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Summary 

Thylakoid membranes were prepared from the blue-green alga, Anacystis 
nidulans with lysozyme treatment and a short period of sonic oscillation. 
The thylakoid membrane preparation was highly active in the electron trans- 
port reactions such as the Hill reactions with ferricyanide and with 
2,6-dichlorophenolindophenol, the Mehler reaction mediated by methyl 
viologen and the system 1 reaction with methyl viologen as an electron 
acceptor and 2,6-dichlorophenolindophenol and ascorbate as an electron donor 
system. The Hill reaction with ferricyanide and the system 1 reaction was 
stimulated by the phosphorylating conditions. The cyclic and non-cyclic 
phosphorylation was also active. 

These findings suggest that the preparation of thylakoid membranes retained 
the electron transport system from H20 to reaction center 1, and that the 
phosphorylation reaction was coupled to the Hill reaction and thesys tem 1 
reaction. 

Introduction 

The photosynthetic activities of the thylakoid membranes prepared from the 
blue-green algae are known to be more labile than those of the higher plant 
chloroplasts. Mechanical disruption of the algal cells during the preparation of 
the membranes specifically destroys some photosynthetic activities. Lee et al. 
[1] suggested that the membranes prepared from the cells of Anabaena 
variabilis by sonic oscillation lacked a specific factor for the non-cyclic photo- 

* To whom correspondence should be addressed.  
Abbreviations: DCMU, 3-(3,4-dichlorophenyl)-l,l-dimethylurea; CCCP, carbonylcyanide m-chloro- 
phenylhydrazone; DCIP, 2,6-dichlorophenolindophenol. 
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phosphorylation.  Media containing high concentrations of polyethyleneglycol 
[2--4] or carbohydrate  [5,6] have often been used while mechanically disrupt- 
ing the cells. A similar result has been reported also in the membrane prepa- 
rations obtained by grinding the algal cells [7].  These reagents somehow 
protect  the membranes during the preparation procedure and prevent the 
deactivation of  the electron transport and phosphorylat ion reactions. 

In order to prepare thylakoid membranes that  are highly active in the 
electron transport  and phosphorylat ion reactions, a lysozyme treatment fol- 
lowed by osmotic lysis has been employed.  The membrane preparations, thus 
obtained from Phormidium luridum [7,8] and A. variabilis [ 1 ] show high rates 
of  the Hill reaction as well as the cyclic and the non-cyclic phosphorylat ion 
reactions that are comparable to those in spinach chloroplasts. 

Gerhardt and Santo [9] and Both [10] prepared membrane fragments from 
Anacystis nidulans by digesting the lyophilized cells with lysozyme. The mem- 
brane preparation thus obtained showed only low activities for the electron 
transport and phosphorylat ion reactions. Jansz and Maclean [6] treated the 
cells of  A. nidulans with lysozyme in the presence of  EDTA and prepared cell- 
free extracts which were highly active in the electron transport  and phosphory- 
lation reactions. They found that the activities of  the preparations were 
destructed when the preparations were exposed to the low temperatures 
[6,11].  

In the present study, we describe a method to prepare from A. nidulans 
thylakoid membranes that  are highly active in the electron transport and 
phosphorylat ion reactions. 

Methods 

A. nidulans was obtained from the Algal Collection of  the Institute of 
Applied Microbiology, University of  Tokyo.  The cells were grown at 28°C in 
Kratz and Myers'  C medium [12] bubbled with air enriched with 1% CO2. 
The culture at a late logarithmic phase was harvested. The algal cells were 
washed with 30 mM sodium potassium phosphate buffer, pH 7.0, and then 
with a medium containing 600 mM sucrose, 30 mM sodium potassium phos- 
phate buffer, pH 6.8. The cells were suspended in 2 mM EDTA, 600 mM 
sucrose, 30 mM sodium potassium phosphate buffer, pH 6.8, and 0.1% lyso- 
zyme (Sigma Chemical Co., grade 1, 44 660 units/mg protein). The suspension 
was kept  stirring at 30°C for 4 h in the room light. The lysozyme-treated cells 
were washed with a medium containing 600 mM sucrose, 5 mM MgCl~ and 
30 mM sodium potassium phosphate buffer, pH 6.8, and then suspended in the 
same medium. All of  the above-mentioned procedures were performed at room 
temperatures. The lysozyme-treated cells when observed with a light-micro- 
scope did not  form spheroplasts, but  still maintained the original shape of  the 
untreated cells. They could not  be osmotically lysed. The lysozyme-treated 
cells were disrupted with sonic oscillation (Toyoriko,  2N-100, 100 W) at a 
maximum power  for 4 s at 20 ° C. The homogenate was immediately chilled to 
0°C and following procedures were performed at this temperature. After 
centrifugation at 8000 X g for 15 min to remove unbroken cells, the thylakoid 
membranes were collected by centrifugation at 80 000 × g  for 60 min. The 
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sedimented membranes were suspended in a small amount  of  medium contain- 
ing 600 mM sucrose, 5 mM MgCI2, 10 mM NaC1, 15 mM N-tris(hydroxy- 
methyl)methyl-2-aminoethane sulfonic acid (TES)/NaOH buffer, pH 7.0, 
except where otherwise noted, and used for assay of  photosynthet ic  activities. 
In most cases, the membrane preparations were stored overnight at 0°C in the 
dark and then used for the experiments. The concentration of  chlorophyll a 
was determined according to the method of MacKinney [ 13]. 

The Hill reactions with ferricyanide, DCIP and NADP were spectrophoto- 
metrically measured by following absorbance changes at 420 ,600  and 340 nm, 
respectively, due to the reduction of these compounds under illumination 
with red actinic light with wavelengths from 640 to 750 nm and an intensity 
of 3.5 • 106 ergs • cm -2 • s -1. The light-induced oxidation of added horse heart 
cytochrome c (Fe ~÷) by system 1 reaction was also spectrophotometrically 
measured by following absorbance decrease at 550 nm due to the oxidation of 
the cytochrome under the red actinic illumination. Extinction coefficients 
of 1.0 mM-'  • cm -1 at 420 nm for ferricyanide, 20.9 mM -1 • cm -~ at 600 nm 
at pH 7.0 for DCIP [14], 6.3 mM -1 . cm -1 at 340~nm for NADP and 
20.7 mM -1 • cm -' at 550 nm for cytochrome c [15] were used in calculating 
rates of the reactions. 

Oxygen exchange was measured by a calibrated Clark-type oxygen electrode 
(Yellow Springs Instruments) in the Hill reaction with ferricyanide, the Mehler 
reaction mediated by methyl  viologen and the system 1 reaction with DCIP and 
ascorbate as an electron donor system and methyl  viologen as an electron 
acceptor. White light with intensity 4.5 • 106 ergs • cm-:  • s -1 was used for the 
actinic light. 

Activities of cyclic and non-cyclic photophosphorylat ion were measured by 
using radioactive phosphorus according to the method of  Avron [16]. The 
basal reaction mixture contained 10 mM NaC1, 5 mM MgC12, 5 mM K2HPOa, 
3 mM ADP, 600 mM sucrose and 50 mM Tricine/NaOH buffer, pH 7.5. The 
reaction was performed under aerobic conditions for 30 s under illumination 
with white or red light described in the above. 

All measurements of electron transport and phosphorylation reactions were 
carried out  at 25°C. 

For the electron micrographs the samples were treated as follows. A pellet 
of the algal cells was fixed with 4% glutaraldehyde in 100 mM sodium potas- 
sium phosphate buffer, pH 7.4, for 75 min, washed by deionized water, and 
then fixed with 2% potassium permanganate for 3 h. Pellets of the lysozyme- 
treated cells and the membrane preparations were fixed with 3% glutaraldehyde 
in 600 mM sucrose and 100 mM sodium potassium phosphate buffer, pH 7.4, 
for 5 h, washed and then fixed with 2% OsO4 for 7 h in 100 mM sodium potas- 
sium phosphate buffer, pH 7.4. The fixed samples were dehydrated with 
ethanol which was then replaced by propylene oxide, and were embedded in a 
resin mixture (Epon 812 and DER 736) [17]. Ultrathin sections were stained 
with 2% aqueous uranyl acetate and Reynolds solution [18], then inspected 
with Hitachi HL-12A electron microscope. 
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Results 

Fig. 1 shows electron micrographs of  the untreated cells, the lysozyme- 
treated cells and the thylakoid membrane preparation of  A. nidulans. The cell 
wall was apparently digested by the lysozyme treatment.  The thylakoid mem- 
branes prepared by this method still preserved the lamellar structures as the 
thylakoid membranes in the lysozyme-treated cells did. The absorption spec- 
trum of the thylakoid membrane preparation showed major peaks at 437 and 
678 nm and a minor one at 625 nm. This suggests that most of  the phycobilins 
had been removed from the membrane preparation. 

Table I shows activities of  the electron transport reactions in the thylakoid 
membrane preparation. The activity of  the Hill reaction with ferricyanide 
measured by the ferricyanide reduction was as high as 1000 electron pequiv. • 
(mg chlorophyll) -j • h -1. A similar value was observed for the activity of  the 
Hill reaction in the polarographic method to measure O: evolution. The Hill 
reaction was completely inhibited by DCMU. 

Fig. 2 shows the effects of  salts on stimulating the Hill reaction with ferri- 
cyanide. The activity of  the Hill reaction was doubled at 20 mM MgC12 and 
CaC12 (the opt imum concentration),  while NaC1 required 200 mM to yield a 
maximum effect. Similar effects of  salts have been observed in the membrane 
preparations of  A. nidulans [6,19] and A. variabilis [3]. 

Fig. 3 shows a curve of  the pH dependence of  the Hill reaction with ferri- 
cyanide. It can be noted that a sharp peak appeared at pH 7.8. These results 
are in a clear contrast  to those reported for the membrane preparations of  
blue-green algae by other research groups, where the pH dependence curves 
were rather flat and did not  show a distinct peak [ 1,6]. 
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Fig. I .  E l e c t r o n  m i c r o g r a p h s  of  u n t r e a t e d  cells, l y s o z y m e - t r e a t e d  cel ls  and  p repazed  t h y l a k o l d  m e m b r a n e s  
of  A.  n idulana.  (a) U n t r e a t e d  cells,  (b) L y s o z y m e - t r e a t e d  cells,  (c) P repa red  t h y l a k o i d  m e m b r a n e s .  The  
bars  r ep resen t  1 pro. 

The light intensity dependence of  the Hill reaction with ferricyanide was 
also studied. The reaction rate saturated at about  3 -106  ergs. cm -2. s -1. 
Phycobilins that  are major light-harvesting pigments of system 2 were depleted 
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T A B L E  I 

A C T I V I T I E S  OF T H E  P H O T O S Y N T H E T I C  E L E C T R O N  T R A N S P O R T  R E A C T I O N S  IN T H E  THY, LA- 
K O I D  M E M B R A N E  P R E P A R A T I O N S  

Act ivi t ies  were  averaged  in several  expe r imen t s .  C o n c e n t r a t i o n s  o f  ad d ed  e l ec t ron  carr iers  were  as fol lows:  
1 m M  po ta s s ium fe r r i cyan ide  and  1 m M  po ta s s ium f e r rocyan ide  for  the  Hill r e ac t i on  wi th  fer r icyanide .  
0 .08  m M  DCIP for  the  Hill r e ac t i on  wi th  DCIP.  0.3 m M  N A D P  for  the  Hill r eac t ion  wi th  NADP.  0 .2  m M  
m e t h y l  v io logen  for  the  Mehler  r eac t i on  wi th  m e t h y l  viologen.  0 .2  m M  m e t h y l  v io logen,  0,1 m M  DCIP.  
2 m M  s o d i u m  ascorba te ,  5 pM DCMU for  the  sys t em 1 reac t ion .  30 #M c y t o c h r o m e  c, 0 .2  m M  m e t h y l  
viologen and  5 ~M DCMU for  p h o t o o x i d a t i o n  of  r e d u c e d  c y t o c h r o m e  c. Ch lo rophy l l  c o n c e n t r a t i o n s  were  
3 - -10  # g / m l .  

E l ec t ron  t r an spo r t  M e a s u r e m e n t  Ac t iv i ty  

# too l / r ag  
ch lo rophy l l  p e r  h 

E l ec t ron  p e q u i v . / m g  
ch lo ro p h y l l  p e r  h 

H 2 0  "> Fe r r i cyan ide  Fe r r i cyan ide  r e d u c t i o n  1000  1000  
0 2  e vo lu t i on  225  9 0 0  

H 2 0  -~ DCIP D CIP r e d u c t i o n  400  800  
H 2 0  - ~ N A D P  N A D P  r e d u c t i o n  0 0 
H 2 0  - '~MV * 02  u p t a k e  150  6 0 0  
DCIP-Ascorba t e  --~MV * 0 2 u p t a k e  1400  1400  
C y t o c h r o m e  c -~ MV * C y t o c h r o m e  ox ida t i on  20 5 

* MV; m e t h y l  v io logen.  

in the membrane preparation. This would be a reason why such a high light 
intensity was needed to obtain the maximum rate of  electron transport. 

The activities of  other electron transport reactions were also measured 
(Table I). The Hill reaction with DCIP had an activity as high as 800 electron 

150C 
"D 

8 
:3 

100C 

g~ 

~- 0 

mM NaCl 

100 2 0 0  3O0 
l l i 

10012 

"{3 

"o p, 
~.~ soo 
C =  

u Q. 
c p 

- 6 u  

E ~  
a E  

0 i 1 ~o 2'0 ~o ~.b ~o 7.0 8~o ~o 
mM MgCl 2, CaCl 2 pH 

Fig. 2. Ef fec t s  o f  salts on  the  Hill r e ac t i on  wi th  f e r d c y a n i d e .  The  r e a c t i o n  m i x t u r e  c o n t a i n e d  1 m M  potas-  
s ium fe r r i cyan ide ,  1 m M  po ta s s ium fe r rocyan ide ,  14 /~M gramic id in  J, 6 0 0  m M  sucrose ,  10 m M  NaC1, 
15 m M  N - t r i s ( h y d r o x y m e t h y l ) m e t h y l - 2 - a m i n o e t h a n e  sulfonic  a c i d / N a O H ,  p H  7.0,  an d  ind i ca t ed  concen-  
t r a t ions  o f  salts, Ch lorophy l l  a c o n c e n t r a t i o n  was  3.8 ~g /ml .  The  r eac t i on  was  spec t roscop ica l ly  m e a s u r e d  
b y  fo l lowing  the  r e d u c t i o n  o f  fe r r icyanide ,  o o, MgCI 2 ; e----------~, CaCI 2 ; • a NaCI. 

Fig, 3. p H  d e p e n d e n c e  of  the  Hill r eac t ion  wi th  fe r r icyanide .  E x p e r i m e n t s  were  p e r f o r m e d  in 15  m M  
2 - ( N - m o r p h o l l n o ) e t h a n e  sulfonic  a c i d f N a O H  b u f f e r  be low p H  6.3,  in 15 m M  N - t r i s ( h y d r o x y m e t h y l ) -  
m e t h y l - 2 - a m i n o e t h a n e  sulfonic  a c i d f N a O H  b u f f e r  f r o m  p H  6.9 to  7.9 and  in 15 m M  N- t r i s (h y d ro x y -  
m e t h y l ) m e t h y l g l y c i n e / N a O H  b u f f e r  above  p H  8.4.  Ch lo rophy l l  a c o n c e n t r a t i o n  was  5.9 ~g/In].  Th e  reac-  
t ion  was  s p e c t r o p h o t o m e t r i c a l l y  m e a s u r e d  b y  fo l lowing  the  r e d u c t i o n  of  fe r r icyanide .  
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pequiv. • (mg chlorophyll) -1 • h -1. This rate was slightly lower than that  of  the 
Hill reaction with ferricyanide. The reduction of DCIP was not  stimulated by 
addition of 1 mM diphenylcarbazide, an electron donor of photoreaction 2 
[20]. 

There was no activity of the Hill reaction with NADP, unless factors such as 
ferredoxin and ferredoxin-NADP oxidoreductase were added. The activity 
of the Mehler reaction mediated by methyl  viologen amounted to 600 
electron pequiv. • (mg chlorophyll) -1 • h -~. In the Mehler reaction, there was no 
effect of potassium cyanide at a concentration of 2.5 mM. This suggests that  no 
catalase nor peroxidase activity was present in the preparation. 

The system 1 reaction was measured by adding methyl  viologen as an elec- 
tron acceptor, and DCIP and ascorbate as an electron donor system in the 
presence of DCMU. The activity was as high as 1400 electron pequiv. • (mg 
chlorophyll) -~. h -~. The electron transport from the reduced form of  horse 
heart cytochrome c to methyl  viologen, on the other hand, exhibited only a 
very low activity. 

Table II shows the effect of  phosphorylating conditions and uncouplers 
in accelerating the Hill reaction with ferricyanide and the system 1 reaction. 
The stimulation of the reactions on addition of ADP and phosphate was 43 
and 17%, respectively. Neither ADP nor phosphate alone had any effect. 
The reactions were also stimulated by gramicidin J and NH4C1, that  are 
uncouplers of phosphorylation reactions. These findings suggest that  the elec- 
tron transport by the Hill reaction and the system 1 reaction are coupled to the 
phosphorylation reaction in this membrane preparation. 

Table III shows the activities of cyclic and non-cyclic photophosphorylat ion 
reactions in the thylakoid membrane preparations. The rate of  cyclic photo- 

T A B L E  II 

E F F E C T  OF ADP, P H O S P H A T E  AND U N C O U P L E R S  ON T H E  H I L L  R E A C T I O N  W I T H  F E R R I -  
C Y A N I D E  A N D  SYSTEM I R E A C T I O N  

E x p e r i m e n t a l  c o n d i t i o n s  w e r e  t h e  s a m e  as in Tab le  I. T h e  m e m b r a n e s  w e r e  preps.red in a m e d i u m  c o n t a i n -  
ing 1,5 m M  N - T r i s ( h y d r o x y m e t h y l ) m e t h y l - 2 - a m i n o e t h a n e  sulfonic a c i d / N a O H  b u f f e r  in p lace  o f  p h o s -  
p h a t e  buf f er .  C h l o r o p h y l l  c o n c e n t r a t i o n  w a s  3.4 ~g /ml .  

A d d i t i o n  Elec t ron /~equ iv . /  Rela t ive  ac t iv i ty  
m g  c h l o r o p h y l l  per  h 

H20 "~ Ferricyanide 
No addition 930 (1.00) 
,5 mM K2HPO 4 870 0.94 
2 m M  ADP 940  1 .10  
,5 m M  K 2 H P O  4 + 2 mM ADP 1330  1.43 
20 m M  N H 4C I  1 1 4 0  1 .22  
10 /~M gramic id in  J 1 9 0 0  2 .04  
0 .12  ~M CCCP 9`50 1 .02  

DCIP and  a s c o r b a t e  --~ M e t h y l  v i o l o g e n  
No add i t ion  1 2 8 0  ( I . 0 0 )  
,5 m M  K 2 H P O  4 1 2 9 0  1.01 
2 m M  ADP 1 2 4 0  0 .97  
,5 m M  K 2 H P O  4 + 2 m M  ADP 1,500 1.17 
20  m M  NH4CI  1740  1.36 
20 /JM g ramid ic in  J 1 7 8 0  1.39 
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T A B L E  II I  

A C T I V I T I E S  OF CYCLIC A ND NON-CYCLIC P H O T O P H O S P H O R Y L A T I O N  R E A C T I O N S  

3 m M  ADP and 5 mM K 2 H P O 4 ,  inc luding 32p  a t  r ad ioac t iv i ty  of  6.6 pCi /ml ,  w e r e  a d d e d  in  t h e  r eac t ion  
med ia .  In  add i t ion ,  0 .03  mM N - m e t h y l p h e n a z o n i u m  m e t h y l s u l f a t e ,  0 .026  mM DCIP and  20 mM sod ium 
a s c o r b a t e  w e r e  a d d e d  f o r  t h e  cyclic p h o s p h o r y l a t i o n .  The  c o n c e n t r a t i o n s  of  e l ec t ron  carr iers  for the  non-  
cyclic e lec t ron  t r anspo r t  w e r e  t h e  same  as in Table  I. Ch lo rophy l l  a c o n c e n t r a t i o n  was 13.6 #g /ml .  

E l ec t ron  t r a n s p o r t  # m o l  ATP f o r m e d / r a g  ch lo rophy l l  per  h 

Cyclic p h o s p h o r y l a t i o n  

C o m p l e t e  840  
Minus a scorba te  510 

Non-cycl ic  p h o s p h o r y l a t i o n  
H 2 0  --> Fe r r i cyan ide  350  
H 2 0  --~ DCIP 260  
DCIP + ascorba te  -~ M e t h y l  v io logen  250  

phosphorylat ion mediated by N-methylphenazonium methylsulfate and ascot- 
bate attained 840 pmol ATP formed • (mg chlorophyll) -1 . h-1. Ascorbate stim- 
ulated this reaction, as in the cases of  other membrane preparations of  blue- 

g reen  algae [6,8].  The non-cyclic phosphorylat ion reactions coupled to the 
Hill reactions with ferricyanide and with DCIP and the system 1 reaction 
mediated by DCIP, ascorbate and methyl viologen were active, while the activ- 
ities were lower than that of  the cyclic phosphorylat ion.  

Discussion 

The thylakoid membranes prepared from A. nidulans by the lysozyme 
treatment  in the presence of  EDTA and a short period of  sonic oscillation 
still maintained lamellar structures such as seen in the living cells. This may 
suggest that  intactness was preserved in this preparation of  thylakoid mem- 
branes. However, the membrane was devoid of  the phycobilins. 

The membrane preparations were highly active in the photosynthet ic  elec- 
tron transport  and phosphorylat ion reactions. These findings suggest that  the 
electron transport  and phosphorylat ion systems are also well preserved in the 
membrane preparation. The fact that the Hill reaction with DCIP was not  stim- 
ulated by diphenylcarbazide, an electron donor to photoreact ion 2, indicates 
that the oxygen-evolving site of  electron transport  was undamaged. The high 
activity of  the Mehler reaction with methyl  viologen is evidence that the 
electron transport  components  between photoreact ions 2 and 1 were still 
in position. On the other  hand, the membrane was inactive in the Hill reaction 
with NADP. Probably ferredoxin and/or ferredoxin-NADP oxidoreductase 
must  have been lost during the preparation of  the membranes.  The presence 
of  the photosynthet ic  control of  the electron transport  by the phosphorylating 
condition as well as the high rate of  non-cyclic phosphorylat ion suggest a good 
preservation of  integrity of  the phosphorylat ion system also. 

Binder et  al. [8] prepared thylakoid membranes from Ph. luridum by a 
lysozyme treatment followed by osmotic lysis. The activities of  photosynthet ic  
electron transport  and phosphorylat ion reactions were as high as those in the 
membrane preparation of  A. nidulans in the present study. 



485 

Acknowledgments 

The authors thank Dr. Y. Fujita of  the Ocean Research Institute, University 
of Tokyo for valuable advice concerning the membrane preparations and Dr. 
H. Sakurai of School of Education, Waseda University and Dr. Y. Nakamura 
of the Isotope Center, University of Tokyo for providing the experimental 
facilities to use radio-isotopes. They are grateful to Dr. T. Hori of Department 
of Biology, Toho University for his kind technical guidance for the electron 
microscope. They are indebted to Mr. N. Sato in the same laboratory for taking 
the electron micrographs. 

References 

1 Lee, S.S., Young, A.M. and Krogmann, D.W. (1969) Biochim. Biophys. Acta 180, 130--136 
2 Fujita, Y. and Myers, J. (1965) Arch. Biochem. Biophys. 111 ,619 - -625  
3 Susor, W.A. and Krogmann, D.W. (1964) Biochim. Biophys. Acta 88, 11--19 
4 Fujita, Y. and Suzuki, R. (1971) Plant Cell Physiol. 12, 641--651 
5 Arnon, D.I., McSwain, B.D., Tsujimoto, H.Y. and Wada, K. (1974) Biochim. Biophys. Acta 357, 

231--245 
6 Jansz, E.R. and Maclean, F.I. (1972) Can. J. Microbiol. 19, 381--387 
7 Biggins, J. (1967) Plant. Physiol. 42, 1447--1456 
8 Binder, A., Tel-OR, E. and Avron, M. (1976) Eur. J. Biochem. 67 ,187- -196  
9 Gerhardt,  B. and Santo, R. (1966) Z. Naturforsch. 21b, 673---678 

10 Both, H. (1969) Z. Naturforsch. 24b, 1574--1582 
11 Jansz, E.R. and Maclean, F.I. (1972) Can. J. Microblol. 18, 1727--1731 
12 Kratz, W.A. and Myers, J. (1955) Am. J. Bot. 42, 282--287 
13 MacKinney, G. (1941) J. Biol. Chem. 140, 315--322 
14 Armstrong,  J.M. (1964) Biochim. Biophys. Acta 86, 194--197 
15 Margalash, E. and Frohwir,  T.N. (1959) Biochem. J. 71, 570--572 
16 Avron, M. (1960) Biochim. Biophys. Acta 40, 257--272 
17 Kushida, H. (1967) J. Electron Microsc. 16, 287--290 
18 Reynolds,  E.S. (1963) J. Cell Biol. 17, 208--213 
19 Fredricks, W.W. and Jagendorf,  A.T. (1964) Arch. Biochem. Biophys. 104, 39---49 
20 Vernon, L.P. and Shaw, E.R. (1969) Biochem. Biophys. Res. Commun. 36, 878--884 


