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In a previous communication, (J.A.O.S. 7, l69 
(1956)), a method. was given for the estimati of 
catabolic pathways of glucose in microorganisms based 
on the me course study of the utilization of specifi- 
cally C labeled glucose samples by proliferating micro- 
organisms. In the present work, similar experiments have 
been carried. out with yeast under aerobic-proliferating, 
anaerobic-proliferating anaerobic-resting conditions. 
In addition, glucose_3,L_C isused, as one of the sub- 
strates instead. of glucose-U-C1 which was used. in the 
original work for the purose of calculating the recovery 
of C-3 and. - of glucose in 002 by difference. 

The results indicated that under aerobic conditions, 
although the distribution of catabolic pathways of 
glucose in yeast (7-1 direct cxid.ative pathway and 6- 

93 glycolytic route) remained. the same irrespective of 
the nature of the incubation medium, considerably greater 
amounts of tri carboxylic-acid-cyci e mt ermediates were 
drained off from the cyclic process by proliferating cells 
for biosynthetic functions This results in much lower 
radiochemical recovery of glucose-6 and 2-& mOO2 from 
proliferating cells as compared to resting cells. 

Under anaerobic-proliferating conditions, as expected 
glucose is catabolized. mainly by way of glycolytic 
processes (96) with only of the administered glucose 
degraded through the operation of direct oxidative route. 
iVioreover, the absence of oxygen results also in the 
reduction of the operation of tricarboxylic acid. cyclic 
pathway which is reflected in the observed low incorpo- 
ration of glucose activity into cellular constituents 
and the accumulation of 02 compounds ±rom C-land. 2 and 
C-5 and 6 of glucose in the incubation medium. 



In yeast, the current version of the catabolism of 
fructose and mannose calls for their orlar conversion to 
glucose, the latter then being metabolized by way of the 
conventional Embden-Meyerhof-Parnas and tricarboxylió 
acid cycle pathways and the direct oxidative pathway. 
The pathways of galactose metabolism in yeast have not 
yet been comDletely elucidated. 

In the prent work, the utilization with time of 
specifically O- labeled fructose, mannose and galactose 
and mixtures of the sugars with unlabeled glücose has 
been followed with proliferating yeast cells. 

Results indicate that glucose and fructose are 
catabolized by bakers' yeast by the same pathways-- 
iohosphogiuconate decarboxylation and glycolysis in 
combination with tricarboxylie acid cycle oxidation. 
The pathway involved in the metabolism of mannose cannot 
be completely defined; however, indications suggest that 
the pathway may be comparable to that of glucose 
metabolism. Galactose may be metabolized by a pathway 
paralleling that of glucose--phosphogalactonate 
decarboxylation then through pentose cyclic processes. 
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THE UTILIZATION OF HEXOSES BY BAKERS' YEAST 

INTRODUCTION 

The metabolism of carbohydiates in biological 

systems, being closely related to energy production and 

biosynthetic functions, has been under study for a 

great many years. Much of the study on the pathways 

of carbonaceous substrates and energy transformations 

is carried out using microorganisms as the test 

systems. However, even in microbial systems, the 

picture of the degradation of carbohydrates is far 

from being completely clarified. Some unsolved problems, 

for example, are the formation of specific enzyme 

systems, the transport of compounds from one site to 

another, and the biosynthesis of many biological compounds. 

During the past few years, there has been remarkable 

development in the knowledge of intermediary metabolism 

of glucose with several pathways being elucidated for 

microorganisms, plants and animals. These include the 

classical pathway--glycolysis with or without subsequent 

tricarboxylic acid (TCA) cycle (k9) oxidation; the direct 

oxidation of hexoses via 6-phosphogluconate decarboxylation 

to yield one mole of CO2 and one mole of pentose phosphate 

which is in turn further metabolized by way of a variety of 

mechanisms (6, 8, 22); and the Entner-Doudoroff pathway 
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(29) by which glucose yields one mole of pyruvate and one 

mole of triose, the carboxyl group of the pyruvate being 

derived from C-1 of glucose. Recent reviews on chemical 

pathway, including historical aspects of the subject, 

have been presented in several excellent articles (18, 23, 

33, kk, 11.8). 

Pathways of Glucose Metabolism 

In regard to the metabolism of glucose by bakers' 

yeast, Gilvarg (31), Koshland and Westheimer (115) and 

Wang et al (8o) have shown by the use of radioactive 

tracer techniques with labeled glucose that yeast yields 

degradation products which are in accord with the Embden- 

Meyerhof-Parnas (EMP) pathway. It further appears that 

the EMP pathway is the major route under the conditions 

used in these experiments. 

Early studies by Warburg, Lipman and Dickens indi- 

cated that glucose could be metabolized in yeast by some 

other mechanism than glycolysis. Later the hexosemono- 

phosphate oxidative or direct oxidative pathway was 

elucidated and found to be operative in yeast. 

By measuring the rate of CO2 evolution from yeast 

metabolizing glucose_1_01k as compared to that from 

glucose labeled in other positions, the preferential com- 

bustion of C-1 of glucose by phosphogluconate decarboxy- 

lation was shown by Beevers and Gibbs (7) and Gregg (32). 
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Estimation of Catabolic Pathways of Glucose Utilization 

As more and more metabolic pathways are discovered, 

the researchers are confronted with the task of attempting 

to evaluate the contribution of the respective pathways. 

Tracer techniques offer a means of assessing the 

quantitative significance of the various pathways. 

However, proper design of tracer experiments is extremely 

difficult, and results are subject to varying inter- 

pretations. Calculations can be easily misinterpreted 

unless assumptions are carefully studied and evaluated, 

and the definitions clearly understood. 

The methods of approach for the use of radioactive 

tracers in estimating catabolic pathways in biolgical 

systems have been calculations based on the specific 

activity of respiratory 002, the specific activity of 

fermentation products in the incubation medium, and 

the radiochemical recovery of substrate activity in 002. 

Quantitative evaluation of the participation of the 

glycolytic and direct oxidative pathways in metabolism 

have been reviewed by Wood (83) and Korkes (kk). 

Characteristic features of all the existing methods of 

estimation are the necessity of some basic assumptions; 

some of them are listed as follows: (1) glucose is 

metabolized either by phosphogluconate decarboxylation or 

the Embden-Meyerhof-Parnas pathway, in combination with 

the tricarboxylic acid cycle (1k), (2) the removal of 
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c-1 of glucose through phoaphogluconate decarboxylatlon 

is quite prompt (80), (3) the trioses derived 

glycolytically from glucose carbons i to 3 and k to 6 are 

equivalent to each other in respect to further metabolic 

reactions (80), (k) the pyruvate formed in glycolysis is 

decarboxylated rapidly except for the amount involved in 

co2 fixation (80), (5) the pentose formed from 

phosphogluconate decarboxylation is only slightly inetabo- 

lized, by way of either the pentose cycle or degradation 

to C-2 or C-3 intermediates (80), and (6) the extent of 

the formation of hexose from trioses by reverse aldolase 

activity is slight (80). 

Blumenthal et al (1k) and Lewis (53) developed 

methods for the estimation of the relative extents of 

participation of the EMP and direct oxidative pathways in 

the catabolism of glucose by living cells and tissues. 

Their experiments involved the simultaneous catabolism 

of glucose_l_Clk and giucose_uck, the latter being used 

primarily to correct for endogenous respiration. 

Metabolic intermediates of glucose such as pyruvate, 

acetate, lactate and ethanol were isolated from incubation 

media and their specific activities determined. Based ori 

this data, it was possible to calculate that in yeast 95 

to 97 and O to 30 of glucose was catabolized via the 

EMP pathway under anaerobic and aerobic conditions, 

respectively. Also, they found that the calculated values 
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for the pathways based on giucose_i_c]k and glucose-6- 

data did not agree. This discrepancy reflects the 

inadequacy of some of the assumptions made in the de- 

rivation of the calculations. 

In another approach of the problem of pathway dis- 

tribution, equations were derIved by Bloom et al (ii, 13) 

n which the radiochemical yields of from biologIcal 

systems metabolizing lactate-1, -2 and _3_0]k were used In 

connection with that from glucose1_Ck and glucose_U_C1k. 

Estimation of the maximal contribution of the EMP pathway 

to the formation of CO2 from glucose was then possIble by 

the use of a set of equations. Thus, in liver it was 

calculated that 75% of the CO2 formed from glucose was 

derived by the direct oxidative pathway. However, sub- 

sequently a fundamental mIstake in the derivation of these 

equations was pointed out by Katz et al (ko) . The latter 

authors usIng the experimental values of Bloom etal (13) 

and a set of modified equations showed that in rat liver 

slices 79 to 8k of the CO2 was derived via the EMP 

pathway and less than 20% via the oxldative pathway. In 

their calculations the relative role of EMP-TCA pathway 

and the direct oxidative pathway is based on the comparative 

yield of CO2 by each pathway from 6 carbon atoms of added 

glucose, whereas Bloom's equations were on the basis of 

the amount of CO2 formed via the two pathways from only C-1 

of glucose. 



Abraham et al (i) atten,pted to carry out the method 

of Katz on rat mammary glands, but found that the 5-carbon 

fragment formed by decarboxylation of C-1 of glucose was 

further metabolized. Evidence for this breakdown was 

indicated by the fact that twice as much isotopic lipid 

was der±ved from glucose_2_Clk as from glucose-l-Crn; 

thereby invalidating a basIc assumption of those 

equations. 

Later Bloc*r and Stetten (9, 10, 12) derived two new 

expressions, based in part on those originally presented 

(13), for the estimation of the fraction of glucose 

catabolized glycolytically by rat liver slices. These 

equations were based upon the assumption that only two 

pathways, glycolytic and oxidative, are operative. In 

one equation an additional assumption was made that fatty 

acid synthesis from C-1 of glucose involved solely the 

glycolytic intermediates, Using radiochemical recovery 

of substrate activity in CO2 from specifically labeled 

acetate, glucose and gluconate, it was estimated that in 

rat liver slices about 50% of glucose was catabolized via 

glycolysis and the remaining half via the direct oxidative 

pathway. 

Katz et al (ki) in their latest paper extended their 

equations so that the fraction of glucose catabolized by 

both glycolytic and dIrect oxldative pathways in rat liver 

slices could be calculated. They concluded that 83 to 
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98% of the CO2 derived from glucose was formed gly- 

colytleally, which Is equivalent to 6]. to 9k% of' the 

total utilized glucose. However, they noted that if 

carbons other than C-1 contributed to CO2 in the 

reactions of the direct oxidative pathway, the extent of 

the pathway would be greater than that calculated. 

Korkes (kk) presented equations for the estimation 

of the contribution of phosphogluconate decarboxylation 
from specific activity data from C1 labeled glucoses 

utilized by a biological system. The equations take into 

consideration the relative rates of the reactions involved 

and correct for this by extrapolating the specific 

activity data to zero time. It was assumed that there 

is no randomization of the isotope extending to carbon 

atoms k, 5, and 6 by triose recombination and that the 

formation of CO2 from carbons 1, 2, and 3 of pyruvate 

is at an equal rate. 

Wang !. i (80) have studied carbohydrate metabolism 

in bakers' yeast by a time course study of the utilization 

of specifically labeled glucose. The rate of' change of 

specific activity in the respiratory CO2 from the 

respectively labeled substrate permitted calculations to 

be made on the basis of the radiochemical recoveries of 

metabolic CO2 froe each labeled glucose. 
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Pathways of Fructose, Mannose arid Galactose Metabolism 

Considerable amount of work has been carried out on 

other hexoses in regard to the similarities and divergences 

observed in comparison to glucose in studies of the 

respective pathways in biological systems. Mannose and 

fructose appear to be metabolized through the conventional 

pathways involved in glucose catabolism. Thus far, 

evidence has been insufficient for independent routes for 

the metabolism of hexoses other than those for glucose. 

Reviews of the metabolism of monosaccharides have been 

presented by several workers in the field (18, 33, 6k, 77). 

Mannose and Fructose 

Yeast is known to contain an enzyme, hexokinase, that 

catalyzes the transfer of phosphate from adenine tri- 

phosphate (ATP) to carbon 6 of the hexoses, mannose, 

fructose and glucose. In the case of mannose a specific 

isomerase, mannose-6-phosphate isomerase, converts the 

mannose phosphate to fructose-6-phosphate, a known 

intermediate in glucose metabolism (71). Phosphogluco- 

mutase interconverts mannose-1 and mannose-6-phosphates 

(50). 

In the study of glucose_l_C1k utilization by yeast, 

Gilvarg (31) isolated yeast mannan and found the dis- 

tribution of the labeled carbon in the hexoses, which 

suggested that mannose is derived directly from glucose 

rather than by synthesis from smaller units. However, 



Sowden and coworkers (7k) found that in Torula utilis the 

mannan showed no radioactIvity when giucose_i_C1k was 

used as sole substrate, In liver and muscle glycogen of 

an intact rate, Cook and Lorber (19) concluded that mannose 

Is directly converted to glucose. 

Yeast hexokinase phosphorylates fructose to 

fructose-6--phosphate, an Intermediate of the glycolytic 

pathway. Under aerobic conditions, fructose-6-phosphate 

is also converted to glucose-6-phosphate by phospho- 

glucoisomerase which In turn participates in the direct 

oxidative pathway in many organisms (18, 33, 6k), 

In the liver, fructose is metabolized by another 

route; a specifIc fructokinase is responsible for the 

formation of fructose-1-phosphate, which is cleaved to 

dihydroxyacetone phosphate and free glyceraldehyde. The 

latter is then phosphorylated to glyceraldehyde-3-phos- 

phate. The dihydroxyacetone phosphate Is converted to 

glyceraldehyde-3-phosphate, which then condenses with 

another molecule of dIhydroxyacetone phosphate to form 

fructose-1,6-diphosphate (77). 

Galactose 

Adaptation of yeast and other microorganisms to the 

utilization of galactose and other monosaccharIdes has 

been widely employed as the test system for the in- 

vestigation of the mechanism of enzymic adaptation and 

enzyme synthesIs (k2, 57, 60), The role of adaptation 
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In yeast has been studied by several researchers (26, 

28, 5k, 68). 

In their studies of the utilization of galactose by 

yeast, Wilkinson (82) and Caputto et al (15) demonstrated 

the presence of an adaptive enzyme galactokinase In 

partially purified yeast extracts. Galactose is 

phosphorylated by galactokinase to yield galactose-l- 

phosphate (GA-l-P) . The second step in galactose 

metabolism, the formation of glucose-l-phosphate (G-l-P), 

is mediated by an adaptive enzyme galactowaldenase, also 

called galactoisomerase. 

Reiner and Spiegelman (66) found that galactose 

adaptation in yeast Is relatively rapid under aerobic 

conditions, but under anaerobic conditions It occurs 

slowly or not at all. As shown by Sheffner and McClary 

(70) once aerobic adaptation has started, the introduction 

of anaerobic conditions causes galactose to ferment 

readily. Their data indicated that adaptive fermen- 

tatlon is not a process distinct from the initial 

oxidative pathway. Once the adaptive enzymes 

galactolcinase and galactowaldenase are formed, the 

metabolism of galactose may be either oxidative or 

ferinentative. 

Llndegren and Palleroni (55, 62) found that yeast 

cells did not give rise to the immediate production of 

002 when galactose was utilized. Evidence has been 
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preBented which indicated that utilization of galac- 

tose does not begin until the yeast haB been exposed to 

galactose for at least li-5 minutes (69). 
Leloir et (16, 52) have shown that galactose 

fermentation occurs through the enznnacic conversion of 

galactose-1-phosphate to glucose-1-phosphate (G-1-P) 

by galactowaldenase. The coenzymesuridine diphospho- 

glucose (UDPG) and uridine diphosphogalactose (UDPGA) 

were shown to mediate the conversion. 

The interconversion of galactose and glucose through 

hydroxyl inversion at C-k as first postulated by 

Kosterlitz (li.6) was further studied with cell-free 

preparations of yeast (82) and Lactobadillus bulgaricus 

(3k). The findings can be summarized as follows: 

GA-l-P+UDPG = G-1-P+UDPGA 

UDPGA : UDPG. 

The conversion of IJDPGA to UDPG by the enzyme 

galactowaldenase required DPN when liver is the system 

under study (56). DPN has also been shown to be a 

cofactor for galactowaldenase in bulgaricus (11.7). 

These results indicated that an oxidation-reduction 

reaction rather than a Walden type inversion (56) is 
involved in the galactose-glucose conversion. Anderson 

etal (2) also suspected that a Walden type Inversion 

does not occur and suggested that galactose may have 
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dehydrated to a k-keto compound and subsequently 

subjected to a rehydrogenation process to give rise 

to glucose. 

Kaickar and Maxwell (39) in reviewing enzymic 

studies of galactose stated that the requirement for 

DPN led to the consideration of the possibility that 

galactowaldenase catalyzes a type of epimerization 

reaction, the intermediary being possibly a k-keto 

sugar or a hydrated k-keto sugar. Kaickar (37) has 

suggested that since a Walden type inversion has not 

been proven, the name galactowaldenase should not be 

used. This is particularly true in view of the existing 

evidence supporting the oxidation-reduction mechanism 

as the basis of the rearrangement of galactose to 

glucose. To replace the older name, uridine 

diphosphogalactose-k-epimerase has been suggested. 

The current mechanism of the conversion of galactose 

to glucose can be summarized as follows (37) 

1. Galactoklnase catalyzes the phosphorylation 

of galactose. 

Galactose+ ATP Galactose-1-phosphate + 

ADP (i) 

2. Galactose-l-phosphate uridyl transferase 

catalyzes the incorporation of GA-i-P into a 

nue leotide, 

GA-1-P+UDPG G-l-P+UDPGA (2) 
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3. Uridine diphosphogalactose-k-epimerase 

catalyzes the epimerization of the k-hydroxyl 

group of the hexose moiety. 

UDPQA=UDPG (3) 

k. Uridine diphosphoglucose pyrophosphorylase 

catalyzes the release of glucose-1-phosphate 

from uridine diphosphoglucose. 

UDPG+PP = UTP + G-l-P (k) 

However, reaction (k) can be accomplished in reaction 

(2). The importance of reaction (k) is that the 

reaction from right to left may be responsible for the 

formation of the key compound UDPG. 

Results of experiments using Canna leaves and 

wheat seedlings (35) indicated that galactose is readily 

transfonoedinto glucose and fructose in these plants. 

It was postulated that the galactose-glucose inter- 

conversion occurred through a mechanism involving 

galactowaldenase. Results obtained by Topper and 

Stetten (78) showed that in rat liver slices the bio- 

logical transformation of galactose to glucose proceeded 

via epimerization at carbon atom k. 

Much interest in galactose metabolism in mammals 

centers about the synthesis of lactose (5, 17, 3k, 85) 

and about the function of uridine nucleotide coenznnes 

(3k, 52). The isolation, chemistry and function of 
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UDPG and UDPGA have been presented in reviews by 

Leloir (50, 51) and. Kaickar and Kienow (38). 

Steele et al (5) found that growth of Streptococcus 

progenes on either glucose or galactose was inhibited 

by fluoride and arsenate. The results suggested that 

the metabolic dissimilation of both sugars proceeds 

at least in part through similar stages. 

Some evidence for an alternate fermentation route, 

paralleling the glucose EMP pathway, from galactose-6- 

phosphate via tagatose -6-phosphate and tagatose -1,6- 

diphosphate has been presented by Totten and Lardy (79). 

However, in yeast galactose-6-phosphate has been shown 

to be unutilizable, and furthermore, tagatose was not 

fermented by galactose adapted yeast, nor was it 

phosphorylated by extracts of adapted cells (18). 

In studying the effect of 2-deoxy glucose on the 

metabolism of galactose by the rat diaphra, Nakada 

and Wick (59) concluded that galactose follows a 

metabolic pathway entirely independent of glucose. 

Doudoroff et al (2k) have suggested a new pathway 

in the oxidation of D-galactose. In cell-free extracts 

of Pseudomonas saccharophila the following reactions were 

postulated: D-galactose is oxidized with DPN to 

D-galactone-' -lactone; the lactone is enzïmatical1y 

hydrolyzed to D-galactonic acid and the D-galactonic 

acid is then dehydrated to 2-keto-3-desoxy-D-galactonic 
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acid, which is phosphorylated with ATP and cleaved to 

yield pyruvl.c acId and glyceraldehyde-3-phosphate. 

Multiple Carbohydrat as Co-substrates 

When simple carbohydrates such as glucose, maimose 

and fructose are simultaneously added in varying corn- 

binatlons to an enzyme system, the total activity Is far 

less than would be expected if a summation of individual 

activities were occurring. A competitive inhibition may 

therefore be occurring between the carbohydrates for the 

active center of the enzjme, the degree of Inhibition 

being a function of the concentration of the sugars. 

It is thought that one enzyme protein rather than a com- 

plex of closely assocIated enz'mes is responsible for the 

phosphorylation of these sugars (72, 77). 

In studying the anaerobio fermentation by 

llndneri, Gibbs and DeMoss (30) concluded 

that this organism metabolized fructose and glucose 

via the same pathway. Data of tracer studies suggested 

the mechanism involved is similar to the aerobic pathway 

of glucose oxidation in Pseudotnonas saccharophila. 

Nakada (58) in the study of the metabolism of fructose 

by the rat diaphran found that in the presence of 

glucose, the oxidation of fructose is lowered con- 

siderable, the uptake of fructose being reduced to about 

one half. 
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Doudoroff et al (25, 61) found that in Baocharo- 

phila, glucose, galactose and mannose all have an 

inhibitory effect on the utilization of fructose. In 

cases where small amounts of glucose were used, fructose 

was apparently slowly oxidized and the inhibitory effect 

disappeared after a time period proportional to the 

amount of glucose initially administered. 

Adaptive variation in the level of oxidative 

activity in yeast was studied by Strittmatter (76) . In 

his work with yeast utilizing galactose and glucose, it 

was found that glucose has an inhibitory effect on the 

develonent of the oxidative capacity in growing 

organisms. The ultimate mechanism by which glucose 

inhibits the development of the enzymes involved in 

oxidative metabolism is not certain. 

Glucose inhibition of oxidative formation in yeast 

may reflect an intracellular regulatory mechanism. The 

constitutive enzyme systems readily fill the energy 

requirements of an organism as is shown by the catabolism 

of glucose when the latter is present, and the enrichment 

of the metabolic energy pool by breakdown products may 

partially inhibit the formation of adaptive oxidative 

enzyme systems. Furthermore, glucose inhibition may 

involve depletion or imbalance of essential constituents 
required for the formation of adaptive enzymes since the 
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synthesis of enzzme proteins requires the presence of 

an array of intexnediary compounds in sufficient 
and correct proportions. 

An organism must adapt to the utilization of 

galactose and then continuously maintain the adaptive 

enzyme system. In newly adapting cultures, the low 

facility for fermenting galactose may permit development 

of efficient oxidative pathways for the complete 

utilization of the available supply of galactose for 

energy production. In adapted yeast, although there is 

no direct evidence, galactose may evoke development 

of an alternate pathway characteristic of galactose but 

also utilizable by glucose, 

Monod (57) observed the so called diauxie phenomenon 

in reference to growth of microorganisms in the presence 

of two or more carbohydrates. The diauxie effect occurs 

when an organism adapts to two or more different 
carbohydrates in sequence, utilizing first only one, 

and after that has been consumed, the utilization of the 

other will then follow. The substances for which the 

cells contain constitutive enzymes are utilized first, 

whereas the substances for which they must produce 

adaptive enzymes are used secondly. Using Bacillus 

subtilis and Escherichla coli as test systems, it was 

found that the associating mannose and fructose with 

glucose resulted in normal growth cycles. However, in 



E. coli, galactose in the presence of glucose caused 

diaiixic growth, as evidenced by two successive growth 

cycles separated by a lag period. These effects can 

probably be understood as the result of an inhibitory 

action of glucose on the formation of the adaptive enzymes 

attacking galactose and other sugars. 

Pyruvate and Acetate Metabolism 

The establishment of the glycolytic scheme as a 

main route of carbon and energy transformation for 

carbohydrate catabolism resulted in the recognition of 

pyruvate and acetate as key intermediates in the 

carbohydrate metabolism of many microbial systems. 

Wang et al (8].) in the study of pyruvate ana 

acetate utilization by bakers' yeast found that 

although pyruvate could not be metabolized in the 

presence of glucose, it was readily assimilated when 

the yeast was first grown on glucose and then trans- 

ferred to a pyruvate medium. 

Divergences are known to exist in anabolic 

processes for pyruvate even though the major energy- 

yielding pathway of pyruvate metabolism appears to 

proceed through "active acetate" as an intermediate. 

The fixation of CO2 by pyruvate is one example and has 

been demonstrated by Davis (21). 

In their studies of acetic acid metabolism in 



Toropulis utlll$, Baddileyetal (3) obtained data 

indicating that the rate of conversion for carboxy]. 

groups of acetate to CO2 1 twice as fast as that for 

the methyl group. Wang (81) found acetate did not 

promote net growth of yeast, but nonetheless about one- 

tenth of the tota]. radioactivity was incorporated into 

the. cellular constituents, indicating a considerable 

amount of exchange between the products of acetate 

metabolism and intermediary metaboiltes. Studying 

acetate metabolism in E. coli, Cutinelli et al (20) 

found the metabolism of acetate to be similar to that 

in Torula uti].ia. 

Eaton and Klein (27) the study of the utilization 

of acetate by yeast found that young cells were unable 

to oxidize acetate. Klein (k3) in his studies found 

acetate to be a poor substrate for lipogenesis. 

However, he observed that with long periods of in- 

cubation, it did become available for sinthesis of 

lipids. The delayed utilization of acetate may be the 

result of slow adaptation of the cells to the oxidation 

of the substrate. 

Pyruvate is a compound of exceptional importance 

in the understanding of carbohydrate metabolism because 

it undergoes a wide variety of reactions and gives rise 

to many different compounds. It is derived from the 

catabolism of glucose by the E pathway and is thereby 
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decarboxylated in yeast to yield acetaldehyde, which is 

reduced to ethanol. An important breakdown route of 

pyruvic acid is that of oxidative decarboxylation, with 

formation of CO2 and acetyl coenzrne A; the latter being 

also produced from acetate. The important role played 

by acetyl CoA needs no magnification since it is the main 

entry of carbohydrate intermediates into the all important 

tricarboxylic acid cycle's processes. 
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EXPERIMENThL 

Cultural methods 

Saccharomyces cerevisiae, obtained by isolation 

from a cake of Fleishman's bakers' yeast, was used 

throughout these experiments. Stock cultures were main- 

tained on malt agar slants1. 

Three media were employed during different phases 

of this work. Medium i2 was a sterile medium containing 

malt extract; Medium il3 was a carbon-free ammonium-salts 

medium, and Medium was a phosphate buffer. 

Cells were prepared by inoculating a loop of cells 

(about 5-10 mg.) from the stock slant into 50 ml. of 

sterile Medium I. After incubation for 16 hours at 30°C., 

Blue Ribbon malt extract 10 gm,, KH2POk 0.2 gm,, agar 
1.5 gm,, tap water to 100 ml.; pH k.8. 

2 Blue Ribbon malt extract 200 gm., KH2POi4. 2 gm., urea 
1 gm., tap water to 1 liter. Steam 15 minutes. 

3 
(NHk)250k 2.5 gm., NaC1 2 gm., KH2POk 2 gm., MgSO.7HO 
250 mg., CaC12 250 mg,, H3BQ' 1 mg., MnSOi1.kH2O i mg., 
ZnSOk 1 mg,, FeCl3 1 mg., TlCl 0.5 mg., CuSOk5H20 
0.1 mg., Kl 0.1 mg,, Bacto-yeat extract 100 mg., 
distilled water to 1000 mi. pH k.5 to k.7. 

k Solution A: Na2HPOk'2H20 11.876 gm., distilled water 
to 1 liter. 
Solution B: Ii2P0k 9.078 gm., distilled water to i 
liter. 1 volume of A to 99 volumes of B make a 
buffer medium of pH k.976. 
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the 50 ml. culture was used to inoculate the remaining 

950 ini. of Medium I. The suspension was shaken for 16 

additional hours at room temperature on a reciprocating 

shaker, after which time the cells were separated by 

centrifugation and washed twice with Medium II, ex- 

cluding the yeast extract. Generally, 100 to 200 mg. 

(dry weight basis) of yeast were suspended in 250 ini. 

of Medium II for each incubation flask in the macroscale 

time course experiments, whereas 10 mg. (dry weight 

basis) were suspended in 10 ini. of Medium II for each 

incubation flask in the senil-microscale studies. The 

exact conditions of both types of experiments will be 

discussed later. 

Radioactivity Determinations 

Respiratory 002 from the yeast cells was recovered 

from the NaCH traps as BaCO3 by means of BaC12-NHkC1 

precipitation. The precipitate was mounted on 

aluminum pianchets by means of centrifugation for 

quantitative assay. The radioactivities of the 

Ba003 plates were counted to a standard deviation 

within 3% using an end-window G-M counter. Corrections 

for background self-absorption were applied in the 

conventional manner. At the end of each experiment of 

either type, cells were separated from the medium and 

mounted on aluminum planchets by the centrifugation 

technique for radioactive assay, Radioactivity in- 
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corporation Into the ceiis ±rorn the mannose, fructose 

and ga1actoe serni-mlcz'oscale experiments was determined 

by the Van Slyke-Foich wet combustion method, Media were 

preserved in a frozen state and assayed for the radio- 

activity of the fermentation products by the persulfate 

wet combustion method. 

C1 Labeled Substrates 

Radioactive glucose-1, -2, and _6_Clk, giactose-1 

and _2_Clk and mannose_l_Clk were obtained from the 

Bureau of Standards through the kind, cooperation of D±. 

Isbell. Glucose_U_Cl and acetate-1 and -2-Ca were 

purchased from Tracerlab Inc. Pyruvate-1, -2, and 

_3lk were obtained from Nuclear-Chicago. Glucose-3,k- 

clk was prepared in this laboratory according to the 

method of Wood etal (8k). Fructose_U_01k was obtained 

from Isotope Specialties Company, Inc. 

Nonisotopic substrates were used to adjust the 

specific activity of each labeled substrate to a 

prescribed level. 

Time Course Studies 

Apparatus 

Two types of apparatus were designed in this 

laboratory for carrying out time course studies on the 

utilization of carbohydrates in respect to interval 

radiochemical recovery in respiratory 002, fermentation 
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products and cells at any spec±fc time. One is for 

large scale experiments while the other Is for nicrocale 

studtes. The apparatus used In the macroscale time course 

studies consists essentially of a 3-necked round-bottoni 

500 ml. flask provided with a gas sparger, a sampling 

tube and a gas outlet tube which is connected to a 002 

trap. The assembly (8) illustrated in FIgure 2 permits 

the study of the utilization of sIx substrates by 

microorganisms under identical conditions. To ensure a 

uniforni flow rate of gas sweeping through each system, 

a master flownieter (F) is used which can be connected 

to each of the incubation flasks (I) by way of 

manipulation of the two-way manifold stopcock (S). 

For collection of cells and medium samples, each flask 

is equipped with a sampling device (D) . The 002 trap 

(TP) has been shown to have less than 2% leakage at 

an air-flow rate of 200 ml. per minute using 25 ml. 

of 0.5 N CO2-free NaOH solution with a suitable 

antifoaming agent. The flow diagram of the entire 

assembly consisting of sIx incubation flasks is shown 

in Figure 3. 

The senil-microscale apparatus consists of a 

circular manifold, as shown in Platel, designed to feed 

the desired gas into each of 12 incubation flasks at a 

definite flow rate as controlled by twó master flownieters 
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(A, A * ) The incubation flask (B) is mounted on a 

regular Warburg manometer holder as shown in Plate 2 

and consIsts of Incubation flask and a CO2 trap (C). 

Eseentlally the latter is a sintered glass crucible 

equipped wlth a three-waj stopcock at the bottom. With 

this assembly it is possible to replace the trap 

solution, 0.5 N CO2-free NaOH, at desirable intervals; 

the trap is refilled through a ball joint feeding 

assembly as shown in FIgure 1. At an air-flow rate of 

50 to 60 ml. per minute, it has been tested by pre- 

lirninary experImentation that the trap when loaded with 

10 ml. of NaOH solution is efficIent in trapping all the 

CO2 from the incubated organism. 

perimentai Procedure s 

Nacroscale experiments. Procedures used in the time 

course experiments are essentially the same as those 

reported by Wang et al (8o) . In the aerobic and 

anaerobic experiments 150 to 175 mg. (dry weight basis) 

of yeast cells were suspended in 250 ml. of Medium II. 

In the resting-cell experiment 175 mg. (dry weight basis) 

of cells were suspended in 250 ml. of JvIeduni III. The 

cells were depleted under vigorous aeration (200 to 100 

nil. CO2-free air per minute) for k5 to 6o mInutes, after 

which time the respective labeled substrates, having a 

radioactivity of 0.5 microcurle, were added to each of 

12 flasks. Glucose level in each flask was 360 mg. 
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except in the resting cell experIment in which 90 mg. 

were used. In the study of mannose plus glucose, 110 mg. 

(dry weight basis) of cells and 180 mg. of each sugar 
were used. 

At regular intervals mecHuni samples were taken for 
reducing sugar assay by the method of Shaf fer, Hartman 

and Somogyl (67, 73). The CO2-free NaOH solutions In 
the respiratory CO2 traps were replaced every half hour 
1n the early stage of the experiments and every hour 

thereafter. Cells and medium were processed as described 
earlier under radioactivity determination. 

Senii-microscale experiments. In the semi- 
inlcroscale experiments, 10 to il mg. (dry weight basis) 
of yeast cells were suspended in 10 ml. of Medium II. 
The suspensions were added to each of 10 flasks in which 
36 mg. (0.2 mM) of the labeled sugars having 0.5 
rnicrocurie of radIoactivity were kept In a frozen state. 
The levels of nonisotopic pyruvate and acetate were 

and 3.28 ing., respectively, with 36 mg. of glucose as 
co-substrate, The level of radioactivity was 0.5 micro- 

curie for both pyruvate and acetate. In the experiments 
In which the hexoses, mannose, galactose and fructose, 
were studIed, 20 mg. (dry weight basis) of cells, 
72 mg. of sugars and 10 nil, of incubation medium were 

used, In the experiments in which a k to 1 ratio of 
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sugar concentration was used, a 10 ml. suspension 

containing 20 mg. of cells was added to 72 mg. of the 

labeled sugar and 288 mg. of ordinary glucose. The 

002-free NaOH solutions n the respiratory 002 traps 

were replaced every hour. 
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METABOLISM IN MICROORGANISMS 
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FIGURE ii. 

INTERVAL RADIOCHEMICAL RECOVERY IN RESPIRATORY 

FROM AEROBIC-OLIFERATING BAKERS YEAST GROWN 

ON GLUCOSE IN THE PRESENCE OF TRACER AMOUNT OF 

SPECIFICALLY C1 LABELED ACETATE 

SUBSTRATE: ACETATE-I-C14 

ACETATE-2-C -- 

2 3 4 5 6 
TIME IN HOURS 

Weight of cells per flask: 10 mg. 

33 

7 8 9 lO 

Air-flow rate per flask: 60 ml per minute 

Level of glucose per flask: 36 mg. 

Level of radioactivity per flask: 0.5 uc. 

Temperature: 300 C. 
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FIGURE 5 

INTERVAL RADIOCHEMICAL RECOVERY IN RESPIRATORY 002 
FROM AEROBIC-PROLIFERATING BAKERS' YEAST GROWN 

ON GLUCOSE IN TF PRESENCE OF TRACER AMOUNT OF 
SPECIFICALLY C lABELED PYRUVATE 

O I 2 3 4 5 6 7 8 9 IO 
TIME IN HOURS 

Weight of cells per flask: 10 mg. 

Air-flow rate per flask: 6o ml, per minute 

Level of glucose per flask: 36 mg. 

Level of radioactivity per flask: 0.5 uc. 

Temperature: 3Q0 
C. 
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FIGURE 6 

INTERVAL RADIOCHEMICAL RFCOVEPLY IN RESPIRATORY 002 

FROM AEROBIC-PROLIFERATING BAKERS' YEAST GROWN 

ON SPECIFICALLY C LABELED GLUCOSE 

i 1 

i 
SUBSTRATE: GLUCOSE-I-&4 

- i GLUCOSE-2-C'4 - - 
I i ,--.' 4 
: t / \ GLUCOSE-3,4-C 

. 
i 

// \\ GLUCOSE-6-d4 

: t I 
i I 

_i i II '1 

i 
I 

ou 
o I 2 3 4 5 6 

TIME IN HOURS 

Weight of cells per flask: 175 mg. 

7 8 9 IO 

Aìr-flow rate per flask O ml per minute 

Level of glucose per flask: 360 mg. 

Level of radioactivity per flask: 0.5 uc. 

Temperature: 3Q0 
C. 

Apparatus : Macroscale 
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FIGURE 7 

INTERVAL RADIOCHELOEÇAL RECOVERY IN RESPIRATORY CO2 

FROM AEROBIC-PROLIFERATING BAKERS' YEAST GROWN 

ON SPECIFICALLY lABELED GLUCOSE 

¡ 

n u u 
SUBSTRATE: GLUCOSE-I-Ct4 I 

I 

GLUCOSE-2-d4 - - 
I 

GLUCOSE-3,4-Ct4 I 
I 

p I 
I 

I GLUCOSE-6-d4 - - I p 

I 

I 

i 
I 

I 
I 

I 
I 

I 
p 

I I 

I I 

I 

I 

/p 
p 

I 

I \ 
I 

\ 
p 

I I 
: I 

I 

/ 

I 2 3 4 5 6 7 8 
TIME IN HOURS 

Weight of cells "oer flask: 10 mg. 

Air-flow rate per flask: 60 ml per minute 

Level of glucose per flask: 36 mg. 

Level of radioactivity per flask: 0.5 uc, 

Temperature: 300 C. 

Apparatus : Semi-mi croscale 

9 IO 
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INTERVAL RADIOCHEMICAL RECOVERY IN RESPIRA.TORY CO2 

FROM ANAEROBIC-PROLIFERATING BAKERS' YEAST 

GROWN ON SPECIFICALLY C LABELED GLUCOSE 

g s 

i SUBSTRATE: GLUCOSE-3,4-d4 ------- 

i GLUCOSE-I-C14 

i GLUCOSE-2-C14 -- 
GLUCOSE-6-4 

- - 

I 2 3 4 5 6 7 8 
TIME IN HOURS 

Weight of cells per flasL: iO mg, 

Air-flow rate per flak: 250 ml per minute 

Level of' glucose per flask: 360 mg. 

Level of radioactivity per flask: 0.5 uc, 

Temperature: 
3Q0 

a. 

Apiaratus : Macros cale 

9 IO 
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INTERVAL RADIOCHEMIOAL RECOVERY IN RESPIRATORY 002 

FROM AEROBIC«RESTING BAKERS' YEAST GROWN 

ON SPECIFICALLY LABELED GLUCOSE 

I- / 
I / \ 

I 
.5 

I 'Is 

I I 

.5 

.5 
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SUBSTRATE: GLUCOSE-I-d4 

GLUCOSE-2-C14 - - 
GLUC0SE-34-C14 ----- 

GLUCOSE-6-C14 

- 

S 

2 3 4 5 6 7 8 9 10 

TIME IN HOURS 

Weight of cells oer flask: 160 mg. 

Air-flow rate per flask: -OO ml per minute 

Level of glucose per flask: 95 mg. 

Level of raioactiv1ty per flask: 0.5 uc. 

Temperature: 
3Q0 

c. 

Apparatus : Macroscale 
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FIGURE 10. 

INTERVAL RADIOCHEIIICAL RECOVERY IN RESPIRATORY CO2 

FROM AEROBIC-PROLIFEPJTING BAKERS' YEAST GROWN 

ON SPECIFICALLY C LABELED GLL COSE, IN THE 

PRESENCE OF SODIUM ARSENITE 

*4 10 II 

SUBSTRATE: GLUCOSE-I-C14 
t 14 

i GLUCOSE-3,4 C 
I t 

GLUCOSE-I-C'4+ ARSENITE -- 
I t GLUCOSE -3,4-d4+ ARSENITE 

- I 
t 

I 

I 
I I tf. 
:1 N t 

f' 

'N 
¡I 

\ 
.É 

7 - - - - ------------------- 
_ -- - L---- 

I 2 3 4 5 6 7 
TIME IN HOURS 

Weight of cells per flask: 10 mg, 

8 9 IO 

Air-flow rate per flask: 6o ml per rinute 

Level of glucose per flask: 36 mg. 

Level of radioactivity per flask: O. uc. 

Temoerature: 3Q0 
C. 

Apparatus : Semi-mi croscale 
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FIG-URE 11 

INTERVAL RADIOCHEMIOAL RECOVERY IN RESPIRATORY 002 

FP.0M AEROBIC-PROLIFATING- BAKERS' YEAST G-ROWN 

ON SPECIFICALLY LABELED FRUCTOSE 

AND GLUCOSE 

00 2 4 6 8 IO 12 4 16 18 20 
TIME IN HOURS 

Weight of cells per flask: 20 mg. 

Air-flow rate per flask: 6o ml per minute 

Level of substrate per flask: 72 mg. and l:-- ratic 

Level of radioactivity per flask: 0.5 uc. 

Temperature: 300 0. 

Apparatus: Semi-micros cale 
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FIGURE 12 

INTERVAL RADIOCHEMICAL RECOVERY IN RESPIRATORY CO2 

FROM AEROBIC-PROLIFERATING BAKERS' YEAST GROWN 

ON SPECIFICALLY C LABELED MANNOSE 

AND GLUCOSE 

SUBSTRATE: GLUCOSE-I-C14 

MANNOSE-I-C14 - - 
GLUCOSE-I-&4+ MANNOSE 

MANNOSE-I-d4+ GLUCOSE 
(MOLE RATIOS II) 

IN 
i '\ 

i'\ 1 - 
I 2 3 4 5 6 7 8 9 IO 

TIME IN HOURS 

Weight of cells oer flask: 110 mg. 

Air-flow rate per flask: 250 ml per mthute 

Level of substrate per flasks 360 mg. 

Level of raoactiv1ty er flask: 0.5 uc. 

Temperature: 300 C. 

Aparatu : Macros cale 
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FIGURE 13 

INTERVAL RADIOCHEMICAL RECOVERY IN RESPIRATORY CO2 

FROM AEROBIC-PROLIFERATING BAKERS' YEAST GROWN 

ON SPECIFICALLY c14 lABELED MANNOSE 

SUBSTRATE: MANNOSE-I-C14 

MANNOSE-I- C14+ GLUCOSE - - 
(MOIE RATIO :4) 

/ N 
/ 

2 4 6 8 IO 12 14 16 18 20 
TIME IN HOURS 

Weight of cells per flas 20 mg. 

Air-flow rate per flask: 60 ml per minute 

Level of mannose aer flask: 72 mg. 

Level of radioactivity er flask: 0.) uc. 

TemDerature: 3Q0 
a. 

Aparatus: Semi-mi cros cale 
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INTERVAL RADIOCFIEMICAL RECOVERY IN RESPIRATORY CO2 

FROM AEROBIC-PROLIFERATING !3AKERSt YEAST -GROWN 

ON SPECIFICALLY LABELED GALACTOSE 

SU8STR ATE: 

GALACTOSE-I-d4 
4 GALACTOSE-2-C - - 

GALACTOSE-I-d4 + GLUCOSE ---- i' 
I I t 

GALACTOSE-2-C' + GLUCOSE - - / 
(MOLE RATIOS M) J 

O 2 4 6 

Ii" 

t 

/ \!' 
/ 

I 

I 

8 IO 12 

TIME IN HOURS 

.- 

-1 
14 1 18 20 

Weight of cells per flask: 20 mg. 

Air-flow rate per flask: 60 ml per minute 

Level of galactose per flask: 72 mg, 

Level of radioactivity per flask: 0.5 uc, 

Temperature: 3O C. 

Apparatus : Semi-mi croscale 
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TABLE i 

PERCENT CUMULATIVE RADIOCHEMICAL RECOVERY IN RESPIRATORY 

CO2 FROM AEROBIC-PROLIFERATING BAKERS' YEAST 

GROT4N ON SPIFICALLY C1k LABELED 

GLUC OSE 

Macroscale Apparatus 

Hours Glucose Glucose Glucose-3,k Glucose Glucose 
-1 -2 Observed Calculated -6 -u 

1 3 1 2k 16 .2 6 

2 9 5 68 63 1 2k 

3 15 10 85 85 k 35 

k 20 17 87 86 8 39 

5 2k 37 88 89 11 kIl. 

6 30 39 90 89 i6 50 

7 31 kk 93. 9k 19 5k 

8 32 k 9]. 95 20 55 

10 33 k6 91 95 21 56 

12 3k k7 91 95 22 57 



TABLE 2 

PERCENT CUMULATIVE RADIOCHEMIC.AL RECOVERY IN RESPIRATORY 

CO2 I)ROM AEROBIC-PROLIFERATING BAOERS YEAST GROWN 

ON SPECIFIÖALLY C LABELED GLUCOSE 

Sernl-mlcroscale Apparatus 

Hours Glucose Glucose Glucose-3,k Glucose Glucose 
-1 -2 Observed Calculated -6 -u 

1 3 1 22 26 .1 9 

2 5 3 k8 57 .k 21 

3 8 k 7k 87 .7 32 

k 9 6 77 92 2 35 

5 12 9 79 95 k 37 

6 15 17 80 96 8 k2 

7 19 25 80 96 1] 

8 22 33 81 97 15 50 

9 2k 3k 81 99 15 51 

10 2k 35 81 99 17 51 

12 25 36 82 99 17 52 
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TABLE 3 

PERCENT CUMULATIVE RADIOCHENICAL RECOVERY IN RESPIRATORY 

CO2 FRON ANAEROBIC -PROLIFERATING BAKERS' YEAST GROWN 

ON SPECIFICALLY C1k LABELED GLUCOSE 

Hours Glucose Glucose Glucose-3,1. Glucose Glucose -1 -2 Observed Calculated -6 -u 
1 1 .3 1 15 0 5 

2 2 1 i6 17 o 16 

3 k 1 69 71 25 

k k a. 72 76 .1 27 

5 k 1 73 77 .1 27 

7 k 1 73 77 .1 27 

io k 73 .1 27 

12 k 1 73 77 .1 27 



TABLE k 

PERCENT CUMULATIVE RADIOCHEMICAL RECOVERY IN RESPIRATORY 

CO2 FROM AEROBIC-RESTING BAKERS' YEAST GROWN 

ON SPECIFICALLY C LABELED GLOSE 

Hours Glucose Glucose Glucose-3,11. Glucose Glucose 
-1 -2 Observed Calculated -6 -u 

1 7 5 15 17 3 9 

2 17 13 28 32 lO 20 

3 26 20 37 k? 15 27 

k 29 23 k5 18 31 

5 32 25 kk k7 20 33 

6 3k 27 k'i 52 23 36 

7 35 29 11.9 5k 2k 37 

8 37 30 51 55 26 39 

10 39 33 5k 57 28 kl 

12 ko 3k 57 6o 30 k3 
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PERCENT CUMULATIVE RADIOCHFaNICAL RECOVERY IN RESPIRATORY 

CO2 FROM AEROBIC-PROLIFERATING BAIERS ' YEAS T GROWN ON 

SPECIFICALLY Cik LABELED GLUCOSE, IN THE 

PRESENCE OF SODIUM ARSENITE 

Hours Glucose Glucose Glucose-3,k Glucose Glucose 
-1 2 Observed Calculated -6 -u 

1 1 .3 9 6 o 2 

2 1 .5 16 11 .1 k 

3 2 .7 22 15 .1 5 

k 2 .8 26 18 .1 7 

5 3 1 31 21 .2 5 

6 3 1 36 25 .3 9 

7 3 1 kl 27 .3 10 

B 3 1 ¿1.5 31 .3 1]. 

10 k 2 53 37 .k 13 

12 k 2 59 kl 5 15 
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FATE OF SUBSTRATES IN (A) AEROBIC-PROLIFERATING, 

(B) ANAEROBIC-PROLIFERATING AND 

(C) AEROBIC-RESTING BAXERS' YEAST 

Macroscale Apparatus 

Substrate Respiratory Cells Fermentat1on Total 
CO2 -Products + 

Volatiles______________ 
(A) 

Glucose-l-C 
- - ___________ 

3k i3 23 100 

G1ucose_2C1k k7 32 21 100 

G1ucose_3,L1-C1k 91 9 ¿I. 10k 

Glucose_6_01k 22 52 26 100 

Giucose_u_clk 57 3k 9 J_00 

(B) 

Giucose_i_1k k 9 87 100 

Glucose-2-C1k 1 9 90 100 

Glucose_3,k_C1k 711. 6 22 102 

Glucose_6_C1k 0.1 9 90.9 100 

Glueose_TJ_01k 27 9 6k 100 

(c) 

Giucose_i_lk ko kk 16 100 

Glucose_2_C1k 3k k7 19 100 

Glucose_3,k_C1k 57 2k 19 100 

Glucose_6_C1k 30 k2 28 100 

Glucose_u_C1k 11.3 k6 1]. 100 
* Found by differei 
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TABLE 7 

FATE OF SUBSTRATES IN AEROBIC -PROLIFERATING BAKERS' 

YEAST 

Semi-microscae Apparatus 

-- Percentage Recovery 
Substrate Resfratory Cells Fermentation Total 

002 Products + 
--- - Volatiles * 

Glucose_i_01k 25 38 37 100 

G1ucose2C1k 36 22 1.2 100 

G1ucose3,kC1k 82 8 10 100 

G1ucose_6Clk 17 k3 kO 100 

G1ucose-U-C 52 25 23 100 

pyruvate_i_1k 71 k 25 100 

Pyriuvate_2_Clk 37 27 36 100 

Pyruvate_3_C1k 20 26 5k 100 

Aeetate_1_Clk 39 19 k2 100 

Acetate_2_C1k 2k 3k loo 

Glucose-1 
+ Arsenite k 2 9k 100 

Glucose-3 , k-C 1k 
4 Arsenite 59 2 kl 102 

Glucose_2_C1k 
4. Arsenite 2 2 96 100 

Glucose_6_Clk 
4 Arsenite 1 2 97 100 

Glue ose -IJ-C 1k 
sn1te 15 2 83 0 

*Found by difference 



TABLE 8 

RELATIVE CONTRIBUTION OF GLYCOLYSIS, Ge, AND OF PHOSPHOGLUCONATE 

DECARBOXYLATION, G, IN BAKERSt YEAST AÇCORDING 

TO THE METHOD OF WANG, 

Hours 
Aerobic 
Sem1-rncrosca1e 

Ge 

Aerobic 
Macroscale 

Ge 
Aerobic-Resting 

p Ge 
Anaerobic 

Ge 

Aerobic: 
Arsenite 

G Ge 

1 2 98 2 98 k 96 1 99 1 99 
2 5 95 6 9k 8 92 2 98 1 99 
3 7 93 11 89 II 89 k 96 2 98 

8 1k 86 11 k 2 
5 92 IT 2 
6 7 93 13 87 u. 89 - - -- 3 97 
7 7 93 1k 86 U. 89 k 96 3 97 
8 7 93 13 87 11 89 - - - - 3 97 

10 8 92 12 88 10 90 k 96 k 96 
12 7 93 12 88 10 90 k 96 k 96 

* Hour selected for calculations 

Lfl 



RELATIVE CONTRIBUTION OF GLYCOLYSIS AND PHOSPHOGLUCONATE DECARBOXYLATION: 

IN BAKERS' YEAST: REWISED VERSION OF KORKES' METHOD 

Hour Aerobic Macroscale Aerobic Semi. -microscale 

N Q G G N Q 

1 3 97 268 .085 2 98 339 .077 2 7 93 136 .2k7 5 95 2k8 .171 
3 10 90 52 .328 7 93 209 .260 
k 89 30 .372 7 93 10k .283 
5 12 88 22 .11.20 7 93 1t5 .207 6 12 88 18 .k81 7 93 26 .3119 * 11 

IT 
16 
T 

.513 21 .389 

.520 7 93 17 .29 10 U. 89 15 .528 7 93 16 .1143 12 11 89 15 .53 7 93 15 .11.50 

* Time selected for calculations (Equations 6, 9, 10, 11) 

(J) 



TABLE 10 

RELATIVE CONTRIBUTION OF GLYCOLYSIS AND PHOSPHOGLUCONATE DECARBO)CYLATION: 

IN BAKERS YEAST: REVISED VERSION OF KORKES' METHOD 

Hour Anaerobic Aerobic-re$ting Aerobio & Arsenite 
G G N Q G G N G G N Q, 

i .1 99 2k29 .58 lt 96 16.7 ,o76 i 99 k67 .030 
2 2 98 1989 .156 T 93 10,5 .171 1 99 399 .056 
3 3 97 2311.3 .23k 10 90 9.6 .237 2 98 378 .o' 
k k 96 1908 .2k6 10 90 9.1 .272 2 98 338 .091 
5 k 96 '799 .2k7 10 90 8.8 .300 2 98 312 .108 
6 - -- --- -- 10 90 88.6 .323 3 97 300 .126 

* 1621 .21i.8 10 8. 28'L .lkl 
o - -- --- -* 10 90 o. .357 3 97 271 .155 

10 k 96 1552 .2k9 10 90 8.2 .383 3 97 266 .183 
12 k 96 111.92 .2k9 9 9]. 8.i .kok k 96 262 .205 

* Time selected for calculations (Equations 6, 9, 10, ii) 



TABLE 11 

RELATIVE DISTRIBUTION OF PATHWAYS OF GLUCOSE UTILIZATION BY BAKERS' YEAST 

Aerobic Aerobic - Aerobic Aerobic & 
(Macroscale) (Semì-xnicroscale) reating Anaerobic Arsenite 

1 (CPM) 27,150 16,195 30,k90 3,569 2,828 
02 (CPM) 38,31 21,58k 2k,916 1,083 1,059 
03 ¿j. (CPM) 78,359 69,509 k2,801 63,295 35,188 
06'(CPM) 16,k95 9,84k 20,877 80 25k 
T (CPM) 86,5k5 86,511.5 86,511.5 86,511.5 86,k5 
R G6/01 .607 .608 .685 .022 .090 
N Eq. 6 16. 21 8.5 1,621 287 
Q Eq. 9 .513 .389 .3k1 .211.8 .lkl 

1k 8 11 k 2 
*Ge% 86 92 89 96 98 
S (Eg.5) .038 .030 .051 .026 .03k 

11 7 10 k 3 
89 93 90 96 97 

* Distribution at k hours; all other data was taken at 7 hours. 

Lfl 
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TABLE 12 

FATE OF SPECIFICALLY C14 LABELED ACETATE UTILIZED 

BY AEROBIC PROLIFERATING BAKERS' YEAST 

Hour Carboxy]. converted to CO2 Methyl converted to 002 

R0 - R 

Calculated Observed Calculated Observed 

1 5 1 .8 .3 

2 7 2 2.0 .6 

3 12 4 5.0 1. 

8 5 

5 30 15 13 il 

6 43 29 18 18 

7 49 37 21 22 

8' 50 22 

9 50 38 22 23 

10 51 38 23 2k 

12 51 39 2k 2k 

* Tflne selected for calculations 
Time selected for observation 
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TABLE 13 

FATE OF SPECIFICALLY LABELED PYRUVATE UTILIZED 

BY AEROBIC -PROLIFERATING BAXERS' YEAST 

Hour rrüte ctecarboxylated. Yyruvate .n uo IaI6 
= G/TGe 

Pt'. 
1 

Calculated Observed Calculated Observed 

1 23 1k 78 86 

2 51 16 k9 8k 

3 79 22 2]. 78 

ko 60 

5 86 69 1k 31 

6 86 71 1k 29 

7 87 71 13 29 

8' 87 13 

9 88 71 12 29 

lO 87 71 13 29 

12 88 71 12 29 

*Hour selected for calculations 

'Hour selected for fate of pyruvate by observation 



TABLE 1k 

FATE OF SUBSTRATES IN PROLIRA ING AX RS' YEAST 

(A) Seml-inicx'oseale Apparatus 

(B) Macrosoale Apparatus 

Substrate Respiratory Cells 4'Fermentation Total 
CO2 products 4 

Volatiles 
(IA) 

Galactose_l-.Clk 37 ko 23 100 

Galactose_2_Clk lj.l 22 37 100 

Galactose _i_1k 
+ glucose 33 25 k2 100 

Galac tose -2-C 1k 

4 glucose 28 22 50 100 

Mannose_l-clk 2k 33 k3 100 

Mannose_lClk 
4. glucose 16 19 65 100 

Fructose_U-C1k 1J.3 23 3k 100 

Fructose_U_C1k 
4. glucose 36 18 k6 loo 

(B) 
Glucose-1-C 3]. k3 26 100 

iucose_iC1k 
4 inannose 35 11.2 23 100 

Mannose_1clk ko k9 11 100 

Marinose_1C1k 
+ glucose - 38 5]. 11 100 

*Found by difference 
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RESULTS AND DISCUSSION 

Nature of Catabolic Pathways for Glucose 

Utilization by Bakers' Yeast 

In a paper by Wang et al (80) the catabolic path- 

ways of glucose in bakers' yeast were examined by means 

of a series of time course studies on the utilization 

of glucose-1, -2, -6 and -U-C1 by this organism. The 

time of exhaustion of the administered glucose in the 

cells was taken at the point where the recovery of C-3,k 

of glucose in the respiratory CO2 leveled. After making 

several basic assumptions, the recovery of C-3,k in CO2 

was calculated from the CO2 recovery data obtained 
in the experiments using glucose-1, -2, -6 and _U_Clk. 

In the present work, in order to test the validity 

of the assumptions applied to our previous work, glucose- 

3,k...Clk was used in addition to glucose-1, -2, -6 and 

_u_clk in a series of time course studies. The scope 

of the study was further extended to yeast cells 

incubated under anaerobic-proliferating and aerobic- 

resting conditions. The fates of the primary breakdown 

products of glucose were traced by the use of pyruvate-1, 

-2 and _3_C1k and acetate-i and _2_C1k in a series of 

supplementary time course experiments. Estimation of 

the catabolic pathways of glucose in this organism were 

carried out using the equations described by Wang et al 



(80) and a revised version of the equations presented 

by Korkes (k). 

Time Course Experiments 

The relative rates of conversion of various 

labeled glucose, pyruvate and acetate (the latter two 

having ordinary glucose as co-substrate) to respiratory 

Co2 under aerobic-growing conditions are given in 

Figures k, 5, 6 and 7, which are plots of the percent- 

interval-radiochemical--recovery of respiratory CO2 vs. 

time in hours. In Figures 8 and 9 are shown the 

interval radiochemical recovery in CO2 from cells 

metabolizing glucose under anaerobic-proliferating 

and aerobic-resting conditions. Tables 6 and 7 

surnniarize the recovery of substrate_Clk activity in 

the CO2, incubation media and cells in all these 

experiments. 

So far as the intermediates of glucose breakdown 

are concerned, it is noteworthy that in the presence of 

ordinary glucose the labeled acetates are not used to 

any great extent, resulting in a surge of appearance 

of CkO2 after 6 hours as shown in Figure k, at which 

time the co-substrate glucose evidently has been 

preferentially exhausted from the medium. As would be 

expected, acetate is utilized by yeast via the 

conventional tricarboxylic acid (TCA) cyclic processes. 



The latter calls for preferential conversion of C-1 

of acetate to CO2 in the early phase, with the ratio of 

CO2 from C-1 of acetate 
CO2 from C-2 of acetate 

approaching 2 to 1 when 8teady state is reached. The 

observation is in good agreement with that reported by 

Ebrensvärd et al (3) on the utilization of doubly labeled 

acetate by yeast. 

With labeled pyruvate as co-substrate in conjunction 

with ordinary glucose, similar retardation of the 

utilization of labeled substrate by glucose is again 

observed, although conversion of a small but significant 

amount of C-1 of pyruvate to CO2 was noted in the early 

phase and registered as a small peak as shown in Figure 

5. The substrate competition observed here is in line 

with that reported earlier on the utilization of pymvate 

by yeast (81). After the glucose is exhausted from the 

incubation medium, the profound and rapid contribution 

of C-1 of pyruvate to CO2 undoubtedly reflects the active 

operation of pyruvate decarboxylation in this organism. 

The resulting acetate in the latter processes is evidently 

utilized by way of TCA. cyclic processes as indicated by 

the similarities observed in comparing CO2 data from 
C-2 and C-3 of pyruvate to that of C-1 and C-2 of 

acetate. 

With labeled glucose as the sole substrate under 
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aerobic proliferating conditions, Interval recovery curves 

of various carbon atoms of glucose shown in Figures 6 

and 7 bear a close resemblance to those reported 

previously (32, 80). (Although the previous data were 

expressed as specific activity of BaCO3, they are 

comparable with the expression of percent-Interval- 

radiochemical-recovery employed In the present work, 

since the chemical recovery of 002 each flask Is 

essentially the same). During the active growth period 

(o-5 hours) it is evident that an appreciably amount of 

glucose C-1 activity has appeared In the respiratory 

co2, in contrast to a much lower amount from C-2 of 

glucose and practically none from C-6, This Is 

apparently the effect of 6-phosphogluconate decarboxyla- 

tion, which converts C-1 of glucose directly to CO2. 

The pathway for the conversion of C-2 of glucose to CO2 

has not been definitely identified since this carbon 

atom can be burned to CO2 by either the pentose cycle 

or the Embden-Meyernor-Parnas (EMP) pathway in con- 

junction with the TCA cycle. However, in view of the 

low recovery of CO2 in the early phase of the glucose- 

2-C experiments, the operation of the pentose cycle 

cannot be extensive. The high recovery of activity from 

C-3,k of glucose_3,k_C]k in 002 during the growth phase 

Is in line with the operation of the glycolytic pathway 
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as a major pathway 1s in good agreement wIth the calculated 

values for C-3 (80) as shown In Tables 1 and 2. C-6 is 

conserved during active growth, which reflects the 

preferential uti llzatlon of C-3 of pyruvate in the 

biosynthesis of amino acids. The interval radiochemical 

recovery of respiratory from glucose-l-C1 remains at a 

constant level throughout the active growth phase and 

gradually increases during the depletion phase (5-lo 

hours). The rise in CO2 activity is evidently the 

result of extensive glycolysis in combination with citric 

acid cycle oxidation, since a parallel rise appears in 

the activities of CO2 from glucose_2_Clk and glucose_6_Clk. 

Under aerobic-resting conditions, it is interesting 

to note that although the difference in the rate of 

conversion of different carbon atoms to 002 is still 

noticeable, they are much closer in magnitude as corn- 

pared to those observed under proliferating conditions. 

The recovery of C-3,1l of glucose in CO2 is surprisIngly 

low, whereas the conversion of C-6 (hence C-i) and C-2 

of glucose to CO2 is quite prompt, in fact, soon after 

the administration of glucose into the Incubation 

medium. The latter fact undoubtedly reflects the 

importance of WA cyclic processes in the biosynthesis 
in this organism, since drainage of TCA Intermediates for 

the biosynthesis of amino acids is not realized under 

resting-cell conditions. The biosynthetic compounds were 
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therefore utilIzed essentially for respiratory functions 

and eventually converted to COR. However, as shown in 

Table 6, considerable amount of substrate activ-ty was 

incorporated into the cells. This i understandable In 

view of the reported fat synthesis in resting yeast cells 

by KleIn (k3) as well as possible incorporation of 

Intact glucose into cellular saccharIdes. 

Under anaerobic-proliferating conditions, as would 

be expected, ethanol fermentation is the major process 

as evidenced by the high recovery of C-3, k, of glucose 

in CO2 and the fact that practically negligible amounts 

of are recovered in CO2 from cells metabolIzing 

glucose-1, -2 and _6_Clk. The Incorporation of 

substrate activity into cellular constituents is very 

slight, probably as a result of the retardation of TC& 

cycle activity by the absence of oxygen In the 

incubation atmosphere. 

To further elucidate the metabolic pathways, 

5 x io Marsenite was employed as a respiratory 

inhIbitor. The inhIbitory effect is understood to be 

functioning prIncipally at the stages concerning 

decarboxylation of -keto acIds, thereby causIng the 

accumulation of fermentation products (k, 36, 63). It 

is further assumed that arsenite does not interfere 

in any respect with the reactions of pentose cyclic 

processes (8); consequently, the conversIon of C-1, 
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C-2 and C-3 of glucose to CO2 via the pentose cycle 

should not be impaired by the presence of this reagent. 
On the other, hand, one would expect that arsenite may 

partially or completely block the conversion of all carbon 
atoms of glucose to CO2 by the EMP-TCA pathway. Also, 
if it can be assumed that the isomerase-aldolase re- 
action is not effected by arsenite, oxidation of carbon 

atoms k, 5 and 6 of glucose to CO2 by way of phospho- 

gluconate decarboxylation reactions should remain in 
operation if it is operative under normal conditions. 

As may be seen in Figure 10, recoveries of glucose-1, 

-2 and -6-Ca lfl CO2 are markedly decreased. The con- 

version of C-3,k of glucose to CO2 is also reduced both 

in rate and total recovery as compared to C-3,k under 
normal aerobic conditions. Since the metabolism of 
the cells has been slowed down, the recovery of C-1 of 

glucose_i_elk in CO2 is lowered somewhat; however, a 

steady rate of recovery is maintained during the 

experiment. 

The previously stated inhibitory effect of arsenite 

on the decarbozylation of c-keto acids is reflected 
by the large amount of substrate activity accumulated 

in the incubation media in the form of keto acids as 

shown in Table 7, Inasmuch as TCA processes are 

greatly impaired by the presence of arsenite ion, it is 

understandable that the incorporation of substrate 



activity into cellular constituents is practically 

negligible, 

It s interesting to note that under all four 

conditions employed in the present experiments, the 

occurrence of phosphogluconate decarboxylation is in- 

variably detected although the magnitudes of its con- 

tribution to the overall glucose metabolism are not the 

same. 

Estimation of Catabolic Pathways of Glucose 

The distribution of the two major catabolic 

pathways in bakers' yeast under different incubation 

conditIons was estimated according to the method reported 

by Wang et a]. (80). 

On the basis of the assumptions discussed in the 

introduction, it is possible to calculate the interval 

recovery of C-3 of glucose in metabolic CO2 according 

to the equation 

03 - (G1+ 2G2 + 06) 
(i) 

where GU, G, O2 and G6 represent the activity recovered 
in metabolic CO2 from equal levels of glucose-1, -2, 

-6 and -U-Ca, respectively. 

It is reasonable to expect that the exhaustion of 

ntact glucose in the cells would be reflected directly 

by the dIsappearance of C-3 of glucose in the respiratory 
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002. This disappearance would be registered as a maximum 

in the tme course plot of the cumulatIve recovery of 

respiratory 002 as observed from glucose-3,k-C experi- 

ment or that calculated from equation 1. Typical rates 

of radi ochemical recoveries of carbon as BaCO3 from 

varous Ca-labeled glucose samples, including calculated 

values for C-3 of glucose, are gIven i.n Tables 1, 2, 3, 

k, and 5. The reasonably good agreement between observed 

and calculated value of 3,k recovery justIfies the 

assumptIons involved in calculating recovery of C-3 

by equation (1). 

The calculation of the relative contribution of 

the metabolic pathways is derived on the previously given 

assumptions and expressed n the following manner: 

Let T = total activity of glucose-1, -2, -6 or 

_u_C administered to the medium. 
t t t t 

G1, G2, G3, and G6 total activity recovered n 

metabolic 002 of yeast cells 

utilizing the respectively 

labeled glucose up to the 

time of complete exhaustIon 

of adminstered glucose in 

the cells. G values used 

are those observed. 

Net activity recovered as 002 from glucose_l_01k 

by way of phosphogluconate decarboxylation Gj -G. 



The fraction of glucose metabolized by the phosphoglu- 

conate decarboxylation is designated as G. 

G Gj-G 
(2) 

T 

The fraction of glucose metabolized by the glycolytic 

pathway is designated as Ge. 

i - G 

sInce Ge+ G i. 

(3)' 

Recently, a set of equations was devIsed by Korkes 

(kk) for estimating the fractions of CO2 derived by way 

of Individual catabolIc pathways in biological systems 

metabolIzing glucose. 

It was assumed (8, kk, 65) that: 

A equals the specific activity of glucose 

S equals the fraction of CO2 via the dIrect oxidative 

pathway, or phosphogiuconate decarboxylation (PGD) 

E equals the fraction of CO2 derived from ENP-TCJt cycle 

X1 and X6 equal the specific activity of CO2 from C-1 

and C-6 of glucose, respectively. 

G1 and G6 equal the cumulative radiochemical recovery 

of 002 from C-i and C-6 of glucose, respectively. 

equals the fraction of adminIstered glucose metabolized 

via E-TCA processes 
G equals the fraction of administered glucose metabolized 

via phosphogiuc onate decarboxylat Ion 



N equals the relative rate of conversion of C-1 and C-6 

of glucose to respiratory CO2 via EIVIP_TCA processes 

Q equals the average combustion efficiency of carbon atoms 

of glucose to 002 EMP-TCA processes 

W equals the weight of respi rator 002 recovered 

T equals the total activity of each labeled substrate 

Hence 

admInIstered to the medium 

G6 R6 r 
X1 G1 - 

w- 

= l-R 
1 + (6-1)R 

AE 
G6 U (k) 

T- + 

(5) 

Theoretically, upon completion combustion, one mole 

of glucose via EMP-TCA cycle pathway would give rise to 

six moles of 002. This accounts for the use of the factor 

6 in the cited equation. In reality, particularly taking 

the bIosynthetIc processes into consideration, one would 

expect that several of the carbon atoms of glucose would 

be used more efficiently in cellular bIosynthesis, whIch 

Indicated that an experimental value N should be used 

instead of 6, and N should be greater than 6. it 

appears that by making use of the radiochemical recovery 

of C-2, C-3,k and C-6 in CO2, it is possi ble to calculate 

the value of N, that is, the relative effIciency of the 
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conversion of C-6 to CO2 with respect to other carbon 

atoms of glucose by EMP-TCA processes in the following 

manner. 

Thu s 

He nc e 

N 2G2+2G3,11,+2G6 
(6) 

G6 

- l-R - l+(N-l)R 

and E 1-S (8) 

since S + E = 1 

It is further understood that the foregoing 

equations concern only the fractions of CO2 derived from 

each individual pathway. In order to convert the value 

of S and E to those based on the fraction of glucose, 

it is necessary to consider the following factors: 

(i) that for each mole of glucose, one mole of CO2 

will be produced by way of phosphogluconate decarboxyla- 

tiori and (2) for each mole of glucose metabolized through 

EMP-TCA pathway there will be produced 6 x Q moles of 

CO2. 

The value Q Is used to represent the average 

efficiency of conversion of all carbon atoms of glucose 

to CO via EMP-TCA processes. 
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Hence, 

____________ (9) 
6T 

By the use of the Q, term it is possible to convert 

the fraction of CO2 originating by way of phosphogluconate 

decarboxylation (s) to the corresponding fraction of 

glucose metabolized via PGD, G. 

G' 002 via PGD pathway x 1 (io) p 002 via EMP-T0À/6Q + CO2 via PGD x i 

- s 
- S+Ef6Q, 

The fraction of glucose metabolized by the 

glycolytic pathway, designated as G is 

= i - (11) 

since G -I- G i. 

Tables 8, 9, and 10 show the relative distribution 

of pathways as calculated by the two methods presented. 

A summary is presented in Table 11 for the estimation of 

the various metabolic pathways as calculated according 

to the experimental data taken at 7 hours, at whi ... ch time 

a steady state has been reached and the value of Q, levels. 

The G and 0e values, calculated according to the method 

of Wang , were taken at M- hours, at which time 

glucose was exhausted from the cells. 

In comparing the values,calcuiated according to 

equation (2) and equation (io) for the relative 
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contribution of phophog1uconate decarboxylation (PGD) 

and ENP-TCA cycle processes, it must be remembered that 

the equations employed are based upon different concepts 

and involve some basic differences in the required 

assumptions. The combustion of C-1 of glucose via 

ENP-TCA processes are e1imnated by substraction in the 

method of Wang et al, leaving that derived from PGD 

contribution, In the other method, the combustion of 

c-1 of glucose by way of EMP-TCA processes are eliminated 

by division. Considering that in the case of EMP-TCA 

pathway, carbon atoms of glucose are converted to 002 

at different rates, the value of N is used to designate 

the combustion of the efficiency of C-6 to 002 via 

EMP-TCA pathway. Any triose recombination occurring lin 

the glycolytic process would result in the preferential 

decarboxylation of a portion of C-6 via the PGD pathway. 

The value of N would then be reduced greatly, even to 

a value less than 6 and hence would point to the 

invalidity of one of the assumptions required for the 

method of Wang et al. That the latter case is not true 

is indicated by the calculated values of N given in 

Tables 9 and 10. 

As shown in Table li, the agreement between the 

values of and in each set of experimental 

conditions thus supports the validity of the assumptions 

applied to the respective equations and hence the results 
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obtained from the respective calculations. 

In concluson, the present work indicates that 

the relative contribution of a direct oxidative pathway 

in proliferating yeast cells is 7 to ik% and the 

contribution of EMP-TCA process 86 to 93%. Anaerobically 

k% is contributed by a direct oxidatve pathway and 96% 

by glycolysis. The values of Ge and G are in good 

agreement with that observed by Blumenthal (i+) 

using a dIfferent method. 

Pyruvate and Acetate Metabolism 

In the communication of Wang et al., (80) 

calculations were presented to estimate the fraction 

of pyruvate decarboxylated oxldatively to acetate and 

that which participated in CO2 fixation. The fraction 

of each carbon atom of acetate participating in 

biosynthetic arid respiratory functions, respectively, 

were also calculated. In the present work, C- 

specifically labeled pyruvate and acetate were used 

in conjunction with ordinary glucose in an attempt to 

determine directly the fate of these substrates in 

cellular metabolism. 

The following equations were used in the 

estimation of the fate of these substrates: 

The fraction of pyruvate decarboxylated oxidatively 
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to acetate Pd' 

d G/TG2 (12) 

The fraction of' pyruvate participating in CO2 

fixation = P. 

Pf= 1 - P (13) 

The fraction of acetate carboxyl carbon converted 

toCO2= Re, 

Re G/G (1k) 

The fraction of acetate carboxyl carbon utilized 

in biosynthesis = Sc. 

Sc= 1Rc (15) 

The fraction of acetate methyl carbon converted 

to CO2 = Rm. 

R1= G/G (i6) 

The fraction of acetate methyl carbon utilized in 

biosynthesis S. 

5m= lRm (17) 

In Tables 12 and 13 are given the observed values 

in comparison with the calculated values for both 

pyruvate and acetate, It is realized, though, that the 

determined values might not represent a true picture, 

since glucose was found to be preferentially used in 

the double substrate system. Furthermore, to have a 

fair comparison, calculations were performed on the 

glucose data taken at lt hours at which time the 



75 

administered glucose was exhausted In the cells. On the 

same basis, the observed values given in the table for 

both the acetate and pyruvate experiments were those 

taken at 8 hours, at which time the administered labeled 

substrates were believed to be exhausted In the cells as 

shown in Figures k and 5. As shown in Tables 12 and 13, 

1n general, the observed values are In reasonably good 

agreement with the calculated values. However, 

significant discrepancy was noted In comparing the 

calculated and observed values for the fraction of 

pyruvate involved in CO2 fixation. Inasmuch as the 

administered pyruvate might not be in perfect equilibrium 

with the C-3 units participating in CO2 fixation, it is 

reasonable to expect a higher recovery of C-1 of 

pyruvate in CO2 when pyruvate is used directly as a 

substrate in the incubation medium, 

In summary, at the hours chosen for calculations, 

16 to 29% of the pyruvate originatIng from glucose was 

involved in CO2 fixation. Efficiency of the 

utilization of acetate methyl and carboxyl carbon atoms 

In biosynthesis was estimated as 77-91% and 62-80% 

respectively. 

Pathways of Fructose, Mannose and Galactose Metabolism 

In yeast, the current version of the catabolIsm 

of fructose and mannose calls for their prior conversion 



to glucose, the latter being metaboUzed by way of the 

conventional bden-Meyerhof-Parnas and tr1carboxy1ic 

acid cycle pathways and the direct oxdative pathway. 

The pathways of galactose metabolism in yeast have not 

yet been completely elucidated. 

In the present work, the utilization wIth time of 

specifically C labeled fructose, mannose and 

galactose has been followed with proliferating yeast 

cells. The time course of lnterval radiochemical re- 

covery in CO2 from cells metabolizing C]k_specifically 

labeled fructose, mannose and galactose and mixtures 

of the sugars with unlabeled glucose under aerobic- 

proliferating conditions are given in Figures 11, 12, 

13 and 1k. For the purpose of comparison, data from 

an experiment using Cik labeled glucose were also 

included (see Figure 7). Table 1k contains the amount 

of total activity appearing in the respiratory COR, 

cells ana incubation media. 

The interval radiochemical recovery in CO2 from 

yeast metabolizing fructose-U-Ca (Figure ii) resembles 

closely that of giucose_u_clk. Considerable amount of 

the substrate activity was recovered in CO2 during the 

first four hours. It is reasonable to assume that 

fructose is converted to fructose-6-phosphate and then 

to either fructose-1,6-dphosphate or glucose-6- 

phosphate, which is followed by the conversion of 
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C-3,k of fructose to CO2 by way of glycolysis and that 

of C-1 to CO2 through phosphogluconate decarboxylatlon. 

The small rise in interval recovery at 7 hours is 

probably indicative of the combustion of C-2 and C-5 

and,to a lesser extent, C-1 and C-6 by way of glycolysls 

in conjunction with the tricarboxylic aod cycle in the 

depletion process (8o). 

In the mixed substrate (mole ratio k glucose to 1 

fructose) experiment, it is interesting to note that in 

the presence of ordinary glucose, ructose_u_C).k was 

not used to a great extent. Glucose appears to be a 

much preferred substrate. Consequently, fructose was 

not fully utjlzed until the unlabeled glucose was 

exhausted from the medium; a surge of 01k02 was then 

observed (after 8 hours), registering the active 

utilization of the labeled fructose by this organism. 

However, the fact that there is a small amount of 

radi.ochemical recovery from fructose from O to 8 hours 

is apparently ndicat1ve that fructose uti lization was 

not completely blocked in the early phase. 

In the study of mannose metabolism by yeast, it was 

noted in Figure 12 that the interval radiochemical 

recovery patterns of CO2 from xnannose_l_Clk and 

g1ucose-l-& bear a close resemblance, indicating that 

the fundanental pathways of metabolism could have been 
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similar, and implying that marinose Is converted to 

glucose before it Is metabolized. As reported earli . er 

(80) C-1 of glucose appears in ari appreciable amount 

In the respi .. ratory 002 in the aeti . ve growth phase 

apparently by way of phosphogluconate decarboxylation. 

In view of the similarity between the patterns for 

mannose-l-C and glucose_l_Clk during the early phase, 

it is reasonable to assume that manriose can be 

metabolized by way of phosphogluconate decarboxylation, 
In the depletion phase, the metabolism of mannose- 

i_elk should be equivalent to the combustion of C-1 

of glucose by E-TCA processes. However, the fact 

that recovery of C-.l of mannose in CO2 is higher than 

that of C-1 of glucose points to the possible divergences 

between these two substrates in their respective 

catabolism. The following points may be considered: 

( 1) the metabolism of mannose may have involved I..nter- 

mediates different from those for glucose, and (2) it 

may be that the dilution stemming frQn an endogenous 

carbon source has resulted in different sizes of pool 

with respect to mannose_l_C1 and glucose-l-C. 

In order to confina this speculation, mannose_i_C1k 

in the presence of ordinary glucose and giucose_i_c1k 

in the presence of unlabeled mannose were metabolized 

by yeast. As indicated in Figure 3.2, the recovery of 

C-1 of mannose is greatly suppressed by the presence of 
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unlabeled glucose in the growth phase. This is probably 

indicative of the expected competition between these two 

substrates, wth glucose bei ng the preferred substrate 

routing through the phosphogluconate decarboxylation 

pathway. This is further confirmed by the fact that the 

recovery of C-1 of glucose in 002 is much eater in 

the presence of unlabeled mannose. 

However, it is noteworthy that the recovery of C-1 

of mannose in CO2 in the depletion phase was not delayed 

on a time course basis. When glucose and mannose are 

used as co-substrates in equal molar concentration, 

there are no I ndications of preferential utilization 

of either one 1n the EIv1PTCA processes (in the 

depletion phase). It is indeed surprising that the 

recovery of C-1 of mannose_ilk the latter phase 

was considerably greater when unlabeled glucose was used 

as co-substrate as compared to that observed in an 

experiment in which mannose_1_Clk was used as sole 

substrate It therefore appears that the metabolism 

of mannose by way of pathways equivalent to EMP-TCA 

may involve an entIrely new set of intermediates. 

In order to further detect possible competition 

between these two substrates in yeast metabolism, 

mannose-l-C was used along with unlabeled glucose in 

a molar ratio of one to four. The results shown in 

Figure 13 indicate that in the presence of excessive 



amount of glucose, the utilization of mannose was 

indeed inhibited. Furthermore, it appears that under 

this condition, mannose was not metabolized by way of 

phosphogluconate decarboxylation, evidently as a result 

of what one would expect from the law of mass action. 

The recovery of C-1 of mannose in CO2 was observed at 

10 hours and, soon after the exhaustion of unlabeled 

glucose from the medium, reached a peak value at 12 

hours as shown in Figure 13. 

In the case of galactose metabolism in yeast, in 

a'eement with early reports (69, 6, 82), necessary 

adaptation of this organism to galactose was observed 

as indicated by results shown in Figure 1k, where no 

CO was detected until one hour after administration 

of the labeled galactose. 

When a comparison I s made between galactose_l_C]k 

and giucose_i_c1k as the respective sole carbon sources 

to this organism (Figures 1k and 7), it is interesting 

to note that in the phase corresponding to the active 

operation of phosphogluconate decarboxylation process the 

recovery of 002 from C-1 of galactose is significantly 

higher than that from C-1 of glucose. Moreover, 

there is no substantial recovery of 01ko2 from C-1 of 

galactose in the phase corresponding to the combustion 

of C-1 of glucose by way of EMP-TCA processes. A simIlar 



L!P! 

observation was also made in comparing combustion of C-2 

of galactose with C-2 of glucose, but 1n this ease, there 

appeared a second rise In the rate of recovery of C-2 

of galactose, presumably equivalent to the combustion 

oÍ C-2 of glucose by way of EMP-TCA pathway. These 

observations, in combination with the fact that in the 

early phase the rate of recovery of G-2 of galactose is 

practically the saine as C-1 of galactose, thus led the 

author to speculate that there might exist a dIrect 

oxidative pathway for galactose in this organism 

comparable to the peritose cyclic pathway in glucose 

metabolism. The direct route would then involve the 

conversion of galactose to 
galactose-l-phosphates 

galactose-6-phosphate and 6-phosphogalactonate In se- 

quential order (2k). The decarboxylation of the latter 

compound would then give rise to lyxose-5-phosphate 

which would in turn isomerize to xylulose-5-phosphate, 

a key intermediate In pentose cyclic processes. 
In order to elaborate the speculative pathway, 

experiments were carried out using unlabeled glucose 

and labeled galactose as co-substrate to yeast, at a 

mole ratio of k to 1. The results obtained In this 

experiment are indeed very interesting. First, as one 

would have expected, glucose is the much preferred sub- 

strate for this organism, resulting in the much delayed 

utIlization of galactose (lo hours in Figure 1k). 
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Secondly, the presence of an exces$1ve amount of glucose 

appears to have no detrimental effect on the combustion 

of C-1 and C-2 of galactose to CO2. In fact, the net 

recoveries of these carbons n CO2 are significantly 

increased. Here again, the recovery rate of C-2 of 

galactose 1s fairly close to that of C-1 of galactose. 

Moreover, the second wave of recovery Of C-2 of 

galactose was completely eliminated In the mixed sugar 

experiment. These facts imply that the presence of the 

breakdown products of glucose Inside the cells does not 

have a suppressive effect on the metabolism of galactose 

in the early phase. It is reasonble to assume that 

the dIsappearance of the second wave of C1k02 from C-2 

of galactose may have resulted from the presence of a 

great amount of TCA intermedIates derived from glucose. 

Thus, it appears in bakers' yeast there exists a direct 

oxldative pathway of galactose independent of glucose 

metabolism. 

In conclusion, schemes of metabolic breakdown 

of mannose, fructose, galactose and glucose, with the 

oxldative pathway shown for galactose metabolism being 

speculative, are shown in Figure 15. It is postulated 

that glucose and fructose are cataboUzed by bakers' 

yeast by the same pathways--phosphogluconate 

decarboxylation and glycolysis in conjunctIon with 

tricarboxylic acid cycle oxidatIon. The pathway 



Involved In the metabolism of mannose cannot be completely 

defined; however, indIcations suggest that the pathway 

may be comparable to that of glucose metabolism. 

Galactose may be metabolized by an Independent pathway 

paralleling that of glucose--phosphogalactonate 

decarboxylatlon then through pentose cyclic processes. 
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