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INTRODUCTION 

Many investigations on the structure of chloroplasts have already been carried out. 
For  reviews we refer  to  WEIER 1, FREY-WYsSLING 2, 3, RABINOWITCH 4, AND GRANICK 5. 
Results obtained with the light microscope as well as studies on birefringence have 
provided valuable information. These data and deductions have been par t ly  checked 
by  experiments with the electron microscope which has made it possible to observe and 
to photograph submicroscopic- and even some amicroscopic structures. 

Summarizing the main results emerging from a s tudy of the literature one can s tate  
that  the chloroplast: 

1. is surrounded by a membrane (KNuDSON 6, ALGERA e~ al. 7, GRANICK AND PORTER s, 

FREY-WYsSLING AND MUHLETHALER°). 
2. consists of a colourless stroma in which green grana are embedded. This holds 

at least for various species (MEYER 1°, SCHIMPER 11, DOUTRELIGNE 12, HEITZ 13, GEITLER 14, 

ROBERTSIS). The occurrence of grana has often been doubted. This was due firstly to 
the fact that  ill the light microscope chloroplasts of some species show a granular 
appearance only after swelling, e.g., in distilled water. Secondly, in other species grana 
are never observed. However, due to the high resolving power of the electron microscope 
this question has been settled. Whereas the visibility of the grana under the light 
microscope is restricted to those with a diameter surpassing 0.3 t~, their occurrence has 
now been proved in all cases investigated. 

3- may  contain pyrenoids or starch grains (el. MENKE TM, RHOADES AND CARVALHO17). 
So far, however, the picture of chloroplasts of even one species is only incomplete. 

In the s tudy presented here some more data  are given. 

MATERIAL AND METHODS 

Washed leaves of Spinacia oleracea in o.i 5 M phosphate buffer--pH 6.o--were grinded in a 
"Waxing blendor" during 5 minutes. The suspension was filtered through cotton wool and centrifuged 

This investigation has been made possible by a grant from the Netherlands Organisation tor 
Pure Research (Z.W.O.). 
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at  an acceleration of about  1. 3 • lO s cm/sec 2 during 5 minutes.  The green upper  layers of the sediment  
were carefully removed and transferred into a IO~o saccharose solution. The suspension was washed 
by  centrifuging and resuspending 2-  3 times. Our thanks  are due to Miss L. J. BARTELS for preparing 
several batches of chloroplasts  in this  way. 

The prepara t ions  were mounted  in the usual manner.  The 3, were studied in a Philips electron 
microscope. Shadow casting was performed with a gold-manganin mixture  (i : I). 

Extraction o/ the lipoids by means o/ benzene was carried out  by mount ing  the chloroplasts on 
the prepara t ion  slide and by  adding a drop of benzene, after drying the mount ,  renewing the drop 
if necessary. The dural ion of the extract ion varied from 3-2o minutes.  

Removal o/the lipoids by means o~ lipase was effected in different ways. The enzyme preparat ion 
- - cons i s t i ng  of a concentrated pancreat in  s o l u t i o n - - w a s  acidified by means of diluted HC1 to a PH 
of about  6.0. In  this manner  the act ivi ty of t rypsin  was inhibited, whilst  tha t  of lipase was only 
par t ly  reduced. In  some cases the chloroplasts were fixed with 2 or IO% osmic acid solution. 

The reagents were applied in different succession as follows: 
I. Mounting of the chloroplasts, followed by enzyme addit ion;  2. fixation with osmic acid, 

mounting,  enzyme addit ion;  3. mounting,  fixation, enzyme addit ion;  4- enzyme addition, mount ing;  
5- enzyme addition and fixation, mounting.  

If  digestion had proceeded to a large extent,  fixation of the material  with osmic acid proved 
to be desirable. However,  the succession of the addition of the reagents turned out  to be of minor  
importance.  

The enzymic t r ea tmen t  took place at  37°C during 15-4o minutes.  If  the chloroplasts were 
mounted  before digestion the droplet  of the enzyme solution had to be renewed several times. 

Removal o/ the p~oteins was effected by using a highly purified pepsin prepara t ion of PH 4 .o. 
For  par t iculars  we refer to the above mentioned description of the lipase procedure. We wish to 
express our  grat i tude :owards  Dr J. C. M. MIGHORST, who kindly placed the enzyme prepara t ions  
at  our  disposal. 

Ultrasonic treatment was performed in a magnetostr ict ion oscillator. The energy delivered by 
the magnetostr ict ive tube was about  3o0 watts ,  at  a frequency of 700o Herz. Approximete ly  iO~o 
of the energy was effective. The chloroplasts -*'ere t reated for I, 4, and 6 minutes.  In  the lat ter  case 
the oscillator cup was filled with the chloroplast  suspension, whilst  in the experiments  of shorter  
durat ion a tes t - tube cc.ntaining the chloroplasts  was a t tached to the vibrat ing cup. :By the courtesy 
of Dr J. A. NIEMEYER these exper iments  could be carried out  with the oscillator of the Labora tory  
for Physiological Chemistry at  Utrecht.  

RESULTS AND DISCUSSION 

On the constitution o[ the chloroplast membrane 

Fig. I represenr.s a chloroplast after lipoid extraction with benzene. Since a folded 
bladder can be clearly seen, it must be concluded that  proteins are an important  con- 
stituent of the membrane. If, however, the proteins are removed by pepsin digestion 
(Fig. 2) only remnants of the membrane, composed of lipoids, are to be seen. These 
remnants seem to b,~ very fragile, since they are always torn to pieces. I t  is tempting 
to draw a parallel with the erythrocyte membrane, which--according to WINKLER AND 
BUNGENBERG DE JONG ls, and to JUNG 1 9 -  is composed of a lipoid outer l ayer - -ep i l emma 
- - a n d  a protein inner layer. The proteinaceous layer is supposed to function as a bearer 
for the delicate lipoid film. 

On the constitution o/the stroma 

Figs 3 and 4 show a part  of a chloroplast after lipoid extraction with benzene. The 
proteinaceous framework can be seen between the seemingly intact grana. This is in 
agreement with the results of GRANICK AND PORTER. If, however, the proteins are 
digested by  pepsin, the remaining structure is quite different (Figs 5 and 6). The sharp 
edges of the grana have disappeared, as demonstrated by the remnants of the grana 
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9 2 J. 13. THOMAS, M. BUSTRAAN C. H. PARIS VOL. 8 (I952) 

Fig, I. Proteinaceous component  of the chloroplast  membrane.  Benzene extraction. Shadowed. ~oo kV 

Fig. 2. Lipoid component  of the chloroplast  membrane.  Pepsin digestion. Shadowed. ioo kV 



VOL. 8 ( I952 )  STRUCTURE OF THE SPINACH CHLOROPLAST 93 

Fig. 3- Proteinaceous component  of the s t roma and grana. Benzene extraction, too kV 

Fig. 4. See Fig. 3. Shadowed. 8o kV 

Fig. 5. Lipoid component  ot the s t roma and grana. Pepsin digestion. 8o kV 

Fig. 6. See Fig. 5- Shadowed. Ioo kV 
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I 
Fig. 7. Membranes with macromolecular structure in the stroma. Lipase digestion. Shadowed. ~oo kV 

m a r k e d  X. I n s t e a d  of a f r a m e w o r k  an a m o r p h o u s  mass  of l ipoids  r emains .  In  th is  mass  

open  spots  are a lways  found.  Poss ib ly  t h e y  r ep re sen t  holes  r e m a i n i n g  a f te r  the  r e m o v a l  
of t h e  p ro t e inaceous  fibrils. 

W h e n  the  l ipoids  are  d iges t ed  b y  l ipase  and  f ixed w i t h  osmic  acid,  m e m b r a n e s  of 

a b o u t  IOO A th ickness  are  observed .  These  m e m b r a n e s  show a m a c r o m o l e c u l a r  design 

(Fig. 7). The re  is a s t r ik ing  r e s e m b l a n c e  to p i c tu re s  pub l i shed  b y  FERNANDEz-MoRAN 20 

and  r e p r e s e n t i n g  t r a n s v e r s e  sect ions  of t he  mye l in  s h e a t h  of the  nervus  i s c h i a d i c u s  of 

t h e  a lb ino  ra t .  In  our  case, however ,  we are  dea l ing  wi th  sur face  s t ruc tu res .  T h e  t h i ck -  

ness of the  fibri l lae a m o u n t s  to IOO 15o A, whi ls t  for the  in te r f ibr i l l a r  space  a b o u t  5 ° A 

was measu red .  

Af t e r  p ro longed  4 ° m i n u t e s  l ipase d iges t ion  these  m e m b r a n e s  d i sappeared .  

P r o b a b l y  t h e y  b e c a m e  too  de l i ca te  to r e m a i n  i n t a c t  a f t e r  t he  t o t a l  r e m o v a l  of l ipoids.  

A p i c tu re  as r e p r e s e n t e d  by  F igs  S and  9 is ob t a ined .  In  these  e x p e r i m e n t s  no osmic  

ac id  f ixa t ion  was p e r f o r m e d  in o rder  to ensure  m a x i m a l  l ipase a c t i v i t y ,  whi l s t  f ixa t ion  

of a l r e a d y  m o u n t e d  m a t e r i a l  s e e m e d  superf luous ,  if no t  ha rmfu l ,  for  t he  fragi le  s t ruc-  

tures .  H o w e v e r ,  the  poss ib i l i ty  of o b t a i n i n g  a r t e f ac t s  remains .  B u t  a c o m p a r i s o n  w i t h  

e l e c t r o n - m i c r o g r a p h s  pub l i shed  by  o the r  au tho r s  (e.g. LEHMANN AND B l s s  21) m a k e s  us  
be l ieve  t h a t  he re  too  we are  dea l ing  wi th  n a t u r a l l y  occu r r ing  p ro t e in  s t ruc tu res .  F o r  

r ev iews  on this  sub jec t  we refer  to MONNg: ~2 and  RONDONI 2a. 

Cytoplasmic fibrils are described as being composed of tiny globules "Chromidia" or "Bio- 
somen" - -wi th  a diameter of o. ~ 0.2 #, and linking th reads - - " In te rchromid ia"  --, just like the genes 
in a chromosome. The globules contain phospholipids, ribonueleic acid and a large amount of calcium. 
They are said to be autoreproductive and to represent "centres" for respiration and growth. In our 
objects we tried to show a diiterence between the composition of the "globules" and the "thread" 
as follows. If it were trne that here too the "globules" contain metals, e.g., calcium, we may expect 
that, per unit of thickness, they cause a stronger electron scattering in the microscope than the 
"thread" does. In a shadow-casted preparation we determined the ratio (a) length of "globule" 
shadow/length "thread" shadow. [n a preparation without shadowing we measured the light trans- 
mission of "globules" and "threads" in a photometer. From the records the ratio (b) absorption by 
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Fig. 8. Prote inaceous f ramework  of the  s t roma.  Lipase digestion. 8o kV 

Fig. 9. See Fig. 8. Shadowed.  ioo  kV 
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"globules"/absorption by "thread" was determined. Among the values for the ratio (b)/(a) we 
obtained figures up to 5.9. This offers a strong indication that the "globules" contain a substance 
which causes a larger electron scattering than the "thread" material does, and which for instance - 
may be metals. 

This is, of course, only a preliminary experiment. To obtain more accurate data it is necessary 
to study the same preparation before and after shadow-casting and to appl~c corrections with regard 
to the blackening curves of the photographic material. 

Spinach chloroplas ts  have been chemical ly  ana lyzed  by  several  au thors  (c/. RABINO- 
WlTCH~). The percentages  of prote ins  v a r y  from 39.6 to 58, those of l ipoids from 25.I 
to 34, and  those of the  rest f rom IO to 35.3. The l a t t e r  values include ca rbohydra tes .  
I t  should be ment ioned  here tha t  we employed  starch-free chloroplasts .  We (lid not  
not ice  "vacuoles"  in which the s tarch could be deposi ted.  However ,  it might  be possible 
tha t  the pieces of membrane  shown in Fig. 7 belong to such a vacuole wall. \Ve are not  
ye t  cer tain on this point .  

Summar iz ing  we observed the following da t a  concerning the s n o m a :  
I. occurrence of a pro te inaceous  f rame in which the grana  are e inbedded.  
2. this  f rame consists of "g lobules"  l inked toge ther  by  a "thr(~ad" Chromidia  and 

I n t e r c h r o m i d i a - - .  The "globules"  conta in  substances  with a larger electron sca t te r ing  
power  than  those of the  " t h r e a d " .  

3. occurrence of in t rach lorop las t ic  membranes  with macromolecula r  surface s truc-  
ture.  

4. af ter  r emova l  of the  pro te ins  a " spongy"  l ipoid mass remains.  The holes m a y  
represent  channels  or iginal ly  filled by  the  pro te inaceous  fibrils. 

On the constitution o/tl~e grana 

In  agreement  wi th  d a t a  ment ioned  in l i t e ra ture  (cf. GRANICK AND PORTER s) the 
spinach g rana  are wafer -shaped discs with a d iamete r  of about  0. 5/x and about  0.07/~ 
thick.  Often the para l le l  surfaces show a centra l  swelling. After  t r e a t m e n t  wi th  benzene 
and  l ipase the  edges of the g rana  are jus t  as d i s t inc t ly  visible as they  are in u n t r e a t e d  
condi t ion,  c/. Figs 3 and 4- If, however,  the pro te ins  are removed,  a qui te  different 
p ic ture  is obta ined.  This is demons t r a t ed  in Fig. 5 and Fig. IO. In the  l a t t e r  figure 
l ipoid films which show the a p p r o x i m a t e  form of the grana  can be seen. The del icateness 
of these films is ind ica ted  by  the fact t ha t  they  are not  visible in unshadowed prepa-  
ra t ions  (Fig. 5). 

F rom these da t a  we conclude tha t  the membranes  of the g rana  are also composed 
of a t  least  two components :  pro te ins  and lipoids. F u r t h e r m o r e  we ob ta ined  the im- 
pressior) tha t  these subs tances  are a r ranged  in two layers,  the l ipoids forming the outer  
layer.  This is deduced from Fig. I I ,  which gives a result  which is often found af ter  l ipoid 
ex t rac t ion ,  in this  case with benzene. Many grana  are de tached  from the s t roma,  leaving 
round  holes behind.  These holes have a l r eady  been descr ibed by  W I E L E R  2"1, who obserw~d 
them in chloroplas ts  ex t r ac t ed  with alcohol and  concluded tha t  the  g rana  are composed 
of f a t t y  substances.  A p p a r e n t l y  the de tached  grana  could not  be seen under  the l ight 
microscope.  Of course, it  does not  follow from Fig. i i  tha t  l ipoids cons t i tu te  the outer  
layer  of the  grana.  I t  m a y  be possible tha t  the g rana  are embedded  in l ipoids belonging 
to the s t roma.  However ,  as ment ioned  above,  p ic tures  as those represented  in Fig. Io  
are in favour  of the  view tha t  l ipoids compose the outer  layer  of the g ranar  membrane .  

According to FREY-\VYSSLING AND MI)HLETHALER ~ the  grana  are cons t tuc ted  of 
a l t e rna t ing  prote in-  and l ipoid lamellae.  In  one of their  p ic tures  the' protein  lamel lae  are 
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Fig. io. Lipoid component  of tbe granar  membrane.  Pepsin digestion. Shadowed. ioo kV 

Fig. i i .  Evidence of a lipoid outer layer of the granar  membrane.  Benzene extraction. Shadowed. 
ioo kV 

Fig. 12. Granar  lamellae. 4 minutes '  supersonic t rea tment .  Shadowed. 8o kV 

Fig. 13. Granar  lamellae and myelin formation. 4 minutes '  supersonic t reatment .  Shadowed. 8o kV 

Fig. i t. Small granar  lamellae. 6 minutes '  supersonic t rea tment .  Shadowed. 8o kV 
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clearly shown. I t  was deduced from their intact form that  they must be protein layers 
since lipoid layers should have combined to form myelin figures. The protein lamellae 
are shown also in the paper of GRANICK AND PORTER s (their Fig. 5) although they are 
not recognized as such. 

We succeeded in dislodging these lamellae by brief exposures I to 4 minu te s - -  
to ultrasonic disintegration of the grana (Fig. I2). In some cases, as is shown for instance 
in Fig. I3, the lamellae are found in the presence of myelin figures which may be due 
to fusing of lipoids in the grana. Sometimes one or two lamellae are much smaller 
- - d o w n  to about ~ s i ze - - than  the others of the same granum. I t  may be possible that  
these lamellae are responsible for the previously mentioned swelling on the granar surface. 
After six minutes'  exposure to ultrasonic vibrations the grana seem to be thouroughly 
destroyed except for these small lamellae (c/. Fig. 14). I t  is difficult to state this with 
certainty; they may be fragments of larger ones, However, their circular shape makes 
us believe that  we are dealing here with intact units. Maybe these minute lamellae are 
meant by  Miss ROBERTS 25, when describing "pr imary  granules" which would be com- 
posed of successively smaller units down to "senary granules". In our opinion, however, 
granar lamellae are not composed of sub-units, but a few seem to be smaller than the 
majority. 

Cylindrical organs which are built up of transverse lamellae and surrounded by 
a membrane are also found in zoological material. We refer to the outer segments of the 
retinal rod of the guinea pig eye as described by SJOSTRAND 26. This author demonstrated 
that  lipoid "knobs" are situated between pairs of discs. The d i a m e t e r - - 2 . 2 / z - - o f  the 
discs is much larger than that  of the granar lamellae. The diameter and the height of 
the "knobs"  are 5 ° 250 A and 7 ° A respectively. We did not succeed in demonstrating 
the presence of such "knobs"  in the grana beyond possibility of doubt. If they do indeed 
exist, they probably are much smaller than the retinal "knobs".  

Sometimes we noticed typical artefacts in preparations treated with pepsin. This 
is shown in Fig. 15. In two remnants of grana fan-wise oriented lipoid rods are to be 

Fig. 15. Granar lipoid artefacts. Pepsin digestion. Shadowed. ioo kV 
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seen. They look like regular structures, but a paper of FERNANDEZ-MoRAN on structures 
in vertebrate nerves convinced us that  they are artefacts. This author could state that  
after trypsin digestion a structure appears which " . . . .  is due to disintegration of the 
ordinarily compact lamellae into composite granules consisting of 5o-Ioo A high, rod 
shaped single elements, which stain intensely with osmic acid. Apparently the trypsin 
digestion has divested the lamellae of certain (protein) components which bind the 
lipoid particles together". 

Finally we recorded electron diffraction diagrams of a chloroplast, of a piece of 
isolated stroma, and of a single granum. In the stroma record no diffraction rings 
occurred. The chloroplast diagram showed a ring corresponding to a distance of 1.77 A. 
One ring was also visible in the granum diagrams. The corresponding distances are 2.Ol 
and 2.o6 A. No rings are found in diagrams of purified chlorophyll a and chlorophyll b. 
I t  should be remarked that the circumstances under which the preparations are made, 
may influence the result. In the first place we mention the velocity of drying. So it is 
difficult to interpret these data. We only can state the occurrence of distances in the 
order of a few A in the grana and their absence in the stroma. They might be due to 
amino acids. 

Our thanks are due to Dr J. C. SCHOONEN for his kind help in evaluating the 
diagrams. 

Summarizing, the conclusion can be drawn that  the grana are built up of: 
i. an outer membrane which is most probably composed of a lipoid outer layer and 

a proteinaceous inner layer. 
2. protein discs--confirming the data of FREY-WYssLING AND M~)HLETHALER ° -  

with lipoids arranged in between. So far the exact arrangement of the lipoids could not 
be ascertained. 

S U M M A R Y  

The  s t r uc tu r e  of sp inach  ch lo rop las t s  was  i nves t i ga t ed  w i t h  t h e  a id  of t h e  e lectron microscope.  
I t  h a s  been e s t ab l i shed  t h a t :  
i. t h e  ou te r  m e m b r a n e  of t he  ch lo rop las t s  is composed  of b o t h  p ro te ins  a n d  l ipoids.  
2. the  s t r o m a  is also bu i l t  up  b y  these  componen t s .  
3. w i th in  t h e  s t r o m a  m e m b r a n e s  wi th  surface  des ign  occur. 
4. a p ro te inaceous  f r a m e - - w h i c h  m o s t  p r o b a b l y  is no  a r t e f a c t - - o c c u r s  in  t he  s t roma .  Th i s  

f r amework  s t r ik ing ly  r e sembles  t h a t  found  by  LEHMANN AND BISS 21 in t he  Tubi/ex egg. 
5. t he  g r a n a  are  s u r r o u n d e d  by  a m e m b r a n e  c o m p o s e d  of p ro te ins  a n d  l ipoids.  Some evidence 

h a s  been  ob ta ined  t h a t  these  s u b s t a n c e s  occur  as an  o u t e r  l ipoid l aye r  and  an  inner  prote inaceous  
layer.  

6. in a g r e e m e n t  wi th  t he  resu l t s  of FREY-WYSSLING AND MOHLETHALER 9, t h e  g r ana  are  fu r the r -  
more  composed  of p ro te in  discs  and  l ipoids.  

7. g r a n a  showed one r ing  in  e lec t ron  dif f ract ion d i a g r a m s  cor responding  wi th  d i s t ances  of  
a b o u t  2 A. 

RC-SUMC- 

La  s t ruc tu re  des  chloroplas tes  d ' 6 p i n a r d s  a 6t6 6 tud i6e  ~ l ' a ide  du  microscope 6lectronique.  
Nous  avons  mon t r6  que  
I. la  m e m b r a n e  du chloroplas te  e s t  cons t i t u6e  par  des  pro t6 ines  et  des  l ipoides. 
2. le s t r o m a  est  6ga l emen t  cons t i tu6  pa r  ces d e u x  subs t ances .  
3. des  membranes ,  qu i  p r6sen ten t  une  s t r u c t u r e  superficielle,  s o n t  observ~es dans  le s t roma .  
4. u n  r6seau de  prot6ines,  p r o b a b l e m e n t  pa s  u n  ar t6fac t ,  e t  r e s s e m b l a n t  6 t o n n a m m e n t  ~ la 

s t r uc tu r e  t rouv6e  pa r  LEI~MANN ET BISS I1 d a n s  l 'oeuf  de  Tubi/ex, es t  rencont r~  darts le st~onm. 
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5. les gra ins  s o n t  en tour6s  d ' u n e  m e m b r a n e  cons t i tu6e  pa r  des pro t6 ines  e t  des  l ipoides. Pro-  
b a b l e m e n t  les l ipoides son t  f o rmen t  la  couche  superficielle. 

6. en  accord avec  les r6su l t a t s  de FREY-WYsSLING ET ~MOHLETHALER 9, ].eS gra ins  c o n t i e n n e n t  
e n  out re  des d i sques  prot6iniques  e t  des lipoides. 

7- des  d i a g r a m m e s  de diffract ion 61ectronique des  gra ins  isol~s p r6sen t en t  u n  cercle co r r e spondan t  
u n e  d i s t a n c e  d ' e n v i r o n  2 A .  

Z U S A M M E N F A S S U N G  

Mit  Hilfe  des E l ek t ronenmi k roskops  wurde  die S t r u k t u r  der  Sp ina tch lo rop las ten  un t e r such t .  
Ergebnisse :  
I.  Die A u s s e n m e m b r a n  des  Chloroplas ts  be s t eh t  au s  P ro te inen  u n d  Lipoiden.  
2. Das  S t r o m a  is t  ebenfal ls  au s  d iesen  beiden K o m p o n e n t e n  z u s a m m e n g e s e t z t .  
3. I n n e r h a l b  des  S t r o m a s  w u r d e n  M e m b r a n e n  m i t  Oberf lAcheus t ruktur  beobach te t .  
4. Das  S t r o m a  enthi i l t  ein fibrillares Eiweissgewebe,  das  wahrsche in l i ch  ke in  Ar t e f ak t  ist.  E in  

iflmliches Gebilde wurde  yon  LEHMANN UND BISS 21 i m  Tubi#x-Ei nachgewiesen .  
5. Die Granen  s ind  yon  e iner  au s  P ro te inen  u n d  L ipo iden  z u s a m m e n g e s e t z t e n  M e m b r a n  um-  

geben.  Es  is t  wahrscheinl ich ,  dass  die Lipoide  a n  der  Oberflache liegen. 
6. Wei t e r  e n t h a l t e n  die Granen  Pro te insche iben ,  welche schon  yon  FREY-WYSSLING UND 

I~0HLETHALER 9 gezeigt  worden  sind,  u n d  Lipoide.  
7. E l ek t ronend i f f r ak t i onsd i ag ramme  von  isol ier ten Granen  zeigen e inen  Kreis,  welcher  au f  e inen 

A b s t a n d  yon  ungefAhr 2 A hinweis t .  
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