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Abstract—The specificity of the potent adenosine deaminase inhibitors deoxycoformycin (covidarabine),
coformycin and erythro-9-(2-hydroxy-3-nonyljadenine (EHNA), has been assessed in Ehrlich ascites
tumor cells in vitro and in cultured mouse lymphoma L5178Y cells. EHNA is both less potent an
inhibitor of adenosine deaminase than deoxycoformycin, and is less specific. High concentrations of
deoxycoformycin and EHNA inhibit all pathways of purine ribonucleotide synthesis, and inhibit the
conversion of inosinate to adenine and guanine nucleotides. These drugs also inhibit purified adenylate
deaminase, but inhibition of this enzyme in intact cells can only be detected at high rates of deamination
of adenylate. Deoxycoformycin potentiates the toxicity of adenine against cultured cells.

Several highly potent inhibitors of adenosine de-
aminase (EC 3.5.4.4) have been identified in the past
few years: coformycin {1-4], deoxycoformycin (also
called covidarabine) [5], and erythro-9-(2-hydroxy-3-
nonylladenine (EHNA)[6]. The structures of these
compounds are shown in Fig. 1.

As coformycin [7-14], deoxycoformycin [15-20]
and EHNA [21-24] are coming into increasing use
in studies of the metabolism of intact cells, and are
being used in enzyme assays [25-27], it is important
to determine if they are in fact specific inhibitors of
adenosine deaminase, or if they also inhibit other
aspects of purine metabolism as well. In this study
we have determined the effects of deoxycoformycin
and EHNA, and in some cases coformycin, on a
number of aspects of purine metabolism in Ehrlich
ascites tumor cells incubated in vitro and in cultured
mouse lymphoma L5178Y cells.

MATERIALS AND METHODS

Coformycin, deoxycoformycin and EHNA were
gifts of Drs H. Umezawa and M. Hori (Institute of
Microbiol Chemistry, Tokyo), G. A. LePage (Univer-
sity of Alberta Cancer Research Unit), and G. B.
Elion (Burroughs Wellcome and Co., Research
Triangle Park, NC), respectively. Each was dissolved
in distilled water for use.

Sources of most other materials [28, 29], methods
of preparation and incubation of Ehrlich ascites
tumor cells[28] and culture of lymphoma L5178Y
cells[30], and procedures for the separation and
measurement of radioactivity in purine bases,
ribonucleosides and ribonucleotides [31,32] and for
the incorporation of radioactive glycine into phos-
phoribosyl formylglycineamide in the presence of aza-
serine [33], have been reported previously. Rabbit
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muscle adenylate deaminase (EC 3.5.4.6) was obtained
from the Sigma Chemical Co. The AMP deaminase
was assayed spectrophotometrically at 20° in 0.10M
sodium citrate at pH 6.5,

RESULTS

The aim of this study was to determine whether
deoxycoformycin, coformycin and EHNA affected
aspects of purine metabolism in intact mammalian
cells in addition to their inhibitory effects on adeno-
sine deaminase. As a basis for assessing the signifi-
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Fig. 1. Structures of coformycin, deoxycoformycin
(covidarabine), and erythro-9-(2-hydroxy-3-nonyl)adenine
(EHNA).
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cance of such side effects, it was first necessary to
determine the lowest concentration of each com-
pound that would virtually completely inhibit adeno-
sine deaminase activity in Ehrlich ascites tumor cells
incubated in vitro under the particular conditions
used in this investigation. Previous studies[7] had
shown that the concentration of coformycin that was
required for this purpose was 3.5uM (1 pg/ml),
although in slices of mouse liver, kidney, brain and
heart, 35 uM was required [9].

Figure 2 shows the relationship between concen-
tration of deoxycoformycin, coformycin and EHNA
and the deamination of adenosine by intact tumor
cells. Deoxycoformycin was slightly more potent than
coformycin, and both were appreciably more effective
than EHNA. Concentrations of between 1.8 and
3.6 uM deoxycoformycin and coformycin gave 98-99
per cent inhibition, while 3.6 yM EHNA gave 96 per
cent inhibition. For purposes of the following experi-
ments, 3.6 uM of each of the three inhibitors was con-
sidered to be effective for inhibiting adenosine de-
aminase activity.

In order to assess the specificity of deoxycoformy-
cin and EHNA in intact tumor cells, the effects of
a range of concentrations of each compound on each
of the following reactions or processes was deter-
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Fig. 2. Inhibition of deamination of adenosine. Ehrlich
ascites tumor cells (0.1 ml of a 2%, v/v suspension) in
Fischer's medium containing 25 mM phosphate and no
sodium bicarboxate were incubated at 37° with shaking,
in an air atmosphere, with various concentrations of cofor-
mycin {O), deoxycoformycin (@), or EHNA (A} After
20min, ['*Cladenosine (28 mCi/m-mole, final concen-
tration, 200 uM) was added and the incubation was con-
tinued for 30 min. Deamination of adenosine was calcu-
lated as radioactivity in inosine plus hypoxanthine. Results
presented are averages of duplicate determinations, and are
representative  of data obtained in two separate
experiments.
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Fig. 3. Effects of adenosine deaminase inhibitors on con-
version of adenosine to nucleotides. Cells were incubated
generally as described in Fig. 2, with either deoxycoformy-
cin {A) or EHNA (B). Cells were ecither incubated with
inhibitor for 20 min, followed by addition of [!*CJadeno-
sine and further incubation for 30 min (@); or they were
incubated for 20 min without inhibitor. followed by simul-
taneous addition of inhibitor and ['“Cladenosine and
further incubation for 30 min (O); or they were incubated
with inhibitor for 20min, after which inhibitor was
removed by centrifugation and resuspension twice in fresh
medium, ['*Cladenosine was then added and incubation
was continued for 30 min {&). Total radioactivity in acid-
soluble nucleotides was determined. Results presented are
averages of duplicate determinations, and are representa-
tive of data obtained in two experiments.

mined: (a) conversion of radioactive adenosine to nu-
cleotides, (b} conversion of radiocactive adenine,
guanine and hypoxanthine to nucleotides, (¢} conver-
sion of radioactive glycine to phosphoribosyl formyl-
glycineamide in the presence of azaserine (this is a
measure of the first few reactions in the pathway of
purine biosynthesis de novo), (d) conversion of in-
osinate to adenine and guanine nucleotides, {e) break-
down of adenine nucleotides (an indicator of effects
on energy metabolism), and () the deamination of
adenylate. Because of limited availability of coformy-
cin, it was not used in all of the experiments de-
scribed. Concentrations of deoxycoformycin used in
these studies ranged from 3.6 to 185 uM, and the con-
centrations of EHNA used ranged from 3.6 to 76 uM.

Experiments were first conducted to determine if
deoxycoformycin or EHNA inhibited the conversion
of radioactive adenosine to nucleotides. As such inhi-
bition could be produced either by inhibition of
adenosine transport or by inhibition of the phos-
phorylation of adenosine, or both, these experiments
were conducted in three different ways. First, cells
were incubated with drug (and glucose} for 20 min
prior to addition of radioactive adenosine. Second,
drugs and radioactive adenosine were added simul-
taneously, following 20 min incubation with glucose
alone. Third, cells were incubated with drug (and glu-
cose) for 20min, and extracellular free drug was
removed by centrifugation and resuspending the cells
twice in fresh medium containing no drug Radioac-
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Fig. 4. Effects of adenosine deaminase inhibitors on nu-
cleotide synthesis from purine bases and on purine biosyn-
thesis de novo. Tumor cells were incubated as described
in Fig. 2 with deoxycoformycin (®), coformycin (O), or
EHNA (A). After 20 min, [**CJadenine (A), [**C]hypoxan-
thine (B), or [**C]guanine (C), were added to final concen-
trations of 100 uM and incubations were continued for
30 min. Total radioactivity in acid-soluble nucleotides was
determined. Alternatively, cells were incubated for 20 min
in calcium-free Krebs—Ringer medium containing 25 mM
phosphate, 5.5 mM glucose, adenosine deaminase inhibi-
tors and 10 uM azaserine, after which 2 uM glutamine and
1 mM ['#]glycine were added and incubation was con-
tinued for 30 min (D). Radioactivity in phosphoribosyl for-
mylglycineomide was determined. Results presented are
averages of duplicate determinations, and are representa-
tive of results obtained in two to three experiments.

tive adenosine was added at this point and nucleotide
synthesis was measured as usual.  ~

Figure 3 shows that both deoxycoformycin and
EHNA inhibited conversion of adenosine to nucleo-
tides when both drug and adenosine were present
together in the medium. Greater inhibition was
achieved when cells were incubated for 20 min with
drug before addition of radioactive adenosine than
if drug and adenosine were added together. In these
experiments EHNA was somewhat more potent than
deoxycoformycin, and its effects were more strongly
dose dependent than were those of deoxycoformycin.

However, when deoxycoformycin and EHNA were
removed by changing the medium prior to addition
of radioactive adenosine, no inhibition of nucleotide
synthesis was observed. This would suggest that these
drugs do not inhibit adenosine kinase, (EC 2.7.1.20)
but instead are inhibitors of adenosine entry into the
cells.

Figure 4 shows the effects of a range of concen-
trations of deoxycoformycin and EHNA on nucleo-
tide synthesis from radioactive adenine (Fig. 4A),
hypoxanthine (Fig. 4B), and guanine (Fig. 4C), and
on the early steps of the pathway of purine biosyn-
thesis de novo, as measured by the incorporation of
radioactive glycine into phosphoribosyl formylgly-
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cineamide in the presence of azaserine (Fig. 4D).
Figure 4C also shows the effects of a smaller range
of concentrations of coformycin on nucleotide syn-
thesis from radioactive hypoxanthine.

Figs 4A, 4C and 4D show that deoxycoformycin
had little or no effect on nucleotide synthesis from
adenine or guanine or on purine biosynthesis de novo.
In each case, however, EHNA produced considerable
inhibition at the higher concentrations.

Figure 4B shows that EHNA produced greater in-
hibition of nucleotide synthesis from radioactive
hypoxanthine than it did when the other precursors
were used. In addition, high concentrations of deoxy-
coformycin also inhibited this process, in contrast to
its lack of effect on other pathways of nucleotide for-
mation. Coformycin appeared to affect nucleotide
synthesis from hypoxanthine less than deoxycoformy-
cin, but it was not tested at very high concentrations.

One possible basis for a differential effect of deoxy-
coformycin and EHNA on nucleotide synthesis from
hypoxanthine would be inhibition of the conversion
of inosinate to either adenine nucleotide or guanine
nucleotides, or both. It has previously been estab-
lished [8, 12, 31, 34] that inhibition of these processes
does not lead to accumulation of nucleoside mono-
phosphate, but instead that such nucleotides are
dephosphorylated to nucleosides. In order to test this
possibility, the ratio of radioactivity in adenine nu-
cleotides to that in guanine nucleotides was calculated
from data obtained in the experiment of Fig. 4C. As
shown in Fig. 5, this ratio was moderately decreased
in cells incubated with deoxycoformycin, whereas
EHNA caused a very substantial decrease. These
results suggest that both compounds inhibit the con-
version of inosinate to adenylate. In fact, 76 uM
EHNA inhibited incorporation of radioactive hypox-
anthine into adenine nucleotides by 80 per cent,
whereas that into guanine nucleotides was inhibited
only 32 per cent. Similarly, 185 uM deoxycoformycin
inhibited incorporation of radioactive hypoxanthine
into adenine nucleotides by 47 per cent, whereas that
into guanine nucleotides was inhibited only 19 per
cent.

One sensitive indicator of the effects of drugs on
energy metabolism is increased formation of radioac-
tive inosine and hypoxanthine in cells incubated with
radioactive adenine, as well as a decrease in the ratio
of radioactivity in ATP to that in ADP in the same
experiment [12]. Neither deoxycoformycin  nor
EHNA affected these processes.

Debatisse and Buttin have recently reported that
in addition to inhibiting adenosine deaminase, cofor-
mycin also inhibited AMP deaminase in cell-free
extracts of Chinese hamster fibroblasts[14]. They
also observed that coformycin appeared to potentiate
the toxicity of adenine in these cells. These observa-
tions prompted us to examine the inhibition of par-
tially purified rabbit muscle adenylate deaminase by
deoxycoformycin and EHNA. The partially purified
adenylate deaminase was chosen rather than a crude
cell-free extract to minimize the possibility that any
inhibition observed may be caused by a phosphory-
lated derivative. Plots of velocity against AMP con-
centration gave the expected sigmoid curves with an
apparent Michaelis constant of approximately
0.10 mM. Similar plots in the presence of either in-



1970

[“C] Adenine Nucleorides/[”C] Guanine Nucleotides

(o)

1

1

I}

80

I
120

160

200

Inhibitor [,uM]

Fig. 5. Effects of adenosine deaminase inhibitors on con-
version of inosinate to adenine nucleotides and guanine
nucleotides. Cells were incubated as described in Fig. 2
for 20 min with deoxycoformycin (@) or EHNA (A), after
which ['*Clhypoxanthine was added to a final concen-
tration of 100 uM, and incubation was continued for
30 min. Radioactivity in radioactive adenylate, ADP, ATP,
guanylate, GDP and GTP was determined. Results pres-
ented are averages of duplicate determinations, and are
representative of data obtained in two experiments.

hibitor showed a decrease in reaction velocity. The
studies were not extensive enough to determine
whether the observed slight increase in the apparent
Michaelis constant was significant. Figure 6 shows
the relative velocity of the adenylate deaminase reac-
tion at various inhibitor concentrations. These results
are similar to the reported effects of coformycin on
the unpurified adenylate deaminase from Chinese
hamster fibroblasts.

It is difficult to measure possible effects of drugs
on adenylate deaminase activity in intact Ehrlich
ascites tumor cells, as the rate of this process in cells
incubated with radioactive adenine or adenosine is
very low [19,28]. However, the rate of this process
is greatly accelerated in cells treated with 2-deoxyglu-
cose or 24-dinitrophenol, and the extent of deamina-
tion of adenylate varies both with time and with con-
centration of the inhibitor of energy metabo-
lism [8, 12]. In a previous study [12] of ATP catabo-
lism in cells incubated with deoxyglucose but in the
absence of coformycin, the relationship between dea-
mination of adenylate and formation of adenylate
from ATP was shown to be linear over quite a wide
range. Though not published at the time, similar
studies had also been conducted in the presence of
3.5 uM coformycin, and these data appear to be rele-
vant to the question of inhibition of adenylate de-
aminase in intact cells.

Figure 7 shows plots of adenylate deamination as
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Fig. 6. Inhibition of rabbit muscle adenylate deaminase

by various concentrations of deoxycoformycin (®) and

EHNA (0). Reactions were started by addition of the
enzyme.

a function of amount of adenylate formed by the
breakdown of ATP under the influence of deoxyglu-
cose, both in the presence and absence of coformycin.
It can be seen that there is apparently less deamina-
tion of AMP in the presence of coformycin than in
its absence. In a smaller experiment using dinitro-
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Fig. 7. Effect of coformycin on the relationship between
['*C]JAMP deamination and ['*C]JAMP formation. Cells
were incubated for 30 min in Fischer’s medium containing
25mM phosphate and 100 uM ['*CJadenine. They were
then centrifuged, washed, and resuspended in Fischer’s
medium containing the following concentrations of glucose
and deoxyglucose: B, 5.5 mM deoxyglucose; O,@, 4.81 mM
deoxyglucose + 0.69 mM glucose; A, A, 3.3 mM deoxyglu-
cose + 2.2 mM glucose; @, A, 400 uM aminoiodoribofur-
anosylpyrrolo-pyrimidine (an inhibitor of adenosine phos-
phorylation). A, without coformycin. B, with 3.5 uM cofor-
mycin. Data for B are taken from ref. 12.
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Fig. 8. Effects of deoxycoformycin on adenine metabolism
in cultured mouse lymphoma L5178Y cells. L5178Y cells
were subcultured 16 hr prior to the addition of reagents
to start these experiments at time zero.

(A). The growth of a L5178Y control culture (L) is
shown together with that of cultures containing t uM
methotrexate and 20 yM dThd (B); with ] uM methotrex-
ate, 20 uM dThd and 20 gM Ade (0); and with | uM meth-
otrexate, 20 uM dThd, 20 uM Ade and 1 uM 2-deoxyco-
formycin (®).

(B). The growth of a L5178Y control culture (C) is
shown together with that of cultures containing 20 uM
2.deoxycoformycin {A); with 20uM Ade (A); with
20 uM Ade and 5 uM 2"-deoxycoformycin (Q); with 20 uM
Ade and 10 uM 2'-deoxycoformycin {@); and with 20 uM

Ade and 20 yuM 2’-deoxycoformycin ().

phenol (data not shown), there was also less deamina-
tion of adenylate in the presence of coformycin than
in its absence.

In a further attempt to assess the significance of
possible inhibition of adenylate deaminase for the
metabolism of intact cells, several experiments were
conducted using cultured mouse lymphoma L5178Y
cells. Figure 8A shows results of experiments in which
cells were treated with methotrexate to inhibit purine
biosynthesis de novo as well as the synthesis of thymi-
dylate; under these conditions cell growth requires
addition of thymidine and a purine to the medium.
Hypoxanthine is usually used in such experiments as
it 1s readily converted to the adenine and guanine
nucleotides that are required for growth. In order for
adenine to be converted to guanine nucleotides in
L5178Y cells, adenylate must be deaminated to in-
osinate by adenylate deaminase[19]. It can be seen
that cells grow well in the presence of 20 uM adenine
(plus 20 uM thymidine), though net quite as well as
in the absence of methotrexate, or as in the presence
of methotrexate plus hypoxanthine [30,35]. The
further addition of | uM deoxycoformycin did not
alter the growth rate, indicating that at least under
these conditions the activity of adenylate deaminase
either was not inhibited at all or that it was not inhi-
bited sufficiently to curtail guanine nucleotide syn-
thesis from adenine.

That higher concentrations of deoxycoformycine do
affect adenine metabolism, however, is shown in Fig.
8B. In this case L5178Y cells were grown in the
absence of methotrexate, and it is seen that neither
20 M adenine nor 20 uM deoxycoformycin affected
cell growth. However, combinations of adenine and
deoxycoformycin were toxic, and the growth inhibi-
tory effects of such combinations increased with in-
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creasing concentration of deoxycoformycin. The pre-
cise basis of this toxicity is not yet defined.

DISCUSSION

These studies have shown that certain concen-
trations of coformycin, deoxycoformycin and EHNA
inhibit several aspects of purine metabolism in addi-
tion to their “prime” target, adenosine deaminase. In
general, EHNA seems to have more side effects, or
be more potent in inhibiting other reactions, than
deoxycoformycin. It is clear that the specificity of
these adenosine deaminase inhibitors should be deter-
mined in each experimental system in which they are
used, and that their possible side effects should be
taken into account in interpreting results of experi-
ments in which they are used, particularly in experi-
ments using intact cells.

The extent to which results of the present work
on the lack of specificity of deoxycoformycin, cofor-
mycin and EHNA can be extrapolated to other ex-
perimental systems remains to be determined. Two
factors are important in this regard, the minimal con-
centration of drug that is required to inhibit adeno-
sine deaminase, and the relative sensitivity to inhibi-
tion of other reactions of purine metabolism. Thus
concentrations of deoxycoformycin required to poten-
tiate the growth inhibitory activity of adenosine

_analogs have ranged from ca. 002uMI[18] to

3.7 uM [20] in different experimental systems, and
concentrations of EHNA that have been used in dif-
ferent systems have ranged from 03 uM[23] to
7.9 uM [22]. The relationship between the two fore-
mentioned factors may be particularly important in
clinical oncology as it is very likely that these adeno-
sine deaminase inhibitors will be tested in conjunction
with such adenosine analogues as arabinosyladenine
for effectiveness against human tumors.

The observed variation in minimum effective con-
centrations of deoxycoformycin and EHNA may be
due to variation in rates of drug uptake, variation
in the concentration of adenosine deaminase (i.e.
amount of enzyme per cell and cell density), and
length of time cells have been exposed to drug prior
to assay. In addition, little is known about the meta-
bolism of these drugs.
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