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ABSTRACT: Isotope-edited FTIR difference spectroscopy was employed to determine if the C-terminal
R-COO- group of the D1 polypeptide ligates the (Mn)4 cluster in photosystem II (PSII) and, if so, if it
ligates the Mn ion that undergoes an oxidation during the S1 f S2 transition. Wild-type and mutant cells
of the cyanobacteriumSynechocystissp. PCC 6803 were propagated photoautotrophically in the presence
of L-[1-13C]alanine or unlabeled (12C) L-alanine. In wild-type cells, both the C-terminalR-COO- group
of the D1 polypeptide at D1-Ala344 and all alanine-derived peptide carbonyl groups will be labeled. In
D1-A344G and D1-A344S mutant cells, the C-terminalR-COO- group of the D1 polypeptide willnot be
labeled because this group is no longer provided by alanine. The resultant S2-minus-S1 FTIR difference
spectra of purified wild-type and mutant PSII particles showed that one symmetric carboxylate stretching
mode that is altered during the S1 f S2 transition is sensitive toL-[1-13C]alanine-labeling in wild-type
PSII particles but not in D1-A344G and D1-A344S PSII particles. Because the only carboxylate group
that can be labeled in the wild-type PSII particles but not in the mutant PSII particles is the C-terminal
R-COO- group of the D1 polypeptide, we assign theL-[1-13C]alanine-sensitive symmetric carboxylate
stretching mode to theR-COO- group of D1-Ala344. In unlabeled wild-type PSII particles, this mode
appears at∼1356 cm-1 in the S1 state and at∼1339 or∼1320 cm-1 in the S2 state. These frequencies are
consistent with unidentate ligation of the (Mn)4 cluster by theR-COO- group of D1-Ala344 in both the
S1 and S2 states. The apparent 17-36 cm-1 downshift in frequency in response to the S1 f S2 transition
is consistent with theR-COO- group of D1-Ala344 ligating a Mn ion whose charge increases during the
S1 f S2 transition. Accordingly, we propose that theR-COO- group of D1-Ala344 ligates the Mn ion
that undergoes an oxidation during the S1 f S2 transition. Control experiments were conducted with
Mn-depleted wild-type PSII particles. These experiments showed that tyrosine YD may be structurally
coupled to the carbonyl oxygen of an alanine-derived peptide carbonyl group.

The catalytic site of water oxidation in photosystem II
(PSII)1 contains a cluster of four Mn ions that interacts
closely with a redox-active tyrosine residue known as YZ

(for reviews, see refs1-9). One Ca ion and one Cl ion are
required for catalytic activity and appear to be located close
to the (Mn)4 cluster (10, 11). 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. Tyrosine YZ serves as the

immediate oxidant of the (Mn)4 cluster, transferring an
electron from the (Mn)4 cluster to P680

•+ in response to the
light-induced formation of the latter. Photosystem II also
contains a second redox-active tyrosine residue, known as
YD. Tyrosine YD can rapidly reduce P680

•+ (12), but it is not
involved in the normal catalytic reactions of water oxidation.
The function of YD is unclear, although the presence of YD

•
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appears to increase the reduction potential of P680
•+/P680 (8,

12, 13), influence the localization of the P680
•+ cation between

the Chl molecules that comprise P680 (8, 12), and accelerate
the assembly of the (Mn)4 cluster (13).

During each catalytic cycle, the (Mn)4 cluster cycles
through five oxidation states 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 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
(2, 3, 14-16), but an alternative view exists (17, 18). The
additional oxidizing equivalent of the S3 state may be
localized on a Mn ligand (refs16 and19, but see ref15).
The S4 state is a transient intermediate (possibly correspond-
ing to the YZ

•S3 state) that reverts to the S0 state with the
concomitant release of O2.

The electron density of the Mn cluster is visible in the
recent 3.6-3.8 Å crystal structures of PSII (20-22).
However, the exact arrangement of the four Mn ions is
unknown. The resolutions of the current X-ray data are not
sufficient to provide this information. Nevertheless, EXAFS
studies have detected the presence of two to three Mn-Mn
interactions with distances of∼2.7 Å and at least one Mn-
Mn and/or Mn-Ca interaction with a distance of∼3.3 Å
(2, 3, 14-16). These distances, along with recent simulations
of EPR and ENDOR data of samples poised in the S2 state,
have provided families of possible arrangements for the
(Mn)4 cluster, predicting it to be a tetramer consisting of
three strongly exchange-coupled Mn ions that are weakly
exchange-coupled to a fourth Mn ion (23, 24). These
arrangements are compatible with the recent 3.6-3.8 Å
crystal structures.

On the basis of numerous site-directed mutagenesis and
biochemical studies, most or all of the amino acid residues
that ligate the (Mn)4 cluster are expected to be contributed
by the D1 polypeptide (for reviews, see refs25-27). The
recent 3.6-3.8 Å crystal structures are consistent with this
expectation (20-22), but the resolutions of these structures
are insufficient to unambiguously identify the individual
protein ligands. The residues that have been identified as
potential Mn ligands by the mutagenesis and biochemical
studies are D1-Asp170, D1-His190, D1-His332, D1-Glu333,
D1-His337, D1-Asp342, and the C-terminus of the D1
polypeptide at Ala344. Most or all of these residues are
consistent with the most recent crystallographic structural
analyses (21, 22). The original mutagenesis studies were
conducted with intact cells ofSynechocystissp. PCC 6803
or Chlamydomonas reinhardtii. More recently, 9.2 GHz
ESEEM studies of PSII particles purified from theSyn-
echocystismutants D1-H332E and D1-D170H provided
strong evidence for the ligation of the (Mn)4 cluster by D1-
His332 (28), but provided no definitive evidence for or
against the ligation of the (Mn)4 cluster by D1-Asp170 (29).
Nevertheless, a recent FTIR study ofSynechocystisD1-
D170H PSII particles showed that a low-frequency Mn-
O-Mn vibrational mode that appears at∼606 cm-1 in the
S2 state shifts to∼612 cm-1 in the mutant, showing that
D1-Asp170 is structurally coupled to the (Mn)4 cluster (30).

FTIR difference spectroscopy is an extremely sensitive
technique for characterizing dynamic structural changes that
occur during an enzyme’s catalytic cycle, such as changes

in molecular interactions, protonation states, bonding (includ-
ing changes in metal coordination and hydrogen bonding),
bond strengths, and protein backbone conformations (31-
34). In PSII, numerous vibrational modes change as the
(Mn)4 cluster is oxidized through the S state cycle (for
reviews, see refs35and36). Many of these vibrational modes
correspond to amino acid residues that either ligate the (Mn)4

cluster, are coupled to the (Mn)4 cluster through hydrogen
bonds, interact electrostatically with the (Mn)4 cluster, or
have side chains whose protonation states change as the
(Mn)4 cluster is oxidized. The mid-frequency region (2000-
1000 cm-1) of the S2-minus-S1 FTIR difference spectrum of
PSII contains numerous bands that have been attributed to
carboxylate stretching modes. Negative bands at∼1560 and
∼1402 cm-1 and positive bands at∼1588 and∼1364 cm-1

have been assigned to a Mn-ligating carboxylate group whose
coordination mode changes from bridging or bidentate
chelating to unidentate during the S1 f S2 transition (37,
38). A negative band at∼1561 cm-1 has been assigned to
the asymmetric stretching mode of a carboxylate group that
forms a hydrogen bond with a Mn-bound water molecule
(39). These carboxylate bands shift 20-45 cm-1 to lower
frequencies in samples that have been uniformly labeled with
13C (40-42). Additional negative bands at∼1254 and∼1521
cm-1 have been assigned to a tyrosine residue (presumed to
be YZ) that is structurally coupled to the (Mn)4 cluster (43).
Another negative band at∼1113 cm-1 has been assigned to
a histidine residue that either ligates the (Mn)4 cluster or is
structurally coupled to it through a network of hydrogen
bonds (44). However, none of the vibrational features that
have been observed in the mid-frequency S2-minus-S1 FTIR
difference spectrum of PSII has yet been correlated with an
individual amino acid residue in PSII with the exception of
the bands that have been assigned tentatively to YZ (43).

Identifying the vibrational modes that change during the
S state cycle in PSII will provide information about S state-
dependent protein structural changes. This information is
crucial to understanding the mechanism of water oxidation
and will complement the information that will be obtained
from X-ray crystallography. In this study, we have employed
FTIR difference spectroscopy in an attempt to determine if
the free carboxylate (R-COO-) of Ala344 at the C-terminus
of the D1 polypeptide ligates the assembled (Mn)4 cluster
and, if so, to determine if it ligates the Mn ion that undergoes
an oxidization during the S1 f S2 transition. The proposal
that the free carboxylate of D1-Ala344 ligates the (Mn)4

cluster was advanced by Diner and co-workers in 1992 on
the basis of a study of intact mutant cells ofSynechocystis
sp. PCC 6803 having truncated or unprocessed C-termini
[e.g., the mutants A344stop and S345P (45)]. The most recent
crystallographic structural analyses show that the C-terminal
region of the D1 polypeptide is located in close proximity
to the (Mn)4 cluster and are consistent with this proposal
(21, 22). To test this proposal, the mid-frequency S2-minus-
S1 FTIR difference spectrum ofL-[1-13C]alanine-labeled
SynechocystisPSII particles was obtained to see if the
vibrational modes that are altered during the S1 f S2

transition include those of theR-COO- moiety of D1-Ala344.
In Synechocystissp. PCC 6803, the only known or suspected
PSII subunits (46) that have C-terminal Ala residues are D1,
CP47, and psbY (47, 48) (see the CyanoBase genome
database at http://www.kazusa.or.jp/cyano/cyano.html). The
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C-termini of the CP47 and psbY polypeptides are located
on the stromal side of the thylakoid membrane. Furthermore,
the C-terminus of the CP47 polypeptide is provided by a
hexa-histidine tag in theSynechocystisstrains that are
described in this study (28). Consequently, neither polypep-
tide has a C-terminal alanine residue that can interact with
the (Mn)4 cluster. Nevertheless, to differentiate theR-COO-

group of D1-Ala344 from theR-COO- group of any other
PSII subunit that might have a C-terminal alanine residue,
and to differentiate the carboxylate modes of theR-COO-

group of D1-Ala344 from the amide modes of alanine-
derived peptide carbonyl groups, the S2-minus-S1 FTIR
difference spectrum of wild-type* PSII particles was com-
pared with those of PSII particles isolated from theSyn-
echocystismutants D1-A344G and D1-A344S. Cells were
propagated photoautotrophically in the presence of either
L-[1-13C]alanine or unlabeled (12C) L-alanine. In wild-type*
PSII particles, the C-terminalR-COO- group of the D1 and
psbY polypeptides will be labeled, as will all alanine-derived
peptide carbonyl groups. In D1-A344G and D1-A344S PSII
particles, the C-terminalR-COO- group of the D1 polypep-
tide will notbe labeled because it is not provided by alanine.
Our results show that the C-terminal carboxylate of the D1
polypeptide is structurally coupled to the (Mn)4 cluster.
Further, our results are consistent with theR-COO- car-
boxylate of D1-Ala344 serving as a unidentate ligand of the
(Mn)4 cluster in both the S1 and S2 states, and, more
specifically, serving as a unidentate ligand of a Mn ion whose
charge increases during the S1 f S2 transition. We propose
that this is the Mn ion that undergoes an oxidation during
the S1 f S2 transition. A preliminary account of this study
has been presented (49).

MATERIALS AND METHODS

Construction of Site-Directed Mutants.The D1-A344G and
D1-A344S mutations were constructed in thepsbA-2gene
of the glucose-tolerant variant (48, 50) of Synechocystissp.
PCC 6803 following methods that were described previously
(51). To avoid potential problems with the posttranslational
processing of the D1 polypeptide’s C-terminal extension (45),
each mutation was accompanied by others that changed the
D1-Ser345 codon to a stop codon (52). Mutation-bearing
plasmids were transformed into a host strain ofSynechocystis
that lacks all threepsbAgenes (53) and contains a hexa-
histidine tag on the carboxy terminus of CP47 (28). Single
colonies were selected for their ability to grow on solid media
containing 5µg/mL kanamycin monosulfate (53) and 20µg/
mL gentamycin sulfate (28). The control wild-type* strain
was constructed in the same manner except that the
transforming plasmid carried no site-directed mutations. The
designation “wild-type*” differentiates this strain from the
native glucose-tolerant wild-type strain (48, 50) that contains
all threepsbA genes and is sensitive to antibiotics.

Propagation of Cultures.The wild-type* and mutant cells
were maintained on solid growth media at 30°C under
constant illumination [fluorescent cool-while bulbs at an
intensity of 50-60 µE m-2 s-1 (54)]. The solid media
consisted of BG-11 (55) containing 1.5% (w/v) Difco Bacto-
Agar (Becton Dickinson & Co., Sparks, MD), 10 mM TES-
NaOH (pH 8.0), 0.3% (w/v) sodium thiosulfate, 5 mM
glucose, 10µM DCMU, 5 µg/mL kanamycin monosulfate,
and 20µg/mL gentamycin sulfate. The liquid media consisted

of BG-11 (55) containing 5 mM TES-NaOH (pH 8.0) and
was supplemented as indicated below. During cell growth,
the liquid growth media was aerated by bubbling with sterile,
humidified air. For the isolation of isotopically labeled PSII
particles, cells were first propagated photoautotrophically in
liquid media held in two modified 250-mL Erlenmeyer flasks
(54) at the same temperature and under the same illumination
conditions as the solid media until they reached an optical
density of 0.9-1.2 at 730 nm. About 20 mL of these cultures
were used to inoculate each of 15-17 similarly modified
Erlenmeyer flasks each holding∼1 L of growth medium
containing either 0.5 mM unlabeled (12C) L-alanine or 0.5
mM L-[1-13C]alanine (99% 13C enrichment, Cambridge
Isotope Laboratories, Andover, MA) (56). These larger
cultures were then propagated photoautotrophically under the
same conditions as the smaller cultures until their optical
densities reached 0.9-1.1 at 730 nm (typically 6-7 days).
Optical densities were measured with a modified CARY 14
spectrophotometer (OLIS, Inc., Bogart, GA).

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 (29). The column flow-through was saved for
analysis by mass spectrometry and the purified PSII particles
were eluted with 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] 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 (29), frozen in liquid nitrogen, and stored
at -80 °C. To prepare Mn-depleted PSII particles, O2-
evolving PSII particles were incubated at∼0.25 mg of Chl/
mL in the presence of 5 mM NH2OH and 5 mM EDTA at
4 °C in darkness for 30 min (57). The extracted material
was then adsorbed to a Pharmacia HR 5/5 Mono-Q ion-
exchange column and washed extensively with purification
buffer (15-20 column volumes) to remove the NH2OH and
extracted Mn ions. The column was then inverted (58) and
eluted slowly with purification buffer containing 0.5 M NaCl.
For the FTIR experiments, all PSII particles were transferred
into sucrose buffer [0.4 M sucrose, 50 mM MES-NaOH
(pH 6.0), 20 mM CaCl2, 5 mM MgCl2, 0.03% (w/v)
n-dodecylâ-D-maltoside] by two cycles of concentration/
dilution in Centricon-100 concentrators (Millipore Corp.,
Bedford, MA). During each cycle, the samples were con-
centrated to 5-7 mg of Chl/mL and then dilutedg 10-fold
with sucrose buffer. This procedure served to decrease the
concentrations of glycerol,L-histidine, and EDTA (or
glycerol and NaCl, in the case of Mn-depleted PSII particles)
by g100-fold. Finally, the samples were concentrated to 5-7
mg of Chl/mL, frozen in liquid nitrogen, and stored at-80
°C.

Mass Spectrometry. The flow-throughs from the Ni-NTA
affinity column were adsorbed to a Pharmacia Q-Sepharose
Fast Flow ion-exchange column, washed with purification
buffer to remove excessn-dodecylâ-D-maltoside and other
contaminants, eluted with purification buffer containing 0.5
M NaCl, passed through a Pharmacia HR 26/10 desalting
column to remove the NaCl, then concentrated to 5-7 mg
of Chl/mL by ultrafiltration followed by centrifugation in
Centricon-100 concentrators (Millipore Corp., Bedford, MA).
Aliquots were acetone precipitated, dried under vacuum, and
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hydrolyzed with 6 N HCl vapor at 110°C for 24 h in an
atmosphere of nitrogen gas. After hydrolysis, the amino acids
were dried under vacuum before being converted to their
corresponding N,O(S)-tert-butyldimethylsilyl derivatives as
described in ref59. The derivatized amino acid residues were
subjected to GC/MS analysis with an HP 5890 II gas
chromatograph and an HP 5972 mass spectrometer (Hewlett-
Packard, Palo Alto, CA) as described previously (60). Single
ion monitoring was used for the measurement of mass
isotopomers.

Experimental Conditions for FTIR Measurements. All
manipulations were conducted under dim green light at 4
°C. Thawed samples were diluted with two volumes of water
and reconcentrated to 5-7 mg of Chl/mL with Microcon-
100 concentrators (Millipore Corp., Bedford, MA). An
aliquot (2-5 mL) of PSII was mixed into an equal volume
of fresh 10 mM potassium ferricyanide (dissolved in water)
on a 15- or 25-mm diameter CaF2 or AgBr window. The
sample was then dried lightly (until tacky) under a stream
of dry nitrogen gas. To ensure that each sample contained
the same moisture content, the partially dehydrated samples
were immediately allowed to rehydrate in a controlled
humidity chamber (90-92% relative humidity) for 12-15
min (61). A second IR window was then placed over the
first and sealed with high-vacuum grease to prevent further
sample dehydration in the FTIR cryostat. The sample was
then loaded into the cryostat and allowed to equilibrate to
250.0 K, a process that typically required 1-4 h. The sample
concentration and thickness were adjusted so that the absolute
absorbance of the amide I band at 1657 cm-1 was 0.7-1.0.

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 either a home-built liquid nitrogen cryostat (30, 62) that
was controlled with a Lake Shore 340 temperature controller
(Lake Shore, Westerville, OH) or a commercial liquid
nitrogen cryostat (Optistat DN, Oxford Instruments, Oxon,
UK) that was controlled with an Oxford ITC502 temperature
controller. These cryostats regulated the sample temperature
to within ( 0.01 and( 0.1 K, respectively. A 4000 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. Double-sided forward-backward interferograms
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 3-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 a single flash (7-9 mJ/flash,
∼7 ns fwhm) from a frequency-doubled Q-switched Nd:
YAG laser [Quanta-Ray DCR-1 (Spectra-Physics, Mountain
View, CA) or Surelite I (Continuum, Santa Clara, CA)].
Flash excitation was controlled from the Equinox 55 OPUS
interface. The Nd:YAG laser was programmed to deliver a
single Q-switched flash during a 10 or 20 Hz flashlamp
repetition series to ensure the uniformity of the laser light
intensity. For each sample, a preflash single-beam spectrum
of 800 scans was acquired (the acquisition took∼100 s), a

single Q-switched laser flash was applied, a period of 10 s
was allowed to elapse to facilitate the oxidation of QA

•- by
ferricyanide (44, 63, 64), and then a post-flash single-beam
spectrum of 800 scans was acquired (this acquisition also
took ∼100 s). The post-flash spectrum was divided by the
preflash spectrum and converted to units of absorbance to
yield a true “light-minus-dark” absorbance difference spec-
trum. Each difference spectrum was acquired with a fresh
sample. For O2-evolving PSII particles (Figures 1 and 2),
three to six difference spectra were averaged. For Mn-
depleted PSII particles (Figure 4), 10-12 difference spectra
were averaged. Absorption spectra of alanine were recorded
at room temperature. Solutions of 2.5 mM alanine dissolved
in 3 M NaOH were held between two AgBr windows. To
remove the overlapping water band at 1657 cm-1, the spectra
were corrected by subtracting the spectrum of 3 M NaOH.

Other Procedures. Chlorophyll concentrations and light-
saturated rates of O2 evolution were measured as described
previously (54, 57).

RESULTS

The D1-A344G and D1-A344S mutants are photoau-
totrophic, as reported previously forSynechocystissp. PCC
6803 (45) and as reported previously for the D1-A344S
mutant of Chlamydomonas reinhardtii(65). The light-
saturated rates of O2 evolution exhibited by the purified wild-

FIGURE 1: Comparison of the mid-frequency (1800-1200 cm-1)
flash-induced S2-minus-S1 FTIR difference spectra of wild-type*,
D1-A344G, and D1-A344S PSII particles purified fromSyn-
echocystiscells propagated in the presence of unlabeled (12C)
L-alanine. A total of four, three, and five difference spectra were
averaged for the wild-type*, D1-A344G, and D1-A344S traces,
respectively. Panel A shows a comparison of the spectra of D1-
A344G (red line) and wild-type* (black line) PSII particles. Panel
B shows a comparison of the spectra of D1-A344S (red line) and
wild-type* (black line) PSII particles. The same wild-type*
spectrum is shown in each panel. Spectra have been normalized to
maximize their overlap. All spectra were collected with a sample
temperature of 250 K and a resolution of 4 cm-1.
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type*, D1-A344G, and D1-A344S PSII particles were 3.5-
4.1, 1.9-2.1, and 2.8-3.0 mM O2 (mg of Chl)-1 h-1,
respectively. Analysis by mass spectrometry of the Ni-NTA
affinity column flow-throughs revealed that, for theL-[1-
13C]alanine-labeled preparations, the total incorporation of
13C was 70( 2% for Ala (> 99% of this was at the C1
position), 14( 4% for Val (∼70% of this was at the C1
position), 13( 4% for Phe (< 19% of this was at the C1
position), 9( 4% for Tyr (< 26% of this was at the C1
position), 6( 3% for Leu, and< 6% for all other amino
acids examined (all were examined except Lys, Arg, Trp,
and Cys). These data show that exogenous alanine is
incorporated effectively into protein inSynechocystiswith
little equilibration into cellular pools of pyruvate and,
therefore, with little incorporation into the carbonyl moieties
of peptide groups other than those derived from alanine. The
level of incorporation of13C into alanine is similar to the
level of incorporation that was observed previously for

Synechocystiscells that had been propagated in the presence
of 0.5 mM [13C]alanine (56).

The mid-frequency S2-minus-S1 FTIR difference spectra
of unlabeled D1-A344G and D1-A344S PSII particles are
compared to the spectrum of unlabeled wild-type* PSII
particles in Figure 1, panels A and B, respectively. The
differences between the mutant spectra (red lines) and the
wild-type* spectrum (black lines) are subtle, showing that
neither mutation significantly perturbs the structure of PSII.

Comparisons of the mid-frequency FTIR difference spectra
of unlabeled andL-[1-13C]alanine-labeled wild-type*, D1-
A344G, and D1-A344S PSII particles are shown in Figure
2 (the spectra of labeled and unlabeled PSII particles are
depicted with red and black lines, respectively). In the wild-
type* PSII particles (Figure 2A), the incorporation ofL-[1-
13C]alanine caused significant shifts of bands in the over-
lapping amide I stretching (1690-1620 cm-1) and asymmetric
carboxylate stretching (1640-1500 cm-1) regions and in the

FIGURE 2: Comparison of the mid-frequency (1800-1200 cm-1) flash-induced S2-minus-S1 FTIR difference spectra of (A) wild-type*, (B)
D1-A344G, and (C) D1-A344S PSII particles purified fromSynechocystiscells propagated in the presence of unlabeled (12C) L-alanine
(black lines) orL-[1-13C]alanine (red lines). The spectra of the unlabeled wild-type*, D1-A344G, and D1-A344S PSII particles (black lines)
are the same as those shown in Figure 2 and represent the averages of four, three, and five difference spectra, respectively. The spectra of
theL-[1-13C]alanine-labeled wild-type*, D1-A344G, and D1-A344S PSII particles (red lines) represent the averages of three, three, and six
difference spectra, respectively. In each panel, the spectra have been normalized to maximize their overlap between 1500 and 1400 cm-1.
All spectra were collected with a sample temperature of 250 K and a resolution of 4 cm-1.
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symmetric carboxylate stretching region (1450-1300 cm-1).
However, in the D1-A344G and D1-A344S PSII particles
(Figure 2, panels B and C, respectively), the incorporation
of L-[1-13C]alanine caused significant shifts only in the
overlapping amide I/asymmetric carboxylate stretching re-
gions. TheL-[1-13C]alanine-induced shifts that were observed
between 1360 and 1260 cm-1 in the wild-type* spectrum
(Figure 2A) were almost completely absent from the D1-
A344G and D1-A344S spectra (Figure 2, panels B and C,
respectively). To display the shifted modes more clearly, the
12C-minus-13C double difference spectrum of the region
between 1385 and 1270 cm-1 is presented in Figure 3. For
the wild-type* PSII particles (black line), the double-
difference spectrum is consistent with a single S1 state mode
at ∼1355.5 cm-1 shifting to∼1339 or∼1319.5 cm-1 after
the incorporation ofL-[1-13C]alanine, and with a single S2

state mode at∼1339 or∼1319.5 cm-1 shifting to ∼1302
cm-1. Note that these shifted modes do not appear in the
double-difference spectra of the D1-A344G (blue line) or
D1-A344S (red line) PSII particles.

A number ofL-[1-13C]alanine-induced shifts appear in the
amide I stretching regions of both wild-type* and mutant
PSII particles. Major features include an apparent shift of a
positive feature from∼1651 cm-1 and the appearance of a
positive feature at∼1599 cm-1. To determine if one or more
of the shifted bands arise from residual populations of PSII
reaction centers that have lost the (Mn)4 cluster during
purification of the PSII particles, Mn-depleted wild-type*
PSII particles were prepared containing unlabeled (12C)
L-alanine orL-[1-13C]alanine. The flash-induced light-minus-
dark FTIR difference spectra of these PSII particles are
compared in Figure 4. The spectral features of the unlabeled

Mn-depleted wild-type* PSII particles (black line) are
completely different from those of intact PSII particles
recorded under the same experimental conditions (Figures
1 and 2A, black lines), as shown previously (64, 66). The
spectrum was the same whether the (Mn)4 cluster was
extracted in the presence of EDTA or not (not shown). The
spectrum of theL-[1-13C]alanine-labeled Mn-depleted wild-
type* PSII particles (red line in Figure 4) closely resembled
that of the unlabeled wild-type* PSII particles except in the
overlapping amide I/asymmetric carboxylate stretching re-
gions. As in the intact PSII preparations, major features
include the apparent shift of a positive feature from∼1652
cm-1 and the appearance of a positive feature at∼1601 cm-1.

The spectra of unlabeled (12C) L-alanine andL-[1-13C]-
alanine dissolved in 3 M NaOH are shown in Figure 5. In
unlabeled (12C) L-alanine, major bands appeared at 1559,
1459, 1414, and 1368 cm-1, smaller features appeared
between 1368 and 1292 cm-1, and other bands appeared at
1238, 1138, and 1080 cm-1 (Figure 5, black trace). On the
basis of previous experimental and normal-mode analyses
of L-alanine and its deuterated analogues (67-70), the bands
at 1559, 1459, and 1414 cm-1 can be assigned to the
asymmetric carboxylate stretching mode [νasym(COO-)], the
asymmetric methyl deformation mode [δasym(CH3)], and the
symmetric carboxylate stretching mode [νsym(COO-)], re-
spectively. The features between∼1368 and∼1292 cm-1

can be assigned to symmetric methyl deformation [δsym-
(CH3)] and methyne deformation [δ(CH)] modes (67-70).
The δsym(CH3) and δ(CH) modes are strongly coupled to
theνsym(COO-) mode. InL-[1-13C]alanine, theνasym(COO-)
mode downshifts by∼39 to 1520 cm-1 and theνsym(COO-)
mode downshifts by∼18 to 1396 cm-1 (Figure 5, red trace).
The features between 1368 and 1292 cm-1 are also down-
shifted in L-[1-13C]alanine. The latter shifts are expected
because bothδs(CH3) and δ(CH) are strongly coupled to
νsym(COO-).

DISCUSSION

The mid-frequency S2-minus-S1 FTIR difference spectrum
of unlabeled wild-type* PSII particles that is presented in
this work (Figures 1 and 2A, black lines) closely resembles
the spectra that have been reported previously by several
groups for Synechocystissp. PCC 6803 (30, 42-44),
Thermosynechococcus elongatus(40, 41, 64, 71-73), and
spinach (30, 37-39, 43, 44, 62, 63, 66, 74-80). The same
spectral features have now been obtained with PSII prepara-
tions from three organisms and under a variety of experi-
mental conditions [e.g., after short (43, 62, 71, 76) or long
(37, 39, 74, 75) dark-adaptation times, at temperatures
ranging from 200 K (63, 66) to 250 K (30, 37-40, 42-44,
63, 64, 66, 74, 75, 77-80) to 265 K (62), to 283 K (41,
71-73), to 289 K (76), in the presence of various concentra-
tions of sucrose (30, 37-39, 42-44, 62-64, 66, 71, 74-
80), in mixtures of cryoprotectants (63), or in the absence
of cryoprotectants (41, 72, 73), and in both hydrated (37-
39, 42, 44, 62, 63, 74-76, 78-80) and partially dehydrated
(30, 41, 43, 44, 64, 66, 71-73, 77) samples]. The features
of this spectrum (and those of the other Sn f Sn+1 transitions)
oscillate with a period of four in response to a series of
flashes (41, 62, 71-73), exhibiting “miss” parameters of 12-
13% (71, 72). Similar “miss” parameters (7-12%) have been
estimated previously in PSII preparations on the basis of

FIGURE 3: Double difference spectra,12C-minus-13C, of wild-type*
(black line), D1-A344G (blue line), and D1-A344S (red line) PSII
particles obtained by subtracting the S2-minus-S1 FTIR difference
spectra of [1-13C]alanine-labeled PSII particles from the S2-minus-
S1 FTIR difference spectra of unlabeled PSII particles (the spectra
shown in Figure 2 were subtracted directly without adjustment).
Only the regions between 1385 and 1270 cm-1 are shown.
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measurements of flash-induced period-four oscillations in the
amplitudes of O2 evolution (81, 82), the S2 state multiline
EPR signal (19, 83), electric field-induced charge recombina-
tion luminescence (84) and chlorophyll fluorescence yields
(85). Finally, the features of the S2-minus-S1 difference
spectrum are eliminated in the absence of the (Mn)4 cluster,
as shown by the light-minus-dark difference spectra of Mn-
depleted PSII preparations that have been illuminated under
the same experimental conditions as intact PSII preparations
(Figure 4 and refs64 and66). There can be little doubt, if
any, that the features that are observed in the mid-frequency
S2-minus-S1 FTIR difference spectrum of the unlabeled wild-
type* PSII particles (Figures 1 and 2A) reflect protein
structural changes that are associated with the S1 f S2

transition.2

Symmetric Carboxylate Stretching Modes (1450-1300
cm-1). A number of carboxylate modes appear in this region
of the S2-minus-S1 FTIR difference spectrum (for reviews,
see refs35and36), but the incorporation ofL-[1-13C]alanine

altered the wild-type* spectrum only between 1360 and 1260
cm-1 (Figure 2A). The12C-minus-13C double difference
spectrum of this region (Figure 3) shows that the alterations
appear to represent the shift of a single mode in both the S1

and S2 states. In the S1 state, this mode appears at∼1356
cm-1 and shifts to either∼1339 or∼1320 cm-1. In the S2

state, this mode appears at either∼1339 or∼1320 cm-1 and
shifts to ∼1302 cm-1. A shift of ∼17 cm-1 would be
consistent with the∼18 cm-1 shift of the symmetric
carboxylate mode of alanine that is observed inL-[1-13C]-
alanine in solution (Figure 5). However, if the carboxylate
group is a unidentate ligand of a metal ion (see below), the
symmetric and asymmetric carboxylate stretching modes
would be partly decoupled and the metal-ligating C-O group
would acquire more single bond character (92, 93). Treating

2 A completely different S2-minus-S1 FTIR difference spectrum of
wild-type PSII particles has been reported by one laboratory (e.g., refs
86-89). This spectrum has almost no bands in common with the spectra
that have been published by all other laboratories and is characterized
by extremely broad features that areunchangedwhen the (Mn)4 cluster
is destroyed with the reductant hydroxylamine unless the samples are
analyzed in the presence of excess EDTA (87). In contrast, we and
others have observed that destroying the (Mn)4 cluster with hydroxyl-
amine completely abolishes the characteristic features of the S2-minus-
S1 FTIR difference spectrum, whether EDTA is present (ref64 and
Figure 4) or not (ref43 and unpublished). Recently, the spectrum that
was reported in refs86-89was claimed to reflect an alternate structural
form of the S1 state that is produced when samples are dark-adapted at
4 °C for g 2 h (90). However, other laboratories have observed that
the features of the S2-minus-S1 FTIR difference spectrum are the same
whether samples are dark adapted at 0-10 °C for 10 min (e.g., refs43
and71) or 24 h (e.g., refs37and39). Furthermore, although the authors
of ref 90 argue that the features in their recent spectra of long-term (2
h) dark-adapted samples correspond to the features in their previous
spectra (e.g., those that are presented in refs86-89), actually there is
Very little resemblance between these spectra(e.g., compare Figure
4A of ref 90 with Figure 1A of ref87). The wild-type, mutant, and
isotopically labeled “S2-minus-S1” FTIR difference spectra that are
presented in refs86-89 are undoubtedly dominated by artifacts,
probably caused by increasing the glycerol concentration from 25% to
∼75% (91) during partial sample dehydration. In addition, the spectra
may contain heating artifacts that are caused by recording “S2” spectra
during prolonged sample illumination rather than after brief illumination
(63).

FIGURE 4: Comparison of the mid-frequency (1800-1200 cm-1) flash-induced “light-minus-dark” FTIR difference spectra of Mn-depleted
wild-type* PSII particles prepared from cells propagated in the presence of unlabeled (12C) L-alanine (black line) orL-[1-13C]alanine (red
line). The spectra of the unlabeled andL-[1-13C]alanine-labeled PSII particles represent the averages of twelve and 10 difference spectra,
respectively. The spectra have been normalized to maximize their overlap between 1450 and 1200 cm-1. Both spectra were collected under
the same conditions as those shown in Figure 2 (e.g., with a sample temperature of 250 K and a resolution of 4 cm-1).

FIGURE 5: Absolute absorption spectra (1650-1050 cm-1) of 2.5
mM unlabeled (12C) L-alanine (black line) and 2.5 mML-[1-13C]-
alanine (red line) dissolved in 3 M NaOH. The spectra have been
normalized to their maximum amplitudes and the water band at
1657 cm-1 has been removed for clarity.
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the C-O group that is vibrating at∼1356 cm-1 as an isolated
simple harmonic oscillator,13C-labeling will cause a down-
shift of 30 cm-1 (e.g., see ref34). However, for a real
unidentate metal ligand, the symmetric and asymmetric
carboxylate stretching modes are unlikely to be completely
decoupled and, additionally, both modes may couple with
other vibrations. Consequently, the actualL-[1-13C]alanine-
induced shift cannot be determined accurately. Indeed, global
13C-labeling of PSII particles causes symmetric carboxylate
stretching modes to shift by 18-42 cm-1 (41, 42). Therefore,
on the basis of these considerations, it is not possible to
reliably determine if theL-[1-13C]alanine-sensitive S2 state
mode appears at∼1339 or∼1320 cm-1 in unlabeled PSII
particles.

Amide III modes from alanine-derived peptide groups
could also appear in the symmetric carboxylate stretching
region (34). However, we can exclude the possibility that
the shifted bands correspond to such modes because amide
III modes consist predominantly of N-H bending and C-N
stretching vibrations (34, 94) and global15N-labeling of PSII
preparations causes no significant shifts in this region of the
spectrum (37, 41, 42).

The incorporation ofL-[1-13C]alanine into the D1-A344G
and D1-A344S PSII particles caused no significant alteration
of any symmetric carboxylate stretching modes, as shown
by the absence of significantL-[1-13C]alanine-induced shifts
in this region of the S2-minus-S1 FTIR difference spectra of
the mutant PSII particles (Figure 2B,C) and by the absence
of the∼1356,∼1339,∼1320, and∼1302 cm-1 bands from
the 12C-minus-13C double difference spectra of the mutant
PSII particles (blue and red lines in Figure 3). Because the
only carboxylate group that will be labeled in the wild-type*
PSII particles but not in the mutant PSII particles is the
C-terminalR-COO- group of the D1 polypeptide, the altered
symmetric carboxylate stretching modes must correspond to
the R-COO- group of D1-Ala344. We conclude that the
R-COO- group of D1-Ala344 is structurally coupled to the
(Mn)4 cluster, with itsνsym(COO-) mode appearing at∼1356
cm-1 in the S1 state and at∼1339 or∼1320 cm-1 in the S2

state.
Asymmetric Carboxylate Stretching Modes (1640-1500

cm-1). Because the symmetric carboxylate stretching mode
of D1-Ala344 appears in the S2-minus-S1 FTIR difference
spectrum of wild-type* PSII particles (see previous section),
the asymmetric carboxylate stretching mode should appear
also. Indeed, theνasym(COO-) mode of alanine in solution
is more intense than theνsym(COO-) mode and shifts to a
greater extent inL-[1-13C]alanine (∼39 vs ∼18 cm-1, see
Figure 5). Nevertheless, we are unable to unambiguously
identify theνasym(COO-) mode in either the S1 state or the
S2 state. The incorporation ofL-[1-13C]alanine appears to
have shifted numerous bands in the overlapping amide
I/asymmetric carboxylate stretching regions of both the wild-
type* and the mutant spectra (Figure 2). However, the
spectral changes in these regions are complex and difficult
to interpret, presumably because numerous bands overlap.
The12C-minus-13C double difference spectra of these regions
(not shown) provided no meaningful insight. Nevertheless,
we canconclude that no vibrational modes between∼1556
and∼1400 cm-1 in the unlabeled wild-type* spectrum were
shifted by as much as∼39 cm-1 after the incorporation of
L-[1-13C]alanine (Figure 2A). Consequently, theνasym(COO-)

mode of theR-COO- group of D1-Ala344 must appear at a
frequency>1556 cm-1 in both the S1 and S2 states.

Amide I (1690-1620 cm-1) and Amide II (1570-1550
cm-1) Modes. Because no symmetric carboxylate stretching
modes were shifted by the incorporation ofL-[1-13C]alanine
into the mutant PSII particles, the features that are observed
to shift in the S2-minus-S1 difference spectra of the mutant
PSII particles must correspond to amide I [predominantly
CdO stretching (34, 94)] and amide II [a mixture of N-H
bending and C-N stretching (34, 94)] modes from one or
more alanine-derived peptide groups. The amide I modes
should shift by 35-55 cm-1 in response to13C-labeling (41,
42, 95-97). Perhaps the∼1651 and∼1599 cm-1 features
that are observed in the spectra of the wild-type* and mutant
PSII particles are related, with a∼1651 cm-1 mode shifting
to ∼1599 cm-1 after the incorporation ofL-[1-13C]alanine.
One possibility is that this mode corresponds to an alanine-
derived peptide carbonyl group that is structurally coupled
to the (Mn)4 cluster. However, because remarkably similar
alterations in modes near∼1652 and∼1601 cm-1 were
observed in the light-minus-dark FTIR difference spectrum
of Mn-depleted wild-type* PSII particles after the incorpora-
tion L-[1-13C]alanine (Figure 4), it seems more likely that
this mode occurs in a residual population of PSII reaction
centers that lost the (Mn)4 cluster during the purification of
the PSII particles. To differentiate between these possibilities,
we first must identify the features that are present in the light-
minus-dark FTIR difference spectrum of the Mn-depleted
wild-type* PSII particles.

The Flash-Induced Formation of YD
• at 250 K. The light-

minus-dark FTIR difference spectrum of the unlabeled Mn-
depleted wild-type* PSII particles (Figure 4) does not
resemble the spectra of ChlZ

•-minus-ChlZ (98), Car•-minus-
Car (99), YZ

•-minus-YZ (100), or QA
•--minus-QA (74, 101-

104). But then, neither ChlZ
• nor Car• would be expected to

form at 250 K (105-107) and the 10 s delay between the
laser flash and the commencement of data acquisition should
have been sufficient for the decay of YZ

• and QA
•- (44, 63,

64). The spectrum also does not resemble those of the non-
heme iron (Fe2+-minus-Fe3+) (77, 108-110) or cyt b559

ox -
minuscyt b559

red (111). Instead, the spectrum appears to be
identical to the spectrum of YD•-minus-YD in Synechocystis
sp. PCC 6803 (43, 112).3 All of the major bands that are
shown in Figure 4 correspond to those that are in the
published YD

•-minus-YD spectra ofSynechocystis6803 within
1-3 cm-1 (e.g., compare Figure 4 with Figure 4 of ref43
and with Figure 1A of ref112). The only significant
difference is that the two small positive features that are
observed at 1686 and 1678 cm-1 in Figure 4 appear as a
single broad feature at∼1684 cm-1 in the spectrum that is
presented in ref112and as a barely resolved doublet in the
spectrum that is presented in ref43.

The flash-induced formation of YD• at 250 K in the Mn-
depleted wild-type* PSII particles would not be unexpected.
In Mn-depletedSynechocystisPSII particles, YD• decays with
a half-time of∼7 min (116) to ∼30 min (12). Our samples
were dark-adapted for longer periods than this. The flash-
induced formation of YD• at 250 K has been observed
previously in Mn-depletedSynechocystis(43) and spinach
(77) PSII particles with FTIR difference spectroscopy. The
flash-induced formation of YD• at 4 °C in Mn-depleted
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spinach PSII preparations was reported in another FTIR study
(102). More recent work has shown that YD is rapidly
oxidized by P680

•+ in PSII preparations lacking the (Mn)4

cluster (12) and that this reaction occurs at temperatures as
low as 15 K (117) and 1.8 K (118). In contrast, the efficiency
of YZ

• formation in Mn-depleted PSII preparations diminishes
sharply below∼230 K (119-121).

We conclude that the light-minus-dark FTIR difference
spectrum of Mn-depleted PSII particles (Figure 4) is that of
YD

• -minus-YD. Because the symmetric carboxylate stretching
regions of the unlabeled andL-[1-13C]alanine-labeled spectra
are essentially identical, theL-[1-13C]alanine-sensitive modes
that are observed in this spectrum must correspond to one
or more alanine-derived peptide carbonyl groups. One
possibility is that an alanine-derived peptide carbonyl group
is located in the vicinity of YD. However, in the secondary
structure elements of peptides and proteins, peptide carbonyl
groups are usually vibrationally coupled (34, 94). Conse-
quently, the alanine-derived peptide carbonyl group(s) that
is(are) sensitive toL-[1-13C]alanine-labeling in the YD•-minus-
YD FTIR difference spectrum may not interact directly with
YD.

Possible Ligation of Mn.The symmetric carboxylate mode
[νsym(COO-)] of free ionic carboxylate groups appears near
1400 cm-1 [e.g., near 1414 cm-1 for acetates (122-124),
near 1412 cm-1 for theR-COO- groups of free amino acids
(125), and near 1402-1404 cm-1 for the side chains of Glu
and Asp (34, 125, 126)]. For alanine in the solid state or in
2H2O, theνsym(COO-) mode has been reported to appear at
1409-1418 cm-1 (67-70). We observed this mode at 1414
cm-1 for alanine in1H2O (Figure 5). However, theνsym(COO-)
mode of theR-COO- group of D1-Ala344 appears at much
lower frequency, at∼1356 cm-1 in the S1 state and at∼1339
or ∼1320 cm-1 in the S2 state (Figure 3). These are
downshifts of∼58 cm-1 in the S1 state and either∼75 or
∼94 cm-1 in the S2 state compared to the position of this
mode in alanine in solution.

The asymmetric carboxylate mode [νasym(COO-)] of free
ionic carboxylate groups appears between 1550 and 1600

cm-1 [e.g., between 1553 and 1578 cm-1 for acetates (122-
124), near 1598 cm-1 for theR-COO- groups of free amino
acids (125, 127), near 1582 cm-1 for the C-terminalR-COO-

groups of peptides (127), and between 1556 and 1579 cm-1

for the side chains of Glu and Asp (34, 125-127)]. For
alanine in the solid state or in2H2O, theνasym(COO-) mode
has been reported to appear at 1596-1623 cm-1 (67-70).
We observed this mode at 1559 cm-1 for alanine in1H2O
(Figure 5). As discussed above, theνasym(COO-) mode of
theR-COO- group of D1-Ala344 must appear at frequencies
> 1556 cm-1 in both the S1 and S2 states. Therefore, the
difference in frequency,∆ν, between theνasym(COO-) and
νsym(COO-) modes of thisR-COO- group must be>200
cm-1 in both the S1 and S2 states.

In metal-carboxylate complexes, the frequencies of the
νasym(COO-) andνsym(COO-) modes and the difference in
frequency between them,∆ν, vary significantly with the
metal ion and the type of carboxylate coordination (92, 122-
124). On the basis of examinations of a wide variety of metal-
acetate and metal-trifluoroacetate complexes of known
structures, an empirical correlation between∆ν and the
nature of metal-carboxylate coordination has been established
(122-124) and is widely used. The values of∆ν descend
in the order:

For unidentate ligation,∆ν > 200 cm-1, the position of the
νsym(COO-) mode is generally shifted to a lower frequency
than its value in free ionic carboxylates, and the position of
the νasym(COO-) mode is generally shifted to a higher
frequency. The magnitudes of these shifts can range from
less than 30 cm-1 to more than 100 cm-1. For bidentate
chelating coordination,∆ν < 100 cm-1 and theνsym(COO-)
and νasym(COO-) modes generally shift in the opposite
direction compared to the shifts that are associated with
unidentate ligation. For bidentate bridging ligation,∆ν ≈
160 cm-1 and theνsym(COO-) andνasym(COO-) modes can
shift in either direction. These empirical observations have
been supported by ab initio molecular orbital calculations
(93).

Because we find that theνsym(COO-) mode of the
R-COO- group of D1-Ala344 is downshifted by∼58 cm-1

in the S1 state and by∼75 or∼94 cm-1 in the S2 state, we
propose that theR-COO- group of D1-Ala344 is a unidentate
ligand of a metal ion in both the S1 and S2 states. Indeed,
we know of no plausible mechanism that could downshift
theνsym(COO-) mode of theR-COO- group of D1-Ala344
in PSII by 58-94 cm-1 other than unidentate ligation of a
metal ion4 except for asymmetric bidentate chelation of a
metal ion (124), where the two metal-oxygen distances are
substantially different, a situation that does not seem to be
very common. Our conclusion that∆ν must be larger than
200 cm-1 in both the S1 and S2 states (see above) is consistent
with our proposal of unidentate metal ligation by the
R-COO- group of D1-Ala344 in both the S1 and S2 states.5

If the R-COO- group of D1-Ala344 is a unidentate ligand
of a metal ion, is the ligated metal ion Mn or Ca? If D1-
Ala344 ligates a Ca ion, then removal of Ca should
significantly perturb theνsym(COO-) mode of D1-Ala344
in both the S1 and S2 states. However, the removal of Ca
from PSII produces no major changes in the symmetric

3 This YD
•-minus-YD spectrum (43, 112) has been criticized by one

laboratory (113) on grounds that the authors of refs43and112included
formate (or formate plus phosphate) in their sample buffers. The authors
of ref 113argue that phosphate and formate cause large scale structural
perturbations in PSII and have presented a light-minus-dark FTIR
difference spectrum that was obtained in the presence of formate and
phosphate under conditions thatcausedsuch structural perturbations
(113). These authors (113) state that this spectrum “...is similar to...”
the spectrum that is presented in ref112and argue that this “similarity”
(between a spectrum that is presented as being artifactual and the
spectrum that is presented in ref112) invalidates the YD•-minus-YD

spectrum that is presented in ref112. HoweVer, there is actually no
similarity between these two spectra(compare Figure 4D of ref113
with Figure 1A of ref112). Therefore, the criticisms that are raised by
the authors of ref113 (and that have been repeated in subsequent
publications by this group) are without merit. Furthermore, our spectrum
(Figure 4) was obtained in the absence of both phosphate and formate
and closely resembles the spectra that are presented in refs43and112.
Finally, isotopic labeling withL-[ring-4-13C]tyrosine caused no unam-
biguous band shifts in the alternate YD

•-minus-YD spectrum that was
presented by the authors of ref113(see Figure 7D of ref114), whereas
the incorporation ofL-[ring-4-13C]tyrosine clearly and unambiguously
shifted two discrete bands in the YD

•-minus-YD spectrum that was
presented in refs43 and 112, a positive band at∼1503 cm-1 and a
negative band at∼1250 cm-1. These bands were assigned to theν-
(CO) mode of YD

• and theδ(COH) mode of YD, respectively (36, 43,
112), assignments that have been supported by recent density functional
calculations (115).

∆νunidentate> ∆νbridging ≈ ∆νfree ionic> ∆νchelating (bidentate)
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carboxylate stretching region of the S2-minus-S1 FTIR
difference spectrum (38). Therefore, we propose that D1-
Ala344 ligates a Mn ion in both the S1 and S2 states.

The magnitude of the downshift of theνsym(COO-) mode
between the S1 and S2 states (∼17 or ∼36 cm-1) is much
too large to be explained by a nonspecific through-space
electrostatic interaction between theR-COO- moiety of D1-
Ala344 and the (Mn)4 cluster. In reaction centers from
Rhodobacter capsulatus, the introduction of a negatively
charged Asp residue∼2.6 Å from the oxygen of the C9-
keto group of the photoactive accessory BChl molecule on
the L subunit shifted the frequency of theνC9dO mode by
only 7 cm-1 (129). The cause of this shift was attributed to
a nonspecific charge-dipole interaction between the nega-
tively charged Asp carboxyl group and the C9-keto group
of the BChl molecule. Therefore, to explain the much larger
magnitude of the∼17 or ∼36 cm-1 downshift of the
νsym(COO-) mode of D1-Ala344, we propose that the
R-COO- group of D1-Ala344 is a unidentate ligand of a
Mn ion whose charge increases during the S1 f S2 transition.

The concept of charge accumulation on the (Mn)4 cluster
has been advanced by many workers in the field who propose
that, during the S1 f S2 transition, the (Mn)4 cluster acquires
an uncompensated positive charge when a Mn(III) ion is
oxidized to Mn(IV). Although this advance in oxidation state
during the S1 f S2 transition is almost universally accepted,
the concept of an accompanying charge accumulation is not
(5, 130, 131). Nevertheless, the basis for the belief that the
(Mn)4 clusterdoesacquire an uncompensated positive charge
during the S1 f S2 transition consists of (i) measurements
of optical absorption changes that occur during the individual
S state transitions and that have been attributed to electro-
chromic bandshifts (132-137), (ii) measurements of the
extents of proton release during the individual S state

transitions that correlate with the electrochromic bandshifts
(138-141), (iii) measurements of the kinetics of P680

•+

reduction by YZ in the individual S states (137, 142, 143),
and (iv) measurements of the temperature dependence of the
kinetics of P680

•+ reduction in the individual S states (144).
Accordingly, there is considerable evidence supporting
charge accumulation on the (Mn)4 cluster during the S1 f
S2 transition (132-144). We propose that this increased
positive charge is sufficient to significantly downshift the
νsym(COO-) modes of one or more Mn-coordinating car-
boxylate groups in the S2 state, including theR-COO- group
of D1-Ala344. The FTIR spectral changes that accompany
the S1 f S2 transition would be expected to reflect additional
structural changes that result from the protein’s response to
this increased positive charge. Indeed, such changes may
account for most, if not all, of the other band shifts that are
observed in the S2-minus-S1 FTIR difference spectrum,
including the distinctive shift of aνsym(COO-) mode from
∼1402 to∼1364 cm-1 that has been proposed to reflect a
change in the coordination mode of a Mn-ligating carboxylate
residue (37, 38).

Another important question then becomes whether the
oxidizing equivalent that is transferred to the (Mn)4 cluster
during the S1 f S2 transition is localized (i.e., resides solely
on the Mn(IV) ion that is produced during this transition) or
delocalized (i.e., is shared between multiple Mn ions).
Analyses of di-µ-oxo bridged Mn(III)Mn(IV) complexes with
density functional theory show that partial charge delocal-
ization occurs in these complexes (145-148), with the
possibility that some electron density may be transferred from
the dz2 orbital of the Mn(III) ion to the nonbonding dx2-y2

orbital of the Mn(IV) ion (146, 147). The extent of this partial
delocalization is small but depends on the nature of the Mn
ligands and whether the Mn2O2 core is planar or not (147).
Consequently, it is possible that some partial charge delo-
calization may occur in the (Mn)4 cluster in PSII. However,
if the S2 state consists of a single Mn(III) ion that interacts
with three Mn(IV) ions (2, 3, 14-16), then the extent of
this charge delocalization is likely to be quite small.
Consequently, the extra oxidizing equivalent that is trans-
ferred to the (Mn)4 cluster during the S1 f S2 transition
would probably reside primarily on the Mn(IV) ion that is
produced during this transition.

On the basis of the considerations that are discussed the
previous paragraph, we propose that D1-Ala344 is coordi-
nated to the Mn ion that undergoes an oxidation during the
S1 f S2 transition. If theR-COO- group of D1-Ala344 is a
unidentate ligand of a Mn ion whose charge increases during
the S1 f S2 transition, the increase in charge would be
expected to weaken the ligating C-O bond, thereby decreas-
ing the frequency of theνsym(COO-) mode. Although we
know of little relevant literature on model compounds, the
limited data available (e.g., Table 3-19 in ref124) suggest
that our observed downshift of∼17 or ∼36 cm-1 is
consistent with an increase in charge on the metal ion that
is ligated by theR-COO- group of D1-Ala344. Therefore,
if the extra oxidizing equivalent that is transferred to the
(Mn)4 cluster during the S1 f S2 transition resides primarily
on the Mn(IV) ion that is produced during this transition (as
we expect), then our data are consistent with theR-COO-

group of Ala344 ligating the Mn ion that is oxidized during
the S1 f S2 transition.

4 Two other possibilities can be discounted. First, theνsym(COO-)
mode is not downshifted because theR-COO- group of D1-Ala344 is
protonated. If this group was protonated, itsν(C-O) mode would appear
between 1253 and 1120 cm-1 (125, 126), not between 1356 and 1320
cm-1. Furthermore, unless the CdO group was strongly hydrogen
bonded, theν(CdO) mode would appear between 1710 and 1790 cm-1

(34, 126), whereas we observe noL-[1-13C]alanine-induced shifts in
this region of the spectrum (Figure 2A). Second, theνsym(COO-) mode
is not downshifted because of a strong hydrogen bond involving the
R-COO- group of D1-Ala344. If the downshift was caused by a
hydrogen bonding interaction, the region of the FTIR difference
spectrum between 1380 and 1280 cm-1 should be altered by exchanging
2H2O for 1H2O. However, overnight exchanges of2H2O for 1H2O in
spinach PSII preparations (39) and inThermosynechococcus elongatus
PSII particles (73) caused no significant changes in the S2-minus-S1

FTIR difference spectrum between 1400 and 1300 cm-1. Furthermore,
we know of no precedent for hydrogen bonding interactions shifting a
symmetric carboxylate stretching mode by 58-94 cm-1.

5 The suitability of employing∆ν values to predict types of
carboxylate coordination in PSII has been challenged on grounds that
synthetic oxo-bridged dinuclear and trinuclear Mn complexes containing
bidentate bridging carboxylate groups can have∆ν values ranging from
∼100 to > 200 cm-1 (128). However, in all of the complexes that
were examined in ref128, the νsym(COO-) modes appeared between
1410 and 1450 cm-1, similar to or larger than the frequency of the
νsym(COO-) modes of free ionic carboxylates. Consequently, for none
of the complexes examined in ref128would unidentate ligation have
been predicted. In our analyses, we have emphasized the absolute
frequencies of theνsym(COO-) modes rather than the∆ν values. Values
of νsym(COO-) that are significantly lower than the values ofνsym(COO-)
in free ionic carboxylates are uniquely associated with unidentate
ligation except in the uncommon case of asymmetric bidentate chelation
of a metal ion (124), where the two metal-oxygen distances are
substantially different.
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CONCLUDING REMARKS

The νsym(COO-) mode of theR-COO- group of D1-
Ala344 is clearly present in the flash-induced S2-minus-S1

FTIR difference spectrum of wild-type* PSII particles. This
result shows that the C-terminal carboxylate of the D1
polypeptide is structurally coupled to the (Mn)4 cluster. The
frequencies of theνsym(COO-) mode of theR-COO- group
of D1-Ala344 in the S1 and S2 states are substantially
downshifted (by∼58 cm-1 in the S1 state and by∼75 or
∼94 cm-1 in the S2 state) from the position of the
νsym(COO-) mode of alanine in solution. These substantial
downshifts are consistent with unidentate ligation of the
(Mn)4 cluster by theR-COO- group of D1-Ala344 in both
the S1 and S2 states. Theνsym(COO-) mode of theR-COO-

group of D1-Ala344 downshifts by∼17 or∼36 cm-1 during
the S1 f S2 transition. The magnitude of this shift is
consistent with theR-COO- group of D1-Ala344 ligating a
Mn ion whose charge increases during the S1 f S2 transition.
Accordingly, we propose that theR-COO- group of D1-
Ala344 ligates the Mn ion that undergoes an oxidation during
this transition. Finally, control experiments that were con-
ducted with Mn-depleted PSII particles show that tyrosine
YD may be structurally coupled to the carbonyl oxygen of
an alanine-derived peptide carbonyl group.
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