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A NOVEL METABOLIC EFFECT OF THE ADENOSINE DEAMINASE INHIBITOR
COFORMYCIN, A POTENTIATOR OF ANTIVIRAL ADENOSINE ANALOGUES
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Coformycin [(R)-3-(8-D-erythropentofuranosyl)-3,6,7 8-tetrahydroimidazo [4,5 d]-[1,3] diazepin-
8-(R)-0l] is an inhibitor of adenosine deaminase and thus increases the antiviral potency of a series
of adenosine analogues. The influence of chemically synthesized coformycin triphosphate on RNA-
polymerizing enzymes (RNA polymerases from E. coli and from calf thymus, poly(A) polymerase)
and on DNA-synthesizing enzymes (DNA polymerases and terminal deoxynucleotidyltransferase
from calf thymus) was studied. Only the poly(A) polymerase was found to be sensitively inhibited
by coformycin triphosphate. The inhibition is non-competitive with respect to ATP (X; = 2.9 uM).
Inhibition was reversed by simple dilution. The inhibitor does not act as chain terminator.
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INTRODUCTION

The search for a useful antiviral agent has led to the discovery of several adenosine
analogues, e.g. 9-8-D-arabinofuranosyladenine [9,25], 3'-deoxyadenosine or cordycepin
[23,27] and (§)-9-(2,3-dihydroxypropyl)adenine [11] which have been shown to be
agents for some infections caused by DNA viruses. Most of these compounds were found
to be inactivated by adenosine deaminase (reviews in ref. 19). Therefore, it was one of
the most exciting developments in the enhancement of the therapeutic efficacy of the
adenine nucleoside analogues to discover the naturally occurring nucleoside inhibitors
of adenosine deaminase coformycin [24,29] and 2'-deoxycoformycin [32]. The two
inhibitors gained additional importance in the control of the adenosine deaminase activity
in precursor lymphocytes of patients with a distinct, severe immunodeficiency [14].
Since the precise additional metabolic effects of the adenosine deaminase inhibitors are
not known only a judicious use is recommended [9,30]. Experimental data show that
coformycin inhibits phytohemagglutinin-induced proliferative response of precursor T
cells by an unknown metabolic effect [2]. In addition, it is now known that coformycin
is not degraded by L5178y cells, but is converted to its phosphorylated derivatives [24] .
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In the present contribution the influence of the triphosphate derivative of coformycin
[(R)-3-(B-D-erythropentofuranosyl)-3,6,7 8-tetrahydroimidazo [4,5 d]-[1,3] diazepin-8-
(R)-0l] on ribonucleic acid-synthesizing enzyme systems, in vitro, was studied. These
experiments revealed a strong inhibition of poly(A) polymerase by coformycin triphos-
phate (CFTP). The chemical synthesis of CFTP was described for the first time in this

paper.
MATERIALS AND METHODS
Compounds

The following materials were obtained: [>H]ATP (specific activity, 11 Ci/mmol) from
The Radiochemical Centre (Amersham, England); DNA-dependent RNA polymerase
(Escherichia coli) isolated according to the method of Burgess [5] and unlabeled deoxy-
ribonucleoside and ribonucleoside triphosphates from Boehringer Mannheim (Tutzing,
F.R.G); [ C]dATP (specific activity 52.8 mCi/mmol) from New England Nuclear
(Boston, MA, US.A.).

Herring sperm DNA, isolated according to Zahn et al. [35], was activated according
to Aposhian and Kornberg [1] with the characteristics described earlier [20].

Synthesis of coformycin triphosphate

The monophosphate derivative was synthesized from the unprotected coformycin
according to a described procedure [34] which was slightly modified. The dried cofor-
mycin (9 mg), dissolved in 150 pl triethylphosphate, reacted with 9 ul phosphoryl chlo-
ride at 0°C for 3 h. The reaction product was obtained by ethyl ether precipitation and
subsequently added to 40 ul triethylamine (in 4 ml water); yield of the reaction being
52%. The S'-monophosphate was converted to the 5'-triphosphate [16] as follows: 12.5
mg of coformycin monophosphate was activated with 22 mg carbonyldiimidazole in 750
ul dimethylformamide (4 h at 20°C). Subsequently 140 mg tributylammonium pyro-
phosphate (in 400 ul dimethylformamide) were added and kept at 20°C for 14 h. After
removal of the sediment, the solution was treated with methanol and the reaction pro-
ducts were obtained by ethyl ether precipitation. The triphosphate was purified by
DEAE-cellulose chromatography [16]. The resulting triethylammonium salt was can-
verted into the lithjum form using Dowex 50 X 4 (Li-form). Yield of this reaction: 45%.
Coformycin triphosphate was determined to be chromatographically pure as proven in
an ascending system on cellulose plate with the system isobutyric acid : ammonia : H,0
(60 : 1 : 40); the R, values are: coformycin, 0.71; coformycin monophosphate, 0.37;
coformycin triphosphate, 0.18. Coformycin triphosphate had the same UV spectrum as
coformycin (Ap,, 282 nm and A 255 nm in water, pH 7). In addition, the triphos-
phate was hydrolyzed to coformycin (as determined by thin-layer chromatography) by
E. coli alkaline phosphatase [4].
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Enzyme preparations

The DNA-dependent RNA polymerases I, IT and IIT were isolated from mouse liver,
and solubilized and fractionated according to Roeder and Rutter [28] as described
[26]; the specific activities were as follows: type I, 0.21 nmol AMP incorporated into
RNA/10 min per mg protein; type II, 1.39 nmol/10 min per mg; type II1, 0.12 nmol/10
min per mg. The DNA-dependent DNA polymerases o and § were prepared from calf
thymus and separated by sucrose gradient centrifugation [10,26] ; the specific activities
achieved were: type «, 11 nmol dAMP incorporated into DNA/60 min per mg protein;
type B, 0.8 nmol/60 min per mg. Terminal deoxynucleotidyltransferase was isolated
from calf thyinus [7]; step VII with a specific activity of 940 nmol dAMP incorporated/
60 min per mg. Poly(A) polymerase (Mn?*-dependent) was prepared from calf thymus
as described previously [31]. Fraction V, with a specific activity of 1840 nmol AMP
incorporated/30 min per mg protein (7 mg/ml), was used for the studies. With the excep-
tion of poly(A) polymerase, all the other enzymes used were only partially purified.

Enzyme assays

DNA-dependent RNA polymerase activities of types I, II and III were measured by
incorporation of [*H]JATP (specific activity 850 dpm/pmol) into acid-insoluble material
using activated DNA as template [26]. Acid-insoluble material from the reactions was
spotted on Whatman GF/C glass fiber disks and processed as has been described [8].
DNA-dependent RNA polymerase activity of the E. coli enzyme was determined as
described [33]. DNA-dependent DNA polymerases o and § assays were carried out
using [*H]dATP (specific activity 120 dpm/pmol), activated DNA as template/initiator
and the components described eardier in detail [26]. Terminal deoxynucleotidyltrans-
ferase reactions were carried out with [**C]dATP (specific activity 130 dpm/nmol)
and d(pA); as initiator as described [7,22] . Poly(A) polymerase reactions were routinely
carried out at 37°C for 30 min in the presence of 200 mM Tris-HCI (pH 8.3), 4 mM
2-mercaptoethanol, 20 ug/ml bovine serum albumin, 0.5 mM MnCl,, 5 ug oligo(pA),e,
varying amounts of [*H]ATP (14 dpm/pmol) and 20 ul enzyme in a final volume of
100 pl. Products of the reaction were detected as acid-insoluble radioactivity as pre-
viously described [8].

For the kinetic experiments to determine the Michaelis constants (K, ), concentra-
tions of the labeled ATP or dATP in the range between 2 and 105 uM were added to the
assays. The K, value and the inhibitor constant (K;) were calculated according to the
method of Lineweaver and Burk [18].
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RESULTS

Effect of coformycin triphosphate on the activity of DNA- and RNA-polymerizing
enzymes

The data summarized in Table 1 show that RNA polymerase, isolated both from
bacteria and from mouse liver, as well as DNA polymerases and terminal deoxynucleo-
tidyltransferase are not affected by coformycin triphosphate. Coformycin triphosphate
was added at a concentration of 20 uM to the enzyme assays, consisting of 3 uM radio-
actively labeled ATP (in the RNA-polymerizing enzyme reaction mixtures) or of 0.8
uM labeled dATP (in the DNA polymerizing enzyme assays). However, the Mn?*-depen-
dent poly(A) polymerase was found to be potently inhibited by coformycin triphosphate.

Inhibition analyses of poly (A ) polymerase

To determine the mechanism of inhibition of poly(A) polymerase by coformycin
triphosphate, inhibition analyses involving variation of the substrate ATP were conducted
(Fig. 1). The inhibition of the enzyme activity was non-competitive with respect to ATP
(Michaelis constant K| = 224 uM). The calculated inhibition constant (K; =2.9 uM) of
the unisubstrate enzyme, poly(A) polymerase, represents the true inhibition constant.
This means that an inhibitor concentration of 2.9 uM reduces the maximum velocity
(Vmax) of the reaction to 50% [12].

Published experiments led to the assumption [3] that polyadenylation can be divided
into the following two stages: initiation and elongation of the poly(A) chain. To test if
only one step was inhibited, time course experiments with coformycin triphosphate
were performed (Fig. 2). The results revealed that, firstly, the time course of the poly(A)
polymerase reaction is linear also in the presence of coformycin triphosphate and, second-
ly, the extent of the inhibition was identical irrespective of the addition of coformycin
triphosphate to a starting reaction or to a reaction in progress.

To determine approximately the degree of binding of coformycin triphosphate to the
enzyme dilution studies were performed (Table 2). The data show that inhibition of
poly(A) polymerase activity by coformycin triphosphate is reversed by simple dilution.
While in the undiluted experiments the enzyme was inhibited by 63%, the inhibition in
the diluted assays was found to be only 15%. This result implies that coformycin tri-
phosphate is a reversible inhibitor for the enzyme. This conclusion is supported by the
finding that increasing the amount of poly(A) polymerase from 140 ug to 280 ug has
no effect on inhibition by coformycin triphosphate (data not presented).

One approach to demonstrate that coformycin monophosphate is not incorporated
at the 3'-terminus of the initiator where it may act as a chain terminator is the sequential
addition of the inhibitor and the substrate to the reaction. Such an experiment shows
(Table 3) that the degree of inhibition of AMP incorporation, caused by coformycin
triphosphate, was the same in the case of a preceding incubation of the enzyme with
the inhibitor alone, or if the inhibitor was added together with ATP.
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Fig. 1. Non-competitive inhibition of poly(A) polymerase (from calf thymus) by coformycin triphos-
phate. Lineweaver—Burk [18] plot. K; of coformycin triphosphate at varying (ATP) concentrations
with 0 uM (@), 1.2 uM (0), and 4.5 uM (+) coformycin triphosphate.

Fig. 2. Time course of inhibition of poly(A) polymerase of calf thymus by coformycin triphosphate.
The standard reaction mixture, supplemented with 6 uM [*H]ATP, was assayed as described in
Materials and Methods (@). Coformycin triphosphate (4.5 uM) was added immediately (0) or 10 min
after the start of the reaction (+).

TABLE 2 -

Effect of dilution on the inhibition of poly (A) polymerase by coformycin triphosphate

Conditions AMP incorporated (pmol/assay)
Undiluted Diluted
Control (6 uM ATP) 5230 510
+4.5 uM CFTP 1940 430
Control (12 uM ATP) 9420 935
+4.5 uM CFTP 3660 810

Standard reaction mixtures containing 6 or 12 uM [*H) ATP were assayed as described in Methods.
Duplicate standard reaction mixtures (controls) and duplicate mixtures, containing 4.5 uM coformy-
cin triphosphate were incubated for 2 min. Then one of the experimental and one of the control
mixtures were diluted 10 times with complete reaction mixtures lacking enzyme and inhibitor. After
30 min (at 37°C), the incorporation rate was determined. CFTP = coformycin triphosphate.
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TABLE 3

Effect of a sequential addition of coformycin triphosphate (4.5 uM) and ATP (6 uM) on the inhibition
of poly(A) polymerase

Conditions AMP incorporated
(nmol/assay)
Control 5.2

Time 0 min: [*H]ATP + CFTP 1.9

Time 0 min: CFTP
Time 30 min: [*H] ATP 2.0

The incubation in the presence of [*H] ATP was performed for 30 min; in the last experiment the
enzyme was preincubated (at 37°C) for 30 min in the presence of CFTP and subsequently incubated
(at 37°C) for 30 min with [*H] ATP. CFTP = coformycin triphosphate.

DISCUSSION

The detailed analysis of the mode of action of coformycin triphosphate, which is
obviously formed in some mammalian cell systems [24], revealed a highly selective
inhibition of poly(A) polymerase of calf thymus. Consequently, this antibiotic affects
cell metabolism at two different sites: a) in the nucleoside form on the level of adenosine
deaminase, inhibiting the deamination of adenosine (or its antiviral analogues 9-8-D-
arabinofuranosyladenine, 3’-deoxyadenosine and (S)-9-(2,3-dihydroxypropyl)adenine
to inosine (or its hypoxanthine analogues) (reviews in ref. 24); and b) in the triphosphate
form at the level of poly(A) polymerase, i.e. during the process of mRNA biosynthesis.
Coformycin itself has no influence on the activity of DNA and RNA polymerases studied
in this paper. The inhibition of poly(A) polymerase was determined to be of the non-
competitive type with respect to AMP. In contrast to the binding property of coformycin
to adenosine deaminase, which is not reversible [6], coformycin triphosphate associates
in a relatively reversible manner with the poly(A) polymerase.

The consequences of the data in this paper for antiviral chemotherapy are two-fold.
1. The inhibitory influence of coformycin is not restricted to a single enzymic reaction
(adenosine deamination) which is of benefit for the application of some antiviral adeno-
sine analogues, but must now be extended to an additional metabolic process (poly-
adenylation). It remains to be determined whether the latter effect, observed in in vitro
assays, limits the in vivo application of the antiviral adenosine analogues. 2. Adenosine
deaminase inhibitors have been shown to increase the inhibitory effect of adenosine
analogues either in a synergistic [15,29] or in an additive fashion [9,13], depending on
the biological system used. One key for the understanding of the differences may be
found at the level of ribonucleotide reductase. It has been established that this enzyme,
isolated from uninfected mammalian cells, is inhibited by d ATP and requires ATP for full
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activity, while the herpes virus-induced reductase is resistant to inhibition by dATP and
is inhibited by ATP [17] . Therefore it could well be that the triphosphates of coformycin
and deoxycoformycin affect the host cell- and the virus-induced reductase differentially
and in an opposite way.

An interesting task for future studies is the elucidation of the mode of action of co-
formycin in combination with cordycepin on cell metabolism, especially on poly(A)
metabolism. Both compounds are inhibitors of poly(A) polymerase after their intra-
cellular phosphorylation to the triphosphate state. However, while coformycin triphos-
phate is a non-competitive inhibitor of this enzyme (this study), cordycepin triphosphate
is a potent competitive inhibitor of poly(A) polymerase as described earlier by us [21,
23].
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