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Digestion of the F1-ATPase of Escherichia coli with trypsin stimulated ATP hydrolytic activity and removed 
the 8 and e subunits of the enzyme. A species represented by the formula a~f1313, t, where a 1, fll and 3 ,1 are 
forms of the native a, fl and 3' subunits which have been attacked by trypsin, was formed by trypsin 
digestion in the presence of ATP. In the presence of ATP and MgCI 2, conversion of 3' to 3'i was retarded 
and the enzyme retained the e subunit. These results imply that binding of ATP to the fl subunits alters the 
conformation of ECF I to increase the accessibility of the 3' subunit to trypsin. The likely trypsin cleavage 
sites in the a, fl and 3' subunits are discussed. ECF~ from the a subunit-defective mutant uncA 401, or after 
treatment with N,N '-dicyclohexyicarbodiimide or 4-chloro-7-nitrobenzofurazan, was present in a conforma- 
tion in which the 3' subunit was readily accessible to trypsin and could not be protected by the presence of 
ATP and MgC! 2. In a similar manner to native E. coli FI-ATPase, the hydrolytic activity of the 
trypsin-digested enzyme was stimulated by the detergent iauryldimethylamine N-oxide. Since the digested 
enzyme lacked the e subunit, a putative inhibitor of hydrolytic activity, a mechanism for the stimulation 
which involves loss or movement of this subunit is untenable. 

Introduction 

The cell membrane ATP synthase of Escherichia 
coli is similar in structure and properties to other 
energy-transducing ATP synthases [1-5]. It con- 
sists of an extrinsic membrane protein, the F 1- 
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NbfC1, 4-chloro-7-nitrobenzofurazan; IAANS, 2-(4'-iodoace- 
tamidoanilino)naphthalene-6-sulfonic acid; LDAO, lauryldi- 
methylamine N-oxide; DTT, dithiothreitol; DPCC-trypsin, 
trypsin treated with diphenylcarbamyl chloride to inhibit con- 
taminating chymotrypsin; SDS, sodium dodecyl sulfate. 
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ATPase, having the active site(s) for ATP synthe- 
sis and hydrolysis. E. coli F1-ATPase is composed 
of five subunits (a -e )  in a stoichiometry of 
Ot3fl3"y~e. The active sites of the enzyme are prob- 
ably located on fl subunits [6]. The a subunits 
have a binding site for ADP or ATP [7] and it is 
likely that the a subunits carry the tightly bound, 
non-catalytic adenine nucleotides which are found 
in the isolated E. coli F1-ATPase [8,9]. The "t 
subunit has a role in organizing the structure of E. 
coil F1-ATPase, and the 8 and e subunits bind the 
a3fl3y substructure to the membrane [10]. 

Net ATP synthesis and hydrolysis involves co- 
operative interactions between active sites. 
Mitochondrial F1-ATPase (and E. coli F1-ATPase ) 
has a very low 'unisite' hydrolysis rate for ATP 
which is enhanced to a high 'multisite' rate when 
more than one catalytic site is occupied by sub- 
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strate [11]. One approach to detect cooperativity 
between subunits has been by the use of aurover- 
tin D, which binds specifically to the fl subunits 
[12]. The fluorescence of bound aurovertin is 
markedly enhanced by nucleotides in normal E. 
coli F1-ATPase, but not in the hydrolytically inac- 
tive uncA401 ATPase [13,14]. Since a subunits of 
the mutant E. coli F1-ATPase are defective [15], 
normal ATP hydrolysis must depend on cooper- 
ative interactions between the a and the catalytic 
fl subunits. 

Recently, we have described a further method 
to study the cooperative interactions between sub- 
units [16-18]. Cysteinyl residues of E. coli F 1- 
ATPase can be labeled by a fluorescent reagent 
such as IAANS without affecting hydrolytic activ- 
ity. Labeling of the single cysteinyl residues of the 
fl subunits is prevented in uncA401 E. coli F1- 
ATPase, thus confirming the cooperative interac- 
tions between a and fl subunits [18]. The specific 
nature of these cooperative interactions between 
the subunits of E. coli F1-ATPase is not known. 
Presumably, transient conformational changes are 
occurring during enzyme action. 

In the present paper we have used trypsin 
digestion to explore the effects of ligand binding 
on the conformation of E. coli F~-ATPase. Previ- 
ous studies have indicated that trypsin digestion 
stimulates the hydrolytic activity of E. coli F l- 
ATPase and that this is accompanied by loss of 
the 8 and e subunits, and by the removal of the 15 
amino-terminal residues of the a subunits [19,20]. 
In this paper we show that the accessibility of a 
trypsin-cleavage site on the ~, subunit is affected 
by the presence of Mg 2÷ and adenine nucleotides 
in the wild-type enzyme but not in the a-subunit- 
defective mutant uncA401. Treatment of the 
wild-type E. coli Fx-ATPase with DCCD or NbfCl, 
reagents which induce an alteration in the confor- 
mation of the enzyme as shown by changes in the 
accessibility of sulfhydryl groups [16,17], also af- 
fects the ability of ligands to protect the "r subunit 
from trypsin cleavage. 

Materials and Methods 

Strains 
The following strains of E. coli were used: 

ML308-225 (wild-type), LE392pRPG54 (pRPG54 

is Cm r uncB+E+F+H+A+G+D+C+) [21] and 
AN120 ( uncA401). 

Preparation of E. coli F 1-A TPase 
The F1-ATPase were prepared as described pre- 

viously [22] except that the fractions from the 
aminohexyl-Sepharose 4B column were applied to 
a sucrose gradient prepared in a buffer consisting 
of 0.1 M triethanolamine/0.5 mM EDTA/0.5  
mM dithiothreitol, supplemented where indicated 
with 1 mM ATP, and adjusted to pH 7.5 with 
HC1. 

Treatment of E. coli F1-ATPase with trypsin 
E. coli F1-ATPase (1.5 mg) in 0.1 M tri- 

ethanolamine/0.5 mM EDTA/0.5  mM dithioth- 
reitol/20% (w/v) sucrose was treated with 
DPPC-trypsin (0.1 mg /ml )  at 37°C for the indi- 
cated time. The digestion was terminated by the 
addition of soybean trypsin inhibitor to a con- 
centration of 0.4 mg/ml .  This procedure was 
modified also by the inclusion of (a) 2.5 mM 
MgC12, (b) 5 mM ATP or ADP, (c) 5 mM ATP or 
ADP with 2.5 mM MgC1 z. In some instances the 
E. coli F1-ATPase was freed of sucrose a n d / o r  
ATP (if present) prior to trypsin treatment by use 
of centrifuged 1-ml columns of Sephadex G50 
equilibrated with 50 mM triethanolamine-HC1 (pH 
7.5) containing 1 mM dithiothreitol [23]. 

Gel electrophoresis 
SDS-polyacrylamide gel electrophoresis was 

performed according to the method of Laemmli 
[24]. Isoelectric focusing gels were run in one 
dimension using the O'Farrell system [25] mod- 
ified as described in Ref. 26. For proteins with 
isoelectric points greater than 6.5 the buffer sys- 
tem of Thomas and Hodes [27], modified as be- 
fore [26], was used. Proteins were stained with 
Coomassie blue [28] or detected by immunoblot- 
ting. 

For immunoblotting, the polyacrylamide gel 
was incubated for 1 h with 50 mM Tris-HC1/20% 
(v/v) glycerol (pH 7.4). The proteins were trans- 
ferred electrophoretically to nitrocellulose sheets 
(BioRad or Promega Biotec) in a BioRad Trans- 
Blot apparatus using a buffer of 10 mM 
NaHCO3/3  mM Na2CO3/20% (v/v) methanol 
(pH 10). The transfer was carried out with water 



cooling for 1 h at 0.85 A. The nitrocellulose sheet 
was treated for 30 rain with 1% (w/v) bovine 
serum albumin (Promega Biotec) in 10 mM Tris- 
HC1/150 mM NaC1 (pH 8), and subsequently for 
30 min with the primary antibody, raised in rab- 
bits, in Tris-NaCl. The binding of primary anti- 
body was detected using goat antirabbit im- 
munoglobuhn coupled to alkaline phosphatase. 
Alkaline phosphatase activity was revealed using 
the 5-bromo-4-chloro-3-indolyl phosphate/Nitro 
blue tetrazolium reagent supplied by Promega 
Biotec. 

Chemical treatments 
E. coli F1-ATPase was treated with NbfC1, 

DCCD or IAANS as described previously [17]. 
The Creighton modification of the sulfhydryl 
groups of ECF 1 with iodoacetic acid and iodoa- 
cetamide was carried out as described by Stan- 
Lotter and Bragg [26]. 

Assays 
ATPase activity was measured at 37 °C in the 

presence of 2.5 mM MgC12 as described previ- 
ously [19]. Protein was determined by the method 
of Bradford [29], with bovine serum albumin as a 
standard. 

The fluorescence of aurovertin D in the pres- 
ence of E. coli F1-ATPase was measured at 20 °C 
in 2.0 ml of a buffer at pH 7.4 which contained E. 
coli F~-ATPase (0.19 mg protein), 10 mM Tris-HC1, 
0.25 M sucrose, 0.5 mM EDTA and 1.19 #M 
aurovertin D. Fluorescence was excited by light at 
365 nm and emission was measured at 470 nm. 
Changes in fluorescence were measured following 
sequential additions of 10/~1 40 mM ADP, 100 ttl 
40 mM ATP and 10/~1 1.0 M MgC12 as described 
previously [14]. 

Chemicals 
The following materials were supplied by the 

companies indicated. Sigma: DCCD, NbfC1, 
iodoacetic acid, iodoacetamide, DPPC-trypsin, 
soybean trypsin inhibitor. Molecular Probes Inc.: 
IAANS, sodium salt. Promega Biotec: nitrocellu- 
lose sheets, immuno-reagents. Onyx Chemical 
Company: LDAO. Aurovertin D was a gift from 
Dr. R.B. Beechey. 
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Results 

Effect of trypsin digestion on subunits of wild-type 
E. coli Fi-ATPase 

E. coli F1-ATPase was treated with DPCC- 
trypsin in the presence or absence of 5 mM ATP 
or 5 mM ATP/2.5 mM MgC12 for various time 
intervals. Proteolytic digestion was terminated by 
the addition of soybean trypsin inhibitor and the 
products of digestion examined by SDS-poly- 
acrylamide gel electrophoresis or on isoelectric 
focusing gels. As shown in Fig. 1, trypsin digestion 
stimulated the ATPase activity of E. coli F 1- 
ATPase, the stimulation being essentially com- 
plete within 5 min. In the absence of ligands, or 
with 5 mM ATP, enzyme activity was stimulated 
over 2-fold. There was less stimulation (50%) in 
the presence of ATP/MgC12. Examination of the 
products of digestion showed that all subunits had 
been digested to some extent (Fig. 2). There was a 
small decrease in the molecular weight of the a 
subunit. The fl subunit migrated slightly more 
slowly on SDS-polyacrylamide gels. Careful ex- 
amination suggested that at least two bands were 
present. The ~ subunit progressively disappeared 
over the time course of the experiment. The ~ and 
e subunits were digested essentially completely by 
5 min. The changes in the a, ~ and e subunits 

4O 
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8 / ~ _ -  o-- 

310 
Minutes 

Fig. 1. Effect of trypsin on the activity of E. coli Fl-ATPase. 
E. coil F1-ATPase was digested with DPCC-trypsin in the 
absence (circles) and presence of 5 rnM ATP (triangles) or 5 
mM ATP/2.5 mM MgC12 (squares) as described in Materials 
and Methods. Activity is expressed as specific activity. Also s e e  

Fig. 2. 
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Fig. 2. Effect of trypsin on the subunits of E. coli F1-ATPase. 
The samples were derived from the experiment shown in Fig. 1 
and separated by SDS-polyacrylamide gel electrophoresis. 0, 
untreated enzyme; 1-4,  samples removed at 5, 15, 30 and 60 
min, respectively. E. cali F1-ATPase was digested in the ab- 
sence (A) and presence of 5 mM ATP (B) or 5 mM ATP/2.5 
mM MgC12 (C). The positions of migration of the a - e  sub- 
units of E. coli F1-ATPase are indicated. TI, trypsin inhibitor. 

most closely paralleled the time-course for the 
stimulation of ATPase activity (Fig. 1). 

The results described above indicated that 
trypsin treatment in the presence of 5 mM ATP 
accelerated the digestion of the V subunit whereas 
5 mM ATP/2.5  mM MgC12 protected the 3' 
subunit and gave retention of the e subunit (Fig 
.2). These effects could be seen more clearly fol- 
lowing reseparation of the digested enzymes on a 
sucrose gradient (Fig. 3). ADP (5 mM)/2 .5  mM 
MgC12 was as effective as ATP/MgC12 in protect- 
ing the y subunit (Fig. 3(A, B)). Inclusion of 2.5 
mM MgC12 alone, like ATP, accelerated the rate 
of digestion of the 3' subunit (results not shown). 
The effect of these hgands on the digestion of the 
a and fl subunits is shown in Fig. 3(C, D). Except 
for the generation of slightly faster migrating 
species of the a subunit, presumably by removal 
of the amino-terminal 15 amino acids [20], trypsin 
digestion had little effect on this subunit. Inclu- 
sion of ATP a n d / o r  MgC12 had no discernible 
effect on the digestion of the a subunit. The 
changes with the fl subunit were more complex. 

t 
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Fig. 3. Effect of nucleotides and Mg z+ on the digestion of the 
subunits of E. coil F1-ATPase by trypsin. The enzyme was 
reseparated on a sucrose gradient after treatment. Samples 
were examined by SDS-polyacrylamide gel electrophoresis 
(A-C)  or by isoelectric focusing (D). The positions of migra- 
tion of the a -  t subunits of E. coil F1-ATPase are indicated. E. 
coil F1-ATPase was digested with DPCC-trypsin as described 
in Materials and Methods in the presence or absence of the 
following components: (A) 1, no ATP or MgCI2; 2, 5 mM 
ATP; 3, 5 mM ATP/2.5  mM MgC12. (B) 1, no ADP or 
MgCI2; 2, 5 mM ADP; 3, 5 mM ADP/2.5  mM MgCI 2. (C) 
and (D) 1, untreated E. coli F1-ATPase; 2, no ATP or MgCI2; 

3, 2.5 mM MgCI2; 4, 5 mM ATP/2.5  mgC12. 



The stained band of the fl subunit on SDS-poly- 
acrylamide gels was clearly composed of several 
incompletely separated species migrating more 
slowly than the undigested subunit (Fig. 3(C)). 
Digestion in the presence of ATP/MgC12 gave 
almost equal amounts of undigested fl subunit 
and a cleavage product which had a position of 
migration on IEF gels equivalent to the net loss of 
a single positive charge from the native subunit 
(Fig. 3(D,4)). Digestion in the absence of ligands 
showed a greater formation of this species (Fig. 
3(D,2)), together with a new species migrating in a 
position on IEF gels equivalent to the net loss of 
two positive charges. In the presence of MgC12 
little of the fl subunit remained undigested. The 
two new species observed above were present (Fig. 
3(D,3)). 

The digestion of the y subunit was accompa- 
nied by the appearance of a new band migrating 
close to the position of the 3 subunit on SDS- 
polyacrylamide gel electrophoresis. The molecular 
mass of the fragment (~,1) was about 20 kDa. The 
relationship of ] tl to  the ~, subunit was confirmed 
by immunoblotting (Fig. 4). Samples of E. coli 
F1-ATPase were treated with trypsin in the ab- 
sence and presence of 5 mM ATP, and the prod- 
ucts of digestion examined by SDS-polyacryla- 
mide gel electrophoresis. The products were trans- 
ferred electrophoretically onto nitrocellulose sheets 
and treated with polyclonal rabbit antibodies 
against the y, 3 and e subunits. Binding of anti- 
body to the subunit or subunit fragment was 
recognized with goat antirabbit immunoglobulin 
coupled to alkaline phosphatase. As shown in Fig. 
4(A), the presence of ATP accelerated the di- 
gestion of the ~/ and e subunits. The y1 band 
which increased in intensity in the region of the 3 
subunit was clearly derived from the 3, subunit 
(Fig. 4(B)). The 3 subunit was removed com- 
pletely by trypsin digestion (Fig. 4(C)). 

The -/ subunit contains two cysteine residues 
[30] which may be readily demonstrated using the 
Creighton procedure [26]. This method is based on 
the following consideration. By reacting 
cysteinyl-containing denatured and reduced poly- 
peptides with iodoacetate acidic carboxymethyl 
groups are introduced, while reaction with neutral 
iodoacetamide causes no charge differences. By 
using varying ratios of iodoacetamide to iodoace- 
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Fig. 4. Examination of the products of trypsin digestion of E. 
coli Fl-ATPase by immunoblotting. E. coli F1-ATPase was 
digested by DPCC-trypsin in the absence (2) or presence of 5 
mM ATP (3), and reseparated on a sucrose gradient. The 
products of digestion were examined by SDS-polyacrylamide 
gel electrophoresis. 1, untreated enzyme. The gel was stained 
with Coomassie blue (A) or the separated subunits transferred 
electrophoretically to nitrocellulose (B-D).  The transferred 
subunits, and their digestion products, were detected using 
antisera raised against the ~, (B), 8 (C) and e (D) subunits. 
The procedures are described in Materials and Methods. The 
positions of migration of the a -  ~ subunits of E. coli F1-ATPase 

are indicated. 

tate a spectrum of polypeptide molecules is gener- 
ated having 0-n acidic carboxymethyl groups, 
where n is the number of cysteinyl residues per 
molecule of polypeptide. When these species are 
separated on isoelectric focusing gels, n + 1 species 
will be seen after staining for protein. Thus, an 
integral number of cysteinyl groups can be de- 
termined by counting the bands. Application of 
this method showed that the "t 1 fragment pro- 
duced on trypsin digestion of E. coli F1-ATPase 
retained the two cysteine residues of the native 
subunit (Fig. 5). 

Properties of trypsin-digested E. coli F 1-A TPase 
The gels of Figs. 3 and 4 use E. coli F1-ATPase 
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Fig. 5. Creighton modification of native and trypsin-treated E. 
coli F1-ATPase with iodoacetamide and iodoacetate. The posi- 
tions of migration of unlabeled "/ and y1 subunits are shown. 
The figures at the right indicate the number of charges intro- 
duced by reaction of the sulfhydryl groups with iodoacetate. 
The gel system of Thomas and Hodes [27] was used. Lanes A, 
iodoacetamide; B, iodoacetamide/iodoacetate (1:5); C, 

iodoacetate; D, mixture of A-C. 

which had been treated with trypsin in the pres- 
ence of ATP or ATP/MgC12  and then resep- 
arated on a sucrose gradient. The treated enzyme 
sedimented to a position in the gradient similar to 
the untreated enzyme. As can be seen from these 
gels, the ./1 fragment remains associated with the 
a and fl subunits. The specific activity of the E. 
coil F1-ATPase treated with trypsin in the pres- 
ence of 5 mM ATP (57.8 /~mol /min  per mg 
protein) was about twice that of the untreated 
enzyme (34.1) or of the enzyme which had been 
digested in the presence of 5 m M  A T P / 2 . 5  mM 
MgC1 z (37.5). The increase in activity is presuma- 
bly associated with the loss of the e subunit, which 
is known to inhibit ATPase activity [10]. The 
enzyme treated in the presence of ATP or A T P /  
MgC12 retained the ability of the native E. coli 

Ft-ATPase to be stimulated 2-3-fold by inclusion 
of 0.5% LDAO in the assay mixture. The guano- 
sine and inosine triphosphatase activities of the 
treated enzymes were similar to those of the native 
E, coil Ft-ATPase. 

We have shown previously that the single sulf- 
hydryl groups of fl subunits are labeled prefer- 
entially over the sulfhydryl groups of a subunits 
by certain fluorescent iodoacetamide-based re- 
agents [16]. Treatment  of native E. coil F1-ATPase 
with 1AANS preferentially labeled fl, y, 6 and e 
subunits (results not shown), the preferential 

labeling of the fl subunits over a a subunits was 
retained in the enzyme treated with trypsin in the 
presence of ATP or ATP/MgC12.  At least one of 
the sulfhydryl groups of the Y: fragment was 
labeled by IAANS. 

Changes in the fluorescence of E. coil F 1. 

ATPase-bound aurovertin D on addition of 
adenine nucleotides and MgC12 have been used to 
demonstrate conformational changes in the en- 
zyme [13,14]. A typical response of the native 
enzyme is shown in Fig. 6 (left panel). Micromolar 
concentrations of ADP enhanced the fluorescence 
of the bound aurovertin. This enhancement was 
decreased by addition of 10-fold higher levels of 
ATP, and obliterated by MgC12. E. coil Fi-ATPase 
which had been digested in the presence of 5 mM 
A T P / 2 . 5  m M  MgCI 2 behaved similarly (Fig. 6, 
right panel), presumably because of the partial 
protection afforded by these ligands during di- 
gestion, The fluorescence response to the addition 
of nucleotides and MgC12 of the enzyme which 
had been digested in the presence of 5 m M  ATP 
was very small (Fig. 6, centre panel). However, in 
this case there was a greater than usual enhance- 
ment in the fluorescence of aurovertin when it 
bound to the enzyme in the absence of ligands. 
The negligible extent of the response of the di- 

AF•IO% 2rain 

( a~dp ~'~dp 
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Fig. 6. Effect of ADP, ATP and Mg 2+ on the fluorescence 
intensity of aurovertin D-ATPase complex. Fluorescence mea- 
surements were as described in Materials and Methods. Where 
indicated, 2.38 nmol, 0.4 #mol, 4 #tool and 10 #tool of 
aurovertin D (Au), ADP (adp), ATP (atp) and MgSO 4 (Mg) 
were added, respectively. Left panel: untreated E. coil F 1- 

ATPase; centre panel, E. coil F1-ATPase treated with DPCC- 
trypsin in the presence of 5 mM ATP; right panel: E. coil 
Fl-ATPase, treated with DPCC-trypsin in the presence of 5 
mM ATP/2.5 mM MgCI 2. All enzymes were reseparated on a 

sucrose gradient after treatment. 



gested enzyme to added ligands in interesting when 
compared with the higher than usual hydrolytic 
activity of the treated enzyme. 

Trypsin digestion of mutant E. coil F1-ATPase 
The E. coli F1-ATPase of the uncA401 strain 

has a replacement of serine 373 of the ~t subunits 
by phenylalanine [15]. It is hydrolytically inactive. 
As with the wild-type enzyme, digestion of the 
uncA401 enzyme resulted in loss of 3 and e sub- 
units, and conversion of • to the ,{1 fragment. 
However, the presence of 5 mM ATP/2.5 mM 
MgC12 (or MgC12 and ATP alone) did not protect 
y and ~ subunits from digestion (Fig. 7). IEF gels 
(Fig. 7) revealed that the fl subunit was cleaved to 
give the product migrating with the net loss of one 
positive charge that was observed in the wild-type 
enzyme (Fig. 5). ATP and ATP/MgC12 could not 
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protect the fl subunit from cleavage. It is of inter- 
est to note that MgC12 increased the extent of 
cleavage of the fl subunit to the product with two 
less positive charges (Fig. 7). Thus, the mutant 
enzyme has some capacity to respond to the pres- 
ence of ligands. 

Trypsin digestion of NbfCl- and DCCD-modified E. 
coli FI-A TPase 

Reaction of Ft-ATPase with NbfC1 or DCCD 
inhibits ATPase activity through modification of 
tyrosyl or carboxyl groups in fl subunits [31,32]. 
As shown in fig. 8, for NbfC1, inhibition of ATPase 
activity by these reagents was associated with the 
loss of the ability of ATP/MgC12 to protect y 
and e subunits from digestion by trypsin. Di- 
gestion of a, fl and 8 subunits followed that 
established for the wild-type enzyme. 

1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 

/5 

7 

5 

ft. 

TI 

D 

D 

u 

Fig. 7. Effect of trypsin on the subunits  of E. coli F1-ATPase from the uncA401 mutant .  The enzyme was untreated (1), or treated 
with trypsin in the absence of ligands (2) or in the presence of 2.5 m M  MgCI 2 (3), 5 m M  ATP (4) and 5 m M  ATP/2 .5  m M  MgCl 2 
(5). The subunits  were resolved by SDS-polyacrylamide gel electrophoresis (left and centre panels) or by isoelectric focusing (right 

panel). The positions of migration of the a -  e subunits  of E. coil F 1-ATPase and of trypsin inhibitor (TI) are indicated. 
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Fig. 8. Effect of NbfC1 treatment of E. coil F~-ATPase on the digestion of the subunits by trypsin. E. coli F1-ATPase was treated 
with NbfC1 for 0 (A), 5 (B), 15 (C), 30 (D) or 60 (E) min as described in Materials and Methods. The NbfCl-treated enzymes were 
digested with DPCC-trypsin in the absence (1) and presence of 5 mM ATP (2) or 5 mM ATP/2.5 mM MgC12 (3), or not digested (0). 
The products of digestion were examined by SDS-polyacrylamide gel electrophoresis. The positions of migration of the a -  e subunits 
and of trypsin inhibitor (TI) are indicated. The percentage of the ATPase activity remaining at each time interval during NbfCl 

treatment is shown. 

Discussion 

Previous studies [19,20] of  the effect of  trypsin 
on E. coil F1-ATPase showed that the 8 and e 
subunits were readily digested, that  15 amino acids 
were removed f rom the amino-terminus of the a 
subunits, and that the fl subunits were apparent ly  
unat tacked.  The "t subunit  was digested to a varia- 
ble degree, but  no  distinct digestion produc t  of  it 
was recognized. Loss of  ~ was associated with the 
inability of  the enzyme to rebind to membranes.  It 
is likely that  8 was lost f rom the trypsin-treated 
enzyme, because it interacted with the terminal 
amino-acid sequence removed by trypsin f rom the 
a subunit.  Finally, trypsin digestion resulted in 
st imulation of  ATPase  activity. 

In  the present paper  we have found that trypsin 
t reatment  of  E. coil F1-ATPase in the presence of  
A T P  generated an active form of the ATPase,  

lacking 8 and e subunits, which sedimented in a 
sucrose gradient similarly to the native enzyme. 
The form of enzyme can be represented by  the 

a l n l  1 B 1  .~1 formula  3P3"f, where {~1, and are a, fl and 
"}, subunits which have been at tacked by trypsin. 
The presence of  A T P  with MgCl  2 prevented the 
conversion of  , / t o  ~,1 and resulted in the retention 
of  the e subunit. These results imply that the 
conformat ion  of  E. coli F1-ATPase must  be differ- 
ent in the presence of  A T P / M g C l  2 compared  
with ATP  alone, and that these conformat ions  
differ in the extent of  exposure of  the ~, subunit  to 
the medium. The sites of  trypsin cleavage of  the 
subunits have not  been established unambigu-  
ously. D u n n  [20] showed that trypsin removed the 
amino-terminal  15 amino acids of  the ~ subunit.  
We have found, contrary to previous indications 
[20,33], that  the 1!} subunit  of E. coli F1-ATPase 
was cleaved by trypsin. The number  of  amino 



acids removed from this subunit must be small 
since there was little apparent change in molecular 
weight. Two cleavage products were observed, 
being successively one net charge less positive 
than the undigested fl subunit (Fig. 3). Although 
the sites of cleavage have not been identified, 
examination of the amino acid sequence of the fl 
subunit [30] suggests that one cleavage site could 
be at lysine-5. This would generate a residual 
species of the appropriate net charge. A trypsin 
cleavage site at lysine-7 of the fl subunit of the 
bovine mitochondrial F 1 has been observed by 
Walker et al. [34]. A second cleavage site close to 
the amino terminus of the fl subumts of  E. coli 
F1-ATPase is unlikely as there would be an inap- 
propriate change in charge. Therefore, a second 
cleavage site likely results in the removal of the 
terminal dipeptide from the carboxyl terminus of 
the fl subunit. This would generate a fl fragment 
of the appropriate charge. An alternative explana- 
tion is that trypsin removes the carboxyl-terminal 
dipeptide followed by the removal of a second 
dipeptide from this end of the fl subunit molecule. 
Binding of Mg 2÷ to the enzyme makes the second 
cleavage site more accessible to the protease. A 
further implication of the pattern of trypsin di- 
gestion is that the amino-terminal region of the a 
subunit, and the carboxyl-terminal region of the/3 
subunit, are probably at the surface of E. coli 
F 1-ATPase. 

A preliminary attempt was made to identify the 
cleavage site(s) leading to the approx. 20000 Da 
fragment (71) of the y subunit. The Creighton 
modification procedure [26] demonstrated that 71 
still retained the two cysteine residues of the 
subunit. Thus, removal of about 10 kDa of amino 
acids (i.e., the difference in molecular mass of 7 
and 3'1) cannot occur by removal of a 10 kDa 
amino-terminal fragment, as this would result in 
the loss of a cysteine residue from 3,1. Moreover, 
the fragment 71 was much more basic than the "y 
subunit, as shown by its behaviour on IEF gels 
(Fig. 5). The y subunit has a predominance of 
basic over acidic amino acid residues (19 : 9) in the 
amino-terminal 100 amino acids and the reverse 
holds for the carboxyl-terminal 100 amino acids 
(10:15) [30]. This means that removal of an 
amino-terminal fragment of 10 kDa would gener- 
ate a more acidic fragment. This is contrary to 
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what was found. However, removal of a 10 kDa 
segment from the carboxyl terminus would leave 
both cysteinyl residues in the y1 fragment and the 
~,1 would be more basic than the 7 subunit, as was 
observed. Thus, it is likely that trypsin cleaves the 
~, subunit in the carboxyl-terminal one-third of the 
molecule. This region of the subunit must be 
accessible to the medium, and its accessibility be 
altered by the binding of ATP and MgC12 to the 
enzyme. An alternative explanation is that the e 
subunit protects the cleavage site on the y sub- 
unit, and that these ligands reduce the extent of 
digestion of the e subunit. 

It is difficult to interpret the difference in effect 
of ATP and A T P / M g C I  2 on the conformation of 
E. coli F1-ATPase. There are three ATP-binding 
sites on the enzyme, probably on fl subunits [4,6]. 
In the most likely mechanism for the ATP hydrol- 
ysis each site would act in sequence [35]. However, 
there could be separate sites for ATP hydrolysis 
and for enzyme regulation [36]. In the latter case 
ATP alone might be binding to a regulatory site 
whereas in the presence of Mg 2÷ the catalytic site 
would be filled by the enzyme substrate MgATP. 
The effect of ATP and ATP/MgC12 on trypsin 
digestion has features in common with the action 
of these ligands on the fluorescence of aurovertin 
D bound to E. coli F1-ATPase. As shown in Fig. 
6, micromolar concentrations of ADP (or ATP) 
added to native E. coli F1-ATPase caused a great 
enhancement of the fluoresence of the aurovertin. 
This enhancement was decreased to some extent 
by addition of ATP at higher concentrations, and 
discharged completely by Mg 2÷ [14]. A minimum 
of two conformational forms of E. coli F1-ATPase 
can be inferred from these data: a low fluorescent 
form present in the absence of added ligands, or 
when Mg 2÷ or ATP ( A D P ) / M g  2÷ are present, 
and a highly fluorescent form produced by micro- 
molar concentrations of ADP or ATP. (Higher 
concentrations of ATP may produce a third, highly 
fluorescent form.) The highly fluorescent form 
would be the conformation in which the 3' subunit 
of E. coli F1-ATPase is accessible to trypsin. The 3' 
subunit would be protected from trypsin action in 
the low-fluorescent form. 

It was of interest to examine the effect on the 
trypsin digestion pattern of mutations in the en- 
zyme and of chemical modifications which are 
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known to affect conformational interactions in E. 
coli F1-ATPase. In the enzyme from the uncA401 
mutant  serine-373 of a subunits is replaced by 
phenylalanine [15]. This does not prevent binding 
of adenine nucelotides but cooperative interac- 
tions between a and fl subunits are impaired, as 
shown by modified aurovertin fluorescence behav- 
ior [13,14] and by the inhibition of the labeling by 
IAANS of the cysteine residues on the fl subunit 
[18]. Trypsin treatment of the uncA401 ATPase 
resulted in complete conversion of the 3' subunit 
to 3'1. This reaction could not be prevented by 
ATP/MgC12  (Fig. 7). Thus, the mutant  E. coli 
F1-ATPase must be present in a conformation in 
which the 3' subunit is accessible to trypsin, and 
the lack of cooperative interactions between sub- 
units prevents the enzyme from responding to the 
binding of certain ligands. However, the enzyme 
did show some response to Mg 2÷. In the presence 
of these ions there was a greater conversion of fl 
subunits to the doubly cleaved product. Perhaps 
this indicates the presence of a Mg2+-binding site 
on the fl subunits. 

NbfCl  and D C C D  modify the fl subunits of E. 
coli F1-ATPase with inhibition of ATPase activity 
[31,37]. This modification alters the conformation 
of E. coli F1-ATPase so that the cysteinyl residues 
on a subunits are now labeled preferentially over 
/3 subunits, as found with the wild-type enzyme 
[16-18]. The alteration in the conformation of E. 
coli Fx-ATPase by these inhibitors was reflected in 
the trypsin-digestion behavior. The 3' subunits of 
the NbfC1- and DCCD-modif ied  enzymes were 
accessible to trypsin digestion and ATP/MgC12  
did not protect them. 

The results described above indicate that tryp- 
sin digestion is a useful probe of adenine nucleo- 
tide- and Mg2+-induced conformational states of 
E, coli F1-ATPase. A similar conclusion was re- 
ached by Di Pietro et al. [38] for the mitochondrial 
F l, although there are differences in the patterns 
of digestion between the bacterial and mitochon- 
drial enzymes. Khananshvili  and Gromet-Elhanan 
[39] have used trypsin to show that binding of 
adenine nucleotide changes the conformation of 
the isolated fl subunit of the F l of Rhodospirillum 
rubrum. 

A further point to emerge from the studies 
described in this paper  is that the adenine nucleo- 

tide-induced conformational changes in E. coli 
F1-ATPase monitored by aurovertin fluorescence 
were lost on trypsin digestion, whereas the hydro- 
lytic activity of the enzyme was unimpaired. Since 
the aurovertin bound to the digested enzyme to a 
greater extent, or with a greater fluorescence yield, 
trypsin digestion must have impaired the trans- 
mission to the aurovertin binding site of the con- 
formational change which occurred on binding of 
nucleotide. However, trypsin digestion of E. coli 
F1-ATPase did not affect its conformation so as to 
prevent the preferential labeling of the cysteinyl 
residues of the fl subunits by IAANS [16] or to 
inhibit stimulation of its ATPase activity by 
LDAO. Stimulation by LDAO occurred in the 
absence of the e subunit. Thus, the e subunit 
cannot have a role in LDAO stimulation, as has 
been proposed [40]. 
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