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A B S T R A C T  

A procedure was developed for the isolation of phycobiIisomes from Porphyridium cruentum. 
The cell homogenate, suspended in phosphate buffer (pH 6.8), was treated with 1% 
Triton X-100, and its supernatant fraction was centrifuged on a sucrose step gradient. 
Phycobilisomes were recovered in the 1 ~ sucrose band. The phycobilisome fraction was 
identified bv the characteristic appearance of the phyeobilisomes, and the absorbance of the 
component pigments: phycoerythrin, R-phycocyanin, and allophycocyanin Isolated 
phycobilisomes had a prolate shape, with one particle axis longer than the other. Their size 
varied somewhat with their integriW, but was about 400-500 A (long axis) by 300-320 A 
(short axis). Phycobilisome recovery was determined at six phosphate buffer concentra- 
tions from 0.067 ~t to 1.0 M. In 0.5 M phosphate, phycobilisome yield (60%) and preserva- 
tion were optimaI. Such a preparation had a phycoerythrin 545 nm/phycocyanin 620 nm 
ratio of 8.4. Of the detergents tested (Triton X-100, Tween 80, and sodium deoxycholate), 
Triton X-M 00 gave the best results Freezing of the cells caused destruction of phycobilisomes. 

INTRODUCTION 

The function of phycobiliproteins as photosyn- 
thetic accessory pigments has been well docu- 
mented and accepted (6, 10, 28). While it was 
known that they were localized in the chloroplasts 
of red algae (7, 18), the exact location within the 
chloroplast was not known In an examination of 
Po~phyridium cruentum, Gantt  and Conti (14, 15) 
found unidentified granules on the stroma side of 
the photosynthetic lamellae. These granules were 
proposed to be sites of phycobiliproteins because 
they were only found in algae which contained 
these types of accessory pigments. However, not 
until the isolation (16) of these granules was it 
possible to show that they contained phycoerythrin 
and phycocyanin; accordingly, they were named 
phycobilisomes (phycobiliprotein containing bod- 
ies) Morphological identification of phycobili- 
somes by electron microscopy has since been made 

in a number of red algae (5, 9, 12, 17, I9-23, 26, 
30), and in several blue-green algae (see reference 
1 I, bibliography). 

The earlier isolation procedure for phycobili- 
somes had the limitation that glutaraldehyde was 
necessary to keep the phycobilisomes intact. The 
morphology of the phycobilisomes and their ab- 
sorbance spectra could be examined, but further 
detailed analysis of phycobilisome components was 
prevented by irreversible fixation. To overcome 
this limitation the isolation procedure was revised. 
In developing the new procedure the main con- 
siderations were: (a) to isolate intact phycobili- 
somes which could be dissociated at will, (b) to 
select meaningful purity criteria, and (c) to obtain 
phycobilisomes in substantial amounts which 
would allow a detailed analysis of their components 
and an understanding of the structural relationship 
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of  these  c o m p o n e n t s  T h i s  c o m m u n i c a t i o n  de -  

scr ibes  t h e  r a t i o n a l e  a n d  deta i l s  for t he  i so la t ion  o f  

p h y c o b i l i s o m e s  w i t h o u t  f ixa t ion .  

M A T E R I A L S  A N D  M E T H O D S  

Culture Conditions 

P. cruentum Naegeli  was originally obta ined f rom 
Dr.  1Vf. B. Allen w h e n  she was a t  the  Ka i se r  F o u n d a -  
t ion a t  R i c h m o n d ,  Calif. Cells were grown axenically 
in cul ture  flasks in ar t i fc ia l  seawater  m e d i u m  ac- 
cord ing  to J o n e s  et  al. (21). 1 liter of  m e d i u m  was 
rout ine ly  inocula ted  wi th  100 ml  f rom an  existing 
12-14 day  old cul ture  Cul tures  were cont inuously  
i l lumina ted  wi th  a bank  of f luorescent  l amps  (West- 
inghouse  F40D) a t  an  inc ident  intensity of 300 ft-c 
a n d  m a i n t a i n e d  a t  20°-25°C.  T h e y  were agi ta ted on 
a gyra tory  shaker  and  aera ted  wi th  a s t r eam of 1% 
CO2 and  99% air. 

Growth of Cultures 

For  mon i to r ing  of  the  cultures,  10- or 20-ml sam-  
pies were w i t hd rawn  th rough  a separate  por t  on the  
cu l ture  vessel to avoid contamina t ion .  Cell counts  
were m a d e  wi th  a hemocy tome te r  on samples  wh ich  
were  also used  for chlorophyll  and  phycoery thr in  
de terminat ions .  T h e  results a re  plot ted in Fig. 1. 
For  the  isolation of phycobilisomes,  ceils were rou-  

finely harves ted  f rom cultures grown for 5-12 days.  

These  cultures were in the  log phase  of g rowth  and  

h a d  a cons tan t  phycoery thr in /ch lorophyl l  ratio. 

Chemical Analyses 

Chlorophyl l  de terminat ions  were m a d e  according 
to the  me thod  of Arnon  (2). For  moni tor ing  of the  
cultures (0-15 days), phycoerythr in  extract ion was 
carr ied ou t  as follows: cells were r insed and  sus- 
pended  in 0.067 ~ phospha te  (Na2HPO4 and  
KLI2PO4) buffer, p H  6 8. T h e y  were then  broken  
by sonieat ion (setting of 4 with a m a x i m u m  acoustical 
ou tpu t  of  4 dc amp,  Brauson sonifier) for i rain and  
deoxycholate  was added  to a final concentra t ion  of  
0 .4%.  Chloroplast  m e m b r a n e s  and  other  cell debris  
were removed  by centr i fugat ion at  100,000 g for 60 
min.  

Phycoery thr in  content  was assayed at  var ious  
steps of the  phycobil isome isolation by  us ing the  ab-  
sorption at 545 n m  to obta in  the  relative phycoery th-  
r in content .  Calculat ion of the  phycoery thr in  con ten t  
was  m a d e  by  us ing the  extinction coefficient of  
E~%.~45nm = 87.8 as de te rmined  by Neufeld (25) 
after subt rac t ing  the  background  absorpt ion a t  
700 n m  f rom 545 nm.  

Protein content  was de te rmined  accordmg to the  
m e t h o d  of Lowry et al. (24), us ing bovine s e rum 
a l b u m i n  as s tandard .  Precaut ions had  to be  taken  
against  the  interference of Tr i ton  and  sucrose 
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])'munE 1 Growth and  p igment  content  of P. cruentum grown under  continuous i l lumination (300 ft-c). 
Cultures for phycobilisome isolations were used in the  log phase  of growth (5-15 days) when the chloro- 
phyl l  and  phycoelT~thrin ratio remained constant .  
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Samples of the cell homogenate were taken for pro- 
tern determinations before Triton was added. Since 
Triton remained at the top of the sucrose step gradi- 
ent it did not interfere with determinations of the 
phycobflisome fraction. I t  was found that  a depres- 
stun of the color development was caused by sucrose. 
Therefore, protein determinations on the phycobih- 
some fraction (1 ~I sucrose) were made either after 
the removal of sucrose or with a correction to account 
for the suppression of the Folin reagent color develop- 
ment by sucrose For the release of phycobilisomes 
from the photosynthetic membranes three detergents 
were tested Triton X-100 (Rohm and Haas Co., 
Philadelphia, Pa.), Tween 80 (Atlas Chemical 
Industries Inc., Wilmington, Del.), and sodium 
deoxycbolate (Mann Research Labs, Inc ,  New York). 
The detergents were added with rapid mixing after 
the cells had been broken in the French pressure 
cell. After 15-20 rain the cell homogenate was 
centrifuged and the isolation proceeded as described 
in the Results. Controls were treated identically ex- 
cept that no detergent was present. Sodium deoxy- 

cholate and Tween 80 were tested at a final concen- 
tration of 0 5 and 1 0%, while the Triton X-100 
concentrations were 0 1, 0.3, 0 5, 0 7, 1 0, 1.5, and 
2.0% Phycobilisome recovery was assayed by the 
absorption of phycoerythrin (545 nm) in the 1 
sucrose band. Chlorophyll absorption at 675 nm was 
used as an indication of membrane eontaminauon. 

For preparation of sucrose step gradients the sucrose 
was dissolved in the appropriate phosphate buffer 
@H 6.8) concentrations (0067, 0.17, 0.33, 0.5, 
0 75, 1 0 ~I). The step gradients were prepared by 
layering the various sucrose concentrations into 
centrifuge tubes (for the 50.1 Beckman rotor) with a 
pipette. The standard gradient consisted of 2 M, 1 M, 
and 0.75 ~ sucrose in propornons of 3:12:3 hal, re- 
spectively. 1 ml of sample was layered on the gradi- 
ent. 

Electron Microscopy 

Phycobflisome preparations were negatively stained 
at pH 7.0 with 1% ammonium molybdate or 2% 

Procedure for Isolation of Phycobilisomes 
from Porphyrid~ura eruentura 

(Carried out at 4°C) 

Cells collected by centrifugation (5000 g) rinsed twice 
in Na-K phosphate buffer at pH 6.8. 

~.5 g wet weight was brought to total volume of 10 ml 
with buffer. 

Disrupted in French pressure cell (8-1£,000 psi). 

Collected in vessel containing Triton X-100 (0.5 ml of 
~0% solution) with mixing. Reacted for ~0 rain. 

$ 
Centrifuged at ~7,000 g for 80 rain. 

Pellet Supernate was layered 
on sucrose step gradient 
(0.75 ~I, 1 ~, ~ ~). 
Cenh'ifuged for 90 rain 
at 80~000 g. 

Phycobilisome fraction 
collected from 1 M su- 
crose layer. 

~GVaE ~ Outline of phycobilisome isolation procedure. Time interval from cell breakage to collection 
of phycobilisomes was about 150 rain. The same buffer concentration (0.067, 0.17, 0.83, 0.50, 0.75, or 
1.00 ~ phosphate) was used in all steps of the isolation. 
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phosphotungstic acid. The latter gave the best 
image quality, especially after dialysis against I mM 
phosphate buffer. Before dialysis, phycobilisomes 
were fixed in 4% glutaraldehyde for 1 hr to avoid 
dissociation in the low molarity phosphate buffer. 
Grids were examined with a Philips EM-300, and 
photographic records were made on Kodak Electron 
Microscope film at magnifications of 80,000-125,000. 

R E S U L T S  

I s o l a t i o n  a n d  Charac ter i za t ion  

of Phycobilisomes 
ISOLATION PROCEDURE: An outline of the 

standard phycobilisome isolation procedure is pre- 
sented in Fig. 2. The  entire isolation procedure was 
carried out at  4°C and all solutions were buffered 
at  p i t  6.8 with S6rensen's phosphate buffer (0.067, 
0.17, 0.33, 0.50, 0.75, or  1.0 M). Cells were pelleted 
by centrifugation at  5000 g and rinsed twice with 
the appropriate  buffer. The  pellet (wet weight 
2.5 g) was resuspended in buffer to a final volume 
of 10 ml, then disrupted in a French pressure cell 
(8-12,000 psi). The  disrupted sample was collected 
in a vessel containing Tri ton X-100 (0 5 ml of 20% 
to a final 1%) and mixed by stirring for 15-20 rain 

I t  was then centrifuged for 30 min at 27,000 g. 
The  pellet (of the 27,000 g centrifugation consisted 
of large ceil fragments and starch) was analyzed 
for phycobilisomes, phycoerythrin, and chlorophyll 
when appropriate and then discarded. 1 ml of the 
supernatant fraction was layered on each tube of 
the sucrose step gradient and centrifuged in an 
angle rotor at  80,000 g for 90 rain The phycobili- 
somes migrated into the 1 ~ sucrose layer as a 
purple band (at the lowest phosphate concentra- 
tions some pelleting of phycobilisomes also oc- 
curred at the side of the tube in the 1 M sucrose 
layer). 

The  pigmented zones on the sucrose step gradi- 
ent  when examined from top to bot tom were as 
follows: the aqueous layer at the top consisted of a 
translucent green to olive-colored band;  below 
that, the 0.75 M sucrose band was clear orange to 
pink; and finally the zone in the otherwise color- 
less I M sucrose layer which contained the phyco- 
bilisomes was deep purple. When the pigmented 

fractions were collected for examination, electron 

microscopy showed that phycobilisome presence 

correlated positively with the purple zone in the 

1 M sucrose. 
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X~G~E 3 Absolption spectrum of isolated phycobilisome preparation in 1 ~ sucrose, 0.067 ~ phos- 
phate buffer pH 6.8. The major double peak at 545-563 nm is phycoerythrim Phycocyanin absorbs at 
650-6~5 nm, and Mlophycocyanin at 650 nm The small peak at 440 nm is due to chlorophyll (1 #g 
chlorophyll/450 /~g protein). 
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CtIARACTERXSTICg OF PHYCOBILISOMES. 
Phycobilisomes were identified spectrophotomet- 
rically and by morphological appearance in the 
electron microscope The absorption spectrum of 

a phycobilisome preparat ion appears in Fig. 3. 
Phycoerythrin represents the major  peak with 
absorption at  545 and 563 nm, and a shoulder at  
500 nm. Phycocyanin at 620-625 nm is the second 

Fmu~E 4 Electron micrograph of a phycobilisome preparation isolated according to the procedure 
outlined in Fig. ~t and stained with phosphotungstic acid. The phycobihsomes appear as aggLegates of 
smaller units which are loosely packed, causing irregular surface outhnes The small units in the back- 
ground are presumed to be subunits of dissociated phycobdisomes. See Fig. 8 for absorption spectrum. 
X 15~,000. 
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major  peak a l though  smaller. T he  presence of 
a l lophycocyanin  is shown by absorpt ion a t  645-  
650 n m  Absorp t ion  a t  440 n m  a n d / o r  675 n m  is 
a n  indica t ion  of the presence of chlorophyll .  I t  is 
evident  f rom the absorpt ion in the ul traviolet  
region t h a t  there  is no  gross c o n t a m i n a u o n  by 
other  proteins,  nucleic acids, or Tri ton.  The  ab- 
sorption of 260-275 n m  is due to the phycobili-  
proteins, scatter, and  perhaps  a small  amoun t  of 
Tr i ton  ( <  0 005 %). Analysis of phycobilisomes on 
acrylamide gels wi th  Coomassie blue staining re- 
vealed no con tamina t ing  protein bands. 

An  electron micrograph  of a typical phycobil i -  
some prepara t ion  stained wi th  phosphotungst ic  
acid is shown in Fig. 4 The  individual  phycobil i-  
somes have a prolate  shape, where  one axis is 
longer than  the other. They  are  all of the same 
size range (Tab le  I and  Fig. 5) and  are composed 
of aggregated subunits  The i r  outlines suggest a 
cer tain plasticity. I f  they were compact  and  rigid 
structures they would not  exhibi t  the  i r regular  
surface outline Preparat ions  sometimes conta ined  
a few small  vesicles similar to the smallest ones 
observed in Fig. 7, which  are believed to be con- 

TAI1LI~ ][ 
Assessment of Phycobzhsome Size As a Function of Buffer Concentration, Day of Isolation, and Fzxation 

Phosphate Long axis Short axas Number of 
Condmon Culture age buffer, p t I  6 8 (mean :k SD) (mean =E sv) PBS measured 

Fixed immediate ly  
Fixed immediate ly  
Fixed immediate ly  

Fixed after isolation 
Fixed after isolation 

Unfixed 
(stored as pel let  24 hr)  

days ~ A A 

3 0.067 470 4- 36 324 4- 24 100 
11 0.067 470 4- 39 318 4- 27 100 

7 and 11 0.067 460 -4- 51 315 4- 37 400 

7 and 11 0 067 388 4- 50 300 4- 18 500 
8 and  12 0 50 459 4- 36 304 4- 27 400 

12 0 50 436 4- 35 283 4- 27 100 
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MEASUREMENTS OF LONG AND SHORT AXIS 

FmuRE 5 Size distribution of phycobilisomes isolated in 1 ~ sucrose, 0.067 ~ phosphate buffer p i t  6.8. 
The long @+) and short ( $ ) axes of phycobilisomes were measured and expressed in Angstrom units. 
The shaded area replesents the size range of phycobilisomes fixed immediately upon cell bceakage (400 
measured). The area outlined by the heavy black line is of phycobilisomes fixed 150 rain after cell breakage 
and isolation by centrifugatiou through a discontinuous sucrose gradient (500 measured). 
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taminating membrane  vesicles. The  small units in 
the background of Fig. 4 resemble phycoerythrin 
and phycocyanin particles in sine (100 A or less) 
and shape I t  is assumed that they are products of 
dissociated phycobilisomes. 

PHYCOBILISOME D I I ~ I E N S I O N S :  The phyco- 
bilisome size was used to assess their integrity 
under various conditions of isolation. Because it is 
difficult to assign three-dimensional parameters to 
particles whmh have been removed from their 
natural  orientation on the membrane,  reference 
can only be made to their long and short axes 
(Table I and Fig 5). 

The  largest and presumably the most intact 
phycobilisomes were obtained with 0 50 M phos- 
phate or when preparations (0.067 M) were fixed 
~mmediately upon cell breakage. As seen in Table  
I the long axis of intact phycobilisomes was 459- 
470 A and their short axis was 304-324 A. This is 
presumed to be their max imum size under  these 
conditions Phycobilisome size in ceils from 3-day 
cultures was the same as those from 11-day cul- 
tures; therefore, the age of the culture does not 
appear  to affect phycobilisome size. 

Phycobilisomes isolated in 0.067 ~ phosphate 
buffer decreased in size during the isolation (150 
mm) from 460 to 388 A on their long axis, and 
from 315 to 300 A on their short axis. As seen in 
Fig 5 the two size populations show a considerable 
overlap The short axis decreased proportionately 
less than the long axis. Dissociation was at a mini-  
m u m  when the isolating buffer was 0,50 ~ phos- 
phate. Even after storage (24 hr) of phycobilisome 
pellets (4°C) the average long axis was 436 A and 
the short axis was 283 A 

0.33 M phosphate buffer the phycobilisome re- 
covery increased to 53%, while the free phyco- 
erythrin decreased to 23 % and the phycoerythnn 
in the pellet was essentially the same The  opt imum 
buffer concentration was 0 50 ~ because at  this 
phosphate concentration the phycobilisome re- 
covery was the greatest at 60%, and free phyco- 
erythrin accounted for only 15 %. ~¥hen the phos- 
phate concentration was increased above 0.50 
the phycobilisome recovery decreased. 

Ceil breakage and release of phycobillsomes 
from the photosynthetic membranes by the use of 
detergents was the same at buffer concentrations 
of 0.067-0.50 ~ phosphate, because the relative 
amount  of phycoerythrin recovered in the pellet 
and supernate was ahvays about  25% and 75 %, 
respectively (Table II) .  Examinat ion of the pellets 
by electron microscopy revealed the presence of 
large membrane  fragments with phycobilisomes 
attached which had the same dimensions as those 
recovered in the 1 M sucrose layer. For  complete 
phycoerythrin extraction of these pellets, repeated 
washing with distilled water  was necessary. 

The  increase of phycoerythrin in the phycobili- 
some fracuon was also manifested by the increase 
in the phycoerythr inaJphycocyanina~m~ ratio 
(Table II) ,  and a concomitant  decrease in the free 
phycoerythrin. This, along with electron micro- 
scope examination, showed that  the phycobili- 

TABLE II  

Percentage of Phycoetythrm Contained zn the Vat*ous 
Ftactions of the Phycobdisome Isolatwn Procedure 

at S*x Buffer Co~wentratwns 

Factors Affecting Phycobitisome Isolation 
Phosphate 

BUFFER CONCENTRATION: I t  was estab- buffer, 

lished that free phycoerythrin (300,000 molecular pH 6 8 
weight) could not  penetrate into the 1 M sucrose ~ 
layer under the conditions of isolation. Therefore, 0.067 
only phycoerythrin belonging to phycobilisomes 0 170 
was present in this layer, and thus was used as an 0. 330 
indicator of phycobilisome recovery. Free phyco- 0.500 
erythrin resulting from dissociated phycobilisomes 0.750 
was always present in the upper  part  of the gradi- 1 000 
ent  Phycobilisome recovery was dependent  on the 
buffer concentration as is shown in Table  II .  In the 
0 067 M phospham buffer system the recovery of 
phycoerythrin as phycobihsomes was 40 % of the 
total, while 35% was present as free phycoerythrin,  
and 25% remained in the peliet At  0.17 ~ and 

Cell homogenate 
Supernatant fraction after 

sucrose gradmnt sedimentation 

Super- l ~a 
natant (phyeoblhsome 

Pellet fracUon 0 0-0 75 M fraction) 

% % % % (PE/PC) ~ 

25 75 35 40 (6.6) 
26 74 22 52 (7.4) 
24 76 23 53 (7.7) 
25 75 15 60 (8 4) 
29 71 14 57 (8 3) 
50 50 10 40 (8.5) 

T h e  s u p e r n a t a n t  fract ions f rom the cell homoge-  
nates  were  sedlmented in sucrose gradients .  T h e  
yields are expressed as per  cent  of the total  cell 
homogenates .  
* Phycoerythrin~4~=m,/phyeocyanin6~0nm ra t io  of 
phycobi t i some fract ion in 1 ~ sucrose. 
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FmrmE 6 Effect of detergents on the release of phycobilisomes, as measured by the phycoerythrin re- 
covered in the phycobilisomc fraction, l~or procedure, see Materials and Methods and section on detergent 
treatment in Results. The black bars represent the phycoerythrin absorption at  545 rim. White bars 
represent a peak at  675 nm indicating chlorophyll. At concentrations of 0.5-~.0% Triton, neithei a peak 
nor shoulder was present at  675 ran; therefore, absorptmn due to chlorophyll is doubtful and the lines 
are dotted. The control lacked detergent. These experiments had the same initial cell concentration and 
were done in 0.067 M phosphate, p i t  6.8. DOC, sodium deoxycholatc. 

somes are  more  compac t  a n d  somewhat  larger  a t  
h igher  (0.5 M) t han  a t  lower (0.067 u)  phospha te  
buffer concentrat ions.  Whi le  the phycoe ry th r in /  
phycocyan in  rat io  can va ry  to some extent  f rom 
one exper imen t  to the next, the  t rend was always 
the same. For  example,  a t  a phospha te  concentra-  
t ion of 0 067 ~ the rat io  ranged from 6 to 7; a t  
0 5 ~[ and  above,  i t  was always above  8. T h e  
conclusion t ha t  a h igh  phycoe ry th r in /phycocyan in  
rat io  reflects a grea te r  phycobil isome integr i ty  is 
also suppor ted  b y  control led dissociation studies. 
W h e n  phycobi l isome prepara t ions  were part ial ly 
dissociated, a n d  the  free phycobi l iprote ins  were 
removed,  i t  was found t h a t  the "cores"  dropped  

f rom an  init ial  7 to a final 4.5 phycoe ry th r in /  
phycocyanin  ratio. 

EFFECTS OF DETERGENTS: Phycobilisomes 
were released from the photosynthet ic  membranes  
only by  detergent  t rea tment .  The  effectiveness of 
three detergents (Tr i ton X-100, Tween-80~ and  
sodium deoxycholate) was tested under  identical  
conditions in 0.067 M phosphate  buffer a t  p H  6 8. 
After  a react ion t ime of 20 rain the isolation pro- 
gressed as outl ined in ~ig. 2. Recovery  of phyco- 
bilisomes in the 1 M sucrose b a n d  was again  deter- 
mined  by phycoerythr in  absorpt ion a t  545 n m  
(Fig. 6). Chlorophyl l  absorpt ion was moni tored  at  
675 nm.  The  same fractions were used for spectral  

~otrR~s 7, 8, 9 Phycobilisome fractions recovered in the 1 ~ sucrose band, stained with phospho- 
tungstic acid (1%, pH 7.0). 

t~om~E 7 Control preparation lacking detergent treatment. 

I~Gtrl~E 8 Preparation treated with 0.1% Triton X-100. Only a few phycobillsomes were released from 
the membranes. 

I~GVRES 9 Treated with 1.0% Tween. Most phyeobilisomes are unattached but  some membranes 
are stdl present. Comparison of these electron mierographs with Fig. 6 shows that  when membrane 
content is high, so is chlorophyll content. Chlorophyll and membrane contamination is very low in 
preparations treated with 1.0% Triton (Figs. 4 and 6) as compared with the above figures. X ll0,00O. 
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determinations and examination by electron mi- 
croscopy (Figs. 4, 7, 8, 9). 

Phycobilisome recovery varied with the deter- 
gent type and concentration used. In the control, 
where no detergent was present, the phycobili- 
somes remained attached to small membrane 
vesicles (Fig. 7). The control fraction also con- 
tained a large amount of chlorophyll relative to 
phycoerythrin. With deoxycholate (0.5 and 1.0 %) 
the recovery of phycoerythrin in the 1 M sucrose 
band was lower than in the control. Furthermore, 
there were no identifiable phycobilisomes present 
with this detergent at the conclusion of the isolation 
(150 mill), which suggests that deoxycholate de- 
stroyed unfixed phycobilisome structure. Both 
Tween 80 and Triton X-100 caused release of 
phycobilisomes from the photosynthetic mem- 
branes and resulted in the recovery of intact 
phycobilisomes. At low Triton concentrations 
[0.1%) some phycobilisomes were released, but 
most remained attached to the membranes (Fig. 
8). The membrane contamination was high, as 
was the chlorophyll content (Fig. 6). Invariably, 
high chlorophyll content was paralleled by high 
vesicle contamination. 

Most phycobilisomes were freed with Tween 80 
(Fig. 9) but the contaminating membranes were 
not so readily removed by centrifugation on the 
sucrose step gradient as with Triton X-100. The 
cleanest preparations were obtained with Triton 
X-100 at a concentration of 0.5% and above. 
Chlorophyll absorption at 675 nm was not ob- 
servable as a peak or shoulder at higher concentra- 
tions; therefore, the absorption at that point was 
indicated as dotted lines in the bar graph in Fig. 6. 
Because of these results, a 1% Triton concentration 
was chosen for the standard isolation procedure. 

Other Factors Relevant to 

Phycobil isome Isolation 

Since the chloroplast accounts for most of the 
cell volume, chloroplast membrane vesicles are the 
expected contaminants of phycobifisome fractions. 
Therefore, a comparison was made between the 
chlorophyll content of the whole cell homogenate 
and that of the phycobilisome fraction. The whole 
cell homogenate contained 120/zg of chlorophyll 
for every 1 nag of phycoerythrin, whereas the 
phycohilisome preparations had as littie as 0.7/~g 
of chlorophyll per 1 mg phycoerythrin. Although 
there is a positive correlation between the chloro- 
phyll content and vesicle contamination as shown 

by the detergent treatments (Figs. 6--9), it is not 
certain that chlorophyll is only in the vesicles. 
Perhaps a small fraction of chlorophyll is inti- 
mately involved in the normal structure of phyco- 
bilisomes. 

Examination by electron microscopy sometimes 
revealed two types of contaminants, one being the 
very small membrane vesicles mentioned in the 
previous section, and the other being small 
amounts of very fine fibrous material. The fibrous 
material had the same appearance as the sheath 
which surrounds whole cells of P. cruentum. Since it 
was present in small amounts and would not be 
expected to contain any pigments, nor to interfere 
with any further treatments, it was tolerated. 

Numerous other variations were tested in de- 
veloping the phycobilisome isolation procedure. A 
few which may have been critical are: the addition 
of sodium chloride (0 1-2.0 M) to dilute phosphate 
buffer, sorbitol (0.25 M), Ficoll (Pharmacia Fine 
Chemicals, Inc., Uppsala, Sweden) (2 5%), mer- 
capthoethanol (1.5 mM), magnesium chloride (5 
mM), and the replacement of phosphate buffer with 
either 0.05 M Tricine (California Biochemical 
Corp., Los Angeles, Calif.) (pH 7.2) containing 
1.5 mu disodium ethylenediamlnetetraacetate, or 
0.1 M acetate buffer (pH 4.3). Although not tested 
exhaustively, none of these improved the final 
phycobilisome yield. 

Phycobilisomes were not resistant to freezing. 
After cells were frozen in liquid nitrogen and stored 
for several weeks, the yield of phycobilisomes was 
small, but the yield of free phycobiliproteins was 
large. Though the phycobilisome structure was 
destroyed, freezing did not cause any significant 
alteration of the pigments themselves. 

D I S C U S S I O N  

Phycobilisomes from P. cruentum can now be iso- 
lated in a relatively pure and intact state and used 
for further analysis of their components. Upon 
dissociation these preparations yield phycobilipro- 
teins in a native state as judged by their absorption 
spectra and fluorescence. The new procedure re- 
ported here has overcome the major disadvantages 
of our previous procedure (I6) : (a) Fixation is not 
required to keep the phycobilisomes intact. (b) The 
nonionic detergent Triton X-100, used for phyco- 
bilisome release from membranes, is much more 
gentle than deoxycholate previously employed. 
(c) Use of the sucrose step gradient and 0.5 M 
phosphate buffer permitted the rapid recovery 
(150 mill) of phycobilisomes in high yield (60 %). 
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For the present, we are assuming that all phyco- 
bilisomes m a particular fraction are essentially the 
same. Negatively stained intact phycobilisomes 
fall within the size range of 400-500 A (long axis) 
by 300-320 A (short axis). These values are higher 
than those previously obtained from sectioned 
material of 350 A (15, 16). The difference is no 
doubt due to the two different methods of prepara- 
tion, because the dehydrating reagents used in the 
embedding process cause a much greater shrinkage 
than air drying of negatively stained material. 

Are all phycobiliproteins in the chloroplast con- 
tained in phycobilisomes? On the basis of phyco- 
erythrin, which is the major phycobi!isome con- 
stituent, most of it is in phycobilisomes. As seen in 
Table II,  60% (0.5 M phosphate) is in phycobill- 
somes; the 15% present as "free" phycoerythrin is 
probably a result of dissociation on cell breakage. 
The 25% in the pellet is presumed to be located 
in the phycobilisomes visible in the cell fragments. 

Phycobilisome pigment composition is more 
complex than the absorption spectrum suggests 
(Fig. 3). The phycocyanin is of the R-type, pos- 
sessing both a red and a blue chromophore (27). 
On gel electrophoresis there are two bands of 
allophycocyanin and two groups of phycoerythrin. 
The small phycoerythrin(s) lack a shoulder at 500 
nm and show very little cross-reactivity with anti- 
serum made against the large phycoerythrin(s). 

Although the amount of chlorophyll present in 
the phycobilisome preparations is small, we cannot 
be certain whether it is only a contaminant or a 
constituent. Calculations show that even at 0.7/~g 
chlorophyll/mg phycoerythrin there would be 
about 10 chlorophyll molecules per phycobilisome. 
It would be very interesting to have chlorophyll as 
a constituent, because for effective energy transfer 
chlorophyll and phycobiliproteins must be closely 
associated (1, 10, 13). Direct contact between 
chlorophyll and phycocyanin (or perhaps allo- 
phycocyanin) would be the most efficient arrange- 
ment, but it does not necessitate the inclumon 
of chlorophyll into the phycobilisome complex 
Phycobilisomes are attached at very specific sites 
on the membrane (8, 15, 16). Perhaps chlorophyll 
is exposed at these membrane-phycobilisome sites. 
The density of about 1.310 of phycobilisomes (un- 
published) rules out the presence of any substantial 
amounts of membrane fragments or chlorophyll. 

While phycobilisomes are alike in size and sedi- 
mentation rate, there is still the possibility that we 
could have more than one pigment type. It is 
impossible, in terms of energy transfer, to have 

phycobilisomes composed only of phycoerythrin. 
It  would be possible, however, to have phycobili- 
somes composed only of phycocyanin. Some of our 
results (unpublished) on controlled dissociation 
pertain to this problem. Phycobilisomes with the 
greatest integrity had the highest phycoerythnn/ 
phycocyanin ratio. Upon dissociation more phyco- 
erythrin than phycocyanin was freed initially, 
which resulted in the relative increase of phyco- 
cyanin over phycoerythrin in the undissociated 
remainder. Two explanations are possible: that 
the phycoerythrin surrounds the phycocyanin m 
the phycobilisome, or that there is more than one 
type of phycobilisome which dissociates at different 
rates. We favor the first suggestion beause a phyco- 
cyanm core covered by a phycoerythrin shell is 
consistent with the energy transfer mechanism, and 
one would expect exposed phycocyanin aggre- 
gates to be more unstable at pH 6.8 than phycoery- 
thrin-covered aggregates (4, 25, 29). Further- 
more, there is no evidence of more than one 
morphological type in sectioned cells or in the iso- 
lated phycobilisome preparation. 

Although allophycocyanin is commonly found in 
red and blue-green algae (3, 28) its role in the 
energy transfer scheme has been generally ignored. 
In our phycobilisome preparations allophycocy- 
anin is as constant a constituent as R-phycocyanin 
and the phycoerythrins. Therefore, one can reason- 
ably assume that allophycocyanin, like the latter 
pigments, is an essential component of the phyco- 
bilisome structure, and we suspect that it may be 
present in the lamellae as well, It  is likely that 
allophycocyanin and/or phycocyanin physically 
connect phycoerythrin and chlorophyll and thus 
would be the bridge between the chloroplast 
lamellae and the prolecting phycobilisome. 
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