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ABSTRACT: The low-frequency (<1000 cm-1) region of the IR spectrum has the potential to provide detailed
structural and mechanistic insight into the photosystem II/oxygen evolving complex (PSII/OEC). A cluster
of four manganese ions forms the core of the OEC and diagnostic manganese-ligand and manganese-
substrate modes are expected to occur in the 200-900 cm-1 range. However, water also absorbs IR
strongly in this region, which has limited previous Fourier transform infrared (FTIR) spectroscopic studies
of the OEC to higher frequencies (>1000 cm-1). We have overcome the technical obstacles that have
blocked FTIR access to low-frequency substrate, cofactor, and protein vibrational modes by using partially
dehydrated samples, appropriate window materials, a wide-range MCT detector, a novel band-pass filter,
and a closely regulated temperature control system. With this design, we studied PSII/OEC samples that
were prepared by brief illumination of O2 evolving and Tris-washed preparations at 200 K or by a single
saturating laser flash applied to O2 evolving and inhibited samples at 250 K. These protocols allowed us
to isolate low-frequency modes that are specific to the QA

-/QA and S2/S1 states. The high-frequency
FTIR spectra recorded for these samples and parallel EPR experiments confirmed the states accessed by
the trapping procedures we used. In the S2/S1 spectrum, we detect positive bands at 631 and 602 cm-1

and negative bands at 850, 679, 664, and 650 cm-1 that are specifically associated with these two S
states. The possible origins of these IR bands are discussed. For the low-frequency QA

-/QA difference
spectrum, several modes can be assigned to ring stretching and bending modes from the neutral and
anion radical states of the quinone acceptor. These results provide insight into the PSII/OEC and demonstrate
the utility of FTIR techniques in accessing low-frequency modes in proteins.

In higher plants and cyanobacteria, photosystem II (PSII)1

reaction centers couple light-induced charge separation with
the oxidation of water to molecular oxygen and the reduction
of the plastoquinone acceptors, QA and QB. The water
oxidation chemistry occurs in an oxygen-evolving complex
(OEC), consisting of a tetranuclear manganese cluster and a
redox active tyrosine residue, Yz. Ca2+ and Cl- are essential
cofactors (for reviews, see refs1-3). The Joliot/Kok scheme
for the reaction of the OEC complex postulates that the four
oxidizing equivalents required for water oxidation are
accumulated linearly with flash number and stored on the
(Mn)4 ensemble. The progression of the OEC through this
cycle is characterized by the Sn state of the system, wheren
denotes the number of stored equivalents; water is only split
and O2 released in the highest S state, S4 (4, 5).

Because a high-resolution X-ray protein crystal structure
for PSII is not available, insight into the structure of the OEC

depends primarily on spectroscopic investigations. On the
basis of extensive extended X-ray absorption fine structure
(EXAFS) studies, Yachandra and co-workers have proposed
a “dimer of dimers” structural model for the OEC (6). In
this model, the OEC contains a di-µ-oxo-bridged Mn dimer
structure with a Mn-Mn distance of 2.7 Å; two such dimers
are proposed to be linked by carboxylate and oxo bridges
with a Mn-Mn distance of 3.3 Å. In addition, EPR, ESEEM,
and ENDOR studies have shown that the (Mn)4 cluster and
Yz are sufficiently close to be considered two components
of a single active site (7-11).

Recently, a number of new structural and mechanistic
models for photosynthetic water oxidation have been ad-
vanced that can be tested (7, 12-17). Several of these models
predict unique molecular structures for each S state of the
OEC that should present characteristic signals in the low-
frequency region of their vibrational spectra. For example,
oxo-bridged Mn2(µ-O)2 core vibrations occur at 600-700
cm-1, MndO stretches are expected in the 700-1000 cm-1

region, Mn-O (carboxylate) modes are found between 300
and 400 cm-1, and Mn-OH stretches should appear in the
400-500 cm-1 region (18-20). Therefore, vibrational spec-
troscopies should provide critical and potentially conclusive
structural and mechanistic insights into the PSII/OEC.
Unfortunately, resonance Raman spectroscopy is ineffective
in PSII, owing to the presence of the strongly scattering
chlorophyll molecules. On the other hand, there are formi-
dable technical problems that have thwarted attempts to
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access the low-frequency region by FTIR, mainly owing to
extensive water absorbance and limitations in the choice of
appropriate optical materials for biological samples in this
frequency region. Up to now, a good deal of valuable
information has been obtained on PSII by FTIR (e.g., refs
21-24), but these studies have been limited to the high
frequency (>1000 cm-1) region. Although there is a brief
report of a bacterial reaction center FTIR difference spectrum
to 650 cm-1 (25), there has been no detailed description of
methods that allow FTIR to be used in studying low-
frequency metal-ligand vibrations in proteins.

We have overcome most of the technical problems
associated with the low-frequency FTIR measurement. Here,
we present instrumental design considerations and our initial
results on the low-frequency vibrational modes associated
with the S2/S1 and QA

-/QA states in PSII.

MATERIALS AND METHODS

PSII membranes were prepared from fresh spinach leaves
according to the method of Berthold et al. (26) with the
modifications described in ref27. PSII OTG cores, retaining
all the three extrinsic polypeptides, were prepared from PSII
BBY membranes as described in ref28. Oxygen evolution
rates were assayed with a Clark type electrode at 25°C in a
medium (SMN) containing 0.4 M sucrose, 50 mM Mes, pH
6.0, and 10 mM NaCl in the presence of 0.3 mM DCBQ
and 0.3 mM Fe(CN)63-. Typical oxygen evolution rates for
our PSII OTG cores were about 1400µmol of O2/mg of Chl
per hour. Tris-washed samples were prepared by 30 min
incubation of oxygen-evolving PSII OTG cores (0.5 mg of
Chl/mL) in a buffer containing 1 M Tris (pH 8.0) and 1.25
mM EDTA under room light in ice. The Tris-washed samples
were then centrifuged and washed with SMN buffer and
finally stored in SMN at-80 °C until use.

PSII samples for FTIR measurement were washed with
an FTIR buffer (150 mM sucrose, 5 mM Mes, pH 6.0, 5
mM CaCl2, and 5 mM NaCl) and then resuspended to a final
concentration of 3-5 mg of Chl/mL. An aliquot of PSII
(about 30µg of chlorophyll) was deposited onto 25 mm
diameter AgCl IR windows (Wilmad). For single flash
experiments, ferro/ferricyanide (18 mM/2 mM) or ferricya-
nide (2 mM) was added as the electron acceptor. The samples
were deposited to give a sample size of roughly 1.3 cm
diameter. The samples were then dried under a stream of
dry nitrogen gas at 4°C for 10-15 min, until no liquid water
was observed. The sample concentration and thickness were
adjusted so that the absolute absorbance of the amide I band
of the sample was less than 1.0 absorbance unit.

Control EPR experiments were performed on partially
dehydrated samples (about 300µg of chlorophyll) deposited
on Mylar and dried in the same manner as the FTIR samples.
EPR spectra were run on a Bruker ER-300 spectrometer
equipped with an Oxford Systems cryostat for experiments
at liquid helium temperature or with a home-built liquid
nitrogen cryostat for experiments at 200 or 250 K.

FTIR experiments were performed with a Nicolet 740
spectrometer with a KBr beam splitter and a Graseby Infrared
MCT B detector (detection range to 400 cm-1). The sample
was cooled to 200 K by using a home-built sample cooling
system (29). The sample temperature was controlled to(0.1
°C with a LakeShore Cryogenics model 321 temperature
controller.

For continuous illumination experiments, a 150 W halogen
bulb was used. Infrared components of the actinic light were
removed by using two 0.5 cm thick glass filters, 1 cm of
5% copper sulfate solution, and a low-frequency filter that
passes visible light>650 nm. For single flash experiments,
a pulse from a frequency-doubled Nd:YAG laser (Quanta-
Ray GCR-11) (532 nm,∼7 ns,∼30 mJ/pulse cm2) was used.
Light-induced difference spectra (500 interferograms, about
150 s accumulation time) were obtained by ratioing spectra
obtained after illumination to those before illumination.
Multiple spectra were averaged to improve the signal/noise
ratio of the resulting difference spectrum.

RESULTS

Low-Frequency FTIR Measurements. There are several
technical problems associated with low-frequency FTIR
measurements on proteins. These arise mainly from extensive
water absorbance and from limitations in the choice of optical
materials and detectors in this region. We have addressed
these problems by using partially dehydrated samples, AgCl
sample windows, a custom-built band-pass filter, a wide-
range MCT detector, and precise temperature control.

To overcome the water absorption problem, we partially
dehydrate our PSII OTG core samples, which gave signifi-
cantly larger (2-3-fold) FTIR signals than PSII enriched
membranes under our experimental conditions, while main-
taining their functional integrity to a significant extent. When
we rehydrated the dried PSII OTG core samples, more than
50% of the original O2 evolution activity was observed. The
quality of our samples and their S-state populations under
our various illumination regimes were monitored in EPR
control experiments (see below). The high-frequency region
of our FTIR spectra provides an additional control on sample
condition, as we compared modes we observe in this region
to previously published FTIR studies from hydrated, PSII
enriched membranes.

To improve performance in our FTIR measurements, we
designed a novel band-pass filter by working with the
Infrared Multilayer Lab in the Department of Cybernetics
at the University of Reading, U.K. (30). Using a CdTe
substrate and their unique coating techniques, they produced
an optical band-pass filter that transmits in the 300-2000
cm-1 range. This band-pass filter protects the sample from
photochemistry caused by the He-Ne laser beam, which is
coaxial with the IR beam in our instrument. Furthermore,
as the S/N ratio in an FTIR spectrometer is inversely
proportional to the band-pass, the Reading filter significantly
improves theS/N in our low-frequency spectra (30).

Finally, we found that reliable low-frequency difference
spectra can only be obtained with temperature control to
better than(0.1 °C. We have achieved this by adapting a
Lake Shore cryogenics temperature controller to our home-
built cryostat (29).

With our current instrument setup, we are able to detect
low-frequency FTIR spectra of PSII samples down to 450
cm-1 where the AgCl windows, the KBr beam splitter, and
the MCT B detector cut off. Although the intensities of bands
in the low-frequency region of our spectra are weak, we
obtained reproducible results in the low-frequency region to
600 cm-1 with signal-to-noise ratios that approach about (2-
3) × 10-5 ∆A (see Figure 2B, below). The signal-to-noise
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ratio degraded rapidly below 600 cm-1, however, mainly
owing to limitations in the KBr beam splitter and the MCT
B detector in our current instrument setup.

Low-Frequency Vibrational Modes of the PSII/OEC. To
initiate the study of the low-frequency modes associated with
the S2/S1 state of the PSII/OEC, we carried out experiments
in which dark-adapted PSII samples were illuminated at 200
K. Under these conditions, only a single PSII/OEC turnover
can occur: the S1 state is converted to the S2 state and QA
is reduced to QA- (3). Manganese-depleted PSII samples
were used as a control. Figure 1A shows the EPR difference
spectrum of the S2 stateg ) 2 multiline andg ) 4.1 EPR
signals generated from partially dehydrated PSII OTG cores
upon 200 K illumination. Under our conditions, the thin-
film, dehydrated PSII OTG cores are partially oriented. Using
the YD

• signal intensity for normalization, we estimate that
the amplitude of the S2 state multiline EPR signals from these
samples is comparable (about 80% intensity) to that from
frozen aqueous samples. In addition, QA

- -Fe2+ EPR signal
was present in theg ) 1.8 region in the difference spectrum
(Figure 1A). In manganese depleted PSII samples, only the
QA

- -Fe2+ EPR signal was present in theg ) 1.8 region
(Figure 1B). We found that cytb559 in hydrated or partially
dehydrated PSII OTG cores stays in its oxidized, low-
potential form before and after illumination (data not shown);
accordingly, there is no detectable cytb559 EPR signal in
Figure 1.

Figure 2A shows the high-frequency region of the light
minus dark FTIR difference spectrum recorded at 200 K on
O2 evolving (solid line) and manganese-depleted (dashed
line) PSII samples. The 1366/1404 cm-1 bands in the O2
evolving samples have been assigned by previous FTIR
studies to symmetric carboxylate stretching modes that are
shifted during the S2/S1 transition (23, 31). These bands are
present in our spectrum for O2 evolving PSII samples, but
either diminished or absent in the spectrum from manganese
depleted PSII samples, consistent with this interpretation.
Overall, the high-frequency data we recorded for O2 evolving
samples reproduce the S2QA

-/S1QA spectra of hydrated PSII

enriched membranes reported by other groups (31, 32). Our
spectra for manganese-depleted PSII samples are also quite
similar to the Chl+QA

-/ChlQA spectrum of manganese-
depleted samples reported previously (33). For example, an
intense positive band at 1479 cm-1 in our spectra has been
assigned to the C-O stretching mode of QA- (34, 35). This
assignment was further supported by a recent time-resolved
FTIR study (24). The positive bands at 1728 and 1720 cm-1

and the negative bands at 1693, 1612, 1344, and 1286 cm-1

in Figure 2A have been assigned to Chl+/Chl modes (36).
These bands are more intense in spectra of manganese-
depleted PSII samples than they are in O2 evolving samples.
The variation in FTIR intensity for these modes in manganese-
depleted verse O2 evolving preparations is consistent with
our EPR control experiments under similar conditions: using
the YD

• EPR signal intensity for normalization, we found
that about 0.85 Chl radical spin/reaction center was generated
in Tris-washed samples and about 0.4-0.5 Chl radical spin/
reaction center was generated in O2 evolving samples under
1 min illumination at 200 K.

Figure 2B shows the low-frequency FTIR difference
spectra recorded at 200 K on O2 evolving (solid line) and
manganese-depleted PSII samples (dashed line). There are
a number of bands present in both spectra. We are particu-
larly interested in those vibrations that are present in spectra
of O2 evolving samples, but absent in those of manganese-
depleted PSII samples, because they are potential candidates
for low-frequency vibrational modes from the OEC. We
found that there are several features in the spectra that fit
into this category, e.g., two negative bands at 666 and 652
cm-1. However, there is a strong possibility that low-
frequency modes from the OEC might overlap with modes
from QA

-/QA. In addition, there are also possible contribu-
tions from Chl+/Chl modes and from normal coordinates
associated with the protein superstructure. Therefore, the 200
K illumination approach is informative but does not provide
unambiguous information about the low-frequency modes
of the S1 and S2 states of the PSII/OEC.

To provide deeper insight into modes specific to the OEC,
we adopted the conditions that Noguchi and co-worker
developed for the generation of the S2/S1 light-induced FTIR
difference spectra without contributions from QA

-/QA and
Chl+/Chl (23). They demonstrated that by giving PSII
samples a single saturating flash in the presence of ferri-
cyanide at 250 K, QA- is oxidized relatively rapidly after
the flash. In addition, Chl+ radicals are not generated by
single flash excitation at 250 K. Ferro/ferricyanide (18 mM/2
mM) at pH 5.5 was included as the redox buffer in their
hydrated samples to prevent the oxidation of the non-heme
iron on the acceptor side of PSII. In adapting this procedure,
we used pH 6.0 for our partially dehydrated samples, the
same condition for our experiments at 200 K, instead of the
pH 5.5 buffer that was used by Noguchi et al. (23). Figure
3 shows the flash-induced S2 state multiline EPR signal from
partially dehydrated OTG cores in the presence of ferro/
ferricyanide (9:1) and in the presence of ferricyanide alone,
respectively. Fe2+-QA

- EPR signals were absent in both
spectra. Interestingly, we detected ag ) 2 dark stable split
EPR signal (about 185 G wide) in the dark spectrum of
partially dehydrated O2 evolving samples in the presence of
ferro/ferricyanide (9:1) (Figure 4A). The split EPR signal
was absent in samples that were partially dehydrated in the

FIGURE 1: Light minus dark EPR spectra of partially dehydrated
spinach PSII OTG cores under 200 K illumination. (A) O2 evolving
samples. (B) Tris-washed samples. Experimental conditions: Mi-
crowave frequency, 9.48 Hz; Microwave power, 20 mW; temper-
ature, 8 K; modulation amplitude, 20 G; modulation frequency,
100 kHz.
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presence of 2 mM ferricyanide alone (Figure 4B). The dark
stable split EPR signal did not make a detectable contribution
to the light minus dark EPR difference spectrum at 250 K
(Figure 3A). Furthermore, this dark stable split EPR signal
is only present in partially dehydrated samples; in frozen
aqueous samples in the presence of ferro/ferricyanide (18
mM/2 mM), the split signal was absent (data not shown).
Although we have not pursued the origin of the dark stable
split signal we observed in the partially dehydrated samples,
a similar,g ) 2, “dark stable split EPR signal” (about 200
G wide) has also been reported in hydrated F--substituted
PSII BBY particles (37). In Ca2+-depleted or acetate-treated

samples, a similar split signal is assigned as arising from
the S2Yz• state (3).

Figure 5A shows the high-frequency region of S2/S1

difference spectra of partially dehydrated PSII OTG RCC
in the presence of ferro/ferricyanide (9:1) (solid line) and
ferricyanide alone (dashed line) at 250 K. Each of these
spectra is very similar to the S2/S1 different spectra reported
by Noguchi in nondehydrated PSII BBY membranes (23).
The 1364/1404 cm-1 bands (S2/S1 modes) are clearly present
in both spectra. The intense positive band at 1479 cm-1 (a
possible QA

- mode) and a negative band at 1286 cm-1 (a
possible Chl mode) in the spectra in Figure 2A are absent

FIGURE 2: Light minus dark FTIR difference spectra with short illumination at 200 K. (A) High-frequency region. (B) Low-frequency
region. O2 evolving samples (solid line), 6500 scans; Tris-washed samples (dashed line), 6000 scans; 200 K, 4 cm-1 resolution. The dark
minus dark spectrum shown at the bottom of panel B is collected immediately before the light minus dark spectra of the same O2 evolving
samples. A total of 6500 scans was also used to accumulate this spectrum. It gives an indication of the noise level in the light minus dark
spectrum.
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in both spectra (Figure 5A). In addition, the acceptor-side
non-heme iron signals, which are characterized by positive
bands at 1335 and 1257 cm-1 and a negative band at 1227
cm-1 (22, 38), make no significant contributions to the FTIR
spectra in Figure 5A.

Figure 5B shows the low-frequency region of S2/S1

difference spectra of partially dehydrated PSII OTG RCC
in the presence of ferro/ferricyanide (9:1) (solid line) or
ferricyanide alone (dashed line), respectively. The two spectra
are very similar. The positive band at 591 cm-1 is assigned
to an Fe2+-CN stretching mode from ferrocyanide (18-
20). An intense positive band at 2036 cm-1, the CN stretching
mode of ferrocyanide, was also present in the high-frequency
region of each of the spectra (data not shown). The
appearance of these modes in the difference spectra indicates
that ferricyanide accepts an electron from QA

- to become
reduced after the flash. We also found that there are two
positive bands at 631 and 602 cm-1 and negative bands at
850, 679, 664, and 650 cm-1 in both spectra in Figure 5B.
Most of these bands occur in the spectrum of O2-evolving
samples but are absent in the spectrum of Tris-washed

samples recorded at 200 K (Figure 2B). They are primary
candidates for S2/S1 modes of the PSII/OEC.

Figure 6 compares the light-induced FTIR difference
spectra of Tris-washed samples in the presence of ferro/
ferricyanide (9:1) that were generated by one saturating laser
flash at 250 K with those from O2 evolving samples under
the same conditions. The high-frequency spectrum of the
Tris-washed sample (Figure 6A) shows no contributions from
the S2/S1, QA

-/QA, and Chl+/Chl signals (23, 34-36, Figure
2A and Figure 5A). Instead, the high-frequency spectrum
shows bands that are characteristic of the acceptor-side non-
heme iron in PSII (22, 38). The positive band at 1339 cm-1

and the negative band at 1227 cm-1 have been assigned to
νs (CO) modes of bicarbonate in the Fe2+ and the Fe3+ states
of the non-heme iron, respectively (22). In addition, the
positive band at 1258 cm-1 has been assigned to aδ(COH)
mode of bicarbonate in the Fe2+ state of the non-heme iron
(22). The redox potential of non-heme iron in manganese-
depleted samples is very likely altered and more easily
reduced than in O2 evolving samples under our experimental
conditions. In the low-frequency spectrum of the Tris-washed
sample (Figure 6B), no bands corresponding to the low-
frequency S2/S1 spectrum are observed. Instead, the modes
apparent may represent contributions from bending modes
from bicarbonate and protein backbone modes that are
associated with photoreduction of the acceptor-side non-heme
iron.

DISCUSSION

Low-Frequency Vibrations of the S1 and S2 States of the
OEC. The high-frequency spectra we observed for the
S2QA

- -S1QA difference generated by 200 K illumination and
for the S2/S1 difference generated by single flash excitation
at 250 K closely reproduce data reported earlier by Noguchi
and co-workers (23, 31). From this observation and our EPR
data on parallel samples, we conclude that we have detected
several low-frequency modes that are specifically associated
with the S2/S1 states of the OEC in Figure 5B. These modes
include positive bands at 631 and 602 cm-1 (the S2 modes)
and negative bands at 850, 679, 664, and 650 cm-1 (the S1

modes). Possible candidates for these modes are summarized
in Table 1. They could be manganese-ligand modes of the
OEC, bending modes of amino acid side chains, or protein
backbone modes that are associated with the S2/S1 transition
in the OEC. On the basis of studies of manganese model
compounds, stretching modes from the di-µ-oxo (Mn)2 cores
of the OEC and bending modes from Mn-COO- of putative
carboxylate ligands are expected to occur in 600-700 cm-1

region (39). Several modes in the high-frequency region of
the S2/S1 spectra have been previously assigned to symmetric
and asymmetric metal-ligated carboxylate stretching modes
(23); accordingly, we expect to see corresponding changes
in bending modes from these carboxylate residues in the low-
frequency region. In addition, rocking, twisting, and wagging
modes of manganese-coordinated water molecules are ex-
pected to occur in the 300-900 cm-1 region (18). Finally,
based on the normal-mode analysis ofN-methylacetamide,
there are three low-frequency protein backbone modes, amide
V, amide IV, and amide VI, that are expected at ap-
proximately 725, 625, and 600 cm-1, respectively (40). These
modes are sensitive to the main-chain conformation as well
as to the side-chain polypeptide structure (41, 42), and thus,

FIGURE 3: Light minus dark EPR spectra of partially dehydrated
spinach PSII OTG cores generated by giving one single flash at
250 K in the presence of (A) ferro/ferricyanide (9:1) or (B)
ferricyanide. EPR spectrometer settings are the same as in Figure
1.

FIGURE 4: Dark EPR spectra of partially dehydrated spinach PSII
OTG cores in the presence of (A) ferro/ferricyanide (9:1) or (B)
ferricyanide. EPR spectrometer settings are the same as in Figure
1. Theg ) 2 “dark stable” split EPR signal is indicated by arrows.
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these protein backbone modes may also contribute to our
low-frequency spectra. The origins of the negative- and
positive-going modes in Figure 5B, which we can associate
specifically with the S1 and S2 states, respectively, are
currently under investigation with the use of isotopic labeling
techniques and site-directed mutagenesis (43, 44).

Low-Frequency Vibrational Modes of the QA
-/QA Redox

Couple. There are several features in the low-frequency
region of spectra produced by 200 K illumination (Figure
2B) that are absent in the 250 K flash experiments (Figure
5B). On the basis of our EPR control experiments and the
high-frequency region of our FTIR spectra, we consider QA

-/
QA and Chl+/Chl as possible origins of these bands. We
expect that those modes from Chl+/Chl should be more

intense in the spectrum of manganese depleted PSII samples
relative to the corresponding modes in O2 evolving samples
(see above). Considering the intensity of the positive band
at 1479 cm-1, which is assigned as a QA

- mode (34, 35), in
Figure 2A, we also expect that modes from QA

-/QA should
be present at about the same intensity in both types of
preparations. In the low-frequency region, there are several
relatively intense bands between 700 and 1000 cm-1 with
similar intensity in both spectra in Figure 2B, e.g., the
positive band at 750 cm-1 and the negative band at 754 cm-1.
Therefore, these modes very likely arise from QA

-/QA. We
can tentatively assign these bands to ring stretching and
bending modes from QA and QA

- (Table 2) from the results
of normal mode calculations for plastoquinone-1 and its

FIGURE 5: Light-induced FTIR difference spectra of O2-evolving spinach PSII OTG cores generated by one saturating laser flash at 250
K. (A) High-frequency region, (B) Low-frequency region. Samples were in the presence of ferro/ferricyanide (9:1) (solid line, 6000 scans)
or ferricyanide alone (dashed line, 4500 scans). Both spectra were collected at 4 cm-1 resolution.
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radical anion form (45). The computational results also
predict that the most intense band in the 600-900 cm-1

region is a ring stretch/bend mode calculated at 749 cm-1

for PQ that decreases by 5 cm-1 in PQ- (Wise, K. W., and
Wheeler, R. A., personal communication). Therefore, the
negative-going band at 754 cm-1 and the positive band at
750 cm-1 in Figure 2B are excellent candidates, in terms of
both frequency and intensity, for this stretch/bend normal
mode for the neutral and anion radical forms of the QA

acceptor. In addition, there is experimental support for
assigning the negative peak at 846 cm-1 to the C-H out-
of-plane deformation of the isoprenoid side chain from a

previous FTIR study on the plastoquinone-9 molecule (46).
As yet, there have been no reports of FTIR results for
isotopically labeled quinones in photosystem II, although
methods are available for specific labeling of the methyl
substituents of the quinone ring (47). A definitive assignment
of the putative, 750/754 cm-1, ring stretch/bend modes, as
well as the other low-frequency modes in Table 2, will be
facilitated by these methods. Noguchi and co-workers have
recently used high-frequency FTIR to address the issue of
the hydrogen-bonding status of QA

-/QA in PSII (48) and have
concluded that a histidine side chain acts as a hydrogen-
bonding partner to the quinone acceptor. This assignment is

FIGURE 6: Light-induced FTIR difference spectra of Tris-washed samples (dashed lines) in the presence of ferro/ferricyanide (9:1) generated
by one saturating laser flash at 250 K. (A) High-frequency region, (B) Low-frequency region. Samples were in the presence of ferro/
ferricyanide (9:1), 4500 scans, 4 cm-1 resolution. For comparison purposes, the spectrum of O2 evolving samples recorded under the same
condition (reproduced from Figure 5) is shown as the solid line.
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consistent with magnetic resonance work that has also
identified a histidine-based hydrogen bond interaction for
QA

- (49-51). Modes in the low-frequency region are also
likely to respond to hydrogen-bonding interactions, as well
as to distortions to the ring or to the isoprenoid side chain
induced by the local protein environment (52). Both model
compound work and isotope labeling will be useful in
providing insight into these issues. We expect that protein
backbone modes, amino acid side-chain modes, and Chl+/
Chl modes might also contribute in the 600-725 cm-1

spectral region of Figure 2B. Therefore, we do not attempt
further assignment of the low-frequency modes of QA

-/QA

in this spectral region at present, in anticipation of selective
labeling work that is underway.

There are several vibrational modes from chlorophyll and
its radical form that might also contribute in Figure 2B (53,
54). From our results, these chlorophyll modes are either
not sufficiently intense or overlap with quinone modes in
the 725-1000 cm-1 region of the spectrum so that a
definitive assignment is precluded. However, our preliminary
results on the Chlz

+/Chlz difference spectrum that we obtained
at 210 K with Tris-washed samples in the presence of
ferricyanide and silicomolybdate (36) show that the positive
band at 750 cm-1 and the negative band at 754 cm-1 are
absent (data not shown), which supports our assignment of
these bands to QA-/QA vibrations.

Taken together, the experiments reported above show that
high-quality FTIR spectra with single-mode sensitivity can
be obtained for PSII samples in the low-frequency range.
The methods required to access the frequency range below
1000 cm-1, particularly the sample drying procedures, do
not produce significant damage to the samples, consistent
with early observations on the effects of sample dehydration
(55). This conclusion extends to reaction center cores, which
we have found to be very useful in the FTIR work owing to
the higher PSII concentrations they allow us to achieve.

Using these methods, we have been able to isolate well-
defined states of both the acceptor and the donor sides of
PSII and to characterize low-frequency vibrations specific
to these states. The agreement between our low-frequency
data for the QA-/QA couple and the vibrations predicted from
ab initio methods demonstrate the usefulness of computa-
tional approaches in addressing properties of PSII. The
agreement between our high-frequency data for the S2/S1

states and those of Noguchi and co-workers indicates that
the OEC is relatively insensitive to dehydration and that
further isotope substitution and mutational studies to provide
definitive assignment of the low-frequency S2/S1 modes are
warranted.
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