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In a study of the effect of liver aupematant fractions on 

isolated mitochondria, it was observed that addition of NADP, but not 

N&D, caused an inhibition of reepiration and phosphorylation. The most 

obvious explanation for this effect was that 6-phosphogluconate, which 

could have been fomed in the syertem under study, was the inhibitor. 

The inhibitory activity of exogenous 6-phosphogluconate haa been demon- 

strated and ia reported here. 

METHODS AND MA- 

Mitochondria from noti rat liver, isolated in 0.25 M sucrose by 

the method of Hogeboom, Schneider and Palade (1948), with the modifications 

previouslydescribed(Devlin andDedell,196o),were suspended to avolume 

of 0.75tol.O gwetweightof liver per ml. Oxygenuptakewaa mea&!ured 

by conventional manometric techniques, andinorganic orthophaaphatebg 

the method of Dowry and Lopez (1946). Eexokinase, crystalline type A, 

andvarious salts of 6-phosphogluconatewerepurchasedfmmCalbioche% 

Substrates andotherchemicals were fromcolanercial sources andused 

without further purification. 

Inmaucmetric experiments where the substratewas addedlaat, 

6-phoaphogluconate(6-pQB)waa foundtobeaninhibitor of oxygenuptake 
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of isolated rat liver mltochondria ulth all substrates tested. As shorn 

in the representative experimnts in Table I, 6-m at 1.0 nM inhibited 

both respiration and phosphorylation approximately k@, with nc slgnifi- 

cant change in the P/O ratio. At 3 mM, respiration and phosphorylation 

werenearly completely inhibiteduithDPN-linkedsubstrates butnotuith 

succinate. The lack of complete inhibition of succinate oxidation at 

thehigherlevels of 6-PQA ia similar tothexwulta observedbyLardy, 

Johmon and &Murray (1958) on the inhibition of respiration by oligomycin, 

and by Bollunger (1955) for gtmddine. Similar inhibitions have been 

observed in polarogrsphic experiments with ADP as the sole phosphate 

acceptor, ruling out the possibility that 6-a was inhibiting the phos- 

phate "traps (i.e., hexokhue plus glucose or deoq@ucose). 

The inhibitory activity of 6-m has been confirmed with a 

numberof commercial samples of different salts, some of which have a 

purityinexcess of 998. F+romspectrographic wlalysis,the saqles of 

TABLE1 

INBIBITIDNOFILgsPIBATIDNAND PBOB~BYIATIONBY 6-pEIospBDQLUCON&TE 

Incubation nedimn (3.0 ml) containedi 10 mM Tris (hydroxy- 
methyl) aninomethane (pH 7.4), 10.0 mH phosphate buffer (pH T.h), 6.6 mI4 
MgCl2, 66 OlM KCl, 1.0 s&f ADP, 16.6 mM luwse or dmqygluco8e, 0.01 to 
0.02 pae hex-e (130 to 170 E.U./B~ f and rat liver mitochondria (0.8 
to 1.5 481). Designatedsubstrates, 2OmM, and 6-phosphogluconate at 
indicated concentrations were added after preizw&ation (7 mlnute8). 
Incubation for 15 mimztes at 30%. 

Substrate 

succwte 
1.0 
3.0 

13.4 

;:i 

$-ml-omw=~ 6.6 17.8 
1.0 3.8 9.9 
3.0 1.2 0.0 

Glu~te+Balate 
1.0 
3.0 

10.0 28.2 2.8 
5.8 15.6 2.7 
0.9 0.0 0.0 

1.9 
2.4 
0.3 

I-I 
010 
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6-WA contained only trace8 of heavymetals which couldnothave caused 

the inhibition. In the originalstudyof this effectitwas reported 

(Devlin and Dames, 19&) that high concentrations of some samples of 

glucosed-phosphate and fructose-6-phosphate also had inhibitory activity. 

Repurification of these SW@38, however, removedtheactivit~suggesting 

thepresenceof aninhibitor. Studies of the effect of impure asmples 

of glucose&-phosphate incomparisonwith 6-~~~suggestthatthe bprity 

in the glucosed-phosphate uas different from 6-K&. 

As reported in Table II, addition of 6-PM to the mitochondria 

during ths preincubation or togetheruith the substrate atzerotime 

caused a marked inhibition, whereas the inhibition was much less if' 6-m 

was added five minutes after the addition of substrate, at which time the 

rate of respiration was maximal. Addition of hexokinase or deoxyglucose, 

rather than substrate, to initiate respiration also decreased the degree 

of inhibition by 6-FUA (Table II). These results suggest that the inter- 

action of 6-m with its site of inhibition apparently depends on the 

TABLE II 

EFFECT Ol? PFEINCUMTION l4BIDM AND TIFB OP ADDITION 
OP6-PHOSPHOQLIJCONATlZONTHBINHlBITIDN 

Incubation medium as in Table I, except for thea of addition 
as noted. 6-~~phogZuconate(3.OmH)~~d~preinc~tion 
(-7 mi3Utes) at zero time (0 minutes), or after initiation of active 
reepiration Z+5minutes). 

zero The Time of 
SUbstrate Addition Addition of 6-w n02 n pi 

Ppnroab Substrate None 
+Halate Substrate -7 

substrate 0 
Substrate +5 

Glutamate Substrata 
+lklBte Substrate 

Deo~glUco8e 
Deoxyglllcose 

MMlt88 

None 
0 

NOll9 
0 

fit- 

7.1 
1.0 
1.3 
5.8 

10.2 
1.2 

;:; 

Wales 

22.5 
0.0 

I% 

29.9 
0.0 

29.5 
23.5 
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state of the mitochoudria at the time of addition. The affect of 6-PCA 

cannot be attributed to a drastic alteration in the structure of the 

mitochorxtria, because ~-PM did not induce a swelling of ndtochondria 

when assayed in a phosphorglatiug system. 

@CA also caused au inhibition of the respiration stiaaulated 

by 2,4-dinitropheno1when masured either in the presence or absence of 

a phosphate acceptor system (Table III). These results suggest that in 

contrast to results with oligomycin (Lardy and McMurray, 1959; Estabrook, 

1961) the inhibition by ~-PM cannot be attributed to au inhibition of 

the temdual site iu oxidative phosphorylation and must either be on the 

respiratory chain or at a site prior to the point of action of ddnitrophenol. 

This is also supported by the observation (Table IV) that 6-phoaphogluconate 

had no effect on the dinitrophenol-stimulated ATPase. As reported iu TableIV, 

6-a had no affect on either the latent or Fag*-ATPase, which is additional 

evidence that 6-m was not caudng a disruption of the mitochondria; aged 

or disrupted mitochondria have a high level of both lateut aud Mg++-ATPase. 

TABLE III 

EFPECTOP 6-PHOSPHWLUCONATDON 
2,4-DINITROPDDNOL STIMULATED RESPIRATION 

Iucubation medium as in Table I. 20 mM glutamate as substrate; 
3.0 I&! ~-WA and 0.05 mM 2,4-dinitrophenol where indicated. Phosphate 
acceptor - heXOkbKiSe PblS f3hCOS8. 

Bcp. No. Omissions and Additions no2 a pi 

&UmaEJ/20' @foles/20' 

1 Complete 8.6’ 26.9 
Complete + 6-PCA 1.3 
Complete + 2,4-&p 

2: 
0":: 

Ccmplete + 2,4-drip + 6-m . 0.0 

2 Minus Phosphate acceptor 2.1 2.8 
Minw Phosphate aaceptor 

+ 2,4-drip 9.0 0.0 
Minus Phosphate acaeptor 

+ 2,4&p + ~-PM 1.2 0.0 
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TABLE IV 

mmm m ~-~H~s~EHX~LUCONA~ ON ATPSS~ 

Incubation mdiwnr 100 mM KCl, 10 mM Tris (hydroxymethyl) 
sminomethane (pH 7.4), 5.0 I& ATP, and where indioated 5.0 mM Mg 

Y9 O.lmM 2,4-drip and 3.0 IIM 6-PC& Values are pmoles Pi released/lo /mgN. 

Additions Pi Released 

+4-POA 

+ %a2 
+ 2,4-drip 

0.5 0.8 
0.8 

1i:;i 17.6 

A similar lack of alteration of the ATPase activity has been observed Ff 

the mitochondria were preincubated with 6-POA for 5 minutes prior to 

addition of ATP. 

DISCUSSION 

The results presented suggest that 6-phosphogluconate could be 

inhibiting respiration and phosphorylation at a site on the phosphorylating 

mechanism but not at the teqinal transphosphorylation step or at the site 

where dinitmphenol acts to short circuit the phosphorylating mechanisn. 

This site of action could be similar to that observed for guanidine 

(Rolluuger, 19%~ Chance and Holluuger, 1963). Witonsky and Johnson 

(1964) have proposed a similar site of inhibition for diantunycin. Since 

6-phosphogluoonate is formed in tissues by the oxidation of glucosed- 

phosphate, it is possible that this phosphate could function in a control 

mchanism whereby carbohydrate metabolism exerts au effect on respiration. 

The possibility that ~-FIX has a mle in the Crabtree effect is now under 

investigation. 

This InvestigatSon was supported by the Cancer Chemotherapy 

National Service Center, National Cancer Institute, under the National 

Institutes of Health, Contract Number SA-43-ph-1886. 
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