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Isolation and identification of a fourth subunit in the 
membrane part of the chloroplast ATP-synthase 
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The subunit composition of highly active purified ATP-synthase from chloroplasts, CFoF 1, was investigated 
by SDS gel electrophoresis. An additional subunit of CF o was detected with an apparent molecular mass 
of 20 kDa. It is stained weakly with Coomassie blue but very strongly with silver. This subunit was isolated 
on a preparative SDS gel and the N-terminal amino acid sequence analyzed. It shows that the 20 kDa pro- 
tein is identical with the protein encoded by the spinach chloroplast gene atpI, called subunit IV [(1986) 
Mol. Genet. 203, 117-128]. However, in comparison to the gene-derived sequence, the first 18 amino acids 

are missing, indicating N-terminal processing. 

Chloroplast; ATP-synthase; CFoF~; CF o subunit; Amino acid sequence 

1. I N T R O D U C T I O N  

The membrane -bound  ATP-synthase f rom 
chloroplasts, CFoF1, catalyzes A T P  synthesis/ 
hydrolysis coupled with a t ransmembrane proton 
transport.  Like other ATP-synthases of  the FoF1 
type, it has a hydrophilic part ,  CFh  which contains 
the nucleotide-binding sites and a hydrophobic 
part ,  CFo, which is inserted into the membrane  and 
is supposed to act as a proton channel. General 
agreement has been reached as to the subunit com- 
position of  CF1 (a~ ,7 ,~ ,e )  (reviews [1,2]). The 
subunit composit ion of  CFo has not been clarified 
as yet: either three [3-7] or four [7-10] subunits 
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have been reported with apparent  molecular 
masses in the range of  15 kDa for I, 13 kDa for II, 
8 kDa for I I I ,  and, in some reports, 19 kDa for a 
fourth subunit. Recently, the nucleotide sequence 
of  a 4 kb piece of  the spinach plastid chromosome 
was analyzed and an amino acid sequence 
homologous to subunit a of  the E. coli Fo was 
found [11]. 

During the last years CFoF1 has been isolated, 
purified, and reconstituted into asolectin lipo- 
somes [7,12]. These preparations show high rates 
of  ATP synthesis (200 -1 [13]) and A T P  hydrolysis 
(20 s -1 [14]); i.e. this enzyme has practically the 
same activity as in the thylakoid membrane.  Here,  
we have used this highly active enzyme to in- 
vestigate the subunit composi ton of  CF0. 

2. MATERIALS AND M E T H O D S  

CFoF1 was isolated as in [7] with the modifica- 
tion described in [15]. SDS gel electrophoresis of  
CFoF1 (for analytical and preparative gels) was car- 
ried out basically as described [16,17]. The stack- 
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ing gel contained 3.75°70 polyacrylamide and the 
separation gel 15070 polyacrylamide. SDS concen- 
tration was 0.1 070. The staining solution contained 
1 g/l Coomassie blue R250 in 25070 (v/v) methanol, 
7.5070 (v/v) acetic acid. The gel was stained for 1 h 
at room temperature and then destained with 7.5070 
acetic acid for 24 h. Silver staining of  the gel was 
carried out as described by Oakley et al. [18]. 

Preparative SDS gel electrophoresis was carried 
out as follows: 3.3 nmol CFoF1 was layered on the 
top of  the gel and electrophoresis run for 5 h at a 
constant voltage of  150 V. The protein bands were 
made visible by incubation of  the gel for 10 min in 
4 M sodium acetate. The protein band at 20 kDa 
was cut out and dialysed for 12 h against 62 mM 
Tris-C1 (pH 7.8), 10070 glycerol and 0.1070 
mercaptoethanol as described by Irrgang et al. 
[23]. Electroelution was carried out for 18 h at 
20°C and 7.5 mA, and thereafter the protein was 
dialysed against 1.0 I of  0.1070 SDS for 48 h with 5 
changes of  buffer.  The solution was then freeze- 
dried in aliquots. 

For all dialysis steps and electroelution, ben- 
zylated cellulose tubing (cut-off 2.0 kDa, Sigma D 
7884) was used. The membrane was heated to 
100°C in 0.1 M EDTA for 1 h before use. N- 
terminal amino acid sequencing was performed by 
automated solid-phase Edman degradation. 
1-2 nmol of  the 20 kDa protein was coupled to 
aminopropyl glass via 1,4-phenylene diisocyanate 
using the on-column immobilisation technique 
[19]. Sequence determinations were performed by 
the double coupling method using 4-N,N-di- 
methylaminoazobenzene 4'-isothiocyanate and 
phenylisothiocyanate [20]. 4-N,N-Dimethylamino- 
azobenzene 4'-thiohydantoins were identified by 
two-dimensional thin-layer chromatography on 
polyamide [21] and, in addition, by HPLC on a 
reversed-phase column eluted with a methanol gra- 
dient [22]. For the first coupling step, phenyliso- 
thiocyanate was used exclusively to mask the 
support matrix and minimize background in- 
terference in the next cycles. The N-terminal 
residue was therefore not identified. 

3. RESULTS 

In fig.l ,  lanes 2 and 3 show the Coomassie- 
stained SDS gel of  CFoF1 and CFI, respectively. In 
addition to the bands labeled I, II and III, a weak, 

Fig. 1. SDS gel electrophoresis of the purified chloroplast 
ATP-synthase, CFoF~. Lanes: 1, molecular mass stan- 
dards stained with Coomassie blue; 2, CFI stained with 
Coomassie blue (10/~g protein); 3, CFoF~ stained with 
Coomassie blue (30/zg protein); 4, CFoF~ stained with 
silver (30/~g protein); 5, the isolated 20 kDa band (sub- 
unit IV) stained with silver ( -  1/zg protein). For further 

details see section 2 and text. 

diffuse band IV is observed with an apparent 
molecular mass of  20 kDa. Such a band has also 
been observed by others. However, because it ap- 
pears to be so weak, it could not be excluded that 
this band represents an impurity in the prepara- 
tion. In fig. 1, lane 4 shows a gel of  the same CFoF1 
preparation after silver staining. Obviously, the 
same bands are observed; however, some proteins 
(o~,~',yfi,I,II) are negatively stained (white) and 
some (e,III) positively stained (black). The band at 
20 kDa is also positively stained and has now 
become the most intensely stained one. This seems 
to indicate that it is not an impurity. Therefore, we 
have isolated this band for further characterization 
as described in section 2. 

An aliquot from the freeze-dried preparation 
after isolation was taken for analytical SDS gel 
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CHEM,ANALYSIS ~XVEVGQHFYWID~GG 
SPINACH MNVL SYSINPLKGLYAISGVEVGQHFYWQIGG 
PEA MNVLLCY INTLNRIYDISAVEVGQHFYWQIGD 

~Q) . . . . .  

FQHDKALITSWFFIAILLGSAAIAV RSPQTI 
FQ Qv LITSWVVIAILLIST ILVNRNPQTI 

PTGGQNFFEYVLEF RDVSKTQIGEEYRPWVP 
PTSGQNFE YVLEFIRDVSKTQIGEEYGPWVP 

FIGTMFLFIFVSNWSGALLPWKIIGLPHG LA 
FIGTLFLFIFVSNWSEALLPWKIIKLPHGELA 

APTNDINTTVALALLASVAYFYAGLTKKGLGY 
APTNO]NTTVALALLTSVAYFYAGISKKGLAY 

FGKYIQPTPILLPINI EDFTKPLSLSFRLFG 
FGKYIQPTPILLPINILEDFTKPLSLSFRLFG 

NILA ELVVVVLVSLVPLVVPIPVMFLGL TS 
NILADELVVVVLVSLVPLVVPIPVMFLGLFTS 

GIQALIFATLAAAYIGDSLDGHH 
GIQALIFATLAAAYIGESMEGHH 

Fig.2. Comparison of amino acid sequence of subunit IV 
deduced from the DNA sequence of spinach chloroplasts 
[111 and pea chloroplasts [24]. At the top the amino acid 
sequence resulting from protein-chemical analysis is 

shown. 

electrophoresis in order to check the purity of  the 
isolated subunit. Fig.1 (lane 5) shows the silver- 
stained gel. The isolated protein was pure. By com- 
paring the integrated peak of  a densitometer scan 
of  the isolated subunit IV with the corresponding 
peak from the total CFoF1 (30/zg), the yield of  the 
isolated subunit could be calculated. About 50% 
of  the theoretical value was found. The main losses 
are presumably due to incomplete electroelution. 

The isolated protein was subjected to N-terminal 
amino acid sequence analysis. The following se- 
quence was determined: 

1 5 10 
X-Val-Glu-Val-Gly-Gln-His-Phe-Tyr-Trp-(Gln)- 

15 
X-Gly-Gly-Phe-(Gln).. .  

In position 6 and 10 peaks corresponding to the 
amino acid Asn were observed in about equivalent 
concentrations; without further studies, however, 
it is premature to decide at present if true amino 
acid dimorphism or only artifacts of  unknown 
origin are encountered. Comparison of  the deter- 
mined amino acid sequence with that of  subunit IV 
deduced from spinach and pea chloroplast DNA 
sequences [11,24] shows complete identity (fig.2). 
This means that the 20 kDa protein is a product of  
the chloroplast gene atpI called 'subunit IV' [11]. 

The protein-chemical data imply, however, proteo- 
lytic removal of  the first. 

4. DISCUSSION 

It is shown here that,  in highly active CFoF~ 
preparations, in addition to the well-established 
subunits (oe,fl,7,~,E,I,II,III) a ninth subunit is also 
present which shows on SDS gel an apparent 
molecular mass of  20 kDa. We have isolated this 
protein and subjected it to partial amino acid se- 
quence analysis from the N-terminus. The deter- 
mination of  a 15 amino acid sequence allows the 
unequivocal identification of  this protein as the 
gene product of  the plastid gene atpI, which is 
homologous to subunit a f rom E. coli Fo; however, 
the first 18 amino acids are missing. This implies 
posttranslational processing by cleavage of  a 
Ser-Gly bond. 

N-terminal processing of  the plastid proteins like 
the one observed in this study has been described 
recently for other polypeptides of  the photosyn- 
thetic apparatus such as the 18 and 23 kDa pro- 
teins in the photosynthetic oxygen-evolving 
complex [25,26]. Furthermore,  it should be men- 
tioned that when the N-terminal amino acid se- 
quence of  subunit I from CF0 is compared to the 
sequence deduced from the plastid DNA, the first 
17 amino acids are missing. This implies that also 
in this case a processing occurs (with cleavage be- 
tween alanine and glycine [10,11,27]). 

The physiological role of  these proteolytic 
phenomena is not yet known. It can be argued, 
however, that processing might be required for the 
assembly or functional integrity of  the whole com- 
plex, for instance for the correct insertion of  sub- 
units I and IV into the thylakoid membrane during 
the formation of  CFoF1. 

The isolated subunit IV runs on SDS gels at an 
apparent size of  20 kDa, whereas the molecular 
mass of  the processed gene product should be 
25 kDa. Presumably, this is due to the fact that on 
SDS gels molecular masses of hydrophobic pro- 
teins are frequently underestimated [28-30]. Alter- 
natively, the lower molecular mass could also be 
explained by additional C-terminal processing, 
which has been demonstrated for the 32 kDa pro- 
tein (herbicide binding) of  photosystem II [31]. 
This would be a problem for further investiga- 
tions. 
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It has been proposed that subunit a f rom E. coli 
plays an important  role in the coupling of  proton 
transport  to ATP  synthesis/hydrolysis [32,33]. 
Since the mechanism of  chemiosmotic ATP  syn- 
thesis/hydrolysis appears to be similar in all FoF~ 
type ATP-synthases,  the presence of  subunit IV in 
CFoF1 as a homologue of  subunit a o f  E. coli FoF~ 
is a very welcome result. 

A C K N O W L E D G E M E N T S  

The expert technical assistance of Ms G. Haesel- 
barth and helpful discussions with Drs G. Hauska  
and N. Nelson are gratefully acknowledged. This 
work has been supported by the Deutsche 
Forschungsgemeinschaft (Sfb 312). 

REFERENCES 

[1] Nelson, N. (1982) in: Electron Transport and 
Photophosphorylation (Barber, J. ed.) pp. 81-104, 
Elsevier, Amsterdam, New York. 

[2] Strotmann, H. and Bickel-Sandk6tter, S. (1984) 
Annu. Rev. Plant Physiol. 35, 97-120. 

[3] Nelson, N. (1980) Ann. NY Acad. Sci. 358, 25-35. 
[4] Nelson, N., Eytan, E., Notsani, B., Sigrist, H., 

Sigrist-Nelson, K. and Gitler, C. (1977) Proc. Natl. 
Acad. Sci. USA 74, 2375-2378. 

[5] Siil3, K.H. and Schmidt, O. (1982) FEBS Lett. 144, 
213-218. 

[6] Kondrashin, A.A., Kandrach, A. and Racker, E. 
(1985) Biokhimiya 50, 733-743. 

[7] Pick, U. and Racker, E. (1979) J. Biol. Chem. 254, 
2793-2799. 

[8] Gr~iber, P., R6gner, M., Samoray, D. and Hauska, 
H. (1984) in: Advances in Photosynthesis Research 
(Sybesma, C. ed.) pp. I1.5.427-430, Nijhoff, The 
Hague. 

[9] Herrmann, R.G., Westhoff, P., Alt, J., Winter, 
P., Bisanz, C., Sears, B.B., Nelson, N., Hurt, E., 
Hauska, G., Viebrock, A. and Sebald, W. (1983) 
in: Structure and Function of Plant (Cifferi, O. and 
Dure, L. eds) pp. 143-154, Plenum, New York. 

[10] Westhoff, P., Alt, J., Nelson, N. and Herrmann, 
R.G. (1985) Mol. Gen. Genet. 199, 290-299. 

[11] Hennig, J. and Herrmann, R.G. (1986) Mol. Gen. 
Genet. 203, 117-128. 

[12] Schmidt, G. and Gr/iber, P. (1985) Biochim. Bio- 
phys. Acta 808, 46-52. 

[13] Schmidt, G. and Gr~iber, P. (1987) Biochim. Bio- 
phys. Acta 890, 392-394. 

[14] Schmidt, G. and Gr~iber, P. (1987) Z. Naturforsch. 
42c, 231-236. 

[15] Fromme, P. and Gr~iber, P. (1987) Biochim. Bio- 
phys. Acta, in press. 

[16] Weber, K. and Osborn, M. (1969) J. Biol. Chem. 
244, 4406-4412. 

[17] Nelson, N., Deters, D.W., Nelson, H. and Racker, 
E. (1973) J. Biol. Chem. 248, 2049-2055. 

[18] Oakley, B.R., Kirsch, D.R. and Morris, N.R. 
(1980) Anal. Biochem. 105, 361-363. 

[19] Salnikow, J. (1986) in" Advanced Methods in 
Protein Microsequence Analysis (Wittmann- 
Liebold, B. et al. eds) pp. 108-116, Springer, 
Berlin. 

[20] Salnikow, J., Lehmann, A. and Wittmann- 
Liebold, B. (1981)Anal. Biochem. 117, 433-442. 

[21] Chang, J.-Y., Brauer, D. and Wittmann-Liebold, 
B. (1978) FEBS Lett. 93, 205-214. 

[22] Chang, J.-Y., Lehmann, A. and Wittmann- 
Liebold, B. (1980) Anal. Biochem. 102, 380-383. 

[23] Irrgang, K., Kreutzfeldt, C. and Lochmann, E. 
(1985) J. Biol. Chem. 366, 387-394. 

[24] Cozens, A.L., Walker, J.E., Phillips, A.L., 
Muttly, A.K. and Gray, J.C. (1986) EMBO J. 5, 
217-222. 

[25] Kuwabara, T., Murata, T., Miyao, M. and 
Murata, N. (1986) Biochim. Biophys. Acta 850, 
146-155. 

[26] Vater, J., Salnikow, J. and Jansson, C. (1986) 
FEBS Lett. 203, 230-234. 

[27] Bird, C.R., Koller, B., Auffret, A.D., Muttly, 
A.K., Howe, C.J., Dyer, T.A. and Gray, J.C. 
(1985) EMBO J. 4, 1381-1388. 

[28] Morris, J. and Herrmann, R.G. (1984) Nucleic 
Acids Res. 12, 2837-2850. 

[29] Senior, A.E. (1983) Biochim. Biophys. Acta 726, 
81-95. 

[30] R6gner, M. and Gr/iber, P. (1986) J. Biochem. 99, 
993-1003. 

[31] Marder, J.B., Goloubinoff, P. and Edelmann, M. 
(1984) J. Biol. Chem. 259, 3900-3908. 

[32] Kanazawa, H., Noumi, T.T. and Futai, M. (1984) 
J. Bacteriol. 158, 300-306. 

[33] Cox, G.B., Fimmel, A.L., Gibson, F. and Hatch, 
L. (1986) Biochim. Biophys. Acta 849, 62-69. 

30 


