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Polarized absorption, fluorescence and photoacoustic spectra as well as fluorescence lifetimes of phycobili- 
somes from Porphyridium cruentum located in poly(vinyl alcohol) films were measured. Reorientations of 
various biliproteins in phycobilisomes was caused by stretching of the film. The phycobilisomes in various 
degrees of dissociation, and in some extent deuterated, were also investigated. It was found that allophyco- 
cyanin occurs in Porphyridium cruentum in various forms having different lifetimes of fluorescence and 
exhibiting various reorientations in stretched polymer. Also B-phycoerythrin and b-phycoerythrin exhibit 
different reorientation. Mutual orientation of biliproteins strongly influences their lifetime of fluorescence, 
thermal deactivation of excitation, and a process of excitation energy transfer between the various 
complexes constituting the phycobilisomes. 

Introduction 

Phycobilisomes are supermolecular pigment 
protein aggregates which serve as the light-harvest- 
ing antenna in red algae and cyanobacteria [1]. 
The composition and structure of phycobilisome 
enable very efficient excitation energy transfer to 
reaction centers [2]. For this reason we have been 
using a deformed polymer matrix, to estimate the 
influence of mutual orientation and interaction of 
the biliproteins constituting phycobilisomes on ex- 
citation energy transfer [3]. Biliproteins in native 
phycobilisomes are strongly bonded, therefore 
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stretching of the polymer matrix reorients them 
only slightly, as suggested by small differences 
between polarized components of polarized ab- 
sorption and photoacoustic spectra [3]. Strong de- 
formation of samples causes the increase in 
phycoerythrin emission showing that samples be- 
come partially at least dissociated [3]. Zilinskas 
and Glick [4] have found that deuterium at ex- 
changeable sites on biliproteins decreases the rate 
of phycobilisome dissociation, because hydro- 
phobic interactions responsible at least partially 
for phycobiliproteins aggregation became stronger 
[5]. A similar effect can be expected for phyco- 
bilisomes introduced into poly(vinyl alcohol) dis- 
solved in  2 H 2 0 .  Therefore such samples would be 
more resistant to dissociation in a result of film 
stretching. 

In this paper the spectral properties of native 
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and partially dissociated phycobilisome from 
Porphyridium cruentum in deuterated and unde- 
uterated polyvinyl alcohol film are reported. 
Phycobilisome from this red algae consists largely 
of B-phycoerythrin, b-phycoerythrin, some R- 
phycocyanin and small amount of allophy- 
cocyanin [6]. In the literature [2-9] it has been 
suggested that allophycocyanin occurs in more 
than one form. Using polarized spectroscopy it is 
possible to distinguish between pigments having 
strongly overlapped absorption spectra when they 
exhibit different orientations. The aim of this paper 
is to gather information about allophycocyanin 
forms occurring in P. cruentum. 

Material and Methods 

Phycobilisomes were isolated from Porphyri- 
dium cruentum according to Gantt et al. [10] and 
as modified by Erokhina et al. [11]. Various de- 
grees of dissociation of phycobilisomes were ob- 
tained by different times of dialyses undertaken 
before introducing phycobilisome into poly(vinyl 
alcohol) solution. Methods of poly(vinyl alcohol) 
film preparation and stretching were described 
previously [12]. Samples prepared using poly(vinyl 
alcohol) dissolved in heavy water, are referred to 
as deuterated samples. Measurements of polarized 
absorption and emission spectra have been de- 
scribed previously [13]. The decay of fluorescence 
was investigated using phasemodulation fluores- 
cence spectroscopy [14], which provides informa- 
tion not only about the mean emission lifetime, 
but also about the character of decay curves. In 
case of the multiexponential decay the ratio of the 
demodulation factor, m, to the cosine of the 
phaseshift angle, cos q,, is lower than 1 [15]. The 
measurement of the photoacoustic spectra of ori- 
ented samples, using the illumination with 
polarized light, was elaborated and described pre- 
viously [16]. 

Results and Discussion 

A typical set of polarized absorption spectra is 
shown in Fig. 1. Both polarized components of 
absorption, A, of unstretched sample coincide one 
other, but in case of stretched samples they are 
well resolved: the maximum of the parallel com- 

ponent, Air is located at 580 nm, and that of the 
perpendicular, A±, at 560 nm. It is known that in 
solution [17] the maximum at about 545 nm is 
contributed predominantly by B-phycoerythrin, 
whereas in long-wavelength region b-phycoery- 
thrin is stronger contributing; therefore, it seems 
that in poly(vinyl alcohol) b-phycoerytrin has a 
tendency to be parallel to the direction of 
poly(vinyl alcohol) films stretching, whereas B- 
phycoerythrin is oriented rather perpendicularly 
to this direction. Hoarau et al. [18] have measured 
electric linear dichroism of phycobilisome and their 
fragments. They also have found different orienta- 
tions of transition moments absorbing in 545 nm 
and 570 nm regions. From polarized absorption of 
native (Fig. 1) and of partially dissociated (not 
shown) phycobilisomes in poly(vinyl alcohol) it 
follows that in shortwavelength side of band linear 
dichroism (LD) has a negative value, whereas in 
longer-wavelengths region LD exhibits positive 
values. The resolution of polarized components is 
improved with the increase in the degree of 
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Fig. 1. Polarized absorption spectra of native phycobilisomes 
in deuterated polyvinyl alcohol films. (1) Unstretched film 
(0%), parallel (11) and perpendicular ( 3 . )  component; film 
thickness, d = 2.09.10-2 cm; (2) and (3) Stretched film ( A L /  
L ) × 1 0 0 =  300%) (2) _1_; (3) II; d =  0.71"10-2 cm; c -  4 ' 1 0 - 5  
M. 
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Fig. 2. Polarized fluorescence spectra of native phycobilisomes 
in deuterated poly(vinyl alcohol) films (in arbitrary units). (1) 
300%, HHH; (2) 300%, HVV; (3) 300%, HHV; (4) 300%, 
HVH; (5) 0%, natural (n) light; H, horizontal; V, vertical; first 
and last letter: polarization of excitation and emission beams, 
between direction of sample axes. hcx c = 550 nm. 

phycobilisome dissociation, and is a little higher in 
a case of films prepared from H20 solution of 
poly(vinyl alcohol) than for 2H20 samples. Fig. 2 
shows an example of fluorescence spectra of 
phycobilisomes in deuterated poly(vinyl alcohol). 
The long-wavelength maximum of emission of un- 
stretched sample is located 675 nm. This is the 
emission of long-wavelength allophycocyanin-type 
emitter. The emission at 575 nm from phyco- 
erythrin in this sample is very low. Thus excita- 
tion-energy transfer from phycoerythrin to the 
long-wavelength form ,of allophycocyanin is very 
efficient. Stretching of the film causes the broad- 
ening of the long-wave band related with the 
decrease in the yield of energy transfer between 
various allophycocyanin ( F660_ 680 nm ) forms and 
probably also between R-phycocyanin (F64onm). 
Emission of phycoerythrin (575 nm) increases as a 
result of stretching (Fig. 3), but a considerable 
amount of energy transfer between phycoerythrin 
and phycocyanin still exists. In the allphycocyanin 
region two polarized components, located at 665 
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Fig. 3. Polarized fluorescence spectra of dissociated phycobili- 
somes in undeuterated poly(vinyl alcohol) films. (1) 300%, 
VVH; (2) 300%, VVV; (3) 0%, VVH; (4) 0%, VVV. ~exc = 550 
am. 

nm (perpendicular to the film stretching: F±), and 
at 655 nm (parallel: Fit ) appear on film stretching. 
Allophycocyanin occurs in several forms [8,9] hav- 
ing different emission maxima and lifetimes of 
fluorescence [19,20]. Similarly, as in the case of 
polarized absorption, the polarized fluorescence 
spectra depend on sample dissociation and 
poly(vinyl alcohol) deuteration. As a result of film 
stretching, phycoerythrin and phycocyanin emis- 
sion increases and allphycocyanin decreases. Upon 
greater dissociation (Fig. 4) emission of phyco- 
erythrin increases and a new long-wavelength 
maximum with the strong parallel component ap- 
pears, whereas the 580 nm maximum is polarized 
perpendicular to film axes. The short-wavelength 
maximum may be related to B-phycoerythrin and 
the longwavelength maximum with b-phycoery- 
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Fig. 4. Polarized fluorescence spectra of strongly dissociated 
phycobilisomes in undeuterated poly(vinyl alcohol) films. (1) 
300%, HHH; (2) 300%, HVH; (3) 300%, HHV; (4) 300%, HVV. 
~'~x¢ = 550 nm. 

thrin, but the new maximum could also be related 
with some phycoerythrin-phycocyanin complexes 
oriented parallel to the stretching direction [18]. 

The shape of fluorescence spectra of deuterated 
stretched samples (Fig. 2) shows that upon stretch- 
ing energy transfer between phycoerythrin and 
phycocyanin as well as between phycocyanin and 
allophycocyanin is not interrupted, but only di- 
minished. This fact, as well as the stepwise in- 
crease of LD with phycobilisome dissociation, as 
the influence of deuteration on LD suggests rather 
mutual reorientation of parts of phycobilisomes 
than phycobilisomes fragmentation. Under such a 
supposition long cylinders build from phyco- 
erythrin and phycocyanin hexamers have to be 
reoriented parallel to the direction of the film 
stretching, therefore transition moments located 
parallel to the cylinder axes probably contribute 
parallel to components of absorption and fluores- 
cence. 

The lifetimes of fluorescence of investigated 
samples are gathered in Table I. All emission was 

excited at 550 nm in a region of phycoerythrin 
absorption. Two emission regions were investi- 
gated: at 626 nm and 658 nm. It is predominantly 
R-phycocyanin that can contribute to the 626 nm 
emission, whereas in long-wavelength region pre- 
dominantly different forms of allophycocyanin 
contribute [19]. For an unstretched sample of 
phycobilisome in deuterated poly(vinyl alcohol) 
lifetime in 626 nm emission region is shorter than 
at 658 nm. I n b o t h  regions the decays are strictly 
uniexponential (Table I). 

Unstretched sample in deuterated poly(vinyl 
alcohol), as it follows from the emission spectrum 
(Fig. 2), contains phycobilisome undissociated, be- 
cause the ratio of allophycocyanin to phycoery- 
thrin emission is very high and emission in R- 
phycocyanin region is low. Therefore in both re- 
gions (626 nm and 658 nm) predominantly only 
some types of allophycocyaninrare emitting. Both 
of them are emitting independently of one other, 
without strong energy transfer between short- and 
long-wavelength forms, because in the case of the 
efficient energy trasfer the decay has to exhibit 
strong declination from uniexponential character, 
what is not observed (Table I). Probably these two 
forms are oriented mutually almost perpendicu- 
larly, because in another case excitation energy 
transfer has to be very efficient as usually between 
forms having strongly overlapped spectra. 

After dissociation of such a sample the dif- 
ference between lifetimes is similar, but both ~" 
values became shorter. Stretching of a dissociated 
sample does not change too much, but stretching 
of a 'native' sample causes declination from un- 
iexponential decay, especially for short-wave- 
length form. This effect as well as the shortening 
of ~" upon stretching is suggesting that reorienta- 
tion of chromophores causes the change in excita- 
tion energy transfer between biliproteins constitut- 
ing phycobilisomes. In all native and dissociated 
samples the parallel component of fluorescence 
has a longer lifetime than the perpendicular one. 
This is in agreement with previously measured 
photoacoustic spectra of biliproteins in poly(vinyl 
alcohol) [21], which show that the thermal 
deactivation of parallel ordered chromophores is 
lower than that of less ordered pigments. Lower 
thermal deactivation is accompanied by higher 
yield and a longer lifetime of fluorescence. 
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Sample Polarization of Wavelength ~- m/cos 
light and sample of emission (ns) ( + 0.01) 
orientation (nm) 

1 2 3 4 5 

Native n 626 1.36 + 0.05 1.00 
0% 2H20 658 1.76+0.05 1.00 

Native VVV 626 1.20 5:0.1 0.95 
300% 2H20 VHV 626 1.005:0.2 0.95 
(fluorescence as VVV 658 1.60 5:0.1 0.98 
for Fig. 2) VHV 658 1.405:0.1 0.98 

Dissociated n 626 1.09 5:0.02 1.00 
0% 2H20 658 1.43 5:0.02 1.00 

Dissociated n 626 1.17 5:0.04 1.00 
300% 2H20 658 1.425:0.05 0.99 

Dissociated 
0% H20 n 626 0.87 + 0.1 0.96 
(fluorescence as 658 0.70 + 0.1 1.00 
for Fig. 3) 

Dissociated VV ~ 626 1.26 5:0.1 - 
300% H20 HV a 626 0.91 5:0.1 - 
(fluorescence as W a 658 1.28 5:0.1 - 
for Fig. 3) VH a 658 0.875:0.1 - 

Strongly dissociated 
0% H20 n 626 1.65 5:0.1 0.89 
(fluorescence as 658 0.70 5:0.1 1.00 
for Fig. 4) 

a Polarized only in exciting beam. 

Uns t re tched  samples  of  d issoc ia ted  in poly(v inyl  
a lcohol)  d issolved in H 2 0  exhibi t  only  a shor t  
l i fe t ime of  f luorescence:  be low 1 ns. Af te r  s tretch- 
ing of  such a sample  it is poss ib le  to d is t inguish  
two componen t s :  in para l le l  c o m p o n e n t  longer  
l i fe t ime equal  abou t  1.3 ns and  in pe rpend icu la r  
shor t  s imilar  to tha t  in uns t re tched  sample.  In  a 
2H20-po ly (v iny l  a lcohol)  sample  such short  com-  
ponen t  of  ~" is not  observed  even af ter  the sample  
pa r t i a l  d issocia t ion.  This  c o m p o n e n t  has to be 
re la ted  with some pe rpend icu la r ly  ordered  species 
which are not  s epa ra t ed  f rom other  par t s  of  
phycob i l i somes  in samples  p r epa red  in deu te ra ted  
poly(v inyl  alcohol) .  Heffer le  et al. [20] have shown 
that  besides  the long-l iving c o m p o n e n t  of  phyco-  
b i l i some emiss ion some shor ter  componen t s  occur,  
emi t t ing  abou t  30% of  abso rbed  light. On this 

s tage of  our  work  we cannot  dec ide  which is the 
charac te r  of  our  shor t  l i fet ime emission.  I t  occurs  
in d issoc ia ted  samples  in which exci ta t ion-energy 
t ransfer  between phycob i l i some  p igments  is less 
eff icient  than  in nat ive  complexes,  therefore  it is 
no t  due to the compe t i t i on  be tween l ight emission 
and  energy t ransfer  processes.  The  ' p a r t i a l l y  dis-  
soc ia ted '  phycobi l i somes  are up to now not  bio-  
chemical ly  character ized.  I t  will be  a subject  of  
fo r thcoming  study.  

Life t imes of  in tac t  phycob i l i some  are r epor ted  
d i f ferent ly  ranging  f rom 1.45 ns to 2.01 ns [20,21]. 
A l so  the repor ted  l i fet imes of  separa ted  bi- 
l ipro te ins  varies [19,22-25]. 

Y a m a z a k i  [24] for a l lophycocyan in  isola ted 
f rom P. cruentum repor ts  a l lophycocyan in  l i fet ime 
equal  to 1.9 ns at  exci ta t ion at  540 nm. Our  
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Fig. 5. Photoaeoustic (1), absorption (2) and thermal dissipation 
(3) spectra of native (A) and dissociated (B) phycobilisomes in 
unstretched deuterated poly(vinyl alcohol) films• 

longest long-wavelength emission is close to this 
value (1.76 ns + 0.05 nm). In this region the final 
acceptor of excitation in phycobilisome is emit- 
ting. But after dissociation in the same region 
some species with short z are also appearing be- 
cause other forms of allophycocyanin start to fluo- 
resce upon diminishing in energy transfer; and 
long-wavelength allophycocyanin form emission 
could be hidden in the emission of other com- 
plexes. 

Figs. 5-7 show absorption and photoacoustic 
spectra of native and dissociated phycobilisomes 
in deuterated unstretch and stretch poly(vinyl al- 
cohol). The ratio of photoacoustic spectra to ab- 
sorption can be taken as a measure of thermal 
dissipation. Calculated on such a way thermal 
dissipation is also shown in Figs. 5-7. The accu- 
racy of these spectra is low in a region of low 
absorption. Both photoacoustic and absorption 
spectra are normalized at main maximum, there- 
fore of the maximum the photoacoustic-to-absorp- 
tion ratio equals 1. For unstretched films (Fig. 5), 
this ratio in a region of R-phycocyanin absorption 
(553 nm, 615 nm) increases, showing that thermal 
dissipation in phycocyanin is higher than in 
phycoerythrin. The native phycobilisomes (Fig. 5a) 
dissipation decreases in a region of allophy- 
cocyanin absorption much more abruptly than for 
dissociated sample (Fig. 5b). It shows that, as a 
result of dissociation, energy transfer between 
various allophycocyanin forms is less efficient; 
consequently, some allophycocyanins of lower 
yield of fluorescence are loosing their excitation 
energy instead of transfering it to other forms. 
The shape of the dissipation spectrum in stretched 
films is different (Figs. 6 and 7). In the perpendic- 
ular component (Figs. 6a and 7a), the maximum 
in photoacoustic spectra is shifted to a longer 
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Fig. 6. Photoacoustic (1), absorption (2) and thermal dissipation (3) spectra of native (A) and dissociated (B) phycohilisomes in 
stretch deuterated poly(viny! alcohol) films for parallel component. 
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Fig. 7. Photoacoustic (1), absorption (2) and thermal dissipation (3) spectra of native (A) and dissociated (B) phycobilisomes in 
stretch deuterated poly(vinyl alcohol) films for perpendicular component. 

wavelength: at about 568 nm. Stretching causes 
some dissociation of allophycocyanin, therefore 
Fig. 6a is similar to Fig. 5b. For a dissociated 
stretch sample (Figs. 6b and 7b) the two polarized 
components are very different from one another. 
In the perpendicular component, the maximum of 
the photoacoustic spectra is located at 558 nm, it 
look that B-phycoerythrin, is loosing a little more 
energy than b-phycoerythrin. The shift of absorp- 
tion suggests that the transition moment of B- 
phycoerythrin now contributes less to the per- 
pendicular than the parallel component. It means 
that after dissociation B-phycoerythrin, is differ- 
ently reoriented than in native phycobilisome. In 
the region of R-phycocyanin thermal dissipation is 
higher in the parallel than in the perpendicular 
component, suggesting that after dissociation 
orientation of R-phycocyanin or phycocyanin- 
phycoerythrin complexes is parallel to the stretch- 
ing direction. Contributions for allophycocyanin 
are lower than in native form; this menas that 
they have high yield of fluorescence. 

From the presented results the following con- 
clusions are drawn. (1) Several forms of al- 
lophycocyanin having various lifetimes of fluores- 
cence and exhibiting different reorientations in 
stretched poly(vinyl alcohol) films are present in 
phycobilisome from P. cruentum. Different re- 
orientations suggest that they exist in complexes 

of different shapes. (2) Two types of phycoeryth- 
rin B-phycoerythrin and b-phycoerythrin are dif- 
ferently reoriented in stretched samples, which 
strongly influences excitation-energy transfer. (3) 
The partial dissociation of phycobilisome favors 
the reorientation of biliprotein, whereas partial 
deuteration of phycobilisome diminishes the dis- 
sociation. (4) Mutual orientation of biliproteins 
strongly influences their lifetimes of fluorescence, 
thermal deactivation and excitation-energy trans- 
fer between them. 

Acknowledgements 

We would like to acknowledge the financial 
support from the Polish Academy of Science grant 
no. MR 7.1 for D.F., J.Sz., A.B. and B.Sz., and 
from grant R III 13 for the exchange visitor, L.L., 
in a frame of agreement between the Poznah 
Technical University and the Universit6 du Qurbec 

Trois-Rivirres. We wish also to thank Dr. E. 
Gantt for reading the manuscript. 

References 

1 Gantt, E. (1981) Annu. Rev. Plant. Physiol. 32, 327-347 
2 Glazer, A.N. (1984) Biochim. Biophys. Acta 768, 29-51 
3 Fr~ckowiak, D., Gantt, E., Hotchandani, S., Lipschultz, 

C.A. and Leblanc, R.M. (1985) Photochem. Photobiol. 43, 
335-337 



180 

4 Zilinskas, B.A. and Glick, R.E. (1981) Plant Physiol. 68, 
447-452 

5 Bialek-Bylka, G.E. (1985) Studia Biophys. 105, 129-133 
6 Redlinger, T. and Gantt, E. (1981) Plant Physiol. 68, 

1375-1379 
7 Khanna, R., Graham, J.-R., Myers, J. and Gantt, E. (1983) 

Archiv. Biochem. Biophys. 244, 534-542 
8 Erokhina, L.G., Shubin, L.M. and Krasnovsky, A.A. (1980) 

Fiziologia Rast. 4, 756-765 
9 Canaani, O. and Gantt, E. (1983) Biochim. Biophys. Acta 

723, 340-349 
10 Gantt, E., Lipschultz, C.A., Grabowski, J. and Zimmerman, 

B.K. (1979) Plant Physiol. 63, 615-629 
11 Erokhina, L.G., Shubin, L.M. and Krashnovsky, A.A. (1980) 

Fiziologia Rast. 3, 487-490 
12 Fiksihski, K. and Fr~ckowiak, D. (1980) Spectroscopy Lett. 

13, 873-899 
13 Fr~ckowiak, D., Hotchandani, S. and Leblanc, R.M. (1983) 

Photobiochem. Photobiophys. 6, 399-350 
14 Baiter, A. (1982) Optics Comm. 42, 407-410 
15 Lakowicz, R. and Baiter, A. (1982) Biophys. Chem. 16, 

117-132 
16 Fr~ckowiak, D., Hotchandani, S., Szych, B. and Leblanc, 

R.M. (1985) Acta Phys. Polon. A69, 121-133 

17 Gantt, E., Lipschultz, C.A. and Zilinskas, B.A. (1976) Bio- 
chim. Biophys. Acta 430, 375-388 

18 Hoarau, J., Galiano, A.G., Geacintov, N.E. and Breton, J. 
(1984) in Photosynthetis Research (Sybesma, C., ed.), Vol. 
I, pp. 705-708, Martinus Nijhoff/Dr. W. Junk Publishers, 
Dordrecht, The Netherlands 

19 Wong, D., Pellegrino, F., Aifano, R.R. and Zilinskas, B.A. 
(1981) Photochem. Photobiol. 33, 651-662 

20 Hefferle, P., Nies, M., Wehrmeyer, W. an Schneider, S. 
(1983) Photobioehem. Photobiophys. 5, 325-334 

21 Fr~ckowiak, D., Hotchandani, S., Fiksihski, K. and Leblanc, 
R.M. (1983) Photosynthetica 17, 456-459 

22 Hefferle, P., Nies, M., Wehremeyer, W. an dSchneider, S. 
(1983) Photobiochem. Photobiophys. 5, 41-51 

23 Grabowski, J. and Gantt, E. (1978) Photochem. Photobiol. 
28, 39-45 

24 Yamazaki, I., Mimuro, M., Murao, T., Yamazaki, T., 
Yoshihara, K. and Fujita, Y. (1984) Photochem. Photobiol. 
39, 233-240 

25 Hefferle, P., John, W., Schweer, H. and Schneider, S. (1984) 
Photochem. Photobiol. 39, 221-232 


