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Molecular interaction and energy transfer between pigments in the fucoxanthin-chlorophyll (Chl) a /¢ protein assembly
(FCPA) isolated from the brown alga Dictyota dichotoma was investigated mainly by polarized spectroscopy. FCPA
consists of 7 identical units of 54 kDa apoprotein, each of them containing 13 Chl a, 3 Chl ¢, 10 fucoxanthin and 1
violaxanthin. Spectral heterogeneity was found in the component pigments; two types of Chl a (Chl ay;; and Chl a ),
two types of Chl ¢ (Chl c,, long-wavelength form of Chl ¢ and Chl c,, short-wavelength form). In fucoxanthin, two
functionally active and one inactive species were found. Energy flow in the FCPA is attained by a direct coupling of
donor-acceptor pair and those are classified into four types: from fucoxanthin to Chl a4, from fucoxanthin to Chl
ay3, from Chl ¢, to Chl a, and from Chl ¢, to Chl a . The number of those four pathways was estimated to be 7, 2,
2 and 1, respectively, per unit peptide. Energy migration in the Chl a molecules is always functioning. Dissociation of
FCPA into unit peptides induces the uncoupling of energy transfer between the respective donor and acceptor Chl a.
The spatial orientation of individual pigments, investigated by linear dichroism and polarized fluorescence spectroscopy,
was shown to be favorable for an efficient energy transfer. Based on the results of polarized spectroscopy, a spatial

orientation of individual chromophores in the peptide was proposed.

Introduction

We have recently isolated a supramolecular assembly
of light-harvesting pigment proteins from the brown
alga Dictyota dichotoma using a new type of mild
detergent, decyl sucrose [1]. The pigment protein com-
plexes are in an assembly as a functional form, in
contrast to any other preparations of Chl a/c-carotenoid
proteins so far studied [2,3]. This complex is composed
of several (most probably 7) identical units, each of
them containing Chl a, Chl ¢, fucoxanthin and viola-
xanthin in the molar ratio of 13:3:10:1 in 54 kDa
apoprotein [1]. Hence, the assembled form is called
‘fucoxanthin-Chl a/c protein assembly’ (FCPA) for the

Abbreviations: CD, circular dichroism; Chl, chlorophyll; FCPA,
fucoxanthin-chlorophyll a /¢ protein assembly; LD, linear dichroism.
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functional form of the pigment-protein complex. In this
assembled form, a highly efficient energy transfer was
observed from fucoxanthin and Chl ¢ to Chl a, which
leads to the idea that the FCPA is a native form.

The mechanism for the energy transfer from caro-
tenoid to chlorophyll in photosynthetic pigment protein
complex has as yet not been clearly elucidated (cf. Ref.
4). An electron exchange mechanism is proposed for
this transfer process [5], contrary to the Forster mecha-
nism as proposed for the transfer between chlorophyll
molecules or between phycobiliproteins [6]. The ex-
change mechanism requires a close location of the
donor-acceptor pair and suitable mutual orientation,
which gives rise to overlap of the electron cloud. There-
fore, topology of the pigments in the complex is the
primary factor in determining the transfer efficiency.

The molecular topology of the carotenoid-Chl com-
plex has been well studied in the case of peridinin-Chl a
protein complex isolated from the marine dinoflagellate.
Glenodinium sp [7). Four peridinin molecules and one
Chl a are associated with the apoprotein in a molecular
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mass of about 39 kDa [8,9], and an exciton interaction
between peridinin molecules has been clearly shown by
circular dichroism (CD) spectroscopy [7]. The dipole
moment of the peridinin is estimated to be about 45° to
that of the Q, transition of the Chl & molecules;
however, no strong interaction between peridinin and
Chl a was observed. The peridinin-Chl a protein is a
so-called water-soluble protein, leading to a quite sim-
ple isolation method and consequent extensive investi-
gations under conditions without the effect of detergent
[7]- This is not the case for the membrane-bound fuco-
xanthin-Chl protein complex [1,2].

In this paper, we have investigated the topology and
molecular interaction between pigments in the FCPA
isolated from the brown alga D. dichotoma. Several
kinds of polarized spectroscopy were applied to these
pigment-protein complexes to analyze their optical
properties and their changes due to the association
state. No strong interaction between fucoxanthins or
fucoxanthin and chlorophylls was observed. However,
one-to-one coupling between fucoxanthin and Chl a
and a spatial orientation of pigment molecules was
elucidated, both of which are favorable for an efficient
energy transfer between pigments in the FCPA.

Materials and Methods

Isolation of pigment protein complex. FCPA was iso-
lated from the brown alga D. dichotoma by a newly
developed method [1]. Thalli were collected from the
intertidal zone of the Oshoro-bay, Hokkaido area, Japan,
frozen until use. FCPA was extracted from the French-
pressed thalli using 1% decyl sucrose (Mitsubishi-Kasei
Foods Co., Tokyo, Japan) and purified by sucrose den-
sity gradient. Monomeric form was obtained either by
dilution of protein concentration or addition of Triton
X-100 (final 0.02%).

Isolation of membrane fragments. After passing the
French-press, broken thalli were subjected to sonication
for 1 min (six times of 10 s sonication) at 2° C. Debris
was removed by centrifugation at 5000 X g, 10 min.
MgCl, (2 mM) was added to the supernatant and stood
for 10 min at 2° C. Membrane fragments were collected
by centrifugation at 37000 X g for 60 min.

Spectroscopic analysis. Absorption and CD spectra at
room temperature were measured with a Hitachi 330
spectrophotometer and a Jasco J-200B spectropolarim-
eter, respectively. Fluorescence and polarized fluores-
cence were measured with a Hitachi 850 spectro-
fluorometer with glass plate polarizers. Linear dichro-
ism (LD) was measured by the gel-squeezing method.
Samples were embedded in polyacrylamide gel (12%)
containing 30% sucrose and 100 mM potassium phos-
phate buffer (pH 7.0) (cf. Ref. 10) and the gel was
uniaxially stretched. Spectra were measured on samples
with half the original thickness using a Jasco J-200B
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spectropolarimeter equipped for LD measurement at
23°C. Absorption spectra of the gel before stretching
were separately measured with a Hitachi 330 spectro-
photometer. For measurements of fluorescence spectra
at —196°C, samples were mixed with an equal volume
of 30% poly(ethyleneglycol) 4000 to obtain homoge-
neous ice, and then immersed into liquid nitrogen dur-
ing measurements.

Data analysis. All the spectroscopic data were trans-
ferred to a micro-computer (HP model 216) and
numerically analyzed. For improving the signal-to-noise
ratio, spectra were measured several times and added
together. Fluorescence and excitation spectra were cor-
rected based on the radiation profile of a standard
tungsten lamp whose color temperature was known.
Correction factors for fluorescence polarization spec-
trum were obtained by the method of Azumi and Mc-
Glynn [11]. Deconvolution of spectra was carried out
based on the least-square method [12,13].

Results

In our previous study [1], we have reported spectral
heterogeneity of fucoxanthin and Chl ¢, based mainly
on the second-derivative spectrum (Fig. 2 in Ref. 1).
Heterogeneity of components suggests the occurrence of
plural energy transfer pathways. So we intensively in-
vestigated this point at first by various kinds of polarized
spectroscopy.

Heterogeneity of Chl a detected by CD spectroscopy

Three CD bands were observed in the spectrum of
associated forms, i.e., FCPA (Fig. 1B): the 673 nm (—),
475 nm (—) and 440 nm (+) bands (signs in the
parentheses represent the sign of the CD signal). The
first and last bands correspond to the Q, and Soret
bands of Chl 4, and the second band to a specific form
of carotenoid, most probably fucoxanthin. Compared
with the absorption spectrum (Fig. 1A), the maximum
of Q, band of Chl a was shifted to the red by 2 nm
(673 nm), indicating heterogeneity of Chl a, one com-
ponent being a chiral and red-shifted form. This form
corresponds to the 673 nm absorption band found by
the difference absorption spectrum [1]. A simple nega-
tive peak at 673 nm indicates that strong interaction
between Chl ¢ molecules is absent from the FCPA. The
Chl ¢ CD signal was not detected in either the Q , or the
Soret region (around 460 nm). A distinct CD band was
observed around 475 nm, corresponding to fucoxanthin.
The excitation spectrum for the Chl a emission (Fig. 4
in Ref. 1) revealed that the absorption maximum of the
functional form of fucoxanthin is located around 510
nm. The observed CD band does not coincide with this
functional component, indicating the presence of at
least two spectral forms in fucoxanthin.
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Fig. 1. Absorption (A) and CD (B) spectra of FCPA at room
temperature. In both figures: , the spectra in the assembled
form and — -- —, in the dissociated form. For details, see the text.

Upon dissociation of FCPA into monomers, changes
in the CD spectrum were small (Fig. 1B). The maximum
of Chl a was still located at 673 nm; but a decrease in
the intensity by about 60% was observed. This was also
the case for the carotenoid region, as evidenced by the
same zero-crossing point. In the absorption spectrum, a
clear blue shift of fucoxanthin was observed (Fig. 1A);
however, no corresponding change was observed in the
CD spectrum. Dissociation of FCPA into monomer
might induce changes in the polypeptide structure which
consequently give rise to the spectral changes in the
carotenoids.

Presence of two transfer pathways from Chl ¢

The heterogeneity of Chl ¢ has been evidenced by
plural Soret bands in the absorption spectrum [1]. Cor-
responding plural Q, bands were found by the second
derivative spectrum at —196°C [1]. Furthermore, two
transfer pathways from Chl ¢ were found at —196°C
(Fig. 2A). When the FCPA was excited at 450 nm, the
emission of Chl ¢ was observed at 633 nm besides the
main band at 675 nm, whereas when excited at 465 nm,
the Chl ¢ emission shifted to 638 nm. These results

indicate the absence of energy transfer between Chl ¢
molecules. The excitation spectrum for the respective
emission maximum was different (Fig. 2B), though the
difference was not so prominent due to an overlap
between two emission bands. The contribution of the
450 nm region was higher for the 633 nm emission, and
also for the case of the band around 465 nm, to the 638
nm emission. The corresponding Q, band of the 450 nm
component is expected to be located at a shorter wave-
length than that of the 465 nm component. In the
absorption spectrum at —196°C (Fig. 2B inset), there
were two maxima corresponding to Chl ¢ (632 and 638
nm). Thus is reasonable to conclude that there are two
types of Chl ¢ molecule: a short-wavelength form (ab-
breviated to Chl c¢,), and a long-wavelength form (Chl
¢,), each of them transferring energy to Chl a. At this
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Fig. 2. Fluorescence spectra (A) and excitation spectra (B) of FCPA at
—196°C. FCPA was suspended in the buffer containing 15%
poly(ethyleneglycol) 4000. In (A). excitation wavelengths were 450
and 465 nm, respectively, for the left or right spectrum in the region
around 630 nm. Arrows indicate the locations of the maxima. As for
(B), excitation spectra were monitored at 633 ( ) and 638
(----) nm, respectively. Spectra were normalized at their maxima.
Inset: absorption and second derivative spectra of FCPA at —196° C.
The second derivative spectrum was shown after inversion. Arrows
show the locations of Chl ¢ maxima in the second-derivative spec-
trum. For details, see the text.




experimental stage, it is not clear whether the presence
of two forms is due to differences in the molecular
species (Chl ¢, and/or Chl ¢,) or due to the environ-
mental factors in the polypeptides.

Deconvolution of absorption spectrum into components
The absorption spectra of the two different associa-
tion states were resolved into component spectra by
deconvolution (Fig. 3). A Gaussian band shape was
assumed, because the absorption spectrum of Chl a in
organic solvents was well reproduced by the sum of
such types of band [13). Based on the difference and
second-derivative spectra (cf. Fig. 2 in Ref. 1), two Chl
a and two Chl ¢ bands were assumed, and deconvolu-
tion was carried out on the spectra measured at room
temperature. As for the Chl & form, the 673 and 669
nm components were resolved. The location of the latter
was slightly shorter than the estimation by the second-
derivative spectrum (670 nm, Fig. 3A). These two forms
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Fig. 3. Deconvolution of absorption spectra in the assembled form
(FCPA) (A) and dissociated unit peptides (B) at room temperature.
The spectrum was assumed to be the sum of component bands with a
Gaussian band shape. For details, see the text.
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Fig. 4. Fluorescence excitation polarization spectrum of FCPA at
room temperature. Fluorescence was monitored at 710 nm. Haif-
bandwidth for excitation was 3 nm and for the emission, 2 nm. The
absorption spectrum of the assembled form is also shown. For details,
see the text.

are hereafter called Chl ag,; and Chl a,, respectively.
The molar ratio of the former to the latter was about
0.18, based on the integrated area in wavenumber unit
under each absorption band. Since the total number of
Chls a in unit peptide was 13 [1], the above ratio
indicates the actual number of molecules to be 3 and 10
for Chl ay;; and Chl agg,, respectively, in the FCPA.
When the FCPA was dissociated into monomers (Fig.
3B), the ratio of Chl ay,; to Chl ag, became 1 to 12,
indicating that two of the Chls a(,, turn into the Chl
@g69- This change in the number agrees well with changes
in the CD intensity (decrease by about 60%, Fig. 1B).
On Chl ¢, two bands were resolved, at 628 and 636 nm.
The molar ratio of the shorter component (Chl c,) was
always higher than that of Chl c,. The estimated molar
ratio of Chl ¢, to Chl ¢, was 2. In FCPA, three Chl ¢
molecules are present, and thus it can be reasonably
concluded that two of them correspond to the Chl c,
and the remaining one to the Chl ¢,. The component
band at 645 nm is a vibrational band, as usually found
in the spectra of Chl a in organic solvents (cf. Ref. 13).

Fluorescence excitation polarization spectrum

Some characteristic aspects of absorption were also
monitored by fluorescence polarization spectra. As
shown previously [1], the main emission band of FCPA
at room temperature was located at 677 nm. For the
detection of characteristics of Chl a, fluorescence should
be monitored at longer wavelength. Thus, the monitor-
ing wavelength was set to 710 nm to examine the
coupling between pigments in the FCPA (Fig. 4).

One feature is the heterogeneity of Chl a as evi-
denced by a remarkable increase in the degree of polar-
ization up to 0.37 only at the red edge of the absorption
spectrum. This clearly indicates the presence of two
types of Chl a, one of which is the terminal emitter.
Two absorption components with similar band shapes
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but in slightly different locations will usually give this
kind of pattern. The shorter wavelength component is a
sensitizer, most probably corresponding to the Chl aq,
and the longer, a fluorescing component, corresponds to
the Chl a;.

The second feature is the contribution of Chl c. As
seen in the spectrum (Fig. 4), the degree of polarization
in the wavelength region for Chl ¢ (around 630 nm) is
evidently lower than that of Chl @ (both in Q,,_, and
Q,0_0), but higher than that of fucoxanthin. This indi-
cates that Chl ¢ is not the intermediate of energy
transfer from fucoxanthin to Chl a via the Q, band, as
observed by the absence of Chl ¢ emission under condi-
tions of fucoxanthin excitation (cf. Fig. 3 in Ref. 1).

Thirdly, the degree of polarization in the region for
fucoxanthin was lower than that of the Q, band of Chl
a but almost the same as that of the Q, band of Chl a.
If the Q, band of Chl a plays an essential role in the
energy transfer from fucoxanthin to Chl a, the dipole
moments of both pigments can be assumed to be nearly
parallel to each other, as suggested in the case of the
bacterial antenna system [14].

Based on the degree of polarization, the mutual
orientation of dipole moment of respective pigments
can be calculated. The average value of the degree of
polarization for the red edge of the absorption was
0.292. The values for respective pigments were esti-
mated to be 0.146, 0.043 and 0.038 for Chl a, Chl ¢ and
fucoxanthin, respectively. These values should be re-
garded as average, because the absorption bands over-
lap each other, which makes the estimation of individ-
ual pigments difficult. These values gave the mutual
angles of individual dipole moments: 36° between Chl
ags3 and Chl agg, 43° between Chl ¢ and the Q, band
of Chl ag; and 45° between fucoxanthin and the Q,
band of Chl a.y. The difference in the degree of
polarization between fucoxanthin and the Q, band of
Chl a was very small, indicating them to be nearly
parallel to each other.

As stated above, energy transfer from Chl ¢ to Chl a
was direct. This seems to be the case in fucoxanthin and
Chl a. The transfer step between these two pigments
might be only one, because if this is not the case, the
level of the degree of polarization of fucoxanthin should
be much smaller, close to zero. This suggests direct
interaction between Chl @ and fucoxanthin in this
complex; however, the possibility of the energy transfer
between fucoxanthin molecules oriented in parallel can-
not be ruled out.

LD spectrum

The direction of the dipole moment can also be
observed by the LD spectrum (A4 =4,—A4, , Fig.
5A). The absorption spectrum of FCPA in 12% gel was
almost the same as in the buffer solution, but with a
minor difference in the shape of the Soret band of Chl
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Fig. 5. LD spectra of FCPA (A) and of membrane fragments (B) at
room temperature. Samples were embedded in 12% polyacrylamide
gel and uniaxially stretched. In (B), the spectrum in the wavelength
region shorter than 400 nm is not shown because of the scattering
effect. For details, see the text.

a. The LD spectrum obtained by uniaxially stretched
sample showed a characteristic negative bands, indicat-
ing a dipole moment quite perpendicular to the orienta-
tion axis. The spectrum of Chl a was very similar to the
absorption spectrum; in contrast, that of the carotenoid
was different: three clear maxima at 428, 455 and 480
nm, similar to the typical absorption spectrum of caro-
tenoid in organic solvents [15]. Again, no peak for Chl ¢
was detected in the LD spectrum, indicating that the
orientation of the dipole moment of Chl ¢ lies close to
the magic angle to the stretching axis.

Heterogeneity of the component bands was revealed
by the reduced LD, that is, A4/4 (Fig. 5A). Two
bands were resolved in the Chl a region with maxima
around 667 and 680 nm. These two might correspond to
Chl a,, and Chl a4, respectively, though the loca-
tions of the bands were different from those in absorp-
tion spectrum. A clear but smaller peak around 635 nm
corresponds to Chl ¢, having an orientation different
from that of Chl a. In the carotenoid wavelength region
several peaks were resolved. Those can be classified into



two categories; one comprises those bands correspond-
ing to the LD spectrum with three peaks, and the other
a relevant peak detected by the reduced LD, that is,
bands located around 518 and 555 nm. This classifica-
tion corresponds well to the function: the former is not
active in energy transfer, unlike the latter. The reduced
LD value is a function of the projected angle between
the orientation axis and the direction of the dipole
moment. The value of the reduced LD in the wave-
length region of carotenoid is similar to that of the Q,
band of Chl a. This clearly indicates that these two
dipole moments are oriented nearly parallel to each
other. On the other hand, as for the Q, band of Chl q, a
significant difference (about 5°) from the dipole mo-
ment of fucoxanthin could be estimated.

The LD spectrum of membrane fragments was very
different from that of the isolated samples (Fig. 5B).
The sign of the Chl a band was positive, as has been
seen in thylakoid membranes isolated from spinach
chloroplasts [16], but opposite to the case of FCPA.
Fucoxanthin showed the same orientation as Chl a;
positive in membrane fragments and negative in the
isolated form. These results clearly show that the mut-
ual orientation of both pigments was the same; how-
ever, due to the difference in the orientation axis, the
apparent spectrum gave the opposite sign in the respec-
tive spectra.

Discussion

Four kinds of pigment are present in the FCPA: Chl
a, Chl ¢, fucoxanthin and violaxanthin in the molar
ratio of 13:3:10:1 in 54 kDa apoprotein [1]. Spectral
heterogeneity was found in three of them: Chl «, Chl ¢
and fucoxanthin. Differentiation of these spectral forms
can essentially affect the energy transfer processes in
this assembly. Therefore, the molecular assembly of the
component proteins and molecular interaction of pig-
ments should be primarily considered, as for the func-
tion of FCPA.

Molecular assembly of FCPA in the membranes

The LD spectrum of membrane fragments (Fig. 5B)
indicates that the porphyrin ring of Chl a is located
about 30° to the membrane plane, as in the case of
thylakoid membranes in higher plants [16]. The angle
between carotenoids and Chl a is small. On the other
hand, the orientation of Chl a in FCPA was quite
perpendicular to the stretching axis (Fig. SA). These
results can be explained by changes in the orientation
axis due to isolation. One necessity is the assumption of
oblong-shaped FCPA. The orientation axis of the ob-
long-shaped peptides in the squeezed gel is most prob-
ably along the long axis. A negative LD signal of the
FCPA indicates that the dipole moments of the Chl a
are at more than 55° to the orientation axis. When the
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FCPA is located in the membranes with its long axis
perpendicular to the membrane plane, this arrangement
will give a positive LD signal in membranes. This is in
good agreement with the observation.

FCPA shows hydrophobic properties, like other in-
tegral proteins; however, it is quite selectively extracted
by a very mild detergent, decyl sucrose [1]. FCPA is
most probably buried in the membranes; however, its
location should be investigated for an analysis of overall
energy flow.

Molecular interaction

In the FCPA, there are two types of one-to-one
coupling between pigments: one is between Chl ¢ and
Chl a, and the other between fucoxanthin and Chl 4.
Chl ¢ does not interact with fucoxanthin. When FCPA
was dissociated into component peptides, two molecules
of Chl a;; out of three turn into Chl a4, concomitant
with the disruption of energy transfer from Chl ¢ and
fucoxanthin to Chl a. These results suggest two possi-
bilities for the counterpart of the interaction with Chl
ag73: Chl ¢ or fucoxanthin. Changes in the action spec-
tra in the course of dissociation (Fig. 6 in Ref. 1) clearly
indicate that coupling between fucoxanthin and Chl a
is disrupted first; even later on in dissociation, energy
transfer from Chl ¢ to Chl a was still functioning.
These results indicate that out of three Chls a5, two
tightly couple with fucoxanthin and that three Chl ¢
molecules interact with respective Chl a,, molecules.

One Chl ay;,, is always functional: even in the disso-
ciated form, fluorescence maximum was located at 677
nm, as in the case of an assembled form. This most
probably originates from Chl ag,;. Since this molecule
was not affected by dissociation, it might be in a
position not affected from the surface (this Chl ay,, is

Fig. 6. Schematic representation of energy flow in FCPA unit peptide.

The aq5 and agq; in squares stand for Chl age, and Chl ag73. and

Fuco and Viola, fucoxanthin and violaxanthin, respectively. The

absorption maximum of the Chl a,, was located at 673 nm. The c,

and ¢, indicate the short-wavelength and long-wavelength forms of

Chl c. Dashed lines indicate the virtual chlorophyll domains in which
the excitation energy can migrate.
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designated Chl a4, te meaning terminal emitter, see
Fig. 6). Out of 13 molecules of Chl « in unit peptide,
three of them interact with Chl ¢, two with fucoxanthin,
and one is independent (Chl a,. ). Thus, at most seven
molecules of fucoxanthin can couple with remaining
seven Chl a4, molecules. The above estimation inevita-
bly yields two uncoupled carotenoids, one violaxanthin
and one fucoxanthin. When the action spectrum of Chl
a fluorescence is compared with the absorption spec-
trum, a significant decrease in transfer efficiency around
480 nm was observed even in the FCPA (cf. Fig. 4 in
Ref. 1). Its magnitude is between 15 and 25%, depend-
ing on the preparations. Two uncoupled molecules out
of 11 will give a decrease in efficiency by 18% with the
assumption of 100% efficiency for the transfer from
carotenoid to Chl a. This estimation is in good agree-
ment with the observation. Our estimation is still in a
preliminary stage; however, this stoichiometry explains
very well the optical properties of the FCPA. In the
functional form of fucoxanthin, several spectral forms
are present, as shown by the second-derivative spectrum
at room temperature (cf. Fig. 2 in Ref. 1). This dif-
ference might arise from the difference in the acceptor,
Chl a4 and Chl ag5.

Energy transfer in FCPA

The energy transfer pathways should be considered
for the next step (Fig. 6). There are four types of energy
flow to Chl a; from Chl ¢, to Chl a,, from Chl ¢ to
Chl a4, from fucoxanthin to Chl ag, and from fuco-
xanthin to Chl a,,. One additional Chl a4;; (Chl a,)
is also present. In the FCPA, the fluorescence was
always detected at 677 nm, irrespective of the excitation
conditions. This indicates that energy is finally trans-
ferred to the Chl ay;; or Chl a, through Chl a.
Energy migration among Chls a, is possible, but is
not yet definitive. When dissociated, the energy transfer
between individual pigments and respective acceptor
Chls a is disrupted. The coupling between Chl a, and
Chl a,,; (or Chl a,.) still functions, even after dissocia-
tion, except for a shift of Chl ag, to Chl ag, as
evidenced by the absence of fluorescence from Chl a.

Two uncoupled carotenoids (one fucoxanthin and
one violaxanthin) might have some function in assem-
bly, similar to the case of xanthophylls in the assembly
process of LHC II in higher plants [17]. However, their
definite function is not clear at this experimental stage.

In the assembled form, energy transfer between
monomers should occur. The Chl ag,;, sensitive to
dissociation and thus presumably located near the

surface of the unit protein, may play a role for the
energy transfer under such a condition. For the vec-
torial energy flow to the core complex, an additional
(proteinaceous) component might be present, which
facilitates formation of energy gradients and conse-
quently of directional flow to the reaction center.

Acknowledgements

The authors thank Ms. K. Yasuda for her technical
assistance in the preparation of FCPA and Mr. H.
Kojima (NIBB) for his assistance in the LD measure-
ments. They appreciate the kind gift of decyl sucrose
from Mitsubishi-Kasei Foods Co., Tokyo. This work
was partly supported by the Grants-in-Aid for the Sci-
entific Research from the Ministry of Education, Sci-
ence and Culture, Japan, to M.M.

References

—

Katoh, T., Mimuro, M. and Takaichi, S. (1989) Biochim. Biophys.

Acta 976, 233-240.

2 Siefermann-Harms, D. (1985) Biochim. Biophys. Acta 811,

325-355.

Larkum, A.W.D. and Hiller, R.G. (1988) in Photosynthetic Light-

Harvesting System: Organization and Function (Scheer, H. and

Schneider, S., eds.), pp. 153-165, Walter de Gruyter, Berlin.

4 Van Grondelle, R. and Amesz, J. (1986) in Light Emission by
Plants and Bacteria (Govindjee, Amesz, J. and Fork, D.C., eds.),
pp. 191-223, Academic Press, London.

5 Dexter, D.L. (1953) J. Chem. Phys. 21, 836-850.

6 Forster, T. (1948) Ann. Phys. Leipzig 2, 55-75.

7 Song, P.S., Koka, P., Prezelin, B.B. and Haxo, F.T. (1976) Bio-
chemistry 15, 4422-4427.

8 Haxo, F.T., Kycia, J.H., Somers, G.F., Bennet, A. and Siegelman,
H.W. (1976) Plant Physiol. 57, 297-303.

9 Prezelin, B.B. and Haxo, F.T. (1976) Planta 128, 133-141.

10 Abdourakhmanov, [.A., Ganago, A.O., Erokhina, Yu.E., Solov’ev,
A.A. and Chugunov, V.A. (1979) Biochim. Biophys. Acta 546,
183-186.

11 Azumi, T. and McGlynn, S.P. (1962) J. Chem. Phys. 87, 2413-2420.

12 Mimuro, M., Murakami, A. and Fujita, Y. (1982) Arch. Biochem.
Biophys. 215, 266-273.

13 Uehara, K., Mimuro, M., Fujita, Y. and Tanaka, M. (1988)
Photochem. Photobiol. 48, 725-732.

14 Kramer, HJ.M., Van Grondelle, R., Hunter, C.N., Westerhuis,
W.H.J. and Amesz, J. (1984) Biochim. Biophys. Acta 765, 156—165.

15 Davies, B.H. (1976) in Chemistry and Biochemistry of Plant
Pigments (Goodwin, T.W., ed.), Vol. 2, pp. 38-165, Academic
Press, London.

16 Garab, G., Szito, T. and Faludi-Daniel, A. (1987) in The Light
Reactions (Barber, J., ed.), pp. 305-339, Elsevier, Amsterdam.

17 Plumley, F.G. and Schmidt, G.W. (1987) Proc. Natl. Acad. Sci.

USA 84, 146-150.

w



