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Abstract

Photosynthetic water oxidation is catalyzed by a unique Mn4Ca cluster in Photosystem II. The ligation environment of the Mn4Ca cluster
optimizes the cluster’s reactivity at each step in the catalytic cycle and minimizes the release of toxic, partly oxidized intermediates. However,
our understanding of the cluster’s ligation environment remains incomplete. Although the recent X-ray crystallographic structural models have
provided great insight and are consistent with most conclusions derived from earlier site-directed mutagenesis studies, the ligation environments
of the Mn4Ca cluster in the two available structural models differ in important respects. Furthermore, while these structural models and the earlier
mutagenesis studies agree on the identity of most of the Mn4Ca cluster’s amino acid ligands, they disagree on the identity of others. This review
describes mutant characterizations that have been undertaken to probe the ligation environment of the Mn4Ca cluster, some of which have been

inspired by the recent X-ray crystallographic structural models. Many of these characterizations have involved Fourier transform infrared (FTIR)
difference spectroscopy because of the extreme sensitivity of this form of spectroscopy to the dynamic structural changes that occur during an
enzyme’s catalytic cycle.
© 2007 Elsevier B.V. All rights reserved.

Keywords: FTIR; Mn cluster; Oxygen evolution; Site-directed mutagenesis; Infrared spectroscopy; S-state cycle

Abbreviations: Chl, chlorophyll; DCMU, 3-(3,4-dichlorophenyl)-1,1-dimethylurea; EPR, electron paramagnetic resonance; ENDOR, electron nuclear double
resonance; EXAFS, extended X-ray absorption fine structure; FTIR, Fourier transform infrared; P680, chlorophyll species that serves as the light-induced electron
donor in PSII; PSII, photosystem II; QA, primary plastoquinone electron acceptor; XANES, X-ray absorption near edge structure; YZ, tyrosine residue that mediates
electron transfer between the Mn cluster and P680

•+; YD, second tyrosine residue in PSII that can rapidly reduce P680
•+.
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Fig. 1. Schematic view of the Mn4Ca cluster and its protein environment as
depicted in the 3.0 Å X-ray crystallographic structural model. Distances between
Mn (red) and Ca (orange) ions in this model are indicated by the connecting
lines (grey, 2.7 Å; blue, 3.3 Å; green, 3.4 Å). Amino acid residues in the first
coordination sphere are black; those in the second sphere are grey. Distances are
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. Introduction

Attempts to identify the ligands of the Mn and Ca ions in
hotosystem II began shortly after the discovery that the D1/D2
eterodimer contains both P680 and Pheo and supports light-
nduced charge-separation [1,2]. All conserved Asp, Glu, and
is residues in the lumenal domains of the D1 and D2 sub-
nits were targeted subsequently by site-directed mutagenesis,
ostly in Synechocystis sp. PCC 6803, a mesophilic cyanobac-

erium, but also in Chlamydomonas reinhardtii, a green alga.
ther conserved residues and regions were also targeted. Muta-

ions are now also being constructed in Thermosynechococcus
longatus, the thermophilic cyanobacterium that was used in
he recent X-ray crystallographic studies [3,4]. Because of ini-
ial difficulties with isolating and purifying PSII particles having
unctionally intact oxygen evolving complexes from many of the
utants, most mutants were originally characterized by non-

nvasive methods in vivo, primarily by measuring changes in
he yield of chlorophyll a fluorescence produced by flash or
ontinuous illumination given in the presence or absence of
CMU. The subsequent development of improved methods for
urifying PSII particles with conventional chromatography [5]
nd with metal ion affinity chromatography [6–8] has facilitated
he characterization of mutants with a variety of spectroscopic

ethods such as time-resolved optical absorption spectroscopy,
arious forms of pulsed EPR spectroscopy, and FTIR differ-
nce spectroscopy. Characterizations are now also employing
ANES, EXAFS, and time-resolved mass spectrometry. On the
asis of the mutant characterizations that had been conducted
y late 2003, the residues D1-Asp170, D1-His332, D1-Glu333,
1-His337, D1-Asp342, and the carboxyl-terminus of the D1
olypeptide at D1-Ala344 had been identified as possible ligands
f Mn, the residues D1-Asp59, D1-Asp61, and D1-Asp342 had
een identified as possible ligands of Ca, D1-Glu189 had been
dentified as a likely participant in a network of hydrogen bonds
hat facilitates electron transfer from the Mn4Ca cluster to YZ

•
uring the higher S state transitions, and D1-His190 had been
dentified as the proton acceptor for YZ (for review, see Refs.
9–11]). The recent ∼3.5 Å [3] and ∼3.0 Å [4] X-ray crystallo-
raphic structural models support many of these proposals (e.g.,
ee Fig. 1), but conflict with others, most notably the ligation of
a and the role of D1-Glu189. The main points of agreement
nd disagreement between the mutagenesis studies and recent
-ray crystallographic structural models are among the points

hat are discussed in this review.
Before undertaking detailed descriptions of mutants and their

haracterizations, it is worth mentioning that the ligation envi-
onment of the Mn4Ca cluster in the recent ∼3.5 Å and ∼3.0 Å
tructural models differ in a number of respects. For exam-
le, most of the carboxylate metal ligands are unidentate in the
3.5 Å structural model [3], whereas most of the carboxylate
etal ligands bridge two metal ions in the ∼3.0 Å structural
odel [4] (see Fig. 1). These differences are probably caused
y differences in data quality, extent of radiation damage, and
pproach to interpreting the electron density. Regarding radi-
tion damage, a recent polarized EXAFS study of PSII single
rystals (conducted with X-ray doses below the thresholds that

F
f
i
i

iven in Ångstroms (reprinted with permission from Ref. [4], copyright 2005
y Macmillan Publishers Ltd., Nature Publishing Group).

ause radiation-induced reduction of the cluster’s Mn(III) and
n(IV) ions) has provided compelling evidence that the struc-

ure of the Mn4Ca cluster in native PSII preparations differs
ignificantly from those depicted in either X-ray crystallographic
tructural model [12]. This study confirms earlier XANES and
XAFS studies of PSII single crystals [13] and PSII membrane
ultilayers [14] that provided compelling evidence that the X-

ay doses that were used to irradiate the PSII crystals in the
rystallographic studies would have rapidly reduced the Mn4Ca
luster’s Mn(III) and Mn(IV) ions to their fully reduced Mn(II)
tates and significantly perturbed the structure of the Mn4Ca
luster, disrupting �-oxo bridges and altering Mn-ligand inter-
ctions [13,14]. Consequently, the ligation environment of the
ative Mn4Ca cluster may differ in important respects from the
igation environments that are depicted in the ∼3.5 Å and ∼3.0 Å
tructural models.

Despite these ambiguities, the new structural models mark
new era in which mechanistic hypotheses can be devel-

ped and tested in the light of insights derived from structural
nformation. In addition, the new models are serving as valu-
ble guides for experiments designed to identify the specific
n ion(s) that undergo oxidation during each step in the S

tate cycle, to identify the amino acid residues that facilitate
he deprotonation and oxidation of the Mn4Ca cluster during
he individual steps of the S state cycle, and to identify the
mino acid residues that participate in proton transfer path-
ays leading from the Mn4Ca cluster to the thylakoid lumen.
any of these experiments involve mutant characterization with

ourier Transform Infrared (FTIR) difference spectroscopy.
TIR difference spectroscopy is an extremely sensitive tool

or characterizing dynamic structural changes that occur dur-
ng an enzyme’s catalytic cycle, such as changes in molecular
nteractions, protonation states, bonding (including changes in
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Fig. 2. Comparison of the Sn+1-minus-Sn FTIR difference spectra of wild-type
PSII particles purified from Synechocystis sp. PCC 6803 cells that had been prop-
agated in media containing unlabeled l-alanine (12C, black) or l-[1-13C]alanine
(red). The data were collected as described in Ref. [46] and show the averages of
s 13
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etal coordination and hydrogen bonding), bond strengths, and
rotein backbone conformations [15–18]. In PSII, numerous
ibrational modes change as the Mn4Ca cluster is oxidized
hrough the S state cycle (for reviews, see refs [19–22]). Many
f these vibrational modes are expected to correspond to amino
cid residues that either ligate the Mn4Ca cluster, are coupled
o the Mn4Ca cluster through hydrogen bonds, interact electro-
tatically with the Mn4Ca cluster, or have side chains whose
rotonation states change as the Mn4Ca cluster is oxidized.
dentifying the vibrational modes that change during the S state
ycle in PSII will provide information about S state-dependent
rotein structural changes. Such information will complement
-ray crystallography and provide insight into how the Mn4Ca

luster’s protein environment regulates the cluster’s reactivity,
atching its potential to that of YZ in each S state and min-

mizing the release of toxic, highly reactive, partly oxidized
ntermediates.

. Protein ligation of manganese

.1. The C-terminus of the D1 polypeptide at alanine 344

The free carboxylate (�-COO−) of Ala344 at the C-terminus
f the D1 polypeptide was first proposed to ligate the Mn clus-
er in 1992 on the basis of a study of cyanobacterial and algal

utants having truncated or unprocessed C-terminii [23]. To test
his proposal, the mid-frequency S2-minus-S1 FTIR difference
pectra of unlabeled and l-[1-13C]alanine-labeled wild-type
ynechocystis PSII particles were compared to determine if the
ibrational modes that are altered during the S1 → S2 transi-
ion include those of the �-COO− group of D1-Ala344.1 Two
ndependent FTIR studies showed that the incorporation of l-[1-
3C]alanine altered the wild-type S2-minus-S1 mid-frequency
TIR difference spectrum, but only in the symmetric carboxy-

ate stretching [νsym(COO−)] region [24,25] (see Fig. 2, top
races). The 12C-minus-13C double difference spectrum of this
egion (Fig. 3) showed that the alterations represent the 13C-
nduced shift of a single vibrational mode. In the S1 state, this

ode appears at ∼1354 cm−1 and is shifted by 13C to either
1338 cm−1 or ∼1320 cm−1. In the S2 state, this mode appears

t either ∼1338 cm−1 or ∼1320 cm−1 and is shifted by 13C
o ∼1307 cm−1. These data show that the νsym(COO−) mode
f D1-Ala344 in unlabeled, wild-type PSII particles shifts to
ower frequency during the S1 → S2 transition. This mode could
e assigned unambiguously to the �-COO− group of Ala344
ecause the mode was not shifted by the incorporation of l-[1-
3C]alanine into either D1-Ala344Gly or D1-Ala344Ser PSII

articles [24,25] (the C-terminal �-COO− group of the D1
olypeptide cannot be labeled in either mutant because it is no
onger provided by alanine).

1 It was expected that, if the �-COO− group of D1-Ala344 ligates the Mn4Ca
luster, one or both of this group’s carboxylate stretching modes might shift in
requency during the S1 → S2 transition, causing them to appear in the S2-minus-

1 FTIR difference spectrum. The specific incorporation of l-[1-13C]alanine
ould be expected to change the frequencies of only these modes, permitting

heir detection.
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ix unlabeled and six l-[1- C]alanine-labeled samples. The sample temperature
as 273 K.

The νsym(COO−) mode of free ionic amino acid residues
ppear near 1412 cm−1 [26]. Because the �-COO− group of
1-Ala344 appears at ∼1354 cm−1 in the S1 state and at
1338 cm−1 or ∼1320 cm−1 in the S2 state, this mode is

ownshifted by ∼58 cm−1 in the S1 state and by ∼74 cm−1

r ∼92 cm−1 in the S2 state compared to the position of this
ode in free ionic alanine. In metal–carboxylate complexes,

he frequencies of the symmetric and asymmetric carboxylate
tretching modes and the difference in frequency between them
ary significantly with the metal ion and the type of carboxylate
oordination [27–31]. For unidentate ligation, the position of the
sym(COO−) mode is usually shifted 30–100 cm−1 to lower fre-

uencies compared its value in free ionic carboxylates. Because
he νsym(COO−) mode of the �-COO− group of D1-Ala344 is
ownshifted by ∼58 cm−1 in the S1 state and by ∼74 cm−1 or
92 cm−1 in the S2 state, it was concluded that the �-COO−
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Fig. 3. Double difference spectra, 12C-minus-13C, obtained by subtracting the
Sn+1-minus-Sn FTIR difference spectrum of l-[1-13C]alanine-labeled PSII par-
ticles from that of unlabeled PSII particles (data from Fig. 1). Only the regions
between 1385 cm−1 and 1270 cm−1 are shown. Note that the shift of the
ν
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Fig. 4. Comparison of the mid-frequency S2-minus-S1 FTIR difference spectra
of PSII particles purified from Synechocystis sp. PCC 6803 cells that had been
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and either [1-13C]alanine or unlabeled alanine [32]. This study
showed that the substitution of Sr for Ca significantly alters sev-
eral symmetric and asymmetric carboxylate stretching modes
sym(COO−) mode of D1-Ala344 (from 1354 cm−1 to either 1338 cm−1 or
320 cm−1) that occurs during the S1 → S2 transition is largely reversed during
he S3 → S0 transition.

roup of D1-Ala344 is a unidentate ligand of a metal ion in both
he S1 and S2 states [24,25]. Indeed, no mechanism other than

nidentate ligation of a metal ion can account for the magnitude
f the observed downshifts2 except for asymmetric bidentate
helation of a metal ion, where the two metal–oxygen distances

2 The possibility that the observed downshifts could be caused by the �-
OO− group being protonated or involved in a strong hydrogen bond could
e discounted [24].

l
g
t
p
t
S

ropagated in media containing Ca (dashed) or Sr (solid). Each trace represents
he average of six samples. The sample temperature was 250 K (modified from
ef. [32], reprinted with permission, copyright 2005 by the American Chemical
ociety).

re substantially different, a situation that does not seem to be
ery common [31].

As stated in the previous paragraph, the observed frequencies
f the νsym(COO−) mode of the �-COO− group of D1-Ala344
n the S1 and S2 states imply that the �-COO− group Ala344
s a unidentate ligand of a metal ion in both states. In wild-type
SII particles, this mode downshifts by ∼16 cm−1 or ∼34 cm−1

uring the S1 → S2 transition [24,25]3 and is restored during
he S3 → S0 transition (see Figs. 2 and 3 and Ref. [25]). These
bservations imply that the ligating C–O bond weakens during
he S1 → S2 transition and is restored during the S3 → S0 tran-
ition. This weakening of the ligating C–O bond was attributed
o the increased charge that develops on the Mn4Ca cluster dur-
ng the S1 → S2 transition, although it has also been attributed
o the elimination of Jahn–Teller distortion when the ligated

n(III) ion undergoes oxidation to Mn(IV) (see Section 4).
onsequently, it has been concluded that the �-COO− group
f Ala344 ligates a Mn ion whose charge or formal oxidation
tate increases during the S1 → S2 transition [24,25].

The original [1-13C]alanine-labeling study [24] was con-
ucted before the ∼3.5 Å X-ray crystallographic structural
odel was announced. In this structural model, the �-COO−

roup of Ala344 ligates no metal ion, but is located near the
n4Ca cluster’s Ca ion [3]. To reassess whether the �-COO−

roup of Ala344 ligates Mn or Ca, wild-type cells of Syne-
hocystis sp. PCC 6803 were propagated in the presence of Sr
3 It is not yet possible to distinguish whether specific l-[1-13C]alanine-
abeling downshifts the symmetric carboxylate stretching mode of the �-COO−
roup of D1-Ala344 by ∼16 cm−1 or ∼34 cm−1 in response to the S1 → S2

ransition. Nevertheless, preliminary data obtained with CP43-Glu354Gln PSII
articles suggests that this mode shifts by ∼16 cm−1 in response to the S1 → S2

ransition and that the incorporation of 13C shifts this mode by ∼34 cm−1 (M.A.
trickler, R.J. Debus, unpublished).
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Fig. 5. Double difference spectra, 12C-minus-13C, of PSII particles containing
Ca (dashed) or Sr (solid) obtained by subtracting the S2-minus-S1 FTIR differ-
ence spectra of l-[1-13C]alanine-labeled PSII particles from the S -minus-S
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to ∼612 cm−1 in D1-Asp170His PSII particles [43]. Similar
spectral changes have been observed in D1-Ala344stop and
D1-Ala344Gly PSII particles [25,40] (see Section 2.1), D1-
2 1

TIR difference spectra of unlabeled PSII particles. Only the regions between
400 cm−1 and 1260 cm−1 are shown (modified from Ref. [32], reprinted with
ermission, copyright 2005 by the American Chemical Society).

see Fig. 4), including some that may correspond to one or more
etal ligands, but importantly does not alter the νsym(COO−)
ode of the �-COO− group of D1-Ala344 [32] (see Fig. 5).
ecause it seems highly improbable that the structural pertur-
ations of the oxygen evolving complex that are induced by
ubstituting Sr for Ca (including the perturbation of multiple
arboxylate groups, now demonstrated by several laboratories
32–34]) would not also alter the νsym(COO−) mode of a car-
oxylate residue that is directly coordinated to the Ca ion, it was
oncluded that D1-Ala344 ligates Mn rather than Ca [32].4 This
onclusion is consistent with the 3.0 Å crystallographic struc-
ural model. In this model, the �-COO− group of D1-Ala344
nteracts strongly with a Mn ion (one oxygen is located 1.7 Å
rom Mn2) and only weakly with the Ca ion (the other oxygen
s located 2.6 Å from Ca) [4] (see Fig. 1).

Several D1-Ala344 mutants have been reported, including the
1-Ala344stop truncation mutant [23,37–39], D1-Ala344Gly

24,25,40,41], D1-Ala344Ser [24], D1-Ala344Asp [41], and
thers [41]. These studies have shown that the D1-Ala344
top mutation, which truncates the D1 polypeptide by a sin-
le residue, prevents the stable assembly of the Mn4Ca cluster
23,37,38] and slightly lowers the affinity of the high-affinity
inding site for the first Mn(II) ion that is photooxidized during

he light-driven assembly of the Mn4Ca cluster [39]. This high-
ffinity site contains D1-Asp170 (see Section 2.2). This slightly
ower affinity of the high-affinity site for Mn(II) ions appears to

4 It should be noted that some authors continue to assert that the �-COO−
roup of D1-Ala344 ligates Ca rather than Mn [35,36].

a
d
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e a general feature of mutations constructed in the C-terminal
omain of the D1 polypeptide [39] (see Sections 2.4–2.7). This
owered affinity implies that the C-terminal region of the D1
olypeptide is located near D1-Asp170 in the apo-protein and
uggests that this region either increases the local concentration
f Mn(II) ions near the D1-Asp170 high-affinity site or stabi-
izes a conformation that optimizes the affinity of this site for

n(II) ions [39].
Replacing D1-Ala344 with other residues (Gly, Ser, Val,

sp, Asn) introduces minor spectral perturbations into the mid-
requency S2-minus-S1 FTIR spectrum [24,40]. Furthermore,
he mutations D1-Ala344stop [25] and D1-Ala344Gly [40] per-
urb the low-frequency S2-minus-S1 FTIR spectrum between
40 cm−1 and 570 cm−1. However, the significance of the mid-
nd low-frequency spectral perturbations is unclear because
inor alterations to mid-frequency Sn+1-minus-Sn FTIR differ-

nce spectra appear to be produced by many or all mutations,
ven when constructed at a site far from the Mn4Ca cluster [42].
ow-frequency spectral alterations similar to those reported in
1-Ala344stop and D1-Asp344Gly PSII particles have also
een reported in D1-Asp170His [43] and D1-Glu189Gln [44]
SII particles (see Sections 2.2 and 2.4) and in samples hav-

ng Sr substituted for Ca [45]. These spectral alterations have
een attributed to indirect structural perturbations of a single
n–O–Mn cluster mode [42,43,45,46].

.2. Aspartate 170 of the D1 polypeptide

Aspartate-170 of the D1 polypeptide provides part of the
igh-affinity binding site for the first Mn(II) ion that is photoox-
dized during the light-driven assembly of the Mn4Ca cluster
47–49]. This residue was predicted to ligate Mn on the basis
f numerous mutagenesis studies (reviewed in Refs. [9–11])
nd is a unidentate ligand of a single Mn ion in both recent
-ray crystallographic structural models [3,4] (see Fig. 1). How-

ver, no spectroscopic evidence that D1-Asp170 ligates the
ssembled Mn4Ca cluster has yet been found (e.g., see [50]).5

umerous spectroscopic studies have focused on the mutant
1-Asp170His. This mutant is weakly photoautotrophic and

ssembles Mn4Ca clusters in ∼50% of its PSII reaction centers.
hese assembled Mn4Ca clusters function normally [47,52,53]
nd exhibit normal S1 and S2 state multiline EPR signals [50].
n addition, two FTIR studies have shown that the S2-minus-
1 FTIR difference spectrum of D1-Asp170His PSII particles

s essentially unchanged from that of wild-type PSII particles
43,46]. However, a low frequency vibrational mode that appears
t ∼606 cm−1 in the S2 state in wild-type PSII particles shifts
5 To explain the ability of D1-Asp170Val cells to grow photoautotrophically
nd the ability of D1-Asp170Leu and D1-Asp170Ile cells to evolve O2 [51]
espite the apparent role of D1-Asp170 as a ligand to Mn, it was proposed that
he relative bulk and hydrophobicity of Val, Leu, and Ile cause structural pertur-
ations that permit the missing D1-Asp170 carboxylate group to be replaced by
nother residue, a peptide carbonyl, or a water molecule [51].
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Fig. 6. Comparison of the Sn+1-minus-Sn FTIR difference spectra of wild-type
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lu189Gln PSII particles [44] (see Section 2.3), and in PSII
reparations having Sr substituted for Ca [45]. These spectral
hanges have been attributed to indirect structural perturbations
f a single Mn–O–Mn cluster mode [42,43,45,46].

The announcement of the ∼3.5 Å X-ray crystallographic
tructural model in 2003 inspired further FTIR studies of the
1-Asp170His mutant. The proximity of D1-Asp170 to YZ,

o the Ca ion, and to a putative proton transfer pathway lead-
ng to the thylakoid lumen in this structural model [3], led to

echanistic proposals postulating that the Mn ion that is lig-
ted by D1-Asp170 undergoes oxidation during one or more
f the S0 → S1, S1 → S2, and S2 → S3 transitions [36,54–58].
o test these proposals, the mid-frequency (1800–1000 cm−1)
1-minus-S0, S2-minus-S1, S3-minus-S2, and S0-minus-S3 FTIR
ifference spectra of D1-Asp170His PSII particles were com-
ared with those of wild-type PSII particles. The rationale was
hat, if D1-Asp170 ligates a Mn ion whose charge or oxidation
tate increases during a particular Sn → Sn+1 transition, then
he ligating Mn–O bond(s) would weaken during that transi-
ion (like that of D1-Ala344), thereby decreasing the frequency
f the D1-Asp170 symmetric carboxylate stretching mode and
ossibly shifting the frequency of the D1-Asp170 asymmetric
arboxylate stretching mode. The shifted mode(s) should appear
n the corresponding Sn+1-minus-Sn FTIR difference spectrum
f wild-type PSII particles but not in the spectrum of D1-D170H
SII particles, thereby permitting its(their) identification. Sur-
risingly, the mutation did not significantly alter any of the
ifference spectra (Fig. 6). Importantly, there was no indica-
ion that the D1-Asp170His mutation eliminates any carboxylate

odes or creates any new histidyl modes.
The simplest explanation of the FTIR data is that D1-Asp170

igates a Mn ion that does not increase its charge or oxidation
tate during any of the S0 → S1, S1 → S2, or S2 → S3 transitions.
f correct, this explanation would have profound implications for
he mechanism of water oxidation because it would imply either
hat the oxidation of the Mn ion that is ligated by D1-Asp170
ccurs only during the transitory S3 → S4 transition, or that the
xidation increments and O2 formation chemistry that occur
uring the catalytic cycle involve only the remaining Mn3Ca
ortion of the Mn4Ca cluster. However, three other explanations
f the FTIR data have been considered. One is that D1-Asp170
oes not ligate the assembled Mn4Ca cluster. In view of the ear-
ier mutagenesis studies and the recent X-ray crystallographic

odels, this possibility seems unlikely. Furthermore, because
1-Asp170 forms part of the binding site of the first Mn(II) ion

hat is incorporated into the Mn4Ca cluster [47–49], this expla-
ation would require that a structural rearrangement separate
1-Asp170 from the photooxidized Mn(III) ion as the Mn4Ca

luster is formed. There is no precedent for such a rearrangement
n any metalloenzyme except ferritin [59,60], where the change
n Fe ligation is associated with ferritin’s function as an iron
torage protein. In PSII, there is no apparent need for separating
1-Asp170 from Mn during the assembly of the Mn4Ca cluster.

A second alternate explanation for the FTIR data is that,

lthough D1-Asp170 ligates the Mn4Ca cluster, D1-His170 does
ot. In this scenario, the Mn-ligating carboxylate oxygen of
1-Asp170 is replaced in the D1-Asp170His mutant by an oxy-

D
a
a
p

how the averages of 6 wild-type and 18 D1-Asp170His samples. The sample
emperature was 273 K (modified from Ref. [46], reprinted with permission,
opyright 2005 by the American Chemical Society).

en atom from another residue, a water molecule, by another
roup. However, it is difficult to understand why the high-affinity
n(II) binding site would be retained in D1-Asp170His PSII

articles [47,49], but not in D1-Asp170Asn, D1-Asp170Ala,
r D1-Asp170Ser PSII particles [47,48], where the ligating D1-
sp170 carboxylate oxygen could also be replaced by an oxygen

tom from another residue, a water molecule, or by another
roup. One would need to postulate that D1-His170 separates
rom the bound Mn(II) ion after it become oxidized because

n(III) and Mn(IV) ions prefer harder Lewis bases as ligands.
owever, this reasoning does not seem compelling because (1)
imanganese catalase enzymes contain two Mn(III) ions at their
ctive sites and each Mn(III) ion is directly coordinated to a his-
idyl nitrogen [61,62] and (2) D1-His332 is believed to ligate a

n(III) or Mn(IV) ion (see Fig. 1 and Section 2.4). Another diffi-
ulty with this explanation is that it seems unlikely that replacing

1-Asp170 with another molecule would have no appreciable

ffect on the wealth of spectral features that are observed in
ll of the Sn+1-minus-Sn FTIR difference spectra (but see next
aragraph).
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[25,40] (see Section 2.1), D1-Asp170His PSII particles [43] (see
Section 2.2), and in samples having Sr substituted for Ca [45]
and have been attributed to indirect structural perturbations of

6 To explain the photoautotrophic growth of the mutants D1-Glu189Leu and
D1-Glu189Ile, it was proposed [67] that the relative bulk and hydrophobicity of
Leu and Ile cause structural perturbations that permit the missing D1-Glu189
50 R.J. Debus / Coordination Che

A third alternative explanation for the FTIR data, favored
y some authors [36,55,58], is that D1-Asp170 ligates a Mn
on that undergoes oxidation during one or both of the S0 → S1
nd or S2 → S3 transitions, but the increased charge that devel-
ps on the Mn ion that undergoes oxidation is offset by the
eprotonation of a water-derived ligand or water molecule.

difficulty with this explanation is that the Mn4Ca cluster
ndergoes significant structural changes during the S2 → S3
ransition [63,64]. Some authors have proposed that these struc-
ural changes involve the creation of an additional di-�-oxo
ridge between Mn ions [64]. Smaller structural changes also
ccompany the S0 → S1 transition [64,65]. If D1-Asp170 lig-
tes the Mn ion that undergoes oxidation during the S0 → S1 or
2 → S3 transitions, it seems unlikely that the structural changes

hat accompany these transitions would not also alter the vibra-
ional modes of a carboxylate group (D1-Asp170) that is directly
oordinated to the Mn ion that undergoes oxidation. In addi-
ion, it seems unlikely that replacing D1-Asp170 with the bulker
is residue would have no appreciable affect on the wealth of

pectral features that are observed in all of the mid-frequency
n+1-minus-Sn FTIR difference spectra. Nevertheless, because
utations of D1-Glu189 [42] and D1-Asp342 [66] also pro-

uce no significant changes in the mid-frequency Sn+1-minus-Sn

TIR difference spectra (see Sections 2.3 and 2.7), the pos-
ibility that most Mn ligands are insensitive to the oxidations
nd structural changes that accompany the S state transitions is
urrently under active discussion (see Section 4).

.3. Glutamate 189 of the D1 polypeptide

A principal disagreement between the X-ray crystallographic
tructural models and the earlier mutagenesis studies concerns
he role of D1-Glu189. Both of the X-ray crystallographic struc-
ural models assign this residue as ligating the same Mn ion that
s ligated by D1-His332 (e.g., see Fig. 1). In contrast, the authors
f the earlier mutagenesis studies concluded that D1-Glu189
oes not ligate Mn. The reasons were that (1) D1-Glu189Gln,
1-Glu189Lys, and D1-Glu189Arg cells are photoautotrophic

nd evolve O2 at 70–80% the rate of wild-type cells [67], (2)
1-Glu189Gln PSII particles exhibit normal S1 and S2 muti-

ine EPR signals [67], exhibit normal kinetics of O2 release,
nd exhibit normal kinetics of electron transfer from YZ to
680

•+ and from the Mn4Ca cluster to YZ
• during the S1 → S2,

2 → S3, and S3 → S0 transitions [68], (3) D1-Glu189Lys and
1-Glu189Arg PSII particles exhibit normal rates of electron

ransfer from YZ to P680
•+ and from the Mn4Ca cluster to YZ

•
uring the S1 → S2 and S2 → S3 transitions [68], and (4) D1-
lu189Asp, D1-Glu189Asn, D1-Glu189His, D1-Glu189Gly,

nd D1-Glu189Ser PSII particles contain Mn clusters that evolve
o O2, exhibit no S1 or S2 state multiline EPR signals, and
re unable to advance beyond an altered S2YZ

• state, as shown
y the accumulation of narrow S2YZ

• EPR signals under mul-
iple turnover conditions [67]. Because changing D1-Glu189

o Gln, Lys, and Arg produced little change in PSII function,
hereas changing D1-Glu189 to Asp, Asn, His, Gly, and Ser

liminated advancement beyond the S2YZ
• state, it was pro-

osed that D1-Glu189 participates in a network of hydrogen

c
w
[
i
d
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onds that facilitates electron transfer from the Mn4Ca cluster
o YZ

• during the higher S state transitions [10,67,68]. This net-
ork is thought to be disrupted by inhibitory treatments that
revent advancement beyond the S2YZ

• state (e.g., the addi-
ion of acetate or ammonia or the depletion of Ca2+ or Cl−)
54,69,70] and was proposed to be similarly disrupted in the
on-O2 evolving D1-Glu189 mutants [10,67]. It was proposed
hat this hydrogen bond network is maintained by Gln because of
ts hydrogen bonding characteristics and by Lys and Arg because
f their flexibility and hydrogen bonding characteristics [10,67]
nd that this network compensates for the change in charge that
s created when D1-Glu189 is changed to Gln, Lys, or Arg6 [68].

In light of the recent X-ray crystallographic structural models,
wo groups employed FTIR difference spectroscopy to reassess
hether D1-Glu189 ligates the Mn4Ca cluster. In the first of

hese studies, the D1-Glu189Gln mutation was reported to cause
mall changes in the νsym(COO−) region of the mid-frequency
2-minus-S1 FTIR difference spectrum and to cause larger
hanges between 640 cm−1 and 570 cm−1 in the low-frequency
2-minus-S1 FTIR difference spectrum [44]. The authors pro-
osed that these spectral changes provided evidence for the
igation of Mn by D1-Glu189 [44]. However, the authors of a
ubsequent study presented evidence that the small differences
etween the mutant and wild-type spectra in the mid-frequency
egion arise from indirect mutation-induced structural perturba-
ions rather than from the loss of a metal-ligating D1-Glu189
arboxylate group [42]. In this second study, the mutation-
nduced changes in both D1-Glu189Gln and D1-Glu189Arg
SII particles were shown to be similar in amplitude to those

hat are observed in (1) wild-type PSII particles that had been
xchanged into FTIR analysis buffer by different methods and
2) D2-His189Gln PSII particles (D2-His189 interacts with YD
71,72] and is located >25 Å from the Mn4Ca cluster [3,4]). It
as concluded that the mid-frequency S1-minus-S0, S2-minus-
1, S3-minus-S2, and S0-minus-S3 FTIR difference spectra of
1-Glu189Gln and D1-Glu189Arg PSII particles are remark-

bly similar to those of wild-type PSII particles. Importantly,
ike the mutation D1-Asp170His, neither D1-Glu189 mutation
liminates any carboxylate modes from any of the difference
pectra.

Regarding the low-frequency FTIR data, the spectral changes
hat were observed between 640 cm−1 and 570 cm−1 in the
2-minus-S1 FTIR difference spectrum of D1-Glu189Gln PSII
articles [44] resemble the spectral changes that were observed
reviously in D1-Ala344stop and D1-Ala344Gly PSII particles
arboxylate group to be replaced by another residue, a peptide carbonyl, or a
ater molecule. As noted earlier, the same explanation was advanced previously

51] to account for the ability of D1-Asp170Val cells to grow photoautotroph-
cally and the ability of D1-Asp170Leu and D1-Asp170Ile cells to evolve O2

espite the apparent role of D1-Asp170 as a ligand to Mn.
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Fig. 7. Fourier transforms of normalized two-pulse time domain light-minus-
dark ESEEM patterns of the S2 state multiline EPR signal of spinach PSII
membranes, spinach PSII core particles, Synechocystis wild-type PSII particles,
and four independent preparations of Synechocystis D1-His332Glu PSII par-
ticles (preparations #1 to #4). For the spinach PSII membranes, the solid and
dashed lines correspond to independent preparations that were illuminated at dif-
ferent temperatures. For the spinach PSII core and Synechocystis wild-type PSII
particles, the solid and dashed lines correspond to independent sample prepa-
rations. For D1-His332Glu PSII preparation #3, the dashed line corresponds to
an independent aliquot of the same sample. In the spectrum of the wild-type
PSII particles, the ∼4.8 MHz feature corresponds to nitrogen modulation from
a histidyl Mn ligand of the Mn4Ca cluster. Note that the amplitude of this feature
is sharply diminished in D1-His332Glu PSII particles, consistent with the Mn
ligation by D1-His332. The features at ∼14.5 GHz and ∼29 GHz correspond to
protons that are weakly coupled to the electron spin of the Mn tetramer (modi-
fi
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single Mn–O–Mn cluster mode [42,43,45,46]. Consequently,
he D1-Glu189Gln mutation-induced spectral changes that are
bserved between 640 cm−1 and 570 cm−1 likely have the same
rigin.

One explanation for the similarity of the mid-frequency FTIR
ifference spectra of D1-Glu189Gln, D1-Glu189Arg, and wild-
ype PSII particles is that, as proposed for D1-Asp170 [46],
1-Glu189 ligates a Mn ion that does not change its charge or

ormal oxidation state during the S0 → S1, S1 → S2, or S2 → S3
ransitions. However, ligation of Mn by D1-Glu189 is difficult
o reconcile with the earlier analyses of D1-Glu189 mutants
described above). An alternate explanation for the FTIR data
s that D1-Glu189 does not ligate a Mn ion. This conclusion
ould be consistent with the earlier mutagenesis studies, but

equires that the proximity of D1-Glu189 to Mn in the recent X-
ay crystallographic structural models [3,4] be an artifact of the
adiation-induced reduction of the cluster’s Mn(III) and Mn(IV)
ons that occurred during the collection of the X-ray diffraction
ata.

In both recent X-ray crystallographic structural models (e.g.,
ee Fig. 1), D1-Glu189 residue is either located near to [3] or
dentified as a possible ligand of [4] the Ca ion. Coordination of
a by D1-Glu189 would be consistent with both the FTIR data
nd the earlier mutagenesis studies if replacing D1-Glu189 with
ther residues weakens the affinity of Ca for PSII to the extent
hat, in mutants other than D1-Glu189Gln, D1-Glu189Lys, and
1-Glu189Arg, the network of hydrogen bonds that facilitates

lectron transfer from Mn to YZ
• is disrupted sufficiently to pre-

ent advancement beyond the S2YZ
• state [42]. The Ca ion is

elieved to form part of this network [73,74] and its ligation
y D1-Glu189 was proposed previously on the basis of spec-
roscopic analyses of Ca-depleted PSII preparations [73]. It has
een observed that D1-Glu189Gln cells do not grow photoau-
otrophically in media having Sr substituted for Ca (R. J. D.,
npublished).

.4. Histidine 332 of the D1 polypeptide

In both X-ray crystallographic structural models of PSII, D1-
is332 ligates the same Mn ion as D1-Glu189 [3,4] (e.g., see
ig. 1). Ligation of Mn by at least one histidine residue was
emonstrated earlier by a 9 GHz ESEEM study that examined
SII preparations that had been labeled with [15N]histidine [75].
ecent 31 and 34 GHz ESEEM studies of unlabeled and globally

5N-labeled samples support Mn ligation by a single histidine
esidue [76]. Other 9 GHz ESEEM studies have provided evi-
ence that the ligating histidine residue coordinates Mn with
ts �2 (�) nitrogen [77] and that the ligating histidine residue is
1-His332 [78] (see below). Additional evidence for the coor-
ination of Mn by histidine has been provided by FTIR studies
onducted with [15N]histidine [79,80]. These studies show that
istidine vibrational modes between 1120 and 1099 are altered
uring the S0 → S1 transition [80] and are restored during the

1 → S2 [79,80] and S2 → S3 transitions [80], but do not change
uring the S3 → S0 transition [80]. The earlier FTIR study pro-
ided additional evidence that the ligating histidine coordinates
n with its �2 (�) nitrogen, and that its �1 (�) nitrogen is pro-

i
s
D
u

ed from Ref. [78], reprinted with permission, copyright 2001 by the American
hemical Society).

onated and participates in a hydrogen bond [79]. In both X-ray
rystallographic structural models [3,4], the �1 (�) nitrogen of
1-His332 is located within hydrogen-bonding distance of the
eptide carbonyl of D1-Glu329.

Ligation of Mn by D1-His332 was proposed originally on the
asis of site-directed mutagenesis studies of several D1-His332
utants [81,82]. To test this proposal, a 9 GHz ESEEM study

f D1-His332Glu PSII particles was conducted [78]. This study
howed that the nitrogen modulation that is observed near 5 MHz
n the two-pulse ESEEM spectrum of the S2 state multiline EPR

ignal of wild-type PSII particles is diminished substantially in
1-His332Glu PSII particles (Fig. 7) [78]. Because this mod-
lation arises from magnetic coupling between the Mn ions of
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he Mn4Ca cluster and a histidyl ligand [75], the diminished
mplitude of this modulation in D1-His332Glu PSII particles
rovides strong spectroscopic evidence that D1-His332 ligates
n [78]. The diminished nitrogen modulation amplitude could

epresent either the loss of the ligating D1-His332 �2 (�) nitro-
en, decreasing the coordination number of one Mn ion from
ix to five, or the replacement of the ligating nitrogen with an
xygen from glutamate or with an oxygen from another residue,
eptide group, or water molecule [78].

Of the many D1-His332 mutants that have been constructed
n Synechocystis 6803 [9,81–83], none are photoautotrophic and
nly the D1-His332Gln and D1-His332Ser mutants evolve O2,
nd these at only 10–15% the rate of wild-type cells. On the basis
f Chl a fluorescence analyses that were conducted with intact
ells, it was concluded only 20–40% of the PSII reaction centers
n most D1-His332 mutants assemble photooxidable Mn clusters
82]. The exceptions were D1-His332Asp and D1-His332Glu.
ssentially all of the PSII reaction centers in these mutants con-

ain photooxidizable Mn clusters. Intact D1-His332Glu PSII
articles exhibit an altered S2 state multiline EPR signal that
as more hyperfine lines and narrower splittings than the S2
tate multiline EPR signal that is observed in wild-type PSII
reparations [78,84]. However, the quantum yield for oxidizing
he S1 state Mn cluster in D1-His332Glu cells [83] and PSII
articles [84] is very low, corresponding to a 350-fold [83] or
000-fold [84] slowing of the rate of electron transfer from the
n cluster to YZ

•. This rate is also slowed in many other D1-
is332 mutants, including D1-His332Lys and D1-His332Asp

82,83]. The temperature threshold for forming the S2 state
as been measured to be approximately 100 K higher in D1-
is332Glu PSII particles than in wild-type PSII particles [84]

nd to be substantially higher in both D1-His332Asp and D1-
is332Glu cells than in wild-type cells [83], but to be essentially
nchanged in D1-His332Ser cells [83]. The accumulation of a
arrow S2YZ

• EPR signal under multiple turnover conditions
hows that the Mn clusters in D1-His332Glu PSII particles are
nable to advance beyond an altered S2YZ

• state [84]. Com-
lete blockage or a substantial slowing of the S2–S3 transition
s believed to be characteristic of the Mn clusters in numerous
ther D1-His332 mutants [82,83]. The kinetics of charge recom-
ination between QA

•− and the S2 state and between QA
•− and

Z
• are also altered in most D1-His332 mutants, showing that

hese mutations alter the midpoint potentials of both S2/S1 and
Z

•/YZ, resulting in a stabilization of the S2 state compared to
ild-type [83,84].
These results described in the previous paragraph are con-

istent with D1-His332 both ligating Mn and participating in a
etwork of hydrogen bonds that facilitates proton-coupled elec-
ron transfer from Mn to YZ

• during the higher S state transitions
78,83,84]. This network presumably involves D1-Glu329 (see
bove) [3,4] and has been proposed to be similarly disrupted
n the non-photoautotrophic D1-Glu189 mutants [10,67] (see
ection 2.3) and in most D1-His332 mutants [78,83,84].
As noted in Section 2.2, D1-Asp170 provides part of the high-
ffinity binding site for the first Mn(II) ion that is photooxidized
uring the light-driven assembly of the Mn4Ca cluster [47–49].
utations of D1-His332 slightly decrease the affinity of Mn(II)

i
D
i
D

Reviews 252 (2008) 244–258

ons for this site, as do mutations at other C-terminal residues
f the D1 polypeptide such as D1-Glu333, D1-Asp342, and D1-
la344 (see Sections 2.1, 2.5 and 2.6) [39]. As noted earlier,

his lowered affinity implies that the C-terminal region of the D1
olypeptide is located near D1-Asp170 in the apo-protein and
uggests that this region either increases the local concentration
f Mn(II) ions near the D1-Asp170 high-affinity site or stabilizes
conformation that optimizes the affinity of this site for Mn(II)

ons [39].
The PSII reaction centers in D1-His332 mutants appear

o have substantially diminished affinities for Ca [82]. When
hese mutants are propagated photoheterotrophically in media
ontaining Na substituted for Ca, the rate of electron trans-
er from YZ to P680

•+ appears to slow dramatically, as is
bserved in PSII preparations that have been rigorously depleted
f Ca ions [85,86]. This lowered affinity of PSII for Ca ions
ppears to be a general feature of C-terminal mutants, such as
hose constructed at D1-Glu333, D1-His337, and D1-Asp342
see Sections 2.5–2.7) [82]. Because the X-ray crystallographic
tructural models place the Ca ion on the opposite side of the

n4Ca cluster from the C-terminal region of the D1 polypeptide
3,4], it is likely that mutations in this region alter the protein
onformation around the Mn4Ca cluster sufficiently to influence
he binding of Ca.

Several His332 mutants are extremely susceptible to light-
nduced damage [82]. This damage is reflected as both low
ellular PSII contents and substantially altered charge recom-
ination kinetics between QA

•− and the Mn cluster in cells
ropagated in normal versus dim light. Because cells that are
nable to assemble Mn clusters in vivo (e.g., cells of the
utants D1-Asp170Ala, D1-Asp170Thr, D1-Asp170Ser, and
1-Asp170Asn) are not particularly light-sensitive [51], it has
een proposed that the extreme light-sensitivity of the light-
ensitive His332 mutants is caused by the release of toxic,
ctivated oxygen species from perturbed Mn clusters [82]. This
xtreme sensitivity to light-induced damage appears to be a gen-
ral feature of C-terminal mutants, such as those constructed at
1-Glu333, D1-His337, and D1-Asp342 (see Sections 2.5–2.7)

82].

.5. Glutamate 333 of the D1 polypeptide

In both X-ray crystallographic structural models of PSII,
1-Glu333 ligates the same Mn ion as D1-Asp170, either as
unidentate ligand [3] or as a bridging ligand that links this
n ion with a Mn ion that is ligated by Glu354 of the CP43

olypeptide [4] (Fig. 1). No FTIR studies of D1-Glu333 mutants
ave yet been published. Of the D1-Glu333 mutants that have
een reported (Gln, Asp, Asn, His, Cys, Ala, and Tyr), only D1-
lu333Gln cells are photoautotrophic or evolve O2, but these

ells evolve O2 at only 29–36% the rate of wild-type cells
39,81,82]. In all of the D1-Glu333 mutants, substantial per-
entages of PSII reaction centers lack photooxidizable Mn ions

n vivo [82]. These percentages range from ∼25% and ∼40% in
1-Glu333Gln and D1-Glu333Asp cells, respectively, to ∼60%

n D1-Glu333Tyr cells. On the basis of these observations,
1-Glu333 was identified as a possible ligand of Mn [81,82].
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ll D1-Glu333 mutants, like several D1-His332 mutants, are
xtremely susceptible to light-induced damage [82]. As with
he light-sensitive D1-His332 mutants, it was proposed that the
xtreme light-sensitivity of the light-sensitive Glu333 mutants
s caused by the release of toxic, activated oxygen species from
erturbed Mn clusters [82]. On the basis of Chl a fluorescence
nalyses that were conducted with intact cells that were prop-
gated in dim light, it was concluded that the apparent S2/S1
idpoint potential is essentially unchanged in D1-Glu333Gln

nd D1-Glu333Asp cells, but is slightly decreased in D1-
lu333Asn and D1-Glu333His cells [82].
Mutations of D1-Glu333 decrease the affinity of Mn(II) ions

or the high-affinity D1-Asp170 site similarly to mutations at
ther C-terminal residues of the D1 polypeptide such as D1-
is332, D1-Asp342, and D1-Ala344 (see Sections 2.1, 2.4 and
.7) [39], again suggesting that this region either increases the
ocal concentration of Mn(II) ions near the high-affinity site or
tabilizes a conformation that optimizes the affinity of this site
or Mn(II) ions [39]. The PSII reaction centers in D1-Glu333
utant cells appear to have substantially diminished affinities

or Ca, like those in D1-His332 cells [82]. As noted earlier,
his lowered affinity of PSII for Ca ions appears to be a general
eature of many C-terminal mutants (see Sections 2.3, 2.4, 2.6
nd 2.7) [82].

.6. Histidine 337 of the D1 polypeptide

Both recent X-ray crystallographic structural models place
1-His337 close to the Mn4Ca cluster, but ligating neither Mn
or Ca [3,4] (e.g., see Fig. 1). Of the nine mutants that have been
eported [81,82], only the Arg, Gln, Asn, and Phe mutants are
hotoautotrophic, although the Gln, Asn, and Phe mutants are
nly weakly so. In all of the His337 mutants, 10–50% of PSII
eaction centers lack photooxidizable Mn ions in vivo [82]. On
he basis of these observations, D1-His337 was identified as a
ossible ligand of Mn [82]. On the other hand, because Arg and
ln are good hydrogen bond donors that can substitute for His

e.g., Gln replaces His as a hydrogen bond donor in nitrogenase
rom Azotobacter vinelandii [87,88], in sperm whale myoglobin
89], and in ribulose-1,5-bisphosphate carboxylase/oxygenase
rom Anacystis nidulans [90]), D1-His337 was also suggested
o serve as a crucial hydrogen bond donor whose influence on
he Mn4Ca cluster is indirect [82]. No spectroscopic studies have
et been reported on any D1-His337 mutant.

The Mn clusters in D1-His337Val cells are severely per-
urbed, whereas those in D1-His337Leu cells evolve O2, and
hose in D1-His337Phe cells support photoautotrophic growth
82]. To explain this curious observation, that progressively
arger hydrophobic residues cause progressively less functional
amage, the bulky Leu and Phe residues were proposed to cause
tructural perturbations that permit the missing imidazole moi-
ty of D1-His337 to be replaced by another residue, a peptide
arbonyl group, or a water molecule [82]. As noted earlier

Sections 2.2 and 2.3), similar explanations were proposed to
ationalize the photoautotrophic growth of D1-Asp170Val and
1-Glu189Leu cells despite the apparent role of D1-Asp170 as
ligand to Mn and the apparent role of D1-Glu189 as a partic-

M
[
f
t
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pant in a critical hydrogen bond network or as a ligand to Mn
51,67].

Like mutants of other C-terminal residues (e.g., D1-His332,
1-Glu333, D1-Asp342, D1-Ala344), mutants of D1-His337
ecrease the affinity of PSII for Ca [82]. Many are also extremely
usceptible to the light-induced damage that was attributed to
he release of toxic, activated oxygen species from perturbed

n clusters in other C-terminal mutants [82] (see Sections 2.1
nd 2.3–2.5).

.7. Aspartate 342 of the D1 polypeptide

Of the five mutations that have been reported [81,82], only
1-Asp342Glu supports photoautotrophic growth and only D1-
sp342Glu, D1-Asp342Asn, and D1-Asp342His support O2

volution, and at only ∼20%, ∼33%, and ∼6% the rate of wild-
ype cells, respectively. Because 20–50% of the PSII reaction
enters in the D1-Asp342 mutants lack photooxidizable Mn ions
82], and because O2 evolution is retained when D1-Asp342 is
eplaced with a potential metal ligand (e.g., Glu, Asn, or His) but
ot when replaced by Ala or Val, this residue was identified as
possible ligand of Mn [81,82]. This proposal is supported by

he recent X-ray crystallographic structural models that assign
1-Asp342 as a unidentate ligand of a single Mn ion [3] or as a
ridging ligand between two Mn ions [4] (Fig. 1).

The mid-frequency (1800–1200 cm−1) FTIR difference
pectra of the S0 → S1, S1 → S2, or S2 → S3 transitions in
1-D342N PSII particles closely resemble the corresponding

pectra of wild-type PSII particles [66]. In particular, the data
rovide no indication that the mutation eliminates a specific
arboxylate vibrational mode from any of the Sn+1-minus-S1
TIR difference spectra. These observations show that, like
1-Asp170 and D1-Glu189, D1-Asp342 is insensitive to the
xidations of the Mn4Ca cluster that occur during the S0 → S1,
1 → S2, or S2 → S3 transitions. The simplest explanation for

hese data is that D1-Asp342 ligates a Mn ion that does not
ncrease its charge or oxidation state during any of these S state
ransitions [66]. Because the same conclusion was reached pre-
iously for D1-Asp170 [46] (Section 2.2) and D1-Glu189 [42]
Section 2.3), and because the X-ray crystallographic structural
odels assign D1-Asp170 and D1-Asp342 as ligating different
n ions (e.g., see Fig. 1), this explanation requires that (1) the

xtra positive charge that develops on the Mn cluster during the
1 → S2 transition be localized on the Mn ion that is ligated by

he �-COO− group of D1-Ala344 and (2) any increase in posi-
ive charge that develops on the Mn cluster during the S0 → S1
nd S2 → S3 transitions be localized on the one Mn ion that
s not ligated by D1-Asp170, D1-Glu189, D1-Asp342, or D1-
la344 (however, see Section 4). Additional experiments that
ere conducted with l-[1-13C]alanine provided evidence that
1-Asp342 does not ligate the same Mn ion that is ligated by

he �-COO− group of D1-Ala344 [66].
The D1-Asp342 mutations slightly decrease the affinity of
n(II) ions for the high-affinity Mn site formed by D1-Asp170
39] and appear to substantially diminish the affinity of PSII
or Ca [82], similarly to mutations constructed at other C-
erminal residues of the D1 polypeptide such as D1-His332,
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1-Glu333, D1-His337, and D1-Ala344 (see Sections 2.1 and
.3–2.5). Some D1-Asp342 mutants, like several D1-His332
utants, all D1-Glu333 mutants, and some D1-His337 mutants,

re extremely susceptible to light-induced damage [82]. As with
he other light-sensitive C-terminal mutants, it was proposed that
he extreme light-sensitivity of the light-sensitive D1-Asp342

utants is caused by the release of toxic, activated oxygen
pecies from perturbed Mn clusters [82].

.8. Glutamate 354 of the CP43 polypeptide7

In the recent X-ray crystallographic structural models of pho-
osystem II, Glu354 of the CP43 polypeptide is assigned as
ither a bidentate chelating ligand of a single Mn ion that has
o other protein ligands [3] or as a bridging ligand between one
n ion that is ligated by D1-Glu333 and another Mn ion that

s ligated by the �-COO− group of D1-Ala344 [4] (e.g., see
ig. 1). Only the CP43-Glu354Gln mutant has been reported
92,93]. This mutant is weakly photoautotrophic. The steady-
tate rate of O2 evolution in the mutant cells is only about 20%
ompared to wild-type [92,93], but the kinetics of O2 release
re essentially unchanged and the O2 flash yields show normal
eriod-four oscillations, although with lower intensities after
ach flash [93]. Purified PSII particles exhibit an essentially
ormal S2 state multiline EPR signal, but exhibit a substan-
ially altered S2-minus-S1 FTIR difference spectrum [93]. The
ntensities of the mutant EPR and FTIR difference spectra (>75%
ompared to wild-type) are much greater than the O2 signals and
uggest that CP43-Glu354Gln PSII reaction centers are hetero-
eneous, with a minority fraction able to evolve O2 with normal
2 release kinetics and a majority fraction unable to advance
eyond the S2 or S3 states.

The S2-minus-S1 FTIR difference spectrum of CP43-
lu354Gln PSII particles is altered in both the symmetric

nd asymmetric carboxylate stretching regions [93] (Fig. 8).
ne of the most dramatic alterations is the complete elimi-
ation of the positive band at 1588 cm−1. Although this band
ay correspond to the νasym(COO−) mode of CP43-Glu354,

ecause the νasym(COO−) region overlaps the amide I and amide
I regions, some of the observed spectral alterations in the
asym(COO−) region undoubtedly arise from mutation-induced
erturbations to the polypeptide backbone. Preliminary global
5N-labeling experiments conducted with both wild-type and
P43-Glu354Gln PSII particles (M.A. Strickler, R.J. Debus,
npublished) indicate that the positive band at 1588 cm−1 band
orresponds to a νasym(COO−) mode, in agreement with ear-
ier global 15N-labeling studies [94–96]. However, these same

xperiments confirm that the mutation alters numerous amide I
nd amide II modes, raising the possibility that structural per-
urbations introduced by the mutation and/or the loss of the

7 Multiple numbering systems are in use for the CP43 polypeptide because
sbC (the gene encoding CP43) has an unusual start codon, because CP43 is post-
ranslationally processed at its amino terminus, and because, in Synechocystis sp.
CC 6803, there is a deletion of one residue at position 7 compared to the amino
cid sequences of CP43 in other organisms [11,91]. The numbering system used
n the X-ray crystallographic structural models [3,4] is used here.

s
o
(
m
o
e
t
m
t
g

inus-S1 FTIR difference spectra shown in the upper traces. The horizontal
ashed line indicates the zero level (reprinted from Ref. [93]).

egative charge on CP43-Glu354 might change the distribution
f Mn oxidation states within the Mn4Ca cluster and cause a
ifferent Mn ion to undergo oxidation during the S1 → S2 tran-
ition. Indeed, preliminary [1-13C]alanine-labeling experiments
hat were conducted with both wild-type and CP43-Glu354Gln
SII particles (M.A. Strickler, R.J. Debus, unpublished) indi-
ate that the Mn ion that is ligated by the �-COO− group of
1-Ala344 does not undergo oxidation during the S1 → S2 tran-

ition in the mutant. These experiments probably account for the
egative band at 1351 cm−1 and the positive band at 1334 cm−1

hat appear in the WT-minus-mutant double-difference spectrum
Fig. 8, lower trace).

Although the νasym(COO−) and/or νasym(COO−) modes of
P43-Glu354 may be present in the S2-minus-S1 FTIR differ-
nce spectrum of wild-type PSII particles (and absent from the
pectrum of CP43-Glu354Gln PSII particles), the large number
f features in the WT-minus-mutant double-difference spectrum
Fig. 8, lower trace) precludes any definite assignment. Further-
ore, if the CP43-Glu354Gln mutation changes the distribution

f Mn oxidation states in the Mn4Ca cluster and induces a differ-
nt Mn ion to undergo oxidation during the S1 → S2 transition,
hen many of the features that differ between the wild-type and
utant S2-minus-S1 FTIR difference spectra may correspond
o the νasym(COO−) or νasym(COO−) modes of carboxylate
roups other than CP43-Glu354. Without the examination of
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dditional mutants, we cannot be sure if any of the features
n the S2-minus-S1 FTIR difference spectrum of wild-type PSII
articles correspond to the νsym(COO−) or νasym(COO−) modes
f CP43-Glu354.

One aspect of the CP43-Glu354Gln S2-minus-S1 FTIR dif-
erence spectrum is clear: a large positive band at 1588 cm−1 is
liminated, yet the negative band at 1400 cm−1 is unchanged
Fig. 8). This observation is difficult to reconcile with an
ssignment of these two modes to a single Mn–Mn or Mn–Ca
ridging carboxylate group that has its νasym(COO−) mode
t ∼1587 cm−1 in the S2 state and its νsym(COO−) mode at
1403 cm−1 in the S1 state. This assignment has been pro-

osed on the basis of analyses of Ca-depleted PSII preparations
94,97]. However, the S2-minus-S1 FTIR difference spectrum
s altered far more substantially by Ca-depletion [94,97] than
y the CP43-Glu354Gln mutation [93] (Fig. 8). Consequently,
ubstantially more amino acid residues in the environment of the

n4Ca cluster must be perturbed by the depletion of Ca than by
he CP43-Glu354Gln mutation. Because the CP43-Glu354Gln

utation eliminates the positive 1588 cm−1 band but not the
egative 1400 cm−1 band, these two bands must correspond to
ifferent carboxylate groups.

. Protein ligation of calcium

In the 3.5 Å crystallographic structural model [3], the Ca
on has no protein ligands. In the 3.0 Å crystallographic struc-
ural model [4] (Fig. 1), the Ca ion interacts weakly with
1-Glu189 and D1-Ala344 (with Ca–O distances of 2.5 Å and
.6 Å, respectively), both of which interact much more strongly
ith Mn1 and Mn2, respectively (the Mn–O distances are 1.8 Å

nd 1.7 Å, respectively). A Ca site having no protein ligands
ould be highly unusual in that such sites typically contain oxy-
en atoms from peptide carbonyl groups and the side chains
f Asp, Glu, Asn, or Gln in addition to those provided by
ater molecules [98,99]. On the basis of the earlier mutage-
esis studies, both D1-Asp59 and D1-Asp61 were suggested
s possible Ca ligands [51], while D1-Asp342 was suggested
s a possible ligand of Mn or Ca or both [82]. In the muta-
enesis studies, D1-Asp59 was changed to Glu, Asn, and Val,
hile D1-Asp61 was changed to Glu, Asn, Ala, and Val [51,81].
he D1-Asp59Glu, D1-Asp59Asn, and D1-Asp61Glu mutants
re strongly photoautotrophic, whereas the others are weakly
o. The D1-Asp59Asn and D1-Asp61Glu mutants exhibit O2
ash-yields that have normal period-four oscillations [100].
he D1-Asp59Asn, D1-Asp61Asn, and D1-Asp61Ala mutants
volve O2 at only 20–30% the rate of wild-type cells and the D1-
sp59Val and D1-Asp61Val mutants are even more impaired.
n the basis of Chl a fluorescence analyses that were conducted
ith intact cells, it was concluded that essentially all of the PSII

eaction centers in the D1-Asp59 and D1-Asp61 mutants contain
ntact, photooxidizable Mn clusters in vivo [51]. Therefore, it
as concluded that neither D1-Asp59 nor D1-Asp61 was likely
o ligate Mn. Nevertheless, at least one unstable intermediate
n the light-driven assembly (photoactivation) of the Mn4Ca
luster is destabilized dramatically in both D1-Asp59Asn and
1-Asp61Glu cells [100].

d
w
i
b
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The rate of O2 release is slowed dramatically in D1-
sp61Asn and D1-Asp61Ala cells (10-fold in D1-Asp61Asn

ells and eightfold in D1-Asp61Ala cells) [101] and is slowed
o lesser extents in D1-Asp61Glu and D1-Asp59Asn thylakoid

embranes [100]. Subsequent analyses showed that the S1 → S2
nd S2 → S3 transitions are slowed approximately twofold in
1-Asp61Asn PSII particles [101] and that the S3 → S0 tran-

ition is slowed 10-fold [102], consistent with the very slow
inetics of O2 release in this mutant.

Both D1-Asp59 and D1-Asp61 were identified as possible
igands to Ca in the mutagenesis studies because the PSII reac-
ion centers in D1-Asp59Asn and D1-Asp61Ala cells exhibit
ubstantially diminished affinities for Ca. Neither mutant grew
hotoautotrophically when Ca was omitted from the growth
edium: neither Sr, Mg, nor Na would substitute [51]. In

ddition, when D1-Asp59Asn and D1-Asp61Ala cells were
ropagated photoheterotrophically in the absence of Ca, little
r no O2 evolution was observed, the rate of electron trans-
er from YZ to P680

•+ slowed dramatically (as is observed in
SII preparations that have been rigorously depleted of Ca ions
85,86]), and PSII became very susceptible to light-induced
amage [51]. Because neither residue is located near Ca in the X-
ay crystallographic structural models [3,4] (e.g., see Fig. 1), the
1-Asp59Asn and D1-Asp61Ala mutations evidently weaken

he affinity of PSII for Ca by causing indirect structural pertur-
ations. Presumably such indirect structural perturbations also
xplain the lowered affinity of PSII for Ca in mutants of D1-
rg64 [103] and, as noted earlier, in mutants constructed at
1-His332, D1-Glu333, D1-His337, and D1-Asp342 [82] (see
ections 2.4–2.7). The dramatically slower rates of O2 release

n the D1-Asp61Asn and D1-Asp61Ala mutants may be caused
y the inability of Asn or Ala to replace D1-Asp61 in the latter’s
ostulated role as the initial residue in a proton transfer path-
ay that leads from the Mn4Ca cluster to the thylakoid lumen

3,104,105].

. Concluding remarks and perspectives

The emerging availability of high-resolution X-ray crystallo-
raphic structural models for PSII is dramatically improving the
ower of spectroscopy to provide mechanistic insight into the
peration of the oxygen-evolving complex. The current ∼3.0 Å
nd ∼3.5 Å models [3,4] (Fig. 1) are already serving as valuable
uides for spectroscopic studies designed to elucidate the roles
f specific amino acid residues. Many of these studies involve
TIR difference spectroscopy. To date, FTIR studies have pro-
ided strong evidence that the �-COO− group of D1-Ala344 is a
nidentate ligand of a Mn ion whose charge or formal oxidation
tate increases during the S1 → S2 transition and that the car-
oxylate groups of D1-Asp170, D1-Glu189, and D1-Asp342 are
ensitive to neither the Mn oxidations nor the structural changes
hat accompany the S0 → S1, S1 → S2, and S2 → S3 transitions.

However, the FTIR studies have produced an apparent para-

ox. The individual Sn+1-minus-Sn FTIR difference spectra of
ild-type PSII preparations contain a wealth of spectral features

n the mid-frequency region (e.g., see Figs. 2 and 6). It has long
een assumed that most of these features, particularly those
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orresponding to carboxylate stretching modes, would arise
rom amino acid residues that ligate the Mn4Ca cluster. How-
ver, half of the carboxylate residues identified as metal ligands
n the X-ray crystallographic structural models are insensitive
o the oxidations and structural changes that accompany the
0 → S1, S1 → S2, and S2 → S3 transitions (i.e., D1-Asp170,
1-Glu189, and D1-Asp342). Two explanations for this

pparent paradox have been presented. Each has its difficulties.
One explanation is that the charge that develops on the Mn4Ca

luster during the S1 → S2 transition is localized on the Mn ion
hat is ligated by the �-COO− group of D1-Ala344 and that any
ncrease in positive charge that develops on the Mn cluster during
he S0 → S1 and S2 → S3 transitions is localized on the one Mn
on that is not ligated by D1-Asp170, D1-Asp342, or D1-Ala344
or D1-Glu189, if this residue ligates Mn). In both X-ray crystal-
ographic models, this Mn corresponds to Mn3, the Mn ion that
s ligated by CP43-Glu354 in the ∼3.5 Å structural model [3]
nd by both CP43-Glu354 and D1-Glu333 in the ∼3.0 Å struc-
ural model [4] (Fig. 1). Difficulties with this explanation are
1) it conflicts with an inelastic X-ray scattering (RIXS) study
hose authors concluded that the electron that leaves the Mn4Ca

luster during the S1 → S2 transition originates from a strongly
elocalized orbital [106], implying that the extra charge that
evelops on the Mn4Ca cluster during this transition must be
elocalized over multiple Mn ions, (2) if the S2 → S3 transition
orresponds to a metal-centered oxidation [64,107], then this
xplanation would be difficult to reconcile with an oxidation
tate distribution of Mn(III)3Mn(IV) for the S0 state as pro-
osed on the basis of a recent 55Mn pulsed ENDOR study [108]
with this oxidation state distribution, different Mn ions would
ecessarily undergo oxidation during each of the S0 → S1,
1 → S2, and S2 → S3 transitions), (3) it seems odd that the
tructural changes that accompany the S0 → S1 and S2 → S3
ransitions [63–65] would perturb the carboxylate groups of
either D1-Asp170, nor D1-Glu189, nor D1-Asp342, and (4)
here appear to be more features in the carboxylate stretching
egions of the Sn+1-minus-Sn FTIR difference spectra than can
e accounted for if none arises from D1-Asp170, D1-Glu189,
r D1-Asp342. Nevertheless, no FTIR study of any D1-Glu333
utant has yet appeared, the mid-frequency S2-minus-S1 FTIR

ifference spectrum of CP43-Glu354Gln PSII particles shows
umerous mutation-induced alterations [93], XANES data have
een interpreted in terms of an oxidation state distribution of
n(II)Mn(III)Mn(IV)2 for the S0 state [109,110], and whether

he S2 → S3 transition corresponds to a metal-centered [64,107]
r ligand-centered [109,110] oxidation remains in dispute.

A second explanation is that the carboxylate stretching modes
f the carboxylate ligands of the Mn4Ca cluster are mostly insen-
itive to changes in the formal oxidation states of the individual

n ions [35,58]. This situation might arise if the Mn oxidations
hat occur during the S state transitions cause little increase in
he electrostatic charge of the individual Mn ions, a prediction
hat was obtained from a QM/MM analysis of the ∼3.5 Å X-ray

rystallographic structural model [35]. This situation might also
rise if most of the Mn4Ca cluster’s Mn-ligating carboxylate lig-
nds bind as equatorial ligands. Perhaps the �-COO− group of
1-Ala344 ligates along the Jahn-Teller axis of a Mn(III) ion. If
Reviews 252 (2008) 244–258

o, then the ∼16 cm−1 or ∼34 cm−1 downshift of this group’s
ymmetric carboxylate stretching mode during the S1 → S2 tran-
ition [24,25] might arise from the shortening of an elongated

n–O bond that would occur when this Mn(III) ion is oxidized to
ts Mn(IV) oxidation state.8 These explanations would account
or the observed insensitivity of D1-Asp170 [43,46], D1-Glu189
42], and D1-Asp342 [66] to oxidations of the Mn4Ca cluster
uring the S0 → S1, S1 → S2, or S2 → S3 transitions. However,
hey do not account for the strikingly large number of features
hat are present in the individual Sn+1-minus-Sn FTIR difference
pectra, many of which correspond to perturbations of symmet-
ic and asymmetric modes of carboxylate groups in response
o oxidations of the Mn4Ca cluster. It should be noted that
hese perturbations are unlikely to correspond to changes in the
rotonation states of free carboxylate groups. Protonated car-
oxylate residues show a carbonyl stretching mode [ν(C O)] at
760–1710 cm−1 [111]. If the pKa value of a carboxylate residue
hanged during a particular S state transition, the intensities of its
(C O) and νsym(COO−)/νasym(COO−) modes would change
n inverse correlation as one form of the residue converted into
he other. Because the features in the ν(C O) regions of the
n+1-minus-Sn FTIR difference spectra of wild-type PSII prepa-
ations are much weaker than those in the νsym(COO−) and
asym(COO−) regions, it is unlikely that the features in these
wo regions correspond to the same amino acid residues.

Differentiating between these explanations will require the
xamination of additional mutants, especially of residues located
arther from the Mn4Ca cluster than its protein ligands, will
equire the examination of relevant and well-characterized inor-
anic model compounds (e.g., [112–114]), and will require
urther extension of FTIR studies to the low-frequency domain
1000–350 cm−1) where Mn–O and Mn–N vibrational modes
ppear [19–22].
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