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Summary 

Metal-chelating compounds can inhibit virus-induced enzymes in infected cells by 
coordinating with metal ions at their active sites. Consideration of the coordinating 
properties of ligands can explain the antiviral activity of these compounds. The 
antiviral actions of a number of  compounds (e.g., thiosemicarbazones, pyrophosphate 
analogues, 13-diketones, cyclic polyethers and flavanoids) are discussed in the light of  
their metal-chelating properties. 
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Introduction 

The recent development of nucleoside analogues such as acyclovir (9-(2-hydroxy- 
ethoxymethyl)guanine) [1], or (E)-5-(2-bromovinyl)-2'-deoxyuridine [2] which inhibit 
specific processes in herpes virus-infected cells has encouraged the study of com- 
pounds which might possess antiviral properties by virtue of their interaction with 
enzymes in virus-infected cells. Metal-chelating agents are one class of compound 
which might be expected to have antiviral properties as many enzymes in both infected 
and uninfected cells require metal ions for activity [3]. However, care must be taken to 
distinguish between compounds which show some specificity of action and those 
which are toxic to both virus and host. Problems of toxicity, specificity of action, etc., 
might be overcome once a better understanding of the properties of potential ligands 
has been achieved as it should then be possible to design compounds which would 
chelate with metal ions in specific environments, e.g., in a particular enzyme or in 
particular regions of a cell. In this way, specificity of action against virus-induced 
enzymes would be achieved. Many different metal ions are required to support the 
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metabolism of animal cells. For  example, the suggestion has been made that all 
nucleotidyl transferases are metalloenzymes [4] and the involvement of zinc ions in 
both D N A  and RNA polymerases is well documented [5]. Some metal ions, e.g., 
sodium and magnesium, are of such widespread occurrence that they do not seem 
promising targets for the design of specific antiviral compounds.  On the other hand, 
zinc, iron and copper ions occur less widely in cells and appear  to be more promising 
targets. 

The concept of viral chemotherapy with metal-chelating agents is not new and this 
subject has been reviewed by others [6,7] who have surveyed the literature up to 1979. 
It is the object of the present review to summarise more recent work and to indicate 
areas which may be worth exploring in the future. 

Aspects of complex formation 

Most complexes which are formed in biological systems between a ligand and a 
metal ion are in dynamic equilibrium with the free metal in a more or less aqueous 
environment. Since a pool of  free metal ions may be drawn upon by several different 
enzymes, the inhibition of one specific enzyme is unlikely to arise by depleting the 
metal ion concentration of a pool unless this enzyme is critically dependent on the 
concentration of the metal ion. Thus, the synthesis of polydentate ligands such as 
1,2-bis(2-aminophenoxy)ethane-N,N,N'-tetraacetic acid (1) [8] which only coordinate 
with f/ee and not protein-bound metal ions (in this case calcium) does not seem a 
promising route to antiviral compounds.  A more successful approach to the develop- 
ment of an antiviral agent would be to investigate compounds which complex with 
metal ions which are already bound to an enzyme or other macromolecular  ligand as 
stereochemical features within the enzyme could help in its selective inhibition. For 
example, the shape of an antiviral compound might assist its interaction with one 
specific enzyme and hence only this enzyme would be inhibited. Alternatively, modifi- 
cation of the lipophilicity of a compound might increase the likelihood of its being 
confined to a particular site in a virus or cell. The latter approach would be particular- 
ly useful in the design of compounds which might interfere with the uncoating of viruses. 

TABLE 1 

Hard and soft metal ions and ligands which are relevant to biological systems 

Metal ions Ligands 

Hard 
Na ÷, K ÷, Mg 2+, Ca 2., Mn 2÷, AI 3+, Fe 3* 

Intermediate 
Fe 2+, Co 2+, Cu z÷, Zn 2+ 

Soft 
Cu ÷, Cd 2÷, Hg 2÷ 

Hard 

Ligands binding through O- (e.g., P(O)-O-, 
RO-, RCOO-), ROH, R20, Cl-, NH3 
Intermediate 

Amines binding through N ranging from 
primary to tertiary 

Soft 
Ligands binding through S (e.g., RS-, R2S), 

CN-, R3P 
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All biologically important  metal ions can form complexes and the number of  
different chemical species which can coordinate with these metal ions is very large. 
Nevertheless, the types of  a tom in these ligands are limited, being confined to those of a 
few elements in Groups V and VI in the Periodic Table. In a biological environment, 
these are usually oxygen, nitrogen and sulphur, all of which are present in proteins (see 
Table 1). A convenient classification for the interactions between metal ions and 
ligands has been put forward by Pearson [9] who introduced the concept o f ' ha rd '  and 
'soft '  acids and bases (HSAB). Metal ions which are 'hard '  acids are usually small, 
highly charged and are highly polarising. Bonds formed between 'hard '  metal ions and 
ligands have a high ionic component.  'Soft '  metal ions are generally large, are not 
highly charged and form bonds with considerable covalent character. 'Hard '  ligands 
are usually small and are little polarised by metal ions; on the other hand, 'soft '  ligands 
are larger and are easily polarised. ' Ha rd '  metal ions form their strongest complexes 
with 'hard '  ligands (e.g., magnesium ions and the oxygen atoms in pyrophosphate).  
'Soft '  metal ions form their strongest complexes with 'soft '  ligands (e.g., mercury ions 
and thiols). One feature of the HSAB classification is that some metal ions of  
biological interest, e.g. iron(II) and zinc ions do not fall clearly into either the 'hard '  or 
the 'soft '  categories and can form complexes with either 'hard '  or 'soft '  ligands. 
Similarly, most amino groups can coordinate with either 'hard '  or 'soft '  metal ions. 

A further consideration which must be borne in mind during the design of antiviral 
agents is that the metal ion could be coordinated to a number of atoms in the protein 
already and that this coordination will affect the overall 'hardness '  or 'softness'  of the 
metal ion. This should be especially important  for metal ions of intermediate 
'hardness '  or 'softness'  and any differences of  this nature might be important in the 
design of specific antiviral agents. Thus, a zinc ion which is coordinated to two oxygen 
atoms in a protein could well have different complexing properties compared with a 
zinc ion which is coordinated to two nitrogen atoms. 

N N 

(1) 

HOOCH2C CH2COOH R 2 

~NCH2CH2N/ /  ~ 

HOOCH2C CH2COOH R 1 R 2 
(2 )  

R 1 

Fig. 1. St ructura l  fo rmu lae  o f  ] ,2 -b is (2-aminophenoxy)e thane-N,N,N ' - te t raacet ic  acid ( l ) ,  E D T A  (2), and 
1,10-phenanthro l in¢ (3a; R' = R 2 = H)  and ba thocupro ine  d isu lphon ic  acid (3b; R I = CH3; R 2 

= ~ SO,H). 
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Chelating agents with antiviral activity 

A number of chelating agents which are commonly used as complexing agents in 
metal analysis [10] have been shown to inhibit viral enzymes. Thus, ethylenediaminetet- 
raacetic acid (EDTA), (2), which can form strong complexes with calcium and zinc 
ions, inhibits the neuraminidase of influenza viruses of  the N1 serotype as these 
enzymes appear to have an absolute requirement for calcium ions [11,12]. 1,10-Phen- 
anthroline (3a) and the related compound bathocuproine disulphonic acid (3b) which 
form strong complexes with copper(II), iron(II) and zinc ions, inhibit in vitro a number 
of viral enzymes which require zinc for activity [4], including the RNA transcriptases 
of influenza viruses A and B [13]. However, (2), (3a) and (3b) were inactive when tested 
against the viruses in animals [14]. 

(a) Thiosemicarbazones 

The first report that thiosemicarbazones had chemotherapeutic activity against 
vaccinia virus was published in 1950 [15] and in the intervening years many com- 
pounds of this type (e.g., 4) have been prepared and tested against viruses [16]. While 
antiviral activity has been observed with a number of viruses and for example (5) will 
inhibit the replication of  herpes simplex viruses 1 and 2 in vitro [17], thiosemicarba- 
zones have principally been used against pox viruses of the vaccinia family and one 
thiosemicarbazone (4, R = CH3) has been used prophylactically to prevent outbreaks 
of smallpox in persons who had been in contact with the disease [16]. 

Structure-functiort studies have been carried out with a number of thiosemicarba- 
zones and in general modification of the thiosemicarbazone moiety (for example, 
replacement of sulphur by oxygen) leads to a substantial loss of antiviral activity [13]. 
In the case of (4), the carbonyl group in the five-membered ring is essential for activity 
suggesting that this compound acts as a terdentate ligand. Changes in the lipophilicity 
of (4) can result in changes in antiviral activity. For example, alkylation of the ring 
nitrogen atom produces an increase in activity for R = CH3 and C2H5 but larger carbon 
chains in this position cause a decrease in activity. 

While the exact mechanism of action of thiosemicarbazones is unknown at the present 
time, their antiviral activity appears to be related to their metal-chelating ability. These 
compounds are good chelators of metal ions [18] and the sulphur atom in the thiosemi- 
carbazone moiety is a 'soft' centre in the HSAB scale and it is not surprising that (4) 
forms stable complexes with copper(II) ions. In the case of the acetylpyridine thiosemi- 
carbazones only the 2-substituted derivative (5) has significant anti-influenza activity 
[13]. The 3- and 4-acetylpyridine thiosemicarbazones have little antiviral activity 

 :H NH2  CH3 
NNHCNH 2 

(4 )  II 
s 

Fig. 2. Structural formulae of thiosemicarbazone compounds (4) and (5). 
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which supports the postulation that a metal chelate is formed between the ring 
nitrogen atom and the thiosemicarbazone moiety in the active compound (5). The 
thiosemicarbazone (4, R = H) does not interfere with early stages of viral replication 
but affects a late process such as virus assembly or maturation and (4, R = H) 
effectively prevents viral replication even when it is added to the system after the 
synthesis of viral DNA has ceased [19]. The copper(II) complex of(4,  R = CH3) binds 
to nucleic acids in vitro under conditions in which aquated copper(II) ions do not bind 
to a significant extent [19]. The attachment of a copper complex of (4) to an mRNA 
which is synthesised late in the infective cycle of pox viruses would affect the function 
of the mRNA and this may account for the antiviral activity of these compounds. As 
mentioned above, thiosemicarbazones are active against pox viruses and it is of 
interest that these viruses contain copper(II) ions in appreciable amounts [16]. The 
modes of action of thiosemicarbazones other than (4) have been less well studied and 
despite reports that ribonucleotide reductase may be inhibited [20], there appears to be 
no simple relationship between antiviral activity and metal chelation in these com- 
pounds. 

(b) Pyrophosphate analogues 

The discovery that phosphonoacetic acid (6) inhibited the replication of herpes 
simplex virus in animals [21] and the report that the related derivative, phosphonofor- 
mic acid (7) [22] also had antiviral properties in animals have stimulated research into 
the antiviral properties of pyrophosphate analogues [23-25]. Both compounds (6) and 
(7) show little toxicity to human diploid cells in culture but they are able to inhibit the 
replication of a variety of herpes virus (e.g., cytomegalo [26], Epstein-Barr [27], and 
Marek's disease [28] viruses) as well as other viruses including pseudorabies [21], 
infectious bovine rhinotracheitis [22] and influenza [29] viruses. I n the case of the latter 
viruses, compound (7) is a much more effective inhibitor of replication than (6). 

It was quickly recognised that (6) and (7) inhibit herpes-specific DNA polymerases 
[28,30] and that these compounds can inhibit the reverse transcriptases of a number of 
retroviruses as well as the polymerases of influenza and hepatitis B viruses [25]. 
Furthermore, other pyrophosphate analogues, e.g., substituted methylene bisphos- 
phonates (8) are also good inhibitors of the RNA transcriptase of influenza viruses 
[32]. 

At least two mechanisms can be envisaged for the inhibition of virus-induced 
polymerases by pyrophosphate analogues. In the first mechanism, they could bind to 

(HO) 2P(O} C H 2 COOH (HO) 2 P(O} COOH 

(6)  ( 7 )  

(HO) 2 P (O) CR 2 P (O}(OH) 2 (HO)2P(S)OP (S)(OH)2 

(8) (9)  

Fig. 3. Formulae ofphosphonoacet ic  acid (6), phosphonoformic acid (7), methylene bisphosphonate (8; R ---- 
C1, Br), and bisthiopyrophosphate (9). 
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the polymerases, interact with the nucleic acid and produce nucleoside triphosphate 
analogues. The latter could then inhibit the polymerase by acting as competitive 
inhibitors for the natural nucleoside triphosphate substrates. In the second mecha- 
nism, the pyrophosphate analogue could bind directly to the polymerase, possibly in 
place of inorganic pyrophosphate, and inhibit the polymerase by preventing the chain 
elongation step in the polymerase reaction. 

The first mechanism does not appear to be likely for a number of reasons. Ribo- and 
deoxyribonucleoside triphosphate analogues have been prepared in which the termi- 
nal ]3,y-phosphoryl residues have been replaced by phosphonoacetic or dichlorometh- 
ylene bisphosphonic acids and these triphosphate analogues do not interact with the 
polymerases of herpes or influenza viruses [32,33]. Nucleoside triphosphate analogues 
of (7) cannot be prepared by standard methods and NMR evidence suggests that these 
analogues are very unstable [34]. Finally, when 3H-labelled (6) is added to the polymer- 
ase system of herpes simplex or influenza viruses under conditions of limited nucleic 
acid synthesis, no evidence could be found for the formation of a radioactively labelled 
nucleoside triphosphate analogue arising from a back reaction [32,33]. The second 
mechanism is supported by enzyme kinetic evidence which suggests that (6) and (7) 
bind to the DNA polymerase of herpes viruses at the pyrophosphate binding site [28]. 
Enzyme kinetic analysis also shows that (7) is a non-competitive inhibitor of influenza 
RNA transcriptase activity with respect to ATP, CTP and UTP and a mixed inhibitor 
with respect to GTP. In the presence of (7), initiation of influenza mRNA synthesis 
occurs but elongation of the polynucleotide chain is inhibited [35]. The antiviral 
activity of pyrophosphate analogues, as measured by their abilities to inhibit the 
nucleic acid polymerases of herpes or influenza viruses, appears to be related to their 
abilities to bind to zinc ions under approximately physiological conditions [32]. 

The antiviral activities of a large number of pyrophosphate analogues have been 
studied and in general these have had little or no activity against cell-free polymerase 
systems [23,24,28,32]. The loss in activity can be correlated with a loss in ability to bind 
zinc ions under physiological conditions. Thus, esterification of phosphoryl or car- 
boxyl groups generally leads to a considerable reduction in zinc binding and such 
simple esters have little antiviral activity. However, nucleoside esters of(6) and (7) can 
have antiviral activity in tissue culture [36,37]. While the mechanism of action of the 
esters is unknown, it is possible that they are taken up more effectively by cells than the 
parent compounds and that they are then hydrolysed to give relatively high concentra- 
tions of(6) or (7) within the cell. Inorganic pyrophosphate at high concentrations will 
inhibit the RNA transcriptase of influenza virus A and the introduction of a 'soft' 
chelating centre into the pyrophosphate might be expected to increase the inhibitory 
activity as this might increase the metal-chelating ability of the pyrophosphate for 
'intermediate' and 'soft' metal ions. This has proved to be the case, and not only is 
bisthiopyrophosphate (9) a good inhibitor of the RNA transcriptase activity of in- 
fluenza virus A but it also inhibits the replication of this virus in tissue culture [38]. 

Thus, pyrophosphate analogues appear to have potential as antiviral agents as they 
are product inhibitors of nucleic acid polymerases and, unlike nucleoside analogues 
they do not have to be metabolised before they exert their antiviral action. Moreover, 
they can inhibit virus replication under conditions when they are not toxic to host cells. 
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More work needs to be done on these compounds before they can be used systemically 
and one problem which must be overcome is that pyrophosphate  analogues accumu- 
late in bones and teeth although it is not known whether they have any deleterious 
effects [39]. Different pyrophosphate  analogues have different effects on bone and it 
should be possible to design compounds  which have antiviral activity and which for 
stereochemical reasons are not compatible with the hydroxyapati te matrix of bones 
and teeth. 

Antiviral agents which may function as chelating agents 

(a) ~-Diketones 

13-Diketones are good chelators of metal ions [ 10] and are used for the extraction of 
metal ions from aqueous solutions. Lipophilic 13-diketones and in particular arildone, 
4-[6-(2-chloro-4-methoxy)phenoxy]hexyl-3,5-heptanedione (10) have in vivo activity 
against a number  of RNA and D N A  viruses (e.g., picorna and herpes viruses) and this 
may be due to their ability to chelate metal ions [40]. This hypothesis is supported by 
the observation [41] that the inhibition of herpes simplex virus 2 in vitro by arildone is 
similar to that observed with phosphonoacetic acid and appears to involve the D N A  
polymerase. The most potent action of arildone is against poliovirus where it prevents 
the uncoating of the viral capsid [42]. It has also been observed that arildone, at low 
concentrations, can block herpes virus replication at an earlier stage than the polymer- 
ase possibly by preventing uncoating of the virus [40]. Since arildone has the disad- 
vantage of being very insoluble in water, it is usually administered as a solution in 
dimethyl sulphoxide and the solvent properties of the latter may have a bearing on the 
antiviral activity of arildone. 

An alternative mechanism of action for arildone may be the inactivation of an 
arginine group in a viral protein and 13-diketones are known to react with these residues 
in proteins [43]. The products of the reaction between a 13-diketone and a guanidinium 
residue are very stable and hence the inactivation of viral replication by arildone 
should be irreversible. Since the effect of arildone can be readily reversed in vitro by 
washing the cells [41,44] this mechanism does not seem to be likely and so metal 
chelation appears to be a plausible mechanism for the antiviral action of 13-diketones. 

CH 3 
Cl ( O  

C M 3 0 - ~  O(C H2 )16 " ~  O 

(~o) \ CH 3 
(11) 

Fig. 4. Structure formulae ofa 13-diketone, 4-[6-(2-chloro-4-methoxy)phenoxy]hexyl-3,5-heptanedione (10), 
and rhodanine (11). 
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(b) Rhodanine 

The use of rhodanine (2-thioxo-4-thiazolidinone) (11) as a complexing agent for the 
determination of metals is well established. It has recently been reported that (11) 
forms complexes with zinc, cadmium and mercury(II)  ions in which the 'soft '  metal 
ions are coordinated with the ' intermediate '  nitrogen and 'soft '  exocyclic sulphur 
atoms [45]. Rhodanine inhibits the uncoating of echovirus-12 and stabilises the virion 
[46]. It is tempting to propose that (11) acts by chelating with a metal ion at a specific 
site in the virus as modification of either the nitrogen or the exocyclic sulphur atom 
results in loss of antiviral activity [47]. The hydrophilicity of (11)appears to be critical 
as introduction of a large lipophilic group (e.g., a benzene ring) at the carbon a tom in 
the ring resulted in a considerable loss of  antiviral activity. 

(c) Crown ethers 

Macrocyclic polyethers (crown ethers) have the ability to form complexes with metal 
ions of the correct size by sequestering them within their macrocyclic rings [48]. These 
ethers are analogous to ionophore antibiotics, and, for example, can affect the trans- 
port of  metal ions through cell membranes.  [18,6]-Crown ethers, e.g. (12), are inhibi- 
tors of the RNA polymerase of picorna viruses at submicromolar  levels [49,50]. The 
polymerase of poliovirus contains zinc ions and is inhibited by the chelating agents 
EDTA (2) and 1,10-phenanthroline (3a) [51] and hence it is likely that (12) chelates 
with zinc ions in the polymerase. On the other hand, it is unlikely from steric 
considerations that (12) can chelate with a zinc ion while the latter is coordinated to the 
polymerase, so an alternative possibility is that (12) reduces the level of zinc ions in a 
metabolic pool in the infected cell. Almost no information has been published on the 
specificity of  crown ethers except that those with a smaller polyether ring than (12), 
e.g., the [15,5]-crown ether (13) are not effective inhibitors of the polymerase [52]. 
Complexes formed between [15,5]-crown ethers and sodium or potassium ions are 
considerably weaker than those with [18,6]-crown ethers and there is little chemical 
evidence for complexes formed between divalent metal ions and [15,5]-crown ethers 
[48]. While crown ethers are reported to be toxic [48], cytotoxic effects of(12) have not 
been reported at concentrations which are considerably higher than those required for 
antiviral activity [52]. 

(d) Chalcones and flavones 

Chalcones and flavones contain a carbonyl group and a phenolic hydroxyl group in 
a steric arrangement which is favourable for coordination with metal ions and these 
compounds can form stable complexes with zinc, iron(III) and aluminium ions [53]. A 
flavone, 5 '-hydroxy-2-(4-hydroxy-3-methoxyphenyl)-3,7 '-dimethoxy-4H-benzopyran 
-4-one (14), which can be isolated from a Chinese herb, selectively inhibits rhino- 
and coxsackie viruses in vitro [54]. The RNA polymerase complex is not formed and 
(14) interferes with some step between uncoating of the virus and initiation of RNA 
synthesis. The related chalcone, 1-(4-ethoxy-2-hydroxy-6-methoxyphenyl)-3-(4-me- 
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HO 

\N ?0/%]0 ~ 0//---~0 ~ 

o 

(12) (13) 

OH ~ , , ~ O C  H 3 

T - f  "ocH~ HO 0 HO 0 
(14) (15) 

Fig. 5. Structure formulae of some macrocyclic polyesters (crown esters) (12), (13), a flavone (14) and a 
chalcone (15). 

thoxyphenyl)-2-propen-l-one (15), also has antiviral activity in vitro, binding to 
human rhinovirus-2 and stabilising the virion against heat inactivation [55]. This 
antiviral activity may be related to the metal-chelating properties of these compounds 
and the binding of (15) to the virions appears to be non-covalent as it can be reversed 
by washing with chloroform. Other flavanoids have been reported to possess antiviral 
activity but nothing has been published as to their mode of action [56-58]. 

(e) Other compounds which may exert their antiviral activity through metal chelation 

Numerous other compounds which are metal chelators have been reported to show 
antiviral activity, e.g., 8-hydroxyquinoline and isonicotinic hydrazide will inhibit the 
replication of Rous sarcoma virus [ 19]. Recent examples of antiviral agents of  this type 
include the following. 

Diphenylthioureas, e.g., N-phenyl-N'-(3-hydroxyphenyl)thiourea (16) which 
contain a nitrogen or oxygen a tom in the 3-position in one aromatic  ring exhibit a high 
antiviral activity against picornaviruses in vitro [59]. As the antiviral activity of  these 
compounds is enhanced by the addition of copper or zinc ions to the culture medium it 
is suggested that these compounds might coordinate with a metal ion in the virus. In 
this case, however, an eight membered chelate ring would be formed and such 
complexes are usually rather unstable. An alternative mechanism of action might 
involve the thiourea-metal  complex binding to a protein or nucleic acid in the virus in a 
manner suggested for isatin thiosemicarbazones [19]. 

Diaminocyclohexanes can form very stable complexes with metal ions, particularly 
with zinc and copper(II)  ions [60], and the rigid tricyclic diamine (17) which has been 
reported to possess anti-influenza activity [61] may also form stable metal complexes 
with metal ions in the virus. However, no details of the site of action of (17) are given, 
and one cannot rule out the possibility that this compound may be functioning as an 
analogue of aminoadamantane  [62]. 
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OH 

H H 
(1<$) 

~ C H  2 N (CH 3 )2 - 
(17) NH2 

o 

H 2N "~""11 , N 

OH OH 

(~8) 

Fig. 6. Structure formulae of a diphenylthiourea compound (16), diaminocyclohexane (17), and ribavirin 
(18). 

The broad spectrum antiviral nucleoside analogue ribavirin [1-[3-D-ribofuranosyl- 
1,2,4-triazole-3-carboxamide (•8)] inhibits IMP dehydrogenase and hence is an inhibi- 
tor of RNA synthesis [63,64]. Divalent metal ions can form complexes with (18) which 
involve N(4) of the ring and the exocyclic oxygen atom [65,66]. Thus, chelation with a 
metal ion in IMP dehydrogenase may play a key role in the antiviral activity of (18). 

Conclusion 

A wide variety of metal-chelating compounds have been shown to possess antiviral 
activity in vitro or in vivo and the main enzymes to be inhibited by these compounds 
are those involved in uncoating of viruses and nucleic acid synthesis. Many antiviral 
agents appear to have been discovered fortuitously and little has been published on the 
systematic study of the replacement of liganding atoms, variation in lipophilicity, etc., 
in these compounds. Hence it is to be hoped that the recognition that metal-containing 
enzymes in virally infected cells are worthwhile targets for antiviral research together 
with a consideration of the principles involved in the formation of metal chelates will 
lead to the synthesis of antiviral agents with improved activity and specificity. 

References 

1 Schaeffer, H.J., Beauchamp, L.D.E., Miranda, P., Elion, G.B., Bauer, D.J. and Collins, P. (1978) 
9-(2-Hydroxyethoxymethyl)guanine activity against viruses of the herpes group. Nature (London) 
272, 583-585. 

2 De Clercq, E., Descamps, J., De Somer, P., Barr, P.J., Jones, A.S. and Walker, R.T. (1979) (E)-5-(2- 
Bromovinyl)-2'-deoxyuridine: a potent and selective anti-herpes agent. Proc. Natl. Acad. Sci. USA 
76, 2947-2951. 



203 

3 Williams, R.J.P. (1983) The symbiosis of metal ion and protein chemistry. Pure Appl. Chem. 55, 
35-46. 

4 Valenzuela, P., Morris, R.W., Faras, A., Levinson, W. and Rutter, W.J. (1973) Are all nucleotidyl 
transferases metalloenzymes? Biochem. Biophys. Res. Commun. 53, 1036-1041. 

5 Mildvan, A.S. and Loeb, L.A. (1979) The role of metal ions in the mechanism of DNA and RNA 
polymerases. CRC Critical Rev. Biochem. 6, 219-244. 

6 Levinson, W.E. (1980) Chelating substances. Antibiotics Chemother. 27,288-306. 
7 Perrin, D.D. and St~inzi, H. (1981) Viral chemotherapy: antiviral actions of metal ions and metal 

chelating agents. Pharm. Ther. 12, 255-297. 
8 Tsien, R. (1980) New calcium indicators and buffers with high selectivity against magnesium and 

protons: design, synthesis and properties of prototype structures. Biochemistry 19, 2396-2404. 
9 Pearson, R.G. (1968) Hard and soft acids and bases HSAB, Part I. J. Chem. Educ. 45, 581-587. 

10 Burger, K. (1973) Organic Reagents in Metal Analysis. Pergamon, Oxford. 
11 Dimmock, N.J. (1971) Dependence of the activity of an influenza virus neuraminidase upon Ca**. J. 

Gen. Virol. 13,481-483. 
12 Carroll, S.M. and Paulson, J.C. (1982) Complete metal ion requirement of influenza virus NI 

neuraminidases. Arch. Virol. 71,273-277. 
13 Oxford, J.S. and Perrin, D.D. (1974) Inhibition of the particle associated RNA-dependent RNA 

polymerase activity of influenza virus by chelating agents. J. Gen. Virol. 23, 59-71. 
14 Oxford, J.S. and Perrin, D.D. (1977) Influenza RNA transcriptase inhibitors: studies in vitro and in 

vivo. Ann. N.Y. Acad. Sci. 284, 613-623. 
15 Hamre, D., Bernstein, J. and Donovick, R. (1950) Activity ofp-aminobenzaldehyde 3-thiosemicarba- 

zone in the chick embryo and in the mouse. Proc. Soc. Exp. Biol. Med. 73, 275-278. 
16 Pfau, C.J. (1982) The thiosemicarbazones. Handb. Exp. Pharmacol. 61, 147-204. 
17 Shipman, C. Jr., Smith, S.H., Drach, J.C. and Klayman, D.L. (1981 ) Antiviral activity of 2-acetylpyri- 

dine thiosemicarbazones against herpes simplex virus. Antimicrob. Agents Chemother. 19,682-685. 
18 Campbell, M.J.M. (1975) Transition metal complexes of thiosemicarbazide and thiosemicarbazones. 

Coord. Chem. Rev. 15,279-319. 
19 Levinson, W., Rhode, W., Mikelens, P., Antony, A. and Ramakushna, T. (1977) Inactivation and 

inhibition of Rous sarcoma virus by copper binding ligands: thiosemicarbazones, 8-hydroxyquino- 
lines, and isonicotinic acid hydrazide. Ann. N.Y. Acad. Sci. 284, 525-532. 

20 Brockman, R.W., Sidwell, R.W., Arnett, G. and Shaddix, S. (1970) Heterocyclic thiosemicarbazones: 
correlation between structure, inhibition of ribonucleotide reductase, and inhibition of DNA viruses. 
Proc. Soc. Exp. Biol. Med. 133, 609-614. 

21 Shipkowitz, N.L., Bower, R.R., Appell, R.N., Nordeen, C.W., Overby, L.R., Roderick, W.R., Schlei- 
cher, J.B. and von Esch, A.M. (1973) Suppression of herpes simplex virus infection by phosphonoace- 
tic acid. Appl. Microbiol. 26, 264-267. 

22 Helgstrand, E., Eriksson, B., Johansson, N.G., Lanner6, B., Larsson, A., Misiorny, A., Noren, J.O., 
Bjoberg, B., Stenberg, K., Stening, G., Stridh, S., Oberg, B., Alenius, S. and Philipson, L. (1978) 
Trisodium phosphonoformate, a new antiviral compound. Science, 201,819-821. 

23 Overby, L.R. (1982) Phosphonoacetic acid. Handb. Exp. Pharmacol. 61,445-477. 
24 Boezi, J.A. (1979) The antiherpes action of phosphonoacetate. Pharm. Ther. 4, 231-243. 
25 Oberg, B. (1983) Antiviral effects of phosphonoformate (PFA, foscamet sodium). Pharm. Ther. 19, 

387-415. 
26 Huang, E.S. (1975) Human cytomegalovirus-IV. Specific inhibition of virus-induced DNA polymer- 

ase activity and viral DNA replication by phosphonoacetic acid. J. Virol. 16, 1560-1565. 
27 Seebeck, T., Shaw, J.E. and Pangano, J.S. (1977) Synthesis of Epstein-Barr virus DNA in vitro: effects 

of phosphonoacetic acid, N-ethylmaleimide and ATP. J. Virol. 21,435-438. 
28 Leinbach, S.S., Reno, J.A., Lee, L.F., Isbell, A.F. and Boezi, J.A. (1976) Mechanism ofphosphono- 

acetate inhibition of herpes virus-induced DNA polymerase. Biochemistry 15, 426-430. 
29 Stridh, S., Helgstrand, E., Lanner6, B., Misiorny, A., Stening, G. and Oberg, B. (1979) The effect of 

pyrophosphate analogues on influenza virus RNA polymerase and influenza virus multiplication. 
Arch. Virol. 61, 245-250. 

30 Mao, J.C.H. and Robishaw, E.E. (1975) Mode of inhibition of herpes simplex virus DNA polymerase 
by phosphonoacetate. Biochemistry 14, 5475-5479. 



204 

31 Cheng, Y.C., Grill, S., Derse, D., Chert, J.Y., Caradonna, S.J. and Connor, K. (1981) Mode of action 
of phosphonoformate as an anti-herpes simplex virus agent. Biochim. Biophys. Acta 652, 90-98. 

32 Cload, P.A. and Hutchinson, D.W. (1983) The inhibition of the RNA polymerase activity of influenza 
virus A by pyrophosphate analogues. Nucleic Acids Res. 11, 5621-5628. 

33 Cload, P.A. (1983) Pyrophosphate analogues as antiviral agents, Ph.D. Thesis, University of War- 
wick, U.K. 

34 Hutchinson, D.W., Cload, P.A. and Haugh, M.C. (1983) Organophosphorus compounds as antiviral 
agents. Phosphorus Sulfur 14, 285-293. 

35 Stridh, S. and Datema, R. (1984) Mode of interference of trisodium phospbonoformate (INN: 
Foscarnet sodium) with influenza virus mRNA synthesis. Virology 135, in press. 

36 Heimer, E.P. and Nussbaum, A.L. (1977) Phosphonoacetic acid derivatives of nucleosides. U.S. 
Patent 4,056,673. 

37 Noren, J.O., Helgstrand, E., Johansson, N.G., Misiorny, A. and Stening, G. (1983) Synthesis of esters 
of phosphonoformic acid and their antiherpes activity. J. Med. Chem. 28,264-270. 

38 Hutchinson, D.W., Naylor, M. and Cullis, P.M. (1985) Thio-analogues of inorganic pyrophosphate 
inhibit the RNA polymerase of influenza virus A. Antiviral Res., submitted for publication. 

39 Francis, M.D. and Centner, R.L. (1978) The development of diphosphonates as significant health care 
products. J. Chem. Educ. 55,760-766. 

40 McSharry, J.J. and Pancic, F. (1982) Arildone: a !3-diketone. Handb. Exp. Pharmacol. 61,419-444. 
41 Kuhrt, M., Fancher, M.J., Jasty, V., Pancic, F. and Came, P. (1979) Preliminary studies on the mode 

of action of arildone, a novel antiviral agent. Antimicrob. Agents Chemother. 18, 276-280. 
42 McSharry, J.J., Caliguri, L.A. and Eggers, H.J. (1979) Inhibition of uncoating of poliovirus by 

arildone, a new antiviral drug. Virology 97,307-315. 
43 Kabayo, J.P. and Hutchinson, D.W. (1977) Studies on a neuraminidase from Streptomyces griseus. 

FEBS Lett. 78, 221-224. 
44 Kim, K.S., Sapienza, V.J. and Carp, R.I. (1980) Antiviral activity of arildone on deoxyribonucleic and 

ribonucleic acid viruses. Antimicrob. Agents Chemother. 18,276-280. 
45 Fabretti, A.C. and Peyronel, G. (1978) Rhodanine complexes of zinc(II), cadmium(II), mercury(I) and 

mercury(If). Spectrochim. Acta 34A, 667-671. 
46 Eggers, H.J. (1977) Selective inhibition of uncoating of echovirus-12 by rhodanine. Virology 78, 

241-252. 
47 Eggers, H.J., Koch, M.A., Furst, A., Daves, G.D., Jr., Wilczynski, J.J. and Folkers, K. (1970) 

Rhodanine: a selective inhibitor of the multiplication of echovirus-12. Science 167, 294--297. 
48 Hiraoka, M. (1982) Crown compounds, their characteristics and applications. Elsevier, Amsterdam. 
49 Kauer, J.C. (1976) U.S. Patent 3,997,565. 
50 Kauer, J.C. (1977) U.S. Patent 4,024,158. 
51 Baron, M. and Baltimore, D. (1982) In vitro copying of viral positive strand RNA by poliovirus 

replicase. J. Biol. Chem. 257, 12359. 
52 Korant, B.D., Lonberg-Holm, K. and LaColla, P. (1984) Picornaviruses and togaviruses: targets for 

the design of antivirals. In 'Targets for the Design of Antivirals', De Clercq, E. and Walker, R.T. 
(Eds.), Plenum, New York, pp. 61-98. 

53 Tomas, F., Carpena, O. and Mataix, J. (1972) Ultraviolet structure analysis of flavanoids I, metal 
complex-forming reagents. An. Quim. 68, 115-121. 

54 Ishitsuka, H., Ohsawa, C., Ohiwa, T., Umeda, I. and Suhara, Y. (1982) Antipicornavirus flavone Ro 
09-0179. Antimicrob. Agents Chemother. 22, 611-616. 

55 Ishitsuka, H., Ninomiya, Y.T., Ohsawa, C., Fujiu, M. and Suhara, Y. (1982) Direct and specific 
interaction of rhinoviruses by chalcone Ro 09-0410. Antimicrob. Agents Chemother. 22, 617-621. 

56 B~l~di, I., Pusztai, R., Mucsi, I., Bekay, M. and G:~bor, M. (1977) Activity of some flavonoids against 
viruses. Ann. N.Y. Aead. Sci. 284, 358-364. 

57 Veckenstedt, A., B61~di, I, and Mucsi, I. (1978) Effect of treatment with certain flavanoids on 
mengovirus-induced encephalitis in mice. Arch. Virol. 57, 255-260. 

58 Wacker, A. and Eilmes, H.G. (1978) Antiviral activity of plant components. Part I, Flavanoids. 
Arzneim. Forsch. 28, 347-350. 

59 Galabov, A.S., Galabov, B.S. and Neykova, N.A. (1980) Structure-activity relationships ofdiphenyl- 
thiourea antivirals. J. Med. Chem. 23, 1048-1051. 



205 

60 Stelter, H., Loehr, V. and Simos, A. (1977) Compounds with urotropine structure LVIII. 1,2- 
Diamines of adamantane, homoadamantane and noradamantane. Justus Liebigs Ann. Chem. 

,999-1004. 
61 Bharucha, K.R., Tin, K.C., Ajdukovic, I. and Ajdukovic, D. (1982) Antiviral 1,2,3,4-tetrahydro-l,4- 

methanonaphthalene derivatives. U.S. Patent 4,362,746. 
62 Tilley, J.W. and Kramer, M.J. (1981) Aminoadamantane derivatives. Prog. Med. Chem. 18, 1--44. 
63 Browne, M.J. (1979) Mechanism and specificity of action of ribavirin. Antimicrob. Agents Chemo- 

ther. 15,747-753. 
64 Sidwell, R.W. and Olsen, R.K. (1980) 5-Membered aza-heterocycles and their nucleosides. Antibiotics 

Chemother. 27, 208-232. 
65 Kobe, J., Orel, Z.C. and Kidri~:, J. (1985) Complex formation between the antiviral nucleoside 

ribavirin (l-13-D-ribofuranosyl-l,2,4-triazole-3-carboxamide) and bivalent metal ions: ~H and ~3C 
NMR studies and comparison with inosine. Croatica Chem. Acta, in press. 

66 Bukovec, P., Goli~, L., Orel, B. and Kobe, J. (1981) The molecular and crystal structure of ribavirin 
(1-[~-D-ribofuranosyl-l,2,4-triazole-3-carboxamide)-CuCl 2 complex. J. Carbohydr. Nucleosides Nu- 
cleotides 8, 1-17. 


