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Abstract Formycin A, formycin B, and thc ,\'~-. N2-, 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 susceptibilities of calf 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 exhibited signilicant 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 dcamination) and the 2'-O- and Y-O-methyl 
dcrivalives of formycin A were totally inactive in all three viral assay systems. Only N2-methylformycin 
exhibited relatively higb 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 int(']Tfi)rma [1, 2]. Formycin A is 
a C-glycoside wbich is isomeric with, and a structural 
analogue of, adenosine (Fig. 1). It is readily de- 
aminatcd 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 intluenza A l [8] and a variety of other viru- 
ses [9] prompted us to tmdertake investigations on 
the in vitro activities of formycins A and B, and some 
new methylated analogues of formycin A, in several 
viral systems in primary rabbit kidney cells. The 
methylated analogues examined included Nl-methyl- 
formycin, N2-methylformycin, 2'-O-methylformycin 
and Y-O-methylformycin. Tbe O'-methvl derNatives 
are of interest in relation to the previously reported 
deleteriotis effects of O'-methylation on the antiviral 
activity of ara-C* (l-/#D-arabinofuranosylcxto- 
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. I. Although attempts have 
been made to delineate sLich tautomerism by carbon- 

* Abbreviations used: ara-C, l-fl-I>arabinofuranosylcy- 
tosine, cytosine arabinosidc, cytarabinc, Cytosar®; IUdR, 
5-iodo-2'-dcoxyuridmc; PRK, primary rabbit kidney; 
CCID~o. cell culture infecting dose 50 (dose infecting 50",, 
of the cell cultures): MIC. minimal inhibitor5 con- 
centration: MEM, Eagle's minimal essential medium. 
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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 Fl by proton magnetic resonance 
spectroscopy and emission spectroscop3 : preliminary 
findings suggest thai the problem is complex and tha! 
tautomerism of the pyr imid inc ring is also in\oh:ed. 
Consequently, it was fell that the biological activity 
of fixed tautomers such as the .'\'~- and No-methyl 
derivatives might thlox~ some light on the problcm 
of tautomerism in lorl'llvcin. 

MAI'I<RIAI,S AND IMETHOI)S 

Adenosine was obtained flom Waldhofl" (Mann- 
helm. G F R ) a n d  deoxyadenosine from Setwa <Heidel- 
berg, GFR). Formycin A and formycin B were kindly 
donated by Dr. H. lsoyama (Meiji Seiki Kaisha Ltd.. 
Tokyo) and Dr. R. K. Robins (ICN, Irvine, CA. 
U.SA.), respectively. We arc also indebted to the 
Cancer Chemotherapy Service Centre. N.CI.  (Beth- 
esda, MD, U.S.A.) for a sample of N_,-methyllbrmycin 
prepared by Townsend e# al. [13]. 

2'-0- and Y-O-Methyladenosme werc prepared by' 
diazomethane methylation of adenosine in a I mM 
methanolic solution of SnCI_,[14] and the two 
isomers were fractionatcd on a Dowex ( O H )  column 
according to Dekker [I 5]. 

N~-Methyl and Ne-methylformycins were prepared 
by diazomethane methylation of formycin A in mcth- 
anolic medium. The two isonlers (ratio 2:7) \\ere 
separated on a preparative scale on a Dowex (OH i 
column, the procedure being based in part on the 
apparent different mobilities of nucleosides con- 
strained m the s3vz conlbrmation (~4-bromoadenosme, 
S-hydroxyisopropyladenosine. 6-methylcytidinc)rela- 
tive to those with a preference for the anti c o n l o r m a -  
tion (adenosine. cytidincL This procedure is nlticll 
simpler than that based on treatment of the sodium 
salt of formycin with mclhyliodidc [13]. Furthermore. 
in combinat ion wi th the tisc of  Sn('l~ as a catalyst 
for etherilication of the sug:,ir h}droxyls, the pro- 
cedure has also been used to obtain the 2'-O-mcthyl 
and Y-O-methyllbrmycins. also reported bv Robins 
c't al. [14]. as well as the Ibm possible isomeric :Xrl 
(Nej.2'(Yj-O-dimethxltbrnDcins, all of which wcrc 
successfully flactionated by column chroinatogiaphy, 
and identified by chromatographic properiics, ultra- 
violet absorption spectra, and proton magnetic 
resonance spectroscop3 (.I. Giziewic/ and D. Shugar, 
in prcparation). 

The rates of deamination of adenosine and formy- 
cin analogues wcrc determined using Calbiochcm calf 
intestinal adenosine dcaminase (protein contcl l l  4 rag, 
ml ;  sp. act. S40 ui~lits,rnl at 30 ). The deaminat ion rate 
was moni tored in 10-ran1 speciropi lotometer ctiveltes 
by tile change in absorpt ion tit ), ...... tlpOll conversioil 
of the formycin k analoguc to the corresponding Ior- 
mycin B analogue, l=or comparative purposes, lhe 
rates of deamination of adenosine and some of its 
a n a l o g u e s  were  nlc~_istncd u n d e r  tile s a m e  a s s a y  coll- 
ditions. To 3ml of substratc solution. 1() a M  in 
0.01 M phosphate bufl'cr pH 7'4. m a I0 mm spectre- 
photometer cuvcttc, wcrc added 0-06 enz3mc units. 
The ratc of deaminalion at 34 was measured spot- 
/rally in a Unicam SP-S(X)0 spectrophotometer b\. thc 
time-dependent change in oplical density al the 
absorption illaxiilll.lnl. Vet those su/~lslrtllCS which 

proved more resistant to deaminatioiL the ctm- 
centration of  enzyme was increased l()-fold or more. 

The ant iv iral  activi ty tests were carried Otll in PRK 
(primal) rabbit kidncyi cell ctliltircs growll to COll- 
llueltc 3 in glass culture tubes. Eagle's nlhlhnal essen- 
tial medium (MEM)was  used :_is cell ctllltlre medium: 
it was supplemented with 10<><> calf sertlln Ik~l growth 
of  the cells or 3"., calf sertlm []?q i l l t i inlcnallce of lhe 
cells. To explore the eltccts of the Iormvcin dcmal i~es 
on virus-induced cytopathogenimil), the cells \~ere 
exposed to different concentrations of the conlpoUlld>, 
(40, 4, 0"4, 0'04. 0"(X)d/xg mll in MEM (supplenlented 
with 3".  calf serum) either 24 ill- betbrc \ i rus chal- 
lenge, or iminediaiel \  after virus inoculation, or holh. 
T w o  rcl;21-ellcc i11atoliais were  incltndcd in the :lllliVirHl 
tests: cylosinc arabinoside (ani-(L ( \ t ~ s a r ) .  gener- 
ously supplied by' l_l!iohn (Puurs. Bclgiuml and 5- 
iododeoxyuridine (IUdR. ID[I). pro\ idcd h\  Ludcco 
(Brussels. Belgiumi. The cclls were challcngcd ~xilil 
either of  the [bl lowing: xaccinia virus. Ilcrpcs s implc\  
virus or vesicular stomatitis virus. All \ trusts ~elc  
added at 100('('11)4i I pel tube and allowcd Io ;idsorh 
to the cells R)l Ih r  at 37 . Viral c,,tOl~athogenicil > 
was recorded as soon as it reached 1()0<',, in the con- 
trol cell cultures: at 2 days lbr xcsicular slomatitis 
virus, at 3 days Ior xaccinia and herpes simplex xirus. 
The antiviral activil3 is expressed as lhc mininlal  in- 
h ib i tor \  concentration IHg'ml) of  compound required 
to reduce virus-induced c3topathogcnicit 3 b\ 5()<',,. 

The el}0ct of the lbrmycin dcrivatixcs (m host cell 
DNA and RNA synthesis was evaluated in PRK cell 
cultures growll to conllucncy in 55 mm l:alcon plastic 
pctri dishes (approximately I(F cells pctri dish). The 
ceils were exposed to diffcreiH COllccntraliollS of the 
compounds (200 or 40/tg ml} ill M E M  !stiplqcmenied 
wi th 3".  calf serum) for 24 hr, ~>,ashcd (3 > l  w i lh  
M E M  Lind then incubated for 3()rain wi th either [-~11 - 
meth vl]lhymidm¢ (2 H( ' iml  MI:,Ni pclri dish) or 
[~H-5]ur id inc (l l~('i ml M k M  pclri dishi. Thc sp. 
act. of [~H-mc'th3"ljth>inidinc alld [ql-5luricl inc 
amounted to 12 and 26( ' i r a -mole  rcspccti\el 5. The 
plates were further processed for acid-insoluble 
radioact iv i ty as described prcviotls] 3 [ Il l I. 

R ES/ I,r~, 

En-ymalic duanIinalioH ~:I fhc lhrmycm analoHucs. 
Since formycm A is knm~,n to bc readily deaminatcd 
b? adenosine deaminasc [2 4]. mtracclIular dean'dlm- 
l ion of  Ibrmycin A and its methyl dcrivati\,es might 

Table 1. Rates of dcamination of actcnosmc and I~)rm}cin 
analogues b) calf inlcslinal adenosine dcanlinasc al t4 

('onlpOullds ~ ~ Ilnill)* 

i \dcnosinc 2-5 
2'-O-mcthyladcnosinc ~ 5 
Y-()-nlclhvladcnosinc 42 
2'-dcox_,<adenosinc 4(I 
[rO1"1113 Cill :\ ' )  5 
\ :mcth} l lbrnDcin A 12,001) 
,\ :methyl lbrnlycin  A Sf~ 
2'-O-mcthylformycin A 1~ 
3'-O-mclh3,1formycin A 44 

* Time required 17or ]lalf-coinplelion of Ihc icaclion. 
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Table 2. Effect of formycin analogues on virus-induced cytopathogenicity in PRK cell cultures 

1815 

Minimal inhibitory concentration* 
(~g/ml) 

Herpes simplex Vesicular stomatilis 
Vaccinia virus virus virus 

Compounds (PR K I (PR K) (PR K) 

Compounds added immediately after virus adsorption 
Formycin A 20 > 40 
Formycin B > 40 > 40 
N2-Methylformycin A 1 >40 
N ,-Methylformycin A > 40 > 40 
2'-O-Methylformycin A > 40 > 40 
Y-O-Methylformycin A > 40 > 40 
Cytosine urabinoside 0-01 0-1 
5-1ododeoxyuridine 0.1 0.2 

Compounds added 24 hr before virus challenge, not added thereafter 
Formycin A 40 >40 
Formycin B > 40 > 40 
N2-Mcthylformycin A 10 > 40 
N ~-Methylformycin A > 40 > 40 
2'-O-Methylformycin A >40 >40 
Y-O-Methylformycin A >40 >40 
Cytosine arabinoside 4 2 
5-1ododeoxyuridine > 40 > 40 

Compounds added 24 hr before virus challenge and added again 
immediately after virus adsorption 
Formycin A 10 >40 
Formycin B >40 >40 
N2-Methylformycin A 0.2 4 
N ~ - M e t h y l f o r m y c i n  A > 40 > 40 
2'-O-Methylformycin A >40 >40 
Y-O-Methylformycin A > 40 > 40 
Cytosine arabinoside 0-02 0-1 
5-lododeoxyuridinc 0-1 0.1 

2 ( 10 20)t 
> 40 

40 (40) 
> 40 
> 40 
>40 

1 
> 40 

2 ( 10 20) 
> 40 

4 (4) 
> 40 
> 40 
> 40 

1 
> 40 

2 (1(~ 20) 
> 40 

4 (4) 
> 40 
> 40 
> 40 

0.4 
> 40 

* Required to reduce virus-induced cytopathogenicity by 50"~i. 
+ In parentheses: minimal toxic concentration (~tg/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 Ref. 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 Y-O-position. A 
marked increase in resistance to deamination was also 
observed after formycin A had been methylated at 
N 2, but the highest resistance to deamination was 
noted with N~-methylformycin A (Table 1). 

Amiciral acti~ity. 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 [17-197, ara- 
C suppressed the cytopathic effects of both DNA 
viruses and the rhabdo-virus at relatively low con- 
centrations (MIC: 0-0l, 0.1 and 1/~g/ml, respectively, 
when added after virus inoculation). IUdR was only 
effective against vaccinia and herpes simplex virus 
(MIC: 0.1 #g/ml), when added immediately after virus 
adsorption. 

Formycin A exhibited some inhibitory effect on the 
cytopathogenicity of vaccinia virus (MIC: 10,40 fig~ 
mll. This inhibitory effect was significantly increased 
upon substitution of a methyl group in the N 2 pos- 
ition: Nz-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 IUdR (MIC: 0.1 l~g/ml). 
Unlike N2-methylformycin A, Nl-methylformycin A 
failed to inhibit vaccinia virus-induced cytopathogeni- 
city, even at the highest concentration tested (401tg/ 
ml). Formycin B and the 2'-0- and Y-O-methyl analo- 
gues of formycin A were also inactive at 40#g/ml. 

All formycin derivatives were inactive against 
herpes simplex virus-induced cytopathogenicity, ex- 
cept N2-methyl formycin A which displayed some 
inhibitory effect (MIC: 41tg/ml) 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/~g/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. N2-methylformycin was also 
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Table 3. Effect of formycin analogues on cell morphology and DNA and RNA synthesis of PRK cell cuhures 

[~H-methyl]lh~_ rnidinc ["H-5]uridinc 
incorporated into incorporated 

DNA+ inlo R N/V{- 

Dose (}ross (Jross 
('ompounds (pg, mll Toxicity* counts ",, counls ",, 

Control - ~5 )3 I f)O 9299 100 
Formy, cin A 200 , + 168 4,8 447 4-~ 

40 + 377 10.S 1577 17"0 

Formycin B 200 F 40,'% 116,6 S752 94.1 
40 "~ "~ - _6_5 74'9 7,";93 S4"9 

Nz-Melhyltormycin A 200 - 6756 12%9 9191 9N.N 
40 - 4135 I I S.0 S591 92.4 

:X,'~ -Methylformyein A 200 ~4( ,x 97-3 66HS 71.9 
41) - 3206 91.;, . . . .  ~,S4X ":,9 ~, 

2'-O-Mcthylformyein A 200 7349 209.g I 1 [46 119.9 
40 - 4652 132.N ,~993 96.7 

v-O-Met a_'vlformycin A 200 - 9577 273.4 S4I)S 90.4 
40 - 7967 227.4 7~(IX 84"4 

* Measured after the cells had been exposed to the compounds tor 24 hr. ToxiciLx was recorded as amounl of c?topatho- 
genicily: - ,  none: +, lloating cells and debris bul IlO disruption of monola\,cr: +. r ,  25". disruption: + +, ca 50". 
disruption of monolaycr. Average vahles for 4 petri dishes. 

t Measured after the cells had been exposed to the compounds lbr 24 hr. Gross cotnlls arc expressed in countsnfin 
per petri dish (average values Ibr 2 petri dishes). 

active against vesicular stomatitis virus, but tit the 
concentration (4llg/ml) required to block virus-in- 
duced cell damage by 500{, it was itself responsible 
for a toxic alteration of the cells. 

4ntimetaholic activity. Cytotoxicity as well as incor- 
poration of [-~H-methyl]thymidinc and [3H-5]uridine 
into host cell DNA or RNA were measured with cell 
cultures which had been exposed to 40 or 2(X)llg/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. Ne-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 2001lg/ml and by 8()~9()G,I at 
40t~g/ml. We have previously shown that, in similar 
conditions, ara-C and IUdR inhibited PRK cell DNA 
synthesis by 8()~907i, at doses of 1 itg/ml and 200 fig~ 
ml, respectively L 19]. 

I)ISCt SSION 

Although formycin A exhibited some activity 
against vaccinia and, even more so> against vesicular 
stomatitis virus, the doses at which such activity wits 
observed were not nauch less than those resulting in 
a morphological alteration 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 I) 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 tbr HeLa [8] and chick 
embryo cells [9] at concentrations far below those 
required for the cytotoxicity of formycin B [8], 

Takeuchi et al. [8] reported inhibition of influenza 
A1 virus multiplication by' both formycins A and B, 
and lshida et al. [9] Ibund formycin A to be active 
against vaccinia, polio, influenza and vesicuhir stoma- 
tiffs 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 dilution 
assay in culture tubes). However. the minimal doses 
of formycin A required to inhibit polio and wtccinia 
virus in HcLa 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 hick of specificity in the antiviral activity of for- 
mycin A. tit least as far as polio and vaccmia virus 
tire concerned. Some specificity was claimed for the 
activity of lbrmycin A against influenza and vcsicuhir 
stomatitis virus, since virus-inhibiting effects were 
obtained tit concentrations 10-to 15-tbld lower than 
those eliciting cytotoxicity [9]. A similar toxicity to 
activity ratio was observed with formycin A m PRK 
cells infected with vesicular stomatitis virus (Table 2j. 
It is questionable, however, whether this 'therapeutic" 
nmrgin is sufficiently large to justil~ fiirther antiviral 
trials with formycin A. 

Of  particular interest arc the restllts obtamcd with 
N~-methylformycin and N2-methylformycin. The 
former, notwithstanding its virtually' complete resis- 
tance to deamination (Table I), 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 deammation is duc 
to steric hindrance by the N~-methyl substituent, 
which is adjacent to the amino group, it is pertinent 
to note that the susceptibility of cytidine to cytidme 
deaminase is not appreciably reduced x~,tlen the H-5 
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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 N2-methyl analogue inhi- 
bited the cytopathic effect of vaccinia virus at a con- 
centration 10"21tg/ml, when added before and after 
virus challenge) far below that (>  200/@'ml) impair- 
ing normal cell morphology and cellular 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'Io) calculated from these data 
would seem higher than 1000, and, accordingly, N a- 
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 
N2-methylformycin on vaccinia virus-induced cyto- 
pathogenicity in PRK cells is a preliminary report 
that N2-methylformycin exhibits a quantitatively 
higher level of activity than N~-methylformycin 
against leukemia L- 1210 [20]. Since N2-methylformy- 
cin is sensitive to deamination, albeit 10 times less 
than formycin itself (Table l), it seemed advisable to 
examine the antiviral activity of N2-methylformycin 
B in our assay systems. In preliminary tests, N2- 
methylformycin B failed to inhibit vaccinia virus- 
induced cytopathogenicity, even at 401tg/ml. Thus, 
the relatively high susceptibility of N2-methylformycin 
A to deamination (as compared to N~-methylformycin 
A does not appear to seriously affect its inhibitory 
effect on vaccinia virus. Similarly irrelewmt 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. Therefore, 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'-O-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 Nl(N2) ,2 ' (Y ) -O-d ime thy l for -  
mycins. 
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