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The orientation of thc pigments in cells, thylakoids and isolated pigment-protein complexes of two chrcmophytic alg ~. 
containing fueoxanthin as the principle carotenoid, has been investigated by lincar dichroism spectroscopy. The Q~ transiti~,, of 
both chlorophyll a (chl a) and chlorophyll c (chl c) is oriented at < 35 ° to the plane of the thylakoid membrane and to Ihc long 
axis of the cells. The fueoxanthin transition, centred at 540 nm. is oriented m the same manner. In the isolated light-hacvcsting 
complexes, in compressed polyaerylamide gels. the linear dichroism spectra suggest a different orientation of all pigments, i.e.. 
< 55 ° to the direction of applied force or > 35 ° to tee long axis of the particle. It is demonstrated that thi~ orientation is an 
artefact arising from decomposition of the light-ha~L:sting ,.c,h,plcx during its preparation in the compressed FolyaeD'lamide gel. 
The pigments of isolated PSI  and PS II complexes retain the orientation they show in thylakoids and whole .ells. 

in t roduc t ion  

Light-harvest ing complexes have now been  isolated 
by diverse me thods  from a wid ,,arict:¢ of chl c-con- 
taining algae [ l - l  l]. These  comvtexes  are of  varying 
apparen t  molecular  weight  but theil polypept ides  are 
relatively few and fall in the range of  16-24 kDa [12]. 
Al though many complexes  have been  i.~alated, there  
have been  few studies  by physical techniques ,  such as 
circular or l inear dichroism, which might give insight 
into the organisat ion of  pigments .  In the diatom Cylin- 
drotheca fusiformis, the chl a / c  complex was suggested 
[13] to have the Q~ transit ion of  chl a o r ien ted  perpen-  
dicular to the long axis of  lhe complex in contrast  to its 
or ienta t ion in the fucoxanthin chl a / c  complex, Photo- 
system I and intact thylakoids. In the brown alga Dicty- 
ota dichotoma [14], it has been  suggested that  the 
fucoxanthin chl a / c  l ight-harvesting complex changes  
shape  on isolation, such that  the or ienta t ion of both 
fucoxanthin and chl a with respect  to the direct ion of  
the appl ied force is opposi te  to that  in the membrane .  
in both the isolated complex and the membranes ,  no 
LD signal cor responding  to the Qy of  chl c could be 

seen,  suggesting that it lies close to .:,5 ° to the mem- 
brane  normal.  In contrast ,  the chl e / c  2 complex in 
Chroomonas (Cryptophyta) had the or ented  Qy transi- 
t ions of both chl a and chl c 2 parallel to the long axis 
of  the complex and this reflected their  orientat ion in 
thylakoids and cells [15]. A similar s i t ta t ion  exists with 
respect  to chl a and b in the light-ha:westing complex 
(LHCII)  and thylakoids of green algae .md higher plant 
[17-211. 

In this paper  we report  on the org~ nisation of pig- 
mcnts  in thylakoids and chlorophyll-prtAcin complexes 
of  representat ives  of  two groups of  algae containing 
fucoxanthin and chl c. tor which .some background data 
are already available [2,8,22]. Our  LD results do not 
agree well with those repor ted  by o ther  workers for 
l ight-harvest ing complexes  conta ining fucoxanthin 
[13.14]. The di f ferences  may. however, be resolved if 
destabil isation of  the light-harvesting complex during 
prepara t ion  of  the compressed  acrylamide gels is taken 
into account.  This destabilisation results in a change of  
sign of  the LD signal for both fucoxanthin and the Qy 
chl a transit ion and in a shift of  the latter to lower 
wavelengths,  compared  to :he situation in thylakoids. 

Correspondence  to (permanent  address): R.G. Hiller. School of  
Biological Sciences, Macquarie University, NSW 2109. Australia.  
Abbreviations: Chl, chlorophyll: LD. l inear dichroism: SDS. st~lium 
dodecyl sulphate;  PS l, Photosystem l; PS IL Photosystem II; LHC,  
light-harvesting complex. 

Mater ia ls  and  Methods  

Light-harvesting and photosystem complexes were  
isolated by solubilisation of algal thylakoids in digitonin 
and subsequent  separat ion by sucrose-density centri-  
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fugat ion [14,22]. Abso rbancc .  and  LD spect ra  were ob-  
ta ined  as descr ibed  in the  p i eccd ing  pape r  [15]. Rapidly  
set gels were made  by doubl ing  the  a m m o n i u m  persul-  
p h a t e  conccn t ra t ion  to (L I% and  p lunging  the  gel tube  
into an  ice-bath.  

Results  

The  abso rbance  and  LD of  cells and  washed  thy- 
lakoids are  shown in Fig. IA and  B for Phaeodactyhtm 
and Pat'lot'a, respectively.  For  bo th  algae,  the  L D  
values of  cells and  thylakoids are  very similar,  wi th  
s t rong posit ive signals  for the  Qy t rans i t ion  o f  chi a 
s i tua ted  at  slightly longer  wave lengths  than  tha t  of the  
main  absorbance .  The  spect ra  also) suggest  a weak  
positive LD for the  Qy t rans i t ions  of  chl c, at  approx.  
640 nm in Phaeodaco,'lt~m. Both  o rgan i sms  show a 
region of  positive LD from 500 to 570 nm.  which 
conta ins  at  least  two componen t s ;  tha t  a r o u n d  546 nm 

we a t t r i bu te  to the  long-wave leng th  c o m p o n e n t  of  fu- 
coxan th in  [ 16]. 

A f t e r  solubi l is ing the  m e m b r a n e s  with digi tonin ,  the  
c o m p o n e n t s  were  f r ac t i ona t ed  on  l inear  1 0 - 4 0 %  su- 
crose gradients .  For  b o t h  o rgan i sms ,  a s imi lar  p a t t e r n  
[8,21] was ob t a ined ;  at  the  b o t t o m  of  the  g r ad i en t  a 
Pho tosys tem I b a n d  a n d  towards  the  t op  a ma in  light- 
harves t ing  complex  r u n n i n g  in to  a pho tosys t em II b a n d  
just below it. T h e  LD a n d  a b s o r b a n c e  for  the  Photosys-  
tern I c o m p o n e n t  ms shown in Fig. 2. Only  the  Photosys-  
tern l f rom Paciot'a is s , o w n ,  (Fig. 2a)  s ince  t ha t  o f  
Phaeodactylum was a lmos t  ident ical .  T h e  posi t ive L D  
O~. t r ans i t ion  peak ing  at 683 nm is especial ly  p romi-  
nen t  and  add i t iona l  posi t ive b a n d s  are  loca ted  a t  444, 
474 a n d  506 nm. T h a t  at  444 nm can  be  ass igned  to t he  
Soret  b a n d  of  chl a w h e r e a s  those  at 475 and  506 n m  
are due  to  ca ro tenoids .  W h e n  the  L D  spec t rum of  
l igh t -harves t ing  chl a/c-fucoxanthin c o m p o n e n t  o f  
Pat'lot'a was o b t a i n e d  (Fig. 2b)  it was en t i re ly  negat ive ,  
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the whole ecll spectra  such a result  could indicate,  
e i ther  that  the isolated chl a / t - f u c o x a n t h i n  complexes  
or ient  with the i r  t r a n s m c m b r a n e  axes pe rpend icu la r  to 
the di rect ion of appl ied pressure,  or  tha t  the  pigments" 
o r ien ta t ion  is a l te red  dur ing isolation, for example,  by 
en te r ing  al ignable  de te rgen t  micclles. To fu r the r  inves- 
t igate the o r ien ta t ion  of  the pigments ,  absorbance  and  
LD spectra  were taken immediate ly  following removal  
of  insoluble mater ia l  remain ing  af te r  d igi tonin  solubili- 
sat ion of  the  membranes .  This mater ia l  was identical  to 
tha t  loaded on to  the sucrose gradients  from which the  
partially purif ied LHC complex, re ta in ing  eff icient  
t ransfer  f rom both  fucoxanthin  and  chl c to chl a, wag 
ob ta ined  [8]. As shown in Fig. 3 for Fat'lot'a, the LD 
spectrt~m has  negative peaks  at 663 rim, 488 nm and  
459 Lr,L W h e n  the  LD of  this componen t ,  which com- 
prises up to 7(1% of  the chl a, is r emoved  by' subtrac-  
t ion of the LD of  the isolated LHC complex,  a spec- 
t rum is ob ta ined  which is almost  ider, tical to tha t  of the  
Photosystem 1 complex (cf. Fig. 2a). This  correc ted  LD 
spect rum should also contain  that  of PS I! in addi t ion  
to tha t  of PS !. To  gain informat ion on  the  o r ien ta t ion  
of the  p igments  of  the LHC in the thylakoid m e m b r a n e  
before  solubil isation with digitonin,  we cor rec ted  the  
LD of  the thylakoid m e m b r a n e s  by deduc t ing  that  of 
the digi tonin-soluble fraction, which is domina t ed  by 
PS 1 + PS !1 (Fig. 3), from the LD of  the  thylakoids 
(Fig. 1). The  resul t ing spect rum is shown in Fig. 4a for 
Pat'lot'a. The  0 )  band  of  chl a shows a positive LD. as 
does the 540 nm absorbance  of fucoxanthin.  

P repara t ions  ,~f PS II from the  sucrose grad ien t  are 
invariably con t amina t ed  with small am oun t s  of  LHC 
and the LD spec t rum (Fig. 5), which has  a positive 
peak in the  chl a Qr  region with negat ive LD in the  
r ema inde r  of  the  spec t rum due to LHC, reflects this. A 
correc ted  PS I1 LD spect rum was ob ta ined  by the  

following method .  The  absorbapce  of  L H C  included in 
that of  the PS I! complex  was calcula ted from the  chl c 
con ten t  and  the LD of  an LHC prepa ra t ion  o f  equal  
absorbancc  was sub t rac ted  fr,}m the  original  PS !1 LD. 
The  resul t ing LD spec t rum tot  bo th  Paclot'a (Fig. 5) 
and  PiTaeodactyhlm (resul ts  not shown)  closely resem- 
bles tha t  of  h igher  p lant  PS I! [18]. 

An  a l te rna t ive  LD spec t rum for tha t  of  the  LHC in 
the m e m b r a n e ,  to  tha t  shown in Fig. 4a, was o b t a i n e d  
by sub t rac t ing  tha t  of  the  LD of  isola ted PS ! ( to  give 
zero LD at 700 nm)  and  then  the  cor rec ted  PS !1 ( to  
give zero  LD at 605 rim) from tha t  of  the  L D  of  the  
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thylakoids.  T h e  resul ts  for Pat'lova ob ta ined  by this  
second m e t h o d  arc very similar to  th(~se ob ta ined  pre-  
viously (cf. Figs. 4A and B). T h e  LD spec t rum of 
Phaeodactyh~m LHC in the thylakoid m e m b r a n e ,  also 
ob t a ined  by the  second method ,  is shown in Fig. 4C. 
F r o m  the  th ree  spec t ra  it can  be conc luded  tha t  the Qy 
t r ans i t ions  of  bo th  ehl  a and  chl c in the LHC are 
o r i en t ed  < 35 ° to the  p lane  of  the  m e m b r a n e ,  as is the  
fucoxan th in  t rans i t ion  over  the  r ange  505-560  ran. T h e  
s trongly negat ive  LD from 380-480  nm is m a d e  up  of 
con t r ibu t ions  f rom the  Soret  b a n d s  of chi a and  chl  c 
as well, pe rhaps ,  as f rom f u r t he r  con t r ibu t ions  f rom 
caro tenoid .  

As  we were  u n a b l e  to  obta in ,  for  e i t he r  of  the  algae,  
L D  spectra for  tim isola ted l ight -harves t ing complexes  
t ha t  showed an  o r i en ta t ion  cons is ten t  with the  spect ra  
deduced  from thylakoid m e m b r a n e s ,  we a l t e red  the  
p r e p a r a t i o n  of  the  squeezed  polyacrylamide gels con-  
ta in ing LHC. Ge l s  set  rapidly at  0°(2, with twice the  
usual  concen t r a t i on  of  a m m o n i u m  per su lpha te ,  gave 
negat ive  spec t ra  with  a shou lde r  at  675 -680  rim, sug- 
gest ing an  under ly ing  positive c o m p o n e n t  of  the  L H C  
(Fig. 6A). This  shou lde r  d i s appea red  af te r  2 h at room 
t empera tu re .  T h e  d i f fe rence  spec t rum at 20°C of the  
initial L D  minus  tha t  a f te r  I h is shown in Fig. 6B. T he  
resul ts  clearly d e m o n s t r a t e  tha t  a positive L D  compo-  
nen (  wi th  a peak  at 675 -676  nm is d isappear ing .  T he  
d i f fe rence  in initial abso rbance  minus  tha t  at  ! h 
(resul ts  not  shown)  indica ted  a loss of  abso rbance  at 
540 nm (due  to fucoxanth in)  t oge the r  with  a small  
bandsh i f t  in the  Qy region of  chl a. W h e n  the  gels 
con ta in ing  the  L H C  are t r ans fe r r ed  rapidly to 100 K, 
the  LD spec t rum shows a mixture  of  positive and  
negat ive  peaks  in the  Qy chi a region (Fig. 6C), to- 
ge the r  with  a positive peak  due  to fucoxanth in  cen-  
t e red  at  540 n m  (not  shown). 

Discuss ion  

From a comparab l e  study [14] of  the  d ia tom E~lin- 
drotheca fusiformL~, it was conc luded  f rom the  LD 
values  of  cells and  thylakoids tha t  the  long-wavelength  
(540 n m)  t rans i t ion  of  fueoxanth in  and  the  Q :  transi-  
t ion  of  chl a were  o r i en t ed  paral lel  to  tile m e m b r a n e  
plane,  in a g r e e m e n t  with our  results.  This  o r i en ta t ion  
in the same plane,  of  fucoxanth in  and  the  Qy t ransi t ion 
of  ehl a ,  was also seen  in the  isolated l ight-harves t ing 
complex,  where  all t he  LD b a n d s  were  found  to be  
positive, in con t ras t  to  ou r  resul ts  and  those  of  M i m u r o  
et  al. for  the  b rown alga Dictyota [14]. To  or ien t  in a 
squeezed  polyacrylamiae  gel, it appea r s  necessary for a 
complex  to form a shee t  of  many  individual monomers .  
This  is readily achieved in all Photosys tem i a n d  11 
complexes,  the  L H C P  of  h igher  p tan ts  [17-21]  and  in 
the  l ight -harves t ing chl a/c,  complex of  c ryptophytes  
[15]. T h e  complexes  f rom Cylindrotheca were p r e p a r e d  
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using Tr i ton X-I(I(I to solubilise the lhylak(~ids [13] 
r a the r  than  digi tonin and  this may have I~ad to appro-  
pr ia te  s table associat ion of l ight-harvest ing complex 
monomers ,  a l though addi t ion of Tr i ton  X-I(IO t,~ digi- 
tonin-solubi l ised LHC's conta in ing fucoxanthin  usually 
leads to des tabi l i sa t ion  [8,14]. Alternat ively,  the iso- 
la ted l ight-harvest ing complex may have been  a t t ached  
to some readily o r i en ted  Photosystem 11 complex. The  
polypept ide  profi les were cquivt~al  on  this point.  Hsu 
and  Lee [13] also isolated a chl a/c complex and  this  
was o r i en t ed  in the  gel with all t rans i t ions  at less than  
55'% to the  d i rec t ion of  appl ied force, just  as we found  
for the  main  l ight-harvest ing complex of  bo th  algae. 
Hsu and  Lee no ted  tb~t if the  chl a/c-fucoxanthin 
complex in the  gel r ema ined  at room t empera tu re ,  
then  the  positive LD, peaking at 668 nm, was replaced  
by a negat ive  peak  of  660 nm. The  negat ive LD of the  
chl a/c complex  was not  thought  to have resul ted from 
a similar  b reakdown p h e n o m e n o n  since the negat ive 
Or  LD peak  was at 666 nm. Since LHC's  con ta in ing  
fucoxanth in  are  readily dissociated by Tr i ton  X-100 
[8,14] and,  as shown above,  the  LHC complex can  exist 
as a mixture  of  nat ive and degraded  forms, it seems 
likely tha t  Hsu and  Lee t r apped  the i r  ehl a/c c~)mplex 
at a stage co r re spond ing  apprommate ly  to tha t  of our  
Fig. 3B (cf. Fig. 2C of  ref. 13). In Dicryota [14] the LD 
signals f rom the  LHC were essential ly the  same as we 
initially ob ta ined ,  tha t  is, negative t h r o u g h o u t  the  en-  
t i re  visible spec t rum.  However,  the  accompanying  ab- 
sorbance  spec t rum (Fig. 5A of  ReL 14) clearly indi- 
ca tes  ~hat the  540 nm absorbanee  of  s t r e tched  fucoxan- 
th in  has  b e e n  lost due  to heat  decompos i t ion  of the  
LHC. it  is also possible tha t  the  LD spec t rum of  the  
Dictyota thylakoids is d is tor ted by a s imilar  process,  
since the  signals are somewhat  weak and  resemble  tha t  
of our  Photasys tem 1 prepara t ions .  

W h e r e  the  LD signals g e n e r a t e d  from complexes  
isolated b~ de te rgen t s  are totally opposi te  to those 
seen in m e m b r a n e s  or  cell p repa ra t ions  and  are essen- 
tially negat ive  mir rors  of the absorbanee  spectra ,  
b r eakdown  should  be suspected,  with p igments  be ing  
t r apped  in o r i en t ed  de te rgen t  micelles. It may be no ted  
thal  if. dur ing  the  se: t ing of  the  polyacrylamide gels, 
the t e m p e r a t u r e  rises above a critical level, even o ther -  
wise s table  complexes,  such as the  cryptophyte  chloro-  
phyll a/c,_ l ight-harvest ing complex, will lose the i r  
character is t ic  LD spectra .  The  LHC of Phaeodactvlurn 
and  Paviova, isolated here  by solubilising the  mem-  
b ranes  in digi tonin,  compares  closely with tha t  ob-  
ta ined  from Dictyota by means  of  decylsucrose [14]. 
Both  p repa ra t i ons  show excellent energy t ransfe r  f rom 
earo teno ids  and  from chl c to chl a,  as judged  by 
f luorescence emiss ion and  excitation.  In addi t ion,  the  
circular  d ichroism spect ra  are a lmost  identical ,  the re  
be ing  a s t rong negat ive signal at  480 nm due  to facox- 
an th in  which  has  a zero  point  at  455 nm (resul ts  not  



37(t 

shown). A n t i b o d i e s  to the  LHC of  Pat'h)ra cross- reac t  
not  only with LHC of  l'haeodactyhtm, but  also with the  
LHC of the  brown alg;t Cblpomenia [12]. It sccms  likely 
tha t  all l ight -harves t ing eompicxes  con ta in ing  fucoxan- 
thin,  chl c and  chl a are  similar in s t ruc tn rc  and  tha t  
the  repor ted  d i f ferences  in p igment  o r i en t a t i on  de-  
tec ted  by I ,D arise from the i r  d i f ferent  stabil i ty u n d e r  
the  s tress  of  polymerisa t ion of  the  polyacrylamide gel. 
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