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Abstract—Formycin A, formycin B, and the N,;-. N,-. 2-0- and 3’-O-methyl derivatives of formycin
A, were all examined for activity against vaccinia. herpes simplex and vesicular stomatitis viruses
in primary rabbit kidney cells. The susceptibilitics of call intestinal adenosine deaminase to all the
formycin A derivatives. relative to those of some adenosine analogues, were measured in order to
take into account the possible effects of intracellular deamination on the antiviral and cytotoxic effects
of the formycin derivatives. Formycin B was found to be inactive in all assay systems. Formycin
A cxhibited significant antiviral activity only against vesicular stomatitis virus. but it also proved
relatively toxic to the host cells, appreciably inhibiting cellular DNA and RNA synthesis as measured
by incorporation of labelled thymidine and uridine, respectively. Of the methylated analogues, N,-
methylformycin A (which was highly resistant to enzymatic deamination) and the 2°-0- and 3'-O-methyl
derivatives of formycin A were totally inactive in all three viral assay systems. Only N,-methylformycin
exhibited relatively high activity against vaccinia virus, was not toxic to the cells, and did not affect

cellular DNA and RNA synthesis.

The antibiotic formycin (also known as formycin A)
and formycin B were originally isolated from culture
filtrates of Nocardia interforma[1,2]. Formycin A is
a C-glycoside which is isomeric with, and a structural
analogue of, adenosine (Fig. 1). Tt is readily de-
aminated by adenosine deaminase to formycin B,
which is an isomer and analogue of inosine [2-4]. In-
terest in formycin A stems from the fact that it can
replace adenosine in a variety of biochemical reac-
tions [ 5, 6].

Formycin A. but not formycin B, was found to be
an effective inhibitor of experimental tumours[7].
Analogous reports on the activities of the formycins
against influenza A [¥] and a variety of other viru-
ses [9] prompted us to undertake investigations on
the in vitro activities of formycins A and B. and some
new methylated analogues of formycin A, in scveral
viral systems in primary rabbit kidney cells. The
methylated analogues examined included N,-methyl-
formycin. N,-methylformycin. 2-O-methylformycin
and 3-O-methylformycin. The O’-methyl derivatives
are of interest in relation to the previously reported
deleterious effects of O'-methylation on the antiviral
activity  of  ara-C*  (I-f-p-arabinofuranosylcyto-
sine)[10]. The N-methyl derivatives might be
expected to exhibit different activities, because of
possible tautomerism in the pyrazole ring of the agly-
cone, as illustrated in Fig. . Although attempts have
been made to delincate such tautomerism by carbon-

* Abbreviations used: ara-C. 1-fi-p-arabinofuranosylcy-
tosine. cytosine arabinoside, cytarabine, Cytosar®:; TUdR,
S-iodo-2"-dcoxvuridine:  PRK. primary rabbit kidney:
CCIDys,. cell culture infecting dose 50 (dose infecting 507,
of the cell cultures): MIC. minimal inhibitory con-
centration; MEM. Eagle’s minimal essential medium.

13 magnetic resonance spectroscopy [11.12], the
results do not show much more than that tautomer-
ism probably exists. Studies have now been initiated
in our laboratories to examine the tautomerism of
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formycins A and B by proton magnetic resonance
spectroscopy and emission spectroscopy : preliminary
findings suggest that the problem is complex and that
tautomerism of the pyrimidine ring is also involved.
Consequently. it was felt that the biological activity
of fixed tautomers such as the N - and N,-methyl
derivatives might throw some light on the problem
of tautomerism in formyein.

MATERIALS AND METHODS

Adcnosine was obtained from Waldhoff {Mann-
heim. GFR) and deoxyadenosine from Serva (Heidel-
berg. GFR). Formycin A and formycin B were kindly
donated by Dr. H. Isoyama (Meiji Seiki Kaisha Ltd..
Tokyo) and Dr. R. K. Robins (ICN, Irvine, CA.
U.S.A.) respectively. We are also indebted to the
Cancer Chemotherapy Service Centre. N.C.1. (Beth-
esda. MD, U.S.A) for a sample of N.-methyllormycin
prepared by Townsend er al. [13].

2°-0- and 3-0-Methyladenosine were prepared by
diazomethane methylation of adenosine in a | mM
methanolic solution of SnCl,[14] and the wwo
isomers were fractionated on a Dowex (OH ) column
according to Dekker [15].

N,-Mcthyl and N,-methylformycins were prepared
by diazomethane methylation of formycin A in meth-
anolic medium. The two isomers (ratio 2:7) wcere
scparated on a preparative scale on ¢ Dowex (OH )
column. the procedure being based in part on the
apparent different mobilitics of nucleosides  con-
strained in the syn conformation (8-bromoadenosine,
8-hydroxyisopropyladenosine. 6-methylevtidine) rela-
tive to those with a preference for the anti conforma-
tion (adenosine. cytidine). This procedure is much
simpler than that based on treatment of the sodium
salt of formycin with mcthyliodide [13]. Furthermore,
in combination with the use of SnCl, as a catalyst
for ctherification of the sugar hydroxyls. the pro-
cedure has also been used to obtain the 2-O-methyl
and 3-O-methyllormycins. also reported by Robins
et al. [14]. as well as the four possible isomeric N,
(N).23)-0-dimethylformycins, all of which were
successfully fractionated by column chromatography.
and identified by chromatographic propertics. ultra-
violet absorption spectra. and  proton  magnetic
resonance spectroscopy (). Giziewicz and D. Shugar,
in preparation).

The rates of deamination of adenosine and formy-
cin analogues were determined using Calbiochem calf
intestinal adenosine deaminase (protein content 4 mg,
ml; sp. act. 840 units/ml at 307). The deamination rate
was monitored in 10-mm spectrophotometer cuvettes
by the change in absorption at 4 upon conversion
of the formycin A analoguce to the corresponding lor-
mycin B analogue. For comparative purposes. the
rates of deumination of adenosine and some of its
analogues were measured under the same assay con-
ditions. To 3ml of substrate solution. 10 *M in
0-01 M phosphate butfer pH 7-4. in a 10 mm spectro-
photometer cuvette. were added 0-06 enzyme units.
The rate of deamination at 34 was measured spec-
trally in a Unicam SP-8000 spectrophotometer by the
time-dependent change in optical density at the
absorption maximum. For those substrates which
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proved more resistant to  deamination, the con-
centration of enzyme was increased 10-fold or more.
The antiviral activity tests were carried out in PRK
(primary rabbit kidney) cell cultures grown to con-
fluency in glass culture tubes. Fagle’s minimal essen-
tial medium (MEM) was used as cell culture medium:
it was supplemented with 107, call serum for growth
of the cells or 3%, call serum for maintenance of the
cells. To explore the effects of the formyein derivatives
on virus-induced cvtopathogenicity. the cells were
exposed to different concentrations of the compounds
(40, 4. 0-4. 0:04. 0-004 gml) in MEM (supplemented
with 37 call scrum) cither 24 hr before virus chal-
lenge. or immediately after virus inoculation, or hoth.
Two reference materials were included in the antiviral
tests: cytosine arabinoside (ara-C, Cytosar™). gener-
ously supplied by Upjohn (Puurs. Belgium) and 5-
iododeoxyuridine (IUAR. IDU). provided by Ludeco
(Brusscls. Belgium). The cells were challenged with
cither of the following: vaccinia virus. herpes simplex
virus or vesicular stomatitis virus. Al viruses were
added at 100 s, per tube and allowed 10 adsorb
to the cells for 1 hr at 37 . Viral cytopathogenicity
was recorded as soon as it reached 100°, in the con-
trol cell cultures: at 2 days for vesicular stomatitis
virus, at 3 days for vacemia and herpes simplex virus.
The antiviral activity is expressed as the minimal in-
hibitory concentration (yg/ml) of compound required
to reduce virus-induced cyvtopathogenicity by 507
The effect of the formyein derivatives on host ccll
DNA and RNA synthesis was eviduated in PRK eell
cultures grown to confluency in 35 mm Falcon plastic
petri dishes (approximately 107 cells petri dish). The
cells were exposed 1o different concentrations of the
compounds (200 or 40 pg/mly in MEM (supplemented
with 37 calf scrum) for 24 he, washed (3 x ) with
MEM and then incubated for 30 min with cither [*H-
methythymidine (2 pCiyml MEM petrt dish)  or
[*H-5]uridine (1 £Ciml MEM petri dish). The sp.
act. of  [MH-methylJthymidine  and [ -5 juridine
amounted to 12 and 26 Ci.m-mole respectively. The
plates were  further  processed  for  acid-msoluble
radioactivity as described previously [ 10].

RESULTS

Enzymatic deamination of the formycin analogues.
Since formyein A is known to be readily deaminated
by adenosine deaminase [2 4], intracelfular deamina-
tion of formycin A and its methyl dervatives might

Table 1. Rates of deamination of adenosine and formycin
analogues by call mtestinal adenosine deaminase at 34

Compounds - tminy*

Adenosine 25
2-0-methyladenosine RN
3-0-methyladenosine 42
2'-deoxyadenosine 40
Formycin A AN
N -methylformyein A | 2,006
N -methylformycin A N6
2-0O-methylormycin A I3
Y-O-methylformycin A 44

*Time required for halt-completion of the reaction,
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Table 2. Effect of formycin analogues on virus-induced cytopathogenicity in PRK cell cultures

Minimal inhibitory concentration®

(pg/ml)

Herpes simplex

Vesicular stomatitis

Vaccinia virus virus virus

Compounds (PRK) (PRK) (PRK)
Compounds added immediately after virus adsorption
Formycin A 20 > 40 2 (10-20yF
Formycin B >40 >40 >40
N,-Methylformycin A 1 >40 40 (40)
N -Methylformycin A >40 >40 >40
2'-0-Methylformycin A >40 > 40 > 40
3-0-Methylformycin A >40 >40 >40
Cytosine arabinoside 001 0-1 |
S-Tododeoxyuridine 01 02 > 40
Compounds added 24 hr before virus challenge, not added thereafter
Formycin A 4 > 40 2(10-20)
Formycin B >40 >40) >40)
N,-Mecthylformycin A 10 > 40 4(4)
N -Methyliormyein A >40 >40 >40
2'-0-Methylformycin A >40 >40 >40
3-0-Methylformycin A >40 >40 >40
Cytosine arabinoside 4 2 1
5-lododeoxyuridine >4 >40 >40
Compounds added 24 hr before virus challenge and added again
immediately after virus adsorption .
Formycin A 10 >40 2(10-20)
Formycin B >40 >40 >40
N;-Methylformycin A 02 4 4(4)
N,-Methylformycin A >40 >40 >40
2'-O-Methylformycin A >40 >40 >40
3'-0-Methylformycin A >40 >40 >40
Cytosine arabinoside 0-02 Ol 04
S-lTododeoxyuridine 0-1 01 > 40

* Required to reduce virus-induced cytopathogenicity by 50%,.
+1In parentheses: minimal toxic concentration (ug/ml). causing a morphological alteration of the cells.

be expected to affect their biological activity. The
question of deamination is particularly relevant in
view of the loss of antiviral activity of ara-C after
it has been deaminated intracellularly by cytidine
deaminase to ara-U (for review see Rel. 16). As shown
in Table I, both adenosine and formycin A became
slightly more resistant to deamination when methy-
lated at the 2'-O-position and considerably more
resistant when methylated at the 3'-O-position. A
marked increase in resistance to deamination was also
observed after formycin A had been methylated at
N, but the highest resistance to deamination was
noted with N,-methylformycin A (Table 1).

Antiviral acrivity. Vaccinia virus, herpes simplex
virus and vesicular stomatitis virus were chosen as
challenge viruses to assess the antiviral activity of the
formycin derivatives and the reference compounds
ara-C and IUdR (Table 2). As expected [17-19]. ara-
C suppressed the cytopathic cffects of both DNA
viruses and the rhabdo-virus at relatively low con-
centrations (MIC: 001, O'1 and 1 pg/ml, respectively,
when added after virus inoculation). [UdR was only
effective against vaccinia and herpes simplex virus
(MIC: 0-1 pg/ml), when added immediately after virus
adsorption.

Formycin A cxhibited some inhibitory effect on the
cytopathogenicity of vaccinia virus (MIC: 10-40 pug/
ml). This inhibitory effect was significantly increased
upon substitution of a methyl group in the N, pos-
ition: N,-methyl formycin A was most effective when
added immediately after the virus challenge: and,
when it was administered before and after the virus,
it approached the activity of ITUdR (MIC: 0-1 ug/ml).
Unlike N,-methylformycin A, N;-methylformycin A
failed to inhibit vaccinia virus-induced cytopathogeni-
city, even at the highest concentration tested (40 ug;/
ml). Formycin B and the 2'-O- and 3'-O-methyl analo-
gues of formycin A were also inactive at 40 ug/ml.

All formycin derivatives were inactive against
herpes simplex virus-induced cytopathogenicity, ex-
cept N,-methyl formycin A which displayed some
inhibitory effect (MIC: 4 ug/mi) when administered
before and after the virus challenge.

Of all analogues, only the parent compound (for-
mycin A) inhibited the cytopathic effect of vesicular
stomatitis virus (MIC: 2 ug/ml). This concentration
was 5- to 10-fold lower than the concentration at
which formycin A itself caused a minimal but distinct
morphological alteration of cells infected with vesicu-
lar stomatitis virus. N,-methylformycin was also
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Table 3. Effect of formycin analogues on cell morphology and DNA and RNA synthesis of PRK cell cultures

[*H-methylJthymidine

incorporated into

[*H-S Juridine

incorporated

DNA¥ into RNA+T
Dose Gross Gross

Compounds (ug/ml) Toxicity* counts v counts Y

Control — 3503 100 9299 100
Formycin A 200 4 |68 48 447 48
40 + 377 10-8 1577 17:0
Formycin B 200 t J0O86 116:6 K752 94-1
40 - 2625 749 7893 %49
N,-Methylformycin A 200 — 6756 1299 9191 98-8
40 4135 1180 8391 924
N, -Methylformycin A 200 3408 973 6688 719
40 — 3206 9135 5548 597
2-0-Mcthylformycin A 200 - 7349 2098 11146 1199
40 — 4652 132:8 K993 967
3-0-Mecthylformycin A 200 — 9577 2734 8408 904
40 - 7967 2274 7808 hE

* Measured after the cells had been exposed to the compounds for 24 hr. Toxicity was recorded as amount of ¢ytopatho-
senicity: —. none; +. floating cells and debris but no disruption of monolaver: +. ca 257, disruption: + +. ca 50°
& ¥ . A 0

disruption of monolayer. Average values for 4 petri dishes.

+ Measured after the cells had been exposed to the compounds for 24 hr. Gross counts are expressed in counts min

per petri dish (average values for 2 petri dishes).

active against vesicular stomatitis virus. but at the
concentration (4 ug/ml) required to block virus-in-
duced cell damage by 50%, it was itself responsible
for a toxic alteration of the cells.

Antimetabolic activity. Cytotoxicity as well as incor-
poration of [*H-methy(Jthymidine and [*H-5]uridine
into host cell DNA or RNA were measured with cell
cultures which had been exposed to 40 or 200 ug/ml
of the formycin derivatives. None of these, except the
parent compound formycin A. caused a substantial
cytotoxicity and inhibition of DNA and RNA syn-
thesis (Table 3). The 2'-0- and 3'-O-methyl derivatives
exerted a stimulatory effect on thymidine incorpor-
ation. N,-Methylformycin A neither stimulated nor
inhibited thymidine or uridine incorporation. Formy-
cin B also proved inert in this regard. Formycin A,
however. reduced both thymidine and uridine incor-
poration by 95% at 200 ug/ml and by 80-90°, at
40 pg/ml. We have previously shown that, in similar
conditions, ara-C and IUdR inhibited PRK cell DNA
synthesis by 80-90°, at doses of 1 ug/ml and 200 ug/
ml, respectively [197].

DISCUSSION

Although formycin A exhibited some activity
against vaccinia and. even more so, against vesicular
stomatitis virus, the doses at which such activity was
observed were not much less than those resulting in
a morphological altcration of the host cells and im-
pairment of cellular DNA and RNA synthesis. Conse-
quently. formycin A does not appear to be a suitable
candidate as a specific antiviral agent, at least with
the systems used in this investigation. Its cytotoxic
effects suggest, furthermore. that its ready susceptibi-
lity to enzymatic deamination {Table ) is of little
relevance, since the deamination product, formycin B,
does not exert discernible toxic effects on the host
cells. The differential cytotoxic effects of formycin

A and B arc not limited to PRK cells. Formycin A
has also been found to be toxic for HeLa [8] and chick
embryo ccells [9] at concentrations far below those
required for the cytotoxicity of formycin B [§].

Takeuchi ¢r al. [8] reported inhibition of influenza
A, virus multiplication by both formycins A and B.
and Tshida e¢r al [9] found formycin A to be active
against vaccinia, polio. influenza and vesicular stoma-
titis virus in chick embryo and HeLa cells, when tested
by three different methods (drug-through-agar diffu-
sion, drug-in-agar dilution and ordinary drug ditution
assay in culture tubes). However. the minimal doses
of formycin A required to inhibit polio and vaccinia
virus in HeLa and chick embryo cells [9], did not
markedly differ from those required to cause a mor-
phological alteration of the cells. These results point
to a lack of specificity in the antiviral activity of for-
mycin A. at least as far as polio and vaccinia virus
are concerned. Some specificity was claimed for the
activity of formycin A against influenza and vesicular
stomatitis virus, since virus-inhibiting effects were
obtained at concentrations [0- to 15-fold lower than
those eliciting cytotoxicity [9]. A similar toxicity to
activity ratio was observed with formycin A in PRK
cells infected with vesicular stomatitis virus (Table 2).
It is questionable, however. whether this ‘therapeutic’
margin is sufficiently large to justify further antiviral
trials with formycin A.

Of particular interest arc the results obtained with
Ni-methylformycin  and  N,-methylformycin.  The
former. notwithstanding its virtually complete resis-
tance to deamination (Table 1), did not exhibit anti-
viral activity, nor did it affect cellular DNA or RNA
synthesis. Although it is conceivable that the resis-
tance of N -methylformycin to deamination is due
to steric hindrance by the N,-methyl substitucnt.
which is adjacent 1o the amino group. it is pertinent
to note that the susceptibility of cytidine to cytidine
deaminasc is not appreciably reduced when the H-35
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of the pyrimidine ring is replaced by a methyl. or
even an ethyl. group (E. Krajewska, personal com-
munication).

On the other hand, the N,-methyl analogue inhi-
bited the cytopathic effect of vaccinia virus at a con-
centration (0-2 ug/ml, when added before and after
virus challenge) far below that (>200 ug/ml) impair-
ing normal cell morphology and cellufar DNA and
RNA synthesis (Tables 2 and 3). The antiviral index
or ratio of the minimal toxic dose (causing a morpho-
logical alteration of the cells or an appreciable inhibi-
tion of cellular DNA or RNA synthesis) to the mini-
mal effective dose (required to suppress virus-induced
cytopathogenicity by 50%) calculated from these data
would seem higher than 1000, and. accordingly, N,-
methylformycin may be considered as a specific anti-
viral agent, at least against vaccinia virus in PRK
cells.

Consistent with the differential effects of N ;- and
N,-methylformycin on vaccinia virus-induced cyto-
pathogenicity in PRK cells is a prcliminary report
that N,-methylformycin exhibits a quantitatively
higher level of activity than N;-methylformycin
against leukemia L-1210[20]. Since N,-methylformy-
cin is sensitive to deamination, albeit 10 times less
than formycin itself (Table 1), it seemed advisable to
examine the antiviral activity of N,-methylformycin
B in our assay systems. In preliminary tests, N,-
methylformycin B failed to inhibit vaccinia virus-
induced cytopathogenicity, even at 40 ug/ml. Thus,
the relatively high susceptibility of N,-methylformycin
A to deamination (as compared to N,-methylformycin
A does not appear to seriously affect its inhibitory
effect on vaccinia virus. Similarly irrelevant is the
deaminase susceptibility of formycin A, both in terms
of cytotoxicity and antiviral activity (see above). How-
ever, PRK cells may contain deaminases which differ
from those present in calf intestine. Thercfore, ad-
ditional experiments have been designed to establish
the rates of deamination of adenosine and formycin
and their derivatives in PRK cells.

The lack of antiviral activity of the 2’-O-methyl and
3-0-methyl derivatives of formycin A (Table 2) is per-
haps not entirely unexpected in view of the previous
demonstration of the abolition of activity of ara-C
upon methylation of the 2, 3" or 5 hydroxyls[10].
Because of these results, no attempts were made to
assay the four isomeric N (N,),2(3)-O-dimethylfor-
mycins.
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