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Summary. Biomembranes are the major site of energy
transduction. The chemisomotic theory of energy
transduction is based on the following four major
systems (i) H"-ATPase which is composed of a cata-
lytic portion (F,) and a H*-channel (F,), (ii) electron
transport components, (iii) H*-linked porters, and
(iv) a H*-impermeable lipid bilayer which is plugged
through by systems i to /i that are specially oriented
to translocate H™.

Studies on the molecular mechanism of energy
transduction have been hampered by the impurity,
instability and complexity of preparations of mem-
brane proteins from mesophilic organism. However,
using stable, simple membrane proteins from a ther-
mophilic bacterium, we obtained the following re-
sults:

1) Thermophilic H*-ATPase was dissociated into
5 subunits of F; and 3 subunits of F, and their func-
tions and structures were studied by reconstitution.
F, was crystallized.

2) Thermophilic cytochrome oxidase, cytochrome
¢ and NADH-dehydrogenase were purified. In con-
trast to the complex mitochondrial cytochrome oxi-
dase (7 subunits) and NADH-dehydrogenase (3 subu-
nits), the purified thermophilic proteins were shown
to be composed of single components.

3) H"-linked porters such as a H*-driven amino
acid carrier and a Na*-H™ antiporter were character-
1zed.

4) Thermophilic lipids were shown to be
completely saturated. Using these stable lipids, lipo-
somes capable of H*-driven vectorial reactions in-
cluding net ATP synthesis and alanine transport were
reconstituted.

The electrochemical potential difference of protons
(AgH™) ! across the biomembrane is the driving force
of oxidative phosphorylation, photophosphorylation
and transport of many substrates [3, 36]. In studies
on the molecular mechanism of this energy transduc-
tion, pure and stable membrane proteins responsible
for this reaction are necessary for the following pur-
poses:

1) To observe the reaction of isolated proteins.
In a complex system, measurements may be affected
by side reactions of contaminants.

2) To differentiate energy transfer by conforma-
tional change of connected protein, local electrochem-
ical change in the membrane, and AgH™ between
two bulk water phases [37].

3) To isolate subunits of the protein in an active
state and determine their roles and physicochemical
properties [61].

4) To reorganize subunits into an oligomer, so
that stepwise restoration of higher functions can be
observed [23, 60].

5) To reconstitute oligomers into proteoliposomes,
so that their vectorial energy transducing reactions
can be examined [21, 23, 45].

Most preparations of mesophilic proteins ob-
tained so far from energy transducing biomembranes
have been unstable, impure, and complex [3, 15], ex-
cept for preparations of cytochrome ¢. Thus, reconsti-
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tution of the component subunits is difficult and it
is uncertain which of the complex components in the
preparations are essential and which are contami-
nants. This review describes energy transduction by
stable, pure, and simple proteins obtained from ther-
mophilic bacteria for the purposes listed above.

Thermophilic Proteins

If an organism is to survive in a hot spring, all its
proteins must be stable [9]. These proteins are also
resistant to dissociation agents that, even at very low
concentration, denature mesophilic counterparts. As
a source of stable energy-transducing proteins,. the
aerobic thermophilic bacterium PS3 was chosen [22].
Figure 1 shows the difference in stabilities of F; AT-
Pase [30] and cytochrome oxidase [49] from meso-
philes and the thermophile. Essentially similar results
were obtained with many other dissociation agents,
including chaotropic anions such as SCN~ and
C10,, LiCl, organic solvents, detergents such as so-
dium dodecylsuifate, and heavy metals. The stability
of TF, was confirmed with *H-?H-exchange [40].

The greater stability of the enzymes {rom thermo-
philes is mainly due to an increased number of salt
bridges (Arg-Asp, Arg-Glu, etc.). This idea is
supported by X-ray crystallography of thermophilic
ferredoxins {43] and other thermophilic proteins [62].
In the thermophilic proteins, the extra energy of sta-
bilization is provided by a few extra salt bridges on
the molecular surface or subunit interface without
disturbance of the tertiary or quarternary structure,
which 1s essential for the function common to thermo-
philes and mesophiles [9, 62]. In contrast to hydrogen-
and hydrophobic-bondings, which are short range,
the electrostatic force of the salt bridges is long range
and facilitates structural reconstitution of a protein
after its complete denaturation. This property has
been utilized in reconstitution of HT-ATPase
(F,- F)) [23, 30]. F,- F, was dissociated into F, (H*-
channel protein) [22, 26, 41], and F,; (catalytic protein)
[42, 44]. TF; was completely dissociated into its
5 nonidentical subunits (¢, $, 7, 6 and &) and then
reconstituted into active subunit complexes as will
be described in a later section [23, 60].

The contents of SH and S-S groups are extremely
low in thermophilic proteins [9, 61, 62]. This has
proved useful in determining the subunit stoichiome-
try of TF;. In mesophilic F;, there are more than
10 SH groups per molecule, and so it is difficult to
determine the subunit stoichiometry from them. But
in TF,, onle the o subunit contains an SH group
(1 SH/1 o subunit) [61], and since there are 3 SH
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Fig. 1. Effects of urea concentration on the activities of ATPase
and cytochrome oxidase [31, 49]. F,. F; purified from beef heart
mitochondria; T'F,, £y purified from thermophilic bacterium PS3;
CO, cytochrome oxidase purified from beef heart mitochondria;
TCO, cytochrome oxidase purified from thermophilic bacterium
PS3.

groups per TF, molecule, there must be 3 « subunits
per TF, molecule [61]. Moreover, the fact that TF,
has no SH group proves the idea that SH groups
or lipoate do not participate in the functioning of
TF,. Although lipoate [13] and SH [35] have been
reported to be involved in ATP synthesis of other
biomembranes, the considerable homology in the
functioning portion of one of the subunits of meso-
philic F,’s and TF, [47] suggests that these proteins
have the same mechanism of H ™ -translocation.

Thermostable Lipids

In the biomembranes of thermophiles, lipids, as well
as proteins, are physically and chemically stable. As
shown in Fig. 2 4, glycerophospholipids of mitochon-
dria and mesophilic bacteria, and glycerogalactolipids
of chloroplasts form a bilayer which is highly fluid
and leaky to solutes. These properties of mesophilic
biomembranes have been explained by the presence
of unsaturated acyl groups in the glycerolipids, espe-
cially in the second position. The most mobile portion
of the bilayer is the end of the hydrocarbon chains
in the middle of the bilayer, as shown by nuclear
magnetic resonance of *3C, and electron paramag-
netic resonance of spin-labeled lipids.

However, in thermophiles, the bilayers formed by
lipids are compact and prevent ion leakage [9]. As
shown in Fig. 2 B-D, there is no unsaturation in these
lipids, so their hydrocarbon chains in a f{rans-
staggered conformation are tightly packed. This ab-
sence of unsaturation prevents oxidation and extreme
thermal agitation of lipid molecules at high tempera-
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Fig. 2. Structure of lipid bilayer of thermophilic glycerolipids. (4):
Mesophilic lipids containing unsaturated fatty acyl groups mainly
at the second position of glycerol. (B): Phospholipids of thermo-
philic bacterium PS3 with iso and anteiso-groups at the end of
the acyl groups [24]. (C): Glycerolipids of Bacillus acidocardarius
with w-cyclohexyl groups at the end of acyl groups [39). (D):
Diglycerol tetraether of Thermoplasma acidophilum. A single Cyo
hydrocarbon is combined through ether linkages with sn-2,3-glycer-
01[33]. The open circles indicate polar groups attached to glycerol.
Note the wider intermolecular spaces and mid-membrane spaces
in 4 than in B, C or D.
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ture. The movement of the end of hydrocarbon chains
is also restricted by iso- and anteiso-groups of thermo-
philic bacterium PS3 (Fig. 2B) [24], w-cyclohexyl
groups of Bacillus acidocardarius (Fig. 2C) [39], and
the diglycerol tetracther structure of Thermoplasma
acidophilum (Fig. 2 D) [33] which grows well at pH 1
at 56 °C.

The phospholipids of PS3 were found to consist
of 57.6% phosphatidylethanolamine, 19.2% cardioli-
pin, 12.9% phosphatidylglycerol, and 10.3% un-
identified material [31]. The molecular species are
mainly of the 1-15-methylhexadecanoyl 2-13-methyl-
tetradecanoyl-sn-glycerol-3-phosphoryl type (31.5%)
and 1,2-di-13-methyltetradecanoyl-sn-glycerol-3-
phosphoryl type (24.9%) [24].

These stable phospholipids are useful in reconsti-
tution of liposomes capable of ATP synthesis [25,
51], H* -transport through F, [41], and amino acid
transport by a carrier [18]. Thus the widely accepted
idea that unsaturation of the lipids is essential for
fluidity and functioning of biomembranes is not appli-
cable to thermophiles. The possibility of energy trans-
fer through oleic acid and lipoic acid [13] in the mem-
brane is also excluded by the fact that neither was
detected in reconstituted H*-ATPase liposomes [23,
30].

Reconstitution of H"-ATPase from its Subunits

H*-ATPase was first extracted from beef heart mito-
chondria with cholate [27] and later shown to be a
universal component of all cells [30]. As described
in recent reviews, this ATPase has been found in
mitochondria [42], chloroplasts [35, 38], and prokary-
otic plasma membranes [5]. H™-ATPase was shown
to be composed of a catalytic portion (Fy) and a
membrane portion (F,), which renders F, sensitive
to energy transfer inhibitors [26].

Mitchell postulated that H'-ATPase is responsi-
ble for ATP synthesis using energy of H*-flow
through the membrane [36]. In fact, when crude H*-
ATPase was incorporated into liposomes, they accu-
mulated protons at the expense of ATP hydrolysis
[28] and were capable of oxidative phosphorylation
in the presence of crude electron transport compiexes
[45].

However, the mitochondrial H*-ATPase prepara-
tions are unstable and impure, even when obtained
by recently developed methods [54]: Typical prepara-
tions gave 13 bands on electrophoresis [54]. More-
over, mitochondrial and chloroplast F,’s have never
been reconstituted from their subunits. The roles of
the subunits have been studied by the use of anti-
subunit-antibodies, but the results [38] obtained have
been different from those obtained by reconstitution
of thermophilic F; [60] and with antibodies against
subunits of thermophilic F; [61]. Our conclusions on
the structure and functions of each subunit of thermo-
philic F, are summarized in Table 1 [30, 59].

There are only three subunits in thermophilic F,
{29, 31]: an OSCP-like protein (19,000 daltons), F,-
binding proteins (13,500 daltons) and DCCD-binding
proteins {7,300 daltons) [47, 50]. Although the subunit
composition of F, of mitochondria is very complex
[54] and is still controversial, recent reports on pro-
karyotic H"-ATPases suggest that there are also only
three subunits in F,. H*-ATPases have been obtained
from Escherichea coli [7, 8], Streptococcus faecalis [1],
and Rhodospirillum rubrum 2], but functioning F, has
not been dissociated from any of them. Thermophilic
I, was reconstituted into liposomes capable of specific
H*-translocation that was inhibited by energy trans-
fer inhibitors such as DCCD [41]. The DCCD-binding
protein in both 7TF, and F, was completely sequenced
[47] and [**C}-DCCD was found on Glu®® of TF,
as shown below:

~Gly®*~Val-Ala-Leu-Val-Glu®*5-Ala-Leu-Pro-Ile®‘-
There are a total of 72 amino acid residues in TF,

and 64 of them are hydrophobic. This explains the
solubility of the DCCD-binding protein in organic



Table 1. Structures and functions of subunits of TF,;
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Subunit o B Y é &
Mol wt 54,600 51,000 30.200 21,000 16,000
o-Helix content (%) 31 34 49 65 33
B-Sheet content (%) 19 23 4 15 24
Cysteine content (mol/subunit) 1.0 0.0 0.0 0.0 0.0
Net ATP synthesis and H*-transport required in reconstitution  (+) (-+) (+) (+) (+)
P;-ATP exchange

Required in reconstitution (+) (+) (+) (+) (+)

Inhibition by each antibody (+) (+) (= (=) (=)
ATP hydrolysis

Required in reconstitution (> (+) (+) (—) (=)

Inhibition by each antibody (+) (+) (=) (—) (—)
Nucleotide binding to isolated pure subunits

ATP and ADP €3] (+) (-) (=) (=)

ITP and IDP (=) (+) (=) (=) (=)

CTP (+) (=) (=) (=) (=)
H*-gate activity (=) (=) (+) (+) (-
Direct binding to TF, -) (-) (=) (+) (+)
N ;-sensitivity —) () (+) (=) (—)

a

Not always required.

solvents and its tight binding to the hydrocarbon re-
gion of membranes. When only one of its ionizable
residues (4 arginyl, 3 glutamyl, and a tyrosyl) was
chemically modified, the H*-channel activity of F,
was lost [48]. H” -translocation through F, may occur
by protonation and deprotonation of the polar groups
in the DCCD-binding protein [30].

Further information of F; was obtained by physi-
cal methods. Thermophilic F, has been crystallized
{31], and computerized image reconstruction of ther-
mophilic F, revealed a hexagonal molecular shape
[57]. Although there are many hypotheses on the mo-
lecular structure of F;, exact determination of its mo-
lecular weight has been hindered by its ready dissocia-
tion [42]. Since TF, scarcely dissociates even at low
temperature, its mol wt could be determined as
380,000 by low speed sedimentation equilibrium
method [61]. This value supports a stoichiometry of
the subunits of a;f5yd¢ [61].

The ATP binding site of the f subunit in F, has
the following sequence [6]:

Ile-Met—-Asp-Pro-Asn—Ile-Val-Gly-Ser—Glu-
His-Tyr*-Asp—Val-Ala-Arg-,

where Tyr* is the binding site of the ATP analogue.

The large negative elipticity of the ATP-§ subunit
complex at 275 nm may be the result of stacking of
protonated tyrosine residues and adenine bases. It
is interesting that the tyrosine residue is surrounded

by an imidazole, a hydroxyl and two caroxyl groups
that may transfer H™ during the interaction of ADP,
P; and Mg?". The synthetic nonapeptide correspond-
ing to residues 32 to 40 of adenylate kinase, i.c.,

Tyr-Gly-Tyr-Thr-His-Leu-Ser-Thr-Gly,
also binds Mg-AT(D)P

by a similar tyrosine-adenine interaction [14].

Single Band Cytochrome Oxidase,
Cytochrome C and NADH-Dehydrogenase

Mitochondrial cytochrome oxidase is composed of
7 subunits (36,000, 19,000 daltons and 5 others), but
none of them has been purified in a reconstitutably
active state [34]. The mol wt of this enzyme has been
reported to be 220,000 to 530,000, but that determined
with electron irradiation was only 67,000 [20]. There
is a report that the largest subunit was an ion channel
[10]. The electron transport system of the thermo-
philic bacterium is highly sensitive to CN ™, and its
absorption spectrum reveals the presence of cyto-
chromes a (605 nm), b (562 nm), and ¢ (550 nm) in
the a-band region just as in mitochondria. Therefore
purification of its components has been attempted
[49].

First, the substrate of cytochrome oxidase, i.e.,
cytochrome ¢, was purified [19]. In contrast to mito-
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Fig. 3. Subunits of cytochrome oxidase. F;. and NADH dehydrog-
enase of thermophilic bacterium PS3. Proteins were analyzed by
polyacrylamide gel electrophoresis in the presence of sodium dode-
cyl suifate as described in ref. [61].

chondrial cytochrome ¢, which is basic, PS3 cyto-
chrome ¢ has an isoelectric point of pH 5.6. The
preparation was homogeneous, and its mol wt was
10,400 as determined by equilibrium sedimentation.
The molar extinction coefficients at 550 and 416 nm
of the reduced form and at 550 nm of the reduced-
minus oxidized difference spectrum were 27.5 and
174.2, and 19.3 x 10° M~ *em ™%, respectively. Its pyri-
dine ferrohemochrome showed absorption peaks at
415, 521 and 550 nm, indicating that this cytochrome
is c-type. PS3 cytochrome ¢ was oxidized by cytoch-
rome oxidase of PS3, but not by that of beef heart.
PS3 cytochrome ¢ was denatured at 96 °C in the pres-
ence of 2 M guanidine HCI, while horse cytochrome
¢ was denatured at 60 °C in the same solution, as
judged by loss of elipticity at 222.5 nm [19].
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Cytochrome oxidase of PS3 was extracted with
Triton-X100 (4%) from the residue obtained by wash-
ing with 4 m LiCl-cholate-deoxycholate [49].

The extract was then purified by DEAE-cellulose
and hydroxyapatite column chromatographies in the
presence of 0.5% Triton X-100, and the greenish-
brown eluate was fractionated with ammonium sul-
fate in the presence of 1.5% sodium cholate, to re-
move most of Triton X-100.

As shown in Fig. 3, on sodium dodecylsulfate
polyacrylamide gel electrophoresis, PS3 cytochrome
oxidase gave a single band at a position of 38,000
daltons. The difference spectrum (dithionite reduced
minus oxidized) showing absorption peaks at 445 and
604 nm, which were identified as those of heme a,
and at 418, 521, and 550 nm, which were identified
as those of heme ¢. PS3 cytochrome oxidase differs
in composition from mitochondrial cytochrome oxi-
dase, which has no covalently bound heme ¢, although
it contains tightly bound cytochrome ¢ in the mem-
brane. The chemical composition of PS3 cytochrome
oxidase is heme a 13.5, heme ¢ 13.9, instrinsic copper
13.6 nmol, and phospholipids 0.06 mg, per mg protein
[49]. Probably, two 38,000-dalton peptides (a hetero-
dimer), contain 1 heme a, 1 heme ¢, and 1 Cu [49].
The infrared absorption band appears to reach a max-
imum at about 790 nm, supporting the fact that PS3
oxidase has only one kind of Cu (B. Chance, personal
communication). The electron paramagnetic resonance
spectrum of PS3 oxidase was similar to that of mito-
chondrial oxidase (T. Yamano and N. Sone, unpub-
lished).

PS3 oxidase was able to generate a membrane
potential when reconstituted into liposomes. The
potential was monitored with a cyanine dye, the ab-
sorption (4dg39-670) Of which changes according to
the membrane potential [49].

There is strong NADH-oxidase activity in the
membrane of PS3 which can drive protons through
the membrane [17]. Complex I of mitochondria con-
tains many peptides, but NADH-ferricyanide dehy-
drogenase of mitochondria is composed of 3 subunits
(51,000, 24,000, and 10,000 daltons) [15]. NADH-
dehydrogenase (NADH-ferricyanide reductase) of
PS3 was extracted from the membranes with a solu-
tion of 2% cholate and 1% deoxycholate in 50 mm
Tris-sulfate, pH 8.0. After partial dialysis of the solu-
tion to precipitate carriers of amino acids and many
hydrophobic proteins, it was fractionated with ammo-
nium sulfate, and the active fraction obtained was
subjected to column chromatographies on Sepharose
6B, DEAE-cellulose, hydroxylapatite, and then Se-
pharose 4B. As shown in Fig. 3, a single band of
73,000 daltons was found on sodium dodecylsulfate
gel electrophoresis (Y. Kagawa, to be published). The
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FMN content measured from the light absorption
at 450 nm, was 1.0 mole per mole of enzyme.

H"*-Driven Amino Acid Carriers
and Na’-H"-Antiporter

Several lines of evidence indicate the presence of H'-
driven amino acid carriers {36] and antiporters of
ions {56] in bacteria. Although the glutamate carrier
was partially purified from mitochondria [11], H*-
driven amino acid carriers have never been isolated.
PS3 lives in hot water (pH 7.1, 78 °C, Na ™ 730 ppm,
C171058 ppm) containing substances that react with
ninhydrin in the order of pm™m, including alanine and
glycine, which may be derived from the nearby sea
or sedimentary rocks [22]. In fact, alanine and glycine
are transported at the expense of energy derived from
NADH oxidation [17].

Since alanine carrier in the liposomes is separated
from the energy supply system, the carrier reconsti-
tuted into liposome requires energy artificially
supplied by an ion gradient of K* across the lipo-
somes, which is started by the addition of valinomycin
[16]. The carrier was extracted from the membranes
with 2% cholate/1% deoxycholate in 0.2 M Na,SO,
at pH 8.0. The supernatant fraction (140,000 x g, 1 hr)
was dialyzed, and the resulting precipitate was
extracted with 2% Triton. The extract was further
purified by column chromatographies on DEAE cel-
lulose and CM-cellulose in the presence of 0.2% Tri-
ton X100 and 4 m urea. The final preparation gave
two major protein bands with mol wt of 36,000 and
9,400 [18], by gel electrophoresis in the presence of
dodecylsulfate. This carrier also translocates glycine,
but not the other amino acid tested, and it is driven
byH",Na* and Li*, but not by K*, NH; or choline
[18]. The K, for alanine was 10 pm with H™ and
14 uM with Na ™. The initial velocity of alanine trans-
port was 20 nmol per mg of carrier per min with
cither a Na® or H' gradient. Na™-driven transport
of purified carrier was inhibited by Na* ionophores
such as monensin but not by HT-carriers such as
FCCP. Membrane permeant anions, including tet-
raphenylboron and NOj, enhanced alanine uptake
driven by Na™, since this alanine-Na¥-cotransport
accumulated positive charges inside the reconstituted
liposomes.

Since amino acids are cotransported with Na*
in Na*-rich medium, there must be either a Na*
pump or a Na*-H™ antiporter, depending on the
H™ -translocating NADH-oxidation system [12]. In
fact, the addition of Na® to membrane vesicles of
PS3 caused rapid decrease in the pH of the medium.
NADH oxidation by inside-out vesicles caused rapid
uptake of 2?*Na (40 pmol/mg/min). This Na™-H" an-
tiporter was extracted with a mixture of cholate and
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deoxycholate. The activity of the antiporter was mea-
sured with a pH meter, after reconstituting each frac-
tion into proteoliposomes [12]. The K, of this antiport
for Na™ at pH 8.5 was 1.4 mM. Further studies are
still necessary to characterize this antiporter.

Reconstitution of Vectorial Processes

As described in the previous sections, we purified
the major components of four systems of the chemios-
motic theory as stable proteins and lipids. To achieve
five purposes described in the introduction. we then
reconstituted these components into proteoliposomes
that showed vectorial reactions {23, 30].

1) In the absence of contaminating peptides, trans-
port activities of H™-ATPase, cytochrome oxidase
and alanine carrier were confirmed. The electrochem-
ical potential difference across the membrane (AGH ™)
[32, 37] obtained in TF,-F, liposomes was as high
as 253 mV [53]. If TF, portion was removed from
them, the resulting TF,-liposomes showed an electro-
phoretic translocation of H*, which was specifically
blocked with energy transfer inhibitors such as
DCCD [41]. The single band cytochrome oxidase-
liposomes showed some indication of H*-pumping
activity, in contrast to the original half-loop role of
the cytochrome oxidase [36]. This extra-proton trans-
location may change the classical 2H " /2¢ 7 /site stoi-
chiometry of oxidative phosphorylation, and, in fact,
much higher values have been reported [4]. However,
these experiments were performed with intact mito-
chondria or complicated proteins.

2) Energy transfer by conformational change of
connected proteins [3] or local electrochemical change
[3] in the membrane were shown to be not necessary
in the ATP synthesis and solute transports, because
ApH™ between two bulk water phases on both sides
of the membrane [37] could drive these reactions.
Since TF,, TF, and PS3 lipids were stable during
drastic treatments, direct ATP synthesis by flow of
H* through H*-ATPase could be demonstrated in
the proteoliposomes by imposing an artificial acid-
(4pH=2.38) and KCl- (4¢ =125 mV) gradient [51].
or by applying an external electric field (1000 V/cm)
[46]. For ATP synthesis a Ag-H* of 200mYV, irre-
spective of its component Ay and ApH, was necessary
(51} The maximum level of ATP synthesis was about
100 nmol per mg H*-ATPase in the reconstituted li-
posomes, but less than 2.5 nmol per mg protein was
synthesized in submitochondrial particles [55] and
bacterial membranes [56]. ATP synthesis occurred at
a rate of 650 nmol per mg H"-ATPase per min, which
is faster than the rate of substrate oxidation in the
original membranes, thus primary role of H™-ATPase
in ATP synthesis was established.

3) Subunits of TF, and TF, were isolated in an
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active state and their roles and physicochemical prop-
erties were determined as shown in Table | and the
previous sections. CD and /R spectra of subunits of
TF| revealed that the isolated o and f§ subunits bound
AT(D)P, and their relaxation spectrum in the pres-
ence of *H,0 showed their conformational changes.
The antibodies against subunits of TF; clarified the
controversial functions of subunits of F; which are
easily denatured [38] (Table 1). Crystallographic anal-
ysis of TF, [57]1s in progress. Single-band cytochrome
oxidase and NADH-dehydrogenase changed the com-
plicated ideas on the structure of electron carriers
[49]. Details of their structures are now analyzed by
several new methods including K-edge analysis of Cu
with synchrotron. The elucidation of the molecular
structure of these subunits are essential for the study
of molecular events during the vectorial processes.

4) Stepwise restoration of higher functions was
observed when subunits of TF; were reorganized into
complexes [23]. The conformational interaction be-
tween o and f subunits was examined by reconstitut-
ing deuterated subunits (¢* and f*) into hybrid com-
plexes (o¢*f and 28*) which had no ATPase activity.
The results showed that « subunit rendered the con-
formation of B subunit tight only when ATP was
present. Another new approach of is reconstitution
of subunits of TF, on TF,-liposomes. The F,-binding
protein of TF, [52] bound & and & subunits. When
the y subunit was added to the §e-TF, complex, leak-
age of H* through TF, was blocked. This activity
of the yde-complex is a H*-gate function [54] (Ta-
ble 1).

5) Finally, when these oligomers were reconsti-
tuted into proteoliposomes, energy-transducing reac-
tions could be observed. Addition of the catalytic
site of TFy, the afy-complex, to the de-TF,-liposomes
completely restored the original H*-ATPase activity
both in the direction of ATP synthesis and in H*-
accumulation [30]. In contrast to the kinetic analysis
of chloroplasts with light pulse [58], the time-resolu-
tion of above described H ™ -transport studies has been
insufficient. However, time resolution studies on ATP
synthesis with external electric field has been devel-
oped [46]. As calculated by the Laplace equation of
the electric field (1,000 V/em) around the liposomes,
to create a membrane potential of 200 mV, the diame-
ter of the liposomes should be larger than 5.3 pm.
Experiments with macroliposomes of this size are now
in progress.

Because of their stability and simplicity, these
thermophilic membrane components will be useful
in studies on bioenergetics and biology of membranes.

This work was supported by grants from the Ministry of Edu-
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