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---------- ------------HIS TOR I CAL I N T ROD U C T ION 

BIOLOGICAL ACETYLATIONS 

Early Indications of Acetylation Phenomena. 

The fact that acetylation took place in the animal 

organism was recognized as early as 1879, when Jaffe (1), and 

Baumann and Preusse (2) gave bromobenzene to a dog and isolated 

p-bromophenylmercapturic acid from its blood. Cohn (3) found 

that when a m-nitrobenzaldehyde was fe~ to rabbits, m-acetyl­

aminobenzoic acid appeared in the urine; the para form gave 

rise to p-acetylaminobenzoic acid. Knoop (4) showed that the 

feeding of aminophenylbutyric acid to the dog led to the 

excretion of the acetyl derivative. 

Hensel (5) attempted to ascertain the effects on 

acetylation of some compounds which might give rise to acetyl 

groups in the organism. These compounds were fed simultaneouiy 

with the compound to be acetylated (p-aminobenzoic acid or 

p-aminobenzaldehyde). He found that acetic acid increased 

acetylation by 60-340%, pyruvic acid by abouti 30%, and 

acetoacetic acid by about 20% whilst acetaldehyde" caused no 

increase. 

Harrow et al (6) found that ethyl alcohol increased 

the acetylation of p-aminobenzoic acid by 207%, the ethyl ester 

of acetic acid by 176%, sodium acetate by 158%, pyruvate by 126%, 
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and lactate by 22~. It was also found that insulin almost 

doubled the urinary excretion ot the acetylated form. The 

etteets of the above compounds were ascribed by Harrow to 

their ettects on the combustion of carbohydrates. 

The work of Klein and Harris (7) with rabbit liver 

in vitro is in agreement with the findings ot Hensel, and 

Harrow et al, as regards the marked increase in acetylation 

by acetate. They showed that the enhancing etfect of acetate 

far surpasses that of pyruvate, lactate, acetoacetate, or 

ethyl alcohol. However, Doisy and Westertield (8) and Martin 

and Rennebaum (9) reported findings to the contrary. They 

demonstrated that acetate had a direct inhibitory etfect on 

acetylation, while acetoin and pyruvic acid were tound to 

cause a great increase. The foregoing merely indicatel the 

impossibility of obtaining a clear picture ot the acetyl 

precursor by balance experiments with intact animals, sinc. 

there is no way of making the exogenous supply of precursor 

the limiting factor. The precursors of aoetylation are avail ­

able in abundant supply from metabolic reactions, and the 

yield of acetylated compound is not likely to be influenced 

to a great extent by the dietary addition of likely precursors 

ot acetyl groups. 

Isotope Studies 

T.e use of isotopically labelled test substances 

provided the first direct evidence concerning the sources of 



acetyl groups for acetylation. Bernard (10) showed that when 

deutero-acetic acid was administered to humans and rabbits, 

along with sulfanilamide, the acetylsulfanilamide eliminated 

in the urine contained 9 and 12~ respectively, of deutero­

acetyl groups. Similar results were obtained by Bloch and 

Rittenberg (lSI). Ethanol was also shown to be an acetyl 

precursor by the use of deutero-ethano1 (11). On the other 

band, deutero-succinic acid had noetfect on acetylation (58). 

By employing carbonyl- and carboxyl-labelled pyruvic acid 

Anker (59) was able to demonstrate that only carbon atams 2 

and 3 are utilized for acetylation. Bloch and Rittenberg 

(151), in the course of investigations relative to the syn­

thesis of cholesterol in the body fed the following compounds 

labelled with deuterium: butyric acid, al.-ine, n-valeric 

acid, and myristic acid. By the simUltaneous teeding ot 

amino phenylbutyric acid *t was shown that all the compounds 

fed provided acetyl groups for acetylation since the acety1­

aminopheny1 butyric acid tormed in each case contained 

deuterium in good amounts. It was also tound that only those 

compounds capable of providing acetyl groups tor acetylation 

were able to form cholesterol. Deuteropropionic aCid, tor 

instance neither acetylated aminophenylbutyric acid nor tormed 

cholesterol. 

Sprinson (152) demonstrated that glycine labelled 

in the methylene group gave rise in the intact rat to acetic 

acid labelled in both carbon atoms. A plausible explanation 



is that one molecule of glycine is degraded to for.mic acid, 


which condenses with a second molecule ot glycine to give 


~~-labelled serine as demonstrated by S.kami (153). Pyruvic 

acid, derived trom serine, would be the precursor ot doubly 

labelled acetic acid (59). These experiments demonstrate the 

existence ot a mechanism in the body for the syntheSiS of 

acetate involving mono-carbon substances. 

No attempt has been made to review here the extensive 

literature on·!htermediary metabolism, the rapid accumUlation 

ot which is a direct result of the introduction of the isotope 

technique into biochemical research. Such information can 

readily be obtained from appropriate review articles (61). 

The torigoing merely illustrates the central position ot 

acetate in cell metabolism, of which acetylation reactions 

are an integral part. Individual acetylation reactions will 

now be discussed in some detail. 

Acetylation of Aromatic Amines 

The first in vitro demonstration ot the acetylation 

of sulfanilamide was made by Klein and Harris (40) who, in 

1938, incubated rabbit liver slices in a Ringer-bicarbonate 

or Ringer-phosphate medium containing sulfanilamide. They 

found that increased acetylation was achieved by the addition 

ot glucose, pyruvate, lactate, and acetoacetate (in order at 

decreasing e:tticiency). There was little anaerobic acetylation 

as compared with the aerobic controls, altho~gh when acetate 

was added under anaerobic conditions the acetylation almost 



reached the level obtained in the aerobic experiments. The 

authors drew the conclusion that the process was limited by 

the rate or production or acetate by the tissues, and might be 

inoreased by acetate or those substances giving rise to aoetate 

in the course of their metabolism. 

Lipmann (41), working with homogenates and extraots 

or pigeon liver, found aoetate to be the most active aoetyl 

donor, while aoetoacetate and pyruvate. showed half the effect 

ot acetate. The results suggested that the immediate reactant 

was either acetic acid itself or a 02 compound which arises 

more readily from acetate than trom pyruvate or acetoacetate. 

In these experiments five times as much sulranilamide was 

acetylated under aerobic as compared with anaerobic conditions. 

However, when ATP was supplied, the anaerobic level of 

acetylation was raised to that of the aerobic. This suggested 

the prominent par:t..played by ATP in the acetylation reaction, 

and lent confirmation to the well-known ract that aerobic 

metabolism generates much more high-energy phosphate than does 

anaerobic metabolism. 

The enzyme system responsible tor the acetylation of 

a~atic amines was tound to be water soluble. A partially 

purified enzyme system was prepared by Lipmann and Kaplan (46) 

and the following components were found to be necessary tor 

optimum activity: acetate, ATP, coenzyme A, and cysteine. 

Lipmann et al (60) in 1950, reported the separation ot 
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pigeon liver extract into acetyl-donor and various acetyl­

acceptor tractions by means ot acetone precipitation in the 

cold. At pH 8.2, 40% acetone precipitated the acetyl-donor 

traction together with the acceptor s1Stems tor acetoacetate 

and citrate syntheSiSe The sulfanilamide acceptor enzyme 

remained in solution but could be precipitated by increasing 

the acetone concentration to 60% (55)~ 

The separation of the acetyl-acceptor anzy,me. fram 

other components in pigeon liver extract has provided a means 

for the study ot other acetyl-donor systems. To give one 

example, acetylphosphate displays quite a difterence in be­

haviour in bacterial systems as compared with animal systems 

(154). Although acetyl phosphate has been found to function 

in anabolic reactions in bacterial systems, Lipmann was un­

successtul in obtaining an increase in the acetylation ot 

sulfanilamide by synthetic acetylphosphate (41). Yet, Lipmann 

and Tuttle (42), using hydroX7lamine as an acyl interceptor, 

dlaimed to trap wbat they presumed to be acetylphosphate formed 

by pigeon l1ver extract 1n the presence of ATP and acetate. 

Furthermore, the formation of the acetohydroxaaic.,:,aeid was 

shown to be dependent on the presence of Coenzyme A. The 

possibility .a. tendered that the ATP-acetate reaction give. 

rise to an acetylphosphate different trom the synthetic com­

pound. However, subsequent research (43,44) disclosed that 

synthetic acetylphosphate would serve as an acetyl-donor for 

sultanilamide acetylation by the pigeon liver acceptor system 



s. 

provided that extracts of Cl. kluyveri (45) were added. The 

nature of the required bacterial component will be discussed 

in a later section. 

The sulfanilamide acetylation reaction has been 

most useful to those engaged in attacking the problem of the 

mechanism of acetylation. A reliable and sensitive chemical 

method is at hand for the determination of sulfanilamide; 

added to which acetylsultanilamide, once tormed, is extremell 

stable. In striking oontrast are the diffioulties enoountered 

in the investigation of oholine acetylation, whioh will be 

disoussed next. 

Aoetylation of Choline 

Hunt and Taveau (12) demonstrated as early as 1906 

that the aoetylation of choline resulted in a produot ot 

greatly inoreased pharmacological activity_ However, it is 

quite understandable that so much time should elapse betore 

it became known that acetylcholine (Ach) was a no...l con­

stituent of the body_ There was little more reason to expeot 

its presenoe than ot any other pharmaoologicalll aotive oom­

pound whioh physiologists employed to irritate the animal 

body_ The one probable clue was the known presence of Choline. 

In faot, Donath (157) had, in 1904, proposed a theory that 

implicated choline as the cause of convulsions in patients 

suffering from epilepsy. 
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The demonstration by Dudley (13) in 1929, that 4ch 

was a normal constituent of the body was contingent upon the 

discovery by Loewi and Navratil (155) that pbysostigm1n. 

(eserine) inhibits the breakdown of Ach by cholinesterase, an 

active enzyme found in tissues. The presence of the choline 

ester in brain tissue was first demonstrated reliably by Chang 

and Gaddum (14) in 1933. 

Synthesis of Ach by brain tissue was first reported 

by Quastel, Tennenbaum and Wheatley (15) in 1936. Rat or 

guinea-pig brain cortex slices respiring in a buffered medium 

to which gucose and eserine (to inhibit cholinesterase) were 

aaded, contained four to five times a8 much of the choline 

ester as the unincubated control. The syntheSiS was markedly 

influenced by the presence of oxygen. Very little was formed 

under anaerobic conditions, and cyanide inhi~ited the acetyl­

ation even when sufficient oxygen was present. 17ruvate and 

lactate could replace glucose under aerobic conditiona. It 

was concluded that the synthasis of Ach took place as a result 

of metabolic changes in the tiSSue, and that the oxidation of 

the substrate provided the necessary energy. 

Nachmansohn and Machado (16), in 1943, found that 

homogenized brain under anaerobic conditions would synthesize 

Ach, provided ATP was supplied. Under these conditions it w.s 

necessary to add fluoride to prevent the rapid destruction of 

ATP through ATP-ase activity. With the addition of Choline 

and eserine as well as ATP they obtained with rat brain the 



fonnation of Ach, but the yield was small and variable. How­

ever, when cell-free extracts were prepared by centrltuging 

the homogenates and discarding the particulate matter, it was 

found that the rate of Ach formation by the extracts was much 

higher, ranging from 35 to 100 ug. of Ach per hour per gram 

fresh tissue (16). The work of Nachmansohn and Machado pro­

vided the first direct evidence that ATP is involved in 

acetylation reactions. 

Feldberg and Mann (17, 18), independently of Nach­

mansohn and Machado, showed that the Qholine-acetylating 

enzyme system is completely soluble in aqueous medium. They 

prepared cell-free saline extracts of acetone-dried brain 

which were capable of a high rate of synthesis under optimal 

conditions. It was found that in the presence of air (18) the 

fonnation of Ach by the extract was only half that obtained 

under anaerobic conditions. The addition of glutathione or 

cysteine to the system overcame the inhibition cau.ed by air 

(19,20) and oxidited glutathione or cysteine inhibited the 

synth••is of Ach under both anaerobic and aerobic condition•• 

lodo-acetate, copper ions, and iodine also inhibited the syn­

thesis (16). On the grounds of the foregoing evidence Nach­

mansohn (16) postulated that the enzymes concerned in the 

acetylation contained -- SH groups. 

For full activity of the water-soluble enzyme system, 

which can be extracted from acetone-dried preparations of 

mammalian brain, Lipton and Barron (21) list the following five 
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requirements:- choline; a suitable source at the acetyl group. 

such as citrate, cis-aconitate, or acetoacetate; potassium 

ions; ATP; and a coenzyme tound to be present in boiled aqueous 

extracts ot brewer's yeast or animal tissues. The presence ot 

either cysteine or reduced glutathione is desirable with homo­

genates and acetone-powder extracts, particularly atter 

dialysis or in the presence ot oxygen (18,19,20). 

The manner in which citrate enhances tormation ot 

Ach bas been strongly debated. It has an activating ettect on 

minces (27), homogenates, (20,2l,28), and extracts (21,29,30) 

but appears to inhibit synthesis in extracts ot acetone-dried 

squid ganglia (24). It has been claimed by Lipton and Barron 

(21) that citrate is more active than acetate as a precursor 

tor acetyl groups in Ach synthesis. Barron and P~rskey (31) 

suggested the tollowing mechanism with citrate as substrate: 

I. citrate ~.=======·oxalac.tate + "active" acetate 

II. "active" acetate + cholihe ) acetylcholine 

It had previously been shown that citrate activation requires 

magnesium ions (32), which is in agreement with the above 

scheme, since Reaction I requires Mg++. 

others have adopted the view that citrate activation 

is due to its ettect at inhibiting ATP-ase activ1ty by removal 

ot divalent ions (24,33). However, ATP-ase activ1ty in 

acetone-dr1ed brain extracts is very low (34), and citrate 

shows a strong act1vating ettect even in the presence at 

tluoride, when the ATP-ase activity must be negligible. 
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Another argument against the hypothesis that citrate acts by 

binding divalent ions is the fact that oxalate, which ia this 

respect is similar to oitrate, has been shown to be without 

efrect on Aoh syntheSiS (30). 

Acetate had been reported by a number of authors 

(16,22,23,24,36) to have little effeot on Ach synthesiS, 

although positive results were aohieved with the squid ganglia 

(24) .• Naohmansobn et al (37), desoribed a preparation rrom 

rabbit brain (purified by ammonium sulfate fraotionation) in 

which aoetate is essential for high aotivity, and oaloium ions 

are' required. This was confirmed by Balfour and Hebb (38) who 

have aohieved the separation of two enzyme systems from rabbit 

brain, one utilizing aoetate (plus caloium ions), the other 

oitrate (plus magnesium ions). When the two systems are pre­

sent together, oitrate and aoetate have equal effeot on Ach 

formation. 

Glucose may aocelerate or inhibit the formation of 

Aoh, depending entirely upon the oonditions under whioh it is 

present. Glu80se stimulates synthesis by brain slices or 

brain pulp, aerobically (22,23), while in extraots of acetone­

dried brain both gluoose and fruotose oause a definite in­

hibition (17,18), which is due to the loss of ATP by hexo­

kinase activity (39). However, when conditions are present
,'/: 

for active glyoo1ysis, glucose and fruotose lead to the for­

mati. on of large amounts of Ach by brain extracts (39). D­

G1ucosamine, which can be phosphorylated at the expense of ATP, 
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also effectively inhibits Ach formation in non-glycoliting 

extracts {39}. The inhibition due to fructose and D-glucosamine 

can be relieved by the addition of N-acetylglucosamlne which 

itself is not phosphorylated but exercises a strong inhibition 

on the phosphorylation of fructose and D-glucosamine, and thus 
. 

prevents the loss of ATP (39). Klas-Bertil Augustinsson, (156) 

in a recent article entitled "syntheSiS ot Acetylcholine" 

states "that D-glucosamine inhibits choline acetylase in non­

glycolyzing cell-tree extracts; the presence of B-acetyl­

glucosamine counteracts this effect." This is obviously a 

misinterpretation of the tacts. The inhibition of acetylation 

by D-glucosamine is due only to a loss of ATP by hexokinase 

activity. 

Pyruvic acid exercises a strong inhibition on the 

acetylation of choline under anaerobic conditions (20,29,30,35). 

Other keto acids tested, such as ~-ketoglutaric (20,35), 

phenylpyruvic (20), hydroxyphenyl pyruvic (20), and oxalacetic 

(30) had similar etfects. 

Cholinesterase 

As stated previously, there is present in tissues an 

active choli~sterase which rapidly bJdrolize. Ach to acetate 

and choline. The enzy,me is usually associated with the par­

ticulate matter ot tissues, practically none being present in 

acetone powder extracts (20). However, most workers add eserine 

to their medium as a routine measure. Cholinesterase is in­

hlbited by eserine as well as by dilsopropyl fluorophosphate 
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(DFP) (158), and tetraethyl pyrophosphate (TEPP) (159), but 

none or these arrects choline acetylase activity (24). 

Assay or Aoetylcholine 

Aoh is determined by biological assay. The various 

assay methods have been investigated by ~hang and Gaddum (160) 

who round the rrog rectus abdominis muscle and the longitudinal 

dorsal muscle or the leech the most atisfactory. The isolated 

ventricle or the clam has been used by several workers (161, 

162). None of these methods is satisractory, as a wide margin 

or error (apprOximately % 10%) is involved. Hestrin (163) bas 

reoently described a method based on the rormation or a hydrox­

amic acid by the reaction between Ach and hydroxylamine at 

alkaline pH. 

Coenzyme A 

Feldberg and Mann (60,30) in 1945 reported a heat­

stable dializable ractor present in rresh brain extract, 

acetone-dried brain extract, and yeast, which, when added to 

a brain extract, greatly increased the synthesis or Ach. Naeh­

mansohn and Berman (19) reported similar activity in a preparat­

ion which they obtained from boiled tissues (brain, liver, 

heart, and skeletal muscle). The active component was called 

"a coenzyme ror choline acetylase". Lipmann and Kaplan (46,47) 

obtained by the fractionation or boiled pork liver, a factor 

which stimUlated the acetylation of both sulfanilamide and 

choline. It was named Coenzyme A. The coenzyme is identl••1 



with the "activator" of F81dberg and Mann (30), and that of 

Nachmansohn and Berman (19) and is a general constituent of 

living organisms. 

Kaplan and Lipman (48) have described a method tor 

the assay ot Goenzyme A (GoA). The content of the latter i. 

pigeon liver extract is destroyed by autolysis, thus making 

GoA the limiting tactor in the acetylation of sultanilamide. 

Reactivation of the extract is directly proportional to the 

GoA concentration. One unit of CoA is designated as that 

amount which reactivates their system to halt the maximum 

activity. 

Three major components are present in the coenzyme 

molecule: <a} pantothenic acid (49), (b) adenylic acid (49) 

and (c) an amino-containing sulfur compound, which is probably 

mercaptoethanolamine (49,50,51). The pantothenic acid is most 

likel,. linked to the sulfur-containing compound through the 

B-alanine c.rboxyl group (49,52), and to the adenylic acid by 

a phosphat. bridge (53). There may also be a second phosphate 

grouping on the ribose of the adenylic acid. The following 

schematic formula is tentative: 

Pantoyl - B-alanyl-mercaptoethanolamine
I 
p ----. p ---~' ribose-adenine 

" p 

There are strong indications that Ooenzyme-A--­

enzyme complexes bind acetyl groups, as for example, by reaction 



with acetyl phosphate (54). This possibility arises from the 

fact that purified enzyme fractions fram Cl. kluyveri (45) con­

tain a transacetylase which makes acetyl phosphate available 

as an acetyl-donor to Coenzyme A - d,pendent liver acetyl­

acceptor systems (55). Lynen and Reichert (56) have produced 

evidence indicating that the function of Ooenzyme A is actually 

that of a transacetylase. By fractionation of a boiled sus­

pension of baker's yeast he obtained an impure preparation 

which contained Ooenzyme A acetylated at the sulfur atom. This 

acetyl-CoA preparation when added to liver extract was capable 

of sulfanilamide acetylation. 

Two-Carbon Fra6!ent Generation 

The first suggestions of acetate for.mation in animal 

metabolism go back to the experiments of Dakin (67) and Knoop 

(68) on the biological degradation of fatty acids. Thunberg 

(69), in 1920, postulated that the oxidative decarboxylation 

of pyruvate gave rise to acetate. He also pointed out the 

probabIlIty that the metabolic paths of fat, carbohydrate and 

pr?tein co.verge at the two carbon stage, from which only one 

common 'mechanism of oxidation would be required. 

Schoenheimer and Rittenberg (70) demonstrated the 

stepwise degradation of • biologic.'lly occurring fatty acid by 

elimination of two carbon units. Although the two-carbon 

units were not identified as such, their intermediary formation 

was established by Weinhouse, Medes, and Floyd (71), who labelled 
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octanoic acid at the carboxyl group with 013, and showed that 

the acetoacetic acid formed from this compound in liver slices 

must hav.peen formed, in part, by random condensation of 02 

£ragments. It is .t.i~l:y well agreed that the formation of a 

02 fragment is an obligatory step in the breakdown of ratty 

aCids, and that acetoacetate formation in liver tissue is due 

to inability under certain conditions of that organ to dispose 

or the 02 fragments by oxidation. This point is well exemplir­

ied in the experiments of Lehninger (72) who found that the 

addition or fumarate to preparations of washed liver cella 

oxidizing octanoate, diminished the amount of acetoacetic ac1d 

formed and 1ncreased the concentration of intermediates of the 

tricarboxy11c ac1d cycle. On the other hand, Lehninger (73) 

descr1bed a malonate-1nsens1t1ve system 1n liver which forms 

acetoacetate from pyruvate, aerob1cally. Lehn1nger t s system 

1s "malonate-insens1tive" in the sense that blocking the tri­

carboxylic acid cycle forces an alternat1ve disposal of the 

02 fragments arising from pyruvate, which 1n this case are 

directed towards acetoacetate ~or.mation. 

The evidence to the effect that pyruvate is a source 

of 02 groups 1s ind1sputable. Pyruvate enhance. the formation 

of Ach (l5), the acetylatIon of aromatic amines (6,7,8,9,41), 

the formation of acetoacetate under certa1n cond1tions (73), 

and the production of citrate (75). Acetate has been shown to 

acoumulate as a result of pyruvate breakdown in animal tissues, 

both aerobically (75,76,77,78) and anaerobically by dismutation 

(76,77). The oxidation of pyruvate by dialized dispersions of 
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pigeon brain gives rise to the accumulation of citrate and 

«-ketoglutarate provided fumarate is present, while in the 

absence of fumarate the oxidation of pyruvate is asaociated 

with the formation of acetate (75). The oxidation of pyruvate 

by kidney or liver slices in the presence of fluoroacetate 

leads to the accumulation of aoetate as a result of inhibiting 

the fUrther oxidation through the tricarboxylic acid cycle 

(105). Lehningerts work (72,73) indicates that pyruvate 

supplies a precursor common to the formation of acetoaoetate 

and cf.. trate, which precludes the possibility that oxidative 

decarboxylation of pyruvate and condensation with'oxalacetate 

are interdependent processes, but rather points to the obligatory 

formation of an active acetyl group indistinguishable from 

that which is aotive in acetylation reactions. 

Mechanism of Acetylation 

The discovery that Coenzyme A was a common factor in 


the acetylation of sulfanilamide, and the formation of acetoIoilf\J 


acetate and citrate, indicated that the same precursor was in­
, 

volved in all three reactions. Soodak and Lipmann (65) using 

the same preparation of liver extract as was used in th8 

acetylation of sulfanilamide, observed a synthesis of aceto­

aoetate from acetate and ATP. CoA was shown to be necessary_ 

Furthermore, a common acetyl precursor was indicated by the 

fact that sulfanilamide inhibited the formation of acetoaoetate. 

Stern and Ochoa (63) found that, in extracts of pigeon liver, 

oitrate was readily formed from acetate and oxalaoetate in the 
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presence of ATP, CoA and Mg++. Also, since oxalacetate markedly 

depressed synthesis of acetoacetate and the acetylation of 

sulfanilamide, the same acetyl derivative was probably involved 

in the three condensations. stern and Ochoa also showed that 

pyruvate is probably oxidized to acetate rather than par­

ticipating per se in the condensation with oxalacetate, thus 

lending support to the implications of Lehninger'8 experIments 

(72,73). The catalytic function of COA in citric acid synthesis 

'was confIrmed by Novelli and Lipmann (44) in experLments with 

cell-aree extracts of yeast, and !. coli. Furthermore synthetic 

acetylphosphate was shown to act as acetyl precursor in citric 

acid synthesis by extracts of E. coli, due to the presence in 

these extracts of a CoA dependent transacetylase (46) which con­

verts acetylphosphate into an active acetyl donor. 

The failure or animal enzyme preparations to utilize 

synthetic ac.tylphosphate as an acetyl donor can be attributed 

to the absence of phosphotransacetylase (41). However, the 

addition of bacterial extracts, containing this enzyme, to 

animal preparations oontaining aoetyl-acceptor systems wIll en­

able the latter to utilize acetyl phosphate (106,165). 

From the data accumulating during the last rew years 

(44,63,65,165) it appears in all likelihood that the so called 

"active aoetate" Is acetyl-CoA (64,56), which may be derived 

from a variety or enzymic reactions, and in turn may donate its 

acetyl residue to a variety of acceptor systems. Thus Coenzyme A 

acts as an acetyl-carrier, 1n much the same way as adenylic 
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compounds function as phosphate carriers. 

The tunctional group ot Coenzyme A is the -SH group. 

It has been suggested (56) that the acetylation reaction is 

initiated by a transter ot a phosphate group tram ATP to the 

S atom ot Coenzyme A, tollowed by the exchange of the phosphate 

groupbr acetate giving acetyl-CoA (R-S-CO-CH3). 

THE 	 MECHANISM OF NARCOSIS 

The scientitic investi,.tion of narcosis began in 

the year 1846, when Morton and Jackson introduced ether into 

surgical practice. The earliest names alsociated with this 

investigation are those ot Bibra and Harless, in 1847, who 

observed that cerebral tats are soluble in ether and chlorofor.m, 

and used this as a basis for a hypothesis ot the mode ot action 

of narcotics. The same relationship between the known narcotics 

of that day and their solubilIty 1n tats and oils was also 

observed by othe•• but no detinite correlation was clearly 

established until 1899 when Hans Meyer (109) proposed the 

"lipoid theory ot narcosis". It was tormulated in three 

phrases: 

(1) 	 Tout. substance chimiquement indifferent. et soluble 

dans les graisses et les lipoid.s, est un narcotic; 



(2) 	 L'action se manifestera en premier lieu dans les 

cellules dans lequelles les lipoid8s ont des fonctlon 

importantes, clest-a-dire dans les cellules nerveuses; 

(3) 	 L'activite depend du coeffIcient de partage, qui 

determine la repartition de cas substances dans un 

melange d'eau et desubstances lipoidique. 

Independently, the botanist Overton (110) as a result of his 

work on cellular permeability, came to the same ooDlusion. 

The lipoid theory implies that the narootic properties 

ot compounds vary in the same fashion as their lipoid solubil ­

ities, and in the form put forward by K. H. Meyer (113), that 

equal depths of narcosis are produced by different substances 

when these are present at the same molecular concentration in 

the lipoids. Winterstein (112) has emphasized that the lipoid 

theory is really a theory of narcotics rather than of narcosiS, 

while Kix't Meyer (Ill) during a symposium which dealt with' 

narcosis, pointed out that, "It is not really a theory which 

explains the mechanism of narCOSiS, but rather the expression 

of a~ experimentally observed regularity, a rule of which 

every theory must take account." Verworn (118), in 1911, also 

pointed out that the lipoid theory was not a theory ot narcosis 

since it did not explain the mechanism ot narcotic action. 

However, the proponents of the theory held the belier that the 

lipoids of the cell are involved in the action of the narcotics. 

Verworn (118) presented the tirst theory ot narcosis 

to take into consideration the possibility that metabolism was 
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involved. He demonstrated that narcosis was accompanied by a 

drop in oxygen consump»lon of the cells, which he attributed 

to "asphyxia". Warburgts adsorption theory (119) also associated 

narcosis with oxygen lack. Warburg showed that the oxygen up­

take of various cells was reduced, the extent depending on the 

narcotic concentration. This effect was explained on the 

grounds that differential adsorption of the narcotics displaced 

enzymes from vital surfaces. However, Warburg's charcoal model 

provided no evidence that there was any significant adsorption 

of narcotics on "vital surfaces" in the cells of the living 

organism. 

The Cellular Kembrane Theory of Narcosis 

H8b~r (166), Lillie (167), and Winterstein (168), 
, 

proposed theories which had in common the assumption that 


narcosis is due to a decrease in cell permeabIlity. Lillie 


(120) as a result of experimental observations that narcotics 

either decreased permeability or prevented the increase of 

c.~lular permeability, expounded a popular theory based on 

the assumption that narcotics prevent the depolarization of 

the nerve membrane by abolishing the increase in permeability 

upon which depolarization depends. However, Lillie'a theory 

1&S 	not substantiated by the investigations of other workers 

(121,122). 

The effect of narcotics on polarized membranes has 

been shown most effectively in the case of peripheral nerve 

fibres. Blockage of the nerve impulse is believed to be the 
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result ot stabilization ot polarization (123,124,125) or by 

depolarization (125). How these ettects are produced by 

narcotics has never been demonstrated, but attempts at ex­

planation have always emphasised change in permeability ot 

the membrane. A very ingenious experiment was devised by 

Larrabee et al (126) to compare the etteots ot narcotics on 

neuronal metabolism and synaptic transmission by simultaneously 

measuring the oxygen consumption and transmission in excised 

superior cervical sympathetic ganglia ot rabbits. A ganglion 

was placed in a tlowing solution in a small chamber in which 

oxygen concentration was measured with a polarized platinum 

electrode. The rate of oxygen consumption was determined Py 

measuring the rate ot fall of oxygen concentration when the 

flow ot solution was stopped. The preganglionic nerve was 

stimulated and the transmission was measured by the height 

of the postganglionio action potential produced. All an­

aesthetics tested except urethane (ohloretone, nembutal, 

ether, chloroform, and alcohols from methanol to octanol) 

depressed synaptio transmission without slowing the resting 

oxygen consumption. At suffiCiently high narcotio conoentration 

oxygen consumption was markedly inhibited. When the oxygen 

oonsumption was depressed by nembutal or chloretone, it could 

be restored bymethylene blue, but depressed transmission 

was not atrected. The extra oxygen consumption caused by 

repetitive activity was inhibited by the narcotic in direct 

proportion to depression of activity_ The resting rate of 

oxygen consumption was inhibited markedly by azide and cyanide 

betore transmission was attected. The extra oxygen consumption 



of activity was depressed by cyanide more than the activity 

itself. The conclusion was drawn that narcotics depress 

neurones by some mechanism which does not interrere with 

oxygen consumption. 

This conclusion is not valid on the basis of the 

evidence presented. There are indications that two oxidative 

processes are present in nerve tissue, one of which is related 

to excitation, and the other not. The resting oxygen con­

sumption is presumably not related to excitation. The restor­

ation of oxygen consumption which has been depressed by a nar­

cotic can be restored by methylene blue, but no high-energy 

phosphate is built up in the process. The main criticism lies 

with the fact that the cobclusions are based on measurements 

of total oxygen consumption. When narcotics act upon the 

respiratory system of the cell they do so at special pOints 

in the chain (129). If a narcotic, at low concentration, is 

exeraising a large inhibitory effect on an aspect of a res­

piratory chain that is linked with ATP syntheSiS, it does not 

necessarily follow that an equally large inhibitory effect on 

the total oxygen uptake will also be observed. The step in­

hibited by the narcotics may only represent, in terms of total 

oxygen absorbed b, the system, a small fraction of the entire 

process. To illustrate, a low concentration of Nembutal which 

inhibited the oxygen consumption of brain slices by only 15%, 

caused a 50% decrease in the synthesis of acetylcholine, which 

in turn is a refleation of the inhibition of ATP formation (130). 
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Theories at Naroosis Based on Inhibition at Oxidation 

Verworn (118) was the tirst to suggest that the 

phenomenon of naroosis is linked with inhibition of oxidation. 

His inSight was remarkable when oonsidered in the light ot the 

pauoity of biochemioal knowledge and experimental techniques 

of his day. Some of his remarks made in 1911 when he delivered 

his Harvey Leoture on Narcosis are worthy of recapitulation: 

"The tactor which produoes the charaoteristic s1Mptom 

complex of narcosis is under all circumstances the suppression 

ot the power to carryon oxidations ••• When we recall the f.t. 

ot molecular oxygen in the normal metabolism of the cells, from 

the moment at which it enters the living substance to the 

moment at which it decomposes the oxidizable materials into 

carbon dioxide and water, .e find that the narcotic, which over­

flows the cell, eould establish the inhibitory action upon the 

oxidation at various stages of this process_•••• 

"However, I wish to emphasize again, that the conception 

regarding the nature ot inhibition of oxygen metabolism in nar­

cosis is ot a purely hypothetical character. It is only an 

established fact that narcotics induce an acute asphyxia of the 

cells. Herein, 1s the essence of narcosis." 

Verworn stressed the fact that narcotics inhibit 

oxidative processes; his use ot the word asphyxia was purely 

figurative. 

The modern concept of a mechanism of narcosis based 

on inhibition of oxidative processes was formulated by Auastel 
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and Wheatley (131) in 1932. The authors were able to show that 

narcotics inhibit the oxidation of glucose. lactate. and pyru­

vate by brain tissue, and that the oxidation of succinate was 

unaffected by the narcotic. The early work of Quastel and 

Wheatley was confirmed by Jowett and Quastel (132), and ex­

tended to show that inhibition of oxidation was not restricted 

to the brain, or to carbohydrates and their breakdown products. 

It was found that when rat or guinea-pig brain slices respired 

1n the presence of a narcotic (pentobarbital, chloretone, or 

eVipan) the inhibition of oxidation was greatest when glucose 

was being OXidized, followed by pyruvate and lactate; glutamate 

inhibition was smaller,- while the oxidation of succinate was 

unaffected. These findings were a confirmation of the early 

results of Quast.l and Wheatley, who used minced whole brain 

under .amewhat different conditions. It should be mentioned 

that when~~xidtzable substrate was added, the small oxidation 

of the brain slices was not appreciabl. aftected by the nar­

cotic; this residual respiration was shown to be due largely 

to substances other than glucose, lactate or pyruvate. That 

the narcotic was not competing with the substrate tor the 

enzymes involved was indicated by the tact that substrate 

concentration did not influence the degrie ot inhibition by 

the narcotic. Of some importance was the finding that narcotic 

concentrations which produce narcosis in vivo are of the same 

order of magnitude as those which inhibit measurably the 

respiration of the cerebral cortex in vitro. In making the 

comparison it should be remembered that the in vitro in­

hibitions represent the ettects of the narcotics on the 



26. 


respiration of the entire brain cortex of the animal, while 

in vivo the inhibitions will be much higher at those parts 

of the nervous system where the narcotic is localized or 

specifically absorbed. 

The effects of narcotics such as the barbiturates, 

chloretone, or hyoscine, on the respiration of rat brain 

slices are reversible (133). On the contrary, the effects of 

ether are irreversible (134) as are those of indole, which is 

a powerful inhibibor of brain respiration (133). Irrever­

sibility may be explained, conceivably, on the .asis of 

irreversible denaturation of the proteins with Which these 

substances become associated. 

It has been suggested that the mechanism of 

reversible denaturation might account for the observed effects 

of narcotics and other substances on metabolic processes ana 

thus induce a state of narcosis (137). (If this is so, .e 

are still ODnfronted. with the question of the manner in 

which the reverSible denaturation takes place). The theory 

is held by some that an equilibrium exists between the native 

and denatured for.ms of a protetn-enzyme, the native form being 

the active one. The narcotic is believed to shift the 

equilibrium in favour of the denatured form. The basis of this 

theory is the effect of temperature and pressure in reversing 

the narcotic effect of some drugs on the luminescence of 

bacteria (135,136,137). SUCh a theory is compatible with the 

need to explain the action of narcotics in terms of physico­
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ch$mical rather than chemical effects when one considers the 

wide variety of structural types of compounds which have 

narcotic action. 

We have seen that the oxidation of succinate is not 

inhibited by concentrations of drugs that do inhibit the 

oxidation of glucose, lactate, and pyruvate (l3l). This in­

dicates that cytochrome oxidase and succinic dehydrogenase 

are unaffected by narcotics, since both are required in the 

oxidation of succinate. By the use of various techniques it 

was possible, through the process of elimination, to dete~ine 

which section of the respiratory chain was narcotic sensitive. 

Quastel and Michaelis (140) demonstrated the insensitivity of 

the dehydrogenases of brain, muscle, and yeast to chloretone 

by showing that anaerobic oxidation of substrates in the 

presence of ferricyanide and pyocyanine was unimpaired. Dixon 

and Zerfas (141) by the use of methylene blue, showed that the 

oxidation of DPN.2H by flavoprotein was not lnhibited by nar­

cotics. This had been previously demonstrated by Quastel and 

Michaelis (140) who used a system consisting of musele extract, 

lactate, DPN, heart flavoprotein and methylene blue, and found 

that chloretone had no effect on this system. It was suggested 

by these authors that a flavoprotein which plays an intermediate 

role bet••en DPN.2H and oytochrome oxidase is the narcotic­

sensitive step. Greig (142) has confirmed the findings of 

Quastel, et aI, and suggests that in the presence of the nar­

cotic there is a binding of reduced flavoprotein with cytochrome 

b or other intermediates. There is sufficient evidence to 
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indicate that a special component of the respiratory system 

is singularly narcotic sensitive. 

Respiration and Phosphorylation 

Respiration is closely connected with the generation 

of high-energy phosphate (143). The inhibition of respiration 

may be expected to influence greatly the esterification of 

inorganic phosphate with a resultant drop in ATP formation. 

Eiler and McEwen (144) have shown that pentobar.ltal inhibits 

the generation of high-energy phosphate bonds to the extent 

that it interferes with oxygen utilization. With pyruvate as 

substrate, pentobarbital inhibits both respiration and phosphate 

uptake proportionately. It has bemshawn that narcotics do 

not interfere with anaerobic formation of acetylcholine by 

beef brain extracts and therefore have no effect on the 

phosphorylation involved in this process (14S). The narcotics 

definitely suppress the ae~obic formation of acetylcholine, 

presumably by the spppression ot ATP tormation. Brody and 

Bain (146) on the basis ot their experimental findings postu­

lated that an uncoupling ot phosphorylation fram oxidation 

may be one of the ways in which barbiturates act to produce 

anaesthesia, while Perskey, Goldstein, and Levine (147) found 

that pentobarbital blocks the pyruvic acid oxidase system, most 

likely at the two-carbon tragment. They stated that "the 

barbiturate does not block the oxidation ot flavo-protein by 

either oalgen or cytochrome c. Rather, essential sulthydril 

groups ot the dehydrogenase of the pyruvic acid system are 
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shown to be the bar~iturate-sensitive step." 

Rosenberg et al (149) have shown that narcotics 

(chloral, chloretone, neonal, and phenobarbital) augmented 

by about 50~ the aerobic consumption of glucose by rat brain 

slices, and at the same time the formation of lactic acid 

was increased to l80~ or more. Whan respiration was dimin­

ished by 50~, aerobic glycolysis was augmented by 200 to 

30~. This work lends confirmation to that of Hutchinson and 

Stotz (148) and of Greig (142). Independently of Rosenberg 

et aI, Webb and Elliott (150) showed that the maximum aerobic 

glycolytic rate, equal to or exceeding the normal rate of 

anaerobic glycolysis, occurred when the oxygen uptake was 

about 50~ inhibited by narcotics. In contrast to the abov. 

findings are those of Perskey, Goldstein, and Levine (147) 

Who reported that pentobarbital completely inhibited both 

aerobic and anaerobic glycolysis at a concentration of 4mM/l. 

Effect of Narcotics on Reating Level, and Activity Level of 
OXidation 

A number of investigators (180,181) have postulated 

that the total oxygen consumption of diverse types of cells 

results from two oxidative chains, which correspond to the 

"resting" level and the "activity" level, respectively, of 

oxygen consumption. Recent work (127,128) indicates that in 

nerve tissue there are two oxidative processes, one of which 

specifically increases as a result of excitation, and one of 

which does not. Herein probably lies the explanation for the 



tact that in Larrabee's sympathetic ganglia preparation (126) 

the narcotic concentration which blocks transmission ot the 

stimulus tails to depress the resting level ot oxidation. 

Since only the activity level at oxidation is associated with 

excitation, it is quite logical that when the activity level 

ot oxidation is depressed by a narcotic there will be no 

transmission. An analog.us case is that ot luminous bacteria, 

in which there are indications ot two oxidative processes, one 

ot which, the"activity system", is associated with light 

production. 

Jowett and QUAstel (132) same years ago, observed 

that the respiration ot brain slices in the absence ot added 

substrate was but little arrected by a narcotic concentration 

which inhibited oxidation in the presence ot added glucose 

by 57~, while doubling the narcotic concentration inhibited 

respiration markedly in the tormer case. 

Recently, McIlwain (182,183) provided evidence that 

concentrations ot atropine and hyOSCine which had no ettect 

on the "resting level" ot oxidation inhibited the "activity 

level" ot oxidation evoked by electrical stimUlation of brain 

slices in vitro. Moreover, it was observed that stimUlation 

ot oxidation by other means (high KC1, 2,4-dinitrophenol) was 

not attected by concentrations ot atropine and hyoscine much 

greater than that necessary to inhibit by 50% the increased 

oxidation due to electrical stimUlation. The stimulation in 

vitro is cons idered to be similar to that occurring during 

http:analog.us


31. 

increased activity of the central nervous system in vivo. 

Narcotics have in cammon the ability to depress 

reversibly particular functions or activities of individual 

cells as well as of whole organisms. This ability is well 

illustrated by their effects on nervous function, cell division 

in sea-urchin eggs, light production in luminous bacteria, 

sperm motility, photos~thesis, etc. Claude Bernard, in 1875, 

emphasized the tact that anaesthesia, which is a special 

example ot the general phenomena ot narcosis, is a universal 

phenomenon, and not peculiar to the nervous system alone, nor 

even to animal organisms. However, the distinguishing 

characteristic of a narcotic or anaesthetic must be its ettect 

on nervous tunction. The necessity arises from the tact that 

in recent years many substances have been found which can de­

press function or activities of cells but which do not have 

narcotic activity, i.e. they do not induce hypnosis or an­

aesthesia in the animal organism. One such group af substances 

is the nitrophenols. 

It is likely that the numerous eftects produced by 

anaesthetic drugs on fo~s of life widely ditferent trom one 

another can be attributable to a common mechanism. It is 

extremely unlikely that these ettects are unrelated to narcosis 

as defined in terms at reversible auppression ot nervous 

excitability. Subsequent rea.areh, we might suggest, will 

vindicate Bernard's cDncept ot a univeral mechanism (114). 



Henderson (107), in 1930, concluded an extensive 

review on narcosis with the words: "the tinal chapter in the 

theories ot narcosis has yet to be written." Butler (108) 

in 1919), on the same subject, could still agree with Henderson. 

and went so tar as to question the advisability ot s••king a 

theory with universal validity_ The root ot Butler's 

scepticism is the apparently insuperable task ot correlating 

the widely divergeat .ttects ot narcotics. The problem. how­

ever, is more apparent than real. 4 universal mechanism ot 

narcosis does not demand that every substance which shows 

narcotic properties must have the s~e primary point ot attack. 

It it can be shown, tor instance, that the direct cause ot the 

narcotic ettect is a blockage in the production ot energy 

required to sustain the particular activities attected by the 

narcotic. the requirements tor a general mechanism will have 

been met. This type ot evidence is accumulating in the tield 

ot biochemistry. 



!!!!RIM!NT!L M!IHOD~ 

!N~ !RQ£EDU~ES 

TISSUE PREPARATIONS 

Beef Brain Acetone Powders 

Beef brains were obtained from the abattoir within 

30 minutes of the death of the animals. 

The gray matter was removed, rinsed free of blood in 

ice-cold distilled water, and dried with filter paper. It was 

then suspended in its own volume of an ice-cold neutral 

solution of the following composition: Nicotinic acid amide 

(0.16!), cysteine hydrochloride (0.013!) and disodium hydrogen 

phosphate (0.02!). The suspension was homogenized for 30 

seconds in the Waring blendor, after which it was poUred into 

10 volumes of ice-cold acetone. At the end of 5 minutes the 

dehydrated material was filtered, washed well with acetone, 

partially dried by suction, and stored as a dry powder in a 

vacuum desidator at OoC. 

Care must be taken during the washing process that air 

is not sucked through the powder when the acetone has been 

removed as this results in a brown powder, the activity of 

which is very poor. Experience has shown that the whiteness of 

the finished product bears some relationship to its activity. 
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The presence o~ nicotinamide (NAA) during the pre­

paration of the powder protects the DPN to a great extent 

against destruction by DPN-ase in spite of the ~act that the 

NAA is removed by the acetone. In any case, NAA was always 

added to the extraction fluid when the preservation of DPN was 

desired. 

Extracts of the acetone-powder were made by rubbing 

up the powder in an aqueous solution of various salts as the 

purpose required. After centrifuging the extract ~or 15 minutes 
4 

at 1800 r.p.m. in an angle centrifuge the supernatant was 

filtered through glass wool, and pipetted directly into the 

Warburg manometer flask. 

Pigeon Liver Acetone Powder 

The pigeons were decapitated, the livers immediately 

removed and rinsed free of blood with ice-cold distilled water. 

The livers were first minced with stainless steel 

scissors followed by homogenization for 60 seconds in the Waring 

blendor. To facilitate the homogenizing, ice-cold acetone was 

added to the minced tissue in the Waring blendor in sufficient 

quantity to submerge the blades. (It has been observed that 

excessive treatment with the Waring blendor results in decreased 

activity of the powder). 

After homogenizing the minced tissue the resultant 

fine suspension was added to 10 volumes of ice cold acetone. 

At the end of 5 minutes the dehydrated material was filtered on 

a Buchner funnel and washed well with acetone. Care was taken 
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not to allow air to be drawn through the material when the last 

of the acetone has disappeared. The dehydrated pigeon liver was 

removed from the Buchner tunnel as a solid cake, which was placed 

on a large circle of filter paper and broken up into small pieces, 

with a spatula. Drying was completed in a vacuum des_i~ator over 

calcium chloride. The product was a light pink in color. 

The powder retained full activity for well over a month 

when stored in a vacuum dessicator at OoC. Some preparations 

retained activity for a period of 3 months. 

Not all preparations displayed the same acetylating 

activity, even when prepared in the same manner. The pigeon$ 

obtained from a local dealer, were not selected as to age, size, 

etc. which was no doubt conducive to a lack of uniformity in the 

preparations obtained. It was also observed that powders pre­

pared during the winter months had somewhat lower activity than 

summer preparations, which is probably a reflection of dietary 

conditions. However, any particular preparation gave reasonably 

consistent results. The experiments described in the text were 

performed at different times over a period of 2 years, hence the 

difference in the extent of acetylation, since a number of 

liver preparations were made during that time. 

~geon liver extraots 

The extracts of acetone-dried powder were made up as 

required. The powder was ground in a mortar with an aqueous 

mediL~, the comp0sition of which varied with the requirements of 
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the experiment. Usually the powder was ground with 0.15 M KF 

in the proportion of SO mg. of powder per ml. of extraotion 

medium. To perform the grinding a small quantity of the fluid 

was added to the powder to make a thiok paste, after whioh the 

remaining fluid was added gradually with oontinuous grinding, 

the whole operation taking 5 minutes. 

After centrifugation at 19000 g for 5 minutes the 

olear amber supernatant was pipetted direotly into the manometer 

flasks, the amount of extract added being always equivalent to 

SO mg. of powder. 

It was found unnecessary to add Coenzyme A to these 

extraots, nor was cysteine needed to obtain a high rate of 

aoetylation of sulfanilamide. 

Rat Brain Mince. 

Whole rat brain was put through a small Latapie 

minoer. 3 grams of mince was suspended in a medi~ of the 

following oomposition: NAA o.oSS!, KCl O.lS!, MgC12 0.03!, to 

make a total volume of 6 mI. one mI. of the suspension was 

pipetted into the Warburg vessel after all other solutions had 

been added. Salt oontents of vessels (final oonoentrations~: 

NAA 0.015!; KCl 0.033!; MgCl2 0.006~; NaF 0.03!; sodium phosphate 

buffer 0.02M, pH 7.4,; oholine ohloride O.OOl!; eserine sulphate 

0.0004M. other additions were as indioated in the text. 0.2 ml. 

of 20% KOH was added to the oentre-well of the Warburg vessel, 

along with filter paper. 
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Rat Brain Homogenate 

(a) For purposes of Ach synthesis a 25% homogenate 

was made using the Potter-Elvehjem type glass homogenizer. The 

whole brain, minus the medulla, was homogenized in a medium of 

the following composition: KCl O.09!; NAA 0.04Mj MgC12 0.012!; 

sodium phosphate buffer O.02!, pH 7.4. 1 mI. of homogenate 

was added to each Warburg vessel. Slight changes made in this 

medium from time to time will be indicated in the text, as will 

all other additions to the vessels. 

(b) For purposes ot sulfanilamide acetylation, in 

conjunction with pigeon liver extract: 

1 g. of rat brain {cerebral hemispheres} was homo­

genized and made up to 5 mI. with a solution containing KCl 

O.06!; NAA 0.04!; and MgC12 0.04!. 0.5 mI. ot the homogenate 

was added to the Warburg vessels. 

The homogenate described was the one mainly used. 

However, any deviations in the manner of preparation will be 

indicated in the text. 

Manometric Techniques. 

Nearly all experiments were carried out in the con­

ventional Warburg manometric apparatus. Gassing was completed 

during the equilibration period. 
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METHODS OF ANALYSIS 

Acetylcholine Assay 

Acetylcholine was measured by contractions of the leech 

muscle suspended in an aerated saline medium (22) of the 

following composition: NaCl 0.7l~; KCl 0.032%; CaC12 0~18%; 

NaHC03 0.012%; glucose 0.077%. 

All results are reported in terms of acetylcholine 

chloride, which was used as a standard. For the calibration 

of the leech muscle, 0.1 to 0.5 mI. of a solution of acetyl­

choline chloride (10 micrograms %) was added to the saline medium 

surrounding the muscle, and the contraction of the leech muscle 

measured on a kymograph. The leech muscle was considered to be 

calibrated when two consecutive additions of the same amount 

of acetylcholine gave the same contraction. The strength of 

the unknown solutions were adjusted so that additions of 0.1 to 

0.5 mI. to the leech chamber would produce contractions of the 

same length as that produced by the additions of the standard 

solution. Eserine sulphate (0.1 mg.) was always added to the 

perfusion fluid in the intervals between contractions. 

ATP and other phosphate esters were removed from the 

samples to be assayed by the following procedure: 

At the conclusion of the experiment the 3.0 mI. contents 

of the Warburg vessel was poured into 2.0 mI. of NaH2P04 {0.2!} 

and placed in a boiling water bath for 10 minutes. After 

cooling, 2.0 mI. of BaC12 (0.3M) was added and the pH adjusted 

to 7 with saturated Ba(OH)2. The precipitate was centrifuged 



39. 

down and the clear supernatant decanted, and the excess barium 

rr the solution was not assayed immediately, NaH2P04 

was added to bring the solutions to pH 5. No Ach is lost as 

a result or the above procedure. 

A control was boutinely run with every experiment to 

correct ror the errect o£ substances on the leech muscle other 

than that or Ach synthesized during the experiment. At the 

beginning or an experiment a vessel containing the same com­

ponents as those present in the experimental vessel was placed 

immediately in boiling water and treated as described above. 

The control value as shown by the leech assay was subtracted 

rrom that or the experimental vessel. 

Lactic Acid Determination 

Lactic acid determinations were made on the same 

samples that were assayed ror Ach. The method used was that 

or Barker and Summerson (79) as ~di£ied by Umbreit et al (80)*. 

Sul£anilamide Determination 

Sul£anilamide determinations were made according to 

the method or Bratton and Marshall (81). All reagents and 

stock solutions were made up in the prescribed manner. 

The principle or the method is as rollows: 

Sulranilamide is diazotized with nitrous acid, ammonium 

*The lactic acid estimations were made with the assistance or 
Miss Rosalind Cohen and Miss Anne Benson. 
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sulfamate is added to destroy excess nitrous acid, and the dia­

zotized sulfanilamide is ooupled with a suitable reagent for 

oolor development. 

The most suitable color reagent has been found to be 

N~(l-naphthyl)-ethylenediamine dihydrochloride, whioh may be 

prepared in a state of high purity; its coupling is very rapid 

and uninfluenoed by pH in the range 1 to 2. Furthermore, this 

range of pH has no effeot on the color of the dye. The coup­

ling of the oolorless color reagent with the diazotized sul­

fanilamide produoes a red oolor. 

When a photoeleotrio oolorimeter is used the peak of 

absorption is at 545 mu. However, in the work to be described 

the oolors were assayed using a Fisher Eleotrophotometer at 

525 m~. 

Trichloracetic aoid was ideal as a protein preoipitant 

since the blank given is so small that it can be neglected. 

The concentration of trichloracetio acid in the final mixture 

was 3%. The presenoe of acetylsulfanilamide was fo~nd to have 

no effect on the determination of sulfanilamide. 

A standard curve for sulfanilamide determination 

A stook solution of sulfanilamide containing 40 mg.% 

was prepared. From thiS, standard solutions of 0.05, 0.1, 0.15, 

0.2, 0.25 and 0.3 mg% were prepared as follows: 

The stock solution of 40 mg. %was diluted with water to 

10 mg. %. Solutions of the above ooncentrations were made by 
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adding 0.5 ml., 1.0 ml., 1.5 ml., 2.0 ml., 2.5 ml., and 3.0 

ml., respectively, or the diluted stock solution to 18 ml. or 

15% trichloracetic acid and making each up to 100 ml. with 

water. 

To 10 ml. or each or the prepared standard solutions 

was added 1 ml. or 0.1% NaNO. solution. 1 ml. or 0.5% ammonium 

sulramate was added arter the tubes had· been mixed thoroughly 

and 3 minutes had elapsed rrom the time or adding the nitrite. 

2 minutes is allowed ror the excess nitrtte to be destroyed, 

arter which 1 ml. or a 0.1% solution or the color reagent is 

added. Color development is instantaneous. All determinations 

were done in duplicate. The colors were read against a reagent 

blank prepared by adding 1 ml. or water in place or the nitrite 

solution. Fig. 1 shows the standard "curve" obtained when 

Optical Density at 525 mu is plotted against sulranilamide 

content. 
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A Standard Curve for Sulfanilamide Determination. 
(as described in the text). 
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Estimation of Acetylsulfanilamide content of Experimental 
Vessels 

Ace.tylsulfanilamide was estimated by difference. 

At the end of the incubation period 1 mI. of the 

Warburg vessel contents was pipetted into 14 ml. of 3.2% 

trichloracetic acid for protein precipitation. After centri ­

fugation 5 or 10 mI. of the supernatant, depending on the 

initial concentration of sulfanilamide added to the vessel, 

was used for sulfanilamide determination. When rat brain 

homogenate was present in the reaction vessels the solid 

material was first spun down, and 1 mI. of supernatant added 

to the trichloracetic acid for protein precipitation. 

With every experiment, a control containing the same 

components as the experimental vessels, was ass~yed immediately 

for sulfaBdlamide. The value obtained represented the sul­

fanilamide added to the experimental vessels. The value ob­

tained on determining the sulfanilamide content of the exper­

imental vessels after incubation, was subtracted from the value 

of the unincubated control to give the amount of sulfanilamide 

acetylated during the experiment. On occasions, a sample, the 

sulfanilamide content of which had been ascertained, was hydro­

lyzed by boiling with HOl for one hour and the sulfanilamide 

deter.mined bo ensure that conjugation alone was responsible for 

the disappearance of sulfanilamide during the experiment. It 

was found that complete recovery could always be obtained, which 

indicated that no sulfanilamide had been carried down by protein 
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precipitation. To illustrate the roregoing, during one 

experiment the unincubated control showed 103 ug. or sulran­

ilamide when assayed; the experimental vessel was estimated 

at 53 ug; the dirrerence, 50 ug. was taken as the amount 

acetylated. A 10 ml. duplicate sample or supernatant or the 

experimental vessel was treated with 0.5 ml. or 4NHCl and 

heated in a boiling water bath ror 1 hour to hydrolyze the 

acetylsulranilamide. Arter cooling, the volume was adjusted 

to 10 mI. and the sample assayed ror sulfanilamide. The 

duplicate samples gave a value or 105 ug. which was a recovery 

or 102% indicating that sulfanilamide disappearance during 

incubation and subsequent treatment could be accounted ror 

by conjugation. 

Complete recovery of sulfanilamide added to tissue 

preparations could always be obtained. 
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PYRUVATE DISMUTATION 

The dismutation of pyruvate has been studied quite 

extensively in bacterial preparations (82,83,84). The E. 

~ preparations of Ochoa et al (84) require the following 

components for maximum activity: Orthophosphate, Mg++ or 

Mn++, diphosphothiamine, Coenzyme A, DPN, a boiled extract of 

yeast, and lactic dehydrogenase. The dismutation reaction 

can be represented as follows: 

pyruvate + phosphate + DPN ______~ acetylphosphate + C02 +> 
DPN.2H (1) 

Pyruvate + DPN.2H ) lactate + DPN (2) 

2 pyruvate + phosphate acetylphosphate + C02 + 
lactate (3 ) 

Coenzyme A is presumably required for the formation of acetyl­

phosphate. However, if oxalacetate is substituted for phos­

phate, citrate is formed instead of acetyl phosphate, the over­


all scheme for the reaction being: 


Pyruvate + DPN + CoA ) Ac-CoA + C02 + DPN
(-rp ) (_~)red (4 ) 

Ac-P + CoA citrate + CoA 

Apparently phosphate is required in the dismutation reaction to 

keep CoA in circulation. 

Chantrenne and Lipmann (106) investigated the possibility 

that pyruvate might serve directly as acetyl donor in acetylatinn 



46. 

reactions without the intermediate formation of acetate or 

acetylphosphate. Their extract or E. coli contained a formo­

transacetylase which catalyzed the rollowing reaction: 

Pyruvate ( = acetyl rormate) + aoA-enzyme ____ acetyl-aoA­
enzyme + formate (5) 

When the E. coli extract was mixed with the sulfanilamide 

acceptor enzyme from pigeon liver (55)~ acetylation or sulrani­

lamide occurred upon the addition or pyruvate. Only a trace 

or phosphate was present, which indicated the likelihood that 

acetylphosphate played no part in the reaction. The E. coli 

extract was unable to form acetylphosphate even in the presence 

or excess phesphate. 

The investi~ation ot pyruvate dismutation in animal 

tissues, as compared with that or bacteria, bas been somewhat 

neglected. Krebs and Johnson (85), working with slices and 

minces, obtained evidence ror the anaerobic dismutation of 

pyruvate by various tissues, and formulated the reaction as 

follows: 

2 pyruvate + H20 ------ acetate + C02 + lactate (6 ) 

The highest rate of pyruvate removal was observed in testis; 

followed by brain~ liver and kidney. The work of Krebs and 

Johnson was confirmed by others (83,84). 

Acetylphosphate has never been identified as a reaction 

product of pyruvate dismutation in animal tissues~ nor has it 

been reliably proven that acetylphosphate is formed in animal 

tissues under any conditions. Furthermore, attempts to utilize 
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acetylphosphate for acetylation purposes in animal tissue 

preparations have been unsuccessful (41) unless bacterial 

extracts were also added (55, 106). Therefore, Reaction 3 may 

only be applicable to the dismutation reaction with regard to 

bacteria, and quite a different mechanism of phosphate ester­

ification may operate in animal tissues. Possibly, coincident 

with the oxidation of DPNH2, phosphate is transferred to an 

adenylic compound resulting in ATP formation. 

Pyruvate Dismutation and Acetylcholine SyntheSis 

Extracts of acetone-dried beef brain, when prepared 

in a specified manner (39) exhibit a rapid rate of anaerobic 

glycolysis which is manifested by a large production of lactic 

acid and C02 when carried out in a bicarbonate buffer. These 

glycolyzing extracts are capable of synthesizing acetylcholine, 

the amount of which is related to the rate and extent of gly­

colysis. It is probable that a portion of the pyruvate produced 

during glycolysis is diverted towards A,h synthesis, while the 

larger part is converted to lactic acid. It is also likBly 

that a fraction of the lactlcacid found on analysis arises 

through the dismutation of pyruvate, Since, in an anaerobic 

system, pyruvate must dismute to give rise to the C2 fragment, 

as no direct decarboxylation is known to occur in animal tissues. 

The dismutation of pyruvate, in the absence of glycolysis, 

should also give rise to the synthesis of acetylcholine providing 

the energy generated by dismubation is adequate to the needs 

of the system. 
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The Effect of Pyruvate on Glzcolysis and Ach Synthesis 

Pyruvic acid has been found to be strongly inhibitory 

to acetylcholine synthesis by cell-free extracts of mammalian 

central nervous system tissues (20, 29, 30, 35). Yet, pyruvic 

acid is formed in quantity from glucose when the latter under­

goes glycolysis, and under these conditions Harpur and Quastel 

(39) demonstrated an active synthesis of acetylcholine by beef 

brain extracts. It is possible that the concentration of pyruvate 

required to inhibit Ach synthesis is never reached during gly­

colysis, and that the addition of pyruvate to a glycolyzing 

extract would have the cutomary inhibitory effect on Ach syn­

thesis. It was decided that the point in question should be 

settled before proceeding further. 

The methods of Harpur and Quastel (39) were used for 

the synthesis of Ach by cell-free extracts of beef brain. 

The acetone dried brain powder (prepared as previously 

described) was extracted by grinding it in a solution of the 

following salts: nicotinamide, 0.08M; neutral cysteine, 0.03M; 

KCl, O.09!; and MgS04 , O.012!. After centrifuging, the super­

natant was filtered through glass wool, and 1 mI. of extract 

(equivalent to em mg. of powder) was added to each Warburg 

vessel. The vessels also contained, in addition to the sub­

strates indicated in the tables, the following salts (fiDal 

concentrations): NaHC03, 0.047!; eserine sulphate, O.003!; 

choline chloride, O.0008!; Na4ATP, O.OOOS!, sodium phosphate 

buffer, pH 7.5, O.Ol!, in a total volume of 3 mI. 



The experimental time was 1 hour, plus an equili ­

bration period of 15 minutes, during which the vessels were 

gassed with 93% N2, 7% C02 at 27°C. 

It may be seen from the results shown in Table I that 

the addition of glucose to an extract of beef brain secures a 

high rate of anaerobic glycolysis and a greatly increased rate 

of acetylcholine (Ach) synth6sis. The addition of a low con­

centration of pyruvate gave rise to 	a further increase in lac­

tate formation and C02 output. 

TABLE I 

EFFECT OF PYRUVATE ON GLYCOLYSIS AND Ach SYNTHESIS 

BY BEEF BRAIN EXTRACT. 

Exp. Substrate 	 CO2 Lactate Ach synthesis 
uM. :u.M. ~Ls' Eowder 

1 Nil 0 4.6 28 
Glucose 0.04M 36 53.0 105 
Pyruvate 0.OO5M 7.6 41 
Glucose 0.04M + pyruvate 

0.005M 44 67.0 132 

2 Nil 0 4.5 28 
Pyruvate O. 005M 6.7 37 
Glucose 0.04M- 39 46.7 133 
Glucose 0.04M + pyruvate 

- D.005M 46 64.8 160 
Pyruvate O.OlM - 4 8.8 64 
Glucose O.04M-+ pyrU#ate 

- O.OlM 47 66.5 160 

Experimental conditions as shown on 	page 48. 

Of greater interest are the facts that stimulation ot 

9fcolysis was accompanied by increased Ach synthesis, and that 
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pyruvate itself gave rise to a synthesis of Ach in the complete 

absence of glucose. 

pyruvate dismutation and Ach synthesis 

Having established that pyruvate is not inhibitory 

to Ach formation under the given conditions, it was decided 

to investigate further the stimulation of acetylation by pyruvate 

alone, and to confirm .hat appeared to be the dismutation of 

pyruvate. The latter was thought to be of some significance, 

although no reference to its occurrence in cell-free extracts 

could be found in the literature. 

TABLE II 

ACETYLCHOLINE SYNTHESIS AND PYRUVATE DISMUTATION 

Control Pyruvate 
O.OlM 

Net 

C02 (~) 0.0 4.0 4.0 

Lactate (uM) 4.3 8.0 3.7 

Ach ~g/g. powder 15 50 35 

Brain extract (: 60 mg. of powder/vessel). Salt concentrations 
as shown on page 48. Pyruvate tipped from side arm at termin­
ation of 15 minute equilibration period. 

The results shown in Table II indicate that the 

dismutation of pyruvate does, in fact, occur in cell-free 

extracts of beef brain. The net lactic acid found, and the 
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C02 output oonform to the reaotion as formulated by Krebs 

and Johnson (85): 

2 Pyruvate + H20 ______ Aoetate + Lactate + C02 (6 ) 

The above-named authors also observed that the pre­

sence 	of fumarate or malonate had no effect on the dismutation. 

These 	compounds were tested for possible effects on the beef 

brain 	system. 

TABIE 	 III 

EFFECT OF FUMARATE AND UALONATE ON PYRUVATE DISMUTATION 

AND Ach SYNTHESIS* 

Exp. Additions CO2 Aoh Per cent 
11M synthesis inhibition 

ug/g.- of Acetyl­
powder ation 

1 	 Nil 0.0 40 
Pyruvate O.OlM 6.1 90 
Malonate 0.0 40 0 
Pyruvate O.OlM + 

Ma lona~ o.Or! 6.1 90 	 0 

2 	 Nil 0.3 40 
Pyruvate O.OlM 7 ..8 80 
Fumarate O.OlM 0.0 15 62.6 
pyruvate 0.011 + 
Fumarate 0.0D! 	 8.2 24 70.0 

* Brain extract • 60 mg/vessel. Other vessel contents as shown 
on page 48. DPN 0.00025f.ATP O.OOIM. Pyruvate tipped from 
side arm at termination of 15 min. equilibration period. 

The results shown in Table III (Exp. 1) indicate that 

the add1tion of malonate had no effeot on the dismutation of 
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of pyruvate by the beef brain extract, since the output of C02 

was unchanged in the presence of malonate; the rate of acetyl­

choline synthesis also remained the same. Although fumarate 

did not appreciably affect the C02 output (Table III, Exp. 2), 

it waS responsible for a 70% inhibition of acetylcholine 

for.mation. Maleate, like malonate, had no effect on acetyl­

choline synthesis. (The inhibition by fumarate of both choline 

and sulfanilamide acetylation will be discussed in detail in 

a later section). It will be seen in Table III, that DPN was 

added in low concentration. Despite the use of nicotinamide 

in the preparation and extraction of the brain powder, it was 

observed that the addition of a low concentration of DPN to 

the brain extract stimulated the dismutation of pyruvate and 

the acetylation of choline. 
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disMutation and acet lation of sulfanilamide b 
racts 

Pigeon liver extract has proven to be an excellent 

medium for the investigation of the acetylation reaction. A 

high and constant rate of sulfanilamide acetylation can be 

obtained (Fig. 2) and the acetylated product is stable. In 

addition, sulfanilamide can be estimated by a sensitive chemical 

method (81), and acetylsulfanilamide determined by difference. 

Thus, the pigeon liver system offers definite advantages not 

to be found when one works with choline acetylation. 

It was decided, therefore, to investigate the dis­

mutation reaction in pigeon liver extracts and to ascertain 

to what extent the reaction can function in the acetylation of 

sulfanilamide. 

Methods 

Pigeon liver powder was prepared as described on page 

34. The powder was extracted by rubbing it up with a solution 

of KF (0.15!), and MgC12 (0.033M). After centrifugation at 

19000 g for 5 minutes, the clear supernatant was filtered 

through glass wool to remove surface substances and 1 ml. of 

extract (equivalent to 60 mg. of powder) was added to the War­

burg flask. On some occasions, the MgC12 was omitted from the 

extraction fluid, and added, instead, directly to the Warburg 

vessel. 

The extent of the dismutation reaction was determined 
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manometrically by measuring the rormation or rree C02 in a 

bicarbonate-phosphate burrer at pH 7.5. The vessels were 

gassed for 10 minutes with 93% N2 and 7% C02; and a rurther 

equilibration period or 5 minutes was allowed to bring the 

contents to thermal equilibrium berore the reaction was started 

by tipping sodium pyruvate from the side arm. 

It was found, by a comparison of the amounts of 

sulfanilamide acetylated, that the reaction proceeded just as 

readily in the presence of air as under strictly anaerobic 

conditions. When an experiment was carried out with air as 

the gas phase, bicarbonate was omitted rrom the medium. How­

ever the reaction was still effectively an anaerobic one, 

since cell-free extracts of pigeon liver do not respire to an 

appreciable extent. 

Rate of Synthesis of Acetylsulfanilamide 

Although the rate of sulfanilamide acetylation, for 

the same amount of pigeon liver powder employed, varies to 

some extent from preparation to preparation, it was desirable 

to ascertain the variation of the rate of acetylation with 

time. 

Warburg vessels were set up containing the following 

salts (rinal concentrations) in a total volume of 3 ml: 

Sodium phosphate bufrer, pH 7.4 0.02M 

.E~ 0.028M.... 
Sodium acetate 0.02M .... 
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0.003M 

Sulfanilamide 
a 40 mg. 

200 ug. (0.5 mI. 
%aqueous solution) 

of 

600 mg. of pigeon liver powder was extracted with 10 mI. of 

0.15M KF, and 1 ml. of extract added to the manometer flask. 

0.2 ml. of 0.045M ~B was placed in the side arm. After gassing 

for 10 minutes with 93% N2 and 7% C02' and a thermal equilibrat­

ion period of 5 minutes, the reaction was started by tipping 

the ATP into the main compartment of the flask. At periodic 

intervals of time the vessels were removed, and an aliquot 

of the contents assayed for sulfanilamide. 
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Figure 2. 

Rate of Sulfanilamide Acetylation by Pigeon Liver Extract 

at 37 0 c. 


(as described in the text). 
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A typical result shown in Fig. 2, indicates that the 

rate remains rairly constant over the whole period or time, in 

spite or the ract that 70'% or the sulranilamide had been 

acetylated at the end or 60 minutes. The :failure of the rate 

to decline as the concentration or acetylsulranilamide increases, 

implies the absence or an equilibrium point at which there is 

a detectable amount ,or sulranilamide present. In ract, the 

acetylation or over 95% or the sul.fanilamide initially added 

has been obtained (Table VIII, Exp. 5) in a period or 90 

minutes. 

pyruvate Dismutation and Acetylation or Sul.fanilamide 

Pigeon liver extract when incubated in a blcarbonate­

phosphate bu.f.fer at 37°C gives rise to but little C02 production 

and a low rate of acetylation or sulranilamide. However, when 

pyruvate is added there ,is considerable C02 output and greatly 

increased acetylation, as can be seen .from Table IV. 

TABLE 	 IV 

PYRUVATE DISMUTATION AND ACETYLATION OF SULFANILAMIDE 

BY PIGEON LIVER EXTRACT AT 37°C. 


pyruvate CO2 Sul.fanilamide Sul.fanilamide 
EXE· cone. uM added (uS) acetzlated (uS) 

1 	 Nil 1.7 200 7 
0.02M 10.3 200 81 

2 	 Nil 1.4 202 4 
0.02M 13.1 202 76 

• 
Nil 2.9 202 13 
O.OlM 7.0 202 66 

Pigeon liver extract: 1 mI. (: 60 mg. powder), prepared as 
described on page 53. Sodium phosphate buffer, JH 7.5 0.02M,
NaHC03 O.028!. Gassed .for 10 min. with 93% N2 and 7% C02. ­
Reaction started by tipping pyruvate rrom the side arm. 
Duration: 90 minutes. 



It is apparent that the dismutation of pyruvate has 

taken place, which accounts for the C02 generated and the sul­

fanilamide acetylated. Consequently, conditions are present in 

the extract whereby "active acetate tt can be generated from 

pyruvate in the absence of added ATP. It may also be seen that 

the acetylation was not due to residual ATP in the crude extract 

since the addition of acetate alone to the extract produced no 

such increase in acetylation (Table V, Expt. 2;and Table VIII, 

Expt. 3 and 5). 

It may also be noted that dismutation took place with­

out the addition of DPN. This is due to the fact that the 

liver preparations contain small amounts of DPN even after 

extensive dialysiS (193). Apparently all the necessary 

requirements for the dismutation of pyruvate are present. but 

not necessarily for the optimum rate of dismuation. This is 

indicated by the results shown in Table V, where it may be seen 

that a two-fold increase in acetylation was obtained by adding 

DPN to the system, while DPN had no appreciable effect on 

acetylation in the absence of pyruvate or in the presence of 

acet~te. The probable role of DPN in the dismuation reaction 

will be discussed later. 
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TABLE 	 V. 

EFFECT OF DPN ON ACETYLATION OF SULFANILAMIDE 

Sulfanilamide Sulfanilamide 
Exg. Additions added (~) acetzlated ~ui) 

1 	 DPN 2.5 x 10-4M ' 205 13 
Pyruvate 0.02M- 205 66 
Pyruvate 0.02M + DPN 2.5 

x lO-4M 	 205 121 

2 Acetate 0.02M 201 4 
Acetate 0.02M +4DPN 2.5 

x 1'0- M 201 7 

Pigeon liver extract: 1 ml. (: 60 mg. powder) prepared as 

described on page 53. 

Experimental conditions: See Table IV. 


on 	 uvate Dismutatlon and Acet lation 

Although acetone powder extracts usually show little 

ATP-ase activity (34) fluoDide was always included in the medium 

as a precautionary measure against losses in high-energy 

phosphate~unless its presence was undesirable tor a partioular 

reason. However. since magnesium is essential for pyruvate 

dismutation it was necessary to determine whether or not the 

usual 	concentration of fluoride used in preparing the pigeon 

liver 	extracts would inhibit the reaction. The inhibition of 

enolase by fluoride is a striking example of such an occurrenoe. 

Therefore, the pyruvate dismutation and acetylating 
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activity or a sample of pigeon liver powder extracted with 

O.15! KF was camp~ with a sample extracted with O.15M KCl. 

Since 1 mI. or extract was added to each manometer flask in 

a total volume or 3 mI., the KF or KCl extract, as the case 

may be, was present in the flask at a concentration of O.05M 

KF or KCl. It was also desirable to ascertain the effect or KF 

added directly to the vessel. The concentration of K+ was 

maintained at a constant level, O.l! in all vessels and only 

the fluoride concentration was varied. 

The results of this experiment are shown in Table 

VI. It may be seen that the acetylation of sulfanilamide was 

greatest when the pigeon liver powder was extracted with 0.15M 

KF. Secondly, when the extraction was made with KCl t he 

addition or fluoride had no appreciable effect on acetylation, 

although there was an increase in C02 output. Thererore, the 

best results were obtained when fluoride was present in the 

extraction medium rather than added directly to the manometer 

vessel. Thirdly, the addition of KF to a KF extract to make 

a total concentration of O.lM fluoride inhibited the acetyl­

ation by 54%. The inhibition was probably due to excessive 

removal of magnesium from solution in the medium. 
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TABLE VI. 

THE EFFECT OF FLUORIDE ON PYRUVATE DISMUTATION 

AND ACETYLATION OF SULFANILAMIDE 

Liver powder extracted Liver powder extracted 
with 0.15M KCl with 0.15M KF 

Additions Sulfanilamide C02 out­ Sulfanilamide C02 out­
acetylated ug. put 

~ litres 
acetylated ug. put 

u litres 

KCl 0.05M 113 160 149 189 .... 

KF 0.05K 108 197 68 139 .... 

The Warburg vessels contained: 1 mI. of pigeon liver extract (= 60 mg.
powder), Sulfanilamide 200 ug.a 0.02M sodium phosphate buffer (pH 
7.5), 0.028M NaHC03 2.5 x 10-~M DPN; 0.006M MgC12' Gassed for 
10 minutes with 93~N2 and 7~ C02; 5 min. further equilibration,
after which 0.2 mI. of 0.3M sodium pyruvate was tipped in to start 
the reaction. Total Volume: 3 mI. 

Temperature: 37°0. Duration: 90 minutes. 

The Effect of Orthophosphate on Pyruvate Dismutation and 
AcetylatIon of Sulfinilimia•• 

The fact that orthophosphate is required for pyruvate 

dismutation has been shown both for animal tissues (83,85,87) 

and bacteria (84,88,89). 

This dependence on orthophosphate is well exemplified 

by the results shown in Table VII. It may be seen that in the 

absence of inorganic phosphate the 002 output and sulfanilamide 

acetylation were at a very low level, while the presence of a 

low concentration of phosphate (Exp. 2) gave rise to a large 

increase in both 002 production and acetylation of sulfanilamide. 
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TABLE VII. 

EFFECT OF PHOSPHATE ON PYRUVATE DISMUTATION 

AND ACETYLATION BY PIGEON LIVER EXTRACT 

Experi­ Sulfan­ Sulfan­
mental ilamide ilamide C02 

Exp. Additions 	 time added acetylated ul. 
(min. ) (ug) (ug) 

1 Pyruvate 0.02M 80 202 4 14 
Pyruvate + phosphate 

O.02M 202 81 230-
2 	 pyruvate 0.02M 60 202 9 97 

Pyruvate 0.02M + 
phosphate 0.0067! 202 76 295 

Pigeon liver extract: 1 ml. (; 60 mg. powder) prepared as described 
on page 53. Phosphate buffer, pH 7.5, as indicated in the table, 
NaHC03' 0.028M. Gassed with 710 CO2 and 93% N2• 

Temperature: 37°c7 Experimental Time: 90 minutes. 

In Figure 3 are shown graphically the results of an 

experiment in which the phosphate concentration was varied. 

It may be seen that a low rate of C02 evolution occurred in 

the absence of added phosphate, which was probably due to 

traces of phosphate already present in the pigeon liver extract. 

However, the rate of C02 evolution increased sharply with 

increaSing concentration of phosphate and reached a maximum at 

0.Ol33! phosphate. 
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Figure 3. 

T~e Effect of Phosphate Concentration on the Dismutation 

of pyruvs te by Pigeon Liver Extract. 


(Experimental Conditions: see Table VII). 


The mechanism of pyruvate dismutation by the E. coli 

preparations of Ochoa, et aI, as formulated in Reaction (4) 

relegates orthophosphate to a secondary role. Pyruvate gives 

rise directly, in the presence of CoA and DPN to acetyl--GoA 

while phosphate is required for the formation of acetyl­

phosphate from acetyl-GoA with the simultaneous liberation of 

CoA. Phosphate thus serves to prevent the accumulation of 



!,c - CoA and consequently, a deficiency of free CoA, without 

which dismut'tion cannot proceed. It will be noted that 

inorganic phosphate is not essential for dismutation since it 

can be replaced by oxolacetate. Presumably, if the sulfan­

ilamide acetylating enzymes were present in these E. coli 

preparations, phosphate could also be replaced by sulfan­

ilami••• 

It becomes obvious that the formulation of the py­

ruvate dismutation reaction taking place in E. coll. cannot 

apply to that of pigeon liver extract. Should Acetyl-CoA 

beformed directly from pyruvate and Co!, without the inter­

mediate action of inorganic phosphate, the acetylation of 

sulfanilamide would take place even in the absence of phos­

phate. However, the results shown in Table VII indicate that 

the acetylation of sulfanilamide is negligible in the absence 

of inorganiC phosphate. It must be concluded from these 

results that the function of phosphate in the dismutation 

reaction by pigeon liver extracts differs from that obtaining 

in the E. coli preparations of Ochoa et al. It is apparent 

that in the former, phosphate is necessary for acetylation 

to take place under the given conditions, while in the latter, 

acetylation or citrate formation is entirely independent of 

the presence of phosphate. 

lation of Sulfan-

Generally, a high rate of acetylation of sulfanilamide 
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was obtained by the addition e~ pyruvate and DPN to pigeon 

liver extracts when phosphate was also present. The addition 

of ATP to the dismutation system always increased the 

acetylation to a still higher level (Table VIII, Expt. 4 and 

5), at times equalling that obtained by the use of acetate 

and ATP. It appeared, therefore, that the dismutation of 

pyruvate was adequate to provide a sufficient concentration 

of acetate to give rise to optimum syntheSiS of acetylsulfan­

ilamide when ATP was also added. 

On occasions a liver preparation was obtained which 

was capable of but a low rate of acetylation in the presence 

of pyruvate and DPN. One particular preparation had a very 

low activity as reflected in the synthesis of acetyl'ulfan­

ilamide. However, upon the addition of acetate and ATP to 

this extract it was found that the acetylating activity was 

very high, which indicated that the CoA level and acetylating 

enzyme concentration were adequate. Furthermore, when pyruvate 

and DPN were added to the extract with a small qlantity of 

ATP, the acetylation was increased from 31 ug. to 163 ug., 

an increase of 235% (Table VIII, Exp. 1). Therefore it was 

apparent that pJruvate was being broken down to provide the 

acetyl_precursor, and that the lack of acetylation was 

probably due to a low level of adenylic compounds to act as 

phosphate acceptors during the dismutation. 
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TABLE VIII. 

EFFECT OF ADENYLIC COMPOUNDS ON ACETyt4TION OF SULFANILAMIDE 

BY PIGEON LIVER EXTRACT. 

Exp. Additions 	 Sulfanilamide 
acetllated (ug) 

1 	 Pyruvate 0.02M 22 
Pyruvate 0.02l! + DPN~Z. 01 
Pyruvate 0.02M + DPN + ~3P 

1.5 x 10 M 103 
Pyruvate 0.02M + DPN + ~&P 

1.5 x 10 M 81 
Pyruvate 0.02M + DPN + AMP 

- 3 x 	10-oM 67 

2 	 pyruvate 0.02M + DPN 52 
Pyruvate 0.02M + DPN + ATP O.OOoM 167 
Acetate 0.02M-+ ATP 0.003M 176 

Aceta te O. 02M 18 
Acetate 0.02E + AMP O.OOoM 18 
Acetate 0.02M + ADP O.OOoM 108 
Acetate 0.02M + AMP O.003M + 

- ADP O.OOoM­ 86 
Acetate 0.02! + ATP O.OO~! 185 

4 	 Pyruvate 0.02M + DPN 153 
Pyruvate 0.02! + DPN + ATP 0.006,! 185 

5 	 Acetate O.02M 09 
Acetate 0.02~ + ATP O.OOoM 190 
Pyruvate O.omYI - 50 
pyruvate 0.02M + DPN 99 
pyruvate 0.02M + ATP 0.003M 124 
Pyruvate 0.02! + ATP 0.003M + DPN 180-

Pigeon liver extract: 1 mI. ; 60 mg. powder. 
Temperature: 37°C. 
Time; 	 90 minutes. 
Experimental conditions: See Table IV. 
Sodium pyruvate tipped from side arm after 15 min. gassing 
and equilibration. 

*DPN con.: 2.5 x 10-4 • 

Sulfanilamide added: 200 ug/vessel. 
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It will be seen from Table VIII, Exp. 3 that muscle 

adenylic acid (AMP) had no effect on the acetylation of 

sulfanilamide when added in the presence of acetate. How­

ever, AMP doubled the acetylation in the presenoe of py­

ruvate and DPN (Table VIII, Exp. 1). 

To account for the stimulation of acetylation under 

the given conditions, it appeared that the addition of AMP 

must have increased the production of high-energy phosphate. 

Barkulis and Lehninger (194) and Kiell£f' and Kiell!tr 

(91) have reported evidence which indicates that ADP, is the 

primary phosphate acceptor in oxidative phosphorylation. 

The latter have shown that complete phosphorylation of AMP 

can be obtained by pigeon liver mitochondrial preparations, 

dependent upon the presence of myokinase. However, to 

initiate the process, traces of ADP or ATP must be present 

from the start. Barkulis and Lehninger (194) working with 

rat liver particles obtained similar results. They stated 

however, that O.03! fluoride inhibited rat liver myokinase 

but not purified muscle myokinase. 

The events taking place in the pigeon liver extraot 

can be interpreted in the light of the findings of the above 

authors. There are traces of ATP present in the extracts as 

indicated by the slight acetylation of sulfanilamide obtained 

upan the addition of acetate alone (Table VIII, Exp. 3 and 5). 

The presence and activity of myokinase are indicated by the 
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fact that 108 ug. of sulfanilamide was acetylated when ADP 

was added to the liver extract in the presence of acetate 

(Table VIII, Exp. 3). Since ADP cannot function as a 

phosphate donor in the absence of myokinase, the presence of 

the latter is confirmed. Furthermore, the high concentration 

of fluoride, O.05M, present during the experiment did not in­

hibit myokinase acbivity. The fact that ADP and AMP, when 

present tog~her gave rise to less acetylation of sulfan­

ilamide than ADP alone indicated that AMP altered the position 

of equilibrium of the reaction catalyzed by ..okinase so that 

the amount of ATP formed from ADP was decreased (Table VIII, 

Exp. 3). 

Thus it can be seen that a necessary condition for 

acetylation to take place by virtue of the pyruvate dismutat­

ion reaction is the presence of adenyiliic compounds peesumably 

to function as a phosphate acceptor during the dismutation. 

This conclusion is supported by the fact that AMP was unable 

to stimulate the acetylation of sulfanilamide when added in 

the presence of acetate, while the addition of AMP to the 

pigeon liver extract in the presence of pyruvate DPN and ortho­

phosphate doubled the amount of acetylated sulfanilamide. 

The stimulation of the acetylation of sulfanilamide by AMP 

in the latter case is explanable only on the basis of in­

direct phosphorylation of AMP by the dismutation of pyruvate 

in the presence of myokinase. 

The results shown in Table VIII, Exp. 4 indicate that 
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a fairly high level of phosphate esterification can be 

attained by the dismutation reaction. However, the fact 

that the addition of ATP stimulates the acetylation is an 

indication that the esterification of inorganic phosphate is 

a limiting factor. It will be noted that when DPN is omitted, 

the addition of ATP cannot give rise to maximum acetylation in 

the presence of pyruvate (Table VIII, Exp. 5). However, when 

DPN is added, there is suffioient breakdown of pyruvate in the 

system to give as high an acatylation when ATP is supplied to 

the system, as can be obtained with acetate and ATP. 

Pyruvate Dismutation and Esterification of Phosphate 

Assuming that ADP is the primary phosphate acceptor, 

at what stage in the dismutation reaction does the transfer 

of phosphate take place? A great de& of work has been done 

in recent years on the possible coupling of phosphor71ation 

with the oxidation of reduced DPN. Lipmann, in 1946, con­

cluded from thermodynamic considerations that the high-energy 

phosphate generated in aerobic phosphorylations is formed during 

the transfer of electrons from DPNH2 to oxygen (92). tehninger 

(93) has shown that esterification of phosphate is obtained 

during the oxidation of B-hyd~~xybutyr4t. to acetoacetate, 

that the primary dehydrogenation of substrate yields no high­

energy phosphate, and also that the oxidation of reduced 

c'1bbbhrtome ~ did not yield esterified phosphate under t he same 

conditions as the oxidation of DPNH2- Lehninger's experiments 
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provide indirect evidence that phosphate esterirication may 

take place during the transfer of electrons between DPNH2 

and cytochrome~. The fact that rerricyanide oxidation or 

DPNH2 gave rise to~esterification,does not invalidate the 

evidence, since the participation of cytochrome ~ in that 

instance may have been essential. 

Aerobic phosphorylation is recognized as being 

closely associated with the mitochondrial fractions of the 

cell. It is possible that the same components of the cell are 

concerned with phosphorylations taking place under anaerobic 

conditions. In the presence of the mitochondrial components 

the oxidation of DPNH2 which takes place during the dismutat­

ion of pyruvate may very well give rise to the same degree of 

phosphate esterification taking place during the oxidation of 

DPNH2 under aerobic conditions. 

Kaplan (95) states that factors, such as acetone, 

that disrupt mitochondria, also destroy the coupling of 

oxidation with phosphorylation. However, it is possible that 

components or the phosphorylation mechanism are present in 

extracts of acetone-dried preparations under certain condit ­

ions. It may be of some significance that 2,4-dinitrophenol 

has the same effect on the acetylation of sulfanilamide by a 

liver extract in the presence of pyruvate and DPN as it has 

on acetylations taking place under aerobic conditions. 
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Effect of 2,4-DinitroEhenol and Nitrourea 

2,4-Dinitrophenol has been shown by Hotchkiss (97) 

to prevent the uptake of inorganic phosphate by respiring 

yeast, and by Loomis and Lipmann (96) to nuncouple~' respir­

ation from phosphorylation, i.e. to inhibit the formation of 

energy-rich bonds in a respiring system. It was of interest 

to compare the effeet of nitrophenols on the phosphorylation 

involved in pyruvate dismutation under anaerobic conditions 

with the effect on a respiring system. Kaplan's statement 

(98) that "The anaerobic action of dinitrophenol appears to 

be dependent on the whole cell," adds interest to the effects 

obtained on acetone-powder extracts. The results of Exp. 1, 

Table IX indicate that while 2,4-DNP had negligible effect on 

acetylation per se as evidenced by the fact that practically 

no inhibition of acetylation was obtained in the presence of 

acetate and ATP, there was an inhibition of 62% in the py­

ruvate dismutation system. This inhibition is undoubtedly 

a reflection of the effect of 2,4-DNP on the phosphorylation 

mechanism. Exp. 2 (Table IX) shows the effect of 2,4-DNP on 

the acetylation of sulfanilamide, in the presence and 

absence of orthophosphate. The low rate of acetylation which 

took place in the absence of added phosphate was completely 

eliminated by 2,4-DNP, while in the presence of phosphate 

4.5 x lO-4! 2,4-DNP inhibited the acetylation bl 31%_ However, 

the inhibition exercised by the same concentration of 2,4-DNP 

on the acetylation of sulfanilamide under aerobic conditions, 
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EFFECT OF 2,4-DINITROPHENOL AND NITROUREA 


ON THE ACETYLATION OF SULFANILAMIDE 


Per Cent 
Sulranilamide Inhibition or 

Exp. Additions acetylated
(ug) 

acetylation 

1 Acetate 0.02M 04 -Acetate 0.02M + ATP 0.003M 153 
Acetate 0.02M + ATP 0.003M + 

2,4-DNP O.OOIM - 151 9 
Pyruvate 
Pyruvate 

0.02M -
0.02M + 2,4-DNP 

- O.OOrM 

81 

31 62 

2 Pyruvate 0.02M (no phosphate) 9 
Pyruvaie 0.02M + 2,4-DNP 4.5 
x 10- M (no Phosphate) o 

Pyruvate 0t02M + phosphate
6.7 x 10- M 76 o 

Pyruvate 0t~2M + phosphate 
6.7 x 10- M + 2,4-DNP 4.5 
x 10-4M - 54 31 

3 Acetate 0.02M + ATP 0.003M 144 
Acetate 0.02M + ATP 0.o03M + 

Nltrourea 0701M - 119 17 
Pyruvate 0.02M­
Pyruvate 0.02! + Nitrourea 

O.OlM 

90 

54 40 

Pigeon liver extractz~ mI. (i 60 mg. powder) /vessel.

Temperature: 37°C. Time: 60 minutes + 15 minutes equilibration. 

HaHC03 0.028M, sodium phosphate burrer 0.02M. Gassed with 93% N2 

and 7~ C02. -DPN 5 x 10-4M added with pyruvate. Sulranilamide 

200 ug/vessel. ATP: neutralised with NaHC03. MgC12, O.0067M. 

All substrates shown in the table added as the sodium salt, pH 7.4. 


as will be shown later, was much greater than the errect or 2,4-DNP 

on the anaerobic system described. 

Nitrourea, at a much higher concentration than 2,4-DNP 

shows the same type or action as the latter (Table IX, Exp. 3). 
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The Effect of Narcotics on the Pyruvate Dismutlng System 

2,4-DNP was shown to have no appreciable effect at 

high concentration on the acetylation of sulfanilamide in the 

presence of acetate and ATP, while at the same concentration, 

0.001!, the acetylation of sulfanilamide by the pyruvate dismuting 

system was inhibited by 62%. It has been suggested (146) that 

narcotics, at low concentration, act in a manner similar to 

2,4-DNP, i.e. to uncouple phosphorylation from respiration. 

Should this be so, one might expect narcotics to have an effect 

similar to that of 2,4-DNP on the pyruvate dismuting system. 

However, the results shown in Table X indicate that 

the effects of 2,4-DNP and narcotics are quite dissimilar. Of 

the three narcotics tested, only hyoscine (scopalamine) ex­

ercised an effect resembling that of 2,4-DNP. In this case 

(Table X, Exp. 1) 0.005! hyoscine had no appreciable effect 

on the acetylation of sulfanilamide in the presence of acetate 

and ATP, while the rate of acetylation was inhibited by 38% 

when pyruvate was used. Furthermore, the inhibition by hyos­

cine was completely overcome by the addition of ATP, indicating 

the likelihood that hyoscine had depressed the generation of 

high-energy phosphate associated with the dismU*tion of'py­

ruvate. It will be seen that in all experiments neither hyoscine 

nor chloretone at high concentration had any effect on acetyl­

ation when ATP was supplied (Exp. 1,2, and 4), although chlore­

tone at the same concentration inhibited to the extent of 60 to 

75% the acetylation of sulfanilamide taking place in a respiring 
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TABLE X 

EFFECT OF CHLORETONE, 1IEMBUTAL AND HYOSCINE ON PYRUVATE 


DISMUTATION AND ACETYLATION OF SULFANILAMIDE 


S 
Sulfanilamide Per cent 

Exp. Additions acetylated inhibition 
(ug) of acetyl­

ation 

lea) Acetate 0.02M + ATP 0.003M 153 
Acetate 0.02M + ATP 0.003~ + 

Hyoscine <5.005! 148 

(b) 	 pyruvate 0.02M 74 
Pyruvate 0.02M + Hyoscine O.005M 46 38 
Pyruvate 0.0211 + ATP O.003M - 90 
Pyruvate 0.02V + ATP O.003M + 

Hyoscine O:005! 	 94 

2 Acetate 0.02M + ATP O.045M 193 
Acetate O.02M + ATP QQ045M + 

Chloretone 0.005M - 195 ­-
3 	 Pyruvate O.02M 121 

Pyruvate o.o2i + Chloretone O.004M 108 10 

Pyruvate O.02M + ATP O.003M 137 
Pyruvate o.o2M + ATP o.oo311 + 

Chloretone-O.004M 137 o-
5 	 Pyruvate O.02M 76 

Pyruvate 0.02M + Nembutal O.OO~! 76 o 

Pigeon liver extract: 1 ml (. 60 mg. powder)/vessel. 

Time: 90 minutes + 15 minutes equilibration.

Temperature: 37°C.· 

NaHD03 O.028~ sodium phosphate buffer 0.02M, pH 7.5 gassed with 

93% N2 and 7~ C02. DPN 5 x lO-4M was added-wherever pyruvate was used. 

MgC12 O.0067M; Sulfanilamide aoo-ug. All substrates added as their 

sodium salts; pH 7.4. Hyoscine hydrobromide: neutralised with NaOH 

before use. 


*Carried out in air. NaRC03 omitted, and the vessels not gassed. 



system. Chloretone, at 0.004! concentration, inhibited 

acetylation by the pyruvate dismuting system to the extent of 

10%, which is bordering on the limits of experimental error 

(Table X, Exp. 3). Nembutal, at O.OOIM concentration, which 

inhibited the aerobic acetylation of sulfanilamide by 60% 

(Fig. 6), had no effect on the anaerobie acetylation (Table X, 

Exp. 5). 

The Effect of Citrate on the Pyruvate Dismutation System 

The activating effect of citrate on acetylcholine 

synthesis (20,21,27,28,29,30,38) has been well substantiated, 

but has been at the same time the object of some disagreement 

concerning the manner in which the activation is achieved (33, 

24,21). (See "Historical Introduction", page 10). 
~ 

In the present investigation it was confirmed that 

citrate had an activating effect on acetylcholine synthesis, 

by beef brain extract provided ATP was present (Table XIV). 

Similarily, citrate gave rise to increased acetylation of 

sulfanilamide by pigeon liver extract in the presence of ATP 

(Table XVI). It may be seen from Table XI, (Exp. 1) that no 

increase in acetylation was obtained when citrate alone was 

added to pigeon liver extract. However, the rate of sulfan­

ilamide acetylation by pigeon liver extract in the presence of 

pyruvate was almost doubled when citrate was added (Table XI, Exp. 

1 and 2). The stimulation of acetylation by citrate did not appear 
I 

to be due to the inhibition of ATP-ase by the removal of divalent 

ions (23,24) since Oxalate (Exp. 2) had no effect (30); nor did 
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it appear that the activation of acetylation by citrate could 

be explained on the basis of the breakdown of citrate to give 

acetyl-CoA, since citrate when added alone had no effect on 

the rate of acetylation. 

The citrate activation was similar to that obtained 

on the addition of DPN (Tables V and XI, Exp. 3), although no 

connection between the two phenomena was nece.sarily involved. 

It was rather surprising, however, that when citrate and DPN 
<"e.were added togetherAstimulating effect on acetylation was no 

greater than when one or the other was added alone (Table XI, 

Exp. 3.). 

TABLE XI 

THE EFFECT OF CITRATE ON TEE ACETYLATION OF SULFANII/lMIDE 

BY PIGEON LIVER EXTRACT IN THE PRESENCE OF PYRUVATE 

Sulfanilamide Sulfanilamide 
Exp. Additions added (ug) acetylated

(ug) 

1 	 Nil 202 4 
Citrate O.OlM 202 5 
Pyruvate O.O~M 202 63 
Pyruvate 0.02M + citrate O.OlM 202 126 

2 	 pyruvate O. 02M 205 66 
pyruvate 0.02M + citrate 0.02M 205 III 
Pyruvate 0.02M + oxalate 0.02M 205 57 

3 	 Citrate 0.02M 201 9 
DPN 2.5 x 10'4M 201 13 
Citrate 0.02M + DPN 2.5 x 10-4M 201 4 
Pyruvate O.O~M 201 64 
Pyruvate 0.02M + DPN~.5 x 10-4¥ 201 121 
Pyruvate 0.02M + DPN 2.5 x 10- ! + 

citrate 0.02M 201 117 
pIgeon lIver extract: 1 ml.(i60 mg. powder)/vesseI. sodIum phosphate 
buffer O.02M, pH 7.5, NaHC03 0.028!. Gassed for 10 min. with 93% N2 
and 7% C02- MgCl2 n.005!_ pyruvate, citrate, oxalate, added as their 
sodium salts. 
Temperature: 37,C. Experimental time: 90 minutes + 15 minutes
equilibration. 



Recently, stern at al (206) have shown that the 

following reaction can take place in pigeon liver extract: 

citrate + CoA + DPN
d 

~.~==a l-malate + acetyl-GoA + DPN (8)
re ox 

Citrate breaks down to acetyl-CoA and oxalacetatej the removal 

of the latter by conversion to malate in the presence of malic 

dehydrogenase and DPNH2 facilitates the breakdown of citrate. 

Equilibrium is reached when approximately 70% of the DPNH2 is 

oxidized. 

Reaction (8) provides an explanation for the activat­

ing effect of citrate on the acetylation of sulfanilamide in 

the presence of pyruvate. The reduced DPN required in 

Reaction (8) could be supplied from the first stage of the 

pyruvate dismutation reaction, i.e. 

Pyruvate + DPN + GoA ----- acetyl-GoA + C02 + DPNH2 (9) 

The result would be a coupling of Reaction (8) and (9) to give 

as the net result: 
DPN

Pyruvate + citrate + CoA ... > malate + acetyl Co! + C02 (10) 

It was pointed out previously that the addition of citrate alone 

to the pigeon liver extract brought about no increase in the 

acetylation of sulfanilamide. The citrate stimulation of 

acetylation in the presence of pyruvate must then have been due 

to the fact that the DPNH2 produced by Reaction (9) made possible 

the breakdown of citrate by means of Reaction (8) and hence in­

creased the over-all formation of Acetyl-CoA. 

It may be seen from Table XI (Expt. 3) that in the 

presence of added DPN citrate failed to stimulate the acetylation 
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of sulfanilamide, whether or not pyruvate was present. This 

result is understandai~e when one considers that the addition 

of a relatively high concentration of DPN in the oxidized 

form would drive Reaction (8) to the left, thus favouring the 

formation of citrate rather than the breakdown. Furthermore, 

under these conditions, when pyruvate is present, the addition­

al effect of the lactic dehydrogenase system (Reaction 13) 

would tend to prevent the DPNH2 concentration from reaching 

the point where citrate breakdown could cccur. Hence, in this 

ease citrate would have no stimulating effect on the rate of 

sulfanilamide acetylation. An alternative explanation for 

the phenomenon may be that Coenzyme A is the rate limiting 

factor since it takes part in both Reactions (8) and (9), in 

which case the addition of citrate in the presence of DPN 

would have no effect on the rate of acetylation. The addition 

of Coenzyme A to the system would have settled this point. 

However, it had been found that the pigeon liver extracts 

contained optimum amounts of Coenzyme A for acetylation pur­

poses since the rate of acetylation could not be increased 

by the addition of boiled tissue extracts. 

The Effect of Oxalacetate and FUmarate on the Acetylation of 
SulfanIlamide by pIgeon LIver Eitract In the Presence ot 
?INvate and DPN 

Oxalacetate has been found to inhibit acetylcholine 

syntaaaia by brain extracts (30) and the acetylation of 

aromatic &mines by pigeon liver extracts (63). 
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The large inhibition exercised by oxalacetate on 

sul~anilamide acetylation is shown in Table XII (Exp. 1). It 

is now known that this inhibition is due to competition by 

o~acetate ~or Acetyl-CoA, thus decreasing the formation of 

acetylsulfanilamide (99). 

TABLE XII 

EFFECT OF OXALACETATE AND FUMARATE ON PYRUVATE DISMUTATION 

AND ACETYLATION OF SULFANILAMIDE 

Sul.fanilamide Per cent 
Exp. Additions acetylated inhibition 

ug. o.f 
~T acetzlation 

1 Pyruvate 0.02M + DPN 2.5 x 10-4M 78 
Pyruvate 0.o2E + DPN 2.5 x 10-4E + 

Oxalacetic 0.005M 26 67 
, 
.- Pyruvate 0.02M + DPN 2.5 x 10-4M + 

ATP 0.003M 137 
Pyruvate 0.02M + DPN 2.5 x 10-4M + 

ATP O.003M + Oxalacetate 0.005M 65 53 

2 Pyruvate 0.02M + DPN 5 x 10-4M 141 
Pyruvate 0.02M + DPN 5 x 10-4'M + 

.fumarate O.02M 45 68 

Acetate 0.02M + DPN 5 x 10-4M + 
ATP O.OO'3'M 137 

Acetate 0.02M-+ DPN 5 x 1~-4M + 
ATP O.OO~M + .fumarate 0.02M 47 65 

pigeon liver extract: 1 ml (: 60 mg. powder)!vessel.

Temperature: 37°C. Time: 90 minutes + 15 minutes equilibration. 

Sodium phosphate bur.fer, 0.02M, pH 7.5. NaHC03 0.028M; MgC12 0.005M. ; 

Sulfanilamide 202 ug. Gassed-for 10 minutes with 93~N2 and 7% COQ; 

All substrates added as their sodium salts. ~, 


DPN was added in Exp. 3 to facilitate the oxidation o.f malate to oxal­

acetate. 
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The inhibition of acetylation by fumarate is shown 

in Exp. 2 {Table XII}. The extent of the inhibition~ which is 

similar to that shown by oxalacetate, indicates that fumarate 

can go readily to oxalacetate in pigeon liver extracts. The 

relevant equations are: 
fumarase 

Fumarate + H20 < ). malate (11) 
malic dehydrogenase

Malate + DPN < ) Oxalacetate + DPN (12)
ox red 

DPN + Pyruvate tactic dehldro§enase DPN + lactate (13)
red (jx 

It will be observed (Table XII, Exp. 3) that fumarate gave rise 

to the same degree of inhibition in the presence of acetate, DPN, 

and ATP as it did in the presence of pyruvate. In this case 

the pyruvate required for the oxidation of DPNH2 may have been 

supplied in sufficient quantity by decarboxylation of oxalacetate. 

The inhibition of acetylation reactions by fumarate 

and oxalacetate will be discussed in greater detail in the 

following section. 
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Summary 

1. 	 contrary to the inhibitory errect of pyruvate on acetyl­

choline synthesis under other conditions, it has been 

shown that the addition or pyruvate to a beef brain 

extract in the presence of glucose does not inhibit the 

acetylation of choline. In fact, the addition of py­

ruvate stimulates both glycolysis and acetylcholine 

synthesis. 

2. 	 The addition of pyruvate to a beef brain extract results 

in a dismutation reaction the extent of which may be 

measured under anaerobic conditions by following the 

evolution of C02 and/or the formation or lactate. 

3. 	 The dismutation of pyruvate by beef brain extracts is 

associated with an increased rate or acetylcholine syn­

thesis. 

4. 	 The addition of rumarate has no effect on the dismutation 

of pyruvate, but inhibits acetylcholine synthesis markedly. 

5. 	 The dismutation of pyruvate taking place in an extract or 

pigeon liver is associated with a large increase in the 

rate of sulfanilamide acetylation. 

6. 	 Although sulfanilamide acetylation may be obtained by the 

addition of pyruvate to pigeon liver extract the rate o~ 

acetylation is greatly increased by the addition of DPN, 

which is essential for the dismutation of pyruvate. 

7. 	 The dismutation of pyruvate by pigeon liver extracts doesh~ 

occur to an appreciable extent in the absence of added 

orthophosphate. Furthermore, sulfanilamide cannot replace 
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orthophosphate in the reaction, which is indicated by the 

fact 	that the acetylation of sulfanilamide is negligible 

in the absence of phosphate. 

8. 	 In the presence of pyruvate and DPN, the addition of ATP, 

AD~and AMP to a pigeon liver extract results in a large 

increase in the rate of sulfanilamide acetylation. 

9. 	 Although ATP and ADP are effective in stimulating the 

acetylation of sulfanilamide in the presence of acetate, 

AMP has no effect. 

10. 	 The fact that sulfanilamide acetylation can be obtained 

with acetate and ADP indicates the presence of myokinase 

in pigeon liver extract. 

11. 	 2,4-Dinitrophenol, nitrourea, and to ~ lesser extent, 

hyoscine, inhibit the acetylation of sulfanilamide which 

is associated with pyruvate dismutation, but do not in­

hibit acetylation when acetate and ATP are used as 

acetylating agents. On the other hand, narcotics in 

general have no effect on the dismutation of pyruvate nor 

do they inhibit the anaerobic acetylation of sulfanilamide. 

12. 	 The rate of sulfanilamide acetylation by pigeon liver 

extract in the presence of pyruvate is approximately 

doubled when citrate o~ DPN is added. The addition of 

citrate and DPN together sec~es no further increase in 

the rate of acetylation. 

13. 	 t~lacetate, like fumarate, markedly inhibits the rate of 

sulfanilamide acetylation by pigeon liver extract in the 

presence of pyruvate and DPN. 
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THE INHIBITION OF ACETYLATION BY DICARBOXYLIC ACIDS. 

~-Keto acids (pyruvic, oxalacetic, and -Keto­

glutaric) in low concentrations inhibit the synthesis o£ Ach 

by cell-free extracts (20,29,30,35). Various explanations 

have been offered as to the mechanism of inhibition. Nach­

mansohn and John (20) taking into consideration the specific 

effect of l(+)-glutamie acid in reactivating the dialyzed 

enzyme extract suggested that the ~-keto acids block the 

acetylating system by a competitive reaction between -CO--COOH 

and -CH.NH2eCOOH groups of the keto acid and glutamic acid, 

respectively; £urthermore they thought it improbable that the 

inhibition was due to an effect on the -SH groups of choline 

acetylase. However, Nachmansohn (188) also pOints out that the 

degree of inhibition varies with the purity of the enzyme 

preparation. This would indicate that the inhibition is 

related to substances or enzymes removed in the course of 

purification of the enzyme preparation, rather than to a direct 

effect on the choline acetylating system per see 

The Effect of Fumarate, Malate, and Oxalacetate on Ach SyntheSiS
by Cell-Free ~xtract8 

Methods 

The methods of EBrpur and Quastel (39) were used for 

the synthesis of Ach by cell-£ree extract. of beef brain. The 

preparation of acetone-dried brain powder is described under 

"Experimental Methods and Procedures n, page 33. For details as 
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to the experimental conditions for Ach synthesis by cell-free 

extracts of beef brain see page 48. 

The Inhibition of Acetylcholine Synthesis by Oxalacetate 

Extracts of beef brain, which are capable of a high 

rate of glycolysis produce but little Ach in the absence of 

added substrate (Table XIII). The addition of glucose gives 

rise to a greatly increased Ach synthesiS which is related to 

the high rate of glycolysis as manifested by the lactate and 

CO2 produced. It will be seen from Table XIII that there is a 

slight discrppancy between the lactic acid and C02 values. 

This is due to the fact that no correction was made for the 

lactic acid produced during the 15 minute equilibration period, 

whereas the measurement of C02 output was begun after that 

period. Since in the glycolytic sequence there is a net gain 

of ATP it may be expected that the increased Ach synthesis is 

a direct result of the breakdown of glucose to provide both 

the acetyl precursor and the ATP necessary for Ach syntheSis 

to take place. 

The addition of Oxalacetate at a concentration of 

0.005! (15 tiM) inhibited the acetylation of choline by 63% 

while at the same time increasing slightly the lactate and CO2 
production (Table XIII, Exp. 1). The latter probably indicates 

decarboxylation of some oxalacetate to pyruvate and CO2, and 

further reduction of pyruvate to lactate. It will be recalled 

that pyruvate (Table I) under the same conditions did not 

inhibit the acetylation of choline, but did enhance, in a 
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TABLE XIII 


TEE EFFECT OF FUMARATE, MALATE, AND OXALACETATE ON GLYCOLYSIS 

AND ACH SYNTHESIS BY BEEF BRAIN EXTRACTS AT 37°C. 

CO2 Aeh 
Exp. Additions Lactate output synthesis

uM uM ug/S
powder 

1 Nil 4.6 28 
Glucose 0.04M 53.0 36 105 
oxalacetate a.005M 7.3 17 
Glucose 0.04M + Oxalacetate 

0.005M 57.0 43 39 

2 Nil 9.3 48 
Glucose 0.04M 58.4 31.5 119 
Fumarate O.O'IM 9.3 20 
Glucose 0.04M-+ Fumarate 

O.OlM 54.7 28.5 35 

Nil 43 
Glucose 0.03M 46 100 
Malate O.OlM- -- 10 
Glucose O.O~M + Malate O.OlM 41 43 

4 Nil 24 
Fumarate O.OlM 10 
Glucose O.OlC 38 80 
Glucose o.olM + Fumarate 

O.OlM 39 20 
Maleate O.OlM 0.5 20 
Glucose O.OlM + Maleate O.OlM 38 80 

Bicarbonate-phosphate buffer, pH 7.5. Gassed with 93~ N2 and 7tf, CO2. 
Experimental conditions as described on page 48. 

manner similar to oxalacetate, the output of C02 and the form­

ation of lactate. It in unlikely that oxalacetate exercised 

an inhibition of acetylation by virtue of the ~-keto group, 

since pyruvate which also contains the same grouping did not 

inhibit acetylation under the same conditions (Table I). 
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Inhibition of the Acetylation of Choline by Fumarate and 
Malate 

Dicarboxylic acids (including fumarate and malate) 

have been found to be ineffective in the reactivation of 

dialyzed extracts (20). However, the effects of fumarate and 

malate on active brain extracts have been given scant attent­

ion (18). 

It was in the hope of gaining some insight into 

the inhibition of the acetylation of choline caused by oxal­

acetate that fumarate and malate were first tested for 

possible affects on acetylation, since they are precursors 

of oxalacetate in the tricarboxylic acid cycle. It was found 

that both malate and fumarate inhibited the acetylation of 

choline to the same extent as did oxalacetate, (Table XIII, 

Exp. 2 and 3), but the effect of fumarate on lactate production 

and C02 oupput was the opposite to that shown by oxalacetate, 

although the effect one way or the other was quite small. 

The lack o£ inhibition by maleate, the cis-isomer 

of fumarate, (Table XIII, Exp. 4) indicated the likelihood 

that fumarate and malate were not inhibitory to Ach synthesis 

by virtue of the carboxyl groups Which they possess; there­

fore, the probability was great that they were oxidized to 

oxalacetate. 

The Effect of Fumarate on Ach SyntheSis in the Presence of 
Citrate 

The stimulating effect of citrate on Ach synthesis 



is shown in Table XIV (Exp. 1). (It has been shown by Lipton 

and Barron (2l) that citrate breaks down to provide "active" 

aatate ror acetylation purposes). The addition or £umarate to 

this system resulted in a much greater inhibition or acetyl­

ation than was the case when rumarate was added to the gly­

colyzing system shown in Table XIII. It appeared that rum­

arate prevented the breakdown of citrate, since the acetyl­

ation was reduced to the control value. This indicated the 

possibility or the accumulation of oxalacetate from fumarate, 

thus shifting the equilibrium in favour of citrate synthesis 

rather than breakdown. 

It was expected that the addition or semicarbazide 

to the rumarate inhibited system would relieve the inhibition 

by trapping the oxalacetate formed (Table XIV, Exp. 2). Such 

was not the case. However, semicarbazide increased the syn­

thesis or Ach in the presence of citrate by 26%, which con­

firmed the observation or Lipton and Barron (21) that semi­

carbazide stimUlates Ach synthesis, by fixing the oxalacetate 

which accumu~ates as the result or the breakdown of citrate, 

thus propitiating the formation of "active acetate" for 

acetylation purposes. 

The work on Ach synthesis by beef brain extracts 

indicated that fumarate and malate were not in themselves in­

hibitory, but that oxalacetate formed from these compounds was 

responsible for the inhibition. However, direct evidence was 

necessary to show the manner in which the malate ariSing from 
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TABLE XIV 


THE FUMARATE INHIBITION OF ACH SYNTHESIS 

BY BEEF BRAIN EXTRACT IN THE PRESENCE OF CITRATE 
(at 37°C). 

Ach Per cent 
Synthesis inhibition 

Exp. Additions ug/g by Fumarate 
Eowder 

1 Nil 26 
Citrate O.OlM 140 
Fumarate O. OiM 15 42 
Citrate O.OlM-+ Fumarate O.OlM 26 81 

Nil 45 
Citrate O.OlM 116 
Fumarate O.OiM 24 47 
Citrate O.OlM-+ Fumarate O.OlM 52 55 
semi-Carbaziae 0.02M 47 
Citrate O.OlM + SemI-Carbazide 0.02M 157 
Citrate O.OlM + Fumarate •• 01M + 

Semi-Carbazide 0.02M 52 55 

Experimental Conditions: 1 mI. or brain extract prepared as 

described on page 33 • NaHC0..3 O.037M, eserine sulphate O.003!, 

choline chloride O.0008M, Na4ATP O.002M, NaF O.03M, sodium 

phosphate buffer, pH 7.0, O.OlM. - ­
Total Volume: 3 mI. Gassed with 93~ N2 and 7'" C02. 

Time: 1 hour plus 15 minutes equilibration. 


rumarate could be anaerobically oxidized to oxalaoetate, and 

also to provide proor that rumarate and malate were not in­

hibitors Eer se of acetylation. The sulfanilamide aoetylating 

system of pigeon liver was employed for this phase or the work. 

Fumarate Inhibition of Sulfanilamide Acetllation 

Pigeon liver acetone powder, prepared as described 

on page 34 was extracted by grinding it ror 5 minutes in a 
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a mortar with the follQwing solution: KCl 0.09M, MgC12 0.012M, 

and NaF 	 0.09M. Sufficient extraction solution was added 

initially to the powder to make a smooth thick paste after 

which 	the solution was added in small quantities with con­

tinuous 	grinding until the requisite amount ot extraction 

solution had been added. After centrifugation at 19000 g for 

5 minutes, 1 ml. of the supernatant, equivalent to 60 mg. of 

powder, 	was pipetted directly into each manometer flask. 

Other 	additivns to the flasks are shown in the tables. 

TABLE XV 

FUMARATE INHIBITION OF SULFANILAMIDE ACETYLATION 

BY PIGEON LIVER EXTRACT AT 17°C 

Sultan- Sulfan- Per cent 
ilamide ila:m.ide inhibition 
added acetyl- by 

Exp. Additions (ug) ated fumarate 
(uS) 

1 	 Nil 199 18 
Acetate O.013M 199 III 
Fumarate 0.0111 199 7 61 
Acetate 0.013'1 + fumarate O.OlM 199 63 43 
Acetate 0.013. 100 78 
Acetate 0.013M + fumarate O.OlM 100 42 46 

2 	 Acetate 0.013M 101 66 
Acetate 0.013'1 + fumarate 0.02M 101 29 56 

Media: 	 1 mI. of pigeon liver extract (. 60 mg. powder)
NaHC03 0.028M, ATP 0.002M. 
Gassed with ~3% N2 and 7J CO2. 

Time: 	 1 hour. 
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In the presence of acetate and ATP, fumarate inhibited 

the acetylation of sulfanilamide by 43% (Table XV, Exp. I), and 

by reducing the concentration of sulfanilamide the inhibition 

of acetylation by fumarate was increased to a slight extent, but 

not significantly. However, by increasing the fumarate concen­

tration from O.OIM to 0.02M the inhibition of acetylation was 

increased to 56% (Exp. 2). The fact that the rate of acetylation 

could be reduced by increasing the concentration of fumarate 

relative to sulfanilamide indicated the probability of substraa 

competition for "active acetate". 

The Effect of Fumarase Inhibitors 

The first step in the formation of oxalacetate from 

fumarate involves the addition of a molecule of water to the 

latter to give rise to malate. Quastel (189) has shown that 

the acidic dye, Congo Red, at one part in 5000 inhibits fum­

arase activity of a cellular extract of E. coli by 97%. There­

fore, the addition of Congo Red to the pigeon liver extract 

might be expected to prevent the formation of oxalacetate from 

fUmarate by blocking the transformation at the fumarase stage, 

thus effectively overcoming the inhibition of acetylation 

caused by the addition of fumarate. However, Congo Red would 

not be expected to relieve the inhibition of acetylation 

caused by malate or oxalacetate. Nertheless, a relief of the 

fumarate inhibition by Congo Red would constitute proof that 

fumarate per se was inhibitory to the acetylation process. 

The effects of the addition of Congo Red are shown in 
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Table XVI, Exp. 1 and 2. It may be seen that Congo Red had no 

effect on the acetylation of sulfanilamide (Exp. 1). However 

when added in the presence of fUmarate, malate, or oxa1acetate 

Congo Red increased the inhibition of acetylation by 14 to 20%. 

No explanation is offered for this phenomenon. It should be 

mentioned that Congo Red did not interfere with the determination 

TABLE 	 XVI 

THE EFFECT OF 	 CONGO RED (OR) ON THE INHIBITION 

OF SULFANILAMIDE ACETYLA,TION BY FUMARATE, MALATE, 

AND OXALACETATE AT 37°0 

Sulfanilamide Per cent 
Exp. Additions acetylated Inhibition 

(uS) 

1 	 Acetate 0.02M 64 
Acetate 0.02M + Congo Red 64 
Acetate O.02M + Oxalacetate O.02M 25 61 
Acetate 0.02Jl + Oxalacetate 0.02M 

+ CR 	 16 75 

2 	 Acetate 0.02M 70 
Acetate 0.02M + Fumarate 0.02M 32 54 
Acetate 0.02'1 + Fumarate 0.0211 

+ CR - 18 	 74 
Acetate 0.02M + Malate 0.02M 41 41 
Acetate 0.02Jl + Fumarate 0.02M 

+ CR 	 27 61 
Acetate 	0.02M + Malate + Fumarate 

O.OlM 37 47 

Media: 	 I mI. of pigeon liver extract (: 60 mg. powder), 
Sulfanilamide, 100 ug. NaHC03 0.028M; ATP 0.002M; Congo 
Red 1 • Gassed with 93% N2 and 7'%> C02. ­

4500 
Time: 1 hour. 



of sulfanilamide as it was carried down completely by the tri­

chloracetic acid-precipitated proteins, leaving a clear, 

colorless supernatant. 

Bayer-205 (suramin) was also tried as a fumarase 

inhibitor (189). At a concentration of 3.5 x lO-4M, Bayer-205 

inhibited completely the ac~ylation of sulfanilamide. 

It was noticed that fumarate, in a number of 

experiments, gave rise to a greater inhibition than was the 

case with malate. This suggested the possibility that fumarate 

was necessary as a hydrogen acceptor for the oxidation of 

malate to oxalacetate, which would explain the greater format. 

ion of oxalacetate from fumarate than from malate. Although 

an equilibrium exists between fumarate and malate, in which 

case there would always be some fumarate present when malate 

alone was added, the equilibrium state is heavily in favour 

of miate. It would be expected, if fumarate acts as a hydrogen 

acceptor for malate OXidation, that the addition of fumarate 

would enhance the malate effect. However, when fumarate and 

malate were added together (Table XVI, Exp. 2) the inhibition 

of acetylation was an average of thatootaining when each was 

present alone. 

As a further check on the possibility that fumarate 

might act as a hydrogen acceptor for malate oxidation, it was 

decided to assay the flask contents for the presence of 

succinic acid. An active succinoxidase preparation was ob­

tained from pigeon breast muscle (190) for this purpose. How­
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ever, no indication of succinic acid formation was obtained. 

Furthermore, assay of the pigeon liver extract ror succinic 

dehydrogenase by means of the ferricyanide technique (172) gave 

negative results. In view of the above data it appeared that, 

pro vided fumarate and :malate were causing the inhibition by 

means of the formation of oxalacetate, a compound other than 

fumarate must act as hydrogen acceptor for the oxidation of 

malate. 

The Effect of Cyanide on the FUmarate Inhibition of Acetylation 

Cyanide and semicarbazide rorm with oxalaceticacid 

the cyanhydrin and semicarbazone, respectively, of thato<-keto­

acid (191). Thererore, the presence of one or the above keto­

acid fixatives should effectively trap the oxalacetate arising 

from fumarate and thus relieve the inhibition of acetylation. 

Semi-carbazide was first tried in connection with 

Ach syntheSis (Table XIV) where it was found that at the 

concentration used, O.02M, the inhibition by fumarate was not 

relieved, but that semicarbazide stimulated acetylation in the 

presence or citrate. Semicarbazide was found to be unsuitable 

as a trapping agent for oxalacetate when sulfanilamide 

acetylation was involved since it inhibited the latter process. 

It has been shown by Green and Williamson (191) that 

cyanide is about three times as efficient as semicarbazide as 

a fixative for oxalacetate. At the same time, cyanide does 

not affect the acetylation process (Table XVII, Exp. 1). 
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Methods 

The pigeon liver extract was prepared by grinding 

the powder (prepared as described under "Experimental Methods 

and Procedures") with 0.15! KF for 5 minutes. 1 mI. of KF was 

used per 60 mg. of powder. After centrifugation at 19000 g 

the clear supernatant was pipetted directly into the manometer 

flasks. It will be noted that it was unnecessary to add 

Coenzyme A or cysteine to these preparations in order to obtain 

a high rate of acetylation. Thus, in Exp. 1 and 3 of Table 

IVII, over 80% of the added sulfanilamide was acetylat'd in a 

period of 75 minutes. It has been found throughout this work 

that the crude extracts of pigeon liver have always contained 

sufficient Coenzyme A for acetylation purposes, and increased 

activity was not obtained by increasing the concentration of 

CoA. 

Since NaCN was used in high concentrations, the 

sodium ion concentration in all vessels was equalized by the 

addition of NaCl where required. The inCUbation was carried 

out for a period of 90 minutes at 37°C in a bicarbonate-phosphate 

buffer composed of NaHCO~ O.028M and sodium phosphate, pH 7.5, 

O.02M. Other additions to the manometer flasks are shown in 

the tables. All concentrations deSignated are final, in a 

total volume of 3 mI. 

Results 

It may be seen from Table XVII, Exp. land 3, that 

fumarate exercised its characteristic inhibition of acetylation 
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although the effect was not as great as usually observed. How­

ever, 	the addition ot cyanide decreased the inhibition by 57%, 

indicating that the inhibition ot acetylation was in all 

probability due to the formation of oxalacetate and not to 

TABLE XVII 

THE EFFECT OF CYANIDE ON THE INHIBITION OF ACETYLATION 

BY FUMARATE (at 37°0) 

Sulfanilamide Per Cent 
acetylated Inhibition 

Exp. Additions ug. of 
Acetllation 

1 	 Acetate 0.02M 162 
Acetate 0.02M + NacN* 0.067M 162 
Acetate 0.02M + Fumarate 0.013M 117 28 
Acetate 0.02M + FUmarate 0.013M + 

NaCN 0.06?fM 	 142 12 

2 	 Acetate 0.02M 158 
Acetate 0.02M + NaCN O.lM 155 
Acetate 0.02M + FUmarate-0.02M 112 29 
Acetate 0.02M + Fumarate 0.02M + 

NaCN O.lM-	 135 14 

:3 	 Acetate O.02M 83 
Acetate O.02M + Fumarate 0.02M 67 19 
Acetate 0.02M + Fumarate 0.02i + 

NaCN O.lM- 79 5 
Acetate O.O~M + DPN 0.0003M 81 
Acetate 0.02M + DPN 0.0003E + 

Fumarate 0.02M 56 31 
Acetate 0.02M + DPN 0.0003M + 

Fumarate O.02M + NaCN O~lM 76 6 

Media: 	 Bicarbonate-phosphate buffer pH 7.5, 1 mI. of pigeon liver 
extract (- 60 mg. powder) as described in the text. 
Sulfanilamide: Exp. 1. and 2, 203 ug 

Exp. 3, 101 ug 
MgC12 0.004M. Gassed with 93% N2 and 7% C02­

Time: 60 minutes plus 15 minutes equilibration. 

* NaCN Was neutralised with HCl before being added to the manometer 
tlasks. 



fumarate per se. The effect was still more apparent in Exp. 

3 (Table XVII) where the inhibition by fumarate was enhanced 

by the addition of DPN to facilitate the oxidation of malate 

to oxalacetate. Although the addition of DPN inereased the 

inhibition by 63%, (i.e. from 19 to 31%), the presence of 

cyanide in both cases (i.e. in the presence and absence of 

DPN) reduced the inhibition to a low level. Therefore, the 

fact that cyanide effectively relieved the inhibition caused 

by fumarate indicates that the formation of oxalacetate was a 

prerequisite to the inhibition of acetylation. 

The question arises as to the nature of the hydrogen 

acceptor involved in the oxidation of malate. Stern and Ochoa 

(99) have shown that malate was aa effective as oxalacetate for 

citrate synthesis by pigeon liver extracts. The addition of 

pyruvate in the presence of malate greatly increased the 

formation of citrate,although same citrate was formed in the 

absence of pyruvate. It was concluded from these results that 

pyruvate acts as the hydrogen acceptor for malate oxidation in 

confor.mity with the following equations: 

I-malate + DPN _______ oxalacetate + DPN (malic dehydrogenase) (12)
ox red 

Pyruvate + DPN lactate + DPN (lactic dehydrogenase) (13)
red ox 

DPNSum: I-Malate + pyruvate oxalacetate + lactate (14) 

If pyruvate is the only hydrogen acceptor operating 

under the given conditions, it must be assumed that, in the 

absence of added pyruvate, either there is sufficient pyruvate 



present in the medium to serve as a hydrogen acceptor ror re­

duced DPN or that pyruvate is generated by the breakdown or a 

portion or the oxalacetate rormed, since a number or experiments 

(Tables XIV, XV, and XVI) indicated that a high degree or in­

hibition of acetylation is obtained without the addition of 

pyruvate. Previously, under the section "pyruvate Dismutation" 

page 78, the effect of fumarate in inhibiting the acetylation 

of sulranilamide in the presence of acetate and A!P was compared 

with the effect on the acetylation associated with pyruvate 

dismutation (Table XII). It was found that the irnibition of 

acetylation was approximately the same in both cases, Le. in 

the presence or absence of pyruvate. Therefore, on the basis 

of these results, the possibility or an alternative hydrogen 

acceptor for the oxidation of DPNH2 cannot be excluded. 

It was reported by Soodak and Lipmann (65) that 

oxalaeetate markedly depressed the acetylation of sulfanilamide 

by pigeon liver extracts. stern and Ochoa (63) reported the 

formation of citrate from acetate and oxalacetate by pigeon 

liver extracts in the presence of ATP, CoA, and Mg++ • While 

the present work was in progress Stern and Ochoa (99) reported 

that malate was just as effective as oxalacetate for citrate 

synthesis by pigeon liver extracts. It is apparent that fumarate, 

malate, and oxalacetate depress the formation of acetylsulfan­

ilamide by forming citrate, thus competing for acetyl-col. 

Since fumarate, malate, and oxalacetate inhibit the 
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acetylation of choline by beef brain extracts in the same 

manner as they inhibit the acetylation of sulfanilamide by 

pigeon liver extracts ~ must be ocncluded that the same 

mechanism is involved in both aases. 

1. 	 Fumarate, malate, and oxalacetate inhibit the synthesis 

of acetylcholine by beef brain extracts and the acetyl­

ation of sulfanilamide by pigeon liver extracts. Maleate 

has no effect on acetylcholine formation. 

2. 	 Fumarate and malate inhibit the acetylation of choline and 

sulfanilamide only to the extent to which they can be 

oxidlzed to oxalacetate, which competes with choline and 

sulfanilamide for acetyl-CoA. 

3. 	 Fumarate does not inhibit the acetylation of sulfanilamide 

by pigeon liver extracts in the presence of O.lM neutral 

NaCN. The effect of NaCN in overcoming the fumarate 

inhibition is due to the formation of the cyanhydrin of 

oxalaoetate, thus trapping the oxalacetate formed from 

fumarate. 

4. 	 Cyanide at a conoentration of O.lM does not inhibit the 

acetylation of sulfanilamide. 

5. 	 The stimulating effect of semicarbazide on acetylcholine 

synthesis by beef brain extracts has been confirmed. 

6. 	 3.5 x lO-4MBayer-205 (suramin) completely inhibits the 

acetylation of sulfanilamide by pigeon liver extracts. 
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THE EFFECTS OF NARCOTICS ON BIOLOGICAL ACETYLATIONS 

Biological acetylations, an essential activity ot 

every living cell, has been shown to be dependent upon the 

available supply ot high-energy phosphate (16,41). It was ot 

interest to determine to what extent narcotics could intertere 

with acetylation by limiting production ot the ATP required 

for this cellular Eunction. The view that narcotics act by 

inhibiting the synthesis ot ATP through the depression of 

oxidative metabolism would predict an inhibition of acetyl­

ation in those systems dependent upon ATP production in situ. 

There is the possibility that narcotics may not 

affect the synthesis of ATP but may have a direct effect on 

the utilization of this compound tor metabolic purposes. 

McElroy (137) has suggested that narcotics may act by a 

differential reversible denaturation of a variety of enzymes 

or structural proteins rather than by a specific effect ona 

particular enzyme. The possibility then arises that narcotics 

may inactivate the enzyme system responsible for acetylations, 

in which case no amount of ATP could possibly increase acetyl­

ation in the presence of a high narcotic concentration. 

It was deCided, ~a preliminary measure, to ascer­

tain what effects narcotics might have on acetylations by cell 

free extracts. This was done both with actively glycolyzing 

extracts which are capable ot ATP synthesis (39), and non­

glycolizing extracts to which ATP must be supplied in order to 

obtain acetylation. 
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Effect of Narconumal on Ach synthesis by cell-free exsracts 

Some results of typical experiments are shown in 

Table XVIII. It can be seen that Narconumal (5-allyl-5­

isopropyl-N-methyl barbituric acid) at high concentration had 

no effect on the for.mation of acetylcholine (Ach)by a glycoly­

zing extraot of beef brain (Exp. 1). The concentration of drug 

used was one and one-half times as high as that ooncentration 

which inhibited the respiration of a rat brain homogenate by 

76~ (Table XXVII). The fact that Ach formation was not 

inhibited indicated that the narcotic did not interfere with 

the utilization of ATP, and also that the choline acetylating 

enzyme system was not inactivated by the narcotic. This is 

also apparent in Exp. 2 (Table XVIII) where citrate is used as 

the acetyl donor and the only high-energy phosphate available 

to the system is the ATP initially added. 

Harpur and Quastel (39) have shown that glucose 

does not inhibit Ach synthesis by brain extraots as long as 

conditions are present which allow glycolysis to take place. 

Under these conditions, the ATP used in phosphorylating glucose 

is more than returned to the system. However, any interference 

with the phosphorylation mechanism associated with glycolysis 

would obviously be reflected in a reduced Ach synthesis. There­

fore, the fact that no inhibition of Ach synthesis was found 

to ocour indioated that the generation of ATP in the course of 

anaerobic glycolysis was unaffected by the narcotic at the 

relatively high concentration used. previously it was shown 
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TABLE XVIII 


EFFECT OF NARCOTICS ON THE ACETYLATION OF CHOLINE 


BY BEEF BRAIN EXTRACTS at 27°C 


Exp. Additions 

CO2output 
JlM 

Ach 
synthesis 

Jlgjg. 
gowder 

1 *Nil 28 
Narconumal 0.006M 28 
Gluoose 0.03M 134 
Glucose 0.03M + Narconumal O.006! 134 

2** 	 ATP 0.002M -- 35 
Citrate 0702M + ATP O.002M 150 . 
Narconumal 07006M + ATP 07002M 35 
Citrate 0.02M + ITP 0.002M + Narconumal 

- 0.006M 	 150 

Vessel contents: 1 mI. of beef brain extract (; 60 mg. powder) 
prepared as described in the text. 

NaHC03 0.047M; sodium phosphate bufter, pH 7.5, O.OlM; choline 
chloride 0.OD08M; eserine sulphate 0.003Mi ­
*Exp. 1 also co~tained DPN, 5 x 10-4M and ATP O.OOIM. 
*·~xp. 2 contained NaF, 0.03M. - ­
Gassed for 10 minutes with 9~% N2 and 7% C02. 
Time: 1 hour plus 15 minutes equilibration. 

(Table X, page 73) that Nembutal had no inhibitory etfect on the 

acetylation of sulfanilamide by the pyruvate dismutation system present 

in pigeon liver extracts. It is also evident from a comparison of 

the values for C02 output shown in Table XVIII, Exp. 1, that anaer­

obic glycolysis WaS not impaired by the high narcotic concentration 

employed. The absence of narcotic inhibition of Ach synthesis by 

cell-tree extracts of beet brain described a.ove are contrary to the 
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rindings of McLennan and Elliott (207) to the efrect that 

Pentobarbital inhibits Ach synthesis by cell-Iree extracts of 

beer brain, but under conditions ,which were somewhat different 

rrom those described above. 

Erfect of Narcotics on Sulfanilamide acetylation by pigeon 
liver extracts 

Table XIX shows the typical results of experiments 

on the effect of chloretone on the anaerobic acetylation or 

sulfanilamide. Although Exp. 1 and 2 (Table XIX) were carried 

out in the presence or air, the system was essentially an­

aerobic, since acetone powder extracts do not respire to an 

appreciable extent. It was found that acetylation proceeded 

just as efficiently in the presence of air as under strictly 

anaerobic conditions, despite the fact that no cysteine was 

used in preparing the extracts. In Exp. 1 and 2, 90-95% of 

the sulranilamide initially added had been acetylated at the 

end of 90 minutes. 

Chloretone (0.004M) which inhibits both respiration 

and acetylation in an aerobic system to the extent of 60-70% 

shows no effect on acetylation by an extract under anaerobic 

conditions, whether the substrate be pyruvate or acetate 

(Exp. land 2, Table XIX). Exp. 3, carried out in an atmos­

phere of nitroge~02 indicated a small effect by nembutal 

but this was within experimental error. Table XX summarizes 

a number of experiments performed under a variety of conditions .. 

From a consideration of results shown in this table the 
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TABLE XIX 

EFFECT OF CHLORETONE ON THE ACETYLATION OF SULFANILAMIDE 

BY PIGEON' LIVER EXTRACT at 37°C 

Sulfanilamide 

Exp. Additions 
added 

(ug) 
acetylated 

(ug) 

1 Nil 101 13 
Pyruvate 0.02,M 
PyruvateO.02M + ch1oretone O.004M 
ATP O.OOlM -

101 
101 
101 

45 
41 
54 

Pyruvate O.02M + ATP O.OOIM 
Pyruvate 0.02~ + ATP o.oOlM + 

chloretone 0.004,M -

101 

101 

90 

92 

2 Acetate 0.02M 101 21 
Acetate 0.02M + chloretone 0.004M 101 21 
Acetate 0.02M + ATP O.002M - 101 93 
Acetate 0.02M + ATP 0.oo2M + 

ch1oretone 0.004M 101 95 

3* Acetate 0.02M + ATP O.003M 200 155 
Acetate O.O~~ + ATP O.OO~M + 

nembutai 0.003M - 200 146 

Media: 1 mI. of pigeon liver extract prepared as described above. 
Sodium phosphate buffer, pH 7.5, O.02M. MgC12 0.0067M.-*Exp. 3 contained, in addition, NaHCO;, 0.028M. 
Gassed with 93% N2 and 7% C02. Total volume 3 mI. 
Experiment 1 and 2 were carried out in air. 
Experimenaa1 time: 90 minutes. 

CONClusion seems justified that the narcotics employed had no 

significant effect on the enzymes involved in acetylation, nor 

on their ability to utilize ATP for acetylation purposes. 

Secondly, the pyruvate dismutation system is apparently un­

affected by high narcotic concentration as may be seen from 
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TABLE XX 

EFFECT OF NARCOTICS ON THE ACETYLATION OF SULFANILAMIDE BY PIGEON LIVER EXTRACT ' 

Exp. Gas Substrate Narcotic (M per litre) ATP 	 DPN Sultan- Sulfanilamide 
phase conc. conc. 	 ilamide aoetzlated 

initially wIthout wIth 
added (u~) Narcotic Narcotic 

1 Air 	 Pyruvate 0.02M Nembutal 9.6xlO-4M 202 76 76 

2 N2/C02 	 Pyruvate O. 02M ChIoretone 4xlO-3M -- 5xlO-4M 211 121 108 

3 Air 	 Pyruvate 0.02M Chloretone 4xlO-3M 0.003.! 5xlO·4M 213 137 137-
4 Air Acetate 0.02M Chloretone 4xlO-3M O.003M 	 -- 101 93 9f) 

5 N2/C02 Acetate 0.02M Chloretone 5xlO·3M 0.0045M 	 -- 211 193 195 

6 N2/C02 	 Acetate O.02M Nembutal 1.2xlO-3M O.003M 200 155 146 

7 Air 	 Acetate 0.02M Pentothel 8X10-4! 0.003M 202 139 130 
Acetate 0.02M Amytal 8xlO- M 0.003M -- 202 139 132-

8 N2/C02 Acetate O.02M Hyoscine 5xlO-3M 0.003M 	 -- 202 153 148-
Pigeon liver powder extracted with 0.15M KF, 0.02M MgC12. 

Media: 1 mI. of liver extract (; 60 mg: powder) ­
Sodium phosphate butfer, pH 7.5, 0.02M. 

When the $as phase was N2/C02, NaHC03-0.028M added, and vessels gassed for 10 minutes with 93% 

N2 and 7% C02. . 

Total Volume: 3 mI. 

Temperature: 37°C. 

Experimental time: 90 minutes. 
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Exp. 1, 2, and 3 in Table XX. Exp- 2, Table XX shows an 

inhibition of 10%, which was the only instance of any inhibition 

observed and is bordering on the limit of experimental error. 

Aerobic Acetylation of Choline 

Since it had been established without doubt that 

narcotics have no effect on the choline acetylaBee system, it 

was decided to investigate the effects of narcotics on choline 

acetylation taking place in a respiring system under aerobic 

conditions _ 

Methods 

Rat brain (cerebral hemispheres) was minced with a 

small Latapie mincer and suspended in a solution of a.066! 

nicotinamide, 0.15M KC1, and 0.03! MgC12 , to make a 50% 

suspension. 1 ml. of suspension was added to the manometric 

flask. (The use of comparatively large amounts of tissue for 

Ach synthesis was thought advisable to show up differences in 

synthesis more clearly). 

All manometer flasks contained the following 

substances (final concentrations) in a total volume of 3 ml.: 

Sodium phosphate buffer, pH 7.4 0.02M 
NaF 0.03M 
Choline Chloride O.OOlM 
Eserine sulphate 0.000411 

0.2 ml_ of 20% KOH was placed in the centre-well, with a roll 

of filter paper to absorb C02- Other additions were as shown 

in the table. Measuremen. of oxygen uptake were begun after a 
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thermal equilibration period of 5 minutes. 

Acetylcholine Assay 

The contents of each vessel was decanted into 

centrifuge tubes, and 2 mI. of 0.3M NaH2P04 added to lower the 

pH to approximately 5. The tubes were heated for 10 minutes 

in boiling water, cooled, and BaC12 added to precipitate 

purines. saturated Ba(OH)2 solution was added to bring the 

pH to 7.0. After centrifugation, the supernatant was decanted 

and excess Na2S04 added to preCipitate Ba++. The supernatant 

obtained after centrifuging was assayed by means of the leech. 

The above procedure, worked out by Harpur and Quastel, (39), 

was found to remove substances other than Ach which were active 

in sensitizing the leech muscle (see "Experimental I~thods and 

Procedures" for details of ,lch determination). 

Choice of Substrate 

The object of this work was to show that narcotics 

depress certain functional activities of the cell, such as 

acetylation, by suppressing the generation of high-energy 

phosphate. In mammalian tissues, the generation of high-energy 

phosphate is associated mainly with aerobic oxidation, glycolysis 

accounting for a very small part of the total. Therefore, 

pyruvate was chosen as the main substrate, since it would 

eliminate the complications of glycolysis to a large extent, 

and furthermore would facilitate the use of fluoride in 

sufficiently high concentration to inhibit ATP-ase activity 
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i.e. it would prevent the great losses in high-energy phosphate. 

Pyruvate was also used in the great~part of the work on the 

acetylation of sulfanilamide. 

Effects of Narcotics on the Aerobic Acetylation of Choline 

Typical results of some experiments dealing with 

the effects of narcotics on the respiration and acetylation 

of choline are shown in Table XXI. The addition of pyruvate 

(Exp. 1) increased the uptake of oxygen by 109%, which was 

accompanied by a 70% increase in Ach synthesis, while the 

addition of narconumal inhibited oxidation and acetylation in 

the presence of pyruvate by an approximately proportionate 

amount. In all cases the addition of ATP increased the 

acetylation of choline, both in the presence and absence of 

the narcotic to approximately the same extent. For example, 

the results from Table XXI, Exp. 2 show the formation of 21 ug. 

of Ach per gram tissue in the presence of pyruvate; the 

addition of ATP increased the formation of Ach to 30 ug. per 

gram tissue, to give a net gain of 9 ug. In the presence of 

chloretone, the addition of ATP produced a net gain of 10 ug. 

per gram of tissue. Consequently, it can be said that 

chloretone did not impede the utilization of the added ATP, 

since the net gain in Ach formation was the same both in the 

presence and absence of chloretone. Furthermore, it follows 

that chloretone did not inhibit the choline acety1ating system. 

Therefore, the inhibition of acetylation by chloretone, in the 

absence of added ATP must have been due to the suppression of 
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TABLE XXI 


THE EFFECTS OF NARCOTICS ON RESPIRATION AND ACETYLATION OF CHOLINE BY RAT BRAIN MINCE AT 37°C 


Exp. Pyruvate 
concen­
tration 

Narcotic ATP 
concentration 

02 
uptake 

).11­

Per cent 
inhibition of 
respiration 
bI narcotic 

Choline 
acetylated 
uS-/g. tissue 

Per cent 
inhibition of 
acetylation 
bI narcotic 

1 Nil 
O.OlM 
O.OIM 
O.OlM 
O.OlM 

--­
Narconuma1* 

Narconumal 
0.002M 
0.002i 

420 
866 
498 
745 
539 

43 

28 

10 
17 
11 
20 
18 

..-­--­
35-..­
10 

2 O.OlM 
O.OlM 
0.0111 
O.OlM 

Chloretone 

Chloretone 
0.002M 
0.002M 

1220 
556 

1440 
792 

54 

45 

21 
14 
30 
24 

33 --­20 

3 0.03M 
0.031 
0.03M 
O.03M 

Chloretone 
Chloretone 

Chloretone 
0.002M 
0.002M 

928 
170 

1028 
307 

--­
81 

70 

12 
5 

18 
10 

-..­
19 --­
44 

Experimental Conditions: as described in the 
*Narconumal concentration: 0.004M. 

Ch1oretone " 0.005M. 
Time: 2 hours 
Gas Phase: Air 

text. 
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ATP formation. The latter in all likel&hood is connected with 

the marked inhibition of respiration caused by the narcotic, as 

can be seen from the parallelism between the percentage 

inhibitions of respiration and acetylation shown in Table XXI. 

Aerobic Acetylation of Sulfanilamide by a Mixture of Rat Brain 
gomogenate and Pigeon LIver Extract 

In order to study the effects of narcotics on brain 

metabolism and at the same time make use of the sulfanilamide 

acetylating system present in pigeon liver, it was decided to 

combine the two systems. Rat brain homggenate, which is in­

capable of acetylating armmatic amines, serves as the respir­

ing component while pigeon liver extract contributes the 

acetylating system. 

The initial experiments, in which both glucose and 

pyruvate served as substrates, gave a good rate of oxygen up­

take but sulfanilamide acetylations in the neighbourhood of 

only 10 ug. per hour. The addition of fluoride to the homo­

genizing and extracting media inoreased the synthesis, but 

still not to an appreciable degree. By adjusting the ratio 

of brain homogenate and pigeon liver, however, a rate of 

acetylation was obtained which was somewhat greater and 

allowed a study of the acetylation process to be made. 

A 25% rat brain homogenate was prepared by homo­

genizing the brain in a solution of the following composition: 

MgC12 0.03M, KCl 0.03M,RIA O.02!, and NaF 0.05M. The pigeon 
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liver powder was extracted with the same solution. 0.8 mI. 

or homogenate, equivalent to 200 ug. or brain, and 0.5 mI. of 

liver extract, equivalent to 60 mg. or powder, were added to 

the manometer rlasks. In addition the rlasks conta.in9 d 0.03M 

sodium phosphate burrer, pH 7.5, and 105 ug. or sulranilamide. 

Table XXII shows the results obtained from this experiment. 

TABLE XXII 

EFFECT OF THE ADDITION OF RAT BRAIN HOMOGENATE (RBH) 

ON THE ACETYLATION OF SULFANILAMIDE BY PIGEON LIVER 

EXTRACT (PL) 

Additions 02 Sulfanilamide 
uptake acetylated (.ug.) 

(lll,.) 

(RBH) 212 o 

(PL) + acetate O.02M 40 8 

PL + acetate 0.02M + ATP O.003M 52 75 

PL + RBH + acetate O.02! 463 43 

PL + RBH + acetate O.02M + ATP O.003M 556 41 

2 PL + RBH + acetate O.02M + ATP O.003M 543 50-
Experimental time: ~O minutes. 

This experiment indicated that the pigeon liver 

extract contained very little residual ATP and that the 

addition of rat brain homogenate to pigeon liver and acetate 
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increased the acetylation considerably. However in the 

presence of ATP and acetate, RBB caused a marked decrease in 

the total amount of acetylated sulfa~i~mide (from 75 ug. 

down to 41), which may ha"'8'~been the result of competition 

for "active acetate" by the formation of citrate (63) and/or 

aceto-acetate (65). On the other hand, the added ATP could 

possibly have suffered destruction by the ATP-ase prese-ht;lin 

the rat brain homogenate despite the steps taken to reduce 

ATP-ase activity_ It was later discovered that nicotinamide 

which was present in fairly high concentration is itself 

inhibitory to sulfanilamide acetylation. Thus, at least part 

of the inhibition cau.ed by the rat brain homogenate was 

probably due to the nicotinamide present, and therefore, in 

experiments subsequent to this discovery nicotinamide was 

present in much lower concentration. 

Absence of Acetllsulfanilamide De-Acetllase in Rat Brain 

There was a possibility that rat brain contained 
J,. ,\ 

an acetylsulfanilamide de-acetylase which would be inimical 

to a high rate of acetylation of sulfanilamide. Krebs et a1 

(196) have shown that acetylsu11.homezathine is de-acetylated 

by pigeon liver, and also that an equilibrium exists whereby 

only 55% of the sulphomezathine added to pigeon liver mince, 

slices, or homogenates can be acetylated. However, Lipmann 

(1m) has shown that acety1sulfanilamide is not hydrolyzed by 

pigeon liver preparations. The high rates of acetylation by 

pigeon liver extract obtained in t he course of the present 
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work sUbstantiated Lipmannts findings with regard to extracts. 

To determine whether or not rat brain homogenate was 

capable of the hydrolysis of acetylsulfanilamide the following 

experiment was carried out; 

Rat brain homogenate was prepared in the same manner as 

that which was used in conjunction with pigeon liver extract to 

obtain the results shown in Table XXII. A saturated water 

aolution of acetylsulfanilamidei~ was prepared of which 0.5 ml. 

was added with 0.8 mI. of the rat brain homogenate to the 

manometer flasks in a total volume of 3 mI. The flasks also 

contained sodium phosphate buffer, pH 7.5, O.02M. Incubation 

was carried out at 37°C in the presence and absence of pyruvate, 

with and without ATP. After 90 minutes the flask contents were 

analyzed for the appearance of sulfanilamide. In every case 

there was no trace of sulfanilamide as indicated by sulfanilamide 

determination, thus showing that the acetylsulfanilamide had 

not been hydrolyzed by the brain tissue. 

The Effect of Chloretone on Respiration and Acetylation of 
sultanilamIde 

Table XXIII shows the results obtained upon the addit­

ion of chloretone to the brain-liver system previously described 

(with the exception that nicotinamide was omitted from the 

medium). It may be seen that chloretone at high concentration 

depressed respiration almost completely. 

The addition of acetate to the mixture mf rat brain 

*Kindly supplied by Dr. S. Baker, Montreal General Hospital,
Research Institute. 
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TABLE XXIII 

EFFECT OF CHLORETONE ON RESPIRATION AND ACETYLATION 


OF SULFANILAMIDE BY A MIXTURE OF RAT BRAIN HOMOGENATE 


(RBH) AND PIGEON LIVER EXTRACT (PL) AT 37°C 


02 
uptake Sulfanilamide 

Additions in ul. acetylated ug. 

RBH + PL 122 21 

RBH + PL + chloretone O.004M 20 15-
RBH+ PL + 	acetate O.02M 222 44 

RBH + PL + 	acetate 0.02M + 
chloretone O~004M 11 21 

RBH + PL + acetate O.02M + ATP 0.002M 220 46 

RBH + PL + acetate 0.02M + ATP O.OO2M 
+ chloretone-O.OO4M 	 71 38 

Experimental conditions: As described in the text. 
Experimental Time: 90 minutes. 

homogenate and pigeon liver extract increased the acetylation 

of sulfanilamide by more than 100%. However_ when chloretone 

was present the addition of acetate failed to increase the 

~cetylation of sulfanilamide. It will be seen that chloretone 

at a concentration of 0.004!, almost completely inhibited 

respiration, from which it can be concluded that no appreciable 

formation of ATP took place when chloretone was present. Hence 

it is understandable that the addition of acetate under these 

conditions was unable to give rise to an increased formation 

of acetylsulfanilamide, in view of the deti_lency of ATP. Of 
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greater interest was the ract that the addition or ATP almost 

completely overcame the inhibition or acetylation by chloretone 

in the presence or acetate while at the same time the inhibition 

or respiration was relieved to only a slight extent. 

Thus it is apparent that a narcotic cannot inhibit 

acetylation to an appreciable degree when the acetylation 

process is rendered independent of respiration ror its require­

ment or high-energy phosphate by the addition or ATP to the 

system, and provided that the supply or acetyl groups is 
/ 

adequate ror acetylation purposes. In practice, however, 

allowances must be made for such factors as ATP-ase activity 

which will, over a period or time, diminish the concentration 

of ATP and so may not make possible the complete reversal of 

the narcotic inhibition or acetylation. 

com¥arison of pyruvate and Acetate as Acetyl Precursors for 
SuI anlIamlde Acetylation; Effects of Chloretone 

An experiment was performed for the purposes of com­

paring the erficiency of pyruvate with that of acetate as 

acetyl precursor for sulfanilamide acetylation by the mixture 

or rat brain homogenate and pigeon liver extract previuusly 

described. Hitherto, a mixture of the two tissue preparations 

had been used in which the relative proportions were 200 mg. 

of rat brain and pigeon liver extract equivalent to 60 mg. of 

powder. By reducing the quantity of rat brain to 100 mg. it 

was found that a much higher rate of sulfanilamide acetylation 

was obtained. It is probable that with the former ratio or rat 
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brain to pigeon liver the rormation or citrate was taking place 

at the expense or acetylsulfanilamide. 

The results or this experiment are tabulated below 

~Table XXIV). It may be seen that the addition ot acetate to 

the mixture or rat brain and pigeon liver increased the 

acetylation ot sulfanilamide by 125%, while at the same time 

not increasing the uptake of oxygen. 

TABLE XXIV 

EFFECT OF CHLORETONE ON RESPIRATION AND ACETYLATION 

OF SULFANILAMIDE BY A MIXTURE OF RBB AND PL AT 37°C 

(Time: 2 hours) 

Substrate Chloretone 
02 

uptake 
)11. 

Per cent 
inhibition 

of 
respiration 

sulta* 
acetyl­
ated 

ug. 

Per cent 
inhibition 

ot 
acetylation 

Nil 183 36 

Nil 0.004M 52 71 27 25 

Acetate 0.02M 185 81 

Acetate 0.02M 0.004M 36 81 27 66 

Pyruvate O. 02M 345 - 108 

Pyruvate 0.02M 0.004M 37 90 27 75 

Media: RBR and PL prepared as described on page 108. 

RBR added: equivalent to 100 mg. ot brain (wet weight). 

PL extract: equivalent to 60 mg. powder. 

Sodium phosphate butfer, pR 7.5, 0.02M. 

*Sulfanilamide added: 414 ug. 

Total volume 3 mI. 




It is possible that the oxidation or endogenous 

substrates generated the high-energy phosphate required for 

acetylation, and that the added acetate served only as a source 

of acetyl groups. 

The addition of pyruvate, on the other hand, increased 

the acetylation by 200%, and also almost doubled the uptake of 

oxygen. Thus pyruvate oxidation provided both high energy 

phosphate and acetyl groups ror acetylation purposes. 

The effect of chloretone on respiration and acetyl­

ation in the absence or added substrate was similar to that 

observed previously (Table XXIII). Although respiration was 

inhibited by 71% (Table XXIV) acetylation was inhibited by 

only 25%. It may be of some significance that the addition of 

ch10retone reduced the acetylation in each case to a common 

level, i.e. 27 ug. in 2 hours. The probability exists that 

this common level represents the acetylation which arises 

rrom residual ATP present in the system, and which is un­

arrected by the chloretone. 

It was observed that chloretone and other narcotics 

inhibited the respiration and acetylation to a much greater 

extent when pyruvate was being oxidized than was the case when 

acetate was added as substrate. This or course was due to the 

fact that the rates of oxidation and acetylation were higher 

in the presence or pyruvate, and that the high narcotic con­

centration employed reduced both processes to low basic levels. 
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This can be seen from Table XXIV which indicates that acetyl­

ation was depressed by chloretone to 27 ug./2 hours in the 

presence of both acetate and pyruvate, and the uptake .r 
oxygen was reduced to 36 ul./2 hours and 37 ul./2 hours for 

acetate and pyruvate, respectively. 

It was also found t~t the addition ofATP was effect­

ive in overcoming the narcotic inhibition of acetylation to a 

large extent when acetate was present but that ATP had little 

effect in the presence of pyruvate. 

As a consequence of these observations the work could 

be conveniently sub-divided on the basis of added substrate. 

Therefore, the following section deals with the effects of 

narcotics on respiration and sulfanilamide acetylation in the 

presence of acetate as substrate. 

Effects of Narcotics on Respiration and Acetylation 1n the 
Presence of Acetate 

A 25% homogenate of rat brain was prepared by homo­

genizing the cerebral hemispheres in a solution composed of 

0.06M KCl, 0.04M NAA, and 0.04! MgC12. 0.5 mI. of homogenate 

was added to the manometer flask, ie. 125 mg. of brain per 

flask. Pigeon liver acetone powder was extraoted by rubbing it 

up in O.lS! KF. After centrifugation at 19,000 g for 5 minutes, 

the supernatant was filtered through glass wool, and 0.8 mI. of 

extract, equivalent to 60 mg. of powder, was pipetted directly 

into the manometer faask. The flasks also contained 200 ug. of 

sulfanilamide (unless otherwise stated), sodium phosphate buffer, 
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pH 7.5, O.02M, and other additions as indicated in the tables. 

Acetate was added as the sodium salt. 

The final fluoride concentration was O.04M. In the 

present work it has been found that a fairly high fluoride 

concentration is essential to prevent breakdown of labile 

phosphates, otherwise a very low acetylation is obtained. For 

example, on one occasion the pigeon liver was extracted with 

O.15M KCl in place of 0.15! KF. With fluoride absent 247 ul. 

of 02 were taken up by the mixture of rat brain and pigeon 

liver extract in the presence of pyruvate, and 18 ug. of 

sulfanilamide acetylated, whereas the addition of fluoride to 

the vessel to a final concentration of 0.04M resulted in 348 ul. 

of 02 being taken up and 81 ug. of sulfanilamide acetylated. 

Hence, under these conditions the fluoride accounted for almost 

a five-fold increase in acetylation and also increased the 02 

uptake. 

~cetate as Substrate 

It may be seen from Tables VIII, and XXII that pigeon 

liver acetylated very little sulfanilamide in the presence of 

acetate unless ATP was supplied. However, when a system which 

is capable of generating high energy phosphate was added, such 

as rat brain homogenate a large increase in acetylation was 

secured; it is apparent that the rat brain homogenate provided 

the ATP necessary for acetylation to take place since a similar 

effect was obtained by replacing rat brain homogenate with ATP. 

Similarily from Table XXIV it may be seen that acetate gave 
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rise to acetylated sulfanilamide in the absence of ATP provided 

rat brain homogenate was present. 

It would be expected that when an inh1bition of 

o~dation by a narcotic results in a decreased acetylation due 

to insufficient ATP formation, the addition of ATP to the SY8­

tem should meet the requirements for acetylation and hence 

reverse the inhibition of acetylation caused by the narcotic. 

However, a tissue preparation which is actively respiring can, 

to some extent, withstand the loss of ATP resulting from ATP­

ase activity, particularly when additional ATP is supplied. 

When a narcotic is present in high concentration, there will 

be no appreciable formation of ATP to replace the losses due 

to ATP-ase activity. Therefore, a complete reversal of nar­

cotic effect on acetylation may not be attainable since ATP 

will be continuously removed through ATP-ase activity, even in 

the presence of fluoride. 

Table XXV shows the effect of the addition of a high 

concentration of chloretone to a system which was actively 

acetylating sulfanilamide. Commensurate with the marked inhib­

ition of respiration there was a drop in acetylation. It will 

be observed, however, that in the presence of added ATP, the 

extent of the inhibition by chloretone was greatly diminished. 

From Table XXV, Exp. 2 it may be seen that chloretone 

inhibited respiration by 60% and acetylation by 70%. In the 
. 


presence of 0.003! AlP chloretone produced the same inhibition 

of respiration, but the inhibition of acetylation was reduced 
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TABLE XXV 

EFFECTS OF CHLORETONE ON RESPIRATION AND ACETYLATION OF 

SULFANILAMIDE BY A MIXTURE OF PIGEON LIVER EXTRACT 

AND RAT BRAIN HOMOGENATE IN THE PRESENCE OF SODIUM ACETATE 

(0.02,M) at 3770 

Per cent Sulfa* Per cent 
inhibition acetylated inhibition 

Additions of }lg. of 
02 respiration acetylation 

Exp. 6hloretone ATP uptake by by 
].11- chloretone chloretone 

_.... - ....... 258 67 
0.004M 101 60 27 60 
------- 0.002M 286 -- 90 
0.004M 0.002M 164 43 59 34 

1.2*-lfo -_ .. -.. -- 356 87 
0.004M 

--~ 
143 60 27 70 

.._----- 0.003M 345 121 
0.004M 0.003M 158 60 87 20 

Experimental conditions as described on page 116. 
*Sulfanilamide added: 200 ug. 
**Exp. 2 contained DPN, 0.00025M. 
Experimental time: 90 minutes.­

from 70 to 20%. Thus it appears that the ATP added had sub­

stituted for the ATP which normally would have been produced 

were it not for the inhibition of oxidation exercised by the 

narcotic. In effect, the addition of ATP overcame the inhibition 

of acetylation by the narcotic. 

As a corollary to the effect of ATP in overcoming the 

chloretone inhibition of acetylation, it follows that the 
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narcotic was not exercisi~g a general enzymic inhibition, but 

that its effect was, in this case, specifically located in 

the respiratory process, the inhibition of which was not 

relieved by the addition of ATP (Table XXV, Exp. 2). 

Pybuvate as Substrate 

The addition of pyruvate alone to pigeon liver ex­

tract gives rise to a high rate of acetylation under optimal 

conditions. However, when rat brain homogenate was added to 

pigeon liver in the presence of pyruvate under anaerobic 

conditions pyruvate dismutationwas somewhat depressed 

(Table XXVI). It may be seen(Exp. 3, Table XXVI) that the 

TABLE XXVI 

INHIBITION OF PYRUVATE DISMUTATION AND ACETYLATION 

OF SULFANILAMIDE BY RAT BRAIN HOMOGENATE UNDER ANAEROBIC 

CONDITIONS AT 37°C 

Per cent 
CO2 sulfa inhibition 

ExP· Additions output acetylated of 
,ul. US' acetIlation 

1 	 P.L. + pyruvate 0.02M 399 67 
P.L. + pyruvate 0.021i! + RBH 	 36 46 

2 	 P.L. + pyruvate 0.02M 558 65 
P.r.. + pyruvate O.021il + RBH 179 35 46-

3 	 P.L. + DPN* 65 13 
P.L. + pyruvate 0.02M 	 157 66 
P.L. + DPN + pyruvate O.02M 186 121 
P.L. 	+ DPN + pyruvate 0.02M 

+RBH 211 90 26 

*DPN 2.5 x lO-4M,NaHC03 O.028M. Gassed with 93% N2 and 7% C02. 
Other 	conditions as described-on page 116. Sulfanilamide added: 200 ug. 
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addition of DPN overcomes the inhibition to a large extent, 

indicating that rat brain DPN-ase was likely responsible for 

the inhibition under anaerobic conditions. 

Under aerobic conditions, however, the addition of 

rat brain homogenate secured a large increase in the acetylation 

of sulfanilamide which was accompanied by a high rate of 02 up­

take. The addition of a narcotic to a mixture of pigeon liver 

extract and rat brain homogenatre respiring in the presence of 

pyruvate was responsible for a marked inhibition of both oxi­

dation and acetylation (Table XXVII, Exp. 1 and 2). While 

chloretone had no appreciable effect on the acetylation of 

sulfanilamide by pigeon liver extract alone, acetylation taking 

place in the respiring system was inhibited by 85% (Exp. 1) and 

in Exp. 2 by 67%, and oxygen uptake was inhibited to a similar 

degree. Whereas ATP was largely effective in overcoming the 

narcotic inhibition of acetylation in the presence of acetate, 

(Table XXV), the same was not true when pyruvate was the sub­

strate (Table XXVII). 

Since narcotics appear to inhibit the pyruvic 

oxidase system (140,142,147), the breakdown of pyruvate to 

acetate and C02 cannot occur in the presence of a high narcotic 

concentration. Therefore, no amount of ATP could be effective 

in relieving the 4nhibition of acetylation due to the deficiency 

of 2-C fragments required for acetylation purposes. Indeed, 

the fact that ATP is effective in relieving the chloretone 

inhibition of acety~ation in the presence of acetate but not in 
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TABLE XXVII 

EFFECT OF NARCOTICS ON OXIDATION AND ACETYLATION 

BY A MIXTURE OF RAT BRAIN HOMOGENATE AND PIGEON LIVER EXTRACT 

IN THE PRESENCE OF PYRUVATE (O.02!) AT 37°C 

02 Per cent Sulfa PER CENT 
uptake inhib- acetyl- inhibition 

Exp. Additions ).lI- i tion of ated J.lg. of 
02 acetylation 

u;etake 

1 	 PL 38 63 
P~ + chloretone O.004M 10 59 6 
PL + RBH 425 95 
PL + RBH + chbretone 0.004M 103 76 14 85 
PL + RBH + ATP O.002M - 443 122 
PL + RBH + ATP 0.002M + 

chloretone o.oOi! 153 65 32 77 

2 	 PL + RBH 365 94 -­
PL + RBH + chloretone 

O.OO4M 156 60 31 67 
PL + RBH +-ATP 0.002M 550 125 
PL + RBH + ATP 0.002M + 

chloretone 0.004M 237 57 54 57 

:3 	 PL 38 72 
PL + RBH 454 167 
PL + RBH + Nembutal 0.005M 275 39 104 38 

Experimental Conditions: See page 116. 

presence of pyruvate may perhaps be taken as additional evidence 

that narcotics inhibit the pyruvic oxidase system, as indicated 

by the lack of availability of the 2-0 fragments for acetylation 

purposes. 
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The Anaerobic Oxidation of Pyruvate 

It has been shown by Michaelis and Quastel (140) 

that pyruvate in the presence of chloretone, can be oxidized 

anaerobically by ferricyanide when pyocyanine is also present. 

This finding has been confirmed in the present work. 

The technique employed was that of Quastel and 

Wheatley (172) which is based on the fact that in the 

reduction of 1 mol. of ferricyanide 1 mol. of acid is formed, 

giving rise in bicarbonate media to 1 mol. of C02 which is 

estimated manometrically. The relevant equations are: 

H + Fe (CN)S --- H+ + Fe (CN)S ---­

rrr + HC03- C02 + H2 0 

The addition of alkaline ferricyanide solution to 

rat brain homogenate in bicarbonate-pyruvate medium in an 

atmosphere of N2/C02 results in very little evolution of C02­

The addition of pyocyanine to the medium followed by ferri ­

cyanide, results in a large increase in CO2 oupput. Pyocyanine 

is reduced in the presence of brain tissue by pyruvate and the 

reduced pyocyanine is oxidized directly by ferricyanide. 

Details of the tec~~ique may be obtained from the original 

papers. The results of one experiment, shown in Table XXVIII, 

indicate that pyruvic dehydrogenase is not affected by 

chloretone. 

It was intended to de,nermine to what extent the 

anaerobic oxidation of pyruvate by a mixture of brain and liver 
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TABLE XXVIII 

ANAEROBIC OXIDATION OF PYRUVATE BY BRAIN HOMOGENATE 

IN THE PRESENCE OF FERRICYANIDE AND PYOCYANINE (at 37°C) 

C02 
Additions output 

ul. 

Ferricyanide 26 

Pyruvate + Ferricyanide 63 

Pyocyanine + Ferricyanide 80 

Pyocyanine + ferricyanide + chloretone 87 

Pyruvate + pyocyanine + ferricyanide 252 

Pyruvate + pyocyanine + ferricyanide + 
chloretone 244 

Vessel contents: Rat brain (1.5 gm) homogenized in saline, 

washed once with saline and suspended in 10 mI. of 0.16M 

NaCl; 1 mI. of suspension added to each manometer flask~ 

NaHC03, 0.028Mj Pyocyanine 3.2 mg.%; ferricyanide, 0.005% 

in 0.028M NaHC03; pyruvate, 0.02M. (All concentrations are 

final). -Chloretone 0.004M. Total Volume: 3 mI. 

~assed for 10 minutes with 93% N2 and 7% CO2 • (Ferricyanide 

was tipped in from the side arm after a 15 minute 

equilibration period, during which negligible C02 was 

evolved. The manometers were adjusted to zero before 

tipping ih the ferricyanlde). 

Time: 60 minutes. 


extract could give rise to acetylation, which would be an 


indication of the high energy phosphate generated, if any, by 


the initial dehydrogenation of pyruvate. However, it was 


found that ferricyanide was highly inhibitory to the 


acetylation process (Table XXIX) and therefore could not be 


employed in the above manner. 
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TABLE XXIX. 


THE INHIBITION OF ACETYLATION BY FERRICYANIDE (at 37°C) 

Per cent 
inhibition 

Additions Sulfanilamide or 
acetylated ug. acety1at ion 

by
.ferricyanide 

Acetate O.02M + ATP O.003M 171 

Acetate O.02M + ATP O.003M + 
K3Fe(CIl)6-0.0l! 43 75 

Pyruvate O.02M + ATP O.00075M 81 

Pyruvate 0.02M + ATP 
K3Fe{CN)6 ~.OlM 

O.00075M + 
- 16 80 

Vessel contents: 1 mI. of pigeon liver extract (60 mg. powder). 

NaHC03' O.028!; sodium phosphate buffer, ~H 7.5. 

Total Volume: 3 mI. 

Gassed with 93% N2 and 7'fo CO2 • 
Time: 60 minutes. 

Ferricyanide Bas been shown to have little effect on 

anaerobic glycolysis (173) and on the respiration of tumor 

tissue (174) at a concentration 0 f O.Ol,!; therefore it was 

rather surprising to find that ferricyanide inhibited the 

acetylation reaction. Possibly ferricyanide may act by oxidizing 

the -SH group of Coenayme A. If so, ferricyanide should also 

inhibit the formation of citrate under similar conditions. The 

compound has in fact, been used by Anson (186) for the deter­

mination of -SH groups in proteins and by Mason (187) for the 

determination of glutathione. 



Rat-Brain-Pi~eon Liver Preparation and the Tricarboxylic Acid 
Cycle 

An accumulation of citrate and~-ketoglutarate was 

found by Coxon, et al (175) to accompany the oxidation of 

pyruvate by dialysed, finely ground homogenates of pigeon brain 

in a medium containing fumarate, Mg++, and ATP. When fumarate 

was absent an accumulation of acetate was observed. These 

authors also reported that the brain homogenate did not oxidize 

citrate but could oxidize cis-aconitate to a small extent. 

Indeed, one of the main arguments, in the past, against the 

idea tnat a tricarboxylic acid cycle was involved in the 

oxidation of p7ruYate by brain tissue was the fact that the 

increased oxygen uptake observed on addition of fumarate as 

well as pyruvate was not observed with citrate, which therefore 

could not be an intermediate. 

During the present work it was found that no increase 

in oxygen uptake occurred when citrate was added to rat brain 

homogenate, which confirms the observations of Coxon, et al 

(175) and others. However, when an extract of acetone-dried 

pigeon liver was added to the brain homogenate the addition of 

citrate increased the uptake of oxygen by more than 50%. 

Apparently the addition of pigeon liver extract provided some 

factor, (or factors) which enabled the oxidation of citrate 

to take place. The nature of the factor involved was not 

investigated further, and mention is made of it here only for 

the reason that it provides additional information as regards 

• 



127. 


the efficiency of the respiratory process in the brain-liver 

preparation. Furthermore, the erfects or malonate in the 

presence of various substrates (Table XXX) indioate that the 

tricarboxylio aoid oyole is functioning completely in this 

system (See also Table XXXI). 

The Effeot of Fumarate and Malonate on the Aerobic Acetylation 
ot Sulfanilamide 

Methods 

Rat brain (cerebral hemispheres) was homogenized in 

KCl 0.06!, MgC12 0.04M, and NAA 0.017! to make a 25% homogenate; 

0.5 ml. (125 mg. or brain) was added to the manometer flasks. 

Acetone-dried powder or pigeon liver-was extracted by 'rinding 

it in 0.15M KF. After centrirugation at 19,000 g for 5 minutes 

the supernatant was filtered through glass wool, and 0.8 ml. 

(equivalent to 60 mg. powder) was pipetted direotly into the 

manometer flasks. In addition, the flasks contained 200 ug. 

of sulfanilamide, sodium phosphate buffer (pH 7.5) 0.02!, and 

other materials as indioated in the tables, in a total volume 

of 3 ml. 0.2 ml. 20% KOH and a roll of filter paper were added 

to the centre well of the flasks. After a thermal equilibration 

period of 5 minutes the manometer stop-oocks were olosed and 

measurement or oxygen uptake was begun. All experiments were 

carried out in the presence of air. 

The Action 0 f Fumarate 

It was shown previously (page 88, Table XV) that 
. 

under anaerobic conditions fumarate inhibited the acetylation 

of sulfanilamide by pigeon liver extract in the presence of 
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acetate and ATP as acetYBting agents. This was explained on 

the basis of the anaerobic oxidation of fumarate to oxal­

acetate, which in the presence of acetyl-CoA forms citrate, 

thus competing with sulfanilamide for Acetyl-CoA (page 96). 

The oxidation of pyruvate by the brain-liver system 

used in the present work has been shown to enhance the 

acetylation of sulfanilamide. It might be expected that the 

addition of fumarate to the system in the presence of pyruvate 

would favour the formation of citrate with the result that 

sulfanilamide acetylation would be somewhat reduced due to 

competition for Acetyl-CoA by oxalacetate and sulfanilamide. 

It may be seen from Table XXX (Exp. 1 and 2) that 

the addition of a low concentration of fumarate did, in fact, 

inhibit the acetylation of sulfanilamide. At the same time 

fumarate increased the uptake of oxygen in the presence of 

pyruvate by 50% (Exp. 1 and 2) indicating that pyruvate was 

probably being oxidized via the tricarboxylic acid cycle. 

Furthermore, the addition of fumarate alone (Exp. 2) increased 

the respiration to a greater extent than did pyruvate alone, 

but at the same time gave rise to less sulfanilamide acetylated. 

This is consistent with the results of Coxon, et al (see page a ,). 

The increased acetylation by fumarate could only be explained 

on the basis of the partial breakdown of some oxalacetate, an 

oxidation product ef fumarate, to provide acetyl fragments for 

the acetylation of sulfanilamide. 
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TABLE XXX 

THE EFFECT OF MALONATE ON THE FUMARATE INHIBITION OF THE 

ACETYLATION OF SULFANILAMIDE BY A MIXTURE OF RAT BRAIN 

HOMOGENATE AND PIGEON LIVER AT 37°C 

Per oent 
Inhibition 

Sulf'anilamide of'02
Exp. Additions uptake acetylated Acetylatior; 

~ul.) (!!&) bI t'umaratl 

1 	 Pyruvate 439 130 
pyruvate + Fumarate 666 90 31 

2 	 Nil 316 36 
pyruvate 568 121 
Fumarate 724 72 
Pyruvate + fumarate 851 94 22 
Malonate 208 45 
Fumarate + malonate 627 94 
Pyruvate + malonate 374 121 
Pyruvate + fumarate + 

malona~8' 	 785 117 3 

Experimental Conditions as described on page/~7. 
Substrate oonoentrations: Pyruvate 0.02M, t'umarate 0.006M, malonate 

0.02M. ­
Durat'on: 90 minutes. 

The action ot' malonate 

It has been shown by Quastel and Woolridge (179) that 

malonate inhibits succinic deh1drogenase, thus preventing the 

oxidation of succinate, without at'f'ecting other enzymesconoerned in 

the tricarboxylio aoid cyole, and Elliott and Greig (208) have shown 

that malonate {O.02M} inhibits succinate oxidation at least 90% in 

tissue slices. Furthermore, one of the most important facts used in 

the proof' of a tricarpoxylic acid cycle in tissues (other than brain) 
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has been the demonstration of the formation of succinate from 

fumarate in the presence of excess malonate (213). The pre­

diction could be made that the addition of malonate would 

tend to overcome the fumarate inhibition of acetylation by 

blooking the tricarboxylic acid cycle at the succinate stage 

(179), thus diverting acetyl-CoA towards the formation of 

acetylsultanilamide. This, indeed, proved to be the case 

(Table XXX, Exp. 2). 

Malonate, when added in the presence ot pyruvate, 

decreased the uptake of oxygen appreciably but did not in­

crease the acetylation. This was to be expected since in the 

absence of added oxalacatate or a precursor of oxalacetate 

there was probably insufficient for.mation ot citrate from 

pyruvate to inte~tere with sulfanilamide acetylation, in which 

case the addition of malonate would have no effect. However, 

when fumarate was present the addition of malonate in every 

instance (Exp. 2), enhanced the acetylation of sulfanilamide, 

indicating that in the brain-liver preparation there was 

formation of citrate which was further oxidized through the 

tricarboxylic acid cycle. Even in the absence of added sub­

strate, the addition of malonate increased the acetylation 

of sulfanilamide to a slight extent. 

Coincident with the increase in acetylation caused by 

the addition of malonate, there was in every case a diminution 

of the oxygen take up by the system. \Vhen pyruvate was being 

oxidized the addition of a low concentration of fumarate in­

creased the oxygen consumption by 33% and decreased the 
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acetylation of sulfanilamide by 22%. However, upon the 

addition of malonate the picture was completely reversed, i.e. 

the uptake of oxygen was decreased by 10% and the inhibition 

of acetylation was completely overcome (within experimental 

error). 

The inhibition of sulfanilamide acetylation by 

fumarate was not obtained, however, with all tissue preparat­

ions (Table XXXI, Exp. I). A possible explanation is that 

the enzyme concerned with sulfanilamide acetylation remained 

fully saturated, and that the addition of fumarate merely 
fi

increased the rate of disappearance of pyruvate. 

The effects of fumarate and malonate on the acetylation 

of sulfanilamide are similar to those observed by Lehninger 

(72,73), who found that the addition of fumarate to washed 

liver cells oxidizing oct;anoate dim~nished the synthesis of 

aceto-acetate, while the addition of malonate increased the 

synthesis of aceto-acetate by liver cells oxidizing pyruvate. 

These experiments illustrate the key role of Acetyl-CoA in 

metabolic reactions. 

Behaviour of Chloretone in the Presence of Fumarate and 
succinate. 

It has been shown that the oxidation of succinate to 

fumarate is coupled with the formation of high-energy phos­

( 
~. pha§e (209,210). Recently, Hersey and Ajl (211) have shown 

that the single step oxidation of succinate to fumarate by 

cell-free extracts of E. coli results in the esterification 
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or inorganic p32 into ATP. Quastel and Wheatley (131) observed 

that narcotics inhibit the oxidation or glucose, lactate, and 

pyruvate, but have no errect on the oxidation of succinate. 

The results obtained by Barrett (212) in reducing the depth 

or narcosis by succinate administration are in agreement with 

the above data. 

It would be expected that, if the oxidation of 

succinate is coupled with the rormation or high energy phos­

phate, the addition or succinate to the brain-liver preparation 

previously described should give rise in the presence of 

chloretone to the acetylation of sulfanilamide. 

The results shown in Table XXXI (Exp. 2) indicate 

that succinate wascjust as efficient as pyruvate in 

stimulating sulfanilamide acetylation. Furthermore, succinate 

gave rise to a rapid rate or respiration which was not in­

creased by the addition of pyruvate, although the acetylation 

of sulranilamide was increased to a slight extent. The fact 

that the oxidation or succinate accounted ror as much oxygen 

being taken up as was the case with succinate and pyruvate 

combined seems to indicate that both succinate and pyruvate 

were oxidized through the tricarboxylic acid cycle. 

Of some Significance is the ract that when succinate 

was present (Table XXXI, Exp. 2 and 3) the inhibition by 

chloretone of acetylation as well as respiration was to a 

large extent diminished. This is illustrated in a striking 

manner in Exp. 2 where the sulranilamide acetylated in the 
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TABLE 	 XXXI 

THE INHIBITION OF OXIDATION AND ACETYLATION BY CHLORETONE 

IN THE PRESENCE OF PYRUVATE, FUMARATE, AND SUCCINATE AT 

37°C 

Inhibition Sulfan- Inhibition 

Exp. Additions °2
uptake

ul. 

of 
oxidation 
Per cent 

ilamide of 
acetyl- Acetylation

ated Per cent 
Lu,s) 

1 Nil 180 34 
Pyruvate 
Pyruvate + Fumarate 

323 
608 -------­

149 
153 

2 pyruvate 
Pyruvate + chloretone 
Succinate 

326 
95 

714 
71 

--­
146 

22 
148 

85 

Succinate + chloretone 274 62 58 61 
Pyruvate + succinate 
Pyruvate + succinate 

+ chloretone 

729 

241 67 

162 

67 58 

3 	 Nil 211 34 
Chloretone 96 54 16 53 
Fumarate 536 101 
Fumarate + chloretone 109 80 16 84 
Succinate 	 777 --- 151 
Succinate + chloretone 302 61 56 63 

Experimental Conditions: As detailed on page 127. 

Rat brain homogenate and pigeon liver extract present throughout.

Substrate concentrations: Pyruvate 0.02M, fumarate D.oIM, succinate 


0.02M, SulfanIlamide added: ~02 ~g. 
Chloretone: 0.0047M. 
Duration: 90 minutes. 

presence of chloretone was only 22 ug. per 90 minutes when 

pyruvate was the substrate, but three times this value with 

succinate or pyruvate plus succinate as substrate. In Exp. 3 

there 	was no increase in acetylation when fumarate was added 
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to a system already containing chloretone, nor was there any 

appreciable increase in oxygen uptake, i.e. the oxidation of 

added fumarate was almost completely blocked. 8mh was not the 

case when succinate was added, presumably because succinic de­

hydrogenase was still able to function. Although the inhibit ­

ions of oxidation and acetylation in this case were 61% and 

63%, respectively, these inhibitions were largely due to the 

effect of chloretone on the oxidation of substrates other than 

succinate. In absolute terms, the one-step oxidation of 

succinate to fumarate accounted for the acetylation of 40 ug. 

of sulfanilamide. The implication of this fact is that in the 

oxidation of succinate to fumarate there must have been a 

generation of high-energy phosphate in the presence of a nar­

cotic concentration ~ich was sufficiently high to block the 

oxidation of fUmarate and therefore the functioning of the tri ­

carboxylic acid cycle. 

This effect of succinate is rather surprising in 

view of the findings of Furchgott and Shore (176) and others 

(177,178) that succinate is oxidized, for the most part, only 
~ 

as far as fumarate and malate, in brain and liver separately. 

The above authors also show that phosphorylation in cardiac 

muscle slices is depressed by succinate, and conclude from their 

investigations that "the energy provided by the oxidation of 

succinate cannot be used for the maintenance of any of the 

important energy-requiring metabolic processes which we have 

studied--acetylcholine syntheSiS in brain, urea synthesis in 
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liver, and phosphorylations in cardiac and intestinal smooth 

muscle." 

Such conclusions are difficult to reconcile with the 

results which have been obtained with succinate in the 

acetylation of sulfanilamide. 

Acet lation of 

Previously it was shown that succinate was able to 

give rise, to some extent, to the acetylation of sulfanilamide 

in the presence of a concentration of chloretone (O.0047,) 
. ­

which was effec,ive in completely blocking the oxidation of 

fumarate and completely inhibiting the acetylation ariSing 

therefrom. Presumably, the sulfanilamide a cetylation due to 

8Rccinate, which took place in the presence of chloretone, was 

dependent upon the generation of high-energy phosphate coupled 

with succinate oxidation. Should this be so it can be con­

cluded that a high narcotic concentration does not inhibit 

the esterification of inorganic phosphate which is coupled 

with the oxidation of succinate. 

2,4-Dinitrophenol has been shown to "uncouple" 

respiration from phosphorylation (96). Furthermore, it was 

shown (page 71, Table X) that 2,4-DNP, at a concentration of 

O.OOlM, had no appreCiable inhibitory effect on the acetylation 

of sulfanilamide by pigeon liver extract with acetate and ATP 

as acetylating agents, i.e. 2,4-DNP did not interfere with the 

utilization of ATP for acetylation purposes. In view of these 
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data it was decided to ascertain what effect. 2,4-DNP might 

have on the aerobic acetylation of sulfanilamide in the 

presence of succinate. 

The same brain-liver preparation was used in this 

investigation as was used to obtain the results shown in 

Table XXXI, with the exception that a different acetone-dried 

pigeon liver powder was employed. The experimental conditions 

are described on page 127. 

TABLE XXXII 

THE INHIBITION BY 2,4-DNP OF THE AEROBIC ACETYLATION OF 

SULFANILAMIDE IN THE PRESENCE OF SUCCINATE (at 37°C) 

Inhibition Sulfanil- Inhibition 
02 of amide of 

Additions uptake respiration acetyl- Acetylation 
ul. Per cent ated uS- Per cent 

Nil 204 44 ...­
2,4-DNP 10-4M 140 31 9 75 

Succinate 0.02M 695 117 --
Succinate 0.02M + 

2,4-DNP 10-'l'M 310 55 5 96 

Succinate 0.02M + 
2, 4-DNF!~"10-"'.! 240 65 5 96 

Experimental conditions: as described on page 127. 
Vessel contents: Rat brain homogenate and pigeon liver extract (see 

pageJ~7). Sodium phosphate buffer, pH 7.5, 0.02M, 
Sulfanilamide 207 ug. Sodium succinate and 2,4-DNP 
(aqueous solution) as shown in the table. 

Experimental time: 90 minutes. 
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2,4-DNP at the relatively high concentration of 

IO-4M almost completely inhibited the acetylation of sulfanil­

amide in the presence of succinate (Table XXXII). This effect 

was undoubtedly due to the "uncoupling" of phosphorylation from 

oxidation rather than an interference wi th ATP utilization or 

destruction of ATP. On the basis of the contrasting effeots 

shown by chloretone and 2,4-DNP the conolusion seems justified 

that the oxidation of sucoinate in the presence of ohloretone 

was coupled with the formation of high-energy phosphate. More­

over, an important differenoe in the mechanism of action of 

narcotics as compared with "uncoupling" agents is implied. 

The comparative effects of chloretone on oxidation and acetyl­

ation in the presence of succinate and other substrates 

indicate that the site of narcotic action is in the respiratory 

process, while the uncoupling agents are known to exert their 

effects essentially, not on respiration, but on phosphorylation. 

Relative Effeots of Narcotics on Respiration and Aoetylation 

According to the theory that narcotics act/by 

inhibiting the generation of high-energy phesphate through the 

depression of oxidative metabolism it would be expected that 

a relationship should obtain between the inhibition of oxidation 

and depression of acetylation. 

To ascertain t his relationship experiments were 

carried out with the following narcotics at varied 
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concentrations: 

Nembutal (Pentobarbital) 5-ethyl-5-{1 methylbutyl) 
barbituric acid 

Amytal (Amobarbital) 5-ethyl-5-isoamylbarbiburic 
acid 

Chloretone Trichlorbutanol 

Methods 

Rat brain (cerebral hemispheres) was homogenized 

in KCl 0.06M, MgC12 0.04M, and NAA 0.017M to give a 20% 

homogenate. 0.5 mI. of homogenate (100 mg. brain) was added 

to the manometer flasks after all other additions had been 

made. Acetone powder of pigeon liver was extracted by grinding 

with 0.15M KF in the usual manner. 0.8 mI. (equivalent to 

60 mg. powder) was pipetted directly into the manometer flasks. 

In addition, the manometer flasks contained 200 ug. sulfanil ­

amide, sodium pyruvate 0.02M, and narcotics as indicated in 

the accompanying figures, in a total volume of 3 mI. 0.2 mI. 

20% KOH and a roll of filter paper were added to the centre 

well of the flasks for C02 absorption. After a 5 minute 

thermal equilibration period, the manometer stop-cocks were 

closed and measurements of oxygen uptake were begun. All 

experiments were carried out in the presence of air, and for 

a period of 90 minutes. 

The sodium salts of the barbiturates employed in 

this work were dissolved in water and neutralized with HCl 

before use. The narcotic solution was added directly to the 

vessels, and was in contact with the tissue for approximately 

10 minutes (from the time the brain homogenate was added until 
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thermal equilibration was complete) berore measurement or 02 

uptake was begun. It may be seen rrom Fig. 4 that the 

inhibition or 02 uptake was immediate and remained rairiy 

steady throughout the whole period or time. The stabilization 

or the inhibition "1 in part be due to the high K+ concentrat­

ion used (0.05M in these experiments), since Jowett and Quaste1 

(132) have shown that with a low ~ concentration (0.o02l)the 

inhibition or respiration by a narcotic increases with time, 

while at high K+ concentration the inhibition rapidly reaches 

a steady state. 

The Re1ative Erfec'bJ of Narcotic Concentration on Respiration 
ana Acetyla tIon 

In Fig. 4 to 7 are shown the results or experiment s 

in which the narcotic concentration was varied. Fig. 4, in 

which oxygen uptake is plotted as a function or time, shows the 

results or an experiment with Nembutal at various concentrations 

i.e. 3,6,9,12, and 18 x 10-4M. It will be seen that the 

inhibition or respiration increased with the concentration or 

narcotic. This is illustrated more clearly in Fig. 5 where 

respiration and acetylation are plotted as a runction of 

Nembutal concentration. (In Fig. 5, 100~ activity represents 

182 ug. of su1rani1amide acetylated, and 475 u1. 02 taken up 

in 90 minutes in the absence of Nembutal). As the concentrat­

ion or Nembutal is increased the inhibition of respiration is 

likewise increased and tends toward an asymptotic value. The 

latter is well exemplified by the results or Webb and Elliott 
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Figure 4. 

The e££ect o£ varying concentrations o£ Nembutal on the 
respiration o£ a mixture or rat brain homogenate and pigeon 

liver extract in the presence o£ pyruvate . 

Ordinates: 02 uptake (ul.). 

Abscissae: time in minutes. 

Concentration o£ Nembutal: A, nil; B, 3 x 10-4M; C, 6 x 10-4M; 


D, 9 x IG-4M; E, 12 x 10-4M; and F, 18 x 10-4M• 
Experimental conaitions as described in the text. 

(150) who round that 15 to 20 per cent or the respiratory 

activity or rat brain suspensions was resistant to the highest 

narcotic concentration obtainable, which in this case was 

Nembutal O.OlM. Thus, the curve for the iru~ibition or 
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respiration (Fig. 5) is the type one would expect when the law 

or mass action is applied. Hence it is apparent that the 

narcotic inhibits some step or steps in the oxidative chain 
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Figure 5. 

The relative errects of Nembutal on respiration and sulfanil ­
amide acetylation by a mixture or rat brain homogenate and 

pigeon liver extract in the presence of pyruvate. 

Ordinates: Per cent of normal respiration and acetylation. 

Abscissae: Concentrations of Nembutal. 

All values plotted represent totals at the end of 90 minutes. 

Experimental conditions as described in the text. 

• -----. Acetylation 

~ ----- 0 Respiration 
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according to the law or mass action. The inhibition by Amytal 

(Fig. 6) presents a similar picture, while with chloretone 

(Fig. 7) a more direct relationship is observed between nar­

cotic concentration and inhibition or respiration and acetyl­

ation. 
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Figure 6. 

The relative effects or Amytal on respiration and sulfanilamide 
acetylation by a mixture of rat brain homogenate and pigeon 

liver extract in the presence of pyruvate. 

Ordinates: Percent of normal respiration and acetylation. 
Abscissae: Concentrations or Amytal. All ~lues plotted 
represent totals at the end of 90 minutes. Experimental 
conditions as described in the text • 
• ------ • Acetylation 
o ------ 0 Respiration 
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The inhibition of acetylation by Nembutal and Amy­

tal (Fig. 5 and 6, respectively) is of a slightly different 

character from that of the inhibition of respiration. An 

examination of the curves indicates that the rate of inhibit­

ion of respiration is approximately the same as that of 

acetylation until the narcotic concentration is reached which 

inhibits respiration approximately 20%. From this point the 

rate of inhibition of acetylation is the greater. Now, it is 

understandable that when respiration is inhibited to only a 

slight extent the high-energy phosphate generated, although 

decreased is still adequate to maintain the acetylation pDocess 

at almost its optimum level. However, a point is reached, 

at 80% of the normal rate of respiration, when the generation 

of high energy phosphate is no longer sufficient to meet the 

requirements for acetylation purposes with the result that a 

rapid drop in acetylation takes place. 

It will be observed that at higher narcotic con­

centration the acetylation was depressed to a greater extent 

than was respiration. Such a condition would be expected in 

view of the evidence that narcotics act at special points on 

the chain of oxidative events. If a narcotic at high con­

centration is exercising a large inhibitory effect on an aspect 

of the respiratory chain that is linked with ATP synthesis, it 

does not necessarily follow that an equally large inhibitory 

effect on the total oxygen uptake will also be observed. The 

steps inhibited by the narcotic may only represent, in terms 

of total oxygen absorbed by the system, a fraction of the entire 

process (132,150). 
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Thus it may be seen that, when the above factors 

are taken into consideration there ap pears to be a real 

relationship between the extent of inhibition of oxidation by 

a narcotic and that of acetylation. 
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The relative effects of Chloretone on respiration and 
sulfanilamide acetylation by a mixture of rat brain homogenate 
and pigeon liver extract in the presence of pyruvate. 

Percent of normal eespiration and acetylation. 
Abscissae: Concentrations of chloretone. All values plotted 
represent totals at the end of 90 minutes. 
Experimental condit i ons as described in the text • 
• ------. Acetylation 
o ------ 0 Respiration 
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The E1'fect and Atro ine on the Res iration of 
Gu nea Pig 

The narcotics employed in the present work consisted 

mainly of barbiturates and alcohols (chloretone). However, it 

is known that narcosis can be induced by a wide variety 01' 

chemical sUbstances. There1'ore, hyoscine and Atropine being 

entirely different in chemical structure from the barbiturates, 

were selected as representative substances from the alkaloid 

group of narcotics for~nvestigation with regard to in vitro 

effects. 

~iethods 

Guinea-pig brain (cerebral hemispheres) was minced 

by means of a small Latapie mincer; the pulp was suspended in 

Ca++-free Krebs Ringer-phosphate solution pH 7.4 (214), such 

that 1 mI. of suspens~dn contained 150 mg. of brain tissue. 

The manometer £lasks',contained 1 mI. of brain suspension. 

Hyoscine and Atropine were dissolved in the same medium and 

brought to pH 7.4 and added to the manometer flasks to give 

the concentration indicated in Fig. 8. Glucose was added asan 

aqueous solution to give a final concentration of 0.017~. 0.2 mI. 

of 20% KOH was added to the centre-well for CO2 absorption. 

The flasks were shaken in the bath for two hours at a temperat­

ure of 37°C. Measurements of 02 uptake were begun after a 

thermal equilibration period of 5 minutes. 

Results 

Hyoscine at a concentration of 2 x 10-3M inhibited 

the uptake of oxygen by 28%, and at 4 x 10-3M by 40%. Atropine, 
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4 x 10-3M inhibited the uptake of oxygen by 46 % (Fig. 8).-' 
The degree of inhibition remained constant over a period of 

two hours, which was the duration of the experiment. The 
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Figure 8. 

'I'he inhibi tion by Hyoscine and Atropine of the 02 uptake of 
guinea-pig brain mince respiring in a Ca++-free Ringer­

phosphate-glucose medium. 

Ordinates: 02 uptake (u1./150 mg. tissue). 
Abscissae: Time in minutes. 
Experimental conditions: a s described in the text • 
• ------ . Control (no narcogic) 
o ------ 0 Hyoscine, 2 x 10- M 
A ------ A Hyoscine 4 x 10-3M­
x ------ x Atropine * x 10-3M 
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results obtained with hyoscine are a confirmation of those 

obtained by Quastel and Wheatley (133), who found that hyoscine 

at a concentration of 4 x 10-3M inhibited the respiration of 

guinea-pig brain slices to the extent of 44%_ Thus, it may be 

seen that both hyoscine and atropine which exhibit narcotic 

action in vivo, are effective in depressing oxygen uptake 

in vitro. 

Both hyoscine and atropine at the concentrations 

shown above had no effect on the acet ylation of sulfanilamide 

by cell-free extracts in the presence of acetate and ATP 

while aerobically there was an inhibition of sulfanilamide 

acetylation of 20% and 30% at concentrations of 2 x 10·3M and 

4 x lO-3! respectively. 

S'llII1ll:l8. ry 

1. 	 It has been shown that a narcotic (Narconumal) at 

relatively high concentration had no effect on the 

formation of acetylcholine by extracts of acetone-dried 

beef brain. 

2. 	 Anaerobic glycolysis ia beef brain extracts was not 

affected by a relatively high narcotic concentration i.e. 

a concentration which was one and one-half times as high 

as that concentration which inhibited the respiration of 

a rat' brain homogenate by 76%. 
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3. 	 Narcotics (Chloretone, Narconumal) inhibited the aerobic 

acetylation of choline by rat brain mince. The extent 

of inhibition of acetylation was related to the extent 

of inhibithn of respiration. 

4. 	 The addition of ATP was largely effective in overmoming 

the inhibition by Narconumal and Chloretone of the 

acetylation of choline in rat brain homogenate. 
w~s

5. 	 From the results obtained the conclusionAdrawn that the 

narcotics tested do not inhibit the choline acetylating 

system, but that the inhibition of choline acetylation 

is due to the suppression of ATP formation as a result 

of the inhibition of respiration by the narcotic. 

S. 	 The narcotics tested (Table XX) did not inhibit, at high 

concentration, the acetylation of sulfanilamide by cell-

free extracts of pigeon liver. 

7. 	 Sulfanilamide acetylation was found not to take place in 

brain tissue preparations. 

8. 	 Acetylsulfanilamide was not hydrolyzed by rat brain 

homogenate under various conditions, as indicated by the 

complete absence of free sulfanilamide from the medium. 

9. 	 A system comprised of a mixture of rat brain homogenate 

and cell-free extract of pigeon liver was described, 

which upon the addition of acetate or pyruvate was very 

active in acetylating sulfanilamide under aerobic 

conditions. 

10. 	 The addition of chloretone at a concentration of 4 x 10-3M-' 
to the system aescribed in (9) brought about a large 
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inhibition of repiration and sulfanilamide acetylation. 

The extent of inhibition of sulfanilamide acetylation 

was related to the extent of inhibition of respiration. 

11. 	 ~Vhen acetate was the substrated added to the brain-liver 

preparation, the large inhibition of sulfanilamide 

acetylation exercised by chloretone was almost overcome by 

the addition of ATP, while the inhibition of respiration 

was only slightly relieved or not at all by the addition 

of ATP. The conclusion was drawn that the inhibition of 

sulfanilamide acetylation induced by chloretone was a 

result of the suppression of ATP synthesis, which in turn 

was due to the inhibition of respiration caused by 

chloretone. 

12. 	 When pyruvate was the substrate in the same preparation 

the addition of ATP did not relieve the inhibition of 

sulfanilamide acetylation by chloretone to an appreciable 

extent. This was interpreted to mean that chloretone 

inhibited the pyruvic oxidase system, in which case 

pyruvate could not provide acetate for acetylation 

purposes; hence, the ineffectiveness of ATP in overcoming 

the inhibition of sulfanilamide acetylation. 

13. 	 It was shown that ferricyanide at a concentration of 

0.01! inhibited the acetylation of sulfanilamide by a 

cell-free extract of pigeon liver to the extent of 75 to 

80%. The postulation was made that ferricyanide oxidizes 

the -SH groups of Coenzyme A. 
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14. 	 When pyruvate was being oxidized by the brain-liver 

preparation described in (9), the addition or rumarate to 

the system gave rise to an inhibition of sulfanilamide 

acetylation and an increase in the rate or 02 uptake. It 

was concluded that the addition of fumarate favoured the 

rormation or citrate at the expense or sulfanilamide 

acetylation. 

15. 	 The addition of malonate reversed the inhibition by fumarate 

of sulfanilamide acetylation and partially reversed the 

stimulating errect of fumarate on 02 uptake. This is con­

sistent with the demonstration that malonate inhibits 

succinoxidase, which in turn causes an accumulation of 

intermediates of the tricarboxylic acid cycle, the result 

being a diversion of Acetyl-CoA towards the formation of 

acetylsulranilamide. 

16. 	 The addition of succinate alone to the brain-liver prepar­

ation was responsible for as high a rate of aerobic sulfan­

ilamide acetylation as that bbtained by the addition or 

pyruvate alone. 

17. 	 It was shown that the one-step oxidation of succinate to 

fumarate in the presence or a concentration of chloretone 

which completely blocks the oxidation of rumarate, 

increased sulfanilamide acetylation, which indicates that 

succinate oxidation can give rise to utilizable energy for 

the maintenance of energy requiring metabolic processes. 

18. 	 Contrary to the erfect of succinate in the presence of 

chloretone described in (17) above, in the presence of a 

high concentration of 2,4-DNP succinate did not give rise 
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to increased sulfanilamide acetylation. The contrasting 

effects of chloretone and 2,4-DPN in the presence of succinate 

point to an important difference in the mechanism of action 

of these drugs. 

19. 	It was shown that the relationship between the extent of 

inhibition of oxidation and the concentration of narcotic 

(Nembutal, Amytal and Chloretone) required to bring about the 

inhibition, indicate a mass action effect of the narcotic on 

the respiratory process. 

20. 	A real relationship was shown to exist between the extent of 

inhibition of oxidation by a narcotic and the inhibition of 

acetylation. 

21. 	It was confirmed that Hyoscine at a concentration of 0.004M 

inhibits by 40% tihe respiration of guinea-pig brain tissue. 

Atropine, at the same concentration inhibits the respiration 

of guinea-pig brain mince by 46%, and inhibited the aerobic 

acetylation of sulfanilamide by the brain-liver preparation 

to the extent of 30%. 
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AMIDE INHIBITORS OF SULFANILAMIDE ACETYLATION 

As a result or the observation that nicotinamide 

(NAA) could be used errectively as an inhibitor or DPN-ase 

(diphosphopyridine nucleotidase), (39,184), the addition or 

NAA became a general practice in the preparation or brain 

tissue homogenates and extracts. However, in the course or 

the present work it was round that such preparations inhibited 

the acetylation or sulranilamide, when high concentrations or 

NAA were present. To obtain proor that NAA was responsible ror 

the inhibition, NAA was added to extracts or pigeon liver in 

the presence or acetate and ATP. 

The results are shown in Table XXXIII (Exp. land 

2). It may be seen that in the presence or acetate and ATP, 

pigeon liver extract was capable or a high rate or sulranilamide 

acetylation. The addition of NAA, at concentrations normally 

present in brain homogenates gave rise to a marked inhibition 

or sulranilamide acetylation. This errect of NAA was somewhat 

surprising in view or the ract that no inhibition or choline 

acetylation was observed when NAA had been used in the brain 

preparations employed. 

The inhibition by NAA increased with concentration, 

(Table XXXIII, Exp. 2), indicating the likelihood or interaction 

with enzymes rather than co-ractors, taking into consideration 

the high concentrations or NAA required (approx. 0.02M) to 

produce an inhibition or 50%_ 
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TABLE XXXIII 

THE EFFECT OF NICOTINAMIDE, NICOTINIC ACID, AND CORAMINE 

ON THE ACETYLATION OF SULFANILAMIDE BY PIGEON LIVER EXTRACTS 

IN THE PRESENCE OF ACETATE AND ATP 

Per cent 
Sul1'anilamide Inhibition 

Exp. Additions acetylated 01' 
(uS) Acetylation 

1 	 Nil 193 
NAA 0.02M 112 42 

2 	 Nil 184 
NAA 0.005M 153 17 
NAA O.OlM­ 126 31 
NAA 0.02M 99 46 
NAA 0.030M 70 62 
NAA 0.0511J.- 54 71 

3 	 Nil 176 
Coramine (Nikethamide) O.OlM 135 23 

4 	 Nil 190 
NAA 0.02M 106 44 
Nicotinic acidoll- 0.02M 193 0 

Experimental conditions: 	 Pigeon liver extract: 1 mI. (= 60 mg. 
per vessel. Acetate 0.02Mj ATP 0.0045M; 
sodium phosphate buffer pH 7.5, 0.02.; ­
NaHC03 0.028M; sul.fanilamide: 200 ~~ 
Total volume: 3 mI. Gassed with 93% N2 
and 7'% C02. 

Temperature: 37°C. Time: 90 minutes + 15 minutes equilibration. 
*Neutralized with NaOH. 

The .fact that nicotinic acid (0.02.!) had no effect 

on acetylation (Table XXXIII, Exp. 4) indicated, at least, that 

the amide group was involved in the inhibitory et'fect of NAl 

and not the pyridine nucleus. 
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It was expected that coramine (N,N-diethyl nicotinamide) 

having no free amide group, would act in the same manner as 

nicotinic acid, and have no effect on acetylation. However, 

coramine (O.OlM) gave an inhibition of 23% (Table XXXIII, Exp_ 

3) which was approximately three-fourths that of NAA at the 

same concentration. There is a possibility that ooramine was 

de-ethylated to nicotinamide (185) and that the latter was 

responsible for the inhibition of acetylation. 

other amides, varying widely in structure, were tested. 

Acetamide had no effect (Table XXXIV, Exp. 1), while benzamide 

proved to be more effective than NAA or semicarbazide (Table 

XXXV). Adenosine, which is not an amide, but does have an 

amino group attached directly to a carbon atom of the pyrimidine 

ring, was half as effective as benzamide at a concentration of 

O.02M (Table XXXIV, Exp. 2). 

It has been previously shown (Table IX, Exp. 3) 

that nitrourea has an action similar to 2,4-DNP on the 

acetylation of sulfanilamide arising from pyruvate dismutation. 

Nitrourea at a concentration of O.OlM inhibited acetylation 

in the presence of pyruvate by 40%, while that due to acetate 

and ATP was inhibited by only 17% (Table XXXIV). 
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TABLE XXXIV 

THE EFFECT OF AMIDES ON THE ACETYLATION OF SULFANILAMIDE 

BY PIGEON LIVER EXTRACT 

Sulfanilamide Per cent 

Exp. Additions 
acetylated 

ug. 
inhibition 

of 
acetylation 

1 Nil 190 
. Acetamide 0.02M 191 o 

Adenosine 0.016M 160 17 

2 Nil 164 
Adenosine 0.02.1 121 26 
Benzamide 0.02M 74 55 
Benzenesulfonamide 0.007M 126 12 

3 Nil 144 
Nitrourea 0.01,! 119 17 

Experi'Uental conditions: See Tab~e XXXIII. 
Acetate 0.02M; ATP: Exp. 1, 0~045M 

Exp. 2,and 3,-0.003M 
Sulfanilamide: 202 ug. 

Semi-Carbazide 

In the course of the investigation of the inhibition 

by fumarate of sulfanilamide acetylation in cell-free extracts, 

there were indications that the inhibition was due to oxal­

acetate formed from fumarate. Semicarbazide was tried as a 

fixative for oxalacetate in order to overcome the inhibition. 

However, it was observed that semicarbazide not only failed to 

relieve the inhibition by fumarate but itself gave rise to an 

inhibition of sulfanilamide acetylation. 
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Semicarbazide has been shown by Lipton and Barron 

(21) to enhance the synthesis of Ach by brain extracts when 

citrate is used as acetyl-donor and this has been confirmed 

(Table XIV). Its action in this system is to trap the oxal­

acetate which accumulates from the breakdown of citrate, thus 

preventing an equilibrium from being established. 

This effect of semioarbazide may be seen from the 

results shown in Table XXXV~ (It should be pointed out that 

citrate and acetate were equally effective as acetyl donors 

for sulfanilamide adetylation when ATP was also present, Exp. 

1 and 2. Previously it was shown that oitrate alone, or citrate 

and DPN, did not give rise to aoetylation, Table XI, Exp. 1 and 

3. However, Stern, et al, 2mS, have shown that citrate, in the 

TABLE XXXV 

TEE EFFECT OF SEMI-CARBAZ IDE ON THE ACETYLAT ION 

OF SULFANILAMIDE BY PIGEON LIVER EXTRACT AT 37°C 

Per cent 
Sulfanilamide inhibition 

Exp. Additions acetylated ot: 
ug. acetllation 

1 Citrate O.02M 
Citrate O.02M + semicarbazide 

O.02M 

91 

52 43 

2 Acetate 
Acetate O.02M + semicarbazide 

O.02M 

88 

56 36 

Experimental conditions: Pigeon liver extract: 1 ml. (60 mg. powder) 
sodium phosphate (pH 7.5) 0.02Mj ATP O.002Mj NaHC03 0.028!. 
Sulfanilamide added: 105 ug. 

Total volume: 3 mI. Gassed with 93$ N2 and 7% CO2 • 
Time: 90 minutes + 15 minutes equilibration. Temperature: 37°C. 
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presence of CoA and reduced DPN, will form Acetyl-CoA). The 

inhibition of sulfanilamide acetylaclon by semicarbazlde was 

independent of the acetyl precursor used, whether acetate or 

citrate, and was of the same order in both cases (Table XXXV, 

Exp. l· and 2.). 

As an explanation of the inhibition of sulfanilamide 

acetylation by the amides tested, three possibilities are 

suggested: 

(l) 	 Competitive inhibition of amides with sulfanilamide 

by the blocking of the active centres of the 

acetylating enzymes. 

(2) 	 Acetylation of the amides, thus competing with 

sulfanilamide for acetyl-CoA. 

(3) 	 Competition with Coenzyme A for attachment to the 

apoenzyme. 

The latter possibility can be ruled out since if such 

were the case the acetylation of both sulfanilamide and choline 

would be inhibited by NAA and semicarbazide,inasmuch as both 

acetylations require Coenzyme A. However, should one point of 

attachment of CoA to the apoenzyme be by means of the adenine amino 

group, there is the possibility that adenosine (Table XXVII) 

could inhibit by competition with CoA. Adenosine could also 

inhibit by competing for !TP since the phosphorylation of 

adenosine is known to occur in aninml tissues (215). 

No attempt has=jetJ.beennmaCiitb'ymeans of kinetic studies 
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to determine whether the inhibition was competitive or non­

competitive. Of particular value would be the investigation 

of NAA in this regard. 

~ummary 

1. 	 The following amides have been found to inhibit the 

acetylation of sulfanilamide by pigeon liver extracts: 

Nicotinamide coramine (N,N-diethyl-nicotinamide) semi­

carbazide, benzamide, and nitrourea. 

2. 	 Adenosine, which is not an amide but does have an amino 

group attached to the pyridine nucleus, also inhibited 

sulfanilamide acetylation. 

3. 	 Nicotinic acid in contrast to nicotamide, had no effect 

on the acetylation of sulfanilamide. 

4. 	 Acetamide, unlike benzamide, had no effect. 
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THE EFFECT OF 	 SALICYLATE ON THE ACETYLATION 


OF SULFANILAMIDE 


Oral administration of para-aminobenzoic acid, whether as 

the free acid or the sodium salt has been shown to cause an 

increase in the plasma level of salicylates in man (200). It 

has also been shown that para-aminohippuric acid is synthesized 

by the liver (201). The former investigators suggested that 

para-aminobenzoic acid depresses the formation of salicyluric 

acid by forming para-aminohippuric acid, thus competing for 

glycine. 

Although there is evidence that approximately 60% of 

administered salicylate is excreted in man as salicyluric acid 

(202), alternative metabolic pathways are known, i.e., 

formation of the glucuronate (203), and oxidation to gentisic 

acid (2,5-dihydroxybenzoic acid) (204). Therefore, competition 

by para-aminobenzoic acid for glycine and consequent depression 

of salicyluric acid formation may not be the only explanation 

for the increased plasma levels of sa11cylate in the presence 

of para-aminobenzoic acid. 

In view of the above considerations it was decided to 

ascertain the effect of salicylate on the acetylation of 

sulfanilamide. The aerobic system described on pagelJ'was 

used for this purpose. 

It may be seen from Table XXXVI that at concentrations 

of salicylate varying from 1.3 x 10-4M to 10-2M there was a 
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stimulation of respiration of 15 to 20% while at the same time 

the acetylation of sulfanilamide was inhibited by 12% at the 

lowest concentration of salicylate used, and 93~ at a concent­

ration of 10-2M salicylate. Thus, at the latter concentration 

of salicylate the inhbbition of sulfanilamide acetylation was 

almost complete. However, 6 x 10-3M salicylate inhibited the 

TABLE XXXVI 

THE EFFECT OF SALICYLATE ON THE AEROBIC ACETYLATION OF 
SULFANILAMIDE BY A MIXTURE OF RAT BRAIN HOMOGENATE 

AND PIGEON LIVER EXTRACT 
(at 37°C) 

o Sulfanil­ Acetyl­
up~ake amide ation 

02 percent acetyl­ percent 
Exp. Additions uptake or ated ug. or 

111. control control 

1 Nil 
Sodium salicylate

1.3 x 10-4M 
Sodium salicylate­

4 x 10-3M 

642 

740 

766 

115 

119 

148 

130 

90 

88 

61 

2 Nil 
Sodium 

Sodium 

salicylat~
3.3 x 10- M 
salicylate­
1 x 10-2M 

696 

843 

828 

120 

119 

188 

108 

13 

57 

7 

3 Nil 
2,4-DNP 4.5 x 10-4M 
2,4-DNP 7 x 10-4M -

659 
540 
527 

82 
80 

153 
18 
11 

12 
7 

Exptl. Conditions: see page 138. Time: 90 minutes. 
Substrates added: sodium pyruvate 0.02M; sodium fumarate 0.006M. 

anaerobic acetylation of sulfanilamide in the presence of 

acetate and ATP only to the extent of 12%, i.e. the amount of 

sulfanilamide acetylated in 90 minutes was reduced from 171 ug. 
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to 151 ug., indicating that salicylate was not competing with 

sulfanilamide for Acetyl-CoA, and did not interfere with ATP 

utilization to an appreciable extent. 

In the light of the above data it appears that sali ­

cylate interfered with the production of high-energy phos­

phate under aerobic conditions, and in this respect resembles 

the effect of 2,4-DNP, i.e. the "uncoupling" of phosphorylation 

from oxidation, inasmuch as respiration was stimulated even at 

10-2M salicylate concentration, and acetylation was inhibited 

by 93%. (It should be mentioned that Lutwak-Mann (205) found 

no appreciable inhibition of the respiration of rat liver 

slices by 5 x 10-2M salicylate, but appreciable inhibition did 

occur at O.lM concentration). However, a comparison of the 

results of Exp. 2 and 3 (Table XXXVI) will show that 2,4-DNP 

is more than 14 times as effective as salicylate in depressing 

the acetylation of sulfanilamide. ~Vhereas 2,4-DNP at a con­

centration of 7 x 10-4M depressed the acetylation of sulfanil ­

amide to 7% of the control level, salicylate at a concentration 

of 10-2! was required to produce the same effeet. 

The possibility that salicylates act by depressing 

the formation of high energy phosphate is a matter for con­

sideration. It would explain the increase obtained in the 

plasma level of salicylates by the oral administration of 

para-aminobenzoic acid. The formation of para-aminohippuric 

has been shown to require ATP (201). It is likely that the 

formation of salicyluric acid also requires ATP. A diminution 

in ATP formation by the liver as a resu~t of the presence of 
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salicylate would create a condition or ATP dericiency. 

Thererore, competition by para-aminobenzoic acid for ATP 

rather than glycine, with a consequent drop in salicyluric 

acid formation may account for the increased plasma level 

of' salicylates. There is also the ract that the acetylation 

of' para-aminobenzoic acid would represent a f'urther drain on 

the supply or ATP. 

Summary 

1. 	 Salicylate, at a concentration of' LO-2M, stimulated 

the respiration of' a mixture or rat brain homogenate 

and pigeon liver extract by approximately 20~, but at 

the same time inhibited the aerobic acetylation of' 

sulf'anilamide in the same system by 93%. 

2. 	 Salicylate has no appreciable ef'f'ect on the acetylation 

of' sulf'anilamide by pigeon liver extract in the 

presence or a cetate and ATP. 

3. 	 The ef'fect of' salicylate bears some resemblance to that 

of 2,4-DNP (Table XXXVI), although the f'ormer must be 

used in much higher concentration to produce the same 

effect. 

4. 	 It is thererore suggested that salicylate may produce 

its eff'ects by suppressing ATP f'ormation in a manner 

similar to 2,4-DNP, i.e. by an "uncoupling" of' phos­

phorylation f'rom respiration. 
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FLUOROACETYLATION OF SULFANILAMIDE 


BY PIGEON LIVER EXTRACTS 


Reoent evidenoe indioates that the inhibition of 

respiration oaused by fluoroaoetate is due to the accumulation 

of fluorocitrate, a non-metabolite (197,198). Chenoweth (138) 

has reported an increase in the acetylation of sulfanilamide 

and of p-aminobenzoio acid by rabbit liver in the presence 

of 0.02M fluoroacetate; and also that the formation of aoetyl­

oholine from oholihe in the presenoe of gluoose or pyruvate 

was not affected by 0.02M fluoroacetate. Therefore, the con­

olusion was drawn by Chenoweth that the inore,sed aoetylation 

of foreign amines is the result of an inhibition of aoetate 

metabolism in consequence of which more aoetate beoomes 

available for aoetylations. 

NOW, it would appear that since fluoroaoetate oan 

readily partioipate in the formation of fluorocitrate, it 

might also participate in the formation of fluoroaoetyl­

choline and fluoroacetylsulfanilamide. Therefore, it was 

decided to test the ability of fluoroaoetate to behave as a 

preoursor of the latter compound. 

pigeon liver powder, prepared as described in 

"Experimental Methods" was extracted in the manner already 

deSoribed with O.15M KF. 1 ml. of pigeon liver extraot 

(equivalent to 60 mg. of powder) was added to eaoh manometer 
p"O.l,,"1I.t'l

flask. In addition the flasks oontained sodium~buffer, pH 7.5, 
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O.02M; NaHC03 O.028Mj ATP 0.003M; sulfanilamide 203 ug., and 

other additions as indicated in Table XXXVII. (All concent­

rations are final, in a total volume of 3 mI.). The vessels 

were gassed for 10 minutes with 93% N2/ 7% C02, and 

incubated at 37°C for 90 minutes. 

TABLE XXXVII 

FLUOROACETYLATION OF SULFANILAMIDE BY PIGEON LIVER EXTRACT 

Additions Sulfanilamide 
acetIlated (ug) 

Nil 14 

Acetate 0.02M 176 

Fluoroacetate O.OlM 176 

Acetate 0.02M + Fluoroacetate O.OlM 182 
.... 

Experimental conditions as described in the te~t. 

The results shown in Table XXXVII seem to indicate 

that fluoroacetate can participate in acetylation reactions 

just as efficiently as acetate itself. On the basis of known 

facts such a result could be predicted. However, the fluoro­

acetate used for this work may have contained acetate as an 

impurity, although it is unlikely that acetate could be pre­

sent as an impurity in high enough concentration to give the 

result shown in Table XXXVII. In any case, proof of the 

formation of fluoroacetylsulfanilamide will depend upon 



164. 


isolation of the product formed and demonstration of the 

presence of fluoride in the molecule. 

Elliott and Kalnitsky (l05) found that citrate 

oxidation was inhibited to the same extent as the oxidation of 

acetate when washed rabbit kidney cortex was incubated with 

fluoroacetate and oxalacetate for 15 minutes before the 

addition of citrate. The inhibition was shown to be competit ­

ive. However, under the same conditions the oxidation of 

cis-aconitate and iso-citrate was not inhibited. These facts 

indicate enzymic rnhi~ition on the part of fluorocitrate. 

There is a remarkable similarity of fluoroacetate 

induced convulsions in rhesus monkeys and in man to a grand mal 

epileptic seizure (138). Electrical activity of the cortex 

reaches very high potentials during fluoroaoetate poisoning 

but can be obliterated by barbiturates and anticonvulsants 

(139). The sensitivity of rats to electrically-induced con­

fulsions is increased about ten times by fluoroacetate (199). 

In the light of these observations there is a possibility that 

fluoroacetate affects the central nervous system by the 

formation of fluoroacetylcholine which may conceivably be more 

resistant to attack by cholinesterase than is acetylcholine. 

Alternatively, fluoroacetylcholine may inhibit cholinesterase 

and thus prevent the hydrolysis of acetylcholine, in much the 

same manner as DFP, or TEPP. 
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GENERA~ DISC~sSION 

AND cONc~u~loNe 

When the investigation or the erfects or narcotics 

on biological acetylations was begun the view was takan, as 

a working hypothesis, that the depression of cellular 

function which characterizes the narcotic erfect,is the 

result of the suppression of oxidative ATP formation upon 

which metabolic processes depend. To account ror the diverse 

efrects of narcotics on a variety or living systems it was 

apparent that a fundamental process, common to all living 

matter, must be affected by narcotics. The experimental 

results which have been described are consistent with the 

above point of view. 

It was shown that an inhibition of respiration is 

rollowed by a concomittant drop in acetylation, and that the 

addition or ATP to the aerobic system alleviates, to a large 

extent, the narcotic effect on acetylation. This effect of 

added ATF indicates that the narcotic inhibition of acetyl­

ation is the result of a suppression of oxidative synthesis 

of ATP. Furthermore, the experimental data show that nar­

cotics at high concentration do not exercise a general effect 

on enzyme systems as a whole, but that the effect is somewhat 

specific, being more or less restricted to a limited section 

of the re~piratory process, while acetylating enzymes per se, 

the pyruvate dismutation system, and the glycolytic sequence 

in beef brain extract are not affected. 
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Although there is as yet no direct proor that the 

suppression or ATP synt~esis which accompanies the inhibition 

of respiration is responsible for the symptoms by which the 

narcotic state is recognized, there are indications that this 

may be so. There is clear evidence that during narcosis in 

man and animals there is a fall in the respiratory activity 

of the nervous system (218,219,220). In this connection it 

should be remembered that the over-all drop in the uptake or 

oxygen by the brain does not give a true picture of what may 

be taking place at a particular centre in the brain. Thus, 

a large drop in respiration may take place at a particular 

centre more sensitive to the narcotic than the large mass of 

brain tissue. The efrect of the narcotic at this centre may 

have widespread ramifications, and yet the total drop in 

oxygen uptake by the brain may not be great in relation to the 

observed narcotic effects. 

The importance of acetylcholine in nerve physiology 

is well-known. A depression or respiration at a particular 

centre of the nervous system may well result in a decreased 

acetylcholine synthesis and thus impede the transmission or 

nervous impulses. Thus, the inhibition of acetylcholine syn­

thesis may be a contributing ractor in narcosis. To illustrate, 

McLennan and Elliott (130) observed that a low concentration 

of Nembutal which inhibited the oxygen consumption of brain 

slices by 15 to 20% caused a 50% decrease in the synthesis of 

acetylcholine. 
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The view is widely held that narcosis is due to the 

effect of the narcotic drug on the cellular membrane of the 

nerve cell. Narcotics supposedly alter the permeability of 

the nerve cell which leads to inability to transmit the nerve 

impulse. However, there is conflicting evidence on the 

effects of narcotics on permeability. The narcotics in many 

cases appear to alter the structure of plasma membranes and 

increase or decrease their permeability_ It is quite 

possible that the effect of narcotics on the permeability of 

the nerve cell may be of importance in narcosis, but at the 

same time it must be remembered that cellular permeability 

is dependent on energy factors, and change of permeability may 

be the result of energy changes in the cell membrane. Thus, 

the cellular membrane theory of narcosis is not incompatible 

with the view that inhibition of ATP formation is responsible 

for the narcotic state. 

The contrasting effects of narcotics and dinitrophenol 

on the acetylation of sulfanilamide by the pyruvate dismutation 

system of pigeon liver extract, and on the acetylation 

associated with the oxidation of succinate illustrates the 

differentein the mechanism of action of these two types of 

drugs. It was shown that narcotics had no appreciable effect 

on the acetylation of sulfanilamide by pigeon liver extracts 

in the presence of pyruvate and DPN, while 2,4-dinitrophenol 

inhibited the acetylation markedly. At the same time, 2,4­

dinatrophenol did not inhibit the acetylation of sulfanilamide 
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when acetate and ATP were added as acetylating agents. Also, 

it was round that the oxidation or succinate, in the presence 

or a narcotic concentration which completely inhibited rumarate 

oxidation, gave rise to appreciable acetylation or sulranilamidej 

when the narcotic (chloretone) was replaced by 2,4-dinitrophenol 

the oxidation of succinate was associated with no acetylation 

of sulfanilamide. Whereas narcotics have no effect on an­

aerobic reactions taking place in cell-free extracts, dinitro­

phenol affects phosphorylations taking place in both aerobic 

and anaerobic systems. This indicates that narcotic effects 

are associated with respiratory processes and that the action 

or din*trophenols is not restricted to phosphorylations coupled 

to respiratory processes. That is not to say that a clear-cut 

dirferentiation necessarily obt2ins between narcotics and 

dinitrophenol-like compounds. There may be an overlapping in 

some cases; i.e. certain substances which have narcotic action 

may also be found to exhibit an uncoupling effect. Hyoscine 

may be taken as an example (Table X, page 73). 

The value of the use of succinate as an analeptic 

is still a matter of doubt. The fact that the oxidation of 

succinate in the presence of a high narcotic concentration can 

give rise to sulfanilamide acetylation in vitro indicates that 

there is a sound basis for continued investigation into the 

conditions under which succinate administration might relieve 

a narcotic state. 

It was mentioned above that 2,4-dlnitrophenol had a 

marked inhibitory effect on the acetylation of sulfanilamide 
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arising rrom the dismutation or pyruvate by pigeon liver 

extracts. This errect or 2,4-dinitrophenol indicates that 

phosphorylation is associated with the dismutation or pyruvate. 

There are other indications that esterirication or inorganic 

phosphate takes place in the course or the reaction. Firstly, 

there is the ract that sulranilamide acetylation does not 

occur in the absence or phosphate, i.e. sulranilamide cannot 

replace orthophosphate in the pyruvate dismutation reaction 

which takes place in crude pigeon liver extracts. This 

implies that phosphate may play an essential role in the 

formation of acetyl-CoA. Secondly, the stimulating effect 

of ATP, ADP, and AMP (muscle adenylic acid) on sulfanilamide 

acetylation (Table VIII, page 65) indicates that ATP is, under 

some circumstances, implicated in the formation of Acetyl-CoA 

rrom pyruvate. Should pyruvate break down directly to Acetyl­

CoA it is difficult to account ror the effect or ATP on 

acetylation. The increased acetylation obtained with ADP is 

due to the formation of ATP through m~okinase activity. The 

stimulating effect of AMP on sulranilamlde acetylation in the 

presence or pyruvate and DPN seems to represent strong 

evidence for phosphorylation coupled with pyruvate dismutation. 

The conditions are present in pigeon liver extracts for the 

phosphorylation of AMP. Catalytic amounts of ADP are present 

to act as primary phosphate acceptor. The presence and activity 

of myokinase in pigeon liver extracts are indicated by the fact 

that ADp can give rise to sulfanilamide acetylation in the 

presence or acetate. Since AMP brings about no increase in 
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acetylation in the presence of acetate, it is apparent that 

AMP is phosphorylated in the presence of pyruvate and DPN 

with a consequent increase of high-energy phosphate in the 

system. 

Hunter and Hixon (217) found no effect of dinttro­

phenol on the phosphorylation associated with the anaerobic 

dismutation of' o!.. -ketoglutarate. Also, under aerobic 

conditions one of' the phosphorylations coupled to ~-keto­

glutarate oxidation was found to be unaf'fected by dinitro­

phenol. This fact, in conjunction with the lack of' effect 

of dinitrophenol on the anaerobic dismutation indicated 

that the dinitrophenol resistant phosphorylation was at the 

substrate level. The ef'fect of 2,4-DNP on pyruvate dis­
. 

mutation may mean that the phosphorylation associated with 

the dismutation of pyruvate takes place during the oxidation 

of DPNH2 by pyruvate, rather than during the oxidation of' 

the substrate itself. Although no direct evidence can be 

offered for this postulation it might be regarded as a 

possibility. 

It was pointed out above that sulfanilamide could 

not substitute for orthophosphate in the pyruvate dismutation 

taking place in crude pigeon liver extracts. Korkes et al 

(84) have demonstrated that orthophosphate is not an 

obligatory reactant in the anaerobic oxidation of pyruvate 

by soluble enzyme preparations from E. coli and S. faecalis. 

The authors observed that oxalacetate could replace ortho­
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phosphate in the dismutation reaction providing the enzymes 

for citrate formation were also present (Reaction 4, page 45), 

and concluded that pyruvate yields Acetyl-CoA without the 

intermediary formation of acetylphosphate. Furthermore, 

Korkes, et al (216) duplicated the E. coli results with 

soluble enzyme preparations from pig heart, in which they 

demonstrated the formation of acetylphosphate from pyruvate 
. 

on the addition of bacterial transacetylase to the pig heart 

system. The authors have claimed that the results obtained 

with the pig heart preparation prove the general validity of 

the results obtained with the E. coli enzymes. 

NOW, if it is true both for animal and bacterial 

tissues that pyruvate yields Acetyl-CoA directly, the addition 

of sulfanilamide along with the appropriate enzymes should 

substitute for orthophosphate as an acetyl acceptor in the 

same manner as oxalacetate (Reaction 4, page 45). Further­

more in the presence of pyruvate and DPN, sulfanilamide 

acetylation wOllld be expected to occur in pigeon liver extract 

in the complete absence of orthophosphate, since sulfanilamide 

can a ct as an acetyl acceptor for the acetyl-CoA formed from 

pyruvate. However, experimental results shown on page 61 

indicate that sulfanilamide cannot substitute for ortho­

phosphate since negligible acetylation occurred in the absence 

of phosphate. When phosphate was added to the pigeon liver 

extract an active acetylation of sulfanilamide took place and 

the COe output was greatly increased. It is evident that the 
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dismutation reaction as formulated by Korkes et al (216) is 

not consistent with the experimental results presented here. 

Further proof of the general validity of the results obtained 

by Korkes et al with the E. coli enzymes seem to be required. 

Stern et al (206) have shown that citrate, like 

pyruvate, can form acetyl-CoA direc~ly, i.e., without the 

intervention of ATP, in the presence of DPNH2 and CoA. The 

enzymatic breakdown of citrate to form acetyl-CoA can also 

take place in the presence of a DPN-linked dismutation 

reaction, such as the alcohol dehydrogenase system. The 

addition of citrate to the pyruvate dismutation system of 

pigeon liver extract (Table XI, page 75) increased the 

acetylation of sulfanilamide by 100'&, which is consistent 

with the observations of stern, et ale It was also shown that 

citrate, in the presence of ATP, is an effective acetyl pre­

cursor for the acetylation of sulfanilamide (Table XI) and 

choline (Table XIV). These facts indicate that ATP can 

participate in the formation of acetyl-CoA from citrate. 

ATP participation in the formation of acetyl-CoA is also 

implied in the effects of adenylic compounds on sulfanilamide 

acetylation in the presence of pyruvate. 
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C L A I M S T 0 ORIGINAL RESEARCH 


1. 	 The stimulation by pyruvate of the anaerobic glycolysis 

of glucose in a beet brain extract is accompanied by 

an increased synthesis of acetylcholine. This is in 

contrast to the inhibitory effect of pyruvate on 

acetylcholine synthesis under other conditions. 

2. 	 Pyruvate dismutation has been found to take place in 

beef brain extracts under anaerobic conditions. 

3. 	 The dismutation of pyruvate by beef brain extracts gives 

rise to an increased rate of acetylcholine synthesis. 

4. 	 Fumarate has no effect on the dismutation of pyruvate 

by beef brain extracts but inhibits acetylcholine syn­

thesis markedly. 

5. 	 The dismutation of pyruvate by cell-free extracts of 

pigeon liver is associated with a large increase in the 

rate of sulfanilamide acetylation. The dismutation 

requires orthophosphate, which cannot be replaced by 

sulfanilamide. 

6. 	 In the presence of pyruvate and DPN the addition of ADP 

or AMP (muscle adenylic acid) to a ~rude cell-free extract 

of pigeon liver results in a large increase in the rate 

of sulfanilamide acetylation. Vmen acetate is used as 

the source of acetyl, AMP has no effect on sulfanilamide 

acetylation. 

7. 	 Pigeon liver extracts contain myokinase, which is not 

inhibited by O.05M KF'. 
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8. 	 2,4-Dinitrophenol, nitrourea, and to a lesser extent, 

hyoscine, inhibit the sulfanilamide acetylation which 

is associated with pyruvate dismutation, but have no 

effect on acetylation when acetate and ATP are used 

as acetylating agents. 

9. 	 Narcotics (barbiturates, and chloretone) at high con­

centration have no effect on the acetylation of sulfan­

ilamide by cell-free extracts of pigeon liver, nor do 

they affedt anaerobic glycolysis and acetylcholine 

synthesis taking place in extracts of acetone-dried 

beef brain. 

10. 	 Narcotics (chloretone, nembutal) inhitiit the aerobic 

acetylation of choline taking place in rat brain mince. 

11. 	 The addition of ATP is largely effective in relieving 

the inhibition of choline acetlT;tatlbnncaused by 

chloretone and narconumal under aerobic conditions. 

12. 	 Narcotics markedly inhibit the respiration and aerobic 

acetylation of sulfanilamide taking place in a mixture 

of rat brain homogenate and pigeon liver extract, whether 

the added source of acetyl be pyruvate or acetate. 

IS. 	 The addition of A'rp is largely effective in relieving 

the narcotic inhibition of sulfanilamide acetylation 

taking place in a mixture of rat brain homogenate and 

pigeon liver extract under aerobic conditions, when 

acetate is the added source of acetyl. At the same time 

the addition of ATP has little effect on the inhibition 

of respiration. 
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14. 	 The inhibitory effect of fumarate, malate, and oxal­

acetate on sulfanilamide acetylation by extracts of 

pigeon liver can be overcome by the addition of neutral 

cyanide, which at a concentration of O.lM does not in­

hibit sulfanilamide acetylation taking place in pigeon 

liver extracts. 

15. 	 Bayer-205 (suramin) at a concentration of 3.5 x lO-4M 

completely inhibits sulfanilamide acetylation by pigeon 

liver extracts. 

16. 	 Neither the acetylation of sulfanilamide nor the 

hydrolysis of acetylsulfanilamide takes place in brain 

tissue. 

17. 	 The addition of fumarate inhibits the aerobic acetylation 

of sulfanilamide when pyruvate is the source of acetyl. 

The fumarate inhibition is relieved by the addition of 

malonate. 

18. 	 The one-step oxidation of succinate to fumarate in the 

presence of a concentration of chloretone which com­

pletely blocks the oxidation of fumarate, gives rise to 

increased sulfanilamide acetylation, which indicates 

that succinate oxidation can give rise to mtilizable 

energy for the maintenance of energy requiring metabolic 

processes. 

19. 	 The following amides inhibit the acetylation of sulfan­

ilamide by cell-free extracts of pigeon liver: nicotin­
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amide, coramine (N,N-diethylnicotinamide), semicarbazide, 

benzamide, and nitrourea. Adenosine, and ferricyanide also 

inhibit. Nicotinic acid and acetamide have no effect on 

sulfanilamide acetylation. 

20. 	 Sodium salicylate at a concentration of 10-2M stimulates 

respiration of a mixture of rat brain homogenate and pigeon 

liver extract, while at the same time inhibiting the aerobic 

acetylation of sulfanilamide by 93%_ Salicylate has 

negligible effect on sulfanilamide acetylation by pigeon 

liver extract in the presence of acetate and ATP. The effect 

of salicylate bears some resemblance to that of 2,4-dinitro­

phenol. 

21. 	The addition of fluoracetate and ATP to a pigeon liver extract 

causes the disappea~ce of added sulfanilamide from the 

medium, indicating the formation of fluoroacetylsulfanilamide. 
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