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Abstract 

!3slng the method OF quick separation by centrlfugatlcn through a layer of silicone the 
contents of ATP in m~tochondria during active phosphoryla~ion of external ADP have 
been dc.termlned. The rate of phosphoQ'lation is linearly related to the ATP content (in 
state 3) and this relation is independent of the suhstrate. The rate of phosphoQ-lation and 
the associated internal ATP content were both diminished as incubations ,*'ere carried out 
using the mltodaondrial protein at increasing concentrations. 

Inlrodaclion 

When ADP is added to a suspension or rat livei" mitochondria it exchanges with the 
internal ADP and ATP. t When phosphate and a substrate are presertt the internal 
ADp]ATP ratio is kept at a value depending or, the phospborylation process, so the 
exchange of the external ADP with the internal nucleotides ultimately leads to its 
replacement by a nearly stoichiometrlc amount of ATP. The aim of the present work 
was to establish file relation between the inter,ml ATP content during ph0sphorylation 
and the rate ofphosphorylation of the external ADP. According to the formulation of 
Heldt,Z the proportion of ATP, exported in the total nueleotldes emerging in exchange 
for entering ADP, is strictly proportional to the internal ATP; hence the phosphorylation 
flux should be related to the internal ATP by a factor which has to be evaluated. 

In making the series ot'experiments described below it was noticed that the rate o f  
phosphorylation per unit ofmitochondrial protein was in~.'ersely related to the concen- 
tratlon at which the suspension was being used. This suggests that some inhibitory 
factor is present in the mitochondrial preparation. 

~hfet,~ 

Rat liver mitochondria ,.'ere prepared by a van~ant of Schneider's J 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 subsequentwashes. The wash media also 
contained 5 mM KC! which improved the yield ofmitochondria without causing loss of" 
cytochmme or extensive co-sedimentation of reticular membrartes. The final stock 
smpension was made atabout 50 mg/ml in 300 mM sucrose. Protein was measured by a 
bluret.method. 4 . 
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Rates ofphosphorylatlon and the associated internal ATP contents were foupd by 
taking samples from incubations in an open jackettcd Vessel exposed tO a stream either of 
oxygen for the tris-buffered media or to 95~ oxygen + 5~ carbon dioxide for the  
bicarbonate buffered media. A glucose + hexokinase trapping s vste.m was used in the  
incubation so that the phosphorylation rate could be found from the amount ofglucose- 
6-phosphate formed in a given time. This method ensured that the extrarnitochondrial 
ATP was kept at a low concentration. This would not have been the case ifconventional 
oxygen electrode--ADP--cycles wereused.  The medium contained KCI, 150 mM, 
mannltol 60 mM, MgCI: 0-7 raM, tris-phosphate 5 mM and either tris-chloride pH 
7-4 '20 mM or NaHCO~ 20 mM. Substrates were added as tris salts at 5 mM unless 
otherwise stated. Most experimentswere made at 50 ~ but the temperature of the vessel 
ec, uld be adjusted to 10 ~ or 30:. 

For the phosphorylation reaction the stock mltochondrial st/spension was diluted with 
medium to protein concentratlons between 0.7 and 6 mg/ml. After 3-4rain incubation a 
0-5 ml sample was withdrawn. This was transferred to a polypropylene Centrifuge tube 
{5 cm bore length, 0-4 cm diameter) Which had previously been prepared by loading with 
0-1 ml 1-5 M percMoric acid beneath about 3 mm thickness ofsilicone (G. E. Versilube 
F.50). As each sample was taken it was centrifuged for 45 sec in a Colemah Microfuge 
which sufficed to bring the mitochondria into the acid beneath the oil. A specially 
constructed miniature swlng-out head was used.' 

The analysis of the acid extract from the firsi sample provided a value for the content 
0fATP before phosphorytatlon was initiated~ After the sample had been taken, additions 
ofhexokinase (5 units, Sigma type.F.300 dissolved in 5~ albumin) and ADP to 120 VM 
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 sup ernatants were acldlfied 
promptly with 0-1 ml 1-5 M perchloric 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 abou t  
5 by addition of 5 M KOH + I .XI K acetate mixture. The mitochondrial acid extracts 
were recovered from beneath the silicone in each tube and "transferred to cooled tubes 
mad also brought to pH 5 as before. The supernatants were assayed enzymaticaUy for 
glucose-6-phosphate in a spectrophotometer and the mitochondrial extracts were 
analysed fiuorimetrically ~ r  ATP. Methods for both have been described by Williamson 
and Corkey. s 

Re..m/ts 

�9 For measuring the rate ofphosphoD'ladon ofglucosc; in pr~ence ofhexokinase and ADP 
tests were made to ensure thatsufficient enzyme and ADP were present to stimulate the 
process maximally. At protein concentrations of about 1 mg/ml oxidative phosphoryla- 

:tion was halfmaximally stimulated with only 11 #M .-LDP (in presence ofhexokinase and 
glucose} but 56-60/~M was required when the protein was at 4-6 mg/ml and rates of  
phosphor~'latlon, rather than of'respiration, were measured. Routinely 120 ~tM ADP was 
added. It was confirmed that with at least 1. 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 mhochondrla usually fell within the interval (30-50 sec) before the next 
sample was withdrawn (Fig. 1). Phosphorylation was rapid in this first interval hut could 
not be referred to a properly weightcd mean ATP content, bccausc the ATP change 
was large and of unknown time course. After the initial ATP change, when therc was 
one, the ATP either remained static or fell slowly over the remaining minutes of sampling. 
The rate ofphosph0rylation during this latter period found from the increment in glucose- 
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Figure I. The time course of the ATP cnnltent of ' rat  liver mho- 

r after initiation of ph(~phor~'lation in presence 0f differen't 
mabstratcs. The zero time value is the ATP content boil,re the ADP 
addition. Fhosphorylatlon ~-as initiated by 120~M ADPand 5 units 
hexokinase.. Incubation conditions ~. Temp. 20 ~. Medium: KCI 150 
raM, mannitol 60 raM, t r i~hh , r lde  pH 7-4 20 raM, glucose 3-3 
re.M, M g O  z 0-7 raM, ph~spbate 5 raM. In CA; glutamate and malaw 
at  $ mM were used with mhochondrial pro~eln at 2.3 mg/ml, i n  
(B) m.-hocitraze at 10 mM with malate at  I mM were used with 
protein at  I-7 m_g/_mL in (C) pyruavte a t  $ mM ~ used with 
lZ~zeln at  2"3 mglfnl and in (D) malatc at  $ m M  was ~ with 
~ g e l n  at  3-9 mg/ml. 

6-phosphate was plotted against the m e a n  ATP content over the period. (When the ATP 
content changed significantly and nonlinearly with time, then a weighted mean was 
applied.) Figure 2 shows that the two quantities are linearly related irrespective of the 
suhstrate and mitochondrial preparation. For ease of analysis the earlier experiments of 
the serles were set up using the mi:ochondrial protein at 4--G mg/ml, these pror points 
corresponding to ATP contents between 1 and 3/~mole!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 mitochondrialprotein in more dilute suspension. 



When results fora number 0fexperimcnts with a gii-en substrate were collected (Fig. 3) 
it was clear thatthere is an inverse relation between the rate ofphosphorylati0n (per mg 
protein) and the protein concentration. In p;esence of serum albumin at 0-5% the in- 
hibition remained sufficiently mai'ked to discount the suggestion that it was arising from 
.endogenous fatty acids. 

! 

al 

i 
8. 

. 
I C  

O 
I C  

O 

V , -~ . ! , l , .  , ! - -  
| ATP' m~le/mal J �9 

IF'~.u,'r 2. The rate o f  phosphr,~'ht ion o f  r glucose in presence o t  5 
units  hexokinas~ and  120~.M ADP and  the internal A T P  content  o f  the mlco- 
r  Each point is f rom a different incubation and  rnest are from dir- 
fmarent mhochondria l  preparations. T h e  pn~oteln was used at  bet~'een 0-7 and  
4' mg/ml ,  higher raica are usually from lower protc.:n concentrations. Various 
tmhstrates ~'t='e used a t  $ ntX|. T he  points are marked with M - ' - m a h t e ,  
P E  pla'u~-ate, G ---- g!utamate,  K --- oxoglutarate,  $ =- suceinate, B-~ h.vdroxy- 
butTratc ," .Mn~-malonate,  IC---pL-isocitratr (at 10 re.M}, M n - m a l o n a t e ,  
PC_=,palmltoyl carnitine 10/~M in presence o f  0-5% se rum alb~amin. T h e  

m e d i u m  was as described in "m~.-thods ~176 no difference was noticed be'wetm the 
In'is and  b/carbrmate buffets. Note that  much  of  the isocitrate becomes consx-rted 
W citrate,  6 and  thetefocr the  concentration o f  oxidizable substratea iia th/s case. 
is kss than $ raM. 

Effect ~ Fat~ :4~'d on Permea~illty 
In absence ofserum albumin the permeabilit Y to ATP is diminished by fatty adds. ~I 

This could be shown by the present technique by adding a fatty acid or a derivative 
durifig the phosphorylation process. Table t ihows that oleate at 33/~M or palm[toyl 
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r l g u ~  $. The r~ladoh be't~x'en the rate of 
phosphoryhdon per unit of mitochondrlal 
PlrlarOtein and the concentration of mltochon- 

1 protein in the medium. Incuh~tlon 
conditions: Temp. 20% Medium: KC! I50 
raM, mannlto[ 60 raM, tri~phosphate 5 mM 
glucose 3-5 m.Xt, hexoklrta~ 5 units, .MgCI~ 
0-7 raM, ADP 120 p.M and in (A) t~Ldso- 
citrate i0 raM, ma[ate I m~[, in (B) glumnhatr 
and malate 5 mM each. 

carnitine at 25 / ,M reduces the quotient: Phosphorylation ftux/ATP by  about 2/3. With 
serum albumin present at 0.2--0.50/0 the palmit0yl carnitine acted as a substtate and some 
points obtained with it in combination with other substrates are shown in Fig. 2. In 
conditions of  production of  oxalacetate from malate the addition of  the palmitoyl 
carnltine (in presence of  serum albumin} increased the ATP content from I-5 to 3.0 
/t.mole/g and there was a burst ofmore  rapid phosphorylation. 

TABLE L Effects of oleate or palmltoyl carnklne on the phosphory!atlon flux ~thout added serum. 
albumin. Results obtained in presence oralbumin are included on Fig. 2 

I~iux/ATP before Flux/ATP after 
Suhstrate Agent armed addition, m~-t addition, mln -t 

. S u c c ~  Palmhoyl carefree 33/~M I ! 5/3-2 - 36 46/'2-2 - 2 i 
l ' l~ l~xybu~'r~te O l~ te  25 p M  83/2-6 - 32 30/1-6 - ig 

[ncuba~on ~dlt/or~: T~np. ~r', medium KCI 150 raM, man~[ 60 M, phosphate $ raM, Ir/s-chIo~de 
20 raM, subm'au~ $ re.M, prot~ at 4 mg/mL 

Effect o f  Tem~eralurt on Permeability . 
Phosphoryhdon rates v-ere measured at l0 ~ 20~ ~.nd 30 ~ with eRher glutamate 42 - 

malate or with isocitrate as added "substrate. The  quotien~ of  the phosphorylatlon 
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fluX/ATP content increase by a higher factor between 10 ~ and 20 ~ than between 20 ~ 
and 30~ (Table 11). 

TABLE IL Temperature dependence ofphosphoryht;on flux and ;nternal ATP contents. Results are for 
two different st/bstrate mixtures (IC and GS) defined belo.w 

, , ,  % 

Temp *C !0 20 30 

�9 I C  C,S GS I C  IC " GS 

]Flux (m.noleper mg per m;n) 38 14 72 80 175 
ATP content nmole/mg 2-8 2-0 2- ! 2"6 2-2 
permeability quotient, mEn -t*- 14 7 36 31 78 

180 
2.7 

67 

r Incuhat~ncond'tions:MedlumKC1150mM.mannhol60mM, M'~la0-7mXLgluct~:3-Sm~f.ADPl20.M 
and for ~[C) trls<hloridc 20 mXf, isociu'ate l0 re.M, malatc. !mM: for (GS) NaHCO120 raM, glutamate and n~'late 
$ re.X[ each. Protein conce.~tratiom: for t, IC) 0-94 mg/ml, for (GS) 4-1 mg/ml. 

D~cussion 

The results presentedin Fig. ~ show that the export of ATP from z'at liver mitochondrla 
exposed to excess external ADP takes place at a.rate proportional to the ATP content. 
At 20 ~ the factor is about .98 • the content per mln. To obtain a high phosphorylation 
rate the inzernal nucle0tldes have to be kept in the form of ATP by tile internal.phos- 
phorylation reactions. This means that during rapid phosphorylatlon, with its high 
associated ATP content, �9 there is still the possibiiity of ATP-requiring reactions such as 
pyruvate carbox)~lation.'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 glve different results from those obtained with an uncoupllngagent since the 
tatter removes inte:-,al ATP. 

I t  is not possible at present to explain the inhibitory effect of hlgh mltochondrial 
protein concentrations on the rate of phosphorylati0n. That.i t  is not merely a conse- 
quence of slow'release of endogenous fatty, acid is st.~ggcsted by the effect persisting in 
presence ofserum 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 FIux/ATP is lessened; this is 
not the case in the results obtained with high mltochondrial protein concentrations. 

The dependence of the Flux/ATP content on the temperature (Table II) may include 
a limitation of  the flUX by division when the phosphorylation is sufficiently rapid. The 
variability o f  the permeability quotient at 10 ~ with dLq'erent substrates requires further 
im'im/gation. 

, fcte0~dge~ntz 
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