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1. Introduction 

To gain structural information about the peripheral 
part of the H+-translocating ATPase, Fr, from Escheri- 
chia coli, having a subunit composition of crs 03 y,6 ,E 
[l] which is compatible with small angle X-ray scatter- 
ing experiments [ 11, the structures of the subunits of 
F, can be investigated and compared with the overall 
shape of the Fi molecule [2]. I can now report the 
dimeric structure of cr from Fr in solution. 

In [3-51 purified (Y- and P-subunits from TFr and 
Fi in E. coli were both found to have nucleotide 
binding sites and it was claimed that the o-subunit 
had an allosteric site for TFi and that fl carries the 
catalytic one. (Y from Fr-ATPase of E. coli carries a 
tight nucleotide site [5] with Kd = 0.9 @vI. The 
monomeric o-F, from E. coli changes its conforma- 
tion upon binding to ATP [6-81. This study shows 
that, under certain experimental conditions and in 
the absence of ATP and/or ADP and Mg’+, (Y can be 
isolated as a dimer from which structural information 
of the protein-protein interaction (o-o) can be 
obtained. 

fled o-subunit was dialyzed against 0.05 M K2HP04 
(pH 6 5) at 4”C, at 2 mg protein/ml for 12 h in the 
presence of 10% (v/v) glycerol. 

Formation of ar2-Fr-ATPase was achieved by heat- 
ingthe dialyzed solution of oL at pH 6.5 in the presence 
of 10% (v/v) glycerol and 1 mM Mg2+ to 37°C for 
30 min. Chromatography on an I 250 column by 
high-pressure liquid chromatography at 2.5 ml/min, 
using a buffer system for elution consisting of 0.05 M 
K2HP04 (PH 6.5), containing 1 mM dithiothreitol, 
1 mM Mg2* and 10% (v/v) glycerol, shows a major 
peak, equivalent to 130 000 M, after calibration of 
the column with proteins of known hydrodynamic 
properties, and a minor peak, only 5% of the total 
initial loading of the column, representing o-mono- 
meric. 

The purity of o2 was 98%, as proven by polyacryl- 
amide gel electrophoresis [ 51, revealing no contamina- 
tion of proteins of low Mr. The homodispersity of o2 
was proven by analytical ultracentrifugation [lo] 
and inelastic light scattering [6]. The protein concen- 
tration was determined spectrophotometricahy at 
278 mm using an extinction coefficient of A &!?A cm = 
0.5 1, determined by interferometric methods [ 111. 

2. Materials and methods 

2.1. Preparation of &subunit and CY~ 
The o-subunit was prepared according to [5] and 

further purified by high-pressure liquid chromatog- 
raphy on an I 120 column from Waters, Associates, 
applying a flow rate of 2.5 ml/min and an elution 
buffer consisting of 0.05 M Tris-PO4 (pH 8.0), 
0.1 mM EDTA and 0.1 mM dithiothreitol. The puri- 

Abbreviations: F,, the peripheral part of the H+-translocating 
ATPase (EC 3.6.1.3) from E. coli; c&7,6 and e, subunits of 
F, in order of decreasing M,-value 
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2.2. Small angle X-ray scattering 
The measurements were carried out as described 

extensively in [2,8], using a G X 18 rotating anode 
(Elliot, UK) with a C&target, operated at 45 kV and 
30 mA. Protein solutions were investigated at 20°C 
and 4°C. Each scattering curve, which was recorded 
on a one-dimensional position-sensitive detector sys- 
tem (Tennelec, Oak Ridge TN), was measured several 
times with a fmed number of counts of 1 OS/angle to 
minimize statistical errors [ 121. The procedure used 
for data evaluation and processing, as well as density 
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measurements for the partial specific volume of (Ye 
is described in [ 131. 

Model calculations of the random-orientated 0~~ 
molecule in solution show that the particle can be 
assumed to be an assembly of n hard spheres each 
with a radius of 0.5 nm. In order to evaluate the 
scattered intensity curves for a2 and to compare 
them with possible molecular models, the Debye 
formula was used according to equation: 

sin hRA 
I(h) = C C fifk hi 

ik lk 
(1) 

with fi and fk the scattering amplitudes of atoms or 
nuclei situated at points i and k, respectively, and R, 

is the distance between the nuclei [ 141. In a further 
approximation the particle under consideration, (Ye, 
was constructed from a number of homogeneous 
identical hard spheres (radius 0.5 nm). Modifying 
eq. (l), the no&naked scattered intensity, 1, (h) = 

I(h)/l(h = 0) can be calculating according to: 

with J the Bessel function, equivalent to the scatter- 
ing intensity curve of a sphere with radius R; n is the 
number of spheres filling the particle (01~), Aj represents 
the number of distances R, = RI, and n is the num- 
ber of different distances Rj [ 141. Calculations were 
performed on the Cornell computer IBM 3700 and 
the MSC 400 primer computer. 

3. Results 

From the innermost portion of the scattering curve 
according to [ 151 the apparent radius of gyration 
was obtained (fig.l), which was extrapolated to 

100 150 

h2 (1o-4 .G2) 

Fig.1. X-Ray scattering of 0~~ in 0.05 M K,HPO,, containing 1 mM dithiothreitol, 1 mM Mg’+ and 10% (V/V) glycerol, at PH 6.5, 
in a Guinier plot. I is the scattered intensity and c the concentration of the protein in mg/ml. Inset: concentration dependence of 
the radius of gyration; (--) calculated intensity distribution for model 3 of fig.4. 
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vanishing protein concentration. High precision vahr- 
ues for R, were obtained by evaluation of the radius 
of gyration from the distance distribution function, 
D(R), using data from the entire scattering curve 
according to: 

R 2 _ ?oD@)R’@ 7-O H(x)r4~ 
g- D 

= (3) 

210 D(R)dR 
2yo H(x)Ax 

with H(x) the correlation function: 

H(x) = (l/27?) x 9, KI(Iz)h2 
I I 
sin $$ dh 

where K is a constant [ 16,17].LSince thi Guinier 
approximation holds only for a limited angle range, 
R, = 3.09 f 0.07 nm at 20°C andRg = 3.06 f 0.05 nm 
at 4°C were obtained when taking the entire scattering 
function for o2 into consideration according to eq. (3). 
Whereas R, from the Guinier region can be approxi- 
mated with an accuracy of better than 9.5% in the 
range of hR < 0.9, an accuracy better than 1% (hR,) 
is obtained by collecting data down to 0.4 and applying 
the correlation function [ 131. During the measure- 
ments of o2 at pH 6.5 no significant dissociation or 
association were detected. The Mr-value was deter- 
mined by extrapolation to zero scattering angle, where 
the experimental intensity was put on an absolute 
scale by means of calibrated Ni-filters (DuPont, DL) 
according to [2]. An Mr of 105 000 + 10 000 for cr2 at 
pH 6.5 was obtained, applying an isopotential partial 
specific volume of 4 = 0.738 f 0.002 ml/g, obtained by 
densitometry measurements [ 131. The largest expan- 
sion of o2 can be obtained by the distance distribu- 
tion function, D(R), directly from the scattered 
intensity (fig.2). The relative weakness of the oscilla- 
tions and the negligible concentration effects led us 
to conclude that the scattering pattern in all mea- 
sured points was not significantly distorted, includ- 
ing the termination effects of the Fourier transfor- 
mation [ 161. This is consistent with the observed 
findings that the scattering pattern at wider angles 
does not change significantly over a mode range of 
o2 concentration. Once D(R) and D,, have been 
calculated (tr$le I), the zero scattering intensity, 
I(Op,) = 4mJ,D(R), can give additional information 
about the MI-value which, applying the whole set of 
scattering data [ 161, was evaluated to 115 000 
(table 1). 

From the distribution of the scattered intensity 

20 

5 

R (-1 

Fig.2. Distance distribution function of 0~~ (-) and of the 
F,-ATPase (qfl,~,6 ,e) (---) for comparison. 

it is possible to determine the distribution of chords, 
i.e., the distribution of the length of the straight seg 
ments joining 2 points on the external surface of the 
particle [ 18,191, calculated according to Tschoubar as 
in [20]. The distribution of chords is shown in tig.2, 
revealing that the maximum dimension is 11 .O nm, 
the same as was obtained from D(R), and it should 
be noticed that the value of G(R) for R = 0 does not 
go to zero. Since the scattered intensity, which has 
been recorded up to an angle corresponding to H = 
0.3 1 nrn-‘, and the product of I(h) X h4 could be 
recorded with confidence, the volume of the particle 
could be determined. The volume of o2 was found 
to be 2.4 X 10’ run3 f 5%, according to this method. 
The electron density contrast between hydrated o2 
and buffer if 9 1 e/nm3. The degree of hydration of 
o2 corresponds to 0.21 g water/g protein, and the 
ratio of surface to volume is 25% lower for o2 than 
for (Y, alone [8]. 

4. Discussion and conclusion 

The size and shape of a particle or particle assembly 
can be characterized by 3 parameters: radius of gyra- 
tion; volume; and external surface area. Since the 
maximum enlargement of the particle under consider- 
ation is determined from the distance distribution 
function, D(R), as well as from G(R) (fig.3), a fourth 
parameter can define the length of u and b of the 
semiaxis of a possible ellipsoid of revolution [ 2 1 ] 
(table 1). The values involving the surface area of o2 
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Table 1 
Structural parameters for 0~~ from smaII angle X-ray scattering experiments 

Parameter Unit Value 

Rg 
nm 3.09 f 0.07 

4, nm 2.70 f 0.05 
R 

MCZX lo4 
nn 1.35 t 0.05 

v’x lo2 
10.5 r 1.0 

nm3 2.45 
S ext nm’ 1.34 x lo* 
@ ml/g 0.738 * 0.002 
R nm 4.16 

RV nm 3.98 

2 
nm 4.15 

max nm 11.0 r 0.8 
w g H,O/g protein 0.39 

z [2 + (u/b)*]“J axial ratio 4.1 

Rg3 
Sextl V i2 + (albY I” axial ratio 4.4 

R, RV and RS are the radii of spheres whose radii of gyration, of volume and of 
surface are Rg, V and 5, respectively; deviations of these radii are indications of a 
departure from a spherical molecule 

R, is the radius of gyration of the cross-section, obtained from a plot of log 
I(h) x h vs h2 

January 1982 

correspond to more anisometric ellipsoids than those 
calculated from the determined volume, which can be 
explained by the surface roughness of (~2. ‘Ihe calcula- 
tion of equivalent ellipsoids leads to a model of a 

prolate ellipsoid of revolution with an axial ratio of 
4, as determined by V and R, and from D(R) and 

R (nm) 

Fig.3. Distribution of chords (G(R)) of o1 (-). Inset: the 
function of i(h)ch4 plotted vs h“ for (Y* (-) and for the 
F,-ATPase (---). 

G(R). The maximum enlargement of the dimer of OL 

was found to be 11 .O + 1 .O nm and from the distribu- 
tion of chords (G(R)) it was found to be 9.5 f 1 .O nm. 
However, the fact that the function G(R) does not 

take the value of zero at R = 0 is explained by the 
presence of a large cleft, probably related to the 
impinging of the 2 ellipsoids of (Y. 

Similar to the distribution of the scattered intensity 
at low scattering angles (fig.l), the distribution of the 
scattered intensity, represented as a cross-section 
plot, is characterized by 2 straight-line portions with 
2 values of the radii of gyration of the cross-section 
(fig.4; table l), namely, Rcl = 1.70 nm and Rc2 = 
1.35 mn. Model calculations according to eq. (2), 
built of 298 spheres, yield a radius of gyration very 
similar to the experimental value, when using model 
1; however, the radii of gyration of the cross-section 
have a much lower value than the experimental one. 
A rod-shaped model (model 2) with 2 o-molecules 
joined together, having the same cross-section, is 
somewhat longer than the one determined from the 
pair distribution function of 11 .O nm. Furthermore, 
the radius of gyration is 10% higher. However, the 
third model in fig.4 fits the experimental curve rea- 
sonably well, as well as that of the calculated Guinier 
plot. The end-to-end distance of model 4 is 11.5 nm 
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Fig.4. Calculated cross-section plots (-) of models l-4 of OL,. Numbers correspond to model numbering in the inset. Experi- 

mental (. . . ) data points. The straight lines were approximated by the steep and flat parts of the scattering curve using a weighted 
least squares routine. 

which is in fair agreement with the experimental 
value. This is also the case for the calculated radius of 
gyration, which was calculated to 3.10 nm, and for 
the radius of gyration of the cross-section (&r = 2.70, 
Rcz = 1.40 nm). Similar to model 3, model 4 does not 
fulfil the radius of gyration, although it fits the 
radius of gyration of the cross section. Furthermore, 
it was observed that the radius of gyration of cross- 
section Rcz depends mainly on the thickness of the 
o-subunit, when fitting experimental data to models. 
When the thickness was decreased, the outer part of 
the cross-section curve at higher scattering angles 
became more steep. The slope of the inner part of 
the calculated cross-section curve, which is propor- 
tional to R&, reveals a different dependence on the 
thickness of the o-subunit, namely it decreases. These 
dependencies apparently indicate that RCI and Rcz 

are not real cross-section radii of rod-like structures, 
but characteristics of the a-scattering curves. 

In comparison to the native enzyme, the Fr-ATF’ase, 
we note some similarities: 

(1) 

(2) 

(3) 

The radius of gyration is large when compared 
to a hard-sphere, multisubunit particle; the 
ratios of the cubes of the radii of gyration are 
almost twice the ratio of the volumes, indicating 
that the dimeric structure of cr2 is more aniso- 
metric than Fr, which is a hollow sphere [2]. 
The distribution of the scattered intensity near 
the origin appears to be bimodal since the 
Guinier plot (fig.1) displays 2 linear regions with 
an abrupt change at h = 7.07 X lob2 run-‘. 
Similar results were discovered for the entire 
F,-ATPase from E. coli [2]; however, there the 
change appeared at h = 8.6 X 10m2 nm-‘. This 
bimodal distribution suggests the presence of at 
least 2 parts loosely connected together. 
The distribution of chords, G(R) (fig.3), reveals 
a rather slow fall off at large R. This can be 
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explained by an association of >2 globular parts, 
linked together by a fairly flexible hinge. In con- 
trast to the Fr-ATPase, where G(R) does go to 
zero at R = 0, a2 has a finite value beyond zero, 
supporting the idea of localizing the flexible 
hinge in CC This is further substantiated by the 
fact that the flexible hinge and the change of 
G(R) at R = 0, displayed in tig.3, is abolished 
when treating o2 with trypsin. 

Furthermore, the ability of binding ATP to QT is 
abolished [22]. Moreover, proteolysis of (Y of Mr = 
55 700 [8] occurs through cleavage at the amino-ter- 
minal end of OL, resulting in 2 fragments, one with 
15 amino acid residues and a larger one of Mr 48 500 
(CUT) [23]. In view of the dimeric structure of (Y under 
the studied conditions it is likely that these particular 
distinct parts of (Y or o2 are related to the observed 
flexible hinge. This strongly suggests that the 2 mono- 
mers of cuand the 3 cr within the Fr-ATPase are linked 
together, essentially through interactions involving 
the NH?-terminal extremity of each subunit. FIuores- 
cence depolarization lifetime experiments on CY of 
the Fr-ATPase from the thermophilic bacterium PS3 
revealed a high degree of flexibility which is abolished 
upon binding of ATP [24], very similar to (Y from 
E, coli F r-ATPase described here. 
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