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1. INTRODUCTION 

A carbodiimide binding proteolipid subunit has 
been identified in all ATP synthase complexes 
[l-8]. Due to its oligomeric form it constitutes 
the major part of the membrane factor Fu which in 
Escherichia coli is composed of three different 
subunits a, b, c (proteolipid) [7,8]. Dicyclohexyl- 
carbodiimide binds covalently to the proteolipid 
leading to an inhibition of the proton translocation 
through the membrane [l-8]. Sequence analysis of 
ATP synthase proteolipid subunits from various 
organisms (Neurospora crassa, Saccharomyces cere- 

visiae, bovine heart, chloroplasts (spinach), mas- 
tigocladus laminosus (blue green algae) and bacte- 
ria (E. coli, PS-3, Bacillus acido caldarius) revealed 
an invariant acidic amino acid located in a very 
hydrophobic stretch of amino acids which is selec- 
tively modified by the hydrophobic reagent di- 
cyclohexylcarbodiimide [9-151. 

DCCD reactive aspartyl residue is exchanged by 
an asparagine. This in sterical terms smallest al- 
teration leads to a non-functional proton channel. 
Thus, an acidic amino acid side chain at this posi- 
tion seems to be essential. 

2. MATERIALS AND METHODS 

From E. coli numerous ATP synthase mutants 
of the uncB phenotype have been isolated 116,171. 
These mutants contain a functional Fl moiety but 
the Fu-part does not translocate protons after re- 
moval of Ft. Previously, we described the charac- 
terization of the uncB mutant DG 7/l which con- 
tains a glycyl residue instead of the carbodiimide 
reactive aspartyl residue in position 61 in the 
amino acid sequence of the proteolipid subunit 
[lo]. It was shown that the mutant proteolipid 
effectively competes with the wild type proteolipid 
in assembling the oligomeric structure thus adopt- 
ing a similar conformation like the wild type pro- 
tein [ 181. 

Escherichia coli K12 Ymel (X), F- (lack, fadR, 
butl2, rha, ilv, metE) and its uncB-type derivatives 
DG 18/3 and 312 were used. The isolation of the 
mutants is described in [10,17]. Strains were ana- 
lyzed for the binding of [*‘%]DCCD to the pro- 
teolipid subunits. Those containing a non-reactive 
proteolipid were further analyzed. Growth of cells, 
isolation of the proteolipid subunit, preparation of 
membranes, measurement of enzymic activities, 
amino acid and sequence analysis were performed 
essentially as described [9-15,171. Cyanogen- 
bromide fragments were first chromatographed on 
P30 in 80% formic acid to separate the large frag- 
ment B6. The small fragments were pooled, 
lyophilized and dissolved in trifluoroacetic acid. 
Separation of these peptides was performed by 
chromatography on a reversed phase HPLC col- 
umn (Lichrosorb RP 18 Merck 5 pm) 0.4 x 25 cm 
using a linear gradient from 0%80% acetonitrile 
in 0.2% aqueous trifluoroacetic acid in 45 min. 

3. RESULTS 

Here we describe uncB mutants where the 

Figure 1 shows the separation of the small 
CNBr-peptides during HPLC chromatography. To 
identify the peptides aliquots of the fractions were 
analyzed by thin-layer chromatography [ lO].The 
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Fig.]. HPLC chromatography of the small CNBr-frag- 
ments on Lichrosorb RP-18. (A) fragments from the 

wild type protein. (B) fragments from the mutant 
proteins DG 3/2 or DG 18/3. 

UV peaks eluting between 10 and 20 min during 
HPLC chromatography did not contain peptides. 
Peptides B2 and B4 are eluted after 5 min (not 
shown). Peptides B3, B7, B8 and B9 appeared be- 
tween 20 and 30 min in the gradient elution. For 
the wild type peptides B3 and B7 were not resolved 
and eluted after 22 min. For the mutants an addi- 
tional peak appeared after 2 1 min between peptide 
B9 and B3. Thin-layer chromatography showed a 
peptide with a higher mobility than the wild type 
peptide B7. The amino acid analysis gave the com- 
position of peptide B7. Sequence analysis of this 
peptide (fig.2) showed an asparagine residue at 
position 4 of the peptide corresponding to residue 
number 61 in the whole sequence. (It should be 
noted that a complete separation of all the wild 
type peptides is accomplished with a buffer system 
using 5% formic acid and ethanol.) 

To prove that no other amino acid exchange 

Fig.2. Amino acid sequence of the CNBr-fragment B7 of 
the proteolipid from mutant DG 3/2. The amino acid 
derivatives released during the cycles 1-8 of automated 
solid-phase Edman degradation were identified by thin- 
layer chromatography using: (a) chloroform/ethanol 
98/2; (b) chloroform/methanol 90/12 to identify the 
polar amino acid derivatives. The calibration standards 
(S) of the phenylthiohydantoin amino acids contained 
(I) leucine (L), methionine, lysine, threonine. glutamine, 
arginine, (II) proline (P), valine (V), alanine (A), glycine 
(G), serine, asparagine (N) and (III) isoleucine (I). 
phenylalanine, aspartic acid methylester. glutamic acid 
methylester, tyrosine, glutamic acid, aspartic acid. HS 

designates the derivative of homoserine. 

occurred in the proteolipid subunit, all the seven 
CNBr peptides (B2,3,4,6,7,8,9) were subjected to 
amino acid analysis. No deviation from the amino 
acid compositions of the wild type peptides was 
found. Furthermore, it was demonstrated by se- 
quencing the whole proteins up to residue 60 that 
all the other acidic groups are unaffected. Func- 
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Table 1 

Strain 

Al 
7/l 
3/2 
18/3 

ATPase activity on 
the membrane 
@mol/min mg) 

0.6 
0.6 
0.6 
0.8 

DCCD 
sensitivity 

80% 
< 1% 
<I% 
< 1% 

ATP-driven ATP-Pi 
H+ -translocation exchange 

(UF,/mg) (nmol/min mg) 

130 11.6 
<1 < 0.2 
<1 < 0.2 
<1 <0.2 

tional properties are summarized in table 1. Nor- 
mal amounts of ATPase activities were found on 
the mutant membranes. In contrast to the wild 
type no DCCD sensitivity was found. Neither 
ATP-dependent H +-translocation nor ATP-Pi ex- 
change activities were detected in the mutant 
strain membranes. FJ isolated from the mutant 
strains reconstituted normally with Ft depleted 
wild type membranes (data not shown). Thus, in 
the mutants 18/3 and 3/2 the defect is located in 
the membrane sector Fo. 

4. DISCUSSION 

The present studies established an amino acid 
exchange in the amino acid sequence of the pro- 
teolipid (subunit c) from the E. coli ATP synthase 
in two mutant strains (DG 3/2 and DG 18/3). 
Like in the previously described mutant DG 7/l 
the carbodiimide reactive residue is affected. But 
unlike in the DG 7/l mutant protein here the as- 
party1 residue is substituted by a polar residue. 
These two mutant strains show a high reversion 
rate of 10-S. After a few passages a considerable 
amount of revertant strains is found in the cultures 
as indicated by the revived binding of [t4C]DCCD 
to the proteolipid. This indicates a single point mu- 
tation in the operon coding for the ATP-synthase 
subunits. The mutant protein effectively competes 
with the wild type protein in the assembly. As 
shown by genetic analysis using partially diploid 
strains [ 181, a strong negative complementation 
was found (H.U. Schairer, 0. Michelsen, un- 
published), thus, the mutant protein adopts a simi- 
lar conformation like the wild type protein. 

But most interestingly in the mutants DG 7/l, 
1813 and 312 ATPase activities comparable to the 

wild type are found on the membrane [17]. Appar- 
ently, this activity is not inhibited by the exchange 
of the aspartyl residue by a glycine or an aspar- 
agine. This is in contrast to the reaction of DCCD 
which upon binding to this acid amino acid resi- 
due inhibits the ATPase activity. Obviously, in the 
mutants ATP hydrolysis and proton translocation 
are uncoupled. This indicates an impaired assem- 
bly of ATP synthase subunits caused by the muta- 
tion. Possibly, this acidic group is also necessary to 
maintain a certain conformation which might be 
important for the contact with other subunits. 

In conclusion an acidic amino acid residue 
which might be charged is essential for the proton 
conducting activity of the Fo part. Just a polar 
group is not sufficient. Sterical reasons can largely 
be excluded since a carboxamide group has a simi- 
lar size like a free carboxy group. 
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