of a single phenomenon that does not dircctly
reflect deprotonation events at the water oxidizing site.

If the measured proton releasce pattern is only indi-
rectly related to deprotonation cvents at the water
oxidizing site, the pattern should be sensitive to changes
in the structure of PS I1. ladeed. the pattern changes
significantly when PS 1I membranes are purified io
remove the extrinsic 24 and 17 kDa polypeptides and
the LHC polypeptides [657.658] or are trecated with
trypsin [657.659]. A proton release stoichiometry of
P:1:1:1 was recently obscrved in thylakoid mem-
branes from pea plants that were giown under inter-
mittent light and that consequently lacked the Li C
polypeptides [651,060]. On the basis of these data, it
was suggested that (i) once proton is released from o
specific aroup near the Mn comnlex during each of the
So—S,.8, 8, und S, — S, transitions, (ii) four pro-
tons and four electrons are abstracted from H,O dur-
ing the S;—(S,)— S, transition, (iii) three of the
protons that are released from H,O during the S; =
(§,) — S, transition reprotonate the groups that had
been deprotonated during the other transitions and (iv)
the LHC polypeptides modulate proton release from
the water oxidizing complex. imposing the pH-depen-
dent, non-integer stoichiometry that is actually mca-
sured [651]. The involvement of LHC polypeptides in
directing protons from the water oxidizing complex to
the lumen will be discussed later in this subscction.

However. those workers who argue that the extrinsic
proton release stoichiometry reflects deprotonation
events at the water oxidizing site offer a different
interpretation for the 1:1:1:1 stoichiometry observed
in samples that lack the LHC polypeptides. According
to this alternate interpretation, the absence of the
ILHC polypeptides exposces  additional protonatable
amino-acid residues near the Mn complex to the aque-
ous phase {559]. Dcprotonation of these additional
residues neutralizes charge accumulation in the vicinity
of the water oxidizing complex caused by the S-state
oxidations, giving rise to the altered proton release
stoichiometries observed in these [559] and in trypsin-
treated preparations. The debate over whether the
extrinsic proton release stoichiometry measured in na-
tive samples directly reflects deprotonation events at
the water oxidation site remains unresolved.

The rates at which protons arc released during the
individual S-state transitions have been reported
[564.643.645]. Except for the S; —(S,) — S, transition.

these rates do not correspond to the rates at which the
Mn complex is oxidized by Y (sce subsection II-D.1)
[564.643). Proton release halftimes of 250 us, 200 us
and 1.2 ms were estimated for the 5,—8S,, §,—8S;
and S; — (S,;) — S, transitions in thylakoid membranes
[564.643} and similar values were reported in PS 11
membrane fragments [645). For the S, — S, transition,
the reported rates of proton release are slower than
the rate of reduction of Y; by the Mn complex. For
the S, — S, transition, howcver, the rcported rates of
proton release are faster than the rate of reduction of
Y, (200-250 us for proton release [564,643,645] com-
pared to 350-450 us for the reduction of Y;
[480.570.580,582]). This result was explained in terms
of a deprotonation of an acidic group near Y, [564.643].
Howe /er, the proton release halftimes measured in

“~oid membrancs need to be reevaluated. It is now

.¢eved that the extent of proton release during each

~state transition was underestimated in these studies
ecause of the transient alkalinization of the narrow
e. ternal partitions between appressed thylakoid mem-
branes [559,649,650]. These underestimates of the ex-
tent of proton release would have led to erroneous
cstimations of the proton relcase halftimes. These halt-
times are now being remeasured in completely un-
stacked thylakoid membranes (P. Jahns and W. Junge,
personal communication). In such preparations, the
h-iftime of proton release during the S, — S; transi-
tion remains faster than the rate of Y; reduction (P.
Jahns and W. Junge. personal communication). The
kinctics of proton relcase are also being examined by
time-resolved studies of the electrochromic shifts that
accompany the S-statc transitions (J. Lavergne, per-
sonal communication).

Covalent maodification of stacked thylakoid mem-
branes with N,N’-dicyclohexylcarbodiimide (DCCD)
appears to interfere with normal proton release: in-
stead of being released to the lumen, protons released
by the water-oxidizing complex appear to be taken up
at the Qy site, diminishing the proton uptake from the
external phase that is associated with reduction of Qg
[661-663]). Modification with [*C)-DCCD results in
the derivatization of polypeptides of 20-28 kDa
[6A1,663]. These polypeptides have been identified as
LHC polypeptidcs, although some of them are believed
to be associated with PS I [663]. Consequently, it has
been proposed that some LHCII polypeptides play a
role in channeling protons from the water-oxidizing
complex to the lumen [660,663]. As noted above, the
measurcd proton release stoichiometry changes dra-
matically in the absence of these polypeptides
[651,657,658). Interestingly, the binding of Ca®* ions to
some LHC polypeptides interferes with proton release
in the samc fashion as DCCD (P. Jahns and W. Junge,
personai communication).



II-F. The possible oxidation of histidine

II-F.1. Samples depleted of Ca* ™. Cl  or manganese

As mentioned carlicr (sce subsection [1-B.1). the
130-164 Gauss-wide EPR signal obscerved in Ca’*-de-
pleted and Cl -depleted samples has been proposed to
arise from an oxidized organic componcnt that is mag-
netically coupled with the madified S.-state Mn com-
plex [447.448,452,454,484,486,487]. Based on the ultra-
violet absorption spectrum that accompanics the oxida-
tion of the modified S, state in Ca’*-depleted samples
(see Fig. 13), this organic componcnt was proposced to
be a histidine radical [452]. Specifically, the spectrum
in Ca**-depleted samples was found to be similar [452]
to that generated by the covalent addition of a hydroxyl
radical to histidine in water at pH 9.2 [664]. It was
suggested that the resulting histidine-OH - radical might
represent an intermediate of water-oxidation [452] (sce
subsection [I-H). Similaritics between optical absorp-
tion spectra generated in biological samples and with
model compounds should be interpreted with caution.
however. For example, earlier comparisons of such
spectra [178,637,665] were interpreted in support of
earlicr proposals that Y, and Y are quinone cation
radicals. Specific deutcration experiments subsequently
demonstrated that Y is a tyrosine radical [62-64] and
directed mutagencsis studies subsequently identified
Yp and Y, as specific tyrosine residues of the D1 and
D2 polypeptides [65-68). Also, it should be empha-
sized that the spectrum that was comparcd to the
spectrum generated in the Ca**-depleted samples was
that of a covalent OH" adduct of histidine, not that of
an unmodified histidine radical. In fact, the spectrum
represents a mixture of different histidine-OH- radicals
[664,666]). In one study it was concluded that the spec-
trum corresponds to at least three different radical
species [666]. These correspond to the addition 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
modified S, state in Ca’*-depleted and Cl -depleted
samples may arise from Y, [456] (although the possi-
bility of tyrosine oxidation was earlier dismissed by
Rutherford and co-workers [452]). It was proposed that
the 130-164 Gauss-wide EPR signal observed in these
samples arises from an interaction between Y, and
the modified S,-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 temperature and
second, both signals can reportedly be generated by
illumination at 10 K after having been allowed to decay
at 77 K for one weck [456]. (Illumination at 10 K allows
only a singic charge separation to occur). However. if
the 130-164 Gauss-wide signal aises from an organic
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radical that is magnetically coupled to the Mn complex.
as was previously proposed [447 448,452 454 484,486,
487]. it scems unlikely that both the 130-164 Gauss-
wide and Y, signals would be present at 16 K. as
reported [456]. Instead. the signal of Y, should vanish,
as does the signal of Pheo™ when it interacts with the
Q. Fc™™ complex to yicld a doublet with a 40-60
Gauss-wide splitting that is visible at temperatures
below 15 K [97.98.108.415.667.668). In onc version of
the recent proposal, the modificd S.-state Mn compiex
gives risc to the 130-164 Gauss-widce signal as a result
of a perturbation caused by the oxidation of Y, [456].
This proposal should be carefully cvaluated. Indeed. if
the 130-164 Gauss-wide and Y, signals are not closely
related. it is difficult to understand why they would
decay at the same ratc at room temperature [456]. (It
should be noted that Boussac and Rutherford have
recently argued that the signal attributed to Y, in the
presence of the 130-164 Gauss-wide signal [456] arises
from an §;- state relaxation enhancement of Y5 [999].)

Photooxidation of a histidine residue has recently
been proposed to nccur Mn-depleted PS 11 membranes
[669-672]. This proposal is based on the observation
that the thermoluminescence "A ;*-band previously ob-
served in Mn-depleted samples [673.674] is reversibly
quenched by treatment of Mn-depleted samples with
diethylpyrocarbonate (DEPC) under conditions that
favor the specific modification of histidine residues
[669.671]. (For reviews of thermoluminescence mca-
surements of PS 11, see Refs. 675-677). Because the
loss of the A -band during DEPC treatment [669.671].
during photoinhibition [670]. or after digestion with
trypsin at pH 8 [672] does not correlate with the
reported amplitudes of the EPR signals of Y, or Y|3.
it has been concluded that the A -band corresponds to
charge recombination between Q. and a photo-
oxidized histidine residue [669-672]. This residue is
proposed to be oxidized by Y, with high gquantum
cfticiency (the amplitude of the A -band that can be
generated by a single flash is approx. 604 of that
generated by multiple tlashes and approx. 30¢¢ of that
generated by continuous illumination [669]). This
residue is also proposcd to mediate the oxidation of
Mn>* during photoactivation [670,672]. Consequently,
illumination is proposed to generate both Y, and the
oxidized histidine residue in the same Mn-depleted
PS-H centers [669.672).

There appcar to be several problems with assign-
ment of the A -band to charge recombination involv-
ing an oxidized histidine residue. however. First. no
EPR 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-depleted PS-11
membranes [383.624.625] and PS 11 complexes that lack
functional Mn [678,679] have been shown to contain
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only a single electran donor (Y,) to P680 " and not two
donors (Y, plus histidine). as is now proposed [669-
672]. Both EPR [348.627.680.681] and optical absorp-
tion [68.178.179 637.665] studics have identified the
single electron donor as Y, (also sce Ref. 123). Finally.
in the absence of exogenous clectron donors or accep-
tors. 73 of the Q. and Y, generated by a single
flash in Mn-depleted PS 1 particles decay with identi-
cal half-times. presumably by charge recombination
[68]. Consequently, any donor.:0 Y, in Mn-depleted
PS Il preparations must be oxidized with a rclatively
low quantum yield.

The A ;-band had previously been assigned to charge
recombination betwcen Q. and Y, [673]. The involve-
ment of Y, in the charge recombination rcaction that
gives rise to the A -band had been suggested even
carlicr [682). If these carlier assignments are correct.
the quenching of the A -band by treatment with DEPC
[669.671) could have resulted trom an alteration of the
redox potential of Y, (or of the quinone clectron
acceptors) in response to the chemical modification of
nearby histidine residues. For example, if His-190 of
the D1 polypeptide forms a hydrogen bond with Y, as
recently proposed [35.65.114.116,122], then derivatiza-
tion of His-190 with DEPC would be expected to
significantly alter the redox properties of Y,. Changing
His-190 to GIn or Asp by site-dirccted mutagenesis
slows the oxidation of Y, by P680" by a factor of
approx. 200 [17.19]. The conclusion that Y, is not
affected by trcatment with DEPC [669.671] or by
photoinhibition with intense ycllow light [670] needs to
be further substantiated. The observation of a low-field
shoulder on an EPR signal that is centered at g =2
[670] is not unambiguous proof for the presence of Y} .
Light-induced radicals other than Yj have bcen ob-
served in samples that lack Y, (c.g., samples that had
been photoinhibited with weak white light [683] or
samples in which the Y, tyrosine residue had been
changed to phenylalanine [684)). These signals were
attributed to a carotenoid radical [683] and to an
unidentified oxidized amino-acid rasidue [684], respec-
tively. In Mn-depleted samples that have been digested
with trypsin at pH > 7.4, the reduction of Y, is greatly
accelerated compared to its reduction rate in undi-
gested Mn-depleted samples [629.630.665]. The insta-
bility of Y; in such samples does not interfere with the
ability of Y, to function in steady-state ¢lectron trans-
fer assays [237,672] nor prevent the EPR signal of Y,
from being photoaccumulated in the presence of clec-
tron acceptors [672]. Nevertheless. the instability of Y,
in samples digested with trypsin. at pH 8 [6721 might
explain the lack of an A band in such samples if the
A ;-band arises from churge recombination involving
Y, . Finally, the possibility that DEPC modifies the
stability of Y|;, rendering it easily confused with Y,
must be constdered. Unfortunately, only light-induced

EPR signals were reported in the one study that pre-
sented EPR spectra of DEPC-modified samples [671].
An unambiguous assignment of the A -band in Mn-
depleted samples will require that this band be corre-
lated with changes in EPR and optical absorption
spectra.

It should be noted that the EPR and optical studies
which demonstrated that Y, is the only donor to
P680 " in Mn-depleted samples were performed at
room temperature. The A ;-band is formed maximally
by illumination at approx. 250 K [674]. The reduction
of P680* by Y, is more drastically affected by temper-
ature in Mn-depleted [636] than in oxygen-evolving
[635] preparations. Because of the slower donation by
Y. the reduction of P680" in Mn-depleted samples at
temperatures below 270 K has been described in terms
of a competition between electron donation by Y, and
Q. ; no other electron donors were invoked [636].
Nevertheless, it would be worthwhile to ascertain by
EPP. or optical absorption measurements whether a
component other than Y, (c.g., an amino-acid residue)
becomes oxidized in a fraction of Mn-depleted PS-11
centers at temperatures near 250 K. Such a component
might give rise to the A -band even if it were oxidized
in only a small fraction of PS-H centers, provided that
the A ;-band does not arise from charge recombination
involving Y, .

II-F.2. Native samples

The optical absorption spectrum that accompanies
the oxidation of the modified S. state in Ca**-trcated
samples [452] (Fig. 13) resembles the spectra reported
by Dekker (e.g.. Ref. 557) and Lavergne (e.g., Ref. 589)
for thc S, — S, transition in untrecated samples. A
major differcnce. however, is that the shoulder near
350 nm is missing in the spectrum of Ca’*-depleted
samples [{452] (see Fig. 16). Because of the similarities
between the two spectra, Rutherford and co-workers
proposed that histidine is oxidized during the §, » S;
transition in native samples [452]. This proposal would
explain the apparent lack of Mn oxidation during the
S.— S, transition found in the X-ray absorption
[389,411.530.531.533,534]), NMR {524-527}] and EPR
[551,552] experiments (see subsection 11-C.2). The dif-
ferences between the two spectra, most notably the
absence of the shoulder near 350 nm in the spectrum
of Ca”"-depleted samples, were attributed either to
artifacts introduced by the deconvolution procedures
that were employed to determine the S; — S, spectrum
in the untreated samples, or to structural changes that
resulted from the removal of Ca’®* [452]. Problems
with the deconvolution procedures appear to have been
ruled out by recent optical absorption mecasurements
reported by one of these authors [589] (see Fig. 16).
However, as mentioned in subsection 11-C.1, based on
X-ray absorption edge measurements, extraction of



Ca’* appears to alter the structure of the Mn environ-
ment, at least when Ca?* is extracted with sodium
citrate at pH 3 [424] (M.J. Latimer, V.J. DeRose, V.K.
Yachandra, 1. Mukerji, K. Sauer and M.P. Klein, per-
sonal communication).

In contrast to the arguments of Rutherford and
co-workers, Dekker has argued that the presence of
the shoulder at 350 nm in the spectrum of untreated
samples indicates that Mn, not histidine, is normaliy
oxidized during the S, — S, transition [557). Further-
more, Lavergne has recently suggested that the absorp-
tion changes that accompany this transition in un-
treated samples might correspond to the oxidation of a
tryptophan residue [589]. Consequently, the contro-
versy over whether the same component is oxidized in
both native and Ca’*-depleted samples during the S,
— S, transition remains unresolved. It has recently
been suggested that the putative histidine residue and
the Mn complex may normally be in redox equilibrium,
with oxidation of the histidine residue being favored at
the cryogenic temperatures that were employed for the
EPR and X-ray absorption measurements and oxida-
tion of the Mn complex being favored at the ambient
temperatures that were employed for the optical ab-
sorption measurements [557,571] (G.T. Babcock, per-
sonal comuaunication). This suggestion does not ac-
count for the NMR data, however, which were recorded
at room temperature and have been interpreted as
favoring no oxidation of manganese during the S, = S,
transition [524-527] (see subsection 11-B.2).

To summarize, the evidence that a histidine residue
is oxidized during the S, — S, transition in native PS H
complexes, or even in samples depleted of Ca’*, ClI~,
or manganese, is far from conclusive. The recent pro-
posals: that a tryptophan residuc may be oxidized
during this transition in native samples [589), that the
manganese complex may be in redox equilibrium with
an aromatic amino-acid residue [557,589)] and that the
130~-164 Gauss-wide EPR signal arises from an inter-
action between Y; and a modified S,-state of the Mn
complex [456]. all warrant further study.

11-G. Substrate analogues and the site of water oxidation

H-G.1. Amines

Many primary amines (ammonia, methyl amine.
tert-butylamine, Tris, 2-amino-2-ethyl-1,3-propanediol).
at low concentrations, are reversible inhibitors of water
oxidation [437-439,685-689]. Their effectiveness as in-
hibitors is proportional to their nucleophilicity
[439,689], suggesting that they act as Lewis bases to
displace H,O or other ligands from Mn [689]. Ammo-
nia had previously been proposed to compete with
substrate H,O for a site on Mn [687]. The binding of
amines is purely competitive with Cl~ in steady-state
inhibition studies [437~439]). Because Cl™ is required
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for oxygen evolution [472.685] (for review sce Refs.

© 38,270.690,691), these results have been interpreted as

indicating that amines displace Cl1~ from a site located
on the Mn complex [437-439]. From experiments that
were performed with electron acceptors having differ-
ent efficiencies. it was proposed ihat amines bind to
this site in the S, or §; states {439]. Ammonia is unique
among amines in that its binding is not purely competi-
tive with C1~ [438]. This finding has been interpreted
as demonstrating that NH; binds to a second site on
the Mn cluster, a site that sterically excludes amines
larger than NH ; and which does not bind Cl ™ [438.439].
Because NH, is isoelcctronic with H.O [687]. this
second NH ;-specific site has been proposed to be a
binding site for substrate H,O {438.439].

If amines bind to the Mn complex, they should alter
its magnetic propertics. Indeed. microwave power satu-
ration studies of Y, have shown that amines disrupt
the magnetic interaction between Mn and Y, and that
the extent of the disruption increases with the size of
the amine [689]. Disruption is minimal for NH ;. how-
ever [688]. Studies of the S,-state manganese EPR
signals have found two coordination sites for NH,
either on or near the Mn complex. One site is specific
for NH, [427] and methylamine [428]. The extent of
binding of NH ; and methylamine to this site correlates
inversely with the concentration of Ci~ [428,435.430].
Coordination occurs in the S, state and. with higher
affinity, in the S. state [427.436]. Coordination stabi-
lizes the S,-state g =4.1 EPR signal with respect to
the multiline signal {427-429,435,436} In the presence
of 30% cthylene glycol, the enhanced g = 4.1 signal is
identical to that produced by illumination of untreated
samples at 130 K [427.428]. However. in the presence
of 0.4 M sucrose [436,442} or in the absence of cryopro-
tectant [429], the signal narrows from approx. 360
Gauss to approx. 300 Gauss and shifts to g approx. 4.2.
As discussed earlier (see subsection I1-B.1), oriented
NH ;-treated samples., prepared in the presence of 0.4
M sucrose, display approx. 16 partially resolved hyper-
fine lincs spaced by approx. 36 Gauss [402,420]. Be-
cause Cl~ decreases the binding of NH, and meth-
vlamine to the site responsible for these alterations of
the g = 4.1 EPR signal {428,435,436). this site has been
equated with the ClI~ site identified in the stcady-state
inhibition studies mentioned above [428,436]. Indeed,
the NH ;-induced resolution of hyperfine lines on the
g=4.1 EPR signal has been suggested to represcent
direct coordination of NH; to a CI” site on the Mn
complex [402], as was concluded in the steady-state
inhibition studies [437-439]. There are difficulties with
equating the CI~ sites identified by EPR and steadv-
state inhibition studies, however. First, many more
amines interact with the Cl™ site in the steady-state
inhibition studies [427-439] than in the EPR studies
[427.428). Second, NH ; stabilizcs the g = 4.1 signal at
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concentrations that are considerably below those re-
quired to inhibit «teady-state oxyveen evolution [427].

The sccond NH -binding site identificd m EPR
studies is speciiic for NH, [427] and doces not bind Cl
{427.429.436.446). Conscquently, it has been equated
with the Cl -insensitive, NH ;-specific site identified in
the steady-state inhibition studics. This site has a lower
affinity for NH; than the Cl -sensitive site [427.428.
436,442 It binds NH, in the S, state, resulting in an
altered muultiline EPR signal having more lines and
narrower hyperfine splittings (67.5 vs. 87.5 Gauss) than
the unmodified signal [414.427-429.436,442.443
445.446] (see Fig. 9). The alteration of the hyperfine
spacings was interpreted as demonstrating direct coor-
dination of the Mn complex by one or more NH -de-
rived ligands in the S. state [427,443] and a specific
modcl for NH | binding involving formation of p.-im-
ido bridges in the S, and S, states was proposed [444].
Electron Spin-Echo Envelope Modulation (ESEEM)
experiments with "NH and " NH, have confirmed
that a single NH ;-derived ligand coordinates the Mn
complex in the S, state [446.554]. On the basis of these
data, an amido (NH.) bridge between two Mn ions, or
between one Mn and one Ca” ' ion. has been proposed
[446.554]. The exchange of NH; into the coordination
sphere of the Mn complex in the S, state has been
shown by EPR studics to take place at temperatures as
low as 198 K [429]. accounting for carlicr reports of
coordination of NH; to this site in the §, state
[436.442.445]. Because NH,; and H.O are isoclec-
tronic. evidence for dircet coordination of Mn by a
NH ;-derived ligand has been taken as evidence for
direct coordination of the Mn complex by substrate
H,O [427.428.438.439.443.446]. Indeed, because NH,
exchanges into the coordination sphere of the Mn
compiex in the S, state and because H,O is a weaker
nuclcophile than NH ;. substrate H,G has been pro-
posced to exchange into the coordination sphere of the
Mn complex at the Cl -insensitive NH ,-specific bind-
mg site in the more clectron deficient S, state
[427.428.443 378.567].

The hyperfine lines of the $,-state multiline EPR
signal are slightly broadened by HYO [436.457]. This
broadening suggests direct coordination of Mn by 7O,
although a subtle alteration in the Mn environment
caused by protein structural changes induced by replac-
ing the solvent with HYO cannot be excluded. Direct
coordination of Mn by 7O could occur either by direct
coordination of Mn by substrate H';(). or by exchange
of HYO into structural g.-0xo or y.-hydroxo bridges
[30.31.428,496]), as occurs in model compounds [692].
The NH q-altered multiline signal is also broadened by
HYO [436,445]. This could indicatc that NH, ex-
changes only into a single substrate H,O site in the S,
state. or that cither HYO or NH, (or both) exchange
into structural p,-0xo bridges and not into substrate

H .O sites. Narrowing of the multiline hyperfine lines
by “H.O (obscrved by one group [438), but not by two
others [396,399]) and recent ESEEM  measurcments
conducted with H,O in the presence and absence of
NH , [554]. arc also consistent either with direct coordi-
nation of the Mn complex by "’H:O, or with exchange
of “H,0 into u:‘-hydmxo bridges. Exchangcable pro-
tons within 2-3 A of the Mn complex have also been
reported based on analyses of ENDOR spectra of the
multiline signal obtained in the presence of '"H,O and
ZH:O [440.441.663). Nevertheless, because explana-
tions other than direct coordination of Mn by H,O can
account for the EPR. ENDOR and ESEEM measure-
ments conducted in the presence of “H,O0 or HVO,
there remains no conclusive evidence that the Cl-in-
sensitive. NH ;-specific site identified by EPR studics is
a binding site for substrate H,.O. Indeed, it has re-
cently been suggested that it is not a substrate site
[429] (sce below).

Inhibition of stecady-state oxygen evolution has been
suggested to result from the occupation of a substrate
site by NH ; [38,427,428,435.442 443,446.687]. However,
thc amphtudce of the NH ;-altered multiline EPR signal
oscillates with & period of four in response to a series
of flashes [429]. This demonstrates that the binding of
NH; to the Cl -insensitive site identified by EPR
studies is not sufficient to block the S-state transitions,
although a slowing of these transitions may account for
the inhibition of oxygen evolution that is insensitive to
Cl' [429]. Two recent studies have noted a lack of
correlation between the inhibition of steady-state oxy-
gen evolution and the binding of NH, to the sites
identificd by EPR experiments {429 ,436). One of these
studies presented evidence that inhibition results from
the slow binding of a second NH; molecule in the §,
state [429]. in agreement with an earlier luminescence
study [687]. Both luminescence [686,687] and thermolu-
minescence [442] studies indicate that NH,; blocks the
S: = (8,) = S, transition. The recent observation that
NH ; induces an approx. 100 Gauss-wide EPR signal in
an °S-plus-radical” state also suggests that NH ; blocks
this transition [456,485). Similar signals obscrved in
Ca®*-depleted and Cl -depleted samples have been
attributed to moditied forms of the S, state (see sub-
section 11-B.2) and both Ca® '-depletion and Cl “-deple-
tion have been suggested to block the S; = (S,) - S,
transition (see subscction 111-D). That NH ; binds slowly
in the S, state is suggested by failure of flash illumina-
tion to gencrate the approx. 100 Gauss-wide EPR
signal in NH ;-treated samples [485].

It has been suggested that amines inhibit by binding
in the §; state to the Cl  site that was identified by
EPR studies [38.427.429.436]. It has also been sug-
gested that the water oxidizing complex may contain a
third site for NH ; and that NH . may inhibit by binding
to this site in the Sy state [38.429]. Amines have also



been proposed to inhibit by displacing a bridging Cl
ion from the Mn cluster [437-439), or by aitering the
cluster’s redox potential {438.439]. An NH s-induced
decrease o the redox potential of the S, state s
suggested by the increased lifetime of the Ss-state in
NH ;-treated samples as estimated by EPR {427.429],
fuminescence [687),  thermoluvminescence [442] and
flash-induced O, vicld [694] mcasurements.

It has recently been suggested that the Cl -insensi-
tive, NH (-specific site identified by EPR studies is not
a site for substrate H,0 [38.429]. contrary to previous
proposals [427.428.443]. Instcad. substrate H.O is sug-
gested to bind at the Cl ™ -sensitive site [31.429] (see
also the model presented in Refs, 695.696), or to the
hypothesized third NH ;-binding site [38.429]. In once
recent maodel [31.38.429]0 substrate H,O exchanges for
a Ci  ion during the §; — S, transition. In the lower
S-states, substrate H.O 15 proposed to coordinate to a
ncarby Ca”” ion. The CH jon. suggested to bind to Mn
on the basis of the steady-state inhibition studies cited
above. is proposed to influence the redox potential of
the Mn complex and to prevernt oxidation of water (or
hydroxyl ions) in the $,. S.. or S, states [31.38.429.
567.695-697] (for further discussion. sce subscction
11-H). The close proximity of Ma and Ca®* and the
mutual interaction of these ions with Cl7 | 1s suggested
to explain why the altered S.-state multiline EPR sig-
nal observed in samples having Ca®” replaced by Sy °
[421,422.432] resembles the NH ;-altered multiline sig-
nal (compare Figs. 9 and 10). Such close proximity and
mutual interactions may also explain why the 130-164
Gauss-wide EPR signal (subsection 11-B.2) is obscerved
in both Ca® '-depleted {447.448.451-4560,484) and 1 -
depleted [486.487) samples. This model. while intrigu-
ing, is speculative. There remains no direct spectro-
scopic proof that cither C or H.O occupy sites on
the Mn complex. although recent EXAFS mceasure-
ments on F -inhibited sampics or on sanmiples having
Cl  substituted by Br have been interpreted as indi-
cating that once Cl jon s ligated to the Mn complex in
the S, state [543] (see subsection I-C.D.

It remains unclear how (or whether) the NH, sites
identificd in EPR studies correspond to those identi-
fied in the steady-state inhibition studies. It also re-
mains unclear whether substrate H.O coordinates to
any of the identitied sites. Indeed. it has recently been
proposed that water oxidation may take place at a site
that is physically removed from the Mn complex
[566,593.659.698]. Onc such proposa!l [698] is based on
a recent measurement of the rate that O, is released
from flash-illuminated PS I1 membranes [699.700]. The
released O was detected with a bare metal clectrode
that was opcrated at a much less negative cathode
potential than was cmployed in previous studies [701-
705]. In this study, O, was found to be released from
PS Il much more slowly (30-130 ms) than the time
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required for the S;—(8,)-> 8, transition to oceur
(approx. 1.2 ms). It was also found that the Mn com-
plex could be oxidized through the S-states a second
time. from S to S, while O. or an O. precurnor was
still bound. This apparent ability of the Mn complex to
become oxidized through a second round of S-state
transitions betore O s released is difficult to recon-
cile with direct coordination of Mn by an O, precursor
[698]. Recent electroluminescence measurements have
also been interpreted in terms of a slow rate of O,
release (with a half-time of 60--100 ms [594.603]). How-
cver. these slow rates of O, release contrast sharply
with carlier mcasurements that found the rate to be
comparable to that estimated for the §;-(8,) —§,
transition [701-705). They also conflict with recent
measurements of the rate of O, release as detected by
photoacoustics [706.707]. by EPR oximetry [708,709]. by
the flash-induced oxidation  of mitochondrial  ¢y-
tochromes in anacrobic algal cells [710.711). by a
Clark-type clectrode [712] and by bare metal clectrodes
operated at various polarizing potentials [712,713.991,
992]. In some of these more recent studies, the slow
release reported in Rets. 699,700 was attributed to an
unidentified problem of clectrode chemistry or to an
unclean clectrode (712,713

High concentrations of Tris (e.g.. (.8 M) irreversibly
inhibit oxygen cvolution by releasing Mn(ID ions from
the Mn complex [714,715]. Inhibition is facilitated by
light {716.717]. presumably because Tris preferentially
reacts with the S. state [718]. Recent evidence indi-
cates that Tris acts by reducing the Mn complex via the
Cl site identified in steady-state inhibition studics
and that this reaction also takes place in the S, state,
although at a lower rate [719.720]. This process is
suggested to be a tour-clectron reduction of the S,
state to °S L and of the S state to 'S [719.720]
Similar concentrations of many other primary amines
(NH ;. methvlamine. ethanolamine. dimethylamine and
2-amino-2-ethyl-1.3-propancdiol) also reduce the Mn
complex in darkness {719.720]. The reduction rate by
Tris is 2-fold faster m the absence oi the 24 and 17
kDa polypeptides {720]. Consequently. high concentra-
tions of amines are proposed to act analogously o
hydroxylamines (see subsection 11-G.2) and to bulky
reductants (c.g.. hydroquinonce. phenvlenediamine and
N,N.N N -tetramethyl-p-phenylenediamine) [567,7201
The latter reduce the Mn complex via a Ci~ site in the
absence of the 24 and 17 kDa polypeptides [231.259,
271--276L

Future work must rigorously establish how low con-
centrations of aminies reversibly inhibit  steady-state
oxyvgen evolution, how or whether the NH . sites identi-
fied in the EPR studics correspond to those identified
in the steady-state inhibition studies and whether sub-
stratc H.O molecules or €17 jons directly coordinate
Mn ions. Factors governing the measured rate of O,
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release must also be clarified and the similarity be-
tween the altered S.-state multiline EPR signals ob-
served in Sro-substituted and NH -treated  samples
must be explained.

H-G.2. Hydroxviamines

The reductive amimes NH.OH and NH,NH, are
isoclectronic with two molecules of H,O and were long
ago proposed to be substrate analogues [721-723] As
discussed carlier (see subsection H-A.2), at concentra-
tions of 1-10 mM. NH,OH irreversibly inhibits oxygen
evolution by extracting Mn, presumably by reducing
Mn to Mn(ID) [272.349.350,353,354]. Approximatcly
254077 of the 24 and 17 kDa polypeptides and ap-
prox. 5% of th¢ 33 kDa polypeptide, are released
concurrently. Hydroxyviamine has also been reported to
reversibly inhibit clectron transfer between Y, and
P68 " [665.724-727]. This inhibition has been re-
ported 10 require illumination [663]. However, this
inhibition is difficult to reconcile with reports that
illumination protects against inhibition, presumably by
increasing the relative proportions of the higher S-states
[231.728]. At much lower concentrations (50-200 uM,
depending on the concentration of PS-11 centers),
NH.OH has a negligible effect on the rate of steady-
statec O, evolution [729]. but delays O, relcase
[§71.593,703,721.722.730-732], proton release [560-
564), optical absorption c¢hanges in the  visible
[568.569.571) and ultraviolet [568-571] and the mani-
festation of the S.-state multiline  EPR  signal
[488.489,567]). by two charge separations. Low concen-
trations of NH.,NH, [562-565.572.573.593,723.731,
733-735} and H,0, [736.737] (see subsection 11-G.3)
cause a similar retardation of the S-state transitions.
Low concentrations of H,S [738] and acetone hydra-
zone [739.740). a4 potential protein labeling reagent
[739], have also been proposed to function similarly. At
low concentrations, NH,OH has been reported to in-
teract with the reducing side of PS H {488-490] and
shift the EPR signal of the Q Fe*" complex to g
approx. 2.1 {489,49¢]. However., the identity of the
signal at g approx. 2.1 has been questioned [386.456].
At higher ceacentrations, NH,OH causes the redox
potential of cytochrome A-559 to substantially decrease
{741} and interferes with herbicide binding and Oy
function [742,743].

From an examination of the ability of a scries of
NH ,OH and NH,NH, derivatives to clicit a two-flash
delay in O, release, a model for the dimensions of the
substratc H,0 binding site was proposed, based on the
assumption that NH,OH and NH,NH, bind to this
site [723.731]). The proposed site would sterically re-
strict the access of N-methyl substituted compounds
and particularly of N,N-dimethyl substituted com-
pounds (also sce [573]). The N, recleased from the
oxidation of NH,OH or NH.NH, was detected by

mass spectrometry. as was the O, released from the
oxidation of water. As a result of these studies, a
modecel for the mcechanism of S-state retardation was
proposcd [722.731]. However, the N, that was detected
has more recently been attributed to oxidation of
NH .OH or Nii{.,NH, by damaged PS-H centers that
lack Mn [488,565,568].

Scveral mechanisms for the two-clectron delay of
the S-state transitions by NH,OH and NH,NH, have
been proposed (for review, sece Refs. 38.,488,532,567,
570). Early models based on mcasurements of O, flash
vields proposed that, in darkness. the S, state was
cither not reduced by NH,OH [703). or was reduced by
one electron [703,721,722,730.731]). More recently, EPR
studies have been interpreted in terms of a two-elec-
tron reduction of the Mn complex in darkness, from
the S, state to a stable ‘S _,” state [488.567]. Recent
XANES spectra obtained with samples that lack the
extrinsic 24 and 17 kDa polypeptides are consistent
with this mechanism [544] (see subsection H-C.2).
Flash-induced optical absorption changes in the visible
and ultraviolet have been interpreted similarly [568—
5711 and H,O, has been proposed to delay O, flash
yiclds by the same mechanism [736,737] (see subsection
1i-G.3). However, the reduction mechanisms of
NH.,OH and NH,0H appcar to differ: on the basis of
O, flash yield measurements, NH,OH appears to act
as a single electron donor {593,732], while NH,NH,
appcars to act as a two electron donor [572,593,735].
Both NH,OH [571,593.732] and NH,NH, [593,735]
have been argucd to produce a stablc ‘S_,’ state in
darkness and the existence of an unstable 'S |’ state
has been suggested [277.488,719.720] (also see Ref.
593). In contrast to the recent data just described,
interpretations of earlier O, flash yield {572] and pro-
ton release [560-564] mcasurements favored a stable
association of one to four NH,OH molecules with the
Mn complex in the S state, followed by a rapid reduc-
tion of the 5, state to §,, triggered by illumination. This
mechanism agrees with an earlier proposal [703] and
with X-ray absorption spcctra that were obtained with
samples that retained the extrinsic 24 and 17 kDa
polypeptides [389,530,532-534] (sce subsection 11-C.2).
Consistent with this mechanism, it has been proposed
that NH.OH and NH.NH,, in darkness, may reduce a
redox-active component that is located ncar the Mn
complex rather than the Mn complex itself [565,593,735]
(also see Ref. 732). However, it has been questioned
whether NH,OH, NH,NH, or any reduced redox-ac-
tive protcin-bound component could stably exist in
close proximity to the Mn(HI) or Mn(1V) ions of the S,
state [488]. Some of the discrepancies between the
observations and conclusions of the various NH,OH
studies may be caused by diffcrences in the concentra-
tions of PS 1l and NH ,OH employed and in the times
allotted for reaction with NH,OH (e.g., see discussions



in Refs. 38.488,532.564). The discrepancics have also
been attributed to differences in sample pH or to
differences in the concentrations of Ca®* or Cl™ in the
samples [696]. Alternatively, it has been suggested that
the Mn complex may be in redox equilibrium with an
unidentified redox-active component, with oxidation of
the Mn complcx being favored at room temperature
and oxidation of the unidentificd component being
favored at the cryogenic temperatures that were em-
ploved for the X-ray absorption measurements [571].
This proposal does not account for the earlier O,
release [572] or proton release [560-564] measure-
ments, however, which were conducted at room tem-
perature. A similar proposal has been made regarding
the S, — S, transition (see subsection 11-F.2).

It has been proposed that the oxidation of NH,OH
or NH,NH, alters the environment of the Mn com-
plex, making it less susceptible to attack by these
reductants during succeeding S-state cycles [572-574].
If this proposal is correct, the S, state formed by
NH,OH treatment (scc subscction 11-C.2) may not be
equivalent to that formed during the S, —(§;)—S§,
transition in untreated samples. Hydroxylamine reacts
more readily with the S, state than with the §; state
[445,489.572,593,735.744]. In contrast, O, release mea-
surements have recently shown that both NH,OH
{593,744] and NH,NH [593,735] rcact more rapidly
with the S, state than with the S; state, even though
the S, state is a stronger oxidant. These data have
been interpreted as indicating that the Mn complex
undergoes a significant structural rearrangement dur-
ing the S, — S, transition [593,735] (see subscction
11-H).

Inhibition of steady-state oxygen evolution by
NH,OH is impeded by CI™ in PS Il complexes that
retain the 24 and 17 kDa polypeptides [275.438.472].
At the concentrations of NH,OH employed in these
studies, inhibition would have resulted from extraction
of Mn following its reduction to Mn(Il). In contrast,
Cl~ does not appear to impede the two-flash retarda-
tion of the S-state transitions induced by much lower
concentrations of NH,OH. This conclusion is based on
measurements of proton release [563.564] or of optical
absorption changes in the visible [571]. Although Cl°
has becn asserted to protect against the delayed mani-
festation of the S.-statc multiline EPR signal caused by
low concentrations of NH ,OH [428,435,488], the actual
measurements that led to this assertion were per-
formed with the bulkier N,N-dimethylhydroxylamine
[488], a compound that is 300-fold less effective in
promoting S-state delay than NH,OH [488] (and sec
Refs. 723,731).

Because Cl~ impedes the rate of reduction of Mn
by N,N-dimethylhydroxylamine [488], it was concluded
that hydroxylamine and its derivatives interact with the
Mn complex exclusively via the Cl -sensitive amine
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binding site identified by EPR studies and not via the
Cl -insensitive, NH ;-specific site [428.435.48R]. On the
basis of this conclusion and because the latter site was
assumed to be the binding site for substrate H.O
[427.428,443]). it was concluded that NH.OH und
NH ,NH, should not be considered as substrate ana-
logues [30.428,435,488]. This conclusion is not valid.
however. Becaus: it is based on data acquired onlv
with bulky NH.OH dcriva:ives und because Cl7 doces
not impede the two-flash delays of proton relcase
[563,564] or optical absorption changes in the visible
[571] induced by NH,OH. it scems likely that NH,OH.,
like NH . intcracts with the Mn complex via a second
sitc that does not bind Cl~ and that sterically excludes
bulky amines and hydroxylamine derivatives. Further-
more, as discussed above (se¢e subsection 1H-G.1), the
location of the binding site for substrate H,O rcmains
unknown and has recently heen proposed to be a site
where Cl- binds. Finally, because the inhibition of
steady-state oxygen evolution by NH,OH is impeded
by many anions, including SO;~ [275]. an anion that
does not protect against inhibition by other amines
[428.437.438.532]. it has bcen proposed that anions
protect against NH,OH inhibition by stabilizing the
binding of the 24 and 17 kDa polypeptides to the PS-11
core, rather than by (or in addition to) interacting with
a binding site for C1™ [275] (also see Ref. 745). In the
absence of the 24 and 17 kDa polypeptides, 100 uM
NH,OH is sufficient to extract Mn [231.272.275-277].
and no anion offers protection [275.277]. In contrast,
Cl™ protects {275] against bulky reductants that gain
access to the Mn complex in the absence of the 24 and
17 kDa polypeptides [231,271-273.275,276] (also sce
Ref. 720). 1In light of these data, it has rccently been
proposed that bulky amines, substituted hydroxyl-
amines and other reductants intcract with the Mn
complex via a binding sitc for Cl7. but that small
amines such as NH,. NH,OH and NH,NH , also react
with Mn via an additional sitc thai sterically excludes
larger amines and that docs not bhind CI™ [275.277).
This site may correspond 1o the Cl -insensitive, "NH .-
specific’ site identified in the steady-state inhibition
studies [437-439). and to the sterically-restricted site
that was identified by mass spectrometry [723.7311].

11-G.3. Hydrogen peroxide

As mentioned earlier (see subsection 11-G.2). H,0O,
delays O, release by two charge separations in intact
samples [736.737). In the experiments that demon-
strated this delay, samples were incubated with 3-90
mM H,O, and then were treated with catalase to
decomposc the unreacted H,O, [736.737]. Because no
O, was released during the first two charge separa-
tions, it was proposed that H,O, reduces Mn in dark-
ness from the S, state to the postulated *S " state
[736,737]. Evidence for a much faster reduction of the
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S.ostate o S, atter a tlash was also presented [736.737].
Similar concentrations of H.O. extract Mn from sam-
ples that lack the 24 and 17 kDa polypeptides [231].
that tack the 33 kDa paiypeptide [746]. or that have
been depleted of CL [7471

In intact samples that contain the 24 and 17 kDa
polypeptides. a {lash of light induces a catalvtic decom-
position of H.0O. in darkness [736.737]. If the concen-
tration of H,0: exceeds 1 mM. all of the O, produced
following a flash is derived from H,O,. as determined
by experiments conducted with HYO, [737]. In the
presence of 100-200 mM H,O.. more than 20
molecules of O, per PS I have been estimated to be
generated in darkness following a single flash [737]).
This catalasc-like decomposition of H,O, has been
postulated to involve H.O. alternately reducing the S,
state to 8, and oxidizing the §,, state to S, [736.737),
with onc molecule of O, and two molecules of H,0
being formed for cvery 2 molecules of H,O, con-
sumed. Turnover of this S, — S, = S, cvele is believed
to be limited by reduction of S to§ | by H,0O, and by
the deactivation of S, to S, [736,737]. A slower cat-
alytic cycling between S, and S | has also been posty-
lated [696.736.748.749]. Although it has been presumed
that the Mn complex remains intact during the cat-
alytic decomposition of H,0-. it has not been demon-
strated that subscquent removal of unreacted H,O,
restores normal photosynthetic oxygen evolution from
water. Failure to restore normal H,O-dependent O,
evolution, with O, yiclds that oscillate with a perio.} of
four in response to a series of flashes, would indicate
that the light-induced catalytic disproportionation of
H,0O, doces not involve the truc S, and S, states of the
Mn complex. It should be noted that inorganic model
compounds that contain & single u.-oxo or di-u,-0x0
bridged Mn dimer arc capable of catalyzing the dispro-
portionation of H.O, [511.750-752] (also sce Ref, 753)
and a mechanistically similar  disproportionation of
H,O. by a p.-ox0 bridged Mn dimer has been pro-
posed to oceur in the Mn-containing catalases from
Thermus thermaophilis [754,755] and  Lactobacillus plan-
tarum [756.757). 1t the Mn complex in PS 11 is com-
prised of two di-p,-oxo bridged Mn dimers (see Fig.
13). a single such dimer might give rise to the observed
activity without the involvement of the true S-states.

It has recently been proposed that the H,O,-sup-
ported formation of O, by the postulated 5,8, -8,
cyele takes place in darkness without being initiated by
light [696,748.749,758]. Paradoxically, the steady-state
rates of O, evolution reported {748,749], in terms of O,
molecules evolved per PS-H center, are higher and
morc sustained than the rates previously attributed to
this cycle when initiated by light [736,737]. The experi-
ments were performed with PS 11 complexes that lack
the 24 and 17 kDa polypeptides. Although H,0. had
carlicr been shown to extract Mn in the absence of

these polypeptides [231]. the authors of the more re-
cent studics report that incubation with 130 mM H,O,
does not extract Mn, as determined by the absence of
the EPR signal of aqueous Mn?" at room temperature
[758]. The discrepancy between the two studies (Ref.
231 vs. Ref. 758) may be partially explained by differ-
cnces in incubation times and whether Ca®' was pre-
sent during incubation: Ca®* has recently been shown
to stabilize the ligation cnvironment of Mn in PS I}
complexes treated with NH,OH [275,277,544]. How-
ever, the complete absence of the EPR signal of aque-
ous Mn>" in the recent study [758] remains an unex-
plained discrepancy, especially because Mn?* need not
be relcased trom PS 11 to exhibit this signal at room
temperature [277]. An unambiguous determination of
whether the S, and S, states participate in the catalytic
disproportionation of H.O, in darkness, or whether
the Mn ions presumed to be involved are located in
their native environments, will require further work.
For cxample. it the Mn complex is unperturbed by
80-400 mM H,O, in the absence of the 24 and 17 kDa
polypeptides as asserted [748,749,758]. it should be
possible to obscrve normal photosynthetic O, evolu-
tion in these samples following removal of the uncon-
sumed H,O, by catalase. The discrepancy between the
rates of H,O,-supported O, evolution attributed to
the S, — S, - S, cycle in darkness [748,749,758] and
after the cycle is initiated by light [736,737], should also
be clarified. It should again be emphasized (see pre-
ceding paragraph) that inorganic model compounds
[511,750-753] and Mn-catalases [754-757] that contain
a single uy,-oxo bridged Mn dimer can catalyze the
disproportionation of H,O, in darkness. The dispro-
portionation of H,0, by PS H in darkncss may involve
only a partially intact Mn cluster. It should also be
noted that the disproportionation of H,O, by PS 11 in
darkness has recently been proposed not to involve the
Mn complex: H,O,-supported O, evolution was inhib-
ited by only approx. 40% in samples depleted of Mn by
treatment with NH,OH [759].

Mn-depleted PS-11 centers catalyze the light-in-
duced oxidation of H,0. to O,, but the reaction
requires aqueous Mn*” jons [378-380.736.760]. Conse-
quently, the reaction is inhibited by EDTA. The free
Mn’* jons presumably serve as a redox mediator be-
tween H,O, and Y, [746.747].

H-H. The mechanism of water oxidation

From thermodynamic considerations. the mecha-
nism of water oxidation is believed to involve either
onc concerted four-clectron oxidation or two sequen-
tial two-electron oxidations with a peroxide intermedi-
ate [479.7¢1]. The latter mechanism is considered to be
the more likcly [762]. These mechanisms arc believed
to involve the oxidations of deprotonated forms of
water (e.g., OH™ or O~ formed by the exchange of



substrate water molecules into p.-oxo bridges). They
arc also believed to be coupled with pK | shifts of
w1 --0x0 bridges or other protonatable groups associated
with the Mn complex so that water oxidation is accom-
panied by proton rclease [30.479] (sec also Ref. 38).
The appropriatc pK, shifts of u,-oxo bridges have
been proposed to arise from structural rearrangements
of the Mn complex during the S;— S, transition
[30,387,479,502). 1t has been proposed that the ener-
getic favorability of water oxidation may be increased
by binding the protons released during water oxidation
to nearby basic amino-acid residues [30,479,761].

Sequential onc-clectron oxidations of water to form
hydroxy! radical intermediates are considered to be
encrgetically unfavorable [761]). Nevertheless, it has
been argued that the mechanism of water oxidation
could involve the formation of hydroxyl radicals if their
association with the 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 histidine [452] or tryptophan [589] residucs. The
formation of such add.cts would have to be reversed
during the S; — S, transition and during the decay of
the S, and/or S, states in darkness. Consequently. if
the mechanism of water oxidation does involve the
formation of covalent hydroxyl radical adducts of amino
acid residucs, some fairly exotic chemistry must take
place during the catalytic cycle.

It is gencrally believed that water oxidation occurs
during the S, — §,, transition. As mentioned in subscc-
tion 11-D.1, flash-induced optical absorption changes in
the ultraviolet have been interpreted in support of
mechanisms of water oxidation that involve a concerted
oxidation of substrate water during the S, — S, transi-
tion [557.568,570.579.580.585.586.590]). However, these
interpretations have been challenged [452,584.587.588.
595-597] (see subsection 11-D.1). Mass spectrometry
has been cmployed to address whether partial oxida-
tion of substrate water takes place before the S, state
is achieved. When chloroplasts in the presence of H*O
were flashed to the S, state, rapidly washed with HY"O
and then flashed to the S, state. only 'O, was pro-
duced [764]. The reverse experiment was also per-
formed: when samples in the presence of HY"O were
flashed to the S; state, mixed with H*O and then
flashed to the S, state. 'O, was produced {765]. The
mass spectrometry results were interpreted as demon-
strating that water oxidation does not involve partially
oxidized intermediates that are stably bound in the S,
or S, states [764,765]. However, the possibility that the
oxygen atoms of partially-oxidized intermediates are
exchangeable with H,O in the S, state cannot be
excluded {31,388,597] and mechanisms involving a per-
oxide intermediate bound in the S; state (or carlier,
see Ref. 388) have been proposed [574,596.597].
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The mechansm of water oxidation is unknown. Nu-
merous mechanisms have been proposed over the vears
(for recent reviews, sce [30.387.496.500.503.504.51 1.
659.763]). As mentioned in subsection 11-B.3. mecha-
nisms have been advanced that arc based on tetranu-
clear clusters structurally analogous io known model
compounds [478.479.494.495 983] (also sce the model
of Moravsky and Khramov cited in Refs. 30.496). These
and many other proposcd mechanisms involve OO
bond formation between the oxygen atoms of u.-0x0
bridges and /or terminal OH ™ ligands of the Mn com-
plex (e.g., Refs. 504,766—-769,983). Mode!l compounds
that contain the resulting u.-peroxo bridging ligands
between Mn jons 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 S, — S, transitions [478.479,
494.495] or during the §; = S, and S, — S, transitions
[495.497.500.501,506-508]. One of these involves the
conversion between a distorted u ;-oxo bridged Mn 0,
cubane structure and a p.-oxo bridged Mn,O,
adamantanc structurc [478.479]. Another involves the
conversion between a up,-oxo bridged Mn,O. "but-
terfly” structure and a distorted u ;-oxo bridged Mn O,
or Mn,0,Cl cubanc structure [494.495] (and sce Refs.
497,500.501.506~508). The Cl -induced conversion of a
Mn O, ‘butterfly’ into a Mn,0,C! cubanc has been
demonstrated [506]. No evidence for significant struc-
tural rcarrangements during the $, - S, or §,-8§;
transitions have been obscrved in EXAFS analyses of
samples poised in the §,. S, and S, states
[343.389,412.530,531.533.534]. However. the EXAFS
spectra of the Sy-state samples were recorded at tem-
peratures too high to permit resolution of the approx.
3.3 A interaction [389.536.543]. Consequently, a signifi-
cant change in the distance between two Mn dimers (or
between a trimer and a monomer) during the S, — S,
transition would have cscaped detection. Significant
structural changes during the S, — S, transition have
been proposed hased on the higher temperatures re-
quired for this transition to occur than for the §; - 8,
transition [392.481,482] (sce subsection 11-I5.1). bascd
on the much slower reduction of the Mn complex in
the S, state than in the S, state by hydroxylamine
[593.744] and hydrazine [593,735] (sce subsection [i-
G.2) and based on a three-fold larger reorganization
paramcter for the S, — S, transition than for the S, —
S, or §, = S, transitions calculated from classical Mar-
cus clectron transfer theory [S91]. In addition, the
activation ecnergy of the S.—(§;)—§, transition
changes markedly below 279 K in spinach [391] and
below 289 K in the cyvanobacterium  Sviechococcus
tulcanus [480). This change in activation cnergy has
been interpreted as indicated that the S state can exist
in two different structural configurations [480,591].

The protonation state of p,-ox0 bridging ligands
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critically influences the reactivities [751.752.772). redox
potentials [773=776] and magnctic properties [777] of
Mn complexes and can affect their nuclearity [778] (for
reviews. sce [387.502.304.511). Conscquently. factors
that influcnce the pK, values of the p,-oxo bridges
and the pH in the vicinity of the Mn cluster are
expected to profoundly influence water oxidation. Pee-
oraro and co-workers have recently demonstrated that
di-p ,-ox0 bridged Mn(IV)-Mn(I1V) dimers can catalyze
the disproportionation of H,O, to liberate O, and
H,O [511.751). This rcaction is exquisitely sensitive to
the protonation of one u ,-oxo bridging ligand [511.752].
Previous work by Boucher and Coe had shown that the
acidification of di-p,-oxo bridged Mn(1V)-Mn(1V)
dimers can liberate H,O- [779]. On the basis of these
known H.O.-producing and H,O,-disproportionating
reactions of di-u --oxo bridged Mn(1V)-Mn(lV) dimers,
Pecoraro has recently suggested a speculative model
for the mechanism of water oxidation in PS 11 [511]
(sce Fig. 18). This model assumes that the Mn ions are
arranged as a bridged pair of di-p ,-0xo bridged dimers,
as proposed by Klein/Sauer and co-workers (Fig. 15).
The S, state is assumed to consist of one Mna(lID-
Mn(IV) dimer and onec Mn(IV)-Mn(1V) dimer. The
S, — S, and §; — S, transitions are proposcd to corre-
spond to the oxidaticns of an amino acid residue (c.g.,
histidine) and the Mn(11D) ion. respectively. Upon oxi-
dation of thc Mn(lil) ion during the S; — S transition,
the proton from the oxidized histidine residue induces
one Mn(IV)-Mn(1V) dimer to liberate a molecule of

H,0O,, which, before it diffuses out of the water-oxidiz-
ing complex. reacts with the second Mn(1V)-Mn(IV)
dimer to form O,. Peroxide intermediates have been
proposcd by many workers (reviewed in [387.502-
504,511,659]), but this is the first proposal based on
known reactions catalyzed by Mn structures that are
believed to be present in PS 11

If the broad outline of Pecoraro’s suggested mecha-
nism for water oxidation is correct, H,0, might be
relecased from the water oxidizing complex under spe-
cial circumstances. Indeed, there have been several
reports of H,(, formation by PS Il membranes or
inside-out thylakoids [695-697,780-785]. The forma-
tion of H,O, appears to be stimulated by conditions
that perturb thc Mn complex. These include alkaline
pH or low concentrations of Cl ™ in the absence of the
24 and 17 kDa polypeptides [695.696,780,781,784}, de-
pletion of Cl™ in low concentrations of sucrosc [783],
trcatment with compounds that destabilize the S, and
S, states (e.g.. with ADRY reagents) [786], acidifica-
tion or ‘ageing’ of sa ples [782], mild heat denatura-
tion [697] and treatment of samples with lauroylcholine
chloride [990]. The H,O, has been proposed to be
produced by a ‘short-circuiting’ of the normal water
oxidation process [567,695-697,758,783], or by the re-
lcase of a peroxide intermediate of water oxidation
[781-783]. Some workers have interpreted the forma-
tion of H,O, as support for mechanisms of water
oxidation that involve a peroxide intermediate bound
in the S, or S, states [574,596,597]. Others attribute
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Fig. 18 A speculative mechanism for water oxidation in PS 11 propuosed by V.L. Pecoraro [511] based on known reactions catalyzed by di-u ;-oxo

bridged Mn(IV)3-Mn(1V) dimers and on the structural model of Klein, Sauer and co-workers (Figure 15). The S, state is assumed to consist of

ane M) and three Ma(IV) ions. Oxidation of a histidine residue during the S, — S, transition is proposed to result in the protonation of one

of the MnUID-Ma(IV) dimer's p.-ox0 bridges. Oxidation of this dimer’s Mn(11D) ion during the S; — S, transition could liberate H,0,; as

described by Boucher and Coe for the reaction of di-g--ox0 bridged Ma(1V)»-Mn(1V) dimers with acid [779]. The liberated H,O, then reacts with

the second Ma(lV)-MatlV) dimer to liberate O, as described by Larson and Pecoraro for the reaction of di-u ,-oxo bridged Mn(IV)-Mn(1V)
dimers with H,0O, [751,752]. Reprinted from Ref. 511 with permission (copyright 1992 by VCH, Inc.).



the presumed ‘short-circuiting’ of wuter oxidation to
the oxidation of OH~ ions at a Cl~ site [38,567,695—
697]. As noted in subsection I1I-G.1. Cl~ has been
suggested to prevent the binding of water or hydroxyl
ions to the Mn complex in the lower S-states and
thercby prevent the premature oxidation of water or
hydroxyl ions [31,38,429,567,695-697]. However, it
should be noted that the H,0O, produced by PS Il may
not result from the oxidation of water: when PS 11
membranes were illuminated in the presence of HYO,
no significant incorporation of O into H,O, was
detected [784]. 1t vas proposed that the H,O, resuited
from the reduction of O, by the acceptor side of PS 11
[784]. Further clarification of the mechanism(s) of H,0O,
production by PS II should be undertaken. Production
of H,0, by the Mn complex obviously could have
mechanistic implications for the mechanism of water
oxidation.

II-1. Specific residues for ligating manganese

The ligands to the mangancsc complex must stabi-
lize the highly oxidizing S, state without stabilizing the
more highly oxidizing S, state. When formed, the latter
must immediately oxidize H,O-derived ligands and
revert to the S, state, liberating O, in the process.
From considerations of Mn coordination chemistry and
from studies of inorganic Mn compounds, the ligands
to the Mn complex in PS 1I have been proposed to be
primarily carboxylate residues in combination with u,-
0X0 or u,-hydroxo bridges [496,498,503]). Carboxylate
ligands are favored because they can stabilize the higher
oxidation states of Mn without being oxidized them
selves [496,498]. Nevertheless, alkoxo groups from ser-
ine cr threonine residues, phenoxo groups from tyro-
sine residues and imidazole groups from histidine
residues could be possible coligands [495,496,498,501,
503,511]. Deprotonated [496] or deaminated [787] glu-
tamine and asparagine residues havc aiso been dis-
cussed as possible ligands and the possibility that a
carboxylate ligand might be generated by the isomer-
ization of an asparagine-glycine pair to form cither an
aspartate or isoaspartatc residuc [788] has been sug-
gested [116]. Even arginine has been discussed as a
possible ligand [368].

Electron Spin Echo Envelope Modulation (ESEEM)
measurements have confirmed that the Mn ions are
ligated primarily by '*O atoms [398,446,554,789]. How-
ever, if the S, state multiline EPR signal arises from
fewer than four Mn ions, this conclusion would pertain
only to the Mn ions that give rise to the multiline
signal. Ligation of Mn by carboxylate groups is sup-
ported by recent reports that carbodiimide modifica-
tion of carboxylate residues in Mn-depleted PS 11
membranes appears to interfere with religation of Mn
[790,791] (D.J. Blubaugh and G.M. Cheniae, personal
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communication) and to be suppressed in the presence
of Mn?" [791,792]} (sec subsection 11-J.3). However.
conformational changes induced by photoligation of
Mn or by derivatization of residues located far trom
the Mn complex could also account for these observa-
tions (scc subsection I1-J.3). Although a histidine
[452.454] or tryptophan [589] residue has been pro-
posed to be oxidized during the S, — S, transition and
to give rise to the 130-164 Gauss-wide EPR signal in
Ca’"-depleted and Cl -depleted preparations (sce sub-
section 11-B.2), models of its magnetic coupling to the
Mn complex place it too far away from the Mn com-
plex to directly ligate Mn [452.454,484.486] (at ieast :n
samples depleted of Ca’* or Cl™).

The possibility that one or more ligands to Mn are
histidine residues onto which some delocalization of an
oxidizing equivalent may occur (as proposed in carlier
models [793,794]) is supportcd by several recent devel-
opments. First, ESEEM measurements on PS 1 com-
plexes isolated from the cyanobactcrium Synechococ-
cus elongatus grown on "NO7 or ""NO; have demon-
stratcd that nitrogen atoms are located in close proxim-
ity to the Mn ions that give rise to the S,-state multi-
line EPR signal [389,398 554). Thc authors of thesc
studies favor direct ligation of these Mn ions by 1-2
histidine residues, but do not exclude the possibility
that nitrogen atoms from non-histidine residues. or
from the peptide backbone. interact with Mn ions
through hydrogen bonds formed with us-oxc bridges
[389,398.554]. Direct ligation by histidine is favored by
these authors because exchanging 2H:O for 'H,O
does not aftect the ohserved "*N hyperfine couplings,
even though “H forms weaker hydrogen bonds than 'H
[398,554]. The weakness of the "*N and '*N hyperfine
couplings measured in the ESEEM experiments ¢x-
plains why exchanging "N for '"*N has no effect on the
multiline signal measured in conventional EPR evperi-
ments [207.398] In 4 second development, EPR mea-
surements of the reduction of Y, by exogenous Mn?*
in Mn-depleted PS H moembranes indicate that Mn?™
binds morc strongly to PS 1l at pH 7.5 than at pH 6
[366]. These results have been interpreted as suggest-
ing that an endogenous Mn site contains a proton-
atable ligand with a pK, between 6 and 7.3 {366]
consistent with ligation of Mn by a histudine residue.
Finally, chemica'! modification experiments have been
interpreted in terms of ligation of Mn by histidine:
modification of PS Il membranes by dicthyl pyrocar-
bonate (DEPC) has been reported to prevent photoli-
gation of Mn to Mn-depleted PS 11 membranes
[790,791.795-797} while prior Mn photoligation has
been reported to suppress derivatization by [ *C}-DEPC
[792] (also see [791]) and subsection [I-J.3). However.
conformational changes induced by histidine derivati-
zation, or by Mn photoligation, could also account for
these observations (sece subsection 11-J.3).
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H-J. The location of manganese in PS 11

1-J.1 The rdationship of the M complex 1o the 33 kDa
polvpeptide

Effecrs of remorving the 33 kDa polypeptide on the Mn
complex. Because several procedures for dissociating
the extrinsic 33 kDa polypeptide from PS 11 also re-
lease Mn (sce subsection 1-B.4) and because some
preparations of the isolated 33 kDa polypeptide have
been found to contain bound Mn ions [798.799]. atten-
tion was once focused on the 33 kDa polypeptide as
providing the ligands for Mn in PS 11 (c.g.. Ref. 800).
However. this polvpeptide can be removed from PS 11
without extracting the Mn comriex [232.242.246.248.
251.2532.265.404,801 ~805).  Furthermore. many  such
preparations have been reported to evolve oxygen in
the presence of clevated concentrations of CH (100~
200 mM) and 53-20 mM  Ca”" [232.246.248.252.
265.802-805] (also sce Ref. 251). While somce studies
have attributed the residual oxygen-cvolving activities
obscrved in these samples (10-457% compared to un-
treated samples) to incomplete removal of the 33 kDa
polypeptide [362.806.807], a recent study showed that
spinach PS 11 membrances depleted of > 99%¢ of the 33
kDa polvpeptide evolve oxvgen at approx. 247 of the
rate observaed in untreated samples [248]) (the active
PS-11 centers in the preparatiors were suggested to
evolve oxygen at approx. 5357 the rate obscerved in
untreated samples, based on relative quantum yield
measurcments [248]). In addition, three groups have
deleted the pshb) gene that cencodes the 33 kDa
polypeptide from the cyanobacterium Svaechocvstis sp.
PCC 6803 [808-810] and a fourth has inscrtionally
inactivated the psbO gene in Syaechococcus sp PCC
7042 [811]. The resulting organisms grow  photoau-
totrophically. The Svaechocystis mutants evolve oxygen
at approx. 3097 the raie of wilu-type cells when 2,6-di-
citloro-p-benzoquinone (DCBQ) and potassium ferri-
cyanide arc ecmploved as artiricial PS H clectron accep-
tors {808] and at 60-75% the rate of wild-type cells
when CO, is employed as the clectron acceptor [808-
810} The Sviiechococcrs mutant is reported to evolve
oxygen at the same rate as wild-type cells when CO, s
cmiployed as the clectron acceptor [811]. Thylakoid
membranes trom onc of the Syuechocvstis mutants
retain 70-8077 of their DCBQ /ferricyanide-supported
activity when isolated in the presence of 0.5 M Cl-
(R.L. Burpap. personal communication). Thylakoid
membrancs from the Svaechococcus mutant are re-
ported to retain activity (approx. 75 compared to
wild-type membranes) when supplemented with MnCl,
and CaCl, [811]. The Svnechocystis mutants are unable
to grow in Ca’-depleted media [809] and are more
susceptibie to photoinhibition [809.810].

The ability of the cyanobacterial mutants to grow
photoautotrophically and evolve oxygen demonstrates

that the 33 kDa polypeptide is not required for the
assembly and activation of the Mn cluster in cyano-
bacteria. However, the 33 kDa polypeptidc may be
required for the assembly and activation of the Mn
complex in cukaryotes in vivo. A mutant of the cukary-
otic alga Chlamydomonas reinhardtii that lacks this
polypeptide is incapable of photoautotrophic growth,
contains depressed steady-state levels of the intrinsic
PS 11 polypeptides and cvolves no oxygen [192,812].
Furthermore, during greening of Euglena gracilis cclls,
the acquisition of oxygen evolution activity correlates
with the accumulation of the 33 kDa polypeptide [813].
The reasons for the apparently different requirements
of the 33 kDa polypeptide for assembly of PS II or the
Mn complex between prokaryotic and cukaryotic or-
ganisms are not understood. It has been suggested that
concentrations of Ca®* and Ci~ ions in cyanobacteria
may be sufficiently high to permit assembly of the Mn
complex. but that the concentrations of these ions may
be too low in chloroplasts [248]). The Mn complex
assembles in the absence of the 33 kDa polypeptide in
vitro when 30 mM CaCl, is included in the incubation
buffer [349,362.373] (also see [360,374).

The 33 kDa polypeptide appcears to cover and pro-
tect the Mn complex. In the absence of this polypep-
tide. two Mn ions become paramagnetically uncoupled
[249,250] and are gradually relcased [232,245,246,251 -
253] unless the preparations are maintained in high
concentrations of C17 (> 100 mM). In PS 'l mem-
brancs that have been depleted of the 33 kDa polypep-
tide. a surface-enhanced Raman scattering (SERS) sig-
nal at 225 cm ™! has been observed and attributed to
the weakly bound Mn ions of the Mn complex [814,815].
When the preparations were incubated in 100 mM
SOj’ instead of Cl . the signal was lost in parallel
with the loss of oxvgen evolution and apparently in
parallcl with the loss of the weakly bound Mn ions
[814]. Because this signal was not observed in sampies
that retained the 33 kDa polypeptide. it was proposed
that the 33 kDa polypeptide covers the Mn complex
[814.815]). The vibrational mode that gives rise to the
SERS signal is not a Mn-Cl mode [815] and has not
been identified. It may be a vibrational mode that is
affiliated with the Ag electrode used in the experi-
ments and which depends on the presence of Mn and
Cl1~ at the PS 11 membrane surface [815).

The 33 kDa polypeptide optimizes the catalytic effi-
cicney of the Mn complex. In the absence of this
polypeptide. the cxtent of stable charge separation
[805] and the rates of oxygen evolution [232.246.248.
251,252.265,802-805], eclectron transfer [273.548], and
O, release (and possibly the rate of the S; = (S§,) = S,
transition) [804], are significantly diminished. Also, the
S. state is abnormally stable in these preparations, as
determined from oxygen flash yield [804] and thermo-
luminescence [470.816] measurements. Nevertheless,



removal of the 33 kDa polipeptios 4 vitro induces
only slight structural changes in k. aun complea, as
determined by analysc = of XANE | ad EXALY, data
[253] and of the Sy-state muindine o . signal | 303.805)
in samples that have boe:n deplcted of the 33 kDa
polypeptide. However, tr :re i« some disagreement ¢rer
the extent of these chances (sce Ref. 803 vs. Ref. 805).
The simplest interpreta.dor of thc observations de-
scribed in this paragrap is that tne extrinsic 33 kDa
polypeptide covers, prote« i« and influences the opera-
tion of the Mn complcr . ‘thout directly providing it
with ligands (any ligard: provided by the 33 kDa
polypeptide would have 10 be functionally replaceable
by Cl™ ions, water molie.ules or ligands from other
polypeptides). Because no other extrinsic polypeptides
are required for water oxidation (see subsection I-B),
the Mn complex must bind to the lumenally-exposed
surface of one or more of the intrinsic polypeptides of
the PS-1I core. Such a loc ation is also suggested by the
electrochromic shifts of carotenoid and chlorophyll a
absorption bands that are produced by thc S-statc
transitions (see subsection :1-D.2). These shifts require
that Mn ions are located in close proximity to the
chlorophyll and carotenoid pigments, unless the elec-
trochromic shifts result from pK, shifts of amino-acid
residues that are located far from the Mn complex
[597,645] (see subsection I1-H).

The binding domain of the 33 kDa polypeptide -
cross-linking studies. Because the extrinsic 33 kDa
polypeptide protects and influences the catalytic effi-
ciency of the Mn complex, a determination of where
this polypeptide binds to the PS-1I core might be
expected to help locate ligands to Mn. Crosslinking
studies have demonstrated that the 33 kDa polypeptide
can be specifically cross-linked to CP47 in spinach PS
H membranes [222.283,817,818], in spinach PS Il com-
plexes that have been depleted of the LHCII antenna
complex [282,817,819,820], and in PS Il particles from
Synechococcus elongatus [994]. The cross-linked
residues are located in the 8 kIDa amino-terminal do-
main of the 33 kDa polypeptide and in the 16.7 kDa
carboxy-terminal domain of CP47, to the carboxy-
terminal side of Met-359 and presumably in the large
(approx. 190 residues) hydrophilic loop (sec Fig. 5A.
loop E) [818]. The amino-terminal 16-18 vesidues of
the 33 kDa polypeptide had previously been shown to
be involved in binding [236] (see subsection 1-B.4).

Several of the cross-linked PS I complexes de-
scribed in the previous paragraph have been reported
to retain the ability to evolve oxygen [222,283.818]. One
such complex was reported to resist extraction of Mn
by alkaline pH [283]. However, this resistance has since
been attributed to factors other than the cross-linking
of the 33 kDa polypeptide with CP47 [222]. Cross-
linking of the 33 kDa polypeptide to the a subunit of
cytochrome b-559 and to the product of the psbl gene
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has recently been reported [821] The latter study em-
ploved PS 11 complexes that had been depleted of the
LHCH complex and the 24 and 17 KDa extrinsic poly -
peptides and made use of a cross-linking reagent that
reacts with a wide variciy of functional groups {821].
Pussible cross-linking of the 33 kDa polypeptide to the
D2 polypeptide nas also been reported {8201,
Crosslinking of the 33 kDa polypeptids to the
D1/D2 heterodime: has also been reported [696.822,
823} In these studies, PS 11 particles were depleted of
the extrinsic polypeptides. reconstituted with 33 kDa
polypeptides that had been labeled with a photoaffinity
cross-linking reagent, then illuminated with 254 nm
light. The cross-linked complex, isolated by preparative
gel electrophoresis in the presence of 1€7 SDS and 6 M
urea, was found to include the D1, D2 and 33 kDa
poiypeptides plus variable quantitics of a fourth,
unidentified, approx. 44 kDa polypeptide [696.822.823].
The possibility that the cross-linked complex included
small polypeptides (e.g.. the pshl product or the cyv-
tochrome b-559 polypeptides) was not examined. The
cross-linked complex was reported to retain approx. 4
Mn ions per P680 [696.822 823]. Because the isolated
complex catalyzed H,O,-dependent O. evolution in
darkness, previously attributed to 2 H,O -induced cy-
cling between the S, and §, swtes [696.748.749.758]
(see subsection H-G.3). the cross-linked complex was
proposed to contain thec Mn complex in a partially
active configuration that could cycle between these two
S-states [696.822,823]. Consequently. the ligands to the
Mn complex were proposed to be contributed solely by
residues from the D1 and D2 polypeptides
[696,822,823]. However, it is not clear whether the Mr
ions presumed to be involved in the catalytic decompo-
sition of H,O, in the cross-linked complex were lo-
cated in their native environments, whether their redox
states corresponded to any of the S-states. or how
many Mn ions were involved. As discussed in subsce-
tion 1-G.3. the disproportionation of H,0O. can be
catalvzed by model compounds that contain a single
u~-0x0 or di-u.-oxo bridged Mn dimer [511.750-752]
and by catalases that contain a bridged Mn dimer at
their catalytic site [754-757]. The H,O,-dependent O,
evolution observed in the cross-linked complex might
rorrespond to a p,-oxo bridged Mn dimer cveling
between its Mn(1ID-Mn(HH) and MnUID-Mn(ll) or
Mn(I1V)-Mn(1V) oxidation states. This activity may in-
dicate that two Mn ions (perhaps the most tightly
bound pair) are ligated by the Di/D2/I/cvtochrome
b-559 complex and perhaps by the DI1,/D2 het-
erodimer. However. the cross-linked complex must he
isolated with procedures that aic less harsh and prefer-
ably that preserve H,O-supported O, evolution. be-
forec any definitive conclusions regarding the location
of the Ma complex can be reached. It should be noted
that the DI polypeptide has not been cross-linked to



316

any polypeptide in unrcconstituted preparations
[222.282.283 817-820.824.825]. The D1 polypeptide ap-
pears to be unrcactive to cross-linking reagents unless
the preparations have been treated with specific deter-
gents [824.825] or have been depleted of the 33, 24 and
17 kDa polypeptides [821].

The binding domuin of the 33 kDa polypeptide -
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 11 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 [517,827]. in-
creases the susceptibility of CP43 to extraction by
linolenic acid [828] and increases the accessibility of
CP47 [829]. CP43 [830] and thc «a subunit of cy-
tochrome h-359 [198] to digestion by trypsin. The mod-
ified amino groups on CP47 have been localized to the
large (approx. 190 residue) hydrophilic loop that s
believed to be located on the lumenal side of the
thylakoid membrane [130.818,827] (see Fig. 5A. loop
E). The modified residues lic between Lys-304 and
Lys-321 and between Lys-389 and Lys-438 [818.827].
The accessibility of CP47 to a monoclonal antibody
directed against an epitope within a 32-residuc seg-
ment of this hydrophilic loop (Pro-360 to Ser-391) 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.moved (e.g.. by incubating samples depleted of the
33 kDa polypeptide with low concentrations of Ci-
[232.245,246,251-253]). The latter observation has been
interpreted as indicating that removal of the two most
tightly-bound Mn ions is accompanied by polypeptide
conformational changes [130.827,829,831]. These con-
formational changes may be the reverse of those that
are believed to accompany the formation of the Mn
complex during photoactivation {sec subsection 11-A.3).

The binding domain of the 33 kDa polypepiide -
other studies. Interactions between the 33 kDa polypep-
tide and the core polypeptides of PS II have been
examined by methods other than cross-linking. A spe-
cific interaction between the 33 kDa polypeptide and
the DI1. D2, or cytochrome b-559 polypeptides has
been proposed based the successful purification of the
D1/D2/1/cytochrome 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 D1/D2/1/cyto-
chrome b-559 complex [833]. A specific interaction
between the 33 kDa polypeptide and cytochrome 5-559
has been proposed on the basis of a radiation inactiva-

tion study [834] and a specific interaction between the
33 kDa polypeptide and the D2 polypeptidec has been
proposed basced on the observation that changing Tyr-
160 to Phe in the D2 polypeptide of Synechocystis sp.
PCC 6803 [65.66] destabilizes the binding of the 33
kDa polypeptide to isolated PS 11 particles [835].

Taken together, the data described in this subsec-
tion indicate that the 33 kDa polypeptide interacts with
or shields essentially all of the intrinsic polypeptides of
the PS-1I core. On the basis of these data, none of the
intrinsic polypeptides can be excluded as possible
sources of ligands to the Mn complex.

11-1.2 The relationship of the Mn complex to Y, and Yy,

Some constraints on the location of the Mn complex
have been provided by the identifications of Y, as
Tyr-161 of the D2 polypeptide [65.66] and Y, as Tyr-161
of the D1 polypeptide [67.68]. These identifications
place Y, and Y, in nearly the saine membrane plane
as the presumed location of P680 in models of the
D1,/D2 heterodimer (see Figs. 1 and 4). This location
is in agreemcent with work demonstrating that electron
transfer from Y, to P680* is not electrogenic [55] ang
is consistent with a Y,-P680 distance of 10-15 A
cstimated from the broadening of the EPR spectrum of
P680* by Y7 [681]. At least one Mn ion must be in
close proximity to Y, because of the rapid oxidation of
Mn by Y, during the S-state transitions (e.g., approx.
30 and approx. 110 us for the S, — S, and S, — S,
transitions, respectively [480,570,580,582], see subsec-
tion 11-D.1). The proximity of the Mn complex to both
Y, and Y, is indicated by niicrowave power saturation
studics [32,341,551,688.836--839] and spin-lattice relax-
ation time measurements [352,789.840,841] of Y5 and
Y, and saturation-recovery measurements of Yp
[842.843]. These studies Lave demonstrated that there
is magnctic coupling between the Mn complex and
both Y7 and YJ. The coupling between Mn and Y is
stronger than that between Mn and Y§ [32,836]. indi-
cating that the Mn complex is closer to Y than to Y.
Consequently, the Mn complex must be located asym-
metrically with respect to the central axis of symmetri-
cal models of the D1 /D2 heterodimer (see Figs. 1 and
4). The distance between Yz and the Mn complex has
been estimated to be > 10 A because the linewidth of
the EPR signal of Y; is not changed when the Mn
complex is removed [90]. This distance has also been
estimatcd to be 8-15 A based on analyzing the temper-
ature-dependence of electron transfer from Mn to Y7
in terms of classical Marcus electron transfer theory
[591]. The distance between Y, and the Mn complex
has been estimated to be 30-40 A based on the tem-
perature-dependence of the relaxation rate of Yy
{552,841}, The non-heme Fec’* ion contributes to the
relaxation of Y [841-845]. From the relaxation rate of
Y5 measured in Mn-depleted samples, the distance



between Yy, and the non-heme Fe?* ion has been
estimated to be > 38 A [843] (also sec Rcf. 845). This
estimate agrees with that predicted from the crystal
structures [20-22} of reaction centers from purple
non-sulfur bacteria. From studies of the relaxation of
Y5 in the presence of the exogenously added relax-
ation enhancers (Dy**-EDTA)~ and Dy’*-HEDTA,
Yy, has been estimﬁated to be located approx. 25 A
[838] or approx. 20 A [846] from the lumenal surface of
the PS-II core polypeptides in the absence of the
extrinsic polypeptides. Recent electroluminescence
measurements indicate that electron transfer from Mn
to Y7 is electrogenic, but spans only approx. 5% of thc
hydrophobic core of the thylakoid membrane [603].
Consequently, if the distance estimates based on the
relaxation enhancements of Y[ caused by (Dy**-
EDTA)™ and Dy**-HEDTA are correct and if Y, and
Yp are located symmetrically in the DI1/D2 het-
erodimer, then at least part of the Mn complex must
be located deep within the PS-II core, far from the
lumenal surface of the intrinsic polypeptides. Further
investigation of this point seems warranted.

Based on the distance estimates described 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 D1 and D2 polypeptides
(see Fig. 4). In support of this supposition, removal of
the Mn complex exposes Y7 [348,489,847] and Y,
[271,273,348,366,760,848,849] to exogenous reductants
such as benzidine and NH,OH. However, because the
intrinsic polypeptides of PS II are likely to be exten-
sively entwined, like those of the reaction centers of
purple non-sulfur bacteria [20-22], none of the intrin-
sic polypeptides that comprise the core of PS II can
legitimately be excluded as providing some of the lig-
ands to the Mn complex on the basis of these data.

H-J.3 The relationship of the Mn complex to the intrinsic
polypeptides

The LF-1 mutant of Scenedesmus obliguus. Several
lines of circumstantial evidence have been used to
implicate the D1 polypeptide as providing some of the
ligands to the Mn cemplex. Much of this evidence is
based on studies of the LF-1 mutant of the green alga
Scrnedesmus obliquus. This mutant assembles PS 11
-omplexes that do not evolve oxygen [850-854] and
cannot be photoactivated with exogenous Mn and Ca®*
ions {795,796]. Normal Y7 and Q, Fe®* EPR signals
can be generated in PS 11 membranes from the mutant,
however [837]. Thylakoid membranes [850-852] and PS
1l membranes [795) from the LF-1 mutant contain only
25-40% of the Mn found in wild-type preparations.
The residual Mn ions do not permit the formation of
the S, state, as dctermined by EPR [837] and thermo-
luminescence {795] measurements and do not interact
magnetically with Y [837]. The extent of inhibition by
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Mn>* ions of DPC-supported DCIP reduction in Mn-
depleted LLF-1 PS 11 membranes is approx. 50% that in
Mn-depleted wild-type membranes [795.796] (for fur-
ther discussion of this assay, sec later in this subsce-
tion). These data were interpreted as indicating that
LF-1 PS Il complexes contain half the number of high
affinity Mn sites as wild-type complexes {795,796]. The
full complement of such sites could be gencrated by
treating LF-1 PS Il membranes with various pro-
teinases {796]. A small surface-enhanced Raman scat-
tering (SERS) peak at 225 cm ™! was detected in LF-1
PS 11 membranes following removal of the 33 kDa
cxtrinsic polypeptide [815). This signal, previously at-
tributed to the weakly bound Mn ions of the Mn
complex [814] (see subsection I1-J.1). decays far more
rapidly in LF-1 than in wild-type preparations [815].
Thylakoid membranes [850-852.854,855] and PS 11
particles [853] from the LF-1 mutant were found to
contain a protein that is approx. 2 kDa larger than in
wild-type preparations. This protein was subsequently
determined to be the DI polypeptide [855]. Its larger
sizc in the LF-1 mutant results from a failure to cleave
a 1.5-2.0 kDa fragment from the carboxy-terminus of
the polypeptide’s precursor form [856,857]. This failurc
is caused by the absence or inactivation of the process-
ing enzyme that normally cleaves thc D1 polypeptide
between Ala-344 and position 345 [143-146,858]. The
addition of the processing enzyme from spinach {145],
pea [146] or wild-type Scenedesmus [146,858] to PS 1
membranes from the LF-1 mutant results in the pro-
cessing of the D1 polypeptide [145,146.858]. The pro-
cessed complexes can reportedly be photoactivated
[146,858], but whether the extent of photoactivation is
significant has been disputed [796]. The carboxy-termi-
nal extension of the unprocessed D1 polypeptide has
no known function (sec the discussion in Ref. 146). It is
not present in FEuglena gracilis [859.860] and can be
deleted trom Synechocystis sp. PCC 6803 without ef-
fect [17.19.880.996]. (More recently, the carboxy-termi-
nal extension has also been deleted from Chlamy-
domonas reinhardtii, also without apparent cffect
[997.998].) In contrast. when Scr-345 of Svnechocystis
6803 was changed to proline (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 D1 polypeptide correlates with the failure
to assembie a functional Mn complex. This correlation
has led some authors to suggest that the D1 polypep-
tide provides ligands to the Mn complex (c.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-1 PS II membranes [795,796]. However,
none of these data necessarily imply that the D1
polypeptide contributes ligands to the Mn complex.
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Because the polypeptides it comprise the core of PS
11 may be extensively entwined., the 1.5- 2.0 kDu exten-
sion of the unprocessed polypeptide may disrupt the
entire lumenal domain of PS 1}, Such a disruption
would likely prevent the assembly of a functional Mn
complex and alter the propertics of all Mn sites in PS
I1. It should be noted that the extrinsic 24 and 17 kDa
polypeptides appear to bind only weakly to LF-1 PS 11
complexes [854] and that cytochrome A-559 in these
complexes is predominantly in a low potential form
[837,850-852].

The light-induced iodination of preparations contain-
ing Mn. A specific light-induced iodination of the D1
polypeptide in PS 1l membranes deplcted of CI™ has
been reported [861.862]. lodination was reported to
involve the formation of monotodotyrosine [862] and to
be suppressed by Cl—. F ' and acetate [861]. Because
these anions compcete for a common site that is be-
lieved to be on the Mn complex [439] (sce subsection
I1-G.1). it was proposed that the Mn complex oxidizes
17 at a Cl° site on the Mn complex and that the
oxidized iodinc labels a ncarby residue of the DI
polypeptide {861]. Based on partial proteolysis of '*°1-
labcled Cl -depleted PS 1I membranes, it was pro-
posed that Tyr-161 of the D1 polypeptide was specifi-
cally iodinated [862]. The same residue appeared to be
iodinated in Mn-depleted samples [862]. No sequence
analyses of iodinated peptides were reported to sup-
port this assignment, however and the iodinated tryptic
fragment seems too small (7.7 kDa) to be assigned to
the fragment that includes Tyr-161 (8.9 kDa) (sce Fig.
5 of Ref. 862). Because the labeled residue is part of
the DI polypeptide, it was proposed that thc Mn
complex must bind to the DI polypeptide [861,862}.
However, if the polypeptides that comprise the lume-
nal domain of PS 1II arc entwined, the iodinated
residue(s) wibl not nccessarily be located on the same
polypeptide as those that ligate the Mn complex.

The loss of Mn following photoinhibition. A correla-
tion between the loss of Mn ions and the degradation
of the D1 polypeptide following photoinhibition of
thylakoid membranes from spinach has been reported
[863.864]. On the basis of this correlation it was sug-
gested that the Mn complex is ligated by the DI
polypeptide [863]. However, this correlation does not
imply that the D1 polypeptide provides ligands to Mn.
Disassembly of the PS-II core structure. which also
accompanies the degradation of the DI polypeptide
following photoinhibition [864], would undoubtedly
cause the destruction of the Mn complex and the
release of Mn®* ions irrespective of what polypeptides
provide ligands to the Mn complex. It has recently
been reported that the loss of Mn ions correlates with
hypothetical conformational changes in PS 11 that pre-
cede the degradation of the D1 polypeptide [984].

Chemical modification of PS H. Chemical modifica-

tion and steady-state clectron transfer studies have
been  interpreted as  demonstrating that the DI
polypeptide provides some of the hgands to the Mn
complex. As mentioned in subsection H-I, chemical
modification of histidine residues in Mn-depleted PS 11
membranes has been reported to prevent the ligation
[791.792] and photoactivation [792] of the Mn complex.
In addition, photoligation of Mn ions has becn re-
ported to suppress the labeling of PS 11 membrane
preparations by [C]-DEPC [792]. Although it was
claimed that the photoligation of Mn ions suppressed
[ C]-DEPC labeling of both the D1 polypeptide and a
approx. 60 kDa D1/D2 heterodimer, the individual
bands of ncither the DI polypeptide nor the D2
polypeptide can be individually discerned in the pub-
lished fluorogram bccause of overlapping bands from
the LHCII antenna complex. Conseqguently, the con-
clusions, that the labeling of the D1 polypeptide was
suppressed by Mn and, consequently, that the DI
polypeptide contributes histidine ligands to the Mn
complex, are not nccessarily correct. The experiments
should be repeated with purified PS 11 complexes that
lack the LHCII polypeptides so that the bands of the
individual D1 and D2 polypeptides can be resolved.
Nevertheless, the Mn-induced suppression of [YC)-
DEPC laveling of the D1,/D2 heterodimer would be
consistent with Mn ligation by residues from either of
the DI or D2 polypeptides, assuming that no small
polypeptides arc present in the approx. 60 kDa com-
plex observed in the fluorogram. However, the Mn-in-
duccd suppression of lateling could also be caused by
conformational changes that accompany the photoliga-
tion of Mn ions (sce belcw and subsection 11-A.3).

Submicromolar conceatrations of Mn>* have been
reported to inhibit clectron donation by 1,5-diphenyl-
carbazide (DPC) to Mn-depleted PS 11 membranes or
complexes, as assayed by the photoreduction of 2,6-di-
chlorophenolirdophenol (DCIP) [381] or silicomolyb-
date (SiMo) [795). This inhibition has been employed
by several authors as an assay for the ligation of Mn®*
to one or more o, the endogenous Mn sites in Mn-de-
pleted preparations {381,790-792,795-797]. Chemical
modification of Listidine residues with DEPC [790-
792,795-797] or carboxylate residues with 1-ethyl-3-
[(3-dimethylamino)propyllcarbodiimide (EDC) [790.
791.797]. or digestion with various proteinases [790,797],
partially abolishes the ability of Mn2* to inhibit elec-
tron donation by DPC. In addition, millimolar concen-
trations of Mn>* jons protect PS 11 membranes from
modification by DEPC and EDC [791,792]. Most of
this work has been conducted by Scibert and co-
workers.

Seibert and co-workers argue that the modification-
susceptible histidine and carboxylate residues coordi-
nate one or morc of the Mn ions of the Mn complex
[790.791,795-797]. By analyzing the Mn>*-induced in-



hibition of DPC-supported DCIP reduction in samples
treated with DEPC and/or EDC plus various combi-
nations of protcinases, Seibert and co-workers argue
that they have detected four separate endogenous Mn
sites, although they do not exclude the possibility that
these four ‘sites’ may be four individual ligands in the
first site occupied by a Mn”?* ion during the photoacti-
vation process [791,797]. According to the intcrpreta-
tions of Seibert and co-workers, half of these four sites
include histidine residues that are susceptible to modi-
fication by DEPC [790,791,795-797], while the remain-
ing half include carboxylate residues that are suscepti-
ble to modification by EDC [790,791,797). One of the
sites that contains a DEPC-susceptible histidine residue
is sensitive to digestion by subtilisin [790.797], while the
other is sensitive to digestion by carboxypeptidase A.
Staphylococcus  aurens V8 proteinase and trypsin
[790.797]. One of the sites that contains an EDC-sus-
ceptible carboxylate residue is sensitive to digestion by
trypsin [790,797], but only in the absence of the extrin-
sic 33 kDa polypeptide [797]. The histidine and carbox-
ylate sites are proposed to be affiliated with the strongly
and weakly bound Mn ions of the Mn complex, respec-
tively: both carboxylate sites are uncovered when PS 11
membranes depleted of the 33 kDa polypeptide are
incubated in the presence of low concentrations of Cl~
[791] (conditions that cause the release of two Mn ions
[232,245,246,251-253)), whereas the two histidine sites
remain protccted under these conditions [791]. Both of
the histidine sites appear to be occluded in the LF-1
mutant of Scenedesmus obliquus [795,796] and can be
uncovered by digestion with various proteinases [796]
(see above). Both of the carboxylate sites are accessible
in LF-1 PS II membranes [791]. One of the DEPC-sus-
ceptible histidine residues has bezn proposed to be
His-337 of the D1 polypeptide {790.797]. The other has
been suggested to be His-92 of the DI polypeptide
[790.797] or His-62, His-88 or His-337 of the D2
polypeptide [797].

The interaction between Mn** and DPC was origi-
nally reported to be competitive [381]. However, this
interaction has recently been proposed to be non-com-
petitive undcr the conditions employed for the assay
(200 uM DPC and <10 uM Mn’*) [791]). Conse-
quently, Mn>* ijons and DPC are proposed to bind to
separate sites on PS 11 [791]. The inhibition of electron
donation by DPC has been proposed to result from the
ligation of 2 Mn** ion generated by the oxidation of
Mn2* by Y;: the bound Mn** ion is presumed to
prevent the oxidation of DPC by Y; [791] (D..
Blubaugh and G.M. Cheniae, personal communication).
However, the Mn?*-induced inhibition in the
DPC/Mn?* inhibition assay is never more than ap-
prox. 50%, even in the presence of saturating concen-
trations of Mn?* ions (10-100 xM). The high residual
DPC-supported DCIP reduction rates observed in max-
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imally inhibited samples at saturating light intensities

* have been proposed to result from DPC donation to
Y5 [791] (also see Ref. 365). The reduction of Y5 i
DPC has been reported [276]. In addition, both Mn~~
and DPC have been reported to reduce both Y, (with
K, values of 10 uM for Mn"* and 42 uM for DPC)
and an unidentificd component that was presumed to
be Y5 (with K, values of 200 uM for Mn?* and 2.0
mM for DPC) [365].

Because the nature of the interaction between Mn>*
and DPC appears to be complex [791] and possibly to
be complicated by the multiple turnovers that are
required for the steady-state DPC/Mn’* inhibition
assay (e.g., see [354,365366,791]), the Mn binding
properties of the chemically modified and proteinase-
treated preparations should be characterized by inde-
pendent methods. These should include flash-induced
measurements of the reduction of Y; by (4n’*. The
reduction of Y, can be monitored by the decay of its
EPR signal [306]. by the decay of its optical absorption
spectrum in the ultraviolet [68] or visible [981], or by
monitoring the ability of Mn?* to block charge recom-
bination between Q5 and Y; in samples that lack Qy
or contain DCMU [368]. It should be noted that, while
Mn** was reported to bind more weakly to PS 11
membranes at pH 7.7 than at pH 6.1 on the basis of
the DPC/Mn”* inhibition assay [381], the oppositc
conclusion was reached on the basis of flash-induced
EPR measurements of the decay of Y; [366] (sce
subsection 11-1).

Seibert and co-workers have proposed that all four
endogenous Mn sites are located on the D1/D2 /1 /cy-
tochrome b-559 complex. This proposal is based on
DPC/Mn>* inhibition assays conducted with silico-
molyt Jate as the electron acceptor [795]. The same
degree of inhibition of DPC donation by Mn>* was
observed in these complexes as in Mn-depleted PS H
mecmbranes (approx. 509 inhibition) [795]. However, in
view of the complexity of this assay in the more intact
PS 11 membrane preparations [791] and because the
donor side of D1/D2/1/cytochrome b-559 complexes
appears to be severely disrupted (for example, no di-
rect evidence for the formation of Y7 in such com-
plexes has been presented [184,185] (sec subscction
1-B.2)). the proposal that all four Mn sites are located
on the D1/D2/1/cytochrome b-559 complex should
be interpreted cautiously until confirmed by indepen-
dent methods.

Although Seibert and co-workers interpret their data
in terms of direct coordination of Mn ions by the
DEPC-susceptible histidine and EDC-susceptible car-
boxylate residues {790,791.795-797], it is possible to
explain their data without invoking direct coordination
of Mn by these residues. Polypeptide conformational
rearrangements near Y., induced by the ligation of
Mn?*, could be involved in blocking electron donation
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TABLE 1
Lumenal residues in the D1 and D2 polvpeprides that direetly or indirectly influence water axidation

Cells were grown in liguid media. Cells that grew photoasutotrophically with normal doubling times (as determined by the optical density of the
caltures at 730 nm) are denotes © +.7 Cells that exhibited impaired photoautotrophic growth are denoted * + (slow).” Where known, an estimate of
the cell doubling time relative to wikd-type is given. The doubling time of wild-type cells was 14-20 h. depending on growth conditions. Cells that
were unable to grow photoautotrophically (and. therefore, required glucose for propagation) are denoted * — . The maximal light-saturated rates
of O, evolution were measured with whole cells in growth media supplemented with 0.3-1.0 mM 2,6-dichloro-p-benzoquinone and 1 mM
K FelCN),,. Except where noted, the PS 11 content of cells, relative to wild-type. was estimated from the yield of variable fluorescence in the
presence of 40 uM DCMU and 20 mM NH,OH after cells had been preincubated with 0.2-0.3 mM p-benzoquinone and 0.3-1.0 mM
K Fe(CN), [19.368] (H.-A. Chu. A.P. Nguyen and R.J. Debus. unpublished).

Mutation Photoautotrophic O, evolution PS II content

growth (7 wild-type) (% wild-type)

D_Zpoiypcplide:

Glu-70 - GIn * - approx. 3 approx. 38 ¢
e Val - 0 0

D1 polypeptide:

Asp-59 - Glu " + approx. 70 50-70
— A" +istow. 1.3 %) 20-30 50-60
—Val* +slow, 33 <) approx. 10 approx. 3

Asp-6l + Gl " + 8095 > X0
— Asn P +{sjon. 20 %) approx. 1§ > 70
Y. - (slow. 3.0 x) approx. 10 > 70
- Val* 4 (dow. 2.2 ) approx. 5 approx. 75

Glu-65 -+ Asp " + 80-90 =270
- Gln ™ + (siom. 1.9%) 10-20 > 60
- A" + (slow, 2.7 x) approx. 10 > 80
— Leut + (slow. 1.0 %) approx. 10 approx. 100

Asp-170 - Glu ®* + (50-60) ® (60-100) © > 8§

— His* + (slow) 20-40 > 80
— Cys © - 20-30 > 70
— Tyr* - 10--20 > 50
~ Arg * - 10-20 > 60
- Met® - 10-20 > 70
-+ Trp* - 3-5 5-10
— Asn ¢ - (3-9 " -¢ =60
= Ala " - 0 =70
- Ser ¢ - 0 > 70
- !\”hgl: - 4] approx. 10
— ’“ M -

= Leu® -

- Thr "

Glu-189 = Asp - 0 approx. 100
—Gla "t + approx. 50 =70

His-190 — Asp ¢ - 0
- Asn " - 0 =70
- ,(?I" :“ - 0 approx. 100
— Tyr ' ‘ 0 10-20
-+ Leu ™ - {} approx. 20

His-33.2 - Asn P - 0 approx. 30
—Gln - approx. 10 30-40
- Tyr P - 0
- Leu ™ - 0 approx. 10

Glu-333 -» Asp h - 0 approx. 5
—~ Gin ™ +(slow. 3.3 %) approx. 20 > 60

His-337 - Asn ® +(very slow) approx. 6 20-30
— Gln : + (very slow) 6-18 30-40
— Tyr ™€ - approx. 10

- Leu bt - (3-5) " (approx. 20) ¢ (approx. 20) ® (approx. 35)




TABLE H (continued)
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Mutation Photoautotrophic

growth

O evolution
(7 wild-type)

PS 11 content
¢ wild-type)

Asp-342 - Glu +(slow, 1.2%)
- Asn® -
- Ala® -
—Val*© -

Ala-344 — Stop ¢ _

Ser-345 —» Ala©
—Pro*

— Arg*©
— Stop ¢

4+

approx. 1§ approx. 70
0 approx. 15
§] 10-15

0 20-30

100

Mutants constructed by Vermaas and co-workers [867].

o T ow

Mutations constructed by Nixon and Diner [17.19.368 996).
Mutation constructed by Nixon and Diner [880,996].
Measured from ["*CJDCMU binding assays [867).

[N

by DPC to Y; . Protease digestion or chemical modifi-
cation at sites located far from the Mn complex could
prevent or alter these conformational rearrangements,
thereby allowing full or partial access of DPC to Y, in
the presence of ligated Mn**. As a precedent for such
a mechanism. conformational rearrangements are be-
lieved tc occur following the oxidation of the first
Mn3* jon by YZ during the asscmbly of the Mn cluster
[349,359,362] (see subsection I1-A.3). These conforma-
tional changes may explain why the presence of a
functional Mn complex both facilitates the rebinding of
the extrinsic polypeptides [232-234,278,279] and shields
YS and Y, from exogenous reductants [271,273.348,
366,489,760,847-849]. Conformational changes are also
believed to accompany the extraction of the two most
tightly-bound Mn ions [130,827,829,831] (see subsection
11-1.1). These conformational changes may explain why
the extrinsic polypeptides arc more casily extracted in
the absence of the Mn complex [231,234,279]. The
unprocessed carboxy-terminus of the D1 polypeptide in
the LF-1 mutant of Scenedesmus obliquus may inter-
fere with conformational changes induced by the liga-
tion of a Mn** ion that would otherwise restrict the
access of DPC to Y; and lead to the assembly of a
functional Ma complex. The mechanism of Mn>* inhi-
bition of clectron donation by DPC to Y; must be
further clarified if the DPC/Mn>* inhibition assay is
to be employed to identify ligands of the Mn complex.

Site-directed mutagenesis of PS ll. Site-directed mu-
tagenesis has begun to play an active role in the search
for ligands to the Mn or Ca?* ions of PS II. Most
published work has focused on conserved residues in
the D1 and D2 polypeptides (see Fig. 3). Several mod-
els for the ligation of Mn and Ca’* by these poly-
peptides have been advanced [32,35,114,116,787,865].
Some of these models were developed from computer-
assisted modeling based on the structures [20-22] of

Mutations constructed by Debus and co-workers [871,.873) (H.-A. Chu, A.P. Nguyen and R.J. Debus, unpublished).

reaction centers from purple non-sulfur bacteria
[35.114.116}). However, none of thc proposed models is
compelling. For example, the C, symmetry believed to
be present in the membrane-spanning regions of the
D1 /D2 heterodimer (e.g., Figs. 1 and 4) and which led
to the identification of Y, and Y [65-68]. does not
appear to extend to the lumenal regions of these
polypeptides in terms of amino acid residues. Also, the
structures of the bacterial reaction centers provide
limited insight: not only do these rcaction centers fail
to evolve oxygen, there is little similarity between the
sequences of the lumcnal regions of the D1 and D2
polypeptides and the corresponding regions of the L
and M polypeptides of the bacterial reaction centers.
Furthermore, the D1 and D2 polypeptides have many
more residues in these regions than the L and M
polypeptides. Finally, recent work indicates that the
pigment content of the D1/D2 hcterodimer differs
from that of bacterial reaction centers [13.135-140.866]
(see subscction I-B.1).

Because of the lack of compelling models, several
groups have constructed mutations at nearly every
residue ir the lumenal regions of the D1 and D2
polypeptices that could conceivably (sec subscction
11I-1) ligat: Mn or Ca>~ ions. These mutations have
been constructed in the cyanobacterium Synechocystis
sp. PCC 6803. Of the 30 conserved lumenal residues
targeted in the D2 polypeptide [18], including all lume-
nal carboxylate and histidine residues. only mutations
at Glu-70 (in the sequence numbering system from
spinach) abolished photoautotrophic growth [18,867]
(see Table II). However. changing His-189 to Leu
moderately impaired photoautotrophic growth [868].
Of the 30 lumenal conserved residues targeted in the
D1 polypeptide. including all 21 lumenal carboxylate,
histidine and tyrosine residues, only mutations at Asp-
59, Asp-61, Glu-65, Asp-170, Glu-189. His-190. His-332,
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Glu-333. His-337 and Asp-342 abolished or impaired
photoautatrophic growth (See Refs. 17.19.869-871 and
H.-A Chu. A.P Nguyen and R.J. Debus, unpublished
data; also sce Table 1.

The first residue identified as a potential ligand to
the Mn complex was Glu-70 of the D2 polypeptide
[867]. This work was carried out by Vermaas and
co-workers. Cells having Glu-70 changed to Gln or Val
arc unable to grow photoautotrophically [867] (scc
Table ). Nevertheless, cells and thylakoid membranes
from the Glu-70 - Gln mutant evolve oxygen at low
rates in the presence of added electron acceptors. The
rate of oxygen evolution was observed to decline rapidly
during illumination. This apparcnt photoinactivation
was diminished by the addition of Mn”" ions. but not
by the addition of Ca’’ ions. Thylakoid membranes
from other mutants (e.g.. Pro-162 — Leu in the D2
polypeptide) were similarly photoinactivated [867.872],
but the addition of Mn*~ ions had no protective cffect
[867]. Because the presence of exogenous Mn®* ions
diminished the rate of photoinactivation in the Glu-70
— Gin mutant. but not in the Pro-162 — Leu mutant,
Glu-70 of the D2 polypeptide was proposed to be a
ligand to the Mn complex [867]. The substitution of
Gin for Glu was proposed to weaken the binding of
one Mn ion in the higher S states. Loss of a Mn(1V)
ion scems unlikely, since this would require the forma-
tion of a penta-coordinate intermediate with consider-
able loss of ligand ficld stabilization cnergy [498,503]
Such considcrations are less significant for Mn(11D)
ions, however [498.503]. Because of the conformational
rcarrangements in the Mn environment that are be-
licved to accompany the S-state transitions [38.387,
427.429.443.477-479] (sce subsections 11-G.1 and H-H),
a tower affinity for Mn(I111) in a higher S-state in the
Glu-70 — GlIn mutant is conceivablc. Nevertheless, ex-
planations other than ligation of Mn by Glu-70 are
possible. For example. exogenous Mn®" ions may slow
the photoinactivation of the Glu-70 — Gin mutant by
donating electrons to Y, . The clectron donor DPC has
been demonstrated to slow photoinactivation in the
Glu-70 — GIn mutant [867] and in other mutants of
Svrnechocystis 6803 [867,872], presumably by donating
to Y, . Insufficient access of Mn** ions to the donor
side of PS 1 may account for the inability of Mn?*
ions to slow photoinactivaticn in the Pro-162 — Lcu
mutant. A rigorous determination of whether Glu-70 of
the D2 polypeptide is a ligand to the Mn complex will
require spectroscopic analyses of oxygen-cevolving PS 11
complexes isolated from the Glu-70 — Gln mutant and
from mutants having other recsidues substituted for
Glu-70. Until recently, no suitable preparation from
Synechocystis sp. PCC 6803 was available. Fortunately,
highly-active oxygen-evolving preparations capable of
exhibiting the S,-state multiline EPR signal have been
developed recently [209,415,993] (also sce Ref. 963).

Recently. attention has been focused on the DI
polypeptide. Photoautotrophic growth was completely
aholished when Asp-170 was replaced with 12 out of 14
other residues or when Asp-342 was replaced with Gin,
Ala or Val [17,19.367.368,869-871,873] (H.-A. Chu,
A.P. Nguyen and R.J. Debus, unpublished) (see below
and Table 1. In contrast, replacing Asp-170 or Asp-342
with Glu had little cffcct. Photoautotrophic growth was
moderately impaircd when Asp-59 was replaced with
Asn or Val, when Asp-61 was replaced with Asn, Ala
or Val, or when Glu-65 was replaced with Gin, Ala or
Leu [17,19.871] (H.-A Chu, A.P Nguyen and R.J. De-
bus. unpublished) (see Table 11). In contrast, replacing
Asp-59 or Asp-61 with Glu or replacing Glu-65 with
Asp had little effect. Based on the criteria that elimi-
nating a carboxylate ligand to Mn or Ca’** should
impair photoautotrophic growth, while changing the
size of the carboxylatc ligand might not, Asp-59, Asp-
61, Glu-65, Asp-170 and Asp-342 could potentially
coordinate Mn or Ca’* ions. However, other effects
caused by these mutations, such as destabilized binding
of the 33 kDa extrinsic polypeptide or conformational
changes in the PS-1I core. might also account for the
impairment or abolition of photoautotrophic growth.
Interestingly, photoautotrophic growth was completely
abolished when Glu-189 or Glu-333 was replaced with
Asp (H.-A Chu, A.P Nguyen and R.J. Debus, unpub-
lished), but was cither unaffccted (Glu-189) or was only
impaired (Glu-333) when either residue was replaced
with Gin {17,19] (H.-A Chu, A.P Nguyen and RJ.
Debus, unpublished) (Table 11). As mentioned in the
preceding paragraph. to demonstrate that any of these
residucs ligates Mn or Ca®* ions will require spectro-
scopic analyses of isolated PS 1I complexes. Such anal-
yses have recently been reported for mutations con-
structed at Asp-170 of the D1 polypeptide
[367,368,873,981].

The effects of mutations construcicd at Asp-170 of
the D1 polypeptide have been examined in detail by
Nixon and Diner {367,368,981] and by Debus, Barry
and co-workers [§73). Only cells having Asp-170 re-
placed with Glu or His were able to grow photoau-
totrophically, with the Asp — His mutant exhibiting
considerably impaired growth (see Table II). The PS-11
content of most of the 14 mutants was 70-100% that of
wild-type cells, when expressed on a chlorophyll basis.
Many non-photoautotrophic mutants evolved oxygen,
although at low rates (see Table I1). The latter mutants
exhibited oxygen flash yields that oscillated with the
normal period of four {368). From considerations of
manganese coordination chemistry (see subsection 11-1),
those mutants able to evolve oxygen contained a poten-
tial Mn ligand in place of Asp-170. The highest rates of
oxygen evolution were exhibited by residues with the
lowest pK, values [368]. The S,-state decay times in
whole cells of those mutants able to evolve oxygen,



TABLE 1

Further characteristics of mwanes having Asp-170 of the DI polvpep-
tide substituted by other residues

Mutation Ss decay time K,, for Mn=" Mn content of
in whole cells binding to Mn-containing
$,Q4 —$,0)  Mn-depleted PS 11 particles
(s) PS H particles (Mn per 2 eyt

(uM) b-599 hemes) "
wild-type 20+ 5 1 4.0(3.8-4)

Asp—Glu 65+ 5 2 33(3.1-3.0) "

- His 45+ 5 2-10

- Cys I

- Tyr 55+ § 20-40

— Arg 30+ S 5

- Mct 65+ 10 20

- Trp

~ Asn SU 141211
- Ala 50

- Ser 60

From Ref. 368.
" From Ref. 873.
¢ Range.

measured in the absence of DCMU, differed from
those in wild-type cells by no morc than a factor of
three [368] (sec Table III). (In the absence of DCMU,
the S, state decay time pri.aarily represents charge
recombination between Qy and the S, state).

All of the non-photoautotrophic mutants having
residucs substituted for Asp-170 were unable to rapidly
reduce Y; [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 mutant was only 30-40% that of wild-typc
particles, while the Mn content of the Asp — Glu mu-
tant was 75-90% [873] (see Table III). The K for
binding Mn>* ions to Mn-depleted PS 11 particles from
11 mutants was estimated by Nixon and Diner from the
ability of different concentrations of exogenous Mn>"*
ions to block charge recombination between Q. and
Y, [367.368]. The estimated K, values were 1 uM
and 2 pM were for the wild type and Asp — Glu
particles, respectively and 50-60 uM for the Asp —
Asn. Asp — Ser and Asp — Ala particles [368] (sec
Table HI). Because oxygen evolution or high affinity
binding of Mn>* ions was observed only when position
170 of the D1 polypeptide contained a potential metal
ligand [368] and because the Mn content of the Asp —
Asn mutant was significantly diminished compared to
wild-type preparations [873], it was concluded that
Asp-170 is critical for the assembly or stability of the
Mn complex [368,873,981]. Because the reduction of
Y, by Mn** was impaired in Mn-depleted particles, it
was further proposed that Asp-170 participates in the
first step 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
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Asp-170 ligates Mn, because of the similarities of the
S. state decay times in those mutants able to evolve
oxygen [368] (see Table HI. this residue must have
little influence on the redox potential of the Mn com-
plex and consequently must occupy only a terminal
coordination site. It cannot be excluded that the al-
tered propertics of the mutants arc caused indirectly
by global conformational changes induced by the muta-
tions. However. the ability of the Asp — His mutant to
grow photoautotrophically (Table 1) and the similarity
of the K, values in the mutants containing Glu, His,
Cys and Arg (Table 1), suggest that the altered prop-
ertics of the mutants are more likely to be caused
directly by the different propertics of the residues
substituted for Asp-170. Furthermore, the observed
alterations (c.g.. loss of activity and metal binding) are
typical of those reported in other proteins when puta-
tive ligands to metal ions are changed (c.g.. Refs.
874-879). Nevertheless, a determination of whether
Asp-170 of the D1 polypeptide coordinates the Mn
complex (or a Ca~* ion that is intimately associated
with the complex) will require further spectroscopic
analysis of intact, isolated PS 11 particles. For example.
if Asp-170 ligates Mn, ESEEM spectra should reveal
additional Mn ligation by nitrogen in the Asp-170 — His
mutant and EXAFS spectra should reveal Mn ligation
by sulfur in the Asp-170 — Cys mutant.

Preliminary analyses of Mn-depleted PS 11 particles
isolated from mutants having Asp-342 replaced with
Val indicate that the high affinity (K, =1 uM) Mn*~
binding site is intact in this mutant, but that no func-
tional Mn complexes can be assembled [17.870.880].
The properties of this mutant resemble those of the
LF-1 mutant of Scenedesmus obliquus (se¢ carlier in
this subsection). Properties similar to those of the
Asp-342 — Val mutant were also found when the pro-
cessing of the carboxy-terminal extensicn 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
polypeptide terminated at Leu-343 [880.996]. On the
basis of the latter result. the {ree carboxvlate group of
Al.-344, the carboxy-terminal residue of the mature
D1 polypeptide, has been proposed to ligate the Mn
complex [17.870.880,996].

Replacing His-190 with Asp or Gin slowed clectron
transfer from Y, to P680™ by a factor of 200 [17.19].
consistent with proposals that His-190 serves as a hy-
drogen bond acceptor for Y, [35.65.1i4.116,122]. Re-
placing His-332 with Leu, Asn, Gln or Tyr completely
abolished photoautotrophic growth [17.19.880] (H.-A
Chu, A.P Nguyen and R.J. Debus, unpublished) (see
Table II). The propertics of PS II particles of the
His-332 — Leu mutant resemble those of the Asp-342
- Val, Ala-344 — Stop and Ser-345 — Pro mutants
[17,19.8%80]. These results could be consistent with His-
332 serving as a redox-active component 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 residuc with Asn or Gln only impaired photoauto-
trophic growth, although severely (H.-A Chu, A.P
Nguyen and R.J. Dcbus, unpublished). These results
could be consistent with His-337 serving as a terminal
ligand to the Mn cluster. However, spectroscopic anal-
yses will be required to determine the relationships of
His-332 and His-337 to the water oxidizing complex.

To summarize, while a steadily accumulating body
of indirect evidence has been interpreted as suggesting
that the D1 and D2 polypeptides provide ligands to the
Mn complex (sec subsection 11-J.2 and carlier in this
subsection), only Glu-70 of the D2 polypeptide and
Asp-59, Asp-61. Glu-65. Asp-170. His-332. His-337,
Asp-342 and Ala-344 of the DI polypeptide have been
identificd as potential ligands to Mn (or Ca’") by
site-dirccted mutagenesis experiments. Of these, de-
tailed spectroscopic analyses have been reported only
for Asp-170 of the D1 polypeptide [367,368.873,981],
while preliminary analyses have been reported only for
His-332. Asp-342 and the free carboxylate group of
Ala-344 [17.19.880]. The fact that some or all of the
mutations at Asp-59. Asp-6l, Glu-65 and His-337 re-
tain some level of photoautotrophic growth indicates
that. should they ligate Mn, they must occupy only
terminal coordination sites. An alternative possibility is
that mutation of these residucs interferes with the
water oxidizing complex only indirectly by inducing
conformational changes in the PS-1I core. One conse-
quence of such conformational changes could be desta-
bilized binding of the 33 kDa polypeptide. Weaker
binding of the 33 kDa polypeptide has been observed
in a mutant having the Y, tyrosine changed to Phe
[835].

It should be emphasized that there is currently no
solid cxperimental evidence that excludes any of the
other intrinsic polypeptides of the PS-H1 core as poten-
tially contributing ligands to the Mn complex. Indeed.
in the Klein/Sauer model (Fig. 15). only 10 of the 24
coordination sites on the four Mn ions are filled by
mo-0x0 bridges. leaving 14 positions to be filled by
water, €17 or amino-acid residues. Numerous acidic
residues suitable for ligating Mn (or Ca®*) are located
in the lumenally-cxposed regions of CP47 [130], CP43
{130.162] and the a-subunit of cytochrome 5-559 [196—
199]. Furthermore. the 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]
(sce Fig. 5A, loop E). Changing the basic residue pairs
Arg-286/Arg-287, Arg-357 /Arg-358, Arg-385/Arg-386
and Arg-422/Lys-423 to Gly/Gly pairs in Svnechocvs-

tis sp. PCC 6803 did not abolish photoautotrophic
growth [881). but the Arg-384/Arg-385 — Gly/Gly
mutation led to a approx. 50% loss in oxygen evolution
activity [818). Dclction 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 hydrophilic loop
of CP47 [882] (Fig. 5A, loop E) and from the approx.
130 residue hydrophilic loop of CP43 [883,884] (Fig.
5B, loop E). Photoautotrophic growth was abolished by
all deletions 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 detected when the segment extending
from Gly-351 to Thr-365 was deleted from CP47 [882].
The epitope of the monoclonal antibody that recog-
nizes CP47 only in the absence of the two most tightly
bound Mn ions [130,827,829,831] (between Pro-360 and
Ser-391) overlaps this region (see subsection I1-J.1).
Photoautotrophic growth was not affected when the
scgment extending from Arg-384 to Val-392 was deleted
from CP47 [882]. However, the mutant contained ap-
prox. 657 fewer PS H complexes [882).

On the basis of directed mutations (Arg-68 — Leu
and Pro-63 — Thr) and segment deletions (deletions of
18-20 residue-long segments) in the hydrophilic 37-re-
sidue carboxy-terminal domain of the a subunit of
cytochrome  5-559 in  Synechocystis sp. PCC 6803,
Pakrasi and co-workers have reported that the region
between Asp-52 and lle-71 influences oxygen evolution
[18]. In contrast, Tac and Cramer have reported that
changing Arg-68 or Arg-59 to Gln, either individually
or simultaneously, has no significant effect on photo-
autotrophic growth rates, oxygen evolution activity or
low-temperature fluorescence spectra [885]. Deletion
of the carboxy-terminal 31 residues decreased photo-
autotrophic growth and oxygen evolution rates dramat-
ically. to approx. 15% of those measured for wild-type
cells [885]. However, the PS-I1 content of this mutant
{cstimated on a chlorophyll basis from [“*C]-DCMU
binding assays) was also estimated to be approx. 15%
compared to wild-type cells [885]. Consequently, the
small fraction of PS-I1 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?* ions, but that
the absence of these residues decreases the stability of
PS 11 or the probability of correctly assembling func-
tional PS I complexes [885).

I1L. Calcium

For recent comprehensive reviews of calcium in PS
. see [37,38.270.886]. A role for Ca* in S Il was



first observed in photosynthetic membranes from
cyanobactcria [887-894). A role for Ca2™ in PS 11 from
higher plants was demonstrated when Ca** was found
to reverse the inhibition of oxygen evolution caused by
the depletion of the extrinsic 24 and 17 kDa poly-
peptides from PS 11 membranes [260-262). These poly-
peptides were subsequently shown to substantially in-
crease the apparent affinity of Ca®* for sites in PS 1I
[318,474,802,895~-897). Further work established that
the presence of the 24 kDa polypeptide is sufficient to
enhance binding of the Ca* jon(s) involved in oxygen
evolution [259,895,897].

HI-A. Stoichiometry and affinity

Atomic absorption measurcments have demon-
strated that PS Il membranes [235,344.475,898-901]
and core complexes {902] from higher plants contain
2-3 non-adventitiously bound Ca>* ions per P680. All
but one Ca’™ ion can be extracted by washing with 1-2
M NaCl in the presence of 1| mM EGTA and the
ionophore A23187 (20 u M) [898,902], or by incubation
with 10-20 mM sodium citrate at pH 3 [475]. The
extrinsic 24 and 17 kDa polypeptides are lost during
treatment with NaCl (see subsection 1-B.4). These
polypeptides are also dissociated from PS Il during
treatment with sodium citrate at pH 3, but reassociate
when the pH is raised to pH 6.5 [235,274,903]. Conse-
quently, samples depleted of Ca>* by treatment with
sodium citrate at pH 3 retain the 24 and 17 kDa
polypeptides. Extraction of the final remaining Ca*®*
ion requires more stringent conditions: 150 minutes of
incubation with 2 M NaCl, 1 mM EGTA and 20 uM
AZ23187 at pH 5, followed by repeated washings with 1
mM EGTA and 20 #M A23187 at pH 6 [902] (and see
Ref. 898). All Ca’” ions in PS II can also be removed
by quantitatively replacing them with La** or Dy**
[476] (see subsection I1I-B). The lanthanide ions can
then be removed to yield PS 11 preparations that lack
both Ca’* and lanthanide ions [476).

Earlier proccdures to extract Ca’* employed less
stringent conditions and used the extent of inhibition
of oxygen evolution as an assay for the completeness of
extraction. All procedures involved washing PS 11
membrancs with 1-2 M NaCl in either light
[895,897,904] or darkness [214,260,404.474,802.905] to
extract the 24 and 17 kDa polypeptides, thereby ren-
dering the Ca’" ions more iabile and /or more accessi-
ble to extraction. In some cases EDTA (1-5 mM)
[404.802] or EGTA (10-50 uM [895,904]) or 5-10 mM
[214,474,897]) was included in the wash or added sub-
sequently. Ilumination was found to facilitate extrac-
tion [802,895,897,904,905), usually in samples that were
not washed concurrently with both NaCl and chelating
agents. However. one study reported that illumination
was an absolute requirement for extraction. even in the
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prescnce of 10 mM EGTA [897). Subsequent work
demonstrated that the effectiveness of Ca* extraction
by treatment with NaCl and EGTA depends on the
redox state of the Mn complex [477]. These observa-
tions presumably explain why illumination was re-
ported to facilitate extraction in the carlier studies.
The ease of extraction descends in the order S, > S,,
Sy > S, [477]. Based on these observations, it was pro-
posed that the affinity of PS I for Ca?* depends on
the redox state of the Mn complex, with the S, state
possessing the highest affinity and the S, state posscss-
ing the least {477]. It was also proposed that the
accessibility of the Ca®™ site (or sites) depends on the
redox state of the Mn complex and is greatest in the S,
state [477]. The possibie relevance of the Ca** pump
of the sarcoplastic reticulum to PS H was suggested
[477] because changes in Ca*" affinity and accessibility
take place during the catalytic cycling of this enzyme
{906]. It has recently been suggested that the apparent
S-state dependent affinity of PS II for Ca”* may result
from an S-state-dependent binding of the extrinsic
polypeptides [37]. However, this possibility was rejected
in an earlier study [477). There has been considerable
controversy concerning the relative effectiveness of
these carlier procedures in removing all traces of Ca” "
(see subsection III-C and sce the discussion in Ref.
421). Those employing EDTA or EGTA plus some
degree of illumination are presumed to have extracted
all but the one most tenaciously bound Ca’* jon, but
this supposition has not becn tested by atomic absorp-
tion mecasurements,

Efforts to determine the affinity of Ca”* for PS 1
have relied on measuring oxygen cvolution in Ca2™-de-
pleted samples as a function of added Ca*~*. The most
recent determinations were performed on spinach PS-11
core complexes depleted of all but 0.26 Ca®* ions per
P680 [902]. This study yiclded three apparent K, val-
ues: 1-4 uM, 67-97 uM and 2.7-7 mM [902]. These
K, values have been interpreted in terms of three
separate Ca>* sites. However. the three values may
also reflect a heterogeneity of fewer sites. Other deter-
minations have been performed on samples cither
known [898,907] or now presumed [895.908] (sce above)
to have been depleted of all but one Ca’" jon per
P680. These studies have viclded apparent K, values
of 50-100 uM and 1-7 mM [895,898.907.908]. in
agreement with the two weaker values determined in
the most recent study [902]. These two weaker values
have been interpreted as representing cither two Ca®™
sites [898.902], or a single Ca " site [895] having a K,
value that is dctermined by the redox state of the Mn
complex [421,477]. 1t was suggested that the K = 50—
100 uM and K, =1-7 mM sites may correspond to
the same site, but in samples poised in the §, and S,
states before extraction of Ca” . respectively [421.477).
In support of a single site characterized by two K,
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values, the K, = 1-7 mM site can reportedly be con-
verted into the K, = 50-100 uM site by raising the pH
of the sample from 5.1 to 6.2 [908]. It should be noted
that all of these binding studies were performed in the
presence of 10-40 mM NaCl. Because Na® has been
shown to compete with Ca”* for a common sitc on PS
1 (with a K, of approx. 8 mM) [909.910], the true &,
values could be much lower. When Na’ ions were
excluded from similar Ca”“-rebinding experiments by
cmploying tetramcthylammonium cation as a counte-
rion to Cl7, an apparent K value of 20-30 uM was
determined, compared to approx. 350 uM in control
samples containing 30 mM NaCl [274.909.910]. No
lower-affiniiy Ca** site was detected in these experi-
ments [274]. It should also be noted that all of the
reported K, valucs were determined in the absence of
the 24 kDa polypeptide: he true affinity of Ca®* could
be much greater in native PS 11 complexes. Alterna-
tively. removal of the 24 kDa polypeptide may expose
Ca”* site(s) to | 'a™ ions: the apparent decrease in
Ca’ " affinity may result from competition between
Ca>~ and Na™ rather than from any direct or indirect
structural influence of the 24 kDa polypeptide on one
or more Ca”"* sites. The 24 and 17 kDa polypeptides
form an apparent diffusion barrier to Ca’* rebinding
in darkness [274,474-476] and may similarly shield the
Ca** site(s) from Na™. In the presence of the 24 and
17 kDa polypeptides. the rebinding of Ca** to PS H is
a slow process (40-60 min) [274,474-476]. It has been
proposed to involve the reversible dissociation of the
24 and 17 kDa polypeptides [274]. (K, values for Ca™*
rebinding determined in the presence of the 24 and 17
kDa polypeptides by one sct of workers [903,907] arc
suspect because no account was taken of the slowness
of Ca’* rebinding in the presence of these poly-
peptides [474-476]).

To summarize, PS Il contains 1 high-affinity and
1-2 tower affinity sites for Ca>~ per P680. The appar-
ent affinity for Ca’* of at least the latter 1-2 site(s) is
modulated by the redox state of the Mn cluster [477],
although whether this reflects an S-state-dependent
affinity for Ca®*, or an S-state-dependent accessibility
of the Ca*~ site(s), remains unknown, The Ca®’ in the
highest-affinity site can be removed only by relavively
harsh procedures [898.902] or by treatments with lar-
thanides [476] (see subsection 111-B), whereas the Ca®™
in the 1-2 lower affinity sites can be removed by a
number of relatively mild procedures. Occupancy of
the 1-2 lower-affinity sites by Ca”" is not required for
assembly of the Mn complex, but is required for the
complex to yicld O, [349,354,375] (sce subsections I1-
A.3 and HI-C). There is evidence that the 1-2 lower-
affinity sites are created during formation of the func-
tional Mn complex [362]. At lcast one Ca®* site can be
occupicd by lanthanides in the absence of the Mn
complex, as determined from the paramagnetic effect

of Dy** on the EPR signal and relaxation properties
of Y in samples having Ca>* quantitatively replaced
by Dy** [476). In addition to inhibiting oxygen evolu-
tion. removal of Ca’* from the 1-2 lower-affinity sites
has also been reported to slow the oxidation of Y, by
P68 * [487] (also sce Refs. 628,630,638) and see sub-
section 11I-C). although Ca’" is not required for this
clectron transfer step to procecd [902], at least in
samples poised in the lower S-states [487] (see subsec-
tion HI-C). Depletion of Ca’* may inhibit electron
transfer from Y, to P680* more scverely in cyano-
bacteria than in higher plants [893,911], (sce subsec-
tions 111-C and I11I-E). There is currently no conclusive
cvidence that the Ca®* ion in the highest-affinity site
kas any role in either oxygen evolution or PS 11 photo-
chemistry: removal of Ca®* from the lower-affinity site
(or sites) is sufficient to inhibit oxygen evolution and
PS 11 core complexes depleted of all but 0.26 Ca’* per
P680 were able to generate Y, upon illumination at
room temperature [902]. However, these samples were
unable to oxidize the Mn complex at 210 K {902} and
samples that had been depleted of all Ca’* ions by
treatment with La** or Dy?* were unable to oxidize
the Mn complex at 200 K, even when the Dy?** ions
were subsequently removed, leaving no Ca?* or Dy*+
jons in the preparation [476] (see subsection III-B).
Whether any of these Ca®*-depleted samples were able
to oxidize the Mn complex at higher temperatures was
not investigated. The samples depleted of all but 0.26
Ca>* per P680 were reported to photooxidize Mn?*
during the initial steps of photoactivation [912]. How-
ever, it was also reported that the presence of Ca’* in
the highest-affinity site is required for assembly of the
Mn complex in Mn-depleted preparations [912].

It should be noted that Katoh and co-workers dis-
agree with thc majority view, expressed above, that the
weakly bound Ca** ion(s) are essential for water oxi-
dation. They have reported that treatment with 1-2 M
NaCl removes no Ca’* jons from PS Il membrancs in
cither light or darkness, even when the NaCl-washed
membranes are subsequently incubated with 2 mM
EGTA [90)]. Oxygen evolution was inhibited by ap-
prox. 50% in these samples, and was largely restored
by the addition of 5 mM Ca** [900]. They have also
reperted that only approx. 1 Ca®* ion per P680 is
present in highly purified PS Il preparations from
spinach [11,900], including one preparation that retains
the 24 and 17 kDa polypeptides [11]. They also find
only approx. ! Ca®* in PS Il complexes isolated from
the cyanobacterium Synechococcus clongatus (286,899,
913,995] and from a mutant of rice that lacks chloro-
phyll & [344]. The activities of the higher-plant prepa-
rations that contained only approx. 1 Ca’* per P680
were significantly inhibited by washing with 1.5 M
NaCi [11,344] or by incubating with sodium citrate at
pH 3 [903,907]. No further Ca** was extracted by these



treatments, but sig- ificant activity appeared to be re-
stored by the addition of Ca>* [11,344,903,907]. On the
basis of these results, Katoh and co-workers argue that
procedures employed to remove Ca’” inactivate oxy-
gen evolution by inducing structural perturbations that
are unrelated to the removal of Ca?* ions, but which
can be compensated for by the subsequent addition of
Ca’* ions [11,900,903]. They have proposed that the
structural perturbation may be the removal of the 24
kDa polypeptide {11,900). However, other workers have
shown that rebinding the 24 and 17 kDa polypeptides
to NaCl-washed samples does not restore activity in
the absence of Ca’* [447,474,896). Furthermore, Katoh
and co-workers have recently shown that binding these
polypeptides to citrate-treated samples does not re-
store activity in the absence of Ca?* [903]. Conse-
quently, the hypothetical structural perturbations that
cause the loss of oxygen evolution remain undefined.
The reasons for the discrepancies between the results
of Katoh and co-workers and thc rest of the work
discussed in this review remain unclear. However. many
of the preparations of Katoh and co-workers appear to
have significantly lower oxygen evolution activities than
those of other workers (for a detailed discussion of this
point, see Ref. 914). The presence of significant
amounts of Ca®*-deficient inactive centers would lead
to underestimation of the number of Ca’* ions bound
to and readily removed from, active centers. In the
remainder of this review, the majority viewpoint, that
the weakly-bound Ca’* ion(s) arc cssential for water
oxidation, will be adopted.

II-B. Other metal ions at the Ca’~ site(s)

The lower-affinity Ca’* site(s) can be occupied by
several metal ions other than Na* and Ca®". (For a
comprehensive discussion, see Ref. 37). Both Sr?*
[260,372,894] and vanadyl ions (VOZ2 ") [483] can substi-
tute for Ca’>* and support oxygen evolution, but the
steady-state rates are lower. In the case of Sr2*, the
slower steady-state rate has been attributed to a slow-
ing of the S;—(S,)— S, transition [421,432] and at
least onc other S-state transition [487]. Substitution of
Sr?* for Ca>* results in a modified S,-state multiline
EPR signal that has narrower hyperfine spacings
[421,432] (see Fig. 10). Both K* and Cs*, like Na™,
have been shown to inhibit oxygen evolution by being
weakly competitive with Ca?* (with K; values of 5-10
mM) [909,910]. The Cd* ion is a more strongly compet-
itive inhibitor (K; approx. 0.3 mM) [910]. Photoactiva-
tion studies showed that Mn’* also inhibits oxvgen
evolution by competing for this site(s) [349,354.3(2,
371,375] and a mathematical model for the photoacti-
vation process predicts that Mn?* binds to the Ca®*
site with a K, of approx. 90 xM [354]. Finally, La'*
has an even greater affinity for this site(s) than Ca’*
[476,548]. The effects of La®* on PS II are not limited
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to inhibiting oxygen evolution by competing for Ca”*
sites. The La®' ion also releases the 24 and 17 kDa
polypeptides, even in the presence of excess Ca” ™ ions
[S48]. In the absence of excess Ca®' ions. La*' re-
leases the 33 kDa polypeptide and approx. 60%¢ of the
Mn complex unless approx. 200 mM Cl~ is present
during exposure to La** {476,548]. It has recently been
reported that all Ca?* in PS II can be quantitatively
replaced by La** or Dy** without loss of Mn [476].
The resulting samples can be reconstituted with the 24
and 17 kDa polypeptides but do not evolve oxygen and
oxidize a chlorophyll molecule rather than the Mn
complex when illuminated at 200 K [476). Magnetic
coupling between Yy and Dy?* was reported in these
samples [476]. This coupling was observed even in the
absence of the Mn complex {476). Consequently, the
Ca?” site occupied by Dy** in the Mn-depleted sam-
ples may correspond to the most tightly-bound Ca®*
site. From the magnitude of the magnetic coupling
between Dy’* and Y{. the distance between this
Ca>* site and Yy could be as large as 40 A, however
[476].

HI-C. Influence of Ca’ * on the S-state transitions

Extraction of Ca®* from the lower-affinity site(s)
reversibly inhibits oxygen evolution by disrupting nor-
mal cycling of the Mn complex through the S-states.
The identity of the S-state transition blocked in the
absence of Ca®* has been a major point of controversy.
Blockage of the S; — S, transition has been proposed
on the basis of EPR studies [9,214.600,601,805.902,915],
blockage of the S, -~ S. transition has been proposed
on the basis of thermoluminescence measurements
[362,375,422,449.916]. blockage of thc S; — S, transi-
tion has becen proposcd on the basis of EPR studies
[421,447,454, 487], luminescence measurements [432.
904] and an carlier thermoluminescence study [802]
and blockage of the S, — S, transition has been pro-
posed based on other EPR studies [455] (also sce Ref.
448). In addition, the S, — S, transition has been oro-
posed to be blocked in samples depleted of Ca®* while
poised in the S, state [421,477.483] and one set of
workers argues that Ca”" is not required for any of the
S-state transitions to proceed (see subsection HI-A).

The basis for concluding that the S,, — S, transition
is blocked in samples depleted of the lower-affinity
Ca’* ion(s) while poised in the S, state was the inabil-
ity to generate the S.-state multiline EPR signal during
illumination at 200 K [483]. The samples were depleted
of Ca®* at pH 8.3 [483]. Incubation in darkness at this
pH has been proposed to reduce samples from the S,
state to the S, state [483,917]. However, this pH has
been argued to diminish the quantum yicld of S-state
turnaver (increase the ‘miss’ parameter) rather than
generate the S, state [587.620]. Indeed, the flash-in-
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duced vield of cytochrome h-559 oxidation has recently
been found to increase significantly above pH 7.5 [215],
perhaps accounting for the increased “miss’ parameter
reported in Ref. 620, Conscquently. it is not clear that
the samples depleted of Ca” " at pH 8.3 were poised in
the S, state, although a weak multitine-like EPR signal
observed in the Ca’*-depleted samples prior to itlumi-
nation [483] suggests that some modification of the Mn
complex had occurred during Ca®* depletion. Further
work will be required to establish whether the §, » S,
transition is blocked in the absence of Ca”*.

The basis for concluding that the S, — S, transition
is blocked in samples depleted of the lower-affinity
Ca”"' ijon(s) is also the inability to gencerate the S.-state
multiline EPR signal at 200 K [9.214.805,902.915] or at
higher temperatures in the presence of DCMU [214]
Somec workers have reported  that a  chlorophyll
molecule is oxidized instcad of the Mn complex when
{hese samples are illuminated at 200 K [214] (also see
Ref. 902), but others report no significant oxidation of
chlorophyll at 200 K in samples that were treated
similarly [421]. Proponents of a block at the §; - S,
transition have argucd that the high concentrations of
chelating agents emploved by most workers unable to
generate the multiline signal (1-10 mM EDTA or
EGTA) perturbs the relaxation properties of the Mn
complex sufficiently to preclude observation of the
signal [421.432.454]. Proponents of a block at the S; —
S, transition observe a normal muitiline signal wheu
only 50 uM EGTA is cmployed to extract Ca’”
[421.432.454]). or when samples extracted with 5 mM
EGTA are subsequently resuspended in the presence
of 50 uM EGTA [421]. However, the argument that
high concentrations of chelating agents precludes the
formation of the muiiiline signal has been weakened by
a recent observation: the addition of 10 mM EGTA to
a sample that had been depleted of Ca’” in the pres-
ence of 50 uM EGTA decrcased the amplitude of the
multiline signal by only approx. 207¢ [454].

The proponents of a block at either the §, = 8§, or
S.— S, transitions argue that 50 uM EGTA, cm-
ployed to extract Ca”* by proponents of a block at the
S. — S, transition, is insufficient to sequester all of the
large amount of advent 1= Ca®” known (e.g.. Refs.
260,449.476.899) to be associated with PS 11 mem-
branes. Conscquently, these authors argue that the
multiline signal observed by the proponents of a block
at the S, — S, transition arises from adventitious Ca”~
that has repopulated the Ca’~ site(s). Indeed, it has
been argued [270.274] that the observation of 4 normal
multiline signal in these samples shows that adventi-
tious Ca® " had rcbound to PS 11 because this signal is
not observed in most Cl -depleted preparations
[214.433.434.487.519] (sce subsection 111-D) and be-
causc the binding of Cl° to PS 11 has been reported to
require the prior binding of Ca”* [274.910]. (However,

it is not clear that no multiline signal could have been
generated in the Ca”'/Cl -depleted samples that
were used in the ordered binding experiments: the Cl~
ions were removed by an incubation in a Cl -frce
buffer [274,910]; sec subsection 111-D.) The lumines-
cence and EPR experiments supporting a block at the
S, — S, transition werc originally performed with sam-
ples that had been extracted with only 50 uM EGTA
[421.432.904]. Unfortunately, the Ca®' contents of
these samples were not determined by atomic absorp-
tion measurements. Nevertheless, samples extracted
with 5 mM EGTA and subsequently resuspended in 50
uM EGTA cxhibit a normal multiline signal [421] (see
preceding paragraph). Furthermore, samples extracted
with only 50 uM EGTA exhibit the 130-160 Gauss-
wide EPR signal that has becn attributed to a modified
form of the S, state [454] (see subsection 11-B.2). This
signal has becn observed in citrate-treated samples
[448.455,456,484] that arc belicved to contain only 1|
Ca”~ ion per P680 on the basis of atomic absorption
measurcments performed on similarly prepared sam-
ples [475].

Because the S state predominates in dark-adapted
samples, blockage of the S, — S, transition should
prevent the oxidation of Mn by Y,. Under these
circumstances Y, should be reduced by Q. with a
half-time of 80-120 ms [68,178] or by Q4 with a
halftime of approx. 20 sec [70]. Because Y is normally
rcduced by Mn in the S, state with a half-time of
approx. 100 ps (sce subsection 11-D.1), blockage of the
S| — S, transition should be inanifested as a dramati-
cally slower decay of 'Y, when detected following a
single flash-induced charge separation. Indeed, the re-
duction of Y, was observed to slow dramatically in
several EPR studies that involved averaging many
flash-induced mcasurements [260.601,905], but not in
others [404.600]. The rcasons for the discrepancy be-
tween these various studies remain unclear. However,
the conclusion of onc of the studics that reported a
slower decay of Y7 has been challenged [421.432],

Further characterization of the dark-stable approx.
26-line multiline and 130-160 Gauss-wide EPR signals
recently detected in Ca’*-depleted samples {see sub-
section 11-B.1 and 11-B.2) should help clarify the con-
troversy over which S-state transition is blocked in the
absence of the weakly-bound Ca’* ions. For example,
generation of the altered multiline signal in Ca®*-de-
plcted samples demonstrates that oxidation of the Mn
complex to at least a madified S, state can take place
under some circumstances. As discussed in subsection
H-B.1. the modified multiline signal has been reported
in samples either washed with NaCl and high concen-
trations of EDTA or EGTA in the presence of light
[447,449.452,453], or in samples incubated with 10-20
mM sodium citratc at pH 3 in darkness [423.448,
450,982].



As discussed in subscction HH-B.2, the 130-160
Gauss-wide EP X signal has been attributed to a modi-
fied form of the S, state, or to an organic radical that
is magnetically coupled with the Mn compiex when the
latter is poised in a modified S, state. It has also been
proposed that the [30-160 Gauss-wide signal arises
from a modified S, state {448,455,484). The block at
the S, — S, transition was proposed on grounds that,
when samples were poised in the dark-stable §, state,
generation of the 130-160 Gauss-wide signal required
two turnovers in a substantial fraction of the PS 11
centers [455,484]). Furthermore, the loss of the altered
multiline signal reportedly did not correlate with the
formation of the 130-160 Gauss signal [455]. These
results were explained in terms of a ‘hidden’ reductant
that is formed in a substantial fraction of samples
during Ca** depletion and that must be oxidized be-
fore the 130-160 Gauss-wide signal can be generated
[448,455,484]). No explanation has been offered to ex-
plain why the yield of this ‘hidden’ reductant is <o
variable [484]. The nature and variable yield of the
unidentified ‘hidden’ reductant should bc investigated.
This reductant was reported to rapidly reduce approx.
50% of Y7, when Ca®* was added to samples that had
been depleted of Ca’* by incubation with sodium
citrate at pH 3 [448,484]. A similar reduction of ap-
prox. 50% of Y, was reported when Ca’* was added
to samples that had been depleted of Ca®* at pH 8.3
[483]. However, a similar reduction of Yy, has not been
reported in samples depleted of Ca’* at pH 6.5. De-
scription of the 130-160 Gauss-wide EPR signal as a
modified form of the S, state seems largely a matter of
semantics, however, since even the proponents of a
block at the S, — S, transitio1 agree that the 130-160
Gauss-wide signal arises from an organic radical inter-
acting with the Mn complex when the Mn ions are
poised their S,-state oxidation levels [448,455.484].

Blockage of the S, —S; transition has been pro-
posed based on interpretations of thermoluminescence
flash yield data [422,449,916]. However, generation of
the 130-160 Gauss-wide EPR signal, whatever its ori-
gin, is difficult to reconcile with these interpretations.
Standard interpretations of thermoluminescence re-
quire that the thermoluminescence yicld should oscil-
late in response to a series of flashes if any electrons
can be extracted from the donor side of PS Ii once the
S, state has been achieved [674,918.919] (for review,
see Refs. 675-677). Generztion of the 130-160 Gauss-
wide signal concurrently with the disappearance of the
multiline signal [447,448,452,454] demonstrates that at
least one electron can be extracted from the donor side
of PS 11 once the S, state is achieved. However, no
thermoluminescence oscillations have been observed in
Ca®*-depleted preparations that exhibit the 130-i60
Gauss-wide EPR signal [422,449,453.916}, even when
both the therioluminescence and the EPR measure-
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ments were performed in the same laboratory [153]
The thermoluminescence and EPR data arc. therctore,
in direct conflict, even if the 130-160 Gauss-wide PR
signal arises from a precursor to the S, state [453). or
from an organic componecnt that bccomes reversibly
oxidized when the normal §, — S, transition is blocked
[453] The reasons for the discrepracy between the
thermoluminescence and EPR data are unknown. One
possibility is that extraction of Ca®” modifics the ac-
ceptor side of PS 1. For examiple. treatment with 2 M
NaCl has been reported to abolis’  the binary oscilla-
tions of Q4 semiquinone formation in rcsponse to a
series of flashes [585,905.920). Such an alteration in Q
function or Qg stability would likely lead to misinter-
pretations of the thermoluminescence flash vield data.
However. such an alteration of the properties ot the PS
II electron acceptors would have to be reversed by the
addition of Ca”* [422,449,453]. Other possibie explana-
tions have also been advanced [38.447.454]. Further
characterization of the EPR properties of samples that
have been analyzed by thermoluminescence is needed.
It would be helpful if the CPR and thermolumines-
cence measurements were performed in the same labo-
ratory on samples that have been depleted of Ca®” by
4 variety of methods.

Differences between Ca’‘-extiaction procedures
may underlie the controversy over which S-state transi-
tion is blocked. For example, no multiline signal of any
kind (other than what might be attributed to PS-11
centers containing residual weakly-bound Ca®”™ ions)
has been reported in samples depleted of Ca”~ in
darkness with high concentrations of chelating agents
at pH 6.0-6.5 [9.214.421,902] (unless the concentration
of chelating agent was lowered to approx. 50 uM after
the Ca’~ ions were extracted f421]). even when the
samples were illuminated at 273 K with continuous
light in the presence of DCMU {[214]. Perhaps the
extraction of Ca’" in darkness at pH 6.0-6 S and the
presence of high concentrations of chelating agents.
traps the Mn complex in an altered S, configuration
that, depending on the temperature of illumination. is
unable to advance to the S, state. or advances to an S.
state that yields only a broad and unrecognizable EPR
signal. Similarly, the extraction of Ca®" during illumi-
nation may trap the Mn complex in an S. or S-like
configuration that resists being altered by chelating
agents when deactivated to the S, state. Different
trapped configurations of the Mn complex could ex-
plain why illumination at 200 K in the presence of 10
mM EGTA generates very little mululine signal in
samples depleted of Ca®” with 5 mM EGTA in dark-
ness [421], yet gencrates a substantial multiline signal
in samples depleted of Ca’~ with 50 uM EGTA dur-
ing ilumination {454]. Alternate configurations of the
Mn complex in the S, state have been proposed previ-
ously [120.459,460.921]. Morcover. as discussed earlier.
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conformational rearrangements in the Mn environment
are believed 1o accompany the S-state  transitions
[31.38.387.427.443.477-479] (sce subscctions 11-G.1 and
H-H). cven at teaperatures as low as 198 K {429].
Furthermore. “structural orderings” have been postu-
lated to accompany the formation of the multiline
signal based on the negative activation catropics esti-
mated for the S, — S, transition [480] and for the
conversion of the S.-state g =41 EPR signal to the
multiline signal [418]. As mentioned in subscction 11-
C.1, X-ray absorption mecasurements indicate  that
structural rearrangements in the Mn environment take
place when Ca® ™ is extracted by treatment with sodium
citrate at pH 3 [424] (M.J. Latinwer. V.J. DeRose. V.K.
Yachandra. 1. Mukerji. K. Saucr and M.P. Klein. per-
sonal communication). Structural changes have also
been suggested to accompany the extraction of Ca”" at
pH 8.3 [483]. It would be of interest to determine
whether similar structural rearrangements arc ob-
served in samples deplete 1 of Ca®” by other methods.

It has recently been proposed that Y, can no longer
be oxidized once the maodified §; state (or the "S»-
plus-radical’ state) is formed in Ca” “-depleted samples
[38.487]. This proposal is based on an inability 1o
accumulate significant quantitics of 'Y, in Ca” -de-
pleted samples, as determined by EPR measurements
conducted with both continuous and flash illumination
[487] and by flash-induced optical absorption measure-
ments in the ultraviolet that failed to detect the ab-
sorption changes characteristic of 'Y, formation (1.
Lavergne and A. Boussac. quoted in Ref. 487). Elece-
tron transfer from Y, to PoR0" was slowed to 20-40
us in the same Ca” “-depleted samples [487] (also see
Refs. 028.630.638). 1t was argued that electron transfer
from Y, to P680' is siowed even further after the
putative histidine radical of the maodified S; state is
formed. so that further charge separations result in the
reduction of Pa80 " by Q rather than by Y, [38.487].
Electrostatic interactions involving an cextra positive
charge associated with the modified S, state [452] were
postulated to cause the further slowing of clectron
transfer from Y, to P80 once the moditied §; state
is achicved [38.487]). The carlier luminescence data that
were originally interpreted as demonstrating the tor-
mation of both Y, and the S, state in Cua”*-depleted
samples [432.904] have been reinterpreted in accor-
dance with the new model [38.487].

The proposed inability to generate Y, in Ca” *-de-
pleted samples once the modified §; state is formed
[38.487] is very intriguing, particularly since the same
phenomenon has also been proposed to occur in Cl -
depleted samples [38,487] (see subsccuon 111-D). How-
ever, the reported failure to accumulate the EPR sig-
nal of Y, in Ca’*-depleted samples [487] contlicts with
other studies. In some studies, 0.5-0.6 Y, per Po80
was detected as a flash-induced transient that decayed

in hundreds of milliscconds [260.271.600-602.,905,922].
In other studics, the EPR spectrum of approx. (.5
[600]. 0.75 + 0.10 [214] or 0.8 + .1 [456] Y, per P68O
was generated by continuous illumination. In the latter
study [456], Y, was distinguished from Y3 on the
basis of the different microwave power saturation char-
acteristics of the EPR signals of two radicals in the
presence of the Mn complex (sce subscction 11-1.2).
Similar amounts of Y, were also generated by contin-
uous illumination of samplcs that had been depleted of
Ca’' with sodium citrate at pH 3 [424,456.916). The
substantial quantitics of Y, observed in these studies
are unlikely to have resulted from incomplete removal
of Ca®” ions because in Ca®*-sufficient samples the
reduction of Y, by tiic Mn complex is too rapid to be
resolved in most EPR experiments (30-1200 us, sce
subsection 11-D.1). The reasons for the discrepancics in
the amount of Y, generated in different studies need
to be clarified.

11-D. Relationship between Ca” " -depletion and Cl - -de-
pletion

For reviews of CIin PS 11, see Refs. 38,270,690.691.
also see Ref. 33. The binding of Ca®>* and Cl~ ions to
PS 11 has been reported to be a rapid, ordered equilib-
rium process, with the binding of Cl™ requiring the
prior binding of Ca”* [274.910]. Chloride ions can bc
competitively displaced from PS 11 (possibly from a site
on the Mn complex, sce subscection 11-G.1) by F~ [439],
acctate [439] and many primary amines [437-439].
Chloride ions have also been removed by alkaline pH
[685,923~926], by treatment with 25-100 mM SO; "~
[241.437.466.471,927). or by extended incubation in
Cl -free buffers [404.928,929]. All of these treatments
reversibly inactivate oxygen evolution. However, SO
which displaces Cl™ ions from PS I1 in a non-compcti-
tive fashion [241.438.927]. irreversibly inactivates ap-
prox. 25%; of the PS 11 centers [241.438,927.929]. Sul-
fate also releases a similar percentage of the Mn clus-
ter as Mn~* ions [929] and releascs - traction of the 24
and 17 kDa extrinsic polypeptides [745]. Chloride can
be functionally replaced by Br™ and. to a lesser extent,
by NO,; or 1" [434.461,472.473,923.928). However, the
S, —{S,) — S, transition is slowed in thc presence of
NO; [471]. (It has been reported that SO ™, HPO;~
and Mecs anions can functionally replace Cl™ in the
cyanobacterium  Synechococcus  elongatus  [930,931]).
Extraction of C'~ by extended incubation in Cl -frec
buffers produces different cffects than extraction by
the more stringent conditions of alkaline pH or SO;~
(sce discussion in Ref. 38). The S,-statc multiline EPR
signal can be generated in the former samples {404,928],
but not in the latter {214.433.434.487,519], even though
a modified S, state is formed in the latter samples
[433.434.466-470.932.933] (sec below). The S, state is



also abnormally stable in the latter preparations
[433,434,408-470,932 -935].

The number of Cl ions requircd for oxygen evolu-
tion in PS 11 (per P680) is not known. £ Cl /PS 11
stoichiometry of approx. 5 was estimated on the basis
of *Cl -binding studics conducted with Cl -depleted
thylakoid membranes that were incubated with **Cl~
during illumination [924]. Recent experiments con-
ducted with **Cl~ indicate that illuminated PS 1I mem-
branes contain at least one Cl~ ion per P680 that
exchanges very slowly with Cl~ ions in solution (half-
time of several hours) [936]. The slowly exchanging C1~
ions were rapidly lost when the extrinsic 24 and 17 kDa
polypeptides were removed [936]. A single class of
tightly-bound but rapidly exchangeable CI~ ions in PS
11 has been inferred from recent ¥*CI-NMR line broad-
ening experiments [937). Earlier »CI-NMR data that
were interpreted in terms of multiple classes of rapidly
exchangeable Cl~ sites [938,939] are now considered to
have been compromised by a systematic instrument
irregularity [937]). The rapidly exchangeable Cl~ ions
appear to bind more tightly in the S, and S, statcs
than in the S, and S, states [610] (also see Ref. 940).
From C1° titrations of the restoration of oxygen evolu-
tion to Cl -depleted chloroplasts and sub-chloroplast
particles, it was concluded that Cl~ functions at a
single catalytic site [472). However, from Cl~ titrations
of F-inhibited PS Il membranes, it was concluded
that ClI~ binds to two sites: the restoration of the
multiline EPR signal required 11-fold less Cl~ than the
restoration of oxygen evolution [928]. From a study of
the onset of Cl -depletion caused by SO7~, NO; and
acetate, it was also concluded that PS-II centers con-
tain two Cl™ sites [471]. It was proposed that the
displacement of Cl~ from one of these sites slows the
S, —(S,)— S, transition, whereas displacement of
Cl~ from the other completely inactivates oxygen evo-
lution [47i]. Nitrate was proposed to act at only the
first site, SOZ~ was proposed to act at the second site
and acetate was proposed to act a* either site [471].
The two Cl™ sites identified in these studies were
considered to be present simultaneously in thc same
PS-1f centers [471,928]. An intriguing alternate possi-
bility is that the two sites appear in different S-states,
so that only a single site is present at any given time
[38,486). In one recent model, a single Cl~ ion ex-
changes between two sites during the S state cycle
[31,38] (see subsection 1I1I-G). One of these sites is
proposed to be on a Ca’* ion, while the other is
proposed to be on the Mn complex [31,38].

A considerable number of studies have concluded
that the depletion of CI~ with alkaline pH or SO}~
blocks the S, — S, transition [433,466-470,933]. How-
ever, as mentioned in subsection 11-B.2, a new EPR
signal centered at g approx. 2 and reported to have a
linewidth of 160 + 20 Gauss [486] or < 90 Gauss [487]
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has recently been reported in Cl -depleted {486.487],
F ~-treated [486] and NH ;-treated samples [456.485].
This signal superficially resembles the 130-160 Gauss-
wide signal observed in Ca® *-depleted samples and has
also been attributed to a modified form of the S, state
[485-487] or to an ‘S,-plus-radical’ state [456). The
conclusions of the earlier Cl -depletion studies must
reevaluated. In one of the earlier studies. the addition
of C1” ions to Cl "-depleted samples immediately after
a flash yiclded the multiling signal in darkness, demon-
strating the presence of an altered ‘EPR-silent” S,
state [433]. Because this signal was also gencrated
when Cl™ was immediately added to samples that had
been given two or more flashes, it was concluded that
the S, — §; transition was blocked in the absence of
C1~ [433]). These data would be consistent with the
formation of a modified S; or ‘S,-plus-radical’ statc if
the addition of Cl~ led to a rapid deactivation of this
state in addition to a conversion of the altered *EPR-si-
lent’ S, state to the normal §, state. The addition of
Ca’" has been observed to cause a similar rapid deac-
tivation of the ‘S,-plus-radical’ state in Ca®*-depleted
samples [447]). Fluorescence measurements {466,467,
luminescence measurements [467] and optical absorp-
tion measurements of the decay of P680~ [468,487] in
Cl -depleted samples indicate that only two clectrons
are rapidly transferred from the donor side of PS 11 to
P680~* in response to a series of flashes. These data
were interpreted in terms of formation of the state
Y/S,, with the S, — §; transition being either blocked
or slowed considerably. How to reconcile these data
with the observation of the 90-160 Gauss-wide EPR
signal is less obvious. However, several possible expla-
nations have been suggested.

One explanation. suggested by Nugent and co-
workers [456], is that the 90-160 Gauss-wide EPR
signal arises from an interaction between Y, and the
modified S, state Mn complex. If so. there would be no
contradiction between the carlier studies and the ob-
servation of the new EPR signal. A second possible
explanation is that, following the formation of the
Y, S, state. Y; is slowly reduced by a donor side
component to yield the 'S ,-plus-radical’ statc. Both the
fluorescence [466] and the optical absorption data
[468.487] showed that one of the two oxidized donors
to P680* was slowly reduced in darkness. with half-
times of approx. 120 ms [466] (or approx. 300 ms [468])
and several seconds (see Refs. 466,468, also see Ref.
487). The slowly-reduced donor was presumed to be
Y; [466,468]. A slow reduction of Y; by an organic
component in competition with Q, or Qg could form
the ‘S,-plus-radical’ state. Because of the time delay
between the flashing and freezing of EPR samples, a
slow transition from the Y; S, state to the modified S,
(or ‘S,-plus-radical’) state could give rise to the 90-160
Gauss-wide EPR signal even if only the Y; S, state
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could be formed rapidly in responsc to a series of
flashes. This explanation was previously advanced to
explain ecarlicr thermolumincscence data that were in-
terpreted as indicating that @ modified S, state could
be formed in Ci~-depleted samples [932].

A third cxplanation, proposed by Rutherford and
co-workers [38.487], is particularly intriguing in that it
may account for the similarities between Ca’*-de-
pleted and Cl -depleted samples. In Cl -depleted sam-
ples, two charge separations arc proposcd to rapidly
generate the modified S; (or ‘S,-plus-radical’) state
[38,487]. As proposed for Ca’*-depleted preparations
[38.487] (see subsection 1II-C), it is proposcd that Y,
cannot be oxidized by P680" once the *S,-plus-radical’
state is formed in Cl -depleted preparations [38.487].
This proposal is bascd on an inability to accumulate
significant quantities of Y; in Cl -depleted samples,
as determined by averaging many flash-induced EPR
transients [487]. In agreement with this observation, an
carlier study reported that only 0.3-0.4 Y, per P680
could be generated by continuous illumination of sam-
ples depleted of CI~ by treatment with SO}~ or am-
monia [602]. However, higher yields of Y; were im-
plicd in other studies of SO -trcated [437], acetate-
treated [632] or NH ;-treated [437.456] samples (also
see Ref. 688). A significant fraction of Yy has been
reported to decay rapidly in darkness in Cl -depleted
samples [487,928]. In some of the earlier studies, a
rapidly decaying Y3 may have been misidentified as
Y; . However, Y, was distinguished from Y, in one
of the earlier studies [437] on the basis of the different
microwave power saturation characteristics of the EPR
signals of these two species (see subsection 11-1.2). The
proposal that Y, cannot be oxidized by P680™" in the
presence of the ‘S.-plus-radical’ state would be consis-
tent with the earlier {1 -depletion studies if the donor
that is slowly reduced in darkness [466,468,487] is a
component of the 'S,-plus-radical’ state and if this
state decays more rapidly than the normal S, state. In
Ca**-depleted samples, the ‘S,-plus-radical’ state de-
cays more rapidly than the normal S, state in the
absence of the 24 and 17 kDa extrinsic polypeptides
[447.454 904].

Acctate-treated - samples, like samples depleted of
Cl™ with alkalinc pH or SO}, rapidly transfer only
two clectrons from the donor side of PS 11 to P680 ™ in
response to a series of flashes [631,633]. In response to
subsequcnt flashes, P680 ™ is reduced by Q in compe-
tition with an unidentified electron donor [633]. Under
these circumstances, the EPR 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 generate the ‘S,-plus-radical’ state and
that the putative histidine radical of this state causes
the broadening of the P680* EPR signal [487]. The
histidine radical was estimated to be located approx.

85 A from P680* [487]. It would be tempting to
speculate that the putative histidine radical could be
His-190 of the D1 polypeptide (see Fig. 4). If His-190
acts as a hydrogen bond acceptor for Y,, as proposed
[35,65,114,116,122], the oxidation of His-190 would be
expected to change the redox potential of Y,. As noted
in subscction 11-J.3, replacing His-190 of the D1
polypeptide with Asp or Gln has been observed to slovs
electron transfer from Y, to P680* by a factor of 200
[17.19].

It should be determined if the 90-160 Gauss-wide
EPR signal of the ‘S,-plus-radical” state is observed in
acetate treated samples after two charge separations. It
should also be determined if the EPR signal of P680*
is broadened in samples depleted of Ca’?* or Cl~ or in
samples treated with F~ or NH,. In this regard it
should be noted that the approx. 100 Gauss-wide ‘S,-
plus-radical’ state signal observed in NH ;-treated sam-
ples apparently cannot be generated by flash illumina-
tion [485]). Furthermore, the properties of this signal
have been suggested to reflect the binding of NH; to
the NH ;-specific site (see subsection II-G.1), rather
tran to the Cl™ site, of the water oxidizing complex
[456]. A comparison of the properties of the altered
multiline EPR signal, the ‘S,-plus-radical’ EPR signal
and the potentially broadened P680* EPR signal in
samples depleted of Ca?* or Cl™, or treated with a
variety of anions or amines, should yield further insight
into the connections between Ca®*, Cl~ and ligand
exchange reactions in the water oxidizing complex.
Each type of sample should be prepared by a variety of
methods and their Ca®* contents should be deter-
mined by atomic absorption spectroscopy or by an
equivalent analytical method. The formation and sta-
bility of Y, and the rates and temperature dependen-
cies of all electron transfer reactions involving the Mn
complex, Y., P680 and all other redox active donor-side
components should also be examined.

HI-E. Location of Ca’™* in PS Il

For a recent discussion of this topic, see Ref. 37.
The altered lineshapes of the S,-state multiline EPR
signals obscrved in Ca?*-extracted [423,424,447-456)
(see Fig. 11) and Sr>*-reconstituted [415,421,422 432]
(see Fig. 10) samples have been taken as evidence that
at least one Ca’* ion is located close to the M.n
complex, particularly because an NH;-derived ligand
has been shown to coordinate the Mn complex during
the S, — S, transition [446,554] and because NH,-
treated and Sr’*-substituted samples exhibit altered
multiline signals that are superficially similar (compare
Figs. 9 and 10). The apparent creation of the lower-af-
finity Ca®* site(s) during the formation of the func-
tional Mn cluster {362] and the apparent dependence
of Ca®* affinity on the redox state of the Mn cluster



[477]. also suggests that onc or more Ca’* ions may be
located near the Mn complex. Further evidence that
Ca’>* and Mn may be located in closc proximity is
suggested by recent data demonstrating that Ca®* sta-
bilizes the ligation environment of the Mn complex,
protecting the complex against the loss of Mn2™* ions
produced by tie action of NH,OH and other reduc-
tants [275-277,544). Finally, as discussed earlier, based
on EXAFS measurements, one group has proposed
that a Ca’* ion is located approx. 3.3 A from Mn
[389,543] (M.J. Latimer, V.J. DeRose, V.K. Yachandra,
1. Mukerji, K. Sauer and M.P. Klein, personal commu-
nication), while another group has suggested that a
Ca’* ion may be located approx. 4.35 A from Mn
[535]. Several authors [510,535,539,548,549] have noted
the possible relevance of the Mn?*-Ca?* dinuclear site
in concanavalin A [546,547] to PS 11 and some {34.37]
have also pointed out that the Ca’* site in concana-
valin A is created by the ligation of Mn2* [941], a
situation similar to that in PS IL.

Because Ca?* and the Mn complex are believed to
be located in close proximity, many of the ligands to
Ca®* are cxpected to be contributed by the D1 and D2
polypeptides (see subsection 11-J.3). However, none of
the intrinsic polypeptides can be excluded as possible
sources of ligands. As mentioned in subsection I-J.3,
numerous acidic residues suitable for ligating Ca’* are
located in the lumenally-exposed regions of CP47 [130],
CP43 [130,162} and the a-subunit of cytochrome b-559
[196-199] and in the hydrophilic carboxy-terminal re-
gion of the 4.2 kDa product of the psb.1 gene [297,299].
In light of the low rates of oxygen evolution reported in
its absence [232,246,248,251,252,265,802-805], the 33
kDa polypeptide also cannot be excluded as a possible
source of ligands. Not even the 24 kDa polypeptide can
be excluded [37] because the affinity of Ca®* for PS 11
has only been measured in its absence (see subsection
I1I-A). Finally, it has been pointed out [37] that no
data exist to exclude the possibility that polar groups of
carbohydrates or lipids contribute ligands to Ca®* in
PS 11

The specific and reversible extraction of Ca®* by
sodium citrate at pH 3 [475] has been considered to be
consistent with the ligation of Ca?* by carboxylate
residucs in PS 11 {37,38,270,422,475], particularly be-
cause the efficiency of extraction is half-maximal at pH
4.0 [475]. However, the short incubation at pH 3 causes
the reversible dissociation of the 24 and 17 kDa extrin-
sic polypeptides [235,274,903}, thereby increasing the
accessibility of Ca®* to citrate as a chelating agent.
Consequently, the significance of the reversible Ca®*
extraction at pH 3 to the ligation of Ca’* in PS 1l is
unclear.

High-resolution crystal structures of many Ca’*-bi-
nding proteins are available (reviewed in Refs. 942
944). An analysis of 27 Ca’"* binding sites in 17 struc-
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tures refined to resolutions of <23 A has recently
been reported [943]. All 182 Ca” ™ ligands in these 27
sites are oxygen atoms. Of these, 29% ., 18%. 6% and
2% arc contributed by side-chain oxygens from Asp,
Glu, Asn and Gln residues, respectively. while 23% arc
contributed by peptide carbonyl oxygens and 20%% are
contributed by immobilized H,O molecules [943]. The
Asp and Glu residues ligate with either one or both
side-chain oxygens. The most common Ca®” coordina-
tion number is seven, but coordination numbers of six
or eight are not uncommon. The oxygen ligands are
generally arranged approxnmately as a pentagonal
bipyramid. The average Ca?*-O distance is 2.4 A but
the distances generally range from 2.1 to 26 A
[943,944]. AIl 27 sites contain at least one peptide
carbonyl oxygen as a ligand [943].

Calcium-binding proteins are generally grouped into
two categories: those that possess the “Helix-Loop-
Helix> (HLH) motif (also known as thc ‘EF hand’
motif, reviewed in Refs, 942,945--948), and those that
do not. In proteins that possess the HLH motif, the
residues that coordinate the Ca®” ion arc located in a
contiguous stretch of 12 residues that connects two
a-helices. The HLH motif is very highly conserved and
consensus sequences are available [949-952]. The
Ca’*-binding sites of proteins that do not possess the
HLH motif are exceedingly diverse [943]. In most of
these ‘non-HLH' proteins, a majority of the ligating
residues are located in a contiguous stretch of 10-15
residues. In many cases, all of the ligating residues are
located in this stretch, as in HLH proteins [943]. How-
ever, in some non-HLH proteins, none of the ligating
residues are located in the same region of the polypep-
tide sequence. No correlation exists between Ca®*
affinity and the geometry of the site or whether the
ligating residues are part of a contiguous stretch of the
polypeptide chain [943]. However, the Ca* affinity
does correlate with the number of H,O molccules in
the Ca’* coordination sphere [943]. The sites with the
highest affinities contain 0-1 ligating H,O molecules,
while the sites with the lowest affinities contain 1-3
ligating H,O molecules [943]. Nearly all HLH sites
contain one carbonvl oxygen and one ligating H,O
molecule, while non-HLH sites contain 1-3 carbonyl
oxygens and 0-4 ligating H,O molecules. All HLH
sites contain a bidentate Glu residue, while few non-
HLH sites contain Glu residues [943]. None of the
HLH sites contain bidentate Asp residues, while many
non-HLH sites contain bidentate Asp residues [943].

Most non-HLH Ca®*-binding sites are located in £
loeps or portions of 2 loops [943]. An 2 loop is a
6—-16-residue loop that is located on the surface of a
protein, contains no regular repeatmg secondary struc-
ture and whose termini are < 10 A apart [953]. All
HI.H Ca?*-binding sites are located in {2 loops if the
restriction on regular secondary structure that defines
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02 loops is relaxed slightly [943.953]. Most Ca’ *-binding
loops contain Asx turns, although other reverse turns
arc also found [943]. An Asx turr involves a hydrogen
bond between a side-chain oxygen of an Asp or Asn
residue at position *n" and the peptide amide nitrogen
of the residue at position ‘2 + 27 [954-957]. (Occasion-
ally the Asx residue is Ser, Thr or Cys [955]. In
Ca**-binding proteins, the Asx residue is usually Asp,
occasionally Asn and rarely Ser [943). The Asx residue
generally ligates the Ca®" ion with onc or two side-
chain oxygens. The vast majority of Asx-turns in Ca”*-
binding proteins have a Pro or Gly residuc located
immediately adjacent to the turn and within three
residues of the Asx residue [943]. In conjunction with
the Asx turn, these residues facilitate folding the
Ca’*-binding loop around the Ca** ion to correctly
position oxygen ligands [943). Extensive networks of
hydrogen bonds are found in Ca®*-binding sites. These
stabilize the conformation of the Ca’*-binding loop.
correctly position the ligating H,O molecules and other
oxygen ligands and help counteract electrostatic 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 addition 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 HLH consen-
sus sequence. Such sequences have been found in the
D1 [422,787,865], D2 [865] and 33 kDa [227,958] poly-
peptides. The similarities with the HLH consensus
sequence arc weak, although the similarity is strongest
for the identified region of the 33 kDa polypeptide.
Proteins with the HLH motif have been shown to bind
*Ca when transferred to nitrocellulose membranes
after being denatured and subjected to gel elec-
trophoresis [959]. When similar experiments were per-
formed on PS Il membranes, the only non-LHCII
polypeptide that bound **Ca was an unidentified pro-
tein of 33 kDa and the binding was very weak [960].
Recently, PS Il polypeptides were examined for se-
quences that resemble the contiguous Ca’*-binding
loops of several non-HLH 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 D1 and D2 polypeptides [37].

IHI-F. Ca*~ in cyanobacteria

The influence of Ca’* on electron transfer and
oxygen evolution in cyanobacteria may differ from that
in plants. For example, depletion of Ca>* from cyano-
bacterial cells or PS 11 membranes has been reported
to block electron transfer from Y, to P680*, as mea-
sured by flash-induced optical absorption changes (even
after only a single flash) {911] or by chlorophyll a

fluorescence in the presence of DCMU [893]. How-
cver. this conclusion has been challenged [633] and a
narrow version of the 130-160 Gauss-wide EPR signal
of the *S,-pius-radical’ state (sce subsection 11-B.2) has
recently been observed in Ca’*-depleted PS Il parti-
cles from Synechocystis sp. PCC 6803 [415]. The nar-
row linewidth of this signal (<90 Gauss) resembles
that of the signal observed in NH ,-treated [456,485] or
some Cl -depleted [487] preparations from higher
plants (see subsection 1I-B.2). In higher plants, the
depletion of the weakly-bound Ca’* ion(s) reversibly
slows electron transfer from Y, to P680* [487] (also
see Refs. 628,630,638 and see subsection HI-C).

The requirement for Ca’* in cyanobacteria may
also be different from the rcquircment in plants and
may differ between different species of cyanobacteria.
Early studies on the non-thermophilic cyanobacteria
Phormidium luridum [887-889] and Anacystis nidulans
[890-892,961] indicated that approx. 30 mM Ca?* is
required to maintain the stability and oxygen-evolving
activity of PS II membranes. However, active PS I1
complexes from Anacystis nidulans have more recently
been isolated in the presence of high concentrations of
Na* (added as approx. 300 mM sodium citrate) [962].
Highly-purified PS 11 complexes from Synechocystis sp.
PCC 6803 have also been reported to require either
20-50 mM Ca?* {209,415,963) or approx. 300 mM Na*
[963] for maximal activity. The ability of Anacystis
nidulans and many other cyanobacteria to substitute
Na* for Ca®* has also been inferred from studies
conducted on intact cclls [964-966). Other cyano-
bacteria apparently have an absolute requirement for
Ca?* [966], while at least one, Synechocystis sp. PCC
6714, apparently has an absolute requirement for Na*;
Ca’* reportedly does not substitute [967]. (However,
thylakoid membranes from this organism have been
reported to require >5 mM Ca?* for maximal
oxygen-evolving activity [968].)

Highly purified PS Il preparations from thermo-
philic cyanobacteria do not require added Ca’* for
maximal activity. Although some procedures for isolat-
ing PS Il complexes from Synechococcus elongatus
employ buffers that contain 20 mM CaCl, [168,287],
highly active PS 11 preparations have been isolated
from this organism [343,969-971,995], from Syne-
chococcus lividus (972}, from Synechococcus vulcanus
[285,289,480], from Mastigocladus laminosus [634] and
from Phormidium laminosurn [288} in buffers that con-
tain 5-35 mM Na* and/or 5-10 mM Mg?*, but no
added Ca®* ions. However, the preparations from
Phormidium laminosum have been reported to be most
active and stable in the presence of cither 10 mM
Mg2* or Ca’* [288,334] and some preparations from
Synechococcus elongatus show slight (approx. 15%) en-
hancements in activity in the prescnce of 5 mM Ca?*
[286].



The Ca** required for oxygen evolution appears to
have a lower-affinity for PS 1l in cyanobuacteria than in
higher plants. This Ca®* is easily lost from somec
cyanobacteria during cell breakage [889] and appears
to be readily extracted from highly-purificd PS-11 com-
plexes from the thermophilic cyanobacterium Syre-
chococcus elongatus by treatment with 1 mM EDTA
[911,973] or by gel filtration [930,931]. Activity can be
restored by the addition of Ca>* [930,931,973], Na*
{930,931}, or Mg?* [930,931] ions. An apparent K,
value for Ca’* was estimated to be approx. 130 uM
(measured in the presence of 10-25 mM Na*), while
the optimum concentrations of Na* or Mg?* were
found to vary considerably depending on whether ClI™,
SO?~, or HPO:~ was present as the counterion
[930,931]. Highly-purified PS-II complexes from Syrne-
chococcus elongatus have been reported to contain
approx. 1 tightly-bound Ca?* ion (per P680) that resists
extraction by chelex resin [286,899,913,995]. It was pro-
posed that this Ca®* ion is essential for oxygen evolu-
tion [286,913], but atomic absorption measurements on
samples further extracted with EDTA were inconclu-
sive [913]. It should be noted that these complexes
were isolated by Katoh and co-workers, who, in conflict
with other workers, maintain that highly purified PS Ii
preparations from spinach also contain only approx. 1
Ca?* ion per P680 [11,900] (see subsection III-A).
Nevertheless, this group’s most recent preparation of
PS 11 particles from Synechococcus appears to contain
approx. 1 Ca®* ion per P680 and to exhibit phenome-
nally high rates of oxygen evolution at 45°C [995].

The apparently lower-affinity of Ca?* for PS II in
cyanobacteria may reflect the absence of the 24 and 17
kDa polypeptides. It has been suggested that cyano-
bacteria may contain higher concentrations of Ca’*
and Cl™ ions than chloroplasts [248]. Higher concen-
trations of these ions in cyanobacteria may obviate the
need for the 24 and 17 kDa polypeptides (see subsec-
tions I-B.4 and I1I-A). The apparent ability of Na™* or
Mg?2* to substitute for Ca?* in cyanobacteria contrasts
with the specific requirement for Ca®>~ in higher plants,
wherc Na’ is a competitive inhibitor of oxygen cvolu-
tion [909,910] and Mg>* is neither an activator nor an
inhibitor [37] (see subsection 11I-B). Clarification of the
role of Ca?* or other cations in cyanobacteria will
require rigorous extraction procedures. The Ca’* con-
tents of the extracted samples should be determined by
atomic absorption spectroscopy or by an equivalent
analytical method. A variety of cyanobacteria should
be examined to ascertain whether the cation require-
ments of thermophilic cyanobacteria differ from those
of non-thermophilic cyanobacteria. Clarification of the
cation requirements of cyanobacteria is essential if the
amino-acid residues that coordinate Ca®* ions in higher
plants are to be identified from directed mutagenesis
studies performed with cyanobacterial genes. Alterna-
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tively, mutants could be constructed in cukaryotic or-
ganisms. Mutations have recently been constructed in
the D1 polypeptide of the alga Chlumvdomonas rein-
hardrii 1974.975.985.997.998].
HI-G. The role of Ca” ™ in oxygen evolution

Despite its requirement in the S-state transitions.
the spccific role of Ca’* in oxygen evolution remains
unclear. Becausc the appearance and/or stability of
the S,-state multiline EPR signal is altecred when Ca”™
is removed [423,424,447-456} (see subsection 1I-B.1
and Fig. 11) or replaced with Sr2* {415.421.422.432]
(see Fig. 10) and because the structure of the Mn
complex can be severely disrupted when Ca** is re-
placed with La** [548] (see subsection I1I-B). Ca®” has
been proposed to stabilize the structure of the Mn
complex [34,37,39,422.448,474,475,548] or to influence
its redox behavior [34.37,422.511.549]. Indced. recent
evidence indicates that Ca®* stabilizes the ligation of
the Mn complex, protecting it against the loss of Mn<™
ions produced by the actions of NH,OH or other
reductants [275-277,544]. Calcium has also been pro-
posed to protect the Mn complex against chelation by
EDTA, EGTA and citrate [454]. The proposed struc-
tural influence of Ca** has been likened to that of the
Zn?* jon in Cu/Zn superoxide dismutase [37.474].
The Zn?* ion in this protein influences the redox
potential of the Cu®* jon by sharing an imidazole
bridging ligand with it [976,977]. Whether Ca®~ has a
mechanistic role in water oxidation remains unknown.
it has been proposed to function in deprotonation
events coupled to S state-dependent confcrmational
changes or pK, shifts of carboxylate groups [452.477].
Indeed, a deprotonation event that is believed to nor-
mally accompany the S, — S, transition does not ap-
pear to occur in the absence of Ca’*, as indicated by
the presence of an efectrochromic shift in the optical
absorption spectrum of this transition in Ca”*-depleted
samples [452] (see subsection I1-D.2 and Fig. 16). Cal-
cium has also been proposed to govern the accessibility
of H,O to the Mn cluster [31,448,455.865]). In one
recent model. Ca’™ is proposed to coordinate substrate
H .0 in the lower S-states and to exchange it for a Cl~
ion on the Mn complex just prior to water oxidation
[31]. This model is of great interest in light of the
ubiquitous appearance of H,O as a ligand to Ca’~ in
Ca’*-binding proteins (see subsection 11I-E) and in
light of the many data that suggest that Ca’* and Mn
are located in close proximity.

IV. Concluding remarks

I have tried to describe the controversies that cur-
rently envelop the Mn and Ca®” ions in PS II and to
point out issues that should be clarified or reexamined.
Such issues include the relationship between 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, — S; transi-
tion in intact preparations, the identity of the radical in
the modified S; or ‘S,-plus-radical’ state observed in
Ca®*-or Cl -depleted samples and in samples treated
with NH,, the source of the 90-160 Gauss-wide EPR
signal observed in this state, whether an organic com-
ponent other than Y, is oxidized with high quantum
yield in Mn-depleted preparations. the relationship
between the S,-state multiline and g=4.1 EPR sig-
nals, the S,-state EPR signal and the NMR proton
relaxation enhancement data, the relationship between
extraction conditions and how Ca’?*-deplction 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 NH ;-specific
site, the C1 ~-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®*. Cl - 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 ‘S,-plus-radical’ EPR signals and a
similar signal reported in Tris-washed, NH,OH-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, state. Continuing ad-
vances in the synthesis of inorganic model compounds
that potcntially mimic the structure or rcactivity of the
Mn complex are contributing significantly to this pic-
ture. Future X-ray absorption studies will undoubtedly
focus on samples having Ca’* or Ci~ exchanged for
other ions and on samples treated with NH ; 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®" is only beginning and is currently
being extended to polypeptides other than D1 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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