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I. INTRODUCTION

It would be presumptuous to attempt a complete review of the effects of drugs
on enzymes and enzyme systems. All drugs have at least indirect effects on
enzyme systems, and few enzymes are not affected ultimately by some drug. Let
us therefore quickly state that the objective of this review is limited to an ex-
amination of a few instances of well-studied drug effects which have been at-
tributed to specific drug-enzyme interactions. In addition, we have chosen to
struggle a little with one of the oldest problems in the field, the mechanism of
anesthesia. It is hoped that the examples selected will illustrate the variety of
ways that enzymes may be affected by drugs and perhaps a few of the difficulties
in trying to determine for certain whether a particular drug exerts its action
through specific attack on a particular enzyme.

Of the earlier reviews of the action of drugs on enzymes particular mention
may be made of that of Bernheim in 1946 (26a). In addition there are numerous
other reviews on specific groups of drugs, many of which have appeared in this
journal. Certain of these will be referred to in the body of this review. A recent
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review by Rdée (206a) is particularly relevant to the section on the treatment of
methanol poisoning with ethanol, and Brody has reviewed uncoupling of phos-
phorylation by drugs (30c).

One of the best documented cases of drug-enzyme action, that of the anti-
cholinesterases, has been omitted because of the numerous recent reviews and
the fact that a full treatment would constitute an entire review in itself. The
specific agents discussed include acetazoleamide (Diamox), disulfiram (Antabuse),
ethanol in the treatment of methanol poisoning, anesthetic agents, penicillin,
streptomycin, chloramphenicol, and the tetracyclines.

Before proceeding to individual cases, it may be appropriate to touch on some
of the things that must be established before one is willing to conclude that any
or all of the effects of a drug in the body arise from action on a specified enzyme.
In general rigorous proof that a drug acts by inhibiting a particular enzyme would
require demonstration 1) that the enzyme concerned is inhibited in the living
intact tissue or cells, 2) that the enzyme block will quantitatively explain the
effects of the drug, and 3) that the enzyme inhibition occurs with an amount of
drug no greater than that necessary to produce the drug action under considera-
tion. It is accepted that physostigmine, for example, exerts its action through
inhibition of cholinesterases because (a) the natural substrate of cholinesterases
accumulates in poisoned tissues, (b) the symptoms of poisoning may be approxi-
mated by acetylcholine if suitably applied, and (c), since the dissociation of the
drug from the enzyme is very slow, poisoned tissues may be excised, ground up,
and the enzyme inhibition confirmed in the test tube. If the drug-enzyme complex
is rapidly dissociable, proof is more difficult. As a minimum it is then necessary
to show (as has been shown with physostigmine) that the drug inhibits the en-
zyme concerned in vitro at concentrations consonant with the dosages effective
in vivo. If a 10~ molar drug concentration is required to inhibit a certain enzyme
in the test tube, then obviously action on this enzyme will hardly explain effects
in the animal produced with a dose of 10-® moles per kgm. Enzymes as a class
of proteins naturally have much in common, and it is not surprising if a potent
drug with a selective action on one enzyme affects other enzymes when the con-
centration is increased a hundred fold.

If an isolated enzyme is inhibited by a drug at a concentration as low as
that found in the tissues after therapeutic dosage, it still may not prove that the
enzyme concerned is inhibited #n vivo. It must first be established that the con-
centration of free drug in the tissue is sufficiently high to produce inhibition,
gince other cell constituents might bind a substantial fraction of the drug. For
example, the oxidation of succinate in a liver homogenate is inhibited more than
90 per cent by 0.015 microgm./ml. of antimycin A if the tissue dilution is 1 to
300, whereas the same concentration of antimycin A inhibits oxidation by only
10 per cent in the presence of three times as much tissue (190).

It is conversely true that failure of a drug to inhibit an isolated enzyme may
not prove that the enzyme activity concerned is unaffected in vivo by that drug,
since enzymes are not always isolated without alteration in their properties and
drug susceptibilities. It is also possible that a drug may be concentrated in the
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body at the site of action and therefore produce a degree of inhibition greater
than éxpected from n vitro measurements. However, without proof, this latter
argument could only be a weak support for a sagging theory.

The above caveat is not intended to imply any lack of confidence in the
ingenuity of the investigator to ultimately unravel these matters. Instead it
might be taken as a tribute to the ingenuity and subtilty with which the enzyme
machinery is contrived in the first place.

II. ACETAZOLEAMIDE

1..General. Diamox® (2-acetylamino-1,3,4-thiadiazole-5-sulfonamide) has been
introduced into the treatment of edema, glaucoma, and epilepsy. It appears tobe
one of the best examples of a drug acting through specific inhibition of a single
enzyme. Although there seems to be little reason to doubt that most of the effects
of Diamox result from inhibition of carbonic anhydrase, there remain interesting
problems as to the exact function of this enzyme in, for example, the acidification
of the urine.

The history of this drug and its antecedents has been an instructive sequence
of clinical observations, physiological and biochemical studies, and deliberate
attempts to synthesize more potent congeners. The results have been important
for both therapy and basic physiology. Southworth (218) first recorded that
sulfanilamide used as an antibacterial agent consistently lowered the CO; com-
bining capacity of plasma. Basman and Perley (20) noted that with sulfanilamide
“the pH of the urine quite regularly is above 7”’. Marshall et al. (154) confirmed
these findings with dogs but also found that the plasma pH was slightly decreased
and therefore ruled out hyperventilation as a possible cause of the alkaline urine
and bicarbonate loss. Mann and Keilin (150) next discovered that sulfanilamide
and a wide assortment of other sulfonamides are potent inhibitors of carbonic
anhydrase, provided that the sulfonamide group is free.! The following year
Davenport and Wilhelmi (148) found abundant carbonic anhydrase in kidney
cortex, and in 1942 Hober (98) observed that sulfonamides cause prompt, re-
versible alkalinization of frog urine provided, again, that the sulfonamide group
is free. Hober therefore concluded that the reabsorption of bicarbonate and the
normal acidification of the urine “can be looked upon as being causally related
to the catalyzing effect of carbonic anhydrase”. Pitts and Alexander (188) found
a drop in titratable acidity in the urine of dogs receiving sulfanilamide. Since
they had good evidence that acidification of urine results from addition of hydro-
gen ions rather than from withdrawal of bicarbonate, they revised the interpreta-
tion of Héber, i.e., carbonic anhydrase is necessary in order to accelerate the
production of hydrogen ions from carbonic acid rather than to facilitate the
reabsorption of bicarbonate.

Strauss and Southworth (221) had reported that patients receiving 5 gm. of

1 Later studies of Krebs (128) showed that N substituted sulfonamides, although much
weaker than unsubstituted analogs, possess considerable anti-carbonic anhydrase activity.
For example, the anhydraseis inhibited 50 per cent by 5 X 10~*M sulfapyridine. This is five
hundred times the concentration of free sulfanilamide required to produce the same result.
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sulfanilamide per day experienced a diuresis and a doubling of sodium excretion
with a less persistent increase in potassium excretion. The effects were not fully
sustained longer than three or four days. Schwartz (211) used sulfanilamide .with
some success in the treatment of cardiac edema, and his results stimulated Roblin
and Clapp (204) to try to prepare more potent and less toxic inhibitors,of car-
bonic anhydrase. They succeeded in synthesizing several sulfonamides: which
were fifty to one hundred times as active as sulfanilamide (171). Berliner ¢t al.
(26) tested Diamox, one of the most potent and least toxic of these inhibitors,
on dogs and found that, together with its enhanced potency as an anti-carbonic
anhydrase, it is much more active than sulfanilamide in inhibiting renal acidifica-
tion and in promoting excretion of Nat+ and K+. Numerous subsequent. studies
have confirmed these findings and have extended them to patients under treat-
ment. (See, for example, Maren ef al. (152, and 153).)

Diamox is one of the most active enzyme inhibitors known. At 0°C a con-
centration of the order of 10~ M (2 microgm./1.) causes 50 per cent inhibition
of carbonic anhydrase. Since five thousand times greater blood and tissue con-
centrations are easily attainable, it is inescapable that carbonic anhydrase may be
profoundly depressed by Diamox in vivo.

Diamox is a reversibleinhibitor (Maren et al., 152), and it would be antlclpated
that a concentration of 10 microgm./ml., z.e., ﬁve thousand times the Michaelis
inhibitor constant, would suppress 99.98 per cent of the enzyme activity. Rough-
ton (207), by extrapolation from measurements at lower temperatures, estimated
that red cells contain sufficient enzyme to accelerate the hydration of CO; about
one thousand five hundred fold at 38°. A 99.98 per cent inhibition would be
expected to almost abolish red cell catalytic activity. Even the parietal cells,
which may be richest of all cells in carbonic anhydrase (45) would be so inhibited
that the residual enzyme activity would not more than triple the uncatalyzed
rate.

Davenport (46) actually tested in vitro a concentrated solution of purified
carbonic anhydrase which was about as active as red blood cells themselves.
He added to this solution thiophene-2-sulfonamide, an anhydrase inhibitor which
is about one-tenth as active as Diamox. He used an inhibitor concentration (2
mM) which was ten thousand times the inhibitor constant. The observed in-
hibition was 99.98 per cent as compared to a calculated inhibition of 99.99
per cent.

In spite of the apparent validity of such calculations, it has not yet been pos-
sible to determine with certainty the degree of depression in vivo of carbonic
anhydrase by Diamox or related inhibitors. For a number of reasons, neither the
direct measurement nor the indirect calculation of the degree of inhibition in
intact tissues or blood has so far been satisfactory. Although one may measure
the concentration of Diamox in the kidney, for example, it is likely that neither
the enzyme nor the inhibitor is uniformly distributed among the various parts
of the nephron, so that the concentration of Diamox in the anhydrase-containing
cells is unknown. Even in the erythrocyte there has been great difficulty in
assessment of enzyme inhibition. The uncatalyzed hydration of CO, is so rapid
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at 38°C. that almost all measurements have been made at 15°C. or below—usu-
ally at 0°C. Some, at least, of the anhydrase inhibitors become less active at
higher temperatures (128). Also, Krebs found that the presence of heat-inacti-
vated renal cortex increased the quantities of various sulfonamides which were
required to produce a given degree of inhibition. Thus extrapolation to living
tissues at 38°C. from measurements with a dilute enzyme system at 0°C. may be
misleading.

Miss Elizabeth Crawford in this laboratory was kind enough to conduct a
few orientation experiments with carbonic anhydrase of lysed human red blood
cells and with Diamox at 38°C. (44a). The measurements were made in 0.16 M
KCl. With phenol red as an indicator the time was measured for the solution
to change from pH 7.8 to 7.1 with an initial CO: concentration of only about 2
mM, i.e., an attempt was made to make measurements under conditions not too
remote from those existing in the red cell. The results indicated that red cells
may actually accelerate the hydration of CO, eight thousand fold and that the
inhibitor constant for Diamox under these conditions is about 6 X 10~ M. If
these data are correct, a plasma level of 10 microgm. Diamox per ml. (5 X 10~*
M) would still permit the red cells to accelerate the hydration of CO; ten fold.

The red cell, kidney, stomach, pancreas, and ciliary body have the following in
common: 1) they must transport large amounts of acid or base out of the blood
plasma (the acid being CO; in the case of the red cell), 2) they are unusually rich
in carbonic anhydrase (47, 247), and 3) their acid base functions are inhibited
by Diamox. Each of these tissues will be discussed in regard to the effects of
Diamox. In addition, the action of Diamox on brain will be noted, although
the significance of carbonic anhydrase for cerebral function is not clear.

2. Red blood cells. Some experiments of Davenport (46) with intact red blood
cells have been taken by others to indicate that the sulfonamide inhibitors are
much less active inside of cells than in homogeneous solution. Davenport meas-
ured CO; uptake by 3 ml. of whole blood at 0°C. after adding various amounts of
sulfanilamide or thiophene-2-sulfonamide. With concentrations of the thiophene
derivative greater than 25 mgm. per cent, CO, uptake was slow and constant
and this was assumed to represent the uncatalyzed rate of CO. hydration.
Without inhibitor the rate was seventeen times faster. It required 10 mgm. per
cent inhibitor to reduce CO; uptake to three times the uncatalyzed rate. This he
regarded as only an 87 per cent inhibition, whereas a 99.97 per cent inhibition
would be expected from the inhibitor constant. Similar experiments with sulfanil-
amide at various levels were in keeping with the example cited.

It is possible to reinterpret Davenport’s experiment to indicate that the en-
zyme in the intact red cell was in fact inhibited to the extent predicted from the
inhibitor constant (Table I). It will be noted that although the uninhibited red
cells only accelerated CO. uptake seventeen fold, a ten thousand fold accelera-
tion was to be expected at 0°C. (207). It seems possible that in the large scale
experiment performed, factors other than carbonic anhydrase were rate limiting
until a very large fraction of the enzyme was inhibited. In this case, the three fold
acceleration of CO. uptake which persisted in the face of 10 mgm. per cent thio-
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TABLE 1 o
Carbonic anhydrase inhibitors on the COs uptake by intact red blood cells* ..
Thiophene-2-sulfonic acid Sulfanilamide
Inbibitor Acceleration of COs uptake nbibitor Acceleration of COs uptake

concentration Observed Calculated concentration Observed Calculated
mgm. per cens mgm. per cent .
0 17 10,000 10 8 17
1 6 26 25 6 7
10 3 3 50 3.5 3
25 0 1 125 2 2
250 1 i

* Davenport (46).

phene-2-sulfonamide might represent three out of a possible ten thousand or an
inhibition of 99.97 per cent, as predicted, instead of three out of a possible seven-
teen. The other data in the table are in accord with this interpretation.

Diamox enters red cells promptly after administration and attains a concentra-
tion which approximates that of plasma. After the plasma level has fallen to
less than 1 microgm./ml. the drug still persists in red cells at concentrations of
5 to 30 microgm./ml. for twenty-four hours (152). One possibility for this per-
sistence is that there is enough carbonic anhydrase in the red cell to retain this
amount of Diamox as long as the plasma level is sufficient nearly to saturate
the enzyme. It has been estimated that the enzyme accounts for about 0.7 per
cent of red cell solids (116) or about 2.5 mgm./ml. of red cells. The molecular
weights of the enzyme and drug are respectively 30,000 and 222. Therefore, with
one molecule of drug per molecule of enzyme, red cells could retain nearly 20
microgm. of drug per ml. in enzyme combination with as little as 0.1 microgm.
Diamox per ml. of plasma. Maren et al. (152) failed to obtain the expected inhibi-
tion of very high concentrations of carbonic anhydrase by Diamox. It seems
possible that there may have been present in the test system more enzyme than
inhibitor on a molar basis, in which case only partial inhibition could occur.

In considering the effects of Diamox on the red blood cells, the problem is not
to explain the mechanism of action, but to demonstrate whether or not there s
an action, 7.e., whether CO; transport is inhibited by the drug. Roughton calcu-
lated that the uncatalyzed rate of dehydration would need to be accelerated
one hundred fifty fold to explain the known rate of CO; unloading in the lungs.
Yet animals survive with concentrations of Diamox in their red cells which would
be expected to inhibit carbonic anhydrase 99.99 per cent. It is true that at these
levels there is evidence of increased difficulty in removal of CO,. through the
lungs. The plasma CO:; tension may increase in spite of the low bicarbonate con-
centration (153) and increases consistently if the renal effects of Diamox are
prevented with NH,Cl (151). Tomashefski et al. (227) found that with 25 to 100
mgm. Diamox per kgm. injected intravenously into dogs, there occurred within
thirty minutes a 25 per cent fall in alveolar pCO, and a 20 per cent rise in arterial
pCO;. The authors suggest that the rise in pCO. measured in the drawn blood
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sample may be a kind of artifact. That is, after drawing the blood extra CO,
may. have been formed from carbonic acid and bicarbonate which had not been
dehydrated as rapidly as usual in the pulmonary capillaries.

In spite of this positive evidence of interference with red cell function by Dia-
mox, Tomashefski ef al. found that oral doses of 25 mgm./kgm. produced no
demonstrable interference with CO; elimination in man or dog. This confirmed
the previous careful study of Becker et al. (23) who gave 50 mgm. Diamox per °
kgm. to human beings without changing arterial or alveolar pCO., even after
exercise. Presumably intravenous injection of Diamox produces higher maximum
concentrations in the red cells than the same doses given orally, although Maren
et al./(152) found the route made little difference in red cell or plasma levels after
an hour. The only report of interference in gas exchange in man is that of Shepard
et al. (212) who found a moderate increase in arterial-alveolar pCO, difference
with Diamox and heavy exercise.

The meager effects of moderate doses of Diamox on CO, elimination are in
keeping with the unpublished results cited above that the activity of human
carbonic anhydrase and the inhibitor constant for Diamox are both greater at
38°C. than previously supposed, and that short of extreme Diamox dosages
enough carbonic anhydrase is present to permit normal unloading of CO; in the
lungs. Even with complete suppression of anhydrase, there are possibilities for
adjustment to permit adequate CO,; elimination. Thus, it may be that an in-
creased fraction of CO; is transported as carbamino CO, and as free unhydrated
CO:. Also, because of hyperventilation, a greater proportion of this CO, could
be unloaded at the lungs. In addition, the inhibition of carbonic anhydrase should
cut both ways. That is, it should delay hydration of CO; added to the blood by
the tissues as well as delay dehydration of bicarbonate in the lungs. Therefore,
with extreme anhydrase depression, some of the CO: from the tissues might per-
sist as such until the blood reaches the lungs. This would mean that the pCO,
under these circumstances would be momentarily higher in the pulmonary capil-
laries than in a drawn venous blood sample analyzed at leisure.

3. Kidney. For the effects of Diamox on renal function the reader is referred
especially to the original paper of Berliner et al. (26) as well as that of Maren
et al. (153). It is the purpose here merely to explore the reasonableness of the
view that inhibition of carbonic anhydrase is the mechanism by which Diamox
and related substances inhibit renal acidification. It has been pointed out that
among the sulfonamides tested only those which inhibit carbonic anhydrase
affect renal function. The relative effectiveness of action against carbonic an-
hydrase and renal acidification are found to be parallel, at least with the three
drugs most thoroughly tested, sulfanilamide, thiophene-2-sulfonamide (47), and
Diamox. Pitts and Alexander (188) found that the titratable acidity of dog urine
was reduced to half by sulfanilamide sufficient to produce a blood level of about
300 microgm./ml. With Diamox, 50 per cent of the maximal effect is produced
at blood levels of the order of 2 microgm./ml. (153). The ratio of these plasma
levels is not far from the ratio of the respective inhibitor constants for carbonic
anhydrase.
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Maren et al. (152) measured the concentration of Diamox in the kidneys of
rats receiving 100 mgm. Diamox per kgm. per day. A concentration of 10 micro-
gm./gm. was found, which if the drug were evenly distributed, would be expected
to depress renal carbonic anhydrase by more than 99.9 per cent.

Since the Diamox inhibition of anhydrase is rapidly reversible, it is clear
that the degree of inhibition in homogenates of tissue from an animal which has
received the drug will vary with the dilution. The extent of inhibition observed
in a dilute homogenate will be far less than the inhibition in situ. A few investi-
gators working with renal tissue have overlooked this fact with resultant grossly
low estimates of the amount of carbonic anhydrase inhibition in the intact organ.

A single dose of Diamox will completely suppress renal acidification, and there
results a large loss of HCO;~, Nat and, usually, K+ in the urine. Nevertheless,
if drug administration is continued, the kidney begins again to acidify the urine
and conserve fixed base. This is coincident with a substantial fall in plasma pH
and HCO;~ concentration (153). Experimental animals may be maintained
thereafter for weeks or months with relatively high doses of Diamox without
progressive loss of fixed base. However, as long as Diamox is given, the pH and
HCO;™ of the plasma remain low. The effect of Diamox in blocking acid excretion
may also be overcome by inducing a severe acidosis with NH,Cl (151). When
12 mEq. NH,CI per kgm. were given, the output of acid plus NH* was five times
normal and was not affected by Diamox (153).

These results seem to show that carbonic anhydrase is not an obligatory com-
ponent of the renal acidification mechanism. Perhaps instead it permits the
kidney to produce acid under normal conditions of pH and CO, tension. What-
ever the mechanism of renal acidification, carbonic acid must be the ultimate
source of hydrogen ions needed (188), and the hydration of CO; is required
before these hydrogen ions are available. With the development of metabolic
acidosis by any means, the CO, tension in the cells of the kidney might in-
crease to the point where the uncatalyzed hydration rate would suffice for acidi-
fication purposes.

4. Stomach. Earlier, less potent anhydrase inhibitors failed to inhibit gastric
hydrochloric acid production in the mammal (57), although Davies and Edel-
man (49) blocked acid formation in isolated frog stomach with 10~2 M thio-
phene-2-sulfonamide and 10~ M Prontosil Soluble.? Janowitz et al. (108) ad-
ministered Diamox to three dogs with Heidenhain pouches and measured the
gastric secretion resulting from histamine stimulation. They found that 20 to 120
mgm. Diamox per kgm. (i.v.) depressed the volume of juice about 60 per cent
and the acid production about 75 per cent. For some collection periods the de-
pression was over 90 per cent but was never complete. Furthermore, there seemed
to be no greater effect from the drug at 120 mgm. than at 20 mgm./kgm., sug-
gesting that some acid production might persist with complete suppression of
carbonic anhydrase. Lower dosage (5 to 10 mgm./kgm.) depressed gastric secre-

2 Prontosil, one of the earliest sulfonamide drugs, is one of the most potent anhydrase

inhibitors, rivaling Diamox; however, it is converted to sulfanilamide 7n vivo and therefore
loses most of its activity.
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TABLE 11
Effect of Diamoz on pancreatic secretion in the dog*
Values were obtained 3 hours after Diamox administration, except with 30 mgm./kgm.
level which is a 2-hour measurement. Flow was stimulated with secretin.

Dose of Diamox Volume output Bicarbonate output Bicarbonate concentration
mgm. per kgm. per cens of conirol per cens of control mEq. per l.
2 76 75 125
5 87 76 107
10 40 27 69
30 61 46 95
40 21 14 78
60 30 22 91

* Birnbaum and Hollander (29).

tion in only one of three dogs. It is clearly more difficult to affect gastric secretion
than renal acidification by carbonic anhydrase inhibition.

6. Pancreas. As with gastric secretion, pancreatic secretion is not inhibited
by large doses of sulfanilamide (230). Nevertheless, Birnbaum and Hollander
(29) found that Diamox in sufficient quantity can depress both volume and
bicarbonate output of the pancreas (Table II). It will be noted that suppression
was not complete and that 10 mgm. Diamox per kgm. was about as effective as
60 mgm./kgm. A dose of 10 mgm./kgm. would give a plasma level of 8 or 10
microgm./ml. at three hours (152). This would be expected to inhibit carbonic
anhydrase as much as 99.9 per cent as judged by in vitro tests. It is possible that
the uncatalyzed rate of carbonic acid hydration is sufficient to permit 20 or 30
per cent of the normal pancreatic secretion of HCO;~.

6. Ciliary body. The favorable effects of Diamox on glaucoma (22) seem to
represent still another case of a carbonic anhydrase inhibitor acting on a structure
(ciliary body) which does acid-base work. The concentration of bicarbonate in
the aqueous humor of the posterior chamber is at least 40 per cent greater than
that of plasma (121). Dr. Bernard Becker (22a) gave Diamox to a series of fifteen
rabbits which had been nephrectomized to eliminate possible renal effects. Six
hours later the bicarbonate in the posterior chamber fluid had fallen from 167
per cent of the plasma level to 135 per cent of the plasma level (the latter re-
mained unchanged). Simultaneously the rate of aqueous flow decreased 64 per
cent. Green et al. (77) have shown that Diamox given intravenously will inhibit
carbonic anhydrase of the anterior uvea more than 90 per cent. It seems evident
that for some unknown reason the rate of aqueous secretion is dependent on the
ability of the ciliary body to concentrate bicarbonate, which in turn appears to
depend in part at least on carbonic anhydrase. Increasing the Diamox dosage
above 25 mgm./kgm. (rabbits) does little further to suppress the flow of aqueous
humor or its bicarbonate concentration (Becker 22a). This suggests, as in the
case of the stomach and pancreas, that the uncatalyzed CO, hydration rate is
sufficient to permit a substantial fraction of the normal function.

7. Brain. Diamox is capable of decreasing the incidence of epileptic seizures
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(25). Although this might be attributed to the favorable effects of acidosis in
epilepsy, Diamox will raise the electroshock seizure threshold in experimental
animals before there has been time for substantial bicarbonate loss (172). Theo-
retically at least, an increase of pCO; might occur rather promptly due to‘the
effect of Diamox on the red cell. Therefore, it is not possible to say for certain
that the increase in threshold is due to inhibition of brain carbonic anhydrase.
Nevertheless, the authors made an interesting observation that suggests a direct
action of the inhibitor on the brain. Sulfanilamide and Diamox are both effec-
tive in raising the electroshock seizure threshold. They found that Diamox is
only twice as effective as sulfanilamide instead of being a hundred times more
potent as anticipated from effects on the kidney and isolated carbonic anhydrase.
Because of this discrepancy, Millichap and Woodbury (172) therefore measured
the tissue concentrations of sulfanilamide and Diamox and found that sulfanil-
amide was fifty times more concentrated than Diamox in the brain at effective
dosages. In spite of this suggestive evidence, there is still the possibility that
Diamox and sulfanilamide act on the brain by a mechanism other than in-
hibition of carbonic anhydrase.

An observation which may be pertinent to the effects of Diamox on the brain
has been made by Tschirgi ef al. (229). They found that Diamox inhibits the
rate of flow of spinal fluid even though this fluid normally does not differ. very
much from blood plasma in bicarbonate concentration or pH.

In summary, there is good evidence that in kidney, stomach, pancreas, and
ciliary body Diamox interferes with the capacity to excrete or secrete acid or
base through inhibition of carbonic anhydrase. Uncertainties about Diamox
action on these structures center around the relationship of carbonic anhydrase
to acid-base work and may not be removed until the mechanisms of acid and
base secretion are understood. Present evidence suggests that although carbonic
anhydrase facilitates the transport of acid or base it is not essential for this
process. The evidence that Diamox affects the electroshock seizure threshold
through inhibition of carbonic anhydrase is less satisfactory. In the case of red
blood cells, the problem is to explain why gas exchange remains little affected
by Diamox levels which would be predicted to profoundly depress the red cell
carbonic anhydrase activity.

III. DISULFIRAM
Within a short time after the introduction of disulfiram (Antabuse®) for the
treatment of alcoholism (85) its mode of action seemed established. In witro
tests showed that minute amounts of disulfiram can inhibit liver aldehyde oxidase
(122). This appeared to explain the rise in blood acetaldehyde after ethanol
and disulfiram (84), and the rise would in turn explain the symptoms, since
acetaldehyde injection induces at least some of the unpleasant effects (9).
Although it is possible that this simple picture may prove to be nearly cor-
rect, subsequent studies have demonstrated a rather complex situation and many
apparent discrepancies between theory and fact which must be cleared up before
the disulfiram-ethanol reaction can be fully understood. Possibly some of the
troubles arise from analytical difficulties in the measurement of acetaldehyde.
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One of the first points to be investigated was whether disulfiram accelerates
the oxidation of ethanol to acetaldehyde or slows the removal of acetaldehyde or
both. Hald et al. (86) found that large doses of disulfiram actually inhibited al-
cohol oxidation, whereas with 0.75 gm. disulfiram or less per rabbit there was no
effect on the rate of ethanol disappearance from the blood. (An increase in blood
acetaldehyde was observed with as little as 0.25 gm. disulfiram per animal.)
Thus the rise in acetaldehyde after alcohol and moderate doses of disulfiram
seemed to be due to an inhibition of acetaldehyde oxidation.?

Nevertheless the effects of disulfiram on the removal of injected acetaldehyde
from the blood are not as striking as might be anticipated. With rapid injection
rates the diminution was so slight as to escape detection (9). Later it was found
that when rabbits were infused with acetaldehydeat 2, 4, and 8 mgm. per minute,
for example, the blood levels of acetaldehyde were respectively 0.1, 1, and 3.5
mgm. per cent in normal rabbits and 1, 2, and 5 mgm. per cent in rabbits that had
received disulfiram (89). It thus appears that rabbits treated with disulfiram
can metabolize almost as much acetaldehyde as before treatment, but that higher
blood levels—and presumably tissue levels—are required. These findings were
confirmed by liver perfusion experiments (87). With 1 or 2 mgm. per cent acetal-
dehyde in the perfusing blood, the control liver utilized three or four times as
much acetaldehyde as the poisoned liver, whereas with 10 mgm. per cent acetal-
dehyde the rate of utilization was about the same for both. A somewhat compara-
ble result was obtained by perfusion of the hind limbs, showing that neither the
acetaldehyde rise nor the disulfiram effect is entirely limited to the liver. There
was an upper limit to the rate of uptake by perfused liver, but an upper limit
was not demonstrated in the experiments on the whole animal. Further confirma-
tion of these results is to be seen in the fact that disulfiram does not materially
change the LDj, for acetaldehyde (43, 181).

Disulfiram has two obvious properties that might suit it to the inhibition of
certain enzymes. It forms a tight complex with copper as does its reduction
product, diethyldithiocarbamate. (In fact, the latter is used to tie up copper in
reactions where this metal is undesirable.) Secondly, disulfiram rapidly oxidizes
reduced glutathione (110), and therefore might oxidize sulfhydryl groups of
enzymes. The fact that diethyldithiocarbamate has the same in vivo activity as
disulfiram (88) does not rule out this possibility, since the reduced compound
might very well be oxidized to disulfiram in the body.

There are at least six enzymes in the mammal which are able to oxidize or
otherwise dispose of acetaldehyde (Table III). Two of these are flavoproteins,
two are DPN enzymes, and one contains thiamine pyrophosphate. The first
four enzymes listed have been tested with disulfiram. Kjeldgaard (122) found

3 There is an interesting paradox that has emerged from the studies of acetaldehyde
formation from ethanol. The Danish investigators have found with intact animals (88, 134)
and with perfused livers (107) that acetaldehyde formation is proportional to the ethanol
concentration in the blood. This is very difficult to understand if the rate of ethanol oxida-
tion is independent of concentration, a fact which these workers themselves have confirmed.
This correlation is especially marked in the presence of disulfiram, but is found even in
control animals receiving ethanol only.
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TABLE III
Mammalian enzymes which attack acetaldehyde
Loctnot::f ;oc!tx ;vr,?ytut Coenzymge':‘:ppmthehc Product OI:&:&:::
Aldehyde oxidase Liver Flavinadeninedinu- | Acetate 2X100"M
cleotide
Xanthine oxidase Liver, intes- | Flavinadeninedinu- | Acetate 103 M
tine cleotide and mo-
lybdenum
Aldehyde dehydro- | Liver DPN Acetate 100 M
genase}
Glyceraldehyde - 3 - | All tissues DPN, glutathione Acetyl phos- | 5 X 10-¢ M
phosphate dehy- phate
drogenase
Carboligase$ Muscle Thiamine pyrophos- | Acetoin, CO, t
phate
Aldolase All tissues None Pentose phos- t
phate

* These values, which indicate the concentration of inhibitor required to produce 50
per cent inhibition, are only approximate and tentative since the inhibitions may be ir-
reversible.

t No studies discovered.

1 Racker (199).

§ Stotz et al. (220).

that 2 X 10~7 M disulfiram caused a 50 per cent inhibition of partially purified
liver aldehyde dehydrogenase. Since an increase in substrate resulted in less
inhibition, the author states that the inhibition “might be competitive in na-
ture”’. However, this may not be the case. Kjeldgaard found that reduced disul-
firam (diethyldithiocarbamate) is non-inhibitory and that reduced glutathione
would not reactivate the disulfiram-inhibited enzyme. Since glutathione rapidly
reduces disulfiram to diethyldithiocarbamate, the disulfiram inhibition is prob-
ably irreversible and therefore could not be competitive in the usual sense. Per-
haps, instead, the substrate is able to protect the enzyme from the inhibitor.
Disulfiram is also able to inhibit liver xanthine oxidase (201) but it requires a
high concentration of drug to produce a 50 per cent inhibition (Table III). A
rather interesting finding was that no inhibition occurred if the electron acceptor
was methylene blue instead of oxygen. Furthermore, after heating the enzyme
to 56°C. for a few minutes, it was no longer inhibited by disulfiram even with
oxygen as electron acceptor. That is, the disulfiram may not inhibit the first
step of aldehyde oxidation by the enzyme, but may interfere with the subsequent
reoxidation of the enzyme by oxygen. This step may be a more complex reaction
than reoxidation by a dye. The effect of heating is not clear. Although xanthine
oxidase acts as a unit, it is probably a small particle which constitutes a simple
enzyme ‘‘system’ rather than a single catalytic activity. Heating may disorganize
the system and permit a short-circuiting of the disulfiram-sensitive step. Although

these studies are interesting, they tend to rule out xanthine oxidase as an im-
[ ]
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portant point of action of disulfiram tn vivo because of the comparative insensi-
tivity to the drug. Nowinski and Ewing (177) also found that pigeons, which
have no xanthine oxidase, nevertheless respond to disulfiram and ethanol w1th
a rise in blood acetaldehyde as do many animals.

Graham (75) found that liver aldehyde dehydrogenase is strongly inhibited
by disulfiram. His data indicate inhibition which is independent of the sub-
strate concentration but which may be competitive with DPN. The data are
compatible with reversibility, but the inhibition failed to pass the test of re-
versibility recommended by Ackermann and Potter (5). That is, the degree of
inhibition was not independent of the amount of enzyme present but varied
inversely with the concentration of the enzyme. This suggests that the apparent
competition between disulfiram and DPN may in reality reflect a pretective
action by DPN. It is of interest that glutathione was able to ‘“restore” the en-
zyme activity, although it is not clear from the protocols whether protection,
competition or restoration is involved.

Kjeldgaard (122) stated that triosephosphate dehydrogenase is not inhibited
by disulfiram. Nevertheless, Nygaard and Sumner (178) in an extensive paper
demonstrated that muscle glyceraldehyde-3-phosphate dehydrogenase is quite
sensitive to disulfiram (K; = 5 X 10~® M). Although this enzyme oxidizes
acetaldehyde much more slowly than glyceraldehyde phosphate (93), it is a
very abundant enzyme in muscle and the investigators suggest that it may be
significant in the oxidation of acetaldehyde in the body. Nygaard and Sumner
found that the inhibition data are compatible with competition with substrate,
but not with DPN, i.e., just the opposite of the results of Graham with liver
aldehyde dehydrogenase. Again, the inhibition does not seem to be truly re-
versible, since when the enzyme concentration was varied the degree of inhibition
also varied (inversely).

Krimsky and Racker (129) found that glutathione is the prosthetic group of
triosephosphate dehydrogenase and presented convincing evidence that alde-
hydes combine with the thiol group of glutathione in a thioacetal link prior to
oxidation by DPN (200). In view of the finding of Johnston (110) that disulfiram
rapidly oxidizes reduced glutathione, the mechanism of disulfiram inactivation
becomes rather obvious. It is tempting to suggest that acetaldehyde also com-
bines with aldehyde dehydrogenase and aldehyde oxidase at an SH group. This
would explain why these two enzymes are also susceptible to disulfiram inhibi-
tion.

In addition to the six enzymes listed in Table III, it may be added that al-
cohol dehydrogenase itself is reversible and that the equilibrium greatly favors
conversion of acetaldehyde to ethanol. Finally, Kendal and Ramanathan (117)
have raised the possibility that ethanol and acetaldehyde may form a semiacetal
susceptible to oxidation to ethyl acetate by alcohol dehydrogenase.

With so many enzymes capable of removing acetaldehyde, it is not easy to
establish the relative importance of each. Lubin and Westerfeld (142), by in-
jecting acetaldehyde into cats after removal of various organs, were able to
establish that the liver is the most important single site of acetaldehyde metabo-
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lism. Their data suggest that of the total acetaldehyde which is removed from
the blood stream, the liver accounts for 60 to 70 per cent, the other viscera about
10 per cent and the rest of the carcass 20 to 30 per cent. The data of Hald et al.
(87) obtained by separate perfusion of rabbit liver and hind limbs are in accord
with these results. When the liver is removed (142) substantial quantities of
acetoin are formed, indicating that carboligase (‘“‘animal carboxylase”) could be a
significant pathway for acetaldehyde metabolism if the liver enzymes are blocked.

It is to be hoped that from a knowledge of the in vitro sensitivity of these
enzymes one can decide whether the amounts of disulfiram used therapeutically
or experimentally are sufficient to produce inhibition of any or all of these en-
zymes tn vivo. In a rat given disulfiram tagged with S* (55) and examined twenty-
four hours later, S* concentration was of the same order of magnitude in blood
and in tissues. It was not established how much of the S* represented unchanged
disulfiram. Eldjarn (56) found a serum level of 3 X 10—% moles of disulfiram per
liter and 1.5 X 10~% M diethyldithiocarbamate six hours after a patient received
a 2 gm. dose of disulfiram (10~ moles per kgm.). Divatia et al. (50) observed
blood levels averaging 1.3 X 10~% moles per liter and ranging from 0 to 9 X 10~
M in patients receiving 0.25 to 1 gm. disulfiram per day. Such levels would be
consistent with marked inhibition of three of the aldehyde oxidizing enzymes
discussed above. However, the protective action of reduced glutathione and
presumably of sulfhydryl groups in general might require the presence of higher
levels for inhibition, whereas the possibility that the inhibition is irreversible
might mean that lower concentrations would suffice.

If the disulfiram inhibition is irreversible or slowly reversible, it would be
legitimate to prepare homogenates from poisoned animals and test the various
enzyme activities in vitro. The only activity tested this way, to our knowledge, is
xanthine oxidase, and equivocal results were obtained (202).

In spite of the enzyme complexities and the uncertainties of the exact condi-
tions in the intact tissues, it is reasonable to assume that disulfiram inhibits
acetaldehyde oxidation in both liver and muscle by inhibiting one or another of
the enzymes concerned. There arises unfortunately one last obstacle to the
acceptance of the original theory of the reaction to disulfiram plus alcohol. Some
investigators believe that the blood acetaldehyde levels do not appear to be high
enough to explain the symptoms, and that there is not very good correlation
between symptoms and acetaldehyde concentration in the blood.

MacLeod (146) injected acetaldehyde into rats and found that to produce
severe intoxication a blood level of 10 to 15 mgm. per cent acetaldehyde was
required. When blood levels of 4 to 6 mgm. per cent were induced, there were
few symptoms. In contrast, rats which were given disulfiram and ethanol sufficient
to produce marked and prolonged symptoms had blood levels of only 0.8 to 1.9
mgm. per cent. There may be, of course, a difference in response in experimental
animals and men.

As described in one of the original papers, Asmussen et al. (9) injected acetal-
dehyde into volunteers and obtained an increase in pulse rate, flushing and hyper-
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ventilation with low acetaldehyde blood levels (0.55 and 0.7 mgm. per cent).
Theyfound, ashad earlierinvestigators, that acetaldehyde produces a rise in blood
pressure, whereas with disulfiram and ethanol the blood pressure falls, especially
the diastolic pressure. Christensen (44) observed that a single injection of acetal-
dehyde in dogs gives a biphasic pressure response resembling very closely that
produced by epinephrine. He found that disulfiram exaggerated the hypotensive
phase for both epinephrine and acetaldehyde, and he therefore suggests that this
may explain the fall in blood pressure in the disulfiram-ethanol reaction.

Hine et al. (97) noted a poor correlation between severity of symptoms and
acetaldehyde levels as well as considerable overlap between the acetaldehyde
levels observed after alcohol alone and those found in the group which had re-
ceived. both disulfiram and ethanol. Yet only those in the latter group showed
the typical symptoms. Raby (198) in an extensive series found an average blood
acetaldehyde level of 1.04 mgm. per cent (range 0.59 to 1.7) after alcohol alone
(60 ml. average dose), and an average of 1.35 mgm. per cent (range 0.64 to 2.51)
after. disulfiram and ethanol (32 ml. average dose). Only those receiving both
drugs ‘showed symptoms other than those expected from the ethanol. The
severity of the symptoms in the disulfiram group were correlated only very
roughly with the aldehyde blood levels. '

If the symptoms with disulfiram and ethanol are due solely to acetaldehyde,
it is difficult to understand why the persons receiving alcohol alone did not also
show symptoms. Raby noted that, in spite of the overlap in acetaldehyde levels,
only in the case of those receiving disulfiram was there an odor of acetaldehyde
on the breath. This certainly suggests that the method used by virtually all
workers for the determination of acetaldehyde (219) may not be sufficiently
specific. When used in disulfiram studies the Stotz method has not always been
preceded by a distillation step as originally recommended. Furthermore, it is
possible to form as much as 0.5 mgm. per cent acetaldehyde from ethanol present
during deproteinization of whole blood with tungstate (146). Hald et al. (86)
found that the actual output of acetaldehyde in alveolar air by rabbits receiving
ethanol was increased two hundred to four hundred and forty fold by disulfiram,
and yet the apparent blood levels differed only fifteen to twenty-five fold.

‘Thus disulfiram may cause a greater percentage rise in blood acetaldehyde
than indicated by blood analyses. Possibly something appears in the blood during
ethanol metabolism which is not acetaldehyde but which reacts like it in the
Stotz procedure. A semiacetal, for example, between aldehyde and alcohol
would break down during the distillation process to yield acetaldehyde. Kendal
and Ramanathan (117) have given evidence of such a compound being formed
during the oxidation of aldehydes by the liver.

It is necessary to end the disulfiram discussion on this somewhat uncertain
note. It is definitely possible that disulfiram inhibits not only aldehyde oxidizing
enzymes but other enzymes as well, and that in the presence of both ethanol
and acetaldehyde these other enzyme deficits become manifest. Reichert et al.
(202) found that disulfiram is capable of irreversible inhibition of the succinoxi-
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dase system, which would clearly have far-reaching results. Likewise, inhibition
of triose phosphate dehydrogenase would interfere with glycolysis as well as
aldehyde oxidation.

IV. ETHANOL IN THE TREATMENT OF METHANOL POISONING

There seems to be general agreement that the toxicity of methanol is not due
to the unchanged molecule but to its metabolites, formaldehyde and formic acid,
especially the latter. As a rule there is a delay of twelve to forty-eight hours
before the onset of serious symptoms, at which time a profound acidosis is regu-
larly present. From 65 gm. of methanol, a dose likely to be fatal, could come 2000
millimoles of formic acid over a two or three day period. This flood of acid would
be expected to overwhelm the acid-base defenses. However formate is partially
oxidized in the body, and the formate actually excreted seems far too little to
cause serious base depletion (53, 135, 143, 189). Instead the loss of fixed base ap-
pears to result from excretion of other acids, largely undetermined. For example,
a patient studied by Van Slyke and Palmer (242) and by Harrop and Benedict
(92) excreted per liter of urine 204 mEq. of organic acid consisting of 27 mEq.
formic acid, 48 mEq. of ketone bodies, 17 mEq. of lactic acid, and 123 mEq. of
acids of undetermined nature. The plasma bicarbonate was only depressed to
about 60 per cent of normal and the patient recovered.

If methanol per se is not very toxic, it is reasonable that anything which might
inhibit its oxidation would be beneficial in giving the body a longer time to
dispose of the more harmful metabolites. In 1914, Asser (10), working with dogs,
found that ethanol decreased the excretion of formate resulting from methanol
ingestion.* In 1943, Rée (206) concluded that ethanol decreased the toxicity of
methanol and delayed the onset of symptoms until after the ethanol had been
metabolized. It has since been conclusively shown that ethanol will greatly delay
the disappearance of methanol from blood and urine. In rabbits (6) a single dose
of ethanol (1.7 gm./kgm.) almost completely prevented a fall in blood methanol
concentration for eight hours, that is, until the ethanol had been oxidized. Simi-
larly, in two persons poisoned with methanol, administration of ethanol prevented
a drop in blood methanol (7). After ethanol had been withheld for ten or twelve
hours the methanol level began to fall once more. The authors concluded that a
blood level of 0.1 per cent ethanol is sufficient to block methanol oxidation. Leaf
and Zatman (135) gave volunteers 3 to 7 gm. of methanol and measured the
concentration of methanol in the urine at different intervals. (They had estab-
lished the fact that the urinary methanol concentration is 1.3 times the blood
level and the urinary concentration is therefore a valid measure of methanol in
the body.) After a single dose of 15 ml. ethanol added to the methanol the urinary
methanol values were almost constant for several hours and then declined ex-

4 This original observation was not as clear in its implications as might seem. Asser
reported that amyl alcohol (0.5 ml./kgm.) and acetone (2.5 ml./kgm.) reduced formate
excretion almost as effectively as ethanol (2.5 ml./kgm.). Also ethanol, amyl alcohol and
acetone each reduced formate excretion after sodium formate administration, z.e., these
agents seemed to accelerate formate oxidation rather than inhibit its formation.
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ponentially as in the controls. If 10 ml. ethanol were given every hour the rate of
reduction in urinary methanol was only 10 or 15 per cent of the controls. Similar
results were obtained by Kendal and Ramanathan (118).

The original observation of Asser that ethanol will inhibit formate excretion
after methanol ingestion has been confirmed. Bastrup (21) found that ethanol
almost completely prevented formate excretion following methanol administra-
tion in a rabbit and reduced formate excretion by 40 per cent in a dog. Kendal
and Ramanathan (117) studied human volunteers who received 4 ml. methanol
with or without a supplement of 10 ml. ethanol per hour. With methanol alone,
formate and methanol excretion paralleled each other. With ethanol supple-
mentation, formate disappeared completely from the urine; methanol excretion
continued. Smaller doses of ethanol were not very effective in inhibiting either
formate excretion or methanol disappearance.

Using C'* tagged methanol in the rat, Bartlett (18) found that complete oxida-
tion to CO, could be inhibited 90 per cent with 1 gm. of ethanol per kgm. every
4 hours. With rat liver slices the oxidation of 0.03 per cent methanol to CO.
was inhibited 72 per cent and 95 per cent by 0.04 per centand 0.1 percent ethanol,
respectively.

Lutwak-Mann in 1938 (144) succeeded in partially purifying alcohol de-
hydrogenase from horse liver and found that it oxidized methanol about one
seventh as rapidly as ethanol. Zatman (249), using a similar enzyme preparation,
observed that equimolar amounts of ethanol completely blocked methanol oxida-
tion. There was some inhibition with a one to sixteen ratio of ethanol to methanol
and the inhibition was ‘“found to be competitive in type”.

These in vitro studies would seem to explain completely the in vivo findings in
regard to the relative rates of disappearance of methanol and ethanol and the
inhibition of methanol metabolism by ethanol. That is, (a) ethanol and methanol
are oxidized by the same enzyme, but at differing rates, and (b) ethanol has a
smaller Michaelis constant for the enzyme, hence as long as ethanol is present it
monopolizes the enzyme. Unfortunately, a difficulty with this explanation soon
arose. Alcohol dehydrogenase was crystallized by Bonnichsen and Wassén in
1948 (30) from horse liver. Theorell and Bonnichsen (226) reported that this
pure enzyme would not react with methanol “to any extent”. This forced an
attempt to find another mechanism for the oxidation of methanol. Keilin and
Hartree (115) had found that catalase with H,O is capable of oxidizing methanol
as well as ethanol (114) and had suggested that catalase was important in
the metabolism of alcohols in the body. Chance (41) calculated that there is
sufficient catalase in liver to account for the rate of methanol disappearance in
vivo. Jacobsen (106) therefore suggested that catalase is responsible for the oxida-
tion of all the methanol and one-fifth of the ethanol metabolized in the body,
whereas alcohol dehydrogenase oxidizes the remaining four-fifths of the ethanol.
Bartlett (19) pointed out the difficulty with this explanation, which is that
catalase oxidizes methanol and ethanol at about the same rate and with the
same kinetic constants, so ethanol would not be a very effective inhibitor of
methanol oxidation.
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Strittmatter (222) found that a crude liver preparation washed free of sub-
strates would not catalyze the oxidation of methanol by DPN but would readily
oxidize ethanol. This preparation would, however, oxidize methanol if a source of
peroxide was added to the system. He concludes that methanol oxidation in
the body is accomplished either by catalase or by some unknown mechanism.
He points out that the experiments of Lutwak-Mann and of Zatman were carried
out with methylene blue as the oxidant and this would result in peroxide forma-
tion.

It is therefore necessary to say that the mechanism of methanol oxidation and
its inhibition by ethanol is not yet settled.

V. GENERAL ANESTHETICS, HYPNOTICS, SEDATIVES

There is no particular reason why all substances which depress the central
nervous system must act by a single mechanism. Nevertheless, the premise that
this is so has greatly influenced investigations of these drugs. For many years
research emphasis has been on attempts to discover possible inhibition of oxida-
tive enzyme systems. More recently, it has shifted to the measurement of the
effects of depressants® on the generation and utilization of ATP. The older
studies have been reviewed by Butler (38) and Quastel (193, 194, 195). The
present discussion will be limited to a review of the more crucial data on certain
fundamental points and will emphasize information gained in the last five years.

1. Action on glycolytic enzymes. Substances such as chloretone, chloral hydrate,
tribromethanol, phenobarbital, pentobarbital, and amytal have very little effect
on anaerobic glycolysis at low or anesthetic concentrations (170, 243). Somewhat
higher concentrations (high enough to produce 20 to 50 per cent inhibition of
respiration) cause little change in anaerobic glycolysis but greatly stimulate
aerobic glycolysis. Very high drug concentrations decrease both anaerobic gly-
colysis and the stimulated aerobic glycolysis. It must be concluded that these
agents, at therapeutic concentrations, are without direct effect on glycolytic
enzymes. This conclusion gains further support from the experiments of McIlwain
and coworkers (Section V, 4). On the basis of older interpretations the increased
aerobic glycolysis would be considered secondary to inhibition of oxygen uptake.
In some cases we must now raise the possibility of uncoupling of phosphorylation
as a cause of the increased glycolytic rate. This will be discussed later. ’

2. Action of depressants on the respiration of unstimulated tissue and on oxidative
enzymes. One theory for the mechanism of action of anesthetics and related drugs
is that these agents depress nervous tissue by inhibition of its respiration. It is
a natural expectation that depression of function would result from depression of
metabolism. The oxygen consumption of brain in vtvo is, in fact, decreased during
anesthesia (80, 95, 96, 119). The difficulty is to distinguish cause from effect.
That is, does the depression of function result in a lessened energy expenditure
and lowered oxygen use or vice versa?

Many depressant drugs have been shown to inhibit respiration in isolated

§ In this section the term depressant is used to indicate substances which have a general
depressant action on the central nervous system.
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tissue preparations. Jowett and Quastel (112) and Jowett (111) reported a 6 to
32 per cent inhibition of the respiration of brain cortex slices by concentrations
of barbiturates, chloral hydrate, tribromethanol, ethylurethane, and chloretone,
corresponding roughly to the anesthetic doses in animals. However, much of the
early work was carried out with concentrations considerably higher than ever
likely to be present in vivo. Furthermore, many depressant drugs, for example
ether (113), alcohol (36, 65), and a number of barbiturates (59, 64), do not in-
hibit respiration of brain slices at therapeutic concentrations.

Westfall (244), investigating the effect of phenobarbital on cortex slices over
a range of concentrations that would correspond to sedative and hypnotic as well
as anesthetic doses, found that low concentrations (10—® M) actually produce 10
per cent stimulation of respiration. It required 10~* M, or roughly ten times the
anesthetic level, to produce significant inhibition. Similar results have been ob-
tained with other barbiturates (245, 246). Gerard (74) also has reported that
some barbiturates which are good functional depressants n vivo stimulate oxygen
consumption of brain tissue 4n vitro, while others which are poor anesthetics
markedly inhibit respiration. Moreover, Larrabee et al. (130, 131, 132, 133) have
shown that a variety of depressant drugs block synaptic transmission in sympa-
thetic ganglia at concentrations lower than those which decrease oxygen uptake.

Most workers in the field, including Quastel, now agree fairly well that any
depression of the overall oxygen consumption of unstimulated brain tissue by
depressants at anesthetic levels is small, if not completely absent. However,
Schueler and Gross (210) have reported inhibition by blood from anesthetized
animals. Quastel’s most recent view (195, 195a) has been that anesthetics selec-
tively depress a sensitive oxidative reaction vital to the generation of ATP.
Green (76), Quastel (193, 193a, 194, 195) and others (119) have repeatedly em-
phasized that there might be much greater inhibition in local areas most sensi-
tive to the drugs. Such inhibition might not be detectable in measurements of
overall oxygen consumption. This possibility is of course difficult to prove or
disprove, and there is understandable reluctance to give up such a reasonable
theory, but there can hardly be said to be much supporting evidence for it. The
most direct evidence suggesting that there are certain sensitive areas related to
the phenomenon of anesthesia are the experiments of Magoun (147) on his
“reticular activating system.” Very low concentrations of ether and pentobarbital
stop conduction here without effect on other areas. This system is more sensitive
to cyanide than other brain areas (147a, 147b), but it has not been shown that
the respiration of this area is particularly sensitive to inhibition by anesthetics.

Very high concentrations of depressants do inhibit some of the dehydrogenases
involved in glycolysis (inhibition of anaerobic glycolysis) and in the citric acid
cycle (inhibition of oxidation with a dye as electron acceptor). This is apparent
in some of the older experiments of Quastel, and more recently has been observed
with 4 X 10~ M pentobarbital by Persky et al. (187). These effects probably
have no significance in anesthetic action, for the anesthetic concentration of
pentobarbital is no more than 1 or 2 X 10~* M. From the point of view of mechan-
ism of an enzyme inhibitor it is of interest that pyruvate and high concentrations
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of pentobarbital appear to compete for the same site in the pyruvic oxidase
system and that BAL blocks inhibition by pentobarbital (187). Earlier Michaelis
and Quastel (170) noted competition between lactate and certain anesthetics for
lactic dehydrogenase.

An interesting point which came out of the early work with moderately high
concentrations of anesthetic agents was the demonstration that those anesthetics
which depress respiration appear to do so by inhibiting a particularly sensitive
point in the system for transferring electrons from substrate to oxygen (193, 194).
For example, barbiturates, ether, and chloretone in concentrations which
strongly inhibit oxidation of glucose®, lactate, pyruvate, and glutamate have
little effect on the oxidation of succinate or p-phenylenediamine (112, 196). No
inhibition with p-phenylenediamine clearly indicates lack of effect on the cyto-
chrome oxidase segment, a point which has been confirmed by many workers.
No inhibition of succinoxidase indicates, in addition, that electron transfer from
succinic dehydrogenase—a flavoprotein—via cytochrome B to cytochrome C
is also unaffected. Michaelis and Quastel (170) found that passage of electrons
from substrates to flavoproteins, to various dyes via flavoproteins, or to ferri-
cyanide was only slightly inhibited by chloretone. Thus it appeared that depres-
sant drugs were interrupting a link between these particular flavoproteins and
cytochromes. Chloretone inhibited the transfer of electrons from DPN to oxygen
by the flavoprotein-cytochrome C-cytochrome oxidase system in a Keilin and
Hartree preparation from pig heart.

Greig (78), working directly with brain homogenates, confirmed the basic
findings of Quastel’s group in demonstrating that pentobarbital, chloroform, and
chloretone inhibit normal respiration but do not inhibit if the electron transfer
chain above flavoprotein is by-passed with methylene blue. Similar results were
obtained with lactate oxidation by yeast. Ernster et al. (56a) have restudied the
site of barbiturate inhibition of respiration and firmly established the suggestions
of earlier workers.

The nature of the interaction between the flavoproteins, which accept elec-
trons from DPNH, and the cytochromes, which reoxidize the flavoproteins, is
still not entirely clear. There have been repeated suggestions that one or more
intermediate links are involved (190, 214). The partial purification of what seem
to be single enzymes catalyzing the reduction of cytochrome C by DPNH or
TPNH (83, 100, 149) introduced some doubt about the existence of such a link.
Extensive studies of the effects of depressant substances on these partially puri-
fied enzymes have not been made, but several isolated negative reports are
available. Persky et al. (187) and Kohlenbrenner (see Brody and Bain, 32)
have reported that DPNH-cytochrome C reductase is not especially sensitive to
depressant drugs.

Persky et al. (187) conclude that the lack of effect of pentobarbital on DPNH-
cytochrome C reductase and on flavoproteins such as D-amino acid oxidase

¢ The greater sensitivity of respiration with glucose as a substrate compared to lactate

and pyruvate may well be secondary to uncoupling effects, since glucose must first be phos-
phorylated by ATP.
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definitely refute the hypothesis of an action of barbiturates on flavoprotein oxi-
dation, but this conclusion appears#Wely unjustified. The flavin enzymes form
a large and heterogeneous family with no common denominator except the
riboflavin in the prosthetic groups. The failure to find inhibition of the activity
of -the flavoprotein D-amino acid oxidase, for example, by no means indicates
that other flavoproteins may not be inhibited. This amino acid oxidase normally
reacts directly with oxygen, in sharp contrast to flavoproteins of the electron
transfer chain.

Lack of inhibition of DPNH-cytochrome C reductase would seem to leave us
without a site of action to explain inhibition of respiration by higher concentra-
tions of anesthetics. However, caution should be used in drawing conclusions
from studies with the purified enzyme, for effects on the enzyme in the cell (pre-
sumably in the mitochondria and microsomes) may be somewhat different. It
has been found that DPNH-cytochrome C reductase in the tissue is inhibited by
antimycin A, but the partially purified enzyme is not (52). Recent evidence has
been presented (148) to show that even the reaction catalyzed by the isolated
enzyme consists of several steps. Ernster et al. (56a) have discussed the studies of
earlier workers which indicate two pathways for electron transport in mitochon-
dria, only one being sensitive to antimycin A, and point out that a similar picture
holds for amytal as an inhibitor. Moreover, it must be kept in mind that if the
DPNH-cytochrome C reductase isolated is the principal enzyme responsible for
oxidation of DPNH in the cell, its function in the cell is so closely coupled with
phosphorylation that lack of phosphate acceptors will result in no transfer of
electrons. Thus any substance interfering with normal reaction of phosphate or
phosphate acceptors with the enzyme would inhibit respiration as well as inter-
fere with phosphorylation. In this manner an inhibitor of an enzymatic step not
directly concerned with the passage of electrons from DPNH to cytochrome C
might nevertheless block the passage of those electrons in the intact integrated
enzyme matrix of the cell.

3. Action on phosphorylation coupled to oxidation. The accumulation of data
indicating that anesthetic and hypnotic agents caused either no change or slight
inhibition of respiration at concentrations which are anesthetic in vivo and the
suggestion that they may actually stimulate respiration slightly at sedative
levels led to speculation that they might interfere with the energy available for
cellular processes in some other way, perhaps by interfering with ATP formation
or utilization (see McElroy, 158). In 1950, Butler (38) discussed the possibility
that limitation in the use or rate of hydrolysis of ATP might cause a decrease in
oxygen consumption. This was two years before the demonstration that oxida-
tion may virtually stop in mitochondria when no acceptors for high energy phos-
phate are available (129a).

The direct study of the effect of various anesthetic and hypnotic drugs on
generation of ATP has been largely carried forward by Brody and Bain and co-
workers. The background and results of their early work with barbiturates have
been reviewed by Bain (12) and by Brody (30c).

Brody and Bain (32, 33) first observed that some barbiturates, particularly
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thiopental, have a selective effect in decreasing ATP formation more than oxygen
consumption in brain and liver mitochondria. In fact, very low concentrations of
thiopental (too low to affect phosphorylation demonstrably) stimulate oxygen
uptake slightly. Thus, these substances behave much like uncoupling agents such
as dinitrophenol (DNP), although concomitant increase in oxygen consumption
and decrease in P:O ratio have been hard to demonstrate. Like other uncoupling
agents, barbiturates increase the apparent ATPase of mitochondria (14, 156).
One important feature of these effects is that they are produced by concentra-
tions of thiopental which, on the basis of the anesthetic dose, might be expected
to occur #n vivo. Another significant feature is that the effect can be reversed to
some extent by washing out the drug.

The uncoupling phenomenon is not limited to the brain alone or to the bar-
biturates. Abood ef al. (2) noted some decrease in phosphorylation in spinal cord
mitochondria. More recently Bain (13, 15) has reported that chloral hydrate,
methadone, and even salicylates have uncoupling action. Hulme and Krantz
(104) have reported that ether in surgical concentrations causes 20 per cent un-
coupling in a particulate preparation from rat brain.

These observations provided direct support for the theory that a.nesthemcs
and other depressants may act by decreasing the amount of ATP available for
cellular functions. However, uncoupling of phosphorylation cannot be applied
as a general explanation of narcosis, for Bain (13) finds that chlorobutanol, often
used as a typical “narcotic” in the older literature, does not uncouple. Negative
findings have also been reported for morphine (13), nitrous oxide, and xenon
(136). These results would not necessarily invalidate the uncoupling hypothesis
as a mechanism of action for compounds in the barbituric acid series. However,
when Brody and Bain (33) extended their studies, they found that some bar-
biturates, potent as depressants, have little or no uncoupling action. Although
simple uncoupling cannot be the whole explanation for depressant actions, the
phosphorylation experiments merit close scrutiny for a full understandmg of
barbiturate action.

Concentrations of barbiturates which produce uncoupling depress oxygen
consumption.” When the depression of oxygen consumption relative to uncou-
pling is examined closely (Table IV), it is seen that none of the barbiturates
produces as “pure” an uncoupling as DNP.?# The thiobarbiturates show the
greatest selectivity in uncoupling phosphorylation. Butethal and hexobarbital
produce very little uncoupling below 7.5 X 10— M. Diallylbarbital and pheno-
barbital appear to exert no uncoupling action at all. The uncoupling and the
depression of oxygen consumption do not appear to be correlated in any obvious
fashion with the ¢n vivo anesthetic potency of the barbiturates. The convulsant

7 Eiler and McEwen (64) found that depression of oxidation and phosphorylation were
nearly equal.

8 Depression of oxygen consumption is usually not seen with uncoupling concentrations
of DNP. However, Brody and Bain (33) found that with brain mitochondria there was a
small inhibition by DNP. The depression of oxygen consumption by thiopental is less with
liver mitochondria.
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TABLE 1V

Effect of barbiturates on ozidation and phosphorylation
(From the data of Brody and Bain, 33)
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Approximate drug ;
Drug congentration reuired fo {5y Bl Gres
P:0 in brain mitochondria| Concentration
DNP. . 1X10°M T 10
Thiohexethal . ..................................... 2.5 X 104 30
Thioethamyl. ..........oeoeeeee e 4 X 10 30
Thiopental. . ........ ... . ... .. ... . ... 4 X 104 30
Spirobarbital®......... .. ... ... 4% 10 35
Thiamylyl.. ..o 3(?) X 10~ 40
Pentobarbital ....................... ... .. 3 X 10 50
Amobarbital.......... ... ... 3.6 X 10~¢ 50
Convulsant barbiturate*........................... 1.5(?) X 10~¢ ca. 50
Secobarbital................ ... ... 2(?) X 10—+ ca. 65

* Convulsant barbiturate = 1,3-dimethylbutylethyl barbiturate (224).

barbiturate listed in Table IV inhibits oxygen consumption in low concentrations,
but it is not a highly selective uncoupling agent.

Ability to penetrate the brain appears to vary a great deal among the barbitu-
rates. There may be a barrier at the mitochondrial surface as well, which is not
penetrated equally by the different drugs tested during the fifteen to thirty
minute experimental period. This might conceivably explain some of the differ-
ences in activity of various barbiturates on brain mitochondria. The thiobarbitu-
rates, which act rapidly, are more soluble in fats and show the greatest selectivity
in uncoupling phosphorylation. Diallylbarbiturate and phenobarbital act slowly
and show no uncoupling.

The degree of uncoupling by barbiturates varies with the substrate in a some-
what puzzling manner. Thiopental at 8 X 10~ M completely uncoupled with
pyruvate + malate as substrate, yet 1 X 10~* M produced only 70 per cent
uncoupling with succinate. The oxygen consumption was depressed less with
succinate (see also 54, 56a).

It is clear that there are a number of differences between the action of bar-
biturates and typical uncoupling agents such as DNP. Not only is the uncoupling
less selective and more limited in action than with DNP, but even the most
selective barbiturate, thiopental, has much less effect than DNP in stimulating
oxygen uptake in low phosphate systems. Since with barbiturates it is not possible
to achieve a high degree of uncoupling without serious depression of oxygen

-uptake, it is difficult to be certain that barbiturates uncouple all of the phos-
phorylations affected by DNP. It is distinctly possible that phosphorylation due
to succinate oxidation, for example, is only partially uncoupled by thiopental,
whereas DNP uncouples completely. Ernster e al. (56a) have reported that
amytal does not uncouple phosphorylation at all with succinate. Johnson and
Quastel have reached similar conclusions for chloretone (109a).



112 F. EDMUND HUNTER, JR., AND OLIVER H. LOWRY

The very fact that uncoupling by anesthetic agents is less complete than with
DNP raises the possibility that the action of these agents may be restricted to
certain sites of ATP generation. The concept of coupling of ATP, generated at a
specific point, to some specific reaction seems to be implied in the view of Johnson
and Quastel (109, 193a). Such a concept has not received much attention, as
biochemists have preferred to think of all ATP entering a common pool. However,
ideas about mixing of intermediates with common pools have been drastically
revised in recent years.

Several facts raise the question whether the effects of barbiturates, ether, and
other anesthetic agents—on mitochondria at least—might be due to changes in
structural organization resulting from affinity of these agents for phospholipids
in mitochondria. The evidence may be summarized as follows. The more fat
soluble thiobarbiturates are the best uncoupling agents. The phospholipids have
been suggested as being vital in the organization of integrated enzyme systems
(16). Alteration in mitochondrial structure usually results in loss of phosphory-
lation with less effect on electron transfer. Irreversibility of effects with higher
concentrations of anesthetics, such as observed for ether by Quastel and Wheat-
ley (196, 197), could be due either to direct damage or a secondary decline from
lack of ATP. More limited reversibility of barbiturate effects in brain than in liver
mitochondria might be due to more lipid in brain preparations (33) or to inherent
lower stability of the enzymes.

It is of considerable interest that the apparent site of inhibition of oxygen
consumption by higher concentrations of narcotics (DPNH-cytochrome C reduc-
tase system as it exists in the cell and isolated particulate elements) involves an
enzyme system which probably has two phosphorylations coupled to its action.
Greig (79) has also taken note of this interesting fact. DNP frees this system
from any limitations normally imposed by phosphate acceptor requirements but
does not inhibit respiration. The action of the barbiturates on this system, obvi-
ously somewhat different from that of DNP, may not only prevent phosphoryla-
tion but also have a considerable tendency to inhibit electron transfer.

The objections to the uncoupling theory may be summarized as follows. First,
DNP is not an anesthetic agent, although it apparently can increase the effect of
barbiturates under special conditions (12, 13, 34a). Although Bain (13) has raised
the possibility that DNP may have less effect than expected on the brain in vivo
because of failure to penetrate, this possibility seems unlikely on the basis of
general experience with DNP and its lipid solubility. However, further work
needs to be done, for Brody (30c) has pointed out that very little pentachlor-
phenol appears in the brain. Another obstacle is that fever and increased meta-
bolic rate are not characteristics of barbiturate poisoning, as might be expected
if there was much similarity to DNP. A third objection is that some depressant
barbiturates show little or no uncoupling action, while 1,3-dimethylbutyl-
ethylbarbiturate, which is a stimulant and produces convulsions, does show some
uncoupling effect (33). However, the stimulant action of this barbiturate might
represent an additional effect overshadowing other effects. It is well known that
the nervous system can respond with convulsive discharges during ether and
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barbiturate anesthesia. A fourth objection is that hypnotic and sedative doses of
bérbiturates probably do not produce tissue concentrations sufficiently high to
cause uncoupling of phosphorylation. Brody and Bain (33) found that even the
most active barbiturates first produce detectable lowering of the P:O ratio at
concentrations of 1 X 10~* M which corresponds roughly to the dose per kgm.
for anesthesia, 1.e., several times the sedative dose. Although barbiturates are not
concentrated to any great extent in the brain as a whole (157), it must be ad-
mitted that there is no information available as to the critical intracellular con-
centration to which mitochondria would be exposed. A final objection te the
uneoupling theory is that the phosphocreatine level of the brain is not decreased
during anesthesia. If anything it is increased (159).

'4. Action on respiration and glycolysis in stimulated isolated lissue. Some very
interesting information about the effect of drugs on the metabolism of brain
tissue #n vitro has come from the extensive experiments of McIlwain and cowork-
ers (37, 39, 62, 137, 164, 165, 205). The results of their studies have led them to
conclude that brain slices are not equivalent to intact nervous tissue since there
is a complete absence of stimulation from neighboring nervous elements.

The oxygen consumption and glycolysis of brain slices are both less than that
of brain in situ. When, however, brain slices are subjected to electrical stimula-
tion, the glycolysis and oxygen consumption are increased to a level approximat-
ing that of intact brain. The general characteristics of the electrical stimulus
required to produce these increases are such (11, 62, 160) as to make it seem
likely that nerve cells in the slice respond with increased electrical activity and
that a situation is induced which resembles active nervous tissue.

Mellwain’s group confirmed earlier work, showing that the oxygen consump-
tion of unstimulated slices was little affected by low concentrations of depressant
drugs. However, when the oxygen consumption was increased 50 to 100 per cent
by electrical stimulation, it was more sensitive to drug inhibition. (See also
Bronk and Brink, 35.) In the case of general depressants there was some inhi-
bition by concentrations approaching those expected in vivo, with much greater
inhibition by higher concentrations (39, 164). This suggested that the increased
oxygen uptake due to activity in nervous tissue was sensitive to drugs, while the
resting oxygen consumption was not. Unstimulated cerebral cortex slices main-
tain phosphocreatine levels near in vivo values (94, 167). Since phosphocreatine
falls to low levels in electrically stimulated slices, McIlwain and coworkers (37,
94, 159, 162, 163, 164) have used the working hypothesis that the increased res-
piration is due to increased cellular activity, i.e., to increased utilization of
energy-rich phosphate compounds. Stimulation of ATPase would produce the
same result, but is a less likely possibility. While there might be some decrease
in ATP synthesis during convulsions, as suggested by Abood and Gerard (3), it
seems unlikely that this is the major effect.

The ability of general depressants, such as barbiturates and chloral, to reduce
electrically stimulated oxygen consumption might be the indirect result of a
decreased neuronal response to electrical stimuli or a direct result of inhibition
of an enzyme in the oxidative system. Considerable information on this point
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has been obtained by studying the effects of depressants in the presence of sub-
stances which increase the metabolism of brain slices (164, 169). It was found
that the respiration of slices of cerebral cortex with glucose, lactate, or pyruvate
as substrate was increased by (a) electrical stimulation of appropriate charac-
teristics, (b) DNP, (c) high K+ in the medium, and (d) low Ca** in the medium.
Moreover, depressants, such as barbiturates and chloral, inhibited the stimulated
respiration i all cases (164, 169). Quastel (193a) has confirmed some of these
experiments, demonstrating significant inhibition with concentrations of bar-
biturates and alcohol likely to be present #n vivo. This suggests that in the passage
of electrons to oxygen in the stimulated slices the rate limiting reaction is sensi-
tive to these depressants. This reaction apparently is not the rate limiting step
in unstimulated tissue (164). An examination of the mechanism by which the
various substances stimulate respiration should provide some clues as to rate
limiting reaction in the unstimulated and in the stimulated situation.

The first clue lies in the action of DNP. Although the intimate mechanisms
are not known, it is recognized that DNP in general frees the consumption of
oxygen from limitations imposed by lack of phosphate acceptors. In result its
action would be similar to increased ATP utilization by increased neuronal activ-
ity (163). The stimulation of respiration by DNP suggests that a major limiting
factor in rate of respiration in resting tissue is unavailability of phosphate ac-
ceptors due to accumulation of ATP and phosphocreatine. This is consistent with
the observation (94, 167) that slices build up phosphocreatine levels approaching
those tn vivo. Mcllwain and Heald (94, 163) found that low Ca*t or high K+
caused a marked drop in the phosphocreatine levels in slices, just as was seen
with electrical stimulation and DNP. The mechanism by which low Ca*+ or high
K+ produces these changes has not been clearly defined, but the evidence sug- -
gests that the different stimulating procedures used all increase respiration by
increasing availability of phosphate acceptors.

With the reactions in electron transfer relieved from the limitation imposed
by a shortage of phosphate acceptors, the respiration increases 50 to 100 per cent
and now a reaction inhibited by various depressant drugs can become rate limit-
ing. Since studies with higher concentrations of depressant drugs (78, 170)
suggested inhibition between flavoproteins and cytochrome C, this seems
the most likely point for inhibition of stimulated respiration by somewhat lower
concentrations of the drugs. For example, in resting tissue where phosphate
acceptors may be the limiting factor, a 50 per cent reduction in active enzyme in
the DPNH-cytochrome C reductase region would produce little effect on the
overall respiration if this were not the rate limiting step. However, with the rate
of respiration doubled, this step may become the limiting one and even 10 per
cent inhibition (lower concentrations of drugs) would now be detectable.

Additional information from the experiments of McIlwain and coworkers may
be examined for consistency with the interpretation given above. With fairly
high concentrations of succinate as substrate the oxygen uptake is high (more
like the stimulated rate with glucose or pyruvate), the respiration is not stimu-
lated by electrical impulses, and the phosphocreatine values are low (126, 127,
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161). However, the respiration is not inhibited by barbiturates. Two facts seem
clear. First, electrical stimulation does not increase respiration if there are already
adequate levels of phosphate acceptors. Second, succinate oxidation, even when
freed of possible limitation by lack of phosphate acceptors, is not limited by the
electron transfer step sensitive to general depressants This is in complete agree-
ment with the conclusions of earlier workers.

:Some observations appear to raise the question whether the reaction rates
increased as a result of stimulation and the point inhibited by depressants are in
an . electron transfer chain common for all DPN dependent oxidations. For
example, glutamate oxidation in rat or guinea pig cortex slices was not increased
by electrical stimulation (137, 161). This lack of effect by electrical stimulation
on an oxidation involving electron transfer by the same general pathways as
glucose and subject to the same phosphate acceptor limitations was puzzling
until it was demonstrated (37, 163, 167, 168) that whenever glutamate was added
to the tissue the phosphocreatine levels were very low. In brain tissue from mon-
key or man the results with glutamate were more like those with glucose or
pyruvate (166). In most animals the rate of respiration with glutamate is higher
than with glucose, but in spite of adequate phosphate acceptors, it is not as high
as the stimulated rate with glucose. Transfer of electrons from glutamate to
DPN may be the limiting step in this case. Little information is available in the
published experiments of Mcllwain, but earlier workers reported that glutamate
oxidation was sensitive to depressants (193, 194).

Other observations which raise questions about the site of the limiting step
are lack of electrical stimulation of oxygen consumption with a-ketoglutarate,
citrate, and fumarate as substrates (126, 137, 161, 166) even when the rate of
oxygen consumption is no higher than the unstimulated rate with glucose or
pyruvate. Since the phosphocreatine level, already low with fumarate or citrate
(126), would presumably be lowered still further by electrical impulses, factors
other than phosphate acceptors must be limiting when these intermediates,
normally present in catalytic amounts, are added to the tissue slices in relatively
high concentration. Permeability is a possible limiting factor, but the low phos-
phocreatine levels, when the oxygen consumption is equal to that with glucose,
suggest an abnormal situation resulting from inhibitory effects. McIlwain (126)
has shown in the case of succinate that 0.004 M yields very much better phos-
phocreatine levels than 0.02 M. Low concentrations of depressants would have
little effect on respiration with these substrates if other steps are limiting.

. Electrical stimulation of slices increases glycolysis to about the same extent
as it increases oxygen consumption. If the principal actions of a depressant were
inhibition in the electron transfer chain and/or uncoupling of phosphorylation, the
stimulated glycolysis which occurs with electrical impulses, DNP, or K+ should
not be inhibited. In fact, with inhibition of oxygen uptake more lactate might
accumulate due to decreased removal. Examination of the experiments of
Mecllwain’s group (137, 164) reveals a somewhat complicated picture in this re-
gard. The changes in aerobic glycolysis (lactate accumulation) with various
drugs are less consistent than changes in respiration. This situation undoubtedly
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results from the complication that lactate accumulation is a balance between
formation and removal.

Essentially all general depressants increase aerobic glycolysis in unstimulated
slices at concentrations which leave oxygen consumption little affected. Most
general depressants also increase aerobic glycolysis in stimulated slices (39, 164),
regardless of how the stimulation of metabolism is produced (electrical, DNP,
high K+). Since decreased neuronal activity would be expected to lower both
glycolysis and respiration, inhibition of respiration with an actual increase in
glycolysis in electrically stimulated slices indicates that the effect on the respira-
tory enzyme systems must be a direct one. It is interesting that the inhibition of
respiration of slices by anticonvulsant drugs (62), in contrast to anesthetic
agents, appears to be secondary to decreased neuronal activity.

Abood et al. (1, 4, 4a) have reported uncoupling of phosphorylation in mito-
chondria by electrical impulses. This would suggest that the increase in respira-
tion and glycolysis in Mcllwain’s experiments might be due to a DNP-like
action, not increased neuronal electrical activity. However, Narayanaswami and
Mecllwain report (176) that electrical stimuli which produce maximal effects on
preparations containing whole cells have no effect on isolated mitochondria.
They call attention to the fact that since mitochondria are labile systems, they
might be damaged by certain types of electrical currents of sufficient intensity
(especially when protective factors may have been washed away). Also inhibi-
tory substances appear to be released from many types of electrodes. Abood and
Romanchek (4a) have confirmed the fact that uncoupling is seen only with
certain types of electrodes. It is seen with all types of electrodes when ferricya-
nide is added as electron acceptor. The effect appears to be mediated by metal
ions and may involve oxidation of an —SH group, as it is blocked by glutathione.
The strongest support for a direct action of electrical impulses is that the un-
coupling is so quickly reversed on stopping the electrical current. However, this
does not absolutely preclude some oxidative chemical change which is quickly
reversed in a system metabolizing substrate. The fact that cocaine and atropine
block the response to electrical stimulation but not to high K+ in the cortex
slice experiments of Mcllwain’s group argues against uncoupling by electrical
impulses under their conditions. It is unlikely that these drugs would prevent
uncoupling due to electrical impulses. Cocaine and the very high concentration
of atropine used probably decrease neuronal response to electrical stimulation.

6. Relation of enzyme effects to pharmacological actions. It has been seen that
hypnotics may produce a variety of effects on enzyme systems of brain. The ob-
served effects, whether produced by very high drug concentrations or by drug
levels close to those present during anesthesia, are all such as to decrease the pro-
duction of high energy phosphate bonds. It is therefore difficult to reconcile any
of these actions on enzymes with the fact, affirmed by a number of workers,
that the concentrations of energy-rich phosphate compounds in the brain during
anesthesia are increased rather than decreased (reviewed by Mecllwain (159,
162) and Richter (203)). It seems inescapable that the primary in vivo effect of
most hypnotics and anesthetics is a decrease in neuronal activity, with decreases



EFFECTS OF DRUGS ON ENZYME SYSTEMS 117

Effect of Hypnotic-Anesthetic Substances on Ozidation and Phosphorylation

It is doubtful that anesthesia is produced primarily through a general depression of oxida-
tion or phosphorylation. Nevertheless, anesthetic agents in higher concentrations, such as
those used to induce deep anesthesia, do appear to have direct effects on some enzyme
systems. The following scheme may be helpful in understanding these effects.

Cytochrome oxidase system and Oxygen Phosphorylation is so closely
succinic dehydrogenase not coupled to electron transfer
inhibited by depressants at that lack of phosphate ac-
anesthetic levels ceptors can greatly limit rate

{Cytochrome Oxidase of oxidation. Under such

1 circumstances (high ATP

Cytochrome C and phosphocreatine) marked

inhibition at point x would

Succinate Cytochrome B }— not be detected since it is not
rate limiting. In slices stimu-

Region sensitive to CNS de- [ lated electrically or by DNP
pressants. Inhibited slightly (low ATP and phospho-
by anesthetic levels in un- creatine) this step probably
stimulated slices. Greater in- [> <] becomes the rate limiting
hibition of the increased res- one. Barbiturates and some
piration of stimulated slices o other agents appear to inter-
might be due to this step be- fere with both phosphoryla-
coming rate limiting. L tion and electron transport.

DPN or TPN |
VBN
~ Dehydrog‘enases AN

Not sensitive to depressants
at anesthetic leve Lactate, pyruvate, citrate, glutamate

N

Glycolytic enzymes

Glucose

in oxidation being largely secondary to the decreased utilization of ATP. The
decrease in neuronal activity may be the result of special sensitivity to these
drugs at synapses in general (30a, 30b, 130) or at synapses of the reticular
activating system (147, 147a, 147b). Both light and electron microscope studies
indicate greater concentration of mitochondria at synaptic points. Conceivably
the metabolism of synaptic tissue or specific regulating nerve centers might be
more sénsitive to drug depression. This view is favored by Quastel (193a, 195a).
It seems equally plausible that specific transmission mechanisms are inhibited by
anesthetic agents. It is perhaps the crucial problem in the study of the mechanism
of anesthesia to decide between these two possibilities.

VI. PENICILLIN

Although the primary point of action of penicillin is not yet settled, there is
evidence that both protein and nucleic acid metabolism are altered. The effects
on protein synthesis may be secondary but are nevertheless of interest.
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1. Effects on protein synthesis. Chattaway et al. (42) found in 1949 that peni-
cillin inhibition of Corynebacterium diphtheriae is antagonized by substances of
peptide nature in yeast autolysates. This is consonant with the earlier suggestion
of Pratt and Dufrenoy (191) that the action of penicillin involves the peptide
glutathione. Simmonds and Fruton next reported (213) that a mutant strain of
gram negative bacilli, sensitive to penicillin at 1-10 U./ml. when leucine + gly-
cine were provided, was not affected by the antibiotic at 500 U./ml. when' these
two amino acids were supplied as the preformed peptide leucylglycine. '. -

Thus there is evidence that penicillin may inhibit synthesis of certain pept.lde
bonds. At first it appeared possible that the action of penicilin in causing Micro-
coccus pyogenes var. aureus (Staphylococcus aureus) to lose the ability to accumu-
late free glutamic acid and certain other amino acids (73) might be implicated in
this action, since uptake of amino acids logically would precede peptide bond
synthesis. However, inability to concentrate glutamate does not develop until
after cells are damaged by growth in media containing 0.1-10 U./ml. of penicil-
lin. Therefore, this is probably a secondary defect. Hotchkiss (102, 103) reported
that with Micrococcus pyogenes var. aureus incubated under conditions which
gave minimal multiplication, penicillin (10-30 U./ml.) did not decrease the
assimilation of amino acids, but instead of cellular protein synthesis, extracellu-
lar peptide-like material accumulated. Gale and Paine (72) have never observed
such a direct effect with their strain of organism, but have found peptide accumu-
lation when cells damaged by growth in low concentrations of penicillin (10
U./ml.) are incubated with amino acids. The alterations in this case were indirect
(secondary to growth in penicillin) and there were uncertainties about autolysis
in these nonviable cells.

In view of the suggestion that penicillin interferes more or less dlrectly w1th
synthesis of certain peptide bonds, the direct action of penicillin on several re-
actions involving glutathione is of considerable interest. Fischer (60) pointed
out the similarity of structure between penicillin and glutathione. Binkley and
Olson (28, 120) found that penicillin (1500 U./ml.) competitively inhibits the
hydrolysis of glutathione in liver preparations. Even more significant is the ob-
servation that penicillin competitively inhibits transpeptidation reactions in-
volving glutathione (90, 91). A general role for transpeptidation reactions in
protein synthesis has been proposed, but not yet established. The amounts of
penicillin required to inhibit these reactions is very high (6000 U./ml.). As Gale
(67) has indicated, if these actions are significant in antibacterial action, the
amount of penicillin required to inhibit growth completely would approximate
the glutathione concentration of the suspension (or at least equal the glutathione
concentration at the vital enzyme). The “competitive” nature of these relation-
ships has not yet been studied in detail, and the possibility of direct reaction
between penicillin and GSH should not be ignored, for it would explain why
approximately equimolar quantities are required for complete “inhibition” of a
reaction. (See 40, 58, 145.) Organisms inhibited by penicillin lose their. cyto-
logical reaction for —SH groups, and Pratt and Dufrenoy (192) have speculated
that this shift in the sulfhydryl-disulfide equilibrium causes a major distortion
in the metabolism of the cells.
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Recently Gale and Folkes (70) found that, although penicillin in very high
concentrations (1000 U./ml.) does not block protein synthesis in Micrococcus
pyogenes var. qureus on glucose and amino acids, low concentrations (0.03—0.3
U./ml.) seem to block an exchange reaction between free glutamate within the
cell and glutamate in the protein. It (66, 234) has been reported that penicillin
does.not interfere with adaptive enzyme formation, but this is certainly not true
for B-galactosidase in Micrococcus pyogenes var. aureus (71a).

:Taken altogether, the evidence for a primary effect of penicillin on enzymes
involved in peptide bond synthesis is not very persuasive. The high concentra-
tions of penicillin required in most cases to produce peptide actions, the observa-
tions of dramatic effects by penicillin on ribonucleic acid metabolism, and the
current theories about nucléic acid control of protein synthesis have led to the
general feeling that the primary effect of penicillin is in nucleic acid metabolism,
with effects on protein synthesis being secondary. This concept received support
from the demonstration by Gale and Folkes (67, 68, 69) that protein synthesis
is closely correlated with the nucleic acid content of cells and that the stimulation
of protein as well as nucleic acid synthesis by purines and pyrimidines is inhibited
by penicillin. (The amount of penicillin used in these experiments was low relative
to the mass of cells, but high in terms of the units (3000) per ml.) More recently
these workers (71a) have shown in disrupted staphylococcal cells that penicillin
at 0.2-2.0 U./ml. inhibits protein synthesis only as a result of inhibiting nucleic
acid synthesis. More than one hundred times this amount of drug is necessary to
give detectable direct inhibition of protein synthesis.

-2. Effects on nucleic acid catabolism. In 1947, Krampitz and Werkman (125)
studied the effect of penicillin on ribonucleic acid oxidation in Micrococcus pyo-
genes var. aureus. These cells were able to oxidize the ribose moiety of either
nudleic acid or free pyrimidine nucleotides, but could not oxidize purine nucleo-
tides,; nucleosides, ribose-phosphates, or free ribose. Penicillin when used in high
concentrations (200-500 U./ml.) was able to block the ribose oxidation both
in ribonucleic acid and in free pyrimidine nucleotides. Effects of penicillin on
the catabolism of ribonucleic acid derivatives were also discovered by Gros and
Macheboeuf (81). They first observed that release of purine bases and phos-
phate from several nucleotides by non-growing Cl. sporogenes was inhibited
by penicillin at 500 U./ml. Similarly, under conditions of autolysis, degrada-
tion of ribonucleic acid was decreased by penicillin. Since penicillin was reported
by Massart et al. (155) to block degradation of ribonucleic acid by ribo-
nuclease, early workers (63, 123) interpreted the action of penicillin on ribo-
nucleic acid catabolism as being due to inhibition of this enzyme. However,
Gros et al. (82) showed that concentrations of penicillin (150-3000 U./ml.)
which inhibit ribonucleic acid catabolism do not inhibit ribonuclease. More-
over, the oxidative catabolism of certain mononucleotides is also inhibited by
penicillin. Dufrenoy and Pratt (51) obtained cytochemical evidence for inhibition
of alkaline phosphatase activity and have interpreted the action of penicillin
on ribonucleic acid metabolism as being one of preventing dephosphorylation
of mononucleotides by alkaline phosphatase.

Opposed to this are the results of Gros and Macheboeuf (81) who found that
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high concentrations of penicillin (1000 U./ml.) do not interfere with oxidation of
ribose-5-phosphate, but do inhibit oxidation of guanylic acid, guanosine, and
uridylic acid in some strains of Micrococcus pyogenes var. aureus and adenylic
acid oxidation in others. They proceeded to show that penicillin inhibits the
splitting of the nucleoside link between guanine and ribose-5-phosphate. More
recently Gros and Macheboeuf (81) have found that organisms treated with low
concentrations of penicillin (2 U./ml.) during the exponential phase:of growth
have greatly reduced ability to oxidize adenylic acid, guanylic acid, and guano-
sine (without change in glycolysis or respiration). Thus high concentrations of
penicillin produce a direct enzyme inhibition, low concentrations a delayed
inhibition which is presumably a secondary consequence. Gros and Macheboeuf
conclude that penicillin acts by suppression of a system important in the metabo-
lism (catabolism?) of nucleosides. Taking note of the fact that nucleoside phos-
phorylases can catalyze either synthesis or cleavage of nucleosides, they include
the possibility that penicillin may suppress synthesis of the riboside link. It is to
be pointed out that an inhibitory action by penicillin on nucleosidase or nucleo-
side phosphorylase would explain accumulation of nucleotides and nucleosides
in a degradative process only, not in a synthetic one.

3. Effect on nucleic acid anabolism. A number of workers (see review by Gros
and Macheboeuf, 81) have shown by both histological techniques and chemical
analyses that organisms grown in the presence of penicillin have low ribonucleic
acid content compared to the controls, while deoxyribonucleic acid is unchanged.
Mitchell and Moyle (173, 174) followed both ribonucleic acid and mononucleo-
tides during various phases of growth with Micrococcus pyogenes var.: aureus.
Normally in the early phases of logarithmic growth ribonucleic acid accumulates
and purine mononucleotides and nucleosides decrease. In the presence of peni-
cillin there was a small transitory increase in nucleic acid, which was followed by
an inhibition resulting in a large accumulation of mononucleotides and nucleo-
sides and a lower ribonucleic acid content of the cells. Later the values approached
normal figures. This is an immediate effect of penicillin at 2 U./ml.

Park (183) made similar observations on mononucleotide accumulation and
has characterized several nucleotides which accumulate in Micrococcus pyogenes
var. aureus grown in the presence of penicillin, 0.5 U./ml. He demonstrated three
uridine 5'-pyrophosphate compounds. One derivative contains an N-acetylamino
sugar, the other two appear to contain the same structure with the addition of
either alanine alone or a peptide of lysine, glutamic acid, and three alanine resi-
dues. Similar or identical compounds occur in normal cells, a fact confirmed by
Strominger (223), who also found that uridine nucleotides accumulate to five
to ten times the normal level in the presence of penicillin in non-growing cultures.
Strominger found that, normally, C-labelled uracil is rapidly incorporated into
both uridine nucleotides and nucleoprotein. Penicillin inhibits the incorporation
into nucleoprotein (see also 71a). Most workers agree that the uridine compounds
probably represent normal intermediates, with accumulation occurring  when
their catabolism or their utilization in nucleic acid synthesis is blocked. However,
as Park (184, 185, 186) has pointed out, the occurrence of uridylic acid in combi-
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nation with amino acids and peptides may indicate a key role for uracil deriva-
tives in protein synthesis, and might explain why changes in protein metabolism
follow penicillin application. The effects of penicillin on the metabolism of uracil
compounds may be far from simple, for Hotchkiss (101) has reported an increased
disappearance of uracil from the environment when Micrococcus pyogenes var.
aureus is grown in the presence of low concentrations of penicillin.

VII. STREPTOMYCIN

A number of enzymes have been found to be susceptible to inhibition by strep-
tomycin. In fact, so many enzyme reactions are affected by higher or lower
streptomycin concentrations as to undermine confidence that any of them repre-
sent the primary site of action. Streptomycin is an excellent precipitating agent
for certain types of protein and for nucleic acids. This could introduce artifacts
into enzyme studies.

In some cases the concentration of antibiotic required for inhibition is only a
few fold greater than the minimal antibacterial concentration. For example,
there is a marked inhibition of the diamine oxidase activity of various mycobac-
terial cells by modest amounts of streptomycin (182). Unfortunately we do not
at present know the significance of this reaction in bacterial metabolism. Certain
of the enzymatic effects reported appear to represent specific actions on certain
strains rather than general phenomena. In 1947, Krampitz et al. (124) observed
inhibition of ribonucleic acid oxidation in a few strains of Micrococcus pyogenes
var. aureus. Others (140) have reported that with L. arabinosus and Torula utilis,
as well as with Micrococcus pyogenes var. aureus, streptomycin inhibition was
relieved by hexose phosphates, while pantothenate restored growth with Sac-
charomyces fragilis (138). However, in other organisms tested these substances
do not counteract streptomycin.

Like many other antibiotics, streptomycin (234) inhibits adaptive enzyme for-
mation. This was first established by Fitzgerald and Bernheim (61) for the case
of streptomycin inhibition of the oxidation of benzoic acid in mycobacteria.
Earlier this was believed to be a direct effect of the antibiotic. It is a good example
of one of the pitfalls in this difficult field.

In experiments of Gale and Paine (72) streptomycin inhibited the incorpora-
tion of glutamate into cellular substance, but the concentrations required were
definitely higher than the minimal amounts for blocking growth. Gale (67) has
indicated that low streptomycin concentrations have no effect, but high concen-
trations do have some inhibitory effect on net protein synthesis in Micrococcus
pyogenes var. aureus. Bernheim (27) has suggested uncoupling of phosphorylation
as a possible explanation of inhibition of ammonia assimilation without inhibition
of the oxidations normally supplying energy for that process in Pseudomonas
aeruginosa. However, Gale and Paine found no inhibition of free glutamate accu-
mulation in Mzcrococcus pyogenes var. aureus, & process very sensitive to the
uncoupling action of DNP. :

Of the various enzyme effects of streptomycin that have been reported to date
the most convincing as a candidate for the primary site of action is that discov-
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ered by Umbreit and coworkers (215, 232, 233, 234, 236, 237). These investiga-
tors have made extensive studies of possible enzymatic sites of action of strepto-
mycin in E. coli. They found evidence that streptomycin inhibits a reaction
involved in the oxidation of a mixture of pyruvate and oxalacetate. There was
no inhibition of the conversion of pyruvate to acetate, a substance not further
oxidized by cells grown anaerobically under the conditions prescribed. They used
streptomyecin at 20 microgm./ml., just twice the concentration necessary to block
growth, and allowed thirty minutes for penetration into the cells, which they
believe is an important limiting step (180, 231).

At first glance it appeared that streptomycin might be inhibiting the enzyme
responsible for condensing acetyl CoA and oxalacetate to give citrate. This would
explain why there was no inhibition of conversion of pyruvate to acetate. How-
ever,'it was noted that along with the oxidation of pyruvate and oxalacetate a
small amount of citrate was formed. This formation was not inhibited by strepto-
mycin (233, 238). Further investigation revealed that streptomycin does not
inhibit purified condensing enzyme or any known reactions of oxalacetate or
pyruvate (238). Umbreit and coworkers postulated a second oxidative pathway
for pyruvate and oxalacetate that did not involve citrate as an intermediate.
They proposed that both the citrate pathway and the hypothetical pathway
(“oxalacetate pyruvate reaction”) were occurring, the latter being a major
pathway in some cases and the only one blocked by streptomycin. The chief
evidence for this new pathway for pyruvate metabolism rests on the inhibitory
effect of streptomycin (234).

One alternative path would involve condensation of pyruvate and oxalacetate
to give a seven carbon intermediate. Exploring the possible seven carbon com-
pounds which might be intermediates, Umbreit (235) found no indication that
oxalcitramalic, dihydrooxalcitramalic, or shikimic acid were intermediates. How-
ever, when attention was turned to the seven carbon phosphorylated compound,
2-phospho-4-hydroxy-4-carboxy adipic acid, I,

COOH
Hé—OPOaHz
CH,
HO—&—COOH
¢,
(IJOOH
I

which had been isolated from dog liver in 1951 by Rapoport and Wagner (201),

some significant findings were made. The possible relationship of this compound

to a condensation product between pyruvate and oxalacetate is obvious.
Umbreit found that this new compound appeared in the acid soluble organic
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phosphate fraction from bacterial cells as well as animal cells (235). Cells incu-
bated for thirty minutes without substrate had the highest level of the compound.
Incubation with pyruvate: (with or without streptomycin) resulted in a decrease
in. the amount of the compound. No P# was incorporated into the phosphate
group in either case, although the cells used wou]d have been actlvely oundlzmg
pyruvate to acetate. . '

When fumarate (oxalacetate) plus pyruvate were used as substrate, there was
incorporation of P*® into the compound, although the absolute level did not in-
crease. When streptomycin was added, there was a slightly higher level of the
compound and P*® incorporation was greatly inhibited. The reduction in specific
activity in the ATP fraction was only 40 per cent, while that in the new com-
pound was 86 per cent. Thus incorporation of P® into the new compound .occurs
only when pyruvate plus oxalacetate are added and appears to be related to
some specific reaction blocked by streptomycin. Much further - work will be
needed to determine whether this compound is an intermediate, the formation
of which is blocked by streptomycin in inhibiting the pymvate-oxalacetate
reaction.

Although Umbreit’s general hypothesis involves no inhibition of acetate for-
mation or removal, there are two reports which suggest that formation and re-
moval of two carbon units may be inhibited in some cases. Barkulis (17), with
streptomycin at 100 microgm./ml., found that the conversion of pyruvate to
acetate plus formate by E. coli was inhibited about 75 per cent. Oginsky et al.
(179) observed that oxidation of higher fatty acids, or more particularly some of
the intermediates formed from them, by Mycobacterium tuberculosis (Avian) was
inhibited by streptomycin. As Umbreit has pointed out, these reactions may
involve steps closely related to the oxalacetate-pyruvate condensation.

Umbreit and Tonhazy (239) have presented evidence that the oxalacetate-
pyruvate reaction occurs in animal tissues, where it is also sensitive to strepto-
mycin. The mammalian and the microbial enzymes do not differ markedly in
their sensitivity to streptomycin. The relatively greater effect on the microor-
ganism than on the host appears to be due to the fact that two barriers, the cell
wall and the mitochondrial membrane, ordinarily prevent the antibiotic from
reaching the mammalian enzyme in significant amounts. This seems to be a
striking example of a case in which permeability factors, rather than inherent
difference in sensitivity of enzymes, account for a differential action on parasite
and host.

VIII. CHLORAMPHENICOL

Woolley (248) pointed out the structural similarity between chloramphenicol
and phenylalanine and suggested that the drug might act to inhibit incorporation
of phenylalanine into proteins. He found that phenylalanine can, in fact, counter-
act inhibition of growth of E. colt and L. caset by minimal concentrations of
chloramphenicol. However, the antagonism by phenylalanine is non-competitive.
With E. coli, tyrosine and tryptophane had a similar effect, which Woolley
attributed to conversion to phenylalanine by this organism.
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Woolley’s suggestion was borne out by studies with C'4-labelled phenylalanine
(71). Chloramphenicol inhibited the incorporation of phenylalanine into the
protein of Micrococcus pyogenes var. aureus, but the inhibition was noncompeti-
tive, and chlortetracycline and oxytetracycline had similar effects. Also, the
incorporation of proline, leucine, or tyrosine was just as sensitive to chloram-
phenicol, although the incorporation of glutamate was not. The incorporation of
an amino acid into a protein does not prove that protein synthesis has occurred.
In the case of both phenylalanine and glutamate, at least, the incorporation is
the result of both exchange reactions and net protein synthesis. Glutamate may
be more liable than other amino acids to undergo direct exchange reactions
with proteins. It seems necessary to conclude that chloramphenicol does not act
solely a8 a structural antagonist to phenylalanine.

Truhaut et al. (228) using E. typht, and Bergmann and Sicher (24) with E. colz,
have confirmed the observation of Woolley that tryptophane has a limited
ability to counteract chloramphenicol inhibition in some organisms. Bergmann
and Sicher have suggested that chloramphenicol inhibits the sequence anthrani-
lic acid — indole — tryptophane, since growth occurs when indole or tryptophane
are supplied but not when anthranilic acid is substituted. ,

Swenseid et al. (225) have reported that chloramphenicol (and aminopterin)
inhibition of the growth of L. citrovorum is reversed by a substance formed on
incubation of folic acid with bone marrow or leukocytes. The inhibition by
chloramphenicol is not at the same site as aminopterin, since folinic acid readily
reverses aminopterin inhibition but not chloramphenicol inhibition. Folic acid
derivatives are involved in many reactions, including most one carbon additions
or transfers. Therefore, an action of chloramphenicol on such key reactions could
produce changes in both protein and nucleic acid synthesis.

That the most important action of chloramphenicol is a specific one is sup-
ported by the experiments of Gale (67, 71), who found with Micrococcus pyogenes
var. aureus that chloramphenicol inhibits protein synthesis without effect on
glucose fermentation, ability to concentrate glutamate, extra-cellular peptide
accumulation, or nucleic acid synthesis. In fact, nucleic acid synthesis may be
doubled when protein synthesis is blocked completely. Tryptophane was in-
cluded in the amino acids supplied in Gale’s experiments. Recently Hopps et al.
(99) have confirmed these general conclusions in showing that, in E. coli, NH; as-
similation and protein synthesis are strongly inhibited when there is no effect on
glycolytic or oxidative phosphorylation and no inhibition of nucleic acid synthe-
sis. Similarly, in N. perflorens, polysaccharide synthesis was not inhibited by
chloramphenicol.

It seems clear then that, although chloramphenicol does not inhibit the forma-
tion of all peptide bonds, it can prevent the formation of the complete protein
molecule. Under some conditions this could result from a block in the synthesis
of a specific essential amino acid such as tryptophane, but the experiments where
19 amino acids were supplied (Gale) suggest inhibition of the formation of cer-
tain peptide bonds essential for completion of the protein molecule.

There are two effects of chloramphenicol on enzymes that are difficult to fit
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into this picture because the use to the cell of the enzymes concerned has not
been discovered (Umbreit, 236). 1) Owen et al. (182), using intact mycobacteria,
have observed marked inhibition of diamine oxidase activity by chloramphenicol
concentrations in the antibacterial range. 2) Both bacterial esterases (whole
cells) and crystalline liver esterase are inhibited by chloramphenicol at concen-
trations only ten times greater than those which block bacterial growth (216).
The observation that chloramphenicol first stimulates and then depresses the
bacterial esterases as the concentration is raised is consistent with the fact that
very low concentrations of antibiotics may show some stimulation of the growth
of microorganisms. The crystalline horse liver esterase behaved very much like
the bacterial esterase.

IX. TETRACYCLINES

In 1950, Loomis (141) observed that chlortetracycline was capable of un-
coupling aerobic phosphorylation in liver and kidney preparations. Brody and
Bain (31) confirmed this observation but did not find uncoupling with oxytetra-
cycline. More recently (34) they have shown that oxytetracycline and tetracy-
cline differ only quantitatively from chlortetracycline. Van Meter et al. (240,
241) noted that chlortetracycline inhibition of oxygen consumption, particularly
in aged mitochondria, was reversed by Mg+, the first suggestion that the action
of these drugs might be related to metal binding. Since then Albert (8) has studied
in greater detail the avidity of oxytetracycline and chlortetracycline for a number
of metals, but unfortunately did not study Mg*+. Brody and Bain (34) have
shown that the uncouplingaction of all three tetracyclinederivatives is prevented
if sufficient Mg+ is included in the medium. This observation and the fact that
these substances do not stimulate respiration in low phosphate systems indicates
that their mechanism of action is quite different from that of dinitrophenol,
although increased ATP splitting has been found to occur with chlortetracycline
(241) as it does with DNP.

Brody and Bain (34) point out that Mg+t might counteract uncoupling by 1)
removal of chlortetracycline from its site of action by formation of a slightly dis-
sociated Mg™+ complex, or 2) by replacing essential Mg*+ which has been re-
moved by reaction with the antibiotic. These workers feel that the available
data do not permit a decision between these possibilities, although the second
one appears more attractive. However, it should be pointed out that the ratio of
Mg+ to drug for preventing respiratory inhibition (241) and uncoupling (34) is
from 10:1 to 50:1. Even if the tetracyclines complexed several Mgt ions per
molecule (and there is no evidence for more than one) there would still be ample
Mg+t for the enzymes of oxidative phosphorylation. It seems unlikely that added
Mg* fails to penetrate into the mitochondria in the presence of the drug. There-
fore, the tetracyclines cannot be uncoupling by removing Mg++. Added Mg+t
does protect mitochondria from damage and prevents swelling, and very high
concentrations appear to cause shrinkage, so there is a possibility that tetra-
cyclines penetrate poorly into mitochondria suspended in a high Mg+ medium.

Actually the concentration-effect curves of Brody and Bain would appear to
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fit fairly well with their first suggestion, 7.e., that Mg+t binds the tetracycline
and prevents it from acting. No figure is available for the dissociation constants
of Mg-tetracycline complexes, but they are probably more dissociable than the
Mn-chlortetracycline complex for which Albert (8) gives a value of 5 X: 10-5.
If the figure for Mg-chlortetracycline were 5 X 10~*, about 80 per cent of the
drug would be bound at 2 X 10— M Mg+, 95 per cent at 1 X 10— M Mg+,
This would explain why such high Mgt+ concentrations are necessary to prevent
the effect of tetracyclines. (Actually the picture is more complicated than this
would indicate because two tetracyclines appear to complex with one Mg"" at
low Mg+ concentrations.)

There is a third possibility, that tetracyclines uncouple by mteractnon mth
Mg+ bound to the enzyme without actually removing it. This is essentially the
same as saying that the Mg-tetracycline complex is the uncoupling agent. If this
were true, the high Mg:drug ratios required for protection would indicate that
the Mg-tetracycline complex has a much greater affinity for the enzyme:than
Mgt alone. It is of interest that in the case of 8-hydroxyquinoline ‘there is
evidence that the agent toxic to bacteria is the complex with Fe++ or Cu*'* not
the free chelating agent (8).

In view of recent work, indicating that Mn++ is at least ten times as actlve as
Mgt in protecting mitochondria from damaging agents (105) and that it may
be an essential ion for phosphorylation (139), the uncoupling of tetracyclines
should be restudied with Mn++. If Mn+*+ is essential in phosphorylation, it acts
in concentrations equivalent to or lower than the uncoupling concentrations of
tetracyclines. If this Mn++ were removed by tetracyclines, restoration of phos-
phorylation might be possible with Mg+, but only at much higher concentra-
tions. Saz and Slie (208, 209) have presented evidence that Mn++ is essential for
reduction of DPN by malate in certain E. col: extracts and suggest that the
inhibition of nitro-reductase by chlortetracycline in such preparations is due to
complexing with Mn*++ and preventing the formation of DPNH essential for
reduction. There is a similarity to the case of Mg+t and uncoupling in liver
mitochondria in that a 50:1 ratio of Mn*+ to chlortetracycline did not completely
prevent antibiotic inhibition of the nitro-reductase.

It is of considerable interest that several workers have observed that Mg ions
can neutralize the antibiotic effects of tetracyclines in bacterial cultures (217,
243a). For this effect Sonicin (217) used ratios of Mg™+ to tetracyclines of
25,000:1 or greater. At 1 X 10 M Mg+t and 2 X 10—% M tetracycline 90 per
cent of the antibiotic might be in complexed form. Since Ni*++, Co*+, and Zn++
form complexes of even lower dissociability but do not antagonize the actien of
tetracyclines (243b), simple removal of the drug by complex formation is'not
the whole story.

Uncoupling by tetracyclines, which has been studied almost entirely with
enzymes from mammalian tissues, occurs only with concentrations (100-300
microgm./ml.) which are much higher than those which prevent multiplication
of bacteria. Therefore, this action would appear to be involved in the antibacte-
rial effects of these drugs only if the drug were concentrated by the bacteria, or
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if the ensymes of aerobic phosphorylation in bacteria were much more sensitive
to the antibiotic, or if bacteria were much more permeable to the drug than are
mitochondria. Although Miura et al. (175) have reported that tetracyclines (at
1 microgm./ml.) specifically reduce P® incorporation into the acid-soluble phos-
phorus fraction in bacterial cells, the experiments of Gale’s group (reviewed, 67)
indicate that the ability to concentrate glutamate (Micrococcus pyogenes var.
aurm), an energy-requiring process, is not inhibited until about 100
microgm./ml. of drug is reached. This suggests that concentrations causing un-
coupling in bacteria are as high as those effective with mitochondria.

With Micrococcus pyogenes var. aureus Gale and coworkers (67) have shown
that concentrations which inhibit growth (1 microgm./ml.) also inhibit protein
synthesis, while nucleic acid synthesis, certainly an energy-requiring process,
may be doubled. Therefore, it seems unlikely that aerobic phosphorylation is the
mechanism affected by low concentrations of tetracyclines. However, when high
concentrations contact either bacterial or mammalian cells, as in the intestine,
uncoupling may be of considerable significance. Large amounts of tetracycline
do cause fatty livers and have been shown to interfere with fatty acid oxidation
in liver preparations, probably by uncoupling (34).

X. CONCLUBION

It is hoped the foregoing may illustrate not only the complexities of drug-
enzyme interactions but also the richness of the possibilities for selective inter-
" ference with enzyme systems by foreign agents. At the present time, most of the
successful drugs are developed empirically or through synthesis of congeners of
pre-existing successful types. One wishes for a rational approach which would
permit the deliberate development of new drugs specifically to affect particular
enzymes. There have been many attempts to develop drugs on a rational basis.
Perhape these attempts will be more successful in the near future. But it must
be admitted that the total enzyme matrix of the living organism is more complex
and subtle than formerly visualized. Although new information concerning
enzymes and their sensitivity to inhibition is being obtained at a constantly
accelerated rate, each increment of knowledge also shows the goal to be a little
further away than it had appeared to be.

REFERENCES

1. Apoop, L. G.: Mechanism of inhibition of phosphorylation in brain mitochondria by electrical impulses. Amer.
J. Physiol., 176: 247-252, 1984.

2. Anoow, L., Cavanavuar, M., Tecaira1, R. D. Axp GEraRD, R. W.: Metabolic and pharmacologic studies in
dnmdwvoedhnndoompomu Fed. Pmc. 10'3 1951

3. AsooDp, L. AND Guramp, R. W.: phosphorylk during stimulation of the nervous system. Fed.
Proc., 13: 1, 1954.

4. Asoop, L., Gerarp, R. W. anp Ocas, 8.: Electrical stimulation of metabolism of homogenates and particulates.
Amer. J. Physiol., 171: 134-139, 19583.

4a. ABoOD, L. G. AND RoMaNCEEK, L.: Inhibition of oxidative phosphorylation in brain mitochondria by electrical

. currents and the effect of chelating agents and other substances. Biochem. J., 60: 233-238, 1055.

5. AckesruMaxN, W. W. axD PorrER, V. R.: Ensyme inhibition in relation to ch therapy. Proc. Soc. exp. Biol.
N. Y., 72: 1-9, 1949.

6. Aanam, K. AND Bruraacr, K. E.: Specific micromethod for colorimetric determination of methanol in blood.
Acta physiol. scand., 13: 87-94, 1947.

7. Aanzn, K., HO00x, O. AND PoRraT, B. vOoN: Treatment of methanol poisoning with ethanol, with report of two
cases. Quart. J. Stud. Alc., 9: 515-522, 1949.




128 F. EDMUND HUNTER, JR., AND OLIVER H. LOWRY

9. Asuvusszx, E., HALD, J. AND LarszN, V.: The pharmacological action of acetaldehyd ont.lmel

Acta pharm. tox., Kbh., 4: 311-320, 1948.

10. Assxe, E.: ﬁbchduunzdcldhyﬂbbﬁnydnhondmhmm&z exp. Psth.'ﬁm’u 15: 323~
334, 1914,

11. Avrzs, P. J. W. anp McILwarn, H.: Techniques in tissue metabolism. 3. Application of electrical impualees to

ted tissues in aq media. Biochem. J., 55: 607-617, 1953. Cign

12. Bain, J. A.: Ensymﬁoupechof barbiturate .cﬁon. Fed. Proc., 11: 653-658, 1952,

13. BaIn, J. A.: 8y on sedative and hypnotic drugs, pp. 36-28. Williams & Wilkins, Baltimore 1964

14. Bax, J. A.: Barbiturate activation of mitochondrial adenosine-triphosphatase. Fed. Proc., 14: 315-318, 1955.

15. BaN, J. A. anp KoHLENBRENNER, R. M.: Hypothermic agents. II. Effects on pyruvate uul:nhon by brain.
Fed. Proc., 9: 255, 1950.

16. Bary, E. G. anp CooPxr, O.: The activity of succinate oxidase in relation to phosphate and phnapboms com-
pounds. J. biol. Chem., 186: 113-124, 1949.

17. Barxuows, 1. L.: Inhibition of anserobic pyruvate dissimilation in Escherichia coli by dnhydmﬂoptomymn
J. Bact., 61: 375-376, 1951.

18. BarTLETT, G. R.: Inhibition of methanol oxidation by ethanol in the rat. Amer. J. Physiol., 163: 610-62! 1950.

19. BARTLETT, G. R.: Does catalase participate in the physiological oxidation of alcohols? Quart. J. Btud. Alo., 13:
583-889, 1952.

20. BasuaN, J. AND PEBLEY, A. M.: Report of patients treated with sulfanilamide at St. Louis Clnldm 's Hospital.
J. Pediat., 11: 313-237, 1937. S

21. BasTrUP, J. T.: On the excretion of formic acid in experimental poisoning with methyl alcobol. Acta pharm.
tox., Kbh., 3: 312-322, 1947.

2. Blcxln.B Decreasp in intraocular pressure in man by a carbonic anhydrase inhibitor, diamox; -pnlimmn.ry
report. Amer. J. Ophthal., 37: 13-18, 1954.

2%a. Brcxxr, B.: Personal communication.

23. BeckeR, E. L., HobLsR, J. E. AND Fisauan, A. P.: Effect of carbonic anhydrase inhibitor on arterial-alveolar
COs gradient in man. Proc. S8oc. exp. Biol., N. Y., 84: 193-105, 1053.

2. Bxranany, E. D. anp SicrER, 8.: Mode of action of chloramphenicol. Nature, Lond., 170: 931-633, 1962.

38. BeroerroM, W. H., CarcoL1, R. F., LouBr0so, C., DaviDsoN, D. T. aND Warrace, W. M.: Observations on
the metabolic and clinical effects of carbonic-anhydrase inhibitors in epileptics. Amer. J. Dis. Child., 84: 771-
773, 1083.

28. BeruiNER, R. W., KENNEDY, T. J. JR. AND ORLOYY, J:: Relationship between acidification of the urine and po-
tassium metabolism; effect of carbonic anhydrase inhibition on potassium excretion. Amer. J. Med., 11: 374~

8. ALBEET, A.: Avidity of terramycin and aureomyocin for metallic cations. Nature, Lond., 172: m;. 1988,

2832,1061.
26a. BrrNuEiM, F.: Interaction of drugs and cell catalysts. Burgess Publishing Co., Minneapolis mo
27. BerxaEld, F.: Chemotherapy of bacterial infections V: Streptomycin and dihydm-mmomcm paraamino-

salicylic acid and isonicotinic acid derivatives. In: Pharmacology in Medicine, ed. by Drill, V, A., part 18,
chapt. 78. McGraw Hill, New York 1954.

28. BinNxiEeY, F. AND OLsoN, C. K.: Metabolism of glutathione; activators and inhibitors of the hydrolysis of gluta-
thione. J. biol. Chem., 188: 451-457, 1951.

29. BIrNBAUM, D. AND HoLLANDER, F.: Inhibition of p ti jon by the carbonic anhydrase imhibitor,
2-acetylamino-1,3, 4-thiadiasole-5-sulfonamide, diamox (#%0063). Amer. J. Physiol., 174: 191-105, 1983.

30. BonnNicHSEN, R. K. AND WasséN, A. M.: Crystalline aloohol dehydrogenase from horse liver. Areh. Biochem.,
18: 361-363, 1048.

30a. Brazizr, M. A. B.: The action of anesthetics on the nervous system with special reference to the brain stem
reticular system. In: Brain mechanisms and consciousness, ed. by Delafresnaye, J. F., pp. 163-193. Blackwell,
Oxford 1984.

30b. Brazizr, M. A. B.: Studies of electrical activity of brain in relation to anesthesia. In: Neuropharmacology, ed.
by Abramson, H. A., pp. 107-141. Josiah Macy, Jr. Foundation, New York 1955.

30c. BropY, T. M.: The uncoupling of oxidative phosphorylation as a mechanism of drug action. Pharmacol. Rev.,

7: 335-363, 1988.

31. BropnYy, T. M. AND BaIN, J. A.: The effect of cin and ¢ cin on oxidative phosphorylation. J. Pharm-
acol., 163: 338, 1051. '

32. Bropy, T. M. aAND Ba1n, J. A.: Effect of barbiturates on oxidative phosphorylation. Proc. 8cc. exp. Biol., N. Y.,
77: 50-53, 1051.

33. BropY, T. M. AND Baln, J. A.: Barbiturates and oxidative p horylation. J. Ph 1., 116: 148-1“ 1954,

34. BropoY, T. M., Hmm,R AND BaIn, J. A.: wummdtheeﬂ‘oct of tetracycline .nublotu on oxidative

in mitochondria. Antibiot. and Ch ther., 4: 864-870, 1054. .

&.anr,T‘M.mKn.m,K F.: Potentiation of barbiturate anesthesia by 2,4-dinitrophenol. J. Ph 1.,
106: 375, 1953.

35. BroNx, D. W. axp Brinx, F.: Mechani ting impul duction and oxygen metabolism in peripheral

nerve. Fed. Proc., 10: 19-20, 1961.

368. Bucazw, L.: Respiration des cellules du cerveau sous l'influence des hypnotiques. Influence de l’nloaloao C.R.
Soc. Biol., Paris, 143: 613-615, 1049.

37. BucHEL, L. AND McILwalN, H.: Narcotics and the inorganic and creatine phosphates of L bnin. Brit.
J. Pharmacol., 5: 465-473, 1950. ’

38. BuTLER, T. C.: Theories of 1 thesia. Phar 1. Rev., 2: 121-160, 1950.




EFFECTS OF DRUGS ON ENZYME SYSTEMS 129

39. Casx, E. M. aNxp McILwaln, H.: Respiration and phosphorylation in preparations from mammalian brain.
Biochem. J., 48: 1-11, 1981.

40. Cavawurro, C. J.: Relationship of thiol struct to reaction with antibiotics. J. biol. Chem., 164: 29-34, 1946.
41. Cmancs, B.: An intermediate compound in the catalase-hydrogen peroxide reaction. Acta chem. scand., 1: 336~
207, 1047.

42. Caatraway, F. W., Haw, D. A., Harrowp, F. C. AND HoLoswoRTE, E. C.: Reversal of penicillin inhibition by
yeast extract. Nature, Lond., 164: 314-315, 1049.

43. CHnLD, G. P., CrRUMP, M. AND LxONARD, P.: Studies on the disulfiram-ethanol reaction. Quart. J. Stud. Ale., 13:
570-882, 1953.

44. CHRIsTENBON, J. A.: Mechanism of action of tetraethylthiuram disulfide in alooholism; iron as an antidote for
TETD-aloohol reaction. Quart. J. Stud. Ale., 12: 30-39, 1951.

44a. Crawrory, E. J.: Personal communication.

45. DavexrorT, H. W.: Gastric carbonic anhydrase. J. Physiol., 97: 33-43, 1939.

46. Davexroxrt, H. W.: Inhibition of carbonic anhydrase by thiophene-2-sulfs ide and sulfanilamide. J. biol.
Chem., 158: 567-871, 19485.

47. Davenrort, H. W.: Carbonic anhydrase in tissue other than blood. Physiol. Rev., 26: 560-573, 1946.

48. Davexrort, H. W. anp WiLEELMI, A. E.: Renal carbonic anhydrase. Proc. Soc. exp. Biol., N. Y., 48: 53-86,
1041,

49. Davizs, R. E. AND EpxLMAN, J.: The function of carbonic anhydrase in the stomach. Biochem. J., 50: 190-194,
1981.

80. DivaTia, K. J., Hing, C. H. AND BurBRIiDGE, T. N.: S8imple method for determination of tetraethylthiuramdi-
sulfide (antabuse) and blood levels obtained experimentally in animals and clinically in man. J. Lab. elin.
Med., 39: 974-083, 1983.

51. DurreNOY, J. AND PRATT, R.: Cytochemical mechanisms of penicillin action. VII. Effects on activity of alkaline
phosphatase. J. Bact., 56: 99-105, 1948.

82. EpzLuocH, H., Havaisal, O. AND TerLy, L. J.: The preparation and properties of a soluble diphosphopyridine

leotide cytochrome C reductase. J. biol. Chem., 197: 97-104, 1982.

83. Ege,C.: anKnntn-dule&hyhlbholwnkm Schweis. med. Wachr., 57: 5-7, 1937.

54. EnLxx, J. J. Anp McEwzx, W. K.: The effect of pentobarbital on bi phmphuyhﬁoninbninhom
Arch. Biochem., 20: 163-165, 1049.

85. ELDJARN, L.: Metabolism of tetraethylthi disulphide (antabuse) in the rat, investigated by means of radio-
active sulphur. Scand. J. clin. Lab. Invot..).lﬂ-ml.luo .

56. ELbiaxy, L.: Metabolism of tetraethylthi disulphide (antabuse, a ) in man, investigated by means of
radioactive sulphur. Scand. J. clin. Lab. Invest., 2: 203208, 1980.

56a. Ernarxr, L., JaLLING, O., Low, H. AND LINDBERG, O.: Alternative pathways of mitochondrial DPNH oxida-
tion, studied with amytal. Exp. Cell. Res., Suppl. 3: 124-133, 1985.

87. Fruosxra, W., KxmiN, D. axp MANN, T..: Activity of carbonic anhydrase in relation to gastri tion. Nature,
Lond., 146: 651-653, 1940.

58. Fsw, A. V., Coorxr, P. D. AND RowLEY, D.: Reaction of penicillin with the staphylocoocal cell wall. Nature,
Lond., 169: 283-284, 1953.

59. FimLp, J.: Cell respiration and fer tation; back d for study of narcotic action. Anesthesiology, 8: 137-155,
1047,

60. Fracanz, E.: A note on the similarity of glutathione and penicillin. Science, 106: 146, 1947.

61. Frrzamaavrp, R. J. AND BxrnuEy, F.: Effect of sodium fluoride on metabolism of certain myecobacteria. J. Bact.
55: 677-683, 1948.

62. Forpa, O. axp McILwain, H.: Anticonvulsants on electrically stimulated metabolism of ted mammalian
oerebral cortex. Brit. J. Pharmaocol., 8: 225-229, 1953.

63. FrispeN, E. H. AND Frazizr, C. N.: The effects of various ts upon itivity of Staphyl aureus to
penicillin. Arch. Biochem., 15: 265-278, 1047.
64. ForruaN, F. A. aNp Fixwp, J. 2nd.: The relationship b hemical structure and inhibitory action of bar-

bituric acid derivatives on rat brain respiration in vitro. J. Pharmacol., 77: 393-400, 1043.

65. FuanuaN, F. A. axp Fizup, J. 2nd.: Inhibition of brain respiration by ethyl alcohol at varied temperature
levels. Proc. 8oc. exp. Biol., N. Y., 69: 331-333, 1948.

66. Gaun, E. F.: Nitrat daptation: an apparent effect of penicillin which can be reversed by salt. Brit. J. exp.
Path., 30: 350-364, 1949.

67. Gaus, E. F.: Points of interference by antibiotics in the assimilation of amino acide by bacteria. Symposium on
the mode of action of antibiotics. 2nd Internat. Congress Biochem., Paris, 1983, pp. 5-20.

68. Gaus, E. F. AnND FoLxzs, J. P.: The assimilation of amino acids by bacteria. 14. Nucleic acid and protein syn-
thesis in Staphyl Biochem. J., 53: 483-493, 1953.

69. Gavx, E. F. axp Forxzs, J. P.: The assimilation of amino acids by bacteria. 15. Actions of antibiotics on nucleic
acid and protein synthesis in Staphyl, aureus. Bioch J., 53: 493498, 1963.

70. Gavs, E. F. axp FoLxxs, J. P.: The mmhuon of amino acids by bacteria. 18. The incorporation of glutamic
acid into the protein fraction of S a . Biochem. J., 55: 721-729, 1983.

71. Gavus, E. F. axp FoLxxs, J. P..Thounmhtionol.mnomdabym 19. The inhibition of phenylalanine
incorporation in Staphylococcus aureus by chl phenicol and p-chlorophenylalanine. Bioch J., 88: 730~
735, 1953.

71a. Gan, E. F. AnDp FoLxzs, J. P.: The effect of nucleic acids on the development of certain ensymic activities in
disrupted staphyk 1 cells. Bioch J., 59: 675084, 1985.




130 F. EDMUND HUNTER, JR., AND OLIVER H. LOWRY

73. GaLE, E. F. axp Painz, T. F.: The assimilation of amino acids by bacteria. 13. The action of inhibitors and

mubmmthmmuh&ndﬁudnhmiouddmdtbalormationolmmbimdduhmmh-%ﬂ.—
Bioch J., 48: 208-301, 1961. .

7. Gu.n,E F. m'rAm:,E.s. Th-dmlhﬁmdmmomdahyb‘cms Tha-ctinnolpmhmminm

the assimilation of glutamic acid by Staphyl. J. gen. Microbiol., 1: 314-336, 1047, .
74. Grrarp, R. W.: Symposium on sedative and hypnotic-drugs. Williams & Wilkins, Baltimore 1964. -
78. GranaM, W. D.: In vitro inhibition of liver aldehyde dehydn by tetraethylthi disulphide. J.- Plnrm

Lond. 3: 160-168, 1981.

76. Grxen, D. E.: Ensymes and the mode of action of sedatives and hypnotic drugs. In: Symposium oa- ndlhvo
and hypnotio drugs, pp. 20-31. Williams & Wilkins, Baltimore 1954.

77. Greex, H., CarrEr, 8. A., Becxer, C. A. AND Laororp, I. H.: Thadectoldnmonthomrbonionhydnn
mwtyol&hommuvudthnbbnm Arch. Ophthal., N. Y., 1985, in press.

78. Grrig, M. E.: The site of action of tics on brain metaboli J. P‘ 1., 87: 185~192, 1046.

79. Grx1a, M. E.: Theories of anesthesia. In: Pharmacology in Medicine, ed. by Drill, VA , part 3, chapt. 3. chnw-
Hill, New York 1954.

80. GrenELL, R. G. AXD Davirs, P. W.: Respiration of cerebral cortex sn vivo in the absence of glucose. Fed. Proe.,
9: 53, 1060,

81. Gros, F. axp Macuxsoxur, M.: Aspects biochimiques du mode d’action de la pénicilline. In: Symposium on the
mode of action of antibiotics. 2nd Internat. Congress Biochem., Paris, 1963, pp. 101-133.

83. Gnos, F., RYysack, B., Macuzsosur, M. AND RaxBRcK, U.: Aetiond-humnillimetdolammm
la dépolymérisation de V'acide ribonucléique par la ribonucléodépolymérase cristallisée. C. R. Acad. Sei.,
Paris, 206: 1850-1853, 1948.

83. Haas, E., Horncxer, B. L. ANp Hoaxzss, T. R.: The ensymatic reduction of cytochrome C: Cytoohromoc
nduotuo. J. biol. Chem., 136: 747-776, 1940.

84. Hawp, J. AxD J. , E.: The f ti d-mﬂdehydemtbmhmdumuﬁondnﬁbms(m
ethylthiuram dhulphlde) and aloohol. Acta pharm. tox., Kbh., 4: 305-310, 1948,

85. Hawp, J., JacosseN, E. AND Lanexx, V.: The sensitising effect of tetraethylthi disulfide (antabuse) to
ethyl aloohol. Acta pharm. tox., Kbh., 4: 385-296, 1048.

88. Hawp, J., JacosseN, E. AND Lansex, V.: Formation of acetaldehyde in organism in relation to dosage of antabuse
(tetraethylthiuram disulphide) and to aloohol conocentration in blood. Acta pharm. tox., Kbh., 8: 179-188,
1049.

87. Hawp, J., JacoBskN, E. AND LanrskN, V.: Rate of acetaldehyde metabolism in isolated livers and hind limbe of

bbits treated with buse (tetrasthylthiuram disulphide). Acta pharm. tox., Kbh., 5: 208-308, 1049.

88. Havup, J., JacoBseN, E. AND LarskN, V.: Antabuse effect of some ds related to antabuse and ey id
Acta pharm. tox., Kbh., 8: 339-337, 1053. .

89. Haup, J. AND LarskN, V.: Rate of acetaldehyde metabolism in rabbits treated with antabuse (tetraethylthiuram
disulphide). Acta pharm. tox., Kbh., 5: 203-297, 1949.

90. Haxzs, C. 8., Hirp, F. J. R. AND Isuzrwoop, F. A.: Synthesis of peptides in ensymic reactions involving
glutathione. Nature, Lond., 166: 288-903, 1950.

91. Hawnzs, C. 8., Hizp, F. J. R. AND IsusRWOOD, F. A.: Ensymic transpeptidation reactions involving y-glutamyl
peptides and a-amino-acyl peptides. Biochem. J., 51: 35-38, 1962.

93. Harror, G. A. Jr. AND Benepict, E. M.: Acute methyl aloohol poisoni iated with acidosis; report of a
oase. J. Amer. med. Ass., 74: 25-37, 1920.
93. HarTING, J.: Oxidation of acetaldehyde by glyceraldehyde-3-phosphate dehydr of rabbit musocle. Fed.

Proc., 10: 195, 1951,

. Hnu).P J.: Rnpndchmmauﬁmpho.phbkvdhmmdm Biochem. J., 57: 673-679, 1954.

95. Hiawicn, H. E.: Brain metaboli bral disord Wﬂlhml&Wilkidehml“l.

96. Hivwica, W. A., Housunores, E., m-cA,R Anp Hiewicn, H. E.: Brain metabolism in man; unanesthetised
and in pentothal narcosis. Amer. J. Peychiat., 163: 680-006, 1947.

97. Hing, C. H., Axpxrson, H. H., MacxuIN, E. A., B s, T.N., 8 , A. AND Bownax, K. M.: Some ob-
servations on the effects of small doses of alcohol in patients receiving tetrasthylthiuram-disulfide (antabuse).
J. Pharmacol., 98: 13-14, 1980.

98. HOBER, R.: Effects of some sulfonamides on renal excretion. Proc. S8oc. exp. biol., N. Y., #: 87-90, 1943.

99. Horrs, H. E., Wisszuax, C. L. Jr. axp Hanx, F. E.: Mode of action of chloramphenicol. V. Effect of chloram-

henicol on polysaccharide synthesis by Neisseria perflava. Antibiot. and Chemother., 4: 857-858, 1054.

100. Horxcxer, B. L.: Triphosphopyridine nucleotide-cytochrome C reductase in liver. J. biol. Chem., 183: 503005,
1950.

101. Hororxiss, R. D.: Penicillin and amino acid assimilation in Staphylocooci. Fed. Proc., 8: 308, 1049,

103. Horcuxiss, R. D.: The abnormal course of protein synthesis in the presence of penicillin. J. exp. Med., 91: 351-
364, 1080.

103. Horcuxiss, R. D.: The effect of penicillin upon protein synthesis by bacteria. Ann. N. Y. Acad. 8ai., 53.18-
17, 1950.

104. HuLux, N, A. AND KRANTS, J. C. Jr.: Effect of anesthetic agents on the oxidative phnphoryhtmdbnin
particulate fractions. Fed. Proc., 13: 368-309, 1954.

105. Howrzx, F. E. awp Foro, L.: Inactivation of oxidation and phosphorylation in mitochondria by preincubation
with phosphate and other ions. J. biol. Chem., 216: 357-369, 1055. .

108. Jacosskn, E.: Metabolism of ethyl aloobol. Nature, Lond., 169: 645-647, 19532.




EFFECTS OF DRUGS8 ON ENZYME SYSTEMS 131

107. Jacoparx, E. AxD Lanszx, V.: Site of f¢ tion of acetaldehyde after ingestion of antabuse (tetraethylthiuram
disulfide) and aloohol. Acta pharm. tox., Kbh., 5: 2385-291, 1049.

108. Jaxowrrs, H. D., Cowcnzr, H. anp HoLLaxpes, F.: Inhibition of gastric secretion of acid in dogs by carbonie
anhydrase inhibitor, 3-acetylamino-1,3, 4-thiadiasole-3-sulfonamide. Amer. J. Physiol., 171: 335-330, 193.

109. Jomwsow, W. J. axp Quasrzr, J. H.: Narcotics and biological acetylations. Nature, Lond., 171: 603-005, 1953.

100a. Jomeson, W. J. AND Quaster, J. H.: A comparison of the effects of narcotics and of 3, 4-dinitrophenol on sul-
fanilamide acetylation. J. biol. Chem., 205: 163-171, 1953.

110. JoaxsroN, C. D.: The in vitro reaction between tetraethylthiuram disulfide (antabuse) and glutathi Arch.
Biochem., 44: 349-351, 1953.

111. Jowmrr, M.: The action of narcotics on brain respiration. J. Physiol., 92: 323-335, 1938.

113. Jowsrr, M. Axp QuasTiy, J. H.: Effects of ios on tissue oxidati Bioch J., 31: 565-578, 1937.

118. JownrT, M. AxD QUasTEL, J. H.: The effect of ether on brain oxidation. Biochem. J., 31: 1101-1112, 1937.

114. Kznuiw, D. axp Hanrrer, E. F.: Coupled oxidation of alecohol. Proc. roy. 8oc. B, 119: 141-150, 1936.

118. Kzmwin, D. ANp HarTrEE, E. F.: Properties of catalase. Catalysis of coupled oxidation of alcohols. Biochem. J.,
39: 203-301, 1945.

116. Kxmwiw, D. anp Maxy, T.: Carbonic anhydrase. Purification and nature of the ensyme. Biochem. J., 34: 1163~
1176, 1940.

117. Kenpavn, L. P. AND RAMANATHAN, A. N.: Liver aloohol dehydrogenase and ester formation. Biochem. J., §2:
430-438, 1953.

118. KeNpaL, L. P. AND RAMANATHAN, A. N.: Excretion of formate after methanol ingestion in man. Biochem. J.,
54: 434420, 1063.

119. Kpry, 8. 8.: Cerebral circulation and metabolism. In: The biology of mental health and disease, pp. 20-30, 37th
Annual Conf. of the Milbank Memorial Fund. Hoeber, New York 1953.

190. Knanzu, J. R., O1sox, C. K., Oxzsox, D. AND Bm, F.: Hydrolysis of glutathione. Fed. Proo., 9: 100, 1950.

131. Knesny, V. E.: Comparative chemistry of aq in posterior and anterior chamb olnbbitm,ih
physiologic significance. Arch. Ophthal., 50: 401-417, 1953.

123. Ksxuo@aarp, N. O.: Inhibition of aldehyde oxidase from liver by tetraethylthi disulphide (antabuse).
Acta pharm. tox., Kbb., 5: 397403, 1949.

123. Krorsz, I. M., Unquraxt, J. M. axp Wxses, W. W.: Penicillin-protei L Arch. Biochem., 26: 430-435,
1980.

124. Kraurrrz, L. O., Grexn, M. N. AND WerxuMAN, C. H.: On the mode of action of penicillin. J. Bact., 53: 378-
379, 1047,

125. Knaurrrs, L. O. AND WErKMAN, C. H.: On the mode of action of penicillin. Arch. Biochem., 13: §7-67, 1047,

126. KraTsiNG, C. C.: The ability of some carboxylic acids to maintain phntphto levels and support electrical stimu-
lation in cerebral tissues. Biochem. J., 54: 313-317, 1953.

127. Kzatxang, C. C. axp Nmruu-wun, A.: The ensymic determination of energy-rich phosphates in brain.
Biochem. J., 54: 317-323, 1952.

138. Kxass, H. A.: Inhibition of carbonic anhydrase by sulph ides. Biochem. J., 43: 525-528, 1948.

129. Kniusxy, 1. oxp Rackze, E.: Glutathione, a prosthetic group of glyceraldehyde-3-phosphate dehydrogenase.
J. biol. Chem., 198: 721-739, 1953.

139a. Lampy, H. A. Anp WeLLMAN, H.: Oxidative phosphorylati Role of i ic phosphate and ptor sys-
tems in control of metabolic rates. J. biol. Chem., 195: 215-224, 1983.
130. Lanranzs, M. G.: Effects of anesthetics on oxygen tion and synaptic transmission in sympathetic

ganglia. In: Thebbbcydmhlhnlthmddhuu,pp.m ﬂthAnnulConl.oﬂhelxlbmklowhl
Fund. Hoeber, Baltimore 1953.

131. Laxmaszs, M. G., Gancia Ramos, J. AND BuLBRING, E.: Effects of anesthetics on oxygen consumption and on
synaptio transmission in sympathetic ganglia. J. cell. comp. Physiol., 40: 461-494, 1053.

183. Lanranxe, M. G. AND HoLADAY, D. A.: Depression of transmission through sympathetic ganglia during general
anesthesia. J. Pharmacol., 105: 400408, 1952.

133. Lannaszs, M. G. AND PosrERNAK, J. M.: Beloctive action of anesthetics on synapees and axons in mammalian
sympathetic ganglia. J. Neurophysiol., 15: 91-114, 1952.

134. Lansax, V.: The effect on experimental animals of antab (tetraethylthi disulfide) in combination with
aloohol. Acta pharm. tox., Kbh., 4: 321-333, 1948.

135. Lzar, G. AND ZATMAN, L. J.: 8tudy of conditions under which methanol may exert toxic hasard in industry.
Brit. J. industr. Med., 9: 19-31, 1083,

136. Lavy, L. Axp FraTaRRSTONE, R. M.: The effect of xenon and nitrous oxide on in vifro guinea pig brain respira-
tion and oxidative phosphorylation. J. Pharmacol., 110: 221-225, 1984.

137. Lzws, J. L. axp McILwaixn, H.: The action of some ergot derivatives, mescaline, and dibenamine on the metab-
olism of separated mammalian cerebral tissues. Biochem. J., 57: 680-684, 1054.

138. Lrxcnerman, H. C. Axp GrurmLrax, R. F.: Inhibition of pantothenate synthesis by streptomycin. Proc. Soc. exp.
Biol., N. Y., 77: 450-461, 1951.

139. LinpexRa, O. AND ERNsTER, L.: Manganese, a co-factor of oxidative phosphorylation. Nature, Lond., 173: 1038~
1030, 1054.

140. Loo, Y. H., Cartsr, H. E., Kzau, N. AND ANDERLIK, B.: The effect of streptomycin on a variant of Toruls
wiilis. Amh Biochem., ﬁ' 144-150, 1950.

141. Looms, W. F.: Onthemeehmnmofwﬁonoltummymn Scienoce, lll 474, 1980.

142. Lumin, M. anp Westzrrerp, W. W.: Metabolism of acetaldehyde. J. biol. Chem., 161: 503-513, 1045.



132 F. EDMUND HUNTER, JR., AND OLIVER H. LOWRY

143. Lounp, A.: Excretion of methanol and formic acid in man after methanol consumption. Acta pharm. tox., Kbh.,
4: 205-212, 1948,

144. Lurwax-MAanN, C.: Aloohol dehyd of 1 ti Bioch J., 32: 1364-1374, 1938.

148. Maass, E. A. AND JOHNSON, M J. Relations between bound penicillin and growth in Staphylococcus aureus. J.
Bact., 58: 361-306, 1049.

146. l(Aanoo,L. D.: Acetaldehyde in relation to i ication by ethyl alcobol. Quart. J. Stud. Ale., t1: 385-390,
1950.

147. Magoun, H. W.: A neural basis for the anesthetic state. In: Sy
1-19. Williams & Wilkins, Baltimore 1954.

147a. MaGouN, H. W.: The ascending reticular system and wakefulness. In: Brain mechanisms and consciousness,
ed. by Delafresnaye, J. F., pp. 1-15. Blackwell, Oxford 1954.

posium on sedative and hypnotic drugs, pp.

147b. MAGoUN, H. W.: Ascending reticular system and anesthesia. In: N ph logy, ed. by Ab ,H. A.,
pp. 145-161. Josiah Macy, Jr. Foundation, New York 1985.
148. MauLER, H. R. AND GreEN, D. E.: Metallo-flavoproteins and el t port. Sci , 120: 7-11, 1954,

149. ManLxr, H. R., Barxar, N. K., V. , L. P. AND AL Y, R. A.: Studies on diph ,‘ ridine nucleotid:
cytochrome C reduct: II. Purification and properties. J. biol. Chem., 199: 585-507, 1982.

180. MaNN, T. anp Kzmin, D.: Sulphanilamide as a specific inhibitor of carbonic anhydrase. Nature, Lond., 146:
164-165, 1940.

151. MareN, T. H. AND WapswoRrTH, B. C.: The relation between the pharmacological disposition and the renal ef-
fects of diamox, 2-acetylamino-1,3, 4-thiadiasole-5-sulfonamide, a carbonic anhydrase inhibitor. J. Pharmacol.,
110: 34-35, 1954.

152. MareN, T. H., MAYER, E. AND WapsworTH, B. C.: Carbonic anhydrase inhibition. I. The pharmacology of
diamox (2-acetylamino-1,3, 4-thiadiasole-5-sulfonamide). Johns Hopk. Hosp. Bull., 95: 199-243, 1984.

153. MareN, T. H. meom,B C., Yauz, E. K. aAND ALoN®0, L. G.: Carbonic anhydrase inhibition. II1. Effects
of Di on el tabolism. Johns Hopk. Hosp. Bull., 95: 277-331, 1954.

154. MarsaaLy, E. K. Jr., Cmmow C. anp Enxxrson, K. Jr.: Thetomtyotmlfmﬂamde J. Amer. med. Ass.,
110: 252-257, 1938.

185. MassarT, L., Peerers, G. AND VAN Houcks, A.: Penicillin and ribonuclease. Experientia, 3: 494495, 1947.

156. MaxweLL, R. E. AND Nickxw, V. 8.: Chelating agents, barbiturates and stimulation of rat brain adenosine tri-
phosphatase. Proc. Soc. exp. Biol., N. Y., 86: 846-848, 1954.

157. MaY~ERT, E. W. AND VAN DYxE, H. B.: Absence of localisation of barbital in divisions of the central nervous
system. J. Pharmacol., 98: 184-187, 1950.

188. McELrOY, W. D.: The mechanism of inhibition of cellular activity by narcotics. Quart. Rev. Biol., 22: 25-58,

1947.

159. McILwaIN H.: Brain metabolism and activity. Brit. med. Bull., 6: 301-304, 1950.

160. McILwaiN, H.: Metabolic response in vitro to electrical stimulation of sections of lian brain. Biochem.
J., 49: 383-393, 1951.

161. McILwailN, H.: Metabolic response in vitro to electrical stimulation of sections of lian brain. J. ment.

Sci., 97: 674-680, 1951.
162. McILwain, H.: Phosphates and leotides of the central nervous syst Bioch Soc. Symposi no. 8,

Pp. 2743, 1953.

163. McILwaiN, H.: Phosphates of brain during in vitro metabolism; effects of oxygen, glucose, glutamine, and cal-
cium and potassium salts. Bioch J., 52: 289-205, 1952.

164. McILwa1n, H.: The effect of depressants on the metabolism of stimulated bral ti Bioch J., 53: 403~
412, 1953.

165. McILwaIn, H.: Electrically stimulated cerebral tissues in the study of drugs acting on the central nervous system.
Biochem. J., 53: xviii, 1963.

loo.l(ch.wm,li.:“‘ whioch support tion and metabolic to electrical impulses in h
cerebral tissue. J. Neurol. Psychiat., 16: 257-266, 1953.
167. uclmum,H BuchzL, L. AND CresHIRE, J. D.: The i io phosphate and phosph tine of brain, es-
iall tabolism in vitro. Biochem. J., 48: 12-20, 1851.

168. McILwain, H. AND CHEsHIRE, J. D.: Metabolic maintenance of the inorganic and creatine phosphates of brain
tissue in vitro. Biochem. J., 47: xviii, 1950.

169. McILwaiNn, H. AND Gore, M. B. R.: Actions of electrical stimulation and 2, 4-dinitrophenol on the phosphates in
sections of mammalian brain sn vitro. Biochem. J., 50: 24-28, 1951.

170. MicuaxLs, M. AND QuasTEL, J. H.: The site of action of narootics in respiratory processes. Biochem. J., 35: 518-
533, 1941,

171. Mrer, W. H., DxsserT, A. M. AND RoBLIN, R. O. JR.: Heterocyeclic sulfe ides as carbonic anhydrase in-
hibitors. J. Amer. chem. Soc., 72: 4893-4806, 1950.

172. MrLricHAP, J. G. AND W Y, D. M.: Comparison of anticonvulsant potency and effects on brain carbonic
anhydrase of acetasoleamide and sulf ide. J. Pharmaocol., 113: 39, 1955.

173. MrrcaELL, P.: Some observations on mode of action of pemcnllm Nature, Lond 164: m-m 1949.

174. MrrcaeLL, P. AND MoYLE, J.: Relationship between cell growth, surf: , and ic acid producti
in normal and penicillin-treated Msicr PYog J. gen. Microbiol., 5. 431-438 1051,

175. Miura, H., NAXAMURA, Y., MaTsUDAIRA, H. AND KoMzul, T.: The mode of action of terramycin. Antibiot.
and Chemotbher., 2: 153-158, 1952.

176. NARAYANASWAMI, A. AND McILwaiN, H.: Electrical pulses and the metabolism of cell-free cerebral preparations
Biochem. J., 57: 663-666, 1954.




EFFECTS OF DRUGS ON ENZYME SYSTEMS 133

177. Nowinsxki, W. W. Axp Ewixa, P. L.: Effect of tetraethylthiuram disulfide (antabuse) on the aloohol metabolism
+n vivo. Tex. Rep. Biol. Med., 11: 507-001, 1088, . ;.

178. Nmun.A.P.mSmn.J. B.: D-glyceraldehyde 3-phosphate dehydro ; & comparison with liver

aldehyde dehydrogenase. Arch. Biochem., 3: 119-138, 1953.

17. Ogivexy, E.L..&m-l P.H.msoumolovm.l.b The action of streptomycin. IV. Fatty acid oxidation
by Mycobacterium é losis, avian type. J. Bact., 59: 2044, 1950.

180. Oamvsxy, E.L.,&nu,P.H.mUnm,W.W The action of streptomyein. I. The nature of the reacti
inhibited. J. Bact., 58: 747-750, 1949.

181. Owx-Lansszx, A. AND 8x04, E.: Effect of tetraethylthiuram disulphide (disulfiram) upon toxicity of lower
aliphatic aldehydes. (Formaldehyde, acetaldehyde, propionaldehyde, butyraldehyde, acrolein, and crotonalde-
hyde). Acta pharm. tox., Kbh., 7: 220-228, 1051.

182. Owen, C. A. J=., Karuson, A. G AND Zxirem, E. A.: Euymolozyofmbmhbndlllmdothc myocobacterium.
V. Influence of streptomycin and other basic sub on the diami bacteria. J. Bact.,
63: 53-63, 1051.

183. Parx, J. T.: Isolation and structure of the uridine-8’-pyrophosphate derivatives which accumulate in Staphylococ-
cus aurens when grown in the presence of penicillin. Symposium on mode of action of antibiotics, 2nd. Internat.
Congress Biochem., Paris, 1063, pp. 31-39.

184. PaRx, J. T.: Uridine-8’-pyrophosphate derivatives. 1. Isolation from Staphylococcus aureus. J. biol. Chem., 194:
877-884, 1083.

185. Paxx, J. T.: Uridine-8’-pyrophosphate derivatives. II1. A structure common to three derivatives. J. biol. Chem.,
194: 885-8085, 1083.

188. Pazx, J. T.: Uridine-8’-pyrophosphate derivatives. III. Amino acid-containing derivatives. J. biol. Chem., 194:
897-904, 1953.

187. Pxesxy, H., GoLpeTEIN, M. 8. AND LxVINE, R.: The ensymatic mechanism of barbiturate action. J. Pharmacol.,
100: 273-283, 1950.

188. Prrrs, R. F. AND ALEXANDER, R. 8.: The nature of the renal tubular mechanism for acidifying the urine. Amer.
J. Physiol., 144: 230-254, 1045.

189. Pomy, J.: Uber die Oxydation des Methyl- und Aethylalkohols im Thierkarper. Arch. exp. Path. Pharmak., 31:

381-303, 1803.

190. Porrzr, V. R. AND Rrrr, A. E.: Inhibition of an electron transport t by antimycin A. J. biol. Chem.,
194: 287-307, 1953.

191. PratT, R. AND DUPRRNOY, J.: EvVid for the invol t of glutathione in the mechanism of penicillin ac-

tion. J. Amer. chem. Soc., 78: 1671, 1048.

192. PratT, R. AND DUPRENOY, J.: Mechanisms of antibiotic action and trends in antibiotic chemotherapy. Tex. Rep.
Biol. Med., 9: 76-144, 1951.

193. QuasTL, J. H.: Effects of drugs on metabolism and physiologic activity of brain. In: The biology of mental health
and disease, pp. 360-876, 27th Annual Conf. of the Milbank Memorial Fund. Hoeber, New York 1963.

193a. Quasrry, J. H.: Biochemical effects of administration of narcotics and aleohol. In: Origins of resistance to toxio
agents, pp. 300-331. Academic Press, New York 1985.

194. QuasTEy, J. H.: Biochemical aspects of narcosis. Curr. Res. Anesth., 31: 151-163, 1053.

195. Quasrzy, J. H.: Action of drugs on ensyme systems. Brit. med. Bull., 9: 143-145, 1053.

195a. Quasrzy, J. H.: Biochemical aspects of is. In: N hemistry, the chemiocal dynamios of brain and nerve,
ed. by Elliott, K. A. C., Page, 1. H. and Quastel, J. H., pp. 648-673. Thomas, Springfield, Illinois 1055.

196. QuasTEL, J. H. AND WHEATLEY, A. H. M.: Narcosis and oxidations of the brain. Proc. roy. Soc. B, 112: 60-79,
1933.

197. Quasrey, J. H. AND WHEATLEY, A. H. M.: Narcotics and brain oxidations. Reversibility of narcotic action in
witro. Biochem. J., 28: 1521-1529, 1934.

198. Rasy, K.: Relation of blood acetaldehyde level to clinical symptoms in the disulfiram-alcohol reaction. Quart.
J. Stud. Alo., 18: 21-32, 1054.

199. Racken, E.: Aldehyde dehydn a diphosphopyridine nucleotide-linked ensyme. J. biol. Chem., 177: 883-

893, 19049.

200. Racxxx, E. AND Kriusxy, I.: The hanism of oxidation of aldehydes by glyceraldehyde-3-phosphate de-
hydrogenase. J. biol. Chem., 198: 731-743, 1953.

201. RaroroRrT, 8. AND WaaNER, R. H.: A phosphate ester of a tricarboxylic acid in liver. Nature, Lond., 168: 205-
296, 1951.

202. Reicaxrt, D. A., VANDERLINDE, R. AND WeerzrreLD, W. W.: Composition of rat liver xanthine oxidase and its
inhibition by antabuse. J. biol. Chem., 186: 261-274, 1950.

203. Ricarer, D.: Brain metabolism and cerebral function. Biochem. S8oc. Symposium, no. 8, pp. 63-75, 1963.
304. RoBLIN, R. O. Jr. anD Crarp, J. W.: The preparation of heterocyclic sulfonamides. J. Amer. ehem.soa 72:
4800-4893, 1950.

205. RooN1GHT, R. aND McILwarn, H.: Techniques in tissue metabolism. 3. Studyonmuefnanenhwith little or
no added aqueous phase and in oils. Biochem. J., 57: 649-661, 1054.

208. ROx, O.: Clinical investigation of methanol alcohol poisoning with special reference to pathogenesis, treatment of
amblyopia. Acta med. scand., 113: 558-608, 1943.

208a. ROE, O.: The metabolism and toxicity of methanol. Pharmacol. Rev., 7: 399412, 1955.

207. Rovasnron, F.J. W.: Rontmkwwbondmdommtbybbod.Phyth Rev., 15: 241-208, 1935,

208. 8as, A. K. anp 8wz, R. B.: Inhibiti ic nitro reductase by chlortetracycline in bacterial, cell-free ex
tracts. In: Antibiotics Annual, pp. W Mod Encyclopedia, Inc., New York 1953.




134 F. EDMUND HUNTER, JR., AND OLIVER H. LOWRY

200. 8as, A. K. anp Buiz, R. B.: Manganese reversal of aureomyein inhibition of bacterial cell-free nitro reductase.
J. Amer. chem. Boc., 75: 46364637, 1053.

210. ScauzLar, F. W. AxD Gross, E. G.: The effect of nembutalised blood upon the s» vifre respiration of brain. J.
Pharmacol., 98: 38-29, 1980.

211. SceawarTts, W. B.: The effect of sulfanilamide on salt and water excretion in congestive heart failure. New Engl.
J. Med., M0: 173-177, 1049,

212. Saxrano, R. H., Doxoso, H., KnLrick, E. M., CHERNIAK, R. M., Jorxs, C. T. aANp Rinry, R. L.: Interference
with release of COs from pulmonary capillary blood after inhibition of carbonic anhydrase. Fed. Proc., 13:
135, 1964,

213. Snouonps, 8. Axp FRUTON, J. 8.: Action of penicillin on bacterial utilisation of amino acids and peptides. Science,
111: 339-331, 1980.

314. SrarER, E. C.: The dihydrocosymase-cytochrome C reductase activity of heart muscle. Biochem. J., 46: 499-508,
1950.

215. Surrm, P. H., OciNsxy, E. L. ANp Uusrerr, W. W.: The action of streptomycin. II. The metabolic properties
of resistant and dependent strains. J. Bact., 58: 761-767, 1049.

316. S8urra, G. N., Wornew, C. 8. AND 8waNsON, A. L.: Inhibition of bacterial esterases by chloramphenicol. J. Bact.,
58: 803-800, 1049.

317, Sonicw, E.: F i di interf tra elettroliti e antibiotici. II1. Ione magnesio ¢ aureomicina, terramicina,
cloramfenicolo. Arch. int. Pharmacodyn., 94: 346-353, 1053.

218. SourrworTr, H.: Acidosis associated with the administration of para-amino-bensene-sulfonamide (prontylin).
Proc. 8oe. exp. Biol., N. Y., 36: 58-61, 1937.

319. Srots, E.: Colorimetric determination of acstaldehyde in blood. J. biol. Chem., 148: 585-501, 1048.

2%. Stors, E., WeerarrzLp, W. W. AND Bxrg, R. L.: Metabolism of acetaldehyde with acetoin formation. J. biol.
Chem., 152: 41-50, 1944.

231. Srravss, M. B. AND BoureWwoRTH, H.: Urinary changes due to sulfanilamide administration. Johns Hopk.
Hosp. Bull., 63: 4145, 1938.

222, STRITTMATTER, P. A. J.: The biological oxidation of methanol and formaldehyde. Thesis, Harvard University,
Cambridge, Mass., 1953.

223. STROMINGER, J. L.: Biochemical effects of penicillin on nucleotide and nucleic acid metabolism in Staphy
aureus and Lactobacillus helveticus 335. Fed. Proc., 12: 277, 1983,

234. S8wanson, E. E. anp Cren, K. K.: Aberrant action of sodium 1,3-dimethylbutyl-ethyl-barbiturate. Quart. J.
Pharm., 13: 657-600, 1939.

235. Swenpexo, M. E., WrigHT, P. D. anD Brrazy, F. H.: A growth factor for L. citrovorum synthesised by hemo-
poietic tissue reversing aminopterin and chloromyoetin inhibition. Proc. S8oc. exp. Biol., N. Y., 80: 680-000,
1952,

226. TarporxLL, H. AND BoNNicusEN, R.: Studies on liver aloohol dehydrogenase. I. Equilibria and initial reaction
velocities. Acta chem. scand., 5: 1108-1126, 1951.

227. Tomasuxrsxi, J. F., CuiNn, H. I. anD CLaBK, R. T. Jr.: Effect of carbonic anhydrase inhibition on respiration.
Amer. J. Physiol., 177: 451-484, 1954.

238. TrunavuT, R., LaxBIN, 8. ANp Borzn, M.: Contribution i 1’étude du mécani d’action de la chl oétine
vis-d-vis d’Bberthella typhi. Rdle du tryptophane. Bull. 8oc. Chim. biol., Paris, 33: 387-893, 1951.
229, Tacuiral, R. D., Froer, R. W. axp TAYLOR, J. L.: Inhibition of brospinal fluid f tion by a carbonic

anhydrase inhibitor (diamox). Proc. S8oc. exp. Biol., N. Y., 87: 373-376, 1954.

230. Tuckxxr, H. F. anp BaLy, E. G.: The activity of carbonic anhydrase in relation to the secretion and composition
of pancreatic juice. J. biol. Chem., 139: 71-80, 1941.

2331. Unsrerr, W. W.: Site of action of streptomyecin. J. biol. Chem., 177: 703-714, 1049.

233. Unnrerr, W. W.: The metabolic action of streptomycin. Ann. N. Y. Aoad. Bei., 53: 6-12, 1950.

233. Umsrerr, W. W.: The mode of action of streptomycin. In: S8y jum on mode of action of antibiotics. 3nd
Internat. Congress Biochem., Paris, 1053, 63-77.

2334. Unsrerr, W. W.: Streptomycin. Trans. N. Y. Acad. 8ai., 15: 8-11, 1953,

235. Unsrerr, W. W.: The action of streptomycin. VI. A new metabolic intermediate. J. Bact., 66: 74-81, 1853.

236. Unsrerr, W. W.: Mechanisms of antibacterial acti Pharmacol. Rev., 5: 275-284, 1953.

237. Umsrerr, W. W.: Respiratory cycles. J. cell. comp. Physiol., 41: S8uppl. 1, 39-06, 1953.

238. Unsrerr, W. W., Surra, P. H. anp Oginsxy, E. L.: The action of streptomyecin. V. The formation of citrate. J.
Bact., 61: 505-004, 1951.

239. Unsrzrr, W. W. AND ToNEAZY, N. E.: The action of streptomyecin. III. The action of streptomycin in tissue
homogenates. J. Bact., 58: 767-776, 1949.

240. vAN MrxTER, J. C. AND OLESON, J. J.: Effect of aureomycin on respiration of normal rat liver homogenates. 8ci-
ence, 113: 373, 1981.

U1, vuc MrxrER, J. C., SPECTOR, A., OLESON, J. J. AND WiLL1AMS, J. H.: I'n vitro action of cin on oxidative

b ..tbnin imal ti Proo. SBooc. exp. Biol., N. Y., 81: 215-217, 1953.

43, vw&.nt,D D. anp PaLuxr, W. W.: Studies of acidosis. XVI. The titration of organic acids in urine. J. biol.
Chem., 41: 567-885, 1930.

343. WxssB, J. L. axp Erviorr, K. A. C.: Effects of tics and convulsants on tissue glycolysis and respiration.
J. Pharmaocol., 163: 34-34, 1951.

243a. WrinBERa, E. D.: The influence of inorganic salts on the activity sn vitro of oxytetracycline. Antibiot. and
Chemother., 4: 3543, 1984.




EFFECTS OF DRUGS ON ENZYME SYSTEMS 135

243b. WeinBERG, E. D.: Further studies on metallic ion reversal of oxytetracycline. Reactivation of drug inactivated
oells by Mg. In: Antibiotics Annual, pp. 160-173. Med. Encyclopedia, Inc., New York 1954-1985.

244. Wasrvary, B. A. Effects of phenobarbital on oxygen consumption of brain slices. J. Pharmacol., 96: 193-197,
1949,

245. WeerraLL, B. A.: Effects of pentobarbital, barbital, and barbital on oxygen consumption of brain slices.
J. Pharmacol., 101: 163-166, 1051.

246. WasrraLL, B. A.: Relationship of calcium and magnesium to effects of phenobarbital on Qo, of brain slices. Amer.
J. Physiol., 166: 319-233, 1961.

347. WisTRAND, P. J.: Carbonic anhydrase in the anterior uvea of the rabbit. Acta physiol. scand., 24: 144-148, 1951.

8. Woorrxy, D. W.: A study of non-competitive antagonism with chloromycetin and related analogues of phenyl-
alanine. J. biol. Chem., 185: 393308, 1950.

249. ZaTMAN, L. J.: Effect of ethanol on the metabolism of methanol in man. Biochem. J., 48: kxvii-Ixviii, 1046.






