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Summary 

Using fourth derivative analysis, differences between room and low tempera- 
ture absorption spectra were studied. The positions of most absorption bands 
of the water-soluble, accessory pigment complex,the phycobilisome, remained 
unchanged after cooling. The stability of the wavelength positions of chloro- 
phyll a forms in vivo as a function of temperature (Gulyaev, B.A. and Litvin, 
F.F. (1967) Biofizika 12, 845--854) was generally confirmed. The wavelength 
positions of all chlorophyll a forms in the P-700 chlorophyll a protein complex 
were unchanged when the preparations were cooled to --196°C. Likewise, with 
other chlorophyll-containing materials: the light-harvesting chlorophyll a/b 
protein complex and the thylakoids of higher plants, algae, and cyanobacteria, 
the wavelength positions of most chlorophyll a forms were stable upon cooling. 
An exception was a 680 nm chlorophyll a band which was generally split at 
low temperature into two bands with the materials investigated. An inter- 
pretation of the multiplicity of chlorophyll spectral forms and the spectral 
changes induced by cooling for these forms is given using exciton theory and 
the energy-coupling variation of chlorophyll a molecules. 

Introduction 

After several studies showing two or three forms of chlorophyll (Chl) a 
[1--3], Thomas [4] proposed the hypothesis that Chl a exists in vivo in more 

Abbreviation: Ch], chlorophyll. 
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than three forms. This hypothesis has been widely discussed [5--11], and 
further details on this subject are available in some extensive reviews [12--15]. 
Actually, the existence of several Chl a forms at 20°C and the possibility of 
artifactual forms at --196°C is still a subject of discussion [16]. For example, 
Gulyaev and Litvin [11] consider that there is no fundamental difference in 
the multiplicity of spectral forms found in room and low temperature spectra. 
On the contrary, Cotton and coworkers [17] have questioned the importance 
of the multiplicity of spectral forms found at low temperature because cooling 
can induce the formation of artificial chlorophyll associations. Finally, Picaud 
[18] interprets the spectral changes induced by coding to be due to a splitting 
of some spectral bands already present at room temperature. 

The idea of the formation of new Chl a forms at low temperature is largely 
based on the observed formation of chlorophyll aggregates in vitro with cooled 
or concentrated organic solutions of chlorophyll [19,20]. Although highly con- 
centrated in vivo, chlorophyll is organized in the photosynthetic membranes by 
specific associations with proteins. Consequently, chlorophyll interactions 
probably already exist at 20°C but these membrane-bound protein-chlorophyll 
complexes could prevent further associations at low temperature. 

The purpose of this investigation was to make a precise comparison of room 
and low temperature absorption spectra using several materials: thylakoids of 
algae and higher plants, chlorophyll-protein complexes of higher plants, and 
phycobilisomes, the water-soluble antenna pigment complexes of cyanobacteria 
and red algae. Since the fourth derivative of an absorption spectrum is a very 
sensitive method for the determination of the number and wavelength position 
of close absorption bands [21], this technique was employed to see if changes 
occur in the number and positions of absorption bands upon cooling even when 
the spectrum does not appear markedly altered. A hypothesis is proposed to 
explain the stability of some bands and the changes of others observed by this 
technique. 

Materials and Methods 

For thylakoid studies the following materials were used: 
(1) Higher plants: Nicotiana tabacum L. vat. Wisconsin and Spinacia oleracea 

L. var. America. 
(2) Cyanobacteria: Fremyella diplosiphon (strain No. 7601} and Phormi- 

dium sp. (strain No. 7409, Institut Pasteur, Paris); Spirulina platensis (Institut 
Franqais du P~trole) and Anacystis nidulans (strain No. 625 from Bloomington, 
IN, U.S.A.). 

(3) Green alga: Chlorella pyrenoidosa (strain 211/8 b, Algal collection of 
GSttingen University, F.R.G. 

The chlorophyll-protein complexes (P-700 Chl a protein and light-harvesting 
Chl a/b protein), as well as free chlorophyll were electrophoretically isolated 
from SDS-solubilized tobacco thylakoids [22]. To minimize the influence of 
the 'sieve effect' and light scattering on absorption spectra, algae and higher 
plant plastids were mechanically disrupted (French press 20 000 lb/inch 2, 
twice). Phycobilisomes from Phormidium sp. were isolated according to Gantt 
and Lipschultz [23] with some modifications [24] and analyzed in 0.75 M 
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phosphate buffer after dialysis to remove sucrose. 
Absorpt ion spectra were recorded at 20°C and --196°C with a single beam 

spect rophotometer  previously described [25,26 ]. The fourth derivatives were 
calculated according to Butler and Hopkins [21].  The fourth derivative of  an 
absorption spectrum shows significant peaks corresponding to absorption bands 
but  occasionally, some minor irreproducible peaks result from the background 
noise of  the apparatus. Additionally, the fourth derivation of  a single absorp- 
tion band gives on each side of  its main derivative peak two minor peaks (seven 
to nine times smaller) which are generally not  apparent when the derivation is 
performed on a mixture of  absorption bands except  at the ends of  the whole 
absorption envelope. Analytical methods using Gaussian models (fourth deriva- 
tives of  single Gaussian curves having a diversity of  bandwidths) and calculation 
of  derivative spectra with two differentiation intervals allow the identification 
of  such artifactual peaks. For  this study, our aim was only to interpret the 
changes which affected the major peaks, two or three times above background 
noise, and always distinct of  artifactual peaks after analysis. 

In this report  we have used either 8.5 or 17-nm differentiating intervals 
[26,28].  The 8.5 nm differentiating interval (D 8), with a resolution of  4 or 
5 nm, allowed a satisfactory separation of  the Chl a forms absorbing from 650 
to 695 nm; this differentiating interval was generally used for this work. How- 
ever; the D 8 was found to be inadequate for the s tudy of  some broad absorp- 
tion bands of  chlorophyll  in the 700--730 nm region. Because of  a low signal to 
noise ratio at 20°C, it was impossible to obtain a satisfactory comparative study 
of  phycobil isome absorption bands at room and low temperature using the 
8.5 nm differentiating interval. Consequently,  a 17 nm differentiating interval 
(D 17), well adapted for absorption bands having a half-bandwidth of  about  
20 nm, was used for the phycobil isome study. 

Results 

Spectral forms of isolated phycobilisomes from Phormidium No. 7409 
Fig. 1 shows that at 20°C and --196°C the absorption spectra of  isolated 

phycobilisomes are quite similar except  that  the broad absorption bands are 
resolved at --196°C into several individual bands with no major shifting of  the 
spectrum. Using D 17 it is possible to determine precisely the position of  the 
absorption bands (Fig. 2). The bands between 540 and 575 nm belong to 
C-phycoerythrin [13] and peaks in the 620--640 nm region are at tr ibuted to 
two phycocyanins as occur in Agmanellum [38].  For  all bands at the two tem- 
peratures investigated, calculations show the same peak locations within + 1 or 2 
nm. After normalization of  the absorption spectra in the phycoerythr in  region 
at 565 nm (Fig. 2) we observe at 572--574 nm an amplitude of  the derivative 
signal about  three times higher at --196°C than at 20°C; the calculation of  
fourth derivatives of  Gaussian curves shows that this corresponds to about  a 
30% decrease of  the absorption bandwidth at this temperature.  

Especially in the case of  phycocyanin,  the decrease in bandwidth upon 
cooling leads to a bet ter  partition of  derivative peaks at --196°C. Moreover, the 
phycocyanin absorption band at 640 nm is probably greater at --196°C than at 
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Fig. 1. A b s o r p t i o n  spec t ra  of  p h y c o b i l i s o m e s  f rom  P h o r m i d i u m .  - -  
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20°C. A small but significant absorption band is observed at 675--676 nm 
(20°C) and at 6 7 6 - 6 7 8  nm (--196°C). Such a band has been observed in 
phycobilisomes of  other species and is probably due to allophycocyanin B 
[39]. 
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Fig. 2. F o u r t h  derivative analys~s o f  ab so rp t i o n  spec t ra  o f  p h y c o b i l i s o m e s  ca lcu la ted  wi th  17 -nm dif- 
fe ren t ia t ing  in tervals  (D 17).  T h e  a b s o r p t i o n  b an ds  hav ing  a c o m m o n  origin are c o n n e c t e d  by  vert ical  
dashed  Hnes and  litt le ho r i zon ta l  lines. A.U. ,  a rb i t ra ry  un i t s .  
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Spectral forms of chlorophyll 
Cyanobacteria. In the three species investigated, Spirulina, Anacystis (results 

not  shown) and Fremyella (Fig. 3), the position of  the long wavelength chloro- 
phyll absorption maximum changes only slightly upon cooling, as previously 
observed by Cho and Govindjee for Anacystis [30].  However,  some differences 
appear in the fourth derivative spectra in the number  and position of  Chl a 
forms absorbing around 680 nm. 

For  Anacystis, the significant fourth derivative peaks are reported in Table I. 
Using a derivation interval of  8.5 nm with Anacystis and Spirulina (Table I, 
lines E--G), the broad band at 680 nm and 20°C splits, at low temperature,  
into two bands absorbing at 677--678 nm and 683 nm. For Fremyella, two 
close bands at 678 and 682 nm at 20°C (Fig. 3 and Table I, lines E and F) give 
at low temperature two bands at 677 and 684 nm. 

In those species studied, absorption bands at longer wavelengths (between 
685 and 700 nm) do not  change significantly either in position or in number  as 
a function of  temperature.  Although the Fremyella long wavelength Chl a 
forms are more easily visible in the absorption spectrum at --196°C (Fig. 3 and 
Table I), these Chl a forms (694 and 703 nm) are already visible at 20°C on the 
D 8 derivative spectrum (Fig. 3). 

Rhodophyta. With Porphyridium, the spectroscopic behavior of  Chl a forms 
as a function of  temperature between 658 and 696 nm is similar to that 
observed in cyanobacteria.  In this region the absorption of  the phycobilipro- 
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T A B L E  I 

W A V E L E N G T H  P O S I T I O N S  O F  T H E  M A I N  A B S O R P T I O N  B A N D S  B E T W E E N  6 5 0  A N D  7 0 0  n m  
F R O M  T H Y L A K O I D S  O F  S O M E  O R G A N I S M S  P O S S E S S I N G  P H Y C O B I L I P R O T E I N S  

Absorpt ion  bands  are revealed by fourth derivative spectra u s i n g  a differentiat ing interval o f  8.5 nm.  A - - L ,  

classif ication of  the derivative peaks  in order o f  their decreasing wavelength.  + - - .  signals slightly higher 
than background;  +, 1 . 5 - - 2  t imes  higher than background;  ++, 2 - - 4  t imes  higher than background;  +++,  

4 - - 1 0  t imes  higher than background;  ++++,  1 0 - - 3 0  t imes  higher than background;  +++++, more  than 3 0  

t imes higher than background;  WB, wide  band 

Cyanobacter ia  R h o d o p h y c a e  
(Porphyridium) 

Anacystis Spirulina Fremyella 

- - 1 9 6 ° C  2 0 ° C  - - 1 9 6 ° C  2 0 ° C  - - 1 9 6 ° C  2 0 ° C  

- - 1 9 6 ° C  2 0 ° C  

A 7 0 3  7 0 3  7 0 4  7 0 4  7 0 2  7 0 3  7 0 2  
++ + ++ ++ +++++ ÷÷+ + 

B 6 9 6  6 9 8  6 9 6  6 9 7  6 9 6  6 9 7  
++÷+ ++ ++&+ ++÷ ++ + - -  

C 6 9 3  6 9 3  6 9 3  6 9 4  6 9 4  6 9 2  
+ +- -  ++ +++++  &÷+ + 

D 6 8 8  6 8 8  6 8 7  6 8 8  WB 6 8 9  6 8 9  6 8 7  W B  6 8 7  
+++++ ÷++ ++++ +++ + - -  + ++++ ++ 

E 6 8 3  6 8 3  6 8 4  6 8 2  6 8 3  6 8 2  
++++ ÷ ÷ + ÷ +  ++++ ÷ ++ 

F 6 8 0  WB 6 8 0  WB 6 7 8  6 7 9  
++++ +++++  ++++ ++ 

G 6 7 7  6 7 8  6 7 7  6 7 7  6 7 3  
+++++  ++~++  ++++ +++++ + - -  

H 6 7 0  6 6 9  W B  6 7 1  6 7 1  6 7 0  6 7 0  6 6 9  6 7 0  
+ - -  ++++ +++++  ++++ ++++ ++++ +++ ++ 

I 6 6 7  6 6 8  6 6 7  6 6 7  6 6 6  6 6 7  
+++++ ÷+++  + - -  ++++ ++÷ ++ 

J 6 6 3  6 6 3  6 6 3  6 6 3  6 6 3  6 6 3  6 6 2  
++ + ++ +÷ ++ +++ ÷+ 

K 6 5 9  6 5 9  6 5 8  6 5 7  6 5 9  6 5 9  6 5 8  6 5 7 - 8  
++ + - -  ++ ++ + + + - -  + - -  

L 6 5 1  6 5 1 W B  6 5 2  6 5 3  6 5 3  6 5 3  6 5 2  6 5 3  
+÷++  ÷+ ++ +÷  +++ +++ +++ ÷ ÷  

teins is weak except  for a 665 nm band [31] .  The broad 680 nm Chl a band 
which is more or less separated into two bands of  679 and 682 nm in the 
fourth derivative (D 8) spectrum at 20°C, is clearly split into two sharp bands 
at 677 and 683 nm at --196°C (Table I, lines E--G). For long wavelength forms 
the derivative peak observed at 692 nm at 20°C disappears at --196°C while the 
band at 696- -697  nm quantitatively increases (Table I, lines B and C). 

Chlorophyta. Results obtained with Chlorella are reported in Table II. As 
noted for the cyanobacteria and the red alga Porphyridium, the absorption 
bands from 662 to 668 nm are stable with temperature change. The absorp- 
tion band at 681 nm at 20°C, however, gives a main band at 677 nm and a 
secondary band at 684 nm (--196°C) (Table II, lines D--F).  

Thylakoids from higher plants. (1) The Chl a forms observed for the two 
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Fig.  4.  F o u r t h  der iva t ives  (D 8) o f  t he  a b s o r p t i o n  s p e c t r a  o f  t o b a c c o  t h y l a k o i d s  a t  2 0  ° a n d  - - 1 9 6 ° c .  T h e  
b a c k g r o u n d  no i se  a t  - - 1 9 6 ° C  is negl ig ib le  in th i s  f igure .  

plants studied, tobacco and spinach, were very similar. (2) At --196°C the red 
absorption maximum is shifted 2 or 3 nm towards shorter wavelengths, and a 
very broad absorption band is observed between 700 and 730 nm [12,32]. In 
the D 8 derivative at 20°C, {Table I and Fig. 4), the 680 nm peak is broad but 
does not  clearly appear to be composed of t w o  bands; while at low tempera- 
ture, two principal bands are found at 675 and 683 nm plus a minor band at 
678 nm. The position of  the 670 nm absorption band does not  change upon 
cooling, and the absorption band at 662 nm is present at 20°C and --196°C in 
both higher plant species. 

The major absorption band of  chlorophyll b occurring at 648--649 nm at 
20°C {Table II, line L) remained unchanged at --196°C, and for this reason 
Chl b was used as a marker in the shift analysis of  the other  forms of  chloro- 
phyll. In the same way, the 638 nm peak which is clearly observed in derivative 
spectra of  certain higher plants and chlorophytae [32] but  which is not  due to 
Chl b [33], does not  significantly change in position or relative intensity upon 
cooling. 

Chlorophyll-protein complexes from higher plants. (a) Light-harvesting Chl 
a/b protein. As previously demonstrated by curve analysis [34,35]  and fourth 
derivative analysis at --196°C [22], light-harvesting Chl a/b protein is enriched 
in short wavelength Chl a forms. At 20°C the fourth derivative (D 8) contains 
a main band at 680 nm which shifts to 675 nm at low temperature {Table II, 
lines E and F). The 662 nm band shifts slightly (2 nm) toward shorter wave- 
lengths a t  --196°C, while the position of  the main Chl b absorption band at 648 
nm {Table II, line L)remains  unchanged. 
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Fig. 5. F o u r t h  der iva t ive  (D 8) of  the  abso rp t i on  spec t ra  of  t o b a c c o  P-700  Chl a p ro t e in  c o m p l e x  at  20°C 
and - -196°C .  

(b) P-700 Chl a protein. With this complex a remarkable stability (Fig. 5) is 
observed in the positions of  the derivative signal with temperature.  Only some 
relative amplitude variations are noted.  Contrary to what  is observed with light- 
harvesting Chl a/b protein, the 681 nm band does no t  change upon cooling 
(Table II, line E). 

(c) Free chlorophyll. Contrary to what is observed with light-harvesting 
Chl a/b protein and thylakoids a derivative signal at 675 nm is already visible at 
20°C (Table II, line F). The broad 669 nm band at 20°C, gives two bands at 
667 and 669 nm at --196°C. 

Discussion and Conclusions 

When compared with their room temperature counterparts,  the fourth 
derivative curves obtained from low temperature absorption spectra clearly 
reflect two types of  changes in the absorption bands: (1) band narrowing, and 
(2) band shifting or band splitting. The derivative signals increase in amplitude 
and decrease in width because of  the absorption bandwidth diminution which 
occurs at low temperatures. This phenomenon is due to the fact that  molecular 
vibrations and rotations are lower at low temperature,  as described in the 
recent work or Whitten et al. [36] on a bacteriochlorophyll-protein complex. 

Excitonic theory can explain some of  observed changes in absorption wave- 
length which occur upon cooling and can explain some aspects of  the spectral 
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diversity of  Chl a in vivo. According to the excitonic theory [37],  a mutual  per- 
turbation of  electrical origin between identical molecules which are more or 
less coupled introduces a ~ariation in electronic excitation energy when com- 
pared to that  of  non-interacting molecules. The tightness of  coupling between 
molecules is dependent  on the distances between these molecules [38] as well 
as the orientations of  their transition dipoles [37].  Simpson and Peterson [38] 
have described weak, strong, and intermediate coupling interactions. According 
to Kasha [37],  these different couplings can lead to the formation of  one or 
two new absorpt ion  bands from the principal absorption band of  uncoupled 
molecules. The changes in the absolute energy levels for the principal electronic 
transitions, and thus the magnitude of  the changes observed in absorption wave- 
length, are dependent  on the degree of  coupling. Moreover, the sign of  the 
energy level change is dependent  on the mutual  molecular orientations of  the 
interacting molecules; thus, band splitting or band shifting toward higher or 
lower wavelengths may be observed. Consequently,  among a number  of  chemi- 
cally identical chlorophyll molecules, the existence of  excitonic coupling, of  
the types described above, can explain a part of  the observed multiplicity of  
absorption bands of  chlorophyll  in vivo. Moreover, the spectral changes 
observed upon cooling may also be explained by modifications of  some of  
these coupling interactions, either by changing intermolecular distances or by 
changes in mutual  orientation. 

In higher plant thylakoids, the 680 nm absorption band observed at 20°C 
develops at --196°C into a strong 675 nm band and a weaker band at 683 nm. 
This splitting (8 rim) is twice or three times greater than would be expected for 
a simple resolution of  a two absorption band system due to narrowing of  the 
absorption bandwidths and their corresponding derivative peaks. An exciton 
model  in which occurs an increase of coupling at low temperature between two 
Chl molecules obliquely oriented towards one another could explain the 
observed splitting. This coupling of  Chl a molecules is not  strictly analogous to 
the dimer described in the Cotton et al. model [17] of  the Chl a antenna, 
because in our model  a chemical bond between the two molecules is not  
required bu t  only a sufficiently short distance between the two molecules to 
allow electronic interaction. Weak exciton coupling is expected with Chl mole- 
cules having intermolecular distances up to about  20 .~ [39].  

At low temperature,  the splitting of  the 680 nm absorption band (or a 
further splitting of  the 678--682 nm absorption band pair) is also observed 
with algal and cyanobacterial  thylakoid preparations (Table I). This splitting 
can also be explained by  a stronger coupling of  Chl a molecules at low tem- 
perature rather than by the formation of  artifactual aggregates or interactions. 
The argument that  the 683 and 678-nm bands share a common origin is 
strengthened by previous observations concerning Porphyridium grown under 
different culture conditions. When the light quality or the medium composit ion 
where changed during cell growth, it was observed that the height ratios o f  the 
Gaussian components  located at 683 and 678 nm were unchanged while the 
relative heights of  other  components  showed reproducible variations [26].  

Splitting of  the 680 nm absorption band at low temperature is not  universal. 
With light-harvesting Chl a/b protein, a simple shift from 680 to 675 nm is 
observed upon cooling. The absorption bands of  the P-700 Chl a protein com- 
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plex show no variation in position with temperature (Fig. 5). In some Xantho- 
phyceae (unpublished ovservations), the absorption bands in the 680 nm region 
are unaffected by cooling. 

In all chlorophyll membranes investigated, no significant spectral shifts are 
observed between 650 and 670 nm. This fact correlates well with the low 
degree of organization of the transition dipoles of the monomeric chlorophyll 
absorbing in this region [40]. Beddard and Porter [41] recently reported the 
chemical stability of these Chl a fluorescent forms which must be separated 
from one another by strongly coordinating molecules. These molecules might 
also prevent removal and reorientation of chlorophyll molecules in the thyl- 
akoids upon cooling. In another study, stable hexacoordinated species 
absorbing mainly at 670 nm were recognized in vitro [42]. However, in vivo, 
up to now there is no evidence for the presence of such molecules [43]. At 
long wavelengths (around 690 nm), the absence of shifts could be due to the 
existence of stable dimers or polymers of Chl whose coupling interactions are 
little affected by temperature changes. Different data were obtained with 
chromophores of photosynthetic bacteria [44]. 

In summary, this spectroscopic study demonstrates that: (1) The use of low 
temperature spectral analyses does not introduce serious artifacts because most 
of the spectral bands seen early at --196°C are also detectable at 20°C. Only 
few modifications are seen at --196 ° C, principally with the 680 nm band. 

Absorption band of thylakoid preparations, indicate only a slight change in 
the structure which is already present at 20°C. (2) The multiplicity of Chl 
spectral forms must be due to a high degree of pigment organization. This 
result is in agreement with the observed loss of spectroscopic resolutions when 
denaturing treatments (French press disruption in low ionic strength medium, 
detergents, and heating) are used on chlorophyll-containing materials. 

Acknowledgements 

We thank Dr. N. Tandeau de Marsac for her preparations of phycobilisomes 
in the Pasteur Institute of Paris, and Dr. D.A. Bryant for his help for writing 
this work, and Mrs. Cros for typing of the manuscript. 

References 

1 Halldal, P. (1958) Physiol. Plant. 11 ,401- -420  
2 Thomas, J.B. and Marsman, J.W. (1959) Biochim. Biophys. Acta 35, 316--323 
3 Brown, J.S. and French, C.S. (1959) Plant Physiol. 34, 305--309 
4 Thomas, J.B. (1961) Biochim. Biophys. Acta 59, 202--210 
5 Frei, Y.F. (1962) Biochim. Biophys. Acta 57, 82--87 
6 Brown, J.S. (1963) Photochem. Photobiol.  2, 159--173 
7 Cederstrand, C.N., Rabinowiteh,  E. and Govindjee (1966) Biochim. Biophys. Acta 126, 1--12 
8 Gttlyaev, B.A. and Litvin, F.F. (1967) Biofizika 12, 845--854 
9 Cramer, W.A. and Butler, W.L. (1968) Biochim. Biophys. Acta 153, 889--891 

10 Butler, W.L. and Hopkins, D.W. (1970) Photochem. Photobiol.  12, 451--456 
11 Gulyaev, B.A. and Litvin, F.F. (1970) Biofizika 15, 670--680 
12 Brown, J.S. (1972) Annu. Rev. Plant Physiol. 23, 73--86 
13 Gov/ndjce and Zilinskas-Braun, B. (1974) in Algal Physiology and Biochemistry (Steward, W.D.P., 

ed.), pp. 346--390,  Blackwel] Scientific Publication, Oxford 
14 Litvin, F.F. and Sineshchekov, V.A. (1975) in Bioenargetics of Photosynthesis  (Govindjee, ed.), p p .  

619--661, Academic Press  



4 0 9  

15 Brown, J.S. (1977) Photochem. Photobiol.  2 6 , 3 1 9  326 
16 Woolhouse, H.W. (1978) l~ndeavour 2, 35--46 
17 Cotton,  T.M, Trifunac, A.D., Ballsehmitter,  K. and Katz, J.J. (1974) Biochim. Biophys. Acta 368, 

181--198 
18 Picaud, A. (1976) Th~se Doctorat  d 'Eta t ,  Universit~ Paris-Sud, Orsay, No. 1797 
19 Brody, S.S. and Broyde, S.B. (1968) Biophys. J. 8, 1511--1533 
20 Leclerc, J,C. and Hoarau, J. (1975) in Proe. of the 3rd Int. Congr. on Photosynthesis  (Avron, M,  ed.), 

pp. 985--996,  Elsevier, Amsterdam 
21 Butler, W.L. and Hopkins,  D.W. (1970) Photochem. Photobiol.  12, 439--450 
22 R~my, R., Hoarau, J. and Leclerc, J.C. (1978) Photochem. Photobiol.  26 , 151 - -158  
23 Gantt ,  E. and Lipschultz,  C.A. (1972) J. Cell Biol. 54, 313--324 
24 Tandeau de Marsac, N.T. and Cohen-Bazire. G. (1977) Proc. Natl. Acad. Sci. U.S. 74, 1635--1639 
25 Hoarau, J. and Leclerc, J.C. (1973) Photochem. Photobiol.  17, 403- 412  
26 Leclerc, J.C., Hoarau, J. and Guerin-Dumartrait ,  E. (1975) Photochem. Photobiol .  22, 41--48 
27 Leclerc, J.C. (1976) Th~se Doctorat  d 'Etat ,  Universit~ de Paris-Sud, Orsay, CNRS No. AO10195 
28 Gray, B.M., Cosner. J. and Gantt ,  E. (1976) Photochem. Photobiol.  24, 299--302 
29 Ley, A.C., Butler, W.L., Bryant,  D.A. and Glazer, A.N. (1977) Plant Physiol. 59 ,974- -980  
30 Cho, F. and Go~indjee (1970) Biochim. Biophys, Acta 216 ,151- -161  
31 Leclerc, J.C. and Hoarau, J. (1974) Union des Oc~anographes de France VI, 4~ 50--52 
32 Leclerc, J.C. and Cout~, A. (1976) C.R. Acad. Sci. Paris, Set. D 282, 2067--2070 
33 Leppink,  G.J. and Thomas, J.B. (1973) Biochim. Biophys. Acta 305. 610- 617 
34 Brown, J.S., Alberte, R.S., Thornber,  J.P. and French, C.S. (1973--1974)  Carnegie Inst. Year B. 

pp. 694--7O6 
35 Brown, J.S., Alberte,  R.S. and Thornber,  J.P. (1974) in Proc. 3rd Int. Congr. Photosynthesis  (Trebst, 

A. and Avron, M., eds.), pp. 1951--1962,  Elsevier/North-Holland, Amsterdam 
36 Whitten, W.B., Nairn, J.A. and Pearlstein, R.M. (1978) Biochim. Biophys. Acta 503 ,251-  262  
37 Kasha, M. (1963) Radiat.  Res. 20, 55--71 
38 Simpson, W.T. and Peterson, D.L. (1957) J. Chem. Phys. 26, 588--593 
39 Sauer, K. (1975) in Bioenergetics of Photosynthesis  (Govindjee, ed.), pp. 131--133, Academic Press 
40 Whitmarsh, J. and Levine, R.P. (1974) Biochim. Biophys. Acta 368, 199--213 
41 Beddard, G.S. and Porter, G. (1976) Nature 260, 366--367 

42 Shipman, L.L., Cot ton,  T .M,  Norris, J.R. and Katz, J.J. (1976) J. Am. Chem. Soc. 98~ 8222--8230 
43 Lutz, M., Brown, J.S. and R~my, R. (1978) in Chlorophyll  Organization and Energy Transfer in 

Photosynthesis  (Fitz-Simons, D.W, eds°), pp. 105, 125, Excerpta  Medica, Amsterdam 
44 Goedheer, J.C. (1972) Biochim. Biophys. Aeta 275, 169--176 
45 Gantt ,  E., Lipschultz,  C.A. and Zilinskas, B.A. (1976) Biochim. Biophys. Acta 430, 375--388 
46 Gantt ,  E., Lipschultz,  C.A. and Zillnskas, B.A. (1976) Brookhaven Symp. Biol. 28, 347--357 


