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SUMMARY 

I. Structural proteins from maize chloroplasts were obtained in aqueous solu- 
tion by a simple method using the ionic detergent sodium dodeeyl sulfate. They were 
shown to be completely free from lipid and pigments by gas chromatography and 
spectrophotometry. 

2. Gel electrophoresis, in the presence of the detergent, showed about ten bands, 
one being the most important with respect both to absorbance and nitrogen content 
(about 40 % of the total protein)' its molecular weight was 25 ooo. Sephadex filtration 
allowed a partial separation, thus providing a good purification of the main compo- 
nent. 

3- Both the crude solution and the purified fraction seemed to be homogeneous 
by ultracentrifugation analysis, with sedimentation coefficients of 2.8 and 2.3 S, 
respectively. The crude solution exhibited a high diffusion coefficient, probably related 
to a polydisperse associated system. 

INTRODUCTION 

It  is now well established that the photochemical reactions of photosynthesis 
occur in the lamellae and grana structures of the chloroplasts. The biological signi- 
ficance of these structures has given rise to much research in order to find out their 
biochemical composition1, 2. Although the various pigments and lipids of these struc- 
tures are already well known, there is little information on their constituent proteins. 
However, the protein fraction plays an essential part, as judged by its quantitative 
importance (5o % of the mass of lamellae) and by the fundamental role allotted to it. 
This lack of information is, on tile whole, due to the insolubility of these proteins in an 
aqueous medium when they are entirely freed of their associated lipids and pigments. 
Although it was first considered that only one constituent protein existed in lamellae 
structures, it soon became evident that several proteins were present, at least ten 
according to the results of MENKE AND JORDAN a and BOQUET et al. 4. Several methods 
have been described which enable a fraction freed of its lipids and pigments to be 
solubilized, but not all the lamellar proteins are obtained 5-7. The purpose of this work 
was to obtain the complete solubilisation of such proteins, and to establish some 
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of their physicochemical characteristics in order to follow methodically the separation 
of the various components. 

MATERIALS AND METHODS 

Zea mays L grains ( I N R A  260 variety)  were made to germina te  in mould  in a 
glass house at  a t empera tu re  of 25 ° in day  light.  The young p lant le t s  were l if ted 12 
days  la te r  a t  the  three-leaf  stage. 

The p las t id  s t ructures  were separa ted  at  4 ° by  gr inding the l imbs in a mor t a r  
wi th  sand in a solution of 0.35 M NaCI buffered with o .oi  M phospha te  at  p H  7.8. 
The ground mate r ia l  was then f i l tered through cloth and centr i fuged for 20 min at  
3000 × g in order  to obta in  a deposi t  conta ining main ly  p las t id  s tructures.  The deposi t  
was washed 3 t imes with the original buffer solution to e l iminate  the soluble sub- 
s tances still  present  s . The protein  components  were then ex t r ac t ed  from these s truc-  
tures by  the me thod  shown in Scheme I. 

Pe l l e t  ob ta i ned  a f t e r  c e n t r i f u g a t i o n  
at  3 0 0 0 x  g , 2 O m i n  

E x t r a c t i o n  w i t h 0 , 2 %  sod ium dodecy l  s u l f a t e  bu f f e red  at pin Z8 

DepJs i t  
S ta rch  - po lysecchor i  des 

30 000  x ,20 rn in  

P r a t e  ns washed 
in c h l o r o f o r m - m e t h a n o l  m i x t u r e  

( 2 : 1 , v / v )  

20000xg,2min D I 

Pro te in  e l le t  washed 
in ace tone to remove t races of 

c h l o r o f o r m  and methano l  

2 0 0 0 0  x g.2min 

P ro te i n  pe l le t  

I 
Supernatant 

Chromo-H po-protein complex 

- 20° I 
Acetone preci p i t a t i o n  

at 8 0 %  I 
C e n t r i f u g a t i o n  

20000  x g , 2 m i n  

P igments  land 
l i p ids  

Remainder of l ip ids 
and p i g m e n t s  

Amb ien t  t e m p e r o t u r e - - ~ -  S o l u b i l i s a t i o n  in a so lu t i on  of 1% s o d i u m  dodecyl 
s u l f a t e  bu f f e red  w i t h  001  M p h o s p h a t e  ( p H 7 )  

P ro te i n  so lu t i on  
d ia lysed aga ins t  0.1°/o sod ium dodecy l  s u l f a t e  
b u f f e r e d  w i t h  0.01 M phosphate (pH7)  
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Electrophoreses  were carried out in po lyacry lamide  gel by  the method described 
by SHAPIRO el al. 9 and sys temat ica l ly  repeated by \VEBER AND ()SBORY, "1° for deter-  
mining molecular  weight.,< The gels which gave the hest separat ion contained io  % 
acrylamide,  o.25 % bisacrylamide  and o. i  % sodium dodecvl  sulfate (the sodium 
dodec \ l  sulfate was recrysta l l ised in absolute  ethanol,  thus giving be t te r  results). 
The gels were 5o mm long and 5 mm in diameter .  Migrat ion occured under  a current  , f  
4 mA per tube for 4 11. The etectrophoresis buffer was a o.I M phosphate  hui'fer with 
o . 1 %  sodium dodecyl  sulfate at  pH 7.2. The gels were s ta ined with ('~,:mmssie blue, 
which was the most efficient stain,  and desta ined with a mix ture  of 3o % methanol ,  
7 % acetic acid and water  in the presence of a Dowex- type  ion exchange resin. The 
same gels were used for ana ly t ica l  purposes as well as for the molecular  weight deter-  
minations.  In the la t te r  case, the mobi l i ty  of a component  was calcula ted in relat ion to 
a migra t ion  indicator  which in this case was bromophenol  blue ~°. 

Mobility distance of protein migration 
lenght after destaining 

length before staining 
distance of dye migration 

The sed imenta t ion  analyses  were perforined in a Spinco E analy t ica l  ul t ra-  
centrifuge, f i t ted with an AN-D rotor.  The deternf inat ions  were made in a syn the t ic  
bounda ry  cell a t  59 78o rev. /min and Io ~. Two types  of fihn were taken s inmltaneouslv  
with a Schlieren optical  system and by ul t raviole t  absorpt ion.  

Diffusion coefficients were ca lcula ted  according to the method  of EHRENBI~.RG II. 
Specific volumes were de te rmined  with an Antnn P A A R  microdens i tometer .  

Gas ch roma tog raphy  of the lipids was performed on a ~52o B aerograph.  The protein  
solution was refluxed for 2. 4 in ch lo roform-methano l  (2: I, v/v). After  evapora t ion  of 
the solvent,  the ex t rac t  thus ob ta ined  was taken up in hexane, saponified and the 
f a t t y  acids collected were then analysed.  

Detect ion of the reducing sugars was performed according to the method  of 
NEI.sox p', af ter  solutions had been hydro lyzed  with I M HCI for periods of I - i 8  h 
at i o o .  

Protein  ni trogen was de te rmined  after  wet ashing hv the Kjeldhal  inethod. 

RESULTS 

The first object ive  was to solubilise in an aqueous medium all the proteins  of tile 
p las t id  s tructures.  Tile ni t rogen de te rmina t ions  of the protein  solution ob ta ined  bv 
the method  previously  described showed tha t  a lmost  all the  proteins  were thus solu- 
bilised, since over  95 % of the init ial  protein ni trogen was found in tile final solution. 

The absorpt ion  spec t rum of the prote in  solution showed a complete  absence of 
pigments.  Fig. I shows the presence at  pH 7 of an absorpt ion  m a x i m u m  at 278 nm, 
followed by  a marked  shoulder at  29I nm. At  pH I2, two m a x i m a  appear  at  275 and 
283 nm and the shoulder  a t  e9 i  nm is raised (tyrosine ionisation) ; a slight absorpt ion  
is observed at  34 ° nm, and a hump at 4IO nm. These la t te r  results are in agreement  
with the observat ions  of BIGGINS AND PARK la on protein  ext rac ts  from spinach chloro- 
plasts.  

Gas chromatograph ic  analysis  confirmed the almost  complete  absence of lipids 
in the prepara t ions .  In  a solution conta in ing 70 mg of proteins,  a m a x i m u m  30o/~g 
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of fa t ty  acids was detected, thus representing less than o.5 °o of the initial lipid con- 
tent  (based on LICHTENTHALER AND PARK'S ~,2 calculations). A maximum content of 
3 °6 of reducing sugars was found with regard to a glucose scale. 

The protein solution, brought  to 2.5 mg of proteins per ml, was analysed directly 
bv electrophoresis on a polyacrylamide gel. The pat tern obtained is shown in Fig. 2. 

I t  is impor tant  to stress that  no stain remains at the start of the gel column. 
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Fig.  I. A b s o r p t i o n  s p e c t r u m  of p r o t e i n s  in a o . i  % s o d i u m  d o d e c y l  s u l f a t e  s o l u t i o n ,  O.Ol M phos -  
p h a t e  buf fe r  p H  7 ( - - )  a n d  p H i  z (---). The  p r o t e i n  c o n t e n t  is o.55 m g / m l .  
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Fig.  2. (;-el e l e c t r o p h o r e s i s  of c h l o r o p l a s t  l a m e l l a e  p r o t e i n s .  A. P a t t e r n  a f t e r  s t a i n i n g  w i t h  Coo- 
n lass ie  b lue .  B. D e n s i t o g r a m  of t he  p r o t e i n  p a t t e r n  r e c o r d e d  on  a C h r o m o s c a n  5-I1 a p p a r a t u s .  
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The analysis of ~4C labeled proteins also showed that  9 ° % of tile radioactivity of the 
sample was found in the gel, confirming that  the proteins had effectively entered. 

Of the ten bands observed, two, the a and b bands, were more densely stained. 
According to the absorbance readings, they represented 17 and 4 ° ?o, respectively, of 
the total proteins (staining with Coomassie blue being proportional to the amount of 
proteins). 

Band a is narrow, very clear and highly coloured; Band b the most important 
one, is large, its limits less clear and is equally intense. Appropriate tracers were used 
to deternfine the molecular weights of these various bands (Fig. 3). 

The main band, b, had a molecular weight in the order of 25 ooo, whereas that  
of Band a was estimated to be about 5o.ooo. The very fast front band, which migrates 
more rapidly than cytochrome c, has a molecular weight of about Io ooo. 

The protein solution was studied by analytical ultracentrifugation in order to 
confirm its heterogeneity, and the molecular weight of the various components. 

As will be seen from Fig. 4, the proteins migrated as a single peak. I ts  sedimen- 
tation coefficient varied with the protein concentration, and was estimated to be 2.8 S 
by extrapolation to zero concentration (Fig. 5). This sedimentation peak exhibits a 
high rate of diffusion. The diffusion coefficient, calculated from the Schlieren peaks by 
extrapolation at zero concentration was 18. IO -7 cmZ/sec. I t  was noted that, during the 
experiment, the area under the Schlieren peaks remained constant, indicating that  
no large aggregates sedimented from the boundary. 

By filtering through Sephadex G-2oo, the protein solution was separated into 
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Fig. 3 Curve of electrophoretic mobil i ty as a function of molecular weight. The controls used at a 
concentrat ion of 2 mg/ml  are, i, bovine serum albumin,  2, py ruva te  kinase, 3, ?,east alcohol dehy- 
drogenase, 4, t rypsin,  5, lactoglobulin. 
a and b represent  the main bands of the plastid s t ructures  (Fig. 2). 

Fig. 4. Sedimentat ion velocity pa t te rn  of maize chloroplast  s t ructural  proteins in o.i % sodium 
dodecyl sulfate, o.t % NaCI, pH 7 at 2o °. Picture taken in a synthetic boundary  cell after 24 rain 
at 59 78o rev./min. 
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two peaks, I and I I  (Fig. 6). An examination of the elution profile at 28o nm showed 
these two peaks to be asymmetrical, which probably reflects their heterogeneity. 

Electrophoresis on polyacrylamide gel confirmed the presence of the heaviest 
molecules in the first elution peak, whereas the lighter molecules, Band b and follo- 
wing, were in the second peak (Fig. 2B) 

By taking the top part  only of the second peak, it was possible to obtain a very 
slightly contaminated band b. 
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Fig. 5. Sedimentat ion coefficient curves as a function of the protein content ,  for the crude solution 
(O) and for Fract ion If  obtained after filtering with Sephadex G-2oo (A).  

Fig. 6. Elut ion profile obtained by filtering the crude solution of the s t ruc tura l  proteins with 
Sephadex G-2oo. The elution buffer was o.I °.. o sodium dodecyl sulfate, o.i % NaC1 and o.oi M 
phospha te  buffer at p H  7. 

Ultracentrifugation analyses were made on Fraction I I  of the crude solution 
(second peak obtained with G-2oo). They gave an s°2o,w = 2.3, less therefore than 
that  of the crude solution. The diffusion coefficient, which was also less, was IO. Io -7 
cm2/sec (Fig. 5). 

DISCUSSION 

Since the work of SMITH 14, the use of detergents for studying structural proteins, 
either free or associated with lipids and pigments, has grown considerably. The method 
developed here makes use of sodium dodecyl sulfate, and is akin to that  described by 
BIGGINS AND PARK 13, however, we obtained complete solubilisation of the precipi- 
tated proteins, whereas BIGGINS AND PARK only attained 75 %. Our result may  be 
explained by the very good lipid extraction by the chloroform-methanol step, since, 
if this stage is omitted, solubilisation drops to around 80 %. 

With all the plastid structural proteins in aqueous solution at our disposal, we 
were able to make a valid analytical study of all of them. On the assumption that  
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each band  was pure, since the ent ire  sample enters  the gel, there should be about  ten 
different proteins.  This number  is higher than  those found in the l i terature .  

The electrophoresis  made  by  Ma.'q A~D ZALIK 7 on wheat  and bean chlor(@asts  
exhib i ted  two and five components ,  respectively.  Many invest igat ions  have also 
been made  on l ip id-conta ining protein s t ructures ;  THORNBERG ¢'1 al. 1'5 ill pa r t i cu la r  
obta ined  a picture close to ours for spinach chloroplasts ,  with two predomina t ing  
complexes.  Dur ing a previous invest igat ion,  TnORNBER(; t't al.  1G found six bands  after  
electrophoresis  of a fraction of lamellae proteins  of the same origin. A part  of these 
prote ins  was ascribed to fraction I of the chloroplasts .  BRAtXlrZI~;I¢ .\N1) ]{.xt i.:I~ ~: 
essentially' found three protein bands  in spinach and observed a great  s imi lar i ty  
between bands  from higher plants .  \VEI~E~ 5, working on :l,¢lirrhilzum m a j u s ,  fimnd 
only one migra t ion  band.  I t  should be emphasised that ,  in most of these ext)eriments,  
solubil isat ion is only par t ia l  and par t  of the sample is re ta ined at the s ta r t  of the gel, 
thus  a complete  picture of all the s t ruc tura l  proteins  is not  given. 

In our case, two of the components  were more imt)ortant ,  one of which, clearly 
predominat ing,  represented  4o % of to ta l  proteins.  TiLe studies previously under taken  
on maize s t ruc tura l  proteins  by  BOQUET d al. 4 and COLLOT cl al .  ~s showed tha t  there 
was a par t icu la r  frequency in the d is t r ibut ion  of the N- and C-terminal  amino acids, 
alanine and glycine, respect ively,  being the most  abundan t  with frequencies in tile 
order of 4o %. I t  therefore seems l ikely tha t  these two amino acids in fact represent  
the ends of this p redominan t  protein.  

TILe more or less purified " s t ruc tu ra l  p ro te in"  from both mi tochondr ia  and 
chloroplasts ,  f requent ly  represent ,  quan t i t a t ive ly ,  5o % of the to ta l  s t ruc tura l  proteins  
(CRIDDI.E~9). This result  agrees well with our result.  

The da t a  ob ta ined  with u l t racent r i fugat ion  showed a fall in the sedimenta t ion  
coefficient from 2.8 to 2.3 S ,from tile crude solution to fraction I I .  This tallies with the 
e lect rophoret ic  data ,  since it is logical to assume tha t  mean molecular  weight of 
Frac t ion  I I ,  which contains  the l ightest  components ,  is less than  tha t  of the total  
solution. The small  d iscrepancy between the two sed imenta t ion  coefficients may  be 
expla ined (a) by  the absence of high molecular  weight substances and (b) by the pre- 
dominan t  protein  in both  solutions. 

Al though the crude solution is heterogeneous under  electrophoresis,  it sedi- 
ments  as a single peak. This could be due to the s t rong associat ion of the  various con> 
ponents,  as well as the presence of a dominan t  protein  which, because of its impor-  
tance,  masks  the weaker  protein  peaks.  I t  should be noted  tha t  tile very' high diffusion 
coefficient of this solution (I8. Io  v cm2/sec) p robab ly  reflects this associated heteroge- 
neity.  

The diffusion coefficient of F rac t ion  I I  is lower (zo- Io 7 cnF-/sec) showing tha t  
a purer  p roduc t  is present,  which is confirmed by  electrophoresis.  The specific w)lume 
is o.7ee cma/g, which gives a molecular  weight of ee ooo ~ eooog/M by Svedberg ' s  
equat ion.  This value agrees perfect ly  wi th  the results  of BIGGINS AND PARK 1:' who 
found a molecular  weight of 22 ooo g/M for the  proteins  of spinach chloroplasts,  and 
also with those of CRIDDL~E AND PARK 6 who used a different me thod  of p repara t ion  of 
the  same mater ia l ,  and  ob ta ined  a molecular  weight of 23 ooo g/M. The sedimenta t ion  
coet~Scients found by  MANI AND ZALIK 7 for wheat  and bean of I. 3 and 1.2 S, respec- 
t ively,  are very  different. These authors  used a medium conta ining r % sodium 
dodecyl  sulfate and the significant effect of the detergent  concentra t ion on sedi- 
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m e n t a t i o n  m u s t  be s t r e s s ed  here .  SMITH AND PICKELS 2°, us ing  s o d i u m  d o d e c y l  su l fa te  

c o n t ' e n t r a t i o n s  of 0.25 to  2.5 %, f o u n d  a v a r i a t i o n  of 2.32 to  1.69 S in t he  s e d i m e n t a -  

ti{)n {'(}efficient. L ikewise  fTOH et al. 2~ no t i ced ,  in the  case of a s p i n ach  p r o t e i n - p i g m e n t  

c )mt)lex, a change  of 3.5 to r. 9 S in t he  s e d i m e n t a t i o n  coeff icient  w i th  d o d ecy l  b e n z e n e  

stflf(}nate c o n c e n t r a t i o n s  of 2. 9. Io  -a M to 2- IO-" M. F u r t h e r m o r e ,  a l igh te r  c o m p o n e n t  

apl)~ared (1.2 S) a t  c o n c e n t r a t i o n s  be low 2. 5. lO -2 M. I t  is t h e r e f o r e  n e c e s s a r y  to 

i n t e r p r e t  t he  sec l imen ta t ion  coeff icient  va lues  o b t a i n e d  in t he  p resence  of d e t e r g e n t s  

wi th  e x t r e m e  cau t ion .  

The  resu l t s  f r o m  this  s t u d y  s h o w  t h a t  the  p l a s t i d  s t r u c t u r e s  of maize  c o n t a i n  a 

large n u m b e r  of d i s t i nc t  p ro t e in s  wh ich  h a v e  a s t r o n g  t e n d e n c y  to  assoc ia te ,  as 

s h o w n  by  u l t r a c e n t r i f u g a t i o n .  This  p r o p e r t y  m u s t  p l ay  a p a r t  in t h e  bu i ld ing  of t he  

pla~t s t r uc tu r e s .  

The re  is, however ,  a p r e d o m i n a n t  a m o u n t  of a pa r t i a l l y  pur i f ied  c o m p o n e n t  wi th  

a r e l a t i ve ly  low we igh t  in t he  reg ion  of 25 ooo g/3I. 
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