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Cells of Saccharomyces cerevisiae are not normally permeable to

the purine nucleoside 5'-deoxy-5'-methylthioadenosine (MTA). The

exogenous supplementation of MTA to medium containing a cordycepin

sensitive mutant of S. cerevisiae, however, satisfied both the

purine and methionine auxotrophic requirements. Cordycepin sensitive

strains accumulated MTA at a rate at least seven times that of an

isogenic cordycepin resistant prototroph. The data indicate that

the salvage of the purine moiety from S-adenosylmethionine may be

accomplished by two independent mechanisms: one utilizing S-

adenosylhomocysteine as an intermediate, the other MTA. The enzyme

central to the purine salvage pathway from MTA, MTA phosphorylase,

has been purified 135-fold from S. cerevisiae. A molecular weight

of 90,000 D for the enzyme was estimated by gel filtration on

Sephadex G-200. The enzyme catalyzed degradation of MTA yielded

5-methylthioribose-l-phosphate and adenine as products and had a



temperature optimum of 58°C. Michaelis constants (Km) have been

determined for MTA (18.7 11M) and phosphate (2.33 mM). Several

analogs of MTA were tested as substrates for the purified enzyme.

The 7-deaza analog, 5'-deoxy-5'-methylthiotubercidin, was inactive

as substrate, whereas substitutions at the 5'-carbon showed varying

degrees of reactivity; 5'-deoxy-5'-isobutylthioadenosine was the

best substrate. MTA, as well as the 5'-substituted analogs, could

serve as sole sources of purine in an adenine auxotrophic strain of

S. cerevisiae.

The fate of the methylthioribose carbons was also studied.

Evidence is presented for the recycling of the methylthio group and

part of the ribose portion of MTA in a biosynthetic pathway which

leads to the synthesis of methionine. The main pathway involves

the phosphorylytic cleavage of MTA by MTA phosphorylase. Loss of the

phosphate group of 5-methylthioribose-l-phosphate, concurrent with

rearrangement of the ribose carbons leads to the synthesis of 2-

keto-4-methylthiobutyric acid. In the final step of the sequence,

2-keto-4-methylthiobutyric acid is converted to methionine via

transamination. Several compounds, not directly associated with

the biosynthesis of methionine, were isolated. These compounds,

arising through the degradation of intermediates in the pathway

were: 5'-methylthioinosine, a deaminated catabolite of MTA; 5-

methylthioribose, a result of the phosphorolysis of 5- methylthio-

ribose -1- phosphate; and 3-methylthiopropionaldehyde, 3-methylthio-



propionic acid, and 2-hydroxy-4-methylthiobutyric acid, all arising

from the catabolism of 2-keto-4-methylthiobutyric acid.
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The Metabolism of 5'-deoxy-5'-Methylthioadenosine
in Saccharomyces cerevisiae

INTRODUCTION

The accumulation of S-adenosyl-L-methionine in the vacuoles of

yeast cells is well documented (162). In Saccharomyces cerevisiae,

a specific, high affinity permease for SAM transport has been

described (163). Intracellular concentrations of SAM as great as

20 mM, resulting from the activity of the SAM permease, have been

reported (164). Comparatively little, however, is known of the

metabolic fate of exogenously supplied SAM and its metabolites in

yeast cells. Yall, et al. (106) found that an adenine requiring

strain of S. cerevisiae could utilize adenine or SAM as equivalent

sources of purine for cell growth; S-adenosyl-L-homocysteine (SAH)

and 5'-deoxy-5'-methylthioadenosine (MTA), however, would not support

growth of this adenine auxotroph. Knudsen et al. (107) subsequently

demonstrated that exogenously supplied SAH could serve as a source

of purine, but only when an inoculum in the logarithmic phase of

growth was utilized.

The proposed route by which SAM may be metabolized to serve as a

source of purine consists of its demethylation to SAH, followed by

the hydrolytic cleavage of SAH to adenosine and homocysteine; S-

adenosyl-L-homocysteine hydrolase has been shown to be present in

yeast extracts (54). However, the observation that adenine, as well

as adenosine, labeled with
14
C was found to be produced from
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exogenously supplied SAM (107) suggests an alternative purine salvage

pathway from SAM.

A possible metabolic pathway by which adenine can be recovered

from SAM involves the synthesis and degradation of MTA. Several

routes for the synthesis of MTA from SAM have been described (157).

Both prokaryotic (39) and eukaryotic (38) cells, however,

accumulate only trace amounts of this nucleoside. MTA is rapidly

metabolized by one of two distinct reactions. In most microorganisms

(87), and plants (44), MTA is degraded by a hydrolytic cleavage to

5-methylthioribose and adenine, whereas, in animal tissue (87),

and the thermophilic bacterium Caldariella acidophila (51) a

phosphorylytic cleavage results in the formation of 5-methylthio-

ribose-l-phosphate and adenine. In Saccharomyces cerevisiae, the

mechanism by which MTA is degraded has not been established.

The fate of the products of MTA has only recently been explained.

In mammals the phosphorylase may account for the repeated demon-

stration of small quantities of adenine in the urine (165). This

enzyme, therefore, may play an important role in the salvage and

recycling of adenine.

Until recently, little was known of the fate of the methylthio-

ribose moiety, except that the methiol group was recovered intact

in methionine (122-126). Shapiro and Schienk (128) have found that,

in cultures of Candida albicans grown on [U- 14C- adenosineiMTA, the

methiol group and part of the pentose ring was incorporated into

the amino acid part of S-adenosylmethionine. A similar pathway may



exist in mammalian cells. Backlund and Smith (129) reported the

primary function of MTA in vitro, in rat liver extracts, was the

formation of methionine and that the pathway by which this takes

place involves modifications in the ribose portion of the molecule.

Recently, Shapiro and Barrett (130) demonstrated that 5-

methylthioribose-l-phosphate is an intermediate in the biosynthesis

of methionine in Enterobacter aerogenes and that 2-keto-4-methylthio-

butyric acid and 2-hydroxy-4-methylthiobutyric acid were somehow

involved in this pathway. In rat liver and kidney (131), glutamine

transaminase has been shown to catalyze the conversion of 2-keto-4-

methylthiobutyric acid and glutamine to methionine and glutamate; the

reverse reaction has also been demonstrated in fungi (34), rat liver

(132), and bacteria (133). More recently, Backlund et al. (160)

proved that 2-keto-4-methylthiobutyrate was an intermediate in the

biosynthesis of methionine from MTA in rat liver. 2-keto-4-

methylthiobutyric acid and 2-hydroxy-4-methylthiobutyric acid also

have been isolated as products of dissimilation of methionine in

fungi (34).

Unfortunately, the yeast cell membrane is impermeable to MTA

as well as other nucleosides, rendering it impossible to follow the

fate of exogenously supplied MTA.

In this study, however, we have utilized cordycepin sensitive

mutants of S. cerevisiae, which transport adenosine (152), to demon-

strate that MTA could fully support the requirement for adenine and

methionine in several auxotrophic strains. Preliminary experiments
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in our laboratory (108) demonstrated that MTA had no deleterious

effects on the growth of these nucleoside permeable strains of

yeast. Thus, S. cerevisiae was chosen for the study of the fate of

the structural units of MTA both in vivo and in vitro. In addition,

we report herein the purification and characterization of the MTA

cleaving enzyme from S. cerevisiae.
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LITERATURE REVIEW

The first observation of 5'-deoxy-5'-methylthioadenosine (MTA)

was by Mandel and Dunham in 1912 (1) in extracts of a commercial

yeast preparation. The compound, however, was erroneously

identified as an adenine-hexose compound which lacked sulfur. The

correct structure was elucidated in 1924 (2) (Fig. 1). MTA

crystallized to a structure consisting of two independent, confor-

mationally different molecules (A and B) per assymetric unit (3).

The glycosidic torsion angle [0(1')-C(3')-N(9)-C(4)] was 163° in

molecule A and -119° in molecule B and the ribose moiety was C(2')-

exo, C(3')-exo in molecule A and C(2')-endo, C(3')-exo in molecule B.

A feature common to both molecules was the disposition of the

thiomethyl side group with respect to the ribose. In nucleotide

nomenclature this is the trans,gauche conformation, rarely found in

nucleotides. The molecules were linked by a 3-dimensional network

of H-bonds between base-sugar and base-base residues (3).

Biosynthesis of MTA

MTA is enzymatically synthesized from S-adenosylmethionine

(SAM) by at least seven independent pathways (Fig. 2). SAM may be

directly cleaved into MTA and homoserine lactone by S-adenosyl-

methionine cyclotransferase (SAM lyase, SAM hydrolase, SAM cleaving

enzyme). Enzyme activity has been reported in Enterobacter

aerogenes (4), Saccharomyces cerevisiae (5), T3 infected Escherichia

coli (6,7), Vinca rosea seedlings (8), porcine and rat liver (9),
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Fig. 1. The structure of 5'-deoxy-5'-methylthioadenosine (MTA).
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and KB cells (9). Recently it was shown that the decarboxylated

analogue of SAM, S-adenosyl-(5')-3-methylthiopropylamine, exerted a

non-competitive inhibition of the enzyme activity (10) in liver.

A second metabolic pathway leading to the formation of MTA also

leads to the synthesis of the polyamines spermine and spermidine (for

review see refs. 11-13). Production of MTA takes place during the

biosynthesis of spermine and spermidine. SAM is first decarboxylated

by SAM decarboxylase, an enzyme purified extensively from E. coli

(14), yeast (15), and mammalian cells (16). The propylamino group

of the decarboxylated SAM is then transferred to either putrescine or

spermidine by two distinct enzymes, spermidine synthase and

spermine synthase, respectively. In each case MTA is also a product.

MTA inhibits spermidine synthase in E. coli (157) and the spermine

synthase reaction in several mammalian systems (17,18,93) and there-

fore may play a role in regulating its own biosynthesis. These first

two routes of biosynthesis are common to most, if not all bacterial

and animal cells tested.

The synthesis of the unusual nucleotides X (found in the extra-

region of several E. coli tRNA's) and Y (yeast tRNAPhe) involves the

transfer of the 3-amino-3-carboxypropyl group from SAM to guanosine

(Y) and uridine (X). In each case MTA is also a product (19,20).

MTA is produced in E. coli during the synthesis of biotin (21).

SAM is utilized to transaminate the biotin precursor 7-keto-8-amino-

pelargonic acid to form 7,8-diaminopelargonic acid. The deaminated
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SAM (S- adenosyl -2- oxo -4- methylthiobutyric acid) is degraded to form

MTA and 2-oxo-3-butenoic acid.

More recently, Adams and Yang (22) have presented evidence

showing MTA is derived from SAM during its conversion to ethylene in

apple tissue. In this scheme of reactions, SAM is first converted

to 1-aminocyclopropane-l-carboxylic acid (ACC) and MTA by ACC

synthase, an enzyme whose presence has been demonstrated in tomato

fruit tissue (23,24). In an oxygen dependent reaction, ACC is

rapidly converted to ethylene (25). Ethylene has been observed in

several organisms (for review see refs. 26,27), however, ACC synthase

has been demonstrated only in plant tissue. The occurrence of

ethylene in yeast (28), rat liver extracts (29), and polymorpho-

nuclear leukocytes (30) is probably a result of the Haber-Weiss

reaction (31) whereby 2-keto-4-methylthiobutyric acid or 3-methyl-

thiopropionic acid (both formed from precursor methionine, ref.

32-34) is cooxidized in the xanthine oxidase reaction, with production

of ethylene.

Finally, in Dictyostelium discoideum transfer of a 3-amino-3-

carboxypropyl moiety from SAM to N
6
-02-isopentenyl adenine results

in the formation of discadenine (35) an inhibitor of spore

germination (36). The removal of the 3-amino-3-carboxypropyl group

from SAM would leave MTA as a second product, as in the ACC synthase

reaction. The reaction has not been demonstrated elsewhere however

N
6
-L-isopentenyl adenine has been demonstrated to be present in

yeast and mammalian tissue (37).
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Cellular Levels of MTA

In spite of the multiple routes of biosynthesis, MTA has been

shown to be in low concentrations in the few cells and tissues thus

far investigated (38,39). Rhodes and Williams-Ashman (38) found that

the concentration of MTA in rat ventral prostate was less than

0.2 pmole per gram of tissue; whereas both spermidine and spermine,

polyamines produced in the formation of MTA, were relatively (5-7

il.mole per gram) elevated in the same tissue. In E. coli, the

spermine concentration is between 4.6 and 7.4 IJmole per gram dry

weight while the MTA level is only 0.38 pmole per gram dry weight

(39). New methods have allowed for the determination of MTA levels

in rat tissue as low as 0.2 nmole per gram wet weight (42). Levels

in lung, liver, kidney, and heart ranged from 1.5 to 2.1 nmole per

gram wet weight. Interestingly, the MTA concentrations observed in

these tissues were similar to those of decarboxylated SAM as reported

by Hibasami et al. (43). However, these levels are only minute when

compared to the concentration of SAM in cells, examples are (158,159)

rat liver, 70 to 84 nmole per gram and rat ventral prostate, 60

nmole per gram. The low levels of MTA may be attributed to the

presence of an enzyme catalyzing a hydrolytic (44-46) or

phosphorylytic (47-52) cleavage of the glycosidic bond.

Degradation of MTA

Shapiro and Mather (53) found enzymatic decomposition of

S-adenosylmethionine in extracts of E. aerogenes but could isolate
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only trace amounts of MTA; adenine and 5-methylthioribose were found

in large quantities. They demonstrated that MTA was enzymatically

degraded much more rapidly than SAM so that MTA was broken down as

rapidly as it was formed in the crude extracts. In 1962, Duerre (46)

purified a nucleosidase from E. coli capable of degrading MTA into 5-

methylthioribose and adenine. The 160-fold purified enzyme also

degraded S-adenosylhomocysteine (SAH) into adenine and ribosylhomo-

cysteine. The enzyme had a pH optimum of 6.5 and a Km for MTA of

1.8 mM while the Km for S-adenosylhomocysteine was 3.0 mM.

Nucleosidase activity has since been demonstrated in numerous other

bacterial species (54). Ferro et al. (45) purified the MTA nucleo-

sidase from E. coli 220-fold. The enzyme had.a molecular weight of

31,000 D and a Km value of 3.1 x 10 -7 M for MTA. The low Km indicated

that the high affinity enzyme was alone capable of maintaining the

low levels of MTA in E. coli cells. In addition to MTA, the analogues

S-adenosylhomocysteine, 5'-ethylthioadenosine, and 51-propylthio-

adenosine all served as substrates for the enzyme. Adams et al. (55)

recently demonstrated that the levels of MTA nucleosidase in apple

tissue culture rise and fall with the levels of ACC synthase.

Pegg and Williams-Ashman (47) purified a soluble MTA phosphorylase

from rat prostate 30-fold. The reaction was completely dependent

on the presence of inorganic phosphate in the assay medium. The Km

for phosphate was 6 x 10 4
M while the Km for MTA was 3 x 10

-4
M.

The products of the reaction were not identified but it was suggested

that MTA was degraded to adenine and 5-methylthioribose-1-phosphate
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by a phosphorylytic cleavage. Purified purine nucleosidase from

spleen and erythrocytes was unable to catalyze a phosphorylytic

cleavage of MTA (47) indicating MTA phosphorylase was a unique

enzyme.

Garbers (48) demonstrated the presence of MTA phosphorylase in

various rat tissues; the highest activity was found in lung and

liver. The activity found in kidney and heart extracts were,

respectively, only 40 and 16% that found in the lung tissue. A

detailed kinetic analysis suggested that rat lung MTA phosphorylase

catalyzed an equilibrium-ordered reaction, and that MTA was the

first substrate to bind while 5-methylthioribose-l-phosphate was

the first product to be released.

MTA phosphorylase was purified 400-fold from human placenta (52)

and 340-fold fram human prostate (49). The placental enzyme had a

molecular weight of 95,000 D leading the authors to suggest the

possible association of 3 monomers of a molecular weight similar to

the nucleosidase in E. coli (31,000 D). The enzymes isolated from

human tissue require reducing agents for activity and are inhibited

by thiol reagents. These data suggest the involvement of thiols in

the catalytic process. MTA phosphorylase was purified 112-fold from

rat liver by Ferro et al. (56). The demonstrated molecular weight

of 90,000 D agreed well with the value for the human placental enzyme

(52). The human prostate enzyme had a Km for MTA of 2.5 x 10-7 M

while the rat liver MTA phosphorylase had a Km value of 4.1 x 10-7 M

for MTA and a value of 2 x 10-4 M for phosphate.
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MTA phosphorylase has also been demonstrated in Drosophilla

melanogaster (50), Sarcoma 180 cells (57), human muscle (58), and

in a thermophillic bacterium, Caldariella acidophila (51), the only

prokaryote found to have an enzyme catalyzing a phosphate dependent

cleavage of MTA. That the enzyme lacks rigid specificity for the

5' position of the substrate, in most systems tested, is indicated

by its ability to catalyze the degradation of various 5'-substituted

analogues such as 5'-deoxy-5'-n-isobutylthioadenosine (SIBA) and

5'-deoxy-5'-ethylthioadenosine (49,51,56). Recently, Savarese (57)

showed that MTA phosphorylase from Sarcoma 180 cells catalyzed the

degradation of 5'-deoxyadenosine with a Km of 23 0 as compared to

a Km for MTA of 4 pM. He later tested the inhibitory ability of

several compounds on MTA phosphorylase (60). Among those compounds

tested, 5'-deoxy-5'-methylthioformycin was the best inhibitor,

inhibiting the Sarcoma 180 cell MTA phosphorylase with a Ki= 1.4 pM.

Nicolette, et al. (59) has shown that castration of rats 34 days

earlier resulted in a 95% reduction in ventral prostate MTA

phosphorylase activity and orchiectomy 16 days earlier in a 67%

reduction in uterine MTA phosphorylase activity. The effect was

completely reversed by testosterone treatment (42,59).

Several cell lines which lack MTA phosphorylase have been

isolated (61-63), all are of malignant origin. Kamatani and

Carson (62) reported 30 to 40% of human leukemic cell lines are

deficient in MTA phosphorylase activity. In addition, cells lacking

MTA phosphorylase activity excreted MTA into the surrounding medium.
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Thus, the endproducts of MTA degradation in animal cells are

adenine and 5-methylthioribose-l-phosphate. The products in

prokaryotes and plants, with one exception (51), are adenine and

5-methylthioribose. According to Schroeder et al. (64), 5-methylthio-

ribose in E. coli represents a terminal product. Nevertheless,

Ferro et al. (65,66) have purified 5-methylthioribose kinase from

E. aerogenes; the enzyme catalyzed the ATP-dependent phosphorylation

of 5-methylthioribose yielding ADP and 5-methylthioribose-l-phosphate

as products. Enzyme activity has since been demonstrated in avocado

and pear tissue (67).

Schlenk, et al. (68) have demonstrated that the adenosine

deaminase from Aspergillus oryzae deaminates MTA to yield 5'-methyl-

thioinosine. 5'-Methylthioinosine is resistant to, or slow in

reacting with, MTA nucleosidases or nucleoside phosphorylases and does

not show unusual inhibitory action in enzyme systems (157).

Deamination of MTA has not been reported in other systems.

In studies on the metabolism of SIBA (5'-n-isobutylthioadenosine)

however, 5'-n-isobutylthioinosine was among the products when the

analogue of MTA was incubated in cell free extracts of rat and mouse

liver (69). This is indirect evidence that a deamination might

occur if the substrate specificity of the enzyme were not too strict.

Deamination of SIBA has also been demonstrated in chick embryo

fibroblasts (70) and in bacteria (71). It should also be noted

that MTA phosphorylase from human placenta catalyzed the degradation

of SIBA; adenine and 5-n-isobutylthioribose-l-phosphate were the

products (72).
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Effect of MTA on Cellular Systems

Williams-Ashman et al. (73) suggested that in certain situations

the function of spermidine and spermine biosynthesis may be to

produce MTA rather than polyamines, and that the MTA formed could

act in some situations as a regulator of enzyme systems. Other

investigators (11) however have suggested MTA may be produced as

cellular "garbage". MTA has been shown to inhibit several enzyme and

metabolic systems. Zappia et al. (74) demonstrated that MTA inhibited

the methylation of histamine and acetylserotonin. Linn et al. (75)

showed that methylation of DNA by E. cola B modification enzyme was

dramatically reduced in the presence of micromolar concentrations of

MTA, but not S-adenosylhomocysteine.- In addition, the restriction

endonuclease reaction (both nuclease and ATPase) were effectively

inhibited by MTA. Cassellas and Jeanteur (76) found that MTA

inhibited protein methylase I activity in Krebs II ascites cells

with a Ki of 3.5 x 10-5 M. Galletti et al. (147) recently reported

the inhibitory effect exerted by MTA on the carboxyl methyl esterifi-

cation of human erythrocyte membrane proteins. The authors infered

that in vivo, protein methylase II was directly inhibited by MTA.

Recently, Oliva et al. (78) found that MTA inhibited S-adenosyl-

methionine:protein carboxyl methyltransferase from calf brain. Analogs

such as SIBA and 5'-butylthioadenosine had no effect. SIBA however

has been demonstrated to be an inhibitor of tRNA methylation

(77) and thus is often labeled as an S-adenosylhomocysteine analogue.
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Law et al. (79) established that MTA inhibited the incorporation

of [

3
H]uridine into RNA in the salivary glands of D. melanogaster.

This inhibition was not due to inhibition of uptake. Experiments

utilizing a amanitin suggested the synthesis of heterogenous RNA was

completely inhibited. Law et al. (80) also examined the effect of

MTA on specific transcriptional changes accompanying heat shock as

visualized by autoradiography. MTA treatment resulted in a reduction

of puff size at the heat shock loci which was correlated with

decreased transcriptional activity. These results suggest that MTA

plays a role in regulation of gene expression.

Drugs structurally related to MTA, such as SIBA and 3-deaza-

SIBA, have been shown to have anti-viral (81,82) and anti-malarial

activity (83), and, SIBA also was found to inhibit sugar transport

into cells (84). It is possible that the pharmacological effects of

such drugs may be due to an effect on the metabolism of MTA or may

actually mimic the intracellular effect of MTA itself. Montgomery,

et al. (148) have synthesized many such analogs, one of which, 5'-

deoxy-5'-(ethylthio)-2-fluoroadenosine was cytotoxic.

MTA inhibited DNA and protein synthesis as well as cellular

proliferation in human lymphocyte cultures stimulated with mitogens,

antigens, or allogeneic cells (85). The effect of MTA was non-toxic,

dose-dependent, and non - competitive with the stimulant. The MTA

effect was completely reversible, with MTA phosphorylase playing a

key role in the reversal (86,87).
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MTA also inhibited the growth of murine lymphoid cell lines

of both B- and T-cell origin in a reversible, non-toxic, dose-

dependent fashion (88). MTA (250 um) inhibited growth of these

cells 50% when measured two days after its addition. Similarly, SIBA

inhibited the growth of mouse mammary cells transformed by mouse

mammary tumor virus (89), mitogen induced lymphocyte blastogenesis

(90), and virus induced cell transformation (91). SIBA was found to

modify the activity of reverse transcriptase associated with mouse

mammary tumor virus particles (89). Whereas the effect of SIBA and

MTA were reversible, the effects of the 7-deaza analogue of MTA,

51-methylthiotubercidin were irreversible (85,88,92). 5'-methyl-

thiotubercidin inhibited lymphocyte transformation with an 150 of

80 uM. The non-reversible effect has been attributed to the

inability of MTA phosphorylase to degrade this analogue (Ki= 31 0).

Several 5'-substituted analogues of MTA were tested by these

investigators (92); those analogues with the lower Km values as

substrates for MTA phosphorylase were the least inhibitory to the

lymphocyte transformation process.

Several cellular targets where MTA may exert its effects have

been tested. As mentioned earlier, spermine synthase was inhibited

by MTA in mammalian systems (17,18,93). Recently, Ferro et al. (94)

demonstrated the irreversible inactivation of human erythrocyte S-

adenosylhamocysteine (SAH) hydrolase by MTA (Ki= 34 pM). The authors

suggested that the inactivation may explain some of the cell growth

inhibitory properties of MTA. Similarly, Chiang et al. (95) reported
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the 5'-substituted analogue of MTA, 5'-butylthioadenosine inhibited

S-adenosylhomocysteine hydrolase from beef liver. Another related

compound, 5'-deoxy-5'-isobutylthio-3-deazaadenosine (3-deaza-SIBA),

inhibited S- adenosylhomocysteine hydrolase (149) and was shown to

inhibit both phospholipid methylation and lymphocyte transformation

(150).

MTA may also play a role in blood coagulation. The phenomenon

of platelet aggregation may be induced by diverse chemical substances

such as ADP, collagen, thrombin, epinephrine, arachidonic acid, etc.

(96). Generally, it is believed that adenosine analogues that

stimulate adenylate cyclase and raise cyclic AMP levels inhibit

aggregation whereas those that block adenylate cyclase do not (97,98).

Low concentrations of adenosine, AMP, ATP, or adenosine tetraphosphate

strongly inhibit ADP-induced platelet aggregation. MTA which does

not inhibit platelet adenylate cyclase, abolishes the inhibitory

effects of adenosine and AMP (99,100). These investigators postulated

that AMP inhibits platelet aggregation through conversion to adenosine

by plasma phosphatases. It is also postulated that MTA competes with

adenosine for membrane receptors, thereby preventing the

inhibitory effects of adenosine (99).

An effect which may be closely related was recently observed

by Zimmerman at al. (101). MTA, SIBA, and EHRA (an inhibitor of

adenosine deaminase) were all inhibitors of lymphocyte-mediated

cytolysis (LMC) in vitro with 50% inhibitory concentrations of

375 pM for MTA, 250 pM for SIBA, and 160 pM for EENA. Each of these
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analogues was found to potentiate the lymphocyte cyclic AMP effect

to various activators of adenylate cyclase (eg. prostaglandin El

and cholera toxin). The effect of MTA, SIBA, and EHNA on cyclic AMP

metabolism was shown to be due to inhibition of the high-affinity

phosphodiesterase present in lymphocyte homogenates (101,102). SIBA

has been shown to cause an increase in cyclic AMP levels in Xenopus

laevis oocytes (103), this was attributed, at least in part, to a

change in the level of membrane bound adenylate cyclase. In addition,

3-deaza-SIBA was shown to cause an increase in the levels of cyclic

AMP in mouse lymphocytes (104).

It is likely MTA exerts its effect at several loci. . Pegg et al.

(93) have suggested that the presence of MTA phosphorylase may be

essential to prevent the inhibitory effects of MTA from becoming

manifest. Savarese et al. (105) proposed that if MTA phosphorylase

activity increases in rapidly growing tissues (eg. neoplasms), that

this could be exploited chemotherapeutically. A potent inhibitor

of MTA phosphorylase such as 5'-deoxy-5'-chloroformycin (52) or

5'-deoxy-5'-methylthioformycin (60) may cause major disruptions in

the metabolism of neoplastic cells by preventing adenine salvage

or interfering with polyamine synthesis and function. Upon reaction

with MTA phosphorylase, MTA analogues may liberate cytotoxic products

which may have anti-tumor activity, or, may act as inhibitors of

the enzyme itself (60). Kamatani et al. (63) have demonstrated the

selective killing of human malignant cells deficient in MTA

phosphorylase. When cells were cultured in medium with methotrexate,
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uridine, and thymidine, no cells grew. If MTA was added to the

same medium, only enzyme positive cells grew; most of the MTA

phosphorylase deficient cells were dead in three days. Thus, human

malignant cell lines naturally deficient in MTA phosphorylase could

be selectively killed when de novo purine synthesis was inhibited

and MTA was the only exogenous source of purine (63). The same study

indicated that seven out of 31 (23%) human malignant tumor cell lines

had no detectable MTA phosphorylase activity. In a patient with a

malignant tumor deficient in the enzyme, the infusion of MTA may

protect normal tissues without affecting the toxicity of methotrexate

for malignant cells.

The Role of MTA in Purine Salvage

The results of Kamatani et al. (63) proved that adenine can be

salvaged from MTA and utilized as a source of purine in mammalian

cells. The ability of MTA to serve as a purine source in other

biological systems is not well documented. Yall, et al. (106)

found that an adenine requiring strain of S. cerevisiae could

utilize adenine or SAM as equivalent sources of the purine; S-

adenosylhomocysteine and MTA, however, would not support the growth

of the auxotroph. Knudsen, et al. (107) subsequently demonstrated

that exogenously supplied S-adenosylhomocysteine could serve as a

source of purine, but only when an inoculum in logarithmic phase of

growth was utilized.

The proposed route by which SAM may be metabolized to serve as

a source of purine consists of its demethylation to S-adenosylhomo-
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cysteine, followed by hydrolytic cleavage of SAH to adenosine and

homocysteine; SAH hydrolase has been found in yeast extracts (54).

The observation that adenine as well as adenosine was produced from

exogenously supplied SAM (107) suggested that an alternate purine

salvage pathway may be operating. The degradation of SAM to MTA

with the subsequent liberation of adenine is thus implicated.

Unfortunately, the yeast cell membrane is impermeable to nucleosides

such as MTA. Recently, it was demonstrated that a nucleoside

permeable strain of S. cerevisiae could utilize exogenously supplied

MTA as a source of purine (108). The cleavage of MTA by MTA

phosphorylase would yield free adenine and the 5-methylthioribose

moiety. In vivo, adenine may be converted by adenine phosphoribosyl

transferase (APRT) to adenylate (Fig. 2) which is subsequently

incorporated into nucleic acid (107,109). Alternatively, adenine may

be deaminated to hypoxanthine which is converted to inosine mono-

phosphate via hypoxanthine-guanine phosphoribosyltransferse (HGPRT,

ref. 109).

The significance of purine salvage is accentuated by the

occurrence of metabolic disorders such as Gout, Lesch-Nyhan syndrome,

and various immune deficiencies (110,111) in which one or more of the

purine metabolic enzymes are deficient.

A deficiency in APRT in humans is associated with the urinary

excretion of large quantities of adenine and its oxidation products

8-hydroxyadenine and 2,8-dihydroxyadenine (112). Previous in vitro

metabolic studies had suggested the phosphorolysis of adenosine

or 2'-deoxyadenosine by purine nucleoside phosphorylase was the
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Fig. 2. Pathways of adenine production. Abbreviations are: SAM,

S-adenosylmethionine; MTA, 5'-methy1thioadenosine; PRPP, 5-phospho-

ribosyl-1-pyrophosphate. Enzymes are: 1, S-adenosylmethionine

synthetase; 2, S- adenosylmethionine decarboxylase; 3, spermidine

synthase; 4, spermine synthase; 5, 5'-methylthioadenosine

phosphorylase; 6, adenine phosphoribosyltransferase; 7, adenosine

kinase; 8, 5'-nucleotide or phosphatase(s).
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major pathway by which free adenine may arise in animal cells (113).

The concentrations of both adenosine and 2'-deoxyadenosine in tissues

is low (114) and both compounds are inefficient substrates for

mammalian purine nucleoside phosphorylase (115). Kamatani and Carson

(116) recently demonstrated that dividing APRT deficient WI-L2 cells

produced adenine at a rate of 0.27 nmole/mg protein/hour and that

85 to 97% of the adenine produced derives from the cleavage of MTA

by MTA phosphorylase. Adenine has been shown to cause elevations of

adenine nucleotides (117), to depress 5-phosphoribosyl-1-pyrophosphate

(PRPP) accumulation (118), and inhibit de novo synthesis of purines

(119). Likewise incubation of Sarcoma 180 cells with MTA resulted in

elevations of adenine nucleotides and inhibition of PRPP accumulation

(52). This effect may be due to the release of free adenine from MTA

by the MTA phosphorylase catalyzed reaction. The presence of MTA

intracellularly may thus play a role in the regulation of de novo

purine synthesis via production of adenine.

Recycling of the 5-methylthioribose of MTA

Though the role of the MTA-derived adenine in purine salvage

is becoming increasingly clear, the fate of the remaining 5-methyl-

thioribose carbons is more obscure.

In 1953 Shapiro (120) demonstrated that MTA could support the

growth of certain methionine auxotrophs of Aerobacter aerogenes.

Later, Schwartz and Shapiro (121) suggested a new pathway of methionine

biosynthesis may be operating and indicated that the methylthio group
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of MTA was a precursor of the methylthio group in methionine.

Experiments in yeast by Schlenk and Ehninger (122) established that

the methylthio group of MTA was recovered in S-adenosylmethionine.

These investigators originally suggested that the entire molecule may

be incorporated into SAM, however, Schlenk et al. (123) later proved

that degradation of the nucleoside was the first phase of the re-

cycling process. In similar studies on protozoans (124), rat tissue

(125), and apple tissue (22,126) it seemed possible that the methyl-

thio group may be transferred as a unit to a four carbon acceptor.

Toohey (23,127) reported that in extracts of certain cultured

mammalian cells that the 5-methylthioribose-l-phosphate produced was

further metabolized to an unknown product which he claimed was the

product of a methylthio group cleavage reaction; he further postulated

the existence of a "methylthiolase" which catalyzed the reaction (127).

The methylthio group transfer theory has recently been dis-

credited. Shapiro and Schlenk (128) demonstrated the transfer of

label from the pentose of MTA into the amino acid part of SAM.

Backlund and Smith (129) have provided evidence that a similar path-

way may exist in mammalian cells. Kinetics of product formation

indicated that MTA was first rapidly converted to 5-methylthioribose-

1-phosphate followed by its slower conversion to methionine. These

investigators concluded that the pathway for methionine biosynthesis

involves modifying the ribose part of MTA into the 2-aminobutyrate

portion of methionine, with the methylthio group remaining intact.
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Similarly, Shapiro and Barrett (130) demonstrated the enzymatic

conversion of 5-methylthioribose to methionine and its deaminated

derivatives, 2-keto-4-methylthiobutyric acid and 2-hydroxy-4-methio-

butyric acid by cell free extracts of E. aerogenes. The first step

in the recycling was the conversion of 5-methylthioribose to 5-

methylthioribose-l-phosphate (65,66). It was not determined whether

the deaminated derivatives isolated were products of methionine

catabolism or intermediates in the synthetic reaction. Similar

research by Trackman et al. (161) with rat liver homogenate has shown

that carbon atom 1 of 5-methylthioribose-l-phosphate is released as

formic acid.

Further investigations by Backlund et al. (160) have shown with

the partially purified rat liver enzymes that 5-deoxy-5-methyl-

thioribonic acid, its lactone, and 5-methylthioribose are not

intermediates. In addition 2-keto-4-methylthiobutyric acid was

identified as an intermediate, and a final step of transamination

with glutamine or asparagine, leading to methionine was establiShed

(160).

Cooper and Meister (131) have purified glutamine transaminase

from rat kidney and liver, an enzyme which was capable of catalyzing

the conversion of 2-keto-4-methylthiobutyric acid plus glutamine

to methionine plus glutamate or the reverse reaction. Thus, it is

possible that this enzyme may play a role in the conversion of MTA to

methionine utilizing 2-keto-4-methylthiobutyric acid as a precursor

of methionine.
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The deamination of methionine has been observed in several

systems including fungi (34), rat liver (132) and in the bacterium,

Achromobacter starkeyi (133). The deaminated product, 2-keto-4-

methylthiobutyric acid has also been shown to be a precursor of

ethylene in various systems (28-31,134). In humans, 2-keto-4-

methylthiobutyric acid is excreted in the urine (135). In

homocystinurics, the principal pathway of methionine metabolism

is blocked and excretion of 2-keto-4-methiobutyric acid is strongly

increased (135).

The other deaminated derivative of methionine isolated by

Shapiro and Barrett (130) was 2-hydroxy-4-methylthiobutyric acid.

This hydroxy analogue of methionine has been isolated as a product

of methionine dissimilation in fungi (34). Dietary sulfur require-

ments have been met by the supplementation of 2-hydroxy-4-methyl-

thiobutyric acid (136-138) and 2-keto-4-methylthiobutyric acid (137)

in the diet of various animals.

Mitchell and Benevenga (139) have suggested transamination is

an initial step in methionine catabolism and an alternate pathway

that does not involve its activation to SAM (Fig. 3). Steele and

Benevenga (33) have identified 3-methylthiopropionic acid as an

intermediate of mammalian methionine metabolism in vitro. Further

studies indicated that 2-keto-4-methiobutyric acid was the precursor

of this compound (140) and that the decarboxylation of the keto acid

occurred mainly in the liver mitochondria. Steele, et al. (141)

reported a serious dysfunction of red cell hematopoiesis when rats
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Fig. 3. Metabolic scheme for the catabolism of methionine via the

transamination pathway and via the transulfuration pathway. TCA,

tricarboxylic acid.
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were fed a basal diet supplemented with 3-methylthiopropionic acid

(2.57%) for two weeks. Benevenga (142) suggested that toxicity of

L-methionine is due to the metabolism of the methyl portion of

the amino acid. The effects of 3-methylthiopropionic acid lend

further support to his conclusion (141). It is interesting to note

that Zappia et al. (151) has demonstrated that MTA is actively

transported into isolated and perfused rat liver. They postulated

the existence of a high-affinity permease specific for thioethers.

These data suggest the liver may be of primary importance as the site

of detoxification of methiol compounds such as MTA and 3-methylthio-

propionic acid.

In rat liver homogenates 3-methylthiopropionic acid was further

degraded to methanethiol and an unknown product (143). The

methanethiol was ultimately degraded to H2S and CO2. Methanethiol

and a-ketobutyric acid have also been isolated as degradation

products of methionine in fungi (34) and bacteria (132). The

probability that MTA metabolism may follow these pathways suggests a

mechanism whereby MTA may supply the "methylthio" requirement of

certain cells (61).

The data presented suggest that MTA sulfur may be ultimately

released as H
2S gas, a disagreeable component of human flattus.

Finally, an interesting result found by Matsui and Amaha (144,145)

was the identification of 2-hydroxy-4-methylthiobutyric acid,

3-methylthiopropionic acid, and 3-methylthiopropionaldehyde in

samples of beer, a fermentation product of S. carlsburgensis.
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It has been demonstrated elsewhere (146) that yeast aldehyde

dehydrogenase will catalyze the conversion of 3-methylthiopropion-

aldehyde to 3-methylthiopropionic acid, along with the reverse

reaction. These data support the contention that similar metabolic

pathways may exist in yeast.
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MATERIALS AND METHODS

Organisms and culture conditions. The strains of Saccharomyces

cerevisiae used in this study are listed in Table 1. All strains

were cultured aerobically in a medium containing: Yeast Nitrogen

Base, without amino acids and ammonium sulfate (Difco), 1.67 g/1;

ammonium sulfate, 5 g/1; and glucose, 20 g/l. Appropriate amounts

of auxotrophic requirements were added as needed (15). Cultures

were grown at 30°C at 200 rpm on a rotary shaker (New Brunswick).

Growth was monitored with a Klett-Summerson colorimeter (#60

filter). When the cultures were starved for adenine prior to growth

experiments, cell suspensions (1.5 x 10
6
cells/ml) were incubated

in adenine-free medium containing tetracycline (10 pg/ml) for three

days. Following starvation, the cells were added directly to fresh

medium. For enzyme purification, MCC was grown to late exponential

phase at 28°C in a 10 1 New Brunswick Microferm laboratory fermentor

containing 8 1 of medium consisting of tryptone (1%), yeast extract

(0.5%), and ethanol (2%). For studies involving metabolism of

[

14
CH

3
1MTA strain 2218A was grown in 800 ml YNB supplemented with

1 mM MTA as a source of both purine and methionine.

Measurement of uptake of radiolabeled compounds. Cells were grown

to a density of 3 x 10
6
cells/ml on YNB minimal medium and collected

on membrane filters (HAW? 25 mM, 0.45 pm pore size; Millipore Corp.)

using a multifiltration apparatus (New Brunswick Scientific Corp.).

The cells were washed with several volumes of distilled water and



Table 1. List of yeast strains.

Strain Genotype Source

2439-6C a ade 1 ade 2 ade 5,7 ura 1 ura 4 Anderson and Roth (1)
lys 2 trp 1 tyr 1 aro 1D

50-3 a ade 1 ade 2 ade 5,7 ura 1 ura 4 Anderson and Roth (1)

S37 a leu 2-1 met 5 Yeast Genetic Stock Center

22-18A a ade
a

met 5 leu 2-1 lys 2 Segregant of 50-3 x S37
cordycepin

s

22-78C a leu 2-1 met 5 lys 2 tyr 1 ura
a

Segregant of 50-3 x S37
cordycepin

--s

224A a ade
a

leu 2-1 tyr 1,6 trp 1 Segregant of 50-3 x S37
met 5 ura 1,4

MCC a a wild type Yeast Genetic Stock Center

a
Only the auxotrophic requirement was determined.
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transferred to fresh medium. Radiolabeled compounds were added to

a final concentration of 0.25 mM. Duplicate samples (0.75 ml) were

withdrawn at various times, collected on membrane filters, and

washed with 10 ml of distilled water. The dried filters were placed

into scintillation vials containing 10 ml of toluene-ethanol (1:1,

v/v) containing 0.4% 2,5-diphenyloxazole. Radioactivity in the

samples was determined using a Beckman LS8000 liquid scintillation

spectrophotometer.

Measurement of incorporation of radiolabeled compounds. Cells were

grown to a density of 3 x 10
6

cells/ml in YNB media, collected on

membrane filters (HAWP 25 mm, 0.45 pm pore size; Millipore Corp.),

washed with several volumes of distilled water, and transferred to

fresh YNB media lacking adenine. Radioactively labeled compounds

were added to a final concentration of 0.25 mM. Duplicate samples

(0.75 ml) were withdrawn at various times and placed into an equal

volume of cold 20% TCA. The samples were collected on Whatman GF/C

glass fiber filters and washed twice with 20 ml of 20% TCA. The

dried filters were placed directly into scintillation vials

containing 10 ml of toluene:ethanol (1:1, v/v) with 0.4% 2,5-

diphenyloxazole.

Extraction of whole cells. Cells cultured in the presence of radio-

labeled compounds were centrifuged at 6,000 x g for 10 min and the

supernatant discarded. The pellet was resuspended in 0.5 ml of

1.5 N perchioric acid. The suspension was stirred for 1.5 h and
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centrifuged at 11,000 x g for 5 min. The supernatant was removed,

neutralized with 1 N NaOH, and analyzed. Alternatively, the

pelleted cells were resuspended in 1.0 ml of 95% ethanol and homoge-

nized by hand in a dounce tissue homogenizer. The homogenate was

centrifuged at 11,000 x g and the supernatant analyzed for products.

Preparation of cell extracts for MTA phosphorylase assay. Yeast

cells were grown to a density of 2 x 10
7
cells/ml, collected by

centrifugation in a Beckman J2-21 centrifuge (5,500 x g) and resus-

pended in buffer consisting of 0.05 M potassium phosphate (pH 7.3) and

3.0 mM dithiothreitol. The cells were homogenized with glass powder

for 30 sec in a Braun MSK cell homogenizer. The resulting extract

was centrifuged at 30,000 x g for 20 min to remove cellular debris.

The supernatant fluid was dialyzed for 4 h at 4°C against the same

buffer (three changes of buffer). Mammalian cell cultures were

centrifuged at 5,000 x g for 15 min, washed, and resuspended in 0.05

M potassium phosphate (pH 7.2) containing 3.0 mM dithiothreitol.

The cells were freeze thawed five times in liquid nitrogen,

centrifuged at 22,000 x g for 20 min and the supernatant recovered

and used as a source of enzyme in the MTA phosphorylase assays.

Plant tissue was suspended in buffer (1 g /ml) consisting of 0.2 M

potassium phosphate (pH 7.2), 1.0% polyvinylpyrrolidone, and 3.0 mM

dithiothreitol and homogenized in a waning blender. The homogenate

was passed through four layers of a cheesecloth and centrifuged at

20,000 x g for 20 min. Cultures of Enterobacter aerogenes were

pelleted, washed, and resuspended in 3 volumes (ml/wet weight)
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0.05 M potassium phosphate (pH 7.3) with 5 mM 2-mercaptoethanol

and passed through a French pressure cell two times at 20,000 p.s.i.

Cellular debris was removed by centrifugation at 30,000 x g for

25 min.

5'-Methylthioadenosine phosphorylase assay. Enzyme activity was

determined by measuring the conversion of 5'- [14CH3]MTA to 5- [14CH3]

methylthioribose-l-phosphate (18). Unless stated otherwise, the

standard reaction mixture contained in a total volume of 0.25 ml,

0.1 M sodium Hepes (pH 7.2), 10 mM potassium phosphate (pH 7.2),

74 11M 5'-f
14

CH
3
PITA (7.9 x 10

6
cpm/pmol), and protein to allow from

5 to 20% total substrate consumption. The reaction mixture was

incubated at 37°C (unless otherwise noted) for 30 min and the reaction

terminated by the addition of 0.05 ml of 1.8 M trichloroacetic acid.

The resulting precipitate was removed by centrifugation at 11,000 x g

for 5 min and a 0.2 ml aliquot of the supernatant fluid was applied to

a Dowex 50 H
+
X4 (100-200 mesh) column (0.5 X 3.0 cm) equilibrated

with 3N H2SO4. Application of the sample was followed by elution with

3 ml of distilled water directly into scintillation vials. Under these

conditions 5'-methylthioadenosine is retained on the column while

the product, 5-methylthioribose-1-phosphate is detected in the eluate.

A scintillation cocktail consisting of 0.4% diphenyloxazole in

toluene/triton X-100 (2:1, v/v) was added to fill the vials and

radioactivity determined in a Beckman LS 8000 scintillation spectro-

photometer. One unit of enzyme activity is defined as the amount
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of enzyme catalyzing the formation of 1 umol of product in one

min.

Preparation of cell-free extracts for enzyme purification. Cells

were harvested by centrifugation for ten min at 7,000 x g, washed

in distilled water, and resuspended in buffer containing 0.7 M

sorbitol, 0.3 M mannitol, 0.1 M citrate, 10 mM K2HPO4, and 1 mM

EDTA, at pH 5.8. Spheroplasts were formed by incubating the cells

with 20% glusulase for 1 h at 28°C with gentle shaking. The

spheroplasts were pelleted by centrifugation for 10 min at 7,000 x g,

washed and resuspended in buffer containing 0.9 M sorbitol, 10 mM

Tris, and 0.5 MM EDTA at pH 7.4. This suspension was passed through

a French pressure cell at 1-2000 psi. Unbroken spheroplasts and

cellular debris were removed by three centrifugations, each at

1,100 x g for 10 min. Mitochondria were removed by centrifugation

at 12,000 x g for 20 min and utilized for other studies. Potassium

phosphate (pH 7.2) was added to a final concentration of 0.05 M and

the suspension centrifuged at 38,000 x g for 20 min to remove any

remaining cellular debris.

Enzyme purification. The purification procedure described yields

the highest specific activity enzyme of various procedures attempted.

Following the first step, all enzyme preparations were stored in a

standard buffer consisting of 0.05 M potassium phosphate, 3.0 mM

dithiotreitol, 1.0 mM EDTA, 10% glycerol (v/v), 0.1 M sorbitol,
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0.1 mM sodium azide, 1.0 mM phenylmethylsulfonylfluoride, and

0.5 mM p-chloromercuribenzoic acid (pH 7.2), at -80°C. All purifi-

cation steps were performed at 4°C.

Step one: Streptomycin sulfate precipitation. A 36% streptomycin

sulfate solution was prepared in standard buffer and added dropwise,

with stirring, to the cell free extract at a flow rate of 0.07

ml/min, to give a final concentration of 6%. The solution was

allowed to stir an additional 15 min, the precipitate removed by

centrifugation at 38,000 x g for 20 min, and the remaining solution

dialyzed for 90 min four times each in a 1:5 dilution of standard

buffer. Following each dialysis step the solution was centrifuged

at 38,000 x g for 20 min to remove any slowly precipitating material

from the streptomycin sulfate treatment.

Step two: Hydroxylapatite chromatography. The dialyzed extract was

adsorbed directly onto a 17 x 3 cm hydroxylapatite column equili-

brated with a 1:5 dilution of standard buffer. Protein was eluted

from the column by elution with 300 ml of a 1:2 dilution of standard

buffer at a rate of 0.5 ml/min. 5'-Methylthioadenosine phosphorylase

activity was then eluted with 300 ml of standard buffer at a rate of

0.5 ml/min in bulk.

Step three: DEAE cellulose chromatography. The hydroxylapatite

eluate was applied directly to a 16 x 3 cm DEAE cellulose column that

had been equilibrated with standard buffer. Following application,

the column was washed with 150 ml of standard buffer followed by

the elution of enzyme in a linear 0.05 M to 0.4 M potassium phosphate
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gradient (500 ml) prepared from standard buffer. Fractions (7.5 1)

were collected at a rate of 0.5 ml/min. The fractions containing

the highest enzyme activity were pooled and concentrated in an

Amicon Ultrafiltration Cell, Model 52, under 50 psi nitrogen pressure

through an Amicon XM50 filter (exclusion limit = 50,000 D). Further

concentration to less than 2 ml was accomplished by vacuum dialysis

in a Micro Pro-dicon negative pressure micro protein dialysis

concentrator (Bio-Molecular Dynamics).

Step four: Sephadex G-200 chromatography. The concentrated solution

(approximately 1.0 ml) was applied to a 1.5 x 85 cm Sephadex G-200

column previously equilibrated with standard buffer. Elution was

accomplished with standard buffer at a flow rate of 0.3 ml/min.

The most active fractions (2 ml) were pooled and concentrated as

described above.

Estimation of molecular weight. The molecular weight of 5'-methyl-

thioadenosine phosphorylase was estimated by gel filtration in

Sephadex G-200 as described above. The column was calibrated with

known molecular weight standards (blue dextran, aldolase, bovine

serum albumin, avalbumin, cytochrome c).

Protein determination. The protein concentration of the samples was

determined by the method of Lowry et al. (19).

Enzyme purity. Analytical polyacrylamide gel electrophoresis as

described by Brewer and Ashworth (20) was used as a criterion of

enzyme purity.
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High pressure liquid chromatography. Various analogs of 5'-

methylthioadenosine were tested as substrates for the 5'-methylthio-

adenosine phosphorylase. Analogs were substituted in place of

5'-methylthioadenosine in the standard enzyme assay. The mixture

was incubated at 47°C for 2 h and the reaction terminated with

0.05 ml of a 5% perchloric acid solution. Precipitated protein was

removed by centrifugation at 11,000 x g for 5 min. Samples (25 pl)

were injected into a Waters Assoc. model M-6000A high pressure

chromatography system fitted with a Waters p-bondapak G18 column.

Products and unreacted compounds were eluted with solvent consisting

of 10 mM potassium acetate, 5 mM Pic B-7 (Waters Assoc.), and 10%

acetonitrile (pH 4.0) at a flow rate of 1 ml/min. Ultraviolet

adsorbing compounds (254 nm) were detected with a Waters Assoc.

model 440 absorbance detector. Authentic adenine was used as a

standard.

Product identification. A reaction mixture consisting of 5 mM

potassium phosphate (pH 7.2), 0.1 M sodium Hepes (pH 7.2), 2.0 mM

5'-[
14
CH

3
jMTA, and 2.5 pg of purified enzyme in a total volume of

0.05 ml was incubated for 2 h at 47°C. The reaction was terminated

by the addition of 10 pl of 1.8 M trichloroacetic acid and any

precipitate removed by centrifugation at 11,000 x g for 5 min. The

total reaction mixture was spotted onto a silica gel thin layer

chromatogram, developed in ethyl acetate:methanol (9:1, v/v), and

compared against authentic standards.
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Preparation of cell-free extracts for metabolic studies. For studies

on yeast metabolism, strain 2218A was grown in 800 ml YNB supple-

mented with 1 mM MTA as a source of both adenine and methionine.

Log phase cultures were harvested by centrifugation, washed, and

sphaeroplasts prepared by resuspending the cells in buffer containing

0.5 M mercaptoethanol, 0.1 M Tris, pH 9.3 (2 ml/gm wet weight) for

5 min at 30°C with gentle shaking. The cells were washed two times

in 1.1 M sorbitol, 10 mM potassium phosphate (pH 7.5), 0.4 M CaC12,

then resuspended in 5 ml lyticase (154) and 0.3 ml glusulase per

gram weight of cells. The suspension was incubated at 30°C with

gentle shaking for 60 min. The sphaeroplasts were scored by

microscopic observation and centrifuged for 5 min at 6,000 x g,

washed once in 0.9 M sorbitol containing 0.5 mM EDTA and 10 mM Tris

(pH 7.4). The sphaeroplasts were pelleted at 6,000 x g for 5 min

and resuspended in 1 volume (ml/g wet weight) 0.05 M potassium

phosphate (pH 7.2) containing 10% glycerol and 3 mM dithiothritol.

The suspension was homogenized in a high speed tissue homogenizer

for 8 min and centrifuged at 30,000 x g for 25 min. The supernatant

was used immediately since a loss in activity was seen upon freezing.

Assay conditions. Standard assay conditions for studying the

metabolism of MTA consisted of a reaction mixture containing 15 mM

potassium phosphate (pH 7.2), 1.0 mM MgC12, 15 pM
14
C-labeled

substrate and 0.5 mg protein from the 30,000 x g yeast sphaeroplast

or mouse liver supernatant in a total volume of 0.05 ml. The
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reaction mixture was incubated at 37°C for the specified times (up,

to 120 min) and the reaction was terminated by heating at 100°C for

1 min. Precipitated protein was pelleted at 11,000 x g and the

supernatants applied to various chromatography systems.

Paper and thin layer chromatography. Identification of compounds and

reaction products was accomplished by thin layer and paper chromato-

graphy whenever possible. The chromatographic systems used and

respective Rf values of known compounds are presented in Table 2.

Chromatography on the silica gel systems was sometimes modified by

applying the sample, then spraying with a borate solution consisting

of 0.2 M boric acid, 0.05 M NaC1, 0.05 M Na2B407, (pH 8.0). This

treatment binds cis-diols to the chromatogram preventing their

migration and allows other compounds to migrate freely. Dried

chromatograms were examined for ultraviolet absorbing substances

with a short wave ultraviolet light source, and radioactively

labeled compounds were detected with a Packard Radiochromatogram

Scanner, model 7201. Oxidizable sulfur compounds were detected

with platinic iodide reagent consisting of 0.67% PtC16 (w/v)

dissolved in an equal volume of a 1.1% solution of KT.

Column chromatography. Charged compounds were separated by chromato-

graphy on Dowex 50W-X4 cation exchange resin (Bio-rad Laboratories).

Columns (0.5 x 3 cm) were charged by passing 30 ml of 3 N H2SO4

through the column followed by 30 ml H2O. Samples to be chromato-

graphed were acidified (pH 3.0 to 5.0) with 1 N HC1 and applied to



Table 2. Chromatography systems and Rf values.

Solvent System

Compound 1 2 3 4 5 6 7 8

5'-methylthioadenosine 0.74 0.81 0.27 0.75 0.46 0.56 0.75 0.67
5-methylthioribose 0.77 0.91 0.55 0.75 0.88 0.70 0.75 0.76
5'-methylthioinosine 0.57 0.80 0.09 0.61 0.61Adenine 0.53 0.61 0.20 0.62 0.60
Hypoxanthine 0.62 0.10 0.43 0.43
S-adenosylmethionine 0 0.09 0.09
Adenosine 0.15 0.45 0.45
5'-methylthioadenosine
sulfoxide 0.3 0.34 0.34

Adenosine monophosphate 0.06 0 0
2-keto-4-methylthiobutyrate 0.04 0.73 0.48 0.79 0.73 0.76Methionine 0 0.48 0.88 0.39 0 0.49
5-methylthioribose sulfoxide 0.12 0.60 0.12
2-mercaptoethanol 0.70 0.92 0.70
Dithiothreitol 0.74 0.99 0.57 0.81 0.74
5-methylthioribose-l-phosphate 0 0.26 0.66 0 0 0.252-hydroxy-4-methylthiobutyrate 0.06 0.93 0.65 0.06 0.87
3-methylthiopropionaldehyde 0.86 0.65 0.82 0.86 0.93
3-methylthiopropionic acid 0.05 0.47 0.73 0.81 0.84
5-methylthioribose-l-phosphate
sulfoxide

0 0.17

Time of development 12 h 12 h 1.5 h 6 h 1.5 h 2 h 3 h 8 h



Table 2. Continued

Solvent systems: 1. Butanol:acetic acid:H
2
0 (12:3:5) ascending, Whatman 1 M

2. Ethanol:acetic acid:H
2
0 (65:1:34) ascending, Whatman 1 M

3. Ethyl acetate:methanol (9:1) thin layer-silica gel

4. Butanol:acetic acid:H
2
0 (12:3:5) thin layer-cellulose

5. 1 M Lid thin layer-cellulose

6. Methanol:chloroform (85:15) thin layer-silica gel

7. Butanol:acetone:acetic acid:H
2
0 (70:70:20:40) thin layer-cellulose

8. Butanol:acetone:acetic acid:H
2
0 (70:70:20:40) descending, Whatman 3 M
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the column. Anionic and neutral compounds were washed from the

column with 10 ml H2O while cationic compounds were eluted with

6 ml of 2 N NH
4
0H. Ribose (cis-diol) containing compounds were

separated from non-ribose compounds by chromatography on Aff i -gel

601 (Bio-rad Laboratories). Columns (0.5 x 3 cm) were washed with

15 ml formic acid followed by 15 ml 0.25 M sodium acetate buffer

(pH 8.6). Samples to be chromatographed were brought to pH 9.0 with

1 N KOH and applied to the column. Non-cis-diol containing compounds

were washed from the column with 8 ml of sodium acetate buffer while

cis-diols were eluted with 8 ml 1 N formic acid. UV absorbing

compounds (254 nm) were detected by high pressure liquid chromato-

graphy. Samples were acidified with one volume (v/v) of 1.5 N

perchloric acid, centrifuged at 11,000 x g, and injected into the

high pressure liquid chromatography system previously described.

Dansylation of compounds. Samples to be analyzed were dissolved in

0.15 ml 70% ethanol (v/v), mixed with 0.02 ml saturated sodium

carbonate and 0.2 ml dansyl chloride solution (20 pg/ml in acetone)

added to each. Samples were incubated at 37°C in the dark. After

2 h, 0.4 ml 20 pg/ml methionine was added and incubation continued

at 25°C for 30 min in the dark. Dansylated compounds were extracted

with 0.5 ml benzene.

Compounds. 5'-i
14
CH

3
DITA was prepared from S-adenosyl-L-[

14
CH

3
]

methionine (15) which was purchased from Amersham/Searle and purified

by high pressure chromatography. Escherichia coli alkaline
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phosphatase was obtained from Sig Corp., while glusulase is a

product of Endo Laboratories, Garden City, N.Y.
14
CH, or non-labeled

5-Methylthioribose was prepared by hydrolyzing 14
CH

3
or non-labeled

5'-methylthioadenosine in 0.1 N HC1 for three hours at 100°C. 5'-

Methylthiotubercidin was synthesized from tubercidin (Sigma Corp.) by

treatment with SOC1
2 in hexamethylphosphoramide, isolation of the

resulting 5'-chlorotubercidin by chromatography, and conversion

into 5'-methylthiotubercidin by treatment with NaSCH3 in liquid NH3

(16,17). Similarly, 5'-Methylthioadenosine, 5'-ethylthioadenosine,

5'-n-propylthioadenosine, 5'-isopropylthioadenosine, 51-n-butylthio-

adenosine, and 5'-isobutylthioadenosine were synthesized from

adenosine with isolation of 5'-chloroadenosine and conversion to the

analog with the appropriate thiol salt as described above for the

tubercidin derivative. Adenine-[8-
14
C-Adenine]Methylthioadenosine

(2.75 x 105 cpm/umol),' [U- 14C- adenosine]-MTA (2 x 106 cpm/umol) and

5'-methylthioinosine were provided by Dr. Fritz Schlenk. 3-Methyl-

thioproprionic acid was synthesized enzymatically (146) from 3-

methylthioproprionaldehyde (Eastman) using yeast aldehyde dehydrogenase

(Sigma). 2-Keto-4- [14CH3Imethylthiobutyric acid was prepared

enzymatically (155) from [14CH3]methionine (Amersham) using snake

venom amino acid oxidase. [14CH3]Methylthioribose-l-phosphate was

synthesized from [14CH3]MTA using purified S. cerevisiae MTA

phosphorylase in a standard reaction. The products were separated

by chromatography on system 6. Alternatively,
14cH3

imethylthio-

ribose-l-phosphate was synthesized from [
14
CH

3'
lmethylthioribose and
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ATP using purified methylthioribose kinase (66). The products were

separated on DEAE cellulose; 5-methylthioribose is washed from the

column with 0.005 M potassium phosphate (pH 7.2) while 5-methylthio-

ribose-l-phosphate is eluted with 0.03 M potassium phosphate. ATP is

retained on the column under these conditions.
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RESULTS

The Role of MTA in Purine Salvage in
Saccharomyces cerevisiae

Transport of MTA. Strains of Saccharomyces cerevisiae do not

transport nucleosides such as adenosine or MTA. A cordycepin

sensitive strain (50-3), however, has been isolated which

incorporated adenosine at a rate seven times greater than its

parental prototroph (168). Because of the structural similarities

between adenosine and MTA, we employed this strain (50-3) to examine

whether MTA was also taken up by these cells. The ability of strains

50-3 and its cordycepin resistant parent, 2439-6C to accumulate

exogenously supplemented adenosine and MTA is depicted in Fig. 4.

Strain 2439-6C did not accumulate radioactivity from either [8-
14

C-

adenine]MTA or [
14

C H3 ]MTA to any significant extent in 100 min.

Strain 50-3, however, accumulated the radioactivity from both

labeled MTA and adenosine. By 100 min, 800 pmoles of radioactivity

from adenosine and 620 pmoles radioactivity from MTA had accumulated

within the cells.

To determine if MTA could be isolated from cells grown in the

presence of MTA as its sole source of purine, cells were grown in

the presence of
14
CH

3
IMTA (1.1 x 10

7
cpm/umole), harvested by

centrifugation, the medium saved, and the pellet extracted. Chramato-

graphy of the medium shows MTA was the only compound present (Fig.

5A). A
14
C-containing compound extracted from whole cells migrated

to the same Rf value (0.70) in solvent system 4 as authentic MTA
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Fig. 4. The uptake of [8- 14C]adenosine and [8-1
4
C-adenine]MTA in

S. cerevisiae. Cultures were grown in YNB medium supplemented with

20 ilg/m1 adenine to a density of 3 x 10
6
cells/ml, harvested by

filtration, washed with distilled water, and reinoculated into

fresh YNB-medium deficient in adenine. At time zero, radioactively

labeled nucleosides were added to a final concentration of 0.25 mM.

Symbols: (0), strain 2439-6C grown in the presence of [8-14C]-

adenosine; (0), 2439-6C grown in the presence of [8-
14
C-adenine]MTA;

14c3(0), 50-3 in the presence of -adenosine; (II), 50-3 in the

14
presence of [8- C-adenine]MTA.
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Fig. 5. Radioscans of radioactively labeled compounds separated

by chromatography in system four. The scans are A, labeled

compound found in the media and B, labeled compounds found in

perchloric acid extracts of whole cells when strain 50-3 was

cultured in the presence of 14
[CH

3
114TA.
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(Fig. 5B). Most of the labeled material, however, migrated to an Rf

0.25. Data presented later will demonstrate this compound to be a

product of MTA metabolism (5-methylthioribose-l-phosphate). No

radioactive compounds could be detected from strain 2439-6C under

the same conditions. The data indicate that MTA is transported

into strain 50-3 and metabolized.

To determine if adenosine and MTA were taken up by a common

mechanism, the effect of MTA on the accumulation of adenosine and

the effect of adenosine on the accumulation of MTA were investigated

(Table 3). Unlabeled adenosine (1 mM and 2.5 mM) inhibited the

accumulation of 0.5 mM [8-14C-adenine]MTA 29% and 47%, respectively.

In the reciprocal experiment, 1 mM and 2.5 mM MTA inhibited the

accumulation of 0.5 mM [8-14C]-adenosine 28% and 52% respectively,

approximately the same degree of inhibition. These results suggest that

adenosine and MTA are taken up by a common mechanism in this strain.

Growth on purine containing substrates. Strains 2439-6C and 50-3

were starved for three days in adenine free medium to deplete the

pool of free adenine, then resuspended in fresh medium supplemented

with either adenine, adenosine (Fig. 6), or MTA (Fig. 7) as a

source of purine. In the presence of adenine (20 pg/m1), both

strains attained a similar cell density by 40 h, but the cordycepin

sensitive mutant (strain 50-3) exhibited a much longer lag phase

(Fig. 6). When adenosine was the source of purine, however, strain

2439-6C grew very slowly, and, after 39 h of growth, reached a cell

density which was only 26% of that attained by strain 50-3 under
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Table 3. Reciprocity of accumulation exclusion of MTA and
adenosine in S. cerevisiae.

% Inhibition of accumulationa

Supplement [8-14C]adenosine [adenosine-8-
14c]mTA

MTA
1.0 mM 28
2.5 mM 52

Adenosine
1.0 mM 29
2.5 mM 47

a
Cells (3 x 10

6
1ml) were incubated with labeled MTA or

adenosine (0.5 mM) in the presence or absence of the other
unlabeled substrate for 100 min. The radioactivity
accumulated within the cells was determined as described
in the text.



55

Fig. 6. Growth of strains 2439-6C and 50-3 in YNB media supplemented

with adenosine or adenine. Cells were starved in adenine-free

medium for three days and inoculated into fresh medium in the

absence and presence of adenine (20 pg /mi) or adenosine (1.0 mM).

Strain 2439-6C grown in the absence of adenine or adenosine, (41); in

the presence of adenine, (0); or adenosine (0). Strain 50-3 grown in

the presence of adenine, (A); or adenosine, (A).
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identical conditions. When MTA was the source of purine (Fig. 7)

similar results were observed; following a 10 h lag, strain 50-3

grew readily on 1.0 mM MTA but strain 2439-6C again reached a density

only a fraction (less than 25%) of that achieved by the cordycepin

sensitive strain. In the absence of a purine source both strains

failed to grow in the time period examined.

The above experiments were extended to determine the dose-response

of supplemented MTA on the growth of strain 50-3 (Fig. 8). Over a

40 h period, concentrations ranging from 225 pM to 740 pM MTA

resulted in nearly the same final cell mass. MTA (100 pM) as the

sole source of purine was sufficient for approximately 95% of maximum

growth of strain 50-3. Half-maximal growth was reached at an MTA

concentration of approximately 30 pM. The data indicate that low

levels of MTA can satisfy the purine requirement of S. cerevisiae

if the strain is sufficiently permeable to this nucleoside.

The growth of strains 2439-6C and 50-3 on several sources of

purine is shown in Figures 9, 10, and Table 4. Growth of strain

2439-6C was minimal when supplied with adenosine or MTA as a purine

source (Fig. 9). SAM and SAH supported growth of this strain to the

same extent as did adenine. SAH was a better source of purine for

strain 2439-6C than for strain 50-3, whereas the opposite was observed

for cells grown on SAM (Fig. 10). All the purine containing compounds

tested were able to support growth of the permeable strain, 50-3

(Table 4). That SAM and SAH can fulfill the purine requirement in

a non-permeable strain reflects the presence of a mechanism by which
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Fig. 7. Growth of strains 2439-6C and 50-3 in YNB medium supplemented

with 1 MM MTA. Cells were incubated in the absence of adenine for

three days and inoculated into fresh medium. Strain 50-3 was grown

in the absence of adenine and MTA, (0); or in the presence of MTA,

(0); strain 2439-6C was grown in the presence of MTA, (0).

L
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Fig. 8. Growth of strain 50-3 on various concentrations of MTA.

Adenine starved cells were inoculated into fresh adenine free YNB

medium in the presence of various concentrations of MTA and allowed

to grow for 39 h.
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Fig. 9. Growth of strain 2439-6C in YNB medium supplemented with

various purine sources. Cells were adenine-starved for three days

then inoculated into fresh medium in the absence of adenine (A),

presence of 20 pg/tal adenine (), 1.0 mM SAM (o), 1.0 mM SAH (A),

1.0 mM adenosine (CD, or 1.0 mM MTA (II).
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Fig. 10. Growth of strain 50-3 in YNB medium supplemented with

various purine sources. Cells were adenine-starved for three days

then inoculated into fresh YNB medium supplemented with 20 mg/m1

adenine (0), 1.0 mM adenosine (s), 1.0 mM SAH (A), or 1.0 mM

SAM (A).
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Table 4. Ability of various substrates
requirement for Adeninea.

to fulfill an auxotrophic

Substrate
Klett units attained by

Strain 6-C Strain 50-3

adenine 128 134

adenosine 33 130

MTA 30 116

SAM 128 147

SAH 128 94

a
Growth after a 39 hour period.
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these compounds can be transported (162). The ability of SAH to

support growth in both strains indicates that S-adenosyl-L-homocysteine

hydrolase cleaved SAH to yield adenosine and homocysteine (54).

SAM on the other hand, which also supports the growth of both

strains therefore may follow two independent routes of degradation

in order to supply the purine requirement. A transmethylation

reaction may yield SAH with the subsequent degradation via SAH

hydrolase, or, SAM may be degraded to MTA by any of several reported

routes (87). The subsequent cleavage of MTA by MTA phosphorylase

would thus liberate adenine which may enter the purine pool, and

then be incorporated into nucleic acids. To demonstrate this

possibility, cells were grown in the presence of [8-
14
C-adenine)MTA

and TCA precipitable material was isolated from the cells at

specified intervals and assayed for radioactivity. Greater than 90%

of the label from the adenine portion of MTA was incorporated into

TCA precipitable material in strain 50-3. This result indicates the

adenine moiety of MTA is metabolized and incorporated into TCA

precipitable macromolecules, presumably nucleic acids.

MTA phosphorylase activity. To determine if free adenine was being

liberated from MTA in crude extracts, [8- 14C-adenine]MTA was incubated

with a crude cell-free extract from strain 50-3. A
14

C-product

isolated from the reaction mixture did not migrate with authentic

adenine. Instead, the product co-migrated with hypoxanthine in both

TLC systems I and II suggesting that adenine deaminase was present in

these extracts and it catalyzed the conversion of adenine to
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hypoxanthine. An alternative possibility is that MTA was deaminated

to yield 5'-methylthioinosine, which is then degraded to release

hypoxanthine and the 5-methylthioribose moiety, though such an

enzyme has not been demonstrated in S. cerevisiae.

Assays for MTA phosphorylase activity in crude extracts revealed

that the enzyme was present in both strains (Table 5). The presence

of MTA phosphorylase activity in strain 2439-6C eliminates the

possibility that this strain does not grow on MTA due to a deficiency

of this enzyme. In adenine grown cells, enzyme activity was present

at approximately the same level in both strains (0.108 pmole/mgmin

in strain 2439-6C vs 0.097 pmole/mgmin in strain 50-3). Growth of

strain 50-3 on MTA, in lieu of adenine, caused an apparent enhancement

of enzyme activity. The specific activity for MTA phosphorylase in

crude extracts from cells grown in 0.25 mM and 0.5 mM MTA was 1.7 and

2.8-fold higher, respectively, than that of adenine grown cells.

another strain, 2218A, growth on 1 MM MTA resulted in an enhancement

of MTA phosphorylase activity 40 fold over cells grown without MTA.

MTA, even with multiple pathways of biosynthesis, has not been

found to accumulate in a number of different cells and tissues (38,

39,42). Accounting for the low intracellular levels of MTA is the

rapid degradation to 5-methylthioribose and adenine in a variety of

microorganisms (46) and to 5-methylthioribose-l-phosphate and adenine

in mammalian tissue by the MTA phosphorylase (47-49,52). Such con-

clusions have important implications on those systems where MTA has

been shown to be inhibitory (73). Furthermore, it appears that MTA
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Table 5. Stimulation of MTA phosphorylase activity in vivo by
MTA.

Specific activity of MTA phosphorylase
(milliunits/mg)

Purine Source Strain 6-C Strain 50-3 Strain 2218A

adenine (20 lig/m1) 0.108 0.097 0.039*

0.25 mM MTA NT 0.166 NT

0.5 mM MTA NT 0.271 NT

1.0 mM MTA NT NT 1.585

*Methionine supplied to media at 20 11g/ml.

NT = not tested
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nucleosidase or MTA phosphorylase is ubiquitous in a number of

different systems tested, (Table 6) indicating its relevance in

general cellular metabolism.

The most active source of enzyme was the nucleosidase from

plant material catalyzing the conversion of 2304 pmole/mgndn,

1835 pmole/mgmin, and 1255 pmole/mgmin in avocado, pear, and

apple tissue, respectively. Enterobacter aerogenes extracts, another

source of nucleosidase (65), had only 20% to 40% the activity found

in the plant tissues. Among the sources of MTA phosphorylase, a

human melanoma cell line had activity 3-fold that found in lymphocytes.

These levels of enzyme activity are comparable to those found in the

yeast strains tested. In addition, enzyme activity was isolated

from both the cytosolic and mitochondria) fractions of strain MCC.

It was not determined whether these activities represented identical

enzymes. Further studies involving the purification and characteri-

zation of the enzyme catalyzing the degradation of MTA should lead

to further understanding of the role of MTA in the cell. For these

studies strain MCC was chosen as it had the highest enzyme activity

among those strains tested which did not require the exogenous

supplementation of high concentrations of MTA.
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Table 6. MTA phosphorylase (nucleosidase) activity in various
extracts.

Specific Activity
Source pmole/mgmin

48 h PHA stimulated lymphocytes (human) 195

Human melanoma cells 687

Mouse liver 114

Musca Domestica ovary 128

Apple tissue (golden del) 1255

Pear tissue 1835

Avocado tissue 2304

Yeast strain 2218A (ade, met. grown) 39

strain 2218A mM MTA grown) 1585

strain MCC cytosolic 470

strain MCC mitochondrial 725

Enterobacter aerogenes 497
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Purification and Characterization of MTA Phosphorylase
from Saccharomyces cerevisiae

Enzyme purification. Early attempts at purifying 5'-methylthio-

adenosine phosphorylase proved to be futile since the enzyme was

highly unstable in various buffers. Addition of glycerol, reducing

agents, EDTA, and sorbitol resulted in a significant increase in

stability during storage. The loss of enzyme activity from the

action of proteases was also a hindrance throughout the isolation

procedure, particularly during the latter stages of purification.

This was alleviated by the addition of the protease inhibitors

phenyImethylsulfonylfluoride and p-chloromercuribenzoic acid (169).

EDTA may also have played a role in protecting the enzyme from

digestion by proteases since it has been shown to inhibit protease

a in S. cerevisiae (169). The enzyme was routinely stored at -80°C

in standard buffer. Under these conditions a 20 to 30% loss in

enzyme activity was found over a fifty day period.

The presence of excess nucleic acid rendered both hydroxylapatite

and DEAE cellulose binding ineffective, thus, crude extracts were first

brought to 6% saturation with streptomycin sulfate (Table 7). This

treatment resulted in a change in the 280/260 adsorption ratio from

0.629 to 1.06; this represents a drop in nucleic acid content from

17% to 3% (170). Hydroxylapatite binding was effected at phosphate

concentrations of less than 0.25 M, thus, it was possible to use

standard buffer in a bulk elution step.



Table 7. Purification of 5'-methylthioadenosine phosphorylase.

Fraction Volume
Total

Protein
Total
Units

Specific
Activity
munits/mg Yield Purification

Crude extract 25 ml 521 mg 0.244 0.47 100%

Streptomycin sulfate 53 278 0.319 1.15 130 2.45

Hydroxylapatite 245 51.5 0.193 3.76 79 8.00

DEAE cellulose 1.3 1.69 0.021 12.3 8.4 26.17

Sephadex G-200 1.9 0.114 0.007 63.4 3.0 134.9
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The total bulk eluant was applied to DEAE cellulose column.

Elution over a 0.05 M to 0.4 X linear phosphate gradient is

illustrated in Fig. 11. Peak enzyme activity was found between

0.15 M and 0.2 M phosphate. Following elution from DEAE cellulose,

the concentrated sample was applied to and eluted from a Sephadex

G-200 column as described in Materials and Methods. Figure 12

reveals that the peak enzyme activity eluted between 95 and 120 ml.

This corresponds to a molecular weight of approximately 90,000 D.

Polyacrylamide gel electrophoresis revealed one major and two minor

protein bands.

Product identification. Thin layer chromatographic analysis of the

degradation products of 5'-[14CH
3
]methylthioadenosine incubated

with purified enzyme yielded (solvent system 3) a single peak

migrating to an Rf value of 0.03 relative to the solvent front

(Fig. 13). Authentic 51-methylthioadenosine migrates to an Rf value

of 0.25, 51-methylthioribose to 0.60, ribose-l-phosphate to 0.05,

and 5-methylthioribose-l-phosphate remains at the origin. Exposing

the product to acid or treatment with alkaline phosphatase resulted

in the formation of a radioactively labeled compound which co-

migrated with 5f-methylthioribose.

Utilization of [8-
14
C-adenine]-5'-methylthioadenosine in the assay

resulted in a single radioactively labeled peak which migrated to

the same Rf as adenine (Rf 0.1). Furthermore, when the product

which migrated to Rf 0.03 was incubated with equimolar adenine under

standard assay conditions (minus 5'-methylthioadenosine), small
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Fig. 11. Elution of Saccharomvces cerevisiae 5'-methylthioadenosine

phosphorylase from DEAE cellulose. An 8-fold purified enzyme

preparation was applied to a 16 x 3 cm column equilibrated with

standard buffer and fractions collected. The enzyme activity (0)

was eluted with a 0.05 M to 0.4 N linear phosphate gradient (----).
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Fig. 12. Elution of Saccharomyces cerevisiae 5'-methylthioadenosine

phosphorylase from a Sephadex G-200 column. An aliquot (1.3 ml) of

a 26-fold purified extract was applied to the column and eluted with

200 ml of standard buffer.
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Fig. 13. Radioscans of radioactively labeled compounds arising from

the degradation of 5'-[Me-14C]methylthioadenosine by 5'-methyl-

thioadenosine phosphorylase. The radioscans are: A, 5'-[Me-
14

C]

methylthioadenosine (Rf = 0.25) incubated with 51-methylthioadenosine

phosphorylase; B, the radioactive reaction product in A (Rf 0.03)

incubated with alkaline phosphatase. The radioactive product in A

was scraped from the chromatogram (A) and incubated with alkaline

phosphatase as described in Materials and Methods. The reaction

mixtures were analyzed by thin layer chromatography in solvent

system 3.
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amounts of a compound co-migrating with authentic 5'-methylthio-

adenosine were formed. Based on these data the products of the MTA

phosphorylase reaction appear to be adenine and 5-methylthioribose-1-

phosphate. In addition, the enzyme appeared to be capable of carrying

out the reverse reaction, the synthesis of 5'-methylthioadenosine

from adenine and 5-methylthioribose-l-phosphate.

Effect of temperature. The rate of 5'-methylthioadenosine degradation

was greatly increased by temperature elevation. A maximum reaction

rate was obtained at approximately 58°C with the rate rapidly falling

between 65° and 70°C (Fig. 14). The stability of the enzyme was

assayed by incubating the standard reaction mixture at various

temperatures from 30° to 70°C for varied periods of time. Degradation

over a 1 h period appeared to be linear at temperatures less than

47°C. Above 47°C an increasing degree of non-linearity with

increasing temperature was found, presumably due to thermal

denaturation of the enzyme.

Kinetic constants. Analysis of kinetic (Michaelis) parameters of

5'-methylthioadenosine phosphorylase at a phosphate concentration of

10 mM yielded an apparent Km value of 18.7 11M for 5'-methylthio-

adenosine with a Vmax of 77.5 nmole/mgmin as determined from the

double reciprocal plot (Fig. 15). It should be noted the enzyme

was sensitive to substrate inhibition at high MTA concentrations,

thus creating an inflection of the curve in the double reciprocal

plot.
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Fig. 14. Activity of 5'-methylthioadenosine phosphorylase as a

function of temperature. Reaction mixtures were incubated with a

134-fold purified enzyme preparation at the designated temperatures

as described in Materials and Methods.
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Fig. 15. Reciprocal plot of velocity as a function of 5'-methylthio-

adenosine concentration. Enzyme assays were carried out at 47°C

as described in Material and Methods except that the concentration

of 5'-methylthioadenosine was varied as shown. The phoSphate

concentration was kept constant at 10 mM.
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The enzyme displayed a total dependence on phosphate as a second

substrate, thus the kinetic constants varied according to concen-

tration of substrate. The Michaelis constant for 5'-methylthio-

adenosine was between 13.3 uM and 23.2 uM for a phosphate

concentration range of 5 to 15 mM. Above 15 mM there was no increase

in velocity, whereas below 5 mM phosphate the velocity of the

reaction decreased dramatically.

Phosphate also provided a stabilizing effect: dialysis against

0.05 M Hepes or Tris standard buffer (replacing phosphate in the

standard buffer) for 6 h with four buffer changes results in a 90%

loss in enzyme activity. A double reciprocal plot (1/[phosphate] vs.

1/velocity) is presented in Figure 16. The corresponding Km value

is 2.33 mM for 74 uM 5 -methylthioadenosine concentration.

Substrate specificity. Various analogs of 5'-methylthioadenosine

were tested for their ability to serve as substrates for the enzyme.

Ultraviolet absorbing products were detected by high pressure liquid

chromatography as described in Materials and Methods. Table 8 depicts

the results of this study. The UV peak for each of the reacted

adenosine-containing compounds increased in size when authentic

adenine was added to the terminated reaction mixture, indicating

adenine as a reaction product.

5'-Isopropylthioadenosine served equally well as 5'-methylthio-

adenosine as substrate in the reaction. In order of decreasing

ability to serve as substrate, 5'-ethylthioadenosine, 5'-propylthio-
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Fig. 16. Reciprocal plot of velocity as a function phosphate

concentration. Enzyme assays were carried out at 47°C as described

in Materials and Methods except that the concentration of phosphate

was varied as shown. The concentration of 5'-methylthioadenosine

was 74 uM (0).
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Table 8. Substrate specificity of 5'-methylthioadenosine
phosphorylase.

Compound Tested
pmoles product

formed/2 h
% relative to

5'-methylthioadenosine

5'-methylthioadenosine 1495 100%

5'-methylthiotubercidin <10

5'-ethylthioadenosine 1254 83.9

5'-propylthioadenosine 1084 72.5

5'-isopropylthioadenosine 1509 100.9

5'-butylthioadenosine 771 51.6

51-isobutylthioadenosine 1041 69.6
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adenosine, 5'-isobutylthioadenosine, and 5'-butylthioadenosine

followed 5'-isopropylthioadenosine. 5'-Methylthiotubercidin, the

7-deaza analog of 5'-methylthioadenosine, yielded a very small

UV absorbing peak, and exact concentration measurements were not

possible.

That the yeast MTA phosphorylase lacks rigid specificity for

the 5'-position of the substrate is indicated by the ability of the

enzyme to cleave a variety of 5'-modified 5'-methylthioadenosine

analogs. Some of these analogs have been found to be inhibitory to

PHA-induced lymphocyte transformation and to growth of certain

mammalian cell lines (86,92). Of special interest is.5'-isobutyl-

thioadenosine, a powerful antiproliferative drug shown to inhibit the

growth of transformed mouse mammary cells (89), cell transformation

induced by oncogenic RNA or DNA viruses (81,82), mitogen-induced

lymphocyte blastogenesis (90), and lymphocyte mediated cytolysis

(101). This compound is degraded intracellularly in at least one

system (69). With this consideration, we decided to investigate

whether 5'-isobutylthioadenosine and the other 5'-substituted

analogs tested in this paper would be useful as substrates in vivo

and particularly, fulfill the cellular requirements for adenine in

an adenine auxotroph, as does MTA. A nucleoside permeable derivative

of strain 50-3, strain 2218A, was chosen for this investigation due

to its less fastidious growth characteristics. The results of this

study are presented in Figure 19. Each of these compounds served

to some extent, as a source of purine in strain 2218A, reaching



91

Fig. 17. Growth of strain 2218A in YNB medium supplemented with

various purine sources. Cells were taken from twenty-four hour

culture and inoculated into fresh adenine free YNB medium supple-

mented with 1.0 mM 5'-ethylthioadenosine (A), 1.0 mM 5'-propylthio-

adenosine (II), 1.0 mM 5'-isopropylthioadenosine (0), 1.0 mM 5'-

butylthioadenosine (0), 1.0 mM 5'-isobutylthioadenosine (0), 1.0

mM 5'-methylthioadenosine (I), or no supplement (A).
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between 35% and 58% the density of those cells grown on MTA. Cells

grown on 5'-propylthioadenosine attained the highest cell density

among the cells grown on the 5'-substituted analogs of MTA during

the 53 hour period of growth. MTA clearly served as the best source

of purine for the cells in these studies. The ability of these

analogs of MTA to serve as a source of purine in vivo in an adenine

requiring strain of yeast indicated that these compounds are taken

up into the cell and degraded by the phosphorylase yielding adenine

and the corresponding ribose analogue.

Inhibition studies. Various compounds were tested for their ability

to act as inhibitors of the reaction utilizing 5'-methylthioadenosine

as substrate (Table 9). It is interesting to note that one of the

products, adenine, was 54.5% inhibitory; in a separate experiment

the other product, 5-methylthioribose-l-phosphate, had either no effect

or was slightly stimulatory at equimolar concentration with substrate.

The polyamines spermine and spermidine, products during the synthesis

of MTA, had little effect on the purified enzyme. S-Adenosyl-

methionine and 5-methylthioribose were 13.3% and 12.3% inhibitory,

respectively, while the transmethylation inhibitor S-adenosylhamo-

cysteine had virtually no effect.

The kinetics of inhibition by adenine were further analyzed

(Fig. 18). Adenine was found to be a non-competitive inhibitor

with a Ki value of 29.9 pM.
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Table 9. Inhibition of 5T-methylthioadenosine phosphorylase.

Compound Tested
Specific Activity
(milliunits/mg) % Inhibition

5'-Methylthioadenosine 26.1 0

51-Methylthiotubercidin 25.0 5.2

Adenosine 27.1

Adenine 11.9 54.4

Ribose-1-phosphate 26.2

5-Methylthioribose 22.9 12.3

Spermidine 24.9 5.6

Spermine 26.6

5-Methylthioribose-1 -PO4 30.5

S-Adenosylhomocysteine 25.2 3.3

S-Adenosylmethionine 22.6 13.3
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Fig. 18. Non-competitive inhibition by adenine. Enzyme assays

were carried out at 47°C as described in Materials and Methods

except that adenine was added to a final concentration of 18.9 pM.
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The Role of MTA in Methionine Metabolism in
Saccharomyces cerevisiae

MTA as a methionine source in vivo. MTA is degraded by MTA

phosphorylase to yield adenine and 5-methylthioribose-l-phosphate

in S. cerevisiae (Fig. 13). Although adenine is free to enter the

purine nucleotide pool, the fate of 5-methylthioribose-l-phosphate

is less certain. MTA has been shown to be an intermediate in

methionine biosynthesis in several systems, presumably via 5-

methylthioribose-l-phosphate (160). When used as a source of both

adenine and methionine, MTA supported the growth of S. cerevisiae

strain 2218A (Fig. 19). Growth of this strain was maximal with both

methionine and adenine supplementation. MTA, in the presence of

adenine and methionine, does not alter the growth rate (not shown).

The addition of methionine to MTA supplemented cultures results in

a faster growth rate than with MTA alone, however, cultures

supplemented with adenine were not able to use MTA as a source of

methionine.

Effect of methionine and adenine on MTA uptake. The inhibitory

effect of adenine on MTA utilization in strain 2218A cannot be due

solely to an effect on transport of the nucleoside.

Cells pregrown with adenine and methionine accumulated NTA at a

rapid rate which was linear for 100 min (Fig. 20). In the presence

of adenine, the rate of MTA uptake was initially as rapid as with

MTA alone; however, by 40 min the rate of uptake of MTA in the
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Fig. 19. Growth of strain 2218A in YNB medium supplemented with

MTA as a methionine and purine source. Cells were inoculated from

a twenty-four hour culture into fresh YNB medium with 20 pg/ml

adenine containing either 1.0 mM MTA (i), no supplements (I),

1.0 mM MTA, (0), 20 pg/ml methionine (0), 20 pgiml methionine plus

1.0 mM MTA CO, or 20 pg/m1 adenine and methionine (C3).
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Fig. 20. Accumulation of [
14

CH 33 MTA by cells of S. cerevisiae 22-18A

pregrown in medium containing adenine + methionine. Conditions of

the experiment were as described in the text, except that the

concentration of [
14
CH

3
]MTA (9.24 x 10

5
cpm /imo1e) was 0.17 mM.

The following supplements were added in addition to labeled MTA:

none (3); 0.15 mM adenine (0); 0.13 mM methionine (A); or 0.15 mM

adenine + 0.13 mM methionine (h).
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presence of adenine had begun to decrease. Incubation of the cells

with methionine inhibited the uptake of MTA to an even greater extent;

however, the uptake of MTA by the cells incubated with methionine

proceeded at a linear rate during the experiment. The combination

of adenine + methionine was slightly more inhibitory than methionine

alone. The data indicate that both methionine and adenine inhibit

the uptake of MTA by S. cerevisiae cells pregrown in adenine +

methionine.

Cells pregrown in 0.15 mM MTA accumulated less MTA than the

cells pregrown in adenine + methionine (Fig. 21). The initial rate

of MTA accumulation by the MTA-grown cells was slightly faster than

the rate at which cells grown in adenine and methionine accumulated

MTA, this rate decreased greatly after the first 20 min. The

presence of adenine had no effect on MTA accumulation by the cells

pregrown in MTA, whereas the inhibition of MTA accumulation by

methionine was similar to that observed in the cells grown in

adenine and methionine. If the inhibitory effect exerted by adenine

on MIA utilization were mediated solely by inhibition of uptake, an

even greater effect would have been expected by methionine since

methionine inhibited the uptake of MTA to a much greater extent than

did adenine.

Effect of adenine, methionine, and adenosine on MTA phosphorylase

activity. Another possible explanation for the inability of MTA to

serve as a methionine source when adenine was also present is the



103

Fig. 21. Accumulation of [ H3]MTA by cells of S. cerevisiae 22-18A

pregrown in medium containing MTA. Conditions for the experiment

were as described for Fig. 7. The following supplements were

added in addition to labeled MTA: none (0); 0.15 mM adenine (0);

0.13 mM methionine (A); or 0.15 mM adenine + 0.13 mM methionine (A).
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inhibition of MTA phosphorylase activity by adenine, a product of

the reaction catalyzed by this enzyme. In crude cell extracts of

strain 22 -18A the activity of MTA phosphorylase was determined and

found not to be inhibited by equimolar adenine, methionine, or

adenosine (Table 11). This, however, is not necessarily an accurate

picture of what happens in vivo. We have previously demonstrated

the purified MTA phosphorylase from strain MCC was inhibited by

adenine (Ki = 29.9 uM, Fig. 18); it is possible that in vivo

conditions mimic the enzyme in its purified state rather than the

crude mixture of proteins assayed here. The data implies the

inhibitory effect adenine has on MTA utilization may be due to a

combination of effects; adenine may also exert an inhibitory effect

on another intermediate step in methionine biosynthesis from MTA.

Metabolism of [

14
CH

3
MTA in vivo. Earlier studies demonstrated

that the methylthiol group of MTA was somehow recycled back to S-

adenosylmethionine (122). Toohey (23,127) recently reported that in

mammalian cells 5-methylthioribose-l-phosphate was metabolized to

an unknown product, which was suggested to be the product of a

methylthiol-group cleavage reaction. A methylthiol group transfer

may liberate free methanethiol or require the presence of an

acceptor molecule in order to form methionine or its precursor.

Incubation of [14 CH
3
]MTA with a-ketobutyrate or a-aminobutyrate, as

acceptor molecules, with cell-free extracts of strain 2278C resulted

in no change in the profile of radioactive material on thin layer
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Table 10. Effect of methionine, adenine, and adenosine on MTA
phosphorylase activity in S. cerevisiae 22-18A.

Additionsa Specific Activity (pmole/mgmin)

None 56.9

Adenine 64.3

Methionine 67.0

Adenosine 73.8

a
The assay system contained the added substance and MTA at
equimolar concentration (74 4M).
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chromatograms relative to controls without acceptor molecules.

Furthermore another methionine auxotroph, strain S37 was not able to

utilize methanethiol sodium salt as its sole source of methionine

(data not shown). It is likely that the mechanism by which MTA is

recycled to methionine is far more complex.

Several strains of S. cerevisiae with improved ability to

utilize MTA as the sole source of methionine were selected. One of

these, strain 224A, was grown to log phase in 0.35 mM MTA then

transferred to fresh media with 0.35 mM [ 14
CH

3
]MTA followed by

incubation for 9 h. Perchloric acid extraction and subsequent

chromatography indicated labeled material had accumulated within

the cell (Fig. 22). The peaks correspond to compounds which migrate

to the same Rf values as standard MTR-1-P0
4'

methionine, MTA or

2-keto-4-methylthiobutyric acid, and 3-methylthiopropionic acid or

3-methylthiopropionaldehyde. Development of this same extract on

silica gel in solvent system 3 resulted in the appearance of

labeled peaks corresponding to the same Rf values as MTA and 3-

methylthiopropionaldehyde. Methionine, 3-methylthiopropionic acid

and 5-methylthioribose-l-phosphate do not move off the origin in

this system and thus were indistinguishable. Therefore, the

products from the in vivo metabolism of MTA appear to include 5-

methylthioribose-l-phosphate, methionine, and 3-methylthiopropiot-

aldehyde. To determine which compounds were intermediates in the

biosynthesis of methionine from MTA, or catabolites of methionine,

the metabolism of MTA was also studied in vitro.
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Fig. 22. Radioscan of radioactively labeled products of 14
CH

3
]MTA

metabolism. Strain 224A was grown in 0.35 mM 14
CH

3
]MTA (specific

activity = 5 x 106 cpm/Ilmole) for 9 h and homogenized in ethanol.

The sample was applied to a cellulose thin layer plate and the

chromatogram was developed in system four.
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Metabolism of [14C]MTA in cell-free extracts. [11-
14
C-adenosine]MTA

was synthesized to determine if the ribose carbons could become

incorporated into the 2-aminobutyrate portion of methionine. A

double labeling experiment was performed using [C
3
H
3
]MTA and [U-

14
C-

adenosine]MTA as substrate (
3
H/

14
C ratio = 0.925). Methionine was

isolated from the reaction mixture by elution from a Dowex 50W-X4

column with 2 N NH
4
OH followed by chromatography on paper in solvent

system 8. The methionine eluted from the paper had a
3
H/

14
C ratio

of 2.08, corresponding to approximately 4.5 carbons of the ribose

recycled into methionine. It appears, therefore, that the

formation of methionine from MTA in S. cerevisiae apparently involves

modification of the ribose portion of MTA to form the carbon chain

of the amino acid.

To study the intermediate steps involved in the synthesis of

methionine, [

14
CH

3
]MTA was incubated with cell-free extracts of

strain 2218A grown in 1.0 mM MTA as a source of both methionine and

adenine. Labeled products were separated by paper chromatography in

solvent system 8 (Fig. 23). Figure 23A shows the migration of

substrate [
14

CH
3
]MTA after 0 min of incubation. After 120 min of

incubation (Fig. 23B), paper chromatographic separation revealed

six peaks. For convenience, these have been designated peaks 1

thru 6 in order of increasing Rf value.
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Fig. 23. Separation of the products from the enzymatic reaction

of [

1
4CH31MTA with cell-free extracts by paper chromatography.

The assay mixture described in Materials and Methods was incubated

with an extract of strain 2218A at 37°C for A, 0 min, or B, 120

min. The reaction was stopped by heating at 100°C for 1 min.

Each sample was applied to the paper and the chromatogram was

developed in solvent system 8.
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Peak 1 co-migrated with standard 5-methylthioribose-1-

phosphate. The labeled material from peak 1 was eluted from the

chromatogram and incubated with alkaline phosphatase (see

Materials and Methods). Subsequent chromatography of the reaction

mixture resulted in the appearance of a product which co-migrated

with standard 5-methylthioribose, the expected product if a phosphate

group had been removed from 5-methylthioribose-1-phosphate by

alkaline phosphatase.

Peak 2 could not be identified, none of the standard compounds

tested co-migrated with this labeled product. In some reaction

mixtures, a double peak appeared in the region of peak 2. This

observation, along with the broadness of peak 2 in Figure 23,

suggested that peak 2 may have been composed of two compounds

(compounds 2A and 2B).

Product 3 was identified as methionine by chromatography on

thin layer silica gel plates developed in solvent system 6. Further-

more, dansylation of product 3 followed by high pressure liquid

chromatography resulted in the radioactive peak co-migrating with

reference dansylated methionine.

Product 4 migrated to the same Rf value as standard 5'-methyl-

thioinosine. Deamination of MTA has only been reported in

Aspergillus orvzae (68). To further demonstrate that deamination of

MTA may be possible in S. cerevisiae, product 4 was eluted from the

paper and reisolated by high pressure liquid chromatography. The
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radioactive product co-migrated with authentic 5'-methylthioinosine

(Fig. 24), demonstrating that deamination of MTA had occurred.

Peak 5 was composed of 2-keto-4-methylthiobutyric acid, 5-

methylthioribose, and an unidentified product, designated compound

5A. The products were isolated by development in chromatography

systems 3 and 7 following separation of ribose from non-ribose

containing compounds in the reaction mixture (Fig. 23) on a boronate

column designed to bind cis-diol compounds. Only trace amounts of

MTA remained after 120 min of incubation as determined by high

pressure liquid chromatography.

The components of peak 6 were eluted from the chromatogram

(Fig. 23) and re-chromatographed in systems 3 and 6. Three compounds

which co-migrated with the following compounds were identified:

2-hydroxy-4-methylthiobutyric acid, 3-methylthiopropionaldehyde and

3-methylthiopropionic acid.

In all, eleven products of MTA metabolism were isolated. The

labeled products were: 5-methylthioribose-l-phosphate, methionine,

5T-methylthioinosine, 2-keto-4-methylthiobutyric acid, 2-hydroxy-

4-methylthiobutyric acid, 5-methylthioribose, 3-methylthiopropio-

naldehyde, 3-methylthiopropionic acid, and three unidentified

products designated compounds 2A, 2B, and 5A. It was therefore,

necessary to break down the individual components of MTA metabolism

and study their respective products of metabolism in order to define

a reaction sequence.
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Fig. 24. Profile of UV absorbing (254 nm) compounds eluted from

reverse phase high pressure liquid chromatography column. The

reaction product was isolated by development in chromatography

system 8 (peak 4, see Fig. 23), eluted with H20, and an aliquot

analyzed by high pressure liquid chromatography. An aliquot was

applied to the column A, alone or B, spiked with standard 5'-

methylthioinosine.
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Metabolism of 2-keto-4-[ 14
CH

3
]methylthiobutyric acid in cell-free

extracts. To investigate the nature of these reactions, 2-keto-

4-[
14

CH
3]methylthiobutyric acid was synthesized and incubated with

the reaction mixture described above. Paper and thin layer chromato-

graphy of the reaction mixture (systems 3, 6, and 8) resulted in

the identification of methionine, 2-hydroxy-4-methylthiobutyric

acid, 3-methylthioproprionic acid, and 3-methylthioproprionaldehyde,

as products (Fig. 25). Incubation of [

14
CH

3
]methionine with cell

extracts indicated that the reverse reaction was not operative in

vitro; no degradation was seen. The data indicate that 2-keto-4-

methylthiobutyric acid is a precursor of methionine and that the

reverse reaction is inoperative in vitro. Incubation of 2-hydroxy-

4-methylthiobutyric acid, 3-methylthiopropionic acid, or 3-methyl-

thiopropionaldehyde with extracts from strain 2218A resulted in

little or no production of methionine suggesting that these three

compounds probably resulted from the degradation of 2-keto-4-

methylthiobutyric acid and were not intermediates in the pathway

from 2-keto-4-methylthiobutyric acid to methionine.

Metabolism of [
14

C H3 ]methylthioribose-1-phosphate in cell-free

extracts. That 5-methylthioribose-l-phosphate is an intermediate in

the biosynthesis of methionine has been demonstrated in Enterobacter

aerogenes (130) and in rat liver (160). To determine if this was the

case for S. cerevisiae, extracts of strain 2218A were prepared as

for our earlier studies with [ 14CH
3
]MTA. Enzymatically synthesized

[
14
CH

3 ]methylthioribose-l-phosphate was isolated and incubated with
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Fig. 25. Separation of the products from the enzymatic reaction of

2-keto-4-[
14
CH

3
]methylthiobutyrate with cell-free extracts by paper

chromatography. The assay mixture as described in Materials and

Methods was incubated with an extract of strain 2218A at 37°C for

A, 0 min or B, 120 min before stopping the reaction by heating at

100°C for 1 min. Each sample was applied to Whatman 3 M paper and

developed in solvent system 8. Numerals refer to authentic compounds

which co-migrated with the labeled compounds represented by each

peak. The compounds are: 1, methionine; 2, 2-keto-4-methylthio-

butyric acid; 3, 3-methylthiopropionic acid; 4, 2-hydroxy-4-

methylthiobutyric acid; and 5, 3-methylthiopropionaldehyde.
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the extracts and the products separated by paper and thin layer

chromatography in solvent systems 6 and 8. After 120 min of incubation,

the labeled products identifiable were compounds 2A and 2B, 5-

methylthioribose, 2-keto-4-methylthiobutyric acid, 2-hydroxy-4-

methylthiobutyric acid, 3-methylthiopropionic acid, 3-methylthio-

propionaldehyde and a small amount of methionine. Product 2 and

5-methylthioribose were the first to appear in reaction mixtures

(by 15 minutes). A significant amount of 2-keto-4-methiolbutyric

acid did not appear until 60 minutes into the reaction (Fig. 26).

Further evidence that 5-methylthioribose and 2-keto-4-methylthio-

butyric acid were products in this reaction was verified by the

following procedure: a reaction mixture was applied to a silica

gel thin layer plate and sprayed with a borate spray designed to

bind cis-diols to the plate, preventing their migration. Development

in system six resulted in a greater than 95% reduction in the amount

of label in the 5-methylthioribose peak migrating to the same Rf

value that 5-methylthioribose had prior to treatment. The 2 -keto-

4- methyithiobutyric acid peak remained the same as did the peak

corresponding to compounds 2A and 2B. This also suggested that

compound 2 was not a cis-diol containing compound.

5-Methylthioribose does not appear to be an intermediate in

the biosynthesis of methionine. [
14

CH
3
imethylthioribose was incubated

with extracts from strain 2218A under these same conditions.

Chromatography in systems 3 and 8 revealed only one product of

5-methylthioribose metabolism. This product is believed to be the
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Fig. 26. Separation of the products from the enzymatic reaction

of [
14
CH

3 ]Methylthioribose-l-phosphate with cell-free extracts

by paper chromatography. The assay mixture as described in

Materials and Methods was incubated with an extract from strain

2218A at 37°C for A, 0 min or B, 120 min before stopping the

reaction by heating at 100°C for 1 min. Each sample was then

applied to silica gel thin layer plates and developed in solvent.

system 6. Numerals refer to authentic compounds which co-migrated

with the labeled compounds represented by each peak. The compounds

are: 1, 5-methylthioribose-l-phosphate; 2, compounds 2A and 2B;

3, 5-methylthioribose; and 4, 2-keto-4-methylthiobutyric acid.
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same as product 5A described earlier. 5-Methylthioribose is

apparently metabolized via another pathway, different from that

involved in methionine biosynthesis. Furthermore, 5-methylthio-

ribose was unable to fulfill the requirement for methionine in

cultures of strain 2218A. However, strain 2218A also requires

adenine for growth, a condition which prevented utilization of MTA

as a sole source of methionine in this strain (Fig. 27). In order

to circumvent the possibility that adenine may be exerting an

inhibitory effect on the ability of 5-methylthioribose to be utilized

as a source of methionine, a strain which was not auxotrophic for

adenine was used. Growth of this strain, 2278C, was minimal (less

than 20% as compared to cells grown on MTA or methionine) when

supplied with exogenous 5-methylthioribose (1 mM) as a source of

methionine (not shown). Both strain 2218A (Fig. 27) and strain

2278C (not shown) grew nearly as well with 2-keto-4-methylthiobutyric

acid and 2-hydroxy-4-methylthiobutyric acid, as a source of methionine,

as they did with methionine itself (Fig. 27). Whereas cells of

strain 2218A incubated in the presence of 3-methylthioproprionaldehyde

did not grow. This observation is consistent with the evidence

suggesting that 3-methylthiopropionaldehyde is a degradation product

of 2-keto-4-methylthiobutyric acid and is not involved in methionine

synthesis for MTA.

The data indicate that the central pathway of methionine

biosynthesis in S. cerevisiae consists of the conversion of MTA to



124

Fig. 27. Growth of strain 2218A in YNB medium supplemented with

adenine and various sources of methionine. A 24 h culture was

inoculated into fresh YNB plus 20 Ig/m1 adenine containing either

1.0 mM 2-keto-4-methylthiobutyrate (A), 1.0 mM 2-hydroxy-4-methyl-

thiobutyrate (0), 1.0 mM 3-methylthiopropionaldehyde (0), 20 pg/m1

methionine (0), 1 mM 5-methylthioribose (s), or no supplement (II).
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5-methylthioribose-l-phosphate and subsequent conversion to 2-keto-

4-methylthiobutyric acid followed by its conversion to methionine.

The remaining compounds identified here appear to be the result

of the degradation of the intermediates in this pathway.
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DISCUSSION

Cordycepin (3'-deoxyadenosine) is an analog of adenosine that

inhibits nucleic acid biosynthesis in some microorganisms (166).

Saccharomyces cerevisiae is not only resistant to this antibiotic,

but also cannot utilize adenosine as a purine source (167). In

contrast, cordycepin sensitive mutants of S. cerevisiae have been

isolated and found to grow well in medium containing adenosine as

its sole source of purine (168). Yeast are normally also

impermeable to MTA. We have shown, however, that the exogenous

supplementation of MTA to the medium containing a cordycepin-

sensitive adenine auxotroph will support the growth of this strain.

MIA is transported into these cells, apparently by the same or

interacting mechanism by which adenosine is transported, and half-

maximal growth is achieved at an MTA concentration of approximately

30 pM.

That both MTA and SAH, as well as SAM, support the growth of the

cordycepin sensitive adenine auxotroph implies that two mechanisms

of purine salvage from SAM are present; one yielding adenosine, the

second, adenine. Transmethylation reactions which give rise to SAH

are ubiquitous and the degradation of SAH yields adenosine and

homocysteine in eukaryotes (54). MTA, on the other hand, is

synthesized from SAM by several different mechanisms in yeast:

1) SAM may be directly cleaved to MTA and homoserine by a SAM

cleaving enzyme (SAM lyase, SAM hydrolase, or SAM splitting enzyme)

(4-9); 2) one mole of MTA is produced per mole of spermidine and
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two moles of MTA produced per mole of spermine (11-13); and 3) the

synthesis of the unusual nucleoside Y (of yeast tRNA) also results

in the production of MTA (19). The first two routes of MTA bio-

synthesis probably account for the majority of the MTA synthesized.

The cleavage of MTA by MTA phosphorylase would thus yield free adenine

and the methylthioribose moiety. In vivo, adenine may be converted

by adenine phosphoribosyltransferase (APRT) to adenylate which is

subsequently incorporated into nucleic acid (106). Alternatively,

adenine may be deaminated to hypoxanthine which is converted to IMP

via hypoxanthine-guanine phosphoribosyltransferase (109). In the

present study, a compound migrating to the same Rf value as

hypoxanthine has been detected as a product of the metabolism of

MTA in cell free extracts.

We have projected a role for MTA phosphorylase in the purine

salvage system of S. cerevisiae. The apparent stimulation of MTA

phosphorylase activity by exogenously supplied MTA or its inhibition

by adenine further support the contention that the enzyme plays a

key role in purine recycling from SAM. The data presented demonstrate

the occurrence in S. cerevisiae of an enzyme catalyzing the cleavage

of MTA. Unlike the Escherichia coli enzyme (95) and like the enzyme

purified from mammalian sources (47-49,52), the enzyme is activated

by phosphate ions. Based on several criteria, 5-methylthioribose-1-

phosphate and adenine were identified as the products of the enzyme

reaction. That the yeast MTA phosphorylase more closely resembles

the mammalian enzyme in contrast to the E. coli nucleosidase is
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also exemplified by the enzyme's molecular weight. In this study,

the yeast enzyme has been calculated to possess a molecular weight

of approximately 90,000 daltons; a value similar to the values

obtained from human tissue (49,52), rat tissue (48), and the

thermophilic bacterium Caldariella acidophila (51). Ferro et al. (45)

reported a molecular weight of 31,000 daltons for the nucleosidase

purified from E. coli (45) and Cacciapuoti et al. (52) have

suggested that the association of three monomers of such molecular

weight can be postulated for the human placental enzyme. Interestingly,

Guranowski, et al. (44) recently found the MTA nucleosidase from

Lupinus luteus seeds consists of two polypeptide chains of identical

molecular weight (31,000 D). Even in the absence of detailed

studies, it is tempting to note that these similarities appear to

suggest a phylogenetic relationship between these enzymes from

various biological sources.

The apparent Km for MTA from the yeast enzyme (18.7 pM) also

differs from the E. coli enzyme (0.31 TIM, ref. 45), and is again,

more similar to the Km values reported for MIA from higher organisms

(4-60 pM, refs. 47-49,52). A maximum reaction velocity for the

yeast enzyme was obtained at 58°C, yet the assay for enzyme

activity was routinely performed at 47°C. At temperatures above

47°C the enzyme was very labile, a characteristic similar to that

observed for the human placental enzyme (52).

That the yeast MTA phosphorylase lacks rigid specificity for the

5'-position of the substrate is indicated by the ability of the
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enzyme to cleave a variety of 5'-modified 5'-methylthioadenosine

analogs. Of special interest is 5'-isobutylthioadenosine, a powerful

antiproliferative drug shown to inhibit the growth of transformed

mouse mammary cells (89), cell transformation induced by oncogenic

RNA or DNA viruses (81,82), mitogen-induced lymphocyte blastogenesis

(90), and the capping of herpes virus mRNA (171). 5'-Isobutylthio-

adenosine (SIBA) was originally synthesized as an analog of S-

adenosylhomocysteine (165). Zappia and co-workers (72) however,

have suggested that SIBA more closely resembles MTA and found that

human placenta 5'-methylthioadenosine phosphorylase utilized SIBA as

a substrate. Our data is consistent with the contention that SIBA

is an analog of MTA.

Catabolism of MTA by MTA phosphorylase appears to be the major,

if not sole, source of free adenine in S. cerevisiae; the adenine

formed enters the purine nucleotide pool (110). Less is known of the

fate of 5-methylthioribose-l-phosphate. Evidence is presented for

the effective salvage and recycling of the 5-methylthioribose moiety

of MTA in the biosynthesis of methionine. The primary step in this

pathway is the phosphorylytic cleavage of MTA to yield 5-methylthio-

ribose-1-phosphate and adenine. The final step in the biosynthesis

of methionine is the conversion of 2-keto-4-methylthiobutyric acid

to methionine by a transamination reaction. The data suggest at

least one intermediate step is involved in the conversion of 5-

methylthioribose-l-phosphate to 2-keto-4-methylthiobutyric acid; a

non-ribose containing compound was isolated as a catabolic product
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of 5-methylthioribose-l-phosphate but has not, as yet, been

identified. A low yield of methionine produced from MTA in vitro

may be attributed to the rapid dissimilation of the reactive

intermediates by branch pathways not associated with the synthesis

of methionine which do, however, have important implications for

sulfur metabolism in S. cerevisiae.

Several products of MTA metabolism not directly associated with

the methionine biosynthetic pathway were identified (Fig. 28). MTA

may be deaminated to form 5'methylthioinosine; the fate of which

has not been determined here. The identification of 5'-methylthio-

inosine represents the first observation of this compound in S.

cerevisiae; it had previously been isolated only from Aspergillus

(68). The data of Lawrence and co-workers (69-71) and Carteni-

Farena et al. (72) showed that deamination of an analog of MTA,

5'-isobutylthioadenosine (SIBA) does occur in rat and chick

extracts, respectively. This suggests that MTA may also be

deaminated in these systems.

The catabolism of 5-methylthioribose-l-phosphate was also studied.

The major product was 5-methylthioribose. 5- Methyithioribose

however was not isolated as a product of MTA metabolism in vivo.

Furthermore, incubation of 5-methylthioribose with cell-free extracts

did not result in the production of methionine or any known

precursors of methionine. A metabolite of 5-methylthioribose was

isolated but not identified. It is possible 5-methylthioribose

arises in vitro through the action of phosphatases that normally



132

Fig. 28. Proposed metabolic pathway for the catabolism of 5'-

methylthioadenosine in S. cerevisiae.
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are not available to act on 5-methylthioribose-l-phosphate in

vivo.

Several catabolites of 2-keto-4-methylthiobutyric acid were

isolated. Among these, the hydroxy analog of methionine, 2-

hydroxy-4-methylthiobutyric acid, was the only one capable of

satisfying the methionine auxotrophic requirement in these cells.

This result is in accord with the data presented by Robinson et al.

(138) and Harter, et al. (137) who demonstrated that the keto and

hydroxy analogs of methionine can fulfill the needs for dietary

methionine in fingerling channel catfish and chicks, respectively.

2-Keto-4-methylthiobutyric acid is decarboxylated in rat liver

extracts to form 3-methylthiopropionic acid (140), which is further

degraded to form methanethiol and ultimately H2S and CO2. A similar

mechanism may be operating in S. cerevisiae., although 3-methylthio-

proprionaldehyde may be an intermediate in the conversion of 2-keto-

4-methylthiobutyric acid to 3-methylthioroprionic acid; both

compounds have been isolated in this study. Aldehyde dehydrogenase,

the enzyme most likely to catalyze this reaction, has been isolated

from yeast in high yield (146) and does catalyze this reaction in

vitro. It should also be noted that 3-methylthiopropionic acid,

3-methylthioproprionaldehyde, and 2-hydroxy-4-methylthiobutyric acid

also have been isolated from lager beer (144,145), a fermentation

product of S. carlsburgensis.
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The pathways described represent mechanisms by which S.

cerevisiae can salvage and recycle the carbons of MTA to methionine

and also illustrates alternative routes of catabolism for the

intermediates in this pathway.
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