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ABSTRACT 

Recent investigations have shown that  S-adenosylmethionine 

(S-AM) serves as a methyL donor in various transmethylation reactions.  

Other studies,  using methionineless mutants o£ yeast  and bacteria,  have 

shown that  transthiomethylation from S-AM may also occur in the syn

thesis of methionine.  This report  demonstrates a central  role of S-AM 

in the sulfur metabolism of an adeti ineless,  methionine-independent 

35 strain of Saccharomyces cerevisiae.  When S -adenosylmethionine 

was used as a growth factor for this mutant,  the sulfur containing 

amino acids became labeled even in the presence of excess amounts of 

35 unlabeled L-methionine.  Further,  cells  cultured with S -AM as the 

sole source of adenine yielded S-AM with a specific activity reduced to 

about 35 percent of that  added to the medium, while unlabeled methio

nine,  in both normal (0.  06 j imoles/ml.  ) and excess (4.  0 jamoles/ml.  ) 

amounts could cause almost complete dilution of the isotope.  However,  

•2 C 
i f  adenine,  in addit ion to S'  -AM was added to the medium, the apparent 

S^-AM turnover was reduced to about half  that  observed when only 

S -AM was given. When normal methionine was added, the S-AM 

"sparing effect" of adenine was not observed, while excess amounts of 

the amino acid again caused complete dilution of the isotope.  The 

entrance of S-AM into adenine metaboLism was shown in that  when 
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celLs were cultured with equal amounts of unlabeled S-AM and adenine-

8-C*^ the specific activity of adenine harvested from cellular material  

14 was half  that  observed when only adenine-8-C was used as a growth 

factor.  Methionine was shown to inhibit  the use of S-AM as an adenine 

source.  An increase in pink pigmentation as well  as a decrease in de 

novo adenine synthesis was shown to occur when methionine and S-AM 

were contained in the medium. Indirect  evidence was obtained that  

indicates a strong controll ing effect  of methionine and/or S-AM on the 

synthesis of purines.  



INTRODUCTION 

When a biochemical mutation occurs in microorganisms, i t  

may be detected by attempting to grow the organism on a complete and 

incomplete medium. Organisms that  grow on the supplemented medium, 

but not on the minimal medium, contain blocked metabolic pathways by 

which the compound deleted from the complete medium would normally 

be produced. I t  has been convenient to assume that the mutation affects 

an enzyme in the pathway involved and results  in a direct  block in syn

thesis of an otherwise normally produced metabolite.  This,  however,  

is  not always the case.  This si tuation is  best  exemplified by consider

ing the so called adenineless mutants of yeast .  

In a collection of adenineless strains of Saccharomyces 

cerevisiae,  Demain (1964) was able to show that  the majority of these 

organisms were not absolutely "adenineless".  He classified the strains 

into three groups,  depending on their  dependence on adenine: 

Group A-- "absolutely adenineless"--these organisms could 

grow only if  adenine was supplied in the medium. No growth was 

obtained when the medium was supplemented with guanine,  hypoxan-

thine or any nucleoside or nucleotide.  I t  is  known, however,  that  the 

parent strain of this yeast  cannot take up the nucleosides or nucleotides 

from the medium and that  they lack guanosine-51-phosphate reductase 

1 
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and therefore cannot use guanine to replace adenine.  The fact  that  they 

cannot uti l ize hypoxanthine as a growth factor indicates that  the muta

tion blocks the conversion of inosine-5 1-phosphate (IMP) to adenosine

s'-phosphate (AMP). 

Group B-- "absolutely purineless"--these organisms could 

grow equally well  on adenine or hypoxanthine.  The dependence was 

absolute in that  no growth occurred unless some purine was present.  

The lnetabolic block occurred at  some step before the formation of 

inosine-51  -phosphate.  

Group C--"leaky purineless"--this group was characterized 

as being able to grow very slowly on medium lacking purine,  but could 

be greatly st imulated by the presence of adenine or hypoxanthine.  

Guanine,  nucleosides and nucleotides had no st imulatory effect .  

Obviously then, the f irst  two groups are true purineless 

mutants,  while the third group must have a purine synthesizing path

way that  is  somehow stimulated by the presence of purine in the medium. 

The condition referred to as "leaky purineless" (Group C) invites a 

closer study whether these mutations are directly involved in the purine 

pathway, or if  the mutation is  at  another si te and leads to an abnormal 

si tuation which interferes with purine synthesis.  

Abrams (1951) studied such a leaky mutant of S.  cerevisiae 

14 
and fomad that  this red-tinted adenineless strain could incorporate C 

glycine into i ts  purine pool.  The organism could grow well  on adenine 
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and hypoxanthine,  but not on guanine,  glycine or 5-amino-4-imidazole 

carboxamide,  although the abil i ty to take up the carboxamide was not 

demonstrated.  He concluded that  the production of mutant which 

requires adenine does not necessari ly imply a simple block in the path

way of adenine synthesis.  

A relationship between methionine and adenine pathways was 

suggested by Lindegren (1948).  In a review of microbial  genetics,  he 

reported that  an adenineless mutant of S.  cerevisiae produced a pink 

color when cultured with adenine and large amounts of methionine.  He 

suggested that  pigmentation depends on the accumulation of an adenine 

precursor,  methionine,  and some other substances.  These other sub

stances were not elaborated upon. He was able to show, however,  that  

pigmentation depends upon the separate activity of the methionine and 

adenine loci .  

Furthermore,  Tatum and Perkins (1950) reported that  genetic 

blocks due to mutation and/or feedback inhibit ion of adenine synthesis 

often lead to the accumulation of pigment.  They concluded that  gene-

enzyme analysis would show that  these are examples of multiple effects 

that  result  from single mutations.  

Lindegren (1949) noted that  many purineless yeast  mutants 

which were Leaky also produced a red pigment.  He suggested that  the 

two were related.  This was shown to be the case by Pomper (1952) in 

mating experiments with adenineless yeast .  He was able to demonstrate 



that  pigment production was associated with the part  of the purine path

way preceding the formation of inosine-51-phosphate (IMP).  Using 

selective crossover experiments,  the following metabolic map was 

proposed: 

ad 1 ad 2 Precursor ad 4 ad 5 IMP 

ad 3 

Pigment 

»-

To summarize,  then,  i t  is  apparent that  part ial  adenineless 

mutants very often have the abil i ty to produce a pink pigment that  is  

associated with methionine and some adenylic acid precursor.  The 

point at  which pigment accumulates seems to be close to,  but preced

ing the formation of IMP. Furthermore,  such a pink mutant was unable 

to use 5-amino-4-imidazole carboxamide to replace adenine,  suggest

ing that  pigment formation is  at  some step between 5-amino-4-imidazole 

carboxamide ribonucleotide (AIR) and IMP. 

Other studies on this si tuation by Roman (1956b) and Wyss and 

Hass (1953) report  similar findings and will  not be discussed further.  

The purine pathway from AIR to IMP is shown in Figure 1.  

In 1956, L.ukens and Buchanan reported the isolation of an 

ethanol extract  of avian l iver which could catalize the formation of 

AICAR from AIR. It  was shown further that  this extract  could be 

divided into two fractions,  I  and II ,  each catalyzing differents parts of 

the sequence of reactions (1),  (2),  and (3).  In subsequent studies by 
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(AIR-car boxylase) 

(Adenylosuccinase) 

(AICAR-transformylase) 

(Inosinicase) 

(S-AMP Synthethase) 

(Adenylosuccinase) 

5-aminoimidazole 

ribotide (AIR) 

p-co,  

5-amino-4-car boxy -
imidazole ribotide 

(Car boxy-AIR) 
Aspartate,  

+ + ATP, Mg 

5-amino-4-imidazole 
(N- sue cino)-carboxarnide 
ribotide (SAICAR) 

•Fumaric acid 

5 -  amino-4-imidazole 
carboxarnide ribotide 

(AICAR) 
>»Formate-THFA 

5 -formylamino-4-
imidazole carboxarnide 
ribotide (FAICAR) 

Ino sine-51  -phosphate 

(IMP) 
Aspartate 
ATP, Mg 

Adenylosuccinic Acid 
(S-AMP) 

U 

•Fuinaric acid 

Adenosine-51  -phosphate 
(AMP) 

( 1 )  

( 2 )  

(3) 

(4) 

(5) 

( 6 )  

(7) 

Figure 1.  Portion of pathway result ing in de novo synthesis of purines.  
Enzymes are represented in parentheses on the left  and 
enzyme substrates on the r ight (Hartman and Buchanan, 

1958).  



the same authors (1957),  i t  was shown that  reactions (1) and (2) could 

be completely separated from reaction (3).  Thus in the presence of 

carbonate,  aspartic acid,  ATP and Mg ,  Fraction I  could mediate the 

reactions from AIR to SAICAR. They further suggested that  reactions 

(1) and (2) were controlled by different enzymes,  but they did not 

at tempt further purification.  

In a study of reaction (3),  Miller,  Lukens and Buchanan (1957) 

showed that  the enzyme (adenylosuccinase) which spli ts  fumaric acid 

from SAICAR to form AICAR is  identical  with the one that  removes 

fumaric acid from adenylosuccinic acid (S-AMP). Since these two 

enzymes were shown to be the same, i t  would be convenient to suggest  

that  the enzymes which formed the succinyl complex were also identical .  

However,  Lukens and Buchanan (1957) showed that  ATP and Mg** were 

required,  while Lieberman (1956) showed that  IMP to S-AMP synthesis 

requires guanosine-5'- tr iphosphate (GTP) and Mg*~^. He further demon

strated that  the requirement for GTP could not be satisfied by ATP, 

and that  when C "^-aspartate was incubated with AIR and his adenylo

succinic acid synthetase preparation,  al l  radioactivity was recovered 

with the aspartic acid.  Thus the enzyme responsible for reaction (2) 

and adenylosuccinic acid synthetase show differences which suggest  

that  they are not the same. Furthermore,  whereas the enzymes con

troll ing reactions (1) and (2) have been studied together,  the ones that  

control  these reactions separately have apparently not been purified.  
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The function of an aspartokinase-Like enzyme at  this step has not been 

ruled out.  

The demonstration of the similari ty of the adenylosuccinic acid 

hydrolyzing enzymes (adenylosuccinase) indicates that  the pink pigment 

producing mutation is  not at  reaction (3),  s ince if  i t  were,  these 

organisms would not be able to grow on hypoxanthine.  

The biosynthesis of S-adenosylmethionine (S-AM) has been 

reported by Schlenk and DePalma (1957a),  Mudd and Cantoni (1958),  

and Yall  (1962) and will  only be summarized here.  Apparently,  the 

most common synthesis of S-AM is by reaction of ATP and L-methionine 

to yield S-AM and one molecule each of inorganic phosphate and pyro

phosphate.  This reaction was shown to be mediated by Mudd and 

Cantoni1  s enzyme which they called the methionine activating enzyme, 

but which is  now known as S-adenosylm ethionine synthetase.  I t  was 

further reported that  S-AM could be produced by the reaction of ATP 

and homocysteine and subsequent methylation of the S-adenoslylhomo-

cysteine (S-AH). 

Yall  (1962) presented indirect  evidence that  suggested a reac

tion involving m ethylthioadenosine (MTA) and homo serine to form S-AM. 

Indeed, Yall  (1962),  from studies with an adenineless mutant of S.  

cerevisiae,  was able to show that  S-AM was produced regardless of the 

amount of adenine present in the medium. He concluded that  there was 

no minimal level at  which adenine will  be diverted from S-AM synthesis 
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to nucleic acid synthesis;  if  methionine is  present,  S-AM will  be 

synthesized.  

Further support  for this apparent obligatory synthesis of S-AM 

was given by Pigg et  al .  (1964),  who showed that  S-AM synthetase 

activity appeared in resting cells  immediately upon exposure of these 

cells  to methionine and that  the enzyme remained active as long as 

methionine was present in the medium. They concluded that  the 

methionine-activating enzyme was derepressed by methionine and 

endogenous levels of the amino acid were rapidly depleted.  Under 

these conditions,  their  data showed that  S-AM was produced at  a  faster 

rate than methionine was taken up and S-AM concentrations increased 

while endogenous methionine levels remained very low. These studies 

strongly indicate that  there is  a method of concentrating methionine in 

the cell  at  the expense of adenine and that  this reaction is ,  for lack of 

a  better term, mandatory,  in that  the cell  makes S-AM, regardless of 

the need for adenine in other cell  components.  

The decomposit ion of S-AM by cell  free extracts was studied 

and reported by Shapiro (1958),  Shapiro and Mather (195 8) and Mudd 

(1959).  Their  f indings are summarized in Figure 2.  They were also 

able to demonstrate that  the reactions were not reversible.  I t  is  clear 

that  the degradation of S-AM by this route yields products that  are 

intermediates in the synthesis of several  amino acids as well  as a form 

of organic sulfur and some adenine.  



S~adenosylmethionine vmethylthioadenosine + a-aminobutyr olactone 

adenine adenine 

riboae ribose 

CH3 iS-CH7-CH2-CH-COOH CH3-S-H 

AH2  

Metliylthioadenosine ^adenine + m ethyLthioribose 

or (?)  

adenosine HP ( thio in ethyl group) 

a-aminobutyrolactone >homo serine -f water 

threonine 

/ 
homoserine ^.a-ketobutyric acidC 

isoleucine 

Figure 2.  Enzymatic degradation of S-AdenosyLmethionine.  
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Further insight into the metabolism of S-AM can be gained 

from a study of mutants that  uti l ize S-AM as a source of methionine.  

Pigg et  al .  (1962) showed that  several  methionine mutants of S.  

cerevisiae could use S-AM as a methionine source,  but could not use 

homocysteine.  They also reported that  a  mutant with an absolute 

requirement for methionine did not contain enzymes which were able to 

mediate transmethylation reactions involving the production of methio

nine from homocysteine and S-AM. The organisms that  could use homo 

cysteine,  however,  contained active S-AM transmethylase enzymes.  

Furthermore,  they demonstrated that  the S-AH generated from S-AM 

could be remethylated from the beta-carbon of serine,  and concluded 

that  the final  reaction of methionine synthesis in yeast  involves at  

least  three enzymes and tetrahydrofolic acid (THFA). In turn,  they 

proposed the scheme shown in Figure 3.  

A different route for S-AM to enter the biosynthetic pathway 

of methionine was reported by Shapiro (1962).  He showed that  methio

nine mutants of A. aerogenes could use S-AM or methylthioadenosine 

(MTA) as the sole source of sulfur.  These two reports demonstrate 

that  S-AM enters the methionine pathway by at  least  two different 

routes,  one involving transmethylation and the other involving a possibl  

transthiomethylation.  I t  should be noted that  since the removal of a-

aminobutyrolactone from S-AM is not reversible,  such transthio

methylation reactions would commit the organisin to complete 
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Cysteine 

•Homoserine 

Cystathionine 

-Serine 

Homocysteine 

Methionine.  

•  S - A M .  

S-AH. 

THFA •Serine 

ch3-thfa.  •Glycine 

( 1 )  ( 2 )  (3) 

(1) Transmethylation mediated by S-AM - homocysteine 

transmethylase.  

(2) Methylation of S-AH by S-AH - methylase.  

(3) Methylation of THFA by serine hydroxymethylase.  

Figure 3.  Reactions leading to de novo synthesis of methionine that  

involve S-adenosylmethionine,  tetrahydrofolic acid and 
homocysteine.  
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degradation of S-AM and consequent resynthesis if  methionine were 

st i l l  present in the medium. 

In a later report ,  Shapiro et  al .  (1963) showed that  certain 

methionineless lmutants did not use S-AM as a source of the intact  

methionine molecule,  but derived only the sulfur and methyl groups 

from S-AM. They suggested the validity of t ransthiomethylation,  but 

cautioned that  no definite proof is  available.  Using S-AM labeled with 

methionine-2-C^ they were also able to show labeling of threonine,  

indicating that  a-aminobutyrolactone is  converted to labeled homoserine 

and finally to labeled threonine.  

A wide use of S-AM as a transmethylase coenzyme is  reviewed 

by Schlenlc et  al .  (1957).  Specific roles for this sulfonium compound 

in the methylation of t ransfer RNA and DNA is  discussed by Borek 

(1963),  Gold and Hurwitz (1963) and Littauer et  al .  (1963).  Finally,  

Jaenicke (1964) reviewed the role of S-AM transmethylation in the pro

duction of vitamin B-12 in reactions involving THFA and homocysteine.  

Stadtman (1963),  in a review of enzymatic control  mechanisms 

showed that  under certain conditions the early steps in methionine and 

threonine synthesis in S.  cerevisiae are extremely sensit ive to repres

sion and inhibit ion by threonine and homoserine.  He further reported 

that  when these compounds were tested simultaneously with methionine,  

an increased repression and inhibit ion was observed. When cells  were 

grown on medium containing methionine,  threonine inhibited enzyme 
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activity by 9 0 to 100 percent, while methionine, homoserine and lysine 

inhibited the activity by 20, 21 and 28 percent respectively. His review 

also reported that inhibition was expressed at more than one enzymatic 

step, as shown in Figure 4. 

It was further suggested that in cases where more than one 

product controlled enzymatic steps (multivalent repression) such as 

the aspartokinase activity in Figure 4, all products must be present 

before complete inhibition of activity was achieved. A wider review of 

multiple repression is given by Gorini (1963). Further examples of 

aspartokinase inhibition and repression are discussed by Datta and 

Gest (1964) and Paulus and Gray (1964). Similar studies on cystathi-

onase were reported by Rowbury and Woods (1964). 
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Aspartic acid 

(F,R) 

Aspartyl-phosphate 

Aspartic semialdehyde 

(F, R) 

Homo serine 

Cystat Homoserine phosphate niomne 

Threonine} Homocysteine 

^Methionine a -ketobutyrate 

Isoleucine}. 

ure 4. Pathway Leading from aspartic acid to methionine, threonine, 
and isoleucine. (All reactions have been demonstrated for S. 
cerevisiae except the reactions from threonine to isoleucine, 
which have been shown to occur in E. coli. Inhibited and 
repressed enzymatic steps and their controlling compounds 
are shown. F = feedback inhibition; R = repression. ) 



OBJECTIVE 

While various methionine mutants of S. cerevisiae have 

served to clarify the role of S-adenosylmethionine in the synthesis of 

methionine, little has been reported on similar studies involving the 

adenine moiety. It was hoped that the use of an adenineless, pink 

mutant of S. cerevisiae would help clarify the role that this sulfonium 

compound plays in purine metabolism. Further, it was anticipated 

that some insight might be gained into the location of the mutation and 

the accumulation of the pink pigment. 

15 



METHODS 

Cultures of a pink, adenineless mutant of Saccharomyces 

cerevisiae, SC 10-80-3-5, and the wild type parent strain of S. 

cerevisiae, SC 10, were obtained from Dr. Irving Yall, Department of 

Microbiology, Univer sity of Arizona, and maintained on glucose yeast 

extract agar slants. Stock cultures were established by growing the 

organism on this medium for forty-eight hours at 30° C. and storing 

them at 4° C. until needed. The cultures were renewed every thirty 

days. 

Experimental growth of the yeast was achieved with a syn

thetic medium as used by Yall (1962) and originally described by Roman 

(1956a). The medium was adjusted to a pH of 5. 8 to 6. 0 with the 

appropriate phosphate salt and dispensed as 100 ml. aliquots into 500 

ml. Erlenmeyer flasks, stoppered with cotton plugs and autoclaved 

fox- ten minutes at fifteen pounds and 121° C. Requisite amounts of 

appropriately labeled or unlabeled L-methionine, adenine and S-

adenosylmethionine (S-AM) were added to appropriate flasks in sterile 

solutions, just prior to inoculation. Unless otherwise stated, L-

methionine was used in "normal" (6. 0 p.moles/100 ml. ) and "excess" 

(400 p.moles/100 ml. ) amounts, while adenine and S-AM were used at 

a final concentration of 5. 0 p.moles/100 ml. 

16 
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Yeast inoculum was routinely prepared in Roman's medium, 

supplemented with 5. 0 jimoles of adenine and 6. 0 jimoles of L-

methionine by washing the organism off one slant with medium and cul-

turing for twenty-four hours at 22 to 25° C. on a New Brunswick 

Gyrotary Shaker. The resultiiig cell suspension was then transferred 

directly to four or five similarly prepared flasks which were incubated 

for forty-eight hours under identical conditions. These cells were har

vested by centrifugation, washed twice with coLd, sterile saline and 

resuspended in an amount of saline that would yieLd a suspension con

taining about eight milligrams of cells (dry weight) per milliliter. The 

weight of cells was estimated turbidimetrically with a Lumitron Colori

meter and referenced to previously prepared dry weight vs. percent 

transmission standard curves. One milliliter of this suspension was 

then inoculated into flasks containing the test medium. 

After forty-eight hours of incubation, the cell growth was 

measured tur bidimetrically as described and cells harvested by Milli-

pore filtration. The volume of medium was recorded and aliquots were 

frozen and saved for future determination of residual radioactivity. 

Because of different sizes of inoculum, it was convenient to record cell 

growth in terms of multiples of inoculum weight (GM). Cells cultured 

under identical conditions were pooled and stored at -20° C. until they 

were analyzed. 
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S-Adenosylmethionine was prepared by suspending active dry 

yeast in the medium described by Schlenk and DePalma (1957b). Gen

erally, two liters of medium were prepared and seeded with two pack

ages of Fleischiman's Active Dry Yeast, and incubated for twenty-four 

hours at room temperature. Aeration was achieved by forcing air 

through the medium. The cells were harvested and washed after incuba

tion by centrifugation and extracted with 4 to 5 volumes of 1.5 N per

chloric acid for twelve to eighteen hours at 4° C. , according to the 

procedure of Schlenk and DePalma (1957b). To insure complete extrac

tion, the material was kept suspended with rotary stirrers. An 

opalescent extract, containing the S-AM as well as RNA and other 

nucleic acid material, was obtained by centrifugation and stored at 

-20° C. until needed. 

The S-AM was obtained by passing about 100 ml. of the per

chloric acid extract through Dowex-50, 100-200 mesh, 8 percent cross 

linked, ion-exchange resin in a column seven centimeters long and 

three centimeters in diameter that had been washed with 6 N hydro

chloric acid, distilled water and finally 1 N acid. RNA and soluble 

nucleotides were removed by washing the column with 1 N and then 2 N 

hydrochloric acid until the eluting solution had an optical density of less 

than 0. 05 at 256 mu. UsualLy, 900 to 1, 000 ml. of the 1 N acid and 300 

to 400 ml. of the 2 N acid were required. The S-AM was then removed 

by washing with 4 N hydrochloric acid until the optical density of the 
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eluting solution was less than 0. 05. This usually required 1, 200 to 

1, 300 ml. Complete removal of S-AM was achieved by washing the 

column with 100 ml. of 6 N acid which was added to the 4 N eluate. 

The sulfonium compound was precipitated by adding 1 0. 0 ml. 

of 20 percent phosphotungstate for each 100 jamoles of S-AM and allow

ing the mixture to stand for one to two hours at 4° C. The precipitate 

was harvested by centrifugation, washed once with ten volumes of cold 

distilled water to remove excess phosphotungstate crystals and once 

more with three volumes of cold water. Dissolution of the S-AM-

pliosphotungstate complex was achieved with acetone-water (1:1), and 

the phosphotungstate was removed with repeated extraction with iso-

pentanol-ether (1:1), discarding the organic layers. Residual alcohol 

was removed by repeated extraction with large volumes of ether. The 

ether was finally removed by bubbling nitrogen or air through the solu

tion until no odor of ether could be detected the effluent gas. All solu

tions were kept cold and the solution of S-AM kept in an ice bath while 

the ether was being removed. The S-AM was brought to pH 6. 0 with 

barium carbonate. Excess barium was removed by precipitation with 

saturated sodium sulfate. After filtration the solution was checked for 

contaminants and concentration. 

Spectrographic analysis of the solution showed the presence 

of an ultra-violet absorbing compound which absorbed maximally at 256 

mjj. with an extinction coefficient of 15, 400 and had the 25 0/260 and 
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280/260 ratios of 0.87 and 0. 15 respectively (Schlenk and DePalma, 

1957a, 1957b). 

Chromatography of the solution resulted in the appearance of a 

single ultra-violet absorbing and ninhydrin reacting spot at Rf 0. 35, 

on Whatman No. 1 paper with a solvent composed of 9 5 percent ethanol, 

distilled water, acetic acid (65:34:1). Adenine, methylthioadenosine, 

and L-methionine, when chromatographed with the same system, had Rf 

values of 0. 63, 0. 75 and 0. 73, respectively (Schlenk and DePalma, 

1957b). Stock solutions of the compound were sterilized by filtration 

and stored at -20° C. until needed. 

Adenine-8-C^ and L-methionine-S"^ were used both in the 

growth medium and as precursors of S-AM. When they were to be used 

to study the utilization of adenine or L-methionine by the yeast, they 

were added to the medium in place of the corresponding unlabeled 

compounds. When C^-formate or S"^-sulfate were required, they 

were merely added to RoiTian's medium. 

In the cases of labeled adenine and L-methionine, isotope in 

the forms mentioned were diluted to give a solution of approximately 

five jamoles and one microcurie per milliliter of adenine and six jamoles 

and microcurie per milliliter of L-methionine. Labeled S-AM was 

prepared by adding the necessary precursors to the medium, and the 

S-AM harvested in the usual way. The resulting concentration of 

synthesized S-AM in p.moles/ml. and counts per minute (CPM)/ml. was 
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determined and the specific activity in CPM/jiinoLe calculated from 

these values. Organic isotopes were routinely obtained from Schwartz 

35 Laboratories, Mount Vernon, New York, and S -sulfate obtained 

from Oak Ridge, Tennessee. 

Cells were extracted for various compounds according to 

modifications of procedures developed by Ogur and Rosen (1949) and 

Roberts et al. (1963), depending on whether nucleic acid or amino acid 

material were to be studied. 

Amino acid extraction was achieved in three steps. The cells 

were first suspended in three to four volumes of distilled water and 

frozen and thawed several times, centrifuged and the water solubLe 

fraction decanted. The residual material was further extracted with 

four to five volumes of ethanol (70 percent) at 70° C. for thirty minutes. 

This supernatant fluid was considered to contain the "alcohol-soluble" 
/ 

amino acid fi-action. Finally, the remaining cellular residue was 

hydrolyzed in sealed lyophilization vials at 100 to 110° C. with 6 N 

hydrochloric acid for four to six hours. All fractions were concen

trated by flash evaporation, when necessary, filtered and chromato-

graphed. Spots were located with ninhydrin (0. 25 percent in water 

satux*ated butanol). 

Ribose nucleic acids were extracted with 10 to 15 ml. of 1.5 

N perchloric acid for twelve to eighteen hours in the cold. The prepara

t i o n  w a s  t h e n  c e n t r i f u g e d  a n d  w a s h e d  o n c e  w i t h  a  s m a l l  a m o u n t  o f  1 . 5  N  



22 

acid, centrifuged and the supernatant fluid decanted and added to the 

p r e v i o u s  e x t r a c t .  T h e  r e m a i n i n g  r e s i d u e  w a s  e x t r a c t e d  w i t h  1 . 0  N  

perchloric acid for thirty minutes at 70 to 75° C. to remove and 

hydrolyze the DNA. Perchloric acid was removed by precipitation 

with appropriate amounts of 6. 0 N potassium hydroxide. 

The nucleic acid material in the 1.5 N perchloric acid extract 

was separated by use of an ion-exchange column as previously described, 

with the exception that the column was 1. 5 cm. in diameter and 10 to 12 

cm. long and the volumes required were much less. All fractions were 

eluted and collected in 5. 0 ml. aliquots using an automatic fraction 

collector and monitored by a LKB Uvicord ultra-violet absorption meter 

until the optical densities were less than 0.02. Generally, the resin 

was changed after every three runs. Absorption spectra were taken on 

all eluates and volumes recorded. The amounts of S-AM produced 

were calculated from the absorbance at 256 mji, the extinction coefficient, 

and volume of the 4 N eluate. These values were converted to jamoles/ 

100 mg. of cells. 

The 1. 0 N HC1 fractions were heated to 70 to 75° C. for one 

hour to hydrolyze the RNA to free purine bases and pyrimidine ribotides, 

reduced in volume by flash evaporation and chromatographed. Gener

ally, the 2. 0 N HCl fraction was not analyzed further if the RNA frac

tion yielded enough adenine and guanine to determine specific activities. 

The S-AM from the 4. 0 and 6. 0 N HCl fractions was collected and its 
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specific activity determined as previously described. 

Nucleic acid hydrolysates were separated on Whatman No. 1 

paper by ascending chromatography using isopr opanol, hydrochloric 

acid (concentrated) and water (65:18.4:16.6) according to the procedure 

of Fink et aL (1963) and Roberts et al. (1963). The spots were located 

with ultra-violet illumination and eluted in 2. 5 ml. of 0. 1 N hydro

chloric acid for at least six hours at room temperature. Absorption 

spectra were determined with a Model DU Beckman Spectrophotometer 

and concentration determined by calculating p.mole/ml. from extinction 

coefficients listed in Chargaff and Davidson (1955) and Davidson (I960). 

Aliquots of each elution were used to determine radioactivity in counts 

per minute (CPM) per ml. and converted to specific activity in CPM/ 

jamole. 

Amino acid extracts were separated by two dimensional chroma

tography using thin layer techniques. Chromatography plates were pre

pared by layering the gel suspension on glass plates, air drying and 

activating by heat at 110° C. for thirty minutes. The silica gel suspen

sion was prepared by suspending 40 gms. of Desaga/Brinkman Silica 

Gel-G in 60 ml. of distilled water and homogenized with a Waring blender. 

Separation was achieved with 2-butanol, formic acid, water 

(150:30:20) as the primary solvent and tert-butanol, 2-butanone, water 

(40:40:20) as the se<- -adary solvent, according to the procedure of 

R o b e r t s  e t  a l .  ( 1 9 6 3 ) .  C h r o m a t o g r a m s  w e r e  d e v e l o p e d  w i t h  0 . 2 5  
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percent ninhydrin in water - saturated butanol and heat- ..5 0. 

until spots were visible. Spots with Rf values correspond., v  p  to <io~ 

nine and cysteine were eluted and checked for radioactivity. Specific 

activities of the amino acids were not determined. In cases where the 

protein had to be heated, the JL-methionine and cysteine standards were 

oxidized to sulfoxides by adding a small amount of 30 percent hydrogen 

peroxide to the hydrolysate, and chromatographing in the usual way. 

Radioactivity in sample aliquots was measured in a Packard 

Tri-Carb Liquid Scintillation Counting System, Model 314 EX, using 

0. 1 to 0. 5 ml. of sample in 10.0 ml. of Bray's Scintillation Fluid 

(Rapkin, 1961), depending on the activity and the quenching that could 

be expected in the sample. Quenching was determined by counting a 

standard solution of C^-benzoic acid in methanol. When 0. 1 ml. of 

this solution was added to vials containing an aliquot of sample and 

Bray's solution, it was possible to determine the degree of quenching 

by noting the reduction of the CPM of the added standard. The observed 

CPM was then corrected to true CPM. Radioactivity on chromatograms 

was located with a Nuclear-Chicago Geiger-Mueller thin window scanning 

device. 



RESULTS 

A. Growth Characteristics of the Mutant 

The growth of the mutant strain (SC 10-80-3-5) in medium con

taining purine sources other than adenine is reported in Table 1. While 

S-adenosyLmethionine (S-AM) could partially replace adenine as a 

growth factor in the presence of six pmoles of L-methionine, the growth 

obtained under these conditions was not as good as that obtained with 

adenine. The degradation products of S-AM, such as adenosine and 

methylthioadenosine (MTA), could not support any growth up to seventy 

hour s. 

Table 2 shows the effect of increasing amounts of S-AM and 

adenine on the growth of the mutant at forty-eight hours. While growth 

on adenine is extensive with both one and six jimoles, an unexplained 

suppression of growth occurred if 1 0 p.moles of adenine were contained 

in the medium. The suppression of growth by this amount of adenine 

was not studied further. S-Adenosylmethionine showed increasing 

growth from one to five p.moles, but no practical increase in cell yield 

was realized if the concentration of S-AM was raised to 10 jimoles. 

The effect of increasing amounts of L-methionine on growth 

under certain cultural conditions is shown in Table 3. These data 

show that the presence of even six jimoles of L-methionine very 

25 
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Table 1. Replacement of adenine as a growth factor for the mutant 
s t r a i n  ( S C  1 0 - 8 0 - 3 - 5 ) .  

Cell Yield, 
Growth Multiple* 

Adenine 118.4 

S-adenosylmethionine 77. 6 

Guanine 1. 0 

Adenosine 1.0 

Methylthioadenosine 1.0 

Supplement, 
5 p.moles/100 ml. 

^Growth is expressed as multiples of inoculum weight. All cultures 
contained six p.moles of L.-m etliionine in 100 ml. of Roman's medium 
and were incubated for 70 hours. 
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Table 2. Growth* of the mutant (SC 10-80-3-5) in increasing amounts 
of adenine and S-adenosylmethionine (S-AM). 

Concentration of Supplement 
jamoles/100 ml. 

Supplements none 1.0 5.0 10.0 

Adenine 1. 2 39-9 45. 7 26.7 

S-adenosylmethionine 1.2 5.7 16.5 17.1 

^Growth is recorded as mg. of cells in 100 ml. of Roman's medium. 
All cultures contained six p.moles of L,-methionine. Incubation was 
for 48 hours after inoculation with 1. 32 mg. of cells. Cell weights 
were determined gravimetrically. 
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Table 3. Effect of increasing concentrations of L-methionine on the 
growth* of the mutant. 

Methionine 
jj.moles 

Adenine ** 
24 hours 48 hours 

S-adenosylmethionine** 
24 hours 48 hours 

28. 5 69.  0 37. 6 67. 0 

33. 1 6 6 .  5  16.  0 19. 8 

400 25. 5 54. 5 14. 7 14. 7 

^Growth is shown in mg. of cells per 100 ml. of Roman's medium. 
All cultures were inoculated with 4.95 img. of cells. 

**Purine sources were at a concentration of five jamoles per 100 ml. 
of medium. 
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markedly Limits the ability of S-AM to support growth. Where equaL 

growth was obtained with S-AM and adenine in the absence of L-

methionine, six pinoles of the amino acid had no appreciable effect on 

growth in adenine, but reduced growth in S-AM by a factor of about 55 

percent. When the wild, type was cuLtured under similar conditions, 

however, it was observed that increasing amounts of L-methionine 

resulted in a corresponding increase in ceLL weight. The effect of L-

methionine on the utilization of S-AM is shown in Table 4. While even 

two jimoLes of L-methionine could retard growth up to fifty-eight hours, 

the repressive effect of the amino acid is no Longer evident at seventy 

hours. Six jimoLes of the amino acid, on the other hand, caused 

increased repression of growth up to fifty-eight hours and inhibition 

was still evident at seventy hours. The apparent increase in celL weight 

in the absence of S-AM was due to the Low sensitivity of turbidimetric 

analysis of suspensions containing small amounts of cells. It was not 

due to any increase in cell growth. The cell yields shown in Tables 5 

and 6 indicate that when adenine was added to a medium containing S-AM 

and six pinoles of L,-methionine the growth obtained was greater than can 

be attributed to growth in the presence of either adenine or S-AM alone. 

B. Uptake and Distribution of 
Compounds Labeled with S"^ 

The effect of varying amounts of L-methionine on the uptake 

35 of suLfate-S from medium containing adenine and/or S-AM is shown 
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Table 4. The effect of L-rnethionine on the utilization of S-
adenosylmethionine as a growth factor by the mutant. 

Cell Yield in mg. 

S-AM in Methionine 
pinoles jimoles 24 hours 48 hours 58 hours 70 hours 

5 0 9. 0 38. 5 52. 0 56.5 

5  2  9 . 0  2 9 .  8  4 7 .  0  5 5 . 5  

5  4  9 . 0  2 8 .  5  4 6 . 0  5 6 . 5  

5 6 8. 5 18. 5 33. 0 47.5 

0  0  7 .  2  8 . 0  1 1 . 0  9 . 0  

All flasks contained 100 ml. of Roman's medium and were inoculated 
with 1.0 mg. of cells. Cell weight was determined turbidimetrically. 
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35 Table 5. Uptake of Sulfate-S by the mutant at 48 hours as affected 
by Li-methionine with adenine a.nd S-adenosylmethionine 
(S-AM) as growth factors. 

Cell Weight Uptake Uptake in (CPM)** 
Purine* Methionine* mg. /100 ml. (CPM)** by 100 mg. cells 

Adenine 0 6 9 -  0  570 825 

6 6 6 . 5  600 905 

40 0 54. 5 682 1 2 6 0  

S-AM 0 6 7 .  0  1 3 8 2  2 1 6 0  

6 1 9 .  8  1 5 6 7  7835 

400 14. 7 4 5 7  3047 

Adenine + S-AM 6 178. 0 1467 • 830 

400 6 7 .  0  5 7 2  850 

Concentrations of purines were 5 p.moles/1 00 ml. of medium. Con
centration of Lt-methionine is listed as p.moles/100 ml. 

**Counts per minute; figures are expressed as CPM x 1, 000. A total 
of 12, 200, 000 CPM was added to each flask. 
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o r 
Table 6. Uptake of S -adenosylmethioaine (S-AM) in the presence of 

L-methionine and adenine. 

Supplement 
5 p .moles 

L-methionine 
in |imoles 

Growth 
(GM) :! :  

Total 
Uptake 

(CPM)** 

Uptake for 
GM = 10 in 

(CPM)** 

Adenine + S-AM 

S-AM only 

0 

6 

400 

0 

6 

400 

8 . 9  

8. 7 

4. 7 

6. 7 

2. 0 

1. 3 

1 6 7  

1 6 4  

83 

1 6 2  

208 

2 1 3  

1 9 6  

1 9 1  

1 7 9  

241 

1040 

1 0 6 5  

^Growth is expressed as growth multiple (GM), or multiple of 
inoculum weight. All cultures were in 100 ml. of Roman's medium. 

**Counts per minute x 1, 000. A total of 210, 000 CPM were added to 
each flask. 
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in Table 5. It appears that this mutant takes up increasing amounts of 

label as the concentration of L-methionine is increased if adenine was 

the sole purine source. When S-AM was present in the medium, how

ever, the presence of excess amounts of L-methionine caused sulfate 

uptake to be reduced. The distribution of sulfate in the cell was not 

studied. 

The uptake of -adenosylmethionine (S^-AM) is reported in 

Table 6, where the uptake in counts per minute (CPM) for a constant 

weight of cells is tabulated. When the cells were cultured with both 

adenine and S^-AM in the medium, the CPM retained by a constant 

weight of cells decreased slightly as the amount of L-methionine 

increased. However, it should be noted that the excess methionine 

had a much greater effect on the amount of growth than it did on the 

u p t a k e  o f  t h e  l a b e l .  T h i s  i s  e s p e c i a l l y  t r u e  w h e n  t h e  c e l l s  w e r e  c u l 

tured in the absence of adenine. 

The data in Table 7 show that the deletion of adenine from 

medium containing S-AM and sulfur labeled L-methionine did not cause 

the total amount of label taken up by the cells to change, although it did 

cause the amount of growth to be greatly reduced. Similarly, when 

medium containing S-AM and adenine also contained different amounts 

o f  t h e  l a b e l e d  a m i n o  a c i d ,  t h e  u p t a k e  o f  l a b e l  o n  t h e  b a s i s  o f  1 0 0  m g .  

of cells was constant at about 50 percent of that contained in the 

medium. 
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Q C 
Table 7. Uptake of L-methionine-S by the mutant in the presence of 

adenine and S-adenosylmethionine (S-AM). 

Cell Total Percent Methionine Uptake 

Purine, Methionine Yield, Uptake, Uptake jimoles by 
5 umoles (CPM) pmoles 100 mg. cells 

S-AM only 6 Z1.0 1,605 50 3 15.0 

S-AM + 
adenine 6 84.7 1, 510 48 3 3.5 

400 50. 2 740 24 100 200.0 

All cultures contained 100 ml. of Roman's medium and were incubated 
for 48 hours. A total of 3, 170, 000 counts per minute (CPM) was 
added to each flask and brought to desired methionine concentration 
with unlabeled carrier. All counts are CPM x 1, 000. 
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35 35 
The distribution of label from methionine-S and S 

adenosyhnethionine was studied and the specific activities of the S-AM 

isolated from the cells are reported in Table 8. When S^-AM was the 

sole source of purine and organic sulfur, the specific activity of har

vested S-AM was reduced to about 35 percent of that added to the medi

um, whereas unlabeled methionine, in both normal and excess amounts, 

caused almost complete dilution of the isotope. The presence of 

adenine, on the other hand, reduced dilution of the isotope in all cases 

except when excess L-methionine was present. It is of further interest 

that five p.moles of adenine in the presence of sixjimoles of L-

methionine resuLts in harvested S-AM having a specific activity about 

equal to that observed when only S-AM and no methionine were in the 

medium. Furthermore, S^-AM could also cause labeling of the sulfur 

containing amino acids, even in the presence of excess unlabeled 

L-methionine. 

35 Conversely, when L.-metIiionine-S and unlabeled S-AM were 

used in the culture medium, the specific activities of the harvested 

S-AM increased as the amount of methionine increased. Here also, in 

the presence of six jimoles of L-methionine, adenine could suppress 

the incorporation of exogenous L-methionine sulfur into S-AM. 
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Table 8. Effect of adenine and L-methionine on the specific activity 
of S-adenosylmethionine (S-AM) harvested from cells 
grown in the presence of methionine-S^ or S^-AM. 

Supplements Methionine S^-AM^ Methionine-S"^* 
5 pinoles in pinoles 

S-AM + adenine 0 81, 000** -

6 35, 000 7, 700 

400 2, 000 304, 000 

S-AM only 0 41, 000 -

6 2, 000 153, 000 

400 2, 000 -

^Specific activity of S-AM was 106, 00 0 CPM/jJ.mole and the specific 
activity of methionine was 408, 000 CPM/jimole. 

**Specific activities reported are CPM/jamole. 
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C. Uptake and Distribution of 
Compounds Labeled with 

Table 9 shows the uptake of "^-formate as influenced by-

excess amounts of L-methionine. The presence of excess amino acid 

enhanced the uptake of label when adenine or hypoxanthine was used as 

growth factors. When S-AM was used as a growth factor, the uptake of 

formate was higher, and the presence of excess amounts of L-methionine 

did not result in an increase in uptake over that observed with normal 

amounts of the amino acid. 

The effect of S-AM and L-methionine 011 the uptake of adenine-

8-C14  is shown in Table 10. Whereas the uptake of the adenine was 

constant at 80 percent of that contained in the medium, the amount of 

growth obtained under various conditions was found to differ markedly. 

When uptake was determined on the basis of 100 mg. of cells, excess 

amounts of L-methionine had little effect on the uptake if adenine was 

the sole source of purine. However, when S-AM was used along with 

adenine, 400 jimoles of the amino acid caused an increase in adenine 

uptake over that observed in the presence of normal amounts of the 

amino acid. It can also be seen that when up to six pnoles of L-

methionine and both purine sources were available, 100 mg. of cells 

used only 5 0 percent of the adenine needed to support equal growth if 

adenine was the only purine source available. 
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Table 9- Uptake of C^-formate by the mutant in the presence of 
adenine, hypoxantMne, and S-adenosylmethionine (S-AM) 
and varying amounts of L-inethionine. 

Purine 
5 p.moles 

Methionine 
(Limoles 

Cell 
Growth 

mg. 

Total 
Uptake 
(CPM)* 

Uptake in CPM 
for 100 mg. 

of cells 

Adenine 6 64 10, 100 15, 900 

400 44 9, 000 20, 400 

Hyp oxanthi n e 6 68 10, 500 14, 900 

400 42 8, 200 19, 600 

S-AM 6 17 4, 600 29, 900 

400 17 4, 800 27, 100 

^Counts per minute. All counts are CPM x 1, 000. A total of 
12, 200, 000 CPM were added to each flask of 100 ml. of Roman's 
medium. 
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Table 10. Uptake of adenine-8-C^ by the mutant in the presence of 
S-adenosylmethionine (S-AM) and varying amounts of L-
methionine. 

Purine, 
5 jimoles 

Cell Total Percent Uptake for 
Methionine Growth Uptake Uptake 100 mg. Cells 

p.moles mg. (CPM) (CPM) 

Adenine-8-C 14 

S-AM + 
adenine- 8-C 14 

400 

0 

6 

400 

43. 5 

47. 0 

38. 5 

82. 0 

93. 5 

54. 5 

1, 410 

1, 384 

1, 359 

1, 382 

1, 426 

1, 359 

80 

78 

80 

80 

81 

80 

3240 

2950 

3520 

1680 

1550 

25 00 

All cultures contained 100 ml. of Roman's medium. Total radio
activity introduced was 1, 692, 000 counts per minute (CPM). All 
counts are x 1, 000. Incubation was for 48 hours, after inoculation 
with 7.9 mg. of cells. 
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The specific activities of adenine harvested from cells cultured 

with adenine-8-C"'''^ and/or S-AM as growth factors are given in Table 

11. When labeled adenine and unlabeled S-AM were used along with 

normal amounts of L-methionine, the activity in adenine harvested 

from cellular RNA and S-AM was reduced by 50 percent from that 

obtained when labeled adenine was the only purine source. The pres

ence of excess amounts of the amino acid resulted in the specific activity 

of the adenine from these same sources being reduced only by about 20 

percent in the RNA and 10 percent in the S-AM. Adenine from DNA, on 

the other hand, showed a consistent reduction in specific activity of 

about 20 percent when the cells were culturedin the presence of unlabeled 

S-AM and labeled adenine. 

Table 11 also shows that the specific activity of adenine from 

all sources and all conditions of growth wa.s lower than that introduced 

into the medium. An excess amount of L-methionine was also observed 

to decrease the dilution in specific activity of the adenine from S-AM 

and DNA, whereas it had no practical effect on the specific activity of 

the adenine from RNA. 

14 The uptake of adenine-8-C labeled S-AM is shown in Table 

12. When uptake was adjusted to 100 mg. of cells, the uptake was found 

to remain about the same, regardless of the amount of L-methionine in 

the medium. Table 13 shows that all cellular radioactivity from 
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TabLe 11. Specific activities* of adenine from nucleic acids and S-
adenosyhnethionine (S-AM) harvested from cells grown 
with varying amounts of L-methionine and S-AM. 

Adenine 
Source 

Medium Supplements•• 
5 p.moles/100 rnl. 

Methionine, in jj.moles/100 ml. 

0 6 400 

RNA 

DNA 

S-AM 

Adenine only 

Adenine -J- S-AM 

Adenine only 

Adenine + S-AM 

Adenine only 

Adenine + S-AM 

440 

219 

309 

253 

107 

52 

486 

226  

342 

294 

47 

37 

483 

400 

466 

359 

170 

152 

•Specific activities are expressed as CPM x 1, 000/jj.moles of adenine. 

14 ••Adenine added was Adenine-C with a specific activity of 528 T 
counts per minute (CPM) per pmole. 
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Table 12. Uptake of S-adenosylmethionine (S-AM) labeled with adenine-
8-C^ in the presence of varying amounts of methionine. 

Methionine Cell Weight Total Uptake Percent Uptake in CPM 
jamoles rag. (CPM) Uptake for 100 mg. of cells 

0 65.0 84,400 67 130,000 

6 14.9 2, 430 2 160, 000 

All flasks contained 100 ml. of Roman's medium with 126, 000 counts 
per minute (CPM) of labeled S-AM. All cultures were incubated for 
48 hours after inoculation with 4. 8 mg. of cells. 
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Table 13. Uptake and distribution of adenine-8-C'''^ LabeLed S-
adenosylmethionine (S-AM). 

L-methionine, jimoles/100 ml. 

6 400 

Label added to medium 647, 82 0* 647, 820 

Remaining in medium 365, 030 489, 580 

RNA (1. 5 N perchloric) 235, 520 166, 680 

DNA (1. 0 N perchloric) 11, 020 19, 216 

Total Recovered 611,568 675, 476 

Cell Yield, trig. 31 27 

^Values reported are counts per tninute. Concentration of S-AM was 
5 pmoles/100 ml. of Roman's medium and incubation was for 48 hours. 
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similarly cultured cells -was recoverable in the nucleic acid fractions. 

Furthermore, Table 14 shows that when adenine and S-AM were har-

14 vested from cells cultured with adenine-8-C labeled S-AM as the 

purine source, the specific activity of adenine obtained from cellular 

RNA and DNA was found, to be the same as the labeled S-AM that was 

introduced to the medium, whereas cellular S-AM showed only a very 

slight reduction in specific activity. Six jamoles of L.-methionine were 

able to cause very little reduction in specific activity of adenine from 

RNA and S-AM. 

D. Production of Pigment 

The presence of S-AM as well as the concentration of L-

methionine was found to influence the production of the pink pigment by 

this mutant. When the cells were cultured with adenine or adenine plus 

S-AM, they developed a pink color in the presence of L-methionine that 

was distinctly visible at forty-eight hours. The color increased in 

intensity as the concentration of L-methionine increased. When S-AM 

was used as the sole source of purine, the pink color was very pro

nounced at twenty-four hours, even if only six p.moles of L,-methionine 

were used. In cultures grown in the presence of S-AM and 400 jamoles 

of the amino acid, the cells were intensely colored and actually appeared 

red, rather than pink. When no methionine was present in the medium, 

very little pigmentation was observed when adenine was used, but when 

S-AM was used alone, pronounced pigmentation was observed. 
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Table 14. Specific activities of adenine and S-adenosylmethionine 
(S-AM) harvested from cells cultured with adenine^-C^ 
labeled S-AM and no adenine. 

RNA DNA S-AM 
Methionine in Adenine Adenine 

p.moles/100 ml. CPM/jamole CPM/jiraole CPM/jimole 

0 27.7 28.8 21.9 

6 21.4 - 17.4 

All cultures contained 5 pinoles of S-AM at a specific activity of 
28, 000 CPM/fimole. Specific activities given are x 1, 000. 



DISCUSSION 

Experiments with methionineless mutants of yeast and bacteria 

have shown that S-AM contributes to the formation of Li-methionine by 

at Least two different mechanisms. Transmethylation invoLving homo

cysteine and S-AM was reported by Pigg et al. (1962). Shapiro (1962, 

1963) showed that both the methyl group and the sulfur part of the 

methionine in S-AM contribute to the formation of cellular L.-methionine. 

However, the Label at carbon-2 of the methionine could be traced, not 

to methionine, but to threonine and homoserine. "Whereas these reac

tions show that S-AM is involved in L,-methionine synthesis, it remained 

necessary to show that they were not a mechanism for by-passing the 

metabolic bLock in the methionine pathway. An organism which would 

have to use S-AM, but could synthesize de novo L-methionine would 

help to demonstrate that these reactions occur in a methionine -

independent organism. 

Such an organism is this adenineless (leaky) mutant that is 

abLe to use S-AM as a purine source, but can grow in the absence of 

preformed L-methionine. If the utilization of S-AM for methionine 

synthesis was not a normaL pathway in wild type organisms, then the 

reactions of Pigg et al. (1962) and Shapiro (1962, 1963) would not be 

observed in this organism. This is clearly not the case. 

46 
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When S-AM was used as the sole source of purine and organic 

sulfur, maximum uptake occurred although L-methionine and adenine 

could slightly suppress its uptake (Table 6). However, even in the 

presence of excess unlabeled L-methionine, radioactivity from sulfur 

labeled S-AM could be found in cellular methionine and cysteine. 

Furthermore, when the cells were cultured without L-methionine, but 

with S^-AM as the sole purine source, 65 percent dilution of the iso

tope from cellular S-AM was observed, while L-methionine, in both 

normal and excess amounts, caused complete removal of the sulfur 

label from cellular S-AM. Similarly, in reverse experiments, using 

35 unlabeled S-AM and L-methionine-S , cellular S-AM became labeled 

in a way that depended on the amount of L-methionine in the medium 

(Table 8). 

These data are in agreement with Pigg et al. (1964) and indi

cate that S-AM does play an important role in sulfur metabolism, even 

when preformed L-methionine is available to the cells. Pigg's data also 

suggest that the cells would concentrate L-methionine in the form of S-

35 AM. When L-methionine-S and unlabeled S-AM were used, the dis

appearance of radioactivity from the medium appeared to be more 

dependent on the amount of the amino acid in the medium than on the 

amount of growth attained by the yeast (Table 7). Furthermore, this 

radioactivity was found to accumulate in S-AM harvested from the cells. 

It is evident that the reactions which Shapiro (1962, 1963) described 
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for methionineless mutants also occur in a methionine-independent 

sti-ain. 

It has also been shown that the adenine part of S-AM enters 

freely into cellular purine pools. In all cases where unlabeled S-AM 

14 was used with adenine-8-C , the specific activity of adenine harvested 

from cell components was lower than that obtained when labeled adenine 

was used alone (Table 11). However, while adenine from S-AM could 

freely enter the purine pools in the presence of up to six jimoles of L-

methionine, excess amounts of the amino acid were able to suppress 

the utilization of S-AM in this way. This was reflected in growth rate 

experiments (Tables 3 and 4), uptake experiments (Table 6), and in the 

specific activities of adenine harvested from cells cultured in the pres

ence of varying amounts of L~methionine (Table 11). 

Since extensive use of S-AM adenine was observed, it was 

necessary to consider whether or not the turnover of S-AM was due to 

a demand for adenine. If it was, then the presence of preformed 

adenine would be expected to cause a reduction in the apparent turn

over. While such a reduction was observed, it was only partial, and 

complete prevention of turnover was never observed to occur. In fact, 

when the cells were cultured in the absence of Li-methionine and were 

least induced to make S-AM (Pigg et al., 1964), a 20 percent dilution 

of S -AM was still observed to occur, indicating that S-AM was syn

thesized from L-methionine containing unlabeled sulfur. Furthermore, 
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when equal amounts of adenine and L-methionine were added to a medi-

35 urn containing S -AM, the harvested cellular S-AM showed the same 

dilution of isotope that was observed when there was no L-methionine 

or adenine in the medium (Table 8). This information, when considered 

with Yall's (1962) data indicating that this mutant will make S-AM even 

in limiting amounts of adenine, support the view that the need for adenine 

is not the only reason for S-AM turnover. Indeed, this study shows that 

the organism will make S-AM even when the sulfonium compound is 

available in the medium. 

While the reasons for accumulation of excess amounts of S-AM 

would appear to be teleologically unsound when considered at face value, 

it is clear that some S-AM synthesis over and above that needed for 

transmethylation reactions could be advantageous under certain cir

cumstances. Thus for the expenditure of one molecule of ATP and L-

methionine, the organism gets a compound which can serve as a source 

of methyl groups, and which when degraded yields products that lead to 

threonine, isoleucine and homoserine as well as adenine and an organic 

form of sulfur that can be traced to cellular L-methionine. 

The effect of adenine on growth when it is added to medium 

containing S-AM and L-methionine (Tables 3, 4, 5 and 6) shows that 

adenine is able to relieve the inhibition that methionine has on the 

utilization of S-AM. Whereas the amount of adenine needed to over

come the inhibition by methionine was not determined, the possibility 
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that it may be very small, or even catalytic, cannot be ruled out. If 

this were the case, then the experiments involving S-AM as the sole 

purine source shouLd be studied further. It is conceivable that the 

purification procedures presently available for harvesting S-AM would 

leave enough adenine in the solution of S-AM to have a strong effect on 

the utilization of the sulfonium compound. It is similarly conceivable 

that this amount of adenine would not be detectable by spectrographic 

or chromatographic analysis. 

The immediate derepression of S-AM synthetase by L-

methionine (Pigg et al., 1964) and the failure of this yeast to accumulate 

S-AM until about forty hours (Yall, unpublished data) would indicate 

that the accumulation of S-AM is due to a diminishing need for the 

functions that this compound perforins. The studies mentioned above, 

using both labeled S-AM and L-methionine (Table 8), support this 

c oncept. 

Although this study supports the view that S-AM enters into 

normal L-methionine and L-tlireonine synthesis in a lnethionine-

independent strain, it does not necessarily mean that S-AM would be 

used in this way in a complete prototroph. In the studies by Pigg et al. 

(1962) and Shapiro (1962, 1963) the utilization of S-AM was forced by a 

need for L-methionine and in this study S-AM degradation was required 

for its adenine. This degradation of S-AM produces products that may 

enter the biosynthetic pathways of L-methionine and L-threonine only 
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because they are present in higher than normal concentrations. Com

plete analysis of the role of S-AM in sulfur metabolism must, therefore, 

involve studies on a complete adenine and L-methionine prototroph. 

Furthermore, one must consider that any question of accumulation of 

S-AM in the presence of excess amounts of L-methionine is concerned 

with a highly abnormal situation. The concentration of the methionine 

is such that abnormal metabolic reactions would be expected. 

Pulse labeling experiments to study the incorporation of radio

activity to and from suitably labeled S-AM and its precursors wouLd 

help to clarify the kinetics of S-AM turnover and may help to explain 

the apparent contradiction between Pigg et al. (1964) and Yall (unpub

lished data). The synergistic effect of S-AM and adenine under certain 

conditions could be studied by using labeled nucLeic acid and amino acid 

precursors and observing any changes in labeling patterns that may 

occur as growth conditions are changed. 

It is also clear that any changes in metabolism that are 

attributed to L-methionine, may in fact be the result of the formation 

of S-AM and its subsequent degradation. S-adenosylmethionine can be 

enzymatically degraded to products that lead directly to L-threonine and 

L-methionine, as well as compounds that can be converted to carbo

hydrate intermediates (a-ketobutyric acid) (Shapiro, 1958; Shapiro and 

Mather, 1958; and Mudd, 1959). Furthermore, studies by Stadtman 

(1963), Datta and Gest (1964), Raulus and Gray (1964), Rowbury and 
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Woods (1964) and Gorini (1963) suggest that under conditions of rapid 

S-AM synthesis and degradation, the enzymes Leading to methionine 

and threonine would be subject to very strong controL. 

One of these enzymes is aspartokinase (Figure 4) and is 

susceptible to feedback and repression by both L-methionine and L-

threonine. Interestingly enough, conditions that would lead to feedback 

controL of aspartokinase also enhance pigmentation in this organism and 

reduce the appearance of de novo purine (Table 11). Other studies by 

YalL (unpublished data) show that the appearance of Label from glycine 

and formate in purines occurs in this mutant, but is reduced in the 

presence of excess amounts of L-methionine. 

Since this organism can grow well on hypoxanthine, the bLock 

in the purine pathway is not at a reaction involving adenylosuccinase 

(Figure 1, Reactions 3 and 7) or at any other step after the formation 

of inosine-51-phosphate (IMP). Furthermore, reactions (1) and (4) 

involve attachment of one carbon units by way of carbon dioxide or 

bicarbonate and N-forinyl-THFA, respectively. However, the incorpora

tion of formate into purines by this organism does not necessarily mean 

that reaction (4) is completely functional, since formic acid enters the 

5 10 pathway at another, earlier step (gLycinamide ribotide + N -N 

anhydroformyl-THFA formylgLycinamide ribotide). Further

more, the work of Abrams (1951) indicates that the formation of the 

pigment is at some step between AIR and IMP. 
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Since reactions (1), (3) and (4) are reversible and reaction (2) 

apparently is not, a mutation at reaction (4) or (5) would cause the 

accumulation of AICAR and/or SAICAR, while interference with reac

tion (2) would lead to high concentrations of AIR and/or Carboxy-AIR 

(the reaction leading to AIR is not reversible). The only apparent 

irreversible reaction in this part of the purine pathway is reaction (2), 

the formation of SAICAR from Carboxy-AIR, Aspartate, ATP and Mg^. 

The relationship of L.-methionine and S-AM to pigment produc

tion is clear, but exactly where this relationship is expressed still 

remains obscure. Enzymes that catalyze reaction (2) use aspartate, 

ATP, and Mg++ to form SAICAR from Carboxy-AIR in a reaction that 

involves the same substrates as aspartokinase. It was already pointed 

out that aspartokinase has not been ruled out of this reaction, and con

ditions that produce greatest pigment production are the same as those 

which would be expected to produce the greatest amount of feedback 

control on this enzyme. The backup of intermediates in this region of 

the purine pathway, when superimposed on an inhibition of the aspar-

tokinase-like reaction at (2) would suggest that the pink pigment is 

associated with either AIR or Carboxy-AIR. Furthermore, the reduc

tion in pigment that is seen when adenine and kf"-AM are used in the 

medium wouLd indicate that preforined adenine represses or inhibits 

purine synthesis at a location prior to the formation of AIR, and thus 

little accumulation of pigment would be seen. If this were the case, 
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then the removal of adenine from a medium containing S-AM and Li

ra ethionine would be expected to create a situation in which the purine 

pathway was not controlled at its normal adenine-sensitive locus, but 

was repressed at a point that would result in pigment accumulation. 

Increased uptake of purine precursors (Table 9) in the presence of excess 

L-methionine, in spite of a marked reduction in growth, when considered 

along with the production of large amounts of pigment, suggest that this 

is the case. 

The economy of a control mechanism that would be closely 

related to both nucleic acid metabolism and amino acid metabolism is 

obvious. However, while excess amino acids would be expected to 

increase nucleic acid metabolism, the condition described in this study 

would indicate that the opposite was true here. Perhaps this is where 

the "mutation in the purine pathway" lies: failure of low concentrations 

of adenine to prevent the repression of reaction (2), or an abnormal 

sensitivity of this enzyme to repression and inhibition by compounds 

that normally control aspartokinase activity in methionine and threo

nine synthesis. 

Complete analysis of this problem wouLd involve identification 

of the pigment and a study of the accumulation of precursors that would 

contain label from early purine precursors. Cell free enzyme studies 

duplicating the work of Lulcens and Buchanan (1956), but using this 
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yeast instead of avian liver, might prove profitable, especially if the 

effect of L-methionine and S-AM were to be observed. 



SUMMARY 

1. S-Adenosylmethionine (S-AM) was shown to enter into the 

amino acid and purine metabolism of this adenineless mutant of 

Saccharomyces cerevisiae, even in the presence of large amounts of 

exogenous L-methionine. 

2. Large amounts of L-methionine were shown to retard the 

utilization of S-AM as a purine source, cause the accumulation of large 

amounts of pink pigment, and to decrease the amount of de novo 

adenine synthesis. 

3. Indirect evidence is given to show that methionine and/or 

S-adenosylmethionine has a strong controlling effect on the purine 

pathway. 
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