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Abstract-5’-Deoxy-5’.methylthioadenosine (MTA) phosphorylase was purified 13.4-fold from 
human peripheral lymphocytes. The enzyme demonstrated normal Michaelis-Menten kinetics with Km 
values of 26 pM and 7.5 mM for the two substrates. MTA and phosphate. respectively. The rate of 
MTA degradation was temperature dependent, 47” being the optimum temperature. Five structural 
analogs served as alternative substrates with K,, values ranging from 31 to 53 pM while two compcunds, 
5’-deoxy-5’methylthiotubercidin (MTT) (K, = 31 PM) and adenine (K, = 172 PM), were inhibitory. 
These same analogs were examined as inhibitors of mitogen-induced human lymphocyte blastogenesis. 
M’IT was found to be the most effective inhibitor of lymphocyte transformation with an Is,) of 80 PM. 

The progression of cells from a quiescent to a pro- 

liferating state is accompanied by marked increases 

in the cellular levels of polyamines [l] as well as in 
the activities of the enzymes involved in their bio- 
synthesis [2]. 5’-Deoxy-5’-methylthioadenosine 
(MTA)Il is synthesized in mammalian tissue in stoi- 
chiometric quantities with the production of sper- 
midine and spermine [3]. MTA, however, does not 
appear to normally accumulate intracellularly. 
Seidenfeld et al. [4] demonstrated recently that MTA 
levels in rat tissue are one order of magnitude smaller 
than those of S-adenosylmethionine and nearly two 
orders of magnitude lower than the levels of sper- 
midine plus spermine in the same tissue. The rapid 
degradation of MTA in mammalian tissue is accom- 
plished via MTA phosphorylase, an enzyme shown 
to exist in a variety of normal and transformed cells 
[5-lo] and to be distinct from purine nucleoside 
phosphorylase [lo]. 

0 To whom correspondence should be sent. 
(1 Abbreviations: MTA, 5’-deoxy-5’-methylthioadeno- 

sine; ETA, 5’-deoxy-5’-ethylthioadenosine; PTA, 5’- 
deoxy-5’-propylthioadenosine; iPTA 5’-deoxy-5’-isopro- 
pylthioadenosine; BTA, 5’-deoxy-5’-butylthioadenosine; 
iBTA (SIBA), 5’-deoxy-5’Gsobutylthioadenosine; M’IT, 
5’-deoxy-5’-methylthiotubercidin; MTI, 5’-deoxy-5’.meth- 
ylthioinosine; DMTA, 5’-deoxy-5’-dimethylthioadenosine; 
MTR, 5-methylthioribose; MTR-l-P, 5-methylthioribose- 
l-phosphate; APRT, adenine phosphoribosyltransferase 
(EC 2.4.2.7); HEPES, 4-(2-hydroxyethyl)-l-piperazine- 
ethanesulfonic acid; and PHA, phytohemagglutinin. 

Vandenbark et al. [ll] described the cytostatic 
action of MTA to human peripheral lymphocyte 
cultures stimulated with mitogens, antigens, or allo- 
geneic cells. The MTA-mediated inhibitory effect 
also was shown to be dose-dependent and readily 
reversible. Ferro et al. [8] subsequently found that 
MTA phosphorylase increased markedly during 
blastogenesis and that the 7-deaza analog of MTA, 
5’-deoxy-5’-methylthiotubercidin (Mm), was a 
more potent inhibitor of the lymphocyte enzyme. 
The non-reversible inhibition of lymphocyte trans- 
formation by MIT, as compared to the reversibility 
of MTA, was suggested to be due, in part, to the 
resistance of the analog to degradation by MTA 
phosphorylase. 

The present study was designed to further inves- 
tigate the effects of MTA, MTT and additional struc- 
tural analogs of MTA on lymphocyte transformation 
and to compare this to the substrate specificity of 
the MTA phosphorylase from human lymphocytes. 
In addition, a further characterization of the 
lymphocyte enzyme is described. 

MATERIALSANDMETHODS 

Compounds. 5’-[‘4C-methyZ]Methylthioadenosine 
was prepared by the procedure of Schlenk et al. [12] 
from S-adenosyl-L-[‘4C-melhyqmethionine (>40 Cii 
mmole) which was obtained from the Amersham 
Corp., Arlington Heights, IL. MTA, tubercidin, 
adenosine, adenine and inosine were purchased from 
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the Sigma Chemical Co., St. Louis, MO. ETA. PTA, 
iPTA, BTA, iBTA, and MT1 were synthesized by 
established methods [13-151. as were MTT 1161 and 
DMTA ]17, 181. 

Lymphocyte trunsformatiotz. Lymphoctye trans- 
formation was carried out using purified cells from 
normal human donors as described previously 1191. 

Preparation of cell extracts. Purified lymphocytes 
were centrifuged at 15.000 g for 15 min, washed, and 
resuspended in 0.05 M sodium HEPES buffer 
(pH 7.2) containing 0.05 M KIIHPOd. 3 mM mer- 
captoethanol, and 10% glycerol. The cells were 
freeze-thawed five times in liquid nitrogen, centri- 
fuged at 7000g for 20 min. and then acidified and 
heated at 60” according to the procedure of Toohey 
1201. This procedure resulted in a 2.3-fold puritica- 
tion with a 95% yield. The pH heat-treated extract 
was precipitated with ammonium sulfate at 40. 50, 
and 60% saturations. The great majority of the 
enzyme activity was found in the precipitate of the 
60% saturation. This precipitate was dissolved in the 
HEPES buffer (pH 7.2) and dialyzed against 20 vol- 
umes of the same buffer. This final preparation rep- 
resented a 13.4-fold purification and 30% yield. as 
compared to the crude extract. and was utrlized as 
the source of enzyme in the MTA phosphorylase 
assays. 

MTA phosphorylase assays. MTA phosphorylase 
activity was determined by: (1) measuring the con- 
version of [“C-methyqMTA to [“C-methyl]MTR- 
1-P [21] and/or (2) measuring the conversion of MTA 
to adenine. The standard reaction mixture for both 
methods, unless otherwise stated, contained in a 
total volume of 250 ~1. 23 mM Na HEPES, 23 mM 
KzHPOJ, 1.4 mM mercaptoethanol protein and 
either 70 PM [“C-methyf]MTA (6.6 x 10” cpmi 
pmole) or 70pM MTA. The assay mixture was 
incubated at 47” for 30min, the reaction was ter- 
minated by the addition of SO ,uI of 1.8 M trichloro- 
acetic acid, and the precipitate was removed by 
centrifugation at 11,OOOg for 5 min. When [“C- 
methyl]MTA was utilized as the substrate, a 0.2~ml 
aliquot of the centrifuged reaction mixture was 
applied to a Dowex 50H’ X 4 (100-200 mesh) 
column (1 x 4 cm) equilibrated with 3 N HSO+ The 
product, [‘JC-methy[lMTR-l-P, iseluted directly into 
scintillation vials with 3 ml water and the radio- 
activity determined [21]. When unlabeled MTA was 
used as substrate, either MTA depletion or adenine 
formation was measured by high pressure liquid 
chromatography. An aliquot of the centrifuged assay 
mixture was injected into a Waters model M-6000A 
HPLC system equipped with a Waters ,uBondapak 
Crx column and a model 440 detector (254 nm). The 
solvent used was 10 mM potassium acetate, 10% 
CHCN with Pit B7 (Waters paired complex). 
pH4.0, at l.Oml/min and a pressure of 1500 psi. 
Peak heights of MTA, its analogs and/or adenine 
were measured, and concentration values were 
determined from a standard curve run the same day. 
Standard curves were linear over a range of 0.01 to 
1.0 nmoles of MTA or adenine with r values typically 
greater than O.YY. Protein concentrations were 
determined by the commercially available BioRad 
protein assay using bovine serum albumin as a pro- 
tein standard [22]. 

TIME irmn) 

Fig. 1. Effect of temperature of incubation on MTA phos- 
phorylase activity. Enzyme activity was determined bv 
Method 1 as described in Materials and Methods at > 
(0), 23” (O), 37” (O), 47” (m) 62” (A). and 81” (A) at the 
designated times. In each cast controls were run to correct 

for any non-enzymatic breakdown of MTA. 

RESULTS 

Initial experiments were designed to further char- 
acterize human lymphocyte MTA phosphorylase. 
Utilizing the 13-fold purified enzyme preparation. 
the effect of incubation temperature on enzyme 
activitiy was studied (Fig. 1). The data reveal that 
the rate of MTA breakdown was increased markedly 
by temperature elevation. At 4”. 23”. 37” and 47” the 
degradation rate was linear throughout the 30-min 
incubation period, whereas at 62” the rate was linear 
for only 20 min at 81” linearity did not exceed 10 min. 
Of the incubation temperatures which exhibited lin- 
earity throughout the 30-min period, the highest 
enzyme activity after 30min was observed at 47”. 
Under these conditions (47” for 30min) the rate of 
MTA degradation also was linear for the concentra- 
tions of protein and substrate used and, therefore. 
they were utilized for all further experiments. The 
enzyme was quite stable under the standard assay 
conditions; when the 13-fold purified enzyme was 
preincubated for 20 min at 47” and then assayed for 
activity after 30min more of incubation at 47”. no 
loss in activity was observed. At 62”, however. loss 
in activity was observed beginning at 20 min of prein- 
cubation, while at 81” enzyme stability was decreased 
by preincubation for 10 min. 

To further characterize the lymphocyte enzyme. 
the effects of MTA and phosphate concentration on 
the reaction rate were determined. The reaction 
velocity of MTA phosphorylase showed normal 
Michaelis-Menten kinetics with either MTA or phos- 
phate as the variable substrate. Apparent K,,, values 
for MTA of 26pM (Fig. 2) and for phosphate of 
7.5mM (Fig. 3) were calculated from double- 
reciprocal plots. 

To analyze the substrate specificity of MTA phos- 
phorylase. several MTA analogs and derivatives 
were tested as substrates and inhibitors. Since the 
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Table 2. Kinetic constants of MTA and MTA analogs for 
MTA phosphorylase from human lymphocytes* 

Compound (& 

5’-Deoxy-5’-methylthioadenosine 26 
5’-Deoxy-5’-isopropylthioadenosine 28 
5’-Deoxy-5’-ethylthioadenosine 31 
5’-Deoxy-5’-isobutylthioadenosine 40 
5’-Deoxy-5’-butylthioadenosine 46 
5’-Deoxy-5’-propylthioadenosine 53 
5’-Deoxy-5’-methylthiotubercidin 
Adenine 
5’-Deoxy-5’-dimethylthioadenosine 
5’-Deoxy-5’-methylthioinosine 
Adenosine 

CL 

31 
172 

Fig. 2. Double-reciprocal plot of initial reaction velocity 
versus MTA concentration. 

* All K,,, and K, values were determined by h.p.1.c. as 
described in Materials and Methods. 

free adenine and/or the quantity of remaining sub- 
strate present in the reaction mixtures. Neither the 
enzyme preparation nor the analogs contained any 
detectable adenine. Under the conditions described, 
the retention times of MTA and some of its analogs 
by h.p.1.c. are shown in Table 1. 

0 5 10 15 20 25 30 
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Fig. 3. Double-reciprocal plot of initial reaction velocity 
versus phosphate concentration. 

synthesized analogs were not radioactively labeled, 
a new method to measure MTA phosphorylase 
activity was devised. The reaction mixture and con- 
ditions were the same as for the radioactively labeled 
assay except that unlabeled substrates were substi- 
tuted for the [14CH3]MTA. High pressure liquid 
chromatography, as described in Materials and 
Methods, was employed to measure the quantity of 

Of the compounds tested, six served as substrates 
for MTA phosphorylase (Table 2). Three of these 
compounds (MTA, iPTA and ETA) served as better 
substrates than did iBTA, BTA or PTA. The natu- 
rally occurring substrate, MTA, had the lowest K,,, 
(26 PM) while the propyl analog had the highest K, 
(53pM). The 7-deaza (MTT), the dimethyl 
(DMTA), and the deaminated (MTI) analogs, or 
adenine and adenosine did not serve as substrates 
for MTA phosphorylase. These latter compounds, 
therefore, were tested also for inhibitory activity. 
DMTA, MTI, and adenosine were without any 
significant effect, while MTT (K, = 31 PM) and 
adenine (K, = 172 PM) were found to be inhibitors 
of the lymphocyte enzyme activity. 

Table 3. Effects of MTA and MTA analogs on lymphocyte 
transformation* 

Table 1. Retention times of MTA and some if its derivatives 
in potassium acetate-CH&N-Pit B7* 

Compound 
IIll 

(/W 

Compound 

Adenine 
Adenosine 
5’-Deoxy-5’.dimethylthioadenosine 
.5’-Deoxy-5’-methylthioinosine 
5’-Deoxy-S’-methylthioadenosine 
5’-Deoxy-S’-ethylthioadenosine 
5’-Deoxy-5’-methylthiotubercidin 
5’-Deoxy-5’-isopropylthioadenosine 
5’-Deoxy-5’-propylthioadenosine 
5’-Deoxy-5’.isobutylthioadenosine 
5’-Deoxy-5’-butylthioadenosine 

Retention time 
(min) 

3.2 
3.3 
4.9 
5.1 
6.9 

11.4 
12.3 
21.0 
25.8 
51.6 
59.4 

5’-Deoxy-5’-methylthiotubercidin (MIT) 80 
5’-Deoxy-5’-butylthioadenosine (BTA) 210 
5’-Deoxy-5’-isobutylthioadenosine (IBTA) 330 
5’-Deoxy-5’-propylthioadenosine (PTA) 370 
5’-Doxye-5’-isopropylthioadenosine (iPTA) 450 
5’-Deoxy-5’-methylthioadenosine (MTA) 500 
5’-Deoxy-5’-ethylthioadenosine (ETA) 630 
Adenosine 8.50 
5’-Deoxy-5’-dimethylthioadenosine (DMTA) 11000 
5’-Deoxy-5’-methylthioinosine (MTI) > 1000 
Adenine >lOOO 

* Flow-rate, 1 .O mlimin. 

* PHA (15pg) was added at TO, [‘Hlthymidine at TJH, 
and uptake of [3H]thymidine determined at T72. Nonstim- 
ulated controls: 800 cpm + 0.2; stimulated controls: 94,000 
cpm 2 9.3. All compounds were added at To at the follow- 
ing concentrations: 62.5, 125, 250, 500, and 1000 PM. 
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Fig. 1. ~os~-~e~~ell~ent i~hibi~i~~ of P~~A-stirntll~t~~ 
human lymphocytes by MTA (0). SIBA (Cl), and M?T 
f*). Each point represents the mean of four replicate 
cuiturcs. individual valuea did not vary more than IOY 

from the mean. 

MTA and its structural analogs were also tested 
as inhibitors of PHA-induced lymphocyte transfor- 
mation as measured by [‘Hlthymidine uptake. All 
compounds were added to the medium at the same 
time as the mitogen and were tested at various con- 
centrations between 62.S8uM and 1 mM. Typical 
dose-response curves for MTA, iBTA (SIBA), and 
M7T are shown in Fig. 4 and the 50% inhibitory 
concel~tration (I,,,) for each of these c~)mpounds 
was calculated (Table 3). The 7-deaza analog 
(MTT) was the most potent compound tested 
( 15Cl = 80 yM) and was followed. in decreasing order 
of potency by, BTA, iBTA, PTA. iPTA. MTA, 
ETA, and adenosine. S’-Deoxy-S’-methylthio- 
inosine( MTI). ~‘-d~oxy-S’-dimethylthioaden~~sine 
(DMTA). and adenosine were not inhibitory (15~ 
values = > I mM). S’-Methyltbi~~ribose-l-phos- 
phate (1.0 mM) and S-methylthioribose (1 .O mM) 
were also tested and found not to exert any inhibitory 
effects under the same conditions. 

The apparent K,,, for MTA was found to be 26 ,uM. 
while the K,, for phosphate was 7.5 mM. The K,, for 
MTA, therefore. is similar to the values obtained 
from rat liver [“_3/, human prostate 171 and Sarcoma 
180 cells 191, and suggests that the low levels of this 
nucleoside in mammalian tissues are attributable to 
the high affinity that the phosphorylase has for its 
substrate. Cacciapuoti ef ul. [6] demonstrated that 
the rate of MTA breakdown by the human piacenta 
enzyme was increased markedly by temperature 
elevation: a maximum rate of degradation occurred 
at 67” when the reaction mixture was incubated for 
61)min. We also have observed increased enzyme 
activity associated with increased temperature of 
incubation for the lymphocyte enzyme hut, in addi- 
tion. have found that over a 30-min incubation period 
the reaction is linear only at temperatures of 47” and 
below. At higher temperatures (62” and Xl’). the 

reaction is linear for only shorter periods of time 
(20 min and 10 min respectively). Although the rate 
of degradation of MTA by the phosphorylase at 3” 
is only i3% of the rate at 47” this suggests that 
storage of cell extracts in phosphate-containing 
buffer at this low temperature will result in the 
degradation of any MTA present in the extracts. 
This may be particularly detrimental to those inves- 
tigators wishing to determine the endogenous levels 
of this nucleoside. 

The specificity of the human lymphocyte MTA 
phosphorylase for its substrate is rather strict com- 
pared to the Escherichia cob enzyme 1211. The 
replacement of the h-amino group with a hydroxy 
group (MTI). the replacement of the hivalent sulfur 
: 
m the thioether by a charged sulfonium group 
(DMTA). or the replacement of N-7 of adeninc with 
a methinic radical (MTT) all result in complete loss 
of activity. Zappia er N/. 171 have postulated that the 
human prostate MTA I~hosph~)ryi~~se interacts with 
MTA at three sites: (I) the amino group of the 
adenine moiety, (2) N-7 of the purine ring, and (3) 
the sulfur atom in thioether c(~l~forni~lti(~n. Recently. 
however. Savarese ef rrl. 1241 found that 5’-deuxy- 
adenosine was also a substrate for MTA phos- 
phorylase from Sarcoma IX0 cells. ~jel?~~~nstr~itill~ 
that the substrate for the phosphorylase may be a 
non-sulfur containing compound. The human pros- 
tate enzyme also was found to be non-competitivei! 
inhibited by DMTA and it was suggested that this 
sulfonium compound may bind to a non-catalytic 
site on the enzyme 171. Our data with the human 
lymphocyte enzyme. however, arc not consistent 
with this since DMTA was not found to be iilhibit~~r~. 
Whether or not this apparent difference is due to 
differences in tissue specificities has not yot been 
determined. 

Coward et ul. [16] found that MTT is an inhibitor 
but not a substrate of rat ventral prostate MTA 
phosphorylase. while Zappia et crl. 17) reported sim- 
ilar data with the human prostate enzyme. The data 
presented here are consistent with these reports. 
Three lines of evidence suggest that MTA need not 
be degraded to exert Its inhibitory effect on 
lymphocyte blastogenesis: (I) neither adenine. 
MTR, nor MTR-l-ph(~sph~~te, degradation products 
of MTA. is inhibitory to lymphocyte transformation: 
(2) the 7-deaza analog, MTT. is not degraded b!: the 
human lymphocyte phosphorylase. yet it is still 21 
potent inhibitor of the blastogenesis process (it i\ 
possible, however, that MTT and MTA have dif- 
ferent modes of action and/or that MTT is degraded 
in oitm by a heretofore undefined pathway); and 
(3) of the compounds which served as substrate\ for 
the lymphocyte MTA phosphorylase, MTA. iPTA 
and BTA had lower K,, values than did iBTA, BTA. 
or PTA. If these K,,, values are compared to the l,,i 
values obtained for these same compounds. the 
group of compounds which served as the better sub- 
strates (MTA, iPTA. ETA) was also found to be the 
least inhibitory to the transformati~~ll proses\, uhik 
the group (iBTA. BTA, PTA) which had the higher 
K,,, values was found to be more inhibitor) to 
lymphocyte blastogenesis. Although this is not an 
exact correlation. it does suggest that MTA and its 
analogs need not be degraded to inhibit lymphocyte 
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transformation. The inability to obtain a direct cor- 
relation between K,,, and ISO values may be due to 
other requirements for inhibition, such as the rate 
of transport of each of the compounds and the speci- 
ficity of the analogs at the site of action. 

Adenine has been shown previously to be an 
inhibitor of MTA phosphorylase activity in rat lung 
[S] and rat liver 1231 extracts. That adenine is an 
inhibitor of the in vitro human lymphocyte enzyme 
activity, yet has not effect on lymphocyte transfor- 
mation is not surprising since adenine is found only 
in very low levels in human tissues due to its rapid 
conversion to AMP via adenine phosphoribosyl- 
transferase (APRT). Individuals deficient in APRT 
activity have been shown to accumulate elevated 
levels of adenine and 2,LGdihydroxyadenine 1251. but 
any effect of this deficiency on MTA phosphorylase 
activity remains to be elucidated. 

5’-Deoxy-5’-isobutylthioadenosine (SIBA) is a 
powerful antiproliferative drug shown to inhibit the 
growth of transformed mouse mammary cells [26], 
cell transformation induced by oncogenic RNA or 
DNA viruses [27,28], mitogen-induced lymphocyte 
blastogenesis [29], and the capping of herpes virus 
mRNA [30]. SIBA was originally synthesized as an 
analog of ~-adenosylhomocysteine 1311. Zappia and 
co-workers [32], however, have suggested that this 
nucleoside more closely resembles MTA and found 
that human placenta MTA phosphorylase utilized 
SIBA as a substrate. Our data are consistent with 
the contention that SIBA is an MTA analog in that 
the human lymphocyte MTA phosphorylase can also 
utilize SIBA as a substrate. The pharmacological 
actions of this drug may therefore be ascribed to its 
structural similarity to MTA. Our data indicating 
that MTA need not be degraded to inhibit cellular 
proliferation also suggest, by analogy, that SIBA 
also need not be further metabolized to exert its 
cytostatic effects. It is noteworthy, in this respect, 
that MTA, ETA, and MTT were all found to be 
powerful in vitro inhibitors of both spermidine 
synthase and spermine synthase from the rat ventral 
prostate [33]. Recently, MTA, MTT, and SIBA were 
each shown to decrease the content of spermidine 
in virally transformed mouse ~broblast cells; cell 
growth, however, could not be restored by the 
exogenous addition of spermidine [34]. This suggests 
that these nucleosides have other inhibitory actions 
in addition to that observed on polyamine biosyn- 
thesis. Interestingly, we have found that MTA is an 
irreversible inactrvator of S-adenosylhomocysteine 
hydrolase [35], which is the key enzyme involved in 
the degradation of S-adenosylhomocysteine, a 
potent inhibitor of transmethylation reactions. 
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