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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 & m-nitrobenzaldehyde was fed 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 acld 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 simultaneoudy
with the compound to be acetylated (p-amlnobenzoic acid or
p-aminobenzaldehyde). He found that acetic acid increased
acetylation by 60-340%, pyruvic acid by aboub 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%4. It was also found that insulin almost
doubled the urinary excretion of the acetylated form. The
effects of the above compounds were ascribed by Harrow to

their effects on the combustion of carbohydrates.

The work of Klein and Harris (7) with rabbit liver
in vitro is in agreement with the findings of Hensel, and
Harrow et al, as regards the marked increase in acetylation
by acetate. They showed that the enhancing effect of acetate
far surpasses that of pyruvate, lactate, acetoacetate, or
ethyl alcohol. However, Dolsy and Westerfield (8) and Martin

and Rennebaum (9) reported findings to the contrary. They
demonstrated that acetate had a direct inhibitory effect on
acetylation, while acetoin and pyruvic acid were found to
cause a great increase. The foregoing merely indicates the
impossibility of obtalining a clear picture of the acetyl
precursor by balance experiments with intact animals, since
there is no way of making the exogenous supply of precursor
the limiting factor. The precursors of acetylation are avall-
able in abundant supply from metabolic reactions, and the
yield of acetylated compound 1s not likely to be influenced
to a great extent by the dletary addition of likely precursors

of acetyl groups.

Isotope Studles

The use of isotopically labelled test substances

provided the first direct evidence concerning the sources of
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acetyl groups for acetylation. Bernard (10) showed that when
deutero~acetic acld 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 (151). Ethanol was also shown to be an acetyl
precursor by the use of deutero-ethanol (1l). On the other
hand, deutero-succinic acid had no effect on acetylation (58).
By employing carbonyl- and carboxyl-labelled pyruvic acid
Anker (59) was able to demonstrate that only carbon atoms 2
and .3 are utilized for scetylation. Bloch and Rittenberg
(151), in the course of investigations relative to the syn-
thesis of cholestercl in the body fed the following compounds
labelled with deuterium: butyric acid, alamine, n-valeric
acid, and myristic acid. By the simultaneous feeding of
amino phenylbutyric acid &t was shown that all the compounds
fed provided acetyl groups for acetylation since the acetyl-
aminophenyl butyric acid formed in each case contalned
deuterium in good amounts. It was also found that only those
compounds capable of providing acetyl groups for acetylation
were able to form cholesterol. Deuteroproplonic acid, for
instance neither acetylated aminophenylbutyric acid nor formed

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
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is that one molecule of glycine 1s degraded to formic adid,
which condenses with a second molecule of glycine to give ,
xg=-labelled serine as demonstrated by Sakami (153). Pyruvic
acid, derived from serine, would be the precursor of doubly
labelled acetic acid (59). These experiments demonstrate the
exlstence of a mechanism in the body for the synthesls of

acetate involving mono-carbon substances.

No attempt has been made to review here the extensive
literature on ihtermediary metabolism, the rapid accumulation
of 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 foragoing merely illustrates the central position of
acetate in cell metabolism, of which acetylatlon reactions
are an integral part. Individual acetylation reactions will

now be discussed in some detall.

Acetylation of Aromatic Amines

The first in vitro demonstration of the acetylation
of sulfanilamide was made by Klein and Harris (40) who, in
1938, 1ncubated rabbit liver slices in a Ringer-bicarbonate
or Ringer-phosphate medium containing sulfanilamide. They
foﬁnd that increased acetylation Qas achieved by the addition
of glucose, pyruvate, lactate, and acetoacetate (in order of
decreasing éfficiency). There was little anaerobic acetylation
as compared with the aerobic controls, althoigh when acetate

was added under anaerobic conditions the acetylation almost
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reached the level obtained in the aserobic experiments, The
authors drew the conclusion that the process was limited by
the rate of production of acetate by the tissues, and might be
increased by acetate or those substances giving rise to acetate

in the course of their metabolism.

Lipmenn (41), working with homogenates and extracts
of pigeon liver, found acetate to be the most active acetyl
donor, while acetoacetate and pyruvate showed half the effect
of acetate. The results suggested that the immediate reactant
was either acetic acid 1ltself or a Cg compound which arises
more readlly from acetate than from pyruvate or sacetoacetate.
In these experimenté five times as much sulfanilamide was
acetylated under aerobic as compared with anserobic conditions.
However, when ATP was supplied, the anaerobic level of
acetylation was raised to that of the aerobic, This suggested
the prominent part played by ATP in the acetylation reaction,
and lent confirmation to the well-known fact that seroblc
metabolism generates much more high-energy phosphate than does

anaseroblic metabolism.

The enzyme system responsible for the acetylation of
cgygatic amines was found 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 for

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

Lipmenn et al (60) in 1950, reported the separation of
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pigeon liver extract into acetyl-donor and various acetyl-
acceptor fractions by means of acetone precipitation in the
cold. At pH 8.2, 40% acetone precipitated the acetyl-donor
fraction together with the acceptor systems for acetoacetats
and citrate synthesis. The sulfanilamide acceptor enzyme
remained 1in solution but could be precipitated by increasing

the acetone concentration to 60% (55)e

The separation of the acetyl-acceptor anzymes from
other components in pigeon liver extract has provided a means
for the study of other acetyl-donor systems, To give one
example, acetylphosphate displays quite a difference 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-
successful in obtaining an increase in the acetylation of
sulfanilamide by synthetic acetylphosphate (41l). Yet, Lipmann
and Tuttle (42), using hydroxylamine as an acyl interceptor,
caimed to trap what they presumed to be acetylphosphate formed
by pigeon liver extract in the presence of ATP and acetate.
Furthermore, the formation of the acetohydroxamic:gcid was
shown to be dependent on the presence of Coenzyme A. The
possibllity was tendered that the ATP-acetate reaction gives
rise to an acetylphosphate different from the synthetic com-
pound. However, subsequent research (43,44) disclosed that
synthetic acetylphosphate would serve as an scetyl-donor for

sulfanilamide acetylation by the plgeon liver acceptor system
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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 acetylsulfanilamide, once formed, 1s extremely
stable, In striking contrast are the difficulties encountered
in the investigation of choline acetylation, which will be

discussed next.

Acetylation of Choline

Hunt and Taveau (12) demonstrated as early as 1906
that the acetylation of choline resulted in a product of
greatly increased pharmacological activity. However, it is
quite understandable that so much time should elapse before
it became known that acetylcholine (Ach) was a nommal con-
stituent of the body. There was little more reason to expect
its presence than of any other pharmacologically active com-
pound which physiologists employed to irritate the animal
body. The one probable clue was the known presence of choline.
In fact, Donath (157) had, in 1904, proposed a theory that
implicéted choline as the cause of convulsions in patients

suffering from eplilepsy.
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The demonstration by Dudley (13) in 1929, that Ach
was a normal constituent of the body was contingent upon the
discovery by Loewi and Navratil (155) that physostigmine
(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 & buffered medium
to which gducose and eserine (to inhibit cholinesterase) were
added, contalned four to five times as 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 inhikited the acetyl-
ation even when sufficient oxygen was present., Pyruvate and
lactate could replace glucose under aerobic conditions. It
was concluded that the synthesis of Ach took place as a result
of metabolic changes in the tissue, and that the oxidation of

the substrate provided the necessary energye.

Nachmansohn and Machado (16), in 1943, found that
homogzenized brain under anaeroblic conditions would synthesize
Ach, provided ATP was suppiied. Under these conditions it was
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
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formation of Ach, but the yleld was small end variable. How-
sver, when cell-free extracts were prepared by centrifuging
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 choline-acetylating
enzyme system is completely soluble in aqueous mediume. 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
formation of Ach by the extract was only half that obtained
under anseroblic conditions. The addition of glutathione or
cysteine to the system overcame the inhibition caused by air
(19,20) and oxidifed glutathione or cysteine inhibited the
synthesis of Ach under both anaerobic and serobic conditions.
Iodo-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 of the acetyl group,
such as citrate, cis-aconitate, or acetoacetate; potassium
ions; ATP; and a coenzyme found to be present 1in boiled aqueous
extracts of brewer's yeast or animal tissues, The presence of
either cysteine or reduced glutathione 1is desirable with homo-
genates and acetone-powder extracts, particularly after

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

The manner in which citrate enhances formation of
Ach has been strongly debated. It has an activating effect on
minces (27), homogenates, (20,21,28), and extracts (21,29,30)
but appears to inhibit synthesis in extracts of acetone-dried
squid ganglia (24). It has been claimed by Lipton and Barron
(21) that citrate is more active than acetate as a precursor
for acetyl groups in Ach synthesis. Barron and Perskey (31)
suggested the following mechanism with citrate as substrate:

Ie citrate oxalacetate + M"active" acetate

II. “active" acetate + cholihe ———————4ace£y1choline
It had préviousli been shown that citrate sactivation reguires
magnesium ions (32), which is in agreement with the above

scheme, since Reaction I requires Mg++.

Others have adopted the view that cltrate activation
is due to its effect of inhibiting ATP-ase activity by removal
of divalent ions (24,33). However, ATP-ase activity in
acetone-dried brain extracts is very low (34), and citrate
shows a strong activating effect even in the presence of

fluoride, 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 1s simlilar to citrate, has been shown to be without

effect on Ach synthesis (30).

Acetate had been reported by a number of authors
(16,22,23,24,36) to have little effect on Ach synthesis,
although positive results were achieved with the squid ganglia
(24).. Nachmansohn et al (37), described a preparation from
rabbit brain (purified by ammonium sulfate fractionation) in
which acetate is essential for high activity, and calcium lons
are regyuired. This was confirmed by Balfour and Hebb (38) who
have achieved the separation of two enzyme systems from rabbit
brain, one utilizing acetate (plus calcium iomns), the other
citrate (plus magnesium ions). When the two systems are pre-
sent together, citrate and acetate have equal effect on Ach

formation.

Glucose may accelerate or 1nhibit the formation of
Ach, depending entirely upon the conditions under which it is
present, Glueose stimulates synthesis by brain slices or
braln pulp, aerobically (22,23), while in extracts of acetone-
dried brain both glucose and fructose cause a definite in-
hibition (17,18), which is due to the loss of ATP by hexo-
kinase activity (39). However,ijhen conditions are present
for active glycolysis, glucose :hd fructose lead to the for-
mati on of large amounts of Ach by brain extracts (39). D=

Glucosamine, which can be phosphorylated at the expense of ATP,
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also effectively inhibits Ach formatidn in non-glycoliging
extracts (39). The inhibition due to fructose and D-glucosamine
can be relieved by the addition of N-acetylglucosamine 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 of Acetylcholine"
states “that D-glucosamine inhibits choline acetylase in non-
glycolyiing cell-free extracts; the presence of N-acetyl-
glucosamine counteracts this effect.®™ This is obviously a
misinterpretation of the facts. 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 anserobic conditions (20,29,30,35).
Other keto aclids tested, such as «-ketoglutaric (20,35),
phenylpyruvic (20), hydroxyphenyl pyruvic (20), and oxslacetic
(30) had similar effects.

Cholinesterase

As stated previously, there is present in tissues an
active cholinesterase which rapidly hydrolizes Ach to acetate
and choline. The enzyme is usually associated with the par-
ticulate matter of tissues, practically none being present in
acetone powder extracts (20). However, most workers add eserine
to thelr medium as & routine measure, Cholinesterase is in-

hibited by eserine as well as by diisopropyl fluorophosphate



13.

(DFP) (168), and tetraethyl pyrophosphate (TEPP) (159), but

none of these affects choline acetylase activity (24).

Assay of Acetylcholine

Ach is determined by biological assay. The various
assay methods have been investigated by ghang and Gaddum (160)
who found the frog rectus abdominis muscle and the longitudinal
dorsal muscle of the leech the most atisfactory. The isolated
ventricle of the clam has been used by several workers (161,
162). None of these methods 1s satisfactory, as a wide margin
of error (approximately * 10%) is involved. Hestrin (163) has
recently described a method based on the formation of a hydrox-
amlc acid by the reaction between Ach and hydroxylamine at
alkaline pH.

goenzyme A

Feldberg and Mann (60,30) in 1945 reported a heat-
stable dializable factor present in fresh brain extract,
acetone~dried braln extract, and yeast, which, when added to
& brain extract, greatly increased the synthesis of Ach. Nach-
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 for choline acetylase". Lipmann and Kaplan (46,47)
obtained by the fractionation of boiled pork liver, a factor
which stimulated the acetylation of both sulfanilamide and

choline. It was named Coenzyme A, The coenzyme 1s identieal
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with the "activator®" of Feldberg and Mann (30), and that of
Nechmansohn and Berman (18) and is a general consatituent of

living organiams.

Kaplan and Lipman (48) have described a method for
the assay of Coenzyme A (CoA). The content of the latter im
pigeon liver extract is destroyed by autolysis, thus making
CoA the limliting factor in the acetylation of sulfanilamide.
Resctivation of the extract is directly proportional to the
CoA concentration. One unit of CoA 1s designated as that
amount which reactivates their system to half the maximum

activity.

Three ma jor components are present in the coenzyme
molecule: (&) pantothenic acid (49), (b) adonylic‘acid (49)
and (c¢) an amino-containing sulfur compound, which is probably
mercaptoethanolamine (49,50,51)., The pantothenic acid 1s most
likely linked to the sulfur-containing compound through the
B-alanine carboxyl group (49,52), and to the adenylic acid by
a phosphate bridge (53). There may also be a second phosphate
grouping on the ribose of the adenylic acid. The following
schematic formula is tentative:

Pan?oyl - B-alanyl-mercaptoethanolamine

P P - ribose-adenine

N
P

There are strong indications that Coenzyme-A=---

enzyme complexes bind acetyl groups, as for example, by reaction
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with acetyl phosphate'(54). This possibility arises from the
fact that purified enzyme'fractions from Cl. kluyveri (45) con-

tain a transacetylase which makes acetyl phosphate available

as an acetyl-donor to Coenzyme A - dppendent liver acetyl-
fcceptor systems (55). Lynen and Reichert (56) have produced
evidence indicating that the function of Coenzyme A is actually
that of a transacetylase. By fractionation of & boiled sus-
pension of baker's yeast he obtained an impure preparation
which contained Coenzyme A acetylated at the sulfur atomes This
acetyl-CoA preparation when added to liver extract was capable

of sulfanilamide acetylation.

Two-Carbon Fragment Generation

The first suggestions of acetate formation 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
probabllity that the metabollc paths of fat, carbohydrate and
protein comverge at the two carbon stage, from which only one’

common mechanism of oxidation would be required.

Schoenheimer and Rittenberg (70) demonstrated the
stepwlise degradation of a bilologically occurring fatty acid by
elimination of twe 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 acld formed from this compound in liver slices
must have been formed, in part, by random condensatlon of Cg
fragments., It is fairly well agreed that the formation of a
Co fragment Is an obligatory step in the breakdown of fatty
acids, and that acetoscetate formation in liver tissue is due
to inablility under certain conditions of that orgean to dispose
of the Co fragments by oxlidation. This point is well exemplif-
ied in the experiments of Lehninger (72) who found that the
addition of fumarate to preparations of washed liver cells
oxidizing octanocate, diminished the amount of acetoacetlc acid
formed and increased the concentration of intermediates of the
tricarboxylic acid cycle. On the other hand, Lehninger (73)
described & malonate-insensitive system in liver which forms
acetoacetate from pyruvate, aerocblically. Lehninger'!s system
is "malonate-insensitive™ in the sense that blocking the tri-
carboxylic acid cycle forces an alternative disposal of the

Co fragments arising from pyruvate, which in this case are

directed towards acetoacetate formation.

The evidence to the effect that pyruvate is a source
of C2 groups is indisputable. Pyruvate'enhuncea the formatinn
of Ach (15), the acétylation of aromatic amines (6,7,8,9,41),
the formation of acetoacetate under certain conditions (73),
and the production of citrate (75). Acetate has been shown to
accumulate as a result of pyruvate breakdown in animal tissues,
both serobically (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
o« -ketoglutarate provided fumarate is present, while in the
absence of fumarate the oxidation of pyruvate 1s assoclated
with the formation of acetate (75). The oxldstion of pyruvate
by kidney or liver slices in the presence of fluorocacetate
leads to the accumulation of acetate as a result of inhibiting
the further oxidstion through the tricarboxylic acid cycle
(105). Lehningerts work (72,73) indicates that pyruvate
supplies a precursor common to the formation of acetoacetate
and o 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 1s active in acetylation reactions.

Mechanism of Acetylation

The discovery that Coenzyme A was & common factor in
the acetylation of sulfanilamlide, and the formation of acetomn;
acetate and citrate, indicated that the same precursor was in-
volved in all three reactions. Soodak and Lipmenn (65) using
the same preparation of liver extract as was used in the
acetylation of sulfanilamide, observed a synthesis of aceto-
acetate 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 acetoacetate.
Stern and Ochoa (63) found that, in extracts of pigeon liver,

citrate was readily formed from scetate and oxalacetate 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's sxperiments
(72,73)s The catalytic function of CoA in citric aclid synthesis
‘'was confirmed by Novelli and Lipmann (44) in experiments with
cell-free extracts of yeast, and E., colis. Furthermore synthetic
acetylphosphate was shown to act as acetyl precursor in cltric
acid synthesis by extracts of E. coll, due to the presence in
these extracts of a CoA dependent transacetylase (46) which con-

vorts acetylphosphate into an active acetyl donor.

The failure of animal enzyme preparations to utilize
synthetic acetylphosphate as an acetyl donor can be attributed
to the absence of phosphotransacetylase (48). However, the
addition of bacterial extracts, containing this enzyme, to
animal preparations containing acetyl-acceptor systems will en-

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

From the data accumulating during the last few years
(44,635,65,165) 1t appears in all likelihood that the so called
"active acetate" is acetyl-CoA (64,56), which may be derived
from a variety 6f enzymic reactions, and in turn may donate its
acetyl residue to a variety of acceptor systems, Thus Coenzyme A

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

The functional group of Coenzyme A is the -SH group.
It has been suggested (56) that the acetylation reaction is
initiated by a transfer of a phosphate group from ATP to the
8 atom of Coenzyme A, followed by the exchange of the phosphate
group dr acetate giving acetyl-CoA (R-S-CO-CHz).

THE MECHANISM OF NARCOSIS

The scientific investigation of narcosls began in

the year 1846, when Morton and Jackson introduced ether into
surgical practice. The earliest names assoclated with this
investigation are those of Bibra and Harless, in 1847, who
observed that cerebral fats are soluble in ether and chloroform,
and used this as a basis for a hypothesis of the mode of action
of narcotics. The same relationship between the known narcotics
of that day and thelir solubility in fats and oils was also
observed by othegs but no definite correlation was clearly
established until 1899 when Hans Meyer (109) proposed the
"lipoid theory of narcosis®., It was formulated in three
ﬁhraaes: ‘

(1) Toute substance chimiquement indifferente et soluble

dans les gralsses et les lipoides, est un narcotic;
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(2) L'action se manifestera en premier lieu dans les
cellules dans lequelles les lipoides ont des fonctlion
importantes, clest-a-dire dans les cellules nerveuses;

(3) Ltactivite depend du coefficient de partage, qui
determine la repartitlion de ces substances dans un
melange d'eau et desuﬁstancos lipoidique.

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

work on cellular permeability, came to the same comlusion.

The lipoid theory implies that the narcotic properties
of compounds vary in the same fashion as their lipoid solubll-
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 lipolds. Winterstein (112) has emphasized that the lipoid
theory is really a theory of narcotics rather than of narcosis,
while Kart Meyer (111) during & symposium which dealt with -
narcosis, polnted out that, "It is not really a theory which
eiplains the mechanism of narcosis, but rather the expression
of an experimentally observed regularity, a rule of which
every theory must take acéounﬁ." Verworn (118), in 1911, also
pointed out that the lipoid theory was not a theory of narcosis
sihda it did not explain the mechanism of narcotic action.
However, the proponents of the theory heid the belief that the

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

Verworn (118) presented the first theory of 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 consumpbion of the cells, which he attributed

to "asphyxia®™. Warburg's adsorption theory (119) also associated
narcosis with oxygen lack. Warburg showed that the oxygen up-
take of various cells was reduced, the extent dopending on the
narcotic concentration. This effect was explained on the

grounds that differential adsorption of the narcotlcs displaced
enzymes from vital surfeces. However, Warburg's charcoal model
mprovided no evidence that there was any significant adsorption
of narcotics on “vital surfaces" in the cells of the living

organism.

The Cellular Membrane Theory of Narcosis

HB8ber (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
cellular permeabllity, expounded & popular theory based on
the assumption that narcotics prevent the depolarization of
the nerve membrane by abolishing the increase in permeablillty
upon which depolarization dopends. However, Lillie's theory

wms not substantiated by the lnvestigations 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 1s believed to be the



22.

result of stabilization of polarization (123,124,125) or by
depolarization (125)., How these effects are produced by
narcotics has never been demonstrated, but attempts at ex-
planation have always emphasizxed change in permeabllity of

the membrsne. A very ingenlious experiment was devised by
Larrabee et al (126) to compare the effects of narcotics on
neuronal mgtabolism and synaptic transmission by simultaneously
measuring the oxygen consumption and transmission in excised
superior cervical sympathetic ganglla of rabbits. A ganglion
was placed in a flowing solution in a small chamber in which
oxygen concentration was measured with a polarized platinum
electrode. The rate of oxygen consumption was determined Wy
measuring the rate of fall of oxygen concentration when the
flow of solution was stopped. The preganglionic nerve was
stimulated and the transmission was measured by the height

of the postganglionic action potential produced. All an-
sesthetics tested except urethane (chloretone, nembutal,
ether, chloroform, and alcohols from methanol to octanol)
depressed synaptic transmission without slowing the resting
oxygen consumption. At sufficlently high narcotic concentration
oxygen consumption was markedly inhibited. When the oxygen
consumption was depressed by nembﬁtal or chloretone, it could
be restored by me thylene blue, but depressed transmission

was not affected. The extra oxygen consumption caused by
repetitive actlivity 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

before transmission was affected., The extra oxygen consumption
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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 interfere with

oxygen consumption.

This conclusion is ﬁot valid on the basis of the
evidence presented. There are indications that two oxidative
processses are present in nerve tissue, one of which i1s related
to excitation, and the other not. The resting oxygen con-
sumption 1s presumably not related to excitation. The restor-
ation of oxygen consumption which has been depressed by & nar-
cotic can be restored by methylene blue, but no high-energy
phosphate 1s buillt up in the process. The main criticism lies
with the fact that the cohclusions 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
exercising a large inhibitory effect on an aspect of a res-
piratory chain that is linked with ATP synthesis, 1t 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 by the system, a small fraction of the entire
process. To illustrate, & 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 1s a reflection of the inhibition of ATP formation (130).
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Theories of Narcosis Based on Inhlbition of Oxlidation

Verworn (118) was the first to suggest that the
phenomenon of narcosis 1s linked with inhibition of oxidation.
His insight was remarkable when considered in the light of the
paucity of biochemical knowledge and experimental techniques
of his day. Some of his remarks made in 1911 when he delivered
his Harvey Lecture on Narcosls are worthy of recapitulation:

"The factor which produces the characteristic symptom
complex of narcosis 1s under all circumstances the suppression
of the power to carry on oxidations ... When we recall the fate
of 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, we find that the narcotic, which over-

flows the cell, sould establish the inhibltory action upon the

oxidation at various stages of this process_....

"However, I wish to emphasize again, that the conception
regarding the neature of inhibition of oxygen metabolism in nar-
cosis is of a purely hypothetlcal character. It is only an
established fact that narcotics induce an acute asphyxia of the

cells, Herein, i1s the essence of narcosis.®

Verworn stressed the fact that narcotics inhibit
oxidative processes; his use of the word asphyxia was purely
figurative. Y

The modern concept of & mechanism of narcosis based

on inhibition of oxidative processes was formulated by Quastel
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and Wheatley (131l) in 1932, The suthors 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 oxidstion was not restricted
to the brain, or to carbohydrstes and their breakdown productse.
It was found that when rat or guinea-pig brain slices respired
in the presence of a narcotic (pentobarbital, chloretone, or
evipan) the inhibition of oxidation was greatest when glucose
was bging oxidized, followdd by pyruvate and lactate; glutamate
inhibition was smaller, while the oxidation of succinate was
unaffected. These findlings were a confirmetion of the early
results of Quastel and Wheat ley, who used minced whole brain
under womewhat different conditions. It should be mentioned
that whenfﬁxidizablo substrate was added, the small oxidation
of the brain slices was not appreciably affected 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 for the
enzymes involved was indicated by the fact that substrate
concentration did not influence the degrée of 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
respitration of the cerebral cortex in vitro. In making the
comparison it should be remembered that the in vitro in-

hibitions represent the effects of the narcotics on the
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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 1s localized or

specifically absorbed.

The effects of narcotics such as the barbltursates,
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 inhibitor of brain respiration (133). Irrever-
sibility may be explained, conceivably, on the basis of
irreversible denaturstion of the proteins with which these

substances become assoclated.

It has been suggested that the mechanism of
reversible denaturation might account for the observed effects
of narcotics and other substances on metabolic processes and
thus induce a state of narcgsis (137). (If this is so, we
are stlll confronted, 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 forms of & protein-enzyme, the native form being
the active one. The narcotic is believed to shift the
equilibrium in favour of the denatured form. The basls 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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chemical rather than chemical effects when one considers the
wide varlety of structural types of compounds which have

narcotic action.

We have seen that the oxidatlon of succinate is not
inhibited by concentrations of drugs that do inhibit the
oxidation of glucose, lactate, and pyruvate (131). This in-
dicates that cytochrome oxidase and succlinic 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 determine
which section of the respiratory éhain.was narcotic sensitive.
Quastel and Michnélis (140) demonstrated the insensitivity of
the dehydrogenases of bralin, 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 inhibited by nar-
cotics. This had been previously demonstrated by Quastel and
Michaelis (140) who used a system consisting of muscle 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 between DPN.Z2H and cytochrome oxidase 1s the narcotic-
sensitive step. Greig (142) has confirmed the findings of
Quastel, et al, and suggests that in the presence of the nar-
cotic there is a binding of reduced flavoprotein with cytochrome

E or other intermediates. There is sufficilent 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 pentobarbital inhibits
the generation of high-energy phosphate bonds to the extent
that it interferes with oxygen utilization. With'pyruvate as
substrate, pentobarbital inhibits both respliration and phosphate
uptake proportionately. It has beer shown 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 (145). The narcotics
definitely suppress the aeroblc formation of acetylcholine,
presumably by the spppression of ATP formatione. Brody and
Bain (146) on the basis of their experimental findings postu-
lated that an uncoupling of phosphorylation from oxidation
may be one of the ways in which barbiturates act to produce
ansesthesia, while Perskey, Goldstein, and Levine (147) found
that pentobarbital blocks the pyruvic acid oxidase system, most
likely at the two-carbon fragment. They stated that "the
barbiturate does not block the oxidation of flavo-protoin by
either oxygen or cytochrome c¢. Rather, essential sulfhydril
groups of the dehydrogenase of the pyruvic acid system are
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shown to be the barbiturate-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 180% or more., When respiration was dimin-
ished by 504, aerobic glycolysis was augmented by 200 to
3004. This work lends confirmation to that of Hutchinson and
Stotz (148) and of Greig (142). Independently of Rosenberg
et al, Webb and Elliott (150) showed that the maximum aerobic
glycolytic rate, equal to or exceeding the normal rate of
anaeroblc glycolysis, occurred when the oxygen uptake was
about 50% inhibited by narcotics. In contrast to the above
findings are those of Perskey, Goldstein, and Levine (147)
who reported that pentobarbital completely inhibited both
serobic and anaerobic glycolysis at a concentration of 4mM/1l.

Effect of Narcotics on Resting level, and Activity Level of
Oxldatlion

A number of investigators (180,181) have postulated
that the total oxygen consumption of diverse types of cells
results from t wo 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
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fact that in Lerrabee's sympathetic ganglia preparation (126)
the narcotic concentration which blocks transmission of the
stimulus falls to depress the resting level of oxidation.
Since only the activity level of oxidation is as#ociated with
excitation, it is quite logical that when the activity level
of oxidation is depressed by a narcotic there will be no
transmission. An analogeus case is that of luminous bacteria,
in which there are indications of two oxidatlive processes, one
of which, the%activity system", is associated with light

production.

Jowett and Quastel (132) some years ago, observed
that the respiration of brain slices in the absence of added
substrate was but little affected by a narcotic concentration
which inhibited oxidation in the presence of added glucose
by 57%, while doubling the narcotic concentration inhibited

respiration markedly in the former case.

Recently, McIlwain (182,183) provided evidence that
concentrations of atropine and hyoscine which had no effect
on the "resting level® of oxidation inhibited the "activity
level®™ of oxidation evoked by electrical stimulation bf brain
8lices in vitro. Moreover, it was observed that stimulation
of oxidation by other means (high KC1l, 2,4-dinitrophenol) was
not affected by concentrations of 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
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increased activity of the central nervous system in vivo.

Narcotics have in common the ability to depress
reversibly particular functions or activities of individual
cells as well a&s of whole organisms. This ability is well
illustrated by their effects on nervous function, cell division
in sea-urchin eggs, light production in luminous bactseria,
sperm motility, photosynthesis, etc. Claude Bernard, in 1875,
emphasized the fact that ansesthesia, which 1s a special
example of the general phenomena of narcosis, is & universal
phenomenon, and not peculiar to the nervous system alone, nor
even to animal organisms. However, the distinguishing
characteristic of a narcotic or ansesthetic must be 1lts effect
on nervous function. The necessity arises from the fact that
in recent years many substances have bgon found which can de-
press function or activitles of cells but which do not have
narcotic activity, i.e. they do not induce hypnosis or an-
aesthesia in the animal organlism. One such group @&f substances

is the nitrophenols.

It is likely that the numerous effects produced by
anaesthetic drugs on forms of life widely different from one
another can be attributable to a common mechanism. It is
extremely unlikely that these effects are unrelated to narcosis
as defined in terms of reversible suppression of nervous
excitability. Subsequent reaearch, we might suggest, will

vindicate Bernard's concept of a universl mechanism (114).
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Henderson (107), in 1930, concluded an extensive
review on narcosis with the words: "the final chapter in the
theories of narcosis has yet to be written." Butler (108)
in 1949), on the same subject, could still agree with Henderson,
and went so far as to question the advisabllity of seeking a
theory with universal validity. The root of Butler's
scepticism is the apparently insuperable task of correlating
the widely divergent effects of narcotics. The problem, how-
ever, 1s more apparent than real. A universal mechanism of
narcosis does not demand that every substance which shows
narcotlic properties must have the same primary point of attack.
If it can be shown, for instance, that the direct cause of the
narcotic effect is a blockage in the production of energy |
required to sustain the particular activities affected by the
narcotic, the requirements for a general mechanism will hxve
been met. This type of evidence is accumulating in the field
of biochemistry.
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EXPERIMENTAL METHODS

TISSUE PREPARATIONS

Beef Braln Acetone Powders

Beef brains were obtained from the abattolr 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
(0.16M), cysteine hydrochloride (0.013M) and disodium hydrogen
phosphate (0.02M). 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 materisl was filtered, washed wecll with acetone,
partielly dried by suction, and stored as a dry powder in a

vacuum desicdator at 0°C.

Care must be taken during the washing process that air
1s 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 of nicotinamide (NAA) during the pre-
paretion of the powder protects the DPN to a great extent
against destruction by DPN-ase in spite of the fact that the
NAA 1s 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 fo§ 15 minutes
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 1ce-cold distilled water.

The livers were first minced with stainless steel
scissors followed by homogenization for 60 seconds in the Waring
blendor. To facllitate the homogenizing, lce-cold acetone was
added to the minced tissue in the Waring blendor in sufficient
quantity to submerge the blades. (It has been observed that
excesslive 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 fumnnel as a solid cake, which was placed
on a large circle of fllter paper and broken up inteo small pleces,
with & spatula. Drying was completed in a vacuum desfgitator over

calecium chloride. The product was a light plnk in color.

The powder retained full activity for well over a month
when stored in a vacuum dessicator at 0°C. 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 pigeonsS
obtained from & local dealer, were not selected as to age, size,
ete., 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 monﬁhs had somewhat lower activity than
summer preparations, which 1s probably a reflection of dietary
conditions. Hoﬁever, any particular preparation gave reasonably
consistent results. The experiments described in the text wére
performed at different times over a pericd of 2 years, hence the
difference in the extent of acetylation, since a number of

‘liver preparations were made during that time.

Pigeon liver extracts

The extracts of acetone-dried powder were made up as
required. The powder was ground in a mortar with an aqueous

medium, the comptsition 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 60 mg. of powder per ml. of extraction
medium. To perform the grinding a small quantity of the fluild
was added to the powder to make a thick paste, after which the
remaining fluid was added gradually with continuous grinding,
the whole operation taking 5 minutes,

After centrifugation at 19000 g for 5 minutes the
clear amber supernatant was pipetted directly into the manometer
flasks, the amount of extract added being always equivalent to

60 mg. of powder,

It was found unnecessary to add Coenzyme A to these
extracts, nor was cysteine needed to obtain a high rate of

acetylation of sulfanilamide.

Ret Brain Mince

Whole rat brai£ was put through a small Latapie
mincer. 3 grams of mince was suspended in a medidmm of the
following composition: NAA 0.068M, KCl 0.15M, MgClp 0.03M, to
make a total volume of 6 ml. One ml, of the suspension was
pipetted into the Warburg vessel after all other solutions had
been added. Salt contents of vessels (final concentrations}:

NAA 0.015M; KCl 0.033M; MgClg 0.006M; NaF 0.03M; sodium phosphate
buffer 0.02M, pH 7.4,; choline chloride 0.00lM; eserine sulphate
0.0004M. Other additions were as Indicated in the text. 0.2 ml.
of 20% KOH was added to the centre-well of the Warburg vessel,
glong 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: KC1 0.09M; NAA 0.04M; MgCl, 0.012M;
sodium phosphate buffer 0.02M, pH 7.4. 1 ml. 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 of sulfanilamide acetylation, in
conjunction with pigeon liver extract:

1l g. of rat brain (cerebral hemispheres) was homo-
genlzed and made up to 5 ml., with a solution contalning KC1l
0.06M; NAA 0.04M; and MgClp 0.04M. 0.5 ml. of 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 ln 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 aserated saline medium (22) of the
following composition: NaCl 0.71%; KC1l 0.032%; CaClo 0018%;
NaHCOz 0.012%; glucose 0.077%.

All results are reported in terms of acetylcholine
chloride, which was used as a standard. For the callbration
of the leech muscle, 0.1 to 0.5 ml. 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 kymographe. The leech muscle was consldered 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 0.1l to
05 ml, to the leech chamber would produce contractions of the
same length as that produced by the additions of the standard
solution. Eserine sulphate (0.l mg.) was always added to the

per fusion fluid in the intervals between contractions.

ATP and other phosphéte esters were removed from the
samples to be assayed by the following procedure:

At the conclusion of the experiment the 3.0 ml. contents
of the Warburg vessel was poured into 2.0 ml. of NaHgPO4 (0.2M)
and placed in a boiling water bath for 10 minutes. After
cooling, 2.0 ml. of BaCly (0.3M) was added and the pH adjusted

to 7 with saturated Ba(OH)g. The precipitate was centrifuged
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down and the clear supernatant decanted, and the excess barium

removed with NagS04 (0.5M).

If the solution was not assayed immediately, NaHoPO,
was added to bring the solutions to pH 5. No Ach is lost as

a result of the above procedure.

A control was ptoutinely run with every experiment to
correct for the effect of substances on the leech muscle other
than that of Ach synthesized during the experiment. At the
beginning of an experiment a vessel contalning the same com-
ponents as those present 1n 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

from that of the experimental vessel.

Lactic Acid Determination

Lactic acid determinations were made on the same
samples that were assayed for Ach. The method used was that

of Barker and Summerson (79) as mpdified by Umbreit et al (80)%,

Sulfanilamide Determination

Sulfanilamide determinations were made according to
the method of Bratton and Marshall (8l). All reagents and

stock solutions were made up in the prescribed msnner,

The principle of the method is as follows:

Sulfanilamide is diazotized with nitrous acid, ammonium

¥The lactic acid estimations were made with the assistance of
Miss Rosalind Cohen and Miss Anne Benson.
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sulfamate is added to destroy excess nitrous acid, and the dia-
zotized sulfanilamide 1s coupled with a suitable reagent for

color development.

The most suitable color reagent has been’found to be
N~ (l-naphthyl)-ethylenediamine dihydrochloride, which may be
prepared in a state of high purity; its coupling is wery rapid
and uninfluenced by pH in the range 1 to 2, Furthermore, this
range of pH has no effect on the color of the dye. The coup~
ling of the colorless color reagent with the dlazotized sul-

fanilamlde produces a red color.

When a photoelectric colorimeter is used the peak of
absorption is at 545 mu. However, in the work to be described
the colors were assayed using a Fisher Electrophotometer at

525 mite

Trichloracetic acld was 1deal as a protein precipitant
since the blank given is so small that it can be neglected.
The concentration of trichloracetic acid in the final mixture
was 3%. The presence of acetylsulfanilamide was found to have

no effect on the determination of sulfanilamide.

A standard curve for sulfanilamide determination

A stock 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 concentrations 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, of the diluted stock solution to 18 ml. of
15% trichloracetic acid and making each up to 100 ml. with

water.

To 10 ml., of each of the prepared standard solutions
was added 1 ml. of 0.1% NaNOg solution. 1 ml. of 0.5% ammonium
sulfamate was added after the tubes had been mixed thoroughly
and 3 minutes had elapsed from the time of adding the nitrite.
2 minutes is allowed for the excess nitikitte to be destroyed,
after which 1 ml. of a 0.1% solution of 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. of water in place of the nitrite
solution. Flg. 1 shows the standard "curve®™ obtalned when
Optical Density at 525 mu is plotted against sulfanilamide

content,
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Estimation of Acetylsulfanilamide Content of Experimental
Vessels

Acdtylsulfanilamide was estimated by difference.

At the end of the incubation period 1 ml. of the
Warburg vessel contents was pipetted into 14 ml. of 3.2%
trichloracetic acid for protein precipitation. After centri-
fugation 5 or 10 ml. 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 ml. of supernatant added

to the trichloracetic acid for protein precipitation.

With every experiment, a control containing the same
zomponents as the experimental vessels, was assayed immediately
for sulfamilamide. The wvalue obtalined represented the sul-
fanllamide added to the experimental vessels. The wvalue 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 HC1l for one hour and the sulfanilamide
determined 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 sulfanllamide had been carried down by protein
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precipltation. To illustrate the foregoing, during one
experiment the unincubated control showed 103 ug. of sulfan-
ilamide when assayed; the experimental vessel was estimated
at 53 ug; the difference, 50 ug. was taken as the amount
acetylateds A 10 ml, duplicate sample of supernatant of the
experimental vessel was treated with 0.5 mles of 4NHC1l and
heated in a boiling water bath for 1 hour to hydrolyze the
acetylsulfanilamide. After cooling, the volume was adjusted
to 10 ml. and the sample assayed for sulfanilamide. The
duplicate samples gave & value of 105 uge. which was a recovery
of 102% indicating that sulfanilamide disappearance during
incubation and subsequent treatment could be accounted for

by conjugation.

Complete recovery of sulfanilamide added to tissue

preparations could always be obtained,
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EXPERIMENTAL RESULTS

PYRUVATE DISMUTAT ION

The dismutation of pyruvate has been studied quite
extensively in bacterial preparations (82,83,84). The E.
coli preparations of Ochoa et al (84) require the following
components for maximum activity: Orthophosphate, Mg++ or
Mntt, diphosphothiamine, Coenzyme A, DPN, a boiled extract of
yeast, and lactic dehydrogenase. The dismutation reaction
can be represented as follows:

Pyruvate + phosphate + DPN ______, acetylphosphate + COo +

DPN.2H (1)
Pyruvate + DPN.2H —————— lactate + DPN (2)
2 Pyruvate + phosphate ——— acetylphosphate + COg +

lactate (3)

Coenzyme A is presumably required for the formation of acetyl-

phosphate. However, 1f 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 + COo + DP§ed ‘
MP) -oN) (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
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reactions without the intermedlate formation of acetate or
acetylphosphate. Their extract of E. coll contained a formo-

transacetylase which catalyzed the following reaction:

Pyruvate ( = acetyl formate) + CoA-enzyme acetyl-CoA-
enzyme + formate (5)

When the E. coll extract was mixed with the sulfenilamide
acceptor enzyme from pigeon liver (55), acetylation of sulfani-
lamide occurred upon the addition of pyruvate. Only a trace

of phosphate was present, which indicated the likelihood that
ecetylphosphate played no part in the reaction. The E. coli
extract was unable to form acetylphosphate even in the presence

of excess phesphate.

The investigation of pyruvate dismutation in animml
tissues, as compared with that of bacteria, has been somewhat
neglected. Krebs and Johnson (85), working with slices and
minces, obtained evidence for the anaerobic dismutation of
pyruvate by various tissues, and formulated the reaction as
follows:

2 pyruvate + Ho0 ——— acetate + COg + lactate (6)
The highest rate of pyruvate removal was observed in testis;
followed by brgin, liver and kidney. The work of Krebs and
Johnson was confirmed by others (83,84).

Acetylphosphate has never been ldentified 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. Furthe rmore, 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 DPNHy, 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 anasrobic
glycolysis which 1s manifested by a large production of lactie
acid and COg when carried out in a bicarbonate buffer. These
glycolyzing extracts are capable of synthesizing acetylecholine,
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 Ach synthesis, while the
larger part 1s converted to lactic acid. It is also likely
that a fraction of the lactdcacid found on analysis arises
through the dismutation of pyruvate, since, in an anasrobic
system, pyruvate must dismute to give rise to the Co 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 prbviding
the energy generated by dismubation is adequate to the needs

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

Pyruvic acid has been found to be strongly inhibltory
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 acetyleholine by beef
brain extracts, It 1s possible that the concentration of pyruvate
'required to inhibit Ach synthesis 1s never reached during gly-
colysis, and that the addition of pyruvate to a glycolyzing
extract would have the cwomary inhibitory effect on Ach syn-
thesis. It was decided that the point in question should be

settled before procedding 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, 0.09M; and MgSO,, 0.012M. After centrifuging, the super-
natant was filtered through glass wool, and 1 ml. of extract
(equivalent to Gm 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 (figal
concentrations): NaHCOz, 0.047M; eserine sulphate, 0.003M;
choline chloride, 0.0008M; NagATP, 0.0008M, sodium phosphate

buffer, pH 7.5, 0.01M, in a total volume of 3 ml.
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The experimental time was 1 hour, plus an equili-

bration period of 15 minutes, during which the vessels were

gassed with 93% No, 7% COg 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) synthesis. The addition of a low con-
centration of pyruvate gave rise to a further increase in lac-

tate formation and COg output.

TABLE 1
EFFECT OF PYRUVATE ON GLYCOLYSIS AND Ach SYNTHESIS
BY BEEF BRAIN EXTRACT.

Expe. Substrate COz Lactate Ach synthesis
- uM. nM, ng/g powder
1 Nil 0 4.6 28
Glucose 0.04M 36 53.0 106
Pyr'uvate 0.005M - 7 +6 41
Glucose 0.04M + pyruvate
0+005M 44 67.0 132
2 Nil 0 4.5 28
Pyruvate 0.005M - 6.7 37
Glucose 0.04M 39 46.7 139
Glucose 0.04M + pyruvate :
0.003M 46 64,8 160
Pyruvate 0.01M 4 8.8 64
Glucose 0.04M + pyrufate
0.01M 47 6645 160

Experimental conditions as shown on page 48.

Of greater interest are the facts that stimulation of

gycolysis 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

Heving 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 what 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 Net

- ___ _ 0.01M

COo (M) 040 4.0 4.0
Lactate (uM) 4.5 8.0 3.7
Ach pg/g. powder 15 50 35

Brain extract (Z 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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COg output conform to the reaction as formulated by Krebs
and Johnson (85):
2 Pyruvate + HoO ——_ Acetate + Lactate + COg (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 beefl

brain system,

TABLE III
EFFECT OF FUMARATE AND MALONATE ON PYRUVATE DISMUTATION
AND Ach SYNTHESIS®

Exp. Additions COg Ach Per cent
uM synthesis inhibition
ug/g.. of Acetyl-
gowder ation
1 Nil 0.0 40
Pyruvate 0.01M 6.1 90
Malonate 0.0 40 0
Pyruvate 0.0lM +
Malonage O.0IM 6.1 90 0
2 Nil 05 40
Pyruvate 0.01M 7.8 80
Fumarate 0.01M 0.0 15 62.5
Pyruvate 0.01M +

Fumarate 0.0TM 8.2 24 7040

* Brain extract = 60 mg/vessel. Other vessel contents as shown
on page 48. DPN 0.000254, ATP 0.001M. Pyruvate tipped from
8ide arm at termination of 15 min. equilibration period.

The results shown in Table III (Expe. 1) indicate that
the addition of malonate had no effect on the dismutation of
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of pyruvate by the bsef brain extract, since the output of COg
was unchanged in the presence of malonate; the rate of acetyl-
choline synthesis also remained the same. Although fumarate
did not apprecilably affect the CO2 output (Table III, Exp. 2),
it was responsible for a 70% inhibition of acetylcholire
formation. 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 nicotinemide
in the preparation and extraction of the brain powder, 1t 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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Pyruvate dismutation and acetylation of sulfanilamide by pigeon
liver extracts

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 (8l), and acetylsulfanilamide determined by difference,
Thus, the pigenn liver system offers definite advantages not

to be found when one works with choline acetylation.

It was declded, therefore, to investigate the dis-
mutation resction in plgeon 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
4. The powder was extracted by rubbing it up with a solution
of KF (0.15M), and MgCls (0.033M). After centrifugation at
19000 g for & minutes, the clear supernatant was filtered
through glass wool to remove surface substances and 1 ml. of
extract (equlvalent to 60'mg. of powder) was added to the War-
burg flask. On some occasions, the MgClp 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 formatlion of free COp in a
bicarbonate~phosphate buffer at pH 7.5. The vessels were
gassed for 10 minutes with 93% Nz and 7% COg; and a further
equilibration period of 5 minutes was allowed to bring the
contents to thermal equilibrium before the reaction was started

by tipping sodium pyruvate from the side arm,

It was found, by a comparison of the amounts of
sulfanlilamide 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 from the ﬁedium. Howe
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 Synthesls 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 ascertaln the varliation of the rate of acetylation with

time.

Warburg vessels were set up containing the following
salts (final concentrations) in a total volume of 3 ml:

Sodium phosphate buffer, pH 7.4 0.02M

NaHCOg 0.028M

Sodium acetate 0.02M
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Na 4ATP 0.003M

Sulfanilamide 200 ug. (0e5 ml. of
a 40 mg. % agqueous solution)

600 mg. of pigeon liver powder was extracted with 10 ml, of
0.15M KF, and 1 ml. of extract added to the manometer flask,

0.2 ml. of 0.045M ATP was placed in the side arm. After gassing
for 10 minutes with 93% No and 7% COs, and a thermal equilibrat-
ion period of 5 minutes, the reaction was started by tipping

the ATP into the main compartment of the flaske. At periodie
intervals of time the veesels were removed, and an aliquot

of the contents assayed for sulfanilamide.
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Figure 2.

Rate of Sulfanilamide Acetylagion by Pigeon Liver Extract
at 37 Ce
(as described in the text).
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A typical result shown in Flg. 2, lndicates that the
rate remains fairly constant over the whole period of time, in
spite of the fact that 70% of the sulfanilamide had been
acetylated at the end of 60 minutes. The failure of the rate
to decline as the concentration of acetylsulfanilamide increases,
implies the absence of an equilibrium point at which there is
a detectable amount of sulfanilamide present. In fact, the
acetylation of over 95% of the sulfanilamide initially added
has been obtained (Table VIII, Exp. 5) in a period of 90

minutes.

Pyruvate Dismutation and Acetylation of Sulfanilamide

Pigeon liver extract when incubated in a bicarbonate-
phosphate buffer at 37°C gives rise to but little COs production
and a low rate of acetylation of sulfanilamide. However, when
pyruvate 1s added there 1s considerable COgp 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 CO0g  Sulfanilamide  Sulfanilamide
Expe conec ., uM added (ug) acetylated (ug)
1 Nil 1.7 200 7

0.02M 10.3 200 8l
2 Nil l.4 202 4

0.02M 13.1 202 76
S Nil 2.9 202 13

0.01M 7.0 202 66

Pigeon liver extract: 1 ml. (2 60 mg. powder), prepared as
described on page 53, Sodium phosphate buffer, PH 7.5 0.02M,
NaHCO? 0.028M. Gassed for 10 gn. with 93% No and 74 COge
Reaction started by tipping pyruvate from the side arm,
Duration: 90 minutes.,
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It is apparent that the dlismutation of pyruvate has
taken place, which acecounts for the COo generated and the sul-
fanilamide acetylated. Consequently, conditions are present in
the extract whereby "active acetate"™ can be generated from
pyruvate in the absence of added AT?. 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 dismiation. 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
acetate., The probable role of DPN in the dismulation reaction

wlll be discussed later.
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TABLE V,

EFFECT OF DPN ON ACETYLATION OF SULFANILAMIDE

Sulfanilamide Sulfanilamide

Exp. Additions added (ug) acetylated (ug)
1 DPN 2.5 x 10~%y . 205 13
Pyruvate 0.02M 205 66
Pyruvate 0.02M + DPN 2.5
x 10-4M v 205 121
2 Acetate 0.,02M A 201 4
Acetate 0.02M +4DPN 2,5
x T07*M 201 7

Pigeon liver extract: 1 ml. (2 60 mg. powder) prepared as
described on page 53.
Experimental conditions: See Table IV.

The Effect of Fluorlide on Pyruvate Dismutation and Acetylation
of Sulfanilamide

Although acetone powder extracts usually show little
ATP-ase activity (34) fluoride was always ineluded in the medium
as a precautionary measure against losses in high-energy
phosphate, unless its presence was undesirsble for a particular
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 plgeon
liver extracts would inhibit the reaction. The 1nhibition of

enoclase by fluoride 1s a striking example of such an occurrence,

Therefore, the pyruvate dismutatlon and acetylating
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activity of a sample of pigeon liver powder extracted with
0.15M KF was compared with a sample extracted with O.15M KCl.
Since 1 ml. of extract was added to each manometer flask in

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

mey be, was present in the flask at a concentration of 0.05M
KF or KCl. It was also desirable to ascertain the effect of KF
added directly to the vessel. The concentration of k' was
maintained at a constant level, O.1M 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 of fluoride had no appreciable effect on acetylation,
although there was an increase in COg output. Therefore, 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 0.1M fluoride inhibited the acetyl-
ation by 54%. The inhibition was probably due to excessive

removal of magnesium from solution in the mediume.
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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 O.15M KF
Additions Sulfanilamide COg out- Sulfanilamide COg out-
acetylated ug. put acetylated ug. put
n litres u litres
KC1l 0.05M 113 160 149 189
KF 0.05M 108 197 68 1359

The Warburg vessels contained: 1 ml. of pigeon liver extract (= 60 mg.
powder), Sulfanilamide 200 ug., 0.02M sodium phosphate buffer (pH
7.5), 0.028M NaHCO3, 2.5 x lO‘ég DPN, 0.006M MgClos Gassed for
10 minutes with 93% No and 7% COo; 5 min. further equllibration,
after which 0.2 mls, of 0.3M sodium pyruvate was tipped in to start
the reaction. Total Volume: 3 ml.

Temperature: 37°C. Duration: 90 minutes,

The Effect of Orthophosphate on Pyruvate Dismutation and
Acetylation of sulfanllamide.

The fact that orthophosphate 1s 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 ln the
absence of inorganic phosphate the CO; output and sulfanilamide
acetylation were at a very low level, whide the presence of a
low concentration of phosphate (Exp. 2) gave rise to a large

increase in both COy production and acetylation of sulfanilamide,
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TABLE VII.

EFFECT OF PHOSFHATE ON PYRUVATE DISMUTATION
AND ACETYLATION BY PIGEON LIVER EXTRACT

Experl- Sulfan- Sulfan-
mental ilamide 1lamide COo

Exp. Additions time added acetylated uls
(min,) (ug) {ug)
1 Pyruvate 0.02M 80 202 4 14
Pyruvate + phosphate _
0.02M 202 81 230
2 Pyruvate 0.02M 60 202 9 97
Pyruvate 0.02M +
phosphate 0.0067M 202 76 295

Pigeon liver extract: 1 ml. (# 60 mg. powder) prepared as described
on page 53. Phosphate buffer, pH 7.5, as indlcated in the table,
NaHCOz, 0.028M. Gassed with 7% CO, and 93% Ny,

Temperature: 37°C. Experimental Timet 90 minutes.

In Figure 5 are shown graphically the results of an
experiment 1n which the phosphate concentration was varied.
It may be seen that a low rate of COp evolution occurred in
the absence of added phosphate, which was probably due to
traces of phosphate already present in the pigeon liver extracte.
However, the rate of COp evolution increased sharply with
increasing cmcentration of phosphate and reached a maximum at

O 0153M phOSphate .
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Figure 3.
The Effect of Phosphate Concentration on the Dismutation
of Pyruvate by Pigeon Liver Extract.
(Experimental Conditions: see Table VII).

The mechanism of pyruvate dismutation by the E. colil
preparations of Ochoa, et al, as formulated in Reaction (4)
relegates orthophosphate to a secondary role. Pyruvate gives
rise directly, in the presence of CoA and DPN to acetyl--CoA
while phosphate is required for the formation of acetyl-
phosphate from acetyl-CoA with the simultaneous liberation of

CoA. Phosphate thus serves to prevent the accumulatlon of
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Ac~CoA and consequently, a deficiency of free CoA, without
which dismutdation cannot proceed. It wlll 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-
ilamige.

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 CoA wlthout 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 sulfanlilamide i1s negligible in the absence
of inorganiec 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 1s 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 1s entirely independent of

the presence of phosphate.

The Effect of Adenylic Com Tp_ounds on the Acetylation of Sulfan-
lilamide 1In the Presence ol Pyruvate and DPN.

Generally, & high rate of acetylation of sulfanilamide
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was obtained by the addition ef 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 s sufficient concentration
of acetate to give rise to optimum synthesls 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 acetylfulfan-
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 qantity of
ATP, the acetylation was increased from 31 ug. to 163 ug.,
an increase of 235% (Table VIII, Expe. 1). Therefore it was
apparent that pyruvate 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,



EFFECT OF ADENYLIC COMPOUNDS ON ACETYLATION OF SULFANILAMIDE

TABLE VIII.

BY PIGEON LIVER EXTRACT.

EXP .

Additions

Pyruvate
Pyruvate

Pyruvate
Pyruvate
Pyruvate
Pyruvate
Pyruvate
Acetate
Acetate
Acetate
Acetate
Acetate

Acetate

0.02M
0.02%
0.02H
0.02M
0.02M

0.02M
0.02H
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+ DPN + ATP

0.0ZE-+ ATP 0.003M

0.02M

0.02N + AMP 0.003M
0.02M + ADP 0.003M
0.02¥ + AMP 0.003M

ADP 0.003M

0.02M + ATP 0.003M

Pyruvate 0.02M + DPN
Pyruvate 0.02M + DPN + ATP

Acetate

0.02M

Acetate 0,02 + ATP 0.003M

Pyruvate

0.02M

Pyruvate 0.02M + DPN

Pyruvate 0.02M + ATP 0.003M

Pyruvate

0.003M

+

0.006M

0.02¥ + ATP 0.003N + DPN

Sulfanilamide

167
176

18
108

86
185

153
185

09
193
50
99
124
180

Pigeon liver extract: 1 ml. =
37°C.

Temperature:
Times; 90 minutes.

Experimental conditions:
Sodium pyruvate tipped from side arm after 15 min. gassing

and equilibration.

*DPN cone.: 2.5 x 1074,
Sulfanilamide added:

60 mg. powder.

See Table IV,

200 ug/vessel.
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It will be seen from Table VIII, Expe 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 presence of py-

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

To account for the stimulation of acetylation under
the given conditions, 1t appeared that the addition of AMP

must have increased the production of high-energy phosphate.

Barkulis and Lehninger (194) and Kielley and Kiellsy
(91) have reported evidence which indicates that ADP, is the
primery phosphate acceptor in oxidative phosphorylation.
The latter have shown that complete phosphorylation of AMP
can be obtained by pigeon liver mitochondrial preparations,
dependsnt 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 0.03M fluoride inhibited rat liver myokinase

but not purified muscle myokinase.

The events taking place in the pigeon liver extract
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
upén 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. Furthdrmore, the high concentration
of fluoride, 0.05M, present during the experiment did not in-
hibit myokinase acbivity. The fact that ADP and AMP, when
present toget 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 myokinase so that
the amount of ATP formed from ADP was decreased (Table VIII,

EXpe 5) .

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 adenylic compounds presumably
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 thse basis of in-
direct phosphorylation of AMP by the dismutation of pyruvate

in the presence of myokinase.,

The results shown in Table VIII, Expe. 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 1s an
indication that the esterification of inorganie¢ phosphate is

a limiting factor. It wlll be noted that wﬁen DPN 1s 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 1s sufficient breakdown of pyruvate in the
system to give as high an acdtylation when ATP 1s 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 desdl of work has been done
in recent years on the possible coupling of phosphopylation
with the oxidation of reduced DPN. Lipmann, in 1946, con-
cluded from thermodynamic considerations that the high-emergy
phosphate generated in aerobic phosphorylations is formed during
the transfer of electrons from DPNH; to oxygen (92). Lehninger
(93) has shown that esterification of phosphate is obtained
during the oxidation of B-hydroxybutyrdte to acetoacetate,
that the primary dehydrogenation of substrate yields no high-
energy phosphate, and also that the oxidation of reduced
cytochrome ¢ did not yleld esterified phosphate under the same

conditions as the oxidation of DPNHp. Lehninger's experiments
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provide indirect evidence that phosphate esterification may
take place during the transfer of electrons between DPNHy
and cytochrome ¢. The fact that ferricyanide oxidation of
DPNH, gave rise tojesterification,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 DPNHp, 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

DPNHo 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 of 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-Dinitrophenol 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 "uncouple® respir-
ation from phosphorylation, i.e. to inhlbit the formation of
energy-rich bonds in a respiring system. It was of interest
to compare the effect of nitrophenols on the phosphorylation
involved in pyruvate dismutation under anaeroblc 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 i1s 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 10~%y 2,4-DNP inhibited the acetylation bg 31%. However,
the inhibition exercised by the same concentration of 2,4-DNP

on the acetylation of sulfanilamide under aerobic conditionms,
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TABLE IX.

EFFECT OF 2,4-DINITROPHENOL AND NITROUREA
ON THE ACETYLATION OF SULFANILAMIDE

' Per Cent
Sulfanilamide Inhtbition of
Exp. Additions ’ ~acetylated acetylation
—(ug)

1 Acetate 0.02M 04 -
Acetate 0.,02M + ATP 0.003M 153 -
Acetate 0.02N + ATP 0.003M +

2,4-DNP 0.001M 139 9
Pyruvate 0.02M 81 -
Pyruvate 0.02N + 2,4-DNP

= 0. ooIM 31 62

2 Pyruvate 0.02M (no phosphate) 9 -

Pyruva&e 0.02M + 2,4-~DNP 4.5

x 107*M (no —hosphate) 0 -
Pyruvate 302M + phosphate

6.7 x 107°M 76 0
Pyruvate 0532M + phosphate

6.7 X 107°M F 2,4-DNP 4.5

x 1074 T 54 31

3 Acetate 0.02M + ATP 0.003M 144 -

Acetate 0.02N + ATP 0.003H +
Nitrourea 0.01M 119 17
Pyruvate 0.02M 90 -
Pyruvate 0.02M + Nitrourea
0.01M 54 40

Pigeon liver extractzl ml. (& 60 mg. powder) /vessel.

Temperature: 37°C., Time: 60 minutes + 15 minutes equilibration.
NeHCOz 0.028M, sodium phosphate buffer 0.02M. Gassed with 93% Ny
and 7% COs. DPN 5 x 10~4M added with pyruvate. Sulfanilamide

200 ug/vessel. ATP: neutralised with NaHCO MgClg, 0.0067M.

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

as will be shown later, was much greater than the effect of 2,4-DNP

on the anaerobic system described.

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

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

2,4-DNP was shown to have no appreclable effect at
high concentration on the acetylation of sulfanllamide in the
presence of acetate and ATP, while at the same concentration,
0.001M, 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) 0.005M 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 dismiation 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, MEMBUTAL AND HYOSCINE ON PYRUVATE
DISMUTATION AND ACETYLATION OF SULFANILAMIDE

S
Sulfanilamide Per cent
Expe. Additions acetylated inhibition
(ug) of acetyl-
ation

1(a) Acetate 0.02M + ATP 0.003M 153 -
Acetate 0.02N + ATP 0.003% +

Hyoscine 0.005M 148 -

(b) Pyruvate 0.02M 74 -

Pyruvate 0.02M + Hyoscine 0.005M 46 38

Pyruvate 0,02 + ATP 0.003M 20 -
Pyruvate 0.02M + ATP 0.003¥ +

Hyoscine O, 00SM 94 -

2 Acetate 0.02M + ATP 0.0485M 193 -
Acetate 0.02N + ATP 0Q045K +

Chloretone 0. 005M 195 -

S Pyruvate 0.02M 121 -

Pyruvate O. 02M + Chloretone O. OO4M 108 10

* Pyruvate 0.02M + ATP 0.003M 137 -
Pyruvate 0.02] + ATP 0.003H +

Chloretone™ O. 004M 137 0

5) Pyruvate 0,02M 76 -

Pyruvate 0.02H + Nembutal 0.O00LM 76 0

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

Time: 90 minutes + 15 minutes equilibrastion.

Temperature: 37°C.

NaHCOz 0.028M, sodium phosphate buffer 0,02M, pH 7.5 gassed with

93% No and 7% COg. DPN 5 x 10™%y was added wherever pyruvate was used.
MgClgy 040067M; Sulfanilamide 200 ug. All substrates added as their
sodium salts), pH 7.4. Hyoscine hydrobromide: neutralised with NaOH
before use.

*Carried out in air. NaHCO3 omitted, and the vessels not gassed.
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system. Chloretone, at 0.004M 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 0.001M concentration, which
inhibited the gerobic acetylation of sulfanilamide by 60%
(Fig. 6), had no effect on the anaerobic acetylation (Table X,
Bxp. 5).

The Effect of Cltrate on the Pyruvate Dismutatlion System

The activating effect of cltrate on acetylecholine
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 actlvating 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, (Exps 1) that no
increase in acetylation was obtained when citrate alone was
added to plgeon 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.
1l and 2). The'stimulation of acetylation by citrate did not appear
to be due to the inhibition of ATP-ase by the removal of divalent
lons (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 basls of the breakdown of citrate to gilve
acetyi-CoA, since cltrate 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
connectlion between the two phenomena was necewsarily involved.
It was rather surprising, however, that when citrate and DPN
were added togetherfgtimulating effect on acetylation was no
greater than when one or the other was added alone (Table XI,

Expe. 50)0

TABLE XI
THE EFFECT OF CITRATE ON THE ACETYLATION OF SULFANIIMAMIDE
BY PIGEON LIVER EXTRACT IN THE PRESENCE OF PYRUVATE

Sulfanilamide Sulfanllamide

Exp. Additions added (ug) acetylated
. (ug)
1 Nil 202 4
Citrate 0.01M 202 S
Pyruvate 0.0Z2M 202 63
Pyruvate 0.02M + citrate 0.01M 202 126
2 Pyruvate 0.02M 208 66
Pyruvate 0.02N + citrate 0.02M 205 111
Pyruvate 0.02M + oxalate 0.02H 205 57
o Citrate 0.02M 201 9
DPN 2,5 x 10™%M 201 13
Citrate 0.02M T DPN 2.5 x 10~4m 201 4
Pyruvate 0.0ZM - 201 64
Pyruvate 0.02M + DPN2.5 x 10~ 201 121
Pyruvate 0.028 + DPN 2.5 x 10~y +
citrate 0,02M ~ 201 117

PIgeon 11ver extract: 1 ml.(=60 mg. powder)/vessel. Jodium phosphate
buffer 0.02M, pH 7.5, NaHCOz 0.028M. Gassed for 10 min. with 93% Ng
and 7% COg. MgClo D.003M. %yruvat?, cltrate, oxalate, added as their
sodium salts.

Temperature: 377C. Experimental time: 90 minutes + 15 minutes
equllibration,




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

following reaction can take place in pigeon liver extract:

citrate + CoA + Dggd ——= l-malate + acetyl-CoA + Dng (8)
Citrate breaks down to acetyl-CoA and oxalacetate; the removal
of the latter by conversion to malate in the presence of mallc
dehydrogenase and DPNHp facilitates the breakdown of citrate.
BEquilibrium is reached when approximately 70% of the DPNHo 1is

oxidized.,

Reaction (8) provides an explanation for the activat-
ing effect of citrate on the acetylation of sulfanllamide 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.s.

Pyruvate + DPN + CoA acetyl-CoA + COg + DPNHp (9)

The result would be a coupling of Reactlion (8) and (9) to give
as the net result:

Pyruvate + citrate + CoA';g§§j malate + acetyl Cod + CO2 (10)
It was pointed out previously that the addition of citrate alone
to the pigeon liver extract brought about no increase 1in the
acetylation of sulfanilamide. The citrate stimulation of
acetylation in the presence of pyruvate must then have been due
to the fact that the DPNHp 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 cltrate falled to stimulate the acetylation
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of sulfenilamide, whether or not pyruvate was present. This
result is understandable when one considers that the addition
of & 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 DPNHp concentration from reaching
the point where citrate breakdown could eccur. Hence, in this
case citrate would have no stimulating effect on the rate of
sulfanilamlde 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),
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

Sulfanilamideggy Plgeon Llver Extract in the Presence Orf
Pyruvate and DPN

Oxalacetate has been found to inhibit acetylcholine
synthésis by brain extracts (30) and the acetylation of

aromatic amines by pigeon liver extracts (63).
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The large inhibition exercised by oxalacetate on
sulfanilamide acetylation is shown in Table XII (Expe 1). It
is now known that this inhibition is due to competition by
oxilacetate for Acetyl-CoA, thus decreasing the formation of

acetylsulfanilamide (99).

TABLE XTI
EFFECT OF OXALACETATE AND FUMARATE ON PYRUVATE DISMUTATION
AND ACETYLATION OF SULFANILAMIDE

Sulfanilamide Per cent

Expe Additions acetylated inhibition
uge of
v acetglation
1 Pyruvate 0.02M + DPN 2,5 x 10~%y 78 -
Pyruvate 0.02N + DPN 2.5 x 10~4H +
Oxalacetic 0.005M - 26 67
A Pyruvate 0.02M + DPN 2.5 x 10™%y +
ATP 0.003H - 137 -
Pyruvate 0.02¥ + DPN 2.5 x 10-4M +
ATP 0.003M + Oxalacetate 0.005M 65 53
2 Pyruvate 0.02M + DPN 5 x 10™%M 141
Pyruvate 0.02M + DPN 5 x 10~%y +
fumarate 0.02M - 45 68
3 Acetate 0.02M + DPN 5 x 10~%y +
ATP 0.003M . 137 -
hAcetate 0.02M + DPN 5 x 10”°M +
ATP 0.003M + fumarate 0.02M 47 65

Pigeon liver extract: 1 ml (2 60 mg. powder)/vessel.

Temperature: 37°C. Time: 90 minutes + 15 minutes equilibration.
Sodium phosphate buffer, 0.02M, pH 7.5. WNaHCO, 0.028M; MgClo 0.005M;
Sulfanilamide 202 ug. Gassed for 10 minutes with 93% No and 7% COge
All substrates added as thelr sodium salts. g
DPNths added in Exp. 3 to facilitate the oxidation of malate to oxal-
acetavte.,
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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 readlly to oxalacetate in pigeon liver extracts. The
relevant equations are:

fumarase

Fumarate + Ho0 ==—=——=— malate ' (11)
malic dehydrogenase

Malate + DPN ==m—————————sm=—= Oxalacetate + DPN (12)
OoX red

DPNd + Pyruvate Lactlic dehydrogenage DPy_ + lactate (13)
re .

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 DPNHy; 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

Contrary to the inhibitory effect of pyruvate on acetyl-
choline synthesls under other conditions, it has been
shown that the addition of pyruvate to a beef brain
extract in the presence of glucose does not inhibit the
acetylation of choline. 1In fact, the addition of py-
ruvate stimulates both glycolysis and acetylcholine
synthesis.

The addition of pyruvate to a beef brain extract results
in a dismutation reaction the extent of which may be
measured under anaeroblc conditions by following the
evolution of COg and/or the formation of lactate.,

The dismutatlion of pyruvate by beef brain extracts is
associated with an increased rate of acetylcholine syn-
thesis.
The addition of fumarate has no effect on the dismutation
of pyruvate, but inhibits acetylcholine synthesis markedly.
The dismutation of pyruvate taking place in an extract of
pigeon liver is associated with a large increase in the
rate of sulfanilamide acetylation.
Although sulfanilamide acetylation may be obtained by the
addition of pyruvate to pigeon liver extract the rate of
acetylation is greatly increased by the addition of DPN,
which is essential for the dismutation of pyruvate.
The dismutation of pyruvate by pigeon liver extracts does hol
occur to an appreciable extent in the absence of added

orthophosphate. Furthermore, sulfanilamide cannot replace
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orthophosphate in the reaction, which 1s indicated by the
fact that the acetylation of sulfanilamide is negligible
in the absence of phosphate.

In the presence of pyruvate and DPN, the addition of ATP,
ADP, and AMP to a pigeon liver extract results in a large
increase in the rate of sulfanilemide acetylation.
Although ATP and ADP are effective in stimulating the

acetylation of sulfanilamide in the presence of acetate,

AMP has no effecte.

The fact that sulfanilamide acetylation can be obtained
with acetate and ADP indicates the presence of myokinase
in pigeon liver extract.

2,4-Dinitrophenol, nitrourea, and to a 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.,
The rate of sulfanilamide acetylation by plgeon liver
extract in the presence of pyruvate is approximately
doubled when citrate of DPN is added. The addition of
citrate and DPN together secufes no further increase in
the rate of acetylation.

Pmalacetate, like fumarate, markedly inhlbits 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.

x~-Keto acids (pyruvic, oxalacetic, and ~Keto-
glutarie) in low concentrations inhibit the synthesis of 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 1l(+)-glutamic acid in reactivating the dialyzed
enzyme extract suggested that the «-keto acids block the
acetylating system by a competitive reaction between -CO-~COOCH
and -CH.NHp.COOH groups of the keto acid and glutamic acid,
respectively; furthermore 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 se.

The Effect of Fumarate, Malate, and Oxalacetate on Ach Synthesis
by Cell~-Free Extracts

Methods

The methods of Harpur and Quastel (39) were used for
the synthesls of Ach by cell-free extractw of beef brain. The
preparation of acetone~dried brain powder is described under

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

extracts of beef braln see page 4¢.

The Inhibitlon of Acetylcholine Synthesis by Oxalacetate

Extracts of heef 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
COy produced. It will be seen from Tgble XIII that there 1s a
slight discrppancy between the lactic acid and COy 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 COo output was begun after that
period. Since in the glycolytic sequence there is a net gain
of ATP 1t 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
0.005M (15 uM) inhibited the acetylation of choline by 63%
while at the same time increasing slightly the lactate and COg
production (Table XIII, Exp. 1). The latter probably indicates
decarboxylatlion of some oxalacetate to pyruvate and €Oy, 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

THE EFFECT OF FUMARATE, MALATE, AND OXALACETATE ON GLYCOLYSIS
AND ACH SYNTHESIS BY BEEF BRAIN EXTRACTS AT 37°C.

c 02 Ach
Exp. Additions Lactate output synthesis
uM uM ug/g

howder

1 Nil 4.6 - 28
Glucose 0.04M 53.0 36 105
Oxalacetate 0.005M 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.0IM 9.3 - 20
Glucose 0.04M + Fumarate

0.01M 54.7 28.5 35

3 Nil - - 43
Glucose 0.03M - 46 100
Malate 0.01lM - - 10
Glucose 0.03M + Malate O.0LM  -- 41 43

4 Nil - - 24
Fumarate 0.01M - - 10
Glucose 0.01M - 38 80
Glucose 0.01¥ + Fumarate

0.01M - 39 20
Maleate 0.01M - Oe5 20
Glucose 0.,01M + Maleate 0.01M - 38 80

Bicarbonate-phosphate buffer, pH 7.5. Gassed with 93% N, and 7% COg.
Experimental conditions as described on page 498 .

manner similar to oxalacetate, the output of COp 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 effects 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 COg output was the opposite to that shown by oxalacetate,

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

The lack of 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
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is shown in Table XIV (Exp. 1). (It has been shown by Lipton
and Barron (21) that citrate breaks down to provide "active™
actate for acetylation purposes). The addition of fumarate to
this system resulted in a much greater inhibition of acetyl-
ation than was the case when fumarate was added to the gly-
colyzing system shown in Table XIII., It appeared that fum-
arate prevented the breakdown of citrate, since the acetyl=
ation was reduced to the control value. This indicated the
possibility of the accumulation of oxalacetate from fumarate,
thus shifting the equilibrium in favour of citrate synthesis

rather than brsesakdown.

It was expected that the addition of semicarbazide
to the fumarate inhibited system would relieve the inhibition
by trapping the oxalacetate formed (Table XIV, Expe 2)s Such
was not thé case. However, semicarbazide increased the syn-
thesis of Ach in the presence of citrate by 26%, which con-
firmed the observation of Lipton and Barron (21) that semi=-
carbazide stimulates Ach synthesis, by fixing the oxalacetate
which accumulates as the result of 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 5700)0
Ach Per cent
Synthesis inhibition
Exp. Additions ug/g by Fumarate
_:, __powder
1l Nil 26 -
Citrate 0.01M 140 -
Fumarate 0.0IM 15 42
Citrate 0.0lgf4 Fumarate 0.01M 26 81
2 Nil 45 -
Citrate 0.01M 116 -
Fumarate 0.,0IM 24 47
Citrate 0.01M + Pumarate O. 0o1M 52 55
Semi-Carbazide 0.02M 47

Citrate 0.01M + Seml-Carbazide O. 02M 157
Citrate 0. OlM + Fumarate ©.01M +
Semi-Carbazide 0. O?M 52 556

Experimental Conditions: 1 ml. of brain extract prepared as
described on page 33 « NaHCO; 0.037M, eserine sulphate O0.003M,
choline chloride 0.0008M, Na ﬁTP O 002M, NaF 0.03M, sodium
phosphate buffer, pH 7.5, 0.01M.

Total Volume: 3 ml. Gassed with 93% N, and 7% COg.

Time: 1 hour plus 15 minutes equilibration.

fumarate could be anaerobically oxidized to oxalacetate, and
also to provide proof that fumarate and malate were not in-
hibitors per se of acetylation. The sulfanilamide acetylating

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

Fumarate Inhibition of Sulfanilamide Acetylation

Pigeon liver acetone powder, prepared as described

on page 34 was extracted by grinding it for 5 minutes in a
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a mortar with the follawing solution: KCl 0.09M, MgCly 0.012M,
and NaF 0.09M. BSufficlent 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 of extraction
solution had been added. After centrifugation at 19000 g for
5 minutds, 1 ml. of the supernatant, equivalent to 60 mg. of
powder, was pipetted directly into each manometer flask.

Other additiens to the flasks are shown 1n the tables.
TABLE XV

FUMARATE INHIBITION OF SULFANILAMIDE ACETYLATION
BY PIGEON LIVER EXTRACT AT $7°C

Sulfan- Sulfan-~ Per cent
ilamide ilamide inhibition
added acetyl- by
Exp. Additions (ug) ated fumarate
(ug)
1 Nil 199 18
Acetate 0.013M 199 111 -
Fumarate 0,01 199 7 61
Acetate 0.013M + fumarate 0.01M 199 63 43
Acetate 0.,013¥ - 100 78 -
Acetate 0.013M + fumarate 0.01M 100 42 46
2 Acetate 0.013M 101 66 -

Acetate 0.013M + fumarate 0.02M 101 29 56

Media: 1 ml. of pigeon liver extract (& 60 mg. powder)
NaHCOz 0.028M, ATP 0.002M.
Gassed with 93% Np and 7% COg.

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. 1), 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 0.01M to 0.02M the inhibition of acetylation was
increased to 56% (Expe. 2). The fact that the rate of acetylation
could be reduced by increasing the concentration of fumarate
relative to sulfanilamide indicated the probability of substras

competition for “active acetate".

The Effect of Fumarase Inhibitors

The first step in the formation of oxalacetate from
fumarate involves the additlon 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 inhibitlon by Congo Red would constitute proof that

fumarate per se was inhibitory to the acetylation prdcess.

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 oxalacetate
Congo Red increased the inhibition of acetylation by 14 to 20%.
No explanation is offered for this phenomenon. It should be

ment ioned that Congo Red did not interfere with the determination

TABLE XVI

THE EFFECT OF CONGO RED (CR) ON THE INHIBITION
OF SULPANILAMIDE ACETYLATION BY FUMARATE, MALATE,
AND OXALACETATE AT 37°C

Sulfanilamide Per cent

Exp. Additions acetylated Inhibition
- __ __ (ug) __
1l Acetate 0.02M 64
Acetate 0,02M + Congo Red 64
Acetate 0.02M + Oxalacetate 0.02M 25 61
Acetate 0.02N + Oxalacetate 0.02M
+ CR - 16 75
2 Acetate 0,02 70
Acetate 0.02NM + Fumarate 0.02M 32 54
Acetate 0,02) + Fumarate 0.02H
+ CR 18 74
Acetate 0.02M + Malate 0.02M 41 41
Acetate 0.02N + Fumarate 0.02M
+ CR 27 61
Acetate 0.02M + Malate + Fumarate
0.01M 37 a7

Media: 1 ml. of pigeon liver extract (= 60 mg. powder),

Time:

Sulfanilamide, 100 ug. NaHCOz 0.028M; ATP 0.002M; Congo
Red _ 1 . Gassed with 93% Ng and 7% COg.
4500

1 hour.
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of sulfanilamide as it was carried down completely by the tri-
chloracetic acid-precipitated proteins, leaving a clear,

colorless supernatant.

Bayer-205 (suremin) was also tried as a fumarase

-4

inhibitor (189). At a concentration of 3.5 x 107°M, Bayer-205

inhibited completely the acet ylation of sulfanilamide.

It was notliced that fumarate, in a number of
experiments, gave rise to a greater inhibition than was the
case with malate. This suggested ihe possibility that fumarate
was necessary as & hydrogen acceptor for the oxidation of
malate to oxalacetate, which would explain the greater formate
ion of oxalacetate from fumaraté 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 mlate. 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, Expe. 2) the inhibition
of acetylation was an average of that dotaining when each was

present alone.

As a further check on the possibllity that fumarate
might act as a hydrogen acceptor for malate oxidation, it was
declded to assay the flask contents for the presence of
succinic acid. An actlve succinoxidase preparation was ob-

tained from pigeon breast muscle (190) for this purposé. How~
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ever, no indication of succinic acid formation was obtained.
Furthermore, sassay of the pigeon liver extract for succinie
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 form with oxalacetic acid
the cyanhydrin and semicarbazone, respectively, of that X-keto-
acid (191). Therefore, the presence of one of the above keto-
acld 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, 0.02M, the inhibition by fumarate was not
relieved, but that semicarbazide stimulated acetylation in the
presence of 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, Expe. 1)
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The pligeon liver extract was prepared by grinding
the powder (prepared as described under "Experimental Methods
and Procedures") with 0.,15M KF for 5 minutes. 1 ml. 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 1t 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
XVII, over 80% of the added sulfanilamide was acetylatéd 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 NaHCOg 0.028M and sodium phosphate, pH 7.5,
0.,02M. Other additions to the manometer flasks are shown in
the tables. All concentrations designated are final, in a

total volume of 3 ml.

Results

It may be seen from Table XVII, Exp. 1 and 3, that

fumarate exercised its characteristic 1nhibition of acetylation
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although the effect was not as great as usually observed. How-
ever, the addition of cyanide decreased the inhibition by 57%,
indicating that the inhibition of acetylation was in all

probability due to the formatlon of oxalacetate and not to

TABLE XVII

THE EFFECT OF CYANIDE ON THE INHIBITION OF ACETYLATION
BY FUMARATE (at 37°C)

Sulfanilamide Per Cent
acetylated Inhibition
Exp. Additions uge. of
Acetylation
1 Acetate 0.02M l62 -
Acetate 0.02M + NaCN¥* g.067M 162 -
Acetate 0.02§ + Pumarate 0.013M 117 28
Acetate 0.02N + Fumarate 0.013¥ + :
NaCN 0.067M. * 142 12
2 Acetate 0.02M 158
Acetate 0.02N + NaCN 0.1M 155
Acetate 0.02M + Fumarate 0.02M 112 29
Acetate 0.02M + Fumarate 0.,02W +
NaCN O0.1M - 135 14
3 Acetate 0.,02M 85
Acetate 0,02N + Fumarate 0.02M 67 19
Acetate 0.02M + Fumarate 0.02M +
NaCN O0.1M - 79 5
Acetate 0.0ZM + DPN 0.0003M 81
Acetate 0.02M + DPN 0.0003W +
Fumarate 0.02M - 56 31
Acetate 0,02M + DPN 0.0003M +
Fumarate 0.02M + NaCN 0.1M 76 6
Media: Bicarbonate-phosphate buffer pH 7.5, 1 ml. of pigeon liver
extract (& 60 mg. powder) as described in the text.
Sulfanilamide: Exp. 1. and 2, 203 ug
Exp. 3, 101 ug
MgCly 0.004M. Gassed with 93% No and 7% COg.
Time: 60 minutes plus 15 minutes equilibration.

#* gﬁkayas neutralised with HC1l before being added to the manometer
aSKS e
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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 increased the
inhibition by 634, (i.e. from 18 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 oxalsacetate was a

prerequisite to the inhibition of acetylation.

The question arises as to the nature of the hydrogen
acceptof involved in the oxidation of malate. Stern and Ochoa
(992) have shown that malate was am effective as oxalacetate for
cltrate synthesis by pigeon liver extragts., The addition of
pyruvéte in the presence of malate greatly increased the

‘formation of citrate,although some citrate was formed in the
absence of pyruvate. It was concluded from these results that
pyruvafe acts as the hydrogen acceptor for malate oxidation in
conformity with the following equations:

l-malate + DPgX — OXalacetate + D;gd (malic dehydrogenase) (12)

Pyruvate + Dggd lactate + DPN (lactic dehydrogenase) (13)
ox
Sum: 1l-Malate + pyruvate _DPN__ 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 1s sufficient pyruvate
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present in the medium to serve as a hydrogen acceptor for re-
duced DPN or that pyruvate is generated by the breakdown of a
portion of the oxalacetate formed, since a number of experiments
(Tables XIV, XV, and XVI) indicated that & high degree of in-
hibition of acetylation is obtained without the addition of
pyruvate. Previously, under the section "Pyruvate Dismutation"
page'73, the effect of fumarate in inhibiting the acetylation
of sulfanilamide in the presence of acetate and ARP was compared
with the effect on the acetylation assoclated with pyruvate
dismutation (Table XII). It was found that the irhibition of
acetylation was approximately the same in both cases, ie. in
the presence or absence of pyruvate. Therefore, on the basis

of these results, the possibility of an alternative hydrogen

acceptor for the oxidation of DPNHy cannot be excluded.,

It was reported by Soodak and Lipmann (65) that
oxalacetate markedly depressed the acetylation of sulfanilamide
by pigeon liver extracts. Stern and Ochoa (63) reported the
formation of citrate from acetate and oxallacetate by pigeon
liver extracts in the presence of ATP, CoA, and Mg++. While
the present work was 1n 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-

ileamide by forming citrate, thus competing for acetyl-Coﬁ.

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 concluded that the same

mechanism is involved in both eases.

Summarz

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 efféct on acetylcholine formation.

2. Fumarate and malate inhibit the acetylation of choline and
sulfanilamide only to the extent to which they can be
oxidized to oxalacetate, which competes with choline and
sulfanilamide for acetyl-CoA.

De Fumarate does not inhibit the acetylatlon of sulfanilamide
by pigeon liver extracts in the presence of 0.1lM neutral
NaCN. The effect of NaCN in overcoming the fumarate
inhibition 18 due to the formation of the cyanhydrin of
oxalacetate, thus trapping the oxalacetate formed from
fumarate.

4. Cyanide at a concentration of 0.1M does not inhibit the
acetylation of sulfanilamids.

Se The stimulating effect of semicarbazide on acetylcholine
synthesis by beef brain extracts has besn confirmed.

6. 3.5 x 10'4M Bayer-205 (suramin) completely inhibits the

acetylation of sulfanilamide by pigeon liver extracts,
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THE EFFECTS OF WARCOTICS ON BIOLOGICAL ACETYLATIONS

Biological acetylations, an essential activity of
every living cell, has been shown to be dependent upon the
available supply of high-energy phosphate (16,41). It was of
interest to determine to what extent narcotics could interfere
with acetylation by limiting production of the ATP required
for this cellular function. The view that narcotics act by
inhibiting the synthesis of ATP through the depression of
oxidative metabolism would predict an inhibition of acetyl-

ation in those systems dependent upon ATP production in situ.

There i1s the possibility that narcotics may not
affect the synthesis of ATP but may have a direct effect on
the utilizatlion of this compound for metabolic purposes,
McElroy (137) has suggested that narcotics may act by a
differential reversible denaturationof a variety of enzymes
or structural proteins rather than by a specific effect on a
particular enzyme. The possibility then arises that narcotics
may inactivate the enzyme system responsible for acetylations,
in whitch case no amount of ATP could possibly increase acetyl-

ation in the presence of a high narcotic concentration.

It was declded, asa 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 of 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 exkracts

Some results of typical experiments are shown in
Table XVIII. It can be seen that Narconumaly(5-a11yl-5—
isopropyl-N-methyl barbituric acid) at high concentration had
no effect on the formation of acetylcholine (Ach)by a glycoly-
zing extract of beef brain (Exp. 1l). The concentration of drug
used was one and one~half times as high as that concentration
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 1is 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 extracts 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 syhthesis. There-
fore, the fact that no inhibition of Ach synthesis was found
to occur indicated that the generation of ATP in the course of
anserobic 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 EBEEF BRAIN EXTRACTS at 27°C

co Ach

outgut synthesis
Exp. Additions nM ng/g-
powder
1 *N1l : 0.2 28
Narconumal O.Q006M 0.3 28
Glucose 0.,03M 43.5 134
Glucose 0.03M + Narconumal O.006M 43.5 134
2%%  ATP 0.002M .- 35
Citrate 0.02M + ATP 0.002M 150 -
Narconumal 0.006M + ATP 0.002M 35 ,
Citrate 0.02M + ATP 0.002M + Narconumal
- ~ 0.006M 150

Vessel contents: 1 ml. of beef brain extract (2 60 mg. powder)
prepared as described in the text.

NaHCOz O.047M; sodium phosphate buffer, pH 7.5, 0.01M; choline

chloride 0.0008M; eserine sulphate 0.003M3

*Exp. 1 also contained DPN, 5 x 10'4M and ATP 04001M.

*¥Exp. 2 contalned NaF, 0.03M.
Gassed for 10 minutes with 93% No and 7% CO2.
Time: 1 hour plus 15 minutes equilibration,

(Table X, page 73) that Nembutal had no inhibitory effect on the
acetylatlon of sulfanilamide by the pyruwate dismutation system present
in pigeon liver extracts. It is also evident from a comparison of

the values for COp output shown in Table XVIII, Exp. 1, that anaer-
oblec glycolysis was not impaired by the high narcotic concentration
employed. The absence of narcotic inhibition of Ach synthesis by

cell-free extracts of beef brain described above are contrary to the



10%e

findings of McLennan and Elliott (207) to the effect that
Pentobarbital inhibits Ach synthesis by cell-@ree extracts of
beef brain, but under conditions which were somewhat different
from those described above.

Effect of Narcotics on Sulfanilamide acetylation by pigeon
liver extracts

Table XIX showa the typlcal results of experiments
on the effect of chloretone on the anaerobic acetjlation of
sulfanilamide. Although Exp. 1 and 2 (Table XIX) were carried
out in the presence of air, the system was essentlally 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 donditions, despite the fact that no cysteine was
used in preparing the extracts. In Exp. 1 and 2, 90-95% of
the sulfanilamide 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. 1 and 2, Table XIX). Exp. 3, carried out in an atmos-~
phere of nitrogeq/éoz 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
added acetylated

Exp. Additions (ug) (ug)

1 Nil 101 13

Pyruvate 0.02M 101 45

Pyruvate Q. OQM + chloretone 0.,004M 101 41

ATP 0.001M 101 54

Pyruvate "0.02M + ATP 0.001M 101 a0

Pyruvate 0.02M + ATP 0.001NW +

chloretone O. 004M 101 92

2 Acetate 0.02M 101 - 21

Acetate 0.02M + chloretone O. 004M 101 21

Acetate 0.02W + ATP 0.002M 101 93
Acetate 0.02N + ATP 0.002N +

chloretone O. 004NM 101 95

3%  Acetate 0.02M + ATP 0.003M 200 165
Acetate 0.02M + ATP 0.003M +

nembutal 0. 003M , 1200 146

Media: 1 ml. of plgeon liver extract prepared as described above,
Sodium phosphate buffer, pH 7.5, 0.02M. MgClz 0.0067M.

*Exp. 3 contained, in addition, NaHCOS 0+028M.

Gassed with 93% No and 7% CO Total volume & ml,

BExperiment 1 and 2 were carr ed out in air.
Experimensdl time: 90 minutes.

€oN€lusion seems justified that the narcotics employed had no

significant effect on the enzymes involved in acetylatlon, nor
on their ability to utilize ATP for acetylatlion purposes.

Secondly, the pyruvate dismutation dystem 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 Sulfan~ Sulfanilamide
phase conce concs. 1lamide acetylated
initially without With

added (ug) Narcotiec Narcotic

1 Atr Pyruvate 0.02M Nembutal 9.6x10™%y - 202 76 76
2 No/COp Pyruvate 0.02M Chloretons 4x10™°M --  5x107%y 211 121 108
3 Alr Pyruvate 0.02M Chloretone 4x10~3M 0.003M 5x10-4M 213 137 137
4 Alr Acetate 0.02M Chloretone 4x10~%M 0s003M == 101 93 95
5 Np/COz Acetate 0.02M Chloretons 5x107°M 000045 == 211 193 196
6 Np/COp Acetate 0.02M Nembutal 1.2x10~5M 0.003M  -- 200 165 146
7 Atr Acetate 0,02M  Pentothel 8x30~4HK 0.003M == 202 139 130

Acetate 0.02M Amytal 8x107*M 0.003M - 202 139 132
8 Np/COp Acetate 0.02M Hyoscine 5x10~°M 0.,003M  -= 202 153 148

Pigeon liver powder extracted with 0.15M KF, 0.02M MgClo.

Media: 1 ml, of liver extract (= 60 mg. powder)

Sodium phosphate buffer, pH 7.5, 0.02M.

When the gas phase was NQ/COB, NaH003_0.028M added, and vessels gassed for 10 minutes with 93%
Total Volume: 3 ml,

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 1s bordering on the limit of experimental error.

Aeroblc Acetylation of Choline

Since it had been established without doubt that
narcotics have no effect on the chollne acetylaseec 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 Lataple mincer and suspended in a solution of 0.066M
nicotinamide, 0.15M KXC1l, and 0.03M MgCly,, 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 0.05M
Choline Chloride 0.001IM
Eserine sulphate 0.0004M

0.2 ml. of 20% KOH was placed in the centre-well, with a roll
of filter paper to absorb COg. 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 ml. of 0.3M NaHgPO, added to lower the
pH to approximately 5. The tubes were heated for 10 minutes
in boiling water, cooled, and BaClg added to precipitate
purines. Saturated Ba(OH), solution was added to bring the
pH to 7.0. After centrifugation, the supernatant was decanted
and excess NayS0, 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 Methods and

Procedures™ for details of Ach 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 1s assoclated 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. 1t 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 narcotlics 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 oxidatlon 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 uge
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 uge 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 galin in Ach formation was the same both in the
presence and absence of chloretons. Furthermore, it follows
that chloretone did not inhibit the choline acetylating 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 XX1I

THE EFFECTS OF NARCOTICS ON RESPIRATION AND ACETYLATION OF CHOLINE BY RAT BRAIN MINCE AT 37°C

0 Per cent Choline Per cent

Exp. Pyruvate Narcotic ATP uptgke inhibition of acetylated inhibition of
concen- concentration ul. respiration ug/ge tissue acetylation
tration by narcotic by narcotiec

1 Nil - - 420 -—— 10 -
0.01M -— —— 866 - 17 -
0.01M Narconumal® _— 498 43 11 35
0.01M - 0.002M 745 -——— 20 -
0.01M Narconumal 0.002M 539 28 18 10

2 0.01M - —— 1220 - 21 ——
0.01M Chloretone -——— 556 54 14 33
0,01M ——— 0.002M 1440 ——— 30 —-——
0,01M Chloretone 0.002M 792 45 24 20

3 0.03M Chloretone - 928 -——— 12 ——
0.03X Chloretone -——— 170 81 5 89
0.03M -——— 0.002M 1028 — 18 -
0.03M Chloretone 0,002M 507 70 10 44

Experimental Conditions: as described in the text,

¥Narconumal concentration: O0.004M.
Chloretone u : 0.005M.

Time: & hours

Gas Phase: Alr
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ATP formation. The latter in all likelmhood is connected with
the marked inhibition of respiration caused by the narcotic, as
can be seen from the parallellsm between the percentage
inhibitions of respiration and acetylation shown in Table XXI.

Aeroblic Acetylation of Sulfanilamide by a Mixture of Rat Brain
Homogenate and Plgeon Liver Lkxtract

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 uge per hour. The addition of fluoride to the homo-
genizing and extracting media increased the synthesis, but
st1ll not to an apprecilable 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:

MgCly 0.03M, KC1 0.05M,NEA 0.02M, and NaF 0.05M. The pigeon
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liver powder was extracted with the same solution. 0.8 ml.

of homogenate, equivalent to 200 ug. of brain, and 0.5 ml. of
liver extract, equivalent to 60 mg. of powder; were added to
the manomater flasks. In addition the flasks contaired 0.03M
sodium phosphate buffer, pH 7.5, and 105 ug. of sulfanilamide.
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 0o Sulfanilamide
uptake acetylated (ug)

(RBH) 212 0
(PL) + acetate 0.02M 40 8
PL + acetate 0.02M + ATP 0.003M 52 75
PL + RBH + acetate 0.02M 483 43
PL + RBH + acetate 0.02M + ATP 0.003M 556 41

2 PL + RBH + acetate 0.0ZE + ATP 0.005M 543 50

Experimental time: 90 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, RBH caused a marked decrease in
the total amount of acetylated sulfanilamide (from 75 ug.
down to 41), which may have'.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 ATF could
possibly have suffered destruction by the ATP-ase prédsht~in
the rat brain homogenate despite the steps taken to reduce
ATP-ase activity. It was later discovered that nicotinamide
which was present in falrly high concentration 1s itself
inhibitory to sulfanilamide acetylation. Thus, at least part
of the inhibition caused by the rat brain homogenate was
probebly due to the nicotinamide present, and therefore, in
experiments subsequent to this discovery nicotinamide was

present in much lower concentration.

Absence of Acetylsulfanilamide De-Acetylase in Rat Brain

There was a possibility that rat brain contained
an aeetylsulfanilamide‘ﬁe-acetylasé\which would be inimical
to a high rate of acetylation of sulfanilamide. Krebs et al
(196) have shown that acetylsulphomezathine 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
(16) has shown that acetylsulfanilamide is not hydrolyzed by
pigeon liver preparations. The high rates of acetylation by

plgeon liver extract obtained in the course of the present
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work substantlated Lipmann's findings with regard to extracts.

To determine whether or not rat brain homogenate was
capable of the hydrolysis of acetylsulfanileamide 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
dolution of acetylsulfanilamide® was prepared of which 0.5 ml,
was added with 0.8 ml. of the rat brain homogenate to the
manometer flasks in a total volume of 3 mle The flasks also
contained sodium phosphate buffer, pH 7.5, 0.02M. 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 Resplration and Acetylation of
Sulfanilamide

Table XXIII shows the results obtalned 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 of rat brain

*Kindly supplied by Dr. S. Baker, Montreal General Hospital,
Research Institute.



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

112.

02
uptake Sulfanilamide

Additicns in ul. acetylated ug.
RBH + PL 122 21
RBH + PL + chloretone 0.004M 20 15
RBH + PL + acetate o.ozg 222 44
RBH + PL + acetate 0.02M +

chloretone 0.004M 11 21
RBH + PL + acetate O°02E + ATP 0.00EM 220 46
RBH + PIL, + acetate 0.02g + ATP 0.002M

+ chloretone 0.004M ‘ 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

gcetylation of sulfanilamide. It will be seen thatrchloretone

at a concentratlion of 0.004M, almost completely inhiblted

respiration, from which 1t can be concluded that no appreciable

formation of ATP took place when chloretone was present.

Hence

it is understandable that the addition of ascetate under these

conditions was unable to give rise to an increased formstion

of acetylsulfanilamide, in view of the defiBlency of ATP.

or
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greater interest was the fact that the addition of ATP almost
completely overcame the inhibition of acetylation by chloretone
in the presence of acetate while at the same time the inhibition

of 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 resplration for its require-
ment of high-energy phosphate by the addition of ATP to the
system, and provided that the supgly of acetyl groups is
adequate for acetylation purposes. In practice, however,
allowances must be made for such factors as ATP-ase activity
which will, over a period of time, diminish the concentration
of ATP and so may not make possible the complete reversal of

the narcotic inhibition of acetylation.

Comparison of Pyruvate and Acetate as Acetyl Precursors for
SnganIIamide Acetylation; hffects of Chloretone

An experiment was performed for the purposes of com-
paring the efficiency of pyruvate with that of acetate as
acetyl precursor for sulfanilamide acetylation by the mixture
of 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 mge
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 & much higher rate of sulfanilamide acetylation

was obtained. It 1s probable that with the former ratio of rat
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brain to pigeon liver the formation of citrate was taking place

at the expense of acetylsulfanilamide,

The results of this experiment are tabulated below

{Table XXIV). It may be seen that the addition of acetate to

the mlixture of rat brain and pigeon liver increased the

acetylation of sulfanilamide by 125%, while at the same time

not increasing the uptake of oxygen.

EFFECT OF CHLORETONE ON RESPIRATION AND ACETYLATION
OF SULFANILAMIDE BY A MIXTURE OF RBH AND PL AT 37°C

TABLE XXIV

(Time: 2 hours)

Og Per cent Sulfa* Per cent

Substrate Chloretone uptake 1inhibition acetyl- inhibition
nl. of ated of

. respiration ug. acetylation
Nil _ - 183 - 36 -
Nil 0.004M 52 71 27 25
Acetate 0.02M - 185 - 8l -
Acetate 0.02M 0.004M 36 81 27 66
Pyruvate 0.02M - 345 - 108 -
Pyruvate 0.02M  0.004M 37 20 27 75

Media: RBH and PL prepared as described on page 108.

RBH added: equivalent to 100 mg. of brain (wet welght).

PL extract: equivalent to 60 mg. powder.
Sodium phosphate buffer, pH 7.5, 0.02M.

*Sulfanilamide added: 414 ug.

Total volume 3 ml,
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It is possible that the oxidation of 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 for acetylation purposes.

The effect of chloretone on respiration and acetyl-
ation in the absence of 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
chloretone reduced the acetylation in each case to a common
level, 1.6. 27 ug. in 2 hours., The probability exists that
this common level represents the acetylation which arises
from residual ATP present in the system, and which is un-

affected 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 of course was due to the
fact that the rates of oxlidatlon and acetylation were higher
in the presence of 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 Tgble XXIV whiech indicates that acetyl-
ation was depressed by chloretone to 27 ug./2 hours in the
presence of both acetate and pyruvate, and the uptake a&f
oxygen was reduced to 36 ul./2 hours and 37 ul./2 hours for

acetate and pyruvate, respectively.

It was also found that the addition of ATP 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 convenliently 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 in the
Presence of Acetate

A 25% homogenate of rat brain was prepared by homo-
goenizing the cerebral hemispheres in a solution composed of
0.06M KCl, 0,04M NAA, and 0.04M MgClpg. ©O.5 ml. of homogenate
was added to the manometer flask, ie. 125 mg. of brain per
flask. Pigeon liver acetone powder was extracted by rubbing it
up in O.15M KF. After centrifugation at 19,000 g for 5 minutes,
the supernatant was filltered through glass wool, and 0.8 ml, of
extract, equivalent to 60 mg. of powder, was pipetted directly
into the manometer flask. The flasks also contained 200 uge. of

sulfanilamide (unless otherwise stated), sodium phosphate buffer,
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PH 7.5, 0.02M, and other additions as indicated in the tables.

Acetate was added as the sodium salt.

The final fluoride concentration was 0.04M. 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 1s obtained. For
example, on one occasion the pigeon liver was extracted with
0.15M KC1 in place of 0.15M KF. With fluoride absent 247 ul.
of Og 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 flubride to
the vessel to a final concentration of 0.04M resulted in 348 nul.
of Og 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 Og

uptake.

Acetate 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 1s apparent that the rat brain homogenate provided
the ATP necessary for acetylation to take place since a similar
effect was obtalned 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 inhibition of
oxl dation by & narcotic results in a decreased acetylation due
to insufficient ATP formation, the addition of ATP to the sys~
tem should meet the requirements for acetylation and hence
reverse the inhibitlon 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 & narcotic 1s 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 merked 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 0.003M AiP 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
(0.02M) at 377C

Per cent Sulfa® Per cent
inhibition acetylated 1nhibition
Additions of ne. of
Og respiration acetylation
Exp. Shloretone ATP uptake by by
nl. chloretone chloretone
1 eeeeeea - 258 - 67 --
0.004M -—— 101 60 27 60
------- 0.002M 286 - 90 -
0.004M 0.002M 164 43 59 34
2FH  ecaes - -— 356 -- 87 -
0.004M - 143 60 27 70
----- -- 0.003M 345 - 121 -
0.004M 0.00SM 158 60 87 20

Experimental conditions as described on page 116.
*Sulfanilamide added: 200 ug.

**Exp. 2 contained DPN, 0.00025M.
Experimental time: 90 mlnutes.

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 exercising 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).

Pyruvate 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 snaerobic
conditions pyruvate dismutation was 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
COo Sulfa inhibition
Exp. Additions output acetylated of
w1 ng acetylation
1 P.L. + pyruvate 0.02M 399 67 -
P.Le. + pyruvate 0.02M + RBH 36 46
2. P.L. + pyruvate 0.02M 558 65 -
P.L. + pyruvate 0.02M + RBH 179 35 46
3 P.L. + DPN¥ 65 13 -
P.L. + pyruvate 0.02M 157 66 -
P.L. + DPN + pyruvate 0,02M 186 121 -
P.L. + DPN + pyruvate 0.02M
+RBH 211 90 26

¥DPN 2,5 x 10-4M,NaHCO3 0,028M. Gassed with 93% Np and 7% COg.
Other condition¥ as described™on page 116. Sulfanilamide added: 200 uge
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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 conditlons.

Under aefobic 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 0o up-
take., The addition of a narcotic to a mixture of pigeon liver
extract and rat brain homogenat® 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 inhibltion of acetylation in the presence of acetate,
(Table XXV), the same was not true when pyruvate was the sub-

strate (Table XXVII).

Since narcoties appear to inhibit the pyruvic
oxidase system (140,142,147), the breakdown of pyruvate to
acetate and COp cannot occur in the presence of a high narcotic
concentration. Therefore, no amount of ATP could be effective
in relieving the @nhibition of acetylation due to the deficiency
of 2-C fragments required for acetylation purposes. Indeed,
the fact that ATP 1s effectlive in relieving the chloretone

inhibition of acetyiation 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 (0.02M) AT 37°C

02 Per cent Sulfa PER CENT
' uptake inhib- acetyl- inhibition
Exp. Additions pl. 1ition of ated ug of

0o acetylation
uptake
1 PL 38 - 63 -
PL + chloretone 0.004M 10 - 59 6
PL + RBH 425 - 95 -
PL + RBH + chbretone 0,004M 103 76 14 85
PL + RBH + ATP 0.002M 443 -- 122 -
PL, + RBH + ATP 0.002M +
chloretone 0.00ZM 153 65 32 77
2 PL + RBH 385 - 94 -
PL + RBH + chloretone
0.004M 156 60 31 67
PL + RBH + ATP 0.002M 550 - 125 -
PL + RBH + ATP 0.002M +
chloretone 0.004M 237 5Y4 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 1lnhibit the pyruvic oxidase system, as indicated
by the lack of availability of the 2-C fragments for acetylation

purposes.
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The Anaeroblc Oxldation 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 COo which is

estimated manometrically. The relevant equations are:

H + Fe(CN)g ~ ———— H' + Fe(CN),

+ L]
HY + HCOz ———— COg + HgO

The addition of alkaline ferricyanide solution to
rat brain homogenate in bicarbonate-pyruvate medium in an
atmosphere of No/COg results in very little evolution of COg.
The addition of pyocyanine to the medium followed by ferri-
cyanide, results in a large increase in COy, oupput. Pyocyanine
is reduced 1n the presence of brain tissue by pyruvate and the
reduced pyocyanine is oxidized directly by ferricyanide.
Details of the technique may be obtained from the original
papers. The results of one experiment, shown in Table XXVIII,
indlcate that pyruvic dehydrogenase is not affected by

chloretone.

It was intended to debtérmine 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)

COo
Additions output
ule
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 ml. of 0.16M
NaCl; 1 ml. of suspension added to each manometer filaske.
NaHCOz, 0.028M; Pyocyanine 3.2 mg.%; ferricyanide, 0.005%
in 0.028M NaHCOz; pyruvate, 0.02M. (All concentrations are
final). Chloretone 0.004M. Total Volume: 3 ml,

Cassed for 10 minutes with 93% N, and 7% COg. (Ferricyanide
was tipped in from the side arm after a 15 minute
equilibration period, during which negligible COo was
evolved. The manometers were adjusted to zero before
tipping ih the ferricyanide).

Time: 60 minutes.

extract could give rise to acetylation,vwhich 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 of
acetylated ug. acetylation
by
ﬂerriczanide
Acetate 0.02M + ATP 0.003M 171
Acetate 0.02M + ATP 0.003M +
KzFe (CH)g 0.01M 43 75
Pyruvate 0.02M + ATP 0.00075M 8l
Pyruvate 0.02M + ATP 0.00075M +
KzFe (CN)g 0.01M 16 80

Vessel contents: 1 ml. of pigeon liver extract (60 mg. powder).
NaHCOz, 0.028M; sodium phosphate buffer, PH 7.5.

Total Volume: 3 ml,

Gassed with 93% No and 7% COo.

Time: 60 minutes,

Ferricyanide has been shown to have little effect on

anaerobic glycolysis (173) and on the respiration of tumor

tissue (174) at a concentrationof O.OLM; therefore it was
rather surprisiﬂg to find that ferricyanide inhibited the
acetylation reaction. Possibly ferricyanide may act by oxidizing
the -SH group of Coenzyme 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 ﬁhs deter-
mination of -SH groups in proteins and by Mason (187) for the

determination of glutathione.
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Rat-Brain-Pigeon Liver Preparation and the Tricarboxylic Acid
Cycle

An accumulation of citrate and «x~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 oxldize cis-aconitate to a small extent.
Indeed, one of the main arguments, in the past, against the
idea thHat a tricarboxylic acid cycle was involved in the
oxidation of pypuvate 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
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the efficiency of the respiratory process in the braln-liver
preparation. Furthermore, the effects of malonate in the
presence of various substrates (Table XXX) indicate that the
tricarboxylic acld cycle is functioning completely in this
system (See also Table XXXI).

The Effect of Fumarate and Malonate on the Aerobic Acetylation
of Sulfanilamide

Methods

Rat brain (cerebral hemispheres) was homogenized in
KCl 0.06M, MgCly 0.04M, and NAA 0.01l7M to make a 25% homogenate;
0.5 ml. (125 mge of brain) was added to the manometer flasks,
Acetone~dried powder of pligeon liver was extracted by grinding
it in 0.13M KF. After centrifugation at 19,000 g for 5 minutes
the supernatant was filtered through glass wool, and 6.8 ml.
(equivalent to 60 mg. powder) was pipetted directly into the
manometer flasks. In addition, the flasks contained 200 uge.
of sulfanilamide, sodium phosphate buffer (pH 7.5) 0.02M, and
other materials as Indicated 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-cocks were closed and
measurement of oxygen uptake was begun. All experiments were
carried out in the presence of air.

The Action o 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 acetyhting 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 cltrate with the result that
sulfanilamide acetylation would be somewhat reduced due to

competition for Acetyl-CoA by oxalacetate and sulfanllamide.

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/i¢),
The increased acetylation by fumarate could only be explained
on the basls of the partlial breakdown of some oxalacetate, an
oxidation product ©f 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 cent
Inhibition
0o Sulfanilamide of
Exp. Additions uptake acetylated Acetylation
(nl) (#g.) by fumarat$
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 +
malonage 785 117 3

Experimental Conditions as described on page /27.
Substrate concentrations: Pyruvate 0.02M, fumarate 0.006M, malonate
0.02M. -

Duratgon: 90 minutes.

The action of malonate

It has been shown by Quastel and Woolridge (179) that
malonate inhibits succinic dehydrogenase, thus preventing the
oxidation of succinate, without affecting other enzymes concerned in
the tricarboxylic acid cyecle, and Elliott and Greig (208) have shown
that malonate (0.02M) inhibits succinate oxidation at least 90% in
tissue slices.

Furthermore, one of the most important facts used in

the proof of a tricarboxylic 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
blocking the tricarboxylic acid cycle at the succinate stage
(179), thus diverting acetyl-CoA towards the formation of
acetylsulfanilamide. This, indeed, proved to be the case
(Table XXX, Exp. 2).

Malonate, when added in the presence of 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 oxalacdtate or a precursor of oxalacetate
there was probably insurficient formation of citrate from
pyruvate to inteffere with sulfanilamide acetylation, in which
case the addition of malonate would have no effect. However,
when fumarate was present the addibion of malonate in every
instance (Exp. 2), enhanced the acetylation of sulfanilamide,
1ndicating 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. When 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 waslcompletely overcome (within experimental

error).

The inhibition of sulfanilamide acetylation by
fumarate was not obtained, however, with all tissue preparat-
ions (Table XXXI, Exp. l). A possible explanation is that
the enzyme concerned with sulfanilamide acetylation remained
fully saturated, and that the addition of fumarate merely

increased the rate of disappeg?ance 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 octganocate 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
Succlnate.

It has been shown that the oxidation of succinate to
fumarate is coupled with the formation of high-ensrgy phos-
phase (209,210)., Recently, Hersey and Ajl (211) have shown
that the single step oxidation of succinate to fumarate by

cell-free extracts of E. coll results in the esterification
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of inorganic P52 into ATP. Quastel and Wheatley (131) observed
that narcotics inhibit the oxidation of glucose, lactate, and
pyruvate, but have no effect on the oxidatlon of succinate.

The results obtained by Barrett (212) in reducing the depth

of narcosis by succinate administration are in agreement with

the above data,

It would be expected that, if the oxidation of
succlnate is couprled with the formation of high energy phos-
phate, the addition of succinate to the brain-liver preparatian
previously described should givé rise in the presence of

chloretone to the acetylation of sulfanilamides.

The results shown in Table XXXI (Exp. 2) indicate
that succinate was ;Just as efficient as pyruvate in
stimulating sulfanilamide acetylation. Furthermore, succinate
gave rise to a rapld rate of respiration which was not in-
creased by the addition of pyruvate, although the acetylation
of sulfanilamide was increased to a slight extent. The fact
that the oxidation of succinate accounted for as much oxygen
being taken up as was the case with succlinate and pyruvate
combined seems to indicate that both succinate and pyruvate

were oxlidized through the tricarboxylic acid cycle.

Of some significance is the fact 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 1is illustrated in a striking

manner in Exp. 2 where the sulfanilamide acetylated in the
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THE INHIBITION OF OXIDATION AND ACETYLATION BY CHLORETONE

IN THE PRESENCE OF PYRUVATE, FUMARATE, AND SUCCINATE AT

37°C
Inhibition Sulfan~ Inhibition
o of ilamide of

Exp. Additions uptake oxidation acetyl- Acetylation

ul. Per cent ated Per cent

e = J;;g)

1l Nil 180 -—— 34 -———
Pyruvate 323 —— 149 -——
Pyruvate + Fumarate 608 ~~-=a - 153 ——

2 Pyruvate 326 - 146 ———
Pyruvate + chloretone 95 71 22 85
Succinate 714 - 148 -
Succinate + chloretone 274 62 58 61
Pyruvate + succinate 729 —— 162 ——
Pyruvate + succinate

+ chloretone 241 67 67 58

3 Nil 211 ——— 34 -
Chloretone 96 54 16 53
FPumarate - 536 - 101 ———
Fumarate + chloretone 109 80 16 84
Succlinate 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.0BM, succinate

0.02M, SulfanTlemide added: 2202 ng.

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 pyfuvate plus succinate as substrate.

In Expe 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. Swh 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-
cotlic concentration W 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 andqﬁalate, in brain and liver sébarately.
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 reconclille with the
results which have been obtained with succinate in the

acetylation of sulfanilamide.

The Effect of 2,4-Dinitrophenol on the :Aerobic Acetylation of
Sulfanilamide i1n the Presence of succinate

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 (0.0047K)
which was effective in completely blocking the oxidation of
fumerate and completely inhibiting the acetylation arising
therefrom. Fresumably, the sulfanilamide acetylation due to
succinate, 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
0.001M, 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 1t was declded to ascertain what effectw 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 obtaln 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

O2 of amide of
Additions uptake respiration acetyl- Acetylation
ul. Per cent ated uge. Per cent
Nil 204 - 44 -
2,4-DNP 10~%M 140 31 9 75
Suecinate 0.02M 695 - 117 -
Suceinate 0.02M +
2,4-DNP 10-%y 310 55 5 96
Succinate 0.02M +
2,4-DNR210~%Y 240 65 5 96

Experlimental conditions: as described on page 127.

Vessel contents: Rat brain homogenate and pigeon liver extract (see
page /37), 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
10‘4M almost completely inhibited the acetylation of sulfanil-
amide in the presence of succinate (Table XXXII). This effect
was undoubtedly dge to the "uncoupling® of phosphorylation’from
oxidation rather than an interference with ATP utilization or
destruction of ATP. On the basls of the contrasting effects
shown by chloretone and 2,4-DNP the conclusion seems justified
that the oxidation of succinate 1n the presence of chloretone
was coupled with the formation of high-energy phosphate. More-
ovef, an Important difference in the mechanlsm 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.

Relatlve Effects of Narcotlics on Respirattion and Acetylation

According to the theory that narcotics act: by
inhibiting the generation of high-energy phesphate through the
depression of oxidative metabollism it would be expected that
~a relationship should obtain between the inhibition of oxidation

and depression of acetylation.

To ascertaln this 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-5-1isoamylbarbituric
acid
Chloretone Trichlorbutanol
Methods

Rat brain (cerebral hemispheres) was homogenized
in KC1 0.06M, MgCly 0.04M, and NAA 0.017M to give a 20%
homogenate. 0.5 ml. 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 ml. (equivalent to
60 mg. powder) was pipetted directly into the manometer flasks.
In addition, the manometer flasks contained 200 uge. sulfanil-
amide, sodium pyruvate 0.02M, and narcotics as indicated in
the accompanying figures, 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 for COg 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 HC1l
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) before measurement of Og
uptake was begun. It may be seen from Fig. 4 that the
inhibition of Oy uptake was immediate and remained falrky
steady throughout the whole period of time. The stabilization
of the inhibition mfy in part be due to the high K* concentrat-
lon used (0.05M in these experiments), since Jowett and Quastel
(132) have shown that with a low Kt concentration (0.002))the
inhibition of respiration by a narcotic increases with time,
while at high K¥ concentration the inhibition rapidly reaches

a steady state.

The Relative Effects of Narcotlc Concentration on Respiration
and Acetylation

In Fig. 4 to 7 are shown the results of experiments
in which the narcotic concentration was varied. Fig. 4, in
which oxygen uptake 1s plotted as a function of time, shows the
results of an experiment with Nembutal at wvarious concentrations
1.4 3,6,9,12, and 18 x 10"4M, It will be seen that the
inhibition qf respiration increased with the concentration of
narcotic. This is illustrated more clearly in Fig. 5 where
respiration and acetylation are plotted as a function of
Nembutal concentration. (In Fige 5, 100% activity represents
182 ug. of sulfanilamide acetylated, and 475 ul. Oo taken up
in 90 minutes in the absence of Nembutal). As the concentrat-
ion of Nembutal is increased the inhibitlon of respiration is
likewise increased and tends toward an asymptotic value. The

latter is well examplified by the results of Webb and Elliott
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Figure 4.

The effect of varying concentrations of Nembutal on the
respiration of a mixture of rat brain homogenate and pigeon
liver extract in the presence of pyruvate.

Ordinates: Og uptake (ul.)e.

Abscissae: time in minutes.

Concentration of Nembutal: A, nil; B, 3 x 10-4M; C, 6 x 10~
D, 9 x 10-%M; E, 12 x 10"4M; and F, 18 x 10 *M.

Experimental conditions as described in the text.

4M;

(150) who found that 15 to 20 per cent of the respiratory
activity of rat brain suspensions was resistant to the highest
narcotic concentration obtalnable, which in this case was

Nembutal 0.0lM. Thus, the curve for the inhibition of




respiration (Fig. 5) is the type one would expect when the law

of mass action is applied.

Hence it 1is apparent that the

narcotic inhibits some step or steps in the oxidative chain
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Figure 5.

The relative effects of Nembutal on respiration and sulfanil-
amide acetylation by a mixture of rat brain homogenate and
pigeon liver extract in the presence of pyruvate.

Ordinates:
Abscissae:
All values

Per cent of normal respiration and acetylation.
Concentrations of Nembutal.
plotted represent totals at the end of 90 minutes.

Experimental conditions as described in the text.
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according to the law of 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-

cotlc concentration and inhibition of respiration and acetyl-

ation,.
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Figure 6.

The relative effects of Amytal on respiration and sulfanilamide
acetylation by a mixture of rat brain homogenate and pigeon
liver extract in the presence of pyruvate.

Ordinates: PFPercent of normal respiration and acetylation.
Abscissae: Concentrations of Amytal. All values plotted
represent totals at the end of 90 minutes. Experimental
conditions as described in the text.
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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 apbroximately the same as that of
acetylation until the narcotic concentration is reached which
inhibits respiration approximately 20%. From this point the
rate of inhibitlon of acetylation is the greater. Now, 1t is
understandable that when respiration is inhibited to only a
slight extent the high-energy phosphate generated, although
decreased is still adequate to malintain the acetylation process

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 acetylatlon 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 chaln of oxidative events. If a narcotic at high con-
centration is exercising a large inhibitory effect on an aspect
of the respiratory chain that 1s 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 appears to be a real

relationship between the extent of inhibition of oxidation by

a narcotic and that of acetylation.
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Figure 7.

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 pesplration and acetylation.

Abscissae: Concentrations of chloretone. All values plotted
represent totals at the end of 90 minutes.

Experimental conditions as described in the text.
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The Effect of Hyoscine and Atropine on the Respiration of
Guinea Pig Brain Mince

The narcotics employed in the present work consisted
meinly of barbiturates and alcohols (chloretone). However, it
is known that narcosis can be induced by a wide variety of
chemical substances. Therefore, hyoscine and Atropine being
entirely different in chemical structure from the barbiturates,
were selected as representative substances from the alkaloid
group of narcotics for !investigation with regard to in vitro
effects.

Mgt hods

Guinea-pig brain (cerebral hemispheres) was minced
by means of a small ILataplie mincer; the pulp was suspended in
Caf*“-free Krebs Ringer-phosphate solution pH 7.4 (214), such
that 1 ml. of suspension contained 150 mg. of brain tissue.
The manometer flasksé contéained 1 ml. 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 Flg. 8. Glucose was added asan
aqueous solution to give a final concentration of 0.017M. 0.2 ml.
of 20% KOH was added to the centre-well for CO, absorption.
The flasks were shaken in the bath for two hours‘at a temperat-
ure of 37°C. Measurements of Oz uptake were begun after a
thermal equilibration period of 5 minutes.
Results

Hyoscine at a concentration of 2 x IO‘SM inhibited

the uptake of oxygen by 28%, and at 4 x 10"3M by 40%. Atropine,
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4 x lO“sﬂ, inhibited the uptake of oxygen by 46% (Fig. 8).
lhe 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.,

The inhibition by Hyoscine and Atropine of the 0Og uptake of
gulnea-plg brain mince respiring in a Ca ++_free Ringer-
phosphate-glucose medlium,

Ordinates: Oy uptake (ul./150 mg. tissue).
Abscissae: Time in minutes.
Experimental conditions: a s described in the text,
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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 lO'SM 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“5M and

4 x IO’SM respectively.

Summarz

l. It has been shown that a narcotie (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.
& 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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Narcotics (Chloretone, Narconumal) inhibited the aerobilc
acetylation of choline by rat brain mince. The extent
of inhibitlion of acetylation was related to the extent
of inhibitbn of respiration.

The addition of ATP was largely effective in overmoming
the inhibition by Narconumal and Chloretone of the
acetylation of choline in rat brain homogenate.

From the results obtalned the conclusioﬁférawn 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.

The narcotics tested (Table XX) did not inhibit, at high
concentration, the acetylation of sulfanilamide by cell-
free extracts of pigeon liver.

Sulfanilamide acétylationnwas found not to take place in
brain tlssue preparations.

Acetylsulfanilamide was not hydrolyzed by rat brain
homogenate under various condlitlions, as indicated by the
complete absence of free sulfanlilamide from the medium.
A system comprised of a mixture of rat brain homogenate
and cell-free extract of plgeon liver was described,
which upon the addition of acetate or pyruvate was very
active in acetylating sulfanilamide under aerobic
conditions.

The addition of chloretone at a concentration of 4 x 10'5M,

to the system described 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 inhlbltion of respiration.
When 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.

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 ineffeCtiyeness of ATP in overcoming
the inhibition of sulfanilamide acetylation.

It was shown that ferricyanide at a concentration of
0+01M inhibited the acetylation of sulfanilamide by a
cell-free extract of pligeon 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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When pyruvate was being oxidized by the brain-liver
preparation described in (9), the addition of fumarate to
the system gave rise to an inhibition of sulfanilamide
acetylatlon and an increase 1n the rate of 0o uptake. It
was concluded that the addition of fumarate favoured the
formation of citrate at the expense of sulfanilamide
acetylation.

The addition of malonate reversed the inhibition by fumarate
of sulfanilamide acetylation and partially reversed the
stimulating effect of fumarate on Oy uptake., This is con-
sistent with the demonstration that malonate inhibits
succinoxidase, which in turn causes an accumulation of
intermediates of the tricarboxyllic acid cycle, the result
being a diversion of Acetyl-CoA towards the formation of
acetylsulfanilamide.

The addition of succinate alone to the brain-liver prepar-
ation was responsible for as high a rate of asrobic sulfan-
ilamide acetylation as that bbtained by the addition of
pyruvate alone.

It was shown that the one-step oxidation of succinate to
fumarate in the presence of a concentration of chloretone
which completely blocks the oxidation of fumarate,
increased sulfanilamide acetylation, which indicates that
succinate oxidation can give rise to utilizable energy for
the maintenance of energy requiring metabolic processes.
Contrary to the effect 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



19.

150a.

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.

It was shown that the relationship between the extent of
inhibition of oxidation and the concentration of narcotie
(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

21,

inhibition of oxldation by a narcotic and the inhibition of

acetylation.

It was confirmed that Hyosclne at & concentration of 0.004M

inhibits by 40% bhe respiration of guinea-pig brain tissue.

Atropine, at the same concentration inhibits the respiration
of gulnea-pig brain mince by 46%, and inhibited the aerobic

acetylatlon of sulfanilamide by the brain-liver preparation

to the extent of 30%.
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AMIDE INHIBITORS OF SULFANILAMIDE ACETYLATION

As a result of the observation that nicotinamide
(NAA) could be used effectively as an inhibitor of DPN-ase
(diphosphopyridine nucleotidase), (39,184), the addition of
NAA became a general practice in the preparation of brain
tissue homogenates and extracts. However, in the course of
the present work it was found that such preparations inhibited
the acetylation of sulfanilamide, when high concentrations of
NAA were present. To obtain proof that NAA was responsible for
the inhibition, NAA was added to extracts of pigeon liver in

the presence of acetate and ATP.

The results are shown in Table XXXIII (Exp. 1 and
2). It may be seen that in the presence of acetate and ATP,
pigeon liver extract was capable of a high rate of sulfanilamide
acetylation., The addition of NAA, at concentrations normally
present in brain homogenates gave rise to a marked inhibition
of sulfanilamide acetylation. This effect of NAA was somewhat
surprising in view of the fact that no inhibition of choline
acetylation was observed when NAA had been used in the brain

preparations employed.

The Inhlibition by NAA increased with concentration,
(Table XXXIII, Exp. 2), indicating the likelihood of interaction
with enzymes rather than co-factors, taking into consideration
the high concentrations of NAA required (approx. 0.02M) to

produce an inhibition of 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
Sulfanilamide Inhibition
Exp. Additions acetylated of
_ (ug) Acetylation
1l Nil 193 ——
NAA 0.02M 112 42
2 Nil 184 -
NAA 0.005M 153 17
NAA 0.01M 126 31
NAA 0.02M 99 46
NAA 0.035M 70 62
NAA 0.05M 54 71
3 Nil 176 -
Coramine (Nikethamide) 0.0IM 135 23
4 Nil 190 ——
NAA 0.02M N 106 44
Nicotinic acid®™ 0.0ZM 193 0

Experimental conditions: Pigeon liver extract: 1 ml. (2 60 mg.
per vessel. Acetate 0.02M; ATP 0.0045M;
sodium phosphate buffer pH 7.5, 0.02H;
NaHCOz 0.028M; sulfanilamide: 200 ug.
Total“volumeT 3 ml. Gassed with 93% Ng
and ‘7% 002 .

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

#Neutralized with NaOH.

The fact that nicotinic acid (0.02H) had no effect
on acetylation (Table XXXIII, Expe. 4) indicated, at least, that
the amide group was involved in the inhibitory effect of NAA

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
nicotiniec acid, and have no effect on acetylation. However,
coramine (0.01M) 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 coramine 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)e 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

0.02M (Table XXXIV, Expe 2).

It has been previously shown (Table IX, Exp. 3)
that nitrourea has an action similar to 2,4-DNP on the
acetylation of sulfanklamide arising from pyruvate dismutation.
Nitrourea at a concentration of 0.01M inhibited acetylation
in the presence of pyruvate by 40%, while that due to acetate
and ATP was inhibited by only 174 (Table XXXIV).
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TABLE XXXIV

THE EFFECT OF AMIDES ON THE ACETYLATION OF SULFANILAMIDE

BY PIGEON LIVER EXTRACT

Sulfanilamide Per cent
acetylated inhibition

Exp. Additions uge of
____acety on

1l Nil 1980 -
~Acetamide 0.02M 191 0
Adenosine 0.016M 160 17

2 Nil 164 -
Adenosine 0.02M 121 26
Benzamide 0.02M 74 65
Benzenesulfonamide 0.00?M 126 12

3 Nil 144 ——
Nitrourea 0.01M 119 17

Experinental conditions: See Table XXXIITI.

Acetate 0.02M; ATP: Exp. 1, 0Q045M
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 1ndications 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 equillbrium from being established.

This effect of semicarbazide may be seen from the
results shown in Table XXXVy (It should be pointed out that
citrate and acetate were equally effective as acetyl donors
for sulfanilamide adetylation when ATP was also present, Expe.

1l and 2. Previously it was shown that citrate alone, or citrate
and DPN, did not give rise to acetylation, Table XI, Exp. 1 and

3. However, Stern, et al, 206, have shown that citrate, in the

TABLE XXXV

THE EFFECT OF SEMI-CARBAZIDE ON THE ACETYLAT ION
‘OF SULFANILAMIDE BY PIGEON LIVER EXTRACT AT 37°C

Per cent
Sulfanilamide inhibition
Expe. Additions acetylated of
ug . acetylation
1 Citrate 0.02M o1 QN
Citrate 0.02M + semicarbazide
0.02M 52 43
2 Acetate 88 ———
Acetate 0.02M + semicarbazide
0.02M 56 36

Experimental conditions: Pigeon liver extract: 1 ml. (60 mg. powder)
sodium phosphate (pH 7.5) 0.02M; ATP 0.002M; NaHCOz O.O28M.
Sulfanilamide added: 105 ug. -

Total volume: 3 ml., Gassed with 93% N, and 7%’002.

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 sulfenilamide acetylation by semicarbazide was
independent of the acetyl precursor used, whether acetate or
citrate, and was of the same order in both cases (Table XXXV,

Exp. 1l-and 2.).

As an explanation of the inhibition of sulfanilamide
acetylation by the amides tested, three possibilities are
suggested:

(1) 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.

(5) 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 ATP since the phosphorylation of

adenosine is known to occur in animal tissues (215).

No attempt has yetlbeenrmadétby means 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.

Summarx

1. The following amides have been found to inhiblt 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.

Se Nicotinic acid in contrast to nicotamide, had no effect
on the acetylation of sulfanilamide.

4. Acetamide, unlike benzamide, had no effect.



158,

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-aminobenzolc acid for glycine and consequent depression
of salicyluric acid formation may not be the only explanation
for the increased plasma levels of salilcylate in the presence

of paras-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 page i3 §was

used for this purpose.

It may be seen from Table XXXVI that at concentrations

of salicylate varying from 1.3 x 10'4E 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 10'2

M salicylate. Thus, at the latter concentratlion
of salicylate the inhtbition of sulfanilamide acetylation was

almost complete. However, 6 x lO'SM salicylate inhibi ted 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)
0 Sulfanil-  Acetyl-
up%ake amide ation
0o percent acetyl=- percent
Exp. Additions uptake of ated nug. of
ul. control control
1 Nil 642 -- 148 -
Sodium salicylat
1.3 x 107*M 740 115 130 88
Sodium salicylate
4 x 10-5M 766 119 90 61
2 Nil 696 - 188 --
Sodium salicylatg
3.3 x 107°M 843 120 108 57
Sodium salicylate
1 x 10-2M 828 119 13 7
3 Nil 659 - 153 -
2,4-DNP 4.5 x 10~%4n 540 82 18 12
2,4-DNP 7 x 10~%y 527 80 11 7

Exptl. Conditions: see page 138. Time: 90 minutes.
Substrates added: sodium pyruvate 0.02M; sodium fumarate 0.Q06M.

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.



160.

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 serobic 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
lO'ZM salicylate concentration, and acetylation was inhiblted
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.1lM concentration). However, a comparison of the
results of Expe. 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. Whereas 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

2

of 107"M was required to produce the same effecte.

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-aminobenzoie 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 resudt of the presence of
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salicylate would create a condition of ATP deficiency.
Therefore, competition by para-aminobenzoic acid for ATF
rather than glycine, with a consequent drop in salicyluric
acid formation may account for the increased plasmavlevel

of salicylates. There 1s also the fact that the acetylation
of para-aminobenzole acid would represent a further drain on

the supply of ATP.

Summary

1. Salicylate, at a concentration of L0'2M, stimulated
the respiration of a mi#ture of rat brain homogenate
and pigeon liver extract by approximately 20%, but at
the same time inhibited the asrobic acetylation of
sulfanilamide in the same system by 93%.

2. Salicylate has no appreciable effect on the acetylation
of sulfanlilemide by pigeon liver extract in the
presence of acetate and ATP.

S The effect of salicylate bears some resemblance to that
of 2,4-DNP (Table XXXVI), although the former must be
used in much higher concentration to produce the same
effect.

4, It is therefore suggested that sallicylate may produce
its effects by suppressing ATP formation in & manner
similar to 2,4-DNP, i.e. by an "uncoupling” of phos-

phorylation from respiration.
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FLUOROACETYLATION OF SULFANILAMIDE

BY PIGEON LIVER EXTRACTS

Recent evidence indlcates that the inhibition of
respiration caused by fluoroacetate 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-aminobenzoic acid by rabbit liver in the presence
of 0.02M fluoroacetate; and also that the formation of acetyl-
choline from cholihe in the presence of glucose or pyruvate
was not affected by 0.02M fluoroacetate. Therefore, the con-
clusion was drawn by Chenoweth that the incregsed acetylation
of foreign amines is the result of an inhibition of acetate
metabolism in consequence of which more acetate becomes

available for acetylations.

Now, 1t would appear that since fluoroacetate can
readily participate in the formation of fluorocitrate, it
might also participate in the formation of fluoroacetyl-
choline and fluoroacetylsulfanilamide. Therefore, it was
decided to test the ablility of fluorocacetate to behave as a

precursor of the latter compound.

Pigeon liver powder, preparsd as described in
"Experimental Methods™ was extracted in the manner already
described with 0.15M KF. 1 mle. of pigeon liver extract
(equivalent to 60 mg. of powder) was added to each manometer

burhlﬁ
flask. In addition the flasks contained sodiuﬂ,buffer, pH 7.5,
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0.02M; NaHCOz 0.028M; ATP 0.003M; sulfanilamide 205 ug., and
other additions as indicated in Table XXXVII. (A1l concent-
rations are final, in a total volume of 3 ml,). The vessels
were gassed for 10 minutes with 93% No/ 7% COg, and

incubated at 37°C for 90 minutes.

TABLE XXXVII

FLUOROACETYLATION OF SULFANILAMIDE BY PIGEON LIVER EXTRACT

Additions Sulfanilamide
acetylated (ug)

Nil 14

Acetate 0.02M 176

Fluoroacetate 0.01M 176

Acetate 0.02M + Fluoroacetate 0.01M 182

Experimental conditions as described in the text.

The results shown in Table XXXVII seem to indicate
that fluoroacetate can participate in acetyla tion 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. 1In any case, proof of the

formation of fluoroacetylsulfanilamide will depend upon
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isolation of the product formed and demonstration of the

presence of fluoride in the molecule.

Elliott and Kalnitsky (105) 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 oxalacdtate for 15 minutes before the
gddition of citrate. The inhibition was shown to be compstit-
ive. However, under the same conditions the oxidation of
cis-aconltate and iso-citrate was not inhibited. These facts

indicate enzymic inhibpition on the part of fluorocitrate.

There 1s a remarkable similariﬁy of fluoroacetate
induced convulsions in rhesus monkeys and in man to & grand mal
eplleptic seizure (138). Electrical activity of the cbrtex
reaches very high potentials during fluoroacetate poisoning
but can be obliterated by barbiturates and antlconvulsants
(139). The sensitivity of rats to electrically-induced con-
Yulsions is increased about ten times by fluoroacetate (199).
In the light of these observations there is a possibility that
fluorocacetate affects the central nervous system by the
formation of fluorocacetylcholine which may conceivably be more
resistant to attack by cholinesterase than 1s acetylcholine.
Alternatively, fluoroscetylcholine may inhibit cholinesterase
and thus prevent the hydrolysis of acetylcholine, in much the

same manner as DFP, or TEPP.
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GENERAL DISCUSSION

When the investigation of the effects of narcotics
on biological acetylations was begun the view was takmn, as
a working hypothesis, that the depression of cellular
function which characterizes the narcotic effect is the
result of the suppression of oxidative ATP formation upon
which metabolic processes depend. To account for the diverse
effects of narcotics on a variety of 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 1is
followed by a concomittant drop in acetylation, and that the
addition of ATP to the aerobic system alleviates, to a large
extent, the narcotic effect on acetylation. This effect of
added ATP 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 respiratory process, while acetylating enzymes per se,
the pyruvate dlsmutation system, and the glycolytic sequence

in beef bralin extract are not affected.
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Although there 1is as yet no direct proof that the
suppression of ATP synthesis which accompanies the inhibition
of respiration 1s responsible for the symptoms by which the
narcotic state is recognized, there are indications that this
may be so. There 1s 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 connectlon it
should be remembered that the over-all drop in the uptake of
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 effect 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 of respiration at a particular
centre of the nervous system may well result in a decreased
acetylcholine synthesis and thus impede the transmission of
nervous impulses. Thus, the inhibition of acetylcholine syn-
thesls may be a contributing factor 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 wildely 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 inabllity 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 thelr permeability. It is quite
possible that the effect of narcotics on the permeability of
the nerve cell may be of fmportance in narcosis, but at the
same time it must be remembered that cellular permeabllity
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 formatlon is respbnsible

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
assoclated with the oxidation of succinate illustrates the
differente in the mechanism of action of these two types of
drugs. It was shown that narcotics had no appreclable effect
on the acetylation of sulfanilamide by pigeon liver extracts
in the presence of pyruvate and DPN, while 2,4-dinitrophenol
inhiblted the acetylation markedly. At the same time, 2,4-

dinitrophenol did not inhibit the acetylation of sulfanilamide
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when acetate and ATP were added as acetylating agents. Also,

it was found that the oxidation of succinate, in the presence

of a narcotic concentration which completely inhibited fumarate
oxidation, gave rise to appreclable acetylation of sulfanilamide;
when the narcotic (chloretone) was replaced by 2,4-dinitrophenol
the oxidation of succinate was associated with no acetylation

of sulfenilamide. 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
of dinitrophenols is not restricted to phosphorylations coupled
to respiratory processes. That is not to say that a clear-cut
differentiation necessarily obtzins between narcotics and
dinitrophenol-1ike compounds., There may be an overlapping in
some cases; l.e. certain substances which have narcotic action
may also be found to exhibit an wncoupllng effect. Hyoscine

may be taken as an example (Table X, page 73).

The wvalue 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-dinitrophenol had a

marked inhiblitory effect on the acetylation of sulfanilamide



169.

arising from the dismutation of pyruvate by pigeon liver
extracts. This effect of 2,4-dinitrophenol indicates that
phosphorylation is assoclated with the dismutatlion of pyruvate.
There are other indications that esterification of inorganic
phosphate takes place in the course of the reaction. FFirstly,
there is the fact that sulfanilamide acetylation does not

occur in the absence of phosphate, i.e. sulfanllamide cannot
replace orthophosphate in the pyruvate dismutation reaction
which takes place 1n 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
from pyruvate. Should pyruvate break down directly to Acetyl-
CoA it is difficult to account for the effect of ATP on
acetylation. The increased acetylation obtained with ADP is
due to the formation of ATP through mgokinase activity. The
stimulating effect of AMP on sulfanilamlide acetylation in the
presence of 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 primery phosphate acceptor. The presence and activity
of myokinase in pigeon liver extracts are indicated by the fact
that ADP can give rise to sulfanilamide hcetylation in the

presence of 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 dinitro-
rhenol on the phosphorytation assoclated with the anaerobic
dismutation of o -ketoglutarate. Also, under aerobic
conditions one of the phosphorylations coupled to x-keto-
glutarate oxidation was found to be unaffected by dinitro-
phenol., This fact, in conjunction with the lack of effect
of dinitrophenol on the ansaerobic dismutation indicated
that the dinitrophenol resistant phosphorylation was at the
substrate level. The effect of 2,4-DNP on pyruvate dis-
mutation may mean that the phosphorylation associlated with
the dismutation of pyruvate takes place during the oxldation
of DPNHo 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 8. 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 pfeparations 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 obtalned
with the pig heart preparation prove the general validity of

the results obtained with the E. coll enzymes.,

Now, if it 1s true both for animal and bacterial
tissues that pyruvate ylelds Acetyl-CoA directly, the addition
of sulfanilamide‘along with the appropriate enzymes should
substitute for orthophosphate as an acetyl acceptor 1in the
same manner as oxalacetate (Reaction 4, page 45). Further-
more in the presence of pyruvate and DPN, sulfanilamide
acetylation wonld be expected to occur in pigeon liver extract
in the complete absence of orthophosphate, since sulfanilamide
canact 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 sulfanlilamide took place and

the COg oubput was greatly increased. It is evident that the
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dismutation reaction as formu.ated 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. coll enzymes seem to be required.

Stern et al (206) have shown that citrate, like
pyruvate, can form acetyl-CoA directly, i.e., without the
intervention of ATP, in the presence of DPNHo 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 iIs consistent
with the observations of Stern, et al. 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)e These facts indicate that ATP can
participate in the formation of acetyl-CoA from citrate.

ATP participation in the formation of acetyl-CoA 1is also
implied in the effects of adenylic compounds on sulfanilamide

acetylation in the presence of pyruvatee.
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CLAIMS T O ORIGINAL RESEARCH

— —— — - wwm ma- —— - —— - - — v o - — — o— ———

l. The stimulation by pyruvate of the anaerobic glycolysis
of glucose 1n a beef brain extract is accompanied by
an increased synthesis of acet&lcholine. 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 anaeroblc conditions.

3« The dismutation of pyruvate by beef brain extracts gives
rise to an increased rate of acetylcholine synthesis.

4. PFumarate 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 erude cell-free extract
of pigeon liver results in a large increase in the rate
of sulfanilamide acetylation. When 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 0.05M KF.
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8e 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, Narcotiecs (chloretone, nembutal) inhibit the aerobic
acetylation of choline taking place in rat brain hince.

11l. The addition of ATP is largely effective in relieving
the inhlibition of choline acetykatlidnncaused by
chloretone and narconumal under aerobic conditions.

12, Narcotics markedly inhibit the respiration and aserobic
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.

13. The addition of ATP is largely effective in relieving
the narcotlic inhibitlon of sulfanilamide acetylation
taking place 1in a mixture of rat brain homogenate and
pigeon liver extract under aerobic conditions, when
acetate 1s 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
plgeon liver can be overcome by the addition of neutral
cyanide, which at a‘concentration of 0.1M does not in-
hibit sulfanilamide acetylation taking place in pigeon
liver extracts.

15. Bayer-205 (suramin) at a concentration of 3.5 x 10'4M
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 serobic acetylation
of sulfanilamide when pyruvate 1s 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 wtilizable
energy for the maintenance of energy requiring metabolic
processes.

19. The following amides inhibit the acetylation of sulfan-

1lamide 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 lO‘ZE 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.

21l. The addition of fluoracetate and ATP to a plgeon liver extract
causes the disappearamce of added sulfanilamide from the

medium, indicating the formation of fluoroacetylsulfanilamide.
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