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1. Introduction 

Recently much information has become available 
concerning the polypeptide composition of chloro- 
plast thylakoid membranes from many sources using 
different sodium dodecyl sulfate (SDS)-acrylamide-gel 
electrophoresis systems [ 1,2] . From all electro- 
phoretical resolved membrane polypeptides only the 
pigment-protein complexes I and II [ 1,2] and the 
LY and fl subunits of CFr [3] have been clearly 
identified in the polypeptide profiles. The nature of 
the other polypeptides which are subunits of associated 
proteins [4] is questionable. If the gel electrophoresis 
is used as a tool in the study of structure-function 
relationships of photosynthetic membranes their 
identification becomes necessary. 

This paper presents data on the characterization of 
purified cytochrome f and coupling factor (CFr ). For 
the identification of the polypeptides of these proteins 
in the membrane polypeptide spectra their electro- 
phoretic mobilities were examined after separation on 
two different gel systems. It was found that four 
subunits of CFr (u.J,-y,e) and the subunit of cyto- 
chrome fare equivalent to distinct peaks in the 
membrane polypeptide profiles. 

2. Material and methods 

2.1. Extraction and putification of coupling factor 
( CFI ) and cy tochrome f 

Envelope- and stroma-free chloroplast thylakoid 
membranes from Vicia faba were purified by the 
procedure as described before [ 51. 

The CFr was extracted with 1 mM EDTA, pH 8.0, 
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and purified in two steps. Step 1: to 1 litre of EDTA 
extract were added 10 ml of 1 M Tris-HCl, pH 8.0, 
and ATP to a final concentration of 0.1 mM. After 
short incubation the protein was precipitated at room 
temperature by slow addition of solid ammonium 
sulfate to a final concentration of 2 M. The precipi- 

tate was collected by centrifugation (20 000 X g, 
20 min) redissolved in 5 mM Tris-HCl, pH 8.0, and 
dialyzed again. Step 2: the protein solution was 
applied to a DEAE (52)-cellulose column (2.5 X 35 
cm) which had been equilibrated with 5 mM Tris- 
HCl, pH 8.0, containing additionally 0.1 M NaCl and 
0.1 mM ATP. The CF, was eluted in two peaks 
between 0.2 and 0.3 M by a linear gradient from 
0.1-0.3 M NaCl. 

Cytochrome f was purified together with cyto- 
chrome b5s9 by the procedure as described by 
Garewal et al. [6]. The cytochromes were stabilized 
by addition of 5 mM dithioerythreitol to all solutions. 
The protein solutions were concentrated using a 
Amicon ultrafiltration chamber and an XM-100 
Diaflo membrane instead dry Sephadex G-25. 

2.2. Analytical methods 

The polypeptide composition of the membranes 
and of the pure proteins was analyzed by acrylamide- 
gel electrophoresis in the presence of 0.1% SDS [7]. 
Gel slabs (7 X 0.3 X 10 cm) were prepared in cuvettes 
from Ortec (type 4214) and consisted of either 11% 
acrylamide (gel system I) or 11% acrylamide contain- 
ing additionally 5 M urea (gel system II) as described 
previously [4] . 

Thylakoid membranes were disintegrated and 
membrane proteins dissociated to their subunits with 
30 mM Na-borate-HCl, pH 8.9, containing 1% SDS. 
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For mol. wt analysis 1% /I-mercaptoethanol was added 
to the samples and heated at 100°C for 2 nin prior to 
electrophoresis. Reference proteins (bovine serum 

albumin, catalase, ovalbumin, aldolase, chymotryp- 
sinogen A, myoglobin and cytochrome c) were 
carboxymethylated with iodacetamide [8]. 

Amino acid analysis [9], ordinary gel electropho- 
resis [lo] and crossed immunoelectrophoresis [ 111 
were performed as described. 

Immunization of rabbits with pure CF, was carried 
out by subcutaneous injection of 1 mg of protein 
emulsified with Freunds complete adjuvant (Difco). 
The procedure was repeated 4 weeks later. Blood was 
taken from the ear vein. 

Fig.1. Crossed immunoelectrophoresis of pure CF, (A) and a Cysteine, methionine and tryptophan were not determined. 
EDTA extract (B) using an anti-CF, serum. The samples are The values were obtained by calculation from 24 and 48 h 
run in parallel in the electrophoresis. hydrolyses. 

3. Results and discussion 

3.1. Characterization of the purified proteins 
Both CFr containing fractions obtained by 

DEAE-cellulose chromatography were electro- 
phoretically separated in a fast-moving main band and 

a slow-moving small band by the use of 6% acryl- 
amide gels. These components show Ca”-ATPase 
activity after activation with 5 mM dithioerythreitol 
in 50 mM Tris-HCl, pH 8.0 [ 121. Antibodies against 
the electrophorized protein preparation gave only one 
precipitation arc with pure CFr or EDTA extracts in 
the crossed immunoelectrophoresis (fig.1). X-ray 
small-angle scattering measurements showed the 
enzyme to be pure and present as the monomer in 
solution at room temperature during more than 30 h 
(manuscript in preparation). 

On the base of the amino acid composition (table 1) 
the mol. wt of CFr from Vicia faba was determined 
to be 279 000 (unpublished) by the numerical 
mathematical method of Katz [ 131. The value is in 
agreement with data obtained by analytical ultra- 
centrifugation [ 14,151 and by the X-ray measurements 
(unpublished). 

Table 1 
Amino acid composition of the coupling factor (CF, ) from 

Vicia faba 

Amino acid 

Aspartic acid 
Threonine 
Serine 
Glutamic acid 
Proline 
Glycine 
Alanine 
Valine 
Isoleucine 
Leucine 
Tyrosine 
Phenylalanine 
Lysine 
Histidine 
Arginine 

g Amino acid/100 g substance 

8.29 
6.14 
4.94 

13.94 
3.55 
4.65 
5.91 
6.41 
6.89 
9.84 
3.86 
3.14 
4.74 
0.60 
7.10 

90.60a 
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It was found by using the SDS-gel electrophoresis 
[3,16,17] that the CFr is composed of 5 subunits 
(o.J,r,& ,E). In agreement with the spinach coupling 
factor [3,16,17] the mobilities of the three large 
subunits correspond to mol. wts of 59 000 ((Y), 
55 000 @I) and 37 000 (r). The two minor subunits 
were found to have mol. wts of 21 000 and 14 000 
(fig.2c). The results correspond with an earlier 
observation [3]. When the samples of CFr were run 
without prior reduction of the interchain disulfide 
bonds with /I-mercaptoethanol the 37 000 poly- 
peptide splits into two bands. The fast-moving 
component (mol. wt 35 000) represents an oxidized 
form of the polypeptide. 

Cytochrome f from Vicia faba extracted and 
purified by the Triton X-l 00-urea procedure [6] 
shows the same absorption spectrum as reported for 

the spinach protein [18] with maxima at 553.5, 
531,522,420,328,284 and 278 nm (reduced form, 
absorbance ratio &,,:Az,~ between 0.9 and 1 .O for 
3 preparations). For cytochrome f mol. wts between 
3 1 000 and 34 000 have been determined by using 

SDS-gel electrophoresis [ 18-201. Our preparations 
were found to consist of one polypeptide which has 
a mol. wt of 31 000 (fig.2d). 

3.2. Identification of the polypeptides in the spectra 
Nearly 25 membrane polypeptides could be 

separated on 11% acrylamide gels (gel system I) using 
a SDS-Na-borate-HCl buffer system (fig.2a, b). 
Machold and Aurich [21] have numerated the poly- 
peptides in the electropherograms by consecutive 
letters beginning from the high-mol. wt region as shown 
in fig.2. The peaks B and Br had been identified 

Fig.2. Densitograms of the thylakoid membrane polypeptides (a,b) of the CF, polypeptides (c) and of the polypeptide of 
cytochromef(d) obtained on gel system I. Membranes and purified proteins were disintegrated with SDS as described. Without 
reduction with p-mercaptoethanol the polypeptides of the membranes is shown in curve a. 
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before [5,21] to be the pigment-protein complex I. 
Their protein moiety could not be resolved electro- 
phoretically after heating the polypeptide mixture in 
presence of fi-mercaptoethanol (fig.2b). The poly- 
peptide area from Mr to M4 is consistent with 
pigment-protein complex II but contains other 
distinct polypeptides resolvable by two-dimensional 
gel electrophoresis (manuscript in preparation). To 
identify the other polypeptides by comparison of the 
electrophoretic mobilities both the coupling factor 
and cytochrome f were used as marker proteins and 
separated under the same conditions as the membrane 
polypeptide mixture. 

In the membrane polypeptide spectra obtained on 
gel system I the three large subunits of coupling 

factor are equivalent to the peaks E (o), F (p) and 
H/I (y) (see fig.2a, d). As reported previously [5] 
peak I could be quantitatively transformed into peak 
H by heat treatment in the presence of /I-mercapto- 
ethanol (fig2a,b). Of the small CF, polypeptides 
only the e subunit could be identified. It is equivalent 
to peak Q. By densitometric studies it was found that 
the ratio between this polypeptide and the subunit 
CY and /3 are the same in the purified CFr as in the 

membrane polypeptide mixture. This shows that no 
loss of this subunit occurs during the purification of 
the protein. 

In contrast to the polypeptides of the other two 

chloroplast cytochromes b ss9 and b 56~ which migrate 
near to the front during electrophoresis (unpublished) 

1 

J a 

, - 

Fig.3. Densitograms of the thylakoid membrane polypeptides (a,b) of the CF, polypeptides (c) and of the polypeptide of 
cytochromef(d) obtained on gel system II. The preparation of the samples was the same as in fig.2. 
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cytochrome f could be identified as peak J. A similar 
result was reported by Eaglesham and Ellis [22]. 
However, they could not identify the cytochrome as 
a distinct peak in their spectrum. The present finding 
is in contrast to the data of Nelson and Racker [20] 
who believe a fast-moving main polypeptide (probably 
K in our spectrum) to be cytochrome f. 
An improvement of electrophoretic resolution 

especially for polypeptides with mol. wts < 25 000 

was obtained on 11% acrylamide gels containing 
additionally 5 M urea [4]. Additional bands become 
visible compared with gel system I. For this reason 
we have enumerated the bands by consecutive numbers 
beginning from the high-mol. wt region (fig.3a,b). 
As described previously [4] the peaks 1 and 2 are 
consistent with pigment-protein complex I and the 
peaks 12 and 13 with the polypeptides II, and IIb of 
pigment-protein complex II. Using gel system II for 
mol. wt calculation the (Y, 0, y and 6 subunits of CFr 

were found to have the same values as determined on 
gel system I. For the E polypeptide a mol. wt of 
16 000 was found. In the membrane polypeptide 
profile the ~1 and /3 subunits of CFr are equivalent to 
the peaks 3 and 4. Without reduction of the disulfide 

bonds the y subunit shows the same mobility like 
peak 9. After reduction with /?-mercaptoethanol the 
y subunit splits into the two polypeptide components 
8 and 9. The remaining part of polypeptide 9 could 
not be transformed in the slow-moving polypeptide 
by further reduction or by carboxymethylation. Using 
gel system II it was not possible to identify the two 
small CF, subunits in the spectrum. 

Cytochrome f was found to have a slower mobility 
(mol. wt 38 000) than the y subunit of CFr in contrast 
to the results obtained on gel system I. A possible 
explanation for this behaviour could be that urea and 

SDS compete under these conditions for the binding 
sites at the polypeptide chain leading to a loss of 
charge and a lower electrophoretic mobility. This 
behaviour may be caused by the high content of 
polar amino acids in cytochrome f [20]. 

Table 2 shows all peaks identified up to now in 
both gel systems used for the electrophoretical 
separation of thylakoid membrane polypeptides. 

Finally it can be concluded that in the polypeptide 
spectra of purified thylakoid membranes all subunits 
of coupling factor of photophosphorylation and the 
polypeptide subunit of cytochrome f are present. 

Table 2 
Identified polypeptides in the spectra obtained on 

the gel systems I and II 

Protein 
Gelsystem I 
peak termed 

Gelsystem II 
peak termed 

Pigment-protein 
complex 1 B, B, 1, 2 

Pigment-protein 
complex II M-area 12,13 

Coupling factor: 
o-subunit E 3 
&subunit F 4 
-r-subunit I, H 8, 9 
e-subunit Q - 

Cytochrome f J 7 

Acknowledgements 

I thank Drs R. Manteuffel for the immunological 
investigations, A. Rudolph for amino acid analysis 
and A. Meister for the computer calculation of the 
mol. wt of CF, , The excellent technical assistance 
of Miss Angela Hecht is gratefully acknowledged. 

References 

Ill 

I21 

[31 

141 

[51 

161 

171 

181 

[91 

Anderson, J. M. (1975) Biochim. Biophys. Acta 416, 
191-235. 
Thornber, J. P. (1975) Ann. Rev. Plant Physiol. 26, 
127-156. 
McEvoy, F. A. and Lynn, W. S. (1973) Arch. Biochem. 
Biophys. 156, 335-341. 
Siiss, K.-H., Schmidt, 0. and Machold, 0. (1976) 
Biochim. Biophys. Acta (in press). 
Machold, 0. (1974) Biochem. Physiol. Pflanzen 166, 
1499162. 
Garewal, H. S., Singh, J. and Wasserman, A. R. (197 1) 
Biochem. Biophys. Res. Commun. 44, 1300-l 305. 
Machold, 0. (197 1) Biochim. Biophys. Acta 138, 
324-331. 
Weber, K., Pringle, J. R. and Osborn, M. (1972) in: 
Methods in Enzymology (Colowik, S. P. and Kaplan, 
N. O., eds) Vol. 26 (C), pp. 3-27, Academic Press, 
New York and London. 
Spackman, D. H., Stein, W. H. and Moore, S. (1958) 
Analyt. Chemistry 30, 1190- 1206. 

195 



Volume 70, number 1 FEBS LETTERS November 1976 

[lo] Davis, B. J. (1964) Ann. N.Y. Acad. Sci. 121,404-427. [ 171 Nelson, N., Deters, D. W., Nelson, H. and Racker, E. 
[ll] Laurell, C-B. (1965) Analyt. Biochem. 10, 358-361. (1973) J. Biol. Chem. 248, 2049-2055. 
[ 121 Horak, A. and Hill, R. D. (1971) Plant Physiol. 49, [ 181 Singh, J. and Wasserman, A. R. (1971) J. Biol. Chem. 

365-370. 246,3532-3541. 
[13] Katz, E. P. (1968) Analyt. Biochem. 25,417-431. 
[14] Lynn, W. S. and Straub, K. D. (1969) Biochemistry 8, 

4789-4793. 

[19] Klein, S. M. and Vernon, L. P. (1974) Photochem. 
Photobiol. 19,43-49. 

[15] Girault, G., Galmiche, J. M., Michel-Villaz, M. and 
Thiery, J. (1973) Eur. J. Biochem. 38,473-481. 

[ 161 Berzborn, R. J. (1972) Hoppe-Seyler’s 2. Physiol. Chem. 
353. 693. 

[20] Nelson, N. and Racker, E. (1972) J. Biol. Chem. 247, 
3848-3853. 

[21] Machold, 0. and Aurich, 0. (1972) Biochim. Biophys. 
Acta 281, 103-112. 

[22] Eaglesham, A. R. J. and Ellis, R. 3. (1974) Biochim. 
Biophys. Acta 335, 396-407. 

196 


