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SUMMARY 

The polypeptide composition of spinach chloroplast membranes and mem- 
brane fractions has been examined by the technique of sodium dodecylsulfate-poly- 
acrylamide gel electrophoresis. Chloroplasts were fragmented into grana (Photo- 
system II  enriched) and stroma lamellae (Photosystem I in character) by the French 
press technique. The grana lamellae were further fractionated by the use of  digitonin 
into two fractions, one enriched in Photosystem II  and the other enriched in Photo- 
system I. These membranes are composed of at least 15 polypeptides two of which, 
with approximate weights of  39 and 50 kdaltons, are observed only in granal fractions. 
Quantitatively the primarily Photosystem II  fractions are enriched in polypeptides in 
the 30-23 kdalton range whereas the Photosystem I (or Photosystem l-enriched) 
fractions are enriched in polypeptides in the 60-54 kdalton region. The experiments 
reported show that contamination by soluble proteins or other membranes is negli- 
gible. The results indicate that subtle differences in composition account for the 
large differences in structure and function within the chloroplast membrane system. 

INTRODUCTION 

Although chloroplast membrane lipids have been extensively studied and 
are well characterised [1, 2], much less is known about  the proteins from these mem- 
branes due to their insolubility under non-denaturing conditions. The most common- 
ly used procedures for solubilizing (and denaturing) membrane proteins have em- 
ployed the use of  the anionic detergent sodium dodecylsulfate. A considerable 
amount  of  detergent work has been done on algal chloroplast membranes,  such as 
the excellent work of Hoober  [3-5], and recently detailed studies have been extended 
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by other workers to higher plant chloroplasts and various fractions separated from 
them [6-10]. Anderson and Levine [8, 9] and Klein and Vernon [7] have studied 
the polypeptides of partially lipid-extracted spinach chloroplast lamellae and fragments 
of the lamellae obtained by various procedures. Both groups have indicated that 
higher molecular weight polypeptides predominate in Photosystem I fractions whereas 
lower molecular weight polypeptides predominate in Photosystem II-enriched fractions. 
The polypeptides associated with these fractions are termed Group I and Group II 
polypeptides respectively by Levine [8, 9]. 

The present report is an extension of a preliminary study on peptide composi- 
tion of grana and stroma membranes of spinach chloroplasts which were separated by 
the French press technique [11]. We have studied in detail the polypeptides of 
lipid-extracted spinach chloroplast lamellae and lamellar fragments in order to 
extend our understanding of their association with the two photosystems of photo- 
synthesis. Initially the membranes were fractionated into grana and stroma lamellae 
by the French pressure cell method of Sane et al. [12]. Grana lamellae have Photo- 
system I and II activities and large and small freeze-etch particles whereas stroma 
lamellae possess only Photosystem I activity and only the small particles. The deter- 
gent digitonin was then used to further fractionate grana lamellae using a modifi- 
cation of the method of Arntzen et al. [13] to yield two fractions, one enriched in 
Photosystem II and possessing both sizes of particles and a second enriched in 
Photosystem I and possessing only small particles (ref. 13 and Nolan, in preparation). 
In addition to studying lamellar fragments of chloroplasts which had been extensively 
washed with buffer, various extraction procedures were used in an attempt to criti- 
cally evaluate which polypeptides may be truly deemed "membrane polypeptides." 

MATERIALS AND METHODS 

Preparation of  membrane fragments and soluble proteins 
Spinach chloroplasts were isolated and French press treated as outlined by 

Sane et al. [12] with the following exception. The chloroplasts were washed 3 times 
in 0.05 M potassium phosphate, pH 7.4-0.15 M KC1 with 15-rain centrifugations 
at 1500x g prior to passage through the pressure cell. The resulting French press 
homogenate was then treated in one of the following ways: 

(i) Non EOTA-washed membrane fragments. A small portion (approx. 10 ml) 
of the homogenate was immediately pelleted by centrifugation at 180 O00×g for 
60 min (designated the FP fraction), while the majority of the material was subjected 
to fractional centrifugation at 1000 x g for 10 min (1000 x g fraction), 10 000 × g for 
30 rain (10 000 × g fraction), 40 000 × g for 30 min (40 000 × g fraction), and 180 000 x 
g for 60 min. (180 000xg fraction). 

The 1000×g and 40 000×g pellets were discarded. 
(ii) EDTA-washed membrane fragments and supernatants. The membrane 

fragments (the FP, 10 000xg and 180 000xg fractions) were isolated as above 
and were resuspended and incubated for 30 min in 1 mM EDTA, pH 8.0 [14]. The 
fractions were pelleted in a manner similar to which they had been isolated except 
that the 10 000xg fraction was centrifuged at 40 000xg for 30 min. The resulting 
supernatants were made 5 ~o with respect to trichloroacetic acid and the resulting 
precipitates were collected by centrifugation at 40 000 × g for 20 min. 
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(iii) EDTA-washed and gradient-purified membrane fragments. The ED'I-A- 
washed membrane pellets isolated as above were resuspended in 0.05 M potassium 
phosphate buffer, pH 7.4. The FP and 10 000 × g pellets were resuspended to give a 
chlorophyll concentration of 1.5 mg per ml and the 180 0 0 0 x g  pellets were resus- 
pended to give a concentration of 0.7 mg chlorophyll per ml. Two ml of a given 
fraction were then layered on a buffered (0.05 M potassium phosphate, pH 7.4) 
linear sucrose gradient (30-60 ~o w/v) and centrifuged overnight at 23 500 rev./min 
in a SW 25 rotor. The chlorophyll bands all at the same level in the tubes were 
selectively removed, diluted with distilled water and pelleted by centrifugation at 
180 000 × g for 1 h. 

(iv) Digitonin fractionation of  the 10 000 × g fraction. The 10 000 × g fraction 
was further fractionated by a modification of the method of Arntzen et al. [13]. The 
starting material was a 10 000 x g fraction which had been washed with EDTA or 
which had been further purified on a buffered gradient. The pellets were resuspended 
in 0.05 M potassium phosphate, pH 7.4-0.01 M KC1 to give a chlorophyll con- 
centration of 0.25 mg per ml. One part 2 ~ (w/v) twice recrystallized digitonin 
was then added with constant stirring to three parts of the 10 000 x g suspension. 
The mixture was then incubated for 30 rain with constant stirring at 15~0.5°C. 
Five-ml aliquots were then layered over sucrose--0.05 M potassium phosphate, 
pH 7.4, step gradients. The sucrose concentrations and volumes used were (top to 
bottom) 0.7 M,7 ml; 1.0 M, 9 ml; and 1.8 M, 11 ml. Centrifugation was carried out 
for 1 h at 23 500 rev./min in a SW 25 rotor. The chlorophyll bands, one at the top 
of  the tube (D-1 fraction) and the other extending through the 1.0 M sucrose 
portion of  the gradient and concentrated at the 1.0-1.8 M sucrose interface (D-I |  
fraction) were collected separately. The D-II fraction was diluted and recovered 
by centrifugation at 180 000 × g for 1 h. Not  all of the chlorophyll in the D-I fraction 
could be collected by a similar centrifugation and the fraction was made 10 ~ with 
respect to trichloroacetic acid. A five-ml aliquot of the digitonin incubation mixture 
(Dig-10 000×g  fraction) was also treated with trichloroacetic acid in a similar 
manner. The trichloroacetic acid-precipitated material in both the D-1 fraction 
and the incubation mixture was collected by centrifugation at 40 000 × g for 20 min. 

Extraction, solubilization and gel electrophoresis of membrane fragments and soluble 
proteins 

All protein fractions, including the proteins used to calibrate the molecular 
weight scale of the gels, were treated in the following manner. Lipids were removed 
by at least seven extractions (or until the supernatant was colorless) with a chloro- 
form-methanol mixture (1:2, v/v) followed by three washings with absolute methanol. 
The resulting material was then dried in vacuo and the dry weight determined. The 
dissolving buffer 1 ~ dodecylsulfate and 1 ~ fl-mercaptoethanol in 0.1 M sodium 
phosphate, pH 7.0, was then added in the amount of 1 ml per mg dry weight. The 
material was incubated overnight at 45 °C under nitrogen. The samples were homog- 
enized and placed in a boiling water bath for approx. 20 min. After allowing the 
samples to cool, they were centrifuged in a clinical centrifuge and any pelleted 
material was saved for nitrogen analysis. The following data (for the fractions 
represented in Fig. 5) exemplify the degree of solubilization achieved by the methods 
used: EDTA-10 0 0 0 x g  fraction : 99 ~ ,  Gradient-10 0 0 0 ×g  fraction: 97 ~ ,  Dig- 
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10 0 0 0 x g  fraction: 98 ~ ,  D-I fraction: 99 ~ and D-II fraction: 97 ~ .  The superna- 
tants were then dialyzed for 4 h against a large excess of 0.1 ~ dodecylsulfate and 
0.1 )/o fl-mercaptoethanol in 0.1 M sodium phosphate, pH 7.0. Samples were stored 
under nitrogen. 

Samples were prepared and electrophoresis performed essentially as outlined 
by Weber and Osborn [15]. Samples, except standard proteins, containing 40/~g of 
protein (except as indicated in Results) were applied to the gels. Standard proteins 
were prepared so that they gave a peak absorbance which was less than 2.0 A. Pyro- 
nin Y was used as the tracking dye and 7 ~ acrylamide~3.23 ~o methylene-bisacryl- 
amide gels were used. Gels 8.5 cm in length were cast in tubes of  6 mm inner diameter 
and 10 cm in length. Electrophoresis was performed at 8 mA per tube for 5.5 h during 
which time the tracking dye migrated approx. 7.5 cm. The position of  the tracking 
dye was marked by the insertion of a small piece of nichrome wire. The gels were 
stained overnight using Commassie brilliant blue R made as described by Weber 
and Osborn [15]. Destaining was carried out for 7 h in the solution of Weber and 
Osborn [15], followed by placing the gels overnight in a solution of 50 ~ ethanol 
and 10 ~ acetic acid. Further destaining was performed in the solution of Weber and 
Osborn [15] until the background stain was removed. Gels were scanned at 560 mm 
using a Gilford linear transport accessory attached to a Beckman DU spectropho- 
tometer using a 0.1 mm slit. The gels were first scanned at 0- l .0  A at a scan 
speed of 1 cm/min for detail and then at 0-3.0 A with a scan speed of 2 cm/min to 
record the values for peaks having greater than 1.0 A. The speed of the recorder was 
1 inch/min. The relative mobilities of the proteins were calculated from the recorder 
tracings. A molecular weight scale for the gels was established by using the following 
proteins as standards: phosphorylase a (94 kdaltons), bovine serum albumin (68 
kdaltons), ovalbumin (43 kdaltons), chymotrypsinogen (25.7 kdaltons), myoglobin 
(17.2 kdaltons), and lysozyme (14.3 kdaltons). 

Assays 
Chlorophylls were determined using the equations of Arnon [16]. The nitro- 

gen content of the solubilized protein solutions and of any residues was determined by 
a modification of a standard micro-Kjeldahl method [17]. In the calculations it was 
assumed that the protein was 16 ~ nitrogen by weight. The protein solutions were also 
analyzed by the method of Lowry et al. [18] using bovine serum albumin as standard. 
There was excellent agreement between the values obtained by these two methods 
of  analysis. 

Data presentation 
Full scale absorbance on the figures is 1.0 A. Absorbances and any peak 

splitting observed for peaks of greater than 1.0 A unit are indicated in the figure 
legends. The two vertical lines at the base of  the traces indicate the top of the gel 
and the position of the tracking dye. The arrow indicates the direction of  migration 
and 0.0 A. The upward inflection at the left hand side of the scans is due to a slight 
curvature at the top of  the gels. For a component free from interference by surround- 
ing components, the level of detection is probably on the order of 1/~g [19]. 

The components observed are referred to in terms of  their weights in kdaltons. 
Molecular weights as low as 17 300 could be assigned by reference to a standard curve. 
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P e a k s  wh ich  h a v e  a m o l e c u l a r  we igh t  b e l o w  17 000 are  de s igna t ed  by the i r  R m values .  

RESULTS 

Analysis of membrane fractions 
In  o r d e r  to  c o m p a r e  the  po lypep t i de s  b o t h  for  a g iven  f r ac t ion  wi th in  a g iven  

i so l a t i on  p r o c e d u r e  a n d  to  c o m p a r e  the  effects o f  pu r i f i ca t ion  on  a g iven  f rac t ion ,  

the  m e a n  m o l e c u l a r  we igh ts  a n d  the  m e a n  dev i a t i ons  o f  a p p a r e n t l y  iden t ica l  po lypep-  

t ides  fo r  each  o f  the  s a m e  f rac t ions  o b t a i n e d  by the  va r i ous  pu r i f i ca t ion  p r o c e d u r e s  

were  ca l cu l a t ed  (Tab le  I).  T h e  va lues  fo r  the  D - I  a n d  D - I I  f r ac t ions  were  n o t  

i n c l u d e d  in the  ca lcu la t ions .  These  va lues  are  n o t  i n t e n d e d  to  imp ly  a s ta t is t ical  

ana lys is  o f  the  r ep roduc ib i l i t y  o f  the  m e t h o d  bu t  r a the r  to serve  as a m e a n s  o f  

i den t i fy ing  peaks  a n d  to  ind ica te  the  r ange  o f  va lues  o b s e r v e d  fo r  w h a t  a re  

c o n s i d e r e d  iden t i ca l  peaks .  S a m p l e s  were  genera l ly  run  three  t imes  (in d i f ferent  

e x p e r i m e n t s )  a n d  in m o s t  cases  the  v a r i a t i o n  in R m (or  ca l cu l a t ed  a p p a r e n t  m o l e c u l a r  
we igh t )  fo r  a g iven  p e a k  was  less t h a n  5 °/o (Tab le  I). T h e  large  va r i ab i l i ty  in the  

TABLE I 

MEAN WEIGHTS, MEAN DEVIATIONS AND AVERAGES OF THE MEANS (IN kDAL- 
TONS) OF POLYPEPTIDES PRESENT IN VARIOUS LAMELLAR PREPARATIONS OB- 
TAINED BY VARIOUS ISOLATION PROCEDURES 

a Non-EDTA- and EDTA-washed preparations only; b Non-EDTA- washed preparations only; 
c Non-EDTA- and EDTA-washed preparations and fractions inTable II; o Non-EDTA- washed prepa- 
rations only but perhaps present as a shoulder in the buffered gradient preparations; ¢ Buffered gra- 
dient preparations only, not including fractions in Table 1I; f Non-EDTA- and EDTA-washed pre- 
parations only but perhaps present as a shoulder in the buffered gradient preparation; ~ EDTA- 
washed preparation only. 

FP fraction 10 000 × g fraction 180 000 × 9 fraction Average of the means 
(rounded to nearest 
kdalton) 

65.65-0.1 a 66.0±0.4 66.1 5-0.2 66 
59.95-0.2 59.75-0.5 59.2 L0.7 60 
56.3 ± 1.2 55.95-0.8 54.0±0.2 56, 
49.6±0.6 49.45-0.2 50 

45.85-0.3 45.85-0.5 45.85-0.3 46 
41.4 5-0.2 41.2 5-0.4 41.3 5-0.3 41 

40.2 b 40 
38.75-0.2 38.45-0.7 39 

36.7 b 36.3 b 36.35-0.3 36 

34.55-0.2 34.65-0.3 34.45-0.1 35 
29.8 5-0. l 29.7 5-0.3 29.7 5-0.1 30 

27.4 b 27 
25.05-0.2" 24.95-0.3 ¢ 25.34 25 
24.1 e 24.0 ~ 24.0±0. I f 24 
22.75-0.3 22.75-0.3 22.55-0.1 23 

20.85_0.3 21 
19.35-0.1 19.3~ 0.2 19.1±0.2 19 
17.8±0.1 17.85-0.1 17.85-0.1 g 18 

54 
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value for  the peak  at  56 kda l tons  (in the F P  and  1 0 0 0 0 × g  f rac t ions)  is due to this 
peak  having an  ex t raord ina r i ly  high ca lcula ted  molecu la r  weight  in one o f  the buffered 
grad ien t  exper iments .  The  mean  devia t ions  are  general ly  larger  for  the 10 0 0 0 x g  
fract ions  than  in the compos i tes  o f  the o ther  two fract ions;  nevertheless,  the means  o f  
wha t  are cons idered  ident ical  peaks  agree well with the means  o f  the F P  fract ions as 
would  be expected since the 10 000 × g f rac t ion represents  greater  than  80 % o f  the 
lamel lar  system. As  a convenience in discussing the results,  the average o f  the means,  

(a) (b) 
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Fig. 1. Scans of dodecylsulfate-polyacrylamide gels of non-EDTA-washed lamellar preparations, 
(a) FP fraction, (b) 10 000 × 9' fraction and (c) 180 000 :x:g fraction. Offscale absorbances for the 
following molecular weight peaks are in (a) 56 • 103:1.2 ,4; 23 - 103:1.86 ,4, (b) 23 - 103:1.96 A and 
(c) 54 • 103:3.0 ,4. See text. 
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Fig. 2. Scans of dodecylsulfate-polyacrylamide gels of EDTA-washed lamellar preparations (a) 
FP fraction, (b) 10 000 x g fraction and (c) 180 000 x g fraction. Offscale absorbances for the follow- 
ing molecular weight peaks are in (a) 23 - 103:2.1 A, (b) 23 • 103:1.8 A and (c) 60. 103:1.96 A; 54. 103: 
2.94 A. See text. 

rounded  to the nearest  kdal ton,  will be used with one exception. The peak at 56 
kdal tons in the FP and  10 000 × g  fractions will not  be strictly equated with the 54 
kdal ton  peak in the 180 0 0 0 × g  fractions (see below). 

For  the purpose of  this discussion it will be assumed that  all the polypeptides 
stain approximately equally regardless of their extend of migrat ion or amino  acid 



(a) (b) 

413 

o 

F-* 

(c) 
O'q" ©u3 

I O 2 A  

o 
o 

0 2  A 

0 2  A 

© cu e~ 

to LG 

Fig. 3. Scans o f  dodecylsulfale -po lyacry lamide gels o f  lamel lar  preparat ions which have been wash 
ed wi th  E D T A  and fur ther puri f ied on a buffered sucrose gradient, (a) FP fract ion,  (b) 10 000 × g 
f ract ion and (c) 180 000 × g f ract ion.  The offscale peak in (a) and (b) shows peak spl i t t ing wi th  peaks 
at 24 • 10 a and 23 • 10 a and having the fo l low ing  absorbances in (a) 24 • 103: 1.15; 23 • 10a: 1.15 A and 
(b) 24 • 10a: 1.06 A ;  23 • 10a: 1.22 A. I n  (c) the offscale absorbances at 60 - 10 a and 54 • 10 a are 1.5i 
and 1.35 A,  respectively. See text. 

composition though Fishbein [19] and Hoober [4] have shown these variables affect 
the intensity of staining. 

(i) French press fractions. A qualitative comparison for the composites of 
each fraction from all the data indicates that the major differences in polypeptide 
composition among the FP, 10 000×g, and 180 000×g fractions are quantitative 
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rather than qualitative (Figs 1-3). A quantitative comparison of  the FP and 10 000 × g 
and of  the FP and 180 000 × d  fractions isolated by a given procedure generally 
show the same similarities and differences irregardless of  the isolation procedure. 
The non-EDTA fractions show that the FP fraction contained more of a 56 kdaltons 
component  than did the 10 000 x g fraction. A scan of the 180 000 × g fraction shows 
the major band to be at 54 kdaltons, whereas the FP and 10 000 × 9 fractions have the 
greatest amount  of  polypeptide in the 25-20 kdalton range. The 180 000 x g fraction 
is also enriched in the 19 kdalton component  and depleted in the 30 kdalton compo- 
nent. The same general features are observed for the EDTA, and buffered gradient 
fractions. An exception is that, after EDTA washing, the differences in the high 
molecular weight region for the FP and 10 0 0 0 x g  fractions are eliminated, and 
there is some variability as to the major peak in this region for the 180 0 0 0 × g  frac- 
tions. However, some qualitative differences do exist between the FP (Figs la, 2a 
and 3a) and the 180000×9  fractions (Figs lc, 2c and 3c). The FP fraction contains 
polypeptides of  50 and 39 kdaltons and a component(s)  having an R m value greater 
than 0.9 which is lacking or partially masked in the 180 0 0 0 × 9  fraction. The 
180 0 0 0 × 9  fraction has polypeptides at 36 and 21 kdaltons and one (ox more) 
having an R m of  approx. 0.86 which are generally lacking in the FP and 10 0 0 0 x g  
fractions. It  should be noted, however, that the non-EDTA treated FP and 10 000 x ,q 
fractions (Figs la and lb)  do show a shoulder which might be attributed to the 36 
kdalton peak. Characteristic of  the 180 000 × g fractions is the presence of a peak at 
54 kdaltons which is compared in Table I to a peak at 56 kdaltons present in the FP 
and 10 000 x # fractions. The peak at 54 kdaltons in the 180 000 x g fractions probably 
represent two unresolved polypeptides. In several electrophoresis runs of  the EDTA 
-treated 180 000 × # fraction and buffered gradient 180 000 x.q fractions, two bands 
were observed visually but were not resolved by the gel scanner. 

Also, characteristic of  the 180 000 x #  fractions is the resolution of the peaks 
in the 25-20 kdalton range, when compared to the FP and 10 0 0 0 x 9  fractions. 
It  should be noted that in all the fractions there is some variability in the presence 
of  peaks at 25 and 24 kdaltons. It can be seen that other peaks are variable in their 
presence, particularly the 18 kdalton peak in the 180 000 × 9 fractions. 

Several features can be observed in the FP and 10 0 0 0 × 9  fractions with 
successive purification. The amount  of  the polypeptides in the 25-20 kdalton range 
progressively increases as does that in the 50-40 kdalton lange, and the amount  of  
the polypeptides in the 60-54 kdalton region generally decreases. The same results 
are observed more dramatically for the 180 0 0 0 × g  fractions particularly for the 
54 kdalton peak. Such comparisons are somewhat complicated by the fact that 
visually the gradient-purified fractions appear to take up less total stain (this was 
particularly evident in the D-II  fraction reported below). 

(ii) Analysis o f  supernatant.fractions obtained upon EDTA treatment. A compar- 
ison of supernatants from the EDTA-treated FP and 10 000 × g fractions (Figs 4a and 
4b) indicates that two peaks predominate and have molecular weights of approx. 
59 000 and 54000. These two fractions also have several other peaks in common 
at approx. 37, 30, and 23 kdaltons and one having an R m of approx. 0.853. The super- 
natant from EDTA-treatcd 180 0 0 0 × g  fraction (Fig. 4c) shows two predominate 
peaks, one having a molecular weight of  53 400 and one having an Rm of 0.867. 
The 30 kdalton component  is of  interest and is considered below. 
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Fig. 4. Scans o f  dodecylsul fate-polyacrylamide gels o f  supernatants from fractions, (a) FP fractions, 
(b) 10 000 × g fraction and (c) 180 000 × 9' fraction. Approximate  offscale absorbances,  determined 
by the use o f  a reduced amount  o f  protein per gel where necessary, for the fo l lowing weight peaks are 
in (a) 54.2 - 10a: 3.0 A, (b) 58.8 " 103:1.5 A, 54.8 • 103:2.2 A and (c) 53.4 • 103:8.0 A. N o t e  that the 
scans in (a) and (b) are for on ly  20/~g protein per gel. See text. 

(iii) Digitonin fraetionation of grana membranes. The extraction procedure 
as described under Methods,  when an E D T A  treatment is not  employed, yields 
fractions which are very similar to those o f  Arntzen et al. [13] on the basis o f  chloro- 
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phyll a to chlorophyll  b ratios, P700 content ,  percent chlorophyll  in the fractions,  
structure as seen by freeze-etching, and  photochemical  properties. Detailed results 
concerning these funct ions will be reported elsewhere (Nolan,  in preparat ion) .  
E D T A  washing of the 10 000 × g fraction does not  appear  to interfere with the digi- 
ton in  fract ionation.  The digi tonin derived fractions are designated D-1 (Photo-  
system I enriched) and  D-II  (Photosystem II enriched) fractions. 

As would be expected from the results presented above, the use of an E D T A  
-treated 10 000 × g fraction or buffered gradient  10 000 × g fraction did no t  have an 
effect on the staining pat tern  observed. The results for the use of a buffered gradient  
10 000 × g fraction for further f ract ionat ion are presented below in Table II and in 
Fig. 5. The molecular  weights used in Fig. 5 are the averages of the means given in 
Table I. 

TABLE 11 

CALCULATED WEIGHTS AND DESIGNATIONS, IN kDALTONS, OF POLYPEPTIDES 
OF VARIOUS GRANA PREPARATIONS AND FRACTIONS 

All preparations and fractions are derived from the EDTA-washed grana preparation and then sub- 
jected to further purification and fractionation. See text. 

EDTA-treated Gradient Dig- D-I D-II 
10 000 x g 10 000 x g 10 000 × g fraction fraction 
fraction fraction fraction 

Designation 

65.7 -- -- - 65.6 66 
59.3 59.5 60.4 60.2 60.4 60 
55.5 55.5 56.2 55.6 55.5 56 
49.2 49.3 49.4 50.0 49.7 50 
45.5 45.6 46.2 45.5 45.5 46 
41.3 41.2 41.8 42.0 41.5 41 
38.8 37.6 39.5 39.7 38.7 39 
34.4 -- 34.9 34.8 -- 35 
29.6 29.6 30.1 29.9 29.6 30 
25.1 24.7 25.4 25.3 25.2 25 
22.7 22.8 23.1 22.8 22.6 23 
19.1 19.1 19.7 19.5 19.2 19 
17.7 17.8 17.8 18.0 17.7 18 

i Average of the means in Table I. 

It  can be seen in Figs 5a, b and c that  the EDTA-t rea ted  10 000 x g fraction, 
gradient  10 000 x g fraction and  incuba t ion  mixture (Dig-10 000 × g  fraction) are 
essentially identical. It was essential that  the Dig-10  000 × g fraction (isolated by tri- 
chloroacetic acid precipi tat ion) was identical  to the E D T A  -treated 10 000 x g and  gra- 
dient  10 000 x g fractions since the D-1 fract ion could not  be pelleted and  was isolated 
by trichloroacetic acid precipitation.  

Table II  and  Figs 5d and 5e show that  there are no major  quali tative differ- 
ences (if any at all) between the D-1 and  D-II  fractions. A quanti ta t ive compar-  
ison of  the two fractions is somewhat  difficult since visually the D-II  fraction did 
no t  appear  to stain as intensely as the D-I  and  various 10 000 × g fractions. Note 
that  the scan of the D-II  fraction (Fig. 5e) is for 50/~g of protein rather than  the usual  
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40pg.  However, when the area under the curve was calculated, it was determined 
that the sum of the area under the D-1 and D-II  curves divided by two, equalled the 
area under the Dig-10 000 × g  fraction curve. The calculations were performed on 
traces of  samples which had been derived f rom an EDTA-treated l0 000 × g fraction 
and from a buffered gradient 1 0 0 0 0 × g  fraction and a similar observation was 
made in both cases. The major polypeptides in the D-1 fraction appear to be in the 
60-55 and 30-23 kdaltons ranges. Comparatively, the D-1 is enriched in polypeptides 
of 60, 56, 30 and 18 kdaltons and in a polypeptide(s) having a high Rm value. The 
D-II  is apparently enriched in components at 66, 25 and 23 kdaltons. 
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Fig. 5. Scans of dodecylsulfate-polyacrylamide gels of various grana preparations and fractions: 
(a) EDTA-washed grana preparation, (b) fraction in (a) after further purification on a buffered su- 
crose gradient, (c) fraction in (b) after incubation with digitonin ,(d) D-I fraction isolated from frac- 
tion in (b) after incubation with digitonin and (e) D-II fraction isolated from fraction in (b) after 
incubation with digitonin. Offscale absorbances for the following weight peaks are in (a) 23 • 103: 
2.28 A, (b) 23 • 103: 1.50A, (c) 23 • 103: 1.62A, (c) 60- 103:1.08 A; 30- 103:1.08 A; 23 - 103: 1.10A 
and (e) 23 • 103:1.35 A. Note that the scan in (e) is for 50/zg of protein applied to the gel. See text. 

DISCUSSION 

With the exception o f  the study by Klein and Vernon [7], only superficial 
comparisons  can be made with the data reported here to other investigations using 
at least partially lipid-depleted preparations. Lagout te  and Duran ton  [20] using 
thoroughly  lipid-extracted lamallae o f  Zea mays reported the major  polypeptide 
to have a M r o f  approx.  25 000 and the next most  abundant  to have a Mr of  approx. 
50 000. The data o f  Lagout te  and Duran ton  (see Fig. 2, ref. 20) indicates a doublet  
in the 50 kdalton range, which may represent subunits of  CF1 fraction, and the 25 
kdalton componen t  is undoubtedly  "structural  protein"J21].  Thus, it appears that 
for Zea, the polypeptides represented in greatest amount  are similar to those reported 
here for spinach. 

Levine et al. [22] using spinach have presented results for whole lamellae and 
for digitonin fractions derived by the method o f  Anderson  and Boardman [23] 
similar to those reported here. The whole lamellae showed the most  abundant  poly- 
peptides to be present in the 30-20 kdalton range and a large amount  in the 60-50 
kdal ton range. The digitonin-derived Photosys tem II  enriched fraction showed poly- 
peptides in the 30-20 kdal ton range to predominate  while in the Photosystem I fraction 
the polypeptides in the 60-50 kdalton range were the most  abundant .  It  would be 
expected, except for proteins possibly lost due to solubilization by digitonin, that  
the digitonin fractions would be identical to those reported here since Goodchi ld  and 
Park [24] have shown that  the initial action o f  digitonin is similar to that  o f  French 
pressure cell treatment. 
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Klein and Vernon [7] have studied the polypeptide composition of whole 
chloroplasts (hypotonically shocked and washed) and fragments of chloroplasts (not 
shocked and washed). Fragmentation was achieved by French pressure cell treatment 
and by the use of Triton X-100. Klein and Vernon [7] observed approximately 
14 polypeptides and assigned tentative designations to some of these on the basis 
of molecular weight. They obtained, by French pressure cell treatment, results 
very similar to those reported here. They have reported that the 10 000 × g fraction 
resembles very closely whole lamellae (FP fraction in this report), with the bulk 
of the polypeptide being "structural" [21] protein. Their 160 000×g fraction resem- 
bles very closely the 180 000xg fraction reported here, with the bulk of the poly- 
peptide being in the 60-50 kdalton range. Triton fractionation of chloroplasts 
yields two fractions designated TSF I fraction (Photosystem I fraction) and TSF II 
fraction (Photosystem II fraction). The polypeptide pattern of the TSF II fraction 
resembles that of the digitonin-derived Photosystem I! fraction (D-II fraction) 
reported here, with the bulk of the polypeptide being apparently structural protein. 
Although the origin of the TSF I fraction is unclear (i.e., whether from grana and/or 
stroma lamellae), it is not unlike that of the D-1 fraction and to a lesser degree the 
180 000 × g fraction reported here, with the major polypeptides being in the 60-50 
kdalton range. 

Several of the polypeptides observed in the supernatants from EDTA-treated 
fractions can be tentatively designated on the basis of their apparent molecular 
weight as representing polypeptides of known chloroplast enzymes. The peak at 
approx. 54 kdaltons seen in Fig. 4c is assumed to represent the large subunit of Fraction 
I protein [25, 26]. Chloroplast coupling factor (CF 1 fraction) is partially extracted 
from lamellae by EDTA washing [27] and has five subunits of approx. 59, 56, 37, 
17.5 and 13 kdaltons [28].The polypeptides in Figs 4a and 4b at approx. 59, 54 and 
37 kdaltons are tentatively designated as representing several of the subunits of 
CF1 fraction. In addition, Fig. 4b shows a shoulder at 17.7 kdaltons which perhaps 
represents another subunit of CF1 fraction. The occurrence of the peak at 54 kdalton 
(Figs 4a and 4b), rather than at 56 kdalton, probably is due to the failure to resolve 
polypeptides representing a subunit of CF1 fraction and the large subunit of Fraction I 
protein. The presence of Fraction I protein in Figs 4a and 4c may be in part due to its 
high molecular weight and the high centrifugal forces employed in isolating the 
fractions. However, Fig. 4b suggests that at least a portion is associated with the 
membranes and is released by EDTA treatment. It should be noted that in Fig. 4 
there is no evidence of the removal of CF 1 fraction by the EDTA treatment of the 
180 000 x g fraction. One peak of interest in Fig. 4 is that at approx. 30 kdaltons. 
The amount in which it is present in the supernatant from EDTA-treated 10 000 × 9 
fraction (Fig. 4b) suggests it is removed from the membranes by the EDTA treatment. 
Whether it represents a different polypeptide than that present in the membrane 
fractions or whether, as in the case of CF1 fraction, it is only partially extracted by 
the EDTA treatment is unknown. The peak having an approximate R m of 0.85-0.87 
in Fig. 4 probably represents several polypeptides since several chloroplast enzymes 
(soluble or known to be released by EDTA treatment) have polypeptides in the region 
of 14-10 kdaltons [25, 26, 28]. 

Though the considerable CF1 fraction present in EDq-A-washed 180 000 x g 
fraction (Fig. 2c) could be due to fractional centrifugation of the protein, it should 
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be noted that the buffered gradient 180 000 × g fraction still contains a large amount 
of  CF1 fraction (Fig. 3c). Only after the drastic treatment of isolating the fractions 
from an unbuffered gradient is the presence of CF1 fraction essentially eliminated 
from all fractions. Also of interest is the observation that the D-I fraction, which is 
Photosystem I in character as is the 180 0 0 0 x g  fraction, contains most of  the CF l 
fraction when compared to the D-II fraction. The results presented here indicate 
that there are two types of coupling factor designated either by chemical differences 
or by locational differences with respect to the membrane. It is known that only 
50-70 ~ of chloroplast coupling factor is removed from lamellae by EDTA treat- 
ment [27], indicating that the protein complex is located in different environments 
with respect to the membrane or that there is more than one type of coupling factor. 
In this regard it should be noted that Livne and Racker [29] have reported a second 
coupling factor (CF2 fraction) to be present in chloroplast. CF2 fraction has not been 
characterized, but the work of Anderson and McCarty [30] indicates that it might be 
associated with Photosystem I. Uribe [31 ] has suggested that the residual CF 1 fraction 
remaining after EDTA treatment may be in a lipophilic environment in the mem- 
brane. 

In conclusion, the results of experiments performed on chloroplasts fragmen- 
ted into grana lamellae (Photosystem II-enriched) and stroma lamellae (Photosystem I 
in character) by either the French pressure cell technique or by the Anderson and 
Boardman digitonin technique, indicate that relatively few qualitative and some 
quantitative differences exist between the fractions. Although the differences are 
not distinct or dramatic, the similarity of the fractions is perhaps not unexpected in 
view of the proposed nature of stroma lamellae [32, 33]. The results obtained upon 
further fractionation of grana lamellae using digitonin by the method of Arntzen 
et al. or the fractionation of chloroplasts using Triton, appear promising in our 
further understanding of the photosynthetic membrane. The results presented here 
on the polypeptide composition and the work of Allen et al. on the lipid composition 
indicate that small differences in composition account for large differences in struc- 
ture and function within the chloroplast membrane system. 
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