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SUMMARY: Both methyglyoxal bis(guanylhydrazone), an inhibitor of S-adenosyl- 
L-methionine decarboxylase (EC.4.1.1.50) and DL-cu-methylornithine, 

an inhibitor of ornithine decarboxylase (EC.4.1.1.171, are shown to be potent 
inhibitors of the replication of human cytomegalovirus (HCMV) in MRC-5 cells. 
These compounds, both inhibitors of polyamine biosynthesis, do not affect the 
replication of either herpes simplex virus type 1 (HSV-1) or herpes simplex 
virus type 2 (HSV-2). This difference in antiviral effect is shown to be 
related to the stimulation of spermidine and spermine synthesis in host cells 
following HCMV infection and the inhibition of polyamine metabolism in HSV-1 
or HSV-2-infected cells. Inhibition of HCMV replication by the inhibitors of 
polyamine biosynthesis is accompanied by a marked decrease in the formation of 
intranuclear, DNA-containing inclusions characteristic of HCMV infection. 
These results suggest significant differences in the mechanisms of replication 
of different herpesviruses. 

The aliphatic polyamines spermidine and spermine together with their 

diamine precursor putrescine have properties which suggest a regulatory role 

in macromolecular biosynthesis (1). Many studies have shown elevated ornithine 

decarboxylase activity accompanied by increases in the formation of putrescine 

with concomitant accumulation of spermidine and spermine in model systems of 

stimulated growth and the presence of polyamines has been shown to affect DNA, 

RNA and protein synthesis in cell-free systems. Virus replication is 

associated with virus-induced modification of host-cell macromolecular 

synthesis: the detection of polyamines in some animal viruses (2,3,4) suggests 

that synthesis of polyamines is required for the replication of these viruses. 

Some support for this hypothesis is provided by the effect of specific inhibi- 

tors of polyamine metabolism on virus replication. Methylglyoxal bis 

(guanylhydrazone) (MGBG) has been shown to inhibit spermidine and spermine 

Abbreviations used are: cx-MeOrn, DL-a-methyl ornithine; HSV-1, herpes 
simplex virus type 1; HSV-2, herpes simplex virus type 2; HCMV, human 
cytomegalovirus; MGBG, methylglyoxal bis(guanylhydrazone). 
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biosynthesis in mammalian cells (5). This inhibitor has been shown to prevent 

the replication of foot-and-mouth disease virus, poliovirus, influenza virus 

and vaccinia virus in cell cultures (6,7). The replication of herpes simplex 

virus type 1 (HSV-l), however, is not affected by MGBG (8). 

To investigate further this apparent inconsistency, the effect of 

inhibitors of polyamine metabolism on the replication of other viruses belong- 

ing to the Herpesvirus group, herpes simplex virus type 2 (HSV-2)and human 

cytomegalovirus (HCMV), was studied. The inhibitors used were MGBG and 

c+methylornithine (a-MeOrn), the latter a potent inhibitor of putrescine and 

spermidine biosynthesis (9). The results obtained show that the replication 

of HSV-1 and HSV-2 is unaffected by either compound whereas the replication of 

HCMV is inhibited by MGBG oro?MeOrn. This difference is related to changes in 

polyamine metabolism in cell cultures following virus infection. 

MATERIALS AND METHODS: 

MRC-5 human diploid fibroblasts were grown in Eagle's minimum essential 
medium containing 10% or 2% foetal calf serum for growth and maintenance, 
respectively. HSV-1 and HSV-2 were isolated in this laboratory and the 
'Rawles' strain of HCMV was used. Infectivity titrations were made by plaque 
formation in Vero cells with HSV-1 and HSV-2 or in MRC-5 cells with HCMV. 

Polyamine metabolism in uninfected and virus-infected cells3was monitored 
using appropriate radioactively-labelled precursors: 
dihydrochloride and[?,4-14C1 

both DL-[5- H] ornithine 
p t u rescine dihydrochloride were obtained from the 

Radiochemical Centre, Amersham, England. Polyamines were extracted from cells 
and the dansyl derivatives prepared essentially as described by Seiler (10). 
Thin-layer chromatography was carried out on 0.25 mm Silica gel G plates 
(Anachem, Luton, England) and the plates developed with ethyl acetate: 
cyclohexane (2:3, v/v). Appropriate areas were recovered from the plates after 
chromatography by reference to fluorescent standards and radiolabelled material 
recovered by elution into a liquid scintillation system (3.5 g PPO, 50 mg POPOP/ 
litre in Metapol: toluene, 1:2, v/v). Protein estimations were made with the 
Folin phenol reagent (11). 

The appearance of intranuclear, DNA-containing inclusions in HCMV-infected 
cells was visualized by an acridine orange staining method (12). Unlabelled 
polyamines, used for preparing dansyl standards, were supplied by Sigma Chemical 
co., MGBG was obtained from Aldrich Chemical Co. Inc. Milwaukee and a-MeOrn was 
a generous gift from Centre de Recherche Merrell International, Strasbourg, 
France. 
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RESULTS: 

Preliminary experiments to determine any antiviral effect were made 

using various concentrations of MGBG oroc-Me&-n added to the maintenance 

medium supplied to MRC-5 cell cultures immediately after infection. In all 

experiments cell cultures were infected using a multiplicity of infection 

between 1 and 5 p.f.u./cell. The production of infectious, progeny virus is 

complete within 24 hours post-infection (p-i.) in human fibroblasts infected 

with HSV-1 or HSV-2 but progeny virus does not begin to appear in HCMV- 

infected cells until 2 days p-i. and continues for several days subsequently 

(13). Consequently, infectivity titrations were made at 24 hours p-i. with 

HSV-1 or HSV-2-infected cultures and at 5 days p-i. with HCMV-infected 

cultures. In the presence of medium containing either 0.1 mM-MGBG or 10 mM- 

ix-MeOrn the production of infectious, progeny virus from HCMV-infected cul- 

tures was completely inhibited but the infectivity titres of HSV-1 and HSV-2 

under these conditions were relatively unaffected. The results from a 

typical experiment are shown in Table 1. Similar results were obtained with 

HSV-1 or HSV-2-infected cultures maintained from 24 hours in the presence of 

the compounds prior to infection or by using washed virus preparations to 

infect the cell cultures. Examination at 7 days p-i. of HCMV-infected cul- 

tures treated with the inhibitors failed to detect infectious virus. These 

results demonstrate that the replication of HCMV is inhibited by MGBG or 

u-MeOrn whereas the replication of HSV-1 and HSV-2 is unaffected. 

This difference in antiviral effect was found in further studies to be 

related to changes in polyamine metabolism in MRC-5 cells following virus 

infection. In these experiments radiolabelled putrescine (0.1 pCi/ml) or 

ornithine (0.5 pCi/ml) was added to maintenance medium for a 24 hour period 

immediately after infection with HSV-1 or HSV-2 and from 2 days p-i. with 

HCMV-infected cultures. Control cultures were "sham" infected and exposed 

to radiolabel for identical periods. At the end of the labelling period the 
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Table 1. The effect of 0.1 mM-MGBG or 10 mM-a-MeOm on HSV-1, 
HSV-2 and HCMV replication in MRC-5 cells. 

Infectivity titres (p.f.u./ml) 

MGBG m-MeOm 

Virus contra1 

HSV-1 4.5 x lo6 

HSV-2 2.8 x lo6 

HCMV 2.2 x lo5 

Test 

1.9 x lo6 

1.8 x lo6 

<lo1 

Control Test 

7.8 x lo6 2.4 x lo6 

4.7 x lo7 4.9 x lo7 

1.1 x lo5 <$01 

Table 2. The effect of virus infection and 
0.1 mM-MGBG on polyamine metabolism in MRC-5 cells. 

Radioactivity (dpm/mg cell protein) 

Experiment Spermidine Spermine 

1. Sham infected (O-24 h) 23,119 3,707 
2. HSV-l-infected (O-24 h p-i.1 2,835 1,090 
3. HSV-2-infected (O-24 h pii. 3,490 763 

4. Sham infected (48-72 h) 5,246 595 
5. HCMV-infected (48-72 h p-i.) 34,288 48,300 
6. HCMV-infected + 0.1 mM-MGBG 843 138 

(48-72 h p.i.1 

radioactivity associated with spermidine and spermine extracted from 

uninfected and virus-infected cells was determined as described. 

Conversion of [14 ]- C putrescine to labelled spermidine and spermine in 

MRC-5 cells infected with HSV-1 or HSV-2 was reduced compared with uninfected 

controls. In HCMV-infected cultures, however, the amount of radioactivity 

associated with these polyamines increased markedly (Table 2). These results 

show that spermidine and spermine synthesis is inhibited in HSV-1 or HSV-2- 

infected MRC-5 cells but stimulated at least six-fold following HCMV infection. 

Other results show that in HCMV-infected cultures the conversion of ['"cl- 

putrescine orr3 ]- . H ornithlne to spermidine and spermine was inhibited by 0.1 

mM-MGBG or 10 mM-%-MeOrn, respectively (Table 2 and Table 3). Thus, the 

concentrations of these compounds which have an effect on HCMV replication are 

effective in inhibition of polyamine metabolism. 
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Table 3. The effect of virus infection and 
10 ml%+MeOm on polyamine metabolism in NRC-5 cells. 

Radioactivity (dpm/mg cell protein) 

Experiment Spermidine Spermine 

1. Sham infected (48-72 h) 122 92 

2. HCMV-infected (48-72 h p-i.) 1,392 1,020 

3. HCMV-infected + 10 mM-a-MeOm 122 88 
(48-72 h p.i.) 

Table 4. The effect of 10 mPl-u-MeOm on the formation of intranuclear, 
DNA-containing inclusions and production of infectious, 

progeny virus in HCMV-infected MRC-5 cells. 

a-MeOrn Infected cells with 
(mM) inclusions (%)* 

0 84 
1.0 79 
3.2 13 

10.0 7 

Infectivity titre 
(p.f.u./ml) 

1.1 x lo5 
2.5 x lo4 
1.2 x lo3 

<lo1 

l A minimum of 200 infected cells were examined at each concentration 
of the inhibitor. 

The replication of HCMV occurs in the nucleus of the infected cell and 

synthesis of virus DNA is accompanied normally by the formation of intra- 

nuclear, DNA-containing inclusions. Such inclusions can be visualized by 

acridine orange staining of HCMV-infected cells (14). Examination of MRC-5 

cells at 3 days after infection with HCMV revealed the presence of intra- 

nuclear inclusions in a large proportion of infected cells. In the presence 

of increasing concentrations of u-MeOrn the frequency of such inclusions 

declined progressively and this decrease was paralleled by a reduction in 

infectivity titres. At 10 mM-c&MeOrn less than 20% of infected cells 

possessed DNA-containing inclusions and the yield of infectious, progeny virus 

was completely inhibited (Table 4). Similar results were obtained with HCMV- 

infected cultures treated with 0.1 m&l-MGBG. These results show that the 

formation of intranuclear, DNA-containing inclusions in HCMV-infected cells 

is reduced markedly in the presence of concentrations of the inhibitors which 

affect the yield of infectious, progeny virus. 
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DISCUSSION: 

A previous investigation has shown that spermidine and spermine synthe- 

sis from putrescine is inhibited in LS cells infected with HSV-1 and that 

virus replication was not affected by MGBG (8). The present study has con- 

firmed these observationsand shown also that infection with HSV-2 has similar 

effects. Conversely, the replication of HCMV, another member of the Herpes- 

virus group, has been found to be inhibited by MGBG or o(-MeOrn. Since this 

second compound is effective against ornithine decarboxylase (EC 4.1.1.171, 

the effect of both inhibitors indicates that putrescine, spermidine and 

spermine synthesis is required for HCMV replication. This conclusion is 

consistent with the marked stimulation of polyamine synthesis found to occur 

in HCMV-infected cells. Thus, the different antiviral effects of MGBG and 

a-MeOrn against the herpesviruses studied are related to the effect of virus 

infection on polyamine metabolism in the host cell. 

Since the replication of HSV-1 and HSV-2 is not affected by MGBG or 

c&MeOrn this suggests that the synthesis of spermidine and spermine is not 

essential for virus replication. Indeed, inhibition of polyamine metabolism 

in HSV-l-infected cells has been ascribed to the inhibition of host-cell 

protein synthesis resulting from virus infection (8). Cellular macromolecu- 

lar synthesis is stimulated in HCMV-infected cells but virus DNA synthesis 

is not dependent on host-cell DNA synthesis (15). In the present study the 

formation of intranuclear, DNA-containing inclusions was inhibited by MGBG 

or a-MeOrn at concentrations shown to inhibit virus replication. Both 

compounds have been shown to inhibit DNA replication in mammalian cells 

(16,17). These observations suggest that virus DNA synthesis requires 

concomitant polyamine synthesis in HCMV-infected cells. This hypothesis is 

supported by the requirements for virus DNA synthesis in vaccinia virus 

replication. Infection with vaccinia virus inhibits host-cell macromolecular 

synthesis but polyamine metabolism continues after infection and virus DNA 

synthesis is affected by MGBG (4,12,X3). Thus, the apparent lack of a 
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requirement for de nova synthesis of spermidine and spermine in the repli- 

cation of HSV-1 and HSV-2 is anomalous. Further studies will investigate 

the nature of continued polyamine biosynthesis in HCMV-infected cells and 

polyamine metabolism in cells infected with other herpesviruses. 

This work was supported by grants from the Medical Research Council. 
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