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ABSTRACT: On the basis of mutagenesis and X-ray crystallographic studies, Asp170 of the D1 polypeptide
is widely believed to ligate the (Mn)4 cluster that is located at the catalytic site of water oxidation in
photosystem II. Recent proposals for the mechanism of water oxidation postulate that D1-Asp170 ligates
a Mn ion that undergoes oxidation during one or more of the S0 f S1, S1 f S2, and S2 f S3 transitions.
To test these hypotheses, we have compared the FTIR difference spectra of the individual S state transitions
in wild-type* PSII particles from the cyanobacteriumSynechocystissp. PCC 6803 with those in D1-
D170H mutant PSII particles. Remarkably, our data show that the D1-D170H mutation does not significantly
alter the mid-frequency regions (1800-1000 cm-1) of anyof the FTIR difference spectra. Therefore, we
conclude that the oxidation of the (Mn)4 cluster does not alter the frequencies of the carboxylate stretching
modes of D1-Asp170 during the S0 f S1, S1 f S2, or S2 f S3 transitions. The simplest explanation for
these data is that the Mn ion that is ligated by D1-Asp170 does not increase its charge or oxidation state
during any of these S state transitions. These data have profound implications for the mechanism of water
oxidation. Either (1) the oxidation of the Mn ion that is ligated by D1-Asp170 occurs only during the
transitory S3 f S4 transition and serves as the critical step in the ultimate formation of the O-O bond or
(2) the oxidation increments and O2 formation chemistry that occur during the catalytic cycle involve
only the remaining Mn3Ca portion of the Mn4Ca cluster. Our data also show that, if the increased positive
charge on the (Mn)4 cluster that is produced during the S1 f S2 transition is delocalized over the (Mn)4

cluster, it is not delocalized onto the Mn ion that is ligated by D1-Asp170.

The catalytic site of water oxidation in photosystem II
(PSII)1 contains a cluster of four Mn ions and one Ca ion.

The (Mn)4 cluster accumulates oxidizing equivalents in
response to light-induced electron transfer reactions within
PSII, thereby providing the interface between one-electron
photochemistry and the four-electron process of water
oxidation (for reviews, see refs1-3). The immediate oxidant
of the (Mn)4 cluster is tyrosine YZ. This residue transfers an
electron from the (Mn)4 cluster to P680

•+ in response to the
light-induced formation of the latter. During each catalytic
cycle, the (Mn)4 cluster cycles through five oxidation states
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termed Sn, where “n” denotes the number of oxidizing
equivalents that have been stored. The S1 state predominates
in dark-adapted samples. Most interpretations of Mn-XANES
data have concluded that the S1 state consists of two Mn-
(III) and two Mn(IV) ions and that the S2 state consists of
one Mn(III) and three Mn(IV) ions (for reviews, see refs4
and5). Whether the additional oxidizing equivalent of the
S3 state is localized on a Mn ion (6-8) or on a Mn ligand
(4, 5, 9, 10) remains in dispute. The S4 state is a transient
intermediate that reverts to the S0 state with the concomitant
release of O2.

In the most recent∼3.5 Å (11) and∼3.2 Å (12) X-ray
crystallographic structural models of PSII, the electron
density that corresponds to the (Mn)4Ca cluster is double
lobed, with a single Mn ion being located in the smaller lobe
and the remaining Mn ions and the Ca ion being located in
the larger. Such an arrangement is compatible with simula-
tions of EPR and ENDOR data that predicted the (Mn)4

cluster to be arranged as three strongly exchange-coupled
Mn ions that are weakly exchange-coupled to a fourth Mn
ion (13). The precise arrangement of the individual Mn ions
and their ligands differs in the∼3.5 and∼3.2 Å structural
models. These differences are probably caused by differences
in data quality, extent of radiation damage, and approach to
interpreting the electron density. Regarding radiation damage,
it has been determined that the high doses of X-rays that
were employed for the crystallographic studies reduce the
Mn ions and cause significant damage to the (Mn)4Ca
complex.2

In terms of Mn ligation, the∼3.5 and∼3.2 Å structural
models have four protein ligands in common. In both models,
D1-Asp170 and D1-Glu333 ligate the Mn ion that is located
in the smaller lobe of electron density. In the∼3.5 Å model,
both carboxylate residues are unidentate ligands (11). In the
∼3.2 Å model, both carboxylate residues are bidentate
ligands, although D1-Asp170 is a strongly asymmetric
bidentate ligand (12). In both models, D1-Glu189 and D1-
His332 ligate one of the Mn ions that is located in the larger
lobe of electron density. Of these four residues, D1-Asp170,
D1-His332, and D1-Glu333 are among those that were
identified as possible Mn ligands on the basis of earlier site-
directed mutagenesis and chemical modification studies (for
reviews, see refs14-16). In particular, ESEEM analyses of
D1-H332E PSII particles fromSynechocystissp. PCC 6803

provided strong evidence in favor of Mn ligation by D1-
His332 (17). Only the ligation of Mn by D1-Glu189 conflicts
with the earlier mutagenesis studies (see the discussion in
ref 16).

It is known that D1-Asp170 provides part of the high-
affinity binding site for the first Mn(II) ion that is photo-
oxidized during the light-driven assembly of the (Mn)4 cluster
(18). On the basis of numerous mutagenesis studies, this
residue is also thought to ligate the assembled (Mn)4 cluster
(19-26), although there is no conclusive spectroscopic
evidence that this is so (26). Several studies have focused
on the mutant D1-D170H. This mutant is weakly photoau-
totrophic and assembles (Mn)4 clusters in∼50% of its PSII
reaction centers. The assembled (Mn)4 clusters function
normally (19, 22, 23), exhibit a normal mid-frequency
(1800-1200 cm-1) S2-minus-S1 FTIR difference spectrum
(25), and exhibit normal S1 and S2 state multiline EPR signals
(26).

Recent proposals for the mechanism of water oxidation
in PSII postulate that D1-Asp170 ligates the Mn ion that
undergoes oxidation during one or more of the S0 f S1, S1

f S2, and S2 f S3 transitions (27-30). To test these
hypotheses, we have compared the FTIR difference spectra
of the S0 f S1, S1 f S2, S2 f S3, and S3 f S0 transitions
in wild-type* PSII particles from the cyanobacteriumSyn-
echocystissp. PCC 6803 with those in D1-D170H mutant
PSII particles. FTIR difference spectroscopy is an extremely
sensitive technique for characterizing dynamic structural
changes that occur during an enzyme’s catalytic cycle (31-
33). These include changes in molecular interactions, pro-
tonation states, bonding (including changes in metal coor-
dination and hydrogen bonding), bond strengths, and protein
backbone conformations. In PSII, numerous vibrational
modes change as the (Mn)4 cluster is oxidized through the
S state cycle (34-39). Identifying these modes will provide
information about S state-dependent protein structural changes.
This information is crucial to understanding the mechanism
of water oxidation and will complement information that is
being obtained from X-ray crystallography. On the basis of
L-[1-13C]alanine labeling of wild-type* and mutant PSII
particles fromSynechocystissp. PCC 6803, we recently
identified the symmetric carboxylate stretching mode of the
R-COO- group of D1-Ala344 in the S2-minus-S1 FTIR
difference spectrum of wild-type* PSII particles (40). The
frequency of this mode in the S1 state and its∼17 or ∼36
cm-1 downshift in the S2 state imply that this group is a
unidentate ligand of a Mn ion whose charge increases during
the S1 f S2 transition (40). A similar identification of one
of the carboxylate stretching modes of D1-Asp170 in any
of the Sn f Sn+1 transitions could provide unequivocal
spectroscopic evidence for the ligation of the (Mn)4 cluster
by D1-Asp170 and could provide information about the type
of carboxylate ligation and the environment of the carboxy-
late group. If D1-Asp170 should ligate a Mn ion whose
charge increases during a specific Sn f Sn+1 transition, then
the increased charge should weaken the ligating Mn-O
bond(s), thereby decreasing the frequency of the D1-Asp170
symmetric carboxylate stretching mode and possibly shifting
the frequency of the D1-Asp170 asymmetric carboxylate
stretching mode. The shifted mode(s) should appear in the
corresponding Sn+1-minus-Sn FTIR difference spectrum of
wild-type* PSII particles but not in the spectrum of D1-

1 Abbreviations: Chl, chlorophyll; EDTA, ethylenediaminetetraacetic
acid; ENDOR, electron nuclear double resonance; EPR, electron
paramagnetic resonance; ESEEM, electron spin-echo envelope modu-
lation; EXAFS, extended X-ray absorption fine structure; FTIR, Fourier
transform infrared; MES, 2-(N-morpholino)ethanesulfonic acid; NTA,
nitrilotriacetic acid; P680, chlorophyll species that serves as the light-
induced electron donor in PSII; PSII, photosystem II; QA, primary
plastoquinone electron acceptor; RH, relative humidity; TES,N-[tris-
(hydroxymethyl)methyl]-2-aminoethanesulfonic acid; wild-type*, con-
trol strain of Synechocystissp. PCC 6803 that was constructed in
identical fashion as the D1-D170H mutant but that contains the wild-
typepsbA-2 gene; XANES, X-ray absorption near edge structure; YZ,
tyrosine residue that mediates electron transfer between the Mn cluster
and P680

•+.
2 The XANES of PSII single crystals shows that the Mn ions of the

(Mn)4Ca complex are reduced to Mn(II) when the crystals are exposed
to X-ray doses that are equivalent to those that were used for the X-ray
crystallography experiments. In addition, the corresponding EXAFS
data show that the intermetal Mn-Mn/Ca distances that are present in
intact crystals are replaced by Mn-O interactions that are typical of
Mn(II) complexes (V. K. Yachandra, personal communication).
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D170H PSII particles, thereby permitting its (their) identi-
fication.

Our data show that the mid-frequency (1800-1000 cm-1)
S1-minus-S0, S2-minus-S1, S3-minus-S2, and S0-minus-S3

FTIR difference spectra of D1-D170H PSII particles are
remarkably similar to those of wild-type* PSII particles. In
particular, there is no indication that the D1-D170H mutation
eliminates any carboxylate modes from any of these differ-
ence spectra. The simplest explanation for these data is that
the Mn ion that is ligated by D1-Asp170 does not change
its charge or oxidation state during the S0 f S1, S1 f S2, or
S2 f S3 transitions.

MATERIALS AND METHODS

Construction of the Site-Directed Mutant and Propagation
of Cultures.The constructions of the D1-D170H mutant and
wild-type* control strains were described previously (25).
The designation “wild-type*” differentiates this strain from
the native wild-type strain that contains all threepsbA genes,
lacks a His tag on the C-terminus of CP47, and is sensitive
to antibiotics. Cells were propagated as described previously
(25, 26). To verify the integrity of the D1-D170H cultures
that were harvested for the purification of PSII particles, an
aliquot of each culture was set aside, and the complete
sequence of thepsbA-2 gene was obtained after PCR
amplification of genomic DNA (22). No traces of the wild-
type D1-Asp170 codon nor of any spontaneous mutation
within psbA-2(e.g., second site revertants) were detected.

Purification of PSII Particles. Isolated PSII particles were
purified under dim green light at 4°C with Ni-NTA
superflow affinity resin (Qiagen, Valentia, CA) as described
previously (40), except that the column was washed with
only four volumes of purification buffer [25% (v/v) glycerol,
50 mM MES-NaOH (pH 6.0), 20 mM CaCl2, 5 mM MgCl2,
0.03% (w/v)n-dodecylâ-D-maltoside] before the purified
PSII particles were eluted. Elution was accomplished in four
column volumes with purification buffer containing 50 mM
L-histidine. After the addition of EDTA to 1 mM, the eluted
PSII particles were concentrated to 0.5-1.0 mg of Chl/mL
by ultrafiltration (26), frozen in liquid nitrogen, and stored
at -196 °C (vapor phase nitrogen).

Experimental Conditions for FTIR Measurements. All
manipulations were conducted under dim green light at 4
°C. For each FTIR sample, approximately 30µg of Chl was
concentrated to<15 µL with a Microcon-100 concentrator
(Millipore Corp., Bedford, MA). The concentrated sample
was then diluted with 150µL of FTIR buffer [40 mM
sucrose, 10 mM MES-NaOH (pH 6.0), 5 mM CaCl2, 5 mM
NaCl, 0.06% (w/v) n-dodecyl â-D-maltoside (39)] and
concentrated again. The sample was diluted and concentrated
three to four additional times, with the final concentrated
volume being approximately 10µL. The concentrated sample
was then mixed with1/10th volume of fresh 100 mM
potassium ferricyanide (dissolved in water) and spread to a
diameter of about 10 mm on a 15 mm diameter BaF2

window. The sample was dried lightly (until tacky) under a
stream of dry nitrogen gas. To maintain the humidity of the
sample in the FTIR cryostat at 99% RH, 1µL of 20% (v/v)
glycerol (in water) was spotted onto the window, adjacent
to the sample but not touching it (36-39). A second IR
window with a Teflon spacer (0.5 mm thick) was placed

over the first (the spacer was sealed to both windows with
silicon-free high-vacuum grease). The sample was im-
mediately loaded into the FTIR cryostat and allowed to
equilibrate to 273.0 K in darkness for 2 h. The sample
concentration and thickness were adjusted so that the absolute
absorbance of the amide I band at 1657 cm-1 was 0.7-1.1.

FTIR Spectra.Mid-frequency FTIR spectra were recorded
with a Bruker Equinox 55 spectrometer (Bruker Optics,
Billerica, MA) that was equipped with a water-cooled globar
source, a KBr beam splitter, a preamplified, midrange MCT
detector (Model D316/6; InfraRed Associates, Stuart, FL),
and a liquid nitrogen cryostat (Optistat DN; Oxford Instru-
ments, Oxon, U.K.) that was controlled with an Oxford
ITC502 temperature controller. This cryostat regulated the
sample temperature to within(0.1 K. One 2500 cm-1 long-
pass Ge filter (Model FXLP-0400; Janos Technology,
Townshend, VT) was mounted before the sample holder to
reduce the spectral bandwidth and to prevent the interfer-
ometer’s coaxial helium-neon laser beam from illuminating
the sample. A second long-pass Ge filter was mounted after
the sample holder to protect the MCT detector from scattered
actinic illumination. Double-sided forward-backward in-
terferograms were recorded with a scanner velocity of 80
kHz (this corresponds to a mirror velocity of 2.5 cm/s). For
the calculation of Fourier transforms, a Blackmann-Harris
three-term apodization function and a zero-fill factor of 4
were employed. The spectral resolution for all spectra was
4 cm-1. Samples were illuminated with flashes (∼20 mJ/
flash,∼7 ns fwhm) from a frequency-doubled Q-switched
Nd:YAG laser (Surelite I; Continuum, Santa Clara, CA).
After dark adaptation, one preflash was applied followed by
5 min of additional dark adaptation (39). This treatment was
employed to oxidize YD and to maximize the proportion of
centers in the S1 state. Then, six successive flashes were
applied with an interval of 12.2 s between each. Two single-
beam spectra (spaced by 12.2 s) were recorded before the
first flash, and one single-beam spectrum was recorded
starting 0.33 s after the first and subsequent flashes (each
single-beam spectrum consisted of 100 scans). The 0.33 s
delay was incorporated to allow for the oxidation of QA

- by
the ferricyanide. To obtain difference spectra corresponding
to successive S state transitions, the single-beam spectrum
that was recorded after thenth flash was divided by the
single-beam spectrum that was recorded immediately before
the nth flash, and the ratio was converted to units of
absorption. To estimate the background noise level, the
second preflash single-beam spectrum was divided by the
first, and the ratio was converted to units of absorption. The
sample was dark adapted for 30 min, and then the entire
cycle was repeated, including the preflash and the 5 min
additional dark adaptation period. The entire cycle was
repeated 10-12 times for each sample, and the difference
spectra recorded with several samples were averaged.

RESULTS

The O2 evolving activities of the purified wild-type* and
D1-D170H PSII particles were 5.2-5.5 mmol of O2 (mg of
Chl)-1 h-1 and 2.6-3.0 mmol of O2 (mg of Chl)-1 h-1,
respectively. The lower activity of the D1-D170H PSII
particles (50-60% compared to wild type*) has been noted
previously (25, 26). The lower activity of the D1-D170H
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PSII particles was expected because D1-D170H cells as-
semble (Mn)4 clusters in only∼50% of their PSII reaction
centers (22) and evolve O2 at only ∼50% the rate of wild-
type* cells (19, 22, 23).

The mid-frequency FTIR difference spectra of wild-type*
and D1-D170H PSII particles that were induced by four
successive flash illuminations are shown in Figure 1 (black
and red spectra, respectively). The spectra that were induced
by the first, second, third, and fourth flashes correspond
predominantly to the S2-minus-S1, S3-minus-S2, S0-minus-
S3, and S1-minus-S0 FTIR difference spectra, respectively.
The wild-type* spectra closely resemble the Sn+1-minus-Sn

difference spectra that have been reported previously for

Synechocystissp. PCC 6803 (39) and are similar to those
that have been reported forThermosynechococcus elongatus
(34, 36-38) and spinach (35, 39). The miss parameter also
appears to be similar [this was estimated to be∼18% for
Synechocystissp. PCC 6803 (39) and 12-13% for T.
elongatus(34, 36)]. The control of sample humidity (36-
39) and the inclusion of a preflash in the flash illumination
protocol were essential for obtaining the spectra that are
shown in Figure 1 and were employed in a previous study
of PSII from this organism (39).

The amplitudes of the Sn+1-minus-Sn FTIR difference
spectra of the D1-D170H PSII particles were only∼65% of
the amplitudes of the corresponding difference spectra of

FIGURE 1: The mid-frequency FTIR difference spectra of wild-type* (black) and D1-D170H (red) PSII particles fromSynechocystissp.
PCC 6803 in response to four successive flash illuminations. These spectra correspond predominantly to the S2-minus-S1, S3-minus-S2,
S0-minus-S3, and S1-minus-S0 FTIR difference spectra, respectively. A dark-minus-dark control trace of the wild-type* PSII particles is
included to show the noise level (lower trace). The data (plotted from 1750 to 1050 cm-1) show the averages of 6 wild-type* and 18
D170H spectra. To facilitate comparisons, the D1-D170H spectra have been multiplied by factors of∼1.5 to maximize overlap with the
wild-type* spectra. The samples included potassium ferricyanide as the electron acceptor. All spectra were collected with a sample temperature
of 273 K and a resolution of 4 cm-1.
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the wild-type* PSII particles. The lower amplitudes correlate
approximately with the lower O2 evolving activity of the D1-
D170H PSII particles. To facilitate comparisons with the
corresponding wild-type* spectra, the amplitudes of the D1-
D170H spectra were normalized to those of the wild-type*
spectra by multiplying the amplitudes of the D1-D170H
spectra by factors of∼1.5.

A comparison of the normalized wild-type* and D1-
D170H spectra (Figure 1) shows that the D1-D170H spectra
are remarkably similar to the wild-type* spectra. The
similarity of the S2-minus-S1 FTIR difference spectra of wild-
type* and D1-D170H PSII particles between 1800 and 1200
cm-1 was noted previously (25). We have improved the S/N
ratio of this earlier study. Furthermore, we now show that
the S2-minus-S1, S3-minus-S2, S0-minus-S3, and S1-minus-
S0 FTIR difference spectra of D1-D170H PSII particles are
all remarkably similar to the corresponding FTIR difference
spectra of wild-type* PSII particles. In particular, there are
no significant differences between mutant and wild type* in
the symmetric carboxylate stretching regions (1450-1300
cm-1) of any of the spectra. Because this region is essentially
free of overlapping bands from other functional groups (40),
we conclude that the D1-D170H mutation eliminates none
of the symmetric carboxylate stretching modes fromanyof
the FTIR difference spectra. The minor differences that are
observed between the wild-type* and D1-D170H spectra
include small differences in the 1670-1630 cm-1 regions
of the S0-minus-S3 and S1-minus-S0 difference spectra. These
differences are contained within the amide I region (1690-
1620 cm-1) at frequencies that are high for asymmetric
carboxylate modes (1640-1500 cm-1). Further analyses will
be required to determine if these differences correspond to
altered amide I or asymmetric carboxylate modes. Impor-
tantly, these differences do not appear to represent the
eliminationof a vibrational mode in the D1-D170H mutant.
Therefore, the D1-D170H mutation, in addition to eliminating
none of the symmetric carboxylate stretching modes from
any of the FTIR difference spectra, also appears to eliminate
none of the asymmetric carboxylate stretching modes.

There is also no indication that the D1-D170H mutation
produces new histidyl modes in any of the difference spectra
[the C4dC5 and C5sN1 stretching modes of histidine
appear at 1610-1565 cm-1 and near 1100 cm-1, respectively
(41, 42)]. However, because histidyl bands are weak and
overlap with amide I and carboxylate stretching modes [or
with histidyl modes that are associated with the reduction
of the non-heme Fe in a fraction of PSII reaction centers
(41)], we cannot unambiguously exclude their presence
without analyzing isotopically labeled samples. Nevertheless,
because any histidyl modes that might be introduced by the
D1-D170H mutation would replace the carboxylate modes
of D1-Asp170, the fact that the mutation appears not to
eliminate any carboxylate modes makes it unlikely that it
introduces new histidyl modes.

DISCUSSION

Our FTIR data show that the D1-D170H mutation does
not significantly alter the mid-frequency region (1800-1000
cm-1) of any of the Sn+1-minus-Sn FTIR difference spectra
in Synechocystissp. PCC 6803. Therefore,noneof the S0

f S1, S1 f S2, or S2 f S3 transitions significantly alters

the symmetric or asymmetric carboxylate stretching modes
of D1-Asp170. This is an important and unexpected finding.
The proximity of D1-Asp170 to YZ, to the Ca ion, and to
charged amino acid residues that could serve in proton
transfer pathways leading from the (Mn)4Ca cluster to the
protein exterior has led to the idea that D1-Asp170 ligates
the most catalytically active Mn ion in the (Mn)4Ca cluster
(11, 28-30).

We see three possible explanations for our FTIR data.
First, D1-Asp170 does not ligate theassembled(Mn)4 cluster.
Second, D1-Asp170 ligates a Mn ion that undergoes oxida-
tion during one or both of the S0 f S1 and S2 f S3

transitions,3 but the increased charge on the Mn ion that
undergoes oxidation is offset by the deprotonation of a water-
derived ligand or water molecule that is bound to this Mn
ion. Third, D1-Asp170 ligates a Mn ion that does not increase
its charge or oxidation state duringany of these Sn f Sn+1

transitions.
The first possibility, that D1-Asp170 does not ligate the

assembled (Mn)4 cluster, seems unlikely, especially in view
of the recent 3.5 Å (11) and 3.2 Å (12) structural models.
Although it should be noted that no conclusive spectroscopic
evidence exists showing that D1-Asp170 ligates theas-
sembled(Mn)4 cluster, it is known that D1-Asp170 forms
part of the high-affinity binding site of the first Mn(II) ion
that is photooxidized during the light-driven assembly of the
(Mn)4 cluster (18). Consequently, if D1-Asp170 does not
ligate theassembled(Mn)4 cluster, then a structural rear-
rangement must separate D1-Asp170 from the photooxidized
Mn(III) ion as the (Mn)4 cluster is formed. We know of no
precedent for such a rearrangement in any metalloenzyme
except ferritin, where the oxidation of two Fe(II) ions at the
binuclear ferroxidase center is followed by transfer of a
µ-oxo-bridged Fe(III) dimer to the ferrihydrite core (43, 44).
However, in ferritin, the change in Fe ligation environment
is intimately associated with ferritin’s function as an iron
storage protein. In PSII, there is no apparent need for
separating D1-Asp170 from Mn during the assembly of the
(Mn)4 cluster.

The second possibility, that Mn oxidation is compensated
for by deprotonation events, has been proposed in some
recent mechanistic models for water oxidation in PSII (27,
28). In this scenario, D1-Asp170 ligates a Mn ion that
undergoes oxidation during one or both of the S0 f S1 and
S2 f S3 transitions, but the increased charge on the Mn ion
that undergoes oxidation is offset by the deprotonation of a
water-derived ligand or water molecule. We think that this
scenario is incompatible with the totality of our FTIR
data. First, all of the Sn+1-minus-Sn FTIR difference spectra
exhibit a wealth of band shifts, showing that each S state
transition subtly alters the vibrational modes of a variety of
functional groups, including those of carboxylates and
amides. Therefore, it seems highly improbable that replacing
D1-Asp170 with the bulkier His residue would have no effect
on these alterations. Second, the S2 f S3 transition, whether

3 We can exclude the possibility that D1-Asp170 ligates the Mn ion
that undergoes oxidation during the S1 f S2 transition because the
uncompensated positive charge that develops on the (Mn)4 cluster during
the S1 f S2 transition produces no significant shift of the carboxylate
stretching modes of D1-Asp170. In contrast, this additional charge
downshifts the symmetric carboxylate stretching mode of theR-COO-

group of D1-Ala344 by∼17 or ∼36 cm-1 (40).
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it is a Mn-centered oxidation (6-8) or a ligand-centered
oxidation (4, 5, 9, 10), is known to cause significant structural
changes in the (Mn)4 cluster: the∼2.7 Å Mn-Mn distances
increase to∼2.8 and∼3.0 Å and the∼3.3 Å Mn-Mn/Ca
distance increases by 0.04-0.2 Å (45). Some authors have
proposed that an additionalµ2-oxo bridge is created during
this transition (8, 30). Another indication of the structural
changes that occur during the S2 f S3 transition is the
markedly decreased susceptibility of the (Mn)4 cluster to
reduction by NH2OH and NH2NH2 in the S3 state (46, 47).
Small structural changes are also known to accompany the
S0 f S1 transition (48). If D1-Asp170 is a ligand of the Mn
ion that undergoes oxidation during the S0 f S1 or S2 f S3

transitions, it seems highly unlikely that the structural
changes that accompany these transitions would not also alter
the vibrational modes of a carboxylate group (D1-Asp170)
that is directly coordinated to the Mn ion that undergoes
oxidation.

Therefore, we believe that the third possibility, that D1-
Asp170 ligates a Mn ion that does not increase its charge or
oxidation state during any of the S0 f S1, S1 f S2, or S2 f
S3 transitions, is the interpretation that is most consistent
with our FTIR data. This conclusion has profound implica-
tions for the mechanism of water oxidation in PSII. Either
the oxidation of the Mn ion that is ligated by D1-Asp170
occurs only during the transitory S3 f S4 transition and
serves as the critical step in the ultimate formation of the
O-O bond or the oxidation increments and O2 formation
chemistry that occur during the catalytic cycle involve only
the remaining Mn3Ca portion of the Mn4Ca cluster. These
conclusions contradict the recent mechanistic proposals (28-
30) that derive from the recent X-ray crystallographic
structural models (11, 12).

In a previous FTIR study, we identified the symmetric
carboxylate stretching mode of theR-COO- group of D1-
Ala344 in the S2-minus-S1 FTIR difference spectrum (40).
The frequency of this mode in the S1 state and its∼17 or
∼36 cm-1 downshift in the S2 state imply that this group is
a unidentate ligand of a Mn ion whose charge increases
during the S1 f S2 transition. Assuming that the extra
oxidizing equivalent of the S2 state is localized primarily on
a single Mn(IV) ion that is produced during the S1 f S2

transition, we suggested that theR-COO- group of D1-
Ala344 ligates the Mn ion that is oxidized during the S1 f
S2 transition (40). However, on the basis of recent resonant
inelastic X-ray scattering (RIXS) measurements (49), it has
been argued that the electron that is removed from the (Mn)4

cluster during the S1 f S2 transition originates from a
strongly delocalized orbital. If so, then the extra positive
charge that is created during this transition is spread over
multiple Mn ions. Because our data show that neither
carboxylate stretching mode of D1-Asp170 is shifted sig-
nificantly during the S1 f S2 transition, we conclude that
any delocalization of this extra charge does not extend onto
the Mn ion that is ligated by D1-Asp170.

In an earlier study, we showed that the D1-D170H
mutation shifts a low-frequency S2 state mode from∼606
to ∼612 cm-1 (25). Because this mode is also shifted by the
substitution of Sr2+ for Ca2+ (and by the exchange of H218O
for H2

16O) but not by the substitution of44Ca2+ for 40Ca2+

(50), we concluded that the D1-D170H mutation introduces
a subtle structural perturbation into the (Mn)4 core (25). The

remarkable similarity of the mid-frequency Sn+1-minus-Sn

FTIR difference spectra of wild-type* and D1-D170H PSII
particles shows that the Mn carboxylate ligands whose
vibrational modes change during the S0 f S1, S1 f S2, or
S2 f S3 transitions are largely insensitive to this structural
perturbation. Analyses of (Mn)4 model compounds that
resemble the (Mn)4 cluster in PSII will be required to provide
further insight into the nature of the∼606 cm-1 mode and
into the coupling of protein ligand modes with the (Mn)4

core.

CONCLUDING REMARKS

The Sn+1-minus-Sn FTIR difference spectra of D1-D170H
PSII particles are remarkably similar to those of wild-type*
PSII particles. In particular, there is no indication that the
D1-D170H mutation eliminates any carboxylate modes. The
simplest explanation of these data is that D1-Asp170 ligates
a Mn ion that does not increase its charge or oxidation state
during any of the S0 f S1, S1 f S2, or S2 f S3 transitions.
The similarity of the wild-type* and mutant S2-minus-S1

FTIR difference spectra implies that any delocalization of
the positive charge that is created during the S1 f S2

transition does not extend to the Mn ion that is ligated by
D1-Asp170.
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