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Modern medical science has focused attention on the chemistry of living cells. This report 
describes methods for recovering from yeast, compounds essential to all living tissue. 
Nucleic acid is readily extracted from yeast in yields of 6% on a dry basis. From it, nucleo- 
tides and nucleosides are prepared by hydrolysis. Yeast enzyme systems are used to 
conveirt nucleosides to phosphorylated esters, and to prepare sugar phosphates. This 
organism is also a good source for glutathione and cozymase. The yeast derivatives 
described are being used in research on fundamental biochemical mechanisms. Prepared 
in radioactive form by biosynthesis, they are powerful investigative tools. Adenosine 
nuclealtides, glutathione, and nucleic acid, among others, ure being studied as possible 
therapeutic agents in metabolic diseases. Economical recovery methods from available 
raw materials for these hitherto rare chemicals are of considerable potential value. 

HE USE OF YEAs’r as a primary T source for compounds which are 
assuming growing importance to bio- 
chemical and medical science has in- 
creased as attention i13 focused on the 
chemistry of living cells. Although 
yeast is classed as a plant, the similarity 
of its mrtabolic patterns to those of 
mammalian tissue makses possible the re- 
covery of many complex molecules which 
also occur in the cells of higher animals. 
‘The efficiency with whi’ch yeast is able to  
synthesize these substances and the ease 
with which yeast can be grown in large 
quantities make it a more advantageous 
source than animal tissue for some of the 
most essential cell intermediates. 

Hpre are presented brief summaries of 
methods used for preparing nucleic acids, 
nucleotides, coenzymes, and other cell 
metabolites from yeast, and some poten- 
tial applications in medicine and bio- 
chemistry are mentioned. This is not a 
review in the usually accepted sense, and 
no attempt has been made to cover all 
of the literature pertaining to the com- 
pounds discussed. Only those refer- 
ences have been cited .which seem most 
pertinent to the discussion, and, because 
methods are the primary concern, re- 
ports published during the past 25 years 
have been emphasized. The pioneer 
work of such men as P. A .  Levine, F. G .  
Hopkins, C. A. Neuberg, and numerous 
others during the 50 years from 1875 to 
1925 is still the nucleus of knowledge 
about yeast derivatives ffrom which mod- 
ern preparative techniques are develop- 
ing. 

In  this discussion, the term “yeast” is 
used rather nonspecifically. Because 

nearly all yeasts contain most of the com- 
pounds described, choice of a strain as a 
raw material is frequently a matter of 
commercial availability rather than ge- 
neticselection. For maximum yield, there 
is little doubt, however, that special 
strains unusually rich in one or more 
components could be developed by the 
application of modern yeast breeding and 
screening techniques. 

‘The amounts of five important bio- 
chemicals found in yeast and rat liver are 
shown in Table I. With the exception 
of comzyme 11, the content of these com- 
pounds in yeast compares favorably with 
liver, which is generally considered a 
good source for such substances. 

The presentation is divided into three 
parts, which are shown in Table 11: 
(1) direct extraction of cell substances, 
under which the preparation of nucleic 
acid and its degradation products, co- 
enzymes, glutathione, and ergosterol is 
discussed; (2) use of yeast enzymes as 
catalysts for phosphorylation of nucleo- 
tides and sugars; and (3) biosynthesis of 
isotopically labeled metabolites. 

Table 1. Occurrence of Some Com- 
pounds in Yeast and Liver Tissue 

Pressed 
lager  Rat 
Yeast liver 

M g .  per 100 grams 

Ribonucleic acid 1500 1000 
Coenzyme I 50 30 
Coenzyme 11 5 30 
Coenzyme A 25 30 
Glutathione 150 250 

Nucleic Acid 
Ribonucleic acid (RNA) occurs in all 

living matter. Yeast is one of the richest 
known sources, the concentration rang- 
ing from 4.5% to as high as 10% on a dry 
basis (8, 70, 29). In  the native state, 
ribonucleic acid occurs as a nuclropro- 
tein, primarily in the cytoplasm. Effi- 
cient recovery requires rupture of the cell 
wall, followed by some treatment to split 
the nucleic acid from the protein. 
Thereafter the problem is one of concen- 
tration and purification with an attrrnpt 
to preserve the polymeric structure of 
the compound which is, unfortunately, 
sensitive to extremes of pH and to ele- 
vated temperature. 

Figure 1 shows the classic stiucturc of 
what might be referred to as the poly- 
ribonucleotide monomrr. This shows 
four bases attached through n-glucosidic 
linkages to the 5-carbon sugar, D-ribose, 
with the ribosides so formed cross-linked 
through phosphate esters attached to the 
2’ and 3’ positions. Rrcent evidence 
supports the conclusion that a 5‘ ester 
linkage also occurs and that the concept 
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of ~imple linear polymerization requires 
modification (4, 7). 

The bases which occur in varying mo- 
lar ratios, depending on the source of 
nucleic acid, are adenine, guanine, cyto- 
sine, and uracil as shown at the bottom 
of the preceding column. 

Table II. Yeast as a Source of Some 
Biochemical lntermediafes 

1. Dirrct Extraction 
.I. Nucleic acid and drgradation 

products 
B. Coenzymrs 
C. Glutathione 
11. Ergosterol 

2. Use of Yeast Enzymes 
A.  Adcnosine triphosphate and drg- 

B. Hrxosc phosphates 
Synthesis of Isotopically Labrled Mr- 

radation products 

3. 
tabolitrs 

~~ ~~ 

The method for the recovery of ribo- 
nucleic arid from yeast most widely used 
commercially in the United States has 
been drscribed (24). 

Briefly, it consists of the plasmolysis of 
the cell and release of the nucleic acid by 
alkaline trratment. The protein and cell 
rrsidue are then coagulated by boiling at 
pH 5.0 and the solids are removed by filtra- 
tion. A crude iron complex is recovered 
from the filtrate by treatment with ferric 
chloride. The washed iron complex is 
reslurried and decomposed by adjustment 
to a pH of 8.0 to 3.0 and heating to about 
60" C., causing the flocculation of iron 
hydroxide, which is then removed by filtra- 
tion. The adsorptive properties of the 
hydroxidc floc help to remove impurities at 
this stage. T h e  filtrate is adjusted to pH 
2.0 and added to 2 volumes of alcohol. 
Nucleic acid precipitates out. It is centri- 
fueed, washed with alcohol, and dried. 
Thr ykld ranges from 1 to 2% of pressed 
yeast weight. 

The product is primarily ribonucleic 
acid, although a few per cent (traces to as 
much as 5y0) of desoxyribonucleic acid 
unavoidably remains. Yeast nucleic 
acid so prepared is free of protein (biuret 
and Millon's tests) and gums. It  is par- 
tially depolymerized, having a molecular 
weight of under 10,000, The nitrogen 
and phosphorus content and their ratio 
arc 35% of those calculated for the 
classically postulated tetranucleotide 
structure. 

Yeast nucleic acid and its salts have 
for many years been used pharmaceuti- 
cally in tonics, particularly in Europe and 
South America. The mixed nucleotides, 
a hydrolysis product, has been used in the 
treatment of leukopenia. Polynucleo- 
tides stimulate the proliferation of leuko- 
cytes and lymphocytes (74). 

Reports by Robertson (36) and Gard- 
ner ( 73) indicate that ribonucleic acid 
may be effective, in conjunction with 
growth factors of the B vitamin group, 
in prolonging life. The ability of ribo- 
nucleic acid to complex metals, including 
those such as copper, manganese, iron, 
and magnesium which are known to cata- 
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Figure 1. Postulated polynucleotide structure of yeast nucleic acid 

lyze certain enzyme reactions, is well 
established (30) and merits further con- 
sideration of possible clinical application. 
Neutral soluble metal salts of nucleic acid 
have been prepared and are commer- 
cially available. 

The biological functions of ribonucleic 
acid are still largely a matter of specu- 
lation. I t  is believed to play a funda- 
mental role in growth processes, possibly 
including the mechanism of protein syn- 
thesis, and may be involved in the for- 
mation of antibodies. 

Nucleotides, Nucleosides, 
And Derivatives 

One important use of yeast nucleic acid 
is as a starting material for a variety of 
purine and pyrimidine nucleotides and 
nucleosides. Efforts in this direction 
are, to some extent, reflected in the pat- 
ent literature (25-28). Both chemical 
and enzymic processes have been de- 
scribed for breaking down nucleic acid 
to its component nucleotides. Alkaline 
hydrolysis (3y0 caustic at 60" C. for 2 
hours) is commonly used for this pur- 
pose. The purine nucleotides are readily 
separated from those containing pyrimi- 
dine bases by precipitation as cuprous 
salts, the pyrimidines being recoverable 
from the filtrate by means of heavy met- 
als. For relativeIy small scale oper- 
ations, nucleotides of exceptionally high 
purity can be obtained directly through 
ion exchange chromatography on 
Dowex-1 as described by Cohn (,5). 
Nucleotidrs are readily dephosphoryl- 
ated by the enzyme preparation, emul- 
sin. This can also be accomplished by 
chemical means. The purine ribosides 
are easily hydrolyzed to the pentose, D- 
ribose, and the purine bases-adenine or 
guanine-and from these hypoxanthine 
and xanthine are prepared by deamina- 
tion. 

Figure 2 shows the multiplicity of prod- 
ucts obtainable from the nucleotide, yeast 
adenylic acid. 

Work in recent years has established 
that yeast adenylic acid, prepared ac- 
cording to classical methods, is a mixture 
of two isomers separable by ion exchange 
chromatography and designated tempo- 
rarily as A and B. The nature of the isom- 

erism has not been settled. Present 
evidence favors phosphate esterification 
on the 2 '  or 3' carbons with no definite 
assignment of which compound repre- 
sents the 2'- and which the 3'-phosphate. 
Doherty (72), Kornberg and Pricer (22) ,  
and more recently Kaplan and co- 
workers (27) have shown that the iso- 
mers differ in enzyme specificity. For 
example, the A isomer phosphate linkage 
appears identical to the nonpyrophos- 
phate ester group which occurs in tri- 
phosphopyridine nucleotide (TPN). 

Again referring to Figure 2, it is shown 
that by a series of phosphate exchanges, 
the series, adenosine, adenosine triphos- 
phate (ATP), adenosine diphosphate 
(ADP), and adenosine monophosphate 
(AMP) can be formed. Each of these 
can be deawinated by use of sodium ni- 
trite and acid to form inosine compounds. 
Adenosine and adenosine-5-phosphate 
(AMP) are readily split by acid hydroly- 
sis to D-ribose and o-ribose-5-phosphate, 
respectively, plus the adenine base. As 
is well known, adenosine triphosphate 
hydrolyzes more or less spontaneously in 
aqueous solution to adenosine diphos- 
phate and adenosine monophosphate, so 
that the formation of these is relatively 
simple. In the formation of adenosine 
monophosphate alkaline hydrolysis is 
also employed, since the 5 '-phosphate 
ester is stable to alkaline hydrolysis. 

Coenzymes 
Among the coenzymes known to con- 

tain adenine nucleotide is coenzyme I,  
diphosphopyridine nucleotidr (DPN) or 
cozymase. 
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(:lo.;c.ly r c l a t r d  to cliphosphopyridirir Thr  compound plays a key rolr i n  trans- coverrd, washrrl, sliirr.ird with water,. and  
nrirlrotidr is (.ocvrymc: 11 or triphospho- acetylation reactions by which fatty acids drrompoqrd with hy(hT 'n  slllfide. Thr 
pyridinr niic~l(~)titic, which difTrrs from i t  arc synthesized in the body. Yraqt con- filtrate crlProus sr l l f idr  r rmoval  is  
Iiy 1i;iviny dii adrlitional phosphate in the tains coenzyme A in about thc samr ('on- cnncrntratrd 'Indrr vACU' lm9  r'lixrd with 

alcohol, and rhillrd, caiising glutathionr 
of high pul-ity to rrystallizc o u t .  2 '  o r  3' position. shown as X and X'. crntrations as diphosphopyridinr niic.1ro- 

Bot ti d i ~ ~ h r ~ s ~ ~ l i o ~ ) ~ ~ r i d i l . l e  nucleotide and tide. Rrinert and coworkers ( 7 )  have 
triphosi)hol)yi-i~iinr nuclrotide function published a note on the recovery of  co- The product mt'lts with drcomposition 
ils hvclrogrn acceptors in oxidative trans- enzyme A from yeast which utilizes an- at 190-132' c.:. and assays hrttrr  than 
forniiiti~iri of intrrmecliary mrtabolism, other yeast derivativr, glrrtathione, as 99.5% rrduccd glutathione by iodin? 
siirh ;+Y fil\.c olysis, frrrnrntation, and thr a coprecipitating and reducing agrnt.  titration. T h r  tripeptide contains 13.7% 
triciirl)osyliC acid ryc lc .  Yrast is an rx- nitrogen and 10.4$$ sulfur. 
crlltmt soiircr of diphosphopyridine nu- G'utdhione Thc increased interrst in the nature 
clrotidr, cmrnparing fa\wrahly t o  livrr in Glutathionc. which occurs in pressed and function of sulfhydryl enzymrs and 
this rrspcc t ,  hut the amount of triphos- yeast in a concentration of from 100 tn sulfur-containing hormonrs has resulted 
phopyridinr nucleotide normally present 300 mg. yo, was first discovrrrd in 1321 in renewed study of thr biochemical rolc 
is not siillic~icnt to make its recovery from by Hnpkins (17), who confirmrd its strur- of glritathionr. Patt and coworkers 
yrast C Y  r)nornical. ture in 1929 (78) as y-gluta~n~lc~ystrinyl- (,?.3) and Cronkite et nl. ( 9 )  have drmon- 

( )nr rnrthod for rrcovering diphospho- glycine stratrd the rrlationship of sirlfhydryl t o  
pyridinr nudrotidr from yeast, illus- 
tratcd i n  Figurr 3,  combines the extrac- S €3 
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' l ' t ic y , i i t  i s  vstractc.tl and washrd with This molecule has several obvious radiation damagc. T'hrre is a dcfinitr 
'lot w" t " r ,  ThC and points of instability-for example, thr prophylactic effect \vhcn glritathionr is 
"""' iq dr~fccatrd w i t h  Ira' SH group which is readily oxidized, administerrd prior to radiation. Aink- 
a n d  <I criidr diphosphopyridine nucleotide forming the disulfide in alkaline solution Icy (2) has isolacrd from kidnry a 
i q  rcuivrrrri  from thr  filtratr of this pre- 
l , i ~ l i t , l t i ~ , , , ,  formation of insoluble or in the presence of traces of iron, cop- specific glutathionasr which splits the 
qilvcl.  s;llt, ']'hr silvrr !jalt is drcomposrd per, and certain other metals and an oxy- glutamyl peptide linkage. Hancs, ~ ~ i r d .  
\ \ i t h  Iryrlroyrn srllfidc, t h r  silver S U I f i d c  gcn source (air, peroxides). The  y-glu- and Isherwood (76) havr shown that thr 
r v i n o v u l ?  and a diphosphopyridine nucleo- tamylcysteine peptide bond is rather la- tripeptide plays a rolc in enzymatic prp- 
tidr of a h i t  65% purity recovered by bile, being completely hydrolyzrd in 1 N tide synthesis in kidnry homogrnates. 
, t r l d i i i q  t h r  filtratr to 10 volumes of alcohol. hydrochloric acid at 9 0 O  C. in j hour (,?). Zwemer, Vollmer, and Carey ( 12) havc. 
'l'hr 65'% dipho4phopyridine is Most methods for recovering glutathione shown that glutathione has protrctiirr 
tlictl f ' ' t ' thrr purified chromatography from yeast are based on the work of Hop- action against lethal doses of potassium in 
o n  ii l h i \ v r ~ - l  column huffcrcd with for- kins and of Pirie (.3.$). rats, mice, and guinea pigs. 
l l l r 7 t C .  

Glutathione is clrarly an important 
tool for investigators in physiology and 

~ ~ ~ h ~ d ~  have t'ern dcvclopr+ 
to prepare it in stable. neutral, stcrilr 
form as the lyophylized monosodium salt. 
Similar preparations of oxidizrd gl11ta- 
thione havr also been madr. 

I t  seems appropriate at this point to 
mention mother yeast derivative, ergos- 
terol, \vhich has recently come to re- 

(hrri7yinr 12. the cornposition of which Fast is Plasmolyzed and ex- 
tracted with an acidified organic solvent. 

ha? cirily rrwntly been determined (75). The cell is filtered and wi th  
i 1 1 4 o  rniitiiiiis adenine nuc.lrotidc, in this dilute acid, The  highly insolut,le cuprous 
( a w  ( [ ) l l p ld .  i t  is ldirl;ed, to a thioetha- glutathione complex is precipitated from 
11ol:i1ninr drrivative of' pantothenic acid. the filtrate. The cuprous salt is tflrn re- 

Figure 2. Compounds derived from yeast adenylic acid 
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newed prominence. This vitamin D 
precursor is also a suitable starting ma- 
terial for the preparation of adrrnal cor- 
tical hormones and could I x  used for this 
purpose in tonnage quantities. Such a 
large scale use for yeast substance could 
be expected to have a fundamental effect 
on the economics of yeast production and 
the preparation of yeast derivatives. 

Use of Yeast Enzymes 
In  the brewing and fermentation in- 

dustries yeast acts as a catalyst, convert- 
ing available carbohydrate to alcohol by 
a series of intracellular enzyme reactions. 
The  use of yeast enzymes for biochemical 
synthesis offcrs attractive possibilities for 
the preparation of many valuable inter- 
mediates. In  these instances, however, 
the need for greater control and speci- 
ficity leads to  the use of extracellular 
enzymes 01: extract fractions rather than 
the intact cell. A well-known example 
of this class of yeast derivative is invert- 
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YEAST WITH AND WASH 
I O 0  LItERS 

Figure 3. Preparation of coenzyme I from yeast 

ase, which has numerous commercial N=C--NH2 
uses. 

Those yeast enzymes responsible for 
phosphorylation and carbohydrate trans- 
formations are of special interest. Al- 
though phosphate esters of some of the 
sugars or of the nucleosides can be formed 
by chemical methods, as shown by Hor- 
ecker and Seegmiller (20) and Todd and 
Michelson (38), enzymic phosphory- 
lations are frequently much simpler and 
more specific. 

Among the sugar phosphates which 
havr been prepared with yeast enzymes 
are fructose-1,6-diphosphate, fructose-6- 
phosphate, phosphoglyceric acid, and 
glucose-6-phosphate, This last is readily 
prepared from glucose-1 -phosphate by 
use of a yeast extract containing phospho- 
glucomutase from which the isomerase 
has been removed by heating at 50’ C. 
Glucose-6-phosphate may be readily 
converted to 6-phosphogluconic acid by 
oxidation with bromine, as described by 
Horecker (20). 

Although the knowledge of the sugar 
phosphates has been greatly expanded 
since their first isolation by Harden and 
Young, Emden, thr Coris, and others, 
new facts about their chemical proper- 
ties still come to light. .4 crystailine 
form of the barium salt of glucose-6-phos- 
phate not previously reported in the 
literature has been prepared and char- 
acterized. This compound was isolated 
independently a t  about the same time, 
by B. L. Horecker a t  the National Insti- 
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Adenosine triphosphate is an  essential co- 
enzyme for phosphate transfer in muscle, 
the bond energy of the pyrophosphate 
linkages being in the neighborhood of 
12,000 calories per mole. 

For many years the preferred source of 
adenosine triphosphate was muscle tissue, 
but the preparation from yeast is more 
economical and has the advantage of 
providing a nearly unlimited source for 
large scale production. The general 
procedures in use today owe much to the 
work of Ostern (32) .  More recently, 
Kornberg has studied the enzymatic 
mechanism in detail (23) .  Figure 4 shows 
one mrthod of commercial preparation. 

Adenosine is incubated with plasmolyzed 
yeast, inorganic phosphate, and dextrose, 
and its conversion to adenosine triphos- 
phate is measured by disappearance of inor- 
ganic phosphate until the reaction is maxi- 
mized. In this step the yeast strain is of 

tutes of Health (19). The product differs paramount importance. ‘ Brewer’s lager 
in several notable respects from the amor- yeast appears to be especially rich in the 
phous barium salt generally described in desired enzymes. 
the literature. The salt crystalljzcs as After the PhosPhorYlation comdeted, 
a heptahydrate and is extremely insoluble the reaction is stopped by reduction Of the 

pH. The yeast solids are removed and a 
crude adenosine triphosphate is precipi- in water. 

use Of yeast phosphoryl- tated from the filtrate by the addition of 
ase is the preparation of adenosine tri- barium hydroxide or a soluble barium salt 
phosphate and its derivatives from adeno- at pH 8.5. This cake is carefully decom- 
sine. posed by addition of sulfuric acid, and a 

An 

consitlrrably prrrcr adenosine triphosphate, 
containing some adenosine diphosphate 
and arirnosinr monophosphate, is recov- 
errrl from the filtratc by precipitation with 
ethyl alcohol. Chromatographic purifica- 
tion of this product is carried out on a 
Dowex-1 coiiimn (6) from which the mono-, 
di-, and triphosphate esters can be recov- 
ered in. pure form. If adenosine mono- 
phosphate is the drsired end product the 
two labilr phosphates are first removed by 
alkaline hydrolysis, hrat, or the action of 
both. 

Apart from their general importance in 
biology, both adenosine triphosphate and 
adenosine monophosphate are of con- 
siderable interest in clinical investi- 
gations. Adenosine monophosphate is 
being used as a pharmaceutical in the 
treatmrnt of peripheral vascular disease. 
Good results have been reported when 
20 to 100 mg. have been administered 
daily, intramuscularly or in sublingual 
tablets (37). Its application to other 
disease where a deficiency of adenine 
nucleotides may be implicated is being 
studied. Adenosine triphosphate ap- 
pears to have a direct action on heart 
muscle as well as a vasodilating effect. 

Synhris of /roiopical/y 
Labaled Nuckotider 

All of the foregoing has taken on an  
added significance since the introduction 
of isotopic tracer techniques. Biochemi- 
cal intermediates labeled with isotopic 
carbon, nitrogen, hydrogen, sulfur, and 
phosphorus ar? powerful tools for eluci- 
dating biological mechanisms. Incorpo- 
ration of isotopes into complex molecules 
by biosynthesis offers an economical 
route for preparing a wide variety of 
tagged cell substances. 

During the past year glutathione 
labeled with sulfur-35 has been prepared 
from yeast in these laboratories. The 
data from a typical experiment of this 
type are shown in Table 111. Between 
30 and 50% of the inorganic sulfate in the 
medium is converted to cellular sulfate. 
About three fourths of this sulfur appears 
to be incorporated into organic sulfur 
compounds of high molecular weight, 
probably largely proteins, as indicated 
by the amount of activity remaining in 
the residue from the plasmolyzed cells. 
Radioactive glutathione is recovered 
from the filtrate of the cell debris, repre- 
senting an over-all yield on a sulfur basis 
of about 6%. The product may be di- 
luted to any convenient specific activity, 
the present range being 0.1 to 2.5 pc. per 
milligram. 

Compounds uniformly labeled with 
carbon-14 may be obtained from yeast 
by adding to the medium uniformly 
labeled fermentable carbohydrate. A 
number of procedures are available for 
producing these nutrients by photosyn- 
thesis (35). Labeled acetate and glycine 
(39, 40) have also been used as a carbon 
source. Currently, uniformly labeled 
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Table Ill. Incorporation of Sulfur-35 
into Cell Substance by Yeast 

Strain.  S. cmvisiae (Fleischmann) 
nirdium (37) 

MgS0+714dl 12 .5  mg. % 
Glucose 1 . O  gram yo 
Total radioactiv- 

i ty  added 3.64 fit. 

% 
Remaining in niediiim 61.3 
In washrd w l l s  37.1 

98.4 

In washed cell residur 29 4 
In rxtract of plasmolyzed cells 8 . 0  

37 4 

6 . 5  

__ 

Sa5 as GSH in extract 

nucleotidt~s and glutathione are being 
produced in this laboratory by this 
method. Radioactive amino acids and 
yeast carbohydrates can be recovered 
from the same fermentation. 

The entire series of sugar phosphates 
and most of the adenine nucleotides can 
also he prepared latieled with phos- 
phorus-32. The incorporation of nitro- 
gen-15 into yeast nucleic acid has been 
reported ( 7 7 ) .  Yeast utilizes ammonia 
practically quantitatively and biosynthe- 
sis of nitrogen compounds is therefore 
particularly efficient. 

O u r  modern era of metabolic studies 
received much of its impetus and in- 
spiration from the revealing work of 
Buchner on extracellular fermentation 
by enzymes extracted from yeast. This 
lirief review demonstrates that the simple 
yeast cell still serves the: biochemist in his 
rfforts to unravel the secrets of life. 
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