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ABSTRACT: In the recent X-ray crystallographic structural models of photosystem II, Asp342 of the D1
polypeptide is assigned as a ligand of the oxygen-evolving Mn4 cluster. To determine if D1-Asp342 ligates
a Mn ion that undergoes oxidation during one or more of the S0 f S1, S1 f S2, and S2 f S3 transitions,
the FTIR difference spectra of the individual S state transitions in D1-D342N mutant PSII particles from
the cyanobacteriumSynechocystissp. PCC 6803 were compared with those in wild-type PSII particles.
Remarkably, the data show that the mid-frequency (1800-1200 cm-1) FTIR difference spectra of wild-
type and D1-D342N PSII particles are essentially identical. Importantly, the mutation altersnoneof the
carboxylate vibrational modes that are present in the wild-type spectra. The absence of significant mutation-
induced spectral alterations in D1-D342N PSII particles shows that the oxidation of the Mn4 cluster does
not alter the frequencies of the carboxylate stretching modes of D1-Asp342 during the S0 f S1, S1 f S2,
or S2 f S3 transitions. One explanation of these data is that D1-Asp342 ligates a Mn ion that does not
increase its charge or oxidation state during any of these S state transitions. However, because the same
conclusion was reached previously for D1-Asp170, and because the recent X-ray crystallographic structural
models assign D1-Asp170 and D1-Asp342 as ligating different Mn ions, this explanation requires that
(1) the extra positive charge that develops on the Mn4 cluster during the S1 f S2 transition be localized
on the Mn ion that is ligated by theR-COO- group of D1-Ala344 and (2) any increase in positive charge
that develops on the Mn4 cluster during the S0 f S1 and S2 f S3 transitions be localized on theoneMn
ion that isnot ligated by D1-Asp170, D1-Asp342, or D1-Ala344. In separate experiments that were
conducted withL-[1-13C]alanine, we found no evidence that D1-Asp342 ligates the same Mn ion that is
ligated by theR-COO- group of D1-Ala344.

The catalytic site of water oxidation in photosystem II
(PSII)1 contains a cluster of four Mn ions and one Ca ion.
The Mn4 cluster accumulates oxidizing equivalents in
response to light-induced electron-transfer reactions within
PSII, thereby serving as the interface between one-electron

photochemistry and the four-electron process of water
oxidation (for reviews, see refs1-4). During each catalytic
cycle, the Mn4 cluster cycles through five oxidation states
termed Sn, where “n” denotes the number of oxidizing
equivalents that have been stored (n ) 0-4). 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 review,
see refs5 and6). Whether the additional oxidizing equivalent
of the S3 state is localized on a Mn ion (7, 8) or on a Mn
ligand (9, 10) remains in dispute. The S4 state is a transient
intermediate that reverts to the S0 state with the concomitant
release of O2.

The amino acid residues that ligate the Mn4 cluster are
provided mainly by the D1 polypeptide, one of the core
subunits of PSII. One of these residues is D1-Asp342. This
residue was originally proposed as a possible ligand of the
Mn4Ca cluster on the basis of early mutagenesis studies (11,
12) and is assigned as a ligand to Mn in the recent X-ray
crystallographic structural models (13, 14). In the ∼3.5 Å
structural model (13), this residue is a unidentate ligand of
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a single Mn ion. In the∼3.0 Å structural model (14), this
residue bridges two Mn ions, including the Mn ion that is
ligated (in this model) by theR-COO- group of D1-Ala344.
The differences between the two structural models are
probably caused by differences in data quality, extent of
radiation damage, and approach to interpreting the electron
density. Recent XANES and EXAFS studies of PSII single
crystals (15) and PSII membrane multilayers (16) have
provided compelling evidence that the X-ray doses that were
used in the crystallographic studies to irradiate the PSII
crystals would have rapidly reduced the Mn4Ca cluster’s
oxidized Mn(III/IV) ions to their fully reduced Mn(II) states
and that this radiation-induced reduction would have sig-
nificantly perturbed the structure of the Mn4Ca cluster,
disruptingµ-oxo bridges and altering Mn-ligand interactions
(15, 16). The extent that the∼3.5 and∼3.0 structural models
of the Mn4Ca cluster and its ligation environment are
distorted from the native structure remains to be determined.

To obtain independent evidence that D1-Asp342 ligates
the Mn4 cluster, and to determine if D1-Asp342 ligates a
Mn ion that undergoes oxidation during one or more of the
individual S state transitions, we have compared the FTIR
difference spectra of the S0 f S1, S1 f S2, S2 f S3, and
S3 f S0 transitions in D1-D342N mutant PSII particles from
the cyanobacteriumSynechocystissp. PCC 6803 with those
in wild-type PSII particles. Both wild-type and mutant PSII
preparations exhibit an extensive array of vibrational modes
that undergo shifts in frequency during the individual S state
transitions. Many of these shifts produce strikingly large
features in specific Sn+1-minus-Sn FTIR difference spectra,
and many are clearly attributable to frequency shifts of
carboxylate residues (17-29). The identification of these
modes will complement the X-ray crystallographic studies
by providing information about the dynamic structural
changes that accompany water oxidation. Few of these modes
have yet to be identified (25, 27, 30, 31). We recently
employed isotopic labeling to identify the symmetric car-
boxylate stretching [νsym(COO-)] mode of the R-COO-

group of D1-Ala344 in the S2-minus-S1 FTIR difference
spectrum of wild-type PSII particles containing Ca or Sr (30,
31) [also see refs25 and29]. Because the substitution of Sr
for Ca significantly altered severalνsym(COO-) modes,
including some that may correspond to one or more metal
ligands, but importantly didnot alter theνsym(COO-) mode
of theR-COO- group of D1-Ala344, we concluded that D1-
Ala344 ligates Mn rather than Ca (31).2 The frequency of
the νsym(COO-) mode of D1-Ala344 in the S1 state and its
∼17 cm-1 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 (25, 30, 31). A similar
identification of one of the carboxylate stretching modes of
D1-Asp342 in any of the Sn+1-minus-Sn difference spectra
could provide unequivocal spectroscopic evidence for the
ligation of the Mn4 cluster by D1-Asp342 and could provide
information about the type of carboxylate ligation and the
environment of the carboxylate group. If D1-Asp342 is ligand
of a Mn ion whose charge increases during a specific Sn f
Sn+1 transition, the increased charge should weaken the
ligating

Mn-O bond(s), thereby decreasing the frequency of the D1-
Asp342 symmetric carboxylate stretching mode and possibly
shifting the frequency of the D1-Asp342 asymmetric car-
boxylate stretching mode. The shifted mode(s) should appear
in the corresponding Sn+1-minus-Sn FTIR difference spectrum
of wild-type PSII particles butnot in the spectra of
D1-D342N PSII particles because the mutation has elimi-
nated the carboxylate group. The absence of the mode in
the mutant would permit its identification in the wild-type
control.

Our data show that the mid-frequency (1800-1200 cm-1)
S1-minus-S0, S2-minus-S1, S3-minus-S2, and S0-minus-S3

FTIR difference spectra of D1-D342N PSII particles are
remarkably similar to those of wild-type PSII particles.
Importantly, the D1-D342N mutation eliminates no carboxy-
late modes from any of the difference spectra. The simplest
explanation for these data is that the Mn ion that is ligated
by D1-Asp342 does not change its charge or oxidation state
during the S0 f S1, S1 f S2, or S2 f S3 transitions. In
separate experiments that were conducted withL-[1-13C]-
alanine, we found no evidence that D1-Asp342 ligates the
same Mn ion that is ligated by theR-COO- group of D1-
Ala344.

MATERIALS AND METHODS

Construction of Mutant and Propagation of Cultures.The
D1-D342N mutation was constructed in thepsbA-2gene of
Synechocystissp. PCC 6803 (33) and transformed into a host
strain ofSynechocystisthat lacks all threepsbAgenes and
contains a hexahistidine-tag (His-tag) fused to the C-terminus
of CP47 (34). Single colonies were selected for ability to
grow on solid media containing 5µg/mL kanamycin mono-
sulfate. The control WT(D1) strain was constructed in an
identical fashion except that the transforming plasmid carried
no site-directed mutation. The designation “WT(D1)” dif-
ferentiates 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 (30), but in the presence
of 5 mM glucose and in three 7 L carboys instead of in
multiple 1 L flasks. The light sensitivity of the D1-D342N
strain that was noted previously for small scale cultures (12)
was not a problem for cells propagated in carboys. For the
isolation of isotopically labeled PSII particles, the liquid
media contained 0.5 mML-[1-13C]alanine (99%13C enrich-
ment, Cambridge Isotope Laboratories, Andover, MA) (30,
31) (the presence of 5 mM glucose in the growth medium
produced no noticeable difference in the FTIR difference
spectra of isotopically labeled WT(D1) PSII particles). To
verify the integrity of the mutant cultures that were harvested
for the purification of PSII particles, an aliquot of each
culture was set aside and the complete sequence of the
psbA-2 gene was obtained after PCR amplification of
genomic DNA (33). No trace of the wild-type codon was
detected in any of the mutant cultures.

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 (31). For most samples, the purification buffer
consisted of 1.2 M betaine, 10% (v/v) glycerol, 50 mM MES-
NaOH (pH 6.0), 20 mM CaCl2, 5 mM MgCl2, 50 mM

2 The authors of ref29have recently arrived at the same conclusion.
However, it should be noted that some authors continue to argue that
the R-COO- group of D1-Ala344 ligates Ca rather than Mn (4, 32).
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histidine, 1 mM EDTA, and 0.03% (w/v)n-dodecylâ-D-
maltoside. For some samples, the MES-NaOH and CaCl2

concentrations were each lowered to 10 mM. This change
produced no noticeable difference in the characteristics of
the purified PSII particles. The purified PSII particles were
concentrated to∼1.0 mg of Chl/mL by ultrafiltration, frozen
in liquid N2, and stored at-196°C (vapor-phase nitrogen).
Mn-depleted PSII particles were prepared with hydroxyl-
amine and EDTA, as described previously (30).

EPR Measurements. Continuous-wave EPR spectra were
recorded with a Bruker ECS-106 X-band EPR spectrometer
that was equipped with a Bruker ER-4116 dual mode cavity.
Cryogenic temperatures were achieved with an Oxford
ESR900 liquid helium cryostat. The temperature was con-
trolled with an Oxford ITC503 temperature and gas flow
controller that was equipped with a Cernox (Lake Shore
Cryotronics, Westerville, OH) temperature sensor. Sample
manipulations were conducted under dim green light at
4 °C. The samples were concentrated to approximately 7.5
mg of Chl/mL with Centricon-100 concentrators (Millipore
Corp., Bedford, MA), deaerated by gently bubbling with a
stream of Ar gas, transferred to standard quartz 4 mm OD
EPR tubes (Wilmad LabGlass, Buena, NJ) under an atmo-
sphere of Ar gas, dark-adapted for 2 h onice, then frozen in
liquid nitrogen. The S2 state was generated by illuminating
samples for 5 min in a non-silvered Dewar at 198 K (dry
ice/ethanol) with a focused, heat-filtered, 350 W Radiac light
source. The samples were then immediately frozen in liquid
nitrogen.

Preparation of FTIR Samples. All manipulations were
conducted under dim green light at 4°C. For experiments
conducted at 250 K, samples were exchanged into FTIR
analysis buffer [40 mM sucrose, 10 mM MES-NaOH (pH
6.0), 5 mM CaCl2, 5 mM NaCl, 0.06% (w/v)n-dodecylâ-D-
maltoside (22, 26)] by repeated concentration/dilution cycles.
For experiments conducted at 273 K, most samples were
exchanged into FTIR analysis buffer by passage through a
centrifugal gel filtration column (28), although one set of
samples [WT(D1b) in Figure 4] was exchanged into FTIR
buffer by repeated concentration/dilution cycles. Concen-
trated samples (approximately 10µL in volume) were mixed
with 1/10 volume of fresh 100 mM potassium ferricyanide
(dissolved in water), spread to a diameter of about 10 mm
on a 15 mm diameter BaF2 window, then dried lightly (until
tacky) under a stream of dry nitrogen gas. For experiments
conducted at 250 K, the lightly dried samples were placed
in a humidifier at 95% RH for 10 min. For experiments
conducted at 273 K, 1µL of 20% (v/v) glycerol (in water)
was spotted onto the window, adjacent to the lightly dried
sample, but not touching it, to maintain the humidity of the
sample in the FTIR cryostat at 99% RH (19). A second IR
window with a Teflon spacer (0.5 mm thick) was placed
over the first and sealed in place with silicon-free high-
vacuum grease. The sample was immediately loaded into
the FTIR cryostat and allowed to equilibrate in darkness to
250.0 K (for 2-4 h) or 273.0 K (for 2 h). Sample
concentrations and thicknesses were adjusted so that the
absolute absorbance of the amide I band at 1657 cm-1 was
0.7-1.1.

Measurement of FTIR Spectra. Mid-frequency FTIR
spectra were recorded with a Bruker Equinox 55 spectrometer
(Bruker Optics, Billerica, MA) at a spectral resolution of 4

cm-1 as described previously (26, 28, 30, 31). Flash-
illumination (∼20 mJ/flash,∼7 ns fwhm) was provided by
a frequency-doubled Q-switched Nd:YAG laser [Surelite I
(Continuum, Santa Clara, CA)]. For experiments conducted
at 250 K (30, 31), each sample was flash-illuminated only
once. The single beam spectrum that was recorded after the
flash was divided by the single-beam spectrum that was
recorded before the flash, and the ratio was converted to units
of absorption. Each single-beam spectrum consisted of 800
scans. For experiments conducted at 273 K (26, 28), after
dark-adaptation, one preflash was applied followed by 5 min
of additional dark-adaptation. This treatment was employed
to oxidize YD and to maximize the proportion of centers in
the S1 state. Six successive flashes then were applied with
an interval of 12.2 s between each. Two single beam spectra
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 transi-
tions, the single-beam spectrum that was recorded after the
nth flash was divided by the single-beam spectrum that was
recorded immediately before thenth 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, then
the entire cycle was repeated, including the preflash and the
5 min additional dark-adaptation period. The entire cycle was
repeated 12 times for each sample, and the difference spectra
recorded with several samples were averaged.

Other Procedures.Chlorophyll concentrations and light-
saturated rates of O2 evolution were measured as described
previously (30).

RESULTS AND DISCUSSION

The O2 evolving activity of the purified D1-D342N PSII
particles was 1.4-1.8 mmol O2 (mg of Chl)-1 h-1 compared
to 5.1-5.5 mmol O2 (mg of Chl)-1 h-1 for WT(D1) PSII
particles. The lower O2 evolving activity of the D1-D342N
PSII particles (25-35% compared to wild-type) was ex-
pected because the O2 evolving activity of D1-D342N cells
has been reported to be only∼33% compared to wild-type
(12).

A parallel polarization, integer spin, multiline EPR signal
was observed in dark adapted D1-D342N PSII particles
(Figure 1A, lower trace). In terms of peak positions and
spacings, this signal closely resembles the S1 state multiline
EPR signal that is observed in WT(D1) PSII particles (Figure
1A, upper trace), and we assign it to the S1 state. A
perpendicular polarization multiline EPR signal was observed
in the same mutant PSII particles after illumination at 195
K (Figure 1B, lower trace). In terms of peak positions and
spacings, this signal closely resembles the S2 state multiline
EPR signal that is observed in WT(D1) PSII particles after
illumination (Figure 1B, upper trace), and we assign it to
the S2 state. Illumination produced nog ≈ 4.1 EPR signal
nor any other recognizable Mn EPR signal in either sample
(not shown). The similarity of the S1 and S2 state multiline
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EPR signals in the mutant compared to wild-type shows that
the magnetic interactions that give rise to these signals (35,
36) are not appreciably altered by the D1-D342N mutation.
In contrast, both the D1-H332E mutation (34, 37) and the
substitution of Sr for Ca (e.g., see refs31 and38) perturb
these interactions and substantially alter the appearance of
the S2 state multiline EPR signal.

For the S1 state multiline EPR signal, the integrated area
of the nine peaks indicated in the mutant spectrum (asterisks
in Figure 1A) was approximately 23% of the integrated area
of the corresponding peaks in the WT(D1) spectrum. For
the S2 state multiline EPR signal, the integrated area of the
nine peaks indicated in the mutant spectrum (asterisks in
Figure 1B) was approximately 54% of the integrated area
of the corresponding peaks in the WT(D1) spectrum. Because
the two EPR signals were recordedon the same sample, with
the dark-adapted S1 state signal recorded before illumination
to produce the S2 state, we conclude that about 54% of the
D1-D342N PSII particles contained Mn4Ca clusters. The
presence of a significant fraction of mutant PSII reaction
centers without Mn4Ca clusters is expected because we
previously estimated that a significant fraction (30-40%)
of D1-D342N PSII reaction centers lack Mn4Ca clustersin
ViVo on the basis of Chl fluorescence studies of intact cells
(12). That significant fractions of D1-D342N PSII reaction
centers lack Mn4Ca clusters in cells and PSII particles implies
that the Mn4Ca cluster is assembled less efficiently or is less
stable in D1-D342N than in wild-type, as was concluded
previously (12). That the steady-state rates of O2 evolution
in D1-D342N cells and PSII particles (relative to wild-type)
are less than the fractions of PSII reaction centers estimated
to contain Mn4Ca clusters implies that the Mn4Ca clusters
in D1-D342N produce O2 less efficiently than those in wild-
type. On the basis of the relative amplitudes of the S2 state
multiline signals and the relative light-saturated rates of O2

evolution, we estimate that the Mn4Ca clusters in D1-D342N
PSII particles evolve O2 at 50-65% the rate of the Mn4Ca
clusters in wild-type PSII particles. The reasons for the
different relative amplitudes of the S1 and S2 multiline EPR
signals in the mutant and wild-type PSII particles are
unknown. The discrepancy presumably reflects our limited
understanding of the factors that influence the S1 state
multiline EPR signal.

To determine if the D1-D342N mutation alters the
νsym(COO-) mode of theR-COO- group of D1-Ala344, the
position of this mode was visualized by purifying PSII
particles from cells that had been propagated in media
containing L-[1-13C]alanine. A comparison of the mid-
frequency S2-minus-S1 FTIR difference spectra of WT(D1)
and D1-D342N PSII particles containing either unlabeled
(12C) alanine (black traces) orL-[1-13C]alanine (red traces)
is shown in Figures 2A and 2B. The spectrum of D1-D342N
PSII particles (Figure 2B) resembles that of WT(D1) (Figure
2A). The most prominent differences are (1) the differential
peaks at (-)1705/(+)1696 cm-1 and (+)1552/(-)1543 cm-1

appear with significantly larger amplitudes in the mutant,
(2) the single positive peak at∼1507 cm-1 in WT(D1) is
split into a doublet at∼1511 and∼1504 cm-1 in the mutant,
and (3) the positive peak at∼1365 cm-1 has a lower
amplitude in the mutant. The larger amplitude differential
peaks and the positive peak at∼1504 cm-1 are characteristic
of the light-minus-dark FTIR difference spectrum of YD

•-

FIGURE 1: Comparison of the parallel polarization S1 state multiline
EPR signals (A) and light-minus-dark perpendicular polarization
S2 state multiline EPR signals (B) ofSynechocystisWT(D1) (upper
traces) and D1-D342N PSII particles (lower traces). The same
samples were examined in both (A) and (B), with the data in (A)
being recorded before that in (B). The WT(D1) and mutant samples
each contained approximately 7.5 mg of Chl/mL in 1.2 M betaine,
10% (v/v) glycerol, 10 mM MES-NaOH (pH 6.0), 10 mM CaCl2,
5 mM MgCl2, 50 mM histidine, 1 mM EDTA, and 0.03% (w/v)
n-dodecylâ-D-maltoside. Samples were deaerated prior to measure-
ment to remove dissolved O2. For panel (A), the experimental
conditions were as follows: microwave frequency of 9.42 GHz,
microwave power of 50 mW, modulation amplitude of 9 G,
modulation frequency of 100 kHz, time constant of 81 ms,
conversion time of 162 ms, and temperature of 3.5( 0.5 K. For
panel (B), the experimental conditions were as follows: microwave
frequency of 9.68 GHz, microwave power of 10 mW, modulation
amplitude of 9 G, modulation frequency of 100 kHz, time constant
of 40 ms, conversion time of 81 ms, and temperature of 7.0( 0.5
K. To generate the S2 state, the samples in (B) were illuminated
for 5 min at 195 K before being flash-frozen in liquid nitrogen.
Both spectra in (B) have had the large signal of YD

• atg ) 2 excised
for clarity. Each spectrum in (A) and (B) represents the accumula-
tion of 60 scans. To facilitate comparison, the S1 state multiline
EPR signal of the D1-D342N PSII particles in (A) has been
multiplied vertically by a factor of 4.
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minus-YD that is observed in Mn-depleted PSII particles
under the same experimental conditions (i.e., a single flash
applied to dark-adapted samples at 250 K), as is the positive
feature at∼1599 cm-1 that appears inL-[1-13C]alanine-
labeled Mn-depleted PSII particles (30). Previously, we
showed that the incorporation of [1-13C]alanine produces no
changes between 1450 and 1200 cm-1 in the light-minus-
dark FTIR difference spectrum of Mn-depleted PSII particles
(see Figure 4 of ref30). Consequently, the [1-13C]alanine-
induced changes that are apparent in theνsym(COO-) region
of the S2-minus-S1 FTIR difference spectrum of D1-D342N
PSII particles (Figure 2B) can be attributed to D1-D342N
PSII particles thatcontainMn4Ca clusters, and not to PSII
particles thatlack Mn4Ca clusters.

To isolate theL-[1-13C]alanine-shiftedνsym(COO-) modes
and to display them more clearly, the12C-minus-13C double-
difference spectra of the region between 1380 and 1270 cm-1

in the WT(D1) and D1-D342N samples are presented in
Figure 2C. The data show that the positions of theL-[1-13C]-
alanine-shifted modes in the S1 and S2 states are nearly the
same in D1-D342N mutant PSII particles as in WT(D1) PSII
particles. In both samples, the data are consistent with a

single S1 state mode at∼1356 cm-1 in the unlabeled samples
shifting to∼1337 or∼1320 cm-1 after the incorporation of
L-[1-13C]alanine, and with a single S2 state mode at∼1320
or ∼1337 cm-1 shifting to ∼1302 cm-1. TheseL-[1-13C]-
alanine-shifted modes were observed previously in wild-type
PSII particles fromSynechocystissp. PCC 6803 and were
shown to originate from theνsym(COO-) mode of the
R-COO- group of D1-Ala344 (25, 30, 31).3

The data of Figure 2C show that the D1-D342N mutation
does not shift theνsym(COO-) mode of D1-Ala344 signifi-
cantly in either the S1 or S2 states. If D1-Asp342 ligated the
same Mn ion as D1-Ala344, changing the anionic carboxylate
moiety of Asp to the neutral amide moiety of Asn should
perturb the vibrational frequencies of the remaining ligands.
This perturbation should be manifested as a shift of the
symmetric carboxylate stretching mode of theR-COO- group
of D1-Ala344 in both the S1 and S2 states. The data of Figure

3 Specific L-[1-13C]alanine-labeling of PSII shifts theνsym(COO-)
mode of theR-COO- group of D1-Ala344 by either∼19 or∼36 cm-1

(25, 30, 31). It is not yet possible to distinguish between these two
possibilities.

FIGURE 2: Comparison of the mid-frequency (1800-1200 cm-1) S2-minus-S1 FTIR difference spectra of PSII particles purified from
SynechocystisWT(D1) (A) or D1-D342N (B) cells that had been propagated in media containing either unlabeled (12C) L-alanine (black
traces) orL-[1-13C]alanine (red traces). The sample temperature was 250 K. The spectra in (A) are reproduced from ref31. The spectra of
the unlabeled PSII particles have been normalized to the peak-to-peak amplitudes of the negative ferricyanide peak at 2115 cm-1 and the
positive ferrocyanide peak at 2038 cm-1. The unlabeled andL-[1-13C]alanine-labeled WT(D1) traces in (A) each represent the average of
six samples (4800 scans). The unlabeled andL-[1-13C]alanine-labeled D1-D342N traces in (B) represent the averages of 12 samples (9600
scans) and 16 samples (12 800 scans), respectively. Within each panel, the spectra have been normalized to maximize their overlap between
1500 and 1400 cm-1. Panel (C) shows the double-difference spectra,12C-minus-13C, of WT(D1) PSII particles (black trace) and D1-D342N
PSII particles (red trace) that were obtained by subtracting the S2-minus-S1 FTIR difference spectra ofL-[1-13C]alanine-labeled PSII particles
from the S2-minus-S1 FTIR difference spectra of unlabeled PSII particles (the spectra shown in Figures 2A and 2B were subtracted directly).
Only the regions between 1380 and 1270 cm-1 are shown. To facilitate comparison, the12C-minus-13C spectrum of D1-D342N PSII particles
in (C) was multiplied vertically by a factor of 1.8.
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2C show that this is not the case. Therefore, we conclude
that D1-Asp342 does not ligate the same Mn ion as the
R-COO- group of D1-Ala344.

To determine if D1-Asp342 ligates a Mn ion that
undergoes oxidation during one or more of the S0 f S1,
S1 f S2, and S2 f S3 transitions, we sought to compare the
FTIR difference spectra of the individual S state transitions
in WT(D1) and D1-D342N PSII particles. However, because
our EPR and 250 K FTIR data (Figures 1 and 2) showed
the absence of Mn4Ca clusters in significant fractions of
purified D1-D342N PSII particles, we first compared the
FTIR difference spectra of D1-D342N and Mn-depleted WT-
(D1) PSII particles to ascertain the possible contribution to
the mutant spectra of PSII particles lacking the Mn4Ca
cluster. In Figure 3, we compare the FTIR difference spectra
of D1-D342N and Mn-depleted WT(D1) PSII particles that
were induced by four successive flashes applied at 273 K
under conditions that promote S-state turnover. The Mn-
depleted WT(D1) PSII particles show substantial spectral
features in response to the first flash, but show very small

features in response to the second, third, and fourth flashes.
Clearly, an oxidized electron donor is photoaccumulated with
high quantum yield in Mn-depleted WT(D1) PSII particles
under these conditions. The most prominent spectral features
of this oxidized electron donor, apparent in the first flash
spectrum, include differential peaks at (-)1706/(+)1698
cm-1, positive peaks at 1677, 1651, 1550, 1531, and 1512
cm-1, and negative peaks at 1624, 1453, and 1250 cm-1.
These spectral features identify this FTIR difference spectrum
as that of YZ

•-minus-YZ (39). Evidently, in lightly dried
SynechocystisPSII particles at 99% RH in the presence of
excess potassium ferricyanide, YZ

• is stable for tens of
seconds at 273 K, persisting for sufficient time to contribute
to the first flash spectrum and to remain present when the
subsequent flashes are applied. After normalizing the first
flash spectra to the peak-to-peak amplitudes of the negative
ferricyanide band at 2115 cm-1 and the positive ferrocyanide
band at 2038 cm-1, the amplitude of the (-)1707 cm-1 band
in the D1-D342N PSII particles was found to be∼2.6-fold
smaller than in the Mn-depleted WT(D1) PSII particles. If
we assume that this band arises entirely from mutant PSII
particles that lack Mn4Ca clusters, then we estimate that
∼38% of the mutant D1-D342N PSII particles lack Mn4Ca
clusters, an estimate that is in general agreement with our
EPR data (described above) and with data that was presented
earlier in ref12.4

On the basis of the data that is presented in Figure 3, the
first flash spectrum of the D1-D342N PSII particles was
corrected to eliminate the spectral contributions of mutant
PSII particles lacking Mn4Ca clusters. This correction was
accomplished by subtracting∼38% of the spectrum of Mn-
depleted WT(D1) from the first flash spectrum, thereby
eliminating nearly all of the (-)1707 cm-1 band. No
correction was applied to the second, third, or fourth flash
spectra.

The mid-frequency FTIR difference spectra of WT(D1)
and D1-D342N PSII particles that were induced by four
successive flashes applied at 273 K are compared in Figure
4 (panels A-D, traces a). (In Figure 4A, the spectrum of
the D1-D342N PSII particles was corrected as described in
the previous paragraph). 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.
In a previous study (28), we emphasized the need for
providing a control for indirect mutation-induced structural
perturbations and showed that exchanging thesameWT-
(D1) PSII particles into FTIR analysis buffer by different
methods serves to mimic such structural perturbations.
Consequently, in each panel of Figure 4, two WT(D1) spectra
are shown. The spectra labeled “WT(D1a)” correspond to
WT(D1) samples that were exchanged into FTIR analysis
buffer by passage through a centrifugal gel filtration column
(the same method that was employed for the D1-D342N

4 It is striking that no evidence for the flash-induced formation of
YZ

• was found in D1-D170H PSII particles (26, 40), despite evidence
that∼50% of these mutant PSII particles lack Mn4Ca clusters (26, 41).
This difference between D1-D170H and D1-D342N PSII particles may
be related to the substantial mutation-induced increase of the YZ

•/YZ

midpoint potential that was reported in D1-D342N cells (12), although
it is unclear why the increased YZ

•/YZ midpoint potential would increase
the lifetime of YZ

• in the FTIR samples at 273 K.

FIGURE 3: Comparison of the mid-frequency FTIR difference
spectra of Mn-depleted WT(D1) and intact D1-D342N PSII particles
in response to four successive flash illuminations applied at 273
K. The samples were exchanged into FTIR buffer by passage
through a centrifugal gel filtration column. After normalization to
the peak-to-peak amplitudes of the negative ferricyanide peak at
2115 cm-1 and the positive ferrocyanide peak at 2038 cm-1, the
D1-D342N spectra were multiplied vertically by a factor of∼2.6
to maximize the overlap of the negative peak at∼1707 cm-1 in
the first flash spectra. The Mn-depleted WT(D1) spectra represent
the averages from nine samples (10 800 scans). The D1-D342N
spectra represent the averages from 18 samples (21 600 scans).
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samples). The spectra labeled “WT(D1b)” correspond to WT-
(D1) samples that were exchanged into FTIR analysis buffer
by repeated concentration/dilution cycles, as in ref31. Both
WT(D1a) and WT(D1b) spectra resemble those that have
been reported previously for wild-typeSynechocystisPSII
particles (22, 25-27). The small differences that are apparent
between the WT(D1a) and WT(D1b) spectra can be at-
tributed to minor structural perturbations in the environ-
ment of the Mn4Ca cluster that have little functional

significance (28). Therefore, any spectral differences that are
observed between D1-D342N and WT(D1) PSII particles
would be significantonly if they significantly exceed the
spectral differences that are observed between the WT(D1a)
and WT(D1b) PSII particles.

The data of Figure 4 show that the Sn+1-minus-Sn FTIR
difference spectra of D1-D342N PSII particles are remark-

FIGURE 4: Comparison of the mid-frequency FTIR difference spectra of WT(D1) and D1-D342N PSII particles in response to the first (A),
second (B), third (C), and fourth (D) of six successive flash illuminations applied at 273 K [traces (a) in each panel]. The spectra (plotted
from 1760 cm-1 to 1170 cm-1) correspond predominantly to S2-minus-S1, S3-minus-S2, S0-minus-S3, and S1-minus-S0 FTIR difference
spectra, respectively. Spectra of two wild-type samples [WT(D1a) and WT(D1b)] are shown in each panel. The WT(D1a) and D1-D342N
samples were exchanged into FTIR buffer by passage through a centrifugal gel filtration column, while the WT(D1b) sample was exchanged
by repeated concentration/dilution cycles (see text for details). To facilitate comparisons, after normalization to the peak-to-peak amplitudes
of the negative ferricyanide peak at 2115 cm-1 and the positive ferrocyanide peak at 2038 cm-1, the D1-D342N spectra in (A-D) were
multiplied vertically by factors of∼1.3,∼1.5,∼1.5, and∼1.6, respectively, to maximize overlap with the WT(D1) spectra between 1500
and 1300 cm-1. In (A), the D1-D342N spectrum was corrected for the presence of a significant population of Mn-depleted mutant PSII
reaction centers (see text). Double-difference spectra (b, c, d in each panel) were calculated by directly subtracting the normalized traces
shown in (a). The horizontal dashed lines indicate the zero levels. In (E), dark-minus-dark control traces of the WT(D1a), WT(D1b), and
D1-D342N PSII particles are included to show the noise levels. The color coding in (E) is the same as in (a) of panels A-D. The WT(D1a)
and WT(D1b) spectra represent the averages from nine samples (10 800 scans). The D1-D342N spectra represent the averages from 18
samples (21 600 scans).
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ably similar to the corresponding spectra of WT(D1a) and
WT(D1b) PSII particles, with the possible exception of some
of the features in theνsym(COO-) andνasym(COO-) regions
of the S2-minus-S1 FTIR difference spectrum (Figure 4A,
trace a). Several features in the corresponding regions of the
WT(D1a)-minus-D342N and WT(D1b)-minus-D342N double-
difference spectra (Figure 4A, traces b) are somewhat larger
than the features that are present in these regions of the WT-
(D1a)-minus-WT(D1b) double-difference spectra (Figure 4A,
trace c), particularly the positive peaks near 1584, 1532, and
1502 cm-1, the negative peaks near 1560 and 1521 cm-1,
and the differential peaks at (+)1365/(-)1352 cm-1 in the
two WT-minus-D342N double-difference spectra. If these
small spectral differences correspond to a carboxylate group
whose vibrational modes shift during the S1 to S2 transition,
then these modes should be restored during the S3 to S0 and/
or S0 to S1 transitions. Consequently, the differences between
the mutant and wild-type S2-minus-S1 FTIR difference
spectra should be mirrored in the S0-minus-S3, and/or S1-
minus-S0 FTIR difference spectra (17-29). However, the
D1-D342N S0-minus-S3, and S1-minus-S0 FTIR difference
spectra look remarkably like the WT(D1a) and WT(D1b)
spectra (Figures 1C and D, traces a). Notably, for all Sn+1-
minus-Sn FTIR difference spectra with the exception of S2-
minus-S1, the features that are present in the WT(D1a)-
minus-D342N and WT(D1b)-minus-D342N double-difference
spectra (Figures 4B-4D, traces b) are similar in amplitude
to the features that are present in the WT(D1a)-minus-WT-
(D1b) double-difference spectra (Figures 4B-4D, traces c).
Therefore, we conclude that the small differences between
the S2-minus-S1 FTIR difference spectra of D1-D342N and
WT(D1) PSII particles probably reflect imperfect subtraction
of features arising from mutant PSII particles that lack Mn4-
Ca clusters.

On the basis of the comparisons shown in Figure 4, we
conclude that our data provide no indication that the D1-
D342N mutation eliminates a specific carboxylate vibrational
mode from any of the Sn+1-minus-Sn FTIR difference spectra.
If D1-Asp342 ligated a Mn ion whose charge or oxidation
state increased during one or more of the S state transitions,
then replacing Asp with Asn should eliminate 1-2 specific
carboxylate modes from one or more of the Sn+1-minus-Sn

FTIR difference spectra, replacing them with a combination
of ν(CdO) and/orδ(NH2) modes. The elimination of the
carboxylate modes should be as obvious as the [1-13C]-
alanine-induced shift of theνsym(COO-) mode of the
R-COO- group of D1-Ala344 that was observed in Figure
2 of this study and in earlier studies (25, 30, 31). Yet, no
such elimination is observed (Figures 4A-4D, traces b).
Therefore, our data show that neither the symmetric nor the
asymmetric carboxylate stretching mode of D1-Asp342 is
altered significantly when the Mn4Ca cluster is oxidized
during the S0 f S1, S1 f S2, or S2 f S3 transitions.

The inference from our results is that the carboxylate group
of D1-Asp342 is not sensitive to the oxidation of the Mn4-
Ca cluster during the S0 f S1, S1 f S2, or S2 f S3

transitions. One explanation of these data is that D1-Asp342
ligates a Mn ion that does not increase its charge or formal
oxidation state during any of the S0 f S1, S1 f S2, or S2 f
S3 transitions. As previously discussed with respect to similar
data obtained with mutants of D1-Glu189 (28), this explana-
tion presents some challenges. First, in both of the recent

X-ray crystallographic structural models, D1-Asp342 ligates
one of the Mn ions that are located in the Mn3Ca portion of
the Mn4Ca cluster (13, 14). If D1-Asp342 ligates one of these
Mn ions, then its carboxylate group is insensitive to the Mn
oxidations that must occur elsewhere in this portion of the
Mn4Ca cluster during the S0 f S1, S1 f S2, or S2 f S3

transitions. Second, the same explanation was offered previ-
ously for D1-Asp170 to explain similar FTIR data that were
obtained with D1-D170H mutant PSII particles (26). The
recent X-ray crystallographic structural models assign D1-
Asp170 and D1-Asp342 as ligands of different Mn ions (13,
14). Consequently, if neither of these Mn ions increases its
charge or oxidation state during the S1 f S2 transition, then
the extra positive charge that develops on the Mn4Ca cluster
during this transition must necessarily be localized, probably
to a single Mn ion. However, this conclusion conflicts with
a resonant inelastic X-ray scattering (RIXS) study, whose
authors concluded that this extra charge is strongly delocal-
ized over the Mn4 cluster (42). Third, this explanation
constrains the identity of the Mn ion(s) whose charge or
formal oxidation state increases during the S0 f S1 and
S2 f S3 transitions. Because there is evidence that the
R-COO- group of D1-Ala344 is ligated to a Mn ion whose
charge increases during the S1 f S2 transition (25, 30, 31),
decreases during the S3 f S0 transition (25), and remains
unchanged during the S0 f S1 and S2 f S3 transitions (25),
any increase in positive charge that develops on the Mn4Ca
cluster during the S0 f S1 and S2 f S3 transitions must
necessarily be localized on theoneMn ion that isnot ligated
by D1-Asp170, D1-Asp342, or D1-Ala344 [Mn3 in the∼3.0
Å structural model (14)]. We are currently testing this
possibility by analyzing mutations of the residue CP43-
Glu354, identified as a Mn ligand in both the∼3.0 Å (14)
and∼3.5 Å (13) structural models.

An alternate explanation for our data is that D1-Asp342
doesnot ligate a Mn ion. We consider this explanation to
be less likely because it would conflict with both recent X-ray
crystallographic structural models (13, 14), and because D1-
Asp342 was proposed to be a possible ligand to the Mn4Ca
cluster on the basis of earlier mutagenesis studies (11, 12).
These studies showed that O2 evolving activity is retained
when D1-Asp342 is replaced with a possible metal ligand
(e.g., Glu, Asn, or His) but not when D1-Asp342 is replaced
by Ala or Val.

Recently, it has been suggested that the vibrational modes
of the carboxylate ligands of the Mn ions in the Mn4Ca
cluster may be insensitive to changes in the formal oxidation
states of the Mn ions during any of the S state transitions
(4, 32, 43). This suggestion could explain the observed
insensitivity of D1-Asp170 (26, 40), D1-Glu189 (28), and
D1-Asp342 (this work) to oxidations of the Mn4Ca cluster
during the S0 f S1, S1 f S2, or S2 f S3 transitions. However,
this suggestion does not account for the strikingly large
number of features that are present in the individual Sn+1-
minus-Sn FTIR difference spectra, all of which correspond
to vibrational modes that change frequency in response to
the oxidation of the Mn4Ca cluster, and many of which
correspond to the symmetric and asymmetric modes of
carboxylate groups. If these features do not correspond to
metal-ligating carboxylate residues, then to what carboxylate
residues do they correspond? They do not correspond to
changes in the protonation states of free carboxylates because
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the intensities of the features that would correspond to such
changes [those in theν(CdO) regions of the Sn+1-minus-Sn

FTIR difference spectra (44)] are very weak in comparison
to the strong intensities of the features in theνsym(COO-)
andνasym(COO-) regions (Figures 4A-4D, traces a).

CONCLUDING REMARKS

The mid-frequency Sn+1-minus-Sn FTIR difference spectra
of D1-D342N PSII particles are remarkably similar to those
of wild-type PSII particles. In particular, there is no indication
that the D1-D342N mutation eliminates any carboxylate
modes. Therefore, either D1-Asp342 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 or D1-Asp342
does not ligate the Mn4 cluster. If D1-Asp342doesligate
the Mn4 cluster (as is expected), then the FTIR data provides
a constraint on the identity of the Mn ion(s) whose charge
or oxidation state increases during the S0 f S1 and S2 f S3

transitions.
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