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ABSTRACT: Time-resolved FTIR spectroscopy has been used to kinetically characterize the vibrational
properties of intact photosystem II-enriched membrane samples undergoing the S1QB-to-S2QB

- transition
at room temperature. To optimize the experimental conditions for the FTIR measurements, oxygen
polarographic and variable chlorophylla fluorescence measurements were used to define the decay of S2

and QA-, respectively. The flash-induced S2QB
-/S1QB difference spectra were measured at a temporal

resolution of 4.44 s and a spectral resolution of 4 cm-1. An intense positive band is observed at 1480
cm-1 in the difference spectrum and shows a slow decay with a half time of∼13 s. Based on its decay
kinetics and analogy to the infrared absorption of QA

- of photosystem II and QB- in bacterial reaction
centers, we conclude that the 1480 cm-1 band arises from QB- of PSII and tentatively assign it to the
υ(CO) mode of the semiquinone anion QB-. The infrared spectral features attributed to the S1-to-S2
transition of the Mn cluster at room temperature show striking similarity to the S2/S1 difference spectrum
measured at cryogenic temperatures (Noguchi, T., Ono, T.-A., and Inoue, Y. (1995)Biochim. Biophys.
Acta 1228, 189-200).

Photosynthetic water oxidation occurs in photosystem II
(PSII),1 where the light energy absorbed by the light-
harvesting pigment molecules is transferred into the reaction
center (RC) and induces a charge separation to occur between
the primary chlorophyll donor molecule P680 and a pheo-
phytin acceptor molecule, forming the P680

+Phe- radical pair
within a few picoseconds (1). To stabilize the charge
separation, the electron is further transferred to the primary
plastoquinone (PQ) acceptor QA and then to the secondary
plastoquinone acceptor QB molecule. QA acts as a one-
electron intermediate and is tightly bound, while QB acts as
a two-electron gate. Singly reduced QB is tightly bound as
a semiquinone anion, QB-, while the doubly reduced QB is
released as plastoquinol, PQH2, and replaced by another
plastoquinone molecule from the PQ pool. On the donor
side of PSII the oxidizing equivalents are accumulated, via
the redox-active tyrosine residue YZ, on the O2 evolving
complex (OEC) which contains a cluster of four Mn ions.
The OEC cycles through five intermediate redox states
termed Si (wherei ) 0-4). Upon reaching the S4 state, O2

is released and the cycle begins again. The S0 and S1 states
are dark stable (for reviews, see refs2-4).
To probe for the protein ligation and structural changes

associated with the photoreduction of the plastoquinones and
the photooxidation of the S-states, Fourier transform infrared
(FTIR) spectroscopy has been used. The S2/S1 difference
spectrum was first characterized by Noguchi et al. (5) in
trypsin-treated PSII samples at 250 K in the presence of 20
mM ferricyanide following a single flash excitation. Mild
trypsin treatment was used to modify the QB site in order to
enhance electron flow from QA- to ferricyanide without
affecting the donor side. Under these conditions, contribu-
tions from the acceptor side of PSII were minimized. In a
later work (6), the infrared S2/S1 difference spectrum was
obtained in untreated PSII at 250 K in the presence of 2
mM/18 mM ferri/ferrocyanide at pH 5.5. On the basis of a
temperature-dependent study of the S2QA

-/S1QA difference
spectrum (80 K- 240 K), Noguchi et al. (7) identified a
negative band at 1404 cm-1 as characteristic of the S1-to-S2
transition and suggested that this band arises from the
symmetric vibration of a carboxylate group which ligates to
the Mn cluster. By comparison of the difference spectra
obtained at 140 and 200 K where the EPRg ) 4.1 and
multiline signals from the Mn cluster are generated, respec-
tively, it was proposed that there is no significant structural
change in the Mn cluster in these two states. More recently,
the S2QA

-/S1QA difference spectrum has been investigated
under conditions which are believed to optimize separately
the formation of the multiline andg ) 4.1 signals in a
glycerol-containing medium (8). By contrast, in this work
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carboxylate contributions were found to occur as negative
bands at 1490 and 1331 cm-1 and as positive bands at 1393
and 1267 cm-1 and to be associated only with the EPR
multiline signal, not with theg) 4.1 signal. The 1404 cm-1

band which was suggested by Noguchi et al. (7) to represent
the carboxylate ligand to the Mn was completely absent. With
the formation of theg ) 4.1 signal, a unique protein
conformational change was suggested to occur, on the basis
of analyses of the spectral features of the amide I band
(1700-1600 cm-1) (8-9).
With respect to the plastoquinone photoreduction, the QA

-/
QA difference spectrum has been studied more extensively
(5, 10-13), although exact band assignments are still under
debate (14). It is thought that an infrared absorption of QA-

occurs at 1478 cm-1, which was tentatively assigned to the
υ(CO) mode of QA- (10). This assignment was based on
the in vitro FTIR analysis of quinone redox reactions (15)
and on the insensitivity of the 1478 cm-1 band to15N-labeling
and H/D exchange (10-12). The correspondingυ(CO)
mode of the neutral quinone was suggested to occur at 1645
and/or 1630 cm-1 (10). As to infrared absorption due to
QB

-, no information is available so far, mostly because of
the difficulty in separating the QA signals from the QB signals
in static FTIR measurements.

On the basis of thermoluminescence (TL) measurements,
it is known that the S2QB

- state can be cryogenically trapped
after single turnover flash excitation of dark-adapted PSII
and that subsequent thermally induced charge recombination
of the S2QB

- state gives rise to the characteristic TL band,
called the B band, around 30°C (for a review, see ref16).
From these measurements, the decay half time of S2QB

- was
found to be in the range of 20-60 s at room temperature
(17-19). The slow decay of S2QB

- thus allows the infrared
S2QB

-/S1QB difference spectrum to be measured by ap-
propriate TR-FTIR spectroscopy. In this work, we report
the first S2QB

-/S1QB difference spectrum of PSII at room
temperature.

MATERIALS AND METHODS

PSII-enriched membranes were prepared from hydroponi-
cally grown spinach, as described earlier (20), and stored at
-80 °C until used. PSII samples were suspended in SMNM
medium containing 0.4 M sucrose, 40 mM Mes (pH 6.5),
10 mM NaCl, and 5 mM MgCl2. For the FTIR measure-
ments, the PSII samples were centrifuged at 100 000g for
15 min to form a solid pellet. In the case where electron
flow from QA to QB is to be blocked, the PSII samples were
incubated in 50 mM DCMU for 10 min prior to ultracen-
trifugation.

The decay kinetics of the S2 state were monitored by flash-
induced O2 polarographic measurements using a home-built
Joliot-type electrode (21). A PC was used to control the
data aquisition as well as to trigger a xenon flash lamp (5
ms, fwhh) used for photoexcitation. To ensure light satura-
tion, the PSII samples were suspended at 1 mg Chl/mL. One
preflash was given to the samples followed by dark-
adaptation for 5 min at room temperature to enrich the S1

state. The S1-enriched samples were loaded onto a platinum
electrode and given one flash to generate the S2 state. At
various dark periods (denoted astd) after the excitation flash,

O2 yield patterns induced by a train of 15 flashes (2 Hz
repetitive rate) were measured. The S2 population at various
td was calculated by deconvolution of the O2 yield pattern
according to the conventional Kok model (22) using a least-
squares minimization.
TR-FTIR spectra were obtained on a Bruker IFS66

spectrometer equipped with a liquid-nitrogen-cooled MCT-B
detector and a KBr beam splitter as described previously (13).
The spectra were recorded with a spectral resolution of 4
cm-1 and reproducible to(1 cm-1 accuracy. PSII-pellet
samples were deposited and sealed between two CaF2

windows. The absorbance of the amide I band (1656 cm-1)
was adjusted to be∼0.75 au. Prior to the data aquisition, a
preflash was given to the PSII sample directly in the sample
chamber and dark-adapted for 5 min. After a single flash
excitation, seven transient spectra averaged over 40 scans
were recorded every 4.44 s. The dark spectrum was
measured immediately before the flash excitation and used
as the background to construct the final light-minus-dark
difference spectra. TheS/N ratio was improved by averaging
over 80 cycles. A dark period of 5 min was used to allow
the closed reaction centers to recover.
The decay of QA- was determined in the same PSII sample

used for FTIR measurements by monitoring the variable
chlorophylla fluorescence after a single excitation flash using
a PAM fluorometer as described earlier (13). All measure-
ments were performed at room temperature (16( 2 °C).

RESULTS

The determination of the S2 lifetime by O2 polarographic
measurements is presented in Figure 1. As shown in the
inset, PSII-enriched membranes exhibit a damped, period-
four O2 yield pattern with peak yields occurring on the third

FIGURE 1: The decay of the S2 state for PSII-enriched membranes
at room temperature. PSII samples were given one flash, followed
by various dark periodstd, and a train of 15 saturating flashes (2
Hz repetitive rate). The S2 population at varioustd was calculated
by deconvolution of the O2 yield pattern according to the Kok model
(22) after normalization to the sum of the O2 yields on flashes 2-4.
Inset: a normal O2 yield pattern after complete dark-adaptation.
The steady-state O2-evolving activity of the PSII-enriched mem-
branes was 600-650 mmol O2 (mg Chl)-1 h-1 measured at 25°C
in the presence of 1 mM potassium ferricyanide and 50µM phenyl-
p-benzoquinone.
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and the seventh flashes. The O2 yields of the first seven
flashes were used to calculate the double hits and misses
according to the Kok model, which were found to be 0.018
and 0.11, respectively. These parameters were then fixed
for the deconvolution of the S2 population at varioustd. A
plot of the S2 population vstd gives rise to the decay kinetics
of the S2 state. This is shown in the main panel of Figure
1. The decay half time for the S2 state is estimated to be
∼18 s under our experimental conditions, which is in
approximate agreement with the half times that have been
reported earlier (22-25). The half time of∼18 s is also
close to the half time of 22 s for the back-reaction of S2QB

-

in pea chloroplasts as determined by chlorophylla fluores-
cence measurements (26), indicating that the deactivation
of the S2 state is mostly through charge recombination with
QB

- under these conditions.
The electron transport on the acceptor side of PSII was

also examined in the same samples as used for the FTIR
measurements by monitoring the variable chlorophylla
flurorescence. The results are presented in Figure 2. In the
absence of DCMU (solid line), the chlorophylla fluorescence
decays rapidly with a half time of∼29 ms. The fast decay
of the chlorophylla fluorescence is mostly attributed to the
oxidation of QA- by QB. It is known that electron transfer
from QA

- to QB occurs in 100-200µs in chloroplasts (26-
27), while in PSII-enriched membranes the forward electron
transfer is slowed by a factor of at least 2 (28). Due to PSII
heterogenity, the electron transfer from QA

- to QB may not
occur efficiently in a fraction of the PSII reaction centers,
resulting in a slow reoxidation of QA- by charge recombina-
tion with S2 as occurs in the presence of DCMU. As also
shown in Figure 2, in the presence of DCMU (dotted line),
the decay of the chlorophylla fluorescence is substantially
slower with a half time of∼1 s. In this situation, a single
turnover excitation of the dark-adapted PSII samples leads
to the formation of S2QA

- only. Thus, the decay reflects
mostly the charge recombination between S2 and QA-. The
measured half time of∼1 s is in the range of the 1-3 s half

time determined for the back-reaction of S2QA
- from TL

and variable chlorophylla fluorescence measurements (for
a review, see ref16).
Figure 3 shows the time-dependent infrared difference

spectra measured after a single turnover flash excitation of
dark-adapted PSII-enriched membranes. As mentioned
above, under these conditions, the S2QB

- state is formed.
The light-induced S2QB

- should make positive contributions,
whereas the S1QB should make negative contributions to the
difference spectra. In addition, any protein side chains and/
or protein backbones perturbed upon the S1QB-to-S2QB

-

transition will also contribute to the difference spectra. As
shown in Figure 3, the most intense positive band of trace a
occurs at 1480 cm-1. Other reproducible spectral features
include positive bands at 1748, 1719, 1693, 1668, 1650,
1586, 1553, 1531,1504, 1436, 1364, 1286, 1258 cm-1 and
negative bands at 1738, 1726, 1679, 1659, 1637, 1617, 1560,
1545, 1522, 1417, 1404, 1323, 1297, 1246 cm-1. In the
subsequent traces (b and c), all bands are decaying. The
intense band at 1480 cm-1 is of particular interest. As has
been established, theυ(CO) mode of QA- of PSII has a
contribution at 1478 cm-1 (10-13). It is also known that
QA

-QB and QAQB
- states coexist in equilibrium in PSII

following photoexcitation, which apparently complicates the
assignment of the bands. However, the decay kinetics for
the back-reaction between QA- and S2 differs from that for
the back-reaction between QB- and S2, with the former
reaction being faster by a factor of∼18, as shown in Figures
1 and 2. Thus, one way to identify whether the 1480 cm-1

band arises from QA- or QB
- is to examine its decay kinetics.

This is shown in Figure 4. As seen, the 1480 cm-1 band

FIGURE 2: Decay of the variable chlorophylla fluorescence after
a single-turnover flash excitation of PSII-enriched membranes at
room temperature. Solid line, no addtions; dotted line, plus 50 mM
DCMU. DCMU was dissolved in DMSO. The final concentration
of DMSO in the PSII sample was∼1%. Each trace is an average
of five measurements.

FIGURE 3: Time-dependent infrared difference spectra of PSII-
enriched membranes after a single-turnover flash excitation. The
spectra were measured at room temperature in the SMNM medium
(pH 6.5). Traces a, b and c were measured over 4.44 s at 4.44,
8.95, and 13.46 s after photoexcitation, respectively. Each spectrum
was averaged over 3200 scans from four separate samples.

FTIR Difference Spectrum for S2QB
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shows a slow decay in comparison with the chlorophylla
fluorescence decay, even in the presence of DCMU (Figure
2). More than 20% of the signal intensity remains, even in
∼32 s after photoexcitation. The half time for the decay of
the 1480 cm-1 band is estimated to be∼13 s, which is in
approximate agreement with the half time of 18 s for the
decay of the S2 state as determined by oxygen polarographic
measurements (Figure 1). It should be emphasized that any
forms of stabilized QA- do not exist after 4 s after the
excitation flash in the absence of DCMU according to the
data of Figure 2 (solid line), regardless of the oxidation
pathway. Therefore, contributions from QA- are unlikely
to be present in any of the traces after trace a of Figure 3
since all of these traces were recorded on longer time scales
(>4.44s). Although we cannot completely rule out the
possibility that there are some QA- contributions to trace a,
compared with traces b and c, trace a shows almost identical
spectral features. Thus, any contributions of QA

- to trace a
are likely to be negligible. According to Robinson and Crofts
(26), the equilibrium constant between QA-QB and QAQB

-

is about 15-20, indicating that QA- exists in only∼5% of
the PSII RCs following photoexcitation. Thus, the presence
of QA

- is neither thermodynamically nor kinetically favored
to make significant contributions to the results shown in
Figure 3.
To further check for possible QA contributions, we

attempted to measure the S2QA
-/S1QA difference spectrum

in DCMU-treated PSII membrane samples. Presumably, a
single turnover excitation of the DCMU-treated PSII mem-
brane sample leads to the formation of the S2QA

- state only.
Under the same measuring conditions as used for measure-
ment of Figure 3, we could not obtain a meaningful spectrum
(data not shown), indicating that the S2QA

- state decays more
rapidly. However, the S2QA

-/S1QA difference spectrum was
obtained at a temporal resolution of 50 ms. This is shown
in Figure 5. As seen, the characteristic absorptions of QA

-/
QA are observed as a positive band at 1478 cm-1 and negative
bands at 1642 and 1633 cm-1. Figure 5 agrees with the
S2QA

-/S1QA difference spectrum as reported earlier (5). It

is notable that the 1478, 1642, and 1633 cm-1 bands which
are characteristic of QA-/QA are not present in Figure 3.

Apart from the contributions from QB-/QB, Figure 3 should
also contain contributions from the S2/S1 states of the Mn
cluster based on the S2 lifetime measurement (Figure 1). In
the spectral region of the amide I band, the large differential
features at 1679/1668 and 1659/1650 cm-1 are observed. A
pair of bands at 1404/1364 cm-1 are also present. These
features are not characteristic of the contributions from
plastoquinone molecules (5, 10-13). Removal of the Mn
by Tris wash abolishes these spectral features, as demon-
strated in our previous work (13) as well as in (5). To
facilitate comparison, trace a of Figure 3 is superimposed
with the spectrum recorded in Tris-washed PSII-enriched
membranes. This is shown in Figure 6. The two spectra
were normalized under the most intense bands, as there is
no reliable way to correct variations in Chl concentration
and path length during FTIR measurements on the scale of
10-4-10-5 au. As shown, these two spectra are explicitly
different. In the spectral region between 1800 and 1500
cm-1, the large differential bands at 1679/1668 and 1659/
1650 cm-1 are not present in the Tris-washed PSII-enriched
membranes. In addition, two negative bands at 1637 and
1617 cm-1 are also absent from the spectrum of the Tris-
washed PSII-enriched membranes. In the low-frequency
region (1500-1200 cm-1), the most intense bands differ by
3 cm-1. The band at 1404 cm-1 observed in the intact PSII-
enriched membranes is lost in the Tris-washed PSII-enriched
membranes. Furthermore, Figure 3 is in good agreement
with the S2/S1 difference spectrum as reported earlier (6). A
comparison is shown in Figure 7. As seen, the two spectra
are strikingly similar except for an intense line at 1480 cm-1

in trace a.

FIGURE4: The decay of the 1480 cm-1 band after a single-turnover
flash excitation. The signal intensity was normalized to the area
under the peak height of trace a in Figure 3, having a flat baseline
from 1900 to 1800 cm-1 where there are no infrared absorptions.

FIGURE 5: Room-temperature S2QA
-/S1QA FTIR difference spec-

trum of PSII-enriched membranes after a single-turnover flash
excitation. The spectrum was obtained in the presence of 50 mM
DCMU in the SMNM medium (pH 6.5). The time resolution is 50
ms, and the flash frequency is 0.25 Hz. The spectrum was averaged
over the first four traces of 15 experiments from four sample
preparations.
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DISCUSSION

In this work, we have reported the first S2QB
-/S1QB

difference spectrum of PSII measured at room temperature
using TR-FTIR methods (Figure 3). An interesting feature
of the spectrum is an intense positive band at 1480 cm-1.
Compared to the pure S2/S1 difference spectrum (trace b,
Figure 7), this band is not present and thus is attributable to
QB

-. However, possible contributions of YD and YZ to the
data in Figure 3 are factors that may affect a correct
assignment. Despite a number of investigations, band
assignments regarding the vibrational modes of the two
tyrosines remain controversial. As proposed (29), theυ(CO)
mode of YDox of PSII from cyanobacteria contributes at 1472
cm-1. By contrast, the YDox/YD difference spectra of PSII
from spinach (12) and from cyanobacteria (30) do not show
any significant positive contributions around 1480 cm-1. In
Figure 3, there is no additional band or shoulder at 1472
cm-1. Thus, it is likely that the data of Figure 3 do not
contain any significant contributions from YD. The absence
of YD contributions is probably due to the slow turnover of
YD in intact PSII-enriched membranes. As reported earlier,
YD

ox is stable for hours in uninhibited samples (31). In the
type of PS II preparations used in this work, the decay half
time of YDox was determined to be about 8.3 h at pH 6.5 at
room temperature (32). The preflash given before the FTIR
measurements shown in Figure 3 and the short time interval
between photocycles (5 min) thus will keep YD oxidized, so
that it should not contribute to the difference spectra.

Likewise, any contributions of YZox from inactive centers
should also be negligible in the time-resolved spectra of
Figure 3. According to our previous data obtained on Mn-
depleted PSII-enriched membranes (13), YZ

ox decays on the
millisecond time scale (t1/2 ) 0.11 s) and thus would not be
detectable over the time resolution reported in Figure 3. This

argument is substantiated by the absence in Figure 3 of the
large differential band at 1706/1699 cm-1 that has been
attributed to YZox/YZ (13). Therefore, we conclude that the
1480 cm-1 band arises from QB- and that the time-resolved
spectra in Figure 3 represent the true S2QB

-/S1QB difference.
A straightforward assignment of the 1480 cm-1 band is the
υ(CO) mode of the semiquinone anion QB

- in analogy to
the υ(CO) mode of QA- which has an absorption at 1478
cm-1 (5, 10-13). However, without the results from isotopic
labeling, this assignment should be considered tentative.
The difference in theυ(CO) mode between QB- and QA-

in PSII is 2 cm-1. The infrared QA and QB signals of the
bacterial RCs have been well characterized (33-37) and can
be used as a comparison. In theRhodopseudomonasViridis
RCs, QA is a menaquinone and QB is a ubiquinone (UQ),
while in theRb. sphaeroidesRCs, both QA and QB are UQ.
In the former case QB- and QA- absorb at 1475 and 1478
cm-1, respectively, and in the latter case QB

- and QA- have
intense absorptions at 1480 and 1467 cm-1, respectively.
Thus, the difference in the infrared absorptions between QB

-

and QA- among various species can vary over a large spectral
range.
In PSII, both QA and QB are plastoquinone molecules. The

fundamental vibrations for each should be identical, provided

FIGURE 6: Comparison of FTIR difference spectra between intact
and Tris-washed PSII-enriched membranes. Solid line, intact PSII,
same as trace a of Figure 3; dotted line, Tris-washed PSII, same as
trace a of Figure 6 of ref13. The two spectra were normalized
under the peak intensities at 1480 cm-1 for the intact PSII and 1477
cm-1 for the Tris-washed PSII.

FIGURE 7: Comparison of light-minus-dark infrared difference
spectra of PSII obtained after a single-turnover flash excitation at
room temperature without any additions at pH 6.5 (trace a) with
that obtained after continuous illumination at 250 K in the presence
of 2 mM/18 mM ferri/ferrocyanide at pH 5.5 (trace b). Trace a is
the same as trace a of Figure 3, while trace b is reproduced with
permission from ref7. The former represents the S2QB

-/S1QB
difference spectrum, and the latter is the pure S2/S1 difference
spectrum.

FTIR Difference Spectrum for S2QB
-/S1QB Biochemistry, Vol. 37, No. 16, 19985515



that they are situated in the same chemical environment. In
general, the factors that determine the CdO vibration of
quinones include the nature of the chemical bond and its
interactions with the surrounding environment such as
hydrogen bonding, polarity, and van der Waals contact. On
the basis of homology studies between the PSII and the
bacterial RCs, it is known that the local environments around
QA and QB are different. QA is situated in a more
hydrophobic environment with nonpolar residues present in
the QA pocket, eg., Leu211, Trp254, Phe262, Leu268, and
Phe258. The plastoquinone ring and carbonyl oxygen may
also form hydrogen bonding and/or van der Waals contact
with Trp254, Thr218, His215, and Phe258 (38). According
to Ruffle et al. (38), however, the amino acid residues that
may be involved in forming the QB pocket include some
polar residues, such as His215, Tyr237, Ser264, Asn266,
Ser268, and His252. In particular, the hydroxyl group of
Ser264 andδ-nitrogen of His215 may form hydrogen bonds
with the carbonyl oxygen of QB. The frequency difference
of the υ(CO) modes of QB- and QA- reflects that the
interactions of QB- and QA- with their local environments
are not identical. The relatively small frequency shift (2
cm-1) also indicates that the interactions are not dramatically
different. However, more apparent changes may occur upon
the formation of the QB2- state or upon protonation of the
QB molecule.
It is known that the QA-/QA difference spectrum is

characterized by the existence of an intense positive band at
1478 cm-1 and two negative bands around 1644 and 1632
cm-1 (5, 10-13). Berthomieu et al. (10) suggested that the
1644 and/or 1632 cm-1 bands may be due to the contribu-
tions from theυ(CO) mode of the neutral quinone QA. It is
notable that both 1644 and 1632 cm-1 bands observed in
the S2QA

-/S1QA and the QA-/QA difference spectra are not
present in the S2QB

-/S1QB difference spectrum (Figure 3).
As an alternative, the 1637 cm-1 band might reflect a
contribution from the neutral quinone QB which overlaps with
a contribution from the S1 state. It is also possible that the
υ(CO) mode of the neutral QB does not contribute the
difference spectra due to line broadening and/or asymmetry
in the directions of the interacting dipole moments.
The contributions in the high-frequency region of 1750-

1700 cm-1 are typical of free carbonyl and/or protonated
carboxylate groups. The presence of positive bands at 1748
and 1719 cm-1 and negative bands at 1726 and 1738 cm-1

indicates that there may be perturbations to such carbonyl
and/or carboxylate group(s). According to Figure 3, in the
amide II band region, a number of negative bands are
observed at 1560, 1545, and 1522 cm-1 and positive bands
at 1553, 1531, and 1504 cm-1. These bands are sensitive
to 15N-labeling of PSII (6). As such, these bands may
originate from the amide II contributions from the polypep-
tide backbone and indicate protein conformational changes
upon the formation of the S2QB

- state.
The contributions attributed to S1-to-S2 transition are

characterized by large differential bands in the amide I region
(1700-1600 cm-1) as well as a pair of bands at 1404/1364
cm-1 (Figure 3). It is known that the delocalizedυ(CO)
mode of the amide I band from the polypeptide backbone
contributes in the region of 1700 to 1620 cm-1 (39-40). In
addition, theυ(CO) mode of carbonyl groups from protein
side chains may also contribute in this region. Thus, this

large differential feature may reflect conformational changes
of the protein backbone upon the S1-to-S2 transition and/or
perturbations to certain Asp and/or Glu residues. The 1404/
1364 cm-1 bands lie in the spectral range for a symmetric
vibration of a COO- group. It has been proposed that the
1404/1364 cm-1 bands represent the symmetric mode of a
carboxylate group bridging Mn to Ca (6). In support of this
assignment, the 1404/1364 cm-1 bands were not observed
in the low-pH-treated PSII samples, where it is believed that
the tightly bound Ca associated with the catalytic Mn is
removed (6). Recently, the S2QA

-/S1QA difference spectrum
was studied at cryogenic temperatures in a glycerol-contain-
ing medium (8). In contrast, the 1404/1364 cm-1 bands were
not observed upon formation of the EPR multiline signal
andg ) 4.1 signal. Rather, contributions from carboxylate
groups which may ligate to the Mn cluster or be perturbed
by the Mn oxidation were observed only with the formation
of the multiline signal as negative bands at 1490 and 1331
cm-1 and positive bands at 1393 and 1267 cm-1 (8).
Steenhuis and Barry (8) proposed that the discrepancy may
arise from the low pH of 5.5, a high concentration of ferri/
ferrocyanide (2 mM/18 mM), and a sucrose-containing
medium used by Noguchi et al. (5-6). On the basis of our
results, we exclude the first two possibilities, since the
spectral features characteristic of the S1-to-S2 transition are
retained in Figure 3 which was measured in intact PSII
membranes at pH 6.5 without any additions. As such, a
possible reason for the spectral changes may be due to the
different media used. Smith and Pace (41) have shown that
two forms ofg ) 4.1 signals are observed in PSII with one
being in a ground state and the other in an excited state of
the Mn cluster, depending on illumination temperature and
cryoprotectants used. In the presence of alcohol or glycerol,
200 K illumination of PSII leads to theg) 4.1 signal arising
from an excited state, and thus the formation of the multiline
signal is enhanced with the minimal formation of theg )
4.1 signal. In a sucrose-containing medium, however, both
the multiline andg ) 4.1 signals arise from ground states.
Illumination at 200 K of PSII under this condition results in
the formation of both signals. In the future, more investiga-
tions are required to clarify the glycerol effect on the infrared
S2/S1 difference spectrum, although the preliminary data of
S2/S1 in 30% glycerol is not in favor of such an effect (T.
Noguchi, personal communication).

CONCLUSION

We have for the first time obtained the FTIR difference
spectrum of S2QB

-/S1QB of PSII at room temperature using
time-resolved methods. An intense positive band is observed
at 1480 cm-1 and is tentatively assigned to theυ(CO) mode
of the semiquinone anion QB-. Compared to the S2/S1
difference spectrum obtained at 250 K (5-6), all the spectral
features characteristic of the S1-to-S2 transition are well
preserved in the S2QB

-/S1QB difference spectrum obtained
at room temperature, indicating that the protein ligation and
local environment around the Mn cluster upon the S1-to-S2
transition are not significantly affected by a temperature
change within 250 to 289 K.
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