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Abstract

Using the method of quick separation by centrifugaticn through a layer of silicone the
contents of ATP in mitochondria during active phosphorylaiion of external ADP have
been determined. The rate of phosphorylation is lincarly related to the ATP content {in
state 3) and this relation is independent of the substrate. The rate of phosphorylation and
the associated internal ATP content were both diminished as incubations were carried out
using the mitochondrial protein at increasing concentrations.

Introduction

When ADP is added to a suspension of rat liver mitochondria it exchanges with the
internal ADP and ATP.' When phosphate and a substrate are present the internal
ADP/ATP ratio is kept at a value depending on the phosphorylation process, so the
exchange of the external ADP with the internal nucleotides ultimately leads to its
replacement by a nearly stoichiometric amount of ATP. The aim of the present work
was to cstablish the relation between the internal ATP content during phosphorylation
and the rate of phosphorylation of the external ADP. According to the formulation of
Heldt,? the propomon of ATP, exported in the total nucleotides emerging in exchange
for entering ADP, is strictly proportional ta the internal ATP; hence the phosphorylation
flux should be related to the internal ATP by a factor ﬁhich has to be evaluated.

In making the series of experiments described below it was noticed that the rate of -
phosphor)latxon per unit of mitochondrial protein was inverscly related to the concen-
tration at which the suspension was being used. This suggests that some inhibitory
factor is present in the mitochondrial preparation.

Methods

Rat liver mitochondria were prepared by a variant of Schneider’s? method using 0-5
mM EGTA and 0-05%, bovine serum albumin (defatted and dialysed) in the 250 mM
sucrose solution for homogenization and two subsequent washes. The wash media also
contained 5 mM KCl which improved the yield of mitochondria without causing loss of
cytochrome or extensive co-sedimentation of reticular membranes. The final stock
suspension was made at-about 50 mg/m!l in 300 mM sucrose. Protcin was measured bya
biuret method.*
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Rates of phosphorylation and the associated internal ATP contents were found by
taking samples from incubations in an open jacketted vesscl exposed to a stream either of
oxygen for the tris-buffered media or to 959, oxygen + 5%, carbon dioxide for the
bicarbonate buffered media. A glucose + hexokinase trapping system was used in the:
incubation so that the phosphorylauon rate could be found from the amount of glucose-
6-phosphate formed in a given time. This method ensured that the extramitochondrial
ATP was kept at a low concentration. This would not have been the case if conventional
oxygen electrode—ADP—cycles were used. The medium contained KCl, 150 mM,
mannitol 60 mM, MgCl, 0-7 mM, tns-phosphatc 5 mM and either tns-chlondc pH
7-4 20 mM or NaHCO,; 20 mM. Substrates were added as tris salts at 5 mM unless
otherwise stated. Most experiments were madc at 20° but the tempcraturc of the vessel
could be adjusted to 10° or 30°.

For the phosphorylanon reaction the stock mitochondrial suspension was d:lutcd with
medium to protein concentrations between 0-7 and 6 mg/ml. After 3—4 min incubation a
0-5 ml sample was withdrawn. This was transferred to a polypropylene centrifuge tube
- (5cm bore length, 0-4 cm diameter) which had previously been prepared by loadma with

0-1 m! 1-5 M perchloric acid beneath about 3 mm thickness of silicone (G. E. Vensilube -
'F.50). As each sample was taken it was ccntnfuged for 45 sec in a Coleman Microfuge
which sufficed to bring the mitochondria into the acid beneath the oil. A specially
constructed miniature swing-out head was used.’
. The analysis of the acid extract from the firsi sample provided a value for the content
of ATP before phosphorylation was initiated. After the sample had been taken, additions
of hexokinase (5 units, Sigma type F.300 dissolved in 3%, albumin) and ADP to 120 oM
were made. Following this, 5 successive 0-5 ml samples were withdrawn at intervals of
about 40 sec. Each was centrifuged as described above and the supernatants wereacidified
promptly with 0-1 m! 1-5 M pcrchlonc acid. Later, the supernatants were transferred
from above the silicone layers by a Pasteur pipette into tubes cooled in ice. The precipi-
tated protein was removed by centrifugation and the fluids were brought to pH about
5 by addition of 5 M KOH + 1 M K acetate mixture. The mitochondrial acid extracts
were recovered from beneath the silicone in each tube and transferred to cooled tubes
and also brought to pH 5 as before. The supernatants were assayed enzymatically for
glucose-6-phosphate in a spectrophotometer and the mitochondrial extracts were
analysed fluorimetrically for ATP. Methods for both have been described by Williamson
and Corkey.}

Results

- For measuring the rate of phosphorylation of glucosc in presence of hexokinase and ADP
tests were made to ensure that sufficient enzyme and ADP were present to stimulate the
process maximally. At protein concentrations of about 1 mg/ml oxidative phosphoryla-

tion was half maximally stimulated with only 11 uM ADP (in presence of hexokinase and
glucose) but 50-60 uM was rcqu:rcd when the protein was at 4-6 mg/ml and rates of
phosphorylation, rather than of respiration, were measured. Routinely 120 xM ADP was
added. It was cbnﬁrmcd that with at least L unit hexokinase per 3 ml incubation medium
the respiration was maximal but routinely 5 units were added.

When phosphorylation of the glucose was initiated by ADP + hexokinase the ATP
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content of the mitochondria usually fell within the interval (30-50 sec) before the next
sample was withdrawn (Fig. 1). Phosphorylation was rapid in this first interval but could
not be referred to a properly weighted mean ATP content, because the ATP change
was large and of unknown time course. After the initial ATP changc, when there was
one, the ATP cither remained static or fell slowly over the remaining minutes of sampling.
- Therateofphosphorylation during this latter period found from the increment in glucose-

"ATPcontent
nmole,mg

| 1
Time min 5

Figure I, The time course of the ATP content of rat liver mito-
chondria after initiation of phosphurylation in presence of different
substrates. The zero time vatue 1s the ATP content before the ADP
addition. Phosphorylation was initiated by 1 ’Op\! ADPand 5 units
hexokinase, Incubation conditions: Temp. 20°, Medium: KCl 150
mM, mannitol 60 mM, tris-chloride pt 7-4 20 mM{, glucose 3-3
ln.\l,.\(gCl,0~7 mM, phnsphalc:» mM. In (A} glummatcand malate
at 5 mM were used with mitochondrial protein at 2-3 mg/mil, in.
{B) pr-isocitrate at 10 mM with malate at | mM were used with
protein at 1-7 mg/mi, in (C) pyruavte at' 5 mM was used with
protein at 2 3 mg,ml and in (D) malate at 5 mM was used with

protein at 3-9 mg/ml.

6-phosphate was plotted against the mean ATP content over the period. (When the ATP
content changed significantly and nonlmearly with time, then a wclghtcd mean was
applied.) Figure 2 shows that the two quantities are linearly related irrespective of the
‘'substrate and mitochondrial preparation. For ease of analysis the carlier cvcpcriments of
the series were set up using the mitochondrial protein at 4-G mg/ml, these provided points
corresponding to ATP contents between 1 and 3 pmole/g and low rates of phosphory-
lation. To obtain higher values, such as customarily are obtained in the oxygen polaro-
graph, it was necessary to use the mitochondrial protein in more dilute suspension.
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When results for a number of experimenits with a given substrate were collected (Fig. 3)
it was clear that'there is an inverse relation between the rate of phosphorylation (per mg
protein) and the protein concentration. In presence of serum albumin at 0- 3% the in-
hibition remained sufficiently marked to discount the suggestion that it was arising from
endogenous fatty acids.
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Figure 2. The rate of phaspharylation of externa! glucose in presence of 5
units hexokinase and 120 x M ADP and the internal ATP content of the mico-
chondria. Each point is QP rom a different incubation and maost are from dif-
ferent mltochoncrr?al preparations. The protein was used at between 0-7 and
4 my/ml, higher rates are usually from lower protein concentrations. Various
substrates were used at 3 mM. The points are marked with M=malate,
P=pyruvate, G=glutimate, K = oxoglutarate, S=succinate, B=hydroxy-
butyrate, Mn= malonate, IC=pt.isocitrate {at 10 mM), Mn=malonate,
PC= palmitoyl camitine 10 pM in presence of 0-39; scrum. albumin. The

‘medium was as described in “micthods™, no difference was noticed between the
tris and bicarbonate buffers. Note that muchof the i isocitrate becomes converted
l)cm'ate,‘ and therefore the concentration of oxidizable substrates in this case
is less than 5 mM.

Effect of Fatty Acid on Permeability

In absénce of serum albumin the pcrmcabdnty to ATP is diminished by fatty acids. r
This could be shown by the present techrique by adding a fatty acid or a derivative
duririg the phosphorylation process. Table 1 shows that oleate at 33 uM or palmitoyl
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Figure 3. The relation between the rate of
phosphorylation. per unit of mitochondrial
protein and the concentration of mitochon-
drial protein in the medium. Incubation
condituons: Temp. 20°. Medium: KCI 150
mM, mannitol 60 mM, tris-phosphate 5 mM

ucose 3-3 mM, hexokinase 5 units, MgCl,

1 07 mM, ADP 120 pM and in {A) oriso-
AR citrate 10 mM, malate I mM,in (B) glummate
Protein mg/mi 3 and malate 5 mM each.

carnitine at 25 pM reduces the quotient: Phosphorylation fux/ATP by about 2/3. With
serum albumin presentat 0-2-0-5% the palmitoyl carnitine actcd as a substrate and some
points obtained with it in combmanon with other substrates are shown in Fig. 2. In
conditions of production of oxalacetate from malate the addition of the palmitoy!
carnitine (in presence of serum albumin) increased the ATP content from 1-5 to 3-0

pgmole/g and therc was a burst of more rapid phosphorylation.

TABLE L. Effects of oleate or palmitoyl camnitine on the phosphorylation flux without added scrum
albu.mm. Results obtained in presence of albumin are included on Fig. 2

» : Flux/ATP bcfore Flmc!.-\TP after

Substrate Agent added addition, min—t addition, min-?
Succinate Palmitoyl camnitine 33pM - 115/3-2 = 36 46/2:2 = 21
Hydroxybutynzc Oleate 25 uM 83/2-6 = 32 30/1-6 = 19

Incubation condmons Temp. 20°, medium KC1 150 mM, mannitol 60 M, phospluu: S mM, mch!ondc
20 mMM, substrate § mM, protcia ac 4 mgjm!.

Effect of Temperature on Permeability
Phosphorylanon rates were measured at 10°, 20° and 30° with either glutamate + -
malate or with isocitrate as added substrate. The quotients of the phosphorylation
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flux/ATP content increase by a higher factor between 10° and 20° than between 20° -
and 30° (Table 11)..

TABLE II. Temperature dependence of phosphorylation flux and internal ATP contents. Results are for
two different substrate mixtures (IC and GS) defined below

Temp °C 10 20 30

IC 6Gs I 6 IC G
Flux (mole per mg per min) 38 4 7 80 175 180
ATP content nmole/mg 28 290 2-1 26 22 27

?cfmcability quotient, min~te- 14 7 36 3 78 67

. lncubanbn cond tians: Medium KCt 150 rr\! mannitol 60 mM, MgCl, 0-7 mM, g!ucosc 35 m\( ADP 120 uM
and for {IC) tris-chloride 20 mM, isocitrate 10 mM, malate ! mM: for (GS) \nHCO, 20mM glutam:ucand malate
5 M each. Protein concentrations: for {IC) 0-94 mg/ml, for (GS) +1 mg/ml.

Discusston

The results presented in Fig. 2 show that the export of ATP from rat liver mitochondria
exposed to excess external ADP takes place at a rate proportional to the ATP content.
At 20° the factor is about 28 x the content per min. To obtain a high phosphorylation
rate the internal nucleotides have to be kept in the form of ATP by the internal phos-
phorylation reactions. This means that during rapid phosphorylation, with its high
associated ATP content, there is still the possibility of ATP-requiring reactions such as
pyruvate carboxylation. On the other hand enzymes inhibited by ATP, such as citrate
synthase® may still be inhibited. In this cespect respiratory stimulation by ADP can be
expected to gwc differcnt results from those obtained with an uncouplingagent since the
latter removes interuai ATP. _

It is not possible at present to explain the inhibitory effect of high mitochondrial
‘protein concentrations on the rate of phospherylation. That.it is not merely 2 conse-
quence of slow release of endogenous fatty acid is suggested by the effect persisting in
presence of serum albumin and by the fact that the internal ATP content is low. As seen
in Table I, when fatty acid reduces the flux, the quotient Flux/ATP is lessened; this is
not the case in the results obtained with high mitochordrial protein concentrations.

The dependence of the Flux/ATP content on the temperature (Table II) may include
a limitation of the flux by diffusion when the phosphorylation is sufficiently mpxd The
vanabxhty of the permeability quotient at 10° with different substrates requires further
investigation.
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