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Ahhough most of the anti~ral agents that are cur- 
rently in clinical use or considered for clinical use 
have been discovered serendipitously, i.e. were 
designed for other purposes, the targets at which 
selective antiviral drugs may act have been identified 
with increasing frequency [l, 21. Foremost amidst 
these targets are the viral DNA polymerases of the 
herpetoviridae [herpes simplex virus (HSV), var- 
icella-zoster virus (VZV), cytomegalovirus (CMV), 
Epstein-Barr virus (EBV)]. This target can be 
reacted upon either directly, i.e. by phosphono- 
formate (foscarnet, PFA), or indirectly, after pre- 
ceding phosphorylation by the virus-encoded deoxy- 
thymidine kinase, as has been demonstrated for a 
number of pyrimidine nucleoside analogues, i.e. (E)- 
S-(2-bromovinyl)-2f-deoxyu~dine ~bromovinyl- 
deoxyuridine, BVDU), and purine nucleoside ana- 
logues, i.e. 9-(2-hydroxyethoxymethyl)guanine 
(acyclovir, ACV) and 9-(1,3-dihydroxy-2-propoxy- 
methyl)guanine [DHPG, also referred to as 
BWB759U, BIGLF-62, and 2~-nor-2’-deoxyguano- 
sine (Z’NDG)] 131. 

The RNA-directed DNA polymerase associated 
with retroviruses, i.e. human immunodeficiency 
virus (HIV), has also been considered as an attractive 
target and the majority of the compounds presently 
pursued for the chemotherapy of the acquired 
immune deficiency syndrome (AIDS), i.e. suramin, 
tungsto~timoniate (HPA-23), PFA, ~idothy~- 
dine (AZT) and 2’,3f-dideoxynucleosides (ddCyd, 
ddAdo), are actually targeted at this enzyme f4]. 

The well established anti-influenza A compounds 
amantadine and rimantadine inhibit the initiation of 
virus infection, presumably by interacting with the 
virus-coded M2 membrane protein [5], and it would 
be of interest to examine whether the newly devel- 
oped cyciononane derivative, which is active in the 
prevention and treatment of experimental influenza 
A virus infection in volunteers (61, acts in a fashion 
similar to that of amantadine or rimantadine. For 
the antirhinovirus compounds, belonging to such 
widely different chemical classes as flavans, flavones, 
chalcones, isoxazoles, p~ra~namines and nitro- 
benzenes (for a review, see Ref. 7), the principal 
target may well be the uncoating process, which 
would be prevented subsequently to the binding of 
the compounds to the viral capsid. 

For ribavirin, the triazole nucleoside that holds 

promise in the treatment of respiratory syncytial 
virus (RSV) infections and hemorrhagic fever virus 
infections (such as Lassa fever), the target of antiviral 
action has not been rigorously defined. It is clear, 
however, that ribavirin, through an inhibitory effect 
on IMP dehydrogenase, interferes with nucleotide 
pool sizes and, in addition, it also inhibits the initia- 
tion of viral mRNA transcription [8,9]. 

For a number of adenosine analogues which, 
according to their chemical structure, could be div- 
ided in two classes, (i) acyclic adenosine analogues 
(Fig. 1) and (ii) carbocyclic adenosine analogues 
(Fig. 2) the main target of their antiviral action 
would correspond to S-adenosylhom~ysteine 
(AdoHcy, SAN) hydrolase, a key enzyme in 
transmethylation reactions using S-adeno- 
sylmethionine (AdoMet, SAM) as the methyl 
donor. These adenosine analogues are endowed with 
a unique antiviral activity spectrum, fundamentally 
different from that of ribavirin and the other com- 
pounds mentioned above. They are all potent, 
reversible or irreversible, inhibitors of SAH hydro- 
lase; and the questions arise as to (i) whether this 
inhibitory effect on SAH hydrolase is causally related 
to their antiviral activity, and (ii) how an interference 
with transmethylation reactions could confer any 
specificity towards virus replication. 

SAH hydrolase catalyzes the hydrolysis of S-ade- 
nosyl+homocysteine to adenosine (Ado) and L- 
homocysteine (Hey). This reaction is reversible, with 
the equilibrium far in the direction of synthesis, 
although physiologically the reaction proceeds in the 
direction of hydrolysis because Ado and Hey are 
readily removed by further metabolism. AdoHcy 
itself was first isolated and characterized by Cantoni 
and Scarano [lo], and SAH hydrolase was first 
described in rat liver by de la Haba and Cantoni [ll] 
and later isolated from calf liver by Richards et al. 
[12]. That transmethylation reactions may serve as 
a pharmacological target became evident from the 
studies of Lederer and his colleagues [13,14], who 
found that 5~-deoxy-S’-S-isobutyladenosin~ (SIBA) 
and other synthetic SAW analogues inhibited the 
transformation of chick embryo tibroblasts by Rous 
sarcoma virus. Further studies [15,16] showed that 
SIBA also inhibited the replication of polyoma virus 
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Fig. 1. Representative examples of SAW hydrolase inhibi- 
tors among the class of acyclic adenosine analogues: (S)- 
DHPA [(~~-9-(2,3-dihydrox~ropyl~ad~nine], D-eritaden- 
ine [(.ZR,3R)-4-adenin-9-yI-2,3-dihydroxybutanoic acid], 
and (KY)-AHF’A [~~~~-3-ade~n-9-yi-2-hydrox~ropanoic 

acid]. 

and herpes simplex virus. The latter was att~buted 
to an inhibitory effect of SIBA on the methylation 
of viral mRNA and, specifically, that of the S-cap 
WI4 

The importance of SAH hydrolase as a potential 
pharmacological target was first demonstrated by 
Chiang et al. [17] who tested over fifty analogues of 
Ado and AdoHcy as inhibitors of SAH hydrolase 
and found 3-deazaadenosine ($Ado) to be nearly 
lOO-fold more potent as an inhibitor of this enzyme 
than SIBA. 3.Deazaadenosiue was then shown to 
inhibit the transfo~ation of chick embryo cells by 
Rous sarcoma virus [18], and this inhibitory effect 
was attributed to an inhibition of SAH hydrolase and 
ensuing changes in the SAM/SAH levels, Later on, 
5’-deo~-5’-S-i~butyl-3-de~aadenosine (3-deaza- 
SIBA) was synthesized, and, again, this compound 
proved effective as both an inhibitor of SAH hydro- 
lase (191 and virus replication 119,201, albeit at rather 

HO OH 

C - Ado 

Nepianocin A 

HO OH 

C- c3Ado 

Pig. 2. Representative examples of SAH hydrolase inhibi- 
tors among the class of carbocyclic adenosine analogues: 
C-Ado (carbocyctic adenosine), C-&Ado (carbocyclic 3- 
deazaadenosine), neplanocin A (cyclopentenyl derivative 
of adenine), and 3-de~aneplan~n (cycio~ntenyi deriva- 

tive of 3-deazaadenine), 

high concentrations. Among the adenosine 
analogues, various new congeners, i.e. 2-chloro- 
adenosine, 8-aminoadenosine, 9-~~-arabino~r- 
anosyladenine (Ara-A), and (k)aristeromycin, the 
latter being carbocyclic adenosine (C-Ado), were 
then found to be potent inhibitors of SAH hydrolase 
[21,22], and this opened the possibility for further 
chemical modifications and struc~re-function 
relationship studies of adenosine analogues as both 
inhibitors of SAM hydrolase and virus replication. 

Our own work in this area, that ultimately led to 
the concept that acyclic and carbocyclic analogues of 
adenosine such as those depicted in Figs. 1 and 2 
owe their antiviral activity to inhibition of SAN 
hydrolase [23], started in 1978 with the discovery of 
(~)-9-(2,3~hydrox~ropyl~aden~e [(S)-DHPA] as 
a broad-spectrum antiviral agent [24,25]. The syn- 
thesis of this compound had been described pre- 
viously by Holy [26], and its racemate (Z&S)-DHPA 
had been reported in 1965 by Schaeffer et al. [27] to 
be a (rather weak) inhibitor of adenosine deaminase. 
At first, it was not clear, however, how (QDHPA 
would exert its antiviral activity, until Votruba and 
Holy [28] and their colleagues [29] established that 
(S)-DHPA was a rather potent i~bitor (Kj - 1 $vf) 
of rat liver and murine L1210 leukemia SAN: 
hydrolase. 

Whereas (5’)-DHPA exhibited a reversible inhibi- 
tory effect on SAW hydrolase, the carboxylic acid 
derivative D-eritadenine [(2R,3R)-4-adenin-9-yl-2,3- 
dihydroxybut~oic acid] inactivated the enzyme irre- 
versibly [29,30], Meanwhile, antiviral studies had 
indicated that the activity spectrum of D-eritadenine, 
a hypocholesterolemic substance originally isolated 
fram the edible Japanese mushroom shiitake (Len- 
h’nuci &odes) [31], was remarkably similar to that of 
(S)-DHPA [32,33]. 

in 1982 Montgomery et al. [34] reported that 
carbocyciic 3-deazaadenosine (C-c3Ado) was a 
potent inhibitor of SAH hydrolase (from hamster 
liver), and, again, the antiviral activity spectrum of 
C-$Ado was found to correspond closely to that of 
(QDHPA [33,35]. Subsequent studies revealed that 
(~S~-3-ade~n-9-yl-2-hydroxypropanoic acid [(RS)- 
AHPA], akin to its butanoic acid counterpart D- 
eritadenine, effected an irreversible inactivation of 
SAH hydrolase [36], and, once again, (RS)-AHPA 
was found to exhibit an antiviral activity spectrum 
similar to that of (QDHPA [37]. In the antiviraf 
experiments, alkyl esters of (AS)-AHPA had to be 
used so as to ensure their uptake by the cells. It is 
postulated that the aikyl esters of (RS)-AHPA are, 
as such, taken up by the cells and, once inside the 
cells, hydrolyzed to release the parent compound, 
(RQ-AHPA. 

In 1980, Borchardt pointed out the importance of 
AdoMet-de~ndent methyltransferases in the 
methylation, i.e. 5’-cap formation, and hence matu- 
ration of viral mRNA, i.e. vaccinia viraf mRNA 1381, 
and, following this lead, Borchardt and his coworkers 
[39] ascertained that neplanocin A, a cy~lopentenyl 
derivative of adenine, which was originally isolated 
from the culture broth of the actinomy~te AtnpuE- 
lariella reg&ari+s 140,411, was a potent inhibitor of 
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both SAH hydrolase and vaccinia virus multipli- 
cation. They further postulated that by inhibiting 
SAH hydrolase neplanocin A would interfere with 
AdoMet-dependent methylation reactions which are 
essential in the maturation of viral mRNA and pro- 
duction of new virus particles [39]. In fact, the anti- 
viral activity spectrum of neplanocin A is not limited 
to vaccinia virus but extends to the same viruses as 
those found susceptible to the other SAH hydrolase 
inhibitors, viz. (S)-DHPA, C-c3Ado and (RS)- 
AHPA [42]; and for these four compounds a close 
correlation was found between their antiviral 
potency (against vesicular stomatitis virus) and their 
inhibitory effect (KJK,) on SAH hydrolase [23]. 

Antiviral activity spectrum 

The antiviral activity spectrum of (S)-DHPA and 
its congeners [(RS)-AHPA, C-c3-Ado, neplanocin 
A] is unique in that it includes: (i) some DNA viruses, 
such as vaccinia virus and African swine fever virus, 
whereas other DNA viruses [herpetoviridae: HSV, 
VZV, CMV, EBV] are much less sensitive or insen- 
sitive to the compounds; (ii) (-)RNA viruses, such 
as the rhabdo (rabies, vesicular stomatitis and infec- 
tious hematopoietic necrosis virus) and paramyxo 
(parainfluenza, measles) viruses, whereas (+)RNA 
viruses [ picornaviridae: enter0 (polio, Coxsackie, 
Echo) and rhinoviruses; togaviridae: Sindbis, Sem- 
liki forest, tick-borne encephalitis virus], but not 
the plant (+)RNA viruses (i.e. potex-, poty- and 
tymovirus), are virtually resistant to the compounds; 
and (iii) double-stranded (k)RNA viruses [reovi- 
ridae: reo- and rotavirus, and infectious pancreatic 
necrosis virus of fish] (Table 1) [23-25,33,35,37,42- 
49; and unpublished data from B. Lerch (1980), T. 
Kimura (1986) and G. De Fazio (1986), cited with 
permission]. The antiviral activity spectrum of the 
SAH hydrolase inhibitors has been established 
empirically. It is not immediately evident why some 
viruses, i.e. vesicular stomatitis virus, are much more 
sensitive to SAH hydrolase inhibitors than others, 
i.e. herpes simplex virus. Presumably, these dif- 
ferential susceptibilities are related to differences in 
methylation requirements. It should be noted that 
the transformation of chick embryo fibroblasts by 

the (+)RNA Rous sarcoma retrovirus is also 
inhibited by (S)DHPA [50], but this inhibition may 
be atrributed to a direct inhibitory effect of (s)- 
DHPA on the viral protein kinase ~60%~ activity. 

Thus, the activity spectrum of the SAH hydrolase 
inhibitors (S)-DHPA, C-c3Ado, (RS)-AHPA and 
neplanocin A is specifically directed towards pox, 
(-)RNA and (+)RNA viruses. They are inhibitory 
to these viruses at concentrations that are sig- 
nificantly below the cytotoxic concentrations. In par- 
ticular, the activity against rabies- and rotavirus is of 
great medical interest and deserves further exam- 
ination. As already emphasized above, the SAH 
hydrolase inhibitors fall into two classes: acyclic 
adenosine analogues [(S)-DHPA, (RS)-AHPA] and 
carbocyclic adenosine analogues (C-c3-Ado, neplan- 
ocin A). Their activity spectrum is fundamentally 
different from that of other related nucleoside ana- 
logues: (i) acyclic guanosine analogues (ACV, 
DHPG), which are specifically effective against those 
viruses (i.e. HSV) that encode for a virus-specific 
deoxythymidine kinase which ensures the phos- 
phorylation of the compounds within the virus- 
infected cell [3]; (ii) acyclic guanylate and adenylate 
analogues, such as 2’-nor-cGMP [9-[(2-hydroxy- 
1,3,2-dioxaphosphorinan-5yl)oxymethyl]guanine P- 
oxide] [51] and (S)-HPMPA [(S)-9-(3-hydroxy-2- 
phosphonylmethoxypropyl)adenine] [52], which do 
not require phosphorylation by a specific virus- 
encoded deoxythymidine kinase and are effective 
against a broad variety of DNA viruses [papova 
viridae (papilloma, SV40), herpetoviridae (HSV, 
VZV, CMV, EBV), adenoviridae, poxviridae (vac- 
cinia virus) and iridoviridae (African swine fever 
virus)] but not RNA viruses (except for retroviruses); 
(iii) carbocyclic cytidine analogues, such as the cyclo- 
pentyl derivative of cytosine (carbodine) [53] and 
the cyclopentenyl derivative of cytosine [54], which 
are, like the SAH hydrolase inhibitors, active against 
various RNA and DNA viruses, but, unlike the SAH 
hydrolase inhibitors, inhibitory to (+)RNA (i.e. 
picoma and toga) viruses and presumably targeted 
at CTP synthetase [E. De Clercq, unpublished data 
(1986)]; and (iv) tubercidin (7-deazaadenosine) ana- 
logues such as sangivamycin, toyocamycin and tuber- 

Table 1. Viruses that have proven particularly sensitive to inhibition by SAH hydrolase 
inhibitors [(S)-DHPA, (RS)-AHPA, C-&‘Ado, neplanocin A] 

Poxviridae 
Iridioviridae (?) 
Paramyxoviridae 

Rhabdoviridae 

Vaccinia virus 
African swine fever virus 
Parainfluenza virus 
Measles virus 
Vesicular stomatitis virus 
Rabies virus 

Reoviridae 
Infectious hematopoietic necrosis virus (fish) 
Reovirus 
Rotavirus 

Plant viruses 
Potexvirus 
Potyvirus 

Tymovirus 

Tobamo 

Infectious pancreatic necrosis virus (fish) 

Potato virus X 
Unidentified potyvirus isolated from Solanum 
palinacanthum 
Eggplant mosaic virus 
Belladonna mottle virus 

Tobacco mosaic virus 
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Table 2. Inhibitory constants of selected adenosine analogues for SAH hydrolase 
from different sources 

Compound Source References 

(S)-DHPA 

D-Eritadenine 
(KY)-AHPA 

C-Ado 
C-c3Ado 

Neplanocin A 

3-Deazaneplanocin 

3500 Rat liver 
1400 Beef liver 
900 Murine L1210 

3 Murine L1210 
73 Beef liver 

40-120 Murine L1210 
5 Beef liver 
4 Beef liver 

13 Beef liver 
1 Hamster liver 

8.4 Beef liver 
2 Beef liver 

0.05 Hamster liver 

cidin itself, which are also active against (+)RNA 
viruses [55], quite cytotoxic, and probably targeted 
at both viral and cellular RNA synthesis. Also, aris- 
teromycin (C-Ado) should be discriminated from 
the other carbocyclic adenosine analogues (C-c3Ado, 
neplanocin A), as it is active against a broader array 
of viruses (including HSV, polio, Coxsackie) than 
those affected by the “genuine” SAH hydrolase 
inhibitors (Table l), and, moreover, C-Ado is, like 
tubercidin, antivirally active at concentrations which 
are equal to, or only slightly lower than, the cytotoxic 
concentrations [33,56]. 

Inhibition of SAH hydrolase 

Various adenosine analogues, including (S)- 
DHPA [23,28,29] and other neutral open-chain ana- 
logues [57], D-eritadenine [29,30], (RS)-AHPA 
[23,29] and other acid open-chain analogues [36], 
C-Ado [22], C-c3Ado [23,34,58], neplanocin A 
[23,39], Ara-A [21] and 2’,3’-dialdehyde derivatives 
of both Ado [59] and C-Ado [60] have been reported 
as inhibitors of SAH hydrolase (isolated from either 
rat, beef or hamster liver, or murine leukemia cells). 
Ki values for some selected adenosine analogues are 
presented in Table 2. As these data originate from 
different laboratories, they do not necessarily permit 
ranking of the compounds according to relative 
potency. As the data stand, 3-deazaneplanocin or 
the cyclopentenyl derivative of 3-deazaadenine [61] 
could be considered as by far the most potent inhibi- 
tor of SAH hydrolase. The inhibitory effects of the 
adenosine analogues on SAH hydrolase in intact cell 
systems have been followed up only with a few 
compounds, i.e. neplanocin A [39], (S)-DHPA [62] 
and Ara-A [63, 641. Ara-A has even been inves- 
tigated in patients (with chronic hepatitis B virus 
infection), where it was found to suppress SAH 
hydrolase activity in blood mononuclear cells and 
erythrocytes [65]. 

Several studies [39,60] have pointed to a close 
correlation between the inhibitory effects of the com- 
pounds on SAH hydrolase and their antiviral activity. 
Particularly revealing in this regard were our own 
studies with the four “genuine” SAH hydrolase 
inhibitors, (S)-DHPA, (RS)-AHPA, C-c3Ado and 
neplanocin A (Fig. 3). The antiviral potencies of 

these compounds (against five viruses: vesicular 
stomatitis, vaccinia, measles, reo and rota) closely 
paralleled their inhibitory effects on SAH hydrolase 
(from beef liver) [23,66]. These findings provide 
compelling evidence for the role of SAH hydrolase, 
and the therewith associated transmethylation reac- 
tions, in the virus replicative cycle, and, conversely, 
our data suggest that the inhibition of SAH hydrolase 
may be causally related to the inhibition of virus 
replication. To further establish the causal nature of 
this relationship, it would now seem mandatory to 
directly examine SAH hydrolase activity, i.e. by 
monitoring SAM/SAH levels, in virus-infected cells 
exposed to the SAH hydrolase inhibitors. 

Role of SAH hydrolase in transmethylation reactions 

AdoMet (SAM) serves as the methyl donor for 
numerous methyltransferase reactions, including 
those that are involved in the methylation of the 5’- 
cap of viral mRNA [38]. SAM itself is synthesized 
from ATP and methionine (Fig. 4) and, upon transfer 
of its methyl group to the acceptor substrate, SAH 
is generated which is a product inhibitor of the 
methyltransferase reaction. To avoid this inhibitory 
effect and to allow the methyltransferases to proceed 
with their action, SAH has to be removed by SAH 
hydrolase. This enzyme catalyzes, as has already 
been mentioned above, the reversible hydrolysis of 
SAH to homocysteine and adenosine. Adenosine is, 
in turn, a product inhibitor of the SAH hydrolase 
reaction, which means that it has to be removed if 
SAH hydrolase were to proceed with its catalytic 
function. This can be achieved by several pathways 
including deamination to inosine by the ubiquitous 
adenosine deaminase (Fig. 4). Thus, effective 
methylation requires the concerted action of at least 
three enzymes: methyltransferase, SAH hydrolase 
and adenosine deaminase. Based on this premise, 
one may envisage at least three types of methylation 
inhibitors: (i) SAH analogues, such as S-arist- 
eromycinyl-L-homocysteine, which interfere directly 
with the methyltransferase [67,68]; (ii) the afore- 
mentioned acyclic or carbocyclic adenosine ana- 
logues (Table 2) which inhibit SAH hydrolase; and 
(iii) coformycin, EHNA [erythro-9-(2-hydroxy-3- 
nonyl)adenine] and other inhibitors of adenosine 
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Fig. 3. Correlation between the antiviral activities of the four adenosine analogues and their inhibitory 
effects on SAH hydrolase. The inhibitory effect on SAH hydrolase is expressed as the KJK,,, for bovine 
liver SAH hydrolase activity (measured in the direction of SAH synthesis). The antiviral activity is 
expressed as the minimum inhibitory concentration (MIC) required to inhibit by 50% the cyto- 
pathogenic&y of vesicular stomatitis virus (0) [in primary rabbit kidney (PRK) cells], vaccinia virus 
(A) in PRK cells, measles virus (0) [in African green monkey kidney (Vero) cells], reovirus type I (V) 
in Vero cells, or to reduce by 90% the yield of human rotavirus (v) in embryonic rhesus monkey kidney 
(MA 104) cells. The linear regression line is shown for K,/K, as a function of MIC for vesicular stomatitis 

virus (0) (r = 0.986) [23]. Reprinted from Ref. 66. 

deaminase [69,70]. It is noteworthy that these three 
classes of methylation inhibitors are by themselves 
antivirally active, although available data suggest ’ 
that the SAH hydrolase inhibitors [class (ii)] surpass 
the others [classes (i) and (iii)] in potency and 
specificity. 

How then could an inhibition of SAH hydrolase 
impart any specificity towards virus replication? SAH 
hydrolase is functionally linked to all SAM-depen- 
dent methyltransferases, and there is no evidence for 

a virus-specified SAH hydrolase that would be more 
susceptible to inhibitors than cellular SAH hydro- 
lase. This leaves us with two alternative explanations 
for the selective antiviral activity of SAH hydrolase 
inhibitors: (1) quantitative differences in the methyl- 
ation requirements between virus-infected and unin- 
fected cells, i.e. a greater demand on methyl groups 
in the virus-infected cells, which would make their 
methyltransfer reactions more vulnerable to per- 
turbations in the SAH levels, and (2) qualitative 

-----------------Methyltransferase 
Methylated - 

SAH hydrolase 

.Adenosine deaminase 

a - ketobutyrate J ‘cysteine Adenine + D-ribose-1-Q 

Fig. 4. Key intermediates in the SAM/SAH cycle. For effective methylation (acceptor + methylated 
acceptor), concerted action of three enzymes (methyltransferase, SAH hydrolase and adenosine deami- 

nase) is required. 
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differences between the methyltransferases of virus- 
infected and uninfected cells. The first hypothesis 
can be readily approached experimentally by meas- 
uring the SAM/SAH levels in virus-infected and 
uninfected cells exposed to the SAH hydrolase 
inhibitors. The second hypothesis is borne out by 
available data in the literature: i.e. reovirus [71], 
vaccinia virus [72], vesicular stomatitis virus [73] and 
Newcastle disease virus (a paramyxovirus related to 
parainfluenza virus) [74], thus all viruses which fall 
within the activity spectrum of SAH hydrolase inhibi- 
tors (Table l), have been shown to contain their 
own methyltransferases. Vaccinia virus [75-791 and 
vesicular stomatitis virus [80-821 contain two distinct 
methyltransferases, a (guanine-7)methyltransferase 
and a (nucleoside-2’)methyltransferase. Both 
methyltransferases are encoded by the virus and 
involved in the 5’-capping of viral mRNA. As SAH 
hydrolase is closely associated with methyltransfer- 
ase, SAH hydrolase inhibitors may confer their anti- 
viral specificity via inhibition of the virus-specified 
methyltransferases involved in the capping process. 

Metabolic disposition 

The SAH hydrolase inhibitors exert a multitude 
of biological effects which may or may not be linked 
to their interaction with methyltransferases. For 
example, (S)-DHPA has proven to be embryotoxic 
for chicks [83], to inhibit spermatogenesis in mice 
[84], to induce sterility in insects [85] (even if admin- 
istered via the host plant [86]), and to suppress the 
formation of roots in plants (Vicia faba) [87]. At 
the cellular level, SAH hydrolase inhibitors, i.e. 
C-c3Ado and neplanocin A, have generally been 
accredited with cytostatic and cytotoxic properties 
[88-901. This raises the question as to whether the 
adenosine analogues themselves or metabolites 
thereof are responsible for their multiple biological 
effects. To interact with SAH hydrolase, adenosine 
analogues do not need any metabolic conversion, as, 
akin to adenosine itself, they can, as such, inhibit 
the SAH hydrolase reaction (Fig. 4). 

From Fig. 4 it is also clear that, like adenosine, 
the adenosine analogues may be processed (i) via 
phosphorylation to the corresponding 5’-mono-, 5’- 
di- and 5’-triphosphates (and the latter may, if acting 
as substrates for the ATP: L-methionine S-adeno- 
syltransferase, even be converted to the cor- 
responding SAM analogues), (ii) via deamination to 
the corresponding inosine analogues, and (iii) via 
the synthetic route of SAH hydrolase to the cor- 
responding SAH analogues. (S)-DHPA and (RS)- 
AHPA would not undergo any of these reactions, 
and, similarly, C-c3Ado is neither phosphorylated 
nor deaminated. Nor is it an efficient substrate for 
SAH hydrolase [34]. Other adenosine analogues are 
readily metabolized, however: i.e. C-Ado is con- 
verted to its 5’-triphosphate [91] and tubercidin has 
been shown to undergo metabolism both to S-tub- 
ercidinyl-L-methionine and S-tubercidinyl-L-homo- 
cysteine [92]. Neplanocin A is metabolized efficiently 
to neplanocin 5’-triphosphate and S-neplanocyl- 
methionine [89,91,93-951. Yet, the finding that 
neplanocin A is converted to a number of metabolites 
does not necessarily imply that these metabolites, 

rather than neplanocin A itself, account for the bio- 
logical (viz. antiviral) effects of the compound. As 
clearly pointed out by Keller et al. [95], the metabolic 
conversion of neplanocin A to S-neplanocyl- 
methionine may have little, if any, consequence on 
transmethylation reactions. 

To further delineate the role of SAH hydrolase as 
target enzyme for the antiviral activity of neplanocin 
A and its congeners, we have evaluated recently the 
antiviral activity of various adenosine analogues in a 
tandem system of adenosine kinase-deficient (AK-) 
and adenosine kinase-positive (AK’) cell lines [96]. 
It was reasoned that those adenosine analogues that 
require phosphorylation and are targeted at sites 
other than SAH hydrolase would be much more 
effective in AK+ cells than in AK- cells. Conversely, 
the “genuine” SAH hydrolase inhibitors among the 
adenosine analogues would be expected not to be 
much less active in AK- than in AK+ cells (as they 
do not require phosphorylation). In fact, those 
adenosine analogues (i.e. tubercidin, toyocamycin, 
sangivamycin, xyloadenosine) that we assumed root 
to be targeted at SAH hydrolase were found to 
inhibit virus replication in AK+ cells at a con- 
centration 103- to 104-fold lower than the con- 
centration at which they inhibited virus replication 
in AK cells. In contrast, (S)-DHPA, (RS)-AHPA, 
C-c3Ado and neplanocin A, the “genuine” SAH 
hydrolase inhibitors, were equally or only slightly 
(lo-fold) less active in AK- than in AK+ cells [96]. 
These findings are consistent with their action at the 
SAH hydrolase level. 

In the context of the “genuine” SAH hydrolase 
inhibitors, Ara-A has a place apart. There is no 
question that Ara-A is an efficient inhibitor of SAH 
hydrolase [21]; it even causes “suicide” inactivation 
of the enzyme [97]. However, Ara-A is also metab- 
olized to Ara-I-Ix (9-/3-D-arabinofuranosylhypox- 
anthine) by adenosine deaminase, and onto Ara- 
AMP, Ara-ADP and Ara-ATP by cellular nucleo- 
side and nucleotide kinases. Ara-ATP can act as 
both substrate and inhibitor of the DNA polymerase 
and also interacts with ribonucleotide reductase. 
Considering the variety of metabolic conversions 
Ara-A is undergoing [33], it is at first glance difficult 
to sort out which metabolite is actually responsible 
for the antiviral activity of the compound. With the 
“genuine” SAH hydrolase inhibitors Ara-A shares 
an activity against poxviridae (vaccinia virus) and 
rhabdoviridae (rabies virus and vesicular stomatitis 
virus). With the viral thymidine kinase-dependent 
drugs (ACV, BVDU, DHPG) Ara-A shares an 
activity against the herpetoviridae (HSV and VZV). 
It may be postulated, therefore, that the activity of 
Ara-A against rhabdoviruses is due to an inhibition 
of SAH hydrolase, that its activity against her- 
pesviruses is due to an inhibition of DNA polymer- 
ase, and that its activity against poxviruses is due 
to an inhibition of both SAH hydrolase and DNA 
polymerase . 

Leads for further research 
Although it has become increasingly clear that 

SAH hydrolase inhibitors are endowed with antiviral 
properties, it is not obvious yet how inhibition of the 
SAH hydrolase may impart antiviral specificity. It 
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would thus appear necessary to directly monitor 
SAH hydrolase activity in the cells after they have 
been exposed to SAH hydrolase inhibitors, and to 
dissect the effects of SAH hydrolase inhibitors on 
the normal cellular methylation processes from those 
associated with the virus replicative cycle. This would 
allow us to conceive how a specific antiviral activity 
can be achieved without conco~tant cytotoxicity. 

Equally important would seem the design of new 
adenosine analogues with modifications in either the 
adenine moiety or sugar moiety or both, in attempts 
to obtain more potent and/or more selective inhibi- 
tors of SAH hydrolase. The carbocyclic analogues 
of tubercidin and 6-methyltubercidin [98,99] are 
examples of such double-modified adenosine ana- 
logues, but neither compound exhibited much 
activity as either SAH inhibitor or antiviral agent. On 
the contrary, 3-deazaneplanocin (the cyclopentenyl 
derivative of 3-deazaadenine) proved exquisitely 
potent as an inhibitor of SAH hydrolase [61], and this 
observation will undoubtedly prompt the synthesis of 
other adenosine analogues combining the cyclo- 
pentenyl moiety of neplanocin A with modifications 
in the purine ring. 

To further assess the role of SAH hydrolase inhi- 
bition, and the concomitant accumulation of SAH, 
in the antiviral activity of SAH hydrolase inhibitors, 
we attempted to reverse the antiviral action of the 
SAH hydrolase inhibitors by adding L-homocysteine 
to the cell culture medium. It was rationalized that, 
through the exogenous supply of L-homocysteine, L- 

methionine and, hence SAM, may be generated (Fig. 
4), and that, by increasing the intracellular levels of 
SAM, the inhibitory effect of SAH on the SAM- 
dependent methyltransferases may be overcome. 
Su~~singly, ~-homocysteine was found not to anta- 
gonize but to potentiate the antiviral activity of the 
SAH hydrolase inhibitors [E. De Clercq, unpub- 
lished data (1986)]. For example, in the presence 
of 10m3 M I.,-homocysteine, the minimum inhibitory 
concentration of C-c3Ado for vaccinia and vesicular 
stomatitis virus in primary rabbit kidney (PRK) cell 
cultures was reduced from 2 ,ug/ml to 0.2 and 0.1 pg/ 
ml respectively. Similarly, L-homocysteine poten- 
tiated the antiviral activity of the other SAH hydro- 
lase inhibitors, c3Ado, (S)-DHPA, (RS)-AHPA and 
neplanocin A. The antiviral activity of those com- 
pounds that are not supposed to act via SAH hydro- 
lase inhibition, viz. tubercidin, acyclovir and riba- 
virin, was not potentiated by L-homocysteine, and, 
furthermore, L-homocysteine potentiated the 
activity of the SAH hydrolase inhibitors only against 
those viruses that are intrinsically susceptible to their 
antiviral action (Table 1). Thus, for those viruses 
(such as HSV) that do not belong to the activity 
spectrum of the SAH hydrolase inhibitors, no 
increased activity was noted upon addition of L- 
homocysteine. The exact mechanism by which L- 

homocysteine increases the antiviral activity of the 
SAH hydrolase inhibitors remains to be elucidated. 
Presumably, L-homocysteine helps the SAH hydro- 
lase inhibitors in generating higher intracellular 
levels of SAH, hence resulting in a greater in~bito~ 
effect on So-dependent transmethylation reac- 
tions. Our observations made with L-homocysteine 
also indicate that the antiviral activity of the SAH 

hydrolase inhibitors can be modulated, i.e. poten- 
tiated, if combined with the proper regulatory sub- 
stances; this should form the basis for more extensive 
combination studies. 

Finally, the possibility should be envisaged that 
SAH hydrolase inhibitors may be effective against 
those viruses that are normally not sensitive to the 
antiviral action of the SAH hydrolase i~bitors, 
provided these viruses have undergone some 
mutation that makes their replication more depen- 
dent on methylation reactions. Thus, thymidine kin- 
ase-deficient (TK-) HSV mutants that are resistant 
to the viral TK-dependent drugs (ACV, DHPG, 
BVDU) appear to be more sensitive to SAH hydro- 
lase inhibitors such as neplanocin A than are wild- 
type HSV strains [E. De Clercq, unpublished data 
(1986)]. They are also much more sensitive to other 
antiviral agents, i.e. the cyclopentyl and cyclo- 
pentenyl derivatives of cytosine which are assumed 
to interact with CTP synthetase. This implies that 
when viruses become deficient in one or another 
particular pathway, i.e. the throne salvage path- 
way for herpesviruses, they may also become more 
dependent on other metabolic pathways. Conse- 
quently, they may also become vulnerable to a num- 
ber of compounds which interfere with these meta- 
bolic pathways and which would not inhibit the 
parent wild-type viruses. This opens new interesting 
perspectives from a therapeutic viewpoint. 

Conclusion 

S-Adenosyl-L-homocysteine (SAH) hydrolase has 
been recognized as an important target for the anti- 
viral activity of acyclic and carbocyclic analogues of 
adenosine, i.e. (~)-9-(2,3-dihydrox~ropyl)aden~e, 
(RS)-3-adenin-9-yl-2-hydrox~ropanoic acid, D-erit- 
adenine, carbocyclic 3-deazaadenosine, neplanocin 
A, cyclopentenyl 3-deazaadenine, and carbocyclic 
2’,3’-adenosine dialdehydes. SAH being a product 
inhibitor of S-adenosyl+methionine (SAM)-depen- 
dent methyltransferases, including those that are 
involved in the maturation (i.e. 5’-capping) of viral 
mRNAs, adenosine analogues, which inhibit SAH 
hydrolase and thereby increase the intracellular 
levels of SAH, may be expected to exert their anti- 
viral effects through interference with methylation 
processes. Their antiviral activity spectrum is unique 
in that it encompasses poxviruses (vaccinia), neg- 
ative-stranded RNA viruses ( paramyxo: parainflu- 
enza, measles; rhabdo: rabies, vesicular stomatitis) , 
and double-stranded RNA viruses (reo, rota), 
whereas herpesviruses and positive-stranded RNA 
viruses (picorna: entero, rhino; toga) are virtually 
resistant to the compounds. Although there is a 
close correlation between the inhibitory effects of the 
compounds on SAH hydrolase and their antiviral 
potency, the basis for their antiviral specificity 
remains to be elucidated. Other interesting leads 
that should be pursued further include the synthesis 
of more potent and/or specific inhibitors of SAH 
hydrolase, the therapeutic potential of SAH hydro- 
lase in~bitors in ~mbination with L-homocysteine 
or other substances, and the sensitivity to SAH 
hydrolase inhibitors of virus mutant strains that have 
become resistant to other antiviral drugs. 



2574 E. DE CLERCQ 

Achnowkdgemeru-The investigations of the author are 32. A. Holy, I. Votruba and E. De Clercq, Colln. Czech. 
supported by grants from the Belgian Fonds voor Genee- them. Commun. 47, 1392 (1982). 
skundig Wetenschappelijk Onderzoek (Project no. 33. E. De Clercq, D. E. Bergstrom, A. Holy and .I. A. 
3.0040.83) and the Belgian Geconcerteerde Onderzoek- Montgomery, Antiviral Res. 4, 119 (1984). 
sacties (Project no. 85/90-79). I thank Christiane Callebaut 34. J. A. Montgomery, S. J. Clayton, H. J. Thomas, 
for her dedicated editorial assistance. W. M. Shannon, G. Arnett, A. J. Bodner, I-K. Kim, 

1. 
2. 

3. 
4. 
5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

IS 

E. De Clercq, Biochem. J. 205, 1 (1982). 
E. De Clercq and R. T. Walker (Eds.), Targets for the 
Design of Antiviral Agents, NATO AS1 Series A: Life 
Sciences Vol. 73. Plenum Press, New York (1984). 
E. De Clercq, Biochem. Pharmac. 33, 2159 (1984). 
E. De Clercq, J. med. Chem. 29, 1561 (1986). 
A. J. Hay, A. J. Wolstenholme, J. J. Skehel and M. 
H. Smith, EMBO J. 4, 3021 (1985). 
W. Al-Nakib, P. G. Higgins, J. Willman, D. A. J. 
Tyrrell, D. L. Swallow, B. C. Hurst and A. Rushton, 
J. Antimicrob. Chemother. 18, 119 (1986). 
E. De Clercq, R. Bernaerts, D. E. Bergstrom, M. J. 
Robins, J. A. Montgomery and A. Holy, Antimicrob. 
Agents Chemother. 29, 482 (1986). 
S. K. Wray, B. E. Gilbert, M. W. Noah and V. Knight, 
Antiviral Res. 5, 29 (1985). 
S. K. Wray, B. E. Gilbert and V. Knight, Antiviral 
Res. 5, 39 (1985). 
G. L. Cantoni and E. Scarano, J. Am. them. Sot. 76, 
4744 (1954). 
G. de la Haba and G. L. Cantoni, J. biol. Chem. 234, 
603 (1959). 
H. H. Richards, P. K. Chiang and G. L. Cantoni, J. 
biol. Chem. 253, 4476 (1978). 
M. Robert-G&o, F. Lawrence, G. Farrugia, A. Berne- 
man, P. Blanchard, P. Vigier and E. Lederer, Biochem. 
biophys. Res. Commun. 65, 1242 (1975). 
M. Legraverend, S. Ibanez, P. Blanchard, J. Enouf, F. 
Lawrence, M. Robert-G&o and E. Lederer, Eur. J. 
med. Chem. 12, 105 (1977). 

__. A. Raies, F. Lawrence, M. Robert-G&o, M. Loche 
and R. Cramer, Fedn. Eur. Biochem. Sot. Lett. 72,48 
(1976). 

REFERENCES 

16. B. Jacquemont and J. Huppert, J. Virol. 22,160 (1977). 
17. P. K. -Chiang, H. H. Richards and G. L. Cantoni, 

Molec. Pharmac. 13. 939 (1977). 
18. J. P. Bader, N. R. Brown, P.‘K. Chiang and G. L. 

Cantoni, Virology 89, 494 (1978). 
19. P. K. Chiang, G. L. Cantoni, J. P. Bader, W. M. 

Shannon, H. J. Thomas and J. A. Montgomery, 
Biochem. biophys. Res. Commun. 82, 417 (1978). 

20. A. J. Bodner. G. L. Cantoni and P. K. Chiana. 
Biochem. biophys. Res. Commun. 98, 476 (1981). - 

21. P. K. Chiang, A. Guranowski and J. E. Segall, Archs. 
Biochem. Biophys. 207, 175 (1981). 

22. A. Guranowski, J. A. Montgomery, G. L. Cantoni and 
P. K. Chiang, Biochemistry 20, 110 (1981). 

23. E. De Clercq and M. Cools, Biochem. biophys. Res. 
Commun. 129, 306 (1985). 

24. E. De Clercq, J. Descamps, P. De Somer and A. Holy, 
Science 200, 563 (1978). 

53. W. M. Shannon, G. Amett, L. Westbrook, Y. F. 
Shealy, C. A. O’Dell and R. W. Brockman, Antimi- 
crab. Agents Chemother. 20, 769 (1981). 

54. R. A. Glazer, M. C. Knode, M-I. Lim and V. E. 

25. E. De Clercq and A. Holy, J. med. Chem. 22, 510 
(1979). 

26. A. Holy, Colln. Czech. them. Commun. 40,187 (1975). 
27. H. J. Schaeffer, D. Vogel and R. Vince, J. med. Chem. 

8, 502 (1965). 

Marquez, Biochem. Pharmac. 34, 2535 (1985). 
55. D. E. Bergstrom, A. J. Brattesani, M. K. Ogawa, P. 

A. Reddv, M. J. Schweickert, J. Balzarini and E. De 
Clercq, i med. Chem. 27, 285 (1984). 

56. P. Herdewijn, J. Balzarini, E. De Clercq and H. Van- 
derhaeghe, J. med. Chem. 28, 1385 (1985). 

57. A. Holy, I. Votruba and E. De Clercq, Colln. Czech. 
them. Commun. 50, 245 (1985). 

58. D. M. Houston, E. K. Dolence, B. T. Keller, U. Patel- 
Thombre and R. T. Borchardt. J. med. Chem. 28.467 
(1985). 

28. I. Votruba and A. Holy, Colln. Czech. them. Commun. 
45, 3039 (1980). 

59. U. Patel-Thombre and R. T. Borchardt, Biochemistry 
24, 1130 (1985). 

29. A. Merta, I. Votruba, J. Vesely and A. Holy, Colln. 
Czech. them. Commun. 48, 2701 (1983). 

30. I. Votruba and A. Holy, Colln. Czech. them. Commun. 
47, 167 (1982). 

60. D. M. Houston, E. K. Dolence, B. T. Keller, U. Patel- 
Thombre and R. T. Borchardt, J. med. Chem. 28,471 
(1985‘). 

31. I. Chibata, K. Okumura, S. Takeyama and K. Kotera, 
Experientiu 25, 1237 (1969). 

61. k. I. ‘Glazer, K. D. Hartman, M. C. Knode, M. M. 
Richard. P. K. Chiane. C. K. H. Tsene and V. E. 
Marquez, Biochem. biiphys. Res. Comm\n. 135, 688 
(1986). 

G. L. Cantoni and P. K. Chiang, J. med.. Chem. 25; 
626 (1982). 

35. E. De Clercq, and J. A. Montgomery, Antiviral Res. 
3, 17 (1983). 

36. A. Holy, I. Votruba and E. De Clercq, Colln. Czech. 
them. Commun. 50, 262 (1985). 

37. E. De Clercq and A. Holy, J. med. Chem. 28, 282 
(1985). 

38. R. T. Borchardt, J. med. Chem. 23, 347 (1980). 
39. R. T. Borchardt, B. T. Keller and U. Pat&Thombre, 

J. biol. Chem. 259. 4353 (1984). 
40. S. Yaginuma, N. Muto, M. Tsujino, Y. Sudate, M. 

Hayashi and M. Otani, J. Antibiot., Tokyo 34, 359 
(1981). 

41. M. Hayashi, S. Yaginuma, H. Yoshioka and K. 
Nakatsu, J. Antibiot., Tokyo 34, 675 (1981). 

42. E. De Clercq, Antimicrob. Agents Chemother. 28, 84 
(1985). 

43. I. Sodja and A. Holy, Acta virol. Praha 24, 317 
(1980). 

44. M. GreSikova, B. Rada and A. Holy, Acta virol. Praha 
26, 521 (1982). 

45. D. F. Smee, R. W. Sidwell, S. M. Clark, B. B. Bamett 
and R. S. Spendlove, Antimicrob. Agents Chemother. 
21, 66 (1982). 

46. F. Bussereau, J. C. Chermann, E. De Clercq and 
C. Hannoun, Annk virol. (Inst. Pasteur) 134E, 127 
(1983). 

47. J. R. Wingard, A. D. Hess, R. K. Stuart, R. Sara1 and 
W. H. Bums, Antimicrob. Agents Chemother. 23,593 
(1983). 

48. S. Kitaoka, T. Konno and E. De Clercq, Antiviral Res. 
6, 57 (1986). 

49. C. Gil-Fernhndez and E. De Clercq, Antiviral Res., in 
press. 

50. J. Kara, P. V&ha and A. Holy, Fedn. Eur. Biochem. 
Sot. Lett. 107, 187 (1979). 

51. R. L. Tolman, A. K. Field, J. D. Karkas, A. F. Wagner, 
J. Germershausen, C. Crumpacker and E. M. Scolnick, 
Biochem. biophys. Res. Commun. 128, 1329 (1985). 

52. E. De Clercq, A. Holy, I. Rosenberg, T. Sakuma, J. 
Balzarini and P. C. Maudgal, Nature, Lond. 323, 464 
(1986). 



Antiviral activity of SAH hydrolase inhibitors 2575 

62. J-S. Schanche, T. Schanche, P. M. Ueland, A. Holy 
and I. Votruba, hfolec. Phurmac. 26, 553 (1984). 

63. S. Helland and P. M. Weland, Cancer Res. 42, 2861 

83. R. Jelinek, A. Holy and I. Votruba, Teratology 24,267 
(1981). 

84. E. De Clercq, R. Leyten, H. Sobis, 3. Matousek, A. 
Hoi* and P. De Somer, Toxic. auuI. Pharmac. 59,441 (1982). 

64. C. E. Cass, M. Selner, P. J. Ferguson and J. R. Phillips, (1981). 
_. 

Cancer Res. 42.4991 (1982). 85. K. SIBma, A. Holy and I. Votruba, Enromologia exv. 
avvl. 33, 9 (1983). 6.5. S. L. Sacks, T. G. Me&an, J. Kaminska and I. H. Fox, 

J. clin. Invest. 69, 226 (1982). 
66. E. De Clercq, Chemica Scripta 26, 41 (1986). 
67. C. S. G. Pugh and R. T. Borchardt, Biochernisrry 21, 

1535 (1982). 

86. I: GelbiE, M’. Tanner and A. Holy, Acta ent. bohemos- 
IOU. 81, 46 (1984). 

87. K. BeneS, A. Holy and 0. Melichar, Bioiogia PI. 26, 
144 (1984). 

68. D. M. Houston, B. Matuszewska and R. T. Borchardt, 
J. med. Chem. 28, 478 (1985). 

69. B. B. Williams and A. M. Lemer, J. infect. D&r. 131, 
673 (1975). 

70. T. W. North and S. S. Cohen, Proc. nam. Acad. Sci. 
U.S.A. 75, 4684 (1978). 

71. A. J. Shatkin, Proc. natn. Acad. Sci. U.S.A. 71, 3204 
(1974). 

72. C. M. Wei and B. Moss. Proc. natn. Acad. Sci. U.S. A. 
71, 3014 (1974). 

73. D. P. Rhodes, S. A. Moyer and A. K. Banerjee, Cell 
3, 327 (1974). 

74. R. J. Colonno and H. 0. Stone, Proc. nafn. Acad. Sci. 
U.S.A. 72, 2611 (1975). 

75. S. A. Martin and B. Moss. J. bioi. Chem. 250. 9330 
(1975). 

76. G. Monroy, E. Spencer and J. Hurwitz, J. biol. Chem. 
253. 4481 (1978). 

77. G. Monroy, E. Spencer and J. Hun&z, J. biol. Chem. 
253,449O (1978). 

78. E. Barbosa and B. Moss, J. biol. Chem. 253, 7692 
(1978). 

79. R. F. Boone, M. J. Ensinger and B. Moss, J. Viral. 21, 
475 (1977). 

80. D. Testa and A. K. Banerjee, J. Viral. 24,786 (1977). 
81. V. Deutsch and A. K. Banerjee, Biochem. biovhys. 

Res. Commun. 88, 1360 (1979). 
82. S. M. Horikami and S. A. Moyer, Proc. nam. Acad. 

Sci. U.S.A. 79, 7694 (1982). 

88. I-K. Kim, R. R. Aksamit and G. L. Cantoni, J. bioi. 
Chem. 257, 14726 (1982). 

89. R. I. Glazer and M. C. Knode, J. biol. Chem. 259, 
12964 (1984). 

90. M. Inaba, K. Nagashima, S. Tsukagoshi and Y. 
Sakurai, Cancer Res. 46, 1063 (1986). 

91. L. L. Bennett, Jr., P. W. Allan, L. M. Rose, R. N. 
Comber and J. A. Secrist III, Molec. Pharmac. 29,383 
(1986). 

92. T. P. Zimmerman, G. Wolberg, G. S. Duncan and G. 
B. Elion, Biochem~~ 19,2252 (1980). 

93. P. P. Saunders, M-T. Tan and R. K. Robins, Biochem. 
Pharmac. 34, 2749 (1985). 

94. B. T. Keller and R. T. Borchardt, Biochem. biovhys. 
Res. Commun. 120, 131 (1984). 

95. B. T. Keller, R. S. Clark, A. E. Pegg and R. T. 
Borchardt, Molec. Pharmac. 28, 364 (1985). 

96. M. Cools, E. De Clercq and J. C. Drach, in Nucieosides 
and Nucleotides (Proceedings of the Seventh Interna- 
tional Round Table on ~‘Nucleosides, Nucleotides, and 
their Biolog~ai A~~Iicafio~“), Konstanz, F.R.G., 29 
September-3 October, 1986, in press. 

97. M. S. Hershfield, 1. biol. Chem. 254, 22 (1979). 
98. M. Legraverend, J-M. Lhoste, J-M. Bechet and E. 

Bisaeni. Eur. J. med. Chem. 18. 269 (19831. 
99. J. AySdcrist III, S. J. Clayton and J. A. Montgomery, 

J. med. Chem. 27, 534 (1984). 


