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Abstract

Pigments in the purified spinach Photosystem Il reaction center (D1-D2-Cyt b-559) complex were extracted with diethyl
ether containing varied amounts of water. The purified reaction center originally contained approximately six molecules of
chlorophyll a, two B-carotene and two pheophytin a per one photochemically active pheophytin a. The treatment with
30-50% water-saturated ether extracted one B-carotene, as well as one chlorophyll a that absorbs at 677 nm, remaining
62% of the photochemical activity to reduce pheophytin a. With 60—80% water-saturated ether, aimost al the B-carotenes
were extracted, remaining the 49% activity without additional loss of chlorophyll. The absorption, fluorescence excitation
and linear dichroism spectra demonstrated two spectral forms of B-carotene. The short-wavelength form of 3-carotene with
absorption peaks at 429, 458 and 489 nm was selectively extracted with ether at low water content, whereas the
long-wavelength form with peaks at 443, 473 and 507 nm was extractable only at the higher water content. The extraction
enhanced the photobleaching of chlorophylls. The results suggest that chlorophyll a forms with peaks at 667 and 675 nm
are located close to the short-wavelength form of B-carotene that can transfer excitation energy to the photoactive
pheophytin a on the D1 protein. © 1997 Elsevier Science B.V.
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1. Introduction

The primary charge separation in Photosystem (PS)
Il of oxygenic photosynthesis takes place in the
reaction center pigment-protein complex that consists
of the D1 and D2 proteins [1,2]. The D1 and D2
proteins show some homologies in their amino acid
sequences to each other and aso to the L and M
subunits of the purple bacterial reaction center, re-
spectively, whose structure has been determined by
X-ray crystallography [3—-5]. The homology, together
with the similarities in the organization of cofactors,
suggests that these two photosystems have evolved
from a common ancestor [6]. However, they differ
from each other in the extent of oxidizing power
generated and the numbers of pigment contained. The
purple bacterial reaction center is known to have four
molecules of bacteriochlorophyll, one carotenoid and
two bacteriopheophytin [7]. On the other hand, typi-
cal preparations of PS |1 reaction centers, isolated to
date, contain six molecules of chlorophyll a and two
B-carotene per two molecules of pheophytin a [8,9].

There is some controversy as to the number of
pigment molecules associated with the PS 11 reaction
center [9-14], as well as to the assignment of the
absorption bands of chlorophyll a and pheophytin a
[15—21]. The localization and the function of the
extra two molecules of chlorophyll a and one B-
carotene, are also unclear at present. It is generally
assumed that the two carotenoids in the PS |1 reaction
center exhibit different spectral [22,23] and photo-
chemical properties [24]. Recently, we reported that
two molecules of B-carotene in the reaction center
have been shown to be in the 15-cis configuration
[25].

In the present study, we selectively extracted pig-
ments from isolated spinach PS Il reaction centers
with ether containing different amounts of water. The
extraction produced photochemically active PS Il
reaction centers remaining either one or no B-caro-
tene molecule, with the concomitant loss of one
chlorophyll a. We will discuss the localization and
the function of individual B-carotene in the reaction
center complex based on optical analysis.

2. Materials and methods
2.1. Preparation of PS 1l reaction centers

PS |l reaction centers were isolated from spinach
leaves as previously described [26], with replacement
of the origina detergent (Triton X-100) by 0.15%
sucrose-monocaprate.

2.2. Extraction with ether

The extraction of pigment from the PS Il reaction
centers with diethyl ether was essentially performed
as previously described in the extraction of the PS |
reaction center [27,28]. The PS Il reaction centers
were washed twice with distilled water, carefully
lyophilized and stored at —80°C under nitrogen at-
mosphere. The lyophilized powder was extracted at
4°C with ether that contained varied concentrations of
water. The water content of ether was adjusted by
mixing appropriate amounts of ether dehydrated by
the addition of anhydrous Na,SO, with the water-
saturated ether that contained approximately 1.0%
(w/w) water on ice. The extracted pigments were
removed by centrifugation at 37000 X g for 5 min.
This procedure was repeated once more. The resul-
tant ether-extracted PS |1 reaction centers were dried
and solubilized by a 30-min incubation on ice with a
medium containing 50 mM HEPES-NaOH buffer
(pH 7.5) and 0.3% sucrose-monocaprate.

2.3. Quantitation of pigments and the other compo-
nents

Analysis of pigments in the PS Il reaction centers
by HPLC was performed as described elsewhere [8]
using a norma phase column: Senshupak Silica-
1251N (4.6 mm i.d. X 250 mm; Shimadzu, Kyoto) at
or below 4°C with hexane, isopropanol, methanol
(100:0.8:0.4, v/v), as an eluent at a flow rate of 1
ml /min. Extinction coefficients of 135000 (at 453
nm in 100% hexane), 81300 (at 661.6 nm in 100%
acetone) and 46000 (at 665.9 nm in 100% acetone)
M~1.cm~! were used for B-carotene, chlorophyll a
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and pheophytin a, respectively [29]. Cytochrome b-
559 was spectroscopicaly determined using a re-
duced-minus-oxidized difference millimolar absorp-
tion coefficient at 559 nm of 15 cm~* [30]. The total
metal content of PS Il reaction centers was estimated
by inductively coupled plasma (ICP) atomic emission
spectroscopy with a model SPS2100A spectrometer
(SEIKO Instruments, Tokyo).

2.4. Spectroscopic analyses

Absorption spectra were recorded with Carry 5G
(Varian, Mulgrave) and Miltonroy 3000 Array spec-
trometers (Spectronic, Rochester). Linear dichroism
(LD) spectra were recorded at 283 K by the gel-
squeezing method with a J200B spectropolarimeter
(JASCO, Tokyo). The concentrations of acrylamide
and bisacrylamide were 12% and 0.24%, respec-
tively, and the gel was placed in a custom-made
cuvette holder [31]. Circular dichroism (CD) spectra
were also recorded at 283 K with the model J-200B
spectropolarimeter. Fluorescence spectraat 77 K were
measured with a Hitachi 850 spectrofluorometer.

2.5. Measurement of photochemical activity and flash
spectroscopy

The photochemical accumulation of the reduced
photoactive pheophytin (Pheo a_,)was monitored by
the absorption change induced by continuous irradia-
tion with saturating light from a xenon lamp (500 W)
a 277 K with a Hitachi-557 spectrophotometer
equipped with a cross-illumination system. The reac-
tion mixture contained methyl viologen (2 wM) and
sodium-dithionite (2 mg - ml 1),

Time-resolved nanosecond difference absorption
spectra were recorded as described elsewhere at 77 K
[32]. Samples mixed with glycerol (to give a final
concentration of 60%) in a1 cmX 1 cm X4 cm
cuvette were excited by a 532-nm flash, with a 10-ns
half-peak width, from a frequency-doubled Nd-YAG
laser at almost saturating intensity (8 mJ-cm™2).
The difference absorption spectra were obtained with
a spectrograph that was equipped with a combination
of a microchannel plate and a multichannel photodi-
ode array with a wavelength accuracy of 1 nm. The
microchannel plate was activated for 5 ns at the
desired time after or before the laser peak. The

chlorophyll a fluorescence excited by a laser flash
was also detected and subtracted in the calculation of
the absorption change.

2.6. Photobleaching

Irreversible absorption change induced by a con-
tinuous actinic illumination was recorded by a Mil-
tonroy 3000 spectrometer at 290 K. Red actinic light
was obtained from a dlide projector with a 650-W
tungsten lamp through R-66 (Toshiba, Tokyo) and
HA-50 (far-red and UV cutoff; HOYA, Tokyo) filters
at 110 pmol photons- m~2-s™ 1,

3. Resaults
3.1. Ether-treated PS |l reaction centers

When the lyophilized PS Il reaction centers were
treated with ether, the amounts of pigments extracted
increased in a step-wise manner as the increase in the
water content of ether. The extracted reaction centers
showed different absorption spectra as shown in Fig.
la—c. The absorption due to 3-carotene, in a430-530
nm range, dramatically decreased with the increasein
the water content in ether, and almost al the p-caro-
tene molecules were extracted by treatment with ether
at 60% water saturation. The treatment also decreased
the Q, peak of chlorophyll a by 18%. This was
accompanied by a 2-3 nm blue shift of the main
absorption peak. However, neither the peak wave-
lengths of carotenoid, pheophytin and P-680" pheo-
phytin anion (Pheo a_,) radical, nor the CD spectra
a the UV region were atered by the treatment as
described below. The apparent blue shift of the Q,
band seemed to be due to the remova of a chloro-
phyll a form that absorbed around 677 nm, as shown
by the difference spectrum (Fig. 1d,e). The extent of
pigment extraction did not depend on the duration of
extraction, and the repeated extractions at the same
water content resulted only in a small additional
release of pigments.

Using millimolar absorption coefficients for
chlorophyll a of 81.3 at 661.6 nm in acetone [29] and
B-carotene of 135 at 453 nm in hexane [33], respec-
tively, the number of B-carotene molecules remain-
ing in the reaction centers was determined to be
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Fig. 1. Absorption spectra of the ether-extracted PS Il reaction
centers at 290 K. Lower panel: absorption spectra of PS Il
reaction centers extracted with (a) 0%; (b) 30%; and (c) 60%
water-saturated ether. The upper panel shows the difference
absorption spectra d=a—b and e=b—c. Broken line f repre-
sents the spectrum of long-wavelength form of B-carotene be-
tween 400 and 570 nm, calculated as e—dx0.8. A negative
change at 415 nm in a trace f represents the uncompensated
chlorophyll bleaching.

almost zero, one and two per reaction center (per two
molecules of pheophytin a), for the preparations
treated with 60, 30 and 0% water-saturated ether,
respectively. Further quantitation of pigments was
performed by HPLC, as shown in Fig. 2. The starting
material contained 6.23 + 0.26 molecules of chloro-
phyll a and 2.18 + 0.24 molecules of B-carotene per
two molecules of pheophytin a. The free chlorophyll
a, i.e., nonfunctional in terms of energy transfer, was
estimated to be less than 2% of the total chlorophyll
in this type of preparation [23]. The extraction with
dehydrated ether (0% water-saturation) did not change
the pigment composition. However, upon extraction
with 20-50% water-saturated ether, the amount of
B-carotene decreased to 1.08 4+ 0.15 molecules per
molecules of two pheophytin a. Further increase in
the water content of the ether, to more than 60%
saturation, resulted in complete loss of B-carotene
from the reaction center. The ICP atomic emission
spectroscopy gave a 4.87 + 0.09:1 ratio of Mg (chlo-
rophyll a) to Fe (cytochrome b-559) in the prepara

tions that had been treated with 30-70% water-
saturated ether (no non-heme iron remains in the
isolated reaction center).

The number of cytochrome b-559 in the PS Il
complex has been a subject of debate and reported to
be between 1 and 2 per two pheophytin [9]. We
previoudy estimated the cytochrome b-559 content to
be one per reaction center based on optical [34] and
ICP analysis in the present preparation (data not
shown). The stoichiometry among cytochrome b-559
and other constituent subunits was also analyzed
based on the amino-acid composition of the isolated
PS 1l reaction center and the deduced primary se-
guence of each subunit. This analysis indicated that
cytochrome b-559 and other constituents are present
in equimolar ratios in the complex (data not shown).
Therefore, the 4.9:1 ratio of chlorophyll a to cy-
tochrome b-559 (that was contained at 1 molecule
per reaction center), was consistent with the estima-
tions by HPLC and optical absorption analysis. The
PS 11 reaction center treated by ether with different
water content lost neither pheophytin a nor cy-
tochrome b-559.

The change in secondary structure of the PS Il
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Fig. 2. Pigment contents and the activity of photochemical reduc-
tion of pheophytin (accumulation of Pheo a_,) in PS Il reaction
centers treated with ether with different water content. Closed
circles and squares, numbers of chlorophyll and carotenoid,
respectively, expressed per two pheophytin a. molecules. Open
circles, Pheo a_, photo-accumulation activity measured at 290
K.
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reaction center was checked by the CD spectra in the
UV region. The 208 nm (n—n"* transition) and 222
nm (n—m* transition) negative peaks in the CD
spectra at 283 K of the ether-treated PS 1l reaction
centers showed almost no differences after the ether
treatments (data not shown). Thus, the extraction of
B-carotene molecules does not seem to have signifi-
cantly atered the tertiary structure of the PS I
reaction center as also expected from the little changes
in the peak positions of carotenoid, pheophytin, and
the time-resolved transient spectra.

SDS-PAGE pattern of the ether-treated reaction
centers revealed the polypeptide bands of the D1 and
D2, the « and B of cytochrome b-559 and the
product of the psbl gene, with no appreciable changes
in molecular mass or evidence of degradation prod-
ucts (data not shown).

3.2. Electron transfer activities

The photo-accumulation of the anionic radical of
photoactive pheophytin (Pheo a_,) was measured
under steady-state illumination at 277 K (Fig. 2).
Treatments with dry ether affected neither kinetics
nor the extent of accumulated Pheo a_ . However,
the amount of Pheo a_, decreased to 62 and 49% of
the control after the treatment with ether at 30 and
60% water saturation, respectively. It is noted that the
PS Il reaction centers with practically no p-carotene
retained substantial photochemical activity.

In order to examine the efficiency of primary
charge separation, the PS Il reaction center was
excited at 77 K by a 532 nm laser flash, and the
transient differences in absorption in the Q, region
were measured (Fig. 3). A transient change with a
negative peak at 680 nm was observed at 10 ns. It
can be ascribed to the flash-induced formation of
P-680" and Pheo a,, [35,36]. Pheo a,, gave an
absorption decrease also at 543 nm as reported [35,36]
(data not shown). At 1 s, a peak was detected at
681.5 nm which can be ascribed to the formation of
P-680 triplet (T P-680) produced in the charge recom-
bination reaction between P-680" and Pheo a_,. The
P-680 content, which was estimated from the extent
of "P-680 induced upon the excitation by a flash of
saturating intensity, decreased to 53% of the control,
in both the one-carotene and zero-carotene prepara-
tions. The shape of the time-resolved absorption spec-
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Fig. 3. Time-resolved difference absorption (AABS) spectra of
the PS Il reaction center at 77 K. a two-carotene reaction
centers, b: one-carotene reaction centers; c: zero-carotene reac-
tion centers. Vertica bars and numbers in the figure represent
units of absorbance change. See Section 2 for details of the
measurements. Solid and broken lines represent AABS at 10 ns
and 1 ps, respectively.

tra and the kinetics did not change, although the
number of chlorophyll a molecules decreased from
six to five and that of B-carotene from two to one or
zero in these preparations.

The 686 nm fluorescence of the PS Il reaction
center decayed in two phases with 3.5 and 50 ns
decay times, respectively, at 77 K. The slow phase
corresponded to the time for the charge recombina-
tion between P-680" and Pheo ay [37,38]. The
ether-treated PS Il reaction centers yielded the same
time constants as those of the untreated controls (data
not shown).

3.3. Two spectral forms of B-carotene

Some reports suggested the presence of two spec-
tral forms of B-carotene, i.e., long- and short-wave-
length forms in vivo in the PS Il reaction center
based on the studies of fluorescence excitation spec-
tra[22,23] or photochemical analysis [24]. The curve
d in Fig. 1 shows the difference absorption spectrum
between the spectra of one- and two-B-carotene
preparations. This spectrum clearly reveals that the
short-wavelength form of B-carotene which absorbs
at 458 and 485 nm was selectively extracted with
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Fig. 4. Fluorescence excitation spectra of one- and two-B-caro-
tene containing PS Il reaction centers at 77 K. Upper and lower
panels represent excitation spectra for 740 and 665 nm, respec-
tively. Solid and broken lines represent the spectra of two- and
one-carotene reaction centers, respectively. Intensity was normal-
ized at the Soret peak in each case, and the intensity between 455
and 560 nm was multiplied as shown in the figure. Peaks of the
short- and long-wavelength forms of B-carotene (Car-489 and
Car-507, respectively) and those of pheophytins on the active and
inactive branches of pigments (Pheo a,, and Pheo &) Were
also indicated by vertical bars.

ether at low water content. The peaks shift to the
shorter wavelength on cooling as shown by the linear
dichroism spectrum in Fig. 5 so that this B-carotene
was designated as Car g, after its longest peak posi-
tion at 77 K. The peak wavelengths correspond to
those previously estimated [22,23]. By contrast, the
difference spectrum in the 400-500 nm region of
one-carotene minus zero-carotene reaction centers re-
veals a longer-wavelength form of B-carotene that
has peaks at 473 and 507 nm (designated as Carx,,)
in addition to the peaks of Car,g (curve e, but see
also curvef in Fig. 1). The result indicates that Cargy,
can be extracted only with ether containing a higher
amount of water.

In order to confirm the selective extractions of two
spectral forms of B-carotene, we recorded fluores-
cence excitation spectraat 77 K and the linear dichro-
ism (LD) spectraat 283 K. In the fluorescence excita-
tion spectra (Fig. 4), a peak at 489 nm, which
corresponds to the longest peak of Car,g,, disap-
peared in the preparation treated with ether at low

levels of water content. The LD spectrum (Fig. 5) for
the two-carotene preparation showed two types of
B-carotenes with positive peaks absorbing at 445, 475
and 507 nm and with negative peaks at 460 and 489
nm, respectively. They correspond to Carg,;, and
Car,g, previously postulated, respectively. In the
one-carotene reaction center, only positive peaks of
Caryy, at 443, 472 and 507 nm were observed (Fig.
5). These data confirm that Car,,, and Carg,, are
selectively extracted by the ether treatments with
low- and high-water contents, respectively. The Car ,5o
and Carg,, can be estimated to be oriented parallel
and perpendicular to the membrane surface from their
negative/positive LD values as previously estimated
[22].

The untreated PS Il reaction centers gave a fluo-
rescence emission maximum at 683 nm at 77 K as
previously reported [22,23,39] upon excitation either
at 435 nm (the chlorophyll peak) or at 415 nm (the
pheophytin peak). The fluorescence excitation spectra
did, however, differ depending on the monitoring
wavelength (Fig. 4, solid curves). Moreover, they
gave extents much lower than the extents in the
absorption spectra in the carotenoid region, indicating
that 3- carotenes have low efficiency in energy trans-
fer to P-680 and that their major roles are protection

Sty —>
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Fig. 5. Linear dichroism spectra of the PS Il reaction center
containing two- (upper panel) and one-B-carotene molecules
(lower panel) at 290 K. Down and up arrows show the peak
positions of short- (Car-489) and long-wavelength (Car-507)
forms of B-carotene molecules, respectively.
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from photodamage through the quenching of singlet
oxygen [40]. When fluorescence was monitored at
740 nm (in the vibrational bands of
chlorophyll /pheophytin fluorescence) or at 685 nm
(in their Q, peaks, data not shown), excitation peaks
were observed at 489, 507 and 542 nm (Fig. 4 upper
panel, broken lines). The 542 nm peak corresponds to
the Q, band of Pheo a.,. By contrast, the excitation
spectra of fluorescence at shorter 665 nm (Fig. 4
lower panel) showed pronounced peaks at 538 nm
corresponding to the photoinactive, short-wavelength
form of pheophytin a (Pheo a,,,) and a 470 and
507 nm Cargy, peaks, but showed no 489 nm peak of
Car 5. Therefore, it is confirmed that Car,gy more
significantly contributes to the fluorescence at 740
nm where the longer-wavelength form of pheophytin
a (Pheo a,,), which has a 542 nm Q, pesk and is
known to be the primary electron acceptor [35,36],
has higher contribution as previously reported [23].
On the other hand, Car,,, seems to transfer energy to
Pheo a; that has a Q, peak at 538 nm and gives
fluorescence in the shorter 665 nm region.

In the one-carotene preparation, the contribution of
Carg,, was also observed at 470 and 507 nm in the
excitation spectrum of fluorescence either at 665 or at
740 nm (solid lines in Fig. 4). However, no peaks
around 489 nm of Car,, were detected in both
spectra. The fluorescence emission spectra suggest
that Car,g, can be selectively extracted by ether with
a low water content, whereas Carg,,, which is more
resistant to the extraction, seems to preferentialy
transfer energy to Pheo a,,,. When monitored at 665
nm, the relative height of the pheophytin a peak in
the Soret region at around 415 nm was lower than
that in the spectrum monitored at 740 nm. This result
suggests that the energy transfer from Pheo a; .,
which gives relatively strong fluorescence in the 665
nm region, to chlorophyll a or to Pheo a,, might be
rather inefficient in this type of reaction center. One
interpretation of the results is that the easily ex-
tractable Car g, is located in the vicinity of Pheo a,
that seems to be situated on the active branch on the
D1 protein of the PS Il reaction center (see Fig. 7).

3.4. Photobleaching of chlorophylls

We measured photobleaching of pigments in the
ether-treated PS |l reaction centers under aerobic
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Fig. 6. Irreversible photobleachings of PS Il reaction centers that
contained two (upper) and one molecules of B-carotene (lower)
at 290 K. Difference spectra for irreversible absorption changes
in samples illuminated for 1 (a,d), 3 (b,e) and 5 min (c,f). Inset:
g, same as d; h, bx0.4. i, g, h. Other experimental conditions
were similar to those in Fig. 1.

conditions with no electron donors and acceptors. In
the untreated two-carotene reaction center (curves
a—c in Fig. 6), rapid bleaches were observed at 680
nm in the Q, region of chlorophyll /pheophytin and
a 489 and 507 nm of the carotenoid region. The
latter two peaks may be ascribed to the oxidation of
Car g, and Car,, respectively, as suggested by Telfer
et al. [24]. In the one-carotene reaction center (curves
d-f and inset in Fig. 6), photobleaching of a new
bleach at 667 nm was detected in addition to the
bleach at 680 nm and that at 507 nm of Carg,,. After
prolonged illumination, an additional bleaching with
a peak at 675 nm also developed as seen by the
filling of the trough between the 667 and 680 nm
bands in the difference spectrum at 5 min (deconvo-
luted data were not shown). The zero-carotene reac-
tion center yielded the same results, although the 507
nm peak was not detected and the extent of bleach-
ings were a little greater (data not shown). The
absorption increase around 460 nm was probably
caused by the generation of breakdown products of
chlorophyll a and/or carotenoid. These results con-
firm the selective extraction of carotenoids.

In the absence of oxygen, the extent of photo-
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bleachings in the two- and one-carotene preparations
decreased to be 1/29 or 1/4.7 of those under
aerobic conditions, respectively. The bleaching of
chlorophyll a at 667 nm, therefore, was only ob-
served in the presence of oxygen. According to Telfer
et al. [41], singlet oxygen, generated by ' P-680 under
strong illumination, is preferentially quenched by B-
carotene. Thus, it seems likely that the 667 nm
chlorophyll a band is located near Car ,q,.

4. Discussion

In the PS |1 reaction center, the number of chloro-
phyll molecules in the complex has been a subject of
controversy over the past decade, and their localiza-
tions are not yet clear [9-14]. The purified PS Il
reaction center preparation used in the present study
has six chlorophyll a and two carotenoid molecules.
The sequence homology of the constituent D1 and
D2 proteins, as well as the structural and functional
organization of the reactants on the acceptor side,
predicts that the organization of pigments in this
reaction center should be basically similar to that in
the purple bacterial reaction center [9]. The reaction
centers of the purple bacteria contain four molecules
of bacteriochlorophyll and two bacteriopheophytin,
which are arranged with pseudo-C,-symmetry [3-5].
The reaction center also contains one molecule of
carotenoid residing close to the ‘accessory’ bacterio-
chlorophyll on the inactive branch on the M subunit
[3]. It appears that the PS 11 reaction center contained
two more chlorophylls and one more carotene
molecule in addition to the pigment set required for
the purple bacterial-type reaction center.

In the present study, pigments were selectively
extracted from the purified PS Il reaction center with
ether that contained different amounts of water. A
possible assignment of the six molecules of chloro-
phyll a per two pheophytin is as follows: two corre-
spond to the primary donor (P-680); the other two
correspond to the accessory chlorophylls, as in the
purple bacteria counterpart; and the remaining two
seem to function as antenna. Some authors have
claimed that contaminating CP47 is the origin of one
or two molecules of chlorophyll a, so that the num-
ber of chlorophyll a molecules in the PS Il reaction
center is actualy four, as it is in purple bacteria

[12,13,42]. However, we did not detect contaminating
proteins in our preparations, even on overloaded gels
and western blots (Wolfgang Schroder, persona com-
munication). Spectroscopic analysis also demon-
strated the presence of six molecules of chlorophyll a
in this preparation [23].

The ether treatment selectively extracted one
molecule of chlorophyll a that absorbed at 677 nm,
as well as one or two molecules of B-carotene. The
extracted chlorophyll a might have contained a small
amount of P-680 because we detected a 38% de-
crease in photoactivity. However, the spectral shape
of the P-680*pheo a_, biradica state and its decay
kinetics did not change, suggesting that the released
chlorophyll might not have been directly associated
with the primary photochemistry. The extraction of
PS | particles even with the 0%-water-saturated di-
ethyl ether depleted ailmost all the carotenoids as well
as phylloguinone and majority of antenna chloro-
phylls [27]. This indicates the different environments
of carotenoidsin the PS| and PS Il reaction centers.
Whereas, the ether-extraction in PS | neither ex-
tracted the reaction center or electron acceptor
chlorophylls nor affected the activity of the primary
charge separation. [27]. These results suggest that the
pigments in the central core portions in both types of
reaction centers are resistant to extraction with ether.

It has been reported that two spectroscopically
different B-carotene molecules exist in the PS Il
reaction center [22,23]. One is the short-wavelength
form that absorbs at 429, 458 and 489 nm denoted as
Car g, in this work, and the other is the long-wave-
length form Cargy, that absorbs at 443, 473 and 507
nm. Some authors detected only one molecule of
B-carotene in the reaction center and still indicated
the presence of heterogeneous spectral forms of B-
carotene [10,12]. PS |1 reaction centers prepared with
Triton contained one molecule of [B-carotene per
reaction center and still showed two spectral forms of
B-carotene when inspected by LD and fluorescence
excitation spectra (data not shown). In the present
study, Car,g, and Cary,, Were selectively extracted by
treatments with 30—50% and more than 60% water-
saturated ether, respectively, whereas it appears that
they can be extracted non-selectively by the deter-
gent-treatment [10-12].

Mimuro et al. [23] suggested that Carg,, transfers
energy to the pheophytin (Pheo a, ) on the inactive
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branch of pigments in the reaction center. The fluo-
rescence excitation spectra in Fig. 4B indicated that
Pheo &, is energetically coupled to Cargy,. On the
basis of the structural analogy between PS 11 and the
reaction center of purple bacteria, the inactive branch
of pigments can be estimated to be located on the D2
protein. Therefore, Carg,, may be aso located on the
D2 protein because the energy transfer from B-caro-
tene to other pigments occurs only in a short distance
[23]. This estimation is further supported by the result
that the direction of the dipole moment of Cargy,,
estimated by LD spectroscopy, is consistent with that
of the carotenoid on the M subunit, which is a
counterpart to the D2 protein, in the reaction center
of purple bacteria. On the other hand, Car,, might
be located on the D1 protein in a position symmetri-
cal to that of Cargy,, in view of the predicted molecu-
lar topology of the prosthetic groups in the PS I
reaction center. This B-carotene has no counterpart in
the reaction center of purple bacteria.

The selective removal of B-carotene from the reac-
tion center is expected to accelerate the photo-bleach-
ing of chlorophyll a because B-carotene is known to
guench the singlet oxygen that is generated at the
reaction center [41,43,44]. After the removal of Car g
by the ether treatment, photobleaching of the chloro-
phyll a that absorbed at 667 nm (Chly,) was in-
duced under aerobic conditions (Fig. 6). Chls, may,
therefore, be in close proximity to Car,gy. As the
progression of light treatment, the bleaching at 675
nm (Chl s,5) also became marked in the PS |1 reaction
center with zero or one B-carotene molecule, but not
in the two B-carotene reaction centers, Chlg,; may,
thus, also be located in close proximity to Car,g, and
might be located on the D1 protein together with
photoactive Pheo a.,. Chlg, and Chly,; are aso
present in the deconvoluted Q, spectra of the PS II
reaction center [19]. The spectral hole burning study
at 1.2 K [38] and the sub-picosecond kinetics study at
77 K [39] also indicated that the excited states of
chlorophylls with peaks at 669, 675 and 676—679 nm
decay with life times of 12 ps, 200 ps and 475 fs,
respectively. We can estimate the assembly of pig-
mentsin the PS || reaction center by summarizing the
results in the present study; Car,g,, Pheo a,, and
Chl s, reside on the D1 protein, whereas Cars,, and
Pheo a,., reside on the D2 protein (see Fig. 7).
Chls,s might also be located on the D1 protein. The

[ D2 \

D1
Pheo, Pheo; .ot
accesory ?
Chlg75 Chl ?
Chlggy Chlg;7

Chl680x2
A

Fig. 7. Proposed arrangement of pigments in D1 and D2 poly-
peptides. Car-489 and Chl-677 were extracted by 30% water-
saturated ether and Car-507 by 60% water-saturated ether.

precise assignment of their localization a waits the
improvement of structural analysis.

The spectral hole burning study at 1.2 K [45] and
sub-picosecond kinetics study at 77 K [46] indicated
that the excited states of chlorophylls with peaks at
669, 675 and 676—9 nm decay with life times of 12
ps, 200 ps and 475 fs, respectively. If the life time of
the excited state of Chlg, is around 12 ps, Chl g, is
estimated to function as an antenna located outside
the electron transferring pigment pathway in D1 pro-
tein rather than as one of the accessory chlorophylls
adjacent to P-680. On the other hand, Chlg,,, which
was easily extracted with ether without serious loss
of activity, can also be assumed to be outside the core
portion of the reaction center. It is, thus, an attractive
idea to assume that Chlgy, is located in the D1
protein outside the core moiety of the reaction center,
in a position symmetrical to that of Chlg, which
might be on the D2 protein. Based on the above
estimations, we summarized the results in this study
in Fig. 7.
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