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1. Introduction 

In Escherichia coli, the energy transducing ATPase 
is a complex enzyme system involved ln the reversible 

synthesis of ATP during oxidative phosphorylation. 
The soluble part of the complex, the BFr factor, 
possesses the ATPase activity itself and shows remark- 
able similarities to Fr-ATPases from a variety of 

sources including mitochondria, chloroplasts and 
other bacteria [I ,2]. E. coli BFr preparations consist 
of 5 distinct subunits as seen on SDS-polyacrylamide 
gel electrophoresis, with mol. wt 56 000 (a), 52 000 
@), 32 000 (y), 20 000 (8) and 12 000 (e) [3]. The 
molecular weight of isolated BF, has been measured 
for several preparations using different techniques 
such as gel filtration, pore gradient electrophoresis 
and ultracentrifugation. The reported values range 
from 250 000-400 000 [4-61. The oligomeric 
structure of the BFr-ATPase also remains controver- 
sial and subunit stoichiometries of the type (~a&& 
[7] or (~&y~6~e~ [3] are generally proposed. 

This report presents the results of an initial study 
of E. coli BFr-ATPase in Ha0 and D20 solutions by 
neutron small-angle scattering. The enzyme in Ha0 
buffers is shown to have a radius of gyration of 
46 f 0.7 A and mol. wt 315 000 f. 25 000. 

2. Materials and methods 

2.1. Purification of E. coli BF1-ATPase 
E. coli K12, strain AN 180 (arg E3, thi-1) [8] was 

grown at 37’C in rich medium and the cell paste was 
stored frozen at -8O’C. Membranes were prepared by 
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disruption in a Sorvall-Ribi press. BFr was released 

from the membranes by chloroform treatment as in 
[9] and it was further purified by ion-exchange 

chromatography on a DEAE-cellulose column and gel 
filtration on Sepharose 6B [3]. Pure BFr-ATPase was 
stored at 0°C in 50 mM Tris-HCl, 20% (v/v)methanol, 
2.5 mM 2-mercaptoethanol, 2 mM EDTA, 1 mM ATP 
(PH 7.4) at -10 mg protein/ml. Its specific activity 
was 35-45 pmol ATP hydrolyzedmin-’ .mg protein-’ 
when assayed as in [lo]. Our preparations completely 
lacked the 8 subunit, which is the general case for 
E. co2i K12 BFr [6]. 

2.2. Protein concentration 
Protein concentration was measured by the method 

in [ Ill. Crystalline bovine serum albumin (Pentex, 

Kankakee, IL) was used as a standard. The concentra- 
tion of standard solutions was determined from the 
absorption coefficient at 280 mn E 1% = 6.6 1121. 

2.3. Neutron scattering experiments 
Neutron scattering experiments were done at the 

Institut Latie-Langevin on the high-flux reactor using 
the small-angle scattering cameras Dl 1 and D17 [ 131. 
Neutron scattering curves were collected for 2 ranges 
in scattering vector Q (Q = 4n sin O/A; 0 is half the 
scattering angle and X is the wavelength). The first 
range corresponded to 0 .O 13 < Q G 0.09 and was 
measured with h = 10 A; the second to 0.03 G Q G 0.2 
withh=5A. 

Before the neutron scattering experiments, BFr 
was applied to the top of a Sephadex G-50 (fme) 
column equilibrated ln Hz0 or D20 solutions con- 
taining 50 mM Mops, 1 mM 2-mercaptoethanol, 
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pH@) 7 8. The excluded eluate was used for measure- 
ments in cells of 1 mm pat~ength (in H20) or 2 mm 
pathlength (in DzO). 

The molecular weight (M) of BFi-ATPase in Hz0 
was calculated by using the formula discussed in [ 141: 

‘0=4*X 
T 

c 
GX 10-s x txlv, 

Xb’ ti x 1o24 2 
- -PsX 
J!f+ I 

XM 
NA 

where: I(O) is the scattered intensity at zero angle 
divided by the incoherent scattering of water in the 
same solid angle; c, the protein concentration in 
mgfml; T, the transmission of the neutron beam 
through the solvent; t, the pathlength through the 
sample in cm;NA, Avogadro’s number; I;b’, the sum 
of the scattering lengths in cm of the amino acid resi- 
dues for a given mass of protein M’ in daltons (see 
table 1). A specific neutron scattering length Cb’/ 
M’ = 2.280 X lo-l4 cm/g was calculated for E. co& 
BFr from its amino acid composition, by using the 
scattering lengths in [ 151; ps, the neutron scattering 
density of water in cm/A3; ir, the partial specific 
volume of BFr-ATPase in cm’/g. V = 0.737 cm3/g 
was estimated from the amino acid composition (see 
table 1) according to [ 161. 

3. Results 

3 .l . Effect of L+$I.l on WI-A TPase activity 
The ATPase activity of soluble BF, is progressively 

inhibited as the concentration of DzO in the assay 
mixture is increased. Inhibition is a linear function of 
the D20 content of the reaction medium and the 
activity is inhibited by -50% in 96% DzO. Figure 1 
also shows the reversal of the D20 i~bition of 
ATPase activity. Inhibition of the BFr-ATPase 
exposed to D,O was almost completely reversible by 
dilution in an Hz0 assay medium. 

3.2. Radius of gyration and molecular weight 
The neutron scattering curves for the small angle 

region of E. co& BF,-ATPase in solution in Hz0 (for 
two ~oncentrations~ and in D20 are shown in fig.2 
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Figl. Effect of D,O on the ATPase activity of E. coli BF, . 
ATPase activity was measured at 37°C in a reaction mixture 
containing 100 mM Tris-SO,, 20 mM ATP, 10 mM MgSO, 
and 5 pg BF,-ATPase in 0.5 ml total vol. The concentration 
of D,O was as indicated (e-o). Solutions were adjusted to 
pH (D) 8.5 by adding (0.3314 n + 0.0766 n2) pH units to the 
observed pH meter reading, where n is the proportion of D,O. 
In another experiment, BF,-ATPase was preincubated for 
1.5 min at 37°C in 100 mM Tris-SO,, pH (D) 8.5 with D,O 
at the indicated concentrations. ATPase activity was then 
assayed after a 1 O-fold dilution in medium containing no 
D,O. 

2 t 
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Fig.%. Guinier plots of scattering curves of E: coti BF, in 
H,O and D,O buffers. Protein concentrations, in H,O: 
(1) 4.8 mg/ml, (2) 9.6 mg/rn~;~ 96% D,O: (3) 5.8 mg/ml. 
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as Guinier plots [lg]. During measurements, BF, 
showed no significant dissociation into subunits or 
intermolec~~ aggregation. 

Guinier plots are linear over a very wide range 
and the values of R, and 1(0)/c obtained are indepen- 
dent of concentration. Straight lines were fitted to 
0.0004 < Q2 < 0.004 to give a radius of gyration 
(RG) of 46.3 rt: 0.7 A in HZ0 and 42.6 + 0.3 A in 
96% DsO buffer. No change in radius of gyration was 
observed in the presence of 2 mM ATP or 2 mM 
AMPPNP, a non-hydrolyzable ATP analog. 

From the intensities extrapolated to zero angle, 
I(O), in HZ0 and DZO, we find a match point of 42% 
DzO for the protein, which is the same value as for 
other soluble proteins [ 15 ]. The molecular weight of 
E. coii BFr-ATPase was calculated from I(O) in HZ0 
with Cb’ calculated from the amino acid composition 
(table 1). The molecular weight was found to be 
315000k25000. 

3.3. Scattering cuwes of the enzyme 
Neutron scattering curves obtained up to Q values 

of 0.2 for E. coli BFr-ATPase in Hz0 and D20 
medium are shown in fig.3. The scattering intensities 
were plotted as log I/I(O), where I(0) is the intensity 

Table 1 
Amino acid composition of E. coli BF,-ATPase 

Amino acid 

Aspartic acid 
Threonine 
Serine 
Glutamic acid 
Proline 
Glycine 
Alanine 
Valine 
Methionine 
Cysteine 
Isoleucine 
Leucine 
Tyrosine 
Phenylalanhte 
Tryptophan 
Lysine 
Histidine 
Arginine 

Each value is the average of 2 determinations 

mole % 

9.5 
5.0 
5.8 

11.2 
3.9 
9.8 
9.4 
8.0 
2.3 
1.5 
5.9 
9.7 
3.1 
2.8 
0.7 
4.9 
1.5 
5.0 
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Fig.3. Experimental neuron-scattering profties from E. coii 
BF, at 9.6 mg/ml in II,0 (o-o) and at 5.8 mglml in 96% 
D,O (e-e). 

at zero angle, as a function of RG X Q. The neutron 
scattering profdes of ATPase in Hz0 and DzO solvents 
are different, The side maximum observed in both 
curves at R, X Q = -4.5-5.0 is a factor of 2 more 
intense in DzO with some hint that it might be 
followed by a second maximum. 

Correlation functions were obtained from I(Q) 
by Fourier tra~fo~ations of the intensity, dr) = 
1 Q2i(Q) (sin Q$&) dQ (fig.4). Except for their 
similar crossover points, the correlation functions in 
Hz0 and DzO are quite different. The maximum 
dimension of the enzyme in Hz0 and D20 solutions 
was determined from the plot to be 130 f 15 A. 

The entire scattering curves cannot be approxi- 
mated by the scattering of simple homogeneous 
shapes, The subsidiary maxima indicate major fluctua- 
tions in scattering density within the enzyme molecule, 
which are different in Hz0 and DzO. 
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Fig.4. Fourier transform of the experimental neutron scatter- 
ing profiles of E. coli BF, (1) in H,O at 9.6 mg/ml and (2) in 
96% D,O at 5.8 mg/ml. 

4. Discussion 

D?O solvents were found to inhibit reversibly 
E. coli BFr-ATPase activity. The full extent of 
reversibility suggest that large changes in the confor- 
mation of the enzyme are not likely to occur in DsO. 
Water has a direct role in the ATPase reaction and its 
replacement by D?O is expected to influence the 
course of ATP hydrolysis. The effect of DzO on mito- 
chondrial Fr-ATPase activity was reported in [19]. 

Small-angle neutron scattering measurements of 
E. coli BFr in Hz0 give R, = 46.3 + 0.7 A, which is 
decreased to RG = 42.6 + 0.3 A in DzO buffer. This 
decrease in RG in DzO buffer can be interpreted in 
the following way. The contrast for hydrophilic 
groups in DsO is much lower than for hydrophobic 
groups. Since the latter are usually closer to the 
centre of mass of the protein, the particle appears 
‘denser’ at smaller radii, leading to the observed 
decrease in RG [17]. 

The molecular weight of BFi calculated from the 

neutron data in Hz0 is 3 15 000 f 25 000. This figure 
should be compared to the sum of the molecular 
weights of the subunits. A subunit stoichiometry of 
a&ye leads to a mol. wt 368 000 and of (u&‘yses 
to 304 000. Our molecular weight value calculated 
from the neutron data, therefore, is more in favor of 
an a& type of stoichiometry in isolated BFr-ATPase. 

There is no simple homogeneous body for which 
the theoretical scattering curve corresponds satis- 
factorily over the entire experimental scattering 
profile of BFr . The inner portions of the profiles in 
HZ0 are best approximated by a prolate ellipsoid 
(2: 1, axial ratio) or a flat cylinder (2: 1 diameter to 
height). The intense subsidiary maxima on the other 
hand, have exactly the same position as for a sphere. 
Their heights are consistent with solvent volumes, for 
example a cavity, within the protein, possibly related 
to the packing of the different subunits in the active 
enzyme. The fact that the maximum is higher in DzO 
than in Hz0 would arise from an apparently larger 
cavity in DzO. This can be understood in terms of the 
hydrophilic groups which would line such a cavity 
and which have a lower contrast in DzO than in HzO. 

Information on structural aspects of ATPases 
have been obtained by small angle X-ray scattering. 
There is a large disagreement on the structure param- 
eters of the CFr-ATPases from spinach [20] and 
Viciufaba chloroplasts [21], although both groups 
agree that a cavity exists within the CFr-protein. The 
smalLangle neutron scattering analysis of E. coli BFr 
is compatible with such a cavity within the protein. 
Specific deuteration combined with neutron scatter- 
ing is a powerful technique in the study of multi- 
subunit enzymes [22]. It is an approach we are now 
applying to the E. coli BFr enzyme and which should 
provide much more structural information. 
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