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ABSTRACT
5'-Deoxy-5'-methylthioadenosine

and

5'-deoxy-5'-methyl-

thioinosine, which are metabolized to the methionine precursor,
5-methylthioribose-1-phosphate,
by 5'-deoxy-5'-methylthioadenosine phosphorylase and purine nucleoside phosphorylase,
respectively, can serve as sources of methionine for cultured
HL-60 promyelocytic leukemia cells. CCRF-CEM T-cell leukemia
cells, which lack 5'-deoxy-5'-methylthioadenosine
phosphoryl
ase, convert 5'-deoxy-5'-methylthioinosine
(but not 5'-deoxy5'-methylthioadenosine)
to methionine; this conversion is
blocked by purine nucleoside phosphorylase inhibitors. There
fore, the pathway for the conversion of 5-methylthioribose-1phosphate to methionine is present in both human leukemic
lines.

MTA3 is formed from AdoMet as a by-product in the synthesis
of the polyamines spermidine and spermine (16, 17). MTA is
metabolized in mammalian tissues by the enzyme MTAPase,
which catalyzes the following reaction:

MATERIALS AND METHODS
Materials. The following chemicals were purchased from Sigma
Chemical Co., St. Louis, Mo.: D.L-dithiothreitol; glutamine; reduced glu-

recently. Early studies on nonmammalian cells hinted that the
methylthio-containing portion of MTA was converted in some
manner to methionine (1, 22, 23, 25). Recently, Backlund and
Smith (3) showed that all carbon atoms from the ribose moiety
of MTA except C(1 ') are incorporated together with the methylthio group into methionine by rat liver homogenates. Subse
quently, it was shown that MTR-1-P can be converted to formate
and a-keto-7-methylthiobutyrate,
the a-keto acid of methionine,
in a series of reactions requiring 2 oxidative steps and accom
panied by the consumption of O2 (27). a-Keto-7-methylthiobutyrate then undergoes a glutamine-dependent transamination,
yielding methionine and a-ketoglutaramate (2, 6).
The conversion of MTA to methionine has been studied in a
limited number of mammalian tissues (3, 4, 13, 20, 26, 27).
Previously, it has been shown that some human and murine cell
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were gifts of Dr. Shih-Hsi Chu of Brown University. Baker-flex cellulose
microcrystalline thin-layer Chromatographie plates were purchased from
J. T. Baker Chemical Co., Phillipsburg, N. J. [MeÃ-/jy/-"C]AdoMet was
purchased from New England Nuclear, Boston, Mass. [Mef/jy/-14C]MTA
was synthesized from [mef/7y/-14C]AdoMet by the method of Schlenk
and Ehninger (21) and isolated by reversed-phase

Adenine + 5-methylthioribose-1-phosphate.

Although adenine can be salvaged back to adenine nucleotide
pools, the fate of the other product, MTR-1-P, was unclear until
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enzyme PNP (EC 2.4.2.1) (24) and is therefore a potential source
of methionine to PNP-containing cells. Portions of this work have
been communicated in preliminary form (13, 20).

tathione; MTA; methionine; iodoplatinate spray reagent; ninhydrin; and
xanthine oxidase, Grade III. 8-Aminoguanosine and 5'-chloroformycin B

INTRODUCTION

MTA + PÂ¡^

lines are capable of utilizing MTA as a methionine source while
others are not (4). Here we have observed the conversion of
MTR-1-P to methionine in an MTAPase-deficient line, the CCRFCEM human T-cell leukemia (10), and a line containing MTAPase,
the HL-60 human promyelocytic leukemia. In addition to contrast
ing MTA metabolism in these 2 lines, the ability of these cells to
utilize MTI to methionine was also evaluated. MTI is metabolized
to the methionine precursor MTR-1-P and hypoxanthine by the

liquid chromatography;

HPLC using a Varian

Model 4200 HPLC system equipped with a dr^Bondapak
column (3.9
mm inside diameter x 30 cm; Waters Associates, Milford, Mass.) MTA
was eluted off the column with a linear gradient of 0 to 50% methand
over an 11-min period and then held at 50% methanol for 6 min. The
retention time of MTA is approximately 15.3 min in this system. MTI was
synthesized from MTA by nitrous acid deamination. Ten mg of MTA
were dissolved in 1.25 ml of 2 N acetic acid and chilled on ice; to this
solution, 0.75 ml of 100 mg NaNO2 in H2O was added dropwise with
stirring; the mixture was allowed to stand for 2 to 3 hr at room temper
ature. MTI generated in this manner was isolated by reverse-phase
HPLC (retention time of MTI under the above conditions, 12.3 min).
[Mef/7y/-14C]MTI was prepared from [mef/)y/-14C]MTA in a similar manner.
[Mef/)y/-14C]MTR-1-P used for the determination of Rf values was enzymatically synthesized from [metf?y/-14C]MTA by reaction with partially
purified MTAPase from Sarcoma 180 cells (19).
Enzyme Assays. Spectrophotometric assays were used to determine
the MTAPase (19) and PNP (12) activities in 105,000 x g supernatant
fluids of cells sonicated in 15 mw sodium phosphate (pH 7.3) and 1 HIM
D,L-dithiothreitol. PNP-associated MTI cleavage activity was measured
by following the conversion of hypoxanthine (generated by the phosphorolysis of MTI) to uric acid (J*E..93nm = 12.5 x 103 molar absorbance
units) in reaction cuvets containing 400 ^M MTI, 100 m M potassium
phosphate (pH 7.4), 0.05 MMxanthine oxidase, and appropriate amounts
of high-speed supernatant fluids of cell extracts. Protein concentrations
were determined using kits obtained from Bio-Rad Laboratories (Rich
mond, Calif.) with bovine -,-globulin as standards.
Cell Culture Studies. HL-60 (8) and CCRF-CEM (7) cells are routinely
grown in a humidified 37Â°incubator maintained in an atmosphere of 95%
air:5% CO2 in RPMI 1640 Medium (Grand Island Biological Co., Grand
Island, N. Y.) supplemented with 10% fetal calf serum, penicillin (100
units/ml), and streptomycin (100 //g/ml). For the methionine-deficient
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experiments, cells were washed twice in 0.9% NaCI solution and intro
duced into 16- x 125-mm culture tubes (Falcon Plastics) containing 3 ml
of methionine-deficient RPMI 1640 Medium (made up from RPMI 1640
Medium Selectamine kits available from Grand Island Biological Co.)
supplemented with 7.5% horse serum. The initial cell concentration was
10s cells/ml. Horse serum was used in all growth studies because, unlike

Table1
Comparison of MTAPase, PNP, and PNP-associated MTI-cleaving activity in
cultured HL-60 and CCRF-CEM cells
Activity (nmol/min/mg protein)

HL-60, promyetocytic teuke- CCRF-CEM, T-)ymphobmia
lastic leukemia
fetal calf serum, it lacks MTAPase activity (9). After 120 hr of incubation,
MTAPasePNP0PNP-associated Â± 0.21 "(4)"
(3)
cell concentrations were determined using a hemacytometer.
130.0 Â±47.0 (4)
43.0 Â±13.8 (4)
MTI cleav
Tracer Studies. Assay conditions for the conversion of either \methyl0.39 Â± 0.09 (3)<0.01
0.20 Â± 0.03(3)
age0.81
14C]MTA or [methyl-14C]MTI to methionine were as detailed by Backlund
3Mean Â±S.D.
and Smith (3) with the following modifications: each 500-iil reaction
0 Numbers in parentheses, number of independent determinations.
mixture contained whole-cell extracts (2 mg protein); and either 15 Â¿tM
clnosine used as substrate.

[mef/?y/-'4C]MTA (specific activity, 15,000 to 20,000 cpm/nmol) or 75 /Â¿M
[metf>y/-14C]MTI (specific activity, 6,000 to 8,000 cpm/nmol). At appro
priate times, aliquots of 50 n\ were inactivated with 3 volumes of icecold methanol. The conversion of [mef/iy/-14C]MTA to methionine was

MTA (11). Although MTA cannot be converted directly to MTI by
mammalian adenosine deaminase (15), MTR-1 -P released from

monitored by spotting 50 pi of the methanolic extracts on cellulose thinlayer sheets which were developed in 1-butanol:acetic
acid:H2O

the MTAPase reaction can react with free hypoxanthine as
catalyzed by PNP to form MTI (11). The physiological significance
of MTI is unknown. In any case, these studies provide the first
evidence that mammalian cells can convert this nucleoside to
methionine (20).
The metabolism of [mef/?y/-14C]MTA and [mef/?y/-14C]MTI

(60:15:25). Chromatograms were visualized under 254 nm UV (for the
detection of nucleosides) and sprayed with potassium iodoplatinate (for
the detection of sulfur-containing compounds) and ninhydrin (for the
detection of amino acids). Individual spots were cut out, and radioactivity
was determined by liquid scintillation counting. The presence of methio
nine was also verified by its reaction with cyanogen bromide according
to the method of Clark ef a/. (5). [Met/?//-'4C]MTI conversion to methio
nine was determined in a similar fashion except that only 20 n\ were
spotted, and the plates were developed using distilled water as the
solvent (Rt values: MTA, 0.70; MTI, 0.46; methionine, 0.80; MTR-1-P,
0.89).

RESULTS AND DISCUSSION
The levels of MTAPase, PNP, and PNP-associated MTI cleav
age activities of the 2 human leukemia cell lines are compared in
Table 1. Based on these enzyme patterns, it can be predicted
that HL-60 cells would produce MTR-1-P from both MTA and
MTI, whereas CCRF-CEM cells would produce this intermediate
only from MTI. Therefore, if these cell lines have the pathway for
the conversion of MTR-1-P to methionine, HL-60 cells should be
able to utilize both MTA and MTI as sources of methionine;
CCRF-CEM cells, in contrast, should be able to use MTI but not
MTA.
These predictions were borne out when these cell lines were
cultured in methionine-deficient medium supplemented with
either MTA or MTI (Chart 1). In the HL-60 line, MTA and MTI
were as effective as was methionine itself in supporting the
growth of these cells, at least up to a concentration of 50 /tw.
The decreasing ability of MTA to support growth at concentra
tions above 50 tiM was probably related to the growth-inhibitory
activity of MTA toward these cells," an effect noted in other cell
systems (14, 18, 28, 29). Because growth rates were similar at
suboptimal concentrations of methionine, MTA, or MTI, the
conversion of the nucleosides to methionine must be approxi
mately stoichiometric.
As expected, MTAPase-deficient CCRF-CEM cells were una
ble to utilize MTA as their sole methionine source (Chart ~\B).
However, that these PNP-containing CCRF-CEM cells retain the
pathway for the conversion of MTR-1-P to methionine is dem
onstrated by the fact that they grew in a methionine-deficient
medium supplemented with the PNP substrate, MTI.
MTI, used here as a biochemical tool, may be a metabolite of
4T. M. Bavarese, unpublished data.
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were studied in cell-free extracts of each cell line to demonstrate
directly their ability to convert these nucleosides to methionine
(Chart 2). The MTAPase-containing HL-60 cell extracts con
verted [mef/?y/-14C]MTA to methionine with a kinetic pattern
similar to that originally observed in rat liver homogenates (3),
/.e., a rapid conversion of MTA to MTR-1-P, followed by a slow
increase in label associated with methionine as MTR-1-P levels
decline (Chart 2A). This cell line converted [mef/jy/-14C]MTI to
methionine in a similar manner (Chart 2B). In both cases, there
was virtually a complete conversion of labeled nucleosides to
methionine within the 4-hr period of study. The maximal rate of
formation of methionine in this cell line under these conditions
(determined from the data obtained with [metfÂ»y/-14C]MTI)was
15.5 nmol/hr/mg protein.
As predicted, extracts of the MTAPase-deficient CCRF-CEM
cells were unable to metabolize [mef/?y/-14C]MTA to MTR-1-P or
methionine (Chart 2C). The finding that MTA levels remained
unchanged after 4 hr of incubation in the presence of these
extracts suggests that there is no alternative route of metabolism
for this compound in this cell line. Nevertheless, these PNPcontaining cells were able to form MTR-1-P and methionine from
[mef/7y/-14C]MTI (Chart 2D), although MTI degradation occurred
at a slower rate than in HL-60 extracts, reflecting the 3-fold
higher PNP activity of the latter cell line (Table 1). The role of
PNP in the pathway for the formation of methionine from MTI in
these cells was further demonstrated by the following experi
ment. Inhibitors of PNP were added to cultures of CCRF-CEM
cells utilizing MTI as their sole source of methionine. These
inhibitors of PNP, namely, 8-aminoguanosine (Ki = 17 ^M) and
5'-chloroformycin B (KÂ¡= 10 UM) (24), were able to produce a
significant inhibition of MTI-dependent cell growth under these
conditions, although these PNP inhibitors by themselves were
not cytotoxic (Table 2). Thus, inhibiting the formation of MTR-1 P from MTI by establishing a blockade of PNP limits the synthesis
of methionine.
These studies demonstrate the critical roles of MTAPase and
PNP in the conversion of MTA and MTI, respectively, to methi
onine in intact cells. The common product generated by both
these enzymes from their respective substrates is the methionine
precursor, MTR-1-P. Methionine synthesis fails to occur when
CANCER RESEARCH
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Methylthioadenosine

Conversion to Methionine
CCRF-CEM

Chart 1. Growth of human leukemia cells in
a methionine-deficient medium supplemented
with either MTA or MTI.A, HL-60 promyetocytic
leukemia cells; B, CCRF-CEM T-cell leukemia
cells. Points, mean of 4 samples run in 2 inde
pendent experiments; tars, S.D. Experimental
details are described under â€¢Materials
and
Methods."
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Chart 2. Conversion of [meffty/-14C]MTAor
[metf)y/-14CJMTIto MTR-1-P and methioninein
sonicates of HL-60 (A and B) or CCRF-CEM(C
and D). Points, mean of 2 samples run in 2
independent experiments; oars, range. Experi
mental details are described under 'Materials
and Methods."
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Table 2
Effect of inhibitors of PNP on the rescue of methionine-deprivedCCRF-CEM
leukemiacells by MTI
No. of
Wings
cell douNo addition
Methionine (50 MM)
MTI (50 MM)
MTI (50 MM)+ 8-aminoguanosine(100 IM)
MTI (50 MM)+ 5'-chtoroformycÂ¡nB (100 UM)
Methionine (50 MM)+ 8-aminoguanosine(100 MM)
Methionine (50 MM)+ 5'-chloroformycin B (100 MM)

0.24 Â±0.08a
3.50 Â±0.14
3.26 Â±0.06
0.66 Â±0.15
1.00 Â±0.09
3.45 Â±0.08
3.47 Â±0.03

"Mean Â±S.D. of 6 samples run in 2 independentexperiments.

the formation of MTR-1-P from MTA is prevented by MTAPase
deficiency, e.g., in CCRF-CEM cells or L1210 murine leukemia
cells (4). A pharmacological blockade of PNP likewise decreases
methionine formation from MTI. Nevertheless, the presence of
MTAPase or PNP does not guarantee that a particular cell will
convert MTA or MTI to methionine. A subline of the DLD-1
human colon carcinoma contains both enzymes but is unable to
convert MTR-1-P to methionine (13, 20); this line is deficient in a
single enzyme in the MTR-1-P-to-methionine pathway.5 Also, a
6L. Y. Ghoda, et al., manuscript in preparation.
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MTAPase-containing human breast fibroblast line has been
shown to be unable to grow using MTA as a methionine source
(4). Of course, cells grown in culture, where methionine is pro
vided in excess, are not subjected to any selection pressure to
retain or operate this pathway. Thus, metabolic deficiencies
along the MTA-to-methionine route among cultured cell lines
may not be uncommon. However, this pathway may be important
in maintaining overall methionine and sulfur homeostasis in vivo,
where methionine is frequently a limiting amino acid.
In the HL-60 cell line, the MTR-1-P-to-methionine pathway is
active enough to convert either MTA or MTI to methionine in an
apparently stoichiometric manner. This suggests that, at least in
these cells, there is no alternative route for MTR-1-P metabolism
other than its conversion to methionine. If this finding for HL-60
cells is generally true, one wonders why CCRF-CEM cells retain
the enzymatic machinery for converting MTR-1-P to methionine
despite the fact that these cells are unable to generate MTR-1P from the natural metabolite, MTA. The existence of the path
way in CCRF-CEM cells is revealed through the use of MTI,
which was demonstrated in these studies to be a useful bio
chemical tool for providing MTR-1-P to PNP-containing cells.
Further studies are being undertaken to determine the preva-
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lence and importance of the MTR-1-P-to-methionine

pathway in

normal tissues.
ACKNOWLEDGMENTS
The authors thank Or. J. D. Stoeckler and Dr. G. W. Crabtree for their help and
advice.

REFERENCES
1. Adams, D. 0., and Yang, S. F. Methionine metabolism in apple tissue. Plant
Physiol.(Bethesda),60; 892-896,1977.
2. Backlund, P. S., Jr., Chang, C. P., and Smith, R. A. Identification of 2-keto-4methylthiobutyrateas an intermediatecompound in methioninesynthesis from
5'-methylthioadenosine. J. Btol. Chem., 257: 4196-4202,1982.
3. Backlund, P. S., Jr., and Smith, R. A. Methionine synthesis from 5'-methyltfttoadenosinein rat liver. J. Bid. Chem., 256.-1533-1535,1981.
4. Backlund, P. S., Jr., and Smith, R. A. 5'-Methylthioadenosine metabolism and
methionine synthesis in mammaliancells grown in culture. Biochem. Biophys.
Res. Commun., 108: 687-695,1982.
5. Clark, B. R., Ashe, H., Halpem, R. M., and Smith, R. A. A method for
determination of methionine containing radioactivity in the thiomethyl moiety.
Anal. Biochem., 67: 243-247,1974.
6. Cooper, A. J. L, and Meister, A. Isolation and properties of highly purified
glutamine transaminase.Biochemistry, 11: 661-671,1972.
7. Fotey, G. E., Lazarus, H., Farber, S., Uzman, B. G., Boone, B. A., and
McCarthy, R. E. Continuous culture of human Â¡yrnphoblasts
from peripheral
blood of a child with acute leukemia.Cancer (Phila.).78:522-529,1965.
8. Gallagher, R., Collins, S., Trujilb, J., McCredie. Â«..Ahearn, M., Tsai, S.,
Metzgar, R., Aulakh, G., Ting, R., Ruscetti, F., and Gallo, R. Characterization
of the continuous differentiating myeloid cell line (HL-60) from a patient with
acute promyelocytic leukemia. Blood, 54: 713-733,1979.
9. Kamatani, N., and Carson, D. A. Abnormal regulation of methylthioadenosine
and polyamme metabolism in methylthioadenosine phosphorylase-deficient
human leukemic cells. Cancer Res., 40:4178-4182,1980.
10. Kamatani, N., Nelson-Rees.W. A., and Carson, 0. Selective killing of human
malignant cell lines deficient in methylthioadenosine phosphorylase. a purine
metabolic enzyme. Proc. Nati. Acad. Sei. U. S. A. 78:1219-1223,1981.
11. Kamatani, N., Willis, E. H., and Carson, D. A. Sequential metabolism of 5'isobutylthioadenosine by methylthioadenosine phosphorylase and purine nu
cleoside phosphorylase in viable human cells. Biochem. Biophys. Res. Com
mun., 704: 1335-1342,1982.
12. Kim, B. K , Cha, S., and Parks, R. E., Jr. Purine nucleoside phosphorylase
from human erythrocytes. I. Purification and properties. J. Biol. Chem., 243:
1763-1770,1968.

4702

13. Parks, R. E., Jr., Bavarese, T. M., and Ghoda, L. Y. Conversion of 5'methylthioadenosine to methionine in cultured human tumor cells. In: F. W.
Stratman, D. L. F. Lennon, and R. N. Zahlten (eds.),Biochemistryof Metabolic
Processes, pp. 401-411. New York: Elsevier Science PublishingCo., 1983.
14. Pegg, A. E., Borchardt, R. T., and Coward, J. K. Effects of inhibitors of
spermidineand sperminesynthesis on polyammeconcentration and growth of
transformed mouse fibroWasts.Biochem. J., 794: 79-89,1981.
15. Pegg, A. E., and Williams-Ashman,H. G. Phosphate-stimulatedbreakdown of
5'-methylthioadenosine by rat ventral prostate. Biochem. J., 775: 241-247,
1969.
16. Pegg, A. E., and Williams-Ashman,H. G. On the rote of S-adenosyl-L-methionine in the biosynthesis of spermidine by rat prostate. J. Biol. Chem., 244:
682-693,1969.
17. Pegg, A. E., and Williams-Ashman,H. G. Enzymicsynthesis of spermine in rat
prostate. Arch. Biochem. Biophys., 737:156-165,1970.
18. Raina,A., Tuomi, K., and Pajula,R.-L. Inhibitionof the synthesis of polyammes
and macromoteculesby 5'-methylthioadenosine and 5'-alkylthiotubercidins in
BHK 21 cells. Biochem. J., 204: 697-703,1982.
19. Bavarese,T. M., Crabtree, G. W., and Parks, R. E., Jr. 5'-Methylthioadenosine
phosphorylaseâ€”l.Substrate activity of 5'-deoxyadenosine with the enzyme
from Sarcoma 180 cells. Biochem. Pharmacoi.,30:189-199,1981.
20. Bavarese, T. M., Ghoda, L. Y., Dexter, D. L., Stoeckler, J. D., Patriquin, L. M.,
Spremulli, E. N., Parks, R. E., Jr., and Calabresi, P. Growth of methtoninedeprived human cancer cells in the presenceof 5'-methylthioadenosine (MTA)
or 5'-methylthioinosine (MTI). Proc. Am. Assoc. Cancer Res., 23: 20, 1982.
21. Schlenk, F., and Ehninger, D. J. Observations on the metabolism of 5'methylthioadenosine.Arch. Biochem. Biophys., 706: 95-100,1964.
22. Shapiro, S. K., and Barrett. A. 5-Methylthioriboseas a precursor of the carbon
chain of methionine. Biochem. Biophys. Res. Commun., 702:302-307,1981.
23. Shapiro, S. K., and Schlenk, F. Conversion of 5'-methylthioadenosine into Sadenosylmethionine by yeast cells. Biochim. Biophys. Acta, 633: 176-180,
1980.
24. Stoeckler, J. D., Cambor, C., Kuhns, V., Chu, S.-H., and Parks, R. E., Jr.
Inhibitors of purine nucleoside phosphorylase.Biochem. Pharmacoi.,37:163171,1982.
25. Sugimoto, Y., Toraya, T., and Fukui, S. Studies on metabolic rote of 5'methylthioadenosinein Ochromonas malhamensisand other microorganisms.
Arch. Microbiol., 708:175-182,1976.
26. Toohey, J. I. Methylthioadenosine metabolism in malignant murine cells.
Biochem. Biophys. Res. Commun., 709:313-319,1982.
27. Trackman, P. C., and Abetes. R. H. The metabolism of 1-phospho-5-methylthtoribose. Biochem. Biophys. Res. Commun., 703:1238-1244,1981.
28. Vandenbark, A. A., Ferro, A. J., and Barney, C. L. Inhibition of lymphocyte
transformation by a naturally occurring metabolite: 5'-methylthioadenosine.
Cell. Immunol.,49: 26-33,1980.
29. Wolford. R. W.. MacDonald.M. R., Zehfus, B., Rogers, T. J., and Ferro, A. J.
Effects of 5'-methylthioadenosine and its analogs on murine lymphoid cell
proliferation. Cancer Res., 47: 3035-3039,1981.

CANCER RESEARCH

Downloaded from cancerres.aacrjournals.org on December 2, 2021. © 1983 American Association for Cancer
Research.

VOL. 43

Conversion of 5′-Deoxy-5′-methylthioadenosine and 5′-Deoxy-5′
-methylthioinosine to Methionine in Cultured Human Leukemic
Cells
Todd M. Savarese, Lucy Y. Ghoda, Daniel L. Dexter, et al.
Cancer Res 1983;43:4699-4702.

Updated version

E-mail alerts
Reprints and
Subscriptions
Permissions

Access the most recent version of this article at:
http://cancerres.aacrjournals.org/content/43/10/4699

Sign up to receive free email-alerts related to this article or journal.
To order reprints of this article or to subscribe to the journal, contact the AACR Publications
Department at pubs@aacr.org.
To request permission to re-use all or part of this article, use this link
http://cancerres.aacrjournals.org/content/43/10/4699.
Click on "Request Permissions" which will take you to the Copyright Clearance Center's (CCC)
Rightslink site.

Downloaded from cancerres.aacrjournals.org on December 2, 2021. © 1983 American Association for Cancer
Research.

