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Summary 

The molecular basis for the antiviral activity is discussed for a variety ofnucleoside 
compounds  approved for clinical use in the U.S.A. (5-iodo-2'-deoxyuridine,  5-tri- 
f luoromethyl-2 ' -deoxyuridine,  9-13-D-arabinofuranosyladenine, 9-(2-hydroxyethoxy- 
methyl)guanine),  or  in clinical trial (E-5-(2-bromovinyl)-2 '-deoxyuridine,  1-(2- 
deoxy-2-fluoro-13-D-arabinosyl)-5-iodocytosine, 1-13~D-ribofuranosyl- 1,2,4-triazole- 
3-carboxamide),  or  of  specific interest to our  laboratory (5-iodo-5'-amino-2' ,5 ' -  
dideoxyuridine,  5 ' -amino-5 ' -deoxythymidine) .  The consequence of  incorporat ion of  
idoxuridine, the Y-amino analog of  thymidine or the 5 ' -amino analog of  idoxuridine 
into the D N A  of  herpes simplex virus type 1 on transcription and translation is 
emphasized. 

idoxuridine, aminonucleosides,  herpesvirus D N A ,  herpesvirus RNA,  herpesvirus 
protein, nucleoside analogs 

Introduction 

The selective antiviral activity o f  many nucleoside analogs is related to either a 
unique or  preferential act ivation of  the agent by a virus encoded enzyme in the 
infected cell, or to a preferential t rapping of  the agent in the infected cell, as a 
consequence of  augmented enzyme activity. The former  is exemplified by compounds  
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such as the 5'-amino analog thymidine (AdThd), the 5'-amino analog of 5-iodo-2'- 
deoxyuridine (AIdUrd), E-5-(2-bromovinyl)-2'-deoxyuridine (BVdU), 1-(2-deoxy-2- 
fluoro-13-D-arabinofuranosyl)-5-iodocytosine (FIAC), and 9-(2-hydroxyethoxy- 
methyl)guanine (acyclovir). These compounds are uniquely or preferentially 
activated by phosphorylation by kinases encoded by HSV-1, HSV-2 and varicella 
zoster virus which are induced during the infective process. 

The second group of compounds include 5-iodo-2'-deoxyuridine (idoxuridine, 
IdUrd) and 5-trifluoromethyl-2'-deoxyuridine (trifluridine, F3dThd). These com- 
pounds are not selectively activated by a virus encoded enzyme, but are substrates for 
both cellular and viral kinases. The basis for their clinical utility is related to a marked 
increase in thymidine kinase activity in the infected cell, resulting in the entrapment of 
more of the nucleoside analog as the monophosphate than in the adjacent uninfected 
cell. Their use is restricted to topical administration of superficial infections, because 
uninfected cells in the S-phase of the cell cycle have augmented thymidine kinase 
activity, and will accumulate the phosphorylated drug with subsequent cytotoxicity 
such as bone marrow depression. 

The antiviral activity of the nucleoside agents is dependent upon the initial phos- 
phorylation, but this metabolic event does not account for antiviral activity per se. We 
have found a direct correlation between the uptake of idoxuridine, AIdUrd, and 
BVdU into the DNA of HSV-1, and the inhibition of the formation of infectious 
virions. 

Our laboratory has initiated a program to determine the consequences of such 
incorporation into DNA, in an attempt to understand the molecular basis for the 
antiviral effect. 

5-lodo-2'-deoxyuridine 

Incorporation of IdUrd into DNA produces a variety of physical and biological 
effects, and some of the macromolecular effects have been discussed by Szybalski 
[38], Brockman and Anderson [5], Prusoff et al. [30], and Prusoff and Goz [31]. 

Table 1 indicates many of the consequences of incorporation of IdUrd in substitu- 
tion of thymidine into cellular DNA, and some similar effects have been observed 
when IdUrd is incorporated into virus DNA, as well as (1) inhibition of viral replica- 
tion, and (2) enzyme induction or repression. The basis for the activity of IdUrd is 
probably not a result of steric considerations, since Van der Waals' radii of the methyl 
and iodine are similar, that of iodine being 215 pm whereas that of the methyl group is 
200 pro. However, the electron configuration of the pyrimidine moiety is altered 
because the halogen may produce two different effects. The first of these results from 
the high electronegativity of the halogen atom, so that electrons, by the inductive effect, 
are pulled away from the pyrimidine ring. The second effect is a consequence of the 
halogen atom having an unshared pair of electrons which can initiate a resonance 
effect in the pyrimidine ring by increasing the electron density of the ring. The 
inductive effect of the halogen is probably the dominant effect responsible for the 
labilization of the proton on the N3 position of IdUrd, which is readily measured by 
determination of the pKa of thymidine (9.8) relative to that of IdUrd (8.2). 



TABLE 1 

The effect of replacement of DNA thymidine by 5-iodo-2'-deoxyuridine 
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I. Physical 

(1) Increased density 
(2) Increased lability to stress 
(3) Increase in stacking energy 
(4) Increase in temperature of helix-coil transition 
(5) Increased binding to proteins 
(6) Slight decrease in pH required for strand separation 
(7) Increased sensitivity to X-ray and UV-radiation 

II. Biological 

(1) Increased rate of mutation 
(2) Increased errors in protein formation 
(3) Inhibition of cellular reproduction 
(4) Inhibition of expression of differentiated cell functions 
(5) Virus induction 

The antiviral activity o f  IdUrd  has been extensively reviewed [31,33] and is a 
consequence of  its incorpora t ion  into viral DNA.  

The effect of  incorporat ion of  IdUrd  into the D N A  of  bacter iophage T2 and T4 on 
the replicative and biochemical properties was studied in our  labora tory  by Goz  and 
Prusoff  [ 19]. The yield o f  phage particles was the same whether the D N A  is substituted 
with IdUrd  or  not,  and even the phage, with as much as 60% IdUrd  substitution for 
dThd,  could adsorb  to bacteria and inject their DNA.  However,  they were not  able to 
induce normal  amounts  o f  the phage-specific enzymes dihydrofolate  reductase, lyso- 
zyme and 2 '-deoxycytidylate hydroxymethylase.  A a m o d t  and Goz  [ 1] found that the 
reduced enzyme activity was probably  related to a decreased synthesis, rather than the 
format ion of  an altered enzyme with less activity. Goz  and Prusoff  [20] studied the 
effect of  IdUrd  substitution in phage D N A  by the genetic technique o f  marker  rescue, 
and found  f rom 20 to 2> 90% individual gene activations a m o n g  30 genes studied. The 
extent o f  inactivation of  a part icular  gene function was related to the amoun t  o f  IdUrd  
incorporated into the phage D N A .  

A relationship has been found between the incorporat ion o f  IdUrd  into the D N A  of  
SV40 virus [6], adenovirus [39,22] and HSV-1 [13] and loss o f  infectivity. Smith and 
Dukes [36] found the ratio o f  the total number  o f  HSV virions to infectious virions 
was increased when grown in the presence of  IdUrd.  Similarly Prusof fe t  al. [29] with 
IdUrd,  and Easterbrook and Davern  [11] with BrdUrd have shown that the incorpo-  
ration o f  these analogs into the D N A  of  vaccinia virus decreased infectivity. Kaplan et 
al. [23] observed incorporat ion o f  IdUrd  into the D N A  ofpseudorabies  virus resulted 
in a failure in the assembly of  the viral componen ts  into an infectious particle, as did 
Easterbrook and Davern [11] with BrdUrd and vaccinia virus. 

The studies with adenovirus by Kan-Mitchell  and Prusoff  [22] revealed that the 
reduction of  infectious virus by IdUrd  was related to the format ion  of  uninfectious 
virus rather than a reduction in total virions produced.  Analysis by neutral and 
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alkaline sucrose density centrifugation of the IdUrd-substituted adenovirus D N A  
revealed no double- or single-stranded breaks. 

The effect of incorporation of IdUrd into the DNA of adenovirus was a marked 
decrease in the rate of synthesis of late (9-24 h) viral proteins, but not of early (2-6 h) 
viral proteins. 5-Bromo-2'-deoxyuridine was found by Pennington [28] to exert a 
similar preferential effect on protein synthesis of vaccinia virus; however, the synthesis 
of only some late proteins was affected. 

The effect of IdUrd incorporation into the DNA of HSV- 1 has been under intensive 
investigation in our laboratory by Fischer et al. [13] and Otto et al. [26]. Fischer et al. 
[ 13] quantified the degree of incorporation of IdUrd into HSV- 1 DNA by determina- 
tion of the shift in density during isopycnic centrifugation in CsC1. There is a linear 
relationship between the amount  of IdUrd incorporated into HSV-I DNA and the 
concentration of the analog to which the virally infected cells were exposed. A 20% 
substitution of thymidine residues in HSV-I DNA was associated with an 85% 
reduction in the formation of infectious virions. 

HSV-1 DNA isolated from control cultures and labeled with [L4C]thymidine and 
from cells exposed to IdUrd and labeled with [3H]thymidine were cosedimented in 
both neutral and alkaline sucrose density gradients. Under neutral conditions both the 
control and IdUrd-substituted DNA sedimented as single peaks, however, the substi- 
tuted peak was slightly more dense. Thus there was no evidence of double-stranded 
breaks in the DNA. 

McCrea and Lipman [25] reported extensive fragmentation of vaccinia virus DNA 
substituted with IdUrd, which may be related to the method of preparat ion used for 
electron microscope visualization, or to differences in the synthesis or packaging of 
the vaccinia DNA. 

Buettner and Werchau [6] did find IdUrd produced single-stranded breaks in the 
D N A  of SV40 virus which they reported was dependent on exposure of the SV40 DNA 
to light. Incorporat ion of F3dThd into the DNA of vaccinia virus was found by 
Fujiwara and Heidelberger [ 17] to produce a decrease in the size of the DNA relative 
to control as evidenced by sucrose density gradient centrifugation. 

Although extensive incorporation of IdUrd into HSV-1 DNA had no apparent 
effect on its physical integrity, as analyzed in a neutral or alkaline sucrose density 
gradient for possible single- or double-stranded breaks, the substituted DNA produ- 
ced abnormal  patterns of transcription and subsequent translation. 

The effect of IdUrd on herpesvirus gene expression has been under investigation in 
our laboratory.  Since early transcription does not depend on newly synthesized viral 
DNA, it is not affected during exposure to IdUrd. However, marked effects are seen in 
the formation of late RNA, since this process is dependent upon newly synthesized 
DNA. 

Incorporat ion of [3H]uridine into total RNA of HSV-1 infected Vero cells was not 
appreciably affected, but within 8 h after infection the amount  of viral poly A ÷ RNA 
formed in the presence of IdUrd was about  50% of that produced in the untreated 
infected cells (Fig. 1). This differential increased almost 3-fold at 18-24 h post 
infection (p.i.). Concomitantly the amount  of viral poly A- RNA formed in the 
presence of IdUrd within 8 h p.i. was 50% greater, and at 18-24 h p.i. the virus-speci- 
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Fig. 1. The effect of 5-iodo-2"-deoxyuridine (IdUrd) on the synthesis of  HSV-l-specific RNA. 

fic poly A- RNA was about 400% greater. These effects which are related to the 
substitution of IdUrd for thymidine in the newly synthesized viral DNA may be 
produced by an inhibition of polyadenylation, or a stabilization of late viral trans- 
cripts. 

Studies on the effect of IdUrd on the translation of viral RNA, as expected, showed 
no inhibition of early alpha proteins, but there was significant reduction in late beta 
and gamma proteins. There was great variation in the amount of the reduction of 
specific proteins, with levels ranging from 0 to 65%. 

As indicated earlier, IdUrd produced no significant decrease in the total number of 
virions produced, but the progeny virions had altered protein patterns as revealed by 
SDS-polyacrylamide gel electrophoresis relative to control HSV-1 [26]. 

The IdUrd-substituted virions were defective in their ability to induce a normal 
protein pattern upon subsequent infection of Vero cells in the absence of added IdUrd, 
in that there was a decreased ability to synthesize all viral-induced proteins and 
glycoproteins. 

Thus the IdUrd-substituted virions have: (1) a reduced ability to produce plaques; 
(2) an altered ability to code for new proteins; (3) an increased particle to pfu ratio; 
and (4) an ability to interfere with the replication of unsubstituted (control) HSV-1 
virus. 

5'-Amino-nucleosides 

5-Iodo-5'-amino-2',5'-dideoxyuridine (AIdUrd, AIU) and 5'-amino-5'-deoxythy- 
midine (5'-AT, AdThd) are both highly selective antiviral agents with essentially no 
cytotoxicity. Both inhibit HSV-I and HSV-2, and in addition AIU also inhibits 
varicella zoster virus and the Epstein-Barr virus in cell culture. Both amino analogs 
are efficacious in the topical therapy of experimental herpetic keratitis in rabbits, but 
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they are not as potent as idoxuridine. AIU is also effective against oral HSV-2 
infection in mice. 

Metabolic studies established that these compounds are substrates for viral but not 
cellular thymidine kinase. The viral enzyme initially phosphorylates the amino moiety 
forming a phosphoramidate  bond, and then adds a second phosphate in a phospho- 
diester linkage to the phosphoramidate  (Fig. 2). A third phosphate is then added in a 
phosphodiester linkage by a cellular enzyme. There is a direct correlation between 
incorporation of these analogs into the HSV DNA and inhibition of the formation of 
infectious virions. AIU and AdThd are incorporated internally into the DNA struc- 
ture with the formation of a phosphoramidate bond (Fig. 3). 

Fischer et al. [13] using alkaline and neutral sucrose gradients found that the 
presence of AIU, in the DNA of HSV-I results in double- and single-stranded 
breaks, which increased proportionately to the amount  of  incorporation of this 
analog into the DNA. 

In contrast, the incorporation of AdThd into the viral DNA, which also forms a 
phosphoramidate bond, produced no single- or double-stranded breaks. Hence 
AdThd and IdUrd behaved similarly with respect to the physical integrity of the 
substituted DNA. It thus appears that the combination of the 5-iodo and the 5'-amino 
moieties may be responsible for a decreased stability of the DNA,  since the presence of 
only the 5-iodo moiety, as with IdUrd substitution, or the presence of only a phosphor-  
amidate bond, as with AdThd substitution, does not introduce any detectable 
instability. X-ray crystallography and NMR studies of AIU by Birnbaum et al. [4] 
revealed an unusual O(l ' ) -endo pucker in the conformation of the deoxyribose 
moiety, whereas the usual conformation of nucleosides is C(2')-endo or C(3')-endo. 
The relationship between this unusual structure and the instability of AIU-substituted 
DNA is not clear. Unfortunately we have not been able to crystallize AdThd for X-ray 
crystallography to determine whether it does or does not have a conformation similar 
to AIU. 

The effect of incorporation of AIU and AdThd into the herpesvirus DNA on gene 
expression was investigated. Early transcription does not depend on newly synthesiz- 
ed viral DNA, and was unaffected during exposure to AIU, AdThd,  or IdUrd. Total 
accumulation of [3H]uridine into RNA in HSV- 1-infected Vero cells is not significant- 
ly affected, but the amount  of HSV-l-specific poly A ÷ RNA begins to decline with 
respect to infected control cells as early as 8 h after infection. The reduced levels of 
HSV- l-specific poly A ÷ RNA is more pronounced at 18-24 h p.i. since poly A + RNA in 
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Fig. 2. Metabolism of 5'-amino-5'-deoxythymidine (AdThd) by HSV-1 thymidine kinase. 
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control cells continues to rise whereas that in the AIU- and AdThd-treated cells 
remains essentially unchanged (Figs. 4 and 5). 

AIU produced a small increase in the HSV- l-specific poly A- RNA at 8 h p.i., which 
appears more pronounced at 18 h p.i. because the control poly A- RNA is markedly 
decreased at this latter time (Fig. 4). However, AdThd produced about a 50% increase 
in HSV-1- specific poly A- RNA at 8 h p.i., and by 18 h there was a marked increase in 
poly A- RNA which was about  8-fold greater than that produced by the control 
virions. In contrast to the RNA produced by the control virions 18 h p.i., where the 
ratio of poly A ÷ RNA to poly A- RNA was about 5-6: 1, that seen with all three 
analogs was the reverse, the most striking being that seen with AdThd in which the 
ratio of poly A ÷ RNA to poly A- RNA was about  1 : 10 (Fig. 5). 

These effects are, as with IdUrd, a consequence of incorporation of AIU and 
AdThd into the viral DNA in substitution o f D N A  thymidine. The increase in poly A- 

B / ,J 
/ 

0 0 
/ Ii 

/ P  H ' " ~ C H 3  
/o 

/ 
0 / P, /P H~I'~, -z 

0 
/ 

/ 
/° 

/P HN~/CHa 

/ 
O o 

N O&-N ~ / • 
f 

0 
/ 

/ P  
B /° 

/ 

AXdUrd 

H N  Z 

u H i! II 
O ~ p  ~ O ~ p  ~ O ~  OH 

O .  O .  O .  

Phosphoromidate Phosphodiester 
bond bond 

Fig. 3. Comparison of a phosphoramidate bond and a phosphodiester bond in DNA. 
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RNA along with the decrease in poly A ÷ RNA suggests an inhibition of polyadenyla- 
tion, as well as a possible stabilization of late viral transcripts. 

AIU and AdThd produced altered expression of HSV-l-induced proteins as well as 
RNA. Infected cell proteins (ICPs) synthesized in the presence of the nucleoside 
analogs were analyzed [26], and it was found that there was no effect on HSV-l-indu- 
ced alpha proteins, but beta and gamma proteins were reduced as much as 60%. There 
are two exceptions: ICP 39 (36 kDa) was not reduced, and ICP 36 (42 kDa) was 
increased during drug treatment. 

Progeny virions, isolated from control cells or drug-treated cells, were analyzed 
with respect to their polypeptide make-up and for their ability to induce HSV-1 
proteins in non-drug-treated Vero cells. The progeny virus from drug-treated cells 
exhibited altered protein patterns on SDS-polyacrylamide gels with respect to 
control HSV- 1. 

The progeny virions from AIU- or IdUrd- but not from AdThd-treated cells, were 
defective in their ability to induce proteins upon subsequent infection of non-drug- 
treated Vero cells. Two unusual phosphoproteins were detected: one with an apparent 
molecular mass of 30 kDa was induced with progeny virus from AIU-treated cells, 
and another at approximately 69 kDa was induced by progeny virus from AdThd- 
treated cells. Whereas progeny virus from IdUrd- and AIU-treated cells produced 
decreased amounts of glycosylated proteins, virions from AdThd-treated cells had no 
such effect. 
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Fig. 4. Effect of 5-iodo-5'-amino-2',5'-dideoxyuridine (AIU, AldUrd) on the synthesis of HSV-l-specific 
RNA. 

Fig. 5. Effect of 5'-amino-5'-deoxythymidine (AdThd) on the synthesis of HSV-l-specific RNA. 
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Thus IdUrd, AIU and AdThd are all incorporated into herpes simplex progeny 
DNA in substitution of thymidine. Such incorporation had the following results: (1) 
Formation of single- and double-stranded breaks in the viral DNA as a consequence 
of the incorporation of AIU but not of IdUrd or AdThd into the DNA. (2) A IU, IdUrd 
and AdThd did not affect markedly the synthesis of total HSV-specific late RNA, but 
the formation of poly A- HSV-specific RNA was significantly increased. (3) All three 
analogs reduced the synthesis of most of the late HSV-specific proteins. (4) An 
overproduction of HSV thymidine kinase was observed. (5) Progeny virus: (a) have 
abnormal protein composition; (b) are less infective; (c) have a greater particle/pfu 
ratio with only a slight reduction in total particles; and (d) have the ability to interfere 
with infection by standard virus. 

Trifluoromethyl-2'-deoxyuridine (F3dThd, TFT) 

F3dThd like IdUrd is phosphorylated by both cellular and viral encoded thymidine 
kinase. In addition, the monophosphate of F3dThd is a potent inhibitor of thymidy- 
late synthetase. The triphosphate derivative of F3dThd has a higher affinity for 
vaccinia virus DNA polymerase than for cellular DNA polymerase, and its incorpora- 
tion into viral DNA is probably the critical event for its antiviral activity against 
vaccinia virus. Thus F3dThd has been shown to produce non-infectious, morphologi- 
cally defective virions with fragmented DNA, as well as a 30% reduction in the 
formation of late vaccinia virus mRNA. It was postulated by Heidelberger and King 
[21] that the mechanism of action of F3dThd against HSV-1 and HSV-2 is probably 
similar to that for vaccinia virus. References to incorporation of F3dThd into phage, 
mammalian cells and vaccinia virus as well as the physical and biological conse- 
quences are presented in the review by Heidetberger and King [21]. 

9-13-D-Arabinofuranosyladenine (ara-A) 

Ara-A has a broad spectrum of antiviral activity against DNA viruses. It is 
phosphorylated to the mono-, di- and triphosphate derivatives by cellular enzymes 
and is incorporated into both cellular and viral DNA. There are numerous biochemical 
sites where ara-A or its phosphorylated derivatives have exhibited an inhibitory effect: 
(1) inhibition of HSV DNA polymerase; (2) incorporation into viral DNA; (3) 
incorporation into cellular DNA; (4) DNA elongation slowed; (5) inhibition of 
ribonucleoside diphosphate reductase by ara-ATP; (6) inhibition of RNA polyadeny- 
lation by ara-ATP; (7) inhibition of terminal deoxynucleotidyl transferase; (8) inhibi- 
tion by ara-A of S-adenosylhomocysteine hydrolase with resultant inhibition of 
methylation of mRNA and tRNA. 

Therefore it is not clear if the critical site of inhibition ofara-A is incorporation into 
viral DNA. The HSV DNA polymerase has an associated 3'-exonuclease, which can 
remove the terminal ara-AMP and this could result in slowing of DNA-chain elonga- 
tion. However, a terminal ara-AMP that escapes cleavage will appear in it:ternucleo- 
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tide linkage. The consequences of incorporation of ara-A into viral DNA have not been 
clarified. See reference [27] for more details. 

9-(2-Hydroxyethoxymethyl)guanine (acyclovir, ACV) 

ACV inhibits the replication of HSV-1, HSV-2, VZV, and the Epstein-Barr virus. It 
is preferentially phosphorylated by the virus-encoded thymidine kinase, and then 
further phosphorylated by cellular enzymes to the di- and triphosphate derivatives of 
ACV which compete with dGTP for incorporation into DNA [12]. 

Since the 3'-exonuclease associated with HSV DNA polymerase cannot remove 
terminal ACV, this analog is responsible for termination of DNA elongation. Fur- 
thermore, the ACV-substituted HSV DNA is a potent inhibitor of the HSV DNA 
polymerase. 

E-5-(2-Bromovinyl)-2'-deoxyuridine (BVdUrd, BVdU) 

BVdU is one of the most potent inhibitors of HSV-1 and about 200-fold less 
inhibitory to HSV-2. Initial phosphorylation of BVdU by the virus-encoded thymi- 
dine kinase is required for activation, and although the binding affinity by the HSV- 1 
enzyme is 20-fold greater than by the HSV-2 enzyme, the relative rate of phosphoryla- 
tion of BVdU by the HSV-2 enzyme is about 1.6-fold greater. These two properties 
tend to counteract each other. Of possible greater significance is the finding by Fyfe 
[ 18] that the H SV-2 thymidine kinase has about 50-fold less associated dTMP-kinase 
activity, and if the monophosphate of BVdU is a poor substrate, then this may explain 
the relative insensitivity of HSV-2 to BVdU. 

Allaudeen and his colleagues [2,3] found the 5'-triphosphate of BVdU (BVdU-TP) 
exerted a greater inhibition of HSV-I polymerase than of cellular DNA polymerase 
[2], as well as the ability of purified HSV DNA polymerase to utilize the triphosphate 
of BVdU in substitution of dTTP and to be incorporated into cellular and viral DNA 
of HSV-l-infected Vero cells [3]. 

The relationship between incorporation of BVdU into HSV-I DNA with virus 
infectivity and DNA integrity was investigated by Mancini et al. [24]. BVdU produced 
a dose-dependent shift in the density of HSV-1 DNA, and the degree of inhibition of 
viral replication was related to the amount of BVdU substituted for the thymidine in 
HSV-1 DNA. 

Analysis of the substituted DNA by alkaline sucrose density gradient centrifugation 
revealed a dose-dependent increase in single-stranded breaks [24]. Whether the strand 
breakage actually occurs in vivo or is a consequence of the isolation procedure is not 
clear. However, it is clear that the equivalent handling of control HSV DNA and 
BVdU-substituted HSV DNA, the latter is more labile. Thus the potent antiviral 
activity of BVdU correlates not only with its incorporation into HSV- 1 DNA, but also 
with the induction of an altered stability of the substituted DNA.  
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1-(2-Deoxy-2-fluoro-13-o-arabinofuranosyl)-5-iodocytosine (FIAC) 

The high potency of FIAC as an antiviral agent is similar to that of  BVdU, but 
FIAC is active against both HSV-1 and HSV-2. F IAC also requires the viral-encoded 
thymidine kinase for activation by phosphorylation. FIAC, per se, is not incorporated 
into DNA, but after extensive metabolic conversion it appears in cellular DNA as the 
2'-fluoroarabinosyl of cytosine (FAC), thymine (FMAU), and 5-iodouracil (FIAU),  
and in HSV DNA primarily as 2'-fluoroarabinosyl-5-iodouracil (FIAU). See refe- 
rence [16] for more details. 

1-13-n-Ribofuranosyl-l,2,4-triazole-3-carboxamide (ribavirin) 

Ribavirin is a broad spectrum antiviral agent against both RNA- and DNA-contain-  
ing viruses. This compound has multiple sites of  potential inhibition including 
perturbation of nucleotide pools, inhibition of the 5'-capping of viral mRNA, inhibi- 
tion of animal as well as influenza-A RNA polymerase, and a small uptake into 
cellular RNA and DNA [37]. 

Other nucleosides 

There are a number of other antiviral agents that have been demonstrated to be 
incorporated into viral DNA and these include 5-iodo-2'-deoxycytidine [16], 9-(1,3- 
dihydroxy-2-propoxymethyl)guanine [7], 5-propyl-2'-dUrd [35], 5-ethyl-2'-dUrd (re- 
ferences cited in [14]). 

No doubt there will be others; however, the physical and biochemical consequences 
of their incorporation have not been elucidated as yet. 

Future directions for development ofantiviral agents have been discussed by Cheng 
et al. [8], Prusoff et al. [34], and De Clercq [10], and a discussion of some of the 
problems in the use of antiviral agents has been recently reviewed by Prusoffand Otto 
[32] and by Darby and Field [9]. 
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