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Abstract-5‘-Deoxy-5’-methyithioadenosine, a naturally occurring co-product of poiyamine biosyn- 
thesis, has been shown to inhibit a variety of biological processes. To investigate the mode of action of 
this nucleoside and to assess the involvement of CAMP in this action, the effect of methylth~oadenosine 
on S49 wild type and two CAMP-related mutant cells was examined. The sulfur-containing nucieoside 
potently inhibited the growth of the parental strain (IC M = 50@f), whereas nearly lo-fold greater 
resistance was demonstrated by S49 adenylate cyclase deficient (ICKY = 420 @f) and 549 cAMP-depen- 
dent protein kinase deficient (ICY = 520 ,uM) mutant cells. Methylthioadenosine was shown to com- 
petitively inhibit the S49-derived high-affinity CAMP phosphodiesterase (& = 62 m) in vitro, whereas 
methylthioadenosine phosphorylase activity was equivalent in all three ceil types. The intraceilular levels 
of the regulatory nucleotide, CAMP, increased dramatically in the wild type (17-fold) and protein kinase 
deficient (6-fold) strains in response to 1OOfl concentrations of the drug. It is concluded that the 
growth arrest produced by 5’-methylthioadenosine in 549 cells is primarily due to the inhibition of 
CAMP phosphodiesterase and the subsequent increase in CAMP levels that result. 

5’-Deoxy-5’-methylthioadenosine is the co-product 
of the spermidine and spermine synthetase reactions 
of mammalian cells [l]. This sulfur-containing 
nucleoside has been shown to adversely affect several 
biological processes, such as lymphocyte blasto- 
genesis [2] and the growth of murine hematopoietic 
cell lines [3] and virally transformed mouse fibro- 
blasts [4]. Knowledge of the primary mode of action 
for the growth inhibition produced by methyl- 
thioadenosine is of interest because of the potential 
chemotherapeutic usefulness of the drug and several 
of its structural analogs. It is also of importance in 
ascribing a biological function to the nucleoside in 
mammalian cells. Some methylthioadenosine- 
induced biochemical effects have been described in 
attempts to elucidate the mechanism of action of this 
compound. Three of these effects are notable: (1) 
methylthioadenosine has been shown to potently 
inhibit sperimidine and spermine synthetase from a 
variety of sources [.5,6]; (2) Ferro and coworkers [7] 
have demonstrated the “suicide like” inactivation of 
erythrocyte S-adenosylhomocysteine hydrolase by 
methylthioadenosine; and (3) methylthioad~nosine 
is a competitive inhibitor of the lymphocyte-derived 
high-affinity CAMP phosphodiesterase [S]. In light 
of these later findings, our attention has focused on 
the modulation of cAMP metabolism by methyl- 
thioadenosine. Our investigation was aided by the 
availabiIity of two mutant cell lines which were orig- 
inally selected for their resistance to either CAMP 
itself or substances which induce the synthesis of this 
growth regulatory nucleotide. The variant clones, 
S49 adenylate cyclase deficient (91 and S49 CAMP- 
dependent protein kinase deficient [lo], have been 
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useful as tools in elucidating the components of the 
CAMP-induced regulatory system. This system is 
composed of a protein kinase which, in the presence 
of CAMP, phosphorylates various enzyme substrates 
and brings about growth arrest. According to this 
model, if cAMP plays a central role in the biological 
effects of methylthioadenosine, the responses of 
these CAMP-related mutant cells to methylthio- 
adenosine should be altered in characteristic ways. 

Specifically, in this report we compare the effects 
of m~thylthioadenosine on parental wild type, 
adenylate cyclase deficient, and protein kinase 
deficient S49 cells. We confirm the previous findings 
of the inhibition by methylthioadenosine of the 
CAMP phosphodiesteras~, and we provide evidence 
suggesting that this perturbation of cyclic nucfeotide 
metabolism by methyithioadenosine plays an impor- 
tant role in determining its biological effects. 

MATERIALS AND METHODS 

.iMateri&. 5’-DeoxyJ’-methylthioadenosine was 
synthesized accordin 

P 
to the procedure of Kikugawa 

and Ichino 1111. [2,8=H]Adenosine 3’,5’-cyclic phos- 
phate (27~~mmole) was purchased from ICY. 
CAMP and 5’-nucleotidase purified from Cr~~al~s 
aslrox venom were purchased from Sigma. AG-l-X8 
was obtained from BIO-RAD, the CAMP binding 
protein assay kit from Amersham (UK), and all cell 
culture supplies from Gibco. All other reagents were 
obtained from Sigma. 

Cell lines and culture. S49 mouse lymphoma cells 
of the wild type and mutant phenotypes, protein 
kinase (24.6.1) and adenylate cyclase deficient 
(94.15. l), were obtained from Dr. Phillip Coffin0 
(University of California, San Francisco). The cells 
were cultured in Dulbecco’s modified Eagle’s 

3639 



3640 M. K. RISCOE, P. A. TOWER and A. J. FERRY 

medium (DMEM) with 4.5 8/l of glucose, sup- 
plemented with 10% heat-inactivated horse serum 
[Ql. 

Preparation of cell extracts. All cell extracts were 
made from logarithmic cultures. Suspensions of cells 
were centrifuged at 700g for 5 min, and the super- 
natant fraction was discarded. The cell pellet was 
washed in 250mM sucrose, 100mM 4-(2-hydroxy- 
ethyl)-I-piperazine-ethanesulfonic acid (Hepes) 
(pH 7.2), 3 mM 2-mercaptoethanol, and centrifuged 
at 4” at 700g for 10 min. The cells were resuspended 
in 3 ml of the same buffer and gently fractured by 
the freeze-thaw method. After addition of dimethyl 
sulfoxide to 5 %, the suspension was homogenized in 
a Dounce homogenizer until breakage was >99% as 
indicated by the Trypan blue dye exclusion test. The 
crude extract was centrifuged at 10,000 g for 10 min 
at 4”, and the supernatant fraction was collected and 
stored at -80” until utilized. 

Analytical procedures. CAMP present in acid-sol- 
uble extracts of cells was quantitated using the com- 
petition binding assay kit of Amersham. The nucleo- 
tides were first separated from the perchlorate salts 
by the freon:aIamine extraction method of Khym 

]331. 
Enzyme assays. CAMP phosphodiesterase activi- 

ties were measured by the two-step procedure of 
Thompson et al. [14]. Each reaction contained 
40 mM Tris (pH 8.0), 5 mM MgCl2, 3 mM 2-mer- 
captoethanol, [3H]~AMP (300,000 cpm), and 
enzyme extract. Methylthioadenosine phosphorylase 
activity was determined by measuring the conversion 
of 5’-[14CHJmethylthioadenosine to 5-C 14CH3] 
methylthio~bose-~-phosphate [15]. 

RESULTS 

Effect of 5’-~ethylth~~adenos~ne on the pro- 
liferation ofparental wild type and mutant S49 cells. 
The effect of the exogenous supplementation of 
methylthioadenosine on cultures of wild type and 
mutant S49 cells is shown in Fig. 1. Untreated cul- 
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Fig. 1. Comparison of the inhibitory effect of S-methyl- 
thioadenosine on the proliferation of S49 parental wild 
type and mutant cells. Cells were seeded at 1 x 10s/mi in 
Dulbecco’s modified Eagle’s Medium supplemented with 
10% horse serum and variable concentrations of the nucleo- 
side. Key: (Of S49 wild type; (Wf S49 adenylate cyclase 
deficient; and (A) S49 protein kinase deficient. The results 
represent the average of three independent experiments. 

tures of each cell type proliferated with a generation 
time of 17-18 hr. Parental wild type cells, which are 
extremely susceptible to killing by CAMP [ 16). were 
likewise growth-inhibited by methylthioadenosine. 
Significant growth inhibition (30%) was observed at 
concentrations as low as 10-s M in these cultures. 
Exhibiting an IC~~J of 50 $$. the 549 wild type cells 
proved to be the most sensitive to methylthio- 
adenosine of the three cell lines studied. By 
contrast, sensitivity was greatly reduced in mutant 
cell lines which are either incapable of synthesizing 
CAMP (adenylate cyclase deficient) or resistant to 
the effects of the regulatory nucleotide (protein 
kinase deficient). Adenylate cyclase deficient S49 
cells demonstrated nearly lo-fold greater resistance 
to methylthioadenosine (~5” = 420 PM) than the 
parental strain. Similarly, CAMP-dependent protein 
kinase deficient cells also were lo-fold more resist- 
ant (Q = 520 PM) to the growth inhibitory effect 
of the drug. These gross differences in the biological 
responses among these cell lines suggests a major 
involvement of CAMP in the inhibitory effects of 
methylthioadenosine. 

~ethylth~oade~~os~ne phospho~lase activities of 
S49 wild type and mutant cells. Differences in the 
sensitivity to methylthioadenosine between the wild 
type and mutant cells could have been due to an 
enhanced ability of the mutant cells to degrade the 
nucleoside. To examine this possibility, methyl- 
thioadenosine phosphorylase activities from log- 
arithmic cultures of the three cell types were meas- 
ured. The S49 wild type, S49 adenylate cyclase 
deficient, and 549 protein kinase deficient cells con- 
tained nearly equivalent methylthioadenosine phos- 
phorylase activities: 36.5.36.1, and 33.6 pmo~e~rni~ 
mg protein respectively. The data indicate that the 
differences in sensitivity to methylthioadenosine 
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Fig. 2. Inhibition of high-affinity CAMP phosphodiesterase 
activity of S49 wild type by 5’-methylthioadenosine. Initial 
velocities were pmoles of [WJadenosine formed per mg of 
protein per min. Each point represents the average of three 
determinations. Key: (0) no inhibitor; (0) 62.5 PM; (B) 

125 !iM; and (A) 250 PM. 
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Table 1. Comparison of CAMP phosphodiesterase activities of S49 wild type and mutant cells 

Cell type 

High-affinity 
CAMP phosphodiesterase 

specific activity* 
(pmoles/min/mg) 

% Inhibited by 
methylthioadenosinei 

S49 wild type 1.67 60.0 
S49 adenylate cyctase deficient 1.53 63.5 
S49 protein kinase deficient 1.19 51.4 

* Specific activities were determined at 0.25 .nM substrate. 
t Assay conditions were: 40 mM Tris (pH 8.0), 5 mM M&Jr, 3 mM Z-mercaptoethanol. 0.25 pM 

[rH]cAMP (300,000 cpm), enzyme extract, and 250 PM methylthioadenosine. 

noted for the three strains were not due to differences 
in their abilities to degrade the nucleoside. 

Inhibition of the high affinity CAMP-phospho- 
diesterase by 5’-methylthioadenosine. Previous kin- 
etic analysis of S49 cell homogenates for CAMP 
phosphodiesterase activity established the presence 
of two enzyme forms: a high-affinity enzyme exhibit- 
ing a Km value of 0.52 ,&f, and a second low-affinity 
enzyme exhibiting a K,,, of 16.9 ,&I (171. Zimmerman 
et al. [l&19] have reported that methylthio- 
adenosine and several of its structural analogs inhibit 
the high-affinity phosphodiesterase of murine cyto- 
lytic lymphocytes. To evaluate this possible site of 
action of methylthioadenosine in the S49 cell strains, 
we tested the inhibitory potency of the nucleoside 
on the high-affinity phosphodiesterase activity from 
homogenates of S49 wild type cells (Fig. 2). Our 
data confirm the previous estimate of the K, value 
(0.50 PM) as well as the potent competitive inhibition 
exerted by methylthioadenosine on the enzyme 
(Ki = 62 FM). 

Basal CAMP phosphod~esteruse activities in S49 
wild type and mutant cells. Since methylthioa- 
denosine is a potent inhibitor of CAMP phospho- 
diesterase, the differences in the sensitivity to this 
substance between the S49 wild type and mutant 
cells could possibly reflect extreme variability in the 
levels of this enzyme among the three cell types. 
Activities of the high-affinity form measured in cell 
homogenates (Table 1) revealed only slight variation 
of these activities amon the 549 cell strains (range: 
1.19 to 1.67 pmoles/mi r$ mg protein). These data sug- 
gest that the increased resistance of the S49 protein 

kinase deficient and S49 adenylate cyclase deficient 
cell lines to the inhibitory effects of methyl- 
thioadenosine was not due to an enhanced capacity 
to degrade CAMP. 

The CAMP phosphodiesterase activities from the 
three cell types were also examined for their sen- 
sitivity to methylthioadenosine (Table 1). Under our 
standard assay conditions (0.25 ,uM CAMP and 
250 PM methylthioadenosine), the activities of the 
wild type, protein kinase deficient, and adenylate 
cyclase deficient S49 cells were inhibited by, 60.0, 
51.4 and 63.5% respectively. These data indicate 
that the high-affinity forms of the phosphodiesterase 
in these three cell types are very similar with respect 
to their activities and their sensitivities to 
methylthioadenosine. 

Comparison of the CAMP response in S49 wild type 
and mutant cells after exposure to 5’-methylthio- 
adenosine. 549 wild type and S49 protein kinase 
deficient cells that had been exposed to lOO@M 
methylthioadenosine for 48 hr exhibited markedly 
elevated levels of CAMP (Table 2). The response in 
the wild type strain was a 17-foid increase in the 
intracellular concentration of the nucleotide. Nearly 
the same intracellular concentration of CAMP was 
found in the S49 protein kinase deficient cells after 
48 hr in medium containing methylthioadenosine, 
representing a 6-fold enhancement in the CAMP 
levels. Under these same conditions, the S49 adenyl- 
ate cyclase deficient mutant cells did not contain 
detectable levels of CAMP. This is in agreement with 
the data of Coffin0 et al. {20] who also could not 
measure detectable levels of CAMP in this strain. 

Table 2. Effect of methylthioadenosine addition on CAMP pool size in 549 wild 
type and mutant cells* 

Additions CAMP (pmoles/107 cells) 

s49 wt s49 cyc- S49 pk 

None 0.31 Not detectable 1.15 
Methylthioadenosine (100 PM) 5.56 Not detectable 6.26 

* Cultures were seeded at 1 x lo5 cells/ml in Dulbecco’s modified Eagle’s medium 
in the presence or absence of 100 PM 5’-methylthioadenosine. After 48 hr, the ceils 
were harvested by centrifugation, and the nucleotides were extracted in perchioric 
acid. The solution was cleared of the perchorate salts by freon: alamine extraction, 
and CAMP levels were determined subsequently by the competition binding assay 
of Amersham. Cells were S49 wild type (549 wt), S49 adenylate cyciase deficient 
(S49 cycc), and S49 protein kinase deficient (S49 pk-). Results are the average of 
duplicate experiments where values did not vary more than 10%. 
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Higher concentrations of methylthioadenosine were 
not used in these studies due to the extreme cyto- 
toxicity to the wild type strain. 

DISCUSSION 

The naturally occurring nucleoside, methylthio- 
adenosine, has been described as a growth regu 
latory substance. Reports have demonstrated the 
cytostatic effects of this substance in murine T and 
B lymphocytes [3]. as well as SV-40 infected mouse 
fibroblasts [4]. It has also been found to retard the 
progression of lymphocytes undergoing blastogen- 
esis [2]. Previous studies designed to elucidate its 
mode of action indicate that methylthioadenosine 
may exert its effects via the potent inhibition of 
polyamine biosynthesis [5,6]. Pegg et al. [4] and 
Raina et al. [Zl], however, have observed that the 
biologic effects of methylthioadenosine cannot be 
reversed by the exogenous addition of the poly- 
amines spermidine or spermine. Inhibition of S- 
adenosylhomocysteine hydrolase activity also has 
been proposed as the primary site of action 1221. 
Zimmerman et nl. [8], however, found that the inhi- 
bition by methylthioadenosine of lymphocyte- 
mediated cytolysis was unrelated to S-adenosyl- 
homocysteine levels. On the basis of these results, 
it was suggested that other target sites must be con- 
sidered. Zimmerman and coworkers [S] first pro- 
posed that this alternate site may be the high-affinity 
cAMP phosphodiesterase. Although this work 
described the competitive inhibition of the enzyme 
by methylthioadenosine, it did not access the sign- 
ificance of this site of action to the inhibitory action 
of the nucleoside. 

A central aim of this study was to use mutants 
defective in CAMP-related functions to aid in deter- 
mining the importance of CAMP in the growth inhibi- 
tory properties of methylthioadenosine. Like 
methylthioadenosine, high levels of CAMP arrest 
cellular growth [II] and influence a wide variety 
of biochemical processes [23]. The effects of this 
regulatory nucleotide are thought to be mediated 
through the activity of a CAMP-dependent protein 
kinase [12]. From this knowledge we predicted 
that, if CAMP mediated the effects of 
methylthioadenosine, then mutant cells incapable of 
synthesizing CAMP (S49 adenylate cyclase deficient) 
or incapable of responding to elevated levels of the 
nucleotide (S49 protein kinase deficient) should have 
reduced sensitivity to methylthioadenosine. Our data 
show that these mutants were nearly lo-fold more 
resistant to the cytotoxic action of the nucleoside 
than the parental wild type strain and that this dif- 
ference was not due to differences in methyl- 
thioadenosine phosphorylase activity. Correlating to 
these effects were increased levels of CAMP (up to 
l7-fold) in the S49 wild type and S49 protein kinase 
deficient cells while the S49 adenylate cyclase 
deficient cell line did not contain measurable levels 
of the nucleotide. In vitro experiments also demon- 
strated that the inhibitory potency of methyl- 
thioadenosine towards the S49-derived CAMP 
phosphodiesterase (K, = 62 PM) was superior to that 
reported by Zimmerman et al. [S] in homogenates of 
murine cytofytic lymphocytes (I(, = 225 ,uM). 

Taken together, our results suggest that the per- 
turbation of CAMP metabolism by methylthioa- 
denosine represents a primary site of action of this 
compound in S49 ceils. Mechanistically, it appears 
that methylthioadenosine competitively inhibits the 
cytosolic enzyme responsible for the degradation of 
CAMP, thereby leading to enhanced levels of the 
regulatory nucleotide and subsquent growth arrest. 

It has been suggested that methylthioadenosine 
phosphorylase may be a useful target for chemo- 
therapeutic or immunosupressive agents 1241. The 
data presented here indicate that nonmetabolizable 
structural analogs of methylthioadenosine which are 
also potent inhibitors of the CAMP phospho- 
diesterase should increase the effectiveness of such 
agents. 

In conclusion, the primary growth regulatory 
properties of methylthioadenosine appear to be 
transmitted through the ubiquitous second mess- 
enger, CAMP. The significance of this finding and its 
relationship to the regulation of cell division by either 
or both of these compounds must await further inves- 
tigation. Knowledge of possible changes in the 
metabolism of methylthioadenosine throughout the 
cell cycle should aid in this endeavor. 
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