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TERMINAL METHYLATION REACTIONS 
IN SACCHAROMYCES CEREVISIAE 

INTRODUC TION 

Of the aliphatic amino acids, methionine is unique in that it is 

synthesized by two multi -step converging pathways. One pathway pro- 

vides the homocysteine moiety of the amino acid while a second pro- 

vides the methyl group. Not only is methionine an important con- 

stituent of protein, but it serves also as the ultimate source of labile 

methyl groups for a variety of biological methylation reactions. 

Before serving as a methyl donor, methionine condenses with ATP 

to form the high energy sulfonium compound, S- adenosylmethionine. 

It is as the sulfonium derivative that methionine serves as a methylat- 

ing agent. The study of methionine biosynthesis is of interest from 

several viewpoints: first, it provides a model for the study of the 

control of two converging biosynthetic pathways: second, it elucidates 

the biosynthesis of an important amino acid; and finally, the study of 

methionine biosynthesis provides insight into the metabolism of 

methyl groups. 

Several lines of evidence suggested that yeast possess a 

methionine biosynthetic pathway unique among biological systems. 

It was proposed that in yeast, the methyl group of methionine is 

ultimately derived from serine as in other organisms but that S- 

adenosylmethionine was the methyl donor for homocysteine. A portion 
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of this dissertation is concerned with the development of a method for 

assessing the role of S- adenosylmethionine in vitro in yeast. 

While investigating the role of S- adenosylmethionine in the 

cell -free reaction mixture, it was noted that serine and S- adenosyl- 

methionine appeared to be mutually antagonistic, When both were 

present, less methionine was synthesized in the cell -free reaction 

mixture than when either was present alone, Since S-adenosyl- 

methionine can be considered to be the end -product of the methionine 

pathway, this observation suggested that the end product of the path- 

way might serve as an inhibitor of the first enzyme of the pathway. 

This would result in the control of the biosynthesis of methionine and 

its sulfonium derivative. 

The first enzyme in the synthesis of the methyl group of 

methionine is serine transhydroxymethylase. A system to assay this 

activity in vitro and to determine the effect of S- adenosylmethionine 

on the activity was developed. 

The first enzyme in the synthesis of homocysteine is 

aspartokinase. The effect of S- adenosylmethionine on the activity 

of this enzyme was also investigated. 
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REVIEW OF THE LITERATURE 

Methionine is synthesized from a one carbon fragment and a 

homocysteine moiety derived from aspartate. Early studies with cell - 

free extracts of Escherichia coli indicated that serine could serve as 

the source of the one carbon fragment (Cohn, Cohen, and Monod, 

1953; Rowbury and Woods, 1961). Either formaldehyde or serine 

functioned in the same capacity in a sheep liver system (Nakao and 

Greenberg, 1958). Folic acid was shown to play an important role 

in the methylation of homocysteine in avian liver (Doctor, Patton, 

and Awaspar, 1957) and this was corroborated in bacteria (Kisluik 

and Woods, 1960). From this it was concluded that the biogenesis of 

the methyl group involves formaldehyde, serine, and folic acid or 

its derivatives. The enzyme serine transhydroxymethylase which 

requires a derivative of folic acid and catalyzes the interconversion 

of serine, glycine, and formaldehyde could provide the methyl group 

of methionine. 

Enzymic studies of methionine auxotrophas of yeast (Pigg, 

Spence, and Parks, 1962) gave evidence that the serine transhydroxy- 

methylase reaction is involved in the methylation of homocysteine. 

Mutants were found lacking serine transhydroxymethylase, some of 

which could grow if given S- adenosylmethionine. Whole cells of 

yeast, if given S- adenosylhomocysteine labelled in the Edenine moiety, 
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were able to convert as much as 83% of the label into S- adenosyl- 

methionine suggesting that S- adenosylhomocysteine can be methylated 

(Duerre and Schlenk, 1962). Prior to both these studies, it had been 

found that yeast possess a very active S-adenosylmethionine:homo- 

cysteine methyltransferase enzyme (Shapiro, 1958). From these 

data it would appear that yeast have a unique aspect in methionine 

biosynthesis, that is the methylation of homocysteine by S- adenosyl- 

methionine. It was postulated that S- adenosylhomocysteine would 

then be remethylated by a methyl group derived from serine to form 

S- adenosylmethionine once more (Pigg, Spence, and Parks, 1962). 

To prove this mechanism there remained only the identification of an 

enzyme which would methylate S- adenosylhomocysteine. Unfortunately 

all attempts to demonstrate such an activity failed (Shapiro, personal 

communication). 

The methylation of homocysteine has been studied in a variety 

of organisms (Grabow and Smit, 1967, Lust and Daniel, 1964). In 

Escherichia coli there are two parallel enzymes which accomplish 

this reaction (Foster et al. , 1965). One mechanism is present only 

in organisms grown with exogenous vitamin B12 while the second 

is present regardless of the availability of the vitamin. A similar 

situation is encountered in Aerobacter aerogenes (Morningstar and 

Kisluik, 1965) and in Salmonella typhimurium (Cauthen, Foster, and 

Woods, 1966). The pathway requiring B12 in E. coli has been studied 
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in detail by several groups (Guest et al. , 1964; Rosenthal, Smith, 

and Buchanan, 1964; Taylor and Weissbach, 1967). 

In mammalian systems, vitamin B12 is required for the 

methylation of homocysteine and the enzyme appears to be similar to 

the B12 requiring enzyme in E. coli (Weissbach et al. , 1963; 

Loughlin, Elford, and Buchanan, 1964; Kerwar et al. , 1966). The 

role of B12, both in the biogenesis of the methyl group and in the 

methylation of homocysteine, has been investigated at a molecular 

level by several groups (Brot, Taylor, and Weissbach, 1966; Kerwar 

et al. , 1966). 

Of these methionine biosynthetic enzymes involving B12, all 

have been shown to require anaerobic conditions, S- adenosylmethionine 

in catalytic quantities, and methyltetrahydrofolic acid or its poly- 

glutamyl derivatives. The non -B12 enzyme has been studied only 

in E. coli and has been found to require only Mg ++ and a polyglutamyl 

derivative of methyl - tetrahydrofolic acid (Foster et al. , 1964). Since 

yeast have not been found to contain vitamin B12 (Jukes and Williams, 

1954), a role for S- adenosylmethionine in methionine biosynthesis in 

yeast would be unprecedented. 

The control of the various enzymes in the synthesis of the 

homocysteine moiety of methionine has been described (see references 

in Table 2). The control of the enzymes in the synthesis of the 

methyl group of methionine has been studied in considerably less 
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detail, The repression (Katzen and Buchanan, 1965) of methylene 

tetrahydrofolate reductase, one enzyme in the biogenesis of the 

methyl group has been described. This same activity in a mammalian 

liver system is sensitive to feedback inhibition (Kutzbach and 

Stokstad, 1967). The repression of the enzymes involved in the over- 

all reaction leading to the synthesis of methionine from homocysteine 

and serine has been described in cell -free extracts of E. coli (Cohn, 

Cohen, and Monod, 1953) and in whole cells (Rowbury and Woods, 

1961). 

There is evidence that methyltetrahydrofolate, which serves 

as an intermediate methyl donor (Sakami and Ukstins, 1961; Larrabee 

et al, , 1963), is formed from methylenetetrahydrofolic acid by an 

irreversible reaction (Katzen and Buchanan, 1965). It would be 

expected that the cell must regulate the formation of methyltetra- 

hydrofolate very rigorously since tetrahydrofolate is required in a 

variety of reactions within the cell. 

Methylenetetrahydrofolate, the immediate precursor to methyl - 

tetrahydrofolate can be obtained from several enzymic reactions 

(Mudd and Cantoni, 1964). One mechanism involves the ATP 

mediated condensation of formic acid and tetrahydrofolate followed 

by a reduction of the formyl group to a hydroxymethyl /methylene 

moiety. This reaction is quite reversible. Another pathway to 

methylene tetrahydrofolate of greater biological significance is the 
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reaction catalyzed by the enzyme serine transhydroxymethylase 

(E. C. 2. 1. 2. 1). 

serine + FH4 glycine + methylene -FH4 

The enzyme from mammalian sources has been studied in great 

detail as a participant in serine - glycine interconversions (Blakley, 

1960) and the mechanism of pyridoxal phosphate in reactions (Schirch 

and Mason, 1963). The enzyme has also been studied from plant and 

bacterial sources although in considerably less detail (see Table 3). 

Serine transhydroxymethylase has been assayed in a variety of 

ways (see Table 4). Basically the assay proceedures have involved 

the determination of serine or of the one carbon fragment, depending 

on the direction of reaction assayed. Serine has been quantitated by 

colorimetric or manometric techniques (Huennekens, Hatefi, and Kay, 

1957; Blakley, 1955; Hauschild, 1959). The disappearance of the one 

carbon fragment using a colorimetric determination for formaldehyde 

has been used to assay the enzyme in the direction yielding serine 

(Whiteley, 1960). A spectrophotometric assay measuring the spectral 

changes due to the interconversion of tetrahydrofolic acid has been 

developed (Blakley, 1960). Yet another assay measures the synthesis 

of methylenetetrahydrofolate using purified methylenetetrahydrofolate 

dehydrogenase, an NADP linked reaction (Schirch and Mason, 1962). 

The assay utilized in this thesis involves the isolation of the one 
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carbon fragment produced from serine and its estimation using 

isotopic techniques (Taylor and Weissbach, 1965). These last three 

techniques assay the reaction in the direction of interest in the 

methylation of homocysteine, in the direction producing a one carbon 

fragment. 

Yeast synthesize serine from glycine and a one carbon fragment 

in contrast to most other organisms which convert 3- phosphoglyceric 

acid into serine (DeBorso and Stoppani, 1967; Wang, Christensen, 

and Cheldelin, 1954; Gilvarg and Bloch, 1951). There is some ques- 

tion as to whether yeast utilize glyoxalate or the a- carbon of glycine 

as a source for this one carbon fragment. Wheat leaves (Cossins 

and Sinha, 1966) and several bacterial systems (Sagers and Gunsalus, 

1961; Jones and Bridgeland, 1966) utilize the a- carbon of glycine. 

While serine transhydroxymethylase has been studied 

extensively with reference to serine /glycine interconversions and 

various aspects of folic acid and pyridoxal phosphate metabolism, 

the role of this enzyme is methionine biosynthesis has not been 

studied. Chemically prepared N5- methyltetrahydrofolic acid or its 

polyglutamyl derivatives have been used as substrates for the in 

vitro methylation of homocysteine. There has been only the assump- 

tion throughout these studies that in vivo the methylenetetrahydrofolate 

is provided via methylenetetrahydrofolate from serine with the 

reaction mediated by serine transhydroxymethylase. Several studies 
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of the methylation of homocysteine by cell -free extracts have 

included serine in the reaction mixture (Szulmajster and Words, 

1960; Alexander and Greenberg, 1955) supporting the assumption that 

serine transhydroxymethylase is involved in methionine biosynthesis. 

The principal source of one carbon folate derivatives appears 

to be from serine with methylenetetrahydrofolate as an intermediate. 

A variety of reactions lead to one carbon fragments at the oxidation 

level of formate as well as methyl groups and hydroxymethyl groups 

(Mudd and Cantoni, 1964). Thus serine transhydroxymethylase is 

indirectly involved in such diverse reactions as purine and thymine 

biosynthesis and the formylation of methionyl -sRNA (Clark and 

Marcker, 1966; Cappechi, 1966). 



Table 1. Biosynthetic pathway of methionine in yeast. 

Rx 

1 

2 

3 

4 

5 

6 

7 

ATP 

NADH 

NADH 

Ac{oA 

S 

Aspartic Acid 

(aspartokinase) 

Aspartyl Phosphate 

(aspartylsemialdehyde- 
dehydrogenase) 

Aspartic Semialdehyde 

I(homoserine dehydrogenase) 

Ho jserine 
(homoserine acetylase) 

v. 
O-acetyl-homoserine 

(homocysteine synthetase) 

Homocysteine 

1 (cystahionase) 

Cystathionine 
I4' 

4.1 
Homoserine Cysteiné + 

8 
serine 

J (serine transhydroxymethyiase 

methylene FH4 (glu)n 

9 , (methylene tetrahydrofolic 

methyl FH4 (glu)nreductase) 

e homocysteine + methyl FH4 (glu)n 

10 
(methionine 

synthetase) 

methionine 

11 
{ 

(S-AM synthetase) 

S -adenosylmethionine 

S -adenosylmethionine + homocysteine 
12 (S -adenosylmethionine:homocysteine methyltransferase) 

S-adenosylhomocysteine + methionine 

4, 
¡ 

G4 

1 

I 

n 

é 



Table 2. Control of enzymes in the methionine pathway in Saccharomyces cerevisiae 

Enzyme 

1 aspartokinase 

2 aspartylsemialdehyde- 
dehydrogenase 

3 homoserine dehydro- 
genasel 

4 homoserine trans- 
acetylase 

5 homocysteine synthetase 

8 serine transhydroxy- 

11 S -adenosylmethionine - 
synthetase 

12 S -adenosylmethionine: 
homocysteine methyl- 
transferase 

FBI allosteric 
effector 

Repression Co- repressor Reference 

85% threonine 84% threonine Stadtman et ál. , 1961 

40% methionine 50% methionine deRobichon -Szulmajster and Corrivaux, 
1964 

20-30% methionine, 
threonine 

0-50% methionine, 
threonine 

Karassevitch and Szulmajster, 1963 

44% S-adenosyl- 
methionine 

100% methionine de Robi chon -S zulmajster and Cherst, 
1967 

64% methionine Weibers and Garner, 1967 

30-50% methionine, 
S -adenosyl- 
methionine 

10-30% methionine This thesis 

induced by methionine Pigg, Sorsoli, and Parks, 1964 

induced by methionine Spence, 1965 

Nothing is known about the control of methylene tetrahydrofolic reductase or methionine synthetase. 

Homoserine dehydrogenase has variable control properties dependent on amino acids present during growth. 



Table 3. Some properties of serine transhydroxymethylase activities. 

Source Assay pH K m Keq References 

pigeon liver 
rabbit liver 
Ps eudomonas 

AM 1 

Zea Mays (corn) 

wheat leaves 

Nicotina rustica 
E. coli 

sheep liver 

gly - ser 
gly -'ser 
gly -ser 

gly -'ser 
gly -ser 
ser -'gly 
ser gly 

gly -'ser 

Clostridium 
cylindrosporum ser -'gly 

yeast ser -'gly 

7.3 
7.5 

6.0-7.0 
7.0 
4. 0 

7.4 
7.2 

7.0 
8.5 

5-8 mM 

5 X10-3 M 

2.8X10 -2 

3.1X103 

1.5X10-3 M 2.8X103 

2.2 X10 -4M 
.8X10 3M 

Blakley, 1954 

Blakley, 1955 

Large and Quayle, 1963 

Hauschild, 1959 

Cossins and Sinha, 1966 

Prather and Sisler, 1966 

Taylor and Weissbach, 1965 

Alexander and Greenberg, 
1955 

Uyeda and Rabinowitz, 1968 

This dissertation 

-- - - 

- 

- 

- 

- - 

- 

- 
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Table 4. Assay methods for serine transhydroxymethylase. 

The reaction: 
1 non - enz . 

serine = glycine + methylene -FH4 r HCHO + FH4 

2 

Assay methods: 

1. Blakley (1954) 
assayed in direction 2 starting with N10- formyl -C -14 tetra - 
hydrofolic acid and isolating the serine formed as a DNP 
derivative with chromatography and estimating using the 
C-14 label. 

2. Blakley (1955) 
assayed in direction 2 by estimation of serine by chemical 
oxidation by periodate. The oxidation was followed mano- 
metrically. 

3. Blakley (1960) 
assayed the disappearance of methylene tetrahydrofolic acid 
spectrophotometrically by the change in max from 297 to 295 

mµ and the change in max from 28, 500 to 30, 600 moles /cc. 

4. Hauschild (1959) 
assayed in direction 2 by separating out serine on a Dowex- 
1 column and determining the concentration colormetrically. 

5. Huennekens, Hatefi, and Kay (1957) 
assayed in direction 1 by oxidation of the formaldehyde 
formed and its determination manometrically. 

6. Schirch and Mason (1964) 
assayed in direction 1 using a coupled reaction with purified 
methylene tetrahydrofolic reductase, a NADP linked reaction. 

7. Taylor and Weissbach (1965) 
assayed in direction 1 using serine- 3 -C -14 as substrate and 

trapping the formaldehyde formed as a dimedon derivative 
extractable in toluene. 

8. Whiteley (1960) 
assayed in direction 2 by a colormetric assay of the disappearance 
of formaldehyde. 



MATERIALS AND METHODS 

Culture s 

14 

All cultures were obtained from the active culture collection at 

Oregon State University. 

The cell -free system for the methylation of homocysteine was 

developed using extracts of Saccharomyces cerevisiae MCC, a 

diploid, wild type strain. 

Serine transhydroxymethylase was studied using S. cerevisiae 

3701B, a haploid, uracil requiring clone. This organism was chosen 

as it had been utilized in previous genetic studies (Pigg, Spence, and 

Parks, 1962; Spence, 1965). This same organism was utilized to 

study the repression of both serine transhydroxymethylase and the 

enzymes involved in the methylation of homocysteine. 

Aspartokinase was studied using S. cerevisiae 3701 B using the 

same growth conditions as were used in the study of serine trans - 

hydroxymethylas e. 

Methods 

For all experiments cultures were grown aerobically and were 

aerated in 500 ml of medium contained in a 2 1 Erlenmeyer flask on 

a rotary shaker at 30 °. Inocula were prepared from liquid culture 
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grown aerobically at 30 °. 100 ml of culture was used to inoculate two 

to four growth flasks. An incubation time of 20 to 26 hours was used 

routinely. 

Cells were cultured for extracts to develop the cell -free system 

for the methylation of homocysteine in an undefined rich medium 

termed "TCA" consisting of 2% glucose, 1% tryptone, and . 5% yeast 

extract. This same medium was used to obtain cells for some serine 

transhydroxymethylase experiments. 

Whenever cells were grown in TCA, they were subsequently 

aerated in Wickerham's minimal defined medium (Wickerham, 1946). 

S. cerevisiae 3701B was aerated in this same medium with the addi- 

tion of 0.1 g uracil /l. After growth in TCA medium, cells were 

washed three times with distilled water and transferred to a volume 

of aeration medium equal to the growth medium and were then 

aerated for five to six hours. 

Experiments dealing with some aspects of serine transhydroxy- 

methylase and the terminal reactions of methionine biosynthesis 

utilized cells grown in Wickerham's complete medium (Wickerham, 

1946) modified to include 3% glucose and 0.15% ammonium sulfate. 

This medium is termed "WSC ". Supplemental amino acids were 

added prior to sterilization in the concentrations noted in the text. 

Cells were grown for 24 hours, centrifuged from the medium 

aseptically, and transferred to two to four times the initial volume 



16 

of medium and grown for another 24 hours. 

For preparation of cell -free extracts, cells were washed three 

times with either 0.01 phosphate buffer (pH 7) or with distilled water. 

Cells were disrupted in an Eaton Press (Eaton, 1962). The broken 

cells were diluted with approximately one tenth their volume of 

phosphate buffer (. 1M, pH 7), thawed, and centrifuged 20 -30 minutes 

at 19, 000 X g in the Servall RC -2 centrifuge. The supernatant fluid 

was removed with a long tip pipette so that the lipid layer floating on 

the surface of the extracts was excluded. In most experiments the 

supernatant was passed through glass wool to remove particulate 

lipid. The extracts treated in this way will be referred to as "crude 

cell extracts." 

Crude cell extracts were dialyzed overnight against 500 times 

their volume of 0.1 M phosphate buffer (pH 7) with four changes of 

buffer. In many experiments concerned with serine transhydroxy- 

methylase, this same buffer was supplemented with 5 X 10 -8 M 

pyridoxal phosphate, 5 X 10 -6 EDTA, and 5 X 10-6 dithiothreitol (DTE). 

This buffer is referred to as "supplemented buffer." 

For some methylation experiments crude cell extracts were 

added dropwise to 20 times their volume of a 1 mg /ml solution of 

protamine sulfate in . 05 M phosphate buffer (pH 7). The mixture 

was stirred in the cold and then centrifuged at 15, 000 X g for 30 

minutes. The supernatant fluid was then combined with enough 
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ammonium sulfate to make the solution 4. 6 M in that salt. After 

stirring for 30 minutes, the precipitate was sedimented by centri- 

fugation at 15, 000 X g for 30 minutes. This precipitate was dissolved 

in a volume of phosphate buffer (, 1 M, pH 7) equal to the original 

volume of the cell extracts and was dialyzed overnight against 250 

volumes of 0.01 phosphate buffer (pH 7) with three changes of buffer. 

These extracts will be referred to as "purified cell extracts, " 

To obtain partially purified serine transhydroxymethylase 

preparations, crude cell extracts were centrifuged at 105, 000 X g 

for one hour in the Beckman L2 -50 centrifuge. The supernatant from 

this centrifugation was diluted 21 fold with 0. 05 M phosphate buffer 

(pH 7) containing 5 X 10-6 EDTA and dithiothreitol and 5 X 10 -8 

pyridoxal phosphate. Solid ammonium sulfate equal to . 247 gm /ml 

supernatant was added. After stirring for three hours, the pre- 

cipitate was removed by centrifugation and solid ammonium sulfate 

equal to . 263 gm /ml of the original supernatant was added. The 

solution was stirred for three hours and the precipitate collected by 

centrifugation, redissolved in buffer and was dialyzed overnight 

against 200 -250 volumes of the supplemented dialysis buffer with 

four changes. This resulted in a purification of two to four fold on 

the basis of activity /mg protein. 

For further purification, the dialyzed cell extracts which had 

been purified by ammonium sulfate fractionation were diluted five 
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fold with the supplemented dialysis buffer. Four ml of calcium 

phosphate gel or alumina C y -gel were added while stirring. The 

protein was eluted from the gel with 20 ml aliquots of buffer. Most 

of the protein could be eluted with successive washes of 0.1 M and 

0.15 M phosphate buffer (pH 8. 5) containing the supplements used in 

the dialysis buffer. The serine transhydroxymethylase activity 

could then be eluted with 0.2 M buffer. Elutions were performed by 

stirring the gel and buffer for 30 minutes and removing the gel by a 

brief, slow speed centrifugation. The supernatant was saved and the 

gel treated once more. This procedure resulted in an additional four 

to eight fold purification. 

Methionine was determined by microbiological assay with 

Streptococcus faecalis 97901 as the test organism using DIFCO 

methionine bioassay medium and the standard DIFCO procedure. 

Growth of the organism was determined nephelometrically with a 

Coleman Model 9 nephelometer. Results of the biological assay are 

reported as millimicromoles (mµm) of methionine per milligram of 

protein. When the results are reported as net mµmoles methionine/ 

mg protein, the methionine present in a zero time control has been 

1 Leuconostoc mesenteroides 8042 was utilized in some experi- 
ments but was found to give anomolous results when S- adenosyl- 
methionine was present in the cell -free reaction mixture. This 

assay organism gave more variable results than S. faecalis 9790 

within experiments. 
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subtracted from the methionine present in the sample. 

All enzyme reactions were performed in screw capped 12 or 

15 ml conical bottom centrifuge tubes. The methylation of homo- 

cysteine was performed in an atmosphere of nitrogen. 

Reactions for the methylation of homocysteine were terminated 

by boiling after a three hour incubation. The protein was removed 

by centrifugation and 0.5 ml of the supernatant assayed. 

Protein was determined by the method of Lowry et al. (1951) 

using bovine serum albumin as standard. 

The incorporation of the p- carbon of serine into methionine was 

determined by chromatographic techniques with serine- 3 -C -14 as 

substrate. After boiling and removal of the protein, samples were 

spotted on Whatman No. 1 paper and developed using ascending 

chromatography with butanol:acetic acid:water (60:25:15 v /v). After 

the solvent front had migrated 30 cm, the chromatogram was dried. 

Radioactivity was determined by cutting the chromatogram into 

rectangles (1 X 2 cm), placing the rectangles into vials with 5 ml 

scintillation fluid (Bray, 19 61) and counting in a liquid scintillation 

counter. The synthesis of S- adenosylmethionine in the cell -free 

methylation reaction was determined in the same way except that 

methionine- 2 -C -14 was present in the reaction mixture (with cold 

serine) and the reaction was terminated by placing the reaction 

tubes in an ice bath. 
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Aspartokinase activity was assayed by the method of Stadtman 

et al. (1961). 

Serine transhydroxymethylase was assayed using the procedure 

of Taylor and Weissbach (1965) with minor modifications. In this 

assay, serine- 3 -C -14 is used as the substrate for the reaction. The 

product of the reaction, formaldehyde, is converted into its dimedon 

derivative and extracted with toluene. The radioactivity in the toluene 

layer is then determined. Modifications included using pH 8. 5 buffer 

and 0. 5 ml acetate buffer to terminate the reaction. 

Recovery and counting efficiency for the assay were determined 

by running a control with 0. 1 µmole formaldehyde -C -14 in place of 

serine- 3 -C -14 with each series of experiments. Since the serine -3- 

C-14 had radioactivity extractable in toluene without formation of the 

dimedon derivative, a background control without enzyme or a control 

terminated at zero time was carried through the extraction procedure 

to determine the counts present from non - enzymic sources. One unit 

of serine transhydroxymethylase activity is defined as the net 

dpm /mg protein X 104 and is equal to 0.01 µmoles formaldehyde when 

DL- serine- 3 -C -14 with a specific activity 106 dpm /µmoles is used.2 

2Net dpm = net counts in toluene X 5/3 X 1 /fraction formaldehyde - 
C-14 counts recovered. Net counts = gross cpm - zero time cpm. 
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Materials 

S- adenosylmethionine was obtained from commercial sources. 

The methylation of homocysteine experiments utilized S- adenosyl- 

methionine converted from the iodide salt into the chloride salt by 

passage through a short column of Dowex -1 Cl with elution with 

water. The concentration was determined spectrophotometrically. 

The S- adenosylmethionine used in serine transhydroxymethylase 

experiments and aspartokinase experiments was used as the iodide 

salt as received from commercial sources. Its concentration was 

determined by weight assuming the compound to be 100% pure, 

S- adenosylhomocysteine was prepared according to the method 

of Duerre (1962) using rat liver enzyme. 

Homocysteine was prepared from commercially available 

homocysteine thiolactone by adjusting the pH to 8. 5 -9. 0 with KOH, 

allowing the thiolactone to hydrolyze for ten minutes and then adjust- 

ing to pH 7.0 with HC1, DL- homocysteine was used rather than 

L- homocysteine because the unresolved isomers had less contaminat- 

ing methionine. 

Boiled cell extracts, the source of the folate derivative in the 

methylation of homocysteine experiments, were prepared from 

Fleischman's baker's yeasts. Dried yeasts were ground to a fine 

powder and were combined with water (1 g yeast to 5 ml water) in a 
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large screw -cap test tube. The tube was placed in a boiling water 

bath for one minute. It was found that the boiling time was not 

critical. Cell debris were removed by successive centrifugations, 

first at 2000 X g for five minutes to remove the coarser materials 

and a second centrifugation of the supernatant from the first at 

15, 000 X g for ten minutes. The boiled cell extract was found to have 

only 30 mµmoles methionine /ml. 

Tetrahydrofolic acid (FH4) was prepared according to the 

method of Hatefi et al. (1960). The product was dissolved in .1 M 

phosphate buffer with 1% mercaptoethanol. The pH was adjusted to 

7. 5 with KOH. The preparative method used leaves a considerable 

amount of acetate in the product. 3 The concentration of tetrahydro- 

folate was determined spectrophotometrically. The product was 

stored most successfully in small screw -cap test tubes under a thin 

layer of mineral oil and then frozen. 

Calcium phosphate gel and alumina C -gel were obtained from 

Calbiochem and were used as received. 

All chemicals unless noted otherwise were of the highest 

purity available and were used as obtained from commercial sources 

unless noted otherwise. 

3The acetate can be removed by extensive lyophilization. 
Since it apparently made no difference, the product was lyophilized 
until it appeared to be dry and the acetate merely neutralized with 

KOH. 
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RESULTS 

the requirements for the n ..thylation of homooy sterne by cell- 

free extracts of yeast deriving the methyl group from serine are 

shown in `fable 5, Essential for optimal synthesis of methionine as 

measured by microbiological assay are: phosphate buffer; a sub- 

strate for a biological reducing system; a pyridine nucleotide; FAD; 

pyridoxal phosphate; serine, homocysteine; boiled cell extract; and 

the cell -free extracts. The requirements for the reducing system 

are shown in Table 6. Both NAD and NADP were found to be effective 

regardless of the substrate used in the reducing system. It was found 

that NADH could not replace the reducing system unless FAD were 

present. 

Tetrahydrofolic acid would not substitute for the factor in boiled 

cull extra( The factor in boiled cell extract was retained on 

Do\,v ex -1 formate, Dowex -1 Cl , Dowex -50 EI , and DEAE cellulose. 

Tris (hydroxymethyl.)aminornethane buffer (tris -- buffer) can not 

et:l is e phosphate buffer (Table 7). As may be seen later, the serine 

trarish_yd r.exyrncthylase reaction can not function in this buffer either, 

Yields in the, cell -free system varied with the age of the extracts 

and with other undetermined factors. With strain MCC yields of 70 

to 1111 rlgLnloles niethionine per mg protein were routinely obtained. 

When yields appreciably lower than this resulted, the experiment was 
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repeated. Yields from purified extracts were little different from 

those obtained with crude extracts. With the exceptions of FAD and 

the unidentified factor in the boiled cell extract, the requirements for 

maximal activity were found to be virtually identical for the two types 

of preparations. Desalting with G -50 Sephadex did not alter the 

characteristics of the crude extracts. 

Rigorous anaerobic conditions are not required by the methyla- 

tion reaction although vigorous aeration reduced the amount of 

product formed. 

Strain 3701B appears to have much the same requirements for 

the methylation reaction as its diploid counterpart, MCC (Table 8). 

However yields were routinely lower with 3701B than with MCC. 

Evidence is presented in Table 9 to show that the p- carbon of 

serine is incorporated into the product of the methylation reaction. 

To determine if S- adenosylmethionine were accumulated during 

the methylation reaction, 600 rn .moles DL- methionine- 2 -C -14 were 

added to the reaction mixture. After three hours samples were with- 

drawn, and the components of the reaction mixture were separated by 

paper chromatography. The profile of the radioactivity in the 

separated components was then determined. No peak corresponding 

to S- adenosylmethionine could be detected, only a peak corresponding 

to methionine. 

S- adenosylmethionine can serve as a methyl donor for the 
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reaction under the experimental conditions (see Table 10). The con- 

centration of the sulfonium compound must be relatively high with 

respect to the amount of methionine synthesized. With MCC there 

is a mutual antagonism between serine and S- adenosylmethionine -- 

yields are higher when only one methyl donor is present in the reac- 

tion mixture. 

ATP and methionine, the substrates for the S- adenosylmethionine 

synthetase reaction, did not stimulate the reaction to any significant 

extent (Table 13). The five reactions without any supplement were 

run to estimate the variation in the yields. 

In three different experiments, cells were grown and aerated 

in the usual media supplemented with 10 µg B12 per liter of media. 

Cell -free extracts were prepared and the methylation of homocysteine 

determined as before. In no experiment was there any significant 

effect attributable to the supplemental B12. 

The requirements for the serine transhydroxymethylase reaction 

as assayed by the method of Taylor and Weissbach (1965) are shown 

in Table 15, Necessary for this reaction are pyridoxal phosphate, 

tetrahydrofolic acid, the substrate, and cell- extracts. Table 16 

shows the optimal pH for the potassium phosphate in the standard 

reaction mixture. With pH 8. 5 buffer the final pH of the reaction 

mixture was found to be 8. 2 -8. 3. Table 17 demonstrates that tris 

buffer at a variety of pH's inhibits the reaction. Figures 1 and 2 
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show the dependence of the assay on reaction time and enzyme con- 

centration. The activity was found to be essentially saturated at 

3. 2 mM serine. The activity was found to be saturated with respect 

to the other components of the reaction mixture at substantially lower 

concentrations than those used. In a variety of competition experi- 

ments in which D- serine was added to the reaction mixture, the D- 

isomer was found to be inactive and to have no effect on the reaction. 

The enzyme was found to have a K of approximately 1 X 10-4M with 
m 

respect to serine. 

Serine transhydroxymethylase is sensitive to feedback inhibi- 

tion by S- adenosylmethionine and L- methionine as shown in Table 18. 

In addition, L- ethionine, L- homocysteine- thiolactone (homocysteine 

at the pH used), adenine, adenosine, D- methionine, and perhaps S- 

methyl methionine inhibit the enzyme's activity although to a lesser 

extent than either S- adenosylmethionine or L- methionine. Figure 3, 

a double reciprocal plot of activity vs. substrate concentration in the 

presence of methionine and S- adenosylmethionine shows that the 

inhibition is apparently competitive. However, the data presented 

in Table 19 indicate that the sensitivity of the enzyme to feedback 

inhibition can be lost without loss of activity for the substrate. 

Growth of cells in exogenous methionine causes a slight 

repression of serine transhydroxymethylase. At the methionine 

concentrations used to supplement the growth medium (0.1 mM, 



27 

1. 0 mM, 10.0 mM) growth in methionine does not affect the sensitivity 

of serine transhydroxymethylase to feedback inhibition by either S- 

adenosylmethionine or methionine (Table 20). Similarly no 

appreciable difference in the Michaelis constant could be attributed 

to growth in methionine. 

Growth of cells in exogenous serine or glycine stimulates the 

production of serine transhydroxymethylase. Neither serine nor 

glycine were found to affect the sensitivity of the enzyme to feedback 

inhibition by S- adenosylmethionine (Table 21). 

In conjunction with experiments run to determine the repression 

of serine transhydroxymethylase, the activity of the same cell - 

extracts for the methylation of homocysteine was determined. Using 

serine as the methyl donor lead to inconclusive results (Table 22). 

It would appear that no correlation between repression of serine 

transhydroxymethylase and the methylation of homocysteine using 

serine as the methyl donor can be made. 

The effect of S- adenosylmethionine on aspartokinase activity 

in crude cell -free extracts of yeast as assayed by the method of 

Stadtman et al. (19 61) is shown in Table 23. These data are 

representative of a large number of experiments. 
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Table 5. Requirements for the methylation of homocysteine by 
crude and partially purified cell -free extracts of 

Saccharomyces cerevisiae MCC. 

Reaction Mixture Relative Yields' 
Crude extracts Purified extracts 

complete2 100 100 

- glucose -6- phosphate 
. 74 64 

- NAD 19 29 

- FAD 75 41 

- pyridoxal phosphate 33 33 

- boiled cell extracts 66 7 

++ 
- Mg -- 32 

- serine 19 5 

- homocysteine 9 5 

+ ATP -- 84 

1Relative yields are expressed as a percentage of the complete con- 
trol less an appropriate zero time control. 

The complete reaction mixture consisted of: 300 moles phosphate 
buffer (pH 7), 15 µmoles glucose -6- phosphate, 1 µmole NAD or 
NADP, 1 µmole FAD, 1 µmole pyridoxal phosphate, 10 moles 
magnesium sulfate, .1 ml boiled cell extract, 20 µmoles L- serine, 
20 moles D, L- homocysteine, and 3. 4 mg crude cell extracts or 
3. 1 mg of partially purified cell extracts (termed purified above). 
ATP when present, was added in a quantity equal to 10 µmoles. 
The final volume of the reaction mixture was 2 ml. 
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Table 6. Substrates for the reducing system for the methylation of 
homocysteine by cell -free extracts of yeast. 

Experiment Substrate Yield2 

I none 14. 4 

10 µmoles glucose -6 -phos. 95. 1 

10 p.moles ethanol 99. 3 

10 µmoles glucose + 10 p.moles ATP 71. 9 

II none 26. 0 

10 µmoles NADH 79. 0 

1A different preparation of partially purified cell extracts was used 
in each experiment. With the exception of the reducing system, the 
reaction mixture was as noted in Table 5. 

2Yield is expressed as net mµmoles /mg protein. 

Table 7. The effect of tris (hydroxymethyl)aminomethane buffer 
on the methylation of homocysteine by cell -free extracts 
of yeast. 

Reaction Mixture Buffer Yield 

complete3 Phosphate 110. 1 

-serine " 0.0 

complete Tris 15. 0 

- serine 11. 6 

1 The buffer was pH 7 and present in 300 mole quantity. 

2 Yields are in terms of net mµmoles methionine /mg protein. 

3The reaction was as noted in Table 5 with the addition of 10 µmoles 
ATP. Partially purified extracts were used. 
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Table 8. Characterization 
cerevisiae 3701B 

of cell -free extracts 
for the cell -free 

of Saccharomyces 
methylation of 

homocys teine. 

Reaction Mixture Yield Relative Yield 

complete3 50. 5 100 

-FAD 17. 4 34 

-DPN 20, 8 41 

-EtOH 29. 6 59 

glucose -6- Phosphate 52. 2 103 

+ TPN in place of EtOH 
and DPN 

- pyridoxal phosphate 29. 6 59 

- Mg ++ 45.2 89 

-homocysteine 13. 9 28 

- serine 17.4 35 

- boiled cell extracts 26.0 51 

incubation at 37° 24. 4 48 

incubation at 37° and 
at pH 8.5 

incubation at pH 8. 5 

24. 4 

17. 4 

48 

34 

Yield expressed as net mµmoles methionine /mg protein. 

2 Relative yield expressed as a percentage of the complete control. 

3Complete reaction mixture was as described in table. 
Glucose -6- phosphate and EtOH present in 15 mole quantity, 
DPN and TPN present in 1 µmole quantity. Crude extracts of 

3701B were used. 
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Table 9. Incorporation of the (3- carbon of serine into the methyl 
group of methionine. 

cpm at 

Reaction mixture r. f. = . 2 r. f. = . 52 Yield3 

complete, ser. -1 -C -14 6,000 80 99 

complete, ser. -3 -C -14 3, 900 210 90 

complete, ser. -3 -C -14 3, 400 30 8 

less homocysteine 

1 The reaction mixture was as described in Table 5 with crude cell 
extracts used. 

2r, f. = .2 corresponds to serine, r. f. _ .5 corresponds to methionine 
as determined by running authentic samples of the two amino acids 
concurrently with samples from the reaction mixtures. 

3Yield is expressed in net mµmoles met /mg protein. 

Table 10. The effect of S- adenosylmethionine on the cell -free 
methylation of homocysteine. 

Reaction mixturel Yield2 

complete 67. 3 

complete + 1.17 µmoles S -AM 22. 4 

complete + 1.17 µmoles S -AM, less serine 54. 6 

complete less serine 15.2 

1 The reaction mixture was as noted in Table 5 with NAD and 
Ethanol in place of NADP and glucose -6- phosphate. 

2Yield is expressed in net mµmoles met /mg protein. 
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Table 11. The effect of ATP and methionine on the cell -free 
methylation of homocysteine. 

Addition to Reaction Mixture 

µmoles ATP µmoles L -met Yield Relative Yield3 

67. 3 100 

.01 .01 75.0 110 

.1 .01 55.1 78 

.1 .1 55.8 83 

1 The reaction mixture with the exception of the additions was as 
noted in Table 5. 

2Yield is expressed in net mµmoles met /mg protein. 

3Relative yield is expressed as a percentage of the control. 

Table 12. The effect of increasing concentrations of methionine on 
the cell -free methylation of homocysteine. 

µg L- methionine added Yield Relative Yield 

none3 83.7 100 

10 83.7 100 

20 77.5 93 

30 77.4 93 

40 68.4 82 

50 74.0 89 

60 58.2 69 

1Yields are expressed at net mµmoles met /mg protein. 

2Relative yields are expressed as a percentage of the control. 

3The reaction mixture as noted in Table 5 was utilized with the addi- 
tion of 10 µmoles ATP. Crude cell extracts were utilized. 
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Table 13. Absence of stimulation of the biosynthesis 
of methionine in cell -free extracts by the 
addition of S- adenosylmethi.onine or S- 
adenosylhornocysteine. 

Supplement 
(mµmoles) Supplement Yield 

C. 001 
0.01 
0.1 
1.0 

10.0 

0.001 
0.01 
0.1 
1.0 

10.0 

None 
None 
None 
None 
None 

S- AM 
S-AM 
S-AM 
S-AM 
S- AM 

66. 6 
71.2 

66.5 
76.3 
71.2 

S-AH 78. 3 

S-AH 78.3 
S-AH 71.2 
S-AH 72.8 
S-AH 80. 6 

None 80.7 
None 78.3 
None 78.3 
None 71.2 
None 80.7 

1 Yields are in terms of millimicromoles of 
methionine per milligram of protein. The reaction 
mixture was as noted in Table 5. Crude cell extracts 
were used. 
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Table 14. The standard serine transhydroxymethylase reaction 
mixture. 

Amount Concentration Volume 
Component (µmoles) (mM) (ml) 

Potassium Phosphate 
(pH 8. 5 ) 

Tetrahydrofolic acid 
Pyridoxal Phosphate 
Dl- serine- 3 -C -14 
Enzyme 
Final volume 

30 -60 

.05 -. 12 
.1 
.2 
100 -400 µg 

71 -142 

. 12 -.28 

. 23 

. 48 

.1 

1 .02 
.1 
.12 
. 1 

. 42 

1 The tetrahydrofolic acid has contaminating acetate due to the method 
of preparation. The tetrahydrofolic acid was dissolved in .1 M 

phosphate buffer (pH 7. 5) with 1% mercaptoethanol. 

2The cell extracts used as a source of enzyme were stored in a con- 
centrated solution and diluted 1 -10 to 1 -50 with the reaction buffer 
immediately prior to use. 

3In many experiments a larger volume was used. Saturating levels 
of pyridoxal phosphate and tetrahydrofolic acid were used. 

Table 15. Requirements for the serine transhydroxy- 
methylase reaction mixture. 

Reaction Mixture Units Activity % Control 

Complete 3. 072 100 
-Pyridoxal Phosphate 1. 69 44 
- FI14 .000 00 

1 
The complete reaction mixture was as noted in 
Table 14. Extracts from cells grown in WSC were 
used. The extracts had been extensively dialyzed 
against the phosphate buffer supplemented with 
EDTA, DTE, and pyridoxal phosphate. 
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Table 16. Effect of pH on serine transhydroxymethylase activity. 

Experiment I 

pH 
of buffer 

1 cpm 

Experiment II 

pH 
of buffer cpm 

Experiment III 

pH 
of buffer cpm 

4. 6 2 30. 0 6, 0 285, 9 7.0 1530.0 

6. 7 609. 4 7.0 2093. 4 8.0 7 666.5 
7.0 1170.8 8.0 8017.9 8.2 7592.0 
7. 6 3974.0 8.5 928 3. 8 8.4 8593.7 
7. 9 6528. 6 9. 0 8105.5 8.5 8145.7 
9. 3 3759. 0 8. 6 7739. 9 

8.8 8337. 1 

9. 0 7713.5 

The reaction mixture contained 60 µmoles potassium phosphate of the 

indicated pH. Otherwise the usual reaction mixture was utilized with 

. 6 mg crude cell extracts. 

1Results are reported simply as toluene extractable counts after the 

dimedon treatment. 

Table 17. Effect of tris buffer on serine trans - 
hydroxymethylase activity. 

Buffer pH of buffer cpm extractable' 

Phosphate 
Tris 

zero time 

8. 5 2, 454 

7.5 544 
8.0 541 

8.5 548 

9.0 616 
9.5 5 39 

10.0 575 

8, 5 634 

The standard reaction mixture was used. 

1Results are reported simply as toluene extractable 
counts after the dimedon treatment, 

It 
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Table 18. Inhibition of serine transhydroxymethylase by methionine 
and S- adenosylmethionine. 

µmoles inhibitor 
Inhibitor present Activity] % Inhibition 

none -- 21.10 

S- AM 

L-met 

1 12. 54 41 

2 8. 49 60 

3 8. 48 60 

4 7. 51 65 

5 5. 90 72 

1 17. 58 18 

2 16.61 22 

3 

4 14. 61 31 

5 15. 20 30 

'Activity is in terms of units of serine transhydroxymethylase 
activity. 

An extensively dialyzed cell extract grown in WSC was utilized. 
.5 µmoles DL- serine- 3 -C -14 was used as substrate. 400 pg cell 
extracts were used. The final volume was . 92 ml. 

-_ __ 
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Table 19. Effect of aging and partial purification on sensitivity 
of serine transhydroxymethylase to feedback inhibition. 

Fraction l Inhibitor 

Activity/% Inhibition 
3 

before aging after 24 hours 

1 

3 

none 

S-AM 

L -met 
S -AM + L -met 
none 

4, 48/-- 
1. 6563 
3, 5022 
3. 2328 
4.15/-- 

2. 92/- - 
2, 4416 
2, 8205 
2, 63/10 

, 56/ -- 

S-AM 4. 38 /none . 97 /none 

L -met 3,91/0 6 .97/none 

S -AM + L -met 3, 4218 , 77 /none 

1Fraction 1 corresponds to crude dialyzed cell extracts purified only 
by the initial centrifugation at 19,000 X g. Fraction 2 corresponds 
to extracts purified through the second ammonium sulfate fractiona- 
tion followed by dialysis. 

2A11 inhibitors present in 1 µmole quantities. 

3Activity is in terms of units of serine transhydroxymethylase. 
/0 Inhibition is with reference to the sample without an inhibitor. 



Table 20. Effect of growth in excess methionine on sensitivity to feedback inhibition, 

Enzyme 
Growth 

supplement None 

Activity/% Inhibition 

inhibitor of serine transhydroxymethylase 
S- AM L -met L- met +S -AM 

expt. #1 

I none 4. 32/- % 1.80/58% 2.96/32% 1. 53/65% 

II .1 mM met 3.58/- 1.23/66% 2.96/27% 1.30/44% 

III 1 mM met 3.88/- 1,14/71% 2. 78/29% 1.52/61% 

IV 

expt. #2 

10 mM met 3.22/- 1.62/50% 2.54/21% 1.94/40% 

I none 3.09/- 2,54/14% 2.67/13% 2,56/14% 

II .1 mM met 3,35/- 3.16/6% 3.19/6% 1.99/41% 

III 1 mM met 3,31/- 2,41/27% 2,70/18% 2.01/39% 

IV 10 mM met 2.56/- 1.86/27 2. 74 /none 2.24/13% 

The usual reaction conditions were used. In experiment #1, methionine when present as an inhibitor 
was present in . 1 µmole quantities, while in experiment #2 methionine when present as an inhibitor 
was present in 1 µmole quantities. In both experiments, S- Adenosylmethionine, when present in the 
reaction mixture, was in 1 µmole quantity. 

Activity is expressed in units of serine transhydroxymethylase activity. 44, 
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Table 21. Effect of growth in excess serine and glycine on serine 
transhydroxymethylas e. 

Experiment I 

Concentration of % FBI by 
Supplement Supplement Activity 1 µmole S -AM 

none - - 1 . 4 35% 

DL- serine 20 mM 3. 10 42 

glycine 10 mM 4. 35 41 

DL- serine + glycine 20 mM, 10 mM 5.87 42 

Extensively dialyzed cell extracts from cells grown in WSC + the 
growth supplements were used with the standard reaction mixture. 
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Table 22. Effect of growth in methionine on serine transhydroxy- 
methylase and the methylation of homocysteine. 

Activities 

mM met present 2 3 
Experiment during growth STHM MHC 

I 

II 

III 

0 2, 6 35.2 
0.1 1, 7 43.7 
1.0 4, 6 54, 5 

10.0 1,7 36.4 

0 5. 6 62. 5 

0.1 4, 4 62.5 
1,0 5,4 58.5 

10,0 3,2 145.0* 

0 2,8 54.5 
0. 1 3.0 68.0 
1.0 3.0 67.6 

10.0 2. 4 104.0* 

1 All experiments were performed with cell extracts from cells 
grown in WSC + methionine supplements and were extensively 
dialyzed. In the first experiment the dialysis fluid contained 
supplemental EDTA, Pyridoxal Phosphate, and serine (.01 µM, 
.001 µM, and .002 µM respectively), In the second dialysis 
buffer contained DTE (5 X 10 ®4M) while in the third, unsupplemented 
buffer was used. 

2STHM is serine transhydroxymethylase activity reported in units. 
The standard reaction mixture was utilized. 

3MHC is methylation of homocysteine deriving the methyl group from 
serine reported in net mµmoles /mg protein. The values followed 
by an asterisk are considered to be abnormally high and due to 
S- AM present in the extracts. 

1 
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Table 23. Effect of S- adenosylmethionine on aspartokinase. 

Sample µmoles S -AM Change in O. D. 
change in O. D. 

X 100 
mg protein 

1 0 . 48 47 

2 2. 4 . 44 43 

3 4. 8 . 52 51 

4 .2 .53 52 

5 .4 .56 55 

6 0.0 .50 49 

The assay was performed according to the method of Stadtman et al. 

(1961). Crude cell extracts of 3701B grown in WSC were utilized 
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DISCUSSION 

Enzymic analysis of several classes of methionine auxotrophs 

of yeast suggested that methionine is synthesized from homocysteine 

and a methyl group derived from serine (Pigg, Spence, and Parks, 

1962). This same study indicated that S- adenosylmethionine might 

serve as an intermediate methyl donor in the methylation of homo- 

cysteine. If S- adenosylmethionine were to serve as a methyl donor 

in methionine biosynthesis, it would have to be synthesized by some 

means other than the S- adenosylmethionine synthetase reaction in 

order to achieve a net synthesis of methionine. Based on experiments 

in which labelled S- adenosylmethionine of high specific activty was 

isolated from cultures fed S- adenosylhomocysteine labelled in the 

adenine moiety, Duerre and Schlenk proposed (1962) that S- adenosyl- 

methionine could be synthesized by the direct methylation of S- 

adenosylhomocysteine, This methyl group was presumed to be derived 

from serine. Further evidence for the involvement of S- adenosyl- 

methionine in methionine biosynthesis was provided by the isolation 

of the enzyme S- adenosylmethionine:homocysteine methyltransferase 

which catalyzes the methylation of homocysteine with S- adenosyl- 

methionine as methyl donor (Shapiro, 1958; Shapiro, Ypantis, and 

Almenas, 1964), 

If S- adenosylmethionine were involved in methionine biosynthesis 
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in yeast, one would expect to find a requirement for the compound in 

the cell -free reaction mixture developed. However, no requirement 

for the sulfonium compound was observed although requirements for 

other components were established. Furthermore, it was shown that 

the substrates for the S- adenosylmethionine synthetase reaction- - 

ATP and methionine -- inhibit rather than stimulate the net synthesis 

of methionine. When S- adenosylmethionine was added to the reaction 

mixture in small amounts, the reaction was partially inhibited. 

S- adenosylhomocysteine had no effect on the reaction. 

S- adenosylmethionine is involved in the B12 requiring systems 

but not as a methyl donor. The sulfonium compound appears to 

methylate the enzyme thus activating it. Methyl iodide can substitute 

for S- adenosylmethionine in purified enzyme systems (Taylor and 

Weissbach, 1966). In crude enzyme preparations, the enzyme 

requires either S- adenosylmethionine or some means for generating 

the compound indicating that it is not tightly bound to the enzyme. 

Several attempts to characterize the stimulatory factor for the 

methylation of homocysteine present in boiled cell extract have been 

made. It is not S- adenosylmethionine since this compound is 

destroyed by boiling (Parks and Schlenk, 1958). Charred boiled cell 

extract has no activity indicating that the factor is organic. The 

active factor, like that in boiled cell extracts of E. coli, is retained 

at neutral pH by Dowex -1 formate (Guest, Foster, and Woods, 1964). 
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It was found that the factor is also retained by Dowex -50 H+ and by 

DEAE cellulose indicating an amphoteric nature. The active factor 

in boiled extracts of E. coli can be replaced by the triglutamyl 

derivative of tetrahydrofolic acid (Guest and Jones, 1960). Recent 

preliminary experiments indicate that the diglutamyl derivative of 

N5- methyltetrahydrofolate will serve to methylate homocysteine in 

extracts from yeast (Burton and Sakami, 1967). Various poly- 

glutamyl derivatives of folic acid have been isolated from yeast 

(Shertez et al. , 1965). Like the non -B12 enzyme in enteric bacteria, 

tetrahydrofolic acid will not replace the factor in the boiled cell 

extract in the yeast enzyme system. It seems likely that the 

stimulatory factor is a polyglutamyl derivative of folic acid. 

Lack of any apparent involvement of S- adenosylmethionine, 

the inability of tetrahydrofolic acid to replace a factor in boiled cell 

extracts, and lack of any stimulation of the reaction by growth in B12 

suggest that yeast have a homocysteine methylase enzyme similar to 

the B12 independent enzyme found in enteric bacteria (Guest et al. , 

1965). This B12 independent reaction has not been studied in detail 

and yeast might provide a model system unencumbered by the alternate 

pathway found in the enteric bacteria. 

Serine transhydroxymethylase in yeast as assayed by the method 

of Taylor and Weissbach (1965) is similar to the serine transhydroxy- 

methylase activities described in the literature. Rigorous 
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requirements for pyridoxal phosphate and tetrahydrofolic acid can be 

demonstrated. Unlike activities in other organisms, the K for the 
m 

reaction is about ten times smaller in yeast. The alkaline pH optimum 

is also unique among activities described. 

The serine transhydroxymethylase reaction described here is 

presumed to be the source for the methyl group of methionine for 

several reasons. Both the methylation of homocysteine with serine 

as the methyl donor and serine transhydroxymethylase are inhibited 

very markedly by tris buffer. The activity for both reactions can be 

removed from cell extracts by protamine sulfate precipitation. The 

serine transhydroxymethylase reaction provides a labile one carbon 

fragment from the p- carbon of serine and the p- carbon of serine has 

been shown to provide the methyl group of methionine. 

Different pH and temperature optima have been observed for the 

methylation reaction and serine transhydroxymethylase. This can be 

accountable since the methylation reaction involves at least three 

enzymes. The first of these, the serine transhydroxymethylase 

reaction, may not be rate limiting under the conditions of the experi- 

ment. 

That serine transhydroxymethylase will function with the 

monoglutamyl derivative of tetrahydrofolic acid while the methylation 

reaction presumably requires a polyglutamyl derivative is explicable 

in that the two reactions are quite different, The serine 
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transhydroxymethylase reaction involves the cleavage of a C -C bond 

and the formation of a C -N bond with the release of H2O while the 

methylation reaction involves breaking a C -N bond and the formation 

of a C -S bond. There is also the consideration that the two reactions 

involve one carbon fragments at different levels of oxidation. An 

enzyme involved in one carbon metabolism in yeast, methylene 

tetrahydrofolic dehydrogenase has been partially purified (Ramasastri 

and Blakley, 1962) and has been found to function with tetrahydrofolic 

acid. In Escherichia coli tetrahydrofolate will function in the serine 

transhydroxymethylase reaction (Taylor and Weissbach, 1965) but 

will not function in the B12 independent methylation of homocysteine 

reaction (Guest et al. , 1964). 

Serine transhydroxymethylase in yeast is sensitive to feedback 

inhibition by S- adenosylmethionine and to a lesser extent by 

methionine. It is repressed only 10 -30% by growth in 10 mM 

methionine. Conversely, the enzyme's formation is stimulated by 

growth in serine and /or glycine. This suggests that the yeast might 

control the enzyme by a metabolite induction mechanism analogous 

to one described in the isoleucine pathway in Neurospora (Gross, 

1965). In that system the product of the previous enzyme induces 

the formation of the next with only the first enzyme of the pathway 

controlled by a repression /derepression mechanism. Metabolite 

induction has been shown in uracil formation in yeast as well 
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(Lacroute, 1964). 

As well as providing the methyl group for methionine, serine 

transhydroxymethylase activity plays a role in glycine and serine 

metabolism and in the generation of active formyl groups for the 

formylation of methionyl -tRNA and in purine and thymine biosynthesis. 

The cell might then have several serine transhydroxymethylase 

enzymes comprising the activity, one for each function. Two 

approaches were made to determine if this were the case. 

The first of these approaches was essentially physiological. 

If there are several serine transhydroxymethylase enzymes, each 

might have a different sensitivity to feedback inhibition. Presumably 

growth in serine, glycine, or methionine would affect the proportions 

of the various enzymes resulting in an altered sensitivity of the total 

activity to feedback inhibition. When the cell -free extracts were 

made from cells grown in 10 mM serine, glycine, or methionine, 

there was no difference in the sensitivity of the enzyme activity to 

feedback inhibition. Cell -free extracts of cells grown in 0. 1 mM, 

1.0 mM, and 10 mM methionine had nearly identical sensitivity to 

feedback inhibition and very similar Michaelis constants as well. 

It should be pointed out, however, that the overall activity was not 

greatly affected by amino acid supplements in the growth medium 

and this might also be reflected in the sensitivity of the activity to 

feedback inhibition. But the advantage to an organism of having 
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several enzymes with the same activity without independent control 

is questionable. 

The second approach to the problem was made in conjunction 

with attempts to purify the enzyme, that is physical separation of two 

or more serine transhydroxymethylases. Several attempts at 

separation by ammonium sulfate fractionation failed; including one 

which utilized increments of 10% in the salt concentration. On two 

occasions, separation was apparently achieved. Both involved elution 

of the enzyme activity from adsorbants with increasing buffer con- 

centration. This occurred once with alumina C y- geland once with 

calcium phosphate gel. Unfortunately neither experiment could be 

repeated and the results must be ascribed to errors or artifacts. 

There is good evidence, however, that the enzyme is an 

allosteric protein. Despite apparent competitive inhibition by 

methionine and S- adenosylmethionine, the feedback inhibitor acts at 

a site quite different from the enzymic site. This was shown in one 

experiment in which a partially purified cell extract appeared to have 

lost sensitivity to the inhibitor while retaining activity for the sub- 

strate. It was also noted throughout the experiments that the 

dialyzed extracts seemed to lose sensitivity to feedback inhibition 

more rapidly than enzymic activity. Attempts to show allosteric 

nature (and incidently the presence of isozymes) by differential heat 

denaturation of the substrate site and the allosteric effector site were 
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not successful. 

Studies on the repression of the methylation of homocysteine 

were run in conjunction with those made to determine the repression 

of serine transhydroxymethylase. No correlation between repression 

in the two reactions could be made as the methylation reaction is not 

repressed by methionine. By using S- adenosylmethionine for the 

methyl donor rather than serine (and in some cases the reducing 

system was ommitted as well) a simple assay for S- adenosyl- 

methionine:homocysteine methyltransferase could be performed 

using the usual microbiological assay. This activity was induced 

by exogenous methionine corroborating earlier work utilizing a dif- 

ferent assay technique (Spence, 1965). Microbiological assays of the 

growth medium after removal of the cells showed that virtually all the 

methionine is taken up by the cells when present initially in concentra- 

tions of 0.1 mM and 1.0 mM but only half is taken up by the cells 

when the initial concentration is 10 mM. 

Any consideration of the control of methionine biosynethsis 

must take several complicating factors into account: In all organisms 

the methionine pathway is branched. The carbon skeleton derived 

from aspartic acid is utilized in threonine biosynthesis and in some 

systems lysine and isoleucine as well as methionine (Atkinson, 1966). 

Methionine serves not only as a constituent of protein but also as the 

principal methyl donor in a variety of reactions in the form of 
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S- adenosylmethionine (Cantoni, 1965). In yeast the situation is fur- 

ther complicated in that the genetic information for methionine bio- 

synthesis is scattered over several linkage groups (Hawthorne and 

Mortimer, 1964; Mortimer and Hawthorne, 1966) precluding a con- 

trol mechanism utilizing a clustered operon similar to those in 

enteric bacteria. Finally yeast have the peculiar property of 

accumulating S- adenosylmethionine when cultured in excess 

methionine (Gawel, Turner, and Parks, 1962), The enzyme S- 

adenosylmethionine synthetase is induced under these conditions 

(Pigg, Sorsoli, and Parks, 1964). While there is evidence that the 

accumulated sulfonium compound is unavailable to the cells (Svihla 

and Schlenk, 1959), cellular metabolism will still be affected as the 

synthesis of S- adenosylmethionine requires ATP (Schlenk and 

DePalma, 1957; Mudd and Cantoni, 1958). 

From these considerations it can be predicted that control of 

methionine biosynthesis in yeast is most likely effected by a variety 

of independent control mechanisms coordinated enough to permit the 

cell to compete. 

The results of experiments investigating feedback inhibition of 

aspartokinase by S- adenosylmethionine indicate that the enzyme is 

insensitive to feedback inhibition by the sulfonium compound. How- 

ever, the assay procedure -- trapping the product of the reaction, 

aspartyl phosphate, as a hydroxamate and its colorimetric 
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determination -- requires very high ionic strength. This could affect 

the conformation of the enzyme altering its allosteric properties, 

The high ionic strength could also diminish the effect of the strong 

positive charge of the sulfur of S- adenosylmethionine. It would seem 

fruitful to devise another assay for this enzyme, an assay that would 

permit more normal conditions and then to reinvestigate the allosteric 

properties of the enzyme. 
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CONCLUSIONS 

Prior to this study, definitive proof for a unique role for S- 

adenosylmethionine in methionine biosynthesis in yeast awaited in 

vitro studies of the methylation of homocysteine. From this study, 

however, it can be concluded that S- adenosylmethionine does not 

actively participate in methionine biosynthesis. The data obtained 

from the cell -free studies in conjunction with the observation that 

the enzyme S- adenosylmethionine:homocysteine methyltransferase 

is induced in cultures grown in excess methionine argues against 

any role for this enzyme in methionine biosynthesis under normal 

conditions. 

The cell -free methylation of homocysteine with serine as the 

methyl donor in yeast is similar to the analogous B12 independent 

reaction in enteric bacteria. 

The physiological role of serine transhydroxymethylase in 

methionine biosynthesis has been elucidated. This enzyme is the 

principal source of the methyl group of methionine under normal 

growth conditions. The formation of the enzyme is controlled to a 

limited extent by repression. The enzyme's activity is controlled by 

feedback inhibition by both methionine and S- adenosylmethionine. 

The latter is a much more effective inhibitor providing a mechanism 

for the cell to use methyl groups from S- adenosylmethionine in 
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preference to methyl groups derived from serine thus conserving 

both serine and free folate. 

Detailed studies into the nature of the allosteric interactions, 

existence of isozymes, and the kinetics of the serine transhydroxy- 

methylase reaction must be postponed until a method for stabilizing 

the enzyme's activity and a purification procedure can be developed. 
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SUMMARY 

1. A cell -free reaction mixture for the methylation of homocysteine 

deriving the methyl group from serine has been developed. 

2. No role for S- adenosylmethionine could be shown in the cell -free 

reaction mixture developed. 

3. With strain MCC S- adenosylmethionine was found to inhibit the 

methylation reaction when serine was present. 

4. Serine transhydroxymethylase has been studied in cell -free 

extracts and in a partially purified form. It has been found to 

be sensitive to feedback inhibition by methionine and S- adenosyl- 

methionine. 

5. The methylation of homocysteine is not repressed by methionine. 

Serine transhydroxymethylase is repressed to a limited extent by 

methionine. 

6. No evidence for isozymes of serine transhydroxymethylase were 

obtained. 
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