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Linear dichroism spectra  have been obtained tk~l cells, thylakoid membranes ,  l ight-harvest ing complex and the Photosys tem 1 o f  
(_Tm)omonas In the  l ight-harvesting complex, a form of  chlorophyll c (chl c)  shows s t rong dichroism at 64S nm, the  Qy 
chlorophyll a (chl a)  transit ion is split at low tempera tu re  but  only that  absorbing at 674 n m  is strongly diehroic. We conclude  
that the  660 nm cotnponenl  of  the Q ,  lransil ion of chl a i:, t~riented close to 55 ° to the  m e m b r a n e  normal  (or  the direction of the  
applied three) whereas  lhat at (~74 nm is at > 55 °. i.e.. c;ose to the plane of the m e m b r a n e  and  tl~e plane o f  largest  cross-section 
of the particle. The orientat ion of  Ibcsc Iransil ions is in agreement  with th,tl observed in thc intact cells. Phycoerythrin within the  
thylaktfid lumen  is not prefcrc,~ially nrientcd.  The  or ientat ion of ehl a in Photosys tem I resembles  that previously repor ted for 
other  photosynthet ic  t~rganisms, i.e., the long-wavelength O ,  t ransi t ions arc or iented parallel  to the  m e m b r a n e  plane.  

I n t r o d u c t i o n  

In  p h o t o s y n t h e t i c  b a c t e r i a  [1,2], g r e e n  a l g a e  [3] a n d  
h i g h e r  p l a n t s  [4 -6 ] ,  c o n s i d e r a b l e  i n s igh t  in to  t h e  o r g a n -  
i sa t ion  o f  p h o t o s y n t h e t i c  p i g m e n t s  h a s  b e e n  o b t a i n e d  
f rom c i r cu l a r  a n d  l i nea r  d i e h r o i s m  s p e c t r o s c o p y ,  in t h e  
m o s t  f a v o u r a b l e  c a s e s  t h e  o r i e n t a t i o n  o f  i nd i v i dua l  
m o l e c u l e s  m a y  be  o b t a i n e d ,  a s  in t he  r e a c t i o n  c e n t r e  o f  
Rhodopse t~domonas .  T o g e t h e r  wi th  X - r a y  c ry s t a l l og ra -  
phy  [7] a c o r r e l a t i o n  b e t w e e n  t h e  s t r u c t u r e  a n d  t h e  
s p e c t r o s c o p y  o f  t h e  r e a c t i o n  c e n t r e  c o u l d  bc  i n f e r r e d  
[21. 

In less  f a v o u r a b l e  ca ses ,  s u c h  as  l i g h t - h a r v e s t i n g  
c o m p l e x e s ,  w h e r e  m a n y  p i g m e n t  s p e c i e s  a r e  pros(  "it, 
L D  c a n  a s s i s t  t h e  b a n d  a s s i g n m e n t  in a b s o r p t i o n  s p e c -  
t ra  a n d  d e t e r m i n a t i o n  o f  t he  a n g l e ( s )  o f  c h r o m o p h o r e s  
wi th  r e s p e c t  to  t h e  p l a n e  o f  t he  m e m b r a n e .  T h e r e  a r e  
ex t ens ive  s t u d i e s  o f  g r e e n  a l gae  a n d  h i g h e r  p l a n t s  by 
b o t h  t e c h n i q u e s  bu t  l i t t le i n f o r m a t i o n  is ava i l ab l e  for  
t he  h e t e r o g e n o u s  g r o u p  o f  t h e  e h r o m o p h y t e  a l g a e  a n d  
n o n e  at all for  t h e  e r y p t o p h y t e s .  T h e  l a t t e r  g r o u p  o f  
a l gae  p o s s e s s ,  in a d d i t i o n  to PS 1 a n d  PS I!, two  
l i g h t - h a r v e s t i n g  s y s t e m s ,  a m e m b r a n e - b o u n d  in t r i n s i c  
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chl  a c z c a r o t c n o i d  c o m p l e x  a n d  a p h y c o b i l i n  l o c a t e d  
in t h e  i n t r a t h : ' t a k o i d  s p a c c  [ 8 - 1 2 ] .  T h e  e n e r g y  g a p  
b e t w e e n  t h e  f l u o r e s c e n c e  e m i s s i o n  o f  p h y c o e r y t h r i n  
a n d  t h e  Q~ t r a n s t i t i o n  o f  eh l  a m a y  be  b r i d g e d  by ch l  
c , .  a novc l  p i g m e n t ,  a n a l o g o u s  to a i l o p h y c o c y a n i n  [13], 
o r  c l o se  j u x t a p o s i t i o n  o f  a spcc i a l  f o r m  o f  p h y c o -  
e r y l h r i n  to an  i n t r i n s i c  ch! p r o t e i n .  E i t h e r  o f  t h e  las t  
two h y p o t h e t i c a l  i n t e r m e d i a t e s  m i g h t  b e  p r e f e r e n t i a l l y  
o r i e n t e d  a n d  t h u s  d e t e c t a b l e  by L D .  

i t  m a y  be  a n t i c i p a t e d  t h a t  P h o t o s y s t e m s  l a n d  l l ,  
t o g e t h e r  w i t h  t h e i r  a s s o c i a t e d  i n n e r  a n t e n n a e  o f  ch l  a ,  
will b c  o r g a n i s e d  in a s i m i l a r  m a n n e r  in all  p l a n t s ,  b u t  
t he  l i g h t - h a r v e s t i n g  s y s t e m s ,  wi th  t h e i r  m u l t i p l i c i t y  o f  
p i g m e n t s ,  m a y  wel l  s h o w  d i f f e r e n c e s .  In  r e c e n t  s t u d i e s  
o f  c h r o m o p h y t e s  it w a s  n o t e d  t h a t  in t h e  d i a t o m  Cyl in-  
d ro theca  f u s i f o r m i s  t h e  ch l  a c - f u c o x a n t h i n  l igh t -  
h a r v e s t i n g  c o m p l e x  w a s  o r g a n i s e d  wi th  t h e  Q~ t r a n s i -  
t i ons  o f  t hc  chl  a a n d  c pa ra l l e l  to  t h e  l o n g  axis  o f  t h e  
pa r t i c l e  a n d  to  t h c  m c m b r a n e  p l a n e ,  w h e r e a s  t h e  ch l  a 
c c o m p l e x  w a s  o r g a n i s e d  w i th  a n  o p p o s i t e  o r i e n t a t i o n  
[14]. F r o m  a s t u d y  o f  t h e  b r o w n  a l g a e  Dic tyo ta  di-  
c h o t o m a  d i f f e r e n t  c o n c l u s i o n s  w e r e  r e a c h e d  a s  to  t h e  
o r i e n t a t i o n  o f  ch l  a a n d  c in t h e  l i g h t - h a r v e s t i n g  fucox -  
a n t h i n  c o m p l e x  [15]. I n  Dic tyo ta  t h e  o r i e n t a t i o n  o f  ch l  
a w a s  p e r p e n d i c u l a r  to  t h e  l o n g  axis o f  t h e  i s o l a t e d  
l i g h t - h a r v e s t i n g  c o m p l e x  a n d  chl  c s h o w e d  n o  d i c h r o -  
i sm [15]. 

In  th i s  s t u d y  we r e p o r t  o n  t h e  o rgan i t ; a t i on  o f  p h o t o -  
s y n t h e t i c  p i g m e n t s  in a c r y p t o p h y t e  a l g a  as  d e d u c e d  
f r o m  l i n e a r  d i c h r o i s m .  



Materials and  Methods 

Chroomonas CS 24 ( C S I R O  Division of  Fisherics,  
Hobar t ,  Aus t ra l i a  7000) was grown in Provasol i ' s  en- 
r iched ~ a  water ,  as  descr ibed previously [9]. T he  cells 
were washed  in 0.5 M potassum phospha t e ,  0.3 M 
potassum ci t ra te  ( pH  7.2) and  b r o k e n  by a single pa~- 
sage though  a F r e n c h  pressure  cell at  70 MPa.  Af te r  
removal  of  intact  cells and  debr i s  by cen t r i fug ing  at 
2000 × g, t he  thylakoids  were o b t a i n e d  by cent i fuging 
at 30000  × g. Thylakoid  m e m b r a n e s  were  p r e p a r e d  by 
wash ing  twice in 50  m M  Tricine,  20 raM KCI ( pH  7.5). 
Ch lorophyl l -p ro te in  complexes  were p r e p a r e d  by solu- 
bil ising the  thylakoids  in d ig i tonin  (1% final concen t ra -  
tion, 200 p,g chl a )  and  separa t ing  t hem by ul t racen-  
t r i fugat ion t h r o u g h  a linea~ 1 0 - 4 0 %  sucrose  g rad ien t  
m a d e  in 50 m M  Tr ic ine  KCI, 20 m M  KCI and  con ta in -  
ing 0.1% digi tonin  [9]. A b s o r b a n c e  spect ra  were 
r ecorded  by m e a n s  of  e i the r  a Phil ips 8-200 spect ro-  
p h o t o m e t e r  or  the  single b e a m  s p e e t r o p h o t o m e t e r  de-  
~ r i b e d  by Tap ie  e t  al. [16]. 

For  l inear  d ichro ism (LD) m e a s u r e m e n t s ,  the  cells, 
m e m b r a n e s  or  the  complexes  recovered  f rom the  su- 
crose g rad ien t  were  set  in polyacrylamide gels and  
uniaxiaily compressed  to approx. 60% of  the i r  or iginal  
length .  LD spec t ra  were  m e a s u r e d  with l inearly po- 
lar ised light m o d u l a t e d  at  a f requency of  100 kHz 
be tween  vert ical  and  hor izonta l  direct ions.  The  differ-  
ence  A,-A± (def ined  as LD)  was ob ta ined  by syn- 
ch ronous  de tec t ion  and  the  spec t ra  digi t iscd cm a Tra-  
eor  N o r t h e r n  1710. The  spect ra  have been  normal i sed  
so t ha t  the  abso rbance  or  L D  peak  is I at the  red 
max imum and  so that  positive LD values  indicate  an 
angle  of  > 55 ° to  the m e m b r a n e  normal  or  the  direc- 
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t ion of appl ied  pressure ill the  case of squeezed  poly- 
acrylamide gels and hcnt:e to 'he  normal  to Ihc plane 
of  largest cross-section of the  part icle [16]. 

Results 

In Cttro~nm,na.~ the  thylakt,ids are a r ranged  parallel  
to  the long axis of the  cell. Or ien t ing  the  long axis of  
the  cells pe rpend icu la r  to the  compress ion  axis of  the  
squeezed  polyacrylamide gel the re fore  results  in or ien-  
ta t ion  of  the thylakoids.  The  absorbance  and  LD spec- 
t ra  of or ien te , t  cells a t  room t empe ra tu r e  are shown in 
Fig. la.  The  p r o m i n e n t  fea tures  of  the  LD may be  
ass igned on  the  basis of  thei r  wavelength to ca ro tenoids  
a n d  chlorophylls ,  r a t h e r  than  PE, which absorbs  a round  
550 -570  nm. This  was conf i rmed by the LD of  washed  
thylakoid m e m b r a n e s ,  which was indis t inguishable  from 
tha t  of  the  cells (Fig. Ib). T o  assign the  bands  in the  
LD spectra  o f  the cell, those of  the chl a c 2 light- 
harves t ing  complex and  Photosystem ! were  measu red  
separately .  (Fig. 2) The  l ight-harves t ing complex is 
clearly responsible  for  the positive LD in the cells a t  
470 nm. 644 nm,  and  at least par t  of  tha t  at  685 nm as 
well as for a major  par t  of  the complex negative LD 
from 400 to 460 nm and  from 560 nm to 615 nm. The  
most  p r o m i n e n t  fea tures  of  the Photosys tem ! LD are 
the  positive b a n d s  at  442 nm and  685 nm. The  fo rmer  
can  be seen  as  a peak in the t h o l e  cell LD. 

Below the l ight-harvest ing complex in the sucrose- 
densi ty gradient ,  a band  which con ta ined  the  poly- 
pep t ides  of 44 and 47 kDa character is t ic  of PS II, as 
well as those  of 24 and 20 kDa, be longing  to the  
l ight-harves t ing complex, was observed.  T h e  LD of this 
c o m p o n e n t  was v,~ry similar to tha t  of  the  l ight-harvest-  
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; L D ,  - . . . . .  .} (b) 

ing  c o m p o n e n t .  H o w e v e r .  w h e n  t h e  c o n t r ; b u t i o n  o f  t h e  
l i g h t - h a r v e s t i n g  c o m p l e x  was  r e m o v e d  by t h r e e  d i f f e r -  
e n t  n o r m a l i s a t i o n s  ( z e r o  L D  at 4711 n m  or  640  n m  or  

that all the chl c absorbancc be longed to the light- 
harvesting complex) ,  there remained a positive PS l l -  
like LD component  at 678 nm with some structure at 
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sl~orter wavelengths .  The re  was no evidence  of any 
negat ive  LD in the O~ region of  chl a (results  not  
shown).  

To increase  the spect ra l  resolut ion,  samples  of cells 
and  o f  the  l ight -harves t ing  complex  were cooled to low 
t empera tu res ,  in  Fig. 3 the absorbance  of  cells at  10 K 
is shown. A no tab le  fea ture  of the  a b s o r b a n c e  spec- 
t rum is the  c lea r  spl i t t ing of  the  a b s o r b a n c e  due  to PE  
into two peaks,  tha t  at  545 nm due  to the  phycoery-  
throbi l in  c h r o m o p h o r e s  of the  /3-subunits  and  tha t  at  
570 n m  to cryptoviol in  (PXB)  of  the  a - s u b u n i t s  [12]. 
T h e r e  are  no  co r r e spond ing  fea tu res  in the  L D  spec- 
t rum.  in  the r ed  region,  the  abso rbances  due to chl a 
in d i f ferent  e p v i r o n m e n t s  a re  beg inn ing  to be resolved.  
A posit ive L D  at 645 nm due  to chi c :  is especial ly 
no tab le  as is the  negat ive region ex tend ing  f rom 5 6 0 -  
610 nm.  Both  the  645 nm posit ive and  560 n m - 6 1 0  n m  
negat ive  LD are  c o m p o n e n t s  of  the l ight -harves t ing 
complex,  as shown by the  L D  spec t rum of  the  isolated 
chl-a c 2 complex.  This  observa t ion  unambiguous ly  
d e m o n s t r a t e s  tha t  the  p lane  of  largest  cross-sect ion of  
this  part ic le  keeps  the  same o r i en ta t ion  in the  gel tha t  
it would exhibi t  if it we "e still in the  nat ive  m e m b r a n e .  
(Fig. 4). T h e  abso rbance  spec t rum (Fig. 4a)  shows 
ev idence  of  two main  forms of  c h i a .  T h e  shou lde r  at  
662 n m  has  lit t le if any associa ted L D  whereas  the  
main  a b s o r b a n c e  peak  at 674 nm is s trongly dichroic.  
The  small  posit ive L D  at 659 nm and  the  negat ive  LP 
at 573, 583 a n d  592 nm have no  obvious  coun t e r pa r t s  
in the  abso rbance  spec t rum.  All of  them,  however ,  
become  much  more  p r o m i n e n t  in the L D / A  spec t rum 
which also shows t ha t  the long-wavelength  Q,, t ransi-  
t ion o f  chl a is much  more  dichroic  than  any o t h e r  
c o m p o n e n t  in the  r ed  region of  the  spec t rum.  

in the  in tac t  cell, in terac t ion  of  PE  in the  intra-  
thylakoid space with itself or some thylakoid compo-  
nent  may lead to a PE species absorb ing  at  longer  
wavelengths  t han  565 rim. As the  l ight -harves t ing com- 
plex con ta ins  most  of  the  chl c 2 and  at least  60% of  the  
chl a ,  its LD was sub t r ac t ed  f rom LD of  the  cells on  
the  a s sumpt ion  that  all LD at 640 nm or  470 nm was 
due  to the  chl a c 2 complex.  The. , ,ubtraction resul ted  
in loss of  s t ruc ture  over  the  region 590 nm to 640 rim, 
leaving p r o m i n e n t  Photosys tem 1 positive peaks  at  448 
nm a n d  683 rim. A small  posit ive LD at 570 nm is 
a t t r ibu tab le  to  the  PX B  c h r o m o p h o r e  of  the  a - sub-  
uni ts  of  PE, which is responsible  for the  shou lde r  at  
565 n m  in the  ~vhole cell abso rbance  spec t rum (resul ts  
no t  shown).  

Discussion 

T h e  spectra l  and  biochemical  charac ter is t ics  of  the  
p igmen t -p ro te in  complexes  of  Chroomonas CS24 have 
been  descr ibed  previously [9,10]. in  c o m m o n  with o t h e r  
e ryptoohytes  [11] con ta in ing  PE, no  phycocyanin or  

al lophycotwanin was de tec ted ,  an absorbancc  peak 
somet imes  p resen t  al h4() nm in crude  PE p repa ra t ions  
be ing  a t t r ibu tab le  [10] to the c h r o m o p h o r c  of dissoci- 
a ted a - subun i t s  of  the PE. In the present  study ~ e  
found no  ev idence  for an  absorbing species present  in 
whole cells and  arising from intcwdctioh be tween  PE 
and  the  thy!akoids which might have been  des t royed in 
isolating the  c o m p o n e n t s  of the  l ight-harvest ing system. 

In a ser ies  of  papers  on  the s t ruc ture  of h igher  plant  
thylakoids and  p igment  prote in  complexes  der ived from 
them,  it was concluded that  the  thylakoid I D  spect ra  
could be largely reproduced  by addi t ion of  the LD 
spec t ra  of isolated complexes which r e '~ ined  in vitro, 
the in vivo p igment  or ien ta t ion .  [3.15-~7]. In the pre- 
sent  series of  exper imen t s  we have made  observa t ions  
on  a cryptophytc  alga Chroomonas which p o s ~ s s c s  
two l ight -harves t ing systems, a water-soluble  phycobilin 
located in the  int ra thylakoid space and  a major  intr in-  
sic ch lorophyl l -pro te in  complex. The  fo rmer  con- 
t r ibutes  much  to the  absorbance  but  very little to  the 
LD spec t rum.  Small  positive values in the 550-570  nm 
region might  be a t t r ibu ted  to the ch romophore ,  PXB 
of  the  a - s u b u n i t  of  phycoerythin  [10,19]. In cont ras t  to 
the  lack of  LD from PE, that  from chl a, chl c~ and  a 
ca ro teno id  from the  intrinsic l ight-harvest ing compo-  
nent  are qui te  a p p a r e n t  in the  LD spectra  of whole 
cells, as well as of  washed thylakoids.  It can be con- 
c luded  tha t  for Chroomonas, as for h igher  plants ,  the 
pigments" o r i en t a t i on  in vivo is ma in ta ined  in the  iso- 
la ted complexes.  

A par t icular  p rob lem in the  in te rp re ta t ion  of  LD 
spectra  ar ises  when  peaks, part icular ly at cryogenic 
t empera tu re s ,  have no co r re spondence  in the  ab- 
sorbancc  spectra .  Two examples  of this  in our  experi-  
men t s  meri t  discussion. In the  10 K l ight-harvest ing 
complex LD spec t rum there  is a small  peak at 659 rim; 
this could be  r ep r e sen t ed  by an  orient: ' . t ion of  the 662 
nm abso rbance  c o m p o n e n t  at  an angle  just  tess than  
55 ° to  the m e m b r a n e  normal  or  a c o m p o n e n t  absorb ing  
at a slightly longer  wavelength  and  o r i en t ed  at an angle 
slightly g rea te r  t han  55 ° to the  m e m b r a n e  normal .  In 
the region 580 to 6 !0  nm a negat ive  LD signal is 
observed.  Much  of  this  signal arises f rom the light- 
harves t ing chl a c ,  complex in which the  negat ive LD 
at 597 nm is as large as tha t  a t  645 nm due  to the  Qy 
t ransi t ion of  chl c~. Negative LD signals in the region 
580-610  nm have b e e n  repor ted  for LD spectra  of 
thylakoids of  a bar ley m u t a n t  [17] which lacks chl b, 
Chlarnydomonas Photosystem !1 p repa ra t i ons  [2,20], 
and,  a l though  less obvious, f rom thylakoids and  com- 
plexes of  a d ia tom [15]. In the  la t ter  case this  negat ive 
signal was ass igned tentat ively to the  Q~ t rans i t ion  of  
chl a.  in  the  Chroomonas chl a c ,  complex at 10 K the  
region is composed  of  at  least th ree  componen t s ,  cen- 
t red  at 573, 583 and  597 nm. and  the  possibility exists 
of a con t r ibu t ion  from chl c. These  signals are much  
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less p r o m i n e n t  and less s t ruc tu red  in o t h e r  algae con-  

ta ining chl c [15,i6]. 
F r o m  the da t a  p r e s e n t e d  here ,  we conc lude  that  chl 

a in c ryp tophy te s  is o rgan i scd  in a s o m e w h a t  s imilar  
m a n n e r  to that  in the  L H C ! I  o f  ch lo rophy tes .  Prel imi-  
nary" s equence  data  indicate that  s o m e  p a r t s  o f  the  
C h r o o m o n a s  L H C  are  s t rongly conse rved  w h e n  conl-  
p a r e d  to that  of  h ighe r  plant  L H C I I  [21]. it is likely 
that ,  in the L H C I I  o f  h igher  p lants ,  highly conse rved  
reg ions  o f  the p ro te in  will be involved in the  jux tapos i -  
t ion of  the  L H C  complex  to P h o t o s y s t e m  11 o r  in the  
a l i gnmen t  of  the  emi t t ing  chl a molecu le s  so  these  can 
effectively t r ans fe r  the i r  energy  to the  chl a molecu le s  
o f  the core  complex .  It had been  h o p e d  that  these  
s tudies  might  bc conclusive for o r  agains t  the  exis tence 
ol  an abso rb ing  spec ies  which acts as an i n t e r m e d i a t e  
in the ene rgy  t r ans fe r  f rom PE to chl a.  I f  such  a 
c o m p o n e n t  existed it might  nL be de tec ted  by L D  
since even  in the  cyanobac ter ia ,  thc relatively dichroic  
a l lophycocyanin  was  not  always a p p a r e n t  in the  L D  of  
m e m b r a n e s  with a t t ached  phycob i l i somcs  [22]. It may  
also be no ted  that ,  by analogy wtth ene rgy  t r ans fe r  
f rom c a r o t e n o i d s  to ebl a,  as in the  per id in in-ch i  a 
p ro te in  [23], p rov ided  the d is tance  b e t w e e n  PE  at the 
edge  of  thylakoid l umen  and ch lorophyl l s  of  the  intr in-  
sic thylakoid complexes  is sufficiently small ,  no  p rob -  
lem exists for  even 100~: efficiency o f  ene rgy  t ransfer .  
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