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Abstract: Difference infrared spectroscopy is used to study the manganese-containing catalytic site of photo-
system II. Vibrational spectroscopy can test the hypothesis that there are protein conformational differences between
the two EPR detectable forms of the S2 state, which are known as theg ) 4.1 and the multiline state. A light-
minus-dark difference spectrum is constructed at 200, 130, and 80 K. These illumination temperatures generate the
S2 multiline state, the S2 g ) 4.1 state, and a chlorophyll cation radical, respectively. Our data show that a unique
protein conformation is associated with the formation of theg) 4.1 S2 state. Also, difference infrared spectroscopy
demonstrates that formation of the S2 multiline state perturbs the vibrational spectrum of one or more carboxylic
acid residues that may be in the vicinity of the manganese cluster. The perturbation is probably due to a change in
hydrogen bonding or effective dielectric constant upon formation of the S2 state. Further, this carboxylate residue
is conserved in plant and in cyanobacterial photosystem II.

Photosynthetic water oxidation occurs at the manganese
cluster of photosystem II. Oxidation of water at this site
generates molecular oxygen and protons, which contribute to
the ATP-producing proton gradient across the chloroplast
thylakoid membrane. One-electron photochemistry in the
photosystem II reaction center is coupled to the four-electron
oxidation of water by accumulation of oxidizing equivalents at
the metal cluster. Upon photoexcitation, the manganese cluster
cycles through five oxidation states called the Sn states, where
n stands for the number of oxidizing equivalents stored. The
S0 state converts to S1 in the dark by reduction of a stable
tyrosine radical, D•. After illumination, there is one spin of D•

per reaction center. The S1 state is stable upon long dark
adaptation. The S4 state is unstable and converts to S0 with
the release of oxygen.1

The S2 state can be trapped by continuous illumination at
cryogenic temperatures.2,3 All S state transitions except S1 to
S2 are blocked at temperatures below 200 K.3 If a dark-adapted
sample in the S1 state is illuminated at 200 K, the S2 state that
is generated exhibits an EPR signal centered atg ) 2. This
“multiline” signal has at least 16 hyperfine lines with splittings
of 87.5 G.4 Illumination at 130 K traps an alternate form of
the S2 state with a derivative-shaped EPR signal atg ) 4.1.5-8

While the multiline signal arises from a ground stateS) 1/2
spin system,9 the signal atg ) 4.1 has been attributed to aS)

5/2 or S ) 3/2 spin state.10 In ammonia-treated samples,
hyperfine splittings can be observed on this signal.11,12 Theg
) 4.1 signal can be converted to the multiline form by
incubation in the dark at 200 K.5-7 This process has a negative
entropy of activation,13 suggesting an ordering of the site is
associated with this process. Recent X-ray absorption spec-
troscopy at the Mn-K edge has shown that there are small
structural differences in the cluster when the two forms of the
S2 state are compared.14,15 It has been suggested that protein
conformational rearrangements may serve to interconvert the
two forms of the S2 state.7,8

Vibrational spectroscopy offers a method with which to test
the hypothesis that protein conformational rearrangements
underlie the magnetic differences observed between theg )
4.1 and multiline states. Difference (light-minus-dark) infrared
spectroscopy has been used previously to identify mechanisti-
cally important conformational changes in membrane proteins.16

For this reason, we have obtained difference (S2-minus-S1)
infrared spectra on control and2H2O-exchanged photosystem
II complexes at 200 and 130 K.

Materials and Methods

For experiments on plant photosystem II, a monodisperse photo-
system II complex preparation17 with rates of oxygen evolution greater
than 1000µmol of O2 (mg chlorophyll‚h)-1 was employed. The
antenna size has been determined to be approximately 120 chlorophylls
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per reaction center.18,19 For some experiments, a photosystem II
preparation from the cyanobacteriumSynechocystissp. 6803 was used,20

with rates of oxygen evolution of 2200µmol of O2 (mg chlorophyll‚h)-1.
The antenna size of this preparation is approximately 55 chlorophylls
per reaction center.18,19 Both preparations contain low-potential cyto-
chrome b-559.18 To generate manganese-depleted samples, plant
photosystem II preparations were treated with hydroxylamine by a
procedure previously described.21 For spectroscopic studies, samples
contained a stoichiometric amount of potassium ferricyanide (1 mol/
mol of reaction center).
Deuterium exchange was performed through concentration and

resuspension in a2H2O buffer or by dialysis. A Centricon-100
concentrating device (Amicon, MA) was employed. The pD is reported
as the uncorrected pH meter reading.21 In contrast to more rigorous
exchange methods,21,22no significant change in the relative intensities
of the amide I and amide II bands could be observed in the infrared
absorption spectrum after exchange.
Infrared spectra were recorded on a Nicolet 60-SXR spectrometer

equipped with a liquid nitrogen-cooled MCT-B detector. Spectral
resolution was 4 cm-1, a Happ-Ganzel apodization function was used,
double-sided interferograms were collected, mirror velocity was 1.57
cm/s, and 1000 mirror scans were coadded to construct each interfero-
gram. The sample temperature was controlled to(0.3 K with a High-
Tran liquid nitrogen cryostat (R. G. Hansen & Associates, Santa
Barbara, CA) and a temperature control unit (Scientific Instruments
model 9620, West Palm Beach, FL). The liquid nitrogen cryostat was
equipped with CaF2 windows. Illumination was provided with a Dolan-
Jenner fiber optic annular illuminator equipped with a red filter and a
heat filter. A Ge window was used to block any visible or near infrared
illumination of the sample from the infrared spectrometer bench. The
absorbance of the amide I band at 1655 cm-1 was less than 0.9
absorbance unit. The spectra were normalized to an amide II
absorbance of 0.5 absorbance unit. To construct the difference spectra,
an interferogram recorded under illumination was ratioed directly to
an interferogram recorded in the dark. Two to four of these difference
spectra were then averaged. Two thousand scans were coadded in some
of the experiments performed on2H2O-exchanged and cyanobacterial
samples. Difference spectra obtained with 1000 scans and 2000 scans
were identical except for the signal to noise ratio.
EPR control experiments on the production of the S2 state were

performed through the use of a Varian E9 spectrometer equipped with
an Air Products cryostat or with a Bruker EMX 6/1 spectrometer
equipped with an Oxford cryostat. An EPR spectrum was recorded in
the dark before illumination. After illumination at the appropriate
temperature, another EPR spectrum was recorded. A light-minus-dark
difference spectrum was then generated. Saturating illumination was
provided by a Dolan-Jenner fiber optic illuminator equipped with a
red filter or with a red and a heat filter. In contrast to a recent report,23

we have found that illumination of this plant preparation at 130 K gave
similar results with and without the heat filter. Samples were
illuminated out of the EPR cavity in a transparent, nitrogen-flow dewar.
The illumination at 200 K was performed in a dry ice-ethanol bath,
the illumination at 130 K was performed by flowing cold nitrogen over
the sample, and the illumination at 80 K was performed in a liquid
nitrogen bath. Spectra shown in Figure 1 were recorded at 13 K.
Spectral conditions were as follows: microwave frequency 9.12 GHz;
microwave power 20 mW; modulation amplitude 32 G; scan time 5
min; time constant 0.25 s.
Spin quantitation of photooxidized chlorophyll cation radicals (chl+)

after illumination at 200 and 80 K was performed on a Varian E4
spectrometer equipped with a TE cavity. An EPR spectrum was
recorded in the dark before illumination. After illumination at the
appropriate temperature, another EPR spectrum was recorded. A light-
minus-dark difference spectrum was then generated in which the

contributions from the stable tyrosine radical D• were eliminated. The
EPR signal in the difference spectrum had a line width of approximately
10 G and was centered atg ) 2.00. The chlorophyll origin of this
signal was suggested previously.7,24 Saturating illumination and
temperature control out of the EPR cavity were provided as described
in the paragraph above. Fremy’s salt was used as a spin standard.25

Spectra were recorded at 95 K. Spectral conditions were as follows:
microwave frequency 9.1 GHz; microwave power 0.6 mW; modulation
amplitude 3.2 G; scan time 4 min; time constant 2.0 s.

Results

In Figure 1, we present light-minus-dark EPR spectra recorded
on photosystem II samples that have been illuminated at 200
and 130 K. As expected, illumination of dark-adapted plant
photosystem II complexes at 130 K produces mainly theg )
4.1 form of the S2 state (Figure 1C), while illumination at 200
K produces mainly the multiline form of the S2 state (Figure
1B). At 200 K, a low-amplitude signal atg ) 4.1 is observed.
The intensity of this signal is less than one-half the intensity of
theg) 4.1 signal observed at 130 K. This behavior is slightly
different from previous results, where the signals were shown
to interconvert more cleanly.7,24 The origin of the difference
may be due to the difference in the cryoprotectant employed.
However, this effect may also be preparation dependent. The
preparation employed in our study is monodisperse, contains
low-potential cytochromeb-559, and retains the 18 and 24 kDa
proteins.18 Such a preparation has never before been examined
with this technique.
Illumination of a cyanobacterial photosystem II preparation

at 200 K also produces a multiline signal (Figure 1A). Nog)
4.1 signal was observed upon illumination of the cyanobacterial
preparation at this temperature. Ag ) 4.1 signal has never
been observed in a cyanobacterial sample (reviewed in Debus1).
Illumination of the plant photosystem II samples at 80 K

generated a chlorophyll cation radical in a stoichiometry of 0.81
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Figure 1. Light-minus-dark difference EPR spectra of (A) cyanobac-
terial photosystem II illuminated at 200 K, (B) plant photosystem II
illuminated at 200 K, and (C) plant photosystem II illuminated at 130
K. The chlorophyll concentration was 1.2 mg chl/mL and the gain was
2.5 × 104 in A. The chlorophyll concentration was 1.7 mg chl/mL,
and the gain was 3.2× 104 in B and C. The spectrum shown in C was
expanded by a factor of 3.6 along they axis and a factor of 1.6 along
thex axis for presentation. Spectral conditions are given in the Materials
and Methods section.
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( 0.01 chl+ per stable tyrosine radical D•. No EPR signals
from the manganese cluster were observed at this illumination
temperature. This result is in agreement with earlier charac-
terizations of plant photosystem II membranes that contain low-
potential cytochromeb-559.24 Illumination of plant preparations
at 200 K generated a chl+ radical in a stoichiometry of 0.39(
0.01 chl+ per stable tyrosine radical D•.
In Figure 2, we present difference (light-minus-dark) infrared

spectra that are associated with the generation of the multiline
state (Figure 2A) andg ) 4.1 state (Figure 2B) and with the
photooxidation of chlorophyll (Figure 2C). The spectra are on
the same absorbance scale and have been corrected for any small
difference in the total amount of protein or pathlength (see
Materials and Methods). Since these are difference spectra,
unique vibrational modes of S2 or chl+ will be positive lines,
and unique vibrational modes of S1 or chl will be negative lines.
At all three temperatures, the terminal electron acceptor is the
single-electron acceptor, QA.18 Therefore, each spectrum will
also contain positive contributions from QA- and negative
contributions from QA. We assume that any spectral features
due to quinone reduction have similar frequencies and intensi-
ties7 in all three difference spectra. Our discussion will center
on spectral features from the donor side of photosystem II, which
will be the unique vibrational lines observed at 130 and/or 200
K. Our future experiments will aim at an identification of the
quinone vibrational difference spectrum through isotopic label-
ing. For a vibrational study of quinone reductionin Vitro, see
reference 26.
The spectra in Figure 2 show that spectral features in the

1680-1620 cm-1 region are S2 state dependent. In this region
of the spectrum, contributions from the carbonyl stretching
vibration, “amide I”, of the peptide backbone will dominate.27

Intensities and frequencies in the amide I region of the spectrum

are influenced by the details of protein structure. For example,
significant intensity in this region of the light-minus-dark
difference spectrum may be associated with changes in second-
ary structure content or other changes in protein conformation
upon charge separation. Alternatively, intensity in this region
of the difference spectrum may be due to alterations in
vibrational coupling constants; these changes could be caused
by the generation of the positive and negative charges under
illumination. Chlorophyll macrocycle vibrations may also
contribute in this region,28 as well as side chain vibrations from
primary amide groups such as glutamine and asparagine.29,30

Figure 2 shows that spectra obtained at 80, 130, and 200 K
all exhibit both positive and negative lines in the 1680-1620
cm-1 region of the difference spectrum. Interestingly, this
region of the chl+-minus-chl spectrum (Figure 2C) and of the
multiline S2-minus-S1 spectrum (Figure 2A) are similar. The
small differences that do exist may be from an increased
contribution of chlorophyll macrocycle vibrations.
However, the 1680-1620 cm-1 region of the S2 g ) 4.1-

minus-S1 spectrum (Figure 2B) differs from that of the other
spectra, with increased intensity in negative lines at 1678 and
1657 cm-1 and with decreased intensity in the positive line at
1650 cm-1. There is also an additional shoulder at ap-
proximately 1664 cm-1 in the 130 K difference spectrum. We
tentatively assign these lines to amide I vibrational lines. It
should be noted that these spectral features were reproducibly
obtained in all data recorded at 130 K on these plant photo-
system II preparations (for example, see Figure 3). Also, these
features were not observed in samples with similar amide I
absorbance upon illumination at 200 or 80 K (Figure 2, parts
A and C).
Spectral features in the 1800-1700 cm-1 spectral region will

be considered next (Figures 2, 4 and 5). Chlorophyll oxidation
is known to perturb the carbonyl vibrations of chlorophyll.28

At 80 K (Figure 2C), the difference infrared spectrum should
exhibit derivative-shaped features in the 1800-1600 cm-1

spectral region. In Figure 2C, the most intense spectral feature
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Figure 2. Light-minus-dark difference FT-IR spectra of plant photo-
system II complexes obtained at (A) 200 K, (B) 130 K, and (C) 80 K.
To facilitate comparison, spectrum A has been repeated in B and C as
the dashed line. The tick marks on they axis represent a∆A of 1.0×
10-3. Spectral conditions are given in the Materials and Methods section.

Figure 3. Replicate light-minus-dark difference FT-IR spectra of plant
photosystem II complexes obtained at 130 K. The tick marks on they
axis represent a∆A of 0.5× 10-3. Spectral conditions are given in the
Materials and Methods section. Data correspond to individual light-
minus-dark spectra before spectral averaging.
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is a derivative-shaped feature at 1744 (negative)/1739 (positive)
cm-1. We assign this spectral feature to the CdO of the 10a-
ester group of chlorophyll, in analogy to earlier assignments.28,31

Vibrational features from the C9 keto group should also be
observed; these may account for the low-intensity lines between
1730 and 1720 cm-1.
Comparison of Figure 2A with Figure 2C reveals a new

spectral feature associated with formation of the multiline S2

state under continuous illumination. These spectra show that
the photooxidation of the manganese cluster to form the
multiline state is associated with the appearance of increased
intensity in a derivative-shaped spectral feature at 1735/1729
cm-1 (see also expanded region in Figure 4A). At our current
sensitivity, we can only say that this feature may be observed
with lower intensity at 130 K (Figure 2B). Since illumination
at 130 K results in a lower yield of the S2 state,7 we cannot
establish unequivocally if this spectral feature is also associated
with the production of the S2 g ) 4.1 state.
The spectral feature at 1735/1729 cm-1 is also observed upon

formation of the S2multiline state in cyanobacterial photosystem
II (Figure 4B). However, this spectral feature is not observed
with equal intensity upon illumination of manganese-depleted
plant preparations at 200 K (Figure 4C). Remaining intensity
in this region in manganese-depleted preparations is probably
due to a spectral contribution from chlorophyll oxidation. Thus,
the 1735/1729 cm-1 feature in Figures 2A and 4A,B does not
arise solely from the oxidation of chlorophyll. Instead, this
control experiment supports the association of this spectral
feature with the production of the S2 state.

The 1735/1729 cm-1 feature is sensitive to2H2O exchange
(Figure 4A), as expected for the CdO vibration of hydrogen-
bonded glutamic and aspartic acid residues.32-35 The down-
shifted derivative feature may be new negative and positive
intensity at 1726/1722 cm-1. A 7-9 cm-1 deuterium-induced
downshift is reasonable for the CdO vibration of a carboxylic
acid.32-35 The spectral effects of deuterium exchange are
complicated by the fact that spectral features at 1719 cm-1 also
decrease in intensity and downshift in2H2O (Figure 4A, solid
line).
Figure 5 shows that the infrared data were taken with

appropriate spectral conditions so as to distinguish the small
difference between manganese-depleted and manganese-con-
taining samples in the 1735/1729 cm-1 region. In Figure 5A,
difference spectra were averaged to give the final spectrum.
These data were repeated from Figure 4C. In Figure 5B, we
show that the spectral difference is observable before averaging.
We also show that the spectral difference is still observed when
a triangular apodization function is used, instead of a Happ-
Ganzel function (Figure 5C), and when the interferograms have
two levels of zero filling, instead of one (Figure 5D). Both the
level of zero filling and the apodization function alter the
resulting spectral line shapes, but the difference between
manganese-containing and manganese-depleted spectra is still
evident.

Discussion

Analysis of our S2-minus-S1 difference spectrum has led to
two observations: (1) ag ) 4.1 state dependent vibrational
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Figure 4. Light-minus-dark difference FT-IR spectra of photosystem
II complexes obtained at 200 K. In A, B, and C, the dashed line shows
the difference spectrum obtained on plant photosystem II complexes
in 1H2O buffer, pH 6.0 (repeated from Figure 2A). In A, the solid line
shows a spectrum obtained on plant photosystem II complexes in2H2O
buffer, pD 6.0. In B, the solid line shows the spectrum obtained on
cyanobacterial photosystem II complexes, pH 6.5. In C, the solid line
shows the spectrum was obtained on manganese-depleted, non-oxygen-
evolving plant photosystem II complexes, pH 6.0. No significant
difference was observed in this spectral region when data were obtained
on plant photosystem II complexes at pH 6.0 and pH 6.5. The tick
marks on they axis represent a∆A of 0.55× 10-3. Spectral conditions
are given in the Materials and Methods section.

Figure 5. Light-minus-dark difference FT-IR spectra of photosystem
II complexes obtained at 200 K. In each case the solid line shows data
obtained on plant manganese-depleted photosystem II complexes, while
the dashed line shows data obtained on plant manganese-containing
photosystem II complexes. In A, data shown in the dotted line were
obtained after averaging four (dashed line) and two (solid line)
individual difference spectra. These data are repeated from Figure 4C.
In B, C, and D, a single unaveraged difference spectrum is shown in
both the dashed and solid lines. In C, a triangular apodization function,
instead of a Happ-Ganzel function, was employed. In D, two levels
of zero filling, instead of one level, were employed.
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“fingerprint” in the amide I region of the difference spectrum
and (2) a new derivative-shaped feature, associated with the
generation of the multiline form of the S2 state, in the 1800-
1700 cm-1 region.
Our first observation is that the amide I region of the spectrum

shows ag ) 4.1 state dependent vibrational signature. Our
difference infrared data show that the amide I changes occurring
upon charge separation in manganese-containing preparations
at 80 and 200 K are similar to each other, in spite of the 120 K
temperature difference. This result implies that temperature
alterations alone do not cause significant secondary structural
changes in photosystem II. At 130 K, the effect of charge
separation on the vibrational spectrum of the peptide backbone
is distinct from what is observed at 80 and 200 K. Thus, our
data are consistent with the hypothesis7,8 that the generation of
the S2 g ) 4.1 state is associated with a global protein
conformation that is different from the structure of the protein
that gives rise to the S2 multiline state. We emphasize that we
are generating ag ) 4.1 signal which is produced with and
without near-infrared illumination23 of the sample.
We next consider the new derivative-shaped feature, associ-

ated with the generation of the multiline S2 state. In the 1800-
1700 cm-1 spectral region, carbonyl stretching vibrations of
protonated carboxylic acid residues are typically observed.29,30

Thus, it is reasonable to consider such an assignment for the
1735/1729 cm-1 spectral feature. Both positive and negative
lines exhibit a2H2O exchange induced shift that supports this
spectral assignment.32-35 There is considerable disagreement
in the literature concerning the origin of such exchange-induced
shifts of νCdO in carboxylic acids. These shifts have some-
times been attributed to coupling between the OH and CdO
vibrational modes.34 However, deuterium exchange in non-
hydrogen-bonded carboxylic acid monomers in the vapor phase
had no effect onνCdO.35 Our reading of this literature causes
us to favor the assignment of the 1735/1729 cm-1 spectral
feature to one or more hydrogen-bonded carboxylic acid
residues.
There is decreased intensity in the 1735/1729 cm-1 spectral

feature upon illumination of manganese-containing preparations
at 80 K and upon illumination of manganese-depleted prepara-
tions at 200 K. These results support the assignment of a
component of this line to the S2-minus-S1 state. The remaining
component is probably due to chlorophyll oxidation. Moreover,
a spectral feature with similar frequencies is observed upon
illumination of cyanobacterial photosystem II preparations at
200 K. We conclude that the glutamic or aspartic acid residue
giving rise to these vibrational lines is conserved in plants and
in cyanobacteria.
A glutamic or aspartic acid residue may contribute to the

difference infrared spectrum for two reasons: (1) charge
separation causes a change in the intensity of the CdO line or
(2) charge separation causes a perturbation of the CdO
frequency. As an example of the first scenario, protonation of
a carboxylate anion upon charge separation would give a
positive spectral feature in the region from 1800 to 1700 cm-1

and two negative lines, corresponding to the asymmetric and
symmetric stretching vibrations of the carboxylate, in the
spectral region from 1620 to 1390 cm-1.29 As an example of
the second scenario, any interaction that decreases the double-
bond character of the CdO bond or increases the basicity of
the carbonyl oxygen serves to decrease the CdO frequency.30

Such a perturbation would give rise to a derivative-shape in
the difference spectrum; this derivative-shape would have
positive and negative components that are assignable to the same
amino acid residue. Our interpretation of our spectra favors

this second possible explanation, since the positive 1729 cm-1

line is accompanied by a negative feature at 1735 cm-1 in both
plant and cyanobacterial photosystem II. The glutamic/aspartic
acid residue giving rise to this derivative-shaped vibrational
feature must be solvent accessible, since both positive and
negative lines decrease in intensity and downshift upon deute-
rium exchange.
What is the microscopic reason that the formation of the S2

state perturbs the vibrational spectrum of this glutamic or
aspartic acid residue? We will consider four possibilities: a
change in pKa, a change in hydrogen bonding, a change in
dielectric constant, or a unidentate ligation to the metal cluster.
We consider the first possible explanation, which is that

formation of S2 perturbs the basicity of the glutamic or aspartic
acid residue. Ignoring other effects, generation of an additional
positive charge in the environment of a carboxylic acid residue
would be expected to decrease the pKa of such a residue. The
positive charge should stabilize the anionic form. A linear
correlation ofνCdO with pKa has been observed for many
different types of carboxylic acids.30 In particular, the results
of model studies on substituted benzoic acids are often used to
calculate the magnitude of the expected pKa shifts from an
observed change in CdO stretching frequency.30 If we use this
correlation, we predict a pKa of 4.8 for a carboxylic acid with
a νCdO of 1729 cm-1. Similarly, this correlation predicts a
pKa of 4.3 for a carboxylic acid residue with aνCdO of 1735
cm-1. The absolute values of these pKas are clearly incorrect,
since this residue is protonated at pH 6.0 in both the S1 and S2
states. This error in absolute value is probably due to the
importance of using long chain carboxylic acids as models for
aspartic and glutamic acid residues in proteins, as recently
discussed.36 If we assume that the slope of the line is correct,
even if the absolute values are not, we can calculate the change
in pKa. This calculation predicts that this residue undergoes a
pKa increaseof approximately 0.5 unit upon formation of the
S2 multiline state from the S1 state. Such an increase in pKa

cannot be simply explained by generation of additional positive
charge on the metal cluster in the S2 state. Therefore, we
conclude that this vibrational feature is not simply due to an
oxidation-induced change in basicity of this amino acid residue.
We next consider the second and third possible explanations.

This carboxylic acid residue may be involved in a hydrogen-
bonding network which undergoes a shift in equilibrium position
upon formation of the S2 multiline state. Introduction of
hydrogen bonding through the use of solvent mixtures causes a
downshift of CdO frequency in carboxylic acids.36 For
example,νCdO of the propionic acid monomer undergoes a
downshift from 1740 to 1723 cm-1 on transfer from dioxane to
trifluoroethanol.36 Alternatively, the manganese site may be
relatively anhydrous in the S1 state and may admit water in the
S2 multiline state. Increases in dielectric constant are known
to decrease CdO frequencies.36 Hydrogen bonds to water could
also be formed; this would also downshiftνCdO. It should
be noted that ENDOR studies have disagreed in their assessment
of the access of water to the manganese cluster in the S2

state.37,38

A fourth possible explanation for the observation of the 1735/
1729 cm-1 spectral feature is that this feature arises from a
hydrogen-bonded unidentate ligand to a manganese atom of the

(36) Diomaev, A. K.; Braiman, M.J. Am. Chem. Soc.1995, 117,10572-
10574.

(37) Tang, X.-S.; Sivaraja, M.; Dismukes, G. C.J. Am. Chem. Soc.1993,
115, 2382-2389.

(38) Kawamori, A.; Inui, T.; Ono, T.; Inoue, Y.FEBS Lett.1989, 254,
219-224.
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metal cluster. Such unidentate carboxylato metal ligands show
relatively high frequency CdO vibrations, and oxidation of the
metal would perturb the CdO frequency.39 However, aνCdO
of 1740-1720 cm-1 is at the high end of observed frequencies
for transition metal complexes in organic solvents.39 Also, the
observed downshift upon formation of S2 from S1 would need
to be attributed to adecreasein O-M bond strength.40 Such
an interpretation seems to be in contradiction to expectations
for oxidation of manganese from Mn(III) to Mn(IV).41,42

After consideration of all these microscopic explanations, we
favor the hypothesis that the 1735/1729 cm-1 spectral feature
arises because of a change in hydrogen bonding or the dielectric
constant upon formation of the multiline S2 state. This residue
may be in the vicinity of the manganese cluster, since it is
affected by the formation of the S2 state and since it undergoes
facile deuterium exchange. However, more definitive evidence
concerning the identity of this species must be obtained from
site-directed mutagenesis experiments.
The effect of a change in dielectric constant or hydrogen

bonding on the acidity of groups in the environment of the
manganese cluster is of interest. An increase in the dielectric
constant would be expected to decrease the pKa, since it should
stabilize the charged species. The effect of a change in hydro-
gen bonding on the pKa is harder to predict, since the effect
depends on the manner in which the residue is hydrogen bonded
and on the relative strengths of the hydrogen bonds in the
protonated and unprotonated states.
Our difference infrared results differ from those obtained

previously in a study of plant photosystem II membranes at

temperatures from 80 to 240 K.43,44 The origin of spectral
differences between our data and the data of Noguchi is under
investigation.
Our results indicate that difference infrared spectroscopy is

a new method with which to study the mechanism of water
oxidation. In particular, infrared spectroscopy provides a
technique with which amino acid residues in the vicinity of or
ligating to the manganese cluster can be identified. Our data
support the conclusion that formation of the multiline form of
the S2 state perturbs the vibrational spectrum of a glutamic or
aspartic acid residue. The D1 and D2 polypeptides are thought
to provide at least some of the amino acids that are in the vicinity
of or ligating to the manganese cluster. Examination of regions
predicted to lie close to the water-oxidizing site shows many
carboxylic acid residues.45-47 Furthermore, site-directed mu-
tagenesis studies have shown carboxylic acid residues to be
important in the assembly or stability of the manganese
cluster.48-50 Future experiments will aim to assign vibrational
features to individual amino acid residues in the photosystem
II reaction center through the use of site-directed mutagenesis.
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