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Abstract--Two human melanoma cell lines. MM96 and MM127. were found to be highly sensitive to 
the toxicity of adenosine (Ds0 100-150 ~g/ml) compared with other melanoma lines. HeLa ceils and a 
lymphoblastoid line (Ds0 > 500/xg/ml). The MM127 line was also sensitive to NAD (Ds0 41 Ftgml) 
compared with the other lines (050 > 400 gg/ml), and accumulated three-fold more NAD-derived isotopic 
label. Nicotinamide exhibited little toxicity in any cell type (D50 > 400 ug/ml); 25-100/~g/ml nicotinamide 
greatly increased the plating efficiency of melanoma cells and fibroblasts when low levels of foetal calf 
serum were used. The toxicity of DNA-damaging agents (alkylating agents and u.v.) in melanoma cells 
was not reduced in the presence of NAD, adenosine or nicotinamide. Studies of the effects of the latter 
compounds upon the incorporation of deoxynucleosides showed that: (a) melanoma cells have lower 
purine pools than fibroblasts; (b) [3H]deoxyguanosine incorporation was inhibited more than 
[3H]deoxyadenosine incorporation; (c) incorporation of [3H]deoxyadenosine and [3H]deoxyguanosine 
into RNA was inhibited by adenosine, thus providing a method for determination of guanine-specific 
DNA repair; and (d) NAD enhanced thymidine incorporation in intact melanoma cells but not in 
fibroblasts, in a pattern similar to the release from template restriction previously reported for per- 
meabilised tumour cells. 

The roles of NAD and its components in cell pro- 
liferation have been studied from several aspects. 
Mammalian cells require exogenous nicotinamide as 
a nutrient for synthesis of NAD [1]. In addition to 
being a cofactor, NAD may be involved in the regu- 
lation of cell proliferation via the N A D / N A D H  ratio 
[2] or as the precursor for the synthesis of 
poly(ADP-ribose) [3, 4]. Thirdly, NAD levels are 
depleted after treatment with DNA-damaging agents 
[5-9], presumably because of the association of 
poly(ADP)-ribosylation with DNA repair. This 
aspect has been extensively studied because of pos- 
sible relevance to cancer chemotherapy [5-7]. 
Finally, cell growth can be blocked by exogenous 
adenosine at levels which vary widely (5-400 gM) 
depending upon the cell type [10]. This effect does 
not result from excessive incorporation of adenosine 
into nucleic acids [11] or, in mouse melanoma cells, 
from pyrimidine starvation [12]. 

The present study developed from work concern- 
ing the action of MTIC, t  an antimelanoma DNA- 
methylating agent [13], and was prompted by three 
related considerations: the finding that increasing 
the nicotinamide level in culture medium, or adding 
the purine precursor AIC, enhanced the growth of 
human melanoma cells; the possibility of enhancing 

* Please address all correspondence to: Dr P. G. Parsons, 
Queensland Institute of Medical Research, Herston, Bris- 
bane, Queensland, Australia, 4006. 

-~ Abbreviations: MTIC, 5-(3-methyl-l-triazeno)- 
imidazole-4-carboxamide; AIC, 5-aminoimidazole-4-car- 
boxamide; MNNG, N-methyl-N'-nitro-N-nitrosoguani- 
dine; TNE, 0.1 M NaC1, 10mM Tris and 2mM EDTA, 
pH 6.8; TCA, trichloroacetic acid. 
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MTIC toxicity by external control of poly(ADP)- 
ribosylation; and the requirement for a method to 
divert [3H]deoxyguanosine and [3H]deoxyadenosine 
incorporation from RNA into DNA so that 
purine-specific DNA repair could be measured. 

MATERIALS AND METHODS 

The lymphoblastoid cell line AG,  obtained by 
transformation with Epstein-Barr  virus of lympho- 
cytes from a normal donor, was provided by Dr D. 
Moss. The origins of the other human cell lines have 
been described [13-15]. 

Cells were cultured in Roswell Park Memorial 
Institute (RPMI) Medium 1640 (Commonwealth 
Serum Laboratories, Melbourne, Australia) 
containing penicillin (100 I.U./ml), strepto- 
mycin (100/~g/ml), 4-(2-hydroxyethyl)-l-piperazine 
ethanesulphonic acid (5 mM) and, unless otherwise 
stated, 10% (v/v) foetal calf serum. Periodic assays 
for Mycoplasma [13] were negative. 

Plating efficiencies were determined by seeding 
2 x 103 cells into 5 ml medium containing the appro- 
priate additive, in duplicate 60-mm plates. After 
7-14 days the colonies (>50 cells) were stained with 
Giemsa and counted. For assay of colony growth by 
isotopic labelling [14, 16], 2 x 103 cells were seeded 
in 16-mm dia. Linbro wells. After 7 days, the cells 
were labelled for 2-4 hr with [methyl-3H]thymidine 
[2/zCi/ml (45 Ci/mmole)] (Radiochemical Centre, 
Amersham, U.K.) ,  detached with t rypsin-EDTA 
and washed with water onto glass fibre discs for 
liquid scintillation counting. Increase in cell number 
was determined by harvesting and counting cells 
(haemocytometer) at daily intervals after seeding of 
duplicates (2 x 104 cells/16-mm well). 
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Nucleoside incorporations were determined using 
cells seeded 24 hr previously and treated during this 
time with the appropriate additive (5 x 105 cells/ 
60-mm plate). After labelling for 90 min the cells 
were harvested ( t rypsin-EDTA),  suspended in 
200/~1TNE and 4 x 50/A aliquots treated with 0.5 ml 
1 N NaOH. Two aliquots were diluted with 2 ml cold 
10% (w/v) TCA immediately and two after 2 hr at 
37 ° , followed by filtration onto glass fibre discs and 
washing with ethanol for liquid scintillation counting. 
The temporal response of thymidine incorporation 
was determined using cells seeded 24 hr previously 
(2 × 104 or 2 × 105 cells/16-mm well). At  various 
times after addition of NAD,  cultures were labelled 
for 30 rain with [3H]thymidine (5 #Ci/ml) and har- 
vested onto glass fibre discs. 

Thymidine pool sizes were determined using the 
isotopic dilution method of Clarkson [17]. Cultures 
(2 x 105/16-mm well) were prelabelled for 24 hr with 
[2-1~C]thymidine [0.005 gCi/ml (25 Ci/mole)], 
treated with NAD (100 ug/ml) for 24hr and then 
labelled with [3H]thymidine (10 pCi/ml) (0.2, 1, 3, 
6 and 10 HM) for 60 min. The cells were harvested 
and the thymidine pool sizes determined from plots 
of the 14C/9H ratio vs thymidine concn as previously 
described [17]. 

For determination of the uptake and incorporation 
of NAD,  cells seeded 24 hr previously (2 x 105/30 - 
mm plate) were treated with 50/~g/ml [4-3H]NAD 
(2.5/~Ci/ml) (Radiochemical Centre) or [U-14C - 
adenine]NAD (0.25 gCi/ml) (Radiochemical 
Centre) in l m l  of complete medium at 37 ° . At  
various times, duplicate cultures were washed rapidly 
with phosphate-buffered saline (2 x 2 ml) and the 
cells detached with 0.5 ml TNE. Three 100-/A ali- 
quots were diluted in 5% (w/v) TCA and washed 
onto glass fibre discs with ethanol for determination 
of NAD incorporation by liquid scintillation count- 
ing. The remainder was treated with Instagel scin- 
tillant (4 ml) (Packard Instruments, Zurich, Switz- 
erland), for determination of NAD uptake. Blank 
values, obtained from dishes without cells, were 
typically 6000-14,000 3H dpm and 600-1300 14C dpm. 
No corrections were made for extracellularly-bound 
label. Cell size was determined using a Particle Data 
counter (Particle Data Corp.,  Elmhurst, IL). 

RESULTS 

Effects of medium additives on plating efficiency 
Using a particular batch of foetal calf serum, 

human fibroblasts (PGP) and three melanoma lines 
seeded at very low cell densities had 50-100% greater 
plating efficiencies in the presence of non-toxic levels 
of nicotinamide or AIC (Table 1). NAD enhanced 
the plating efficiency of PGP fibroblasts. NAD and 
adenosine either had no effect on the melanoma cell 
lines or, using MM127 ceils, were inhibitory. Growth 
enhancement was not additive when combinations 
of the former three compounds were used (results 
not shown). Colony size, determined by counting 
the number of cells in 50 colonies of MM200 and 
MM253cl, was not significantly increased by nic- 
otinamide (25-100/~g/ml). Other batches of foetal 
calf serum, tested using MM253cl cells, gave 
enhancements of 10-100% greater plating efficien- 
cies in the presence of nicotinamide. 

The enhancement of plating efficiency by nicotina- 
mide was more marked at low serum levels in both 
fibroblasts and melanoma cells (Fig. 1A), In 2% 
serum, for example, the added nicotinamide raised 
the plating efficiency from barely detectable levels 
to >50% of the 10% serum value. Cell proliferation 
at high seeding densities, however, was not enhanced 
by these compounds at either low or normal serum 
levels when growth was compared over a 3-day 
period (Fig. 1B), or at daily intervals (results not 
shown). 

To test the possibility that nicotinamide merely 
enhanced cell attachment, MM253cl cells pre- 
labelled for 24 hr with [3H]thymidine (0.05/~Ci/ml) 
were reseeded (2 x 104 cells/16-mm well) and har- 
vested at various times up to 48hr. Most cells 
attached within 4hr,  and at the same rate in the 
presence of nicotinamide (100/~g/ml) as in control 
medium (Fig. 1B). 

The apparent sensitivity of MM127 to NAD and 
adenosine prompted a dose-response study in a lar- 
ger number of cell lines (Table 2 and Fig. 2). Cell 
survival decreased in an approximately logarithmic 
manner with increasing doses of NAD or adenosine. 
MM127 was much more susceptible to killing by 
NAD than the other cell lines (Fig. 2A). This line 

Table 1. Enhancement of plating efficiency by non-toxic concns of medium additives 

Plating efficiency with medium 
Plating additives (% of control)* 

efficiency 
of controls Nicotinamide AIC NAD 

Cell (%) (50 ,ug/ml) (100 ~g/ml) (25/~g/ml) 
Adenosine 
(50 t~g/ml) 

PGP 1.8 -+ 0.3+ 210 _+ 19 185 - 20 210 ± 10 105 -+ 13 
MM96 6.9 + 2.0 232 -+ 14 159 ± 28 96 ± 12 83 ± 6 
MM127 10.0 + 0.4 70 -+ 6 94 ± 9 53 ± 4 32 ± 7 
MM200 4.4 ± 0.8 177 _+ 16 130 + 26 68 _+ 7 91 -+ 14 
MM253cl 12 ± 3.0 150 -+ 11 175 ± 14 101 ± 5 120 ± 5 

* Determined by visual counting of colonies (>50 cells) 7-14 days after treatment commenced. 
+ Mean and S.D. of duplicates. 
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Fig. 1. Effect of nicotinamide on the attachment of cells, 
and on the plating efficiency and growth rate of cells in 
varying levels of foetal calf serum. Panel A, plating effi- 
ciences: A, PGP; &, PGP plus 100/zg/ml nicotinamide; 
O, MM253cl; O, MM253cl plus 100 #g/ml nicotinamide. 
Panel B, attachment of MM253cl cells in 10% foetal calf 
serum, with (A) or without (A) 100/2g/ml nicotinamide. 
Increase in number of MM96 (D) or MM253cl cells (O) 
after growth for 3 days in 100/~g/ml nicotinamide. Each 

point represents the mean and S.D. of duplicates. 
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Fig. 2. Toxicity of NAD (panel A) and adenosine (panel 
B) in MM96 (O), MM127 (lq) and MM253cl cells (A). 
Each point represents the mean and S.D. of duplicates. 

was also sensitive to adenosine, as was the MM96 
line (Fig. 2B). Human fibroblasts (PGP), lympho- 
blastoid cells (AG) and four other tumour lines were 
relatively resistant to the toxicity of adenosine and 
NAD (Table 2). Nicotinamide exhibited little tox- 
icity in any of these lines at levels up to 1 mg/ml. 

The possibility of modifying the toxicity of MTIC 
using NAD,  nicotinamide and adenosine was tested 
in MM253cl. This cell line is highly susceptible to 
killing by MTIC and MNNG, probably because of 
a DNA repair defect [13]. The results showed (Table 
3) that, unlike previous reports using other agents 
[5, 7], neither NAD nor its components had any 
significant effect upon the toxicity of MNNG, MTIC 
o r  u . v .  

Incorporation of nucleosides 
A melanoma line (MM253cl) and a fibroblast 

strain (PGP) were used to ascertain the effects, if 
any, of medium additives on the incorporation of 
isotopically-labelled nucleotide precursors and to 

Table 2. Selective toxicity of medium additives used at high 
concns 

D50 (/~g/ml)* 

Cell Nicotinamide Adenosine NAD 

PGP 1000 > 1000 1000 
MM96 950 110 750 
MM127 400 150 41 
MM170 > 1000 > 1000 810 
MM200 > 1000 > 1000 850 
MM253cl >1000 >1000 >1000 
HeLa > 1000 320 980 
AG > 1000 580 450 

* Dose required to reduce survival by 50%, determined 
by [3H]thymidine labelling of colonies after treatment for 
7 days. 

determine whether any such additions could divert 
the incorporation of purine deoxyribosides into 
DNA instead of into RNA as was found in prelimi- 
nary experiments. 

Separate studies using DNAse,  RNase and pro- 
teinase digestions of cell lysates showed that the 
alkaline treatment used to detected incorporation of 
label into RNA removed 4-7% of thymidine-labelled 
DNA,  75-85% of uridine-labelled RNA and 3-5% 
of leucine-labelled protein. Using this test, cells 
grown in normal medium were found to incorporate 
thymidine and uridine into DNA and RNA respec- 
tively (Table 4). The incorporation of deoxyaden- 
osine and deoxyguanosine occurred almost com- 
pletely into RNA in both cell types, DNase digestion 
showing that only 10% of the label was incorporated 
into DNA. Nicotinamide added 24 hr previously had 
little effect upon the labelling patterns, except for 
a slight inhibition of incorporation into the RNA of 
MM253cl cells. 

The effects on pyrimidine nucleoside incorpora- 
tion of the purine precursor AIC and the 
naturally-occurring purine derivatives can, with 
important exceptions, be considered as a single 
group. Apart  from AIC, these compounds inhibited 
thymidine incorporation in PGP but either enhanced 
or had no effect upon incorporation in MM253cl. 
The greatest difference was obtained using NAD,  
where thymidine incorporation was 67% of controls 
in PGP and 160% in MM253cl. NAD and, to a 
lesser extent, deoxyadenosine, enhanced uridine 
incorporation in both cell types whereas the other 
compounds had a somewhat negative effect. 

The purine-related additives inhibited the incor- 
poration of deoxyadenosine and deoxyguanosine, 
and the level of inhibition was 5-10-fold greater in 
MM253cl than in PGP. Secondly, adenosine was the 
most inhibitory of the five additives tested, to the 
extent that deoxyadenosine incorporation was 



T
ab

le
 3

. 
T

ox
ic

it
y 

of
 D

N
A

-d
am

ag
in

g 
ag

en
ts

 t
o 

M
M

25
3c

l 
ce

ll
s 

in
 t

he
 p

re
se

nc
e 

of
 N

A
D

. 
ni

co
ti

na
m

id
e 

or
 a

de
no

si
ne

 

D
O

*
 

N
A

D
 

N
ic

ot
in

am
id

e 
A

de
no

si
ne

 
A

ge
nt

 
C

on
tr

ol
 

(1
00

/~
g/

m
l)

 
(1

00
 ,u

g/
m

l)
 

(1
00

 u
g/

m
l)

 

M
N

N
G

 
0.

01
1 

0.
01

2 
0.

01
0 

0.
01

1 
M

T
IC

 
1.

2 
1.

3 
1.

1 
1.

3 
25

4-
m

m
 u

.v
. 

7.
5 

7.
3 

7.
1 

8.
2 

(7
.0

)+
 

(7
.1

) 
(6

.5
) 

(6
.7

) 

* 
D

os
e 

(#
g/

m
l 

or
 J

.m
 

2)
 r

eq
ui

re
d 

to
 r

ed
uc

e 
su

rv
iv

al
 (

th
ym

id
in

e-
la

be
ll

in
g 

m
et

ho
d)

 b
y 

37
%

 
on

 t
he

 l
in

ea
r 

pa
rt

 o
f 

th
e 

su
rv

iv
al

 c
ur

ve
. 

N
A

D
, 

ni
co

ti
na

m
id

e 
an

d 
ad

en
os

in
e 

w
er

e 
ad

de
d 

1 
hr

 
be

fo
re

ha
nd

, 
an

d 
th

e 
cu

lt
ur

e 
m

ed
iu

m
 w

as
 n

ot
 c

ha
ng

ed
 d

ur
in

g 
th

e 
co

ur
se

 o
f 

th
e 

ex
pe

ri
m

en
t.

 
t 

D
q,

 i
n 

pa
re

nt
he

se
s,

 t
he

 s
iz

e 
of

 t
he

 s
ho

ul
de

r 
on

 t
he

 s
ur

vi
va

l 
cu

rv
e.

 

T
ab

le
 4

. 
In

co
rp

or
at

io
n 

of
 n

uc
le

os
id

es
 i

nt
o 

nu
cl

ei
c 

ac
id

s 

7z
 z 

In
co

rp
or

at
io

n 
(%

 o
f 

co
nt

ro
l 

dp
m

) 

M
ed

iu
m

 
P

G
P

 f
ib

ro
bl

as
ts

 
M

M
25

3c
l 

m
el

an
om

a 
ce

lls
 

ad
di

tiv
e 

(1
00

/a
g/

m
l)

 
[1

4C
]T

hy
m

id
in

e 
[1

4C
IU

ri
di

ne
 

[3
H

]D
eo

xy
ad

en
os

in
e 

[3
H

]D
eo

xy
gu

an
os

in
e 

[1
4C

jT
hy

m
id

in
e 

[l
aC

]U
ri

di
n 

e 
[3

H
]D

eo
xy

ad
en

os
in

 e
 

[3
tt

]D
eo

xy
gu

an
os

in
e 

N
on

e 
10

0 
(6

) 
10

0 
(8

1)
 

10
0 

(8
0)

 
10

0 
(7

6)
 

10
0 

(4
) 

10
0 

(8
2)

 
10

0 
(7

6)
 

10
0 

(7
9)

 
N

ic
ot

in
am

id
e 

95
 +

 9
* 

(5
)+

 
95

 *
 8

 (
82

) 
80

 ÷
 5

 (
79

) 
93

 ±
 2

 (
75

) 
97

 +
 5

 (
5)

 
75

 _
+ 

3 
(8

3)
 

73
 ÷

 9
 (

75
) 

72
 *

 3
 (

81
) 

A
1C

 
10

2 
+ 

5 
(7

) 
10

0 
-+

 1
4 

(8
0)

 
46

 +
 

16
 (

80
) 

31
 *

 5
 (

49
) 

13
5 

+ 
10

 (
6)

 
91

 +
- 3

 (
82

) 
8.

8 
+ 

0.
1 

(8
0)

 
2.

9 
+ 

0.
1 

(5
8)

 
A

de
no

si
ne

 
52

 -
+ 

7 
(6

) 
73

 +
- 3

 (
79

) 
23

 +
 5

 (
72

) 
6.

4 
+ 

0.
3 

(3
5)

 
89

 -
+ 

2 
(7

) 
61

 +
 4

 (
83

) 
6.

5 
+ 

0.
2 

(7
1)

 
0

7
7

 +
 0

.0
1 

(3
3)

 
D

eo
xy

ad
en

os
in

e 
79

 +
 

11
 (

5)
 

11
3 

+ 
2 

(8
4)

 
53

 -
+ 

7 
(7

8)
 

17
 +

 3
 (

79
) 

10
1 

+ 
12

 (
2)

 
10

9 
÷ 

11
 (

81
) 

8.
4 

+ 
0.

6 
(6

5)
 

2.
3 

-*
 0

.2
 (

45
) 

G
ua

no
si

ne
 

81
 -

+ 
3 

(8
) 

68
 +

 5
 (

80
) 

41
 +

 7
 (

70
) 

ll
 -

+ 
l 

(3
2)

 
11

9 
-+

 3
 (

7)
 

85
 ÷

 3
 (

85
) 

8.
6 

+ 
0.

3 
(7

8)
 

1.
2 

~ 
0.

1 
(1

2)
 

A
de

no
si

ne
 +

 

gu
an

os
in

e 
49

 ÷
 

12
 (

7)
 

7l
 +

 9
 (

78
) 

15
 -

+ 
3 

(6
8)

 
3.

6 
+ 

0.
5 

(2
9)

 
95

 +
 6

 (
8)

 
55

 +
 6

 (
84

) 
5.

8 
+ 

0.
2 

(7
6)

 
0.

37
 +

- 0
.0

2 
(1

1)
 

N
A

D
 

67
 +

 5
 (

4)
 

12
1 

+ 
11

 (
93

) 
57

 +
 4

 (
87

) 
27

 -
+ 

5 
(8

6)
 

16
0 

÷ 
7 

(5
) 

14
9 

+ 
5 

(8
0)

 
8.

6 
* 

0.
7 

(6
3)

 
2.

3 
- 

(I
.5

 (
38

) 

* 
M

ea
n 

± 
S

.D
. 

(N
 =

 2
).

 
t 

%
 

A
lk

al
i-

la
bi

le
. 



Co-factors and cell growth 875 

2001 

7 150 

~" 100 

50 

i 

T 

~ ~ tl 2'4 
Time (hours) 

Fig. 3. Temporal effect of NAD (100/~g/ml) on thymidine 
incorporation. ©, 2 x 105 MM253cl cells at 103 cells/mm2; 
0,  2 x 105MM253c7 cells washed and refed control 
medium after 6hr; A, 2 x  104 MM253cl cells at 102 
cells/mm2; [], 2 x 105 PGP fibroblasts. Each point rep- 

resents the mean and S.D. of duplicates. 

inhibited more by adenosine than by isotopic dilution 
with unlabelled deoxyadenosine. Thirdly, in both 
cell types the purine nucleosides inhibited the incor- 
poration of deoxyguanosine five-fold more than 
that of deoxyadenosine. Since most of the 
deoxyguanosine-derived isotope was alkali-resistant 
and hence in DNA after labelling in the presence of 
exogenous purines, the inhibition primarily affected 
incorporation into RNA. Simultaneous treatment 
with adenosine and guanosine did not relieve the 
inhibition produced when the compounds were used 
separately. 

The temporal response of thymidine incorporation 
following NAD treatment was explored using PGP 
and MM253cl (Fig. 3). At  a high cell density (103 
cells/mm2), thymidine incorporation in MM253cl 
exhibited a slight inhibition during the first 3 hr of 
treatment, followed by enhancement which was close 
to maximal after 6 hr. Removal of NAD at this time 

l l A B 

4 0  [ 15o~ 

~ ~ _  loo 

~ 2 0  

31i~ ~lO 30 ~0 
Time (rain) 

Fig. 4. Uptake and incorporation of dual-labelled NAD. 
Panel A, [3H]nicotinamide label. Uptake by MM127 (O) 
and MM253cl cells ([~). Incorporation (TCA-insoluble 
label) in MM127 (0) and MM253cl cells (111). Panel B, 
[14C]adenosine label. Same symbols as in panel A. Each 

point represents the mean and S.D. of triplicates. 

and culture for a further 18 hr in fresh medium 
reversed the effect. NAD did not effect the thy- 
midine pool size (0.5 #M) in MM253cl. No enhance- 
ment of thymidine incorporation was detected using 
a lower density of MM253cl or PGP cells (102 
cells/ram2). PGP cells at the higher density showed 
a gradual decline in thymidine incorporation during 
the 24-hr period studied, in keeping with the results 
given in Table 4. 

Uptake and incorporation of NAD 
The uptake of dual-labelled NAD was compared 

in MM127 and MM253cl cells (Fig. 4). In both cell 
lines, [3H]nicotinamide-derived label accumulated 
within the first 10 min but then decreased to very 
low levels during the next 30 min. The initial uptake 
of [14C]adenosine-derived label on the other hand 
was two- to three-fold greater than that of the 3H 
label and continued to increase. After correction for 
differences in size, MM127 cells accumulated 
three- to four-fold more of each label compared with 
MM253cl. The incorporation of TCA-insoluble label 
was very low (approx 5% of uptake) in both cell 
lines (Fig. 4). 

D I SCU SSI O N  

The enhanced plating efficiency of human cells 
obtained using 25/~g/ml nicotinamide (normally 
1/~g/ml in RPMI 1640 culture medium) and the 
absence of significant effects upon isotopic labelling 
of DNA and RNA suggest that elevated nicotina- 
mide could be used routinely for many experiments, 
particularly when low serum levels are required. Cell 
requirements for nicotinamide appear to be anal- 
ogous to that for thymidylate precursors where 
growth enhancement was detected using low serum 
or low cell densitites [18], The absence of any 
additive enhancement of colony formation using a 
mixture of AIC and nicotinamide and the lack of 
effect on colony size suggest a common nutrient 
mechanism effective in isolated, freshly-plated cells. 

The levels of adenosine required for lethality in 
most of the lines were similar to those found for 
other human cells and 10-100 times those reported 
when adenosine deaminase inhibitors were used 
[10, 12, 19, 20]. Considering the brief half-life 
(approximately 50 min) (unpublished observations) 
of adenosine in culture medium due to the deaminase 
activity in foetal calf serum [10, 12], the effective 
treatment time of less than 24 hr was sufficient to 
cause the irreversible growth block in human mela- 
noma cells. This contrasts with the reversible cytos- 
tasis found using mouse melanoma cells [12]. 

The most important finding concerning adenosine 
toxicity was the sensitivity of the melanoma lines 
MM96 and MM127. The two lines differ markedly 
in various properties such as size, morphology, chro- 
mosome and melanin content, doubling time, and 
resistance to anti-tumour drugs [15, 16], but no other 
information is presently available to suggest which, 
if any, of the various mechanisms proposed for 
adenosine toxicity could explain the sensitivity to 
adenosine. These lines could represent solid tumour 
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counterparts of the adenosine-sensitive chronic leu- 
kaemia lymphocyte [21], and may, in conjunction 
with the resistant lines, be useful for elucidating and 
testing adenosine-based control of at least some 
human tumours and for describing more completely 
the complexities of adenosine metabolism in human 
cells. 

The toxicity of NAD in the MM127 line was 
unexpected in view of the lack of reports concerning 
NAD toxicity in mammalian cells. The results here 
suggest that exogenous NAD merely acts as a source 
of adenosine, possibly in the form of ADP-ribose, 
a known hydrolysis product of NAD [3]. Adenosine 
sensitivity of the NAD-resistant MM96 cells would 
therefore involve a different mechanism than adeno- 
sine sensitivity in MM127 cells. On the other hand, 
the NAD enhancement of thymidine incorporation 
in dense cultures of melanoma cells presents a close 
analogy to the effect of NAD on the replication of 
template-restricted DNA in permeabilised, resting 
HeLa cells [22], an effect which was much less 
marked in fibroblasts [4]. The present results there- 
fore raise the question of whether some NAD is 
transported intact across the cell membrane. Some 
NAD appeared to accumulate as an intact molecule 
during the first 10 min of treatment, and nicotina- 
mide, known to increase intracellular NAD levels 
in rat liver cells [23], was mildly toxic to MM127 
cells. Thus apart from suffering degradation, suffic- 
ient NAD may cross the cell membrane to allow 
template release to be detected using intact cells. 

The labelling experiments using exogenous guan- 
osine, adenosine and AIC achieved the aim of 
reducing the incorporation of deoxyguanosine into 
RNA relative to DNA. Measurement of guanine- 
specific DNA repair synthesis as described for alky- 
lated mouse cells [24] may now be feasible in 
MM253cl cells and MTIC-resistant sublines [13] 
despite the very low levels of deoxyguanosine kinase 
reported for non-lymphoid human cells [21]. Pre- 
liminary experiments have shown that deoxyguano- 
sine is rapidly decomposed to guanine by complete 
medium. The exogenous purines may competitively 
inhibit this pathway. It is apparent that deoxyaden- 
osine is utilized differently from deoxyguanosine in 
these cells, and that the purine pools in the melanoma 
cells are lower than in fibroblasts. 
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