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Abstract—A biochemical basis was sought for the acute and cumulative toxicity of Azoto-
mycin, (glutamine, N[1-[(1-carboxy-5-diazo-4-oxopentyl) carbamoyl]-5-diazo-4-oxopen-
tyl], sodium salt), an antagonist of L-glutamine. Whereas mice can tolerate relatively large
single doses of the drug, very small repeated doses are toxic. L-Asparaginase augments the
toxicity of the latter regimen but not the former. Brain, liver, intestines and spleen are the
organs principally damaged by Azotomycin. A systematic study of the synthesis and con-
centration of L-glutamine, L-asparagine and other metabolites in these organs has revealed
that Azotomycin is also a powerful inhibitor of L-asparagine synthetase in vivo. A variety
of murine organs have been shown to hydrolyze Azotomycin to yield 1 mole L-glutamic
acid and approximately 2 moles 6-diazo-5-oxo-L-norleucine (DON). On this evidence it is
suggested that DON, a classical antagonist of L-glutamine, is responsible for the toxicity
of Azotomycin in these organs. When the analogue interfered more with the utilization than
with the breakdown of L-glutamine, L-glutamine accumulated to a pathologic degree; this
situation has been seen in liver. When both utilization and breakdown were curtailed to
a similar degree, the steady state concentration of L-glutamine was maintained; this situ-
ation was seen in spleen, intestines and brain. In no case did Azotomycin inhibit the biosyn-
thesis of L-glutamine.

UNTIL RECENTLY, interest in the tripeptide antibiotic, Azotomycin (glutamine, N-[1-
[(1-carboxy-5-diazo-4-oxopentyl)carbamoyl]-5-diazo-4-oxopentyl]-, sodium salt),
focused on its role as an antagonist of L-glutamine with significant antitumor proper-
ties.! It has been reported that Azotomycin, like 6-diazo-5-oxo-L-norleucine (DON),
one of its constituents, exhibits an unusually broad spectrum of activity against the
early and late stages of sarcoma 180 (S180), carcinoma 755 (Ca755) and leukemia
1210 (L1210);§ maximal antitumor activity is demonstrable when low doses of Azo-
tomycin are given on a schedule of widely spaced injections.? Relatively high con-
centrations of the drug are required for the demonstration of cytotoxicity against
human malignant cells in culture: 70 ug/ml is a cytotoxic level and 250 ug/ml is a
lethal level of Azotomycin in the HeLa cell system.§

With the observation of Haskell and Canellos® that Azotomycin was a powerful
inhibitor of L-asparagine synthetase extracted from human malignant cells, interest
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in Azotomycin was revived. The review by Livingston et al.* of antagonists of L-glu-
tamine reported significant but incomplete inhibition of crude murine tumoral L-
asparagine synthetase by Azotomycin at a concentration of 2 x 107* M. In both of
the studies cited, increasing the concentration of drug to 8-10 x 10~* M failed to
augment the degree of inhibition found at the lower concentration. This finding sug-
gests that there might have been several synthetases present in these preparations:
one sensitive and the other resistant to the inhibitory action of Azotomycin. Notable
also in these investigations was the finding that Azotomycin inhibited the synthesis
of L-asparagine to only a very minor degree when NH,Cl served as the source of the
amide, but strongly when L-glutamine was the amido donor. This finding is consonant
with the customary designation of Azotomycin as an antagonist of L-glutamine.

The demonstration that Azotomycin could inhibit the synthesis of L-asparagine
made it logical to determine whether the drug would exert therapeutic synergism
with L-asparaginase. Jacobs et al.® have, in fact, achieved striking therapeutic syner-
gism with the two drugs against leukemia 5178Y in mice. This synergism is similar
to that reported for L-asparaginase plus DON (a constituent moiety of Azotomycin)
versus Ehrlich ascites, melanoma B16, and the Walker carcinosarcoma.® L5178Y, in
the native state, is exquisitely sensitive to L-asparaginase. Since L-asparagine synthe-
tase is present only at low levels in this tumor, it is unlikely that the therapeutic
synergism of Azotomycin with L-asparaginase necessarily depends on inhibition of
the synthesis of L-asparagine. On the other hand, Ca755, L1210 and S180 are all
endowed with high concentrations of cytoplasmic L-asparagine synthetase, a finding
which may explain their resistance to L-asparaginase. The oncolytic activity of Azo-
tomycin, viewed as an inhibitor of L-asparagine synthetase, becomes still more mean-
ingful in the case of such tumors.

Pursuant fo these experimental findings, clinical oncologists became interested in
using Azotomycin in combination with L-asparaginase.” Toxicologic studies of the
two agents were therefore undertaken as a foundation for their use in man, and for
the purpose of ruling out unexpected or lethal interactions between the drugs. Jacobs
et al.® have presented independent evidence that synergism of toxicity can be
observed between Azotomycin and L-asparaginase under certain conditions in
tumor-bearing mice. In addition, when toxicity to the central nervous system, intes-
tines, spleen and liver was seen in mice receiving Azotomycin alone, a biochemical
basis for the lesions was sought and attempts were made to uncover appropriate anti-
dotes.

. MATERIALS AND METHODS
Materials

Drugs and chemicals. The clinical formulation of Azotomycin (NSC-56654; lyophi-
lized with mannitol) was provided by Pfizer, Inc., Maywood, N.J., and 6-diazo-5-
oxo-L-norleucine (DON ; NSC-7365) by Harry Wood of the National Cancer Institute,
NIH, U.S.A.; L-asparagine and L-glutamine were purchased from Mann Research
Laboratories, New York, N.Y., U.S.A. UL-[**C]-L-valine (sp. act., 160 mCi/m-mole)
and ['*C]-Na formate (sp. act., 56 mCi/m-mole) were obtained from Amersham
Searle Corp., Arlington Heights, Tl U.S.A. 1-[**C]-a-ketoglutarate (sp. act., 14 mCi/
m-mole) was purchased from New England Nuclear, Boston, Mass., U.S.A. NCS tis-
sue solubilizer was the product of Amersham Searle. All other reagents and chemi-
cals were of the highest quality obtainable.
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E nzymes. Purified (45 x ) mammalian L-asparagine synthetase from the Novikoff
hepatoma (sp. act., ~ 1084 nmoles/mg protein/hr) was a gift of Dr. M. K. Patterson,
The Samuel Roberts Noble Foundation, Inc., P.O. Box 878, Ardmore, Oklahoma,
U.S.A. L-Glutamate decarboxylase was partially purified by the method of Shukuya
and Schwert,® and stored at —20° in 509/ glycerine. L-Aspartic acid-B-decarboxylase
was generously donated by Dr. Suresh Tate of The School of Medicine, Cornell
University, New York, N.Y., U.S.A. L-Glutamate oxaloacetate transaminase, malate
dehydrogenase and L-glutamate dehydrogenase were the products of Boehringer,
New York, N.Y. U.S.A. L-Asparaginase (EC-2) was a generous gift of Merck.

Animals. General purpose Swiss mice, on an ad lib. diet of Purina chow, were used
for the majority of the experiments described herein. Where indicated, BDF,; mice
were used for special toxicologic and pharmacologic experiments.

Methods

Preparation of extracts. Animals were killed by cervical dislocation and the appro-
priate organs removed as quickly as possible, frozen on dry ice and stored at —20°,
At the time of assay, tissues were weighed and homogenized in 9 vol. (w/v) of 0-1
M Tris-hydrochloride, pH 7-6, containing 0-5 mM EDTA and 1 mM dithiothreitol.

The homogenate was divided into two parts: the first aliquot (for enzyme measure-
ments) was refrozen at —20°. At the time of assay, it was defrosted and centrifuged
at 12,000 g for 6 min. The second aliquot (for the measurement of L-asparagine and
L-glutamine) was heated at 95° for 10 min and centrifuged at 12,000 ¢g for 3 min. It
is recognized that ~5 per cent of the L-glutamine present in these samples is des-
troyed under such conditions. No correction for this loss has been made. L-Aspara-
gine is quantitatively recoverable after the heating step.

Measurement of L-asparagine. The relatively low concentration of L-asparagine
present in homogenates of mouse organs was measured by an enzymatic radiometric
technique.® Briefly, a 3-hr incubation at 37° with the bacterial enzymes L-aspartate-f-
decarboxylase and L-glutamate decarboxylase served to remove any L-aspartic acid
and L-glutamic acid present in a 5-ul sample of the heated supernatant. A 10-min
incubation at 95° was used to inactivate the decarboxylases. L.-Asparagine was then
hydrolyzed with low concentrations of bacterial L-asparaginase, and the L-aspartic
acid so generated was quantitatively transaminated with 1-[14C]-a-ketoglutaric acid.
At the termination of this reaction, the remaining 1-[!*C]-a-ketoglutaric acid was
decarboxylated with 1%, H,0, in 1 N HCl and the residue, consisting of 1-[1*C]-L-
glutamic acid, counted in a scintillation spectrometer at 50 per cent efficiency.

Measurement of L-glutamine. L-Glutamine was measured in 50-ul aliquots of the
supernatant from the heated samples by an enzymatic spectrophotometric tech-
nique.!® No attempts were made to remove the free NH; present in these samples
by evaporation or lyophilization. Instead, this NH, was condensed with a-ketoglu-
tarate through the catalytic action of L-glutamate dehydrogenase before addition of
concentrated L-asparaginase to the cuvette.

Measurement of L-asparagine synthetase. Soluble L-asparagine synthetase was mea-
sured by a technique which will be published in full elsewhere. Briefly, [! “*C]-L-aspar-
tic acid (1-125 x 10~ M) was used as the source of the carbon skeleton and ATP,
magnesium chloride and L-glutamine at final concentrations of 0-01, 0-01 and 0-02
M, respectively, were the additional substrates. After suitable incubation, residual L-
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aspartic acid was removed by transamination to oxaloacetate and reduction with
malate dehydrogenase in the presence of DPNH. L-Asparagine was measured subse-
quently in the L-aspartate-free incubation mixture by hydrolysis with L-asparaginase
and transamination with a-ketoglutarate to yield 4-[14C]-oxaloacetate, which was
then B-decarboxylated, at pH 5-0, with zinc ions. Vessels which received L-aspara-
ginase immediately after incubation served as blanks.

Measurement of L-glutamine synthetase. L-Glutamine synthetase was measured
radiometrically. The reaction mixture allows the synthesis of L-glutamine from 1-
[*4C]-L-glutamic acid in the presence of a mixture of Mg?*, NH,Cl and ATP. Five
ul of 1:10 (w/v) tissue-homogenate was incubated at 37° for 10 min with 5 ul of a
substrate mixture containing 0-02 M ATP, 0-02 M MgCl,, 0-04 M L-glutamic acid
(0-25 uCi) and 0-16 M NH,Cl. The reaction was terminated by heating at 95° for
3 min; then, the reaction vessels were centrifuged for 3 min at 12,000 g to separate
any denatured protein. Unreacted L-glutamic acid was removed by incubation in
open vessels with 1 i.u. of L-glutamate decarboxylase in 0-33 M acetate buffer, pH
42, for 2 hr at 37°. Thereafter, 1-['*C]-L-glutamine was hydrolyzed to 1-[**C]-L-
glutamate by the addition of 20 iu. of L-asparaginase to each vessel. The [**C]O,
was collected in 5-ul droplets of 409, KOH placed on the underside of the lid.°
Appropriate reagent blanks and standards were included in each experiment. After
3 hr of incubation at 37°, the lids were removed and counted in an ethanol-toluene
(1:2, v/v) scintillant, containing Liquifluor from New England Nuclear, Boston,
Mass., US.A.

Measurement of L-glutaminase. Freshly excised organs were homogenized (1:3, w/v)
in 0-05 M sodium phosphate, pH 7-4, and centrifuged at 50,000 g for 30 min, 0-1 ml
of the supernatant solution was added to 0-4 ml of 0-01 M L-glutamine in 0-05 M
phosphate buffer, pH 7-4, and incubated at 37° for 30 min. Ammoniagenesis was
quantitated by an enzymatic spectrophotometric technique.!®

Measurement of intermediary metabolites. Measurements of intermediary metabo-
lites were carried out as described in the following citations: D-glucose,!! total
lipids,’? glycogen,'® L-alanine,!'4 L-glutamic acid,'® L-aspartic acid,’® GABA;'’
ATP and DPN were measured by new radiochemical techniques, the full details of
which will be published elsewhere.

Measurement of protein synthesis. At zero time, mice were given Azotomycin, 900
mg/kg, intravenously; 2, 4 and 7 hr later, 4 uCi UL-['4C]-L-valine was injected intra-
venously through a caudal vein. One hr later, the mice were sacrificed; organs were
removed rapidly and frozen on dry ice. After homogenization in 3 vol. of 5%, perchlo-
ric acid, the tissue pellets were washed three times with 809 ethanol, then with ace-
tone and finally with water. Lyophilization rather than heat was used to dry the pel-
lets in order to facilitate weighing and subsequent dissolution. The solids were taken
up and digested for 1 day in 1 ml of NCS solubilizer then bleached with 10 ul of
30% H,0,. A suitable aliquot of the digest was taken for scintillation spectrometry.

Measurement of incorporation of formate into DNA. At time zero, mice were given
an intravenous injection of 900 mg/kg of Azotomycin or 0-25 ml of physiologic saline
followed in 1 hr by 20 uCi [*“C]-Na formate (sp. act., 56 mCi/m-mole). Thirty min
later, the organs were removed, rinsed with saline, blotted dry, homogenized in 10
ml of 80% ethanol and centrifuged at 90,000 g for 30 min. Nucleic acids were
extracted from the neutral pellets by three 30-min incubations with 0-5 ml of 10%
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NaCl. Sodium nucleates were precipitated from the salt extracts with 2 vol. of ice-
cold 80% ethanol and frozen overnight. The nucleates were collected by centrifuga-
tion and the pellets incubated at 37° for 2 hr with 1 ml Pronase, 1 mg/ml of 0-05
M Tris-HC], pH 84, and 0-001 M CaCl,. DNA was precipitated from the resultant
solution with an equal volume of 29} cetyl trimethyl ammonium bromide and 0-2%
sodium acetate. After centrifugation, the pellets were washed twice with 809 ethanol,
taken up in 1 ml of 0:1 N HCl and depurinated by heating at 95° for 0:S hr. An ali-
quot was taken for measurement of absorbance at 260 and 280 nm, and the
remainder was resuspended in 10 ul water and subjected to paper electrophoresis
(4000 V, 0-1 M formic acid) on Whatman 3M chromatography paper in the 5KV
unit from Savant Instruments, Inc., Hicksville, New York, U.S.A. The spots of adenine
and guanine were detected under ultraviolet light, encircled, excised, and quantita-
tively eluted with 2 ml of 0-1 N HCl for 2 hr. After centrifugation of the eluate, absor-
bance was read at 280 and 260 nm.

RESULTS

The results of lethality studies of Azotomycin in mice are given in Table 1. When
the drug was administered as a single intraperitoneal dose, the LDs, was found to
be 262 mg/kg, with a median lethal time (LTso) of about S days. When five daily injec-
tions of Azotomycin were given, the LD, fell to 0-86 mg/kg and the LT, fell on the
fifth day after the initial dose. Addition of a single dose of L-asparaginase, 600 i.u./kg,
to the regimen of treatment did not alter the incidence or timing of mortality when
single doses of Azotomycin were given; however, five daily intraperitoneal injections
of the enzyme given in conjunction with the antibiotic did lower the LDs, from 0-86
to 0-48 mg/kg in the 5-day repeated dose studies.

The present results confirm the powerful cumulative lethal action of Azotomycin
in mice: very large single doses can be tolerated, whereas very small repeated doses

TABLE 1. LETHALITY OF AZOTOMYCIN ALONE AND IN COMBINATION WITH L-ASPARAGINASE*

Approximate
lethal time
LDso at LDgg
Drugs (mg/kg) (days) Overt signs
Azotomycin
Single dose Mean: 262 ~5 Diarrhea, unkemptness,
Range: 244-280 ataxia, convulsions, fatty
changes in liver
5 Daily doses Mean: 0-86 ~5 Diarrhea, tremors,
Range: 0-77-095 somnolence, fatty changes
in liver
Azotomycin plus
‘L-Asparaginase
(600 iu./kg)
Single dose Mean: 259 ~5 Lethargy, diarrhea, fatty
Range: 198-300 changes in liver
5 Daily doses Mean: 0-48 ~6 Diarrhea

Range: 0-44-0-51

* The drugs, formulated in sterile water, were administered to BDF; mice by the intraperitoneal route.
Anijmals receiving Azotomycin in a single dose received L-asparaginase 30 min later; animals receiving
Azotomycin in five daily doses received L-asparaginase 30 min after each injection.
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are lethal. A pharmacologic explanation for this effect will be adduced below. It is
relevant to point out that for most of the experiments described in the remaining
sections of this paper, comparatively high roughly equimolar concentrations of Azo-
tomycin (900 mg/kg) and DON (600 mg/kg) were used in order to produce reliably
severe toxicosis. Most mice given these doses survived 48 hr.

Action of Azotomycin on the CNS

In the single dose lethality studies, summarized in Table 1, it was observed that
mice receiving Azotomycin at doses of 400 mg/kg or greater exhibited ataxia and
tonic—clonic convulsions from 4 to 24 hr after administration of the drug. Sound and
other simple stimuli appeared to provoke these convulsions, which are illustrated
electroencephalographically in Fig. 1.

T 100 uv

F1G. 1. Electrocorticogram (ECoG) of the mouse before and 7 hr after the intravenous injection of Azoto-
mycin. For recording of the electrocorticogram (ECoG), three mice were implanted with cortical elec-
trodes under pentobarbital sodium anesthesia (65-70 mg/kg, i.p.). Stainless steel screws (00-90, 1/8 in.)
with attached connector pins (Amphenol 220-501) served as electrodes and were placed epidurally bila-
teral and { mm anterior of bregma and lambda. An indifferent electrode was placed in the frontal bone.
Electrodes and pins were attached to the skull with dental resin (Meyerson’s Tooth Corp., Cambridge,
Mass. 02138). Postoperatively, the mice were treated with benzathine penicillin, 50,000 units. The mice
were, thereafter, housed individually in plastic cages to minimize mechanical loss of electrodes. The ECoG
was monitored in bipolar fashion by cable connectors leading to a Grass polygraph (model 7). At least
two control recording sessions were performed prior to treatment, and the ECoG was recorded while the
mice were awake, drowsy or asleep. Each mouse was treated with a single i.v. injection of Azotomycin
(NSC-56654), 900 mg/kg.

Top record: At the left is shown the pretreatment ECoG during synchronization; at the right, during
arousal. The time marker is set at 1-sec intervals; the calibration marking is 100 V. The horizontal bar
indicates stimulation by noise. Bipolar recordings. Bottom record: At the right is shown the ECoG 7 hr
after treatment with Azotomycin, 900 mg/kg. Note the appearance of spikes and slow waves. At the left
a slower paper speed better demonstrates the rhythmic spike discharges during approximately 6-sec inter-
vals.

Three hr after the intravenous injection of Azotomycin, 900 mg/kg, the electrocor-
ticogram (ECoG) showed a few isolated spikes and slow waves. These changes were
followed by occasional trains of repetitive spikes with a frequency of 9-11 ¢/s. Four
hr after treatment, the ECoG exhibited frequent sharp waves and epileptic slow
waves, while at 5 hr, touching the mice triggered a pattern of spikes and slow waves.
At this time, affected mice also showed spontaneous jerky body movements and
jumping, together with ECoG seizures lasting 1-5 sec. Seven hr after treatment, re-
petitive spikes at 7-sec intervals occurred, and 25 hr after treatment, the ECoG
showed slow wave activity, interrupted by occasional low voltage seizures and burst
discharges. This neurotoxic action of Azotomycin contrasts with that of previous
studies in which DON was given intracerebrally to rats (50 ug/rat) without evidence



Azotomycin—Toxicity in mice 3473

of central nervous damage.'® Azaserine, on the other hand, is well known for its
neurotoxicity, intracerebral injections producing paraplegia.'?

It is instructive to recall that L-methionine-dl-sulfoximine, (MS) was discovered on
the basis of its convulsant properties. In order to determine the basis for this neuro-
toxicity, the enzymes of the CNS utilizing L-glutamine were examined in experimen-
tal subjects given MS. Eventually it was discovered that L-glutamine synthetase of
brain was inhibited in vivo by L-methionine-dl-sulfoximine given at convulsant
doses;2° moreover, the inhibition was irreversible by virtue of the fact that L-meth-
ionine-dl-sulfoximine was covalently bound at the catalytic site of the enzyme.?! As
a consequence of the inactivation of the enzyme, the concentration of cerebral L-glu-
tamine fell precipitously.'®

When the convulsant action of Azotomycin was first observed, it was logical to
suppose that the drug also was inhibiting cerebral L-glutamine synthetase. However,
direct measurements of the enzyme in brain homogenates from mice convulsing as
a consequence of high doses of Azotomycin failed to show inhibition (Table 2).
Separate experiments with DON given to mice intraperitoneally at doses ranging
from 500 to 1500 mg/kg also failed to provide evidence of inhibition of cerebral L-
glutamine synthetase.

It was therefore decided to monitor the influence of Azotomycin on the con-
centration of L-glutamine in the cerebrum of intoxicated mice, in the event that the
drug was interfering with the utilization of L-glutamine, as opposed to its production.
L-Glutamine is known to donate its amide to a plentitude of metabolically important
receptors (see Chart 1), and DON is known to inhibit virtually all of these donations.
It seemed likely that cerebral L-glutamine might be elevated during Azotomycin-in-
duced convulsions, especially in view of the failure of the drug to inhibit the synthesis
of L-glutamine.

However, as is shown in Table 2, this was found not to be the case: the con-
centration of L-glutamine was not significantly altered in the brains of mice given
convulsant doses of DON or of Azotomycin. Also evident from the data of Table
2 is the observation that cerebral L-glutaminase is rather resistant to inhibition by
Azotomycin in vivo following doses of 900 mg/kg. However, in vitro, the drug did
prove to be a moderate inhibitor of the amidohydrolysis of L-glutamine catalyzed
by crude cerebral supernatants. Thus, when incubated along with 0-01 M L-gluta-
mine and a 50,000 g supernatant prepared from mouse brain, 0-2 M Azotomycin
brought about a 38 per cent inhibition of soluble cerebral L-glutaminase; 0-:02 M
Azotomycin brought about only 24-3 per cent inhibition. Under the same circum-
stances, DON at 0-2 M inhibited the amidohydrolysis of L-glutamine by 84 per cent;
0-02 M DON produced only 30 per cent inhibition. In absolute terms, the inhibitory
actions of these diazoketones toward mammalian cerebral L-glutaminase stand in
marked contrast to the interaction of DON with the comparable enzyme from Es-
cherichia coli. Hartman?? has reported that DON, at 1 x 10~ M, titrates and totally
inhibits bacterial L-glutaminase in the absence of substrate. It is thus possible that
the relatively high levels of L-glutamine present during the incubations described in
the present studies have operated to diminish the apparent inhibitory potency of
DON and Azotomycin. A shielding action of L-glutamine also would be operative
in vivo where the concentrations of the amide range from 6 x 10™4M in plasma to
2 x 1072 M in liver. It should also be pointed out that the techniques used to prepare
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organ extracts have largely eliminated mitochondria, so that the interaction of Azoto-
mycin with the amidohydrolase from these organelles remains to be assessed.

From the data in Table 2 it can also be appreciated that convulsant doses of Azo-
tomycin significantly inhibited the synthesis of L-asparagine in the brain. So far as
is known, this is the first demonstration of an action of the drug in vivo against L-
asparagine synthetase. As a consequence of this inhibition, levels of L-asparagine in
the brain fell significantly and the levels of L-aspartic acid tended to increase.

L-Asparagine has no known neurotransmitter function. Nevertheless, it is possible
that a diminished pool size of L-asparagine prevents normal neuronal protein syn-
thesis. This situation would be analogous to that produced in many organs by the
action of L-asparaginase. Enzymes responsible for the production of neuroinhibitors
might be among those whose synthesis would be impaired by a scarcity of L-aspara-
gine. An excitable state would be the logical sequel of this postulated chain of events.
It was beyond the scope of the present study to determine whether Azotomycin
specifically inhibited the synthesis of enzymes responsible for elaborating neuroinhi-
bitors; nevertheless, single convulsant doses of the drug were found to inhibit the
incorporation of radioactive L-valine into cerebral proteins by ~ 26 per cent at the
time of a convulsive episode. The inhibition was persistent; cerebral protein synthesis
had not normalized by 7 hr after dosing. Other L-glutamine antagonists, L-meth-
ionine-dl-sulfoximine and d-hydroxylysine, are also known for their ability to inhibit
protein synthesis.??

In an attempt to counteract the neurological toxicity of Azotomycin, several puta-
tive antidotes were tested: (1) L-asparagine, because of the depressed levels of this
amide scen in convulsing subjects; (2) L-glutamine, because of the known interaction
of Azotomycin and DON with amidotransferases; and (3) adenine, in the hope of
circumventing the blockade of purine biosynthesis brought about by Azotomycin.
Additionally, L-asparaginase was administered to mice given Azotomycin in order
that the effect of more profound depletion of the concentration of L-asparagine might
be examined. In Table 3, the incidence of overt neurologic dysfunction in recipients
of drugs and antidotes has been tabulated. L-Glutamine, given subcutaneously at a
dose of 1 g/kg, appeared to antagonize the convulsive action of Azotomycin,
although neurotoxicity in the form of ataxia was still present. It is noteworthy,
though, that the subcutaneous administration of L-glutamine to control subjects
failed to elevate the concentration of L-glutamine in the brains of the recipients, prob-
ably because this amino acid cannot penetrate the CNS to an important degree.?*
The similarity in structure and polarity of Azotomycin and DON to L-glutamine
makes it likely that these diazoketones would also be excluded by the blood-brain
barrier. Our observation that Azotomycin fails to inhibit cerebral L-glutaminase sig-
nificantly in vivo, as opposed to its inhibitory action in vitro, supports this contention.
Of the other putative antidotes or synergists studied, none interacted in a pro-
nounced way with either the pharmacologic or biochemical actions of Azotomycin
on the CNS.

In order to determine whether the derangement of L-asparagine metabolism pro-
duced by Azotomycin would disturb the homeostasis of any other amino acids, an
analysis of brain homogenates from mice given the drug was carried out. L-Glutamic
acid, a putative neurotransmitter, increased significantly in the brains of intoxicated
mice from a mean of 10-3 umoles/g wet wt to a mean of 13-5 ymoles/g wet
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wt; gamma amino butyric acid, the decarboxylation product of L-glutamic acid, also
increased from a mean of 0-46 ymole/g wet wt to a mean of 0-54 umole/g wet wt, but
this increase was not significant.

Stewart et al.2® have recently stressed that the administration of L-glutamate to
rats at a dose of 20 m-moles/kg gave rise to vigorous epileptiform convulsions. After
such a dose, the immediate plasmatic concentration of drug would approximate 0-02
M. Since, however, only a small fraction of this lipid-insoluble injectate would pene-
trate the cerebrum, it is likely that the concentration of L-glutamate in the nervous
system would not be elevated greatly from its basal level by such a challenge. In the
present studies, Azotomycin augmented the concentration of cerebral L-glutamate
from 0-010 to 0-0135 M. Thus, the observed alterations in the concentrations of this
dicarboxylic acid may be implicated in the pathogenesis of Azotomycin’s toxicity.

Hepatotoxicity of Azotomycin

In the course of acute lethality studies in mice, it was observed that Azotomycin,
at the LDs, or above, induced a pronounced yellow discoloration of the liver. This
finding suggested that the drug was steatogenic in mice. Biochemical analyses con-
firmed this supposition. Total hepatic lipids had risen dramatically 24 hr after a
single dose of 300 mg/kg and remained elevated for another 72 hr (Table 4). Simul-
taneous with these fatty changes, hepatic glycogen also was found to increase in con-
centration, whereas hepatic free glucose was depressed on the first day after
administration of the drug.

Ogura et al.?% have reported that selective amino acid imbalance can give rise to
hepatic steatosis. L-Asparaginase is also known to produce fatty liver in the monkey.
In view of these precedents, and because of the derangements in the metabolism of
the dicarboxylic amino acids which Azotomycin produces in the CNS, the levels of
L-asparagine, L-glutamine and their synthetases were studied in treated mice with
steatosis (Table 5).

Hepatic L-glutamine rose dramatically after a single dose of 900 mg/kg of Azoto-
mycin (Tables 3 and 5); on the other hand, hepatic concentration of L-asparagine
was not significantly altered by the drug, a finding which contrasts with the cerebral
action of Azotomycin. Inhibition of soluble hepatic L-glutaminase was demonstrated
(Table 5) in vivo as well as in vitro. In both cases, Azotomycin inhibited the enzyme
of liver far more strongly than it did that of the CNS. In vitro, a 0-2 M concentration
of drug reduced amidohydrolysis to 10 per cent of that seen in the uninhibited sys-
tem, while 0-02 M Azotomycin halved hepatic L-glutaminase activity. Quantitatively
similar patterns of inhibition were produced by DON.

Not shown in Table 5 is the effect of graded intravenous doses of Azotomycin on
hepatic L-glutaminase: in mice receiving only saline, the mean rate of hydrolysis of
L-glutamine by liver supernatants was 32 umoles deamidated per g, wet wt per hr;
doses of Azotomycin of 900, 450, 225 and 112 mg/kg reduced hydrolysis to 35, 60,
75 and 97 per cent respectively, of this control rate.

In liver, as in brain, no evidence for inhibition of L-glutamine synthetase was
found. On the other hand, hepatic L-asparagine synthetase was strongly inhibited by
Azotomycin, to a degree similar to that seen with the cerebral enzyme. It is perplex-
ing that Azotomycin also was found to produce significant inhibition of hepatic L-
asparaginase 24 hr after a single dose of 900 mg/kg, inasmuch as the drug fails to



D. A. Coongy et al.

3478

100 > d ¢ dnoad jonuod surpes ayy wroly yaiaptp Apueogrudis st dnoss swyy,
“JNO PAYNI JOU SEM SISBISBIOUI O) anp
uasq dAwy 3nw souwsUL ST} Ul painsess APAnoR o) Jo wondey v ey Aunqissod oy Ceswoqiuds ourSeiedse-1 oyeday jo noniquyur juds 1ad 97 pur 9/ ‘88 06
pasnpoxd 33/8w 6.0 pue 6 ‘06 ‘006 10 UBAWOOZY Jo sasop [esuojuiadenyur ‘asentBeredse-1 0] JUBISISSI AR/ TS BIUSYNO| snosueynogns Sulreaq somu fad Y 4
*oonr usy Surmreiuos dnosd yoes 10} pale[nO[es U3 SARY SUONBIASD Pivpuels pue
surapy "sBnIp 2Anoadsss oy 03 sansodxd I0je A HT PIOYLIOES DI0M STELILUY ‘SPOYISIAL BT PaqLIOSIp Se paurioj1od s15/M SPIOE OTIIE PUE SOUIAZUD JO STUSWAINSBAN o

_ _ _ (81/8u 009)

0L0FT9E O060F 1T  OIOFLLO JICLFELOT  O6€ F 2071 1es F 896 70 F 19€ 98 F 61T - zonw

/81 006

Ob0 FIL€  OEO0F el O0E0FH80  190F0L9 05¢ F 0511 189-6¢ 19¢ F 861 SLOFI6€ WiTF 1L Eomasﬁw

W 6.0,

OI-1 ¥y OPOFLZT OLOF 601 990 F L1v 007 F 081 80-CL $11 F 828 0LD F2s€ yOF + 687 surfeg

(8/sorowmr) (8/sorourd) (8/soyourr) (8/sorotur) (8/sootum) (ay/8/sorounrl) (ry/8/sapowr)  (1y/8/sojomr)  (amg/B/saqouru) asop 8ni(y

auruR[y-1 pioe poe aurmeynn-1 amBeredsy-1  oseuiBeredsy-1  aseunuEINiO-1 asmayIuks NSRS

SIRIN-1 onedsy-1 surweIngey-1 surderedsy-1

HSALYNIFOOWOH d3AIT HSN0W NI SHATWY J1HHL NV SAIDY ONINY JITAXOGYVOId HHL 4O SISTHINAS NV NOLLYRINIINOD NO NO(] GNV NIDAWOLOZY 40 LOFJAH ¢ A18v],

*sa1eIpAyoqIed pue spidi] JO JUSWIINSLOUW Y} IOJ SPOYII Ul PoqLISIP se
Poss2001d PUR PIAOIISI DIOM SIOAN] “PAJEDIPUL SISOP 8Y) TE Sulfes J0 NOQ ‘wiokurolozy jo uonoaful SnousaAenul o) Is)Je  pue | SABpUQ

(8%/8w 005)
$191  0€51 F 5508 9€¢ 01 Fes 5881 €18 F el NOa
- (84/3w 0o6)
6991 €381 F 0-61v S-68 60 F 6¥ £181 9.17 ¥ 969 ubdiwolozy

(&/3u 009)

ShEe 1-8¢ F 101 12¢T €11 F 68 umiwojozy

(821/8w 00€)

£56€ 98 F TL91 8:L07 L€l F 86, upAwolozy

(1w $2.0)

001 LI F oI5 001 € F 66 007 T F ey 001 L9 F b8t augres
(lomuonjo %) {S/8w) (lonuoojo %) (8/sapowrl) (jommosjo %)  (BBw)  (omwoojo %)  (B/Bw) (asop)
usB00L1D) 2500R[) v ke i Kegy g

pudy (o1,

*KMNO( ANY NIDAKOLOZY HLIM JRLVARL G0 40 SHIATT 0L NI STHATT ALVIAAHOHEYD ANV dIdIT] p FT18V],



Azotomycin—Toxicity in mice 3479

inhibit the same enzyme in vitro.* This discrepancy might be explained by postulat-
ing that the biosynthesis of L-asparaginase had been interrupted by Azotomycin as
a consequence of its inhibition of protein synthesis in general.

Because Azotomycin produced such a striking increase in hepatic free L-glutamine,
it seemed important to determine the influence of the drug on the remaining free
amino acids of the liver. Chromatographic analysis on the amino acid analyzer con-
firmed the marked elevation of L-glutamine which had been seen in enzymatic assays.
The concentration of L-glutamate was also doubled. Apart from these findings, how-
ever, and despite the marked steatosis seen in these livers, the concentrations of the
remaining amino acids were surprisingly little affected. The concentration of NAD
in these fatty livers was also unchanged. Thus, in 5%, perchloric acid extracts of the
livers of mice receiving saline, the mean hepatic concentration of NAD was 476:6
nmoles/g; while in animals given Azotomycin, 900 mg/kg 24 hr earlier, the mean con-
centration of this pyridine nucleotide was 494:9 nmoles/g. On the other hand, Azoto-
mycin did significantly depress hepatic ATP from a mean of 1-07 + 0-10 umoles/g
in the control group to 0-58 + 0-06 umoles/g in the treated group.

Action of Azotomycin on the gastrointestinal tract

Another salient manifestation of Azotomycin toxicity is the profuse diarrhea which
begins about 18 hr after large single intravenous doses and persists to death. Histo-
pathologically, the intestines of intoxicated mice show acute colitis with dilatation
of glandular crypts, crypt abscesses, loss of goblet cells, and a pseudomembrane com-
posed of polymorphonuclear leukocytes covering the denuded mucosa. In an
attempt to investigate the causes of the intestinal lesions in mice, biochemical studies
analogous to those described above were carried out on homogenates of the duo-
denum and colon. To avoid contamination in making measurements of intestinal L-
asparagine synthetase, care was taken to strip off as much as possible of the pancreas,
which in contrast to the bowel proper, carries out a very vigorous synthesis of L-
asparagine.?” The intestine also was irrigated with saline in an effort to remove bac-
teria.

Azotomycin was found to inhibit small and large intestinal L-asparagine synthe-
tase, but not to a significant degree (Table 6), and no significant depression of intestinal
L-asparagine ensued as a consequence of the inhibition. In this last regard, then, the
bowel behaved like the liver rather than the brain. Several explanations for this fail-
ure of Azotomycin to depress intestinal L-asparagine can be given: (1) absorption
of amino acids from the bowel lumen can very likely counteract any tendency of the
drug to depress the intracellular concentration of L-asparagine; (2) circulating L-
asparagine doubtless gains access to the cells of the bowel (and of the liver) more
readily than to the neurons of the CNS. Thus, whereas the blood-brain barrier might
impede the entry of L-asparagine into the brain (and it is pertinent to recall that the
concentration of L-asparagine in CSF is approximately one-fifth that in the
plasma’®), no such barrier is likely to be operative in the case of the bowel. The
dynamic flux of amino acids across the bowel probably also masked the effect of
Azotomycin on the gastrointestinal concentration of free L-glutamine.

Attempts to reverse the gastrointestinal toxicity of Azotomycin with subcutaneous
injections of L-asparagine or L-glutamine at doses of up to 1 g/kg were unsuccessful
(Table 3).
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TABLE 7. EFFECT OF AZOTOMYCIN ON THE BIOSYNTHESIS OF NUCLEIC ACIDS IN THE SPLEEN, LARGE AND
SMALL INTESTINES OF THE MOUSE*

Specific activity of Specific activity of isolated purines
nucleic acids
Nucleic acid  Inhibition Adenine Inhibition Guanine Inhibition

Treatment (cpm/mg) %) (pCi/nmole) (%) (pCi/nmole) (%)
Spleen
Saline 55,610 + 5130 0 4590 + 1470 0 11,180 + 1560 0
Azotomycin 2790 + 300t 950 130 + 50% 971 9 + 10t 999
(900 mg/kg)
Azotomycin 5210 + 2190t 90-7
(100 mg/kg)
Azotomycin 3070 + 1010+ 945
(20 mg/kg)
Azotomycin 7520 + 380t 865
(1 mg/kg)
Azotomycin 42,940 + 8020 22:8
(0-1 mg/kg)
Azotomycin 47,140 + 3750 153
(0-01 mg/kg)
Large intestine
Saline 10,050 + 7030 0 1670 + 1580 0 1640 + 1380 0
Azotomycin 360 + 270t 965 230 + 30t 865 100 + 140t 939
(900 mg/kg)
Azotomycin 460 + 110+ 95-4
(100 mg/kg)
Azotomycin 730 + 160t 92-7
(20 mg/kg)
Azotomycin 1070 + 60t 894
(1 mg/kg)
Small intestine
Saline 45,770 + 5600 0 1850 + 30 0 6490 + 5160 0
Azotomycin 2020 + 460t 956 20 + 30t 99 65 + 40t 99-0
{900 mg/kg)
Azotomycin 1030 + 260t 978
(100 mg/kg)
Azotomycin 650 + 160} 98-6
(20 mg/kg)
Azotomycin 1010 + 910t 97-8
(1 mg/kg)

* Injection of mice, sample removal and isolation of nucleic acids were performed as outlined in
Methods; values given are + the standard deviation.
T This group is significantly different from the saline controls; P = 0-01.

In addition to these actions on amide metabolism, Azotomycin also was found to
inhibit purine biosynthesis in both intestines to a highly significant extent, even at
doses of 1 mg/kg (Table 7). It therefore participates in the generalization: agents
which interrupt the synthesis of nucleic acids tend to be toxic to the gut. It is per-
tinent to recall that gastrointestinal toxicity in man is a formidable side effect of
chemotherapy with this family of diazoketones.

Influence of Azotomycin on splenic structure and function

The spleens of animals dying in the acute and subacute lethality studies were
found to be markedly atrophic. Histopathologically the splenic lesions were charac-

B.P. 23/24—1
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terized as focal necrosis of the Malpighian corpuscles and depression of the extramed-
ullary hematopoiesis which is ordinarily active in the spleen of the mouse. These
effects of the drug in vivo confirm the lymphotoxic action of Azotomycin which
Hersh et al.?8 have described in vitro using mitogen-stimulated lymphocytes. In an
effort to understand the biochemical basis of such effects, measurements were made
of the pool size of L-glutamine in the spleens of mice given large intravenous doses
of the drug. A modest elevation of splenic L-glutamine was demonstrated 24 hr after
dosing (Table 8). The enzymatic synthesis of L-glutamine was found to be unaltered;
conversely, the synthesis of L-asparagine was inhibited powerfully, as a consequence
of which the concentration of L-asparagine fell. This fall probably contributes to the
depression of protein synthesis seen in the spleen at 2 and 4 hr after administration
of Azotomycin. Chromatographic analysis demonstrated an increase in the con-
centration of virtually all the free amino acids in the spleens of treated mice. Most
dramatically elevated was L-threonine, whose concentration rose from a mean of 343
nmoles/g wet wt in the controls to 880 nmoles/g wet wt in the mice given Azoto-
mycin. This result is consonant with the inhibition of protein synthesis in this organ.

TABLE 8. INFLUENCE OF AZOTOMYCIN AND DON ON THE CONCENTRATION AND SYNTHESIS OF THE AMIDES
OF THE DICARBOXYLIC ACIDS IN MOUSE SPLEEN*

Protein synthesis

L-Asparagine  L-Glutamine (% inhibition)
Drug synthetase synthetase L-Asparagine  L-Glutamine  Time after dosing
(dose) (nmoles/g/hr)  (umoles/g/hr) (nmoles/g) (umoles/g) (2 hr) (4 hr)
Saline 840 £+ 40 20+ 03 2258 + 820 14 + 05 0 0
(025 ml)
Azotomycint 180 + 70} 22+ 02 1724 + 90 10 + 09 43 47
(900 mg/kg) |
DON 140 + 7-0% 22+ 02 209-1 £ 170 09 + 05
(600 mg/kg)

* Animals were sacrificed 24 hr after administration of Azotomycin, DON or saline. Enzymes and
amino acids were measured as described in Methods. Means and standard deviations have been calculated
for each group containing ten mice.

t Doses of Azotomycin of 90 and 09 mg/kg produced 44 and 40 per cent inhibition of splenic
L-asparagine synthetase under comparable conditions.

1 This group is significantly different from the control; P < 0-005.

Since purine biosynthesis also is known to proceed at an active rate in the mouse
spleen, attempts were made to assess it in animals given graded single doses of Azoto-
mycin. At all doses down to 0-01 mg/kg, perceptible impairment of the incorporation
of [1*C]-Na formate into DNA was demonstrable (Table 7). This extraordinary
potency is analogous to that of Duazomycin A.2°

Cumulative toxicity of Azotomycin

The cumulative toxicity of Azotomycin is extreme; the LD, of 262 mg/kg for a
single dose falls to 0-86 mg/kg for five daily doses (Table 1) and to 0-6 mg/kg for six
daily doses (not shown). The maximum molarity of drug reached in vivo after the
last-mentioned dose would be approximately 3 x 107 M. In the studies reported
above, large single doses of Azotomycin proved to be effective inhibitors of L-aspara-
gine synthetase. In order to determine whether inhibition of this enzyme could be
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considered to play a pathogenetic role in subacute intoxication with Azotomycin, the
influence of repeated small daily doses of the drug on L-asparagine synthetase of
brain and pancreas was studied. The latter organ is included because its content of
synthetase is 10-100 times higher than that of the brain, so that smaller degrees of
inhibition become more readily and reliably perceptible. The results of these studies
are summarized in Table 9. It can be seen that one dose of 0-86 mg/kg given intra-
venously did not materially alter the L-asparagine synthetase of the brain, but did
depress the pancreatic enzyme by greater than 60 per cent. When the dose was
repeated for four additional daily injections, the synthesis of L-asparagine in the
mouse pancreas was brought to a virtual standstill; the cerebral synthetase remained
resistant.

TABLE 9. INFLUENCE OF REPEATED DOSES OF AZOTOMYCIN ON L-ASPARA-
GINE SYNTHETASE IN THE BRAIN AND PANCREAS OF MICE¥

L-Asparagine synthetase

Day of (nmoles/g/hr)
sacrifice Brain Pancreas
Saline 2 136 + 10 3410 + 490
(025ml x 1)
Azotomycin 2 148 + 30 1210 4+ 380
(0-8 mg/kg x 1)
Saline 5 181 + 30 3340 + 370
025ml x 5)
Azotomycin 5 236 + 100 238 + 80
(0-8 mg/kg x 5)
Saline 5 184 + 80 4175 1+ 960
(0-25ml x 1)
Azotomycin 2 101 £ 10 223+ 20
(400 mg/kg x 1)
Azotomycin 5 177 + 20 865 + 100
(400 mg/kg x 1)

* Azotomycin was administered to six mice per group via a caudal
vein on what was designated day 1. Animals were sacrificed on the
days indicated and assays performed as outlined in Methods.

Degradation of Azotomycin

Each mole of Azotomycin contains 2 moles DON. In comparative studies, the two
drugs have been found to produce similar biochemical and toxicological effects. This
qualitative similarity raised the possibility that Azotomycin was, in fact, liberating
DON in vivo, and that DON was the proximate cause of the several pharmacologic
effects described above. Other workers have argued that this was the case: thus,
Brockman et al.! showed that mouse plasma and the proteolytic enzyme, Pronase,
can both decompose Azotomycin.

In our attempts to investigate this possibility, two experimental approaches were
taken; in the first of these, a search was made for enzymes capable of degrading Azo-
tomycin to its constituent parts. Advantage was taken of the finding that DON can
be resolved readily from Azotomycin by high voltage electrophoresis as well as of
the finding that L-glutamic acid, arising from the hydrolysis of Azotomycin, can be
measured spectrophotometrically.!> When the drug was exposed to the plasma of
the mouse in vitro, a significant hydrolysis of Azotomycin to DON was observed
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(Fig. 2) as judged by the more rapid decrease of Azotomycin than of antimicrobial
activity. Under these conditions, the half-life of Azotomycin in vitro approximated
15 min; in vivo, the half-life of the drug is at least ten times shorter than this. For
example, in the BDF; mouse 1-2 min after after the intravenous injection of Azoto-
mycin, 100 mg/kg, a concentration of 10 ug/ml of blood was detected by microbiolo-
gical techniques, whereas no drug was present 5 min after dosing. Binding to plasma
proteins was demonstrated to be insignificant both by ultrafiltration experiments and
by incubation with bovine serum albumin. It follows that the major part of an injec-
tion of Azotomycin would be distributed to spaces other than the plasma before sig-
nificant hydrolysis could occur. Urine is one such space (Fig. 2, insert), feces is
another (Fig. 2, legend), and the intracellular compartment is a third.
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Fi1G. 2. Destruction of the antimicrobial activity of Azotomycin by the plasma of the BDF; Mouse. Azoto-
mycin, 1 mg, was added to 1 ml of heparinized mouse plasma and the mixture incubated at 37° for 30 min.
At the intervals indicated, aliquots were removed, subdiluted serially with sterile saline and tested for “an-
timicrobial activity” against a strain of E. coli sensitive to Azotomycin and, to a lesser extent, DON.
Results are expressed as mg/ml Azotomycin equivalents. Azotomycin was first separated by electropho-
resis before being quantitated microbiologically. The apparent increase in the concentration of Azotomycin
antimicrobial activity at zero time results from a nonspecific enhancement of the activity of Azotomycin
in this microbiological assay by uncharacterized factors present in plasma.

Insert: Urinary excretion of Azotomycin in the mouse. The urine from five BDF; male mice was pooled
after the intravenous administration of 100 mg/kg of Azotomycin. “Antimicrobial activity” (a) was deter-
mined on an aliquot of the pooled urine, and Azotomycin (b) was determined as above. The cumulative
urinary excretion of Azotomycin in this experiment did not exceed 1 per cent of the injectate; an additional
2-2 per cent of the administered dose of the drug was found in the feces.

It therefore became important to determine whether the organs which are most
sensitive to the toxic effects of Azotomycin would also be capable of degrading the
drug to DON. Extracts of brain, liver, spleen and intestine all exhibited this capa-
bility (Table 10). Of these, the duodenum proved to be the most vigorous catalyst.
When the organ extracts and plasma samples from various species were heated at
80° for 30 sec, their ability to decompose Azotomycin was destroyed, a finding which
furnished presumptive evidence that the mechanism is enzymatic. Further evidence
was provided by the observation that purified hog intestinal peptidase was able to
destroy greater than 80 per cent of a 1 mg/ml solution of Azotomycin in 0-1 M phos-
phate buffer at pH 8:0 during a 30-min incubation at 37°.
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The relative ability of various organ homogenates to degrade Azotomycin in vitro
was closely reflected in the concentration of drug measurable in vivo in the several
tissues surveyed shortly after the intravenous administration of doses of 100 mg/kg.
Thus, in liver, at 1-2, 1-7 and 2-5 min after injection of the drug, antimicrobial activity
equivalent to 4, 2 and 1 ug Azotomycin per liver was detected, yielding an approxi-
mate hepatic half-life of about 0-5 min. In the small intestine, peak levels at 1-:2 min
were roughly half those found in the liver, and no drug whatsoever could be mea-
sured at the latter two time periods, so that the half-life must have been less than
0-25 min.

TABLE 10. DECOMPOSITION OF AZOTOMYCIN BY MURINE ORGAN
HOMOGENATES*

Generation of L-glutamic acid
(nmoles/min/g wet wt)

Small intestine 2410
Liver 19-90
Spleen 14-40
Brain 7-19
Large intestine 6-80

* Freshly excised organs of adult male Swiss mice were
homogenized 1:10 (w/v) in 0-1 M Tris-sHCI (pH 7-6) rendered
0-5mM in EDTA and 0001 M in dithiothreitol. The homo-
genates were dialyzed against 11. of homogenizing medium for
2hr; then, 20 ul homogenate was incubated with 500 ul of
0-02 M Azotomycin for 5, 10 and 15-min. The amount of L-glu-
tamic acid generated was determined spectrophotometrically.
The rate of hydrolysis was calculated from the linear segment
of the time course.

When Azotomycin was degraded by a crude murine hepatic supernatant, and elec-
trophoresed on paper, quantitative measurements of the principal spots revealed that
each mole of Azotomycin gave rise only to 1-7 moles DON instead of the 2 moles
required by theory. Two explanations might be offered for this sub-stoichiometric
effect: (1) there is selective loss of DON in the analysis, as for example by an electro-
lytic process (indeed the diazoketones are known to be labile under a variety of con-
ditions); or (2) DON is destroyed by the crude enzyme system to a small extent. The
former possibility was not explored extensively in the present study. However,
attempts to demonstrate destruction of DON by hepatic extracts, using disappear-
ance of the 274 ultraviolet maximum of the compound as the criterion of hydrolysis,
did reveal a slow decline in absorbance. It is highly likely, too, that DON, as a pri-
mary acid whose stereochemistry resembles that of both L-glutamate and L-gluta-
mine, can enter into intermediary metabolic pathways. Evidence has already been
presented which indicates that the compound is a substrate for one of the hepatic
transaminases.* Moreover, it is possible that DON, like gamma glutamylhydrazide,
is itself incorporated into proteins as a fraudulent amino acid.3° This utilization of.
one of the products of the hydrolysis of Azotomycin would, of course, account for
the observed stoichiometrics. Such an effect also might be responsible for some of
the cumulative toxic actions of the drug reported here.
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While the aforementioned studies make it likely that Azotomycin undergoes bio-
transformation to DON, they do not rule out the possibility that Azotomycin, of
itself, is capable of exerting pharmacologic effects. In order to explore adequately this
possibility, it would be necessary to compare the interaction of both Azotomycin and
of DON with purified preparations of the numerous enzymes catalyzing amido
donation from L-glutamine, because these are the systems which DON is known to
inhibit (cf. below). Since such purified enzymes would presumably be free of the pep-
tidase activity which decomposes Azotomycin to DON, any inhibition seen could be
ascribed to the intact drug as opposed to a product thereof. Brockman et al.,! for
example, studied the interaction of DON and Azotomycin with a purified phosphori-
bosylamine synthetase and demonstrated that the tripeptide was ineffective, whereas
the diazoketone was a powerful inhibitor.

Inasmuch as Azotomycin can inhibit crude L-asparagine synthetase, and in view
of the fact that a purified preparation of mammalian synthetase was available, this
system was selected for further study. Crude L-asparagine synthetase of tumor was
included for purposes of comparison, since this preparation has been shown to
decompose the antibiotic. Azotomycin was found to be a relatively ineffective inhibi-
tor of the purified enzyme but an active inhibitor of the crude; DON was inhibitory
toward both (Table 11).

TABLE 11. INTERACTIONS OF AZOTOMYCIN AND DON WITH CRUDE AND PURIFIED PREPARATIONS OF L~

ASPARAGINE SYNTHETASE*
Azotomyein DON
Source Amide donor (% inhibition) {% inhibition)
Crude L-asparagine synthetase L-Glutamine 75 75
Ammonia 8 8
Purified L-asparagine synthetase L-Glutamine 16 88
Ammonia 21 26

* Azotomycin (1 x 1072 M) and DON (1 x 1073 M) were incubated with crude L-asparagine synthe-
tase from 100,000 ¢ supernatants of the 6C3HED-AR lymphosarcoma. Ammonia and L-glutamine were
present in concentrations of 0-05 and 0-02 M respectively.* The L-asparagine synthetase was 45-fold puri-
fied from Novikoff hepatoma to a specific activity of 1084 nmoles L-asparagine synthesized/mg protein/hr.

DISCUSSION

L-Glutamine is known to donate its amide to at least 11 important receptors. The
pertinent reactions are presented in Chart 1, along with the concentration of DON
necessary to bring about significant inhibition of each. In most cases, comparable
data on Azotomycin were unavailable.

In mammals, the reaction most sensitive to DON is usually considered to be the
conversion of formylglycinamide ribonucleotide to formylglycinamidine ribonucleo-
tide; the K; is roughly 1 x 107° M. In bacteria sensitive to DON, the synthesis of
guanylic acid appears to be most susceptible to diazoketone inhibition, with a K; of
1 x 107 % M. From the tabulation, it is clear then that this family of drugs can exert
a profound effect on a broad variety of biosynthetic reactions, the inhibition of any
single one of which could produce lethal toxicity. However, when these reactions are
collectively inhibited, the toxicologic effect becomes devastating.
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Although it is possible that the marked elevation of L-glutamine in the liver of ani-
mals intoxicated with Azotomycin arises in large part from an interruption of the
utilization of that amino acid, it is also likely that the inhibition of hepatic L-glutam-
inase by the drug contributes to this effect. Indeed, the findings that cerebral L-
glutamine does not accumulate after the administration of Azotomycin and that cer-
ebral L-glutaminase is unaltered by high parenteral doses of the drug are taken as
ancillary evidence in favor of this conclusion.

That L-glutamine is not the only amide whose metabolism is deranged by Azotomy-
cin (and by DON) is indicated by the present studies in vivo of L-asparagine synthe-
tase and L-asparagine homeostasis in the organs of mice given large single or small
repeated doses of the drug. Both modes of administration brought about a notable
curtailment of the biosynthesis of L-asparagine, as a consequence of which the organ
concentration of L-asparagine tended to be depressed. This depression is all the more
significant in view of the finding that hepatic soluble L-asparaginase, which is a prime
candidate for the role of negative regulator of the level of free L-asparagine, was inhi-
bited in vivo by Azotomycin.

The inhibition of the biosynthesis of L-asparagine was especially dramatic in the
pancreas, most likely because this is an organ which synthesizes L-asparagine at a
preeminently vigorous rate in mammals. It can be speculated that the ability of Azo-
tomycin to depress the intracellular concentration of L-asparagine provides a partial
explanation for the oncolytic action of the drug against tumors with feeble L-aspara-
gine synthetase.

While the present experiments clearly indicate that Azotomycin, like Duazomycin
A and DON, produces powerful cumulative toxicity, they have not identified the bio-
chemical lesion principally responsible for this toxicity. Nevertheless, it is warranted
to suggest that the interruption of purine synthesis is probably instrumental in the
production of damage to organs with rapidly dividing cells, and that the interruption
of L-asparagine biosynthesis is probably contributory to the damage produced by
Azotomycin in nondividing organs such as the liver and brain.

Lastly, our studies of the enzymatic degradation of Azotomycin to DON make
it probable that Azotomycin is functioning as a stable “pro-drug” from which the
active and proximate antimetabolite, DON, is generated both intracellularly and
extracellularly as a consequence of peptidasic attack. This conclusion is entirely in
accord with that of Brockman et al.,' who utilized plasma and Pronase to demon-
strate the lability of Azotomycin. It is very likely that DON is responsible for inter-
rupting the biosynthesis of the purines and pyrimidines of glucosamine and, as was
demonstrated here for the first time in vivo, of L-asparagine. Among the fraudulent
amino acids, then, these diazoketones must be viewed as exceptionally successful im-
posters.
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