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A Dissipative Structure of F~ATP Synthase @:3; Complex

Analysis by Time-resolved Small-angle X-ray Scattering
Using Synchrotron Radiation

Mamoru SATO

Institute for Protein Research, Osaka University

An excited a;8; hexamer of F;-ATP synthase that hydrolyses ATP to ADP and P, has
been observed by time-resolved small-angle X-ray scattering experments using synchro-
tron radiation and stopped-flow mixing chamber. Observations reveal for the first time,
that a steady state of the excited hexamer is maintained during the course of ATP
hydrolysis until all the ATP added are converted to ADP when the hexamer complex was
mixed with ATP. In contrast, when the a;3; hexamer is mixed with ADP, the hexamer
dissociates into three a;8; dimers following a simple dissociation reaction kinetics.
Moreover, these hetero-dimer re-associate to reconstitute the hexamer upon their further
mixing with ATP. These results are successfully analyzed by a non-linear chemical
dynamics with the presence of a dissipative structure as a model for the excited a;8;

hexamer.
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Table 1 Subunits of F,-ATP Synthase from
Thermophilic Bacterium PS3
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(b) the

temperature-jump apparatus installed in the Photon Factory, National
Laboratory for High Energy Physics, Tsukuba.
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Fig.2 A data-aquisition scheme for time-resolved small-angle X-ray scattering.
The small-angle scattering intensities are recorded in 512 channels of
histogram memories according to the reaction time. A total of 96 time
frames can be recorded in a single experiment.
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Fig.3 Comparison between the observed B, complex and the calculated
profiles from the following models. (a) subunit centers of mass were
hexagonally arranged by o and B ellipsoids with their symmetry axis
parallel. (b) subunit centers of mass were hexagonally arranged by «
and B ellipsoids having a common tilt orientation angle of 30° with
respect to the complex's symmetrical axis with the tilt orientation
alternating between a and B. (c) a model consists of one ellipsoid of
revolution with an elliptical hollow cavity. (d) a model consists of three
equal triaxial ellipsoids trigonally arranged with their ¢ axis parallel, each
ellipsoid representing an «, B ; dimer. The triaxial ellipsoid has an a axis
of 105.2 A, b axis of 39.4 A, and ¢ axis of 108.2 A. The a subunit
ellipsoid has a minor axis of 40.8 A and a major axis of 106.0 A; the 8
subunit has a minor axis of 40.0 A and a major axis of 112.0 A.
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Fig.4 Comparison between the observed profile of the
a; B complex and the calculated profiles from
the following models. (a) two different ellipsoids
of revolution representing the o and B subunits
are aligned in parallel. The ellipsoid for the «
subunit has a minor axis of 40.8 A and a major
axis of 106.0 A; for the B subunit a minor axis of
40.0 A and a major axis of 112.0 A, with a 40.4~
A distance between the subunits. (b) triaxial
ellipsoid with axes of 105.2 A, 39.4 A, and 108.2
A
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Fig.5 Time courses of (a) radius of gyration Rg and (b) zero-angle scattering
intensity 1(0) for the reaction of a3B; complex (0.03 mM) with ATP (1
mM). Error bar is drawn by 30 , where the o is the standard deviation
estimated from the least-squares method.
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Fig.6 Time courses of (a) radius of gyration Rg and (b) zero-angle scattering
intensity 1(0) for the reaction of ;B 3 complex (0.03 mM) with ADP (1
mM). Error bar is drawn by 30 , where the o is the standard deviation
estimated from the least-squares method.
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Fig.7 Time courses of ATP concentration C,rp and ADP concentration C,pp for
the reaction of a3 5complex (0.03 mM) with ATP (1 mM).

33



34

WEX HOEEF1S

o f .
‘@

§ L

g

=

O L

&

=1

L 1 ) 1 _J
0 100 200 300 400 500
Time (sec)

Fig.8 Time course of background-subtracted intensitites, integrated over 512

channels of histogram memories in a position-sensitive proportional
counter, for the reaction of «, B complex (0.09 mM) in the presence of
ADP (1 mM) with ATP (1 mM). Error bar is drawn by 3¢ , where the ¢ is
the standard deviation estimated from counting statistics.
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Fig.8 Time courses of (a) zero-angle scattering intensity 1(0) and (b) ATP

concentration C,1p obtained from a non-linear chemical dynamics with
the presence of a dissipative structure as a model for an excited a3B,
hexamer. The parameters for the best fitting in equations (6) and (7) are
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