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Oxidative Phosphorylation
THE RELATION BETWEEN THE SPECIFIC BINDING OF TRIMETHLYTIN AND
TRIETHYLTIN TO MITOCHONDRIA AND THEIR EFFECTS ON VARIOUS
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1. A binding site (site 1) is present in mitochondria with affinity for trimethyltin
and triethyltin adequate for a site to which they could be attached when the
processes of energy conservation are inhibited. 2. The quantitative relationships
between the binding of trimethyltin and triethyltin to site 1 and their effects on
various mitochondrial functions have been examined. 3. ATP synthesis linked
to the oxidation of pyruvate, succinate and intramitochondrial substrate, ATP
synthesis and oxygen uptake (succinate or pyruvate as substrate) stimulated by
uncoupling agents are all inhibited by trimethyltin and triethyltin; when
inhibition is less than 50% the ratio (percentage inhibition)/(percentage of
binding site 1 complexed) is approx. 10:1. 4. ATP synthesis linked to the
oxidation ofreduced cytochrome c (ascorbate +NNN'N'-tetramethyl-p-phenylene-
diamine), ATP hydrolysis and oxygen uptake in the presence of low concentrations
of trimethyltin and triethyltin approach zero activity as the proportion of
binding site 1 complexed approaches 100%. 5. Possible interpretations of these
findings are discussed with reference to published arrangements for coupling of
electron transport to ATP synthesis and also to our present knowledge of the
chemical and biological specificity of trialkyltin compounds.

Trialkyltins inhibit oxidative phosphorylation
and act on energy conservation processes (Aldridge
& Cremer, 1955; Aldridge, 1958; Aldridge &
Threlfall, 1961; Moore & Brody, 1961; Aldridge &
Street, 1964). Inhibition ofan enzymic system may
be due to an inhibitor combining with a macro-
molecular component of the system. Aldridge &
Street (1970), have shown that triethyltin and
trimethyltin combine with a site (binding site 1) in
rat liver mitochondria with affinity constants of
4.7 x 105M-1 and 1.2 x 104M-1 respectively. This
binding site 1 is also present in an insoluble
fraction from mitochondria, this being almost
certainly derived from the inner membrane. Thus
it was concluded that binding site 1 could be the
site to which trimethyltin and triethyltin are
attached when oxidative phosphorylation is in-
hibited (Aldridge & Street, 1970).

If the above conclusion is accepted then a precise
quantitative relation is required between the com-
plexing of trimethyltin and triethyltin to binding
site 1 and inhibition of oxidative phosphorylation.
The experiments described in this paper explore
the relationship between such binding and in-

hibition of mitochondrial functions involving pro-
cesses of energy conservation. Our results are
discussed with respect to existing postulated
arrangements for the coupling of the respiratory
chain (electron transport) to the formation ofATP.

MATERIALS AND METHODS

Special chemical8. Triethyltin sulphate was prepared
from triethyltin hydroxide supplied by the Tin Research
Institute, Greenford, Middx., U.K., as described by
Aldridge & Cremer (1955). The following gifts are
acknowledged: oligomycin from Dr G. D. Greville, tri-
methyltin acetate from Dr G. J. M. Van der Kerk,
antimycin A from Boots Pure Drug Co., Nottingham,
U.K., and carbonyl cyanide p-trifluoromethoxyphenyl-
hydrazone from Dr P. G. Heytler of E.I. Du Pont de
Nemour and Co., Wilmington, Del., U.S.A. The following
were purchased: trimethyltin chloride and rotenone from
British Drug Houses Ltd., Poole, Dorset, U.K.; ATP,
sodium pyruvate and hexokinase (yeast) from Sigma
Chemical Co., St Louis, Mo., U.S.A.; NNN'N'-tetra-
methyl-p-phenylenediamine hydrochloride from Kodak
Ltd., London, U.K. Rotenone was recrystallized from
ethanol-water. NNN'N' - Tetramethyl -p- phenylenedi-
amine hydrochloride was purified by converting it into
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the free base, followed by extraction with chloroform and
washing with 0.1M-EDTA, pH8. After evaporation of
the chloroform solution the base was dissolved in
ethanol and crystallized as the hydrochloride.

Preparation of the mitochondrial fraction. Rat liver
(8g) was homogenized in 30ml of ice-cold 0.3M-sucrose
in a homogenizer with a difference in diameter between
pestle and tube of 0.5mm and the pestle rotating at
lOOrev./min (Aldridge, Emery & Street, 1960; Webster
& Smith, 1964). The homogenate was diluted to 80ml
with ice-cold 0.3M-sucrose and centrifuged at 850g for
10min. The supernatant was then centrifuged at 5000g
for 15min. The mitochondrial pellet was washed once
by resuspending it in ice-cold 0.3M-sucrose and centrifug-
ing again. The pellet, depending on the experiment, was
suspended and diluted to 8ml or 16ml with ice-cold
0.3M-sucrose. For most experiments these suspensions
of mitochondria were used immediately.

Determination of ATP synthesis. ATP synthesis was
determined by measuring Pi uptake in the presence of
hexokinase and glucose. The medium (3 ml in each
flask) contained (final concentrations) KCI (0.1 M), MgC12
(14mM), EDTA (1mm), potassium phosphate (6.6mM),
ATP (2.3mM), glucose (60mM), glycylglycine (16.7mM),
sucrose (15-30mM, depending on the volume of mito-
chondrial suspension used) and hexokinase (capable of
oonverting ATP into ADP at 40,umol/min at 2500).
Substrates used were the following: pyruvate (10 mM)+
fumarate (1mM) or pyruvate (1OmM)+L-malate (1mM)
or succinate (10mx)+rotenone (3.4nmol/flask) or ascorb-
ate (40mM) +NNN'N'-tetramethyl-p-phenylenediamine
hydrochloride (1 mm). The pH was adjusted to 6.8. The
process was started by the addition of mitochondrial
suspension (3-4mg of protein) to the medium previously
warmed to 370C and the mixture was shaken in air. The
reaction was stopped by the addition of 7 ml of ice-cold
perchloric acid (0.725M).

Determination of oxygen uptake. This was measured
either manometrically with 3 ml of medium in each flask
or polarographically with 1 ml of medium in the cell.
The medium was as described for the determination of
oxidative phosphorylation except for the omission of
hexokinase or the omission of hexokinase+glueose+
glycylglycine. Identical results were obtained in either
case. The concentration of mitochondrial protein for
both methods of measurement of oxygen uptake was
1-1.3mg/ml and the temperature was 3700.
ATP hydrolyais. ATP hydrolysis was measured in

a medium (3 ml) containing (final concentrations) KCI
(0.1M), MgCl2 (14mm), EDTA (Imx), ATP (3mM),
glycylglycine (16.7 mM) and sucrose (15-30 mm, depending
on the-volume of mitochondrial suspension used). When
required, rotenone (3.4 nmol/flask) was added. The pro-
cess was started by the addition of mitochondria (3-4mg
of protein) and the flasks were shaken in air at 37°C. The
reaction was stopped by adding 7 ml of ice-cold perchloric
acid (0.725M).

Determination of inorganic phosphate. The method of
Fiske & Subbarow (1925) was used. Depending on the
particular experiment, various volumes of ice-cold
protein-free solutions containing perchloric acid were
added to the ice-cold molybdate reagent. After addition
of reducing reagent and dilution to the required volume,
the colour was developed at 17'C for 30min.

Determination of protein. Protein was determined by
using the biuret method of Robinson & Hogden (1940)
as modified by Aldridge (1962).

Inhibitors. Triethyltin sulphate and potassium cyanide
were used as solutions in water. Triethyltin acetate or
chloride, oligomycin, rotenone, Amytal or hexobarbital
(as free acids), antimycin A and carbonyl cyanide p-
trifluoromethoxyphenylhydrazone were used as solutions
in dimethylformamide. For most experiments when
inhibitors dissolved in dimethylformamide were used, the
final concentration of dimethylformamide was kept con-
stant and not more than 1% (v/v).

RESULTS

Development of methods

General condition of experiments. Oxidative phos-
phorylation is a co-ordinated process depending on
the structure of mitochondria. Inhibitors have been
discovered that produce defined effects on different
mitochondrial functions. It is important to know
if these effects are produced by the same primary
action of the inhibitor. One way to examine this is
to correlate the degree of effect on the different
systems by various concentrations of inhibitor.
There is a major difficulty in this approach, for it is
well known that the environment of the mito-
chondria alters their capacity to carry out oxidative
phosphorylation. Therefore ideally all the mito-
chondrial functions should be examined in the same
medium, but this is obviously impossible.
For the comparisons made in this work the follow-

ing conditions have been used. (1) The medium was
that described by Aldridge (1957). (2) The con-
centration of substrates was high (usually 10mM).
(3) Comparison of the effects of inhibitor on various
mitochondrial functions were always made when
activity was linear with respect to time, both in
the presence and in the absence of inhibitor. (4)
Phosphorylation of ADP was measured by the loss
of Pi from the medium when hexokinase and
glucose were used to regenerate ADP. The con-
centration of hexokinase added was at least 30-40
times that required on the basis of the rate of
production of ATP. With these general experi-
mental conditions (described in detail in the
Materials and Methods section) the mean rate for
the processes studies are given in Table 1.
ATP synthesi linked to oxidation of pyruvate.

Both in the presence and in the absence oftriethyltin
there was a delay in Pi uptake of about 3-4min
before a linear uptake was achieved. Under these
conditions Pi uptake with pyruvate (10mM) alone
as substrate was very slow compared with pyruvate
(lOmmm) +fumarate (1 mM). The delay also occurred
if fumarate was replaced by L-malate. For most
experiments inhibition by trimethyltin or triethyltin
was measured over the linear portion of the curve,
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EFFECTS OF TRIALKYLTINS ON MITOCIONDRIA
Table 1. Rates of varioua mitochondrialfunction8

Results are expressed as means ± S.E.M. with numbers of observations in parentheses. The Materials and
Methods section and the relevant text and figures should be consulted for experimental details. Abbreviation:
TMPD, NNN'N'-tetramethyl-p-phenylenediamine.

System measured
Oxidative phosphorylation
(pyruvate+fumarate)

Oxidative phosphorylation
(succinate in the presence of rotenone)

Oxidative phosphorylation
(ascorbate in the presence of TMPD)

Oxidative phosphorylation
(asoorbate in the presence of TMPD)

ATP hydrolysis
(in the presence of rotenone)

ATP hydrolysis
(stimulated by 20,uM-dinitrophenol)

ATP hydrolysis
(stimulated by 0.063,uM-carbonyl
cyanide p-trifluoromethoxyphenyl-
hydrazone)

Temp.
(OC)
37

37

37

Activity
(nmol of Pi/min per mg of protein)

279± 12 (16)

294±7 (14)

317± 14 (8)

25 203+9 (14)

37 42.5±1.3 (29)

336± 18 (6)37

37 287±17 (5)

although the same percentage inhibition was ob-
tained when Pi uptake from zero time was used.
The mean rate of Pi uptake for the controls by
using this procedure was 279±12 (16) nmol of Pi/
min per mg of protein (Table 1).
ATP 8ynthei8 linked to oxidation of 8uceinate.

Previous experiments with succinate as substrate
(Aldridge, 1958) were made over 30min and oxid-
ation of the products of oxidation of succinate must
have occurred. In the present study the rate of P1
uptake was determined in the presence of sufficient
rotenone (lnmol/mg of protein) to prevent oxygen
uptake with substrates oxidized by NAD-requiring
dehydrogenases. The rate of Pi uptake was linear
for 8min and was for the controls 294±7 (14)
nmol of Pi/min per mg of protein (Table 1). This
rate is similar to that obtained with pyruvate+
fumarate but in contrast there was no initial delay.
ATP synthe8i8 linked to the oxidation of ascorbate.

The oxidation of ascorbate in the presence of
NNN'N'-tetramethyl-p-phenylenediamine leads to
the phosphorylation of ADP and is considered to
be phosphorylation linked to the oxidation of
reduced cytochrome c (Jacobs, 1960; Howland,
1963; Rossi & Lehninger, 1963; Packer & Mustafa,
1966; Chamalaun & Tager, 1969).
With the concentrations of ascorbate and

NNN'N'-tetramethyl-p-phenylenediamine used the
rate ofPi uptake was comparable with that obtained
for the oxidation of succinate or pyruvate (Table 1).
However, whatever concentrations were used at
370C the rate of Pi uptake always decreased rapidly
and was linear for only 4min. When experiments
were done at 25°C there was a longer linear phase

(I2min) at a lower rate (Table 1). Most of our
experiments were done at the lower temperature
and only sufficient at 370C to confirm that similar
results were obtained.
ATP hydrolys8i stimulated by uncoupling agents.

In previous studies (Aldridge, 1958) of the influence
of triethyltin on 2,4-dinitrophenol-stimulated ATP
hydrolysis, measurements were made over lOmin
and a correction was made for the stimulation of
ATP hydrolysis by triethyltin itself; the correction
was large and could be as much as 40% of the
measured ATP hydrolysis stimrulated by 2,4-
dinitrophenol.
Two aspects of the original technique required

alteration. First, in the presence of 30 aM-2,4-
dinitrophenol the rate of hydrolysis was not linear
and rapidly decreased after 3,uzmol of the 9,umol
of ATP had been hydrolysed. The initial rate was
530nmol ofPi/min per mg ofprotein compared with
220nmol of Pi/min per mg of protein when the
average rate over lOmin was determined (Aldridge
& Stoner, 1960). A second source of error concerns
stimulation of ATP hydrolysis by triethyltin itself.
Approximately one-half of the ATP hydrolysis
found in the presence of triethyltin is due to
inhibition of resynthesis of ATP linked to the
oxidation of intramitochondrial substrate (see
below); this ATP hydrolysis may be unmasked by
rotenone and other substances that inhibit oxidative
phosphorylation (Table 2), and triethyltin or tri-
methyltin only increase this rate by approx.
40nmol/min per mg of protein. In the experiments
described in the present paper memurements of
ATP hydrolysis with and without 2,4 dinitrophenol
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were always made in the presence of rotenone
(lnmol/mg of protein) and over a 2min period.
Under these conditions the ATP hydrolysis stimu-
lated by triethyltin is only approx. 10% of that
stimulated by 30,uM-2,4-dinitrophenol instead of
the 40% previously reported.
The concentration of 2,4-dinitrophenol used for

most of the experiments was 20 ,LM; this con-
centration produced a rate of ATP hydrolysis the
same as that for the rate of ATP synthesis with
pyruvate, succinate or ascorbate as substrate (Table
1). A similar rate of ATP hydrolysis is obtained by
63nM-carbonyl cyanide p-trifluoromethoxyphenyl-
hydrazone (Table 1).
The percentage activity in the presence of tri-

ethyltin or trirmethyltin was calculated as follows:

100 (A-B)/(C-D)

where the symbols indicate ATP hydrolysis in the
presence of: A, 20,uM-2,4-dinitrophenol and tri-
alkyltin; B, trialkyltin; C, 20 jM-2,4-dinitrophenol;
D, no additions.
ATP synthesis linked to the oxidation of endo-

genous substrates. If mitochondrial ATP hydrolysis
was measured in air for lOmin at 370C a very low
rate was apparent (Table 2; Aldridge, 1958;
Aldridge & Parker, 1960; Aldridge & Stoner, 1960).
When rotenone (lnmol/mg of protein) was added
a higher rate was obtained (Table 2). Since rotenone
is a rather specific inhibitor of the oxidation of sub-
strates by NAD-requiring dehydrogenases in
mitochondria, it seemed likely that the increase of
ATP hydrolysis was associated with this effect.
Rotenone may unmask ATP hydrolysis by prevent-
ing its resynthesis linked to the oxidation of endo-
genous substrate. The same explanation has been

given for the stimulation of ATP hydrolysis by
arsenate and cyanide (Ter Welle & Slater, 1964).
In agreement with this view other inhibitors of
the processes of oxidative phosphorylation pro-
duce a similar increase in ATP hydrolysis (Table 2).
A similar rate was found with rotenone, Amytal and
cyanide and when oxygen was excluded. The same
rate of ATP hydrolysis was found with a range of
0.1-I.Onmol of rotenone/mg of protein.
The time-course of ATP hydrolysis in the

presence and in the absence of rotenone is shown
in Fig. 1. In the presence of rotenone (1nmol/mg
of protein) the liberation of Pi was linear for
60min and the rate was 42nmol/min per mg of
protein. In the absence of added rotenone there
was at first a small decrease in the Pi present in the
medium followed by a gradual increase in rate until
from 30min to 60min the rate was the same as that
in the presence of rotenone. This delay before the
rate in the absence ofrotenone becomes equal to that
in its presence is probably due to the oxidation of
intramitochondrial substrates; these should be ex-
hausted after incubation for 30min. After incuba-
tion for 40min with and without rotenone the
addition of succinate causes a rapid uptake of Pi,
showing that in both cases the capacity for
oxidative phosphorylation is still substantial
(Fig. 1). The difference between the two parallel
lines show that approx. 0.9,umol of ATP/mg of
mitochondrial protein was synthesized before all
intramitochondrial substrate was utilized.
The reactions involved are summarized in Scheme

1. It is not known if reaction B, the hydrolysis of

Table 2. ATP hydrolysis in the presence of various
inhibitors of oxidative phosphorylation

The reaction was started by the addition of mitochon-
dria. For experiments with cyanide or under N2 stoppered
flasks were used. The results are expressed as means
± .E.M. with numbers of observations in parentheses.

Addition
None
Rotenone (1 nmol/mg of protein)
Amytal (0.8mM)
Cyanide (0.5-1.0mM)
Nitrogen
Trimethyltin (20umM)
Trimethyltin (20pM)+rotenone

(1 nmol/mg of protein)
Triethyltin (1.0,UM)
Triethyltin (1.0,UM) +rotenone

(1 nmol/mg of protein)

ATP hydrolysis
(nmol of Pi/min

per mg of protein)
6.9±1.0 (18)

42.5±1.3 (29)
46.6 (1)

46.2+2.8 (6)
44.5 (2)

86.5±2.1 (3)
86.4±3.2 (7)

73.3±2.0 (6)
86.9±3.9 (7)

0 10 20 30 40 50 60
Time (min)

Fig. 1. Rate of ATP hydrolysis by mitochondria in the
presence and in the absence of rotenone. The reaction
was started by the addition of mitochondria. o, Rotenone
absent; *, rotenone present (1.07nmol/mg of protein).
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A

Intramitochondrial Oxidized
substrate electron7

transport (
components

Oxidized \Reduced \
substrate electron-

transport
components

B

ATP

ADP 2 ;? ,

+ o -~ ~ -

0

-lo

Scheme 1. Reactions occurring when ATP hydrolysis by
mitochondria is measured in air.

ATP, is brought about by a reversal of part of the
energy-conservation process or even if it is one
process only; and for the purpose described it is
not necessary to know. The measurement of the
apparent stimulation of ATP hydrolysis (re-
actions A and B) can therefore be used as an
indication ofthe inhibition ofoxidative phosphoryl-
ation linked to the oxidation of endogenous (intra-
mitochondrial) substrate (reaction A).
Calcuaion of binding site 1 complexed with

trimethylttin and triethyltin. The binding of tri-
methyltin and triethyltin to intact rat liver mito-
chondria was measured in the medium used for
the examination of the processes of oxidative
phosphorylation (Aldridge & Street, 1970). The
results were analysed by using the relationship
devised by Scatchard (1949) and the following con-
stants were derived: for trimethyltin, nl, 0.8nmol/
mg of protein; K1, 1.2x104M-1; n2, 120nmol/mg
of protein; K2, 1 X 102M-1; n3, 0.0042nmol/mg of
protein; K3, 4 x 106M-1; fortriethyltin, nl, 0.8nmol/
mg of protein; K1, 4.7 x 10sM-1; n2, 66nmol/mg of
protein; K2, 1.4x 103M-1. With this information
the relationship between binding to binding site
1 (as defined by the constants for n, and K1 for
trimethyltin and triethyltin) and the overall con-
centration of tin compound added may be
calculated for various concentrations of mito-
chondrial protein.
Examples of such calculations are plotted in Fig.

2. Given the concentration of mitochondrial
protein used in a particular experiment, the per-
centage of binding site 1 complexed may be derived
from the concentration of tin compound added.
The correlation made in this work between

inhibition of various mitochondrial functions and
binding to site 1 shows considerable scatter. The
values for inhibition are necessarily derived from
different preparations of mitochondria. The values
for the derived constants n, and K, are the means
ofmany experiments. Thus some scatter is expected

8

10

0 0.5 1.0 l.5 2.0 2.5 3.0
Concn. of triethyltin (PM)

Fig. 2. Relation between the total concentration of
triethyltin added to mitochondrial suspensions and the
degree of complexing of binding site 1. This relationship
was calculated from the constants derived by Aldridge
& Street (1970): n1, 0.8nmol/mg of protein; Kl,
4.75 x 105 M-1; n2, 66nmol/mg ofprotein; K2, 1.4 x 103 M-1.
Curve 1, 1.0mg of mitochondrial protein/ml; curve 2,
1.25mg of mitochondrial protein/ml; curve 3, 1.5mg of
mitochondrial protein/ml.

when the values of inhibition for individual pre-
parations are correlated with binding to site 1
derived from these mean constants.

Influence of trimethyltin and triethyltin on
various mitochondrial functions

ATP aynthe8i8 linked to the oxidation of pyruvate.
When the experimental results from which pre-
viously published information had been derived
(Aldridge, 1958; Aldridge & Street, 1964) were
plotted so as to correlate the percentage inhibition
against percentage of binding site 1 complexed, an
unexpected result was obtained (Fig. 3). If binding
site 1 was a single site per molecule involved in the
processes of oxidative phosphorylation (as in a
molecule ofenzyme containing one catalytic centre),
then the 1:1 relationship shown by the broken
line would be obtained. In contrast, about 10 times
more inhibition was obtained than expected up to
about 50% inhibition, which was reached at about
5% coverage of binding site 1 (Fig. 3). Such a
result could indicate that binding site 1 is hetero-
geneous, that binding site 1 is not involved in
oxidative phosphorylation or that triethyltin has
more than one mode of action. Trimethyltin is 30-
40 tirnes less active as an inhibitor of oxidative phos-
phorylation, and yet when binding to site 1 by both
compounds was correlated with the inhibition of
oxidative phosphorylation the same result was
obtained (Fig. 3). We therefore considered that we

Bioch. 1971, 124
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Fig. 3. Inhibition of oxidative phosphorylation and the
complexing by triethyltin and trimethyltin of binding
site 1. The results are taken from manometric experi-

ments previously published (Aldridge, 1958; Aldridge &

Stroet, 1964). Inldividual results for triethyltin and
trimethyltin are shown by the symbols 9 and
respectively, and the grouped results by the means (o)
with the vertical lines indicating the SE.M. The broken
line indicates a 1:1 relationship.

0 5 10 is 20 25 30

Proportion of binding site 1 complexed (%)

Fig. 4. Inhibition of phosphorylation linked to the
oxidation of pyruvate and succinate and complexing by
triethyltin of binding site 1. The results are plotted as

means s.E.x. (shown as the vertioal lines) by the
symbol a] for the oxidation of sucoinate in the presence
of rotenone, and o and for the present and previous
experiments respectively with pyravate+fura.rate as

substrate. The means are calculated over the ranges

0-5%, 5-10%, 10-15%,15-20% and 2-30% of binding
site 1 complexed. The broken line indicates a 1:1 relation-
ship and the continuous lines indicate the range of the
three different means. The values in parentheses are the
numbers of experiments used to obtain each point.

should not immediately conclude that binding site
1 was not involved in oxidative phosphorylation.

Since 411 the results given in Fig. a wore obtained
from long-term nulnometrio experiments, i.e. phos-
phorylation was measured up to 30min after the
reaction had started, it is possible that the inhibition
might reflect secondary processes r4ther than the
primary events. A re-examination of the effect of
trimethyltin and triethyltin at early times was there-
fore made.
The delay found before the maximum rate of Pi

uptake was the same in the presenee and in the
absence of triethyltin. This indicates that tri-
ethyltin exerts its effects quickly, since the degree
of inhibition was the same whether the average
rate of Pi uptake was calculated over the linear or

the curved portions of the graph. The mean

results of similar experiments with a wide range of
concentrations of triethyltin are shown in Fig. 4.
The percentage inhibition of P1 uptake is much more
than the percentage of site 1 complexed. A similar
result was found for trimethyltin (Fig. 5). Several
conclusions may be drawn from these results: (1)
triethyltin and trimethyltin inhibit the phosphoryl-
ation of ADP after a short time of contact; (2) for
a given percentage of binding site 1 complexed the

inhibition obtained is similar whether it is meaured
over the first lOmin (Fig. 4) or over a 10-30min
period (Fig. 3): the system must be in a steady

00~~~~~
80e

860 -:

80

0 5 IQ9 15 ;0 2"5- 30
Proportion of binding site 1 coraplexed (%)

Fig. 5. Inhibition of phosphorylation linked to oxidation
of pyruvate or suceinate and complexing by trimethyltin
of binding site 1. The results with succin4te as substrate
(W) in the presence of rotenone are the means of the

results of six experiments, and with pyruvate+fumarate
the means of the results of two experiments in the prQsent
study (O) and twQ experiments from previous work (U).

The lines are taken from Fig. 4.

state with respect to inhibition; (3) the con-
centrations of trimethyltin and triethylti4 that we
calculate will lend to thfe sanie percentage of
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EFFECTS OF TRIALKYLTINS ON MITOCHONDRIA

binding site 1 complexed, also lead to the same
degree of inhibition.
ATP &ynthe8ia linked to the oxidation of auccinate.

Phosphorylation linked to the single-step oxidation
of succinate to fumarate is linear for 8min, and the
inhibition by triethyltin is immediate and does not
increase over this period. The results from these
experiments are shown in Figs. 4 and 5. Again
percentage inhibition is much greater for a given
percentage ofbinding site 1 complexed and the same
results are obtained with both triethyltin and
trimethyltin. There is a general tendency with
both compounds that for a given percentage of
binding site 1 complexed inhibition of Pi uptake
with succinate as substrate is more than that found
with pyruvate as substrate.

Pyruvate oxidation involves more than one step
of the tricarboxylic acid cycle, in contrast with
the one-step oxidation of succinate in the presence
of rotenone. The yield of ATP from oxidation of
1 mol of pyruvate is higher than that from 1 mol
of succinate. Both these facts indicate that for a
given rate of Pi uptake (Table 1) the rate of
penetration of succinate into the mitochondria will
require to be much greater than that of pyruvate.
If substrate penetration is an energy-requiring
process then the required higher rate of penetration
of succinate may be more vulnerable to the in-
hibition of the supply of energy. Some evidence has
been published that the penetration of succinate
is influenced by triethyltin (Manger, 1970); however,
the concentration of succinate used by him (0.5mM)
was much lower than ours (10mM) and his con-
centration of triethyltin was at the top end of our
range (0.5,uM). The effects of changes in succinate
concentration were therefore examined. Increase
in succinate concentration from 3mM to 30mM in-
creased the rate of Pi uptake and decreased the
inhibition by triethyltin and trimethyltin (Fig. 6).
For the highest concentrations of succinate the
results are very similar to those obtained with
pyruvate as substrate (Figs. 4 and 5). Therefore
although the increased sensitivity of phosphoryl-
ation linked to the oxidation of succinate may be
due to a limiting rate of penetration by succinate,
there is no reason to consider the difference between
the percentage inhibition and percentage of
binding site 1 complexed to be due to this.

In all graphs the lines that enclose most of
the results '(Fig. 4) will be used to assess whether
results obtained with other mitochondrial para-
meters fall into the same pattern.
ATP synthesi8 linked to oxidation of ascorbate.

Triethyltin was much less inhibitory for phos-
phorylation linked to the oxidation of ascorbate
(in the presence of NNN'N'-tetramethyl-p-phenyl-
enediamine) than to that linked to oxidation of
pyruvate or succinate (Fig. 7). Although the

100

.0

._

- A
0

- I
0 5 1 0 15 20 25 30
Proportion of binding site 1 complexed (%)

Fig. 6. Inhibition of phosphorylation linked to oxidation
of various concentrations of succinate and complexing by
trimethyltin and triethyltin of binding site 1. The open
symbols indicate trimethyltin and the filled symbols
triethyltin. The concentrations of suceinate were 3mm
(0 and o), 10mM (A and A) and 30mM (m and U). The
mean rates of Pi uptake were: for 3 mM-succinate,
296nmol/min per mg of protein; for lOmM-suceinate,
356nmol/min per mg of protein; for 30 mM-suceinate,
340nmol/min per mg of protein. The lines are taken
from Fig. 4.

points fall on a slightly sigmoid curve there was an
approximately 1 :1 relationship between percentage
inhibition and percentage of binding site 1 com-
plexed. A few results obtained at 370C instead of
250C show the same relationship (Fig. 7). A more
pronounced sigmoid curve is obtained when tri-
methyltin is used, but again it is sigmoid about a line
for the 1 :1 relationship (Fig. 8).
The concentration of triethyltin required to pro-

duce 90% inhibition of ATP synthesis linkecd to
oxidation of succinate or pyruvate is about 0.8 ,m,
whereas for that linked to oxidation of ascorbate it
is 23 pM. The corresponding concentrations for tri-
methyltin are 20Mm and 1.5mM respectively. The
higher concentrations required for inhibition ofATP
synthesis linked to ascorbate agree with the con-
centrations calculated to be necessary to complex
90% of binding site 1 with either compound.
Therefore, assuming that phosphorylation of ADP
linked to oxidation of ascorbate involves the path-
way through which phosphorylation ofADP linked
to oxidation of succinate or pyruvate must pass,
these results provide evidence that the whole of
binding site 1 is involved in oxidative phosphoryl-
ation.
ATP synthesi8 linked to endogenous substrate. A

variety of substances that inhibit oxidative phos-
phorylation have been shown to stimulate to a
limited extent ATP hydrolysis by mitochondria
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Fig. 7. Inhibition of phosphorylation linked to oxidation
of ascorbate and complexing by triethyltin of binding site
1. The results are from nine experiments, each with a
different preparation of mitochondria in a medium con-
taining ascorbate (40mm) and NNN'N'-tetramethyl-p-
phenylenediamine (1 mM) at 250C (0) and at 370C (o).
The broken line indicates a 1:1 relationship and the
continuous lines are taken from Fig. 4.

(Table 2). Evidence has beenproduced to show that
the rate of this ATP hydrolysis (expressed as a
percentage ofthe maximum rate) may be correlated
with the ability of the substances to inhibit
oxidative phosphorylation. Trimethyltin and tri-
ethyltin stimulate ATP hydrolysis (Table 2 and Fig.
13). The measured rate of ATP hydrolysis in the
presence of trimethyltin or triethyltin should there-
fore be a measure of their ability to inhibit ATP
synthesis linked to oxidation of intramitochondrial
substrates (Scheme 1). The range of concentrations
of trimethyltin and triethyltin that stimulate ATP
hydrolysis are those that inhibit ATP synthesis
linked to oxidation ofpyruvate or succinate. When
the rate of ATP hydrolysis, expressed as a per-
centage of the maximum rate, is plotted against
percentage of binding site 1 complexed then the
relationship approximates to that found for
other mitochondrial functions (Fig. 9; cf. Figs.
4, 5, 10 and 11). Therefore ATP synthesis linked
to the oxidation of endogenous (intramito-
chondrial) substrates is inhibited by concentra-
tions of triethyltin and trimethyltin similar to
those that inhibit ATP synthesis linked to
exogenous substrates.
ATP hydroly&8 8timulated by uncoupling agent8.

Triethyltin stimulates a small amount of ATP
hydrolysis and inhibits ATP hydrolysis stimulated
by 2,4-dinitrophenol (Fig. 12). The slight delay
in the action of triethyltin on ATP hydrolysis in the
presence of 2,4-dinitrophenol was not more than IOs.
Other experiments indicate that the rate of liber-
ation of Pi was linear for 2min in the presence of

S
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Fig. 8. Inhibition of phosphorylation linked to oxidation
of ascorbate and complexing by trimethyltin of binding
site 1. The results are from eight experiments, each with
a different preparation of mitochondria in a medium
containing ascorbate (40mM) and NNN'N'-tetramethyl-
p-phenylenediamine (1 mM) at 25°C. Trimethyltin acetate
dissolved in dimethylformamide was added so that the
final medium contained 1% (v/v) (M) or 4% (v/v) (o) of
solvent. The latter was necessary because of the limit-
ing solubility of trimethyltin acetate in the solvent. The
broken line indicates a 1 :1 relationship and the continuous
lines are taken from Fig. 4.
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Fig. 9. ATP hydrolysis unmasked by trimethyltin and
triethyltin and their complexing of binding site 1. ATP
hydrolysis in the presence of tin compounds was calcu-
lated as a percentage of the maximum rate. For the
experiments with trimethyltin (0) and triethyltin (e)
this rate was 85.0 and 71.7nmol/min per mg of protein
respectively. The broken line indicates a 1:1 relationship
and the continuous lines are taken from Fig. 4.
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Fig. 10. Inhibition of ATP hydrolysis stimulated by
uncoupling agents and complexing by trimethyltin and
triethyltin to binding site 1. Rotenone (approx. Ilnmol/
mg of protein) was present in all flasks, and the con-
centration of 2,4-dinitrophenol (o and *) was 20/um and
that of carbonyl cyanide p-trifluoromethoxyphenyl-
hydrazone (A and A) was 0.063ILm. The open symbols
indicate trimethyltin and the flled symbols triethyltin.
The lines are taken from Fig. 4. The method of calculation
of results is given in the text.
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Fig. 12. Effect of 2,4-dinitrophenol and triethyltin on
ATP hydrolysis by mitochondria. The reaction was
started by the addition of mitochondria (2.86mg of
protein). Rotenone (1.2nmol/mg of protein) was present
in all flasks, and the concentration of 2,4-dinitrophenol
was 30umM and that of triethyltin 0.25,uM. Curve 1,
control; curve 2, triethyltin added; curve 3, 2,4-dinitro-
phenol added; curve 4, 2,4-dinitrophenol+triethyltin
added.
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Fig. 11. Inhibition of oxygen uptake stimulated by 2,4-
dinitrophenol and complexing by trimethyltin and
triethyltin of binding site 1. The concentration of 2,4-
dinitrophenol was 201tM and the oxygen uptake was
measured polarographically. The order of addition of
reactants was mitochondria, 2,4-dinitrophenol and tin
compound or mitochondria and tin compound (see Fig. 14).
The result- for trimethyltin (o and A) and triethyltin
(- and A) were obtained with a medium containing
pyruvate (lOmM)+fumarate (1mM) (A and A) or succinate
(10mM) in the presence of rotenone (o and *). The
lines are taken from Fig. 4.

The relationship between percentage inhibition
by. triethyltin or trimethyltin of ATP hydrolysis
stimulated by 2,4-dinitrophenol is shown in Fig. 10.
All results for both triethyltin and trimethyltin
fall within the range obtained for phosphorylation
linked to the oxidation ofpyruvate and succinate.

Inhibition of ATP hydrolysis stimulated by 2,4-
dinitrophenol is not a special case, for it has been
shown that the ATP hydrolysis stimulated by
carbonyl cyanide p-trifluoromethoxyphenylhydra-
zone is also inhibited in the same way. 2,4-Dinitro-
phenol at 20,uM was used, and this is much higher
than the concentrations of triethyltin that inhibit.
Carbonyl cyanide p-trifluoromethoxyphenylhydra-
zone was chosen because the concentration
necessary to produce the same ATP hydrolysis as
20,uM-2,4-dinitrophenol is less than the inhibitory
concentration of triethyltin. The relationship
shown by Fig. 10 may be expected with all
uncouplers of this type (see Parker, 1965).
ATP hydrolysi. Triethyltin and trimethyltin

bring about an increased rate of ATP hydrolysis
(Aldridge, 1958; Aldridge & Street, 1964). In a
previous section it has been shown that in the
presence of rotenone alone an increased rate ofATP
hydrolysis is found and that this is due to the
prevention ofATP synthesis linked to the oxidation
of intramitochondrial substrates. The effects of
triethyltin and trimethyltin on ATP hydrolysis in
the presence and in the absence of rotenone were

2,4-dinitrophenol with or without triethyltin and
for at least 10min in the presence of triethyltin
alone.
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therefore re-examined (Fig. 13). Triethyltin and
trimethyltin increase the rate of ATP hydrolysis
above that obtained in the presence of rotenone
alone (Table 2 and Fig. 13). The extent of this
stimulation above that produced by rotenone is
about 4Onmol/min per mg of protein, i.e. approx.
10% of the maximum rate of ATP hydrolysis
obtained in the presence of 2,4-dinitrophenol
(50puM) or carbonyl cyanide p-trifluoromethoxy-
phenylhydrazone (0.1 m). The rate of ATP hydro-
lysis increased to a maximum over the range of
concentrations of triethyltin necessary to complex
20-30% of binding site 1 (Fig. 13). When 20-30%
of binding site 1 is complexed other mitochondrial
functions would be approx. 90% inhibited (Figs.
4, 5, 10 and 11). If the concentrations of triethyltin
are increased over this then ATP hydrolysis de-
creases and approaches zero as complete complexing
of binding site 1 was approached (Fig. 13). Other
experiments indicate that essentially similar results
are obtained with trimethyltin.

Oxygen uptake 8timulated by 2,4-dinitrophenol.
There is little doubt that the stimulation of oxygen
uptake on addition of 2,4-dinitrophenol to mito-
chondria is brought about by the same primary
action as that stimulating ATP hydrolysis (Parker,
1958, 1965). This additional respiration has been
reported to be inhibited by triethyltin (Aldridge,
1958). However, these results were from mano-
metric measurements over long periods (10-50min)u
and others have published results claiming that
respiration stimulated by 2,4-dinitrophenol is less
inhibited by triethyltin and that inhibition is

100
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Fig. 13. ATP hydrolysis by mitochondria stimulated by
triethyltin in the presence and in the absence of rotenone.
P, released was measured lOmin after the addition of
mitochondria. Results in the presence and in the
absence of rotenone (1 nmol/mg of protein) are indicated
by o ahd * tespectively.

delayed (Sone & Hagihara, 1964). Are-examination
was therefore made by using the polarographic
method for oxygen-uptake measurements, so that
initial rates were measured. The results obtained
when pyruvate was substrate are illustrated in Fig.
14; similar results were obtained with succinate.
This reconstructed tracing shows that triethyltin
inhibited oxygen uptake stimulated by 2,4-dinitro-
phenol and also stimulated some additional oxygen
uptake itself. There was a delay of about IOs before
inhibition had reached its maximum.

Calculations of the percentage activity in the
presence of trimethyltin and triethyltin were made
as follows:

100 (A-B)/(C-D)

where the symbols indicate oxygen uptake in the
presence of: A, 20 tM-2,4-dinitrophenol and trialkyl-
tin; B, trialkyltin; C, 20,uM-2,4-dinitrophenol; D,
no additions.
The collected results are plotted in Fig. 11 and

show that oxygen uptake stimulated by 2,4-dinitro-
phenol is also inhibited by trimethyltin ortriethyltin
to an extent similar to that of the stimulated ATP
hydrolysis (Fig. 10).
Oxygen uptake. Under the experimental con-

ditions described in this paper oxygen uptake by
mitochoiidria with pyruvate as substrate (State 4)
is stimulated 3-4-fold by the addition of systems
utilizing ATP (Aldridge, 1957). Both trimethyltin
and triethyltin stimulate ATP hydrolysis (Fig. 13
and Table 2) and therefore an increased oxygen
uptake in State 4 should be found.

This is found whether the manometric or the
polarographic method is used. The pattern ofeffects
is very similar to that found for ATP hydrolysis.
The rate of oxygen uptake increased over the same
range of complexing of binding site 1 (Figs. 13 and
15), andwhen the concentration ofboth trimethyltin
and triethyltin was further increased oxygen uptake
decreased and approached zero as complete com-
plexing of binding site 1 was obtained. A similar
relationship was obtained for the stimulation by
trimethyltin and triethyltin on oxygen uptake in
State 4 when succinate was used as substrate.
Again there was close agreement between polaro-
graphic and manometric measurements.

InJluence of oligomycin on various
mitochondrialfunctions

Oligomycin is a powerful inhibitor of oxidative
phosphorylation (Lardy, Johnson & McMurray,
1958) and is a key inhibitor in our understanding
of this enzymic system. Because it has been sug-
gested that triethyltin behaves like oligomycin
(Sone &Hagihara, 1964;Manger, 1970;Tyler, 1969;
Stockdale, Dawson & Selwyn, 1970), the effects of
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Fig. 14. Inhibition of oxygen uptake stimulated by
2,4-dinitrophenol by triethyltin. this figure contains a
teconstructioh of and an amalgamation of mahy tracings.
The reaction was started by the addition of mitochondria
(3.9mg of protein). The substrate *as pyruvate
(lOnlM)+fuiarate (1 mm),

oligomycin on the mitochondcial functions described
in the present paper were determined. Because
inhibition is progressive a meaningful comparison
is not easy to make (Bertina, 1970). For example,
measurements of Pi uptake with the different sub-
strates must be maide over a longer time-period
than ATP hydrolysis stimulated by 2,4-dinitro-
phenol and this will inflience the degree of
inhibition obtained; for examnple, the inhibition
of this ATP hydrolysis by 0.16Big of oligomnycin/ml
was 20% when measured from Otnin to 2 nin and
90% meastired from dmin to 8min after the
Addition of oligomycin. However, tinder the con-
ditions described in Pig. 16, no tajor difforence in
the sensitivity of the four systems was found; 6,ug
of oligomycin/ml had no effect on oxygen uptake
stimulated by 2,4-dinitrophenol.

DISCUSSION
General approach. It is accepted that oxidative

phosphorylation is deperident on the membranous
structute of mitochondrfia. The activity of this
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Fig. 15. Oxygen uptake and complexing by triniethyltin
and triethyltin of binding site 1. The results for
trimethyltin (o ahd A ) and for trlethyltih (0 and A) were
determined by the manometric method (o and e) and by
the polarographic method (A and A) with pyruvate
(10 mm)+fumarate (1 mm) as substrate.

system is also affacted by the envirorment in which
the experiments are done. The present work is pait
of an extensive study of the chemical basis for tho
inhibition of oxidative phosphorylation by trialkyl-
tins. A binding site for trimethyltin and triethyltin
ha§ been detected in rat livermitochondria (Aldridge
& Street, 1970). In this attempt to correlate
binding with inhibitory effects by both compounds,
changes in the composition of the media used for
the study of each mitochondrial finction have been
kept to a minimum. This rigidity in the ekperi-
mental conditionS is intended to minimize variation
in the quantitative responses of the diffoernt
functions not due to the trialkyltins.

Biological and che4nical 8pecificity of trimethyltiti
and tricthyltin. The only enzymic systems that have
to date been sho*n to be sensitive to trialkyltins
are oxidative phosphorylation in mitochondria and
photophosphorylatioti by chloroplasts (Lyin, 1968;
Kahri, 1968, 1970). Ahaerobic glycolysis is riot
inhibited (Aldridge & Cremer, 1955; Cremer, 1962),
nor are lactate dehydrogenase, L-glutamate de-
hydrogenase, L-malate dehydrogenase, succinate
oxidase, yeast hexokinase or apyrase from potatoes
(Aldridge &- Cremer, 1955; Aldridge, 1958). The
ATP hydrolysis byr microsomal fraction frein brain
stimulated by Na+ and K+ ions is slightly inhibited
at very much higher concentrations of triethyltin
than those inhibiting oxidative phosphotrlation
(Aldridge & Street, 1964).

Triethyltin and trimethyltin combine with very
few proteins (Rose & Aldridge, 1968; Rose, 1969,
1970). They have little or no affinity for thidls
or dithiols (Aldridge & Cremer, 1955) axnd are riot
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100- Do triethyltin and trimethyltin behave like oligo.
* mycin? It has been suggested that triethyltin

* , behaves like oligomycin (Sone & Hagihara, 1964;
80 Tyler, 1969; Manger, 1970; Stockdale et al. 1970).

* There are several ways in which the action of oligo-
mycin and triethyltin or trimethyltin differ. With

" 60 A the experimental conditions used in the present
5 * paper: (1) high concentrations of oligomycin do
0 not inhibit oxygen uptake stimulated by 2,4-

' 40 A dinitrophenol or other uncouplers, whereas triethyl-
91 8tin and trimethyltin do; oligomycin and the

trialkyltins under the same conditions inhibit the

20 - complete oxidative phosphorylation system and also
A ATP hydrolysis stimulated by 2,4-dinitrophenol

(Figs. 4, 10 and 16); (2) inhibition by oligomycin
0* is slow and progressive (Bertina, 1970); inhibition
0.06 0.08 0.l0 0.12 0.14 0.16 by trimethyltin and triethyltin rapidly reaches a

Concn. of oligomycin(,g/ml) steady state (Figs. 12 and 14); (3) oligomycin
inhibits to the same degree, at the same concentra-

Fig. 16. Inhibition by oligomycin of various mito- tion, phosphorylation linked to oxidation of pyru-
chondrial functions. Oxidative phosphorylation with te, sucoinateon linked trimetion and
pyruvate (10mM)+fumarate (lmM) (e) was measured vate, sucinate and ascorbate; trimethyltin and
over 0-13min, with succinate (10mm) in the presence of triethyltin inhibit phosphorylation linked to
rotenone (0) over 0-8min, and with ascorbate (40mM) oxidation of pyruvate and succinate at con-
in the presence of NNN'N'-tetramethyl-p-phenylene- centrations lower than those required to inhibit
diamine (1mm) (U) over 0-6min. ATP hydrolysis in the that linked to ascorbate. Thus the pattem of
presence of20 LM-2,4-dinitrophenol (A) was measured over effects produced by oligomycin may be differen-
6-8min. The concentration of mitochondrial protein was tiated from that of trimethyltin and triethyltin.
1.3-1.4mg/ml. Under the same conditions oxygen uptake 18 binding* ite 1 involved in energy-con8ervation
stimulated by20ztM-2,4-dinitrophenol with either pyru-
vate+fumarate or succinate in the presence of rotenone processesn Adridge&n Street (1970) concluded that
as substrate was not inhibited by6ugofoligomycin/mi. a binding site in rat liver mitochondria had the

correct properties for a site to which trimethyltin
and triethyltin could be attached when oxidative
phosphorylation is inhibited. By using the affinity
constants for trimethyltin and triethyltin and the

complexed by EDTA (Aldridge & Cremer, 1955) concentration of binding site 1 derived from the
or by many other chemicals (Aldridge & Street, binding data, the proportion of binding site 1 com-
1964). So far only two proteins have been found plexed can be calculated from the added con-
that complex triethyltin with an affinity of 10-- centration of the respective tin compound.
106 M-1, namely rat haemoglobin and a protein in Identical results are obtained for both trimethyltin
liver supernatant fractions. Analysis of the and triethyltin when the relationship between
binding data for rat haemoglobin indicate that percentage inhibition and percentage of binding site
binding is to one class of sites only (Rose, 1969). 1 complexed is examined for all the parameters we
Triethyltin does have affinity for acidic lipids have studied. This is true for those systems that
(Aldridge & Street, 1964), but the affinity is are very sensitive (Figs. 3, 4, 5, 6, 9, 10 and 11)
probably low (M. S. Rose, unpublished work). It and for those less sensitive (Figs. 7, 8, 13 and 15).
is now concluded that triethyltin and trimethyltin, Thus although a concentration of trimethyltin
when they complex with macromolecules, react 30-40 times higher than that of triethyltin is
with two histidine residues/binding site in such a required, by the use of the independently deter-
conformation that 5-co-ordination can take place mined binding constants a common relationship
(Rose, 1969, 1970). Such a conclusion is in agree- between inhibition and binding to site 1 is obtained
ment with the known chemistry of these com- for both compounds. Thuswe conclude that binding
pounds (Pollar, 1965; Luijten, Janssen & Van der site 1 is involved in oxidative phosphorylation and
Kerk, 1962). that it is involved in the energy-conservation

In addition, it has been reported that trialkyltins process.
mediate a Cl--OH- exchange by virtue of the Is the whole of binding site 1 involved in energy
movement of the un-ionized trialkyltin chlorides conservation processes? The following mitochondrial
into the mitochondrion (Selwyn, Dawson, Stockdale activities were examined and show that, when
& Gains, 1970; Stockdale et al. 1970). inhibition of less than 50% is considered the ratio
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(percentage inhibition)/(percentage of binding site
1 complexed) is approx. 10:1, and almost complete
inhibition is obtained when 20-30% of binding
site 1 is complexed by either trimethyltin or
triethyltin: (1) phosphorylation linked to oxidation
ofpyruvate; (2) phosphorylation linked to oxidation
of succinate; (3) ATP hydrolysis stimulated by
uncoupling agents; (4) oxygen uptake stimulated
by 2,4-dinitrophenol with pyruvate or succinate
as substrate; (5) phosphorylation linked to oxida-
tion of endogenous (intramitochondrial) substrates.
This could suggest that only a part ofwhat has been
defined as a homogeneous binding site 1 is involved
in these processes. However, the following observ-
ations suggest that the whole of binding site 1 is
involved: (a) the ratio (percentage inhibition)/
(percentage of binding site 1 complexed) for phos-
phorylation linked to oxidation of ascorbate is
about 1:1; (b) the ATP hydrolysis stimulated by
trimethyltin and triethyltin decreases with higher
concentrations and approaches zero as the pro-
portion of binding site 1 complexed approaches
100%; (c) the oxygen uptake (State 4) stimulated
by both tin compounds decreases with increasing
concentration and approaches zero as the proportion
of binding site 1 complexed approaches 100%; this
is true for oxidation ofboth pyruvate and succinate.
We therefore conclude that the whole of binding

site 1 is involved in oxidative phosphorylation.
Consideration of the quantitative relationships

between inhibition and complexing of binding site 1.
It has been pointed out in the preceding section
that there are two groups ofmitochondrial functions
one at least 10 times more sensitive to inhibition by
trimethyltin and triethyltin than the other. The
biological and chemical specificity of these trialkyl-
tins suggests that some attempt ought to be made
to explain the results on the basis of one site of
action. However, other possibilities must be con-
sidered. Triethyltin may prevent the processes
involved in movement of substrates into the inner
membrane and matrix ofthe mitochondria (Manger,
1970). The concentration of substrate used when
inhibition was found was much lower (0.5mM)
than those found in this study. High concentrations
of substrate (10mM) have been used, and even with
30mM-succinate very similar inhibition is obtained
(Fig. 6). There must be major differences between
the penetration of pyruvate or succinate and
NNN'N' - tetramethyl - p - phenylenediamine for
ascorbate oxidation. The interpretation of item 5
from the preceeding section is important with
respect to transport of substrate in and out of the
mitochondrion. One interpretation is that phos-
phorylation is linked to the oxidation of intra-
mitochondrial substrate. It is also possible that
in the presence of trimethyltin and triethyltin
initially intramitochondrial substrate becomes dis-

tributed throughout the medium thus lowering its
rate of oxidation and the consequent phosphoryl-
ation.

If the different sensitivities of the two groups of
systems (1)-(5) and (a)-(c) above are taken to be
due to two different binding sites then their required
binding constants may be derived from the in-
hibitory data. If there is a 1:1 relationship between
percentage inhibition and percentage complexing
of both of these sites, then the affinity constants
for the two sites may be calculated to be approx.
107M-1 and 4 x 105M-1. If the Scatchard relation-
ship for binding (Aldridge & Stteet, 1970) is
calculated by using these constants, we find that
the experimentally determined binding results and
the calculated binding required by a two-site
hypothesis are not compatible. Therefore an
explanation of our experimental results on the basis
of two binding sites with different affinities seems
unlikely.

There is another possibility, namely that binding
site 1 is involved in the inhibition ofATP synthesis
linked to ascorbate and the other more sensitive
mitochondrial functions are due to an effect of
trimethyltin and triethyltin that does not involve
a binding site. Such a possibility has been
suggested by Stockdale et al. (1970) and Selwyn
et at. (1970). They suggest that trialkyltins mediate
an anion-OH- exchange across lipid membranes
that in media containing certain anions can
produce uncoupling, swelling and lowering of intra-
mitochondrial substrate and P1 concentrations, to-
gether with associated effects such as structural
damage following gross swelling. This gross swelling
is claimed to be the cause of the inhibition ofoxygen
uptake stimulated by uncoupling agents. None of
the experimental conditions used in this paper lead
to gross swelling. Such swelling that has been
found is small and is well correlated with ATP
hydrolysis and stimulation of oxygen uptake
(Aldridge & Street, 1964; M. S. Rose, unpublished
work). Therefore there are five reasons why we
cannot accept that the inhibition of oxygen uptake
stimulated by uncoupling agents is due to structural
damage: (1) there is no gross swelling with our
experimental conditions; (2) there is only a short
delay of about 10s before maximum inhibition
with both oxygen uptake and ATP hydrolysis
stimulated by 2,4-dinitrophenol (Figs. 12 and 14);
(3) after the short delay inhibition reaches a steady
state; the agreement between the results obtained
with the polarographic and the manometric methods
indicates that this must be true; (4) oxygen uptake
stimulated by 2,4-dinitrophenol is equally sensitive
to triethyltin and to trimethyltin when either
pyruvate or succinate is used as substrate; these
two systems often show differences in sensitivity
to structural damage; (5) Stockdale et al. (1970)
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have used trialkyltins with highermoleiAr weight,
and it is known that these homologueg do produce
gross swelling (Aldridge & Street, 1964).

Therefore there is evidence against the explan-
ation put forward by Stobkdale et al. (1970) beiig
applicable to our conditions. Taevertheless, because
of the ignorance about the co-ordination of the
mitochondrial functions, it is not possible to reject
the theory that trimethyltin and triethyltin exert
ah effect on ATP synthesis linked to oxidation of
pyruvate, succinate or intramitochondrial substrate
that is different from the effect they exert oh ATP
synthesis linked to oxidation of ascorbate.

Since both trimethyltin and triethyltin show
a 1:1 or 1:10 relationship, as well as the chemical
evidence of specificity and the absence of any
positive evidence to indicate whst any other offeot
might be, we must consider what arrangement is
possible that would be compatible wth our results
and only one chemically distinct type of site. If
binding site 1 is a homogeneois clas of site and
complexing of less thai the whole of the site can
lead to complete inhibition of phosphorylation
linked to oxidation of pyruvate or succinate, then
on a molecular basis there mUst be more than one
binding site per energy-transfer unit. With values
for inhibition less than 50%, the ratio of (pereentage
inhibition)/(percentage ofbiding site 1 complexed)
is approx. 10:1. Our experimental results would
therefore be explained if there were a chain of ten
sites, only one of which had to be oomplexed with
trimethyltin or triethyltin to prevent phosphoryl-
ation. Such an arrangement in which each binding
site consists of two histidine residues has been
previously suggested and fully discused (Aldridge
& Rose, 1969). Although this hypothesis appoars
to explain satisfactorily the results presented ih
the present paper, we cannot eliminate the possi-
bility that both trimethyltin and triethyltin act
in two different ways. The results of Selwyn et al.
(1970) and Stockdale et al. (1970) have provided
another parameter to be evaluated. The integtation
of their results and ours will require more experi-
ments; if trimethyltin and triethyltin perturb
mitochondrial functions in two ways, one requiring
at least tenfold loweti concentrations than the
other, then one of them is associated with the
binding of the trialkyltin to a site in mitochondria;
on current evidence this seems likely to consist of
two histidine residues/bihding site.
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