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Abstract: The O2-evolving complex (OEC) of photosystem II (PSII) contains a tetramanganese (Mn4) cluster,
a redox-active tyrosine, and Ca2+/Cl- ions, but its molecular structure has not been determined. Vibrational
spectroscopy has the potential of providing new structural information for the OEC, particularly the Mn4 cluster.
Toward this goal, the vibrational characteristics of the OEC of PSII were examined using near-infrared (NIR)
excitation Raman spectroscopy. NIR excitation decreases the background contribution from chlorophyll emission/
Raman scattering and affords the opportunity of probing selectively low-energy electronic transitions of the
Mn4 cluster. The primary emphasis of the Raman study was on the low-frequency range of the spectrum
(220-620 cm-1) where Mn-ligand vibrational modes are expected to occur. The low-frequency region was
examined for both the S1 and S2 oxidation states of the Mn4 cluster. A particular effort was made to probe a
NIR transition of the S2 state that has been reported to mediate photoconversion from the multiline to theg
) 4.1 form of the S2 state [Boussac et al.Biochemistry1996, 35, 6984-6989]. The Raman studies revealed
the following: (1) the Raman spectra of Mn-depleted PSII and PSII in the S2 state are nearly identical; (2) the
Raman spectrum of PSII in the S1 state displays several unique low-frequency bands not present in the S2

state that can be assigned as Mn-ligand vibrational modes and appear to maximize in intensity atλex ∼ 820
nm; and (3) several of the S1 state Raman bands are shifted by D2O/H2O exchange. Collectively, these results
indicate that the S1 state of the Mn4 cluster (1) has a NIR electronic transition from which resonance enhanced
Raman scattering can be induced and (2) is coordinated by at least two H2O or OH- groups. The studies
reported herein also demonstrate the potential of NIR-excitation Raman techniques for probing selectively the
OEC in PSII and, in particular, for characterizing the coordination environment of the Mn4 cluster.

Introduction

Photosystem II (PSII) is a transmembrane protein complex
in higher plants, algae, and cyanobacteria that facilitates the
conversion of photons into chemical energy by catalyzing light-
driven H2O oxidation and plastoquinone reduction. Light-
harvesting pigments in the complex channel energy to a
chlorophyll dimer (P680) that initiates photochemistry by
transferring an electron to a pheophytin acceptor (Pheo). The
charge-separated state is rapidly stabilized by reduction of P680+

and oxidation of Pheo-, which prepares the reaction center for
subsequent turnovers. The oxidant of Pheo is a bound quinone
(QA) that shuttles electrons to an exchangeable quinone (QB).
The direct electron donor to P680+ is a redox-active tyrosine
(YZ) that works in concert with a tetramanganese (Mn4) cluster
to abstract electrons from H2O. The Mn4 cluster and YZ, along
with Ca2+ and Cl- cofactors, are thought to be the active site
of water oxidation and together are known as the oxygen-
evolving complex (OEC) of PSII (reviewed in ref 1; see Figure
1). In accumulating the four oxidizing equivalents necessary to
oxidize two H2O molecules, the Mn4 cluster cycles through five
oxidation states which are referred to as Sn states (wheren )

0-4 and denotes the number of stored oxidizing equivalents).
S1 is the dark stable state, and O2 is released spontaneously
during the S4 to S0 state transition.

The molecular structure of PSII has not yet been determined;
thus, structural and functional characterization of the OEC has
relied on a number of biophysical methods, most notably X-ray
absorption and electron paramagnetic resonance (EPR) spec-
troscopy (reviewed in refs 2-6). The forms of the Mn4 cluster
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Figure 1. Structural model of the OEC including the proposed
hydrogen-bonding network between the Mn4 cluster, YZ, and the
Ca2+/Cl- cofactors (adapted from ref 60).
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most commonly studied by spectroscopy are the S1 and S2 states
because they can be generated quantitatively in highly concen-
trated (µM to mM) samples. X-ray spectroscopic studies of the
OEC have revealed the following: (1) extended X-ray absorp-
tion fine structure (EXAFS) data for the S1 state indicate Mn-
Mn distances of 2.7 and 3.3 Å within the Mn4 cluster and (2)
X-ray absorption near edge structure (XANES) results for the
S1 state suggest a Mn2

IIIMn2
IV valence. Based on these results

and the Mn-Mn exchange couplings required to explain the
spin states of the various S states, the Mn4 cluster has been
proposed to be an asymmetric dimer of di-µ-oxo-bridged
manganese dimers (MnIII -(µ-O)2-MnIII and MnIV-(µ-O)2-
MnIV) joined by a MnIII -(µ-O)-MnIV bond7-11 (reviewed in
refs 3 and 6). EPR spectroscopy has also provided a wealth of
structural information about the OEC (reviewed in refs 2, 4,
and 12). Most EPR studies have focused on the S2 state of the
Mn4 cluster. The S2 state is an odd-electron state that displays
two distinct types of EPR signals corresponding to two different
spin states of the cluster: theg ∼ 2 multiline (S) 1/2) and the
g ) 4.1 (S) 5/2) signals. In contrast, the S1 state is an integer-
spin state that cannot be detected directly by conventional EPR
methods. EPR studies of the OEC have revealed the following:
(1) H2O is coordinated to the Mn4 cluster in the S2 state;13 (2)
ammonia can replace a bridging oxo in the Mn4 cluster;14 and
(3) the Mn4 cluster is coordinated by at least one histidine.15,16

Vibrational spectroscopy has also aided in the characterization
of the OEC structure by identifying modes that reflect the
coordination environment of the Mn4 cluster. Fourier transform
infrared (FTIR) measurements of the S1-to-S2 transition in15N-
labeled PSII have enabled tentative assignments of COO-

stretches to glutamic acid or aspartic acid residues that ligate
the Mn4 cluster.17-19 Based on D2O/H2O exchange studies, one
of these carboxylate ligands has been further assigned as being
hydrogen bonded to a H2O molecule that is coordinated to the
Mn4 cluster.20 Other bands identified in the S2-minus-S1

difference spectrum have been proposed to be amide I (CO

stretch) and amide II (NH bend/CN stretch) stretches of the
protein backbone that are influenced by the oxidation state of
the Mn4 cluster.18 FTIR measurements on YZ have provided
direct evidence of structural coupling between YZ and the Mn4
cluster.21 Unfortunately, the low-frequency IR region (<1000
cm-1), which is of greatest interest for detecting Mn-ligand
vibrations, has remained largely inaccessible for biological
samples because of water absorption and other technical
limitations. Recently, however, Chu et al. succeeded in measur-
ing several low-frequency vibrational modes associated with
the S1 and S2 states of the OEC by performing FTIR measure-
ments on partially dehydrated PSII samples using a system
optimized for low-frequency measurements.22 While these
measurements represent a significant advance, the frequency
range did not extend below 550 cm-1 where a number of Mn-
based vibrational modes are expected to appear.23-25

Like FTIR, resonance Raman (RR) spectroscopy has been
used to identify vibrational modes within PSII. RR has the
advantage that it can probe selectively chromophores within the
protein complex depending on the excitation energy utilized.
The technique of shifted-excitation Raman difference spectros-
copy (SERDS)26,27 is particularly useful because it mitigates
fluorescence interference, thus permitting acquisition of RR
spectra for highly fluorescent proteins such as the bacterial
photosynthetic reaction center28-31 and PSII.32 Until recently,
SERDS had seen limited use in characterizing PSII cofactors
because the strong absorptions of the numerous (∼40) light-
harvesting chlorophyll (Chl) molecules present in the core
complex overlap the absorptions of other cofactors. However,
for cofactors absorbing in the near-IR (NIR) region, NIR-
excitation SERDS provides a way to circumvent this limitation.
For example, NIR-excitation SERDS has been used to examine
the ChlZ cation in PSII and to identify its axial ligand.32 NIR-
excitation SERDS has also been used to measure selectively
preresonance Raman (PRR) scattering from the core Chls in
photosystem I (PSI).33 Thus far, however, RR techniques have
not been used to probe the OEC of PSII. To our knowledge,
the only Raman experiments previously reported for the OEC
are early surface-enhanced Raman scattering (SERS) studies
by Cotton and co-workers.34 The SERS spectra, which were
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obtained using visible excitation, exhibited a single low-
frequency band that could not be definitively attributed to the
Mn4 cluster.

Recently, several papers have appeared that describe a
conversion between the multiline andg ) 4.1 forms of the S2
state of the Mn4 cluster induced by NIR illumination. This
conversion has an action spectrum withλmax ∼ 820 nm and
has been assigned as an electronic transition of the Mn4 cluster
corresponding to a spin-state change or an intervalence electron-
transfer event.35 The photoinduced conversion from the multiline
to g ) 4.1 form occurs optimally at∼150 K. Illumination at
lower temperatures (<65 K) does not effect conversion to the
g ) 4.1 form, but instead provides evidence for a third form of
the S2 state (with S) 5/2) that is an intermediate between the
multiline andg ) 4.1 forms.36 The requirement for NIR light
to activate the conversion from the multiline tog ) 4.1 form is
evidence that the latter form is an electronically modified version
of the S2 state favored by certain structural arrangements of
the OEC rather than a precursor to the multiline form.35,36

Although controversial, the presence of a NIR transition of the
Mn4 cluster has been suggested previously based on the
observation of a broad, weak absorption band (λmax ∼ 780 nm)
in the S2-minus-S1 difference spectrum.37,38Similar NIR bands
have been reported for di-µ-oxo-bridged Mn2 inorganic model
complexes.39,40 The NIR band of the di-µ-oxo MnIIIMnIV

structural unit has been attributed to a superposition of a number
of Mn d-d and oxo-to-Mn charge-transfer bands.41

The fact that the OEC in PSII exhibits a NIR absorption band
affords the possibility of probing selectively the vibrational
structure of the complex using RR spectroscopy. Toward this
end, we initiated a NIR-excitation SERDS study of the S1 and
S2 states of the OEC. These studies used a broad-based approach
that included (1) consecutive illumination/dark-adaptation treat-
ments to cycle between the S1 and S2 states, (2) a survey of the
NIR-excitation-wavelength dependence of the Raman scattering,
(3) measurement of the effect of D2O/H2O exchange, and (4)
examination of the effects of NIR irradiation at reduced
temperatures. The NIR-excitation RR studies reveal several
unique vibrational features that are attributed to Mn-ligand
modes. These data provide important constraints that aid in
refining structural models of the OEC of PSII.

Materials and Methods

Sample Preparation.Cells ofSynechocystisPCC 6803 were grown
photoheterotrophically at 30°C in 18 L carboys containing BG-11
medium42 supplemented with 5 mM glucose and bubbled with 5% CO2

in air. O2-evolving PSII core complexes were isolated from these cells
using the procedure of Tang and Diner.43 Both O2-evolution assays

and SDS-polyacrylamide gel electrophoresis indicated low levels
(<10%) of PSI contamination. Mn-depleted PSII complexes were
prepared by treatment with 5 mM NH2OH and 5 mM EDTA in
Chenaie’s buffer A (50 mM MES, pH 6.5, 15 mM NaCl, 1 mM CaCl2,
0.4 M sucrose) plus 0.03%n-dodecyl-â-D-maltoside (DM) followed
by washing with 5 mM EDTA in buffer A to remove unbound Mn-
(II).44 The PSII core complexes were stored in 50 mM MES, pH 6.0,
20 mM CaCl2, 10 mM NaCl, 20% (v/v) glycerol, and 0.03% DM at 77
K in the dark until further use. Determinations of Chl concentration
were made by extraction into methanol and usingε665 ) 79.24 mL/
(mg Chl-cm) for Chla in methanol.45

Raman Spectroscopy.The Raman measurements were made at
reduced temperature (200 K and lower) on highly concentrated, glassy
samples contained in 1 mm i.d. capillary tubes. The PSII samples were
at a concentration of 10-20 mg of Chl/mL in 50 mM MES, pH 6.0,
20 mM CaCl2, 10 mM NaCl, 20% (v/v) glycerol containing 1 mM
K3Fe(CN)6. The D2O-exchanged samples were prepared in the same
buffers using D2O instead of H2O. Raman spectra for both the O2-
evolving and Mn-depleted PSII samples were collected for dark-adapted
and illuminated samples. The dark-adapted samples were prepared by
placing them in the dark at 0°C for several hours. In untreated, dark-
adapted O2-evolving PSII, the OEC is primarily in the S1 resting
state.46,47 The illuminated samples were prepared by reducing the
temperature to 200 K and subjecting them to 15 m of continuous white
light irradiation from a focused 200 W quartz/halogen lamp. Continuous
illumination at 200 K photooxidizes the OEC to the S2 state in high
yield.48

The Raman sampling accessories, spectrometer, and laser systems
used for the present studies have been described previously.49,50 The
majority of the Raman spectra were collected withλex ) 820 nm. A
number of different studies were performed using this excitation
wavelength. (1) Data sets were obtained with 30 min, 1 h, 2 h, and 5
h of signal averaging (15, 30, 60, or 150× 2 m scans). (2) Data sets
were obtained using different laser powers in the 2-5 mW range. At
all of these powers, the laser beam was loosely focused (beam diameter
∼100 µm) (3) Data sets were acquired several (3-5) times for a
particular sample. In all cases, the general features observed in the
spectra were found to be identical. The fact that the sample was robust
under the longest data acquisition times (5 h) and highest powers (∼5
mW; power density∼65 W/cm2) investigated led us to obtain the
spectra reported herein under these conditions (to optimize S/N), unless
otherwise noted. For the studies at other excitation wavelengths and
studies of light/dark adaptation (vide infra), each Raman data set was
obtained with 2 h ofsignal averaging. Cosmic spikes in the individual
scans were removed prior to coaddition of the scans. The spectral
resolution was∼2 cm-1. All spectra are unpolarized. The spectral data
were calibrated using the known frequencies of fenchone.

All of the Raman spectra were acquired using the SERDS technique
to reduce the level of interference from fluorescence.26,27The application
of the SERDS method to photosynthetic proteins has been described
previously in detail.26-31 Briefly, each data set is acquired at two
excitation wavelengths that differ by a small wavenumber increment
(typically 10 cm-1). [The 5 h (or 2 h) data acquisition time indicated
above is for each of the two data sets required to yield a background-
free Raman difference (SERDS) spectrum.] The Raman spectra
presented herein were obtained by subtracting the initial spectrum from
the shifted spectrum. The spectral window is defined by the initial
spectrum and corresponds to the wavenumber axis in the figures. The
normal Raman spectrum is then reconstructed from the SERDS data
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by fitting the latter to a series of derivative-shaped functions (in this
case, difference bands generated from Gaussian functions) of arbitrary
frequency, amplitude, and width. The frequencies marked in the figures
correspond to the positions of the bands used in the fits and, thus, do
not necessarily correspond to the peak maxima for overlapping bands.
In addition, certain bands are marked that are not clearly resolved in
the spectra. These bands are indicated because their inclusion noticeably
improved the quality of the fits to the SERDS data based on the
residuals (observed spectra minus fits).

Results

The NIR-excitation Raman scattering characteristics of O2-
evolving PSII were investigated under a variety of conditions
(dark-adapted versus illuminated, different excitation wave-
lengths, and D2O versus H2O solutions). As a control, Raman
spectra were also acquired for Mn-depleted PSII under selected
conditions. The initial Raman studies surveyed the scattering
characteristics in the 220-1760 cm-1 region and used several
different excitation wavelengths in the 790-830 nm range.
Based on the results of the initial studies, the investigation was
ultimately focused on the low-frequency (below 600 cm-1)
region and primarily used excitation at 820 nm. We first describe
the general features of the NIR-excitation Raman spectra of PSII.
We then turn to specific studies of the low-frequency spectral
region. The characteristics of the raw (unsmoothed) SERDS data
are exclusively used in the description of these results. Finally,
we present the normal Raman spectra that are reconstructed from
the SERDS data sets.

General Features of the NIR-Excitation Raman Spectra.
The NIR-excitation (λex ) 820 nm) raw (unsmoothed) SERDS
data (220-1760 cm-1) for dark-adapted and illuminated O2-
evolving PSII are shown in Figure 2, left panel; the analogous
data obtained for Mn-depleted PSII are shown in Figure 2, right
panel. The data shown were obtained in four∼450 cm-1 wide
overlapping spectral windows. The spectra observed at other
excitation wavelengths are generally similar (not shown). The
spectra shown in Figure 2 were obtained at 200 K. Spectra were

also obtained at lower temperatures (150 and 30 K); however,
these spectra are similar to those shown in Figure 2.

Inspection of the SERDS data in Figure 2 reveals that the
Raman scattering characteristics of dark-adapted and illuminated
O2-evolving PSII are generally similar to one another and similar
to those of dark-adapted and illuminated Mn-depleted PSII. In
the 600-1760 cm-1 region, the Raman features exhibited by
all four samples are so similar as to be deemed identical within
experimental error. In this regard, previous NIR-excitation
Raman studies of Mn-depleted PSII have shown that all of the
spectral features observed are consistent with those expected
for Chl a.32 Strong Raman scattering is observed from Chla
with excitation in the 800 nm region despite the fact that these
excitation wavelengths are relatively far from the absorption
maximum for these pigments in the PSII core complex (which
is near 673 nm). The preresonance Raman (PRR) scattering from
Chl a is large because the sample concentration is high and
there are a large number (∼40) of Chla molecules in the PSII
core complex. The similarity between the SERDS data for the
O2-evolving (both dark adapted and illuminated) and Mn-
depleted samples in the 600-1760 cm-1 region strongly
suggests that all of the Raman features observed for the former
samples are also due to PPR from Chla. This result does not
preclude the presence of features from other scattering centers
in this spectral region. However, if these features are present,
they are completely obscured by the strong PRR scattering from
Chl a.

Closer inspection of the low-frequency (below 600 cm-1)
SERDS data for dark-adapted versus illuminated O2-evolving
PSII reveals certain clear differences in the spectra. To facilitate
comparison, the SERDS data obtained for O2-evolving PSII in
the 220-620 cm-1 range are shown on an expanded scale in
Figure 3, left panel; the analogous data for Mn-depleted PSII
are also included in Figure 3, right panel. The SERDS data for
dark-adapted O2-evolving PSII are distinguished from those of
the illuminated sample by enhanced intensity in certain features
(e.g., near 350 and 520 cm-1) and the presence of additional
features (e.g., near 300 cm-1). In contrast, the SERDS traces
for dark-adapted and illuminated Mn-depleted PSII are es-
sentially identical with one another. In addition, the SERDS

Figure 2. NIR-excitation (λex ) 820 nm) SERDS data (220-1760
cm-1) obtained for dark-adapted and illuminated O2-evolving (left panel)
and Mn-depleted (right panel) PSII at 200 K.

Figure 3. Expansion of the low-frequency (220-620 cm-1) NIR-
excitation (λex ) 820 nm) SERDS data obtained for dark-adapted and
illuminated O2-evolving (left panel) and Mn-depleted (right panel) PSII
at 200 K.
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trace for illuminated O2-evolving PSII is generally quite similar
to those of Mn-depleted PSII. Collectively, these observations
indicate that the NIR-excitation Raman spectrum of dark-adapted
O2-evolving PSII contains features from scattering centers in
addition to those that contribute to the spectrum of the Mn-
depleted complex (Chla is the only likely source of Raman
scattering for the latter complex (vide infra)).

The S1 state of the Mn4 cluster is the likely candidate for the
new scattering center in dark-adapted O2-evolving PSII for
several reasons. First, the S1 state is the dark-stable state of the
Mn4 cluster; both higher and lower S states decay to S1 in the
dark in tens of minutes or less (reviewed in ref 2). Second, PSII
depleted of Mn by NH2OH treatment retains all of the other
electron-transfer species in the reaction center;51 therefore, the
only difference between O2-evolving and Mn-depleted PSII is
the presence of the Mn4 cluster and its associated Ca2+ and Cl-

cofactors in the O2-evolving sample. Third, the only components
of dark-adapted O2-evolving PSII that change oxidation state
upon 200 K illumination are QA and the Mn4 cluster. QA

- is
not expected to display vibrational bands below 700 cm-1,22

and its contribution is ruled out by the lack of change upon
illumination of Mn-depleted PSII (which also forms QA

- upon
illumination at 200 K). Furthermore, it should be noted that
our previous NIR-excitation Raman studies of Mn-depleted PSII
have shown that the laser exciting beam does not induce any
actinic effects under the conditions of the experiments.32a The
excitation energies are apparently too low to produce any
appreciable charge separation. Collectively, these considerations
suggest that the S1 state of the Mn4 cluster is the scatterer giving
rise to the additional low-frequency bands in dark-adapted O2-
evolving PSII. The fact that illumination of the O2-evolving
sample and conversion to the S2 state of the Mn4 cluster bleaches
the additional SERDS features likewise indicates that there is
minimal (or negligible) contribution to the NIR Raman spectrum
from the S2 state of the Mn4 cluster.

Specific Features of the Low-Frequency NIR-Excitation
Raman Spectra. To investigate further the low-frequency
(220-620 cm-1) NIR-excitation Raman scattering character-
istics of O2-evolving PSII, a number of other experiments were
performed. These studies investigated the effects of (1) light
and dark cycling, (2) excitation wavelength changes, (3) D2O/
H2O exchange, and (4) NIR irradiation at reduced temperatures
(150 and 30 K). The results of these experiments are described
in more detail below.

1. Light/Dark Cycling. O2-evolving PSII was subjected to
a series of illumination and dark-adaptation treatments to cycle
between the S1 and S2 states of the OEC. In the first series of
experiments, the illuminated O2-evolving PSII sample was
warmed to 0°C, re-dark adapted for several hours, and recooled
to 200 K, and the low-frequency Raman data were reacquired.
The SERDS data obtained for the re-dark-adapted sample are
compared with those of the initially dark-adapted and il-
luminated samples in Figure 4. As can be seen, the SERDS
data for the re-dark-adapted sample (bottom trace) are quite
similar to those of the original dark-adapted sample (top trace).
The S/N ratio for the re-dark-adapted sample is somewhat lower
than that for the original dark-adapted sample because the data
for the former sample were acquired with 2 h ofsignal averaging
whereas those for the latter were acquired with 5 h ofaveraging.
In the second series of experiments, the sample was subjected
to repeated illumination/dark-adaptation cycles. The Raman
spectra were reacquired for re-dark-adapted and illuminated

samples in each cycle. The SERDS data obtained on successive
cycles were generally similar to those shown in Figure 4 (top
and middle traces). However, after several cycles (3-5), re-
dark adaptation failed to restore the spectrum characteristic of
the original dark (and first re-dark)-adapted PSII sample. From
this point on, the SERDS traces generally resembled that of
illuminated PSII (Figure 4, middle trace). The damping of the
differential S1/S2 state spectra upon repeated illumination and
dark adaptation is consistent with O2-evolution measurements
on SynechocystisPSII core complexes that indicate that the
process of repeated freezing/thawing/dark adaptation causes
some loss of function of the OEC, independent of whether the
sample is subjected to NIR laser irradiation.52

2. Excitation Wavelength Changes.The NIR-excitation
wavelength dependence of the low-frequency Raman scattering
from dark-adapted O2-evolving PSII was examined in detail in
the 800-825 nm range. The low-frequency SERDS data sets
obtained withλex ) 824, 820, and 816 nm are compared in
Figure 5. The spectra shown in this figure have a lower S/N
than those shown in Figures 2-4 because the data acquisition
time was shorter (2 versus 5 h for a single SERDS data set).
The SERDS data sets obtained at shorter excitation wavelengths
(near 800 nm) are not shown because the quality of these data
was generally poor due to the fact that the intensity of the
background fluorescence from Chla in the PSII core complex
steeply increases toward shorter wavelength. Although the range
of excitation wavelengths over which viable SERDS data can
be acquired is rather limited, certain trends are observable in
the spectra: (1) withλex ) 824 nm, the Raman signals are
generally weaker than those observed withλex ) 820 and 816
nm, and (2) the differences between the data obtained withλex

) 820 versus 816 nm are less apparent. However, the relative
intensities of certain Raman features appear to be different in
these two data sets. For example, the∼300 cm-1 SERDS feature
that distinguishes dark-adapted from illuminated O2-evolving
PSII is much more pronounced withλex ) 820 nm than with

(51) Buser, C. A.; Thompson, L. K.; Diner, B. A.; Brudvig, G. W.
Biochemistry1990, 29, 8977-8985.

(52) (a) Stewart, D. H., Ph.D. Thesis, Yale University, New Haven, CT,
1998. (b) Reifler, M. J.; Brudvig, G. W. Unpublished results.

Figure 4. Low-frequency (220-620 cm-1) NIR-excitation (λex ) 820
nm) SERDS data for re-dark-adapted (bottom trace) versus dark-adapted
(top trace) and illuminated (middle trace) O2-evolving PSII at 200 K.
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λex ) 816 nm. These observations qualitatively suggest that the
Raman intensities of features associated with the S1 state of
the Mn4 cluster maximize withλex ∼ 820 nm.

3. D2O/H2O Exchange.The low-frequency NIR-excitation
Raman scattering characteristics of dark-adapted O2-evolving
PSII were examined in D2O versus H2O. The SERDS traces
for these samples are compared in Figure 6. The overall features
of the spectra are similar in the two solvents. However, closer
examination reveals that certain spectral features are shifted in
D2O. For example, the∼300 cm-1 feature that is characteristic
of dark-adapted PSII is clearly downshifted in D2O. Other
spectral differences are apparent in the 400-450 cm-1 spectral
region of the D2O versus H2O SERDS data.

4. NIR Irradiation at Reduced Temperatures.Spectral data
for a white-light-illuminated O2-evolving sample, in which the
Mn4 cluster is in the S2 state, were acquired both before and
after the sample was irradiated with NIR light (∼820 nm) at

150 and 30 K. These experiments were performed to determine
whether the conversion of the S2 state from the form yielding
the multiline EPR signal to that yielding theg ) 4.1 signal
could be detected in the Raman spectrum. In all cases, the
SERDS data sets obtained before and after NIR irradiation
were identical with those shown for the illuminated sample in
Figure 3.

Reconstructed Spectra.Figure 7 shows the fits of the raw
SERDS data sets for dark-adapted and illuminated O2-evolving
PSII and dark-adapted Mn-depleted PSII shown in Figure 3.
The fits for the illuminated Mn-depleted sample are not shown
because the SERDS traces are essentially identical with those
of the dark-adapted sample. Figure 8 shows the fits for the raw
SERDS data sets for dark-adapted O2-evolving PSII in H2O
and D2O shown in Figures 6. The SERDS residuals (observed
minus fitted data) are also included for each of the data sets
in Figures 7 and 8. The relatively small residuals compared
with the SERDS intensities are indicative of the excellent fi-
delity of the fits for all of the PSII samples. Figures 9 and 10
depict the low-frequency Raman spectra reconstructed from the
SERDS data sets in Figures 7 and 8, respectively. The Raman
bands observed for the PSII core complex are summarized in
Table 1.

Examination of Figure 9 and Table 1 reveals the following
features of the Raman spectra. The spectrum of dark-adapted
O2-evolving PSII exhibits bands at 263, 299, 309, 327, 348,
354, 367, 377, 391, 428, 438, 475, 476, 511, 522, 543, 564,
575, 587, and 608 cm-1. The bands at 309, 348, 377, 438, 476,
511, and 587 cm-1 are unique to the spectrum of the dark-
adapted complex. The most intense features at 348 and 511 cm-1

give rise to the enhanced intensities that are visible in the raw
SERDS data in these spectral regions. Likewise, the unique
feature at 309 cm-1 is associated with the new feature observed
in the raw SERDS data in this region. The other bands at 377,

Figure 5. Excitation-wavelength dependence of the low-frequency
(220-620 cm-1) NIR-excitation SERDS spectra of dark-adapted O2-
evolving PSII at 200 K.

Figure 6. Low-frequency (220-620 cm-1) NIR-excitation (λex ) 820
nm) SERDS data for dark-adapted O2-evolving PSII in H2O (top trace)
versus D2O (bottom trace) at 200 K.

Figure 7. Fits of the low-frequency (220-620 cm-1) NIR-excitation
(λex ) 820 nm) SERDS data for dark-adapted O2-evolving PSII (top
panel), illuminated O2-evolving PSII (middle panel), and dark-adapted
Mn-depleted PSII (bottom panel). The residuals obtained by subtracting
the fits from the raw SERDS data shown in Figure 3 are also shown
beneath each fitted SERDS trace.
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438, 476, and 587 cm-1 were not clearly identified in the raw
SERDS data sets; however, exclusion of these bands from the
spectral reconstructions significantly reduces the quality of the
fits. It should also be noted that it is not possible to obtain good
fits to the SERDS data by eliminating any of the seven new

bands and compensating for their elimination by altering the
line widths of nearby and/or overlapping bands. Good fits can
only be obtained in this fashion if highly asymmetric (rather
than a simple Gaussian) bands are used in the simulations. Such
band shapes are physically unrealistic. The other bands observed
in the Raman spectrum of dark-adapted O2-evolving PSII (263,
299, 327, 354, 367, 391, 428, 475, 522, 543, 564, 575, and 608
cm-1) all have analogues in the spectra of both illuminated O2-
evolving PSII (261, 300, 326, 354, 367, 391, 431, 475, 520,

Figure 8. Fits of the low-frequency (220-620 cm-1) NIR-excitation
(λex ) 820 nm) SERDS data for dark-adapted O2-evolving PSII in H2O
(top trace) versus D2O (bottom trace). The residuals obtained by
subtracting the fits from the raw SERDS data shown in Figure 6 are
also shown beneath each fitted SERDS trace.

Figure 9. Comparison of the low-frequency (220-620 cm-1) NIR-
excitation (λex ) 820 nm) Raman spectra reconstructed from the fits
of the SERDS data (Figure 7) for dark-adapted O2-evolving PSII (top
trace), illuminated O2-evolving PSII (middle trace), and dark-adapted
Mn-depleted PSII (bottom trace). The bands marked in bold in the top
trace are unique to dark-adapted O2-evolving PSII. The single band
marked in bold in the middle trace is unique to illuminated O2-evolving
PSII.

Figure 10. Comparison of the low-frequency (220-620 cm-1) NIR-
excitation (λex ) 820 nm) Raman spectra reconstructed from the fits
of the SERDS data (Figure 8) for dark-adapted O2-evolving PSII in
H2O (top trace) versus D2O (bottom trace). The bands marked in bold
are unique to the spectrum of dark-adapted O2-evolving PSII. The bold
bands marked by asterisks are sensitive to D2O/H2O exchange.

Table 1. Low-Frequency (<620 cm-1) Raman Bands of PSII
Observed with NIR Excitationa,b

O2-evolving PSII Mn-depleted PSII

dark-adaptedb illuminated dark-adapted PSId

263 261 261 261
299 300 299 301
309
327 326 326 330
348
354 354 355 355
367 367 367
377
391 391 388 391

418c 413
428 431 428 430
438
475 475 475 478
476
511
522 520 519 521
543 541 540 543
564 564 564 564
575 577 574 576
587
608 606 609 608

a Obtained withλex ) 820 nm.b Bands listed in bold bleach upon
illumination. c This band is unique to the spectrum of illuminated O2-
evolving PSII (see text).d Taken from ref 33.
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541, 564, 577, and 606 cm-1) and Mn-depleted PSII (261, 299,
326, 355, 367, 388, 428, 475, 519, 540, 564, 574, and 609 cm-1).
In addition, these same bands are observed in the NIR-excitation
Raman spectrum of dark-adapted PSI whose PRR scattering
characteristics in the 200-1700 cm-1 frequency range were
recently reported by our groups.33 [The bands observed for PSI
are also listed in Table 1.] Collectively, these observations
indicate that at least seven vibrational bands from the S1 state
of the Mn4 cluster are observed in the NIR-excitation Raman
spectrum of dark-adapted O2-evolving PSII. The remainder of
the Raman bands are due to PRR from Chla in the PSII core
complex.

One additional note concerns the Raman spectrum of il-
luminated O2-evolving versus Mn-depleted PSII. In the spectrum
of the former complex, a band occurs at 418 cm-1 that is not
observed for the latter (or for dark-adapted O2-evolving PSII).
This feature is not readily apparent in the raw SERDS data
(Figure 3); however, exclusion of a band in this region from
the spectral reconstruction introduces a significant residual in
this spectral region. It is possible that the 418 cm-1 band is a
feature unique to the S2 state of the Mn4 cluster. On the other
hand, it is also possible that it is due to Chla. In this regard,
the PRR spectrum of PSI exhibits a band at 413 cm-1 (Table
1).33 However, it is not clear why the 418 cm-1 band would
only be observed in the illuminated O2-evolving sample and
not in the dark-adapted or Mn-depleted samples.

Examination of Figure 10 (which compares the reconstructed
low-frequency Raman spectra for dark-adapted O2-evolving PSII
in H2O versus D2O) reveals that the bands observed at 309,
348, 438, and 476 cm-1 in H2O solutions are sensitive to D2O/
H2O exchange. In D2O solution, features are observed at 288,
342, 403, and 468 cm-1. Significantly, all of the bands that are
sensitive to D2O exchange are bleached upon illumination and
conversion from the S1 to S2 state of the Mn4 cluster. The other
three Raman bands associated with the S1 state (377, 511, and
587 cm-1) exhibit no discernible isotope shifts. The remaining
Raman bands are also unaffected by D2O exchange, which is
consistent with their assignment as Chla modes. [The small
differences (e3 cm-1) in the frequencies of certain bands
attributed to Chla are insignificant within experimental error.]
The effects of D2O/H2O exchange on the low-frequency Raman
bands attributed to the S1 state of the Mn4 cluster are sum-
marized in Table 2. In constructing the table, it has been
assumed that there is a one-to-one correspondence between the
bands observed in the D2O versus H2O spectra. This correlation
may not be appropriate as will be addressed in the Discussion
Section.

Discussion

The NIR-excitation Raman studies reported herein establish
that unique low-frequency vibrational signatures are observed
from dark-adapted O2-evolving PSII. The fact that these Raman
bands bleach upon illumination, which converts the Mn4 cluster
from the S1 to S2 state, is further consistent with these modes

originating from the S1 state of the Mn4 cluster. The observation
of Raman scattering from the S1 state rather than the S2 state is
unanticipated considering that the original impetus for the NIR-
excitation Raman studies was to probe into the NIR absorption
feature of the S2 state that has been suggested by the NIR-
excitation-induced photoconversion between the multiline and
g ) 4.1 forms of the S2 state.35,36 The fact that NIR-excitation
Raman scattering from the S1 state is observable above the
background of strong PRR scattering from the Chla pigments
in the PSII core complex implies that a NIR absorption band is
also present for the S1 state of the Mn4 cluster. Accordingly,
the Raman scattering from the S1 state gains intensity via
resonance enhancement. On the basis of the rather limited
excitation profile obtained for the RR bands of the S1 state, the
NIR absorption feature from this state appears to be centered
near 820 nm. Oxo-manganese model complexes are known to
have absorption bands in the NIR, and the NIR absorption of
the di-µ-oxo dimanganese unit has been found to be composed
of a superposition of several Mn d-d and oxo-to-Mn charge-
transfer bands.41 Because the OEC is known to contain di-µ-
oxo dimanganese units, it is reasonable that an oxo-to-Mn
charge-transfer transition would occur in the NIR and give rise
to the observed resonance-enhanced Raman scattering from the
S1 state. The observation that the RR scattering from the S1

state is relatively intense (compared with the low-frequency PRR
scattering from Chla, which is in fact quite weak), whereas
that from the S2 is negligible (or much weaker) further implies
that (1) the NIR absorption band of the S1 state is more intense
near 820 nm than that of the latter, or (2) the RR scattering
from the S2 state is strongly damped (for example, via an
ultrafast dephasing process), or both. Regardless, the fact that
vibrational signatures are observed from the S1 state affords
the opportunity for a more detailed characterization of the
structure of this state (and the OEC in general) than has been
previously possible.

The elucidation of structure from the vibrational character-
istics of the S1 state of the Mn4 cluster is contingent on the
assignment of the various vibrational modes, and the detailed
assignment of these modes requires a full complement of
isotopic substitution data. The studies reported herein using D2O/
H2O exchange provide an initial step toward this goal. The
modes attributed to the S1 state of the Mn4 cluster all fall in the
300-600 cm-1 range. This spectral range generally encompasses
that expected for metal-O (µ-oxo and carboxylate), metal-
OH, metal-OH2, and metal-Cl stretching vibrations plus the
bending modes (rocking and wagging) of metal-bound H2O.
The exact frequencies for these types of vibrations when the
metal is Mn will depend on the detailed structure of the complex.
However, a survey of the vibrational assignments for several
Mn model complexes provides some context for examining the
S1 state vibrational modes. These studies indicate the following
frequency ranges for Mn-ligand modes: oxo-bridged Mn2(µ-
O)2 core vibrations, 600-700 cm-1; Mn-O (carboxylate)
stretches, 300-400 cm-1; Mn-OH stretches, 400-500 cm-1;
Mn-OH2 stretches, 300-400 cm-1; and Mn-Cl stretches,
200-400 cm-1.23-25 Rocking, twisting, and wagging modes of
Mn-coordinated water molecules are expected to occur in the
300-900 cm-1 region.25 Theoretical considerations also suggest
that di-µ-oxo and mono-µ-oxo bridges can be distinguished by
their observed stretching frequencies.53

The fact that four of the seven S1-state modes (309, 348, 438,
and 476 cm-1) exhibit sensitivity to D2O/H2O exchange clearly

(53) Dave, B. C.; Czernuszewicz, R. S.Inorg. Chim. Acta1998, 281,
25-35.

Table 2. Low-Frequency (<620 cm-1) Raman Bands of
Dark-Adapted O2-Evolving PSII in D2O versus H2Oa,b

H2O D2O H2O D2O

309* 288* 476* 468*
348* 342* 511 512
377 377 587 587
438* 403*

a Only those bands that bleach upon illumination are listed (see text).
b Bands marked with an asterisk are sensitive to D2O/H2O exchange.
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suggests that the S1 state of the Mn4 cluster contains at least
two H2O or OH- ligands. The lower limit of two H2O or OH-

ligands is based on the fact that a single H2O or OH- ligand is
not expected to give rise to four deuteriation sensitive modes
in the 300-600 cm-1 region.25 The observation of H2O or OH-

bound to the S1 state of the Mn4 cluster is in agreement with
previous spectroscopic studies. For example, EPR studies of
the S2 state, produced by low-temperature illumination when
no ligand exchange occurs, provide evidence for direct ligation
of H2O to the S1 state of the Mn4 cluster.13 In addition, inhibitor
binding studies show that H2O analogues such as amines54 and
alcohols55 bind to the S1 state. The binding of H2O or OH- to
the Mn4 cluster in the S1 state has also been incorporated into
a number of functional models for the OEC.56-61 The structure
of the S3 state of the OEC from one of these models is shown
in Figure 1. Although only one Mn-bound OH- ligand is
portrayed in Figure 1, there are clearly a number of potential
H2O/OH- coordination sites on the Mn atoms in the cluster.
Other models have two Mn-bound H2O/OH- ligands.56,57,59

Indeed, rapid mass spectroscopic measurement of O2 evolution
from the OEC provide evidence for two substrate H2O molecules
bound to the S3 state.62 In addition, aµ-hydroxo ligand has been
proposed as a ligand in the S0 state60 and could also be present
in the S1 state. These possibilities should be considered in light
of the Raman data that indicate that the S1 state of the Mn4
cluster contains at least two H2O or OH- ligands.

The deuteriation-induced downshifts observed for the 309,
348, 438, and 476 cm-1 bands are 21, 6, 35, and 8 cm-1,
respectively (assuming a one-to-one correspondence between
the bands observed in the D2O versus H2O spectra). The
deuteriation-induced downshifts predicted for a Mn-OH versus
Mn-OH2 complex are summarized in Table 3. The predicted
shifts were calculated with the simplest possible model, namely
a diatomic, harmonic oscillator with the OH/OH2 ligand treated
as a point mass. This model is clearly an oversimplification,
but more sophisticated treatments are not warranted in the
absence of additional data. Inspection of Table 3 reveals that
the observed deuteriation shifts for both the 348 and 476 cm-1

bands (6 and 8 cm-1, respectively) closely match those predicted
for bound OH- (7 and 10 cm-1, respectively). This agreement
could be taken to indicate that the S1 state of the Mn4 cluster

contains bound OH- rather than bound H2O ligands. However,
bound H2O cannot be excluded because the actual deuteriation
shifts for a H2O ligand of the Mn4 cluster would be expected
to be smaller than those predicted by the diatomic, harmonic
oscillator model. Inspection of Table 3 also reveals that the
observed deuteriation shifts for the 309 and 438 cm-1 modes
are much larger than those predicted for either an OH- or H2O
ligand using a simple diatomic, harmonic oscillator model. This
observation further complicates the interpretation of the vibration
characteristics of the S1 state of the Mn4 cluster. Clearly,
additional studies with other isotopic labels are needed to
elucidate fully the origin of the vibrational pattern observed for
the S1 state. These studies may also aid in determining the origin
of the three remaining modes of the S1 state which are
deuteriation insensitive (587, 511, and 377 cm-1). Possible
assignments for these modes include vibrations of the oxo-
bridged Mn2(µ-O)2 core (587 and 511 cm-1, although the
frequencies are somewhat lower than those of model complexes)
and Mn-O stretches of putative carboxylate ligands or Mn-
Cl stretches (377 cm-1). The absence of any appreciable
deuteriation shifts for these Mn-ligand vibrations indicates that
they are uncoupled from the Mn-OH/OH2 vibrations.

Future Perspectives.The studies reported herein indicate
that NIR-excitation SERDS in combination with isotopic
substitution has the potential to constrain a number of structural
parameters of the OEC. For example,18O/16O exchange could
further characterize the Mn-OH/OH2 modes assigned in this
paper and potentially identify the Mn-O-Mn stretches as well.
15N/14N substitution might allow the assignment of Mn-N
modes associated with the histidine ligand(s) of the Mn4 cluster.
37Cl/35Cl and/or Ca/Sr substitution could assess the structural
connection between the Mn4 cluster and its cofactors. These
isotopically/chemically exchanged PSII systems will be the focus
of our future NIR-excitation RR studies of the OEC.
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Table 3. Calculated Deuteriation Shifts (cm-1) for Mn-OH and
Mn-OH2 Stretching Modesa

∆(H2O/D2O)

mode obs calc(Mn-OH/OD) calc(Mn-OH2/OD2)

309 21 7 12
348 6 7 13
438 35 11 17
476 8 10 18

a Calculated assuming that Mn-OH/OH2 is a diatomic, harmonic
oscillator with the OH/OH2 ligand treated as a point mass.
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