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Molecular interaction and energy transfer between pigments in the fucoxanthin-chlorophyll (Chl) a / c  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 c, 10 fucoxanthin and 1 
violaxanthin. Spectral heterogeneity was found in the component pigments; two types of Chl a (Chl a673 and Chl a669), 
two types of  Chl c (Chl ct, long-wavelength form of Chl c and Chl cs, 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 a669, from fucoxanthin to Chl 
a673, from Chl c I to Chl a669 and from Chl c S to Chl a669. 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 e, fucoxanthin and viola- 
xanthin in the molar ratio of 1 3 : 3 : 1 0 : 1  in 54 kDa 
apoprotein [1]. Hence, the assembled form is called 
' fucoxanthin-Chl ale protein assembly' (FCPA) for the 

Abbreviations: CD, circular dichroism; Chl, chlorophyll; FCPA, 
fucoxanthin-chlorophyll a / c  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 c 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 Fi3rster 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 o to 
that of the Q v transition of the Chl a 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. 
MgC12 (2 mM) was added to the supernatant and stood 
for 10 min at 2 ° C. Membrane fragments were collected 
by centrifugation at 37 000 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 

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 - 1 9 6  ° 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 c, 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 Qy and Soret 
bands of Chl a, and the second band to a specific form 
of carotenoid, most probably fucoxanthin. Compared 
with the absorption spectrum (Fig. 1A), the maximum 
of Qy 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 a molecules is absent from the FCPA. The 
Chl c CD signal was not detected in either the Qy 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. 

indicate the absence of energy transfer between Chl c 
molecules. The excitat ion spectrum for the respective 
emission m a x i m u m  was different (Fig. 2B), though the 
difference was not  so p rominen t  due to an overlap 
between two emission bands.  The con t r ibu t ion  of the 
450 n m  region was higher for the 633 n m  emission, and 
also for the case of the band  a round  465 nm, to the 638 
nm emission. The cor responding  Qx b a n d  of the 450 n m  
componen t  is expected to be located at a shorter wave- 
length than that of the 465 n m  component .  In the 
absorpt ion  spectrum at - 1 9 6 ° C  (Fig. 2B inset), there 
were two maxima corresponding to Chl c (632 and  638 
nm). Thus  is reasonable to conclude that there are two 
types of Chl c molecule: a short-wavelength form (ab- 
breviated to Chl cs), and  a long-wavelength form (Chl 
q ) ,  each of them transferr ing energy to Chl a. At this 
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U p o n  dissociat ion of F C P A  into  monomers ,  changes 
in the CD spect rum were small (Fig. 1B). The m a x i m u m  
of Chl a was still located at 673 nm;  bu t  a decrease in 
the in tensi ty  by about  60% was observed. This was also 
the case for the carotenoid  region, as evidenced by the 
same zero-crossing point .  In  the absorpt ion  spectrum, a 
clear blue shift of fucoxanthin  was observed (Fig. 1A); 
however, no corresponding change was observed in the 
C D  spectrum. Dissociat ion of F C P A  into m onome r  
might  induce changes in the polypept ide  structure which 
consequent ly  give rise to the spectral changes in the 
carotenoids.  

P r e s e n c e  o f  t w o  t r a n s f e r  p a t h w a y s  f r o m  C h l  c 
The heterogeneity of Chl c has been evidenced by  

plural  Soret bands  in  the absorpt ion  spectrum [1]. Cor- 
responding  plural  Qy bands  were found  by the second 
derivative spect rum at - 1 9 6 ° C  [1]. Fur thermore ,  two 
transfer  pathways from Chl c were found  at - 1 9 6 ° C  
(Fig. 2A). When  the F C P A  was excited at 450 nm,  the 
emission of Chl c was observed at 633 n m  besides the 
ma in  b a n d  at 675 nm,  whereas when excited at 465 nm, 
the Chl c emission shifted to 638 nm. These results 
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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 o C. 
The second derivative spectrum was shown after inversion. Arrows 
show the locations of Chl c maxima in the second-derivative spec- 

trum. For details, see the text. 
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exper imen ta l  stage, it is not  c lear  whether  the presence 
of  two forms is due  to di f ferences  in the molecu la r  
species  (Chl c I a n d / o r  Chl c2) or  due  to the envi ron-  
menta l  factors  in the po lypep t ides .  

Deconvolution of absorption spectrum into components 
The  abso rp t ion  spec t ra  of  the two di f ferent  associa-  

t ion states were resolved into c o m p o n e n t  spec t ra  by  
deconvo lu t ion  (Fig.  3). A Gauss i an  band  shape was 
assumed,  because  the abso rp t ion  spec t rum of  Chl a in 
organic  solvents was well r ep roduced  by  the sum of  
such types of band  [13]. Based on the di f ference and  
second-der iva t ive  spec t ra  (cf. Fig. 2 in Ref. 1), two Chl 
a and  two Chl c bands  were assumed,  and  deconvolu-  
t ion was car r ied  out  on the spec t ra  measured  at r oom 
tempera ture .  As for the Chl a form, the 673 and 669 
nm componen t s  were resolved.  The  loca t ion  of  the la t ter  
was sl ightly shor ter  than the es t ima t ion  by  the second-  
der ivat ive  spec t rum (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. Half- 
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 hereaf ter  cal led Chl 0673 and  Chl a669, respect ively.  
The mola r  ra t io  of the fo rmer  to the la t te r  was a b o u t  
0.18, based  on the in tegra ted  area  in w a v e n u m b e r  uni t  
under  each abso rp t ion  band .  Since the to ta l  n u m b e r  of 
Chls a in uni t  pep t ide  was 13 [1], the  above  ra t io  
indicates  the ac tual  n u m b e r  of  molecules  to be 3 and  10 
for Chl  a673 and  Chl a669, respect ively,  in the F C P A .  
When  the F C P A  was d i s soc ia ted  into  m o n o m e r s  (Fig.  
3B), the rat io  of  Chl a673 to Chl  a669 became  1 to 12, 
ind ica t ing  that  two of  the Chls  a673 turn  in to  the Chl 
a669. This change  in the n u m b e r  agrees well with changes  
in the C D  in tens i ty  (decrease  by  a b o u t  60%, Fig.  1B). 
On  Chl c, two b a n d s  were resolved,  a t  628 and  636 nm. 
The molar  ra t io  of  the shor te r  c o m p o n e n t  (Chl  Cs) was 
always higher  than that  of  Chl c r The  es t ima ted  mola r  
rat io  of  Chl c s to Chl  q was 2. In  F C P A ,  three Chl  c 
molecules  are present ,  and  thus it can be r ea sonab ly  
conc luded  that  two of  them c o r r e spond  to the Chl  c S 
and the remain ing  one  to the Chl  c r The  c o m p o n e n t  
band  at 645 nm is a v ib ra t iona l  band ,  as usual ly  found  
in the spect ra  of  Chl a in organic  solvents  (cf. Ref. 13). 

Fluorescence excitation polarization spectrum 
Some character is t ic  aspects  of a b so rp t i on  were also 

mon i to red  by  f luorescence po la r i za t ion  spectra .  As  
shown previous ly  [1], the ma in  emiss ion b a n d  of  F C P A  
at r oom t empera tu re  was loca ted  at 677 nm. F o r  the 
de tec t ion  of  character is t ics  of Chl a ,  f luorescence should  
be mon i to red  at  longer  wavelength.  Thus,  the mon i to r -  
ing wavelength  was set to 710 n m  to examine  the 
coupl ing  between p igments  in the F C P A  (Fig.  4). 

One feature  is the he te rogene i ty  of  Chl a as evi- 
denced  by  a r e ma rka b l e  increase  in the degree  of  po la r -  
izat ion up to 0.37 only at  the red edge of  the abso rp t i on  
spect rum.  This  c lear ly  indica tes  the presence  of  two 
types of  Chl a ,  one of  which is the te rmina l  emit ter .  
Two abso rp t ion  c o m p o n e n t s  wi th  s imi lar  b a n d  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 a669 
and the longer, a fluorescing component, corresponds to 
the Chl a673. 

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 c (around 630 nm) is 
evidently lower than that of Chl a (both in Qx0-0 and 
Q~0-0), but higher than that of fucoxanthin. This indi- 
cates that Chl e is not the intermediate of energy 
transfer from fucoxanthin to Chl a via the Qx band, as 
observed by the absence of Chl c 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 Qx band of Chl 
a but almost the same as that of the Qx 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 c 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 
a673 and Chl a669, 43 ° between Chl c and the Qy band 
of Chl a669; and 45 ° between fucoxanthin and the Qx 
band of Chl a669. The difference in the degree of 
polarization between fucoxanthin and the Qx band of 
Chl a was very small, indicating them to be nearly 
parallel to each other. 

As stated above, energy transfer from Chl c 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 a and fucoxanthin in this 
complex; however, the possibility of the energy transfer 
between fucoxanthin molecules oriented in parallel can- 
not be ruled out. 

L D  spectrum 
The direction of the dipole moment can also be 

observed by the LD spectrum ( A A  = A l l - A  l ,  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 c 
was detected in the LD spectrum, indicating that the 
orientation of the dipole moment of Chl c lies close to 
the magic angle to the stretching axis. 

Heterogeneity of the component bands was revealed 
by the reduced LD, that is, A A / A  (Fig. 5A). Two 
bands were resolved in the Chl a region with maxima 
around 667 and 680 nm. These two might correspond to 
Chl a669 and Chl a673, 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 c, having an orientation different 
from that of Chl a. In the carotenoid wavelength region 
several peaks were resolved. Those can be classified into 
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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 Qx band of Chl a, 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 c, 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 a, Chl c 
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. 5A). 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 

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 c and 
Chl a, and the other between fucoxanthin and Chl a. 
Chl c does not interact with fucoxanthin. When FCPA 
was dissociated into component  peptides, two molecules 
of Chl a673 out of three turn into Chl a669, concomitant  
with the disruption of energy transfer from Chl c and 
fucoxanthin to Chl a. These results suggest two possi- 
bilities for the counterpart  of the interaction with Chl 
a673: Chl c 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 c to Chl a was still functioning. 
These results indicate that out of three Chls a673, two 
tightly couple with fucoxanthin and that three Chl c 
molecules interact with respective Chl a669 molecules. 

One Chl a673 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 a673. Since this molecule 
was not affected by dissociation, it might be in a 
position not affected from the surface (this Chl a673 is 
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Fig. 6. Schematic representation of energy flow in FCPA unit peptide. 
The a669 and a673 in squares stand for Chl a669 and Chl a673, and 
Fuco and Viola, fucoxanthin and violaxanthin, respectively. The 
absorption maximum of the Chl ate was located at 673 nm. The c S 
and c~ 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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des igna ted  Chl ate, te mean ing  terminal  emit ter ,  see 
Fig. 6). Out of 13 molecules  of Chl a in unit  pept ide ,  
three of them interact  with Chl c, two with fucoxanthin ,  
and  one is i ndependen t  (Chl  ate ). Thus~ at most  seven 
molecules  of  fucoxanth in  can couple  with remain ing  
seven Chl 0669 molecules.  The  above  es t imat ion  inevi ta-  
bly  yields two uncoup led  caro tenoids ,  one v io laxanth in  
and  one fucoxanthin .  When  the ac t ion spec t rum of Chl 
a f luorescence is c o m p a r e d  with the abso rp t ion  spec- 
t rum, a s ignif icant  decrease  in t ransfer  eff iciency a round  
480 nm was observed  even in the F C P A  (cf. Fig. 4 in 
Ref.  1). Its magn i tude  is be tween 15 and  25%, depend-  
ing on the p repara t ions .  Two uncoup led  molecules  out  
of 11 will give a decrease  in efficiency by  18% with the 
a s sumpt ion  of  100% efficiency for the t ransfer  f rom 
ca ro teno id  to Chl a. This  es t imat ion  is in good  agree- 
ment  with the observat ion .  Our  es t imat ion  is still in a 
p re l iminary  stage; however,  this s to ich iomet ry  expla ins  
very well the opt ica l  p roper t ies  of  the F C P A .  In the 
funct ional  form of  fucoxanthin ,  several  spectra l  forms 
are present ,  as shown by the second-der iva t ive  spec t rum 
at room t empera tu re  (cf. Fig. 2 in Ref. 1). This dif-  
ference might  arise from the di f ference in the acceptor ,  
Chl a669 and Chl a673. 

Energy transfer in FCPA 
The energy t ransfer  pa thways  should  be cons idered  

for the next step (Fig.  6). There  are four  types of  energy 
flow to Chl a; f rom Chl c~ to Chl a669, f rom Chl c s to 
Chl a669, f rom fucoxan th in  to Chl a669 and f rom fuco- 
xan th in  to Chl a673. One add i t iona l  Chl a673 (Chl ate ) 
is also present .  In  the F C P A ,  the f luorescence was 
a lways  de tec ted  at 677 nm, i r respect ive of the exci ta t ion 
condi t ions .  This indica tes  that  energy is f inal ly t rans-  
ferred to the Chl a673 or  Chl ate through Chl a669. 
Energy migra t ion  among  Chls a669 is possible,  but  is 
not  yet  defini t ive.  When  dissociated,  the energy t ransfer  
be tween ind iv idua l  p igments  and  respect ive acceptor  
Chls  a is d i s rupted .  The coupl ing  between Chl a669 and 
Chl a673 (or Chl ate)  still funct ions,  even af ter  dissocia-  
t ion,  except  for a shift of Chl a673 to Chl a669, as 
ev idenced by  the absence  of  f luorescence f rom Chl a669. 

Two uncoup led  caro tenoids  (one fucoxanth in  and  
one v io laxanth in)  might  have some funct ion in assem- 
bly, s imilar  to the case of  xan thophy l l s  in the assembly  
process  of L H C  II in higher  p lan ts  [17]. However ,  their  
def ini te  funct ion is not  clear  at this exper imenta l  stage. 

In  the assembled  form, energy t ransfer  be tween 
m o n o m e r s  should  occur.  The Chl a673, sensit ive to 
d issoc ia t ion  and thus p r e sumab ly  loca ted  near  the 

surface of the unit  prote in ,  may  p lay  a role for the 
energy t ransfer  under  such a condi t ion .  Fo r  the vec- 
tor ial  energy flow to the core  complex ,  an add i t iona l  
(pro te inaceous)  c o m p o n e n t  might  be present ,  which 
faci l i tates fo rmat ion  of  energy grad ien t s  and  conse-  
quent ly  of  d i rec t ional  flow to the reac t ion  center.  
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