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would occur between the two marked
carbon atoms.

If this is in fact the case, the first aromatic
compound formed would be a half-an-
hydride of a completely acetylated phloro-
glucinol carboxylic acid and acetic acid,
the reaction being analogous to that
whereby phenols are obtained from hexa-
diene-carboxylic acids by reaction in acetic
anhydride.® The different colour compo-
nents then have to be formed through
further condensations with the phloro-
glucinol derivative, together with deacety-
lation. This could explain why the amines
are bonded to the coloured reaction
products.
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Rat liver mitochondria contain approxi-
mately 0.1 ymole of thiol groups per mg
of protein.! A number of investigators have
felt that thiol groups may be involved in
oxidative phosphorylation.!* This con-
clusion has mainly been reached through
the study of the uncoupling effect of
different thiol reagents, whereas variations
in mitochondrial thiol levels in different
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metabolic states have not been demon-
strated. A possible explanation for this
may be that silver ions and other reagents
used for the estimation of thiol groups
are so reactive that they cause a rapid
lysis of mitochondria even at concentra-
tions amounting to only 10 9 of mito-
chondrial thiol groups.

#S-Cystamine by its ability to form
mixed disulphides can be regarded as a
specific and mild thiol-blocking agent.t
Preliminary experiments showed that
cystamine was bound to mitochondrial
proteins much more slowly than were
silver ions. Since cystamine, even at high
concentrations (5 mM), does not inhibit
the respiratory chain,® nor uncouples
oxidative phosphorylation provided sub-
strate is present,® this disulphide might
prove to be a useful reagent in the study
of mitochondrial thiol groups. It might be
possible to maintain different states of
electron transport and oxidative phos-
phorylation even during the reaction
period which is required with cystamine
(5—15 min at pH 7.0—7.5). Since Eldjarn
and Bremer ? showed that disulphides (e.g.
cystamine) which penetrate into mito-
chondria slowly will become reduced to
thiols, it was regarded essential to
secure by thiol estimation that the disul-
phide concentration is not too much
altered during experiments on the binding
of cystamine to mitochondria.

In the present work it is shown that
®$-cystamine is suitable as a reagent for
the study of mitochondrial thiol groups,
and that a relation seems to exist between
the levels of reactive thiol groups and
different states of oxidative phosphoryla-
tion.

Methods. 3°3-Cystamine was obtained from
the Radiochemical Centre, Amersham, Eng-
land. 0.1 M stock solutions of cystamine
(specific activity approximately 50 000 cpm/
umole) were prepared by the addition of carrier
cystamine purchased from Calbiochem, Los
Angeles, California, USA (lot No. 30 177).
Oligomyecin and Antimycin A were products
of Sigma Chemical Co., St. Louis, Mo., USA.
All other reagents were commercial products
of high purity. Rat liver mitochondria were
prepared according to Myers and Slater.®
A Zeiss RPQ 20 A Recording Spectrophoto-
meter was used in the swelling experiments.
The oxygen uptake was measured by Warburg
techniques, and the reaction was stopped with
0.25 ml of 6 M HCIO,. Disappearance of P;
was determined by the method of Martin and
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Doty.? The thiol content at the end of the
incubations was estimated by amperometric
silver titration at the rotating platinum
electrode.’® The precipitated proteins were
washed repeatedly with 0.3 M HCIO, and
finally resuspended in 1 ml of water. Protein-
bound radioactivity was estimated in a TRI-
CARB Liquid Scintillation Counter. By
internal standard technique the small degree of
quenching was corrected for. By a second
incubation of the mitochondria with 10 mM
thiol (cysteamine) 90—95 9%, of the protein-
bound ®%S-cystamine could be removed, in-
dicating that the binding was of the mixed
disulphide type. Proteins were determined
by a micro-Kjeldahl method.

The conditions of Table 1 were chosen
to give different levels of “non-phosphoryl-
ated high energy intermediates” in the
mitochondria. The amount of *S-cystamine
bound corresponded to 9.2 mumoles of
thiol groups/mg of protein with endogenous
substrate, but without P; and acceptor
system. No difference in binding was
observed when succinate was also added.
With endogenous substrate, the addition
of P; and acceptor system nearly doubled
the binding of *S-cystamine (16.8 mumoles/
mg of protein). This effect of P; was to a
considerable degree counteracted by sub-
strate, probably because oxidative phos-
phorylation then became the rate limiting
reaction. The latter interpretation was
supported by the observation that oligo-
mycin, which inhibited phosphorylation
nearly completely, did not reduce the
binding of cystamine more than did
substrate alone. The binding of %S was
stimulated by 2,4-DNP, which inhibited
the oxygen consumption, probably by
causing an accumulation of oxaloacetate.
With Antimycin A in addition to substrate
and Pj;, the binding was as high as with
endogenous substrate and P;.

Thus, when the conditions were chosen
to remove nonphosphorylated intermedi-
ates of oxidative phosphorylation (excess
P;, uncoupler or respiratory inhibitor),
more thiol groups were made accessible
to mixed disulphide formation with 8.
cystamine.

Before interpreting the results, it should
be considered whether different states of
swelling might occur and influence the
exposure of thiol groups. However, Table 1
shows that swelling was maximal with
substrate, P;, acceptor and cystamine,
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whereas the binding of *S-cystamine in
this case was low. With Antimycin A
or DNP, the swelling was completely
counteracted, but the binding of *S was
increased. It thus appears unlikely that
the stimulatory effect of P; on the binding
of ¥8.cystamine is related to its swelling
effect.

The metabolic reduction of cystamine
to the corresponding thiol, which also
should be considered as a possible source
of error, is shown in Table 1. It is not
probable that this reduction is of any
significance, since in all experimental
conditions the degree of reduction was
small (less than 12 9%). Further, no
correlation was found between the extent
of reduction and the amounts of 3S-
cystamine bound. It thus appears that the
levels of cysteamine reached did not
represent any serious source of error in
these experiments.

In conclusion, the experiments with
3S.cystamine have shown that this disul-
phide may be used as a thiol-blocking
agent even in studies with actively metab-
olizing mitochondria. It is shown that
when mitochondria are uncoupled or
otherwise depleted of non-phosphorylated
intermediates of oxidative phosphoryla-
tion, thiol groups become unmasked and
are made accessible for reaction with
#8.cystamine, whereas these thiol groups
are covered up or masked when the levels
of such intermediates are expected to be
high. It appears to be unlikely that the
variations in binding of ¥8.cystamine
are caused by mitochondrial swelling or
by metabolic reduction of the disulphide.

As an explanation of the present findings,
it might be suggested that those thiol
groups which vary with different metabolic
states of the mitochondria, are located on
a protein which undergoes conformative
changes, thus preventing the access of
cystamine to the reactive thiol group(s)
when high energy intermediates are formed.
Alternatively, an SH/SS-shift might occur
in such a protein simultaneously with its
participation in the formation of a high
energy intermediate.

The most probable explanation, however,
appears to be that protein thiol groups
participate directly in the binding of
nonphosphorylated intermediates of oxida-
tive phosphorylation, e.g. in thioester
bonds, and that the levels of free thiol
groups in this way are inversely related
to the accumulation of such intermediates.
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The system sodium caprylate-caprylic
acid-water was investigated by Ekwall
and co-workers,!"®* who gave evidence for
the presence of a crystalline acid soap
2NaCgHC;, of several mesomorphous
phases and of two homogeneous isotropic
solution phases (L, and L,) (Fig. 1).

Since molecular spectroscopy has not
previously been used on systems like this
with the exception of the IR investigation
on solid acid soaps by Goddard’ and
Dunken 8 an investigation of the chemical
bonds and molecular arrangements in the
sodium caprylate-caprylic acid-water sys-
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Fig. 1. The three component system water-
sodium caprylate-caprylic acid.

tem by means of IR and NMR spectro-
scopy was thought to be of value. The
present investigation has been limited to
the region L, with a homogeneous isotropic
solution. Considering the various acid
salts and acid soaps which have been
reported by Ekwall,%!* McBain,!* and
Dunken %2 the detection of complexes
between acid and soap in the L,-solution
would be of highest interest.

The investigations were carried out by
means of an infrared spectrophotometer
Perkin Elmer 221 and a high resolution
nuclear magnetic spectrometer Varian
A 60A.

Infrared spectra of caprylic acid solu-
tions of sodium caprylate are given in
Fig. 2. Addition of the soap to the acid
decreases the frequency of the absorption
of the OH stretching vibration in the
region 2500—3300 cm™ and at the same
time a new absorption at 1900 cm™ grows.

The absorption of the carbonyl group
at 1710 em™ does not change appreciably
while the frequency of the absorption of the
antisymmetric vibration of the ionized
carboxyl group at 1540 em™ is increased
somewhat when soap is added. The absorp-
tion of the out-of-plane bending vibration
of the OH groups of the carboxylic acid
at 930 cm™ decreases linearly with the
soap content and reaches zero when the
ratio acid to soap is 2:1. NMR measure-
ments of the hydroxylic proton of the
acid showed a down-field shift of the signal
frequency of about 100 cps which varied
linearly with added soap.
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