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ABSTRACT: A Fourier transform infrared (FTIR) difference spectrum of the primary electron donor (P680)
of photosystem II upon its photooxidation (P680+/P680) was obtained in the frequency region of 1000-
3000 cm-1. The reaction center (RC) complex (D1-D2-Cytb559) was used for the measurements in
the presence of ferricyanide as an exogenous electron acceptor. Control measurements of electronic
absorption (300-1200 nm) showed that illumination of the RC complex at 150 K induced major oxidation
of P680 concomitant with oxidation of a carotenoid and an accessory chlorophyll (Chl). Illumination at
250 K also specifically bleached one of the twoâ-carotene molecules bound to the RC complex, and the
sample thus treated exhibited little formation of a carotenoid cation on subsequent illumination at 150 K.
The P680+/P680 FTIR difference spectrum (with minor contamination of Chl+/Chl) was measured at 150
K using this partially carotenoid-deficient RC complex. The spectrum showed a broad positive band
centered at∼1940 cm-1, which could be ascribed to an infrared electronic transition of P680+ analogous
to that previously observed in various bacterial P+. This finding indicates that a positive charge is
delocalized over (or hopping between) the two Chl molecules in P680+. The low intensity of this electronic
band compared with that of the bacterial band could have three possible explanations: weak resonance
interaction between the constituent Chl molecules, an asymmetric structure of P680+, and the difference
in Chl species. Bands in the CdO stretching region (1600-1750 cm-1) were interpreted in comparison
with resonance Raman spectra of the RC complex. The negative peaks at 1704 and 1679 cm-1 were
proposed as candidates for the keto C9dO bands of P680. The observation that neither of these bands
agreed with the main keto C9dO band at 1669 cm-1 in the previous3P680/P680 FTIR spectrum [Noguchi
et al. (1993)Biochemistry 32, 7186-7195] led to the idea that the triplet state migrates to a Chl (designated
as ChlT) different from P680 at low temperatures. Based on these results, structural models of Chl molecules
including P680 and ChlT and their coupling in the cation, triplet, and Qy singlet states are discussed.

In the photosynthetic apparatus, solar light collected by
antenna pigments is transferred as excitation energy to the
primary electron donor (P), which consists of (bacterio)-
chlorophyll [(B)Chl]1 molecules attached on the reaction
center (RC) protein. The excited singlet state of P then leads
to charge separation to reduce the primary electron acceptor
[pheophytin (Pheo)- or Chl-type pigment], and the electron
further migrates to quinone molecules or iron-sulfur clusters

across the membrane. The produced membrane potential is
utilized to synthesize ATP, which is then used together with
NAD(P)H, reducing power, for carbon fixation.

The RC protein of photosystem II (PS II) in plants and
cyanobacteria is considered to have evolved from that of
purple bacteria. The amino acid sequences of the D1 and
D2 subunits of PS II are homologous to those of the L and
M subunits, respectively, of purple bacteria, and the acceptor-
side reaction, i.e., electron transfer from Pheo (BPheo in
bacteria) to QA and then to QB, is basically identical (1, 2).
On the electron donor side, however, a dramatic change
occurred in the evolutional process from bacterial RC to PS
II: PS II can oxidize water to produce O2 and protons.
Acquisition of this ability to utilize water as a terminal
electron donor was a key step for photosynthetic organisms
to thrive on the earth, and, furthermore, production of O2

led the ancient atmosphere to the aerobic condition, which
stimulated evolution of respiratory organisms. Although
invention of the O2-evolving Mn-cluster was no doubt the
biggest event in this evolutional process of PS II, another
important change was also indispensable: since water is
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oxidized by P680+ via a tyrosine residue, YZ, P680 should
have a redox potential higher than that of water,∼+0.8 V
(3). In fact, the redox potential of P680 has been estimated
to be∼+1.1 V (4), whereas that of P870 of purple bacteria
is ∼+0.5 V (5). Since simple replacement of BChl with
Chl is expected to give an increase in the potential of only
0.1-0.2 V (6), some special change must have occurred in
P680 to gain the additional potential of 0.4-0.5 V.

To clarify the mechanism of how P680 acquired such a
high redox potential, it is essential to investigate the structure
of P680 and its interaction with surrounding proteins. So
far, some characteristics of P680 distinct from bacterial P870
have been reported; while P870 has a dimeric BChl structure
with strong coupling, P680 shows rather weak excitonic
coupling in the Qy excited state (7-11). The triplet state
of P680 (3P680) is localized on one Chl molecule at helium
temperature, which is oriented almost parallel to the mem-
brane plane (12) in contrast to the perpendicular orientation
of bacterial P870 (13-15). Taking account of such informa-
tion, various models of P680 have been proposed [reviewed
in (2, 16)] including a monomer (12), a(n) (anti)parallel dimer
(17-19), a T-shape dimer (12, 20), and a multimer (21).
However, decisive conclusion on the P680 structure has not
been obtained yet.

Light-induced FTIR difference spectroscopy is a powerful
technique to investigate the structure and interaction of
cofactors in photosynthetic proteins (22, 23). The FTIR
difference spectra of P870 of purple bacteria (24, 25), P840
of green sulfur bacteria (26, 27), P798 of heliobacteria (27,
28), and P700 of photosystem I (29) upon their photo-
oxidation have been detected, and their structures have been
studied. In this study, we have measured a light-induced
FTIR difference spectrum of P680 upon its photooxidation
(P680+/P680) in the frequency region of 1000-3000 cm-1.
To obtain the spectrum, we have used the RC complex (D1-
D2-Cytb559) of PS II in the presence of ferricyanide as an
exogenous electron acceptor. The PS II RC complex
typically includes six Chl, two Pheo, and twoâ-carotene
molecules, while quinone acceptors of QA and QB are
depleted in the preparation procedure (16). Since electron
donation by YZ to P680+ is also blocked in the RC complex,
P680+ can be easily photoaccumulated in the presence of
artificial electron acceptors (30-32). In the obtained P680+/
P680 FTIR spectrum, we have found evidence that a positive
charge on P680+ is delocalized over (or hopping between)
the Chl molecules. Also, from comparison with the3P680/
P680 spectrum that we previously reported (20), it was
suggested that the triplet state produced at low temperatures
resides on a Chl molecule different from the Chls that possess
a positive charge in P680+. Based on these findings, we
will discuss the structural model of Chl molecules coupled
in the cation, triplet, and Qy singlet states.

MATERIALS AND METHODS

The RC complex of PS II (D1-D2-Cytb559) was isolated
from spinach as in ref (33) followed by replacement of the
original detergent (Triton X-100) with 0.2% dodecyl mal-
toside. The RC sample was dissolved in 10 mM Hepes-
NaOH buffer (pH 7.5) including 0.1% dodecyl maltoside
and stored at-80 °C until use. For an H2O/D2O exchange
experiment, the RC sample in the Hepes buffer (pH 7.5) was

dried once under N2 gas flow and dissolved in D2O followed
by incubation at 6°C overnight. Further adjustment of pD
was not performed. BBY-type PS II membranes (34) were
prepared from spinach according to Ono and Inoue (35). The
Mn-cluster was depleted by NH2OH treatment as in ref (36).

Light-induced FTIR difference spectra were measured on
a JEOL JIR 6500 spectrophotometer equipped with an MCT
detector (EG&G JUDSON IR-DET101) with 4 cm-1 resolu-
tion as described previously (37). For P680+/P680 measure-
ment, 12µL of RC sample (1.4 mg of chlorophyll/mL) was
cast on a BaF2 plate (13 mmφ) and lightly dried under
N2 gas flow. The obtained film was then wetted with 1µL
of 100 mM sodium ferricyanide solution and briefly dried.
The sample was then covered with another BaF2 plate. The
sample temperature was adjusted to 150 K in a cryostat
(Oxford DN1704) with a controller (Oxford ITC-4). Dif-
ference spectra were obtained by subtraction between the
two single-beam spectra (200 scans: 100 s accumulation for
each spectrum) recorded before and under continuous-light
illumination. The light source was a halogen lamp equipped
with heat-cut and red (>600 nm) filters (∼20 mW/cm2 at
the sample). Light illumination at 250 K to bleachâ-car-
otene was performed in the cryostat using the same light
source. Each final spectrum was an average of two spectra,
which were measured with the same sample. Between the
two measurements, the sample was incubated at 278 K to
relax the charged species. Before taking an average, it was
ascertained that the first and the second spectra were
identical. For examining the thermal effect of light illumina-
tion on the difference spectra, the RC sample without any
artificial electron acceptor was used. All the other measuring
conditions were the same as those for the measurements in
the presence of ferricyanide.

The ChlZ+/ChlZ FTIR difference spectrum was obtained
at 210 K using Mn-depleted PS II membranes in the presence
of a mixture of ferricyanide and silicomolybdate as exog-
enous electron acceptors as described in ref (36). For
detecting the spectrum in the frequency region higher than
1700 cm-1, the sample was loaded with an about 3 times
larger amount than for the lower frequency region, to
diminish the influence of background fluctuation.

Electronic absorption spectra at 300-1200 nm were
measured on a Shimadzu UV-3100PC spectrophotometer
with 1 nm resolution. Sample preparation for measurements,
the cryostat system, and the light source for illumination were
the same as those used for the FTIR measurements except
that a half amount of sample was loaded to avoid band
saturation. For obtaining a difference spectrum of after-
minus-before illumination, the spectrum measured before
illumination was subtracted from that after 40 s illumination.
For spectra under illumination and the time course at 682
and 1004 nm, the incident light was passed through a
combination of a blue band-pass filter (Toshiba B-57) and a
cold filter (Nihon Shinku Kogaku type-B), and the detector
was protected by a red filter (Toshiba R-60).

Resonance Raman (RR) spectra were measured with a
JASCO TRS-600/S monochromator equipped with an 1800
groove/mm grating. Laser lines at 406.7 nm from a Kr ion
laser (Coherent, Innova 90-K) and at 441.6 nm from a He-
Cd laser (Kimmon IK5651R-G) were used for excitation,
and Raman scattering was collected perpendicular to the laser
beam. The dispersed Raman scattering was detected with a
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CCD detector (Princeton Instruments, Inc., LN/CCD-
1100PBUVAR). Rayleigh scattering was removed with a
holographic Notch filter (Kaiser Optical Systems, Inc.). The
RC complex (0.2 mg of chlorophyll/mL) in 50 mM Hepes-
NaOH buffer (pH 7.5) including 0.1% dodecyl maltoside
was placed in a glass cell, and the temperature was kept at
85 K in a cryostat (Oxford DN1704). The laser power was
about 15 mW at the sample point for both laser lines, and
the laser beam was defocused to prevent sample degradation.
One spectrum was accumulated for 1 h, and then the beam
spot on the sample was shifted for another measurement.
Three and four spectra were averaged for obtaining the final
spectra of 406.7 and 441.6 nm excitation, respectively.
Spectral resolution was about 4 cm-1.

RESULTS

Electronic Absorption Spectra in the 300-1200 nm
Region. Figure 1 shows an electronic absorption spectrum
(300-1200 nm) of the PS II RC complex (a) and its light-
induced difference spectra (b-d). The sample was the same
as that used for FTIR measurements (see below), i.e., a
lightly dried RC film that includes ferricyanide as an
exogenous electron acceptor. The absorption spectrum
measured at 150 K before light illumination (Figure 1a) was
basically identical to the spectrum in the literature (16). In
particular, the split peaks of the Qy band at 673 and 678 nm
are typical of the PS II RC complex at low temperatures
(38-40).

Light illumination of the RC sample at 150 K provided
the difference spectra shown in Figure 1b and Figure 1b′.
The spectrum of after-minus-before illumination was ob-
tained in the whole region (Figure 1b), while only the Qy
region was shown for the difference spectrum measured
under illumination (Figure 1b′). In both cases, a prominent
negative peak at 682 nm with a shoulder at 673 nm was
observed in the Qy region. Previously, Telfer and Barber
(31) reported an almost identical light-induced difference
spectrum in the Qy region, which showed a main peak at
680 nm with a 672 nm shoulder, using silicomolybdate as
an electron acceptor, and attributed the main peak to the
bleach of P680 due to photoaccumulation of its cation and
the shoulder to additional oxidation of monomeric Chl. Also,
by illumination of the RC complex with silicomolybdate or
ferricyanide at cryogenic temperatures, a narrow EPR signal
(0.8 mT) from P680+ as well as another signal (1 mT) from
an oxidized monomeric Chl was observed (30, 32). There-
fore, bleaching of the Qy bands in Figure 1b,b′ can be
interpreted as formation of P680+ (682 nm) concomitant with
minor oxidation of an accessory Chl (673 nm).

The presence of negative peaks at 508, 476, and 440 nm
and a large positive peak at 1004 nm (Figure 2b) indicates
that â-carotene in the RC complex was also oxidized by
illumination and its radical cation was accumulated (37, 41).
It has been reported that two distinctâ-carotene molecules
are attached to the RC complex: one with peaks at 489, 458,
and 429 nm and the other at 507, 473, and 443 nm (42, 43).
From the wavelength positions of bleached bands in Figure
1b, the latterâ-carotene molecule seems to be specifically
oxidized by P680+. The spectrum in Figure 1b could be
repeatedly obtained with the same intensity by incubating
the sample at 278 K between the measurements, indicating

that no irreversible change occurred on the RC sample by
illumination at 150 K and the produced radical species were
fully relaxed at 278 K.

The time course of the bleached band of P680 at 682 nm
and the positive band of the carotenoid cation at 1004 nm
was measured at 150 K (Figure 2). Upon illumination, the
bleach of P680 and the appearance of the carotenoid cation
occurred almost with the same rate. When the light was
turned off, the carotenoid cation at 1004 nm showed only
slow relaxation, whereas the 682 nm band showed double
phase relaxation with a relatively fast rate (t1/2 ) ∼1 min)
and a very slow rate. Since the band shape of the Qy bleach

FIGURE 1: Electronic absorption spectrum (300-1200 nm) of the
PS II RC complex in the presence ferricyanide (a) and its light-
induced difference spectra (b-d). (a) Absorption spectrum measured
at 150 K before illumination. (b) Difference spectrum between
before and after illumination (40 s) measured at 150 K and that
between before and under illumination (b′). (c) Difference spectrum
between before and after illumination (30 min) measured at 250
K. The RC sample after the measurement of spectrum b was once
incubated at 278 K to relax the charged species and then cooled to
250 K. (d) Difference spectrum between before and after illumina-
tion (40 s) measured at 150 K using the 250 K-preilluminated
sample (sample after the measurement of spectrum c), and that
between before and under illumination (d′). Spectral resolution was
1 nm. The detector was changed at 890 nm from PbS (for longer
wavelengths) to a photomultiplier (for shorter wavelengths).
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was basically the same between under and after illumination
except a slightly higher shoulder at 673 nm under illumina-
tion (Figure 1b), this double phase relaxation may be brought
about by heterogeneity of the state of the RC complex
regarding the electron donor, e.g., the distance between P680
and ferrocyanide in the RC complex.

After the experiment at 150 K for Figure 1b, the sample
was incubated at 278 K to relax the photoproduced charged
species, and then the temperature was adjusted to 250 K. At
this temperature, the RC sample was illuminated for 30 min,
and a difference spectrum of after-minus-before illumination
was obtained (Figure 1c). The spectral feature was signifi-
cantly different from that observed at 150 K (Figure 1b).
Negative peaks at 507, 475, and 443 nm due toâ-carotene
were prominent, but the corresponding positive peak of the
carotenoid cation at 1004 nm was not observed. In the Qy
region, only minor bleach of Chl molecules was seen at 670-
680 nm. From the positions of the three negative peaks of
the carotenoid (Figure 1c), it is considered that theâ-carotene
molecule, which was photooxidized and stably stayed in the
cation form at 150 K (Figure 1b), was specifically bleached
at 250 K. The band shape of the bleached carotenoid was
rather unusual; i.e., the 0-0 peak at 507 nm was larger than
the 0-1 peak at 475 nm (Figure 1c), indicating that some
absorption bands appeared overlapping the bleached bands.
However, no carotenoid species other thanâ-carotene was
found, when the pigment extract from this 250 K illuminated
RC sample was subjected to thin-layer chromatography.
Probably, in part of the RC complexes, theâ-carotene
molecule that escaped from degradation was released from
its binding pocket to cause a blue shift. It is noted that the

above reaction is not specific to the film sample used in this
experiment, but the same difference spectrum was observed
by using a solution sample in the presence of ferricyanide.

Following the illumination at 250 K, the sample was
cooled to 150 K, and light-induced difference spectra were
measured under the same conditions as for Figure 1b,b′. The
obtained spectra are shown in Figures 1d (after-minus-before
illumination) and 1d′ (under-minus-before illumination). The
prominent difference of Figure 1d from Figure 1b is that
the negative bands due to carotenoid at 508, 476, and 440
nm and the positive band of its cation at 1004 nm dramati-
cally diminished. In contrast, in the Qy region, the band
shape of a negative peak at 682 nm with a shoulder at 673
nm did not change although a little decrease in intensity was
observed. The identical spectrum was obtained even when
the 250 K-illuminated sample was incubated at 278 K before
cooling down to 150 K, indicating that specific bleaching
and release ofâ-carotene at 250 K are irreversible reactions.
Thus, this 250 K-preilluminated RC sample is useful to
measure an FTIR difference spectrum of P680 with little
interference of carotenoid signals.

FTIR Spectra.Figure 3 shows an FTIR spectrum (1000-
3000 cm-1) of the untreated PS II RC complex in the
presence of ferricyanide in the dark (a) and its light-induced
difference (under-minus-before illumination) spectrum (b)
measured at 150 K. Similar difference spectra were obtained
in the temperature range of 77-210 K (data not shown). A
change from ferricyanide to ferrocyanide was shown in the
bands at 2118/2036 cm-1, indicating that an electron was
abstracted by ferricyanide through Pheo and hence a positive
charge was accumulated on the electron donor side. Ac-

FIGURE 2: Time course of the light-induced absorption changes at
682 nm (a) and 1004 nm (b). Timing of starting and stopping the
illumination is indicated by ‘ON’ and ‘OFF’, respectively.

FIGURE 3: FTIR spectrum (1000-3000 cm-1) of the PS II RC
complex in the presence of ferricyanide before illumination (a) and
its light-induced difference spectrum (under-minus-before illumina-
tion) (b). The sample temperature was 150 K. Spectral resolution
was 4 cm-1.
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cording to the above result of electronic absorption spectra
(Figure 1b), P680+ and a radical cation ofâ-carotene should
be mainly produced with minor contribution of the cation
of an accessory Chl. It is notable that in addition to a number
of bands present in the 1000-1750 cm-1 region, a broad,
weak feature is observed at 1700-2800 cm-1 (Figure 3b).

The lower frequency region (1000-1800 cm-1) of the
difference spectrum (Figure 3b) is expanded in Figure 4a,
and an analogous light-induced difference spectrum measured
using a 250 K-preilluminated RC sample is shown in Figure
4b. In the latter spectrum, the bands at 1440, 1365, and 1143

cm-1 significantly decreased their intensities compared with
those in the spectrum of the untreated RC sample (Figure
4a). Becauseâ-carotene is specifically bleached by pre-
illumination at 250 K (Figure 1c), this observation indicates
that the bands at 1440, 1365, and 1143 cm-1 arise from a
radical cation ofâ-carotene. The bands at 1440 and 1143
cm-1 may correspond to the doublet signal at 1465 and 1441
cm-1 and the 1148 cm-1 band, respectively, which were
previously reported for aâ-carotene cation photoproduced
in the PS II membranes at 80 K (37). The difference in the
band shape and positions may reflect some perturbation of
carotenoid configuration and/or interaction with surrounding
proteins in the RC complex from an intact state. Note that
the reason no corresponding negative bands of a neutral
carotenoid were observed in the spectrum, is that a neutral
carotenoid has much weaker IR bands than its cation state
(37). With minimum contribution of carotenoid signals, we
can regard the spectrum in Figure 4b as the P680+/P680
difference probably with some contamination of the signals
from an accessory Chl.

Because in the measurements of the above FTIR difference
spectra relatively long light illumination (100 s) was
subjected to the sample, there could be a risk of contamina-
tion of thermal bands, which come from subtle frequency
shifts of various vibrational modes in the whole system due
to the temperature increase through light absorption of the
pigments and subsequent thermal relaxation. To check the
thermal effect on the spectra, we measured a light-induced
spectrum of the PS II RC complex in the absence of
exogenous electron acceptors under the same conditions as
used for Figure 4a,b. In such a sample, the triplet formation
and subsequent relaxation (∼1 ms) occur (44), and thus the
temperature increase by illumination should be even larger
than the case of the presence of an electron acceptor. As
seen in Figure 4c, thermal bands showed almost no intensities
in the scale of the P680+/P680 spectrum (Figure 4a,b). It
should be noted that although we previously detected a triplet
signal with relatively large contamination of thermal bands
under similar conditions (a RC sample without acceptors)
(20), the intensity of the incident light was 25 times higher
(to accumulate a short-lived triplet) in that experiment than
that used in the present study.

In PS II there is a Chl molecule, so-called ChlZ, which
works as a peripheral electron donor to P680+ at cryogenic
temperatures when the Mn-cluster is depleted. We previ-
ously measured a light-induced FTIR difference spectrum
of ChlZ upon its photooxidation at 210 K using Mn-depleted
PS II membranes (36). This ChlZ+/ChlZ spectrum is
presented in Figure 4d compared with the P680+/P680
spectrum (Figure 4b). The overall spectral feature is similar
between the two spectra, and most of the bands correspond
well with each other. In the CdO stretching region (1600-
1750 cm-1), where CdO groups of Chl, amide I modes of
polypeptides, and COOH groups of side chains mainly
contribute, relatively large negative bands are observed at
1704, 1679, and 1654 cm-1 in the P680+/P680 spectrum
(Figure 4b), while similar bands are observed at 1684 and
1660 cm-1 in the ChlZ+/ChlZ spectrum (Figure 4d). Positive
bands appear at 1711 and 1729 cm-1 in P680+/P680
corresponding to the bands at 1714 and 1747 cm-1 in ChlZ+/
ChlZ. The tendency of the presence of the positive bands at
higher frequencies than the negative bands follows the fact

FIGURE 4: Light-induced FTIR difference spectra in the lower
frequency region (1000-1800 cm-1) of the PS II RC complex (a-
c) and the Mn-depleted PS II membranes (d). (a) Difference
spectrum (under-minus-before illumination) of the RC complex in
the presence of ferricyanide, representing P680+carotenoid+/
P680carotenoid. The spectrum was measured at 150 K. (b)
Difference spectrum (under-minus-before illumination) of the RC
complex after specific bleach ofâ-carotene, representing P680+/
P680. The sample was preilluminated for 30 min at 250 K to bleach
â-carotene. The spectrum was measured at 150 K. (c) Light-induced
difference spectrum (under-minus-before illumination) of the RC
complex without exogenous electron acceptors. Measuring condition
was the same as for spectrum a. (d) Difference spectrum (after-
minus-before illumination) of the Mn-depleted PS II membranes
in the presence of ferricyanide and silicomolybdate, representing
ChlZ+/ChlZ (36). The spectrum was measured at 210 K.
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that both the keto C9dO and carbomethoxy C10dO bands
of Chl upshift upon its cation formation (29). It should be
noted that despite the overall similarities, the CdO frequen-
cies of the ChlZ+/ChlZ spectrum agree with none of the bands
in the P680+/P680 spectrum. This means that the accessory
Chl included in the P680+/P680 spectrum as contamination
is not ChlZ. Oxidation of ChlZ by P680+ may be blocked in
the RC preparation. This blockage of ChlZ oxidation as well
as the blockage of YZ oxidation may be the reason in the
RC protein P680+ is mainly photoaccumulated in contrast
to the formation of ChlZ+ in the membrane preparation under
similar illumination conditions.

The bands assignable to the macrocycle CdC stretching
modes of neutral Chl (45-47) are observed at 1610, 1555,
1527, and 1493 cm-1 in P680+/P680 (Figure 4b), corre-
sponding to 1614, 1551, 1537, and 1491 cm-1 in ChlZ+/ChlZ
(Figure 4d). Some of these modes can be used as marker
bands to identify the coordination number of the central Mg
ion of Chl (45, 48); IR bands at∼1610 and∼1535 cm-1 in
5-coordinated Chl downshift to∼1600 and∼1515 cm-1,
respectively, in 6-coordinated Chl. The presence of bands
at 1610 and 1527 cm-1 in P680+/P680 (Figure 4b) indicates
that the Chl molecules in P680 have a 5-coordinated
structure.

Other prominent ring modes of neutral Chl, that consist
of CC and CN stretching and CH bending vibrations (47),
are observed at 1344, 1281, and 1179 cm-1 in P680+/P680
(Figure 4b), corresponding to the bands at 1346, 1286, and
1182 cm-1 in ChlZ+/ChlZ (Figure 4d). The notable difference
between the two spectra in this region is observed in the
band intensities; in P680, the 1179 cm-1 band shows a
significantly strong intensity, while in ChlZ all three bands
have about the same minor intensities. An FTIR difference
spectrum of a monomeric Chl in vitro upon cation formation
(29, 49) also showed the corresponding three bands at 1346,
1289, and 1179 cm-1 with minor intensities.

The higher frequency region (1700-2800 cm-1) of the
light-induced difference spectra (under-minus-before il-
lumination) of the untreated and 250 K-preilluminated RC
samples is presented in Figure 5a,b, respectively (different
spectral region of Figure 4a,b). A light-induced spectrum
of the RC sample without ferricyanide is also shown in
Figure 5c, demonstrating that the thermal effect by illumina-
tion does not contribute to the spectra in this region either.
In both the spectra of Figure 5a and Figure 5b, a broad band
centered at∼1940 cm-1 with a width (fwhm) of 430( 30
cm-1 was observed. Peaks at 2623, 2440, and 2290 cm-1

were also seen on the broad band, but these peaks decreased
their intensities in the 250 K-preilluminated RC (Figure 5b).
In a difference spectrum of the untreated RC takenafter
illumination (not shown), the broad band as well as the bands
at 1000-1750 cm-1 (except for the bands at 1440, 1365,
and 1143 cm-1) became smaller without changing the
intensities of the peaks at 2623, 2440, and 2290 cm-1. This
observation corresponds to the partial fast relaxation of P680+

and the very slow relaxation of theâ-carotene cation (Figure
2). Therefore, the peaks at 2623, 2440, and 2290 cm-1 are
assigned to theâ-carotene cation, and the broad band can
be ascribed to P680+. These carotenoid bands probably arise
from overtones and/or combination modes. The broad band
centered at 1940 cm-1 resembles the mid-IR electronic band
of bacterial P+, which has been reported at∼2600 cm-1

(fwhm: 730( 50 cm-1 at 100 K) in purple bacteria (25), at
∼2500 cm-1 (fwhm: 570 ( 30 cm-1 at 150 K) in green
sulfur bacteria (26, 27), and at∼2100 cm-1 [fwhm: ∼800
cm-1 taken from Figure 2 in ref (28) (220 K)] in helio-
bacteria. This electronic band of bacterial P+ has been
considered to arise from charge delocalization (or hopping
of a hole) on the BChl dimer (25, 50-52). The broad band
of P680+ shows a weaker intensity compared with the mid-
IR electronic band of bacterial P+: about 10 times weaker

FIGURE 5: Light-induced FTIR difference spectra in the higher
frequency region (1700-2800 cm-1) of the PS II RC complex (a-
c, e) and the Mn-depleted PS II membranes (d). Spectra a-c are
the different frequency region of the spectra in Figure 4a-c. (a)
Difference spectrum of the RC complex in the presence of
ferricyanide, representing P680+carotenoid+/P680carotenoid. The
spectrum was measured at 150 K. (b) Difference spectrum of the
RC complex after specific bleach ofâ-carotene (preilluminated at
250 K), representing P680+/P680. The spectrum was measured at
150 K. (c) Difference spectrum of the RC complex without
exogenous electron acceptors. The spectrum was measured at 150
K. (d) Difference spectrum of the Mn-depleted PS II membranes
in the presence of ferricyanide and silicomolybdate, representing
ChlZ+/ChlZ. Measuring condition was the same as for Figure 4d,
except that an about 3 times larger amount of sample was loaded.
(e) Difference spectrum of the RC complex in D2O buffer in the
presence of ferricyanide. Measuring condition was the same as for
spectrum a. The spectral region connected by a dotted line is
saturated by a D2O band.
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than that of P+ of purple and green bacteria (25-27) and
about 3 times weaker than that of heliobacteria (27, 28) on
the basis of the spectral intensity in the CdO region.

The same spectral region of the ChlZ
+/ChlZ difference

spectrum is shown in Figure 5d. This spectrum was
normalized so as to adjust the intensity of the CdO band at
1747 cm-1 to that of the 1729 cm-1 band of Figure 5a,b.
Note that the relative intensity of the 1747 cm-1 band in the
whole CdO region (Figure 4d) is about the same as that of
the 1729 cm-1 band of P680+/P680 (Figure 4a,b). The broad
band was not observed in this ChlZ

+/ChlZ spectrum, being
consistent with the idea that ChlZ is one of the monomeric
accessory Chl molecules in the RC complex (53).

A broad continuum in a higher frequency region can arise
from strong hydrogen bond interactions with large proton
polarizability (54, 55). Hence, there is a possibility that the
broad feature in P680+/P680 comes from an effect of the
electric field change or some structural perturbation on the
hydrogen bond interactions around P680. To check this
possibility, a P680+/P680 difference spectrum was measured
using the RC sample incubated in D2O buffer (Figure 5e).
The broad band centered at 1940 cm-1 was still observed
with basically the same shape, supporting the idea that this
band is an electronic band of P680+. Since P680 is thought
to be present in a hydrophobic environment, hydrogen-
bonding protons may not be exchanged by simple incubation
in D2O buffer. Hence, the possibility that the broad band
comes from hydrogen-bonding interactions cannot be fully
excluded. However, from the resemblance to the bacterial
mid-IR electronic band and the result that ChlZ did not show
this feature upon its cation formation (Figure 5d), which
should similarly perturb hydrogen-bonding interactions around
ChlZ, it can be concluded that the broad band centered at
∼1940 cm-1 of P680+ arises from an electronic transition
of dimeric Chl molecules.

Comparison with RR Spectra and a Triplet/Singlet FTIR
Spectrum. To understand the origin of the CdO bands in
more detail, RR spectra of the RC complex were measured
and compared with the FTIR spectrum. In Figure 6, RR
spectra measured with excitation at 406.7 (a) and 441.6 nm
(b) were presented together with the P680+/P680 FTIR
spectrum (c) (expansion of Figure 4b). These RR spectra
were basically identical to the spectra previously reported
by Moënne-Loccoz et al. (56) except that the spectral
resolution seems a little higher in the present study and thus
the bands at 1722-1725 cm-1 are resolved in Figure 6a,b.
While the P680+/P680 FTIR spectrum includes the bands
of not only P680 itself but also the surrounding molecules
such as proteins and other pigments that are perturbed by
P680+ formation, the RR spectra provide only the vibrational
modes of pigments that are resonant to the excitation
wavelength. In the case of PS II RC, the six Chl and two
Pheo molecules have almost degenerate Soret absorption
bands at 400-450 nm (Figure 1a), and hence RR spectra
measured with excitation in the Soret region will include
basically all the contribution of these chlorin molecules in
the RC complex. Since the 418 nm peak (Figure 1a) is due
to Pheo, the spectrum with 406.7 nm excitation might include
more Pheo contribution. However, since we do not know
the exact position of the Soret band of P680 and in addition
P680 might show a specific resonance effect, it is also
possible that the difference between the RR spectra with

406.7 and 441.6 nm excitation (Figure 6a,b, respectively)
reflects the P680 contribution.

The CdC stretching mode of the Chl macrocycle was
observed at 1613-1614 cm-1 in both the RR spectra (Figure
6a,b), confirming the assignment of the FTIR band at 1610
cm-1 (Figure 6c) to the CdC mode. Because the negative
peak at 1628 cm-1 in the P680+/P680 FTIR spectrum (Figure

FIGURE 6: Resonance Raman spectra of the PS II RC complex in
the CdO and CdC regions measured with excitation at 406.7 (a)
and 441.6 nm (b), in comparison with FTIR difference spectra of
P680+/P680 (expanded spectrum of Figure 4b) (c) and of triplet/
singlet [taken from ref (20), in which the spectrum was reported
as3P680/P680] (d). For resonance Raman measurements, the RC
complex was dissolved in 50 mM Hepes-NaOH buffer (pH 7.5)
(0.2 mg of chlorophyll/mL) without exogenous electron acceptors
and kept at 85 K in a cryostat. Spectral resolution was about 4
cm-1.
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6c) does not have a counterpart in the RR spectra (Figure
6a,b), this band is probably ascribed to a protein mode, either
an amide I or a side chain mode.

RR bands at 1660-1710 cm-1 (Figure 6a,b) can be
assigned to the keto C9dO stretching modes of Chl and Pheo
(45, 46). These bands are classified into two groups, i.e.,
the higher frequency bands with a peak at 1703-1704 cm-1

and the lower frequency bands with a peak at 1674-1677
cm-1 and a shoulder at∼1665 cm-1. The former group is
attributed to the C9dO free from hydrogen bonding, and the
latter group is to the hydrogen-bonded C9dO (57-59). The
large negative band at 1654 cm-1 in the P680+/P680 FTIR
spectrum (Figure 6c) definitely originates from neither Chl
nor Pheo, because no CdO band exists at this position in
the RR spectra (Figure 6a,b). Hence, this 1654 cm-1 band
is assigned to the protein mode. The most plausible
assignment is the amide I mode of anR-helical polypeptide,
which generally shows a band at 1650-1658 cm-1 (60). This
assignment is reasonable because P680 is thought to be
attached to the transmembraneR-helices (1, 19). The
positive peaks at 1662 and 1646 cm-1 might be counterparts
of the 1654 cm-1 negative band. The negative bands at 1679
and 1704 cm-1 of the P680+/P680 FTIR spectrum (Figure
6c) are most likely due to the keto C9dO modes of Chl or
Pheo, because these positions are in good agreement with
the keto C9dO bands in the RR spectra (Figure 6a,b). At
least one of them must be attributed to the keto C9dO of
P680. However, definite assignment is difficult at present,
because of (1) contamination of the signals of an accessory
Chl represented by a shoulder at 673 nm in the Qy region
(Figure 1b,d), (2) possible electrochromic effect on the Cd
O bands of other Chl or Pheo molecules near P680, and (3)
possible contribution of protein bands (amide I or side
chains).

It is known that the keto C9dO frequency upshifts by
about 25 cm-1 when Chl in THF is oxidized (29). If the
positive charge is delocalized on dimeric Chl molecules, the
shift is expected to be smaller. Thus, the positive bands at
1711 and 1729 cm-1 (Figure 6c) can be the candidates for
the keto C9dO bands of P680+. The carbomethoxy C10dO
of Chl and Pheo, which generally shows a stretching
frequency at 1720-1750 cm-1 (59), is only weakly conju-
gated to the chlorin ring, and hence significantly low RR
intensity is expected. In fact, only one weak band was
observed at 1722-1725 cm-1 in the RR spectra (Figure 6a,b).
This band position indicates that the carbomethoxy C10dO
group is hydrogen-bonded (59). Since it is unlikely that all
the carbomethoxy C10dO groups of eight chlorin molecules
in the RC complex are engaged in hydrogen bonds, only
some of them must have gained RR intensities with unknown
reason. A dip at 1723 cm-1 in the P680+/P680 FTIR
spectrum (Figure 6c) might correspond to this RR band. If
this is the case, the counterpart of this dip in the P680+

spectrum could be the 1729 cm-1 band, because oxidation
of Chl slightly upshifts the carbomethoxy C10dO frequency
(29). Another negative peak was found at 1738 cm-1 in
P680+/P680 (Figure 6c), but the counterpart of this peak was
not clear in the spectrum. The CdO stretching mode of a
COOH group of Asp or Glu also shows a band in this region
(1700-1750 cm-1), and thus this side-chain mode might also
contribute to the above peaks.

The P680+/P680 difference spectrum (Figure 6c) was also
compared with the triplet/singlet spectrum (Figure 6d)
measured at 80 K, which we previously reported as3P680/
P680 (20). In this triplet/singlet spectrum, the main bleach
of the keto C9dO band of the Chl in the ground singlet state
is observed at 1669 cm-1 with a minor bleach at 1707 cm-1.
The positive bands at 1627 and 1659 cm-1 were ascribed to
the C9dO bands of the triplet Chl as counterparts of the 1669
and 1707 cm-1 bands, respectively. It is clearly seen that
the main C9dO band at 1669 cm-1 agrees with neither the
1704 cm-1 nor the 1679 cm-1 band in the P680+/P680
spectrum. This observation automatically leads to the
conclusion that the Chl molecule on which the triplet state
is mainly located at low temperatures is different from the
Chl molecules that possess a hole in P680+. By contrast,
the minor band at 1707 cm-1 in the triplet/singlet spectrum
(Figure 6d) could correspond to the 1704 cm-1 band in the
P680+/P680 spectrum (Figure 6c). In this case, the slight
frequency difference by 3 cm-1 is possibly brought about
by the overlap of other bands (especially a positive band at
1711 cm-1 in Figure 6c) or the difference in the measuring
condition (e.g., temperature and presence of an electron
acceptor).

DISCUSSION

Identification of a P680+/P680 FTIR Spectrum.Previ-
ously, Allakhverdiev et al. (61) claimed that they obtained
a P680+/P680 FTIR spectrum at 20°C using Mn-depleted
PS II membranes in the presence of ferricyanide and
silicomolybdate as electron acceptors. However, their
spectrum is at odds with our P680+/P680 spectrum (Figure
4b) in the present study. The band pattern of their spectrum
is quite different from that of a typical Chl spectrum, which
has been seen in Chl+/Chl in vitro (29), ChlZ+/ChlZ in PS II
(Figure 4d) (36), and P700+/P700 in PS I (29), whereas
overall features and band positions of our P680+/P680
spectrum (Figure 4b) correspond well to those of ChlZ

+/ChlZ
(Figure 4d) (36) as well as other published Chl spectra (29).
The intensity of their difference spectrum (∆A) was about
0.05 [which was estimated from Figure 3 in ref (61) by
assuming the absorbance of the amide I band as 1].
However, using PS II membranes, the predicted spectral
change is on the order of 10-4, which is the spectral scale
of light-induced difference spectra of various species so far
obtained using PS II membranes (36, 37, 62-69). By
contrast, the scale of our spectrum is quite reasonable.
Taking into consideration the number of backbone CdO
groups in the RC protein (∼850) as well as some contribution
of side chains and chlorin pigments, the intensity ratio of
the CdO bands of P680 to the total bands in the amide I
region (1600-1700 cm-1) can be expected to be about 1×
10-3. In fact, this is the spectral scale of our difference
spectrum (Figure 3). Even when we calculate a ratio with
area intensity, the sum of the negative bands at 1704 and
1679 cm-1, candidates for the keto C9dO of P680, in the
difference spectrum (Figure 3b), was estimated to be about
4 × 10-4 of the amide I band at 1657 cm-1 of the original
spectrum (Figure 3a). This value is reasonably explained,
if P680+ is photoaccumulated in about half the RC proteins
during the FTIR measurement. Furthermore, we repeated
the experiment by Allakhverdiev et al. (61) under basically
identical conditions, but actually we obtained a spectrum
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consisting of a mixture of the known signals of ChlZ
+/ChlZ

(36) and QA
-/QA (62) (data not shown). Although we do

not know the origin of their signals, it might be possible
that they observed an artifact such as protein degradation.

Very recently, Breton et al. (49) reported their preliminary
FTIR spectrum of P680+/P680 in the 1150-1800 cm-1

region measured at 230 K using the PS II RC complex in
the presence of silicomolybdate as an electron acceptor. Our
spectrum in this lower frequency region (Figure 4b) was
basically identical to their spectrum. The slight frequency
differences (<5 cm-1) observed in some of the bands might
be due to the difference in temperature (150 K vs 230 K)
and an electron acceptor. Observation of the basically
identical spectra in independent laboratories using different
RC preparations as well as some different measuring
conditions (e.g., temperature and an electron acceptor)
corroborates the correctness of the P680+/P680 FTIR spec-
trum presented in this study.

Electronic Coupling and Structure of P680+. In the
P680+/P680 FTIR spectrum, a relatively weak, broad band
centered at 1940 cm-1 was observed (Figure 5a,b,e). Similar
bands have been reported in various bacterial P+ (25-28),
and ascribed to an electronic transition originating from
charge delocalization or hopping between the two BChl
molecules (25, 50-52). In fact, this band was not observed
in the cation state of a monomeric BChl in organic solution,
an asymmetric dimer in bacterial mutants that has a BPheo
in place of either of the BChl molecules (25), and ChlZ in
PS II (Figure 5d) that is thought to be a monomeric accessory
Chl (53). Therefore, the presence of a mid-IR electronic
band in P680+ provides evidence that P680+ has a dimeric
structure consisting of electronically coupled Chl molecules
and the positive charge is delocalized over (or hopping
between) the two Chls. This conclusion is consistent with
the ENDOR results by Rigby et al. (32), which indicated
that an unpaired electron spin is delocalized over two Chl
molecules with a ratio of 82:18, although they could not rule
out the possibility of a monomeric structure in which
environmental and geometrical changes affected the hyper-
fine coupling constants.

The intensity of the mid-IR electronic band observed in
P680+ (Figure 5a,b) was much lower than the corresponding
band of bacterial P+ (25-28). Three possible reasons are
considered for this low intensity. (1) Weak resonance
interaction between the two Chl molecules: According to
the theoretical formalism by Breton, Nabedryk, and Parson
(25, 50), the strength of resonance interaction between the
two (B)Chl molecules is one of the factors that determine
the intensity of the mid-IR electronic band. Thus, weak
resonance interaction between the Chl molecules in P680+

can cause the low intensity. In this regard, much weaker
excitonic coupling in the Qy state has been observed in P680
compared with that in P870 of purple bacteria (7-11). (2)
Asymmetric structure of P680+: Breton et al. (25) also
suggested that a larger energy difference between the two
eigenstates of localized charge (PL

+PM and PLPM
+) gives

lower intensity of the mid-IR band. If the dimeric structure
is more asymmetric and thus the energy gap is larger in
P680+ than in bacterial P+, then the intensity of the mid-IR
electronic band can be lower. This view is in agreement
with the ENDOR result, which showed more localized charge
distribution in P680+ (82:18) (32) than P870+ in purple

bacteria [e.g., 68:32 inRb. sphaeroides(70)]. (3) Difference
in Chl species: Chla is the constituent of P680 while
bacterial P consists of BChla, -b, or -g. In fact, P798+

(BChlg dimer) of heliobacteria showed a much smaller mid-
IR electronic band than P840+ (BChla dimer) of green sulfur
bacteria (26, 27), although the RC proteins of these bacteria
are thought to have a close structure (71). Also, in P700+

(Chla dimer) of PS I, which has an FeS-type RC similar to
the RCs of green sulfur bacteria and heliobacteria, this type
of electronic band has not been observed (27) (although this
absence of the mid-IR electronic band was explained as due
to charge localization on one Chl in P700+). Thus, it is
possible that Chla, which has a macrocycle structure different
from BChl, originally gives a weaker mid-IR electronic band.

Another prominent feature in the P680+/P680 spectrum
was the strong intensity of the 1179 cm-1 band of P680
(Figure 4b). This band may correspond to the macrocycle
vibrational mode at 1188 cm-1 calculated by Boldt et al.
(47) for nickel(II) methylmesopyropheophorbidea (NiMPPh)
and nickel(II) methylpyropheophorbidea (NiPPh), which
have the same chlorin ring as Chla. According to their
calculation, this mode is mainly contributed by in-plain
deformation of rings IV and V. Thus, it is possible that the
pronounced intensity of the 1179 cm-1 band is attributed to
the distortion of these rings, which could be brought about
by interactions of CdO groups on ring V with surrounding
proteins. Such distortion of the macrocycle could be related
to the extremely high redox potential of P680.

Structural Model of the Chl Molecules Coupled in the
Cation, Triplet, and Qy Singlet States.So far, various
structural models of P680 have been proposed [reviewed in
ref (2, 16)] based on the following observations and ideas:
(1) The basic structure and the pigment location of the PS
II RC follow those of the purple bacterial RC. In particular,
the His ligands of P in the bacterial L and M subunits are
conserved in the D1 and D2 subunits of PS II, and hence
Chl molecules corresponding to the bacterial special pair may
be present in PS II. (2) Some drastic structural difference
from P of purple bacteria could exist in P680, so that P680
has an extraordinary high redox potential [∼1.1 V (4)]. (3)
Excitonic coupling in the Qy state of Chl molecules in P680
is significantly weak (7-11). (4) The spin-polarized triplet
state resides on P680, because the optical bleach upon triplet
formation (triplet minus singlet) is observed at∼680 nm (9-
11, 72-74), and thus this triplet state has been denoted as
3P680. (5) The triplet state is localized on one Chl at very
low temperatures but thermally equilibrates between the two
Chl molecules at higher temperatures (20, 75, 76). (6) The
z axis of the triplet state at helium temperature is tilted by
30° relative to the membrane normal; that is, the macrocycle
of this Chl is arranged almost parallel to the membrane plane
(12).

Difficulty in making a structural model of P680 exists in
reconciling the parallel orientation of the Chl plane with the
structure of the bacterial special pair, in which both of the
BChl molecules are oriented perpendicular to the membrane.
To overcome this problem, the following models have been
proposed: (1) P680 is a monomeric Chl corresponding to
the accessory BChl, which is oriented nearly parallel to the
membrane (12). (2) P680 is a dimer in which the two Chl
molecules have (anti)parallel Qy transitions and both of them
are oriented nearly parallel to the membrane (17, 18). (3)
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P680 is a dimer in which one Chl is perpendicular and the
other is parallel to the membrane and the triplet state is
mainly located on the latter Chl at low temperatures (12,
20). Although we previously favored model 3 in the FTIR
study of3P680 (20), it has been pointed out that this model
(as well as model 2) requires significant perturbation of the
protein but such perturbation is difficult under the homology
of the D1 and D2 subunits with the L and M subunits of
purple bacterial (12, 19, 74).

The present P680+/P680 spectrum (Figure 6c) in com-
parison with the triplet/singlet spectrum (Figure 6d), however,
showed that the main bleached band of keto C9dO at 1669
cm-1 upon triplet formation was in disagreement with the
bleached bands at 1704 and 1679 cm-1 upon cation forma-
tion, indicating that the Chl molecule, on which the triplet
is mainly located at low temperatures, is not a constituent
of P680. Thus, we are released from the above difficulty in
making a P680 model including a parallel Chl orientation.
The Qy bleach at∼680 nm upon triplet formation can be
rationalized by a recent consensus that there is another Chl
molecule (or excitonically coupled state consisting of several
Chls) that has an absorption peak at 680-684 nm besides
P680 (10, 39, 40, 77-83). This bleach can also be explained
by the multimer model of P680 (21); i.e., if the 680 nm peak
originates from relatively weak excitonic coupling among
several Chl and Pheo molecules including the primary donor
and the triplet-possessing Chl, the triplet formation will
bleach this 680 nm peak.

In Figure 7 are presented the structural models of Chl
molecules coupled in the cation, triplet, and Qy singlet states.
To avoid confusion, the term ‘P680’ is confined to the Chl
molecules as the primary donor, which is equivalent to the
special pair in bacterial RC. Also, we newly designate the
Chl molecule that mainly possesses a triplet state at low
temperatures as ChlT. From the observation of a mid-IR
electronic band of P680+ analogous to the band of bacterial
P+, we consider that the structure of the bacterial special
pair is basically conserved in P680 and the positive charge
is delocalized over this dimer. We do not need to change
the angle of macrocycle any more, and thus it remains
perpendicular to the membrane. However, to realize the
weaker excitonic coupling between the Chl molecules, the
distance between the two Chl molecules may be longer than
that of bacterial P as suggested previously (8, 11, 17, 19).
ChlT corresponds to the accessory BChl in bacterial RC and
has a parallel orientation. The triplet state produced by
charge recombination mostly migrates to ChlT at low
temperatures. This idea of triplet migration has been
originally proposed by Rutherford (84), but experimental
support has not been obtained so far. At higher temperatures,
the triplet state on ChlT equilibrates with3P680 (either or
both of the Chl molecules in the special pair), although in
the previous studies this equilibration has been attributed to
the two Chl molecules in3P680 (20, 75, 76). The energy
gap between the equilibrating triplet states has been reported
as 8.4 meV by our previous FTIR study (20) and as 12-13
meV by EPR measurements (75, 76) and now this gap is
interpreted as the energy difference between3ChlT and3P680.

Model I in Figure 7 is the case that P680 and ChlT have
basically independent Qy bands, both of which have peaks
around 680 nm. Model II is in the context of the multimer
model (21); P680 and ChlT are excitonically coupled and

produce a Qy band at 680 nm. This excitonic multimer
might include other Chl or Pheo molecules. It should be
noted that Kwa et al. (9) proposed a model similar to model
II: P680 is anN ) 3 multimer consisting of structural
equivalents of BChlL (on which the triplet is localized), PM,
and BPheoL (PL is missing in this model).

The keto C9dO bands of P680 were observed at 1704 and/
or 1679 cm-1 (Figure 6c). Recently, Hienerwadel et al. (85)
suggested the possiblility that the differential signal at
1697(+)/1704(-) cm-1 (+ and - indicate positive and
negative intensities, respectively) in the YD

•/YD FTIR
spectrum arises from an electrochromic shift of the keto C9d
O of P680. Zhang et al. (69) also found a similar differential
signal at 1699(+)/1707(-) cm-1 in their YZ

•QA
-/YZQA

spectrum. In fact, according to the computer modeling of
PS II RC based on the X-ray structure of bacterial RC (19),
the keto C9dO bonds of P1 and P2 (P1 and P2 indicate the
Chl molecules constituting P680 on the D1 and D2 subunits,
respectively) point to YZ and YD, respectively, at a distance
of <10 Å. The direction of the shift, i.e., the downshift when
the positive charge is on (or near) YZ or YD, is also
reasonable. If the above differential signals are really from
the keto C9dO bands of P680, then this will indicate that

FIGURE 7: Structural models of the Chl molecules coupled in the
cation, triplet, and Qy singlet states. The term ‘P680’ is confined
to the Chl molecules that possess a positive charge as the primary
donor. ChlT is a Chl on which the triplet state mainly resides at
low temperatures. In this model, positions and orientations of the
Chl molecules basically follow those of the BChl molecules in the
RC of purple bacteria. P680 is equivalent to the bacterial special
pair that is oriented perpendicular to the membrane plane, and in
P680+, the hole is delocalized over (or hopping between) the two
Chl constituents. ChlT corresponds to the accessory BChlL or BChlM
that has nearly parallel orientation, and the triplet state equilibrates
with P680 with an energy gap of 8-13 meV (20, 75, 76). In model
I, P680 and ChlT have basically independent Qy transitions but
exhibit bands at an almost identical position of∼680 nm. Model
II is in the context of the excitonic multimer (21), in which Chls
including P680 and ChlT have an excitonically coupled Qy band
at ∼680 nm.
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the negative band at 1704 cm-1 in the P680+/P680 spectrum
(Figure 6c) includes both keto C9dO vibrations of P680,
which are free from hydrogen-bonding interaction. To reach
a final conclusion, however, further work using site-directed
mutagenesis will be necessary.

Because the His residues that ligate the accessory BChl
molecules in purple bacterial RC are not conserved in the
D1 and D2 subunits, there is no evidence that Chl molecules
are present at the same positions. However, ChlT has almost
the same orientation as the accessory BChl with regard to
the plane angle (30°) relative to the membrane (12).
Although van Mieghem et al. (12) first proposed that the
Chl plane is rotated by 45° relative to the accessory BChl,
recalculation by Kwa et al. (9) provided the possibility that
equivalence between the orientation of accessory BChl and
ChlT was almost exact. As suggested by Svensson et al.
(19), the ligands of these Chl molecules can be polar groups
other than histidine or water. The X-ray crystal structure of
Rps.Viridis RC showed that the keto C9dO group of both
accessory BChls is hydrogen-bonded to a water molecule
that has additional hydrogen bonds to the His ligand of P
and the backbone amide. The FTIR result that the keto C9d
O of ChlT is hydrogen-bonded (20) suggests that a similar
hydrogen-bonding network might exist around ChlT. We
cannot decide which subunit, D1 or D2, the ChlT is attached
to at the present stage. The D2 subunit might be favored in
analogy with triplet migration to a carotenoid on the M
subunit through BChlM in bacterial RC, while the D1 subunit
might be favored when one considers that photodegradation
of the D1 subunit occurs most likely through the triplet state
(86). The possibility that ChlT is identical to ChlZ is excluded
from the difference in the keto C9dO positions [1669 cm-1

in ChlT (Figure 6d) (20) and 1684 cm-1 in ChlZ (Figure 4d)
(36)].

If the Chl molecules keep the basic positions and orienta-
tions in PS II RC compared with the bacterial ones as shown
in Figure 7, the reason for the extremely high redox potential
of P680 (∼1.1 V) cannot be found in the drastic change in
the coupling between the Chl molecules in P680. Although
weakened coupling by a longer Chl-Chl distance in P680
will increase the potential, still it would be lower than the
monomeric Chl in vitro [∼0.8 V (6)]. As suggested above,
distortion of the macrocycle might contribute to the increase
in the redox potential, but we do not know how much effect
is expected. Thus, the environmental effect by the surround-
ing proteins should play an important role in increasing the
potential. It is possible that the similar environmental factors
are effective to ChlT to increase its redox potential even
higher than that of P680 so that oxidation of ChlT by P680
is prevented.
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