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The reader of this essay will find it difficult to 
believe that the junior author (C.L.) had never heard of 
the tricarboxylic acid cycle when he joined Rudolph 
Peters' laboratory in 1947, just after having completed 
his medical studies at the University of Liege. 

The paper of Krebs and Johnson [1] describing the 
role of citric acid in the intermediary metabolism of 

animal tissues had been published in 1937, but the citric 
acid cycle hypothesis had probably been considered too 
new and perhaps too daring to be included in a course 
of general biochemistry given to young medical students 
in the academic year 1940-1941. The better-known 
paper of Krebs and Eggleston [2] remained unknown to 
teachers of biochemistry in the occupied territories of 
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the European continent until the end of the war. 
Not  all biochemists had accepted the general signifi- 

cance of the so-called Krebs cycle, however. Peters was 
one of them; his main reason was that the increased 
oxygen uptake his group had observed with pigeon-brain 
dispersions on addition of fumarate as well as pyruvate 
could not be observed with citrate, which he could not 
therefore consider an intermediate in the metabolism of 
pyruvate (see page 320 in Ref. 3). 

Peters proposed that I use fluoroacetate as a tool for 
the study of the oxidative pathway of pyruvate metabo- 
lism, in the hope of finding an alternative to the citric 
acid cycle. 

Fluoroacetate, extremely toxic to animals, had been 
shown by Bartlett and Barron [4], not to react with 
thiol-containing compounds, not to inhibit thiol-con- 
taining enzymes, nor to affect the oxidative steps of the 
tricarboxylic acid cycle oxidizing isocitrate, a-keto- 
glutarate (2-oxoglutarate), succinate or malate. Still, it 
inhibited acetate oxidation and induced accumulation 
of acetate during in vitro experiments in which pyruvate 
was the oxidizable substrate. These authors therefore 
postulated that fluoroacetate acted as a substrate-com- 
petitive inhibitor of acetate utilization. This was taken 
as evidence for the existence of an oxidative pathway of 
pyruvate metabolism via acetate, alternative to the Krebs 
citric acid cycle. 

Our experiments showed that fluoroacetate had fur- 
ther effects not included in the competitive-inhibition 
hypothesis. Using dialysed guinea-pig kidney homo- 
genates we found that (a) their respiration in the pres- 
ence of fumarate or citrate was inhibited by fluoro- 
acetate and (b) the inhibition of respiration in the 
presence of fumarate or in the presence of fumarate 
plus pyruvate was accompanied by an accumulation of 
citrate without accumulation of acetate [5,6]. Thus, the 
tricarboxylic acid cycle was interrupted somewhere be- 
yond the citrate level, whereas none of the reactions of 
the cycle is inhibited by fluoroacetate. We proposed, 
therefore, that fluoroacetate is transformed into another 
substance which is the actual inhibitor responsible for 
the jamming of the cycle * 

I left Oxford for Cambridge at that time and was 
replaced by Paolo Buffa, who worked with Rudolph 
Peters for 2 or 3 years. They obtained further evidence 
for this hypothesis in vivo. Rats injected with fluoro- 
acetate showed large accumulations of citrate in essen- 
tially all tissues - including brain - before dying [11,12]. 

Thus, having started the work in the hope of finding 
evidence for an alternative pathway to the Krebs cycle, 
I admired how Rudoph Peters accepted that the new 
evidence led, in fact, to a clear-cut demonstration of the 

* The in vitro accumulation of citrate due to fluoroacetate poisoning 
was also reported by Kalnitsky [7-9] and by Martius [1% The 
latter even proposed that the actual inhibitor was fluorocitrate. 

unique role of the Krebs cycle (which he occasionally 
called the Krebs tri-cycle) in the intermediary metabo- 
lism of all animal tissues. 

This could have been the end of a story, the closing 
chapter of a disputed theory now accepted with en- 
thusiasm by one of its leading opponents. This would 
ignore Peters' genius for new approaches to cell biology 
and medical problems, and his insistence at using bio- 
chemistry to interpret pharmacology and toxicology * * 

Peters had previously introduced the concept of 'bio- 
chemical lesion' [13]. He then introduced the concept of 
'lethal synthesis' to describe the synthesis of toxic flu- 
orocitrate from non-toxic fluoroacetate [14]. His group 
had indeed found that the inhibitor was fluorocitrate 
[15], as correctly guessed by Martius [10], and that the 
jamming of the cycle was due to the inhibition of 
aconitase by the accumulating fluorocitrate [16,17]. 

Lethal synthesis offers new possibilities in the devel- 
opment of drugs; advantage has been taken of it in the 
development of cytostatic agents in cancer therapy [18]. 
Thus, non-toxic but diffusible 5-fluorouracil is trans- 
formed in vivo into 5-fluoro-2'-deoxyuridylate, a suicide 
inhibitor (inactivator) of thymidylate synthase (Refs. 19, 
20; see also p. 615 in Ref. 21), thus preventing DNA 
synthesis and cell division by lack of dTMP. 

I remember having lectured along these lines at the 
Universidad Nacional Mayor de San Marcos de Lima 
in 1965. I had started the fluoroacetate story with the 
work of Grant R. Bartlett and E.S. Guzman Barron, of 
course. I did not fail to tell the audience that the 
American biochemist Guzman Barron was of Peruvian 
origin. This pleased them, but I had not anticipated that 
the newspapers, next day, would announce (headlines 
on first page) that a Peruvian biochemist had discovered 
a cure for cancer. Yes indeed, the impact of our BBA 
paper has been considerable. 
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THE TOXICITY OF FLUOROACETATE AND T H E  TRICARBOXYLIC 

ACID CYCLE* 

by 

CLAUDE LII~BECQ A~D RUDOLPH ALBERT PETERS 

Department of Biochemistry, Oxford (England) 

The  t o x i c  ac t ion  of t h e  r a t  po ison  s o d i u m  f l uo roa c e t a t e  p r e s e n t s  m a n y  f e a t u r e s  of 

in te res t ,  e spec ia l ly  because  t he  molecu le  is so sma l l  a n d  because  t h e  C - F  b o n d  is so 

s t ab le  (SWARTS 1) t h a t  i t  c a n n o t  combine  w i th  - S H  groups .  BARTLETT AND BARRON 2 

h a v e  a d v a n c e d  the  h y p o t h e s i s  t h a t  f l uo roa c e t a t e  is a c o m p e t i t i v e  i n h i b i t o r  for  b io -  

c h e m i c a l  r e ac t i ons  in wh ich  a c e t a t e  t a k e s  p a r t .  N e i t h e r  t h e y  no r  o the r s  h a v e  f o u n d  a n y  

case in wh ich  a s ingle e n z y m e  is i n h i b i t e d  b y  f l uo roace t a t e ;  b u t  w i t h  slices o f  t i s sue  

d u r i n g  t h e  o x i d a t i o n  of p y r u v a t e  a n d  o t h e r  subs tances ,  t h e y  f o u n d  t h a t  a c e t a t e  accu-  

m u l a t e d .  I n  connec t ion  w i th  o the r  w o r k  u p o n  t h e  p a t h s  of o x i d a t i o n  of p y r u v a t e ,  we 

have  r e i n v e s t i g a t e d  the  ac t i on  of f luo roace ta t e ,  in  k i d n e y  t i ssue  f rom the  gu inea  pig,  

a n d  h a v e  c o n c l u d e d  t h a t  t he  po ison  has  f u r t he r  effects n o t  i n c l u d e d  in  t he  c o m p e t i t i v e  

i nh ib i t i on  hypo thes i s .  

EXPERIMENTAL 

PREPARATIONS 

Chemicals 
Pure sodium fluoroacetate (NaF1Ac) was kindly provided by Dr ]3. C. SAUNDERS (Cambridge). 
Sodium acetate "Analar". 
Sodium pyruvate, prepared from pure crystalline pyruvic acid. 
Sodium fumarate "B.D.H," 
Sodium citrate "Analar". 
Sodium malonate prepared from recrystallized malonic acid "KAHLBAUM". 
Cozymase was a crude preparation kindly supplied by Dr L. A. STOCKEN, containing about 

4 ° % pure cozymase. 
Adenosine triphosphate (ATP) "]3outs" was used. I ts  purity, determined by BAILEY'S 3 method 

was about 9 ° %. 
Oxaloacetic acid was prepared by R. W. WAKELIN from diethyloxaloacetate. Hydrolysis with 

4 vol. cone. HC1 at  - i o  ° C for 2 days. Crystals were filtered and recrystallized from acetone-chloro- 
form mixture. 

Oxalosuccinic acid was prepared by R. W. WAKELIN according to OCHOA 4. 

Enzyme preparations 
As animals, unfasted adult  pigeons and guinea pigs fed on ordinary laboratory diet were used. 

Pigeons were killed by decapitation, guinea pigs by a blow on the head. The homogenate of pigeon 
brain was prepared according to BANGA, OCHOA, AND PETERS 5 and PETERS AND WAKELIN 6. The 
water extract of the acetone powder of pigeon liver was prepared according to EVANS, VENNESLAND, AND 
SLOTIN 7. Ringer phosphate PH 6.5 was used instead of acetate buffer pH 5 (MOULDER, VENNESLAND 
AND EVANS s) in order to avoid any possible influence of acetate on the effects to be observed with 

* Some preliminary statements about this work were presented in the Dixon Memorial lecture 
(June 1948) and in Proc. Physiol. Sue., 26 June 1948. 

References p. 229/230. 
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sodium ffuoroacetate.  MnSO 4 (i mM) and  cozymase (6. lO -2 mM) were added.  Liquid  phase  a m o u n t e d  
to 3 ml.  

The  kidney brei (guinea pig) was prepared  b y  removing  the  k idney  quickly  and  minc ing  the  
cor tex  first w i th  scissors and  t h e n  wi th  a sharp  spatula .  F rom 5 ° to 20o nag of t issue were used per  
resp i rometer  bot t le .  Medium was Ringer  phospha t e :  t o t a l  volume of fluid was 3 ml ;  gas phase  was 
o2 (8o %). 

The kidney homogenate (guinea pig) was prepared  as follows; the  kidneys  were quickly removed,  
cu t  in  two, and  cooled in ice according to POTTERL A tWO minuteS '  s tay  in the  ice seems to be a maxi-  
m u m  and  m a y  be even  too long as our  las t  exper imen t s  seem to indicate.  Tfiey were t r immed,  the  
medul la  discarded, quickly  weighed and  ground in a n  ice-cold mor t a r ;  o.9 % KC1 (ice-cold) was t h e n  
added  gradua l ly  and  squeezed t h r ough  muslin.  Gr ind ing  in  a m o r t a r  was de l ibera te ly  preferred to 
var ious  homogenizers.  

The  homogena te  con ta in ing  approx.  15o nag of t issue p. ml  was t h e n  centr i fuged for 3 ° ra in  a t  
5000 to 55oo R.P.M. (35oo--47oo.g) in  the  cold room and  the  precipi ta te  suspended in ice-cold 
0.9 % KC1 buffered w i th  M/ io  phospha te  PH 7.35. 

2 ml  con ta in ing  a n  a m o u n t  of t issue corresponding to 15o mg of the  k idney  cor tex  were p ipe t t ed  
in to  resp i rometer  bo t t les  sur rounded  b y  ice and  a l ready con ta in ing  Mg C12 (1.33 raM), A T P  (equi- 
va l en t  to  I nag of the  Ba sa l t  p. bot t le)  o.2 ml  of M/2 phospha te  buffer PH 7.35, the  inhib i tors  and  
sufficient o.9 % KC1 to br ing  the  volume to 3 ml  a f te r  add i t ion  of b o t h  enzyme p repa ra t ion  and  
sabs t ra tes .  The l a t t e r  were added  two minu te s  a f te r  the  enzyme prepara t ion .  

METHODS 

Manometric measurements 

Unless especial ly specified, measu remen t s  were carr ied out  a t  380 C, ill Barcrof t ' s  differential  
manomete rs .  R a t e  of shak ing  was be tween  i i o  and  12o p. rain. 

Acetate estimation 

LOl~G'S *° modif icat ion of WI~IL-MALHERBE'S 11, 12 method,  based  on s t eam dis t i l la t ion  a t  low 
pressure and  PH a b o u t  2, was used. However,  phenol  red was used as indica tor  ins tead  of bromo- 
t h y m o l  b lue ;  the  end-po in t  was de t e rmined  b y  comparison wi th  a sample  of Ringer  phospha te  
PH 7.35 conta in ing  a su i tab le  a m o u n t  of phenol  red. 5o ml were collected ins tead  of 55 ml. Recovery,  
checked each  t ime,  was a b o u t  80 %. 

Depro te in iza t ion  was carr ied ou t  wi th  metaphosphor ic  acid (final conc. 5 %) ins tead  of sulphuric  
.acid. 

Fluoride estimation was based  on the  m e t h o d  used by  AR~tSTRONG x3. The  p repa ra t ion  of the  
sample  in the  case of biological ma te r i a l  was done b y  removing  the  prote ins  by  t r ichloracet ic  acid 
(final COliC. 4 %), neut ra l iz ing  the  f i l t rate and  prec ip i ta t ing  the  undesi rable  anions (oxalate, c i t ra te  
and  phosphate)  by  su i tab le  amoun t s  of AgNO s while ma in t a in ing  the  PH a t  a b o u t  7.o wi th  N a O H :  
the  solut ion was centr i fuged and  the  fluoride measured in  the  s u p e r n a t a n t  fluid. 

Citrate estimation 
PUCHER'S et al. 14 colorimetr ic  reac t ion  was used a f te r  the  recommenda t ions  of LARDY 15. 
Pro te ins  were prec ip i ta ted  b y  metaphosphor ic  acid (final conc. 5 %) according to KREBS AnD 

EGGLESTON TM. Samples f rom 0. 5 to 3 ml were added to 0.5 ml  H2SO , 5 ° vol %, made  up  to 5 mt  and  
reduced to 1.5 to 2.o ml  by  boiling. This  t r e a t m e n t  was omi t t ed  when  no ace ta te  was used as subst ra te .  
T r e a t m e n t  wi th  b romine  wa te r  was always omi t t ed  since no reducing  ma te r i a l  of vegetable  origin was 
expected.  Controls  showed t h a t  these  omissions were just if iable in  the  cases examined.  The  final 
ex t r ac t i on  was done w i th  2 ml Na2S-dioxane-H20 ins tead  of io  ml. Readings  wi th  the  Hilger Spekker 
p h o t o m e t e r  (I cm deep micro cells and  Ilford filter 6Ol) gave values of d = o.30-o.35 for ioo  /,g 
ci tr ic acid. S t anda rd  curves were r un  s imul taneously .  Recovery  was wi th in  the  l imi ts  of error  of the  
m e t h o d  (q- o.02 d r u m  reading).  

CHEMICAL PURITY OF SAMPLES OF SODIUM FLUOROACETATE 

We were able to confirm the  h igh  degree of pur i ty  of the  sample of sodium fluoroacetate  provided 
by  Dr B. C. SAUNDERS; the  fluoride con ten t  was o.o5--O.lO %. 

As SWARTS 1 a l ready  showed, the  s t ab i l i ty  of the  C-F bond  is such t h a t  i t  is no t  b roken  by  boiling 
wi th  conc. H2SO 4 nor  by  nascent  hydrogen.  

Sodium f luoroacetate  does no t  reac t  wi th  the  - S H  group of cysteine (BARTLETT AND BARRON 2) 
and  does not  i nh ib i t  the  ox ida t ion  of p y r u v a t e  by  the  pigeon b ra in  (PETERS AND WAKELIN, 1943, 
unpub l i shed  e x p e r i m e n t s ;  th i s  paper),  a mos t  sensi t ive biological t es t  for some - S H  poisons. From 
a chemical  po in t  of view, the  fluoride a t o m  in a C-F bond  seems to be unreact ive .  

References p. 2~79/23o. 
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Sodium fluoroacetate  gives the  l a n t h a n u m  tes t  of KROGER AND TSCHIRCH 1~ for aceta te .  Using 
the  amoun t s  and  concent ra t ions  of reagents  recommended  by  LONG 1°, we however  found i t  approxi-  
ma te ly  3 t imes  less sensi t ive to f luoroacetate t h a n  to aceta te .  

In  the  e s t ima t ion  of ace ta te  by  our me thod  when  f luoroacetate  is present ,  account  mus t  be 
t a k e n  of the  "acet ic  ac id"  values given by  f luoroacetate ; 9 % of the  added a m o u n t  of f luoroacetate 
is recovered and  t i t r a t ed  as acetic acid. W h e t h e r  th is  is due to ac tua l  s team dis t i l la t ion of fluoro- 
ace ta te  or to an  un t ime ly  par t ia l  sp l i t t ing  to hydrofluoric and  acetic acids has  not  been  de te rmined .  
I t  is to be no ted  t h a t  by  FRIEDEMANN'S ls me thod  less t h a n  5 % fluoroacetate  is recovered. Fluoro- 
ace ta te  is no t  spl i t  by  the  t issues into fluoride and  aceta te .  Such a phenomenon  would have  expla ined  
b o t h  inh ib i t ion  of the  oxygen consumpt ion  and  the  accumula t ion  of acetate .  A fur ther  proof t h a t  
the  ac t ion  of f luoroacetate is no t  due to l ibera ted  fluoride is the  fact  t h a t  the  residual  respira t ion of 
a k idney  brei  was 57.5 % inh ib i t ed  by  sodium fluoroacetate  (16.6 mM) and  only  28 % by  sodium 
fluoride (16.6 raM) : moreover  no traces of freed fluoride could be de tec ted  af te r  2 hours '  i ncuba t ion  
wi th  the  brei : also fluoride inh ib i t s  the  respi ra t ion  of b ra in  t issue wi th  py ruva t e  as subst ra te ,  whereas  
f luoroacetate  does not.  

R E S U L T S  

GENERAL FEATURES OF THE OXIDATION OF FUMARATE AND/OR PYRUVATE BY 

HOMOGENATES OF KIDNEY CORTEX 

It was our aim to- study the action of fluoroacetate in a system free from residual 
respiration and this was achieved, because the homogenates of kidney cortex prepared 
as indicated are virtually free from 

t 
oxidizable substrates. They readily ~400 
oxidize fumarate; pyruvate alone gives 
only a small oxygen uptake; the addi- "~ 
tion of pyruvate to fumarate produces 
an increase of the oxygen uptake over ~300 
fumarate alone (Fig I), but this is not 

• .~ .  
comparable with that observed with c~ 
dialysed brain dispersions (BANG& 
OCI~OA, AND PETERS19). Practically no 200 

oxidation occurred in the absence of 
adenine nucleotides. By using small 
amounts of fumarate alone, it can be 

f0C 
observed that the oxygen taken up 
accounts for more than the oxidation 
of fumarate to oxaloacetate (Table I). 

As will be seen below, this system 
is able to synthesize and to oxidize 
citrate. From experiments with isotopes 
(BUCHANAN, SAKAMI, GURIN, AND 

WILSON2°; WEINHOUSE, i~EDES, AND 

No fumarole / 

-- / tA 

Fig. I. O 3 up take  by  guinea pig k idney  homogena te  
(completed wi th  A T P  and  Mg++). Sodium 

fumara te :  3-3 raM; Sodium p y r u v a t e :  18.2 mM 

FLOYD21; FLOYD, MEDES, AND WEINHOUSE ~ )  it is clear that the principal activity of 
kidney cortex homogenates is to oxidize acetate, acetoacetate and oxalo- acetate via 

t he  "tricarboxylic" cycle (KREBS AND JOHNSON23; KREBS2~). 
In the preparation of this homogenate a somewhat similar system is obtained to 

that called by GREEN, LooMis, AND AUERBACH 2s "cyclophorase"; that is to say it is 
an enzymatic system oxidizing members of the tricarboxylic cycle via this cycle. For 
instance it oxidizes citrate well• For these reasons it may be reasonably assumed that 
the following observations made by us are observations upon the tricarboxylic cycle. 

References p, 229/230. 
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T A B L E  .1 
EFFECT OF FUMARATE 

Oxygen u p t a k e  of centr i fuged k idney  homogena tes  wi th  va ry ing  amoun t s  of sodium fumara te  as 
subs t ra t e  ( in /z  moles O2/bottle;  2 hours '  i ncuba t ion  a t  380 C). All samples  conta ined  1.33 mM Mg ++, 

o.I IVI phospha te ,  0. 4 mM ATP* 

No fumarate . . . . . . . . . . . . . . . .  
2 # moles f u m a r a t e / b o t t l e  . . . . . . . . . .  
4 / z  moles f um ar a t e / bo t t l e  . . . . . . . . . .  
6 # moles fumara t e /bo t t l e  . . . . . . . . . .  

0.98 
2.o6 
4"6° 
5-o9 

Net 

1.o8 
3.62 
4.11 

Required  for 
ox ida t ion  to 
oxaloaceta te  

I . O  

2 . 0  

3.0 

* approx,  value  

SODIUM FLUOROACETATE AS INHIBITOR OF THE OXIDATION OF FUMARATE BY 

HOMOGENATES OF KIDNEY CORTEX 

If the only action of sodium fluoroacetate is that of inhibiting utilization of acetate, 
inhibition of the oxidation of fumarate should be accompanied by acetate accumulation. 
Our experiments showed that in the presence of fluoroacetate, the oxidation of fumarate, 
measured by the 03 consumption, is inhibited, but that this inhibition is not accom- 
panied by an accumulation of acetate (Table II). Hence there must be some other 
effect of the poison. In the attempt to locate this, other reactions were studied. 

TABLE I1 
SODIUM FLUOROACETATE AND FUMARATE 

Inhibition by sodium fluoroacetate of the oxidation of sodium fumarate (6.6 raM) by centrifuged 
kidney homogenates, and the effect upon formation of citric and acetic acids. All samples contained 
1.33 mM Mg ++, o.i M phosphate and 0. 4 mi~¢[ ATP 02 uptake and acids formed during incubation 

in air at 380 C for 2 hours 

NaF1Ac Oz up take  Acetic acid Citric acid 
E x p e r i m e n t  (mM) (#l/botQe) Inh ib i t ion  (rag/bottle) (mg/bott le)  

I 

2669 

2685 

O.0 

7.5 

O.O 

3.3 

512 
258 

462 
275 

50% 

40% 

None 
None 

O. IO 

O.IO 

o.32 
0.83 

0 . 1 8  

0.37 

ATTEMPTS TO STUDY SINGLE REACTIONS OR GROUPS OF REACTIONS INVOLVED IN THE 

TRICARBOXYLIC CYCLE 

BARTLETT AND BARRON 2 were not able to find any single enzymatic reaction which 
shows a sensitivity to fluoroacetate. Particularly interesting is the fact that most of the 
enzymes involved in the tricarboxylic cycle and subsequent hydrogen transfer were 
among the enzyme studied: cytochrome oxidase, isocitrate dehydrogenase, a-keto- 
glutarate oxidase, succinoxidase, malate dehydrogenase and yeast carboxylase. 

Animal pyruvate dehydrogenase can be added to this list. 
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Table III shows that the oxidation of pyruvate by brain homogenates of the pigeon, 
is not inhibited by fluoroacetate, whereas it is inhibited by sodium fluoride, a result 
already obtained by  PETERS AND WAKELIN (1943, unpublished experiments). 

TABLE I I I  
P I G E O N  B R A I N  H O M O G E N A T E  

The effect of sodium fluoroacetate and sodium fluoride upon 
the oxygen uptake (in/,l/bottle) of sodium pyruvate (9.1 raM) 

in the presence of sodium fumarate (3.3 mM) 

Exp. 02 uptake (3 ° rain) 

26311, 2 

2643 a, 4 

No inhibiter 
NaF (2 4 raM) 
NaF1Ac (16.6 mM) 

No inhibitor 
NaF1Ac (7.5 raM) 

426 
262 
439 

99 
96.5 

3 8 % inhibition 
No inhibition 

No inhibition 

1 Residual 02 uptake not substracted. 
2 Dialysed preparation (4 ~ h ) ,  completed with o.19 mM adenylic acid and 1.33 mM Mg++: 220 mg 

tissue. 
3 Residual 02 uptake substracted. 
4 Undialysed preparation: i67 mg tissue, 

Since one of the components of the pyruvate oxidase system is pyruvate dehydro- 
genase, these experiments show that the oxidative decarboxylation of pyruvate is not 
impaired by fluoroacetate. 

In order to obtain some information upon othm enzymes of the cycle, i . e . ,  aconitase, 
oxalosuccinate decarboxylase, fumarase and oxaloacetate decarboxylase, which were 
not included among the enzymes studied by BARTLETT AND BARRON, the acetone powder 
of the pigeon liver was used. 

This preparation was showed by EVANS et al .  7 and MOULDER et al .  8 to carry out 
the following reactions: added fumarate is converted to malate by the fumarase present 
in this preparation; malate is dehydrogenated to oxaloacetate, this oxidation being 
coupled with the reduction of pyruvate to lactate; oxaloacetate itself is decarboxylated 
to pyruvate and carbon dioxide, both spontaneously and enzymatically. The net result 
iS the disappearance of a certain amount of fumarate and its recovery as lactate. Similar 
reactions occur in the case of added citrate, aconitase, isocitrate dehydrogenase, oxalo- 
succinate decarboxylase and lactate dehydrogenase being the enzymes involved. Illus- 
tration of these processes is summarized in the following scheme: as Fig. 2. 

Fumarate Citrate 

i i 
I I 

Malate Lactate Iso-Citrate 

2 H -  -+ , +- - 2 H  , 
i t 
I I 

Oxaloacetate Pyruvate Oxalosuccinate 

Pyruv.ate + CO 2 a-ketoglutarate + CO 2 
Fig. 2 

(All these reactions are reversible, the continuous arrow indicating the predominant direction under 
the conditions used). 
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TABLE IV 
DECARBOXYLATION OF OXALOACETATE AND OXALOSUCCINATE BY AN ACETONE POWDER Ol ¢ PIGEON LIVER 

Substrates provided as sodium Iumarate (3.3 mM) and sodium citrate (3.3 raM) respectively. Pyruvate 
conc.: 20 mM; NaF1Ac conc.: io mM. Results in /zl COs/bottle. Incubated in air for i h at 38°C 

Fumarate as substrate* Citrate as substrate* 
Experiment Without NaF1Ac With NaF1Ac Without NaF1Ac With NaF1Ac 

2645 176 175 159 149 
2646 168 168 159 15o 
2647 173 15 ° 158 151 

* Residual substracted 
TABLE V 

DECARBOXYLATION OF OXALOACETATE (3"3 mM) AND OXALOSUCCINATE (3"3 mM) BY AN ACETONE 
POWDER OF PIGEON LIVER 

S{abstrates tipped into the main compartment from KEILIN'S tubes at t o. Temp. 28 ° C. NaF1Ac I o raM; 
Na malonate 25 mM; no pyruvate, no cozymase (/~1 COs/bottle ) 

Spontaneous ] 
Experiment Substrate (boiled enzyme) Control NaF1Ac Malonate 

2 7 0 6  oxaloacetate i 15 * 189 * 194 * [ 122 * 

1 

2 7 0 7  oxalosuccinate i io**  159"* 183"* t 167"* 

* 3 ° min incubation ** io min incubation 

As can be seen in Tables IV and V, none of these reactions is inhibited by 
fluoroacetate. Fig. 3 shows the effect of 

,~ ~ sodium malonate (25 mM) upon these 
~ reactions. In  the presence of malonate, 

"6 304 
~ the speed of the group of reactions is 

~_ ~ ' \  decreased but  the total volume of carbon 
.~. 250 " , ~  dioxide evolved at the end of the experi- 

- ~ ' \ ~ , ,  ment  is almost identical and nearly 

~2o0 \ \ ~ amounts  to the theoretical value for com- 
c~ ~Q~ ~ plete decarboxylation. This could be ex- 

- " - ~ k  plained if malonate inhibits the enzymatic 
"~ 150 ~ " - ~ 7 - - - - - ~  but  not the spontaneous decarboxylation. 

~ "., ~ EVANS et alY showed it was so in 
100 ~ ~ the case of oxaloacetate decarboxylase. g ", 

~ \ \  Table V confirms this opinion. However 
we were unable to observe an inhibition 

50 \ 
~ of the oxalosuccinate decarboxylation by  

~ malonate. 
I . I r I %,,  I >. 

0 t5 30 45 60 65min 

Fig. 3. Inhibit ion of the enzymatic decarboxyla- ACCUMULATION OF CITRATE ACCOMPANYING 
t ion of oxaloacetate and oxalosuccinate (provided 
as 3.3 mM Iumarate and 3.3 mM citrate resp.) THE INHIBITION BY FLUOROACETATE 
by 25 mM malonate 

Na fumarate Th e only part  of the cycle which had 
Na fumarate +malonate not yet  been investigated was the conden- 
Na citrate 
Na citrate + malonate sation step supposed to occur between a 
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"C2 active f ragment"  derived from pyruva te  by  oxidative decarboxylation, and oxalo- 
acetate,  to give cis-aconitate. 

TABLE VI 
F U M A R A T E  A N D  C I T R A T E  O X I D A T I O N  

Oxidation of sodium fuinarate (6.6 mM) and sodium citrate (6.6 mM) by centrifuged kidney homo- 
genate and inhibition by sodium fluoroacetate (3.3 toni) ; 2 h incubation at 380 C. All samples con- 

tained 1.33 mM Mg ++, o.I M phosphate, o. 4 mM ATP. 

Exp. 

2696 

2700 

Fumarate as substrate 
i 

Oz uptake ~l/bottle) 

Without NaF1Ac 

4o7 

357 

With NaF1Ac 

267 

260 

Inhibi-! 
tion 

34% 

27% 

Citrate as substrate 

Oz uptake ,A/bottle) 

Without NaF1Ac With NaFIAc 

503 

42~8 

Inhibi- 
tion 

333 32% 

282 34% 

Since aconitase was shown to be insensitive to fluoroacetate, it should be possible 
to s tudy the condensation reaction by  
means of citrate estimations. As can be 
seen in Table II, instead of a decreased 
citrate formation, a strong accumulation 
was observed, whereas citrate is well 
oxidised by  a normal preparat ion 
(Table VI~.. 

~ i t h  various concentrations of 
fluoroacetate ranging from o.66 mM to 
33.3 mM (from o.2 to IO.O mg NaF1Ac[ 
bottle) the inhibition of 02 uptake in- 
creases bu t  the accumulation does not  
increase to the same extent  (Table VII  
and Fig. 4). 

Both  inhibition (8-16%) and accu- 
mulation of citrate can be observed 
with concentrations of fluoroacetate 
as minute  as o.o5 mM (15/~g NaF1Ac/ 
bottle) tha t  is to say the concentrat ion 
required to kill a ra t  in 12-36 hours 

• ~ ~.ooF 

I 
o- I 

Fig. 4. Accumulation of citrate in the presence of 
fluoroacetate with sodium fumarate (6.6 mM) as 

substrate 

(5 mg/kg). Fig. 5 shows tha t  an accumulation of citrate increasing in parallel with the 
inhibition of the 02 uptake,  is observed between 0.05 and o.5 raM. 

Assuming tha t  extrapolat ion from an acetone powder of pigeon liver to a homo- 
genate of guinea pig kidney cortex is permitted,  the problems seems to come to an 
apparent contradict ion;  apparent ly  none of the reactions of the cycle is inhibited by  
fluoroacetate, whereas the cycle itself is in terrupted somewhere below the citrate level. 

I t  seems tha t  the only hypothesis to explain this apparent  deadlock is that ,  in the 
kidney preparation,  f luoroacetete is not  the inhibitor bu t  tha t  it is t ransformed into 
another substance which is inhibitory. This t lansformation does not  occur in the liver 
acetone powder. 
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A possibility which will be examined in the discussion is that fluoroacetate activa ted 
to a "fluoIo C~ active fragment" enters the cycle and blocks it somewhere. 

TABLE VII 
COMPARISON B E T W E E N  T H E  I N H I B I T I O N  B Y  D I F F E R E N T  

CONCENTRATIONS OF FLUOROACETATE OF THE OXYGEN 

U P T A K E  AND T H E  C I T R A T E  A C C U M U L A T I O N  IN A C E N T R I -  

F U G E D  K I D N E Y  H O M O G E N A T E  

Sodium fumarate (6.6 raM) as substrate ; 2 hours' incubation 
at 38 %. All samples contained 1.33 mM Mg ++, o.I M phos- 

phate, 0. 4 mM ATP. 

NaF1Ac Inhibition of Citric acid 
Experiment (raM) the O~ uptake (rag/bottle) 

2672 

2674 

2677 

2678 

O.OO 

1.66 
16.6 

O.OO 

1.66 
16.6 

O.OO 

0.83 
33.3 

0.00 

0.83 
33.3 

32% 
64 % 

37% 
51% 

34°,/o 
50% 

0.27 
0.32 
0.47 

o.31 
1.3 ° 
1.26 

0.09 
o.94 
1.18 

o.13 
0.92 
o.91 

"~ 40 ~ kOO 

2 "e 1/2h" ~ 

I I I > 
1 2 3 

NCl FI Ac cone in ml"l 

Fig. 5. a) Relation between inhibition and 
concentration of fluoroacetate 

/ 

0 1 2 3 
Na F I A c  cone  m m M  

b) Relation between accumulation of citrate 
and concentration of fluoroacetate 

(In this experiment, the homogenate was centrifuged 45 min; boiling of the samples with H2SO 4 
was performed before citric acid was estimated; i h incubation). 

The following experiments are consistent with this hypothesis. 
The fact that very small amounts of fluoroacetate produce nearly the same accumu- 

lation of citrate as larger amounts, together with the fact (vide in/ra) that the factor 
bringing the acetate into the cycle is not very active in these preparations, suggest 
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that a very small amount of the added fluoroacetate only is activated and that we may 
deal with far less actual inhibitor than we think. 

Whatever the interpretation of these results may be, the striking fact is that 
citrate accumulates and that acetate does not, a fact which cannot be explained by 
BARTLETT AND BARRON'S theory. 

This accumulation of citrate is not inconsistent with the inhibition of the citrate 
synthesi~ observed by KALNITZKY AND BARRON 26 who used baker's yeast as enzyme 
preparation and acetate as substrate. 

INHIBITION BY FLUOROACETATE WITH FUMARATE AND PYRUVATE AS SUBSTRATES 

With sodium fumarate (6.6 raM) and sodium pyruvate (io raM) as substrrte, the 
03 uptake is 20 to 50% higher than with fumarate alone and there is an increased 
production of citrate even in the absence of fluoroacetate. The inhibition by  fluoro- 
acetate is lower and larger amounts of citrate accumulate than with fumarate alone. 
No significant amount of acetate accumulates under these conditions (Table VIII). 

TABLE VII I  
CENTRIFUGED KIDNEY HOMOGENAT]~ 

Inhibition of the oxygen uptake and accumulation of citrate in the presence of sodium fluoroacetate 
(3-3 raM), With sodium fumarate (6.6 mM) and sodium pyruvate (io raM) as substrates. 2 hours' 

incubation at  380 C. All samplescontained 1.33 mM ~g++, o.i M phosphate, 0. 4 mM ATP. 

O 8 uptake 1 Exp. Sub- (#t/bottle) Inhibi-tion 

strate Without With by 
NaF1Ac NaF1Ac NaF1Ac 

2685 F 462 
F + P  545 

i 

2699 i F 436 
F + P  t 561 
I 

2700 F 375 
i F + P  532 

2 6 7 2  F 272 
F + P  I 346 

275 
46i 

246 
406 

260 
389 

I842 
31I 

4o% 
15% 

43% 
27% 

27% 
27% 

32% 
lO% 

Acetic acid 
(mg/bottle) 

Without With 
NaF1Ac NaF1Ac 

o.io (4- o.05) 
0.05 (4- 0.05) 

o.n (+ 0.03) 
0.07 (+ 0.03) 

0.28 ( i  0.03) 
o.23 ( i  0.03) 

o. io (+  0.05) 
o.15 (-4- 0.05) 

o.13 (n L- 0.03) 
0.13 (~- 0.03) 

0.23 (4- 0.03) 
o.2I (+ 0.03) 

Citric acid 
(mg/bottle) 

Without With 
NaF1Ac NaF1Ac 

o.18 0.36 
0.60 i .oo 

O.18"* 

0.43** 

0.25 0.75 
0.59 1.6o 

o.26 o.32 
0.42 1.2o 

0.75** 
2 . O 2  

Figures between brackets mean the possible error. 
* NaF1Ac 1.66 mM 

** Samples were boiled with H~SO 4 before estimation of citric acid. 
F = fumarate; P ---- pyruvate. 

This lifting of the inhibition by pyruvate may be only apparent. It  is possible that 
"C2 active fragment" formed from pyrnvate competes with "fluoro C 2 active fragment" 
formed from fluoroacetate. A more likely alternative is that the increase of the 02 
uptake observed by addition of pyruvate is pot due to a general increase of all the reac- 
tions of the cycle but to the increase of the step: 

Active pyrnvate + ½ 03 ~ active acetate + COs 

as the increased formation of citrate is evidence of it. Thus a larger proportion of the 
02 uptake is due to a reaction not inhibited by fluoroacetate. 
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INHIBITION BY FLUOROACETATE WITH FUMARATE AND ACETATE AS SUBSTRATES 

With sodium fumarate (6.6 mM) and sodium acetate (I0 mM) as substrates, the 
03 uptake is slightly higher (4-11%) than with fumarate alone and there is more citrate 
present at the end of the incubation period (Table IX). This is interpreted as an indi- 
cation that the factor responsible for bringing the acetate into the cycle is not very 
active in this kidney preparation. Usually the inhibition by fluoroacetate is very slightly 
lower as well as the accumulation of citrate, which is consistent with a competition 
at this stage between acetate and fluoroacetate, as envisaged in the theory of BARTLETT 
AND BARRON z. In one experiment (2696) in which the increase of citrate formation 
without fluoroacetate was slight, there was no change in the inhibition and no decrease 
in the accumulation of citrate when fluoroacetate was added. Not much stress can be 
laid on these experiments with acetate owing to the small changes, but they are con- 
sistent with BARRON'S theory. 

TABLE IX 
C E N T R I F U G E D  K I D N E Y  H O M O G E N A T E  

Inhibition of the oxygen uptake and accumulation of citrate in the presence of sodium fluoroacetate 
(3.3 raM), with sodium fumarate (6.6 mM) and sodium acetate (io raM) as substrates. 2 hours' 

incubation at 380 C. All samples contained 1.33 toni Mg ++, o.i M phosphate, o. 4 mM ATP. 

Experiment 

2685 

2688 

2696 

2699 

Substrate 

F 
F + A  

F 
F + A  

F 
F + A  

F 
F + A  

0,, uptake 

Without 
NaF1Ac 

462 
51o 

474 
528 

4o7 
378 

436 
454 

(#l/bottle) 

With 
NaF1Ac 

275 
309 

5o7 
374 

267 
254 

246 
296 

Inhibition 
by 

NaFIAc 

40% 
40% 

35 % 
29% 

34% 
35% 

43% 
34% 

Citric acid 

Without 
NaF1Ac 

o.18 
0.32 

o.24 
o.33 

0 . 2 2  

o.29 

o.18 
o.23 

(rag/bottle) 

With 
NaF1Ac 

0.36 
0.26 

0.85 
0.70 

0.53 
0.56 

0.75 
o.53 

F = fumarate; A = acetate 

DISCUSSION 

Inhibition o/citrate oxidation. The observations in this paper (excluding those in 
the appendix) have been made upon a finely ground homogenate, as distinct from 
organized tissue slice preparations; it was also freed from residual substrates. This 
renders interpretation somewhat easier. It has been shown on the basis of experiments 
by BARTLETT AND BARRON ~ by W e b b  (see DIXON AND NEEDHAM~7), by ourse lves  (PETERS 

AND WAKELIN, unpublished) and this report, that none of the reactions of the tricar- 
boxylic cycle yet studied separately can be considered responsible for the inhibition 
of the respiration of a homogenate of guinea pig kidney cortex, when fumarate is used 
as substrate. In order to explain the accumulation of citrate under these conditions, it 
has been proposed as a hypothesis that fluoroacetate, as well as acetate (BUCHANAN 
et al. 9°) Call be activated and brought into the cycle. All the experiments published in 
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this paper support this view though they do not prove it. I t  must be added that this 
conception is in perfect agreement with the fact known since fluoroacetate was prepar,~d 
(SWARTS 1) that the C-F bond is very stable and unreactive. The size of the fluorine 
atom is not much greater than the size of the hydrogen atom, and it can be expected 
that fluoroacetate might be metabolized to some extent as acetate, until a compound 
is leached, like fluoromalate for instance (COOK-CH2-CFOH-COOK) which cannot be 
dehydrogenated. Our hypothesis is in agreement with the fact shown by BARTLETT AND 
BARRON 2 that tissues or preparations unable to oxidize acetate are not inhibited by 
fluoroacetete, a fact which is confirmed in the case of the pigeon brain. It  is also in 
accordance with the very interesting observations by SAI:NI)ERS and collaborators 
(SAUI~DERS 2s) who showed that among the substituted fluorofatty acids, only the even 
numbered were inhibitory, thus drawing the attention to the CH2F.CO. grouping, that 
is to say, t o  'active fluoroacetate' rather than to acetate itself. 

Acetate. In a pigeon brain homogenate, the active C2 fragment is stabilized as acetate 
in absence of added fumarate, (Coxo.w, LI~BECQ, AND PETERS29). The absence of accu- 
mulation of acetate in the kidney homogenate can be explained by the large excess of 
fumarate present, so that the Ca fragments formed from oxaloacetate via pyruvate 
are immediately used in synthesis. In one experiment with a homogenate, in which 
3 ° #moles of pyruvate and 20/~moles fumarate were used as substrates, 15.65/tmoles 
of citrate were formed after 3 hours of incubation (NaF1Ac 0.33 mM). Since the inhibi- 
tion by fluoroacetate is not immediately maximal, it may be assumed that a part of 
the citrate formed was oxidized; another part should be present as cis-aconitate and 
isocitrate which are not estimated by the method used. Thus the transformation of 
20 #moles fumarate to 15.65 #moles citrate represents a nearly complete one. As 
far as we know these are the best conditions ever realized to prove the reality of the 
synthesis of citrate itself in animal tissues, which has been a disputed phase of the 
tricarboxylic cycle (BREuSCH3°). This high citrate figure makes it clear that fluoro- 
acetate or 'active fluoroacetate' does not interfere with the synthesis of citrate. Any 
possible competition between the 'ca active fragment' and the 'fluoro Ca active fragment' 
cannot be inhibitory. 

Pyruvate metabolism. In regard to the relation of our observations to the degrada- 
tion of pyruvate, the work upon the avitaminous brain supports the idea of the Ca 
intermediates. Our results are one more argument in favour of the formation of such 
a Ca active fragment from pyruvate followed by a condensation with oxaloacetate rather 
than the formation of a C7 compound pyruvate and oxaloacetate, which has 'had little 
experimental support. 

Relation to the biochemical lesion. We have confirmed the observations in the liter- 
ature that doses of 5 mg/kilo are toxic to rats (CHENOWETH AND GILMAN 31) ; rats injected 
with this dose do not show signs for at least 3 ° mill and usually die within 12-36 hours. 
The LDs0 dose for the guinea pig is given as 0.35 mg/kg. In most cases we have used 
larger concentrations than this in our experiments in vitro, but it was found that a 
concentration of 0.05 mM (i.e., 5 mg/kg) produced an inhibition of 16% in the second 
half hour of the experiment and a strong accumulation of citrate. These amounts are 
sufficiently close to the doses in vivo to suggest that the toxicity is really due to inter- 
ference with the tricarboxylic cycle. It must be remembered that the proportion of 
fluoroacetate brought into the cycle according to our hypothesis is not known; from the 
fact that large amounts of fluoroacetate induced the same accumulation of citrate as 
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small amounts, it can be deduced that a limiting factor is involved in the activation 
of fluoroacetate. It  is consistent with other evidence from arsenic poisoning that an 
attack upon the tricarboxylic cycle should induce a biochemical lesion, and this shows 
the outstanding importance of this cycle (KREBS AND JOHNSON2S; KREBS ~) in the inter- 
mediate metabolism. Since nervous signs are induced, the preserce of the tricarboxylic 
cycle in brain can be inferred, for which direct evidence is given in another paper. It  is 
interesting to note that BACQ 32 classed fluoroacetate among the "substances v6sicantes" 
as it gave the LUNDSGAARD effect in muscle. 

Specificity o/malonate. That malonate may not be a specific inhibitor of succinode- 
hydrogenase is a view which has already been raised by WEIL-MALHERBE 11. STARE AND 
BAUMANN 33 found that malonate I mM inhibited the oxidation of citrate ill muscle 
tissue by  42% and that of succinate by only 16%. EVANS et alY showed that the en- 
zymatic decarboxylation of oxaloacetate was completely inhibited by IO mM malonate. 
As has been shown in the experimental part of this paper, we were able to confirm 
this observation (using 25 mM malonate). Whether tnis is of importance when various 
substrates forming oxaloacetate are oxidized by the enzyme system is doubtful, because 
it would be expected that this inhibition would be lifted by addition of pyruvate. This 
was not always the case as can be seen in the experiment shown in Table X; the spon- 
taneous decarboxylation seemed to be nearly sufficient in this system. 

TABLE X 
I N H I B I T I O N  OF  T H E  O X Y G E N  U P T A K E  B Y  S O D I U M  M A L O N A T E  (2 5 mlVf) I N  A C E N T R I F U G E D  K I D N E Y  

HOMOGENATE 

Sodium fumarate (6.6 raM) and pyruvate (io mM) as substrates. 2 hours' incubation at 38o C. All 
samples contained 1.3, mM Mg ++, o.I M phosphate, 0. 4 mlVI ATP. 

Experiment 

2666 

267z 

Substrate 

F 
F + P  

F 
F + P  

02 uptake (/~l/bottle) 

Without Malonate 

499 
594 

272 
346 

With Malonate 

304 
37 ° 

9 ° 
153 

Inhibition 
by malonate 

39% 
38% 

67% 
56% 

F = fumarate; P = pyruvate 

We failed to show the same inhibitory effect of malonate on the rather similar 
decarboxylation of oxalosuccinate. This is taken as one more evidence for the non- 
identity of the enzymes concerned. On the other hand, Fig. 3 shows that there is a 
slowing of the transformation of citrate to a-ketoglutarate when malonate was added. 
This confirms the point of STARE AND BAUMANN that malonate also acts somewhere 
between citrate and succinate and excludes the attack on the oxalosuccinate decar- 
boxylation, which is mainly a spontaneous reaction under the conditions used, eyen 
more so than the decarboxylation of oxaloacetate. 

(During the completion of this manuscript, we received the interesting paper by 
G. KALNITSKY, Arch. Biochem., 17 (1948) 403, in which he has found using kidney 
tissue that fluoroacetate can induce an accumulation of citrate). 
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A P P E N D I X  

Experiments with kidney brei (guinea pig). During the course of this research some 
experiments with a kidney brei have been made, which merit a brief note. The residual 
respiration of a kidney brei (unwashed) was inhibited about 50% by  fluoroacetate; 
increases in acetate formed during this inhibition are slight and hardly significant, even 
not constant. In one experiment where very small amounts of fluoroacetate were used, 
as little as 0.05 mM sodium fluoroacetate produced a very marked accumulation of 
citrate (Table XI). The small changes in acetate accumulation and the poisoning are 
in agreement again with our view that the 'cycle' is attacked. 

TABLE XI 
I N H I B I T I O N  OF  T H E  R E S I D U A L  R E S P I R A T I O N  OF  A K I D N E Y  B R E I  BY SODIUM F L U O R O A C E T A T E  

2 hours' Incubation at 380 C 
J 

NaF1Ac O 3 uptake Inhibition Acetic acid ] Citric acid 
Experiment (raM) (/zl/g tissue) by NaF1Ac (mg/g tissue) (mg/g tissue) 

I 

2613 

2617 

2618 

2697 

o 

I5 

o 

15 

o 

15 

O.OO 

0.05 
o.15 
0.5o 
3.oo 

15.o 

2 9 2 0  

I 320 

I 840 
825 

2 5 1 0  
I I8o 

2192 
2 ioo 
1 9 0 5  

1695 
1495 
1 365 

55% 

J 

55% 

53% 

4% 
1 3 %  
22% 
3I% 
37% 

3 .2  
~r 

4.3 

0 . 2  
O.0 

0 . 2  

0 . 9  

0 . 2 3  
0 . 6 2  

0.85 
1 . 2 6  
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Fig. 6. a) Increase of the oxygen uptake 
due to the addition of sodium pyruvate 
(I8 raM) to a brei of guinea pig kidney; 
inhibition of the residual respiration by 

sodium fluoroacetate (15 raM) 
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W h e n  p y r u v a t e  was  a d d e d ,  a cur ious  p h e n o m e n o n  was  seen ;  t he  e x t r a  o x y g e n  

u p t a k e  due  to  t h e  a d d i t i o n  of p y r u v a t e  i nc r ea sed  r egu la r ly .  F ig .  6a  shows t h a t  th i s  was  
n o t  a s t a b i l i z a t i o n  of t he  r a t e  of o x y g e n  u p t a k e  b y  t h e  b re i ;  t he  increase  of t h e  ne t  O 3 

u p t a k e  due  to  p y r u v a t e  is  i n h i b i t e d  b y  f l uo roa c e t a t e  (Fig.  6b).  I f  f u m a r a t e  was  also 

p re sen t ,  t he  n e t  o x y g e n  u p t a k e  due  to  p y r u v a t e  p lus  f u m a r a t e  was  i m m e d i a t e l y  m a x i m a l  

(Fig.  6b).  These  fac t s  s t r o n g l y  sugges t  t h a t  t he  increase  was  due  to  t he  f o r m a t i o n  of 

f u m a r a t e  f rom p y r u v a t e ,  t h a t  t h e  s y n t h e s i s  of t h i s  was  i n h i b i t e d  b y  f luo roace ta t e .  

Un l ike  b r a i n  b re i  (BANGA et al.5), t h e  kidne3~ bre i  m u s t  be  p e r m e a b l e  to  f u m a r a t e .  These  

fac t s  a re  cons i s t en t  w i th  t h e  i dea  t h a t  t h e  f u m a r a t e  conce rned  is f o r m e d  v i a  t he  t r i -  

c a r b o x y l i c  cycle .  I t  is m o r e  diff icult  to  d r a w  s h a r p  conc lus ions  f rom the  b re i  as  t he  resi-  

d u a l  r e s p i r a t i o n  r e p r e s e n t s  a b o u t  75 % of t he  t o t a l  r e s p i r a t i o n .  

W e  a re  i n d e b t e d  to  D r  B. C. SAUNDERS for a gif t  of s o d i u m  f luo roace t a t e ;  to  t h e  

B r i t i s h  Counci l  for  a Scho l a r sh ip  to  one of us (C.L.), a n d  to  R.  W .  WAKELIN for ski l fu l  
t e c h n i c a l  a s s i s t ance .  

SUMMARY 

x. The hypothesis that  fluoroacetate is a competitive inhibitor for acetate in tissue metabolism 
(BARTLETT AND BARRON) has been examined and found incapable of explaining some of the enzyma.tic 
effects of the poison. 

2. Using a homogenate from guinea pig kidney, free from residual oxidizable substrates, and 
reinforced with Mg ++ and adenine nucleotides, i t  was found that  this readily oxidizes fumarate and 
citrate. In  presence of fluoroacetate, ci trate accumulates during the oxidation of fumarate, without 
an accompanying accumulation of acetate. 

3. With  the sa~ne homogenate, fumarate and pyruvate together give 20-50 % increased oxygen 
uptake as compared with fumarate alone, and there is even formation of citrate in absence of poison. 
Fluoroaeetate produces inhibition without accumulation of acetate, but  this is less than with fumar- 
ate alone. 

4. Fluoroacetate has no action upon the pyruvate dehydrogenase component of the brain 
pyruvate oxidase system. I t  also has no effect upon the act ivi ty of the enzymes aconitase, oxalo- 
succinate decarboxylase, fumarase and oxaloacetate decarboxylase, as tested by a pigeon liver 
preparation. 

5- The fact that  no single enzymatic reaction has been found to be inhibited by fluoroacetate 
and ye t  tha t  the reactions of the tricarboxylic cycle are stopped with  accumulation of citrate re- 
quires a hypothesis in addition to that  proposed by BARRON AND BARTLETT. 

6. I t  is suggested that,  in the kidney preparation, fluoroacetate is not the inhibitor but that  i t  
is transformed into another substance which is inhibitory. 

7. The accumulation of citrate can be observed with concentrations of o.o5 mM (15/*g Nattuoro- 
acetate per bottle) which approximates to the amounts causing toxic effects in vivo. 

8. I t  was confirmed that  malonate inhibits the enzymatic decarboxylation of oxaloacetate. 
9. Some experiments upon kidney brei are described. 

Rt~SUM]~ 

I'. Nous avons examin6 l'hypoth~se propos~e par BARTLETT ET BARRON, selon laquelle le 
fluoroac~tate inhibe le m~tabolisme tissulaire par competition avec l'ac~tate, et avons constat+ 
qu'elle ~tait incapable d'expliquer certains effets du poison sur les rbactions enzymatiques du cycle 
des acides tricarboxyliques. 

2. Un "homog~nat" de rein de Cobaye, d~pourvu de substrats oxydables, oxyde parfaitement 
le fumarate et le citrate, pour autant  qu'on y ajoute des nucMotides d'adbnine et des ions Mg ++. 
En presence de fluoroac~tate, du citrate s'accumule au cours de l 'oxydation du fumarate, sans 
accumulation simultan~e d'ac+tate. 

3. Au contact de fumarate et  pyruvate au lieu de fumarate seul, la m~me pr6paration enzy- 
matique consomme 2o ~ 5 ° % d'oxygene suppl6mentaire et la formation de citrate est nettement 
accrue, m~me en l'absence de tout  inhibiteur. Le fluoroac~tate produit  une inhibition de la consom- 
mation d'oxyg~ne (sans accumulation d'ac~tate), moindre cependant qu'au contact de fumarate seul. 

References p. 229/23o. 
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4. Le f luoroac6tate  n ' a  aucune  ac t ion  sur la d6shydrog6nase pyruvique ,  une des pihce.~ du  
syst~me oxydase pyruv ique  du cerveau.  I1 n ' a  pas plus d ' ac t ion  sur t 'aconi tase,  la d6carboxylase  de 
l 'oxalosuccinate,  la fumarase  et  la d6carboxylase de l 'oxaloac6tate,  enzymes 6tudi6es k l 'aide d 'une  
poudre de foie de Pigeon. 

5. Le fai t  qu ' aucune  r6act ion enzymat ique  isol6e ne s 'est  montr6e sensible k Fact ion du fluoro- 
ac6tate,  mais  que d ' au t re  pa r t  le cycle des acides t r icarboxyl iques  es t  bloqu6 avec accumula t ion  de 
c i t ra te ,  n6cessite une hypoth~se suppl6mentai re  k celle de BARTLETT ET BARRON. 

6. NOUS sugg6rons que, dans  les pr6para t ions  de re in  utilis4es, le f luoroac6tate lui-m@me n ' e s t  
pas l ' inhibi teur ,  mais  qu ' i l  est  t ransform6 en  u n e  aut re  substance,  responsable de l ' inhibi t ion.  

7. On peu t  observer  l ' accumula t ion  de c i t ra te  avec des concent ra t ions  de fluoroac6tate de 0.05 
mM (IS/*g de fluoroac6tate sodique par  auge), c 'est-k-dire une concen t ra t ion  p r o v o q u a n t  l ' in toxica-  
t ion  in vivo. 

8. Nous confirmons l ' inh ib i t ion  de la d6carboxyla t ion  enzymat ique  de l 'oxaloac6tate  pa r  le 
ma lona te  sodique. 

9. Nous d6crivons quelques exp6riences faites avec une pulpe de cortex r6nal. 

Z USAMMENFASSUNG 

i.  Die Hypothese ,  dass F luorace ta t  ein Hemmstoff  ffir Ace ta t  im Gewebestoffwechsel sei 
(BARTLETT UND BARRON), wurde geprfift. Dabei wurde festgestellt ,  class die Hypothese  n ich t  im- 
s tande ist; einige enzym.atische Wi rkungen  des Giftes zu erkl~iren. 

2. Bei Benu tzung  eines " H o m o g e n a t s "  yon Meerschweinchenniere,  alas frei von  oxydie rbaren  
Res t subs t r a t en  war  und  m i t  1Vfg ++ and  Adeninnukleo t iden  vers t~rk t  war, wurden  F u m a r a t  und  
Ci t ra t  schnell  oxydier t .  Bei  Anwesenhei t  yon F luorace ta t  wird w/ihrend der  F u m a r a t o x y d a t i o n  
Ci t ra t  angeh~iuft, und  zwar ohne dass diese Anh~ufung  yon  einer  Anh/iufung yon Ace ta t  beglei te t  
w~Lre. 

3. Bei demselben Enzympr~ipara t  ergeben F u m a r a t  und  P y r u v a t  zusammen  eine E r h 6 h u n g  der  
Sauers toffaufnahme yon 20-50 % im Vergleich mi t  F u m a r a t  allein, und  bei Abwesenhei t  des Giftes 
t r i t t  sogar Ci t ra tb i ldung  auf. F luorace ta t  ve rursach t  eine H e m m u n g  ohne Anh/ iufung yon Acetat ,  
diese H e m m u n g  ist  jedoch geringer als bei F u m a r a t  allein. 

4. F luorace ta t  h a t  ke inen Effekt  auf  die Pyruva tdehydrogenasekomponen te  des Py ruva toxy -  
da t ionssys tems  des Gehirns.  Es h a t  auch  keine Wi rkung  auf  die Akt ivi t / i t  der  Enzyme Aconitase,  
Oxalsuccinatdecarboxylase ,  Fumarase  und  OxMacetatdecarboxylase ,  wie m i t  einehl Taubenleber -  
pr~iparat gepriif t  wurde. 

5. Die Tatsache,  dass, wie festgestellt ,  keine einzelne enzymat i sche  Reak t ion  durch  Fluor- 
ace t a t  g e h e m m t  wurde, nnd  dass doch die Reak t ionen  des Tricarbons~urecyklus un t e r  Anh~iufung 
yon  Ci t ra t  g e h e m m t  wurden,  er forder t  noeh eine Hypothese  neben  der  yon  BARTLETT UND BARRON" 

6. Es  wird angenommen,  dass bei dem Nierenpr~para t  n i ch t  F luorace ta t  der  Hemmstoff  sei, 
sondern  class dieses in  eine andere  Subs tanz  umgese tz t  wird, die eine hemmende  Wirkung  hat .  

7. Die Citratanh~Lufung kann  bei Konzen t r a t i onen  yon  0.05 mM (15 /~g NaFluora~e ta t  pro 
Gef~Lss) wahrgenommen  werden, was in der  N~ihe der  Mengen, die die toxischen  Wi rkungen  in vivo 
ausfiben, liegt. 

8. Es  wurde best/i t igt ,  dass Malonat  die enzymat i scbe  Decarboxyl ierung yon  Oxalace ta t  h e m m t .  
9. Eiuige Versuche m i t  Nierenbrei  werden bescbrieben.  
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NOTE ADDED AT CORRECTION 

I n  regard  to Fig. 2, while  our  paper  was in the  press, MEHLER, KORNBERG, GRISOLIA, AND 
OCHOA, J. Biol. Chem., 174 (I949) 96I, showed t h a t  some react ions  wi th  the  pigeon l iver  p repara t ion  
take  a different  course and  include T P N ;  th i s  does not  seem to upset  our  a rguments .  There  also 
appea red  a fu r the r  repor t  by  KALNITZ~Y AND BARRON, Arch. Biochem., 19 (1948) 75; working wi th  
und ia lysed  r a b b i t  k idney  prepara t ion ,  t hey  have  observed an  increased synthes is  of c i t ra te  in  pre- 
sence of f luoroacetate ;  in  our work, the  reduct ion  of the  res idual  r e s p i r a t i o n  makes  in t e rp re t a t ion  
less difficult. 
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