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ABSTRACT: Recent FTIR studies have provided evidence that the C-terminalR-COO- group of the D1
polypeptide at D1-Ala344 is a unidentate ligand of a Mn ion in photosystem II [Chu, H.-A., Hiller, W.,
and Debus, R. J. (2004)Biochemistry 43, 3152-3166; Kimura, Y., Mizusawa, N., Yamanari, T., Ishii,
A., and Ono, T.-A. (2005)J. Biol. Chem. 280, 2078-2083]. However, the FTIR data could not exclude
Ca ligation. Furthermore, the recent∼3.5 Å X-ray crystallographic structural model positions theR-COO-

group of D1-Ala344 near a Ca ion [Ferreira, K. N., Iverson, T. M., Maghlaoui, K., Barber, J., and Iwata,
S. (2004)Science 303, 1831-1838]. Therefore, to conclusively establish whether theR-COO- group of
D1-Ala344 ligates Mn or Ca, the symmetric carboxylate stretching mode of theR-COO- group of D1-
Ala344 was identified in the S2-minus-S1 FTIR difference spectrum of PSII particles having Sr substituted
for Ca. Cells of the cyanobacteriumSynechocystissp. PCC 6803 were propagated in media having Sr
substituted for Ca and containing eitherL-[1-13C]alanine or unlabeled (12C) alanine. The S2-minus-S1

FTIR difference spectra of the purified PSII particles show that substituting Sr for Ca alters several
carboxylate stretching modes, including some that may correspond to one or more metal ligands, but
importantly does not alter the symmetric carboxylate stretching mode of theR-COO- group of D1-Ala344.
In unlabeled PSII particles, this mode appears at∼1356 cm-1 in the S1 state and at either∼1337 or
∼1320 cm-1 in the S2 state, irrespective of whether the PSII particles contain Ca or Sr. These data are
inconsistent with Ca ligation and show, therefore, that the C-terminalR-COO- group of the D1 polypeptide
ligates a Mn ion. These data also show that substituting Ca with the larger Sr ion perturbs other unidentified
carboxylate groups, at least one of which may ligate the Mn4 cluster.

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 refs1-3). The functional role
of the Ca ion remains uncertain, but it may bind and activate
a substrate water molecule for nucleophilic attack during

O-O bond formation. 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 XANES data have con-
cluded 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 a review, see ref4). 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. This ligation environment was predicted
by mutagenesis studies (for a review, see ref5) and has been
largely confirmed by recent X-ray crystallographic studies
(6, 7). However, uncertainty prevails over whether the Mn4

cluster is ligated by the C-terminal carboxylate of the mature
D1 polypeptide (theR-COO- group of D1-Ala344). In the
recent∼3.2 Å (Rfree ) 0.42) X-ray crystallographic structural
model (7), theR-COO- group of D1-Ala344 is not assigned.
In the recent∼3.5 Å (Rfree ) 0.346) X-ray crystallographic
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structural model (6), theR-COO- group of D1-Ala344 ligates
no metal ion but is located near a Ca ion. On the basis of
recent isotope-edited FTIR studies, theR-COO- group of
D1-Ala344 has been proposed to ligate a Mn ion whose
charge increases during the S1 f S2 transition (8, 9). In the
FTIR studies, the symmetric carboxylate stretching
[νsym(COO-)] mode of D1-Ala344 in the S1 and S2 states
was identified by propagating cells of the cyanobacterium
Synechocystissp. PCC 6803 in the presence of eitherL-[1-
13C]alanine or unlabeled (12C) alanine and recording the S2-
minus-S1 FTIR difference spectrum of the purified PSII
particles (8, 9). In the unlabeled PSII particles, theνsym(COO-)
mode of D1-Ala344 appeared at∼1356 cm-1 in the S1 state
and at∼1339 or∼1320 cm-1 in the S2 state. These positions
are downshifted by>40 cm-1 in the S1 state and>60 cm-1

in the S2 state from the position of theνsym(COO-) mode of
free ionic carboxylate groups in solution (1400-1412 cm-1).
These substantial downshifts are not caused by protonation
or by strong hydrogen bonding of the carboxylate because
the positions of the modes are incompatible with protonation
(10, 11) and because prolonged (>20 h) 2H2O-1H2O
exchange does not substantially alter theνsym(COO-) region
of the spectrum (12, 13). The only other plausible explanation
of the substantial downshifts is that theR-COO- group of
D1-Ala344 is a unidentate ligand of a metal ion (8, 9).

Does theR-COO- group of D1-Ala344 ligate Mn or Ca?
If it ligates Ca, then removing Ca should prevent the
substantial ligation-induced downshifts of theνsym(COO-)
mode. The removal of Ca from PSII has been reported to
produce no major change in theνsym(COO-) region of the
S2-minus-S1 FTIR difference spectrum (14-16). Therefore,
it was concluded that theR-COO- group of D1-Ala344 is a
unidentate ligand of Mn rather than Ca (8). However, the
control experiments that were presented in refs14-16 did
not include measurements of the residual Ca content of the
Ca-depleted PSII samples, measurements that are notoriously
difficult to perform. Because the C-terminus of the D1
polypeptide is positioned near a Ca ion in the recent∼3.5
Å X-ray crystallographic structural model (6), it has been
proposed that theR-COO- group of D1-Ala344 ligates Ca
during some (6, 9) or all (17) of the steps in the catalytic
cycle.

In this study, we reinvestigated whether theR-COO- group
of D1-Ala344 ligates Mn or Ca. Because of the difficulties
associated with reversibly extracting Ca from PSII in
cyanobacteria (18), we chose to substitute Sr for Ca, and to
perform this substitution biosynthetically. Of all the cations
that can competitively replace Ca in PSII, only Sr is capable
of supporting O2 evolution (19-22), a feature that has been
attributed to the similar electronegativities of Ca and Sr, and
hence to their similar Lewis acidities and the similar pKa

values of their water ligands (22). The biosynthetic substitu-
tion of Sr for Ca was recently demonstrated in PSII from
Thermosynechococcus elongatus(23). Substituting Sr for Ca
alters the EPR properties of the S2 state, increasing the
fraction of PSII that exhibits ag ≈ 4.1 (21, 24) or g ≈ 5.25
(25) EPR signal and altering the appearance of theg ) 2
multiline EPR signal (20, 21, 23-25). Substituting Sr for
Ca also shifts a low-frequency S2 state vibrational mode that
has been assigned to a Mn-O-Mn structural unit from∼606
to ∼618 cm-1 (26). These spectral changes show that
substituting Sr for Ca subtly perturbs the structure of the

Mn4 cluster. Therefore, substituting Sr for Ca would be
expected to alter the vibrational modes of multiple carboxy-
late residues that are located near, or ligated to, the Mn4

cluster. Indeed, subtle changes in theνsym(COO-) region of
the S2-minus-S1 FTIR difference spectrum were reported
previously in spinach PSII membranes that had been depleted
of Ca and reconstituted with Sr (15).

To determine if theνsym(COO-) mode of D1-Ala344 is
altered by the substitution of Sr for Ca, cells ofSynechocystis
sp. PCC 6803 were propagated in media having Sr substi-
tuted for Ca and containing eitherL-[1-13C]alanine or
unlabeled (12C) alanine. The S2-minus-S1 FTIR difference
spectra of the resulting PSII particles show that substituting
Sr for Ca alters several carboxylate stretching modes,
including some that may correspond to one or more metal
ligands, but does not alter theνsym(COO-) mode of D1-
Ala344. On the basis of these data, we conclude that the
C-terminus of the D1 polypeptide does not ligate Ca.

MATERIALS AND METHODS

Propagation of Cultures.Wild-type cells ofSynechocystis
sp. PCC 6803 containing a hexahistidine tag on the C-
terminus of CP47 were propagated as described previously
(8, 27). For the isolation of Sr-containing PSII, the CaCl2 in
the liquid medium was replaced with an equivalent concen-
tration of SrCl2 (23). For the isolation of isotopically labeled
PSII, cells were propagated photoautotrophically in liquid
medium containing 0.5 mML-[1-13C]alanine (99%13C
enrichment, Cambridge Isotope Laboratories, Andover, MA),
as described previously (8).

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 (27) except that all buffers contained 1.2 M
betaine and 10% (v/v) glycerol instead of 25% (v/v) glycerol
(23). For the purification of Sr-containing PSII particles, all
buffers contained SrCl2 instead of CaCl2.2 Purified PSII
particles were concentrated to 0.5-1.0 mg of Chl/mL by
ultrafiltration, frozen in liquid nitrogen, and stored at-196
°C (vapor phase nitrogen).

EPR Measurements. Continuous-wave EPR spectra were
recorded with a Bruker EMX Series X-band EPR spectrom-
eter that was equipped with an ER-4119HS cavity. Cryogenic
temperatures were obtained with an Oxford ESR900 liquid
helium cryostat. The temperature was controlled with an
Oxford ITC503 temperature and gas flow controller that was
equipped with a Cernox (Lake Shore Cryotronics, Wester-
ville, OH) temperature sensor. Sample manipulations were
conducted under dim green light at 4°C. The samples [in
1.2 M betaine, 10% (v/v) glycerol, 50 mM MES-NaOH (pH
6.0), 20 mM CaCl2 or 20 mM SrCl2, 5 mM MgCl2, 50 mM
histidine, 1 mM EDTA, and 0.03% (w/v)n-dodecylâ-D-
maltoside] were concentrated to 6-10 mg of Chl/mL with
Centricon-100 concentrators (Millipore Corp., Bedford, MA),

2 Purification in buffers containing Ca yielded a mixed population
of Sr-containing (e75%) and Ca-containing (g25%) PSII particles, as
estimated from analyses of S2 state multiline EPR signals (not shown).
This partial exchange probably reflects weaker binding of Cytc550 in
Synechocystissp. PCC 6803 than inT. elongatus. In the latter organism,
biosynthetically incorporated Sr cannot be exchanged with Ca ions in
solution (23).
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deaerated by being gently bubbled with a stream of Ar gas,
transferred to standard quartz 4 mm OD EPR tubes (Wilmad
LabGlass, Buena, NJ) under an atmosphere of Ar gas, dark-
adapted for 30-60 min on ice, and 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, 250 W quartz tungsten halogen lamp (Oriel
Corporation, Stratford, CT) whose output was filtered
through 54 mm of H2O and two heat-absorbing filters. The
samples were then immediately frozen in liquid nitrogen.
For each sample, the spectrum of the dark-adapted (S1 state)
sample was obtained after dark-adapting the illuminated
sample on ice for 2 h.

FTIR Measurements. All manipulations were conducted
under dim green light at 4°C. For each FTIR sample,
approximately 35µg of Chl was concentrated to<15 µL
with a Microcon-100 concentrator (Millipore Corp.). The
concentrated sample was then diluted with 150µL of FTIR
buffer [40 mM sucrose, 10 mM MES-NaOH (pH 6.0), 5 mM
CaCl2 or 5 mM SrCl2, 5 mM NaCl, and 0.06% (w/v)
n-dodecylâ-D-maltoside (27, 28)] and concentrated again.
The sample was diluted and concentrated seven or eight
additional times to remove all traces of betaine, with the final
concentrated volume being approximately 10µL (betaine has
a number of strong IR absorption modes that interfere with
the calculation of FTIR difference spectra). The concentrated
sample was then mixed with1/10 volume of fresh 100 mM
potassium ferricyanide (dissolved in water) and spread to a
diameter of∼10 mm on a 15 mm diameter BaF2 window.
The sample was dried lightly (until tacky) under a stream of
dry nitrogen gas and then placed in a humidifier at 95% RH
for 10 min. A second IR window with a Teflon spacer (0.5
mm thick) was placed over the first and sealed with silicon-
free high-vacuum grease. The sample was then loaded into
the FTIR cryostat and allowed to equilibrate to 250.0 K in
darkness for 2-4 h. The sample concentration was adjusted
so that the absorbance of the amide I band at 1657 cm-1

was 0.6-0.9.

FTIR Spectra.Midfrequency FTIR spectra were recorded
with a Bruker Equinox 55 spectrometer (Bruker Optics,
Billerica, MA) as described previously (8). The spectral
resolution for all spectra was 4 cm-1. Samples were
illuminated with a single flash (∼20 mJ/flash,∼7 ns fwhm)
from a frequency-doubled Q-switched Nd:YAG laser [Sure-
lite I (Continuum, Santa Clara, CA)]. The single-beam

FIGURE 1: Light-minus-dark EPR spectra of PSII particles purified
from Synechocystissp. PCC 6803 cells that had been propagated
in media containing Ca (top trace) or Sr (bottom trace). Both spectra
have had the largeg ) 2 signal of YD

• excised for clarity. Samples
were illuminated for 5 min at 198 K before being flash-frozen in
liquid nitrogen. The Ca and Sr samples contained∼8 and∼7.4
mg of Chl/mL, respectively. The spacings of the hyperfine lines in
theg ) 2 multiline signals of the Ca-containing and Sr-containing
PSII particles were 85( 9 and 68( 9 G, respectively. Experimental
conditions: microwave frequency of 9.41 GHz, microwave power
of 2 mW, modulation amplitude of 12 G, modulation frequency of
100 kHz, time constant of 41 ms, conversion time of 41 ms, and
temperature of 7.5( 0.5 K. The Ca and Sr spectra represent the
accumulations of 50 and 60 scans, respectively.

FIGURE 2: Comparison of the midfrequency (1800-1200 cm-1) flash-induced S2-minus-S1 FTIR difference spectra of PSII particles purified
from Synechocystissp. PCC 6803 cells that had been propagated in media containing Ca (black) or Sr (red). Green bars denote theνsym(COO-)
andνsym(COO-) regions of the spectra; a blue bar denotes theν(CdO) region. Each trace represents the average of six samples. To facilitate
comparison, the amplitude of the Sr spectrum was multiplied by a factor of∼1.4 after the spectra had 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 sample temperature was
250 K.
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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. Each sample
was flash-illuminated only once. The spectra of multiple
samples were averaged.

Other Procedures.Chlorophyll concentrations and light-
saturated rates of O2 evolution were measured as described
previously (8).

RESULTS AND DISCUSSION

The O2 evolving activities of the purified Ca- and
Sr-containing wild-type PSII particles were 5.2-5.5 and
2.1-3.3 mmol of O2 (mg of Chl)-1 h-1, respectively. The

lower activity of Sr-containing PSII particles (40-60%
compared to that of the Ca-containing PSII particles in this
study) has been observed previously (e.g., refs19, 20, 23,
and29) and can be attributed to a slowing of the individual
S state transitions (23, 29, 30). The O2 evolving activities
were similar irrespective of whether the assay buffer
contained Ca or Sr.

To confirm that Sr had replaced Ca in the Mn4Ca cluster,
the light-minus-dark EPR spectrum corresponding to the S2

state was examined (Figure 1). The spectra show that
substituting Sr for Ca induced a largeg ≈ 4.1 EPR signal
and altered the appearance of the multilineg ) 2 EPR signal
by increasing the number of hyperfine lines, altering their
intensity pattern, and decreasing their spacing from 85( 9
G in the Ca-containing PSII particles to 68( 9 G in the
Sr-containing PSII particles. Previous studies have shown
that substituting Sr for Ca increases the fraction of PSII that
exhibits ag ≈ 4.1 (21, 24) or g ≈ 5.25 (25) EPR signal and
alters the appearance of theg ) 2 multiline EPR signal in
the manner that is observed in Figure 1, decreasing the
spacing of the hyperfine lines from 84-90 to 66-71 G (e.g.,
refs20, 21, and23-25). Therefore, propagatingSynechocys-
tis sp. PCC 6803 in media containing Sr instead of Ca results
in substituting Sr for Ca in the Mn4Ca cluster, in agreement
with the recent study that was conducted withT. elongatus
(23).

The midfrequency S2-minus-S1 FTIR difference spectra
of Ca- and Sr-containing PSII particles are compared in
Figure 2 (black and red spectra, respectively). The compari-
son shows that substituting Sr for Ca alters numerous
vibrational modes in theνsym(COO-) and νasym(COO-)
regions of the spectrum (1450-1280 and 1650-1510 cm-1,
respectively) and eliminates a weak negative band at∼1748
cm-1. The latter may arise from the carbonyl stretching [ν-
(CdO)] mode of a protonated carboxylate group (10, 11),
the ν(CdO) mode of the 10a ester carbonyl of a Chla
molecule (31), or a combination mode formed between two
fundamental modes whose frequencies lie outside theν(Cd
O) region. These alterations3 are largely consistent with a
previous study of biochemically substituted samples (15).
However, the S2-minus-S1 FTIR difference spectra that were
presented in the earlier study (15) were obtained by subtract-
ing QA

•--minus-QA difference spectra from S2QA
•--minus-

S1QA difference spectra, leading to potential uncertainty in
the S2-minus-S1 difference spectra, especially in the
νsym(COO-) region. Furthermore, no Ca-minus-Sr difference
spectrum was reported (15). In our data (Figure 2), the Sr-
containing samples appear to contain a slightly larger
population of Mn-depleted PSII than the Ca-containing
samples. This is evident from the larger amplitudes of the
(-)1707 and (+)1697 cm-1 bands and the more pronounced
shoulder at (+)1600 cm-1 in the Sr-containing samples.
These modes are characteristic of the YD

•-minus-YD FTIR

3 These alterations are not caused by the presence of potassium ions
(15) because replacing potassium ferricyanide with tetrabutylammonium
ferricyanide had no effect on the spectra (not shown). Because the Sr-
containing PSII particles were isolated and analyzed in the presence
of exogenous Sr ions, we cannot exclude the possibility that some of
the alterations are caused by Sr ions that are bound weakly outside the
catalytic site. However, this possibility seems unlikely because the FTIR
difference spectra reflect only those structural perturbations that are
caused by the accumulation of an oxidizing equivalent on the Mn4

cluster.

FIGURE 3: Double-difference spectrum, Ca-minus-Sr, of PSII
particles obtained by subtracting the S2-minus-S1 FTIR difference
spectrum of Sr-containing PSII particles from the S2-minus-S1 FTIR
difference spectrum of Ca-containing PSII particles (the spectra
shown in Figure 2 were subtracted directly without further
adjustment). Panel A shows the symmetric carboxylate stretching
[νsym(COO-)] region, while panel B shows the asymmetric car-
boxylate stretching [νasym(COO-)] region. Theνasym(COO-) region
also contains amide I (1700-1610 cm-1) and amide II (1565-
1550 cm-1) modes.
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difference spectrum that is exhibited by Mn-depleted PSII
centers when illuminated under the current experimental
conditions (8). A larger proportion of Mn-depleted PSII in
the Sr-containing samples might be expected because of
weaker binding of Cytc550 in Sr-containing PSII (23) and
the increased lability of the Mn4 cluster inSynechocystissp.
PCC 6803 in the absence of this polypeptide (32). The YD

•-
minus-YD FTIR difference spectrum ofSynechocystissp.
PCC 6803 shows only weak absorption features in the
νsym(COO-) region (8, 33, 34). Therefore, the significant Sr-
induced alterations in theνsym(COO-) modes (Figure 2) are
not caused by a greater proportion of Mn-depleted PSII
centers in the Sr-containing samples.

To display more clearly theνsym(COO-) andνasym(COO-)
modes that are shifted by the substitution of Sr for Ca, the
Ca-minus-Sr double-difference spectra for theνsym(COO-)
and νasym(COO-) regions are shown in panels A and B of
Figure 3, respectively. These double-difference spectra
confirm that substituting Sr for Ca alters numerousνsym(COO-)
modes and probably alters severalνasym(COO-) modes,
although distinguishing some of the latter from altered amide
I or amide II modes would require additional isotopic labeling
experiments (amide I and amide II modes appear at 1700-
1610 and 1565-1550 cm-1, respectively). The large number
of altered carboxylate modes shows that the oxidation of Mn
that occurs during the S1 f S2 transition is structurally
coupled to the Ca cofactor and provides further support for

an intimate connection between Ca and the Mn4 cluster. The
features that appear in Figure 3A at frequencies of>1400
cm-1 may correspond to free carboxylate groups; the features
that appear at frequencies of<1400 cm-1 may correspond
to one or more unidentate carboxylate metal ligands (8). The
Sr-induced spectral shifts are probably caused by the larger
ionic radius of Sr [132 pm for six-coordinate Sr2+ vs 114
pm for six-coordinate Ca2+ (35)] and the higher pKa of its
water ligands [12.70 for Ca vs 13.18 for Sr (22, 35)]. The
larger size of Sr would likely perturb the structure of the
Mn4 cluster, whereas the decreased acidity of Sr-bound water
would weaken the hydrogen bonds that are formed by these
ligands (36), thereby perturbing the hydrogen bond networks
that are maintained by Ca. Perturbations of the structure of
the Mn4 cluster would shift theνsym(COO-) modes of
unidentate carboxylate metal ligands, while perturbations of
hydrogen bond networks would alter theνsym(COO-) and
νasym(COO-) modes of free carboxylates. A Sr-induced shift
of a mode that appears in the S2-minus-S1 FTIR difference
spectrum should yield two resolved or partially resolved
differential peaks in the Ca-minus-Sr double difference
spectrum. However, the complexity of the double-difference
spectra shown in panels A and B of Figure 3 precludes
assigning relationships between individual peaks. Neverthe-
less, from the numerous positive and negative features that
are present in these spectra, it is evident that the substitution
of Sr for Ca alters theνsym(COO-) modes of at least two

FIGURE 4: Comparison of the midfrequency (1800-1200 cm-1) flash-induced S2-minus-S1 FTIR difference spectra of PSII particles purified
from Synechocystiscells that had been propagated in media containing Ca (A) or Sr (B) and either unlabeled (12C) L-alanine (black traces)
or L-[1-13C]alanine (red traces). The spectra of the unlabeled PSII particles are the same as those shown in Figure 2 but 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. Each trace
represents the average of six samples. Within each panel, the spectra have been normalized to maximize their overlap between 1500 and
1400 cm-1. The sample temperature was 250 K. Panel C shows the double-difference spectra,12C-minus-13C, of PSII particles containing
Ca (black trace) or Sr (red trace) 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 panels A and B were subtracted directly
without further adjustment). Only the regions between 1400 and 1260 cm-1 are shown.
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carboxylate residues, at least one of which probably ligates
a metal ion.4

To determine if the vibrational modes in the S2-minus-S1

FTIR difference spectrum that are shifted by Sr include 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
containingL-[1-13C]alanine. A comparison of the midfre-
quency S2-minus-S1 FTIR difference spectra of Ca- and Sr-
containing PSII particles containing either unlabeled (12C)
alanine (black traces) orL-[1-13C]alanine (red traces) is
shown in panels A and B of Figure 4. One notable difference
in theL-[1-13C]alanine-induced alterations in the Ca- and Sr-
containing samples is the larger amplitude of the positive
peak at∼1598 cm-1 in the labeled Sr-containing sample
(Figure 4B). This peak has been attributed to the fraction of
PSII centers that lost the Mn4 cluster during purification (8).
Aside from the probable differences in the fractions of
inactive (Mn-depleted) PSII, the data show that the incor-
poration ofL-[1-13C]alanine induced similar changes in Ca-
and Sr-containing PSII particles in theνsym(COO-) region
except for some small changes in the Sr-containing samples
(e.g., near∼1438 and∼1382 cm-1 in the labeled sample)
that are not understood at this time and will be the subject
of future investigation.

To display theL-[1-13C]alanine-shiftedνsym(COO-) modes
more clearly, the12C-minus-13C double-difference spectra of
the region between 1400 and 1260 cm-1 in the Ca- and Sr-
containing samples are presented in Figure 4C. The data
show that the positions of theL-[1-13C]alanine-shifted modes
in the S1 and S2 states are nearly identical in the Ca- and
Sr-containing samples. In both samples, the data are con-
sistent with a single S1 state mode at∼1356 cm-1 in the
unlabeled samples shifting to∼1337 or∼1320 cm-1 after
the incorporation ofL-[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 previ-
ously in Ca-containing wild-type PSII particles fromSyn-
echocystissp. PCC 6803 and were shown to originate from
theνsym(COO-) mode of theR-COO- group of D1-Ala344
(8, 9).5

The data of Figure 4C show that substituting Sr for Ca
does not shift theνsym(COO-) mode of D1-Ala344 signifi-
cantly in either the S1 or S2 state. However, substituting Sr
for Cadoesperturb the structure of the Mn4 cluster as shown
by the Sr-induced alterations in the EPR signals of the S2

state (Figure 1 and refs20, 21, and 23-25), by the
Sr-induced shift of the∼606 cm-1 vibrational mode that has
been assigned to a Mn-O-Mn structural unit (26), and by
the Sr-induced shift of several unassignedνsym(COO-) and
νasym(COO-) modes (Figures 2 and 3). The conformational
states of the Mn4 cluster that give rise to theg ) 2 multiline
andg ≈ 4.1 signals in the S2 state are believed to differ in
terms of the valence distribution of the Mn4 cluster or the

spin state of the Mn(III) ion that is present in the S2 state
(37, 38). The S2-minus-S1 FTIR difference spectra of PSII
preparations that exhibit difference proportions of theg ) 2
multiline andg ≈ 4.1 EPR signals are essentially identical
(39). Therefore, the Sr-induced shifts of theνsym(COO-)
modes do not arise from a Sr-induced change in the fraction
of PSII that exhibits theg ) 2 multiline EPR signal and are
unlikely to arise simply from a change in the valence
distribution of the Mn4 cluster. Rather, the Sr-induced shifts
must reflect Sr-induced structural perturbations.

It seems highly improbable that the perturbations of the
Mn4 cluster that are induced by substituting Sr for Ca would
not also alter theνsym(COO-) mode of a carboxylate residue
that directly coordinates the Ca ion. Because substituting Sr
for Ca does not alter theνsym(COO-) mode of D1-Ala344
(Figure 4C), we conclude that the C-terminal carboxylate
group of the D1 polypeptide does not ligate Ca. Therefore,
because this carboxylate group must be a unidentate ligand
of a metal ion (8, 9), it must ligate a Mn ion. This conclusion
conflicts with the recent∼3.5 Å X-ray crystallographic
structural model of PSII (6). In this model, theR-COO-

group of D1-Ala344 does not ligate Mn but instead is
positioned close to a Ca ion. However, XANES and EXAFS
analyses of PSII single crystals show that the high doses of
X-rays that were employed for recording the diffraction data
(6, 7) would have caused significant damage to the Mn4

cluster by reducing the Mn ions to their Mn(II) oxidation
states (V. K. Yachandra, personal communication). Conse-
quently, the positions of at least some of the Mn ions in the
recent X-ray crystallographic structural models (6, 7) may
not correspond to their true positions in intact PSII.
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