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1. Introduction 

ATP synthetase (FeF,), the key enzyme in oxida- 
tive as well as in photophosphorylation, has been iso- 
lated and characterized from various sources [I]. In 
all cases, the enzyme complex is composed of two 
structurally-distinct entities. The Fi-part carries the 
catalytic centers of the enzyme, whereas the mem- 

brane-integrated Fe moiety is thought to form a pro- 
ton channel. 

One of the polypeptides belonging to the Fe-part is 
known to bind covalently the specific inhibitor dicy- 

clohexylcarbodiimide (DCCD); this DCCD-reactive 
protein has been isolated and well characterized from 
different organisms [2-6] as well as from a purified 

ATP synthetase preparation [7]. 
As a facultative photosynthetic bacterium Rhodo- 

spirillum rubrum is capable of both photohetero- 

trophic and aerobic growth. In the first case the bac- 
terium develops chromatophores, containing an 

ATPase complex, isolated and characterized in 
[&lo]. Like FeF, preparations from other sources, 
it translocates protons and is capable of synthesizing 
ATP in the presence of bacteriorhodopsin [ 1 l] when 

incorporated into liposomes. The question arises 
whether the same ATPase complex takes part in oxi- 
dative phosphorylation when the bacterium is grown 

under aerobic conditions. In [12--l 41 evidence has 
been obtained that the F, moieties, isolated from 
both dark-grown and photosynthetically-grown cells 
of Rhodopseudomonas capsulata are identical. 

Here, we report that the DCCD-reactive protein 
from R. rubrum grown in the dark is identical to that 
grown in the light. This suggests that also the F, parts 
from both ATPase complexes are identical. We also 
report that the R. rubrum protein, in contrast to all 
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other DCCD-binding proteins isolated so far [2] con- 

tains tryptophan. 

2. Materials and methods 

Rhodospirillum rubrum FR 1 cells were grown 

under photoheterotrophic conditions as in [ 151. Aer- 
obic cells were a generous gift from Dr J. Oelze 

(Freiburg). Chromatophores were prepared by ultra- 
sonication as in [ 151. Cytoplasmic membranes from 

aerobic cells were prepared as in [ 161. The ATPase 
complex was purified from chromatophores as in [9]. 

For labeling with [ 14C]DCCD, chromatophores or 
membrane vesicles were incubated in 0.2 M glycyl- 

glycine (pH 7.5) 50% glycerol, 2 mM dithiothreitol, 
5 mM MgS04, at 9 mg protein/ml with 100 I.IM [‘“Cl- 
DCCD for 24 h at 0°C. After centrifugation the vesi- 
cles were washed twice with 10 mM glycylglycine 

(pH 7.5). In the case of whole cells or membranes the 
DCCDreactive protein was isolated as in [ 171. When 
the purified ATPase complex was used as starting 
material, the protein was isolated according to [7]. 

Amino acid analysis was performed as in [ 171. 
Protein was determined as in [ 181. For protein dis- 
solved in organic solvents a modification of the 
described method was used [ 191. In some cases amino 
acid analysis was applied for protein determination. 
SDS gel electrophoresis in the presence of 8 M urea 
was carried out as in [ 201. Unlabeled dicyclohexyl- 
carbodiimide was obtained from Sigma (St Louis, 
MO). [r4C]DCCD was synthesized as in [20]. 

3. Results 

TO follow the purification of the DCCD-reactive 
protein from Rhodospirillum rubrum, membrane ves- 
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Table 1 

March 1981 

Purification of the DCCDbinding proteins from Rhodospiriffum rubrum grown in the light and in the dark 

Membrane vesicles 
Crude proteolipida 
Purified protein 

Lightgrown 

Protein 

(mg) 

351 (100%) 
3.9 (1.1%) 
0.21 (0.06%) 

[ “C]DCCD bound 
(nmol~mg protein) 

1.3 
5.9 

10.9 

Dark-grown 

Protein 

(mg) 

650 (100%) 
2.6 (0.4%) 
0.52 (0.08%) 

[ 14C]DCCD bound 
(nmoi/~ protein) 

0.9 
14.8 
23.4 

a The proteohpid was extracted with chloroform:methanol(2: 1) and precipitated with ether 

icles were labeled with [t4C]DCCD. For chromato- 
phores as well as for membrane vesicles prepared 
from aerobically-grown cells, the radioactivity was 
enriched in the preoteolipid (table 1). At a first 
glance the factor of enric~ent is rather low. How- 
ever, we observed that in the membranes a substantial 
amount of radioactivity was incorporated unspecifi- 
cally without being bound to protein, thereby 
enhancing the apparent initial activity. Further puri- 
fication of the crude proteohpids was achieved by 
subsequent chromatography on C~-ce~ulose [I 71. 
For the “C-labeled protein from aerobically grown 
cells the elution profile is shown in fig.1. The protein 
was eluted from the column by chloroform: 

CIM (2 II .'..h C/MIH,O Ill1 15 511 1 
, 

. ( 

10 20 30 ‘0 

Fig.1. CM-cellulose chromatography of the crude proteohpid 
extracted from [ “C]DCCD labeled membrane vesicles from 
aerobically (dark) grown cells of Rhodospirillum rubrum. 
Crude proteolipid (10 mg) dissolved in chloroform:methanol 
(2:l) was loaded on a column (1 X 25 cm) preequilibrated 
with chloroform:methano~ (2:l). The column was washed 
with 5 vol. chloroform:methanol(2:1) and then with 3 vol. 
chloroform:methanol (1 :l). The protein was eluted with 
chloroform:methanol:H,O (5:5:1) at a flow rate of 25 ml/h: 
(-_) absorbance at 280 nm; (o-e) radioactivity of [“*Cl- 
DCCD. 

methanol:water (5:5:1) in a single peak containing 
-20% of the applied protein. The radioactivity bound 
did not increase in a parallel way (table 1). The rea- 
son for this is probably that under our conditions 
other proteins were labeled by DCCD. For the DCCD- 
reactive protein from chromatophores this effect was 
even more pronounced: After elution of the DCCD- 
reactive protein a greenish peak was eluted from the 
column by 100 mM ammonium-acetate in chloro- 
fo~:meth~ol:water (5:5:1), which contained pro- 
tein associated with more than half of the radioactiv- 
ity applied (not shown). Subsequently, the same 
protocol was used to prepare larger amounts of both 
proteins in the unlabeled form. Analysis by SDS gel 
electrophoresis in the presence of 8 M urea showed 
that the isolated proteins migrated as single bands 
with identical RF-values (fig.2). In addition, the same 
result was obtained by extracting the protein from a 
purified F,Fr complex from chromatophores (fig.2C). 
Gels of the radioactivity labeled proteins from chro- 
matophores as well as from aerobically-grown cells 
were sliced and the radioactivity was counted. Practi- 
cally all radioactivity was found in a single peak coin- 
ciding with the stained band (not shown). 

All 3 proteins were further characterized by amino 
acid analysis (table 2). The amino acid composition 
of the DCCD-binding proteins was almost identical. 
The slight differences found, especially for alanine, 
leucine, and isoleucine may be due to the limited 
hydrolysis time used in the case of the chromato- 
phore proteins. Stable values for those amino acids 
were only obtained after 96 h hydrolysis as revealed 
by a time-dependence study. The integers which are 
closest to the extrapolated values sum up to a poly- 
peptide of 75 residues with M, 7500. In accordance 
with this value, the RF-values for all 3 proteins from 
Rhodospirillum rubrum were in the same range as 
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Fig.2. SDS-urea gel electrophoresis of the DCCD-binding protein of different materials from Rhodospirillum rubrum after stain- 
ing with Coomassie brilliant blue: (A) aerobically (dark) grown cells; (B) chromatophores; (C) F,F, from chromatophores. 

that found for the DCCD-binding protein from E. coli 
in the same gel system (M, 8288, [ 171). 

Based on this M,-value under our conditions 38% 

of the protein was labeled by [14C]DCCD with light- 
grown cells and 33% of the protein with dark-grown 

cells. 
The hydrophobic nature of the proteins is clearly 

reflected by the high content of apolar ammo acids. 

Table 2 
Amino acid composition of the DCCD-reactive protein from 

different materials of Rhodospirillum rubrum 

Amino Aerobically Chromatophoresb F,F, from 
acid grown cellsa (molar ratios) chromato- 

phoresb 

Asp 
Thr 
Ser 
Glu 
Pro 
ClY 
Ala 
CYS 
Val 
Met 
Is0 
Leu 
Tyr 
Phe 
Try 
LYS 
Arg 

Total 

4.2 (4) 
2.9 (3) 
2.0 (2) 
3.1 (3) 
1.0 (1) 

10.1 (10) 
17.1 (17) 
_c 

6.0 (6) 
2.8d (3) 
8.9 (9) 
8.3 (8) 
1.1 (1) 
3.0 (3) 
1.6e (2) 
2.2 (2) 
1.1 (1) 

75 

4.2 4.2 
3.1 2.5 
2.3 2.1 
3.6 3.6 
1.4 1.7 

10.2 10.2 
15.7 14.9 
nd. n.d. 

5.4 5.4 
2.1 2.6 
7.4 6.3 
6.8 6.1 
1.2 1.2 
3.4 3.0 
1.4e n.d. 
2.0 1.7 
1.2 1.6 

a Values extrapolated from 24,48,72,96 and 180 h hydrol- 
ysis 

b Values from 48 h hydrolysis 
’ Determined after performic acid oxidation [21] 
d Determined as methioninesulfone [21] 
e Determined after hydrolysis in mercaptoethanesulfonic 

acid 1221 

n.d., not determined 

Most abundant are alanine, glycine, isoleucine and 
leucine. Cysteine and histidine are absent. The pres- 

ence of tryptophan is confirmed by the UV-spectrum 
of the protein (not shown). 

4. Discussion 

Incubation of chromatophores or membrane vesi- 

cles from aerobically-grown cells from R. rubrum 
with [ 14C]DCCD results in the labeling of hydro- 

phobic proteins. According to the data in [8] X0% 

inhibition of the ATPase activity of chromatophores 
can be expected applying the concentration of DCCD 

used. 
Several proteins from chromatophores of 

R. rubrum are solubilized by organic solvents [23]. 
We have evidence that more than one of those pro- 

teins were labeled by DCCD under our conditions. 

However, based on the following arguments we con- 
clude that the purified DCCD-binding protein is a 
component of the membrane-integrated Fe-part of 

the ATPase complex. 

(9 

(ii) 

We extracted with chloroform/methanol a pro- 

tein from an intact F,Fr preparation of chro- 
matophores which has the same amino acid com- 
position and electrophoretic mobility as the 
protein isolated directly from the two kinds of 
membrane vesicles. 
The amino acid composition of the protein from 
R. rubrum basically resembles the DCCD-binding 
proteins isolated from other organisms [2]. Strik- 
ing similarities are the high content of glycine, 
alanine, leucine and isoleucine, the low content 
of polar basic amino acids and the absence of his- 
tidine. However, there are two important differ- 
ences: the DCCD-binding protein from R. rubrum 

is the first one investigated so far in which the 
content of isoleucine is higher than that of leu- 
tine and, most strikingly, in which tryptophan is 
present. 
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Our results show that the DCCD-binding proteins 

isolated from R. rubrum grown anaerobically in the 

light or aerobically in the dark have the same amino 

acid composition. This in itself strongly suggests that 
also their primary structure is identical; however, 

definite proof of this will have to be supplied by 

amino acid sequencing. 
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