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Abstract-Various adenosine analogues, i.e. (S)-9-(2,3-dihydroxypropyl)adenine, (RS)-3-adenin-9-yl- 
2-hydroxypropanoic acid, carbocyclic 3-deazaadenosine and neplanocin A, which have been previously 
recognized as specific inhibitors of S-adenosyl-L-homocysteine (SAH) hydrolase, gained a marked 
increase in their cytostatic activity (against tumor cells) and antiviral activity (against vaccinia and 
vesicular stomatitis virus) in the presence of r_-homocysteine (10m3 M). Homocysteine did not increase 
the cytostatic or antiviral activity of those compounds (i.e. tubercidin, ribavirin, acyclovir or vidarabine) 
that do not achieve their biological activity via SAH hydrolase inhibition. The increased antiviral activity 
following addition of homocysteine was observed only with those viruses (i.e. vaccinia and vesicular 
stomatitis virus) that belong to the activity spectrum of SAH hydrolase inhibitors [Biochem Pharmacol 
36: 2567-2575, 19871, and only in those cells in which the SAH hydrolase inhibitors are normally active. 
The enhancing effect of homocysteine on the cytostatic and antiviral activity of the SAH hydrolase 
inhibitors could not be attributed to a non-specific increase in the cytotoxicity of the compounds, as 
their effects on host cell macromolecule (DNA, RNA, protein) synthesis was not markedly altered in 
the presence of homocysteine. Most likely, homocysteine exerted its potentiating effect on the activity 
of the SAH hydrolase inhibitors through an increase in the intracellular levels of SAH, which is known 
to act as a product inhibitor of S-adenosyl-L-methionine (SAM)-dependent transmethylation reactions. 

Adenosine analogues such as (S)-9-(2,3-dihydroxy- 
propyl)adenine [(S)-DHPA] [ 11, carbocyclic 3- 
deazaadenosine (C-c3 Ado) [2], (RS)-3-adenin-9-y]- 
2-hydroxypropanoic acid [(RS)-AHPA] alkyl esters 
[3] and neplanocin A [4,5], have a unique spectrum 
of antiviral activity, encompassing, in particular, 
poxviruses (i.e. vaccinia), iridoviruses (i.e. African 
swine fever), paramyxoviruses (i.e. parainfluenza), 
rhabdoviruses (i.e. vesicular stomatitis) and 
reoviruses (i.e. rota) [6]. Also, C-c3 Ado and neplan- 
ocin A show a marked cytostatic action against some 
tumor cell lines [7-91. 

(S)-DHPA, C-c3Ado, (RS)-AHPA and neplan- 
ocin A are assumed to exert their broad-spectrum 
antiviral activity as well as their specific cytostatic 
effect on tumor cell lines through the inhibition of 
transmethylation reactions requiring S-adenosyl-L- 
methionine (SAM) as methyl donor. As the direct 
target for the action of these adenosine analogues 
would serve S-adenosyl-L-homocysteine (SAH) 
hydrolase, which is responsible for the (reversible) 
hydrolysis of SAH to adenosine and L-homocysteine. 
If SAH hydrolase is inhibited, SAH would accumu- 
late, and, since the latter is a product inhibitor of 
SAM-dependent transmethylations, accumulation of 
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SAH would result in a decreased rate of methyl- 
ations, including those that are required for virus 
replication and tumor cell growth. 

If the antiviral and cytostatic effects of adenosine 
analogues are due to their inhibitory action on SAH 
hydrolase, the resulting accumulation of SAH should 
be accompanied by a depletion in the intracellular 
pool sizes of homocysteine and adenosine (Fig. 1). 
Since homocysteine is required as substrate for 
methionine synthesis (catalyzed by 5-methyltetra- 
hydrofolate: L-homocysteine methyltransferase) and 
homocysteine is supplied exclusively through 
hydrolysis of SAH, the depletion of homocysteine 
not only leads to a depletion of methionine and 
SAM but also affects the synthesis of nucleic acid 
precursors. In the absence of methionine synthesis, 
methyltetrahydrofolate is not regenerated to tetra- 
hydrofolate and, thus, not available for nucleic acid 
precursor biosynthesis [lo]. Exogenous addition of 
homocysteine might be expected to generate suf- 
ficient methionine to overcome the consequences of 
a depletion in the intracellular homocysteine pools. 
If this reasoning would be correct, the addition of 
homocysteine should be able to reverse the cytostatic 
effects of adenosine analogues (at least of those 
adenosine analogues that are targeted at SAH hydro- 
lase), and, indeed, from a previous report [7] it 
appears that C-c3Ado loses much of its cytostatic 
activity upon addition of homocysteine to the cell 
culture medium. 

MATERIALS AND METHODS 

Test compounds. (S)-DHPA [l] and (RS)-AHPA 
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Fig. 1. SAH hydrolase as target for the antiviral and cytostatic action of adenosine analogues 
[(S)-DHPA, (KS)-AHPA, C-c3Ado and neplanocin A] and role of SAH hydroiase in transmethylation 

reactions requiring SAM as the methyl donor. 

isobutyl ester [3] were obtained from Dr A. Holy 
(Institute of Organic Chemistry and Biochemistry, 
Czechoslovak Academy of Sciences, Prague, 
Czechoslovakia). C-c3Ado [2] was obtained from Dr 
J. A. Montgomery (Kettering-Meyer Laboratory, 
Southern Research Institute, Birmingham, AL) and 
neplanocin A was provided by Dr J. Murase (Toyo 
Jozo Company, Mifuku Ohito-cho, Tagata-gun, Shi- 
zuoka-ken, Japan). Tubercidin was purchased from 
the Upjohn Company, Fine Chemicals Division 
(Kalamazoo, MI), ribavirin was obtained from ICN 
Nutritional Biochemicals (Cleveland, OH); acyctovir 
from the Wellcome Research Laboratories, Bur- 
roughs Wellcome Company (Research Triangle 
Park, NC); and vidarabine from Parke Davis and 
Company (Ann Arbor, MI). L-Homocysteine thio- 
lactone was obtained from Calbiochem (San Diego, 
CA). 

Radiolabeled precursors. The radiolabeled pre- 
cursors [methyl-3H]-2’-deoxythymidine (dThd), [5- 
3H]-uridine (Urd) and [4,5-3H]-leucine (Leu) used 
to monitor the synthesis of cellular DNA, RNA and 
protein were obtained from Amersham (Buck- 
inghamshire, U.K.). Their radioactivity was 40, 30 
and 52 Ci/mmole, respectively. 

Viruses and cells. The origin of the viruses [herpes 
simplex virus type 1 (HSV-1, strain KGS), herpes 
simplex virus type 2 (HSV-2, strain G), vaccinia virus 
(W) and vesicular stomatitis virus (VSV)] has been 
documented previously [4]. 

The cell lines used for the antiviral activity assays 
were PRK (primary rabbit kidney), HeLa, Vero 
(African green monkey kidney), E&SM (human 
embryonic skin-muscle), BS-C-1A (monkey kidney) 
and RK13 (rabbit kidney). For further details on the 
origin and cultivation of these cells, see Ref. 11. 

Tumor cells. The tumor cell lines used for the 
cytostatic activity determinations were murine leu- 
kemia (L1210), murine mammary carcinoma 
(PM3A), human B-lymphoblast (Raji, Namalva) 
and rat (Novikoff) hepatoma. The methodology for 
culturing these tumor cell lines has been documented 

previously [ 121. 
Antiviral actiuity. Antiviral activity measurements 

were based on the inhibition of virus-induced cyto- 
pathogenicity following well-established procedures 
]4,131. 

Cytostatic actiuity. Cytostatic activity determi- 
nations were based on the inhibition of cell pro- 
liferation during their exponential growth phase 
[12, 141, i.e. at 2 days for L1210 and FM3A cells, 3 
days for Raji, Namalva and hepatoma cells, and 4 
days for PRK cells. 

Antimetabo~ic uctivi~. For the evaluation of anti- 
metabolic activity, inhibition of host cell macro- 
molecule (DNA. RNA and protein) synthesis was 
monitored by the incorporation of [methyC3H]dThd, 
[5-3H]Urd and [4,5-3H]Leu, respectively (following 
a 16-hr incubation period [4]). 

RESULTS 

When (S)-DHPA, C-c”Ado and neplanocin A, 
three adenosine analogues which have been pre- 
viously recognized as specific inhibitors of SAH 
hydrolase [6,X] were evaluated for their cytostatic 
potential in the absence and presence of homo- 
cysteine (Table l), it appeared that homocysteine 
markedly potentiated the cytostatic activity of these 
compounds against all tumor cell lines that were 
examined. Homocysteine also increased the cyto- 
static activity of (S)-DHPA, C-c3Ado and neplanocin 
A against PRK cells. The IDSo of (S)-DHPA and C- 
c3Ado for cell growth was decreased by approxi- 
mately lo- to 30-fold if homocysteine had been added 
to the cell culture medium; and the ID50 of C-c3Ado 
for FM3A cells was decreased by almost lOO-fold 
after addition of homocysteine. For neplanocin A 
that has potent cytostatic activity in the absence 
of homocysteine, the increase in cytostatic potency 
(decrease in IDsO) was less pronounced (at an average 
3-fold) following addition of homocysteine than for 
the other SAW hydrolase inhibitors. 

In addition to (S)-DHPA, C-c’Ado and neplan- 



T
ab

le
 

1.
 E

ff
ec

t 
of

 L
-h

om
oc

ys
te

in
e 

on
 t

he
 c

yt
os

ta
tic

 
ac

tiv
ity

 
of

 v
ar

io
us

 
co

m
po

un
ds

 
ag

ai
ns

t 
L

12
10

, 
FM

3A
, 

R
aj

i, 
N

am
al

va
, 

he
pa

to
m

a 
an

d 
PR

K
 

ce
lls

 

C
om

po
un

d 

H
om

o-
 

cy
st

ei
ne

 
(l

o-
” 

M
) 

L
l2

10
 

FM
3A

 

ID
SO

 (,&
m

l)
* 

R
aj

i 
N

am
ai

va
 

H
ep

at
om

a 
P

R
K

 

(S
)-

D
H

PA
 

16
3 

2 
72

 
62

 L
t 2

1 
31

3 
t 

12
2 

22
0 

-”
 2

9 
11

3 
r 

48
 

69
23

1 
+

 
IS

 +
 6

 
1.

7 
r 

0.
4 

12
 _

t 1
 

16
 rt

 5
.7

 
3.

6 
‘:

 1
.7

 
3.

7 
c 

1.
4 

C
-c

’A
do

 
1.

7 
2 

0.
2 

0.
97

 r
t 

0.
3 

8 
t 

1.
7 

4.
7 

+
 0

.9
 

1.
5 

+
 0

.3
 

0.
46

 +
 0

.2
7 

+
 

0.
24

 t
 

0.
03

 
0.

01
 +

 0
.0

01
 

0.
28

 +
 0

.0
7 

0.
3 

+
 0

.0
9 

0.
25

 2
 0

.2
 

0.
04

2 
It

 0
.0

31
 

N
ep

la
no

ci
n 

A
 

0.
06

 k
 0

.0
2 

0.
02

9 
rt

 0
.0

01
 

0.
05

8 
+

 0
.0

00
3 

0.
12

 r
t 

0.
05

 
0.

04
5 

* 
0.

01
 

0.
05

2 
?I

 0
.0

33
 

+
 

0.
02

 +
- 0

.0
01

 
0.

00
8 

c 
0.

00
03

 
0.

03
4 

? 
0.

00
06

 
0.

02
7 

f 
0.

04
 

0.
00

2 
* 

0.
00

1 
0.

03
6 

t 
0.

03
3 

T
ub

er
ci

di
n 

R
ib

av
ir

in
 

A
cy

cl
ov

ir
 

V
id

ar
ab

in
e 

0.
07

5 
k 

0.
02

 
0.

05
6 

? 
0.

01
 

9.
3 

-+
 3

.5
 

6.
9 

r 
2.

3 
38

 r
fr

 1
3 

22
 2

 5
 

14
 +

 4
 

8 
k 

1.
5 

0.
18

 z
!z

 0.
01

 
0.

19
 r

t 
0.

00
6 

3.
3 

rt
 0

.5
 

3.
8 

rt
: 0

.4
 

42
rt

 
13

 
63

 r
t 

7 
28

 r
t 

2 
20

 2
 3

 

0.
12

 +
 0

.0
02

 
0.

06
 t

 
0.

00
4 

33
 ?

 2
 

48
 2

 1
5 

>
lO

O
 

>
lO

O
 

7.
8 

+
 0

.6
 

6.
4 

k 
1.

2 

0.
06

2 
r 

0.
01

 
0.

04
2 

+
_ 0

.0
06

 
30

 *
 2

 
43

 r
 

4 
>

lO
O

 
>

lO
O

 
8.

3 
rt

 3
.5

 
6.

2 
-r

- 3
 

0.
04

6 
k 

0.
00

3 
0.

01
3 

r:
 o

.O
@

 
0.

02
3 

t 
0.

00
2 

0.
01

0 
r 

0.
08

 
14

 2
 5

 
7.

3 
t 

2.
7 

6.
7 

2 
2.

8 
7.

7 
rt

: 1
.7

 
33

 +
 8

 
23

rt
- 

11
 

40
 -

t 
20

 
7.

5 
rt

 3
.2

 
6.

3 
2 

1.
7 

23
 r

t 
10

 
5.

8 
+-

 0
.8

 
20

 f
. 

13
 

* 
A

 5
0%

 i
nh

ib
ito

ry
 

do
se

, 
ac

hi
ev

in
g 

a 
re

du
ct

io
n 

in
 t

he
 n

um
be

r 
of

 c
el

ls
 b

y 
50

%
. 

A
ve

ra
ge

 
va

lu
es

 (
2 

st
an

da
rd

 
de

vi
at

io
n)

 
fo

r 
3 

to
 5

 s
ep

ar
at

e 
ex

pe
ri

m
en

ts
. 

h 
lo

-’
 

M
, 

ho
m

oc
ys

te
in

e 
its

el
f 

ef
fe

ct
ed

 
a 

sl
ig

ht
 r

ed
uc

tio
n 

in
 t

he
 n

um
be

r 
of

 t
um

or
 

ce
lls

: 
at

 a
n 

av
er

ag
e 

10
.5

%
 f

or
 L

12
10

 c
el

ls
, 

25
%

 f
or

 F
M

3A
 c

el
ls

, 
20

%
 f

or
 Q

 
ce

lls
, 

30
%

 f
or

 N
am

al
va

 
ce

tls
, 

17
%

 f
or

 h
ep

at
om

a 
ce

lls
 a

nd
 6

.3
%

 
fo

r 
PR

K
 

ce
lls

. 



1774 E. DE CLERCQ. M. COOLS and J. BALZARINI 

Table 2. Effect of L-homocysteine on the antiviral activity of various compounds against herpes simplex 
virus type 1 and tvpe 2, vaccinia virus and vesicular stomatitis virus in primary rabbit kidney cell cultures 

Compound Homocysteine 
(10 -? M) 

MCC* MIC (/Jg/mi)t 
&g/m9 

HSV-1 (KOS) HSV-2 fG) VV vsv 

Tubercidin _ :3 0.4 >O.l >Cl.X 0.2 0.04 
+ & 0.4 >O.l >O.l 0.1 0.04 

Ribavirin - >4iK1 > 400 > 400 20 >Joo 
+ I 400 > 400 > 400 40 > 400 

Acyclovir - 9 4w 0.2 0.i 150 >400 
+ > 400 0.2 0.2 300 > 400 

Vidarabine - 22100 20 7 7 70 
+ 2 100 20 7 2 7 

* Minimum cvtotoxic concentration, required to cause a microscou~ca~lv detectable alteration of normal 
cell morphology. 

. . 

t Minimum inhibitory concentration, required to reduce virus-induced cytopathogenicity by X%. 
At 10-j M, homocvsteine itself had no effect on normal cell morphology, nor did it affect viral 

cytopathogenicity at that concentration. 

ocin A, four other nucleoside analogues (tubercidin, 
ribavirin, acyclovir and vidarabine), which are 
assumed to exert their biological (antiviral and/or 
antimetabolic) effects through interactions other 
than SAH hydrolase inhibition, were also examined 
for their cytostatic activity in the absence and pres- 
ence of homocysteine (Table 1). These four com- 
pounds demonstrated a widely varying cytostatic 
potency, tubercidin being the most, and acyclovir 
the least potent, cytostatic agent. None of the four 
gained a marked increase in cytostatic potency 
(decrease in IDsa) following addition of homocysteine 
to the cell culture medium. 

The antiviral spectrum of those adenosine ana- 
logues that are targeted at SAH hydrolase is well 
characterized 161. These SAH hydrolase inhibitors 
are spesifica~~~ active against such DNA and 
(-)RNA viruses as VV and VSV, while they are 
virtualfy inactive against herpes viruses (HSV-1, 
HSV-2). This is also evident from the results pre- 
sented in Table 2. If h~m~&~steine was added to the 
eel1 culture medium, the inhibitory activity of (S)- 
DHPA, (RS)-AHPA, C-caAdo and neplanocin A 
against VV and VSV was markedly enhanced: their 
MIC for VV and VSV decreased by a factor of lO- 
to 100 (Table .2). While becoming more potent as 
inhibitors of VV and VSV, the SAH hydrolase inhibi- 
tors did not acquire an increased activity against 
HSV-1 and HSV-2 following the addition of homo- 
cysteine; neither did they become more toxic for the 
host cells in the presence of homocysteine: their 
MCC for PRK cells remained unchanged (Table 2). 

Tubercidin, ribavirin. acyclovir and vidarabine 
showed the usual pattern of antiviral and cytotoxic 
activity {Table Z), conform with data obtained pre- 
viously [ 13, 161. Addition of homocysteine to the cell 

culture medium had no effect on the MIC or MCC 
values of these compounds, except for vidarabine 
which gained a 3- or It.&fold increase in its anti-W 
and anti-VSV potency, respectively. 

In the above experiments (Table 2), antiviral 
activity measurements were based upon a reduction 
of virus-induced cytopatho~enicity. With C-c3Ado 
additional experiments were carried out whereby the 
compound, both in the absence and presence of 
homocysteine, was evaluated for its inhibitory effect 
on the multiplicati~~u of VV in PRK celIs (Fig. 2). 
Virus yield was measured at different times (up to 
72 hr) after infection, and, as clearly shown in Fig. 
2, the inhibitory effect of C-c3Ado on VV progeny 
formation was markedly increased in the presence 
of homocysteine. For example, the combination of 
C-c”Ado (1 pg/ml) and homo~yste~ne (lo-’ M) 
achieved a 2 logic) reduction in the 4%hr tirus yield, 
whereas neither compound used individually had any 
effect on the virus yield (Fig. 2, panel A). At 10 pg/ 
ml, C-c3Ado (in the absence of homo&ysteine) 
effected a 1.5 log,0 reduction in virus yield, and this 
virus yield reduction augmented by one more log,,, 
in the presence of homacysteine (Fig. 2, panel B). 
Thus, at a concentration of I @g/ml in the presence 
of homocysteine, C-c”Ado was more effective an 
inhibitor of W multiplication than at 10 yg/ml in 
the absence of homocysteine. 

The dose-response relationship of the potentiating 
effect of homocysteine on the antiviral activity of C- 
c3Ado was assessed in different cell lines infected 
with VSV (Table 3). The optimal dose of homo- 
cysteine appeared to be 10w3 M. At a concentration 
of 3 x lo-“Itl, homoc~steine caused only a slight 
(and insigni~caut) decrease in the MIC of C-c3Ado 
for VSV; and at doses lower than 3 x 10m4M, it 
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I I 1 I I 

24 48 72 1 24 48 72 
TIME (hours after infection) 

Fig. 2. Inhibitory effect of C-c’Ado, in the absence and presence of L-homocysteine on the multiplicat~nn 
of vaccinia virus in PRK cell cultures. The cells were infected with vaccinia virus (4.5 log,, PFU per 
OSml per Petri dish) and, after one hour virus adsorption, incubated in the presence of the rest 
compounds. Virus yield was measured at 1, 24, 48 and 72 hr after infection. Therefore, the cells were 
frozen at - 70”, thawed and the cell homogenates were then assayed for virus content by plaque formation 
in Vero cells. Virus yields are expressed in plaque forming units (PFU). Panel A: 0, control; 0, 
homocysteine (10e3 M); A, C-c3Ado at 1 @g/ml; q , homocysteine (10v3 M) + C-c3Ado at 1 @g/ml. Panet 
B: 0, control; 0, homocysteine (10.“M); A, C-$Ado at lO(rg/ml; 0, homocysteine (lO_jM) + C- 

c’Ado at 10 _ug/ml. 

Table 3. Effect of different concentrations of L-homocysteine on activity of C-c3Ado against 
VSV in different cell lines 

Homocysteine 
W) 

3 x 10-3 
1 x lo-’ 
3 x 1o-a 
1 x lo-” 
3 x 10-S 
1 x 10-S 
None 

PRK Heta 

toxic 0.07 
0.02 0.2 
0.7 1 
1 2 
1.5 4 
1.5 2 
1 4 

MIC (~g/ml)* 

Vero E,SM 

>400 toxic 
> 400 0.2 
> 400 0.7 
> 400 2 
>400 2 
>400 2 
>4OO 2 

BS-C-IA RK13 

toxic toxic 
>400 0.07 
>400 0.7 
>4OO 0.7 
>4Oo 1 
> 400 2 
> 400 2 

* Minimum inhibitory concentration, required to reduce virus-induced cytopathogenicity by 

was essentially ineffective. At a dose of 3 X 10-j M, 
homocysteine proved cytotoxic for most of the cell 
lines used. 

While C-c?Ado proved effective in protecting 
PRK, HeLa, E,SM, RK13 (Table 3) and murine L- 
929 cells [2] against the cytopathogenicity of VSV, 
in other cells (i.e. Vera, BS-C-IA) it failed to do so. 
Addition of homocysteine potentiated the antiviral 
activity of C-c3Ado only in those cells where C-c3Ado 
was normally active. Homocysteine could not make 
C-c3Ado active in those ceils where it was inactive 
(Table 3). 

In addition to homocysteine, adenosine was also 
investigated for its potentiatin~ effect on the antiviral 
activity of C-c3Ado. The exogenous supply of adeno- 
sine to the cell culture medium at concentrations up 

to 3OO~g/mI (IO-“M) did not affect the activity of 
(S)-DHPA, (RS)-AHPA, C-c3Ado or neplanocin A 
against either VV or VSV in primary rabbit kidney 
cells (data not shown). 

To explore the possibility that the enhancing effect 
of homocyst~ine on the cytostatic activity of the SAH 
hydrotase inhibitors might have resulted from an 
aspecific inhibition of the cell’s metabolism, host cell 
macromolecule (DNA, RNA and protein) synthesis 
was measured in Ll210 cells (as representative of 
the tumor cell lines), which had been exposed to the 
SAH hydrolase inhibitors in the presence or absence 
of homocysteine (Table 4). The q, values of (S)- 
DHPA, (AS)-AHFA, C-c3Ado and nep~ano~in A 
for L1210 cell DNA, RNA and protein synthesis (as 
monitored by the incorporation of [~~~~~~-~E~]dThd, 
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Table 4. Effect of L-homocysteine on L1210 cell DNA, RNA and protein synthesis, as monitored 
by the incorporation of [methyl-‘H]dThd, [5-3H]Urd and [4,5-3H]Leu, respectively 

Compound 

(S)-DHPA 

(KS)-AHPA 

C-c3Ado 

Neplanocin A 

Homocysteine 
(1O-3 M) 

_ 
+ 
_ 
+ 
_ 
+ 
_ 
+ 

[Methyl-3H]dThd 
incorporation 

> 1000 
> 1000 
> 100 
> 100 
> 1000 
z 1000 

407 k 80 
358 2 194 

IDSO kg/ml)* 

[5-‘H]Urd 
incorporation 

> 1000 
> 1000 
> 100 
> 100 
> 1000 
> 1000 

24 t 12 
54 t 15 

[4,5-‘H]Leu 
incorporation 

793 + 247 
332 + 209 

> 100 
> 100 

399 + 152 
247 t 99 
1.5 + 0.5 
1.3 t 0.2 

Tubercidin - 1.7 2 0.8 0.34t 0.034 0.13 k 0.007 
+ 2.5 2 1.2 0.34 t 0.05 0.12 + 0.06 

Ribavirin _ 4.8 2 0.8 8.6 t 2 36 4 25 
+ 6.4 + 1 23 t 15 24k 14 

Acyclovir _ 810 k 167 > 1000 z= 1000 
+ > 1000 > 1000 2 1000 

Vidarabine _ 56 + 25 251 +- 32 61 k32 
+ 49 + 8 243 2 94 76 + 57 

* A 50% inhibitory dose, achieving a reduction in the incorporation of the radiolabeled precursor 
by 50%. Average values (2 standard deviation) for 3 to 5 separate experiments. At lO_‘M, 
homocysteine itself did not cause any inhibition in the incorporation of [5-3H]Urd or [4,5-3H]Leu. 
and only 8% inhibition in the incorporation of [methyG”H]dThd. 

[5-3H]Urd and [4,5-3H]Leu, respectively) remained 
essentially unaltered following the addition of homo- 
cysteine. Similarly, homocysteine did not influence 
the inhibitory effects of tubercidin, ribavirin, acy- 
clovir or vidarabine on L1210 cell macromolecule 
synthesis (Table 4). 

Cellular DNA, RNA and protein synthesis was 
also examined in PRK cells exposed to the test 
compounds in the presence or absence of homo- 
cysteine (Table 5). Here, some striking (lo- to 40- 
fold) reductions were noted in the IDso values of 

(RS)-AHPA and C-c3Ado for DNA synthesis (moni- 
tored by [methyl-3H]dThd incorporation) following 
the addition of homocysteine. A less striking (2- to 
3-fold) reduction was noted for the corresponding 
IDS0 values for RNA synthesis (monitored by [S- 
3H]Urd incorporation). Small fluctuations in IDso 

values following addition of homocysteine were also 
observed in some other instances, i.e. with tubercidin 
(Table 5). The meaning of these small (2- to 3-fold) 
changes in IDSo remains to be assessed. Of possible 
interest is the finding that in the presence of homo- 
cysteme the ID,, of ribavirin for RNA synthesis 
increased by a factor of 2-3, both in PRK cells (Table 
5) and L1210 cells (Table 4). Again, the significance 
of apparent decrease in the inhibitory effect of riba- 
virin on RNA synthesis remains to be determined. 

DISCUSSID"! 

Based on previous observations of Kim et al. [7] 
that homocysteine reversed the cytostatic activity of 
C-c3Ado (for the RAW264 mouse macrophage cell 
line), we expected homocysteine to reverse the cyto- 
static effects of C-c3Ado on other cell lines as well. 
However, it did not. On the contrary, homocysteine 

potentiated the cytostatic activity of C-c3Ado for 
various tumor cell lines, and this potentiating effect 
was not only observed with C-c3Ado but also with 
other inhibitors of SAH hydrolase [6]. In contrast, 
compounds such as tubercidin, ribavirin, acyclovir, 
and vidarabine which are not supposed to act via 

inhibition of SAH hydrolase did not acquire 
increased cytostatic potency following the addition 
of homocysteine (Table 1). Tubercidin interferes 
with a number of cellular processes (other than SAH 
hydrolase) [16]; ribavirin primarily acts at the mRNA 
5’-capping level [17]; acyclovir terminates DNA 
chain elongation after it has been phosphorylated to 
its triphosphate (in HSV-infected cells) [18, 191; and 
vidarabine may owe its biological (cytostatic and 
antiviral) activity mainly to its inhibitory effect on 
DNA polymerase and/or incorporation into DNA 
[20] [although some of the antiviral effects of vida- 
rabine, (i.e. against VSV) may be due to inhibition 
of SAH hydrolase]. 

Homocysteine potentiated the antiviral activity of 
the SAH hydrolase inhibitors (Table 2). This poten- 
tiating effect was observed only with those com- 
pounds that are assumed to act via SAH hydrolase 
inhibition, namely (S)-DHPA, (RS)-AHPA, C- 
c3Ado, neplanocin A (61; only for those viruses that 
are specifically included in the activity spectrum of 
the SAH hydrolase inhibitors, namely vaccinia virus, 
vesicular stomatitis virus [6]; and only in those cells 
that are normally permissive to the antiviral effects of 
the SAH hydrolase inhibitors, namely PRK, HeLa, 
E,SM, RK13. Thus, the enhanced antiviral activity 
generated by homocysteine strictly depended on the 
choice of the compounds, viruses and cells. It was 
not observed with compounds, such as tubercidin, 
ribavirin and acyclovir, which act by mechanisms 



Homocysteine potentiates SAH hydrolase inhibitors 

Table 5. Effect of L-homocysteine on PRK cell DNA, RNA and protein synthesis, as monitored 
by the incorporation of [mefhy63H]dThd, (5-3H]Urd and [4,5-‘H]Leu, respectively 
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Compound Homocysteine r&n (pg/mf)* 
(W3 M) 

[Mefhy63H]dThd [5-‘H]Urd [4,5-3H]Leu 
incorporation incorporation incorporation 

(S)-DHPA _ 350 +- 40 >400 > 400 
+ 240 2 84 > 400 >400 

(RS)-AHPA _ 65 2 27 131 k 55 > 400 
+ 6.7 k 3 71 k 63 >400 

C-c3Ado - 59 r 51 102 2 > 400 
+ 1.3 + 1 3.2 k 2 > 400 

Neplanocin A - 4~2 8.4 2 5 > 400 
+ 2+ 1.3 4.4 k 3 > 400 

Tubercidin - 0.018 c 0.001 0.03 t 0.007 0.52 + 0.3 
+ 0.024 2 0.01 0.08 2 0.07 0.17 t 0.03 

Ribavirin - 1.7 2 0.4 4.9 + 4 >lOO 
+ 3.2 2 1.8 13211 >lOO 

Acyclovir - 6.8 ? 2.7 >lOO >200 
+ 11.3 t 3 > 100 > 200 

Vidarabine - 7.6 t 3.4 >lOO > 400 
+ 12 2 13 > 100 > 400 

* A 50% inhibitory dose, achieving a reduction in the incorporation of the radiolabeled precursor 
by 50%. Average values (C standard deviation) for 3-4 separate experiments. 

At 10.’ M, homocysteine itself caused ll%, 6% and 13% inhibition of the incorporation of 
[mefhyk3H]dThd, (5-jH]Urd and [4,5-“H]Leu, respectively. 

other than SAH hydrolase inhibition. Neither was it 
demonstrated with viruses, such as HSV-1 or HSV- 
2, which are not sensitive to SAH hydrolase inhibi- 
tors or cells, such as Vero or BS-C-lA, which are not 
permissive to the antiviral action of SAH hydrolase 
inhibitors. 

The enhancing effects of homocysteine on both 
the cytostatic and antiviral activity of SAH hydrolase 
inhibitors should be regarded as a rather specific 
phenomenon, not merely resulting from cytotoxicity 
for the host cells. Under conditions where homo- 
cysteine enhanced the antiviral activity of the SAH 
hydrolase inhibitors, there was no concomitant 
increase in cytotoxicity (Table 2), and under con- 
ditions where the cytostatic activity of the SAH 
hydrolase inhibitors was enhanced, their effects on 
host cell DNA, RNA and protein synthesis remained 
unaffected (Table 4). Only for DNA synthesis in 
PRK cells was a significant shift in ID5t, of (RS)- 
AHPA and C-c3Ado noted following addition of 
homocysteine (Table 5). However, the latter effect 
may result from an interference with the formation 
of methyltetrahydrofolate and, consequently, dTTP 
pools rather than inhibition of DNA synthesis per 
se. 

As a rule, the inhibitory effects of the compounds 
on cell growth were achieved at much lower con- 
centrations than those required to inhibit host cell 
DNA, RNA or protein synthesis (Tables 1,4 and 5). 
These differences may be related to the methodology 
used, since inhibition of cell growth was measured 
after an incubation period of 2-4 days, whereas 
inhibition of macromolecular syntheses was evalu- 
ated after a 16-hr incubation period. The longer 
incubation times in the cell growth experiments may 
have contributed to an amplification of the cell 

growth-inhibitory effects of the compounds relative 
to their inhibitory effects on macromolecular syn- 
theses. 

How could the stimulatory effect of exogenous 
homocysteine on the biological activity of SAH 
hydrolase inhibitors be explained? According to Fig. 
1, homocysteine may be converted to SAH either 
directly following condensation with adenosine, or 
indirectly via the intermediary formation of methio- 
nine and SAM. Should the latter pathway occur, 
however, one might expect a decreased, rather than 
increased, biological activity of the compounds. Such 
a decreased activity was found by Kim et al. [7] 
following addition of homocysteine, but not methio- 
nine. These authors have suggested that depletion 
of homocysteine pools leads via insufficient regen- 
eration of tetrahydrofolate to a reduction in the 
biosynthesis of purine and pyrimidines. However, 
pulse-label experiments with [35S]methionine and 
[2,S3H]adenosine have indicated that the elevated 
SAH levels resulting from exogenous addition of 
homocysteine must be formed uiu the SAH hydrolase 
reaction [21]. Apparently, the residual SAH hydro- 
lase activity in cells treated with the SAH hydrolase 
inhibitors would be sufficient to catalyze the con- 
version of homocysteine and adenosine to SAH (Fig. 

1). 
It is thus conceivable that the exogenous homo- 

cysteine exerts its enhancing effect on the antiviral 
and cytostatic activity of the adenosine analogues 
through increasing the intracellular SAH levels via 
SAH hydrolase. If homocysteine increases the bio- 
logical activity of SAH hydrolase inhibitors, one may 
expect adenosine to behave similarly. Yet, exogen- 
ous addition of adenosine failed to enhance the bio- 
logical activity of the SAH hydrolase inhibitors. 
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Probably, the intracellular pool levels of adenosine 
are sufficient for maximal formation of SAH, while 11. 

homocysteine is present at suboptimal concen- 
trations. This may explain why the exogenous supply 
of homocysteine, but not adenosine, is able to further 

12. 

boost the formation of SAH, and, hence, augment 
the inhibitory effect of the latter on the SAM-depen- 
dent methylations. 
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