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THE CONTRIBUTION OF ALTERNATE 
PAT H1AYS OF GLUC OSE MFTAB OLISM 

TO BIOSYNTHESIS IN BAKFRS' YEAST 

Ii'TTRODUCT ION 

Pathways of Glucose Metabolism 

The classical pathway 

The classical route followed by glucose from its 

entrance into the cell until its ultimate complete corn- 

ustion to CO2 and 1120 Is known as the glycolytic- 

tricarboxylic acid (TCA) pathway. 

This sequence of some 19 reactIons was constructed 

by the efforts of a great number of Investigators during 

a period of over 30 years beginning about 1905. For a 

large proportion of the organisms studied this pathway 

has been shown to be the principal source of cellular 

energy, and of carbon skeletons for biosynthesis; par- 

ticularly of amino acids. 

The aJternate pathvas 

That at least one other pathway of glucose utili- 

zetion 'xisted was known in the late 1930's from the 

work of Dickens (19), V.arburg (41, 42), and Llpmann (33) 

on the so-called "direct oxidative" pathw3, but the work 

received little attention. Since at the tIme of this 

early work the means were not at hand to make a rapid 
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evaluation of the occurrence and importance of the alter- 

nate pathway in a particular organism the general feeling 

was, apparently, that the oxidative pathway was a labo- 

ratory curiosity of limited occurrence among organisms 

generally, and quantitatively of little significance in 

its contribution to glucose utilization. 

It had been shown by the work of Dickens et al. 

that yeast contained enzymes capable of' oxidizing glucose- 

6 phosphate to 6-phosphogiuconic acid which then yielded 

one mole of CO2 and one mole of nentose phosphate. The 

pentose phosphate could be fermented to yield one mole 

each of ethanol, CO2, and a two carbon compound analogous 

to F'lyeolaldehyde. That these reactions were of a cyclic 

nature was indicated by the observation by Dis . : (20) 

that blood hae'olysates decompose ribose from adencsine, 

causing phosphorus to be consumed and giving products 

which. appeared to include triose and a hexose diphosphate. 

Beginning about 1948 there was a renewal of interest 
in this earlier work. By this time the availability of 

carhon-14 and the improvement in enzymatic techniques corn- 

bined to yield rapid progress toward the elucidation of 

the occurrence and mechanism of this alternate pathway. 

This pathway was demonstrated to occur in Eschen- 

chia coli, liver, blood haemolysates, and plants and a 

variety of intermediates were isciated among which were 
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hexose mono-, and hexöse diphosphate; heptulose riono- and 

dl-phosphates, and ribulose phosphate. Horecker and 

Srnyrnlotis (26) isolated the enzyme which synthesized 

sedoheptulose from ribu1ose- phosphate and gave it the 

name transketolase. Later these same workers isolated 

the enzyme transaldolase which synthesizes fructose- 

phosphate from sedoheptulose and glyceraldehyde-3 phos- 

phate, and demonstrated that the "direct" oxidation of 

glucose was, in fact, a new, complete cyclic pathway. 

This "pentose cycle" has been demonstrated in liver (y), 

spinach (3), acetic acid bacteria (14), pea aphid (34), 

and wheat smut fungi (3). 

The pentose cycle in its present form is shown 

diagramiatically as: 

rThulose-P triose-P 

ribose-P heptulose-P tetrose-P fructose-? 

r1bu1os- triose-P ructose-P 

21 
gluconate-P i glucose-?. 

The enzymes involved and their required co-factors are 

shown in the accompanying table. 



reaction enzyme nare co-factors 
no. 

i glucose-6 phosphate dehydrogenase TPN 

2 gluconate-6 phosphate dehydrogenase TPN 

3 pentose phosphate isomerase - 
4 trans1etoiase TFP and 

Mg ion 

transaidolase none 

At the present tire Tdirecttt oxidatinn of glucose, 
at least to the pentose stage, 1as been shown to occur in 
varying degrees in a number of niicroorganisms. It has 

been demonstrated to occur appreciably in the yeasts 
Torotsilus utils and Saccharomyces ffrevisiae (9), in 

L: coli (16), in the mold Penicillium diritatujn (36), as 
well as in several species of' Streptomyces (ls) and in 
fruits (13). The "direct't pathway appears to be the 
dominant route for glucose utilization in bacteria of the 
Pseudornonas and Icuconostoc groups (38), and in Penicil- 
Hum chrysogenum (16). In animal tissue, bone marrow and 

testis (6) rat rramrnary gland (1), retina (31, 32), and 

adrenal (30). have thus far been shown to have a high 

proportion of the "dIrect" pathway activity. 
Still another oxidative pathway has been shown to 

occur in Pseudornonas saccharophila when glucose is util- 
ized under aerobic conditions (21). In this organism the 
disappearance of one mole of glucose phosphate is 



accompanied by the appearance cf two moles of pyruvate as 

:1n the glycolytic nr Fmbden-1eyerhof pathway. ITowever, 

by Isolating and degrading pyruvate formed by cells metab- 

olizing glucose-1-C'-4 it can be shown (23) that crbon 1 

of glucose forms the carhoxyl carbon of one of the pyru- 

vate molecules. The proposed mechanism Involves a cleav- 

age between carbons 3 and 4, of phosphogluconic acid 

formed from the oxidation of glucose-6 phosphate as in 

the pentose cycle. This route is sometimes referred to 

as the Fntner-Doudoroff pathway. 

Function of the alternative pathways. With the wide 

occurrence of the peritose cycle and its variations clear- 

ly etab].ished some consideration must be given to the 

function of this pathway in the cell. 

In the broadest sense such a pathway must function 

to provide either energy, or biosynthesis, or both to 

varying degrees. Evidence bearing on these points vil1 

be discussed in the following paragraphs. 

Considering that the direct oxidative pathway may 

function as a source of' energy it is natural to compare 

the amount of energy which may be available with that 

provided by the conventional glycolytic scheme. Since no 

direct studies have been made on the comparative energet- 

les of the alternative pathways little may be said on this 

question except on a speculative basis. From such a 



viewpoint the alternate pathways would appear to be ener- 

geticaily equivalent. In the combustion of one mole of 

pyruvate to CO2 and via the TCA cycle atoms of 

oxygen are consumed, 1ased on the studies of Ochoa and 

others (37, 27) this is equivalent to the production of 

15 pyrophosphate bonds. A similar estimation may be made 

for the equivalent combustion via the pentose pathway. 

From the work of Lehninger and SmIth (30) It is 

known that the P/O ratio (number of phosphate bonds form- 

ed/ number of atoms of oxygen consumed) for the oxidation 

of DPNH is approximately 3. Since the two dehydrogenases 

of the pentose pathway are either TPN or DPN linked, 

oxidation of the first three carbons of glucose could 

yield 18 moles of ATP, for a net release of energy at 

least equal to that of the TCA cycle. 

The prssible role of the oxidative pathway in bio- 

synthesis is founded on more direct evidence than that 

cited above concerning Its contribution to the cellular 

energy requirements. 

Some experimental evidence Is available to indicate 

that sedoheptulose formed via the pentose pathway may be 

an intnrmedlate in the biosynthesis of arotIc amino adds. 

Gilvarg and Bloch (22) on allowing yeast to grow on glu- 

cose_1.C14 found a high IncorporatIon of activity into 

phenylalanine and tyrosine. The specific activities 
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were such that a rather direct conversion was suggested. 

T.ost of the activity was eIter in carbon 3 of the side 

chain or carbons 2 and 6 of the rin,. It was suggested 

that this situation might arise from the formation of a 

7 carbon compound from a tetrose and a triose with sub- 

sequent cyclization. Similar studies of the biösynthesis 

of shikiniic acid by E. coil mutants (39) have shown th.t 

when the mutant was grown on glucose-3,4-C14 the distri- 

hutiori of the activity in shikiiic acid was such as to 

indicate that two or more fragnients of the hexose chain 

must combine in the biosynthesis, and in such a manner 

that carbon 6 is better utilized than carbon 1, 

Fvidence for the participation of pentose cycle 

ribose in the formation of ribose nucleic acid (RNA) has 

been provided from two types of experiments perforned by 

Cohen (16). In one experiment . coli was grown on glu-. 

eose-l-C-4 and the ribose of RA isolated. Such ribose 

showed a specific activity of 2O-3O that of the glucose- 

l-Cl4. This indicated that this pentose must have arisen 

from a pathway involving preferential loss of carbon i of 

glucose. 

In another experiment on L. coli the radiochemical 

yiel& of CO2 from glucose-l-C'4 for normal gro'ing cells 

The radiochemical rleld of C1402 is defined as the er 
cent of the activity initially present recovered as C-4O. 
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was compared with that for cells infected with the bac- 

tria1 virus T2. In the norma]. cells the ratio of rihose 

flUCICIC acid to deoxyribose nucle:ic acid (RNA/DNA) was 

from 3:1 to f:1. In the virus Infected cells no RNA 

synthesis took place while DITA synthesis was stimulated 

fourfold. In the normal cell from 16% to 38 of the 

glucose was metabolized via the "direct oxidative" path- 

way while in the infected cells the contribution of the 

"direct" pathway dropped to value of froni 6 to 29v. 

Ccîen points out that these differences are real and re- 

producible; and are of the same order of magnitude as the 

shift 1n the amounts of ribose and deoxyribose produced. 

That this is not due to inhibition by tie virus of one 

of the steps of the oxidative pathway is shown by the fact 

that yin's and DNA synthesis may be forced through this 

path when gluconate, ribose, arahinose, or guanosine, are 

utilized as sole carbon sources. It would appear from 

these data that while a major function of the "direct" 

pathway in some organisms may he the furnishing of ribose 

for RNA synthesis this is not the only function. Cohen's 

results show that even under conditions in which no RNA 

synthesis is taking place the preferential decarboxylatlon 

of carbon i of glucose still continues at an apìreciable 

rate (6-29f?). 

Another experiment in which a high requirement of 



the cell for RNA synthesis may be correlated with an apj- 

preciable proprrtion of "direct oxidation" of glucose is 

that of Agranoff et al. (2) ori the ratio of the radio- 

chem cal y1eld of c14c2 from glucose-l-C3-4 to the radio- 

chemical yield of C-4)2 from glucose-6-C14; hereaftr 

referred to as the c1/C6 ratio.2 The data of Agranoff 

on the C1/C6 ratio is compared in the tabulation below on 

the ratio of the turnover rate of RNA to the turnover ra'ce 

of ])T.A for the same tissues (12). 

tissue (rat) C1/C6 turnover ratio RI.A/DNA 

normal liver 3.33 5.38 

regenerating liver 2.1 1.27 

fetal liver 2.5 about unity 

Similar results reported by Bloom (6) are suggestive of 

a correlation between the need for a high rate of RNA 

synthesis and appreciable pathway activity. 

tissue (rabbit) C1/C6 turnover ratio RNA/DIA 

spleen 2.13 3 (11) 

testis 3.28 high3 

2 A C]/C6 ratio grester than one is generally regarded as 
Indicating the presence of the oxidative pathway. See 

p. ]2. 

3 The ratio RNA/DNA for this tissue is 2.6 (24), and lt 
has been shown that the rate of DNA turnover is high (17). 
Thus a high requirement for RNA synthesis is inferred. 
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Fstlrnatipn of the auantltatlye imprtance of the 

a]ternate pathways. Once the oxidative pathway liad been 

shown to exist in a variety of organisms, and evidence 

of its possible role in biosynthesis began to accumulate, 

the next logical devclopnwnt was to attempt to devise 

means by which the contribution of this pathway to carbo- 

hydrate etabollsm might be established. 

The fact that the availability of carbon-14 greatly 

simplified the task of evaluating the importanc of the 

oxidative pathway was mentioned earlier. A number of 

suggestions have been made and equations proposed to per- 

mit evaluation of the over-all contribution of the pentose 

pathway to glucose metabolism but, in general, the methods 

are based either upon the radiochernical yields of 

from glucose labeled in different carbons or on the extent 

and location of labeling in a chosen intermediary rnetab- 

elite when an isotopic substrate is metabolized. 

An example of the latter method is that recently 

used by Blumenthal . (9) to determine the contribu- 

tien cf the pentose pathway to glucose utilization in . 

cerevisiae and T. utilis. In this method the organism 

was allowed to metabolize glucose-l-C14 arid glucose-U-Ci-4 

(glucose uniformly labeled on all carbons), and the 

specific activity of acetate isolated from the cells 

grown on the different substrates was compared. if the 
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specific activity of acetate is compared with that of the 

glucose-i-C'4 used, on the basis of actvty (cpm) per 

millimole (mM) of carbon then the acetate should have a 

specific activity of i. times that of the glucose-l-C'4 

if all the glucose is metabolized via glycolysis. If all 

the glucose-i-C'4 is utflized by means of the oxidative 

pathway the specific activity of the acetate isolated 

should be zero since all the active carbon will have been 

removed as CO2. In practice the maximum specific activity 

of the acetate would be less than 1.5 times that of the 

glucose-1-C'4 due to the formation of unlabeled acetate 

from endogenous glucose. If glucose-U-C'4 is metabolized 

the acetate formed would have a specific activity equal 

to that of the glucose-U-C'4 if there were no dilution 

of the acetate from the labeled glucose by non-isotopic 

acetate. If dilution does take place the extent of this 

dilution may he determined and a correction applied to 

the data for the contribution from endogenous glucose. 

In this paper a quantity called the relative specif- 

Ic activity (nSA) was defined as the ratio of the specific 

activity of acetate to the specific activity of glucose, 

ties lOO. The corrected specific activity was then de- 

fined as the ratio: 

observed RSA for acetate from lucose-1-C3-4 
observed SA f 0r acetate from g1ucose-U-C1, 

assuming that two carbon units were being produced only 
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from the glycolytic-TCA, or the direct oxidaUve pathways. 

The final relation used tr' calculate the per cent of' 

glucose rrietaboflzed via the glycolytic pathway was: 

% glucose via E.'. corrected PSP. x 100/1.5. 

The method first "enticned based on the radiochemi- 

cal yields of' C-4O2 is relatively simple and widely used 

since it is readi3y adaptable to Warburg studies. The 

basic idea is briefly as follows. 

If glucose is completely oxidized to CO2 via gly- 

colysis arid the citric acid cycle the CO2 formed first 

is from carbons 3 and 4 of glucose which became the car- 

boxyl carbons of pyruvate (glycolysis). At the next turn 

of the TCA cycle carbons 2 and 5 of glucose appear to- 

gether as CO2, followed finally by CO2 from carbons i 
and 6. II' glucose-l-C14 is retaholized by an organism 

in which the pentose pathway is appreciable, some of the 

radioactive carbon of' glucose-1-Cl4 will be removed as 

c'4o2 long before activIty from glucose-6-Cl4 begins to 
appear as respired CO2. Therefore at any given time the 

proportion of the initial activity recovered as C1402 

will be higher for cells using glucose-1-C'4 than it will 
be for cells using glucose-6-C-4. This proportion of' the 

Initial activity recovered Is the radiochemical yield, 

as previously defined. If glucose is exclusively burned 
via the glycolytic-TCA pathway, C14O from carbons 1 and 
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6 or glucose will appear sirnultaneoeisly and in equal 

quantity so that the C1/C6 ratio (defined earlier) will 

be unity. istimates o1 the relative importance of the 

pathways of glucose metabolism made on this basis aro 

responsible for most of the data available on the cornpar- 

ative biochemistry of these alternate pathways. The 

fundamental limitation of this method is that lt Is cumu- 

lative. The basis for such a statement will be clearer 

when data for a typical time course study with glucose-l-, 

glucose-2-, and glucose-6-C'4 have been presented but it 

is clear that a C1/C6 ratio determined at the end of a 

given interval gives a measure, not of the relative con- 

tributlon of the alternate pathways at the tinie the sample 

was taken, but of' the over-all relative contributions of 

the alternative paths for the entire lnterva1 Such in- 

formation is obviously very useful, but only if some 

indication Is given regarding the conditions to which 

the ratio applies such as the duration of the experi:ient 

or, preferably, the amount of glucose utilized at the 

point for which the ratio is riven. Such necessary 

qualifying information has often not been given in con- 

junction with experimental results. The use of the 

ratio has the additional disadvantage that it is 

not directly usable for a calculation of the proportional 

contributions of the alternate pathways. 
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Since the radiochc-mical yield of C-4C2 is a con- 

verient quantity ta measi.re in riarAometric work, a number 

of papers have been published on methods for using radio- 

chemical yields of C3-4O for quantitative estimation of 

the occurrence of the alterrate pathways. 

The original equations of Bloom . (7) were 

derived on the assumptions that only carbon i of glucose 

contributed to CO2via the oxidative pathway, and that the 

conversion of pentose to a triase plus a two carbon 

fragrient did not take place. The equations derived on 

this basis require measurement of the radiochenical yields 
of C1402 from lactate-i-, lactate-2-, lactate-3-, glucose- 

1-, and glucose-U-C'4. From these equations Bloom 

calculated that at least 77. of the glucose cataholized 

b rat liver slices went by way of the oxidative pathway. 

Katz al. (28) pointed out an error in the deri- 

vation of Bloom and called attention to the fact that the 

high concentrations of lactate and acetate used by Bloom 

depressed glycolysis. From their own equations 

Katz calculated that 20% or less of glucose utiliz- 

ed by rat liver slices was metabolized via the oxidative 

route. 

Abraham et al. (1) attempted to apply the equations 

of Katz to results obtained with rat mammary gland but 

found that in this tissue the assumption that only carbon 



i of glucose contributed to CO2 by the oxithtive route 

was untenable since twice es much isotoric fatty acid was 

recovered from glucose-6-C14 as frc glucose-1-C'4, in- 

dicating that the peritose formed by preferential decar- 

boxylation of glucose must be further metabolized. Thus 

for such tissues the equations of Katz could not be used. 

A recent report by l3loom . (8) included den- 

vatons of two new expressions, based in part on those 

originally presented. One expression required use of 

lactate-i- lactate-3, and glucose-i-C'4 while the other 

required use of all three of the above substrates in 

addition to glucose-6-, glu.conate-1-, and gluconate-6-C14. 

The results from both equations were In good agreemenìt. 

and indicated that about of the glucose metabolized 

by rat liver slices followed the pentose pathway. 

The letest paper by Katz et. al. (29) has extended 

their equations so that the fraction of glucose metaboliz- 

ecl va the oxidative pathway may be calculated from a 
single equation which Includes terms accounting for CO2 

produced by both pathways. They conclude that the frac- 

tien of CO2 produced glycolytca].ly Is from 83-98 for 

rat liver slices but note that If carbons other than 

carbon-i contribute to CO2 in the reactions of the oxida- 

tive pathway the extent of this pathway will be greater 

than that calculated. 
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The Present Studies 

The course of the research dscrihed In this thesis 

was influenced by the following ftcters. 

:i. The great major1tr f stues made previously 

on yeast and other organisms, with the Intent of evalua- 

ting the eontrihution of the alternate pathways had been 

made on resting cells. Thus, only the contribution of 

these various pathways to respiratiön was being determined. 

In viw of the interest in a possihae biosynthetic role 

of the o1dtive pathway lt seemed desirable to repeat 

previous studies in a medium which would permit cell 

growth. 

2. In order to make such determinations more near- 

ly comparable and meaningful it was felt that the condi- 

tions should be standardized as nearly as possible. 

3. Although the use of selective inhibitors had 

contributed greatly to the elucidatir'n of the classical 

scheme of glucose degradation and to the discovery of 

the existance of alternate pathways, little work had 

been done on changing the C1/C6 ratio by this means. 

4. Beevers and Gibbs (4) had reported the results 

nf an experiment in which they determined the C/C6 ratio 

at intervals of 3, , and 11 hours; and found that the 

C1/C6 ratio decreased during this period from 2.53 to 

0.38. 
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Consideration of these facters led to the use of two 

types of experiments. The first type utilized manometric 

methods to determine the C1/C6 ratio in a growth medium 

under specified concitions. Since lodoacetate is a known 

respiratory inhibitor for yeast () its effect on the 

Cl/c6 ratio was investigated in one series of experiments. 

Since indoleacetic acid had been shown to irerease oxygen 

consumption in plants (10) and in liver and kidney tissue 

(43), its ability to change the oxygen consumption and 

the C1/C6 ratio in yeast was studied in a second series 

of experiments. In addition to these studies the differ- 

ences in the incorporation of activity into amino acids 

from ribose-i-, acetate-i-, and acetate-2-C14 were inves- 

tigated using Warburg techniques. 

The second type of experiments performed were time 

course studies, both of the changing patterns of the 

aetivty of respiratory CO2, and of the incorporation of 

activity into cellular components for glucose-l-, glucose- 

2-, and giucose-6-c-4. This technique made it possible 

to circumvent the restriction to cumulative data imposed 

by traditional Warburg methods. In addition the ease of 

following the level öl glucose in the celi suspensions 

under investigation made it possible to complete the over- 

ail picture of the role of the pentose pathway in yeast by 

continuing the experiments far beyond the time of deple- 

tion of glucose from the medium. 



EXPFRDITFNTAL AND RFSULTS 

Growth of the Yeast 

''ifty ml. of a niait extract redium,4 previously 

steamed for i minutes, was inoculated with a small loop 

of yeast cells from a malt s)ant.5 This inoculum was in- 

cubated 16 hours at 300 C., and thon used to Inoculate 

the remaining 9O ml. of the steamed malt medium. The 

second Incubation period also lasted 16 hours at 300 C. 

During this time the suspension was stirred at 200 r.p.m., 

and the pH occasionally adjusted to 4.0 to 4.5 by the 

addition of NH4OH. 

At the completion of the second Incubation period 

the suspension was centrifuged, and the yeast washed 

twice with cold dIstiild water. Ten grams of the wet 

cells were transferred to i liter of a salts medium.6 

After 4 hours Incubation at 300 C. (pH 4.0 to 4.5) the 

glucose was exhausted from the medium. At this time the 

suspension was centrifuged and washed as before. The 

4 wo hundred gm. Blue Pibbon malt extract, 2 gm. KH2PO4, 
]_ gm. urea, tap water to make i liter. 

5 Ten gm. Blue Ribbon malt extract, 0.2 gm. i!2PO4, 1.5 
gm. agar, tap watEr to 100 ml.; pH 4.8. 

6 Fihteen gm. glucose, (NH4)2SO4 2.5 gm. , aCl 2 gin., 

24 2 gin., Mg3047H20 250 mg., CaC122H2O 250 mg., 
FfBO3 i mg., ZnSO4 i rg., MnSO4'41120 i mg., FeC1 i mg., 
TlCl O. mg., CuSO4.%O 0.1 mg., Kl 0.1 mg., flcto-yeast 
extrct 100 mg., distilled water to make 1 liter. 
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desired amount of cells was then resuspended in the salts 
medium, or in a phosphate buffer medium of pli .O, as the 

experiment required. 

7arburg Fxperiments 

Fxperiment 4 

In this experiment 4 large Warburg vessels were 

used. Fach vessel contained 27.3 mi. of a hornogenous sus- 

pension of yeast in the salts medium, at a concentration 

of 4 mg./ml. of yeast (dry weight). This celi concentra- 

tion was used throughout the experiments described in 

this thesis. To the suspension were added 250 micromoles 

of glucose containing i microcurie of radioactivity. In 

this experiment the C1/C6 ratio in salts medium was corn- 

pared to the C,/C6 ratio in the same medium containing a 

high concentration of indoleacetic acid. The 4 flasks 

were divided into 2 sets. One pair of flasks contained 

the salts medium, while the other set contained, in ad- 

ditlon, 100 micrograms of indoleacetic acid (IAÄ) per cup. 

One flask in each set contained glucose-l-C14, the other 

contained glucose-6-&1-4. Each flask contained 1. ml. of 

6N 11Cl in the sic7e arm, and 1.2 ml. of CO2-free, NaOH 

in the center well. 

The flasks were allowed to equilibrate in tho water 

bath at 300 C. for 10 minutes after which the manometers 
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were closed and readings takcn of the' change Ir manometer 

level every 10 minutes. This was continued until the de- 

sired level of oxygen consumption hadbeen reached, at 

which time respiration was stopped by tipning in the acid 

from the side arm. The vessels were left in the water 

bath for an additional 20-30 minutes. 

After the flasks were removed from the rnnometers, 

aliquots of the cell suspensions and of the center well 

solutions were withdrawn. The cells were centrifuged, 

washed and dried. The aliquots from the center wells were 

diluted with water and the carbonate was precipitated as 

BaCO3 by the addition to the center we].1 solutions of' 10 

ml. of a prrcipitatiön mixture, i T in BaCJ2 and i r In 

TIt4Cl. When small f1as'-s were used a standard volume of 

Na2CO3 solution ws added to each aliquot to serve as a 

carrier. The BaCO3 was plated on aluminum planch.ets by 

the centrifugation technique and the plates assayed for 

radioactivty on ari end window Geiger-u]ler counter. 

Corrections for background and for self-absorption of 

the BaCO3 were applied in the conventional manner. 

From the total activity of these samples and the 

amount of radiosctivity Initially present, the radio- 

chemical yields were computed, and from this the C1/C6 

ratios calculated. Ihe results of this experiment are 

given in Table 1, f1& r,:bers i to 4. 
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Experiment W-2 

In this investigation the C1/C6 ratio in the salts 

mediuìn was compared to that in a phosphate buffer medium. 

Four large Warburg vessels were used. These were d:vided 

into two parts containing glucose-1-C3-4 or glucose-6-C14 

in either salts medium or buffer. The glucose concentra- 

tion was 300 micromoles with a total activity of 0.1 

microcurie. The celi concentration was the same as in 

the preceding experiment. The results are shown in Table 

1, flasks numbers to 8. 

Experiment W-3 

This study utilized 8 small Warburg vessels and was 

designed to establish the concentration of' indoleacetic 

acid required to appreciably affect the respiration of 

the yeast cells. Fach flask contained 2.0 ml. of yeast 

suspension in salts medium and 10 micromoles of glucose. 

Fach flask contained 0.2 ml. of either T'1 NaOJT, CO2-free, 

or 0.2 ml. of distilled water in the center well, and 0.3 

ml. of 6 N HC1 in the side arm. Each flask cohtained 

from i to 0 micrograms of indoleacetic acid (IAA). The 

results are shown in Table 2. 

Experiment 1-4 

This experiment was made using yeast that had been 

grown for experiment W-3 and refrigerated overnight. Con- 

centrations of cells, glucose and side arm contents were 
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the. same as in th preceding experiient. All center wells 

contained NaOFI. The C1/C6 ratios of cefls utilizing glu- 

cose alone were compared to the Cl/C6 ratio for cells 

utilizing glucose in the presence of IAA (50 ricrograms 

per flask) or lodoacetic acid (1.5 x 10 molar). The 

level of radioactivity was 0.1 nicrocurie per flask. 

Table 3 gives the results. 

Experiment v- 5 

This experiment was performed to conpare the Cl/C6 

ratio of cells using glucose ir a salts medium with the 

salie ratio in the presence of lodoacotatic acid (ÏOA), 

and with the C1/C6 ratio in phosphate buffer. substrate 
am] IAA concentrations were the sarie as in the preceding 

experiment. The concentration of lOA was reduced one 

tenth. The initial radioactivity was 0.2 microcurie and 

th( volume of I1aÛ in the center :e1ls wa increased to 
0.4 ml. The data are presented in Table 4. 

Exeriiìent :-6 

The incorporation or rThose-1, acetate-i, and ace- 

tate-2-C1-4 into yeast amino acids was studied in this 

experiment. Te level of rad1oactivity was 2.0 micro- 

curie Der flask. Mftcen riicromoles cf ribose and 10 

molos of acetate wore used with cells in salts medium at 

the usual concentration of' 4 mg. of dry yeast/ui. (2.0 

ml. per flask), These cells had been grown for the 
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preceding experirnt and rcfrgcrated for about 12 hours 

before use. In e.ch case the experiment was continued 

until the oxygen consumption had fallen to a lcv and 

constant value. 

The cells in this experiment were centrifuged, 

washed, and dried as previously described. After drying, 

the cells were weighed and sealed into Irrex test tubes 

with i ml. cf 6 N IIC1 and hydrolyzed by autoclaving for 

lo hours at l5 p.s.i. The hydrolyzates were filtered to 

remove the humin, then dried in vacuo over r2O and KOFI 

pellets. After drying, the hydrolyzates were diluted 

with distilled water to the dcsired concentrations. 

Tiese hydro]yzates v'ere then subjected to one dimensional 

chroniatography on paper, in two different solvent systems, 

butanol, acetic acid, and water, 4:l: (PAW), and secon- 

dary butanol-amrnonia.7 

Radioautographs were prepared by stapling or taping 

afin ished chromatogram to a sheet of Eastman no-scrEen 

x-ray film and taping the 2 sheets firmly to a piece of 

heavy cardboard or wallboard. Tis procedure was carried 

out in a darkroom under an x-ray safelightTt. Before 

The secondary butanol solvent is prepared by thoroughly 
agltating 120 ml. of peroxide frre secondary butanol with 
40 ml. of 3 ammonia. The aqueous phase Is drained off 
and used to saturate the chromatography chamber while the 
butanol phase is used for development of the chromatogram. 
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exposure to light the films were covered with black paper 

and then With several layers of aluninum foil and stored 

in a black cloth bag. The x-ray film required approxi- 

niately 106 beta particles per square centimeter to give 

a good spot; therefore, the exposure tiìiie was varied 

accordingly. AftEr exposure was complete the films were 

developed in the conventional manner. The information 

obtained from these radioautographs, as well as from 

raclioautographs prepared in experiments described below 

is discussed under the heading "Incorporation Data" in 

the final section of this thesis. 

The results oi the 1Varburg experiments are sum- 

marized in Table 5. 

Time Course Studies 

The apparatus used In these experiments is shown in 

Figures 1 and 2. The complete system is shown in Figure 

1, while Figure 2 gives the details of the reaction flask. 

This system was designed to permit the yeast suspension 

in the reaction flask to he kept in constant and vigorous 

agitation by the influx of dry, CO2-free, gas from the 

gas scrubbing train. The respiratory CO2 produced by 

the organism was swept out of the reaction flask by the 

stream of gas and was collected in the trap which was 

filled with 10 ml. of CO2-free NaOTI (about 1 N) and 20 
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ml. of CO2-free distilled water. Usually 2 or 3 drops of 

octanol were added to the trap solution to prevent violent 

foaming. Periodically samples of the medium and yeast 

were talen through the sampling tube (Figure 2) by apply- 

ing mild suction to a filter flask containing a 4 inch 

test tube and attached to the sampling tube by means of 

the rubber stopper shown in the figure. 

hen desired, substrates were added to the reaction 

flask through a vial seal in the center necl of the flask. 

Since such seals proved to he somewhat unreliable under 

prolonged vacuum, they were usually replaced by a small 

rubber stopper. 

In a typical experiment the yeast suspensions were 

pipetted aseptically into the reaction flasks by removing 

the center fitting, then the vacuum applied and adjusted 

to give the desired degree of agitation and the suspen- 

sions aerated 10 or l minutes prior to the addition of 

substrate. The substrate was added through the center 

well, the trap solution renewed, and an initial medium 

and cell sample taken immediately after thorough mixing 

had taken place. Eamples of the medium were usually re- 

moved every hour until the glucose had disappeared from 

the medium. Trap solutions were replaced every half hour 

until several hours after disappearance of the glucose, 

after which they were changed hourly. The tirie required 
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to replace a trap solution was 20 to 30 seconds. 

The medium and cell samples were immediately cen- 

trifuged after addition of acid to kil]. the cells. The 

cells were washed once with water and then dried while 

the medium was assayed for glucose by counting an aliquot 

with an end-window counter, or by the Shaffer-Sornogyl- 

Rartmann method. 

The CO2 samples were precipitated as BaCO3 as pre- 

viously described except that no carrier as required. 

In the experiments to be described glucose-l-, 

glucose-6-, and glucose-2-C14 were commonly used. The 

data obtained by radiochemica]. assay of the respiratory 

for the varieties of glucose used could be presented 

in several ways. 

Comparison could be made on the basis of specilic 

activities (counts per minute per mg. of BaCO3), or on a 

per cent specific activity basis (see below). In addition 

the results could be given in terms of the radiochemical 

yield. The specific activity was determined by simply 

counting the BaCO3 sample, correcting for background and 

self-absorptIon and dividing the final figure for the 

counts per minute (c.p.m.) by the weight of BaCO3 counted. 

One hundred per cent specific activity was calculated by 

dividing the total initial activity by the amount of glu- 

cose Initially provided, expressed as BaCO3, and the 

measured specific activity divided by this value is the 
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per cent specific actv1ty. CaiciThtirn of the radlochern- 

1ca] yleicl was made by dividing the tot.1 activity (c.p.r.) 

of a sample by the amourt o activity Initially present. 

Such data, piottc1 vs. tine, are hovin in Figure 3 for a 

typical time course study. In addItion a carbon recovery 

curve is shown. The values on this latter curve were 

calculated by dividing the weight of BaCO3 of each sample 

by the weight of glucose surplied, expressed as BaCO3. 

FIgure 3 also shows a glucose depletion curve. 

The results of the 4 tIme course studies to be 

described below will be dIscussed in relation to the 

tynical results shown In Figure 3. 

Experiment TO-i 

This experiment was made before the apparatus shown 

in Figure 2 had been developed. In this experiment a 

similar flask was employed, hut rubber stoppers were used 

ifl place of the ground joints shown in FIgure 2. ThIs 

experinent was performed t 300 C. with oxygen as the 

sweeping gas. 

The yeast was grown as previously described. Th.e 

amount of yeast used In each flask was 720 mg. (dry 

weight), In 200 mi. of salts medium. The glucose level 

was 5 rililirnoles per flask, with a radoactivity of a- 

proximately 5.5 rnicrocuries. 

In this experiment the yeast suspension was swept 
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with oxygen for five minutes before the glucose solution 

ws added by hypodermic syringe through a vial seal. 

In comparison with Figure 3, which represents data 

tai'en at 21° C., the data of experiment TC-1 (Table 6) 

show that the effect of' the higher temperature is to in- 

crease the rate of utilization of glucose although the 

proportional contributions of the alternate pathways of 

glucose utilization do not change appreciably: in experi- 

ment TC-1 the duration of the initial flat portion of the 

per cent specific activity curves was reduced to 2 hours 

(in comparison with Figure 3), at which time glucose dis- 

appeared from the medium. At that point the value of the 

radiochernical yield (per cent total activity recovered 

as C1402) from glucose-l-C'4 was l4. per cent. The final 

levels of the radiochemical yields and the amount of car- 

bon recovery shown in Figure 3 were reached in experiment 

TC- after 9- hours. 

About 5 mg. of each of the periodically removed 

yeast samples were hydrolyzed as previously described and 

chroìnatogranied in BAW, 4:l:, and in 8O phenol. After 

the finished ch .. romatograms were dried, radioautographs 

were prepared as previously described. 

Experiment TC-2 

This investigation was carried out using the appara- 

tus pictured in Figure 2. The experiment was designed to 
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duplicate the previous study with the Isotope concentra- 

tion raised to 10 rnicrocurics in order that radioauto- 

graphe of the cell hydrolyzates would develop more quick- 

ly. The cells were grown as usual and 180 mg. (dry 

weight) in 200 ml. of salts riedium were added to each 

flask. The glucose concentration was 4. rnillirnoles per 

flask. The experiment was carried out at 300 C., and the 

glucose dIsappeared from the medium in about 4 hours. 

The experimEnt was terminated after 6 hours and the cells 

dried, hydrolyzed, chrornatographed and radioautcgraphed 

as before. Te per cent specific activity (p.s.a.) curves 

were plotted for glucose-l-, glucose-2-, and glucoze-6-C-4 

and were in good agreenient with those of the previous 

experiment. 

The data taken for the respiratory CO2 are tabulated 

in Table 7. 

Experiment TC-3 

In this experirent 100 mg. of cells arid 4.6 mulI- 

moles of glucose were added to each of 7 flasks at room 

temperature (about 210 C. throughout the experiment) and 

swept with air. Each flask contained 200 ml. of medium. 

One set of 3 flasks contained glucose-l-, glucose- 

2-, or gli:cose-6-C-4 in the salts nedium, while another 

pair of flasks contained glucose-i-, and glucose-6-C'4 in 

phosphate buffer medium. The remaining pair of flasks 
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coitained cells in salts medium and glucose but no isotope. 

After 3-i- hours glucose-l-, and glucose-6-C14 were added 

to these latter flasks. The C14O data for this 3eries 

of experiments are presented in Tables through 10. 

Glucose remained in the salts medium for about 7 hours. 

The CO2 curves for glucose-l-, -2-, and -6-C4 in 

salts ed1um were, as expected, essentially the same as 

those already shown (Figure 3) for these experimerta] 

conditions. Lfl'eise, the results were similar in the 

pair of flasks to which the addticn of isotopic glucose 

had hcn delayed. 

The data obtained from the respiratory CO2 of thc 

cells utilizing glucose in buffer medium were in agree- 

rient with the results obtained manometrically. The 

p.s.a. curve for glucose-l-C1-4 showed an intia1 rapid 

rIse, as In salts medium, followed by a period of gradual 

rise which extended throughout the duration of this ex- 

periment. For glucose-l-C1-4 the p.s.a. curve was the 

same as In previous experiments. The glucose-6-C34curve 

röse sprreciably higher than for the corresponding curve 

In salts medium, but rera1ned below the glucose-1-C'4 

curve. The result, in terms of radiochernical yields, 

ws that the C/C6 ratio was nearly unity, while glucose 

ws still present In the medium and rose slowly thereaf- 

ter. The Cl/C6 ratio was always much lower than the ratio 



in salts medium. In these studies glucose was present 

in the flasks containing salts medium for about 7 hours. 

The experiment was continued for 6 hours beyond the point 

of disappearance cf glucose from the medium. Tor the 

3 flasks containing the phosphate buffer, medium glucose 

was still pre:ent in the medium at the time of termina- 

tion of the experiment. 

iment TC-4 

In experiment TC-4, 1.67 milJirioes of glucose was 

added to each of 6 flasks containing yeast in the salts 

medium. To 3 flaslcs about microcurie of glucose-i-, 

glucose-2-, or glucose-6-C'4 were added at the beginning 

of the experiment. The remaining 3 flasks contained 

glucose but no isotope initially. 

The yeast used in this study differed from that 

used in the previous experiments in that the 4 hour 

growth on glucose in the salts medium was omitted. The 

cells were added to the reaction flasks after centri- 
fuation from the malt extract medium. Bromcresol 

green (1 or 2 drops of O.O4 solution) was added to 

the medium as an internal indIcator. The labeled glu- 

cose was to be added to the second set of flasks when 

a change in the indicator color showed that the ph of 

the mediurn had dropped below the optirnu range (4.0 

to 4.). It was found, however, that the glucose 
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concentration was too low to cause a detectable pH change 

In the highly buffered sait rwdlurn. In order to in- 

vestigate the effect of subnormal pH on the CO2 evolu- 

tion, a sufficient qtantity of acid was added te the 

second set of flasks to cause a change in the indicator 

color (pH 3.8). This was done at 4 hotrs after the 

beginning of the expE'riment. At this tiìre radioactive 

glucose was added to the second set of flasks and enough 

non-isotopic glucose to raise the glucose concentra- 

tion in the nedìurn to its value at the start of the cx- 

perirnent. 

The effect of a sudden drop in pH was to give 

per cent specific activity curves strikingly similar 

in the early phase (glucose still present in the mediui) 

to those previously obtained in the phosphate buffer 

medium, that is, there was an appreciable contribution 

to the isotopic CO2 from glucose-6-C14 in contrast to 

the situation in salts medium in which practically no 

appeared from glucose-6-C14 until after glucose 

had disappeared from the medium. 

The data obtained for the 3 flasks which had con- 

taind isotopic glucose initially were as shown in 
Figure 3. The results obtained in the flasks in which 

the pH had been dropped are also represented by Figure 

3 for the time subsequent to disappearance of glucose 

from the medium. 
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The CO2 data for this series are tabulated in Tables 

11 and 12. 
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TABLE i 

A COMPARISON OF THE C1/ RATIOS IN SALTS TDIWA, 
WITh AND V!ITHOT ThDOLEACETIC ACID, 

AND IN PHOSPHATE BUFFFR 

Position Additions Oxygen 
Flask of Labeled to the Consump- 
No. Medium Carbon Tiedlum tion 

i Salts J. - 34 
3.54 

2 Salts 6 - 34 

3 Salts i IAA 32 
2.65 

4 Salts 6 IAA 32 

5 Salts i - - 

1.15 
6 Salts 6 - 43 

7 Buffer i - 43 
0.58 

8 Buffer 6 - - 

Each flask contained 109 mg. yeast, 250 rnicromoles 

of glucose. The concentration of IAA was 0.1 mg. per 

flask. 

Flas1's J. to 4 contained i microcurie of radio- 

activity. 

Flasks 5 to 8 contained 0.1 microcurie of radio- 

activity. 

ìoNe of the radioactivity from flask number 7 was 

accidently lost. 



TABLE 2 

OXYGFN C ONSUNPT I ON A ND C 02 EV OLTJT I ON OF YEA S T 
UTILI7ING GLUCOSE IN SALTS FDITJM CONTAINING 

VAPYIN( LEVELS OF DIDOLFACETIC ACID (ThA) 

Additions Concentra- % Oxygen 
Flask to the tion of I Coxisump- 2 CO2 
Nn. Tediurn (!iern'ram) tion Evolution 

9 IAA i - 7C 

10 IAA 1 92 - 
11 IAA - 54 

12 IAA 5 74 - 

13 IAA 10 - 67 

14 IAA 10 100 - 

15 IAA 50 - 78 

16 IAA 50 loo - 

Each flask contained C.0 ng. yeast, and 10 iiiero- 
noies of glucose. 
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TABLE 3 

T}IE C,/C RATIOS IN SALTS PWDIIJM, 
WITH AND ITtOUT INDOLEACETIC ACID (ThA), 

OR IOPOACETATE (lOA) 

- 

Position Additions 
Flask of' Labeled to the Oxygen 
1o. Carbon 7Tediuni Consumption 

17 :i - 44.8 
3.12 

18 6 - 40.2 

19 1 - - 

2 49 
20 6 - - 

21 :i ThA 25.7 
1.26 

22 6 IAA 32.2 

23 1 IAA - 

i '8 
24 6 IAA 32.6 

25 1 lOA 2.0 
0.945 

26 6 lOA 2.0 

Each flask contained 8 mg. yeast, 10 micromoles of 

glucose (0.1 nilorocurie). The concentration of IM was 

50 mg. per flask, and the concentration of lOA was 1.5 

x M. 
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TABLE 4 

THE C,/C RATIOS IN SALTS MFDIUIvI, 
1,IT}-T AND ITtOUT INDOLEACETIC ACID (IAA), 

OR IODOACETATE (lOA), AND IN PHOSPHATE BUFFER 

Position Additions % Oxygen 
Flask of' Labeled to the Consump- 
No. Medium Carbon Medium tion CÇ4 
27 Salts 1 31 

3.61 
28 Salts 6 - 38,8 

29 Salts 1 IAA 36.6 
1.81 

30 Salts 6 IAA 39.7 

31 Salts I lOA 41.8 
1. 4 

32 Salts 6 lOA 42.8 

33 Buffer i - 38.6 
1.70 

34 uffer 6 - 33.6 

Fach flask contained 8 mg. yeast, 10 micrornoles of 

glucose ((.1 microcurie). The concentration of IAA was 

0 mg. per flask, and the concentration of IDA was l. x 

M. 
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TABLE 5 

A STJMARY OF TUF WATBURG DATA ON TUF C1/C RATIOS 
ir SALTS TTTITJì, WITH AD WITHOUT I}DOLFAÖTTIC AC 
(IAA) OR IODOACFTATF (lOA), A1 IN PHOSPHATE BUFR 

Add1iions % Oxygen 
Number of to the Consump- 

1ed1um Exper1.ients Ted1um tion 

Salts 4 - 37 3.2 

Salts 4 IAA 33 1.7 

Salts i lOA 42 1.4 

Buffer 2 36 1.7 
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TABLE 6 

THI? C140, DATA FROM YEAST "TTABOLIZI?G 
ISOTOPIC GLUfOSE ( millirnoles) IN SALTS FDI'JN 

!r 300 C. TT1DF XY-FN 

Glucose-1-C'4 (.48 microcurles) 

Specific Activ- 
Time-Hours Ity Srecific % Total % Carbon 
from !cro BaCO3 Activity Activity Recovered 

3- 61.1 7.96 2. 

1 6.5 8.6o 6.1 12.3 

]: 88.8 11.6 10.9 19.0 

2 99.0 12.9 1.O 24.3 

2 114. 14.9 17.2 26.8 

3 128. 16.'? 18.? 28.3 

3. 121. 1.8 20.0 29.7 

4 106. 13.8 21.0 30.8 

4 89.7 13.7 21.8 31.9 

113. 14.7 23.9 34.4 

6 8?.? 114 26.8 36.6 

71 86.6 11.2 28.0 38.4 

8 84.8 11.1 29.4 40. 

83.2 10.9 30.8 42.8 
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TABLE 6 (Cor tinued) 

Glucose-2-C14 (5.50 microcuries) 

Specific Activ- 
Tin,e_IToiirs ity (c.p.m./mg. Specific Total % Carbon 
from ero BaC0 Activity Act1vy Recovered 

25 3.2 1.0 5.1 

1 27.8 3.6 2.4 11.6 

33.6 4.4 3.9 17.3 

2 47.3 6.1 5.9 22.8 

2 78.5 10.2 7.4 25.2 

3 132 17.1 .1 26.9 

3 158 20.5 11.2 28.6 

4 169 21.9 13.2 30.1 

4- 171 22.2 15.6 31.8 

192 24.9 21.5 3.8 

6 205 26.6 28.0 4O..) 

200 26.0 33.7 43.6 

170 22.1 34.4 5.1 

155 20.1 35.4 



TABLE 6 (Continued) 

Glucose-6-C14 (5. '3 rricrocuries) 

Specific Activ- 
Time-Hours ity (c.p.m./mg. Specific Total Carbon 
from Zero 13aCO3 Activity Activity Recovered 

2.14 0.28 c.o81 4.8 

1 4.29 0.55 0.31 11.9 

6.56 0.85 0.67 19.0 

2 9.15 1.18 0.94 22.7 

2 32.6 4.22 1.45 24.7 

3 75.5 9.75 2.06 35.2 

3 105 13.6 3.5 37.0 

4 146 18.9 6.5 38.5 

4>- 164 21.2 8.5 40.0 

157 20.3 11.9 42.8 

6-i- 152 19.7 14.7 50.2 

7 116 15.0 17.9 53.7 

8 136 17.6 21.4 57.1 

93 12.0 23.6 60.3 
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TABLE 7 

TITE C140 DATA FROM YEAST METABOLIZING 
ISOTOPIC GL1JCSE (4. millimoles) IN SALTS TEDItTM 

AT 300 C. lU AIR 

Glucose-l-Ci-4 (ic.i microcurles) 

ime-Hours Specific Activity Specific 
from Zero (c.p.m./ni. BaCO3) Activity 

- 283 17.9 

i 288 18.0 

1 294 18.6 

2 292 18.5 

314 19.9 

3 380 24.0 

3T 476 30.1 

4 630 39.4 

4 625 39.6 

S 531 33.6 

5- 506 32.0 

6 481 30.4 



TABLF 7 (Continued) 

Glucose-2-C14 (10.0 microcuries) 

Time-Hours Specific Activity Specific 
from Zero e.p.m./mg. BaCO3) Activity 

280 18.1 

1 219 14.1 

247 15.9 

2 258 16.7 

2- 285 18.4 

3 307 19.8 

3 270 17.4 

4 485 31.3 

4.: 735 47.4 

S 67S 43.6 

84 55.1 

6 865 5.8 
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TABLE 7 (Continued) 

Glucose-6-C'4 (10.1 nicrocuries) 

Time-Hours Specific Activity % Specific 
fron Zero (c,p.m./mg. BaCO3) Activity 

63.7 4.00 

1 12.9 0.80 

20.1 1.27 

2 22.0 1.40 

2 .2 3.20 

3 130 8.30 

3* 296 18.8 

4 27 33.4 

4* 74 30.0 

493 31.2 

493 31.2 

6 334 21.2 
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TABLE 8 

TflT c4o PATA FROM YEAST PTABOLIZThG ISOTOPIC 
GLUCOSE (46 millimoies) IN SALTS 1EDIUM AT 21° C. 

Glucose-l-C'4 (1.0 rnicrocurie) 

Specific Activ- 
Time-Hours ity (c.p.m./mg. Specific % Total 5 Carbon 
from Zero BaCO3 .Activity Activity Recovered 

4.2 8.3 0.34 0.9 

1 6.08 11.1 0.85 2.2 

34 5.32 9.74 1.95 3.7 

2 4.40 8.04 2.00 5.7 

2; 4.77 E.7 2.77 7.7 

3 5.37 9.8 3.78 10.0 

3? 5.62 10.2 4.94 12.7 

4 4.75 8.65 5.84 15.1 

4. 6.08 1ÎJ 7.00 17.5 

5) 7.28 ]3.3 8.36 19.9 

6 8.50 15.5 9.9 22.2 

7 11.7 21.3 11.6 24.0 
8- 18.4 33.6 14.1 25.7 

9+ 20.5 37.4 15.8 26.8 

15.3 27.9 17.2 27.9 

1l- 16.4 29.9 19.0 28.2 

12j 15.1 27.5 19.9 30.0 

13 15.5 28.3 21.4 30.6 
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TABLE 8 (ContInued) 

Glucose-2-C'4 (0.64 rnlcrocurie) 

Specific Actv- 
TIie-Hours ity (c.p.m,/mg. $pecIfic Total % Carbon 
fromzerc BaCO3) Activity Activity Recovered 

- l.2 3.2 - 1.1 

i 1.86 j.92 2.3 

1* 1.2 2. 0.77 4.04 

2 l.1 2.4 1.02 

2-- 1.69 3.6 ]..45 7.7 

3 - - - l0..L 

3. - - - 12.7 

4 - - - I.3 

4.- 2.08 4.4 3.9 16.1 

;* 2.38 5'.O 4.7 21.0 

6* 2.61 5.5 5.7 23.5 

7* 3.98 6.4 6.6 25.4 

8* 8.75 18.5 8.5 27.2 

9* 11.1 34.0 10.4 28.1 

1O- 20.0 42.0 12.9 29.1 

11+ 19.9 42.0 16.0 30.3 

l2- 24.4 52.0 19.1 31.4 

13+ 24.8 52.4 22.5 32.4 

14 25.2 53.3 2b.2 33.6 
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TABLE 8 (Continued) 

G1ucoe-6-C'4 (1.0 microcurle) 

Specific Activ- 
Time-Hours ity (c.p.m./rig. Specific Total Carbon 
from 7ero BaCO3) Activity Activity Recovered 

.- 0.307 0.39 .036 

i 0.119 0.1 .C2 2.94 

1* 0.12 0.20 .073 4.64 

2 0.149 0.20 .098 6.84 

2 ).29 0.39 .1 9.15 

3 0.67 0.86 .28 11.7 

3V?: 0.34 0.43 .35 14.5 

4 0.48 0.62 .45 17.1 

4 - - 19.8 

1.14 1.46 .68 22.3 

6* 1.65 2.12 .97 24.7 

7* 3.17 4.06 1.38 26.4 

8* 10.35 13.3 2.61 27.9 

9* 17.9 22.9 3.98 29.0 

1O- 16.8 21.5 5.44 30.1 

11+ 15.7 20.1 7.15 31.5 

12* 15.9 20.4 6.09 32.3 

13+ 15.5 19.9 9.46 33.4 



TABLE 9 

T!F C1O.- DATA !ROM YEAST TO 1'THICH ISOTOPIC GLUCOSE 
WAS A1DED 3 HOURS AFTER INITIAL ADDITION OF 

UNLABELED GLUCOSF (4.6 mIllimoles) 
WITH THE CELLS IN SALTS TDIITh AT 21° C. 

Glucose-1-C'4 (1.0 microcurle) 

Time-Hours Specific Activity Specific Total 
from 'ero (c.p.m./mg. BaCO3) Activity Activity 

* 2.31 3.06 0.69 

i 4.21 .64 1.53 

1* 4.9]. 6.51 2.66 

2 4.72 6.26 3.7i 

2-tr 5.91 7.8 .O2 

3 5.83 7.74 6.28 

3- 6.95 9.22 7.50 

4 7.50 9.90 9.00 

Al - - - 

22 - - - 

i - - - 

7* 11.0 14.6 13.5 

8* 13.5 17.9 14.6 

9 16.7 22.2 15.4 

10 13.7 18.2 16.7 

11 11.5 15.3 17.5 

The carbon recovered at termination of this 

experiment was 33.2. 



TABLE 9 (Continued) 

Glucose-6-C'4 (1.0 microcurie) 

TimeHours ecifìcTfTriSecTflc Total 
from Zero (c.p.rn./g.. BaC0 Activity Activity 

0.463 0.500 - 

1 0.290 0.400 - 

0.330 0.420 - 

2 - - - 

2 0.417 0.530 0.400 

3 0.540 0.690 - 

3- 0.650 0.850 - 

4 0.680 0.870 0.8CC 

Al - - - 

- - 

6 2.40 3.08 1.73 

7 3,73 4.78 2.J7 

E.6o 11.0 2.70 

9* 12.4 15.9 3.94 

10- 12.5 15.9 4.94 

The % carbon recovered at termination of this 

experiment was 35.3. 



TAJ3LF 10 

THP C-4O, DATA FROM YEAST 1FTABOLIZING ISOTOPIC 
G1UOSE (4.6 mIllinioles) IN PHOSPHATE 

BTJFFFP PTITTM AT 210 C. 

Glucose-1-C'4 (1.0 mcrocur1e) 

Specific Activ- 
T1me-ours Ity (c.p.rn./mg. 3pec1fic Total Carbon 
from 7ero PaCO,) Actvity Act1vty Pecovercd 

.. 3.9 .24 0.12 1.17 

5.17 6.g6 0.28 2.4 

* 7.86 0.46 3.68 

2 6.08 8.c6 c.6 4.98 

2 6.67 8.e. C'.86 .21 

3 6.57 8.71 1.06 7.44 

3- 6.43 8.2 1.26 8.66 

4 .62 7.4 1.43 9.75 

5.62 7.4 1.61 11.2 

5;T 6.7 8.71 1.80 12.1 

6.82 9.05 .99 13.0 

7.43 °.85 2.2 14.0 

7.03 10.1 2.47 1.6 

3.88 - :..53 17.3 

1O- 7.43 10.5 4.48 18.8 

11* 8.48 11.2 .59 20.3 

12+ - - 21,0 

13+ 9.76 13.0 6.64 22.4 
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TABLE 10 (Continued) 

Glucose-6-C14 (1.0 microcurie) 

SpecifTActiT - 

Time-Hours Ity (c.p.rn./"g. Specfc Total Carbon 
from ero FaCO3) Activ Activ Recovered 

0.505 0.65 - 1.28 

1 Ö.74.0 0,95 - 2.16 

1?- 1.13 1.45 0.22 3.42 

2 1.93 2. 0.40 4.74 

2-- 1. l 1. 9' o. 6 6.04 

3 1.72 2.2 O.4 7.31 

3 2.34 3.0 0.97 8.62 

4 2.72 3.49 1.22 9.85 

4T 2.17 2.78 1.41 

5* 2.81 3.6 1.69 2.2 

6 2.59 3.32 1.92 33.4 

7 2.95 3.88 2.15 34.4 

8- 3.50 4.1L8 2.65 36.3 

10F 3q54 4.54 3.08 19.6 

11+ 3.82 4.90 3.54 21.3 

12 - - - 22.0 

4.78 6.33 4.00 23.3 



TABLE 11 

A CO]fPARISON OF TRE C'40 FFO' YEAST 
METABflLI7I!TG ISOTOPIC (-ITTE m111iio1es) 

IT SALTS 'TDItM AT 21° C. TThDER A 

Glucose-i-C'4 ((". ri1crocrie) 

Speclfic Activ- 
Tie-ours ity (c.p.r./rng. Specific Total Carbon 
from Zero BaCQ) Act1vity Activity Recovered 

4 .O8 3.68 0.63 2.3 

1:- 8»2 6.17 1.40 4.0 

2 l0.3 7.49 2.72 6.4 

2 9.42 7.17 3.97 8.8 

3 8.6 6.26 .28 i1. 

3* 9.47 6.8 6.36 13.8 

4 8.70 6.30 6.99 1.0 

4- 10.6 .62 8.80 15.2 

11.8 8.5 10.6 21.0 

6* 2l. l.6 14.8 24.8 

7* 28.2 20.4 18.8 27.8 

8- 18.4 21. 29. 

17.8 12.9 22.2 30.4 

21.7 1.7 26.0 33.6 

il 21.7 15.3 30.4 37.5 

40.2 29.1 32.2 3o.8 

13 11.2 8.1 32.7 39.4 

i4T 8.6 6.2 32.9 39.8 

9.0 6. .O 4.O 
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TABIF 11 (Continued) 

G]ucose-2-.C14 (0.60 mcrocurie) 

Specific Activ- 
Time-Hours ity (c.p.m./rng. Specific Total Carbon 
from Zero flaC0-) Activity Activity Recovered 

.- 1.90 1.27 0.18 1.8 

i 3.72 2.25 0.40 3.2 

:1* 3.7 2.53 0.80 5.2 

2 4.34 3.56 1.19 7.0 

2 4.08 3.34 .62 

3 4.27 2.88 1.95 10.7 

3- 4.34 2.93 2.15 11.6 

4 4.49 3.03 2.72 14.2 

4: 4.67 3.14 3.33 16.9 

5. 6.74 4.37 4.80 21.5 

6-i- 14.7 9.90 7.75 25.5 

7 26.9 18.1 11.0 28.0 

8 36.0 24.3 13.5 29.4 

47.2 31.9 19.5 32.0 

iO- 50.2 33.8 26.8 34.9 

11 i.O 34.4 32.8 37.4 

12 45.3 30.6 37.5 39.4 

13 13.8 9.20 3.0 40.0 

14k 8.95 6.00 38.0 40.3 

14.4 9.90 38.6 41.0 



TAPLF 11 (Continued) 

Glucose-6-C14 (0.62 microcurie) 

Specific Activ- 
Time-Hours ity (c.p.rn./rng. Specific % Total Carbon 
from 7ero BaCO3) Activity AcUvity Recovered 

0.280 0.220 - 2.0 

0.714 C.70 0.0 3.5 

2 '.17 0.930 0.179 

2 0.750 c.600 C.253 7.4 

3 ].36 1.08 0.400 9.7 

3 0.710 0.570 0.470 11.9 

4 3.66 2.90 0.610 12.6 

4.- 1.00 0.790 0.750 15.6 

1.34 1.08 0.920 18.3 

6 1.66 1.32 1.26 22.2 

71 6.50 5.16 2.60 27.1 

8- 18.4 14.6 4.80 29.6 

9* 23.8 18.9 7.70 32.2 

1O- 23.3 18.5 10.4 34.7 

11 22.7 18.0 13.5 37.6 

12+ 21.6 17.2 15.7 39.7 

13 34.5 27.4 24.2 43.7 

18.8 14.9 24.9 44.4 

14.4 11.4 25.2 44.8 



TABLF 12 

TTE C140 PATA FROff YFAST TO WHICH ISOTOPIC GLUCOSE 
(1.67 rni11mo1es) WAS ADrFD 4 HOURS AFTFR flIITIAL 
ADDITION OF UNLABELEP GLUC OSE WITH CELLS IN SALTS 

!$DIUM, IN AIR AT 21° C. AND pH 3.8 OR BELOW 

Glucöse-i-C14 (O. microcurle) 

Specific Activ- 
Time-flours ity (c.p.ni./mg. Specific % Total Carbon 
from Zero BaCO3) Activity Activity Recovered 

. 
.32 4.75 0.610 2.10 

1 7. 6.92 2.20 5.50 

2 7.98 7.13 3.60 9.50 

23 8.00 7.15 5.40 12.8 

3 8.48 7.60 7.40 16.8 

3;- 9.22 .24 8.80 21.9 

4 10.2 9.10 10.5 2j.9 

4? 11.0 9.80 12.7 27.4 

5 11.4 10.2 14.2 31. 

5-. 16.8 15.0 15.7 33.6 

6 15.8 14.1 17.3 35.8 

7; 13.8 12.3 19.4 37.2 

&. 12.8 10.8 22.1 40.1 

9-i. 9.50 8.50 23.8 43.2 

10k 10.5 9.40 24.9 44.6 

11- 7.70 6.90 26.8 47.5 

12: 10.2 9.20 27.6 50.5 

13- 11.7 19.1 27.9 51.5 

14+ 8.31 7.40 - 52.0 



TABLE 12 (Continued) 

Glucose-2-C14 (0.60 mlcrocurie) 

Specific Activ- 
Time-Irours ity (c.p.ni./rng. Specific % Total 2 Carbon 
from Zero BaCO3 Activity Activ:ity Recovered 

1.09 0.890 - 1.80 

1 3.03 2.0 0.610 .30 

1* 2.99 2,4 1.18 9.10 

2 3.98 3.26 1.81 123 

2c 3.49 2.89 2.6 16.6 

3 2.79 2.29 3.3 22.3 

3- 4.8 3.97 4.04 2.2 

4 6.16 .o5 5.09 28.6 

4- - - - 

S 9.28 7.60 6.22 311 

* 13.2 10.8 7.06 32.4 

6- 21.6 17.7 9.16 343 

27.4 22.4 13.6 376 

8- 31.0 25.7 18.6 40.8 

9+ 27.6 22.6 21.8 432 
28.4 23.3 26. 465 

i1- 29.8 24.4 30.8 49 

12+ 28.6 23. 35.8 52.9 

13-'- 14.2 11.6 36.4 

14-i 10.7 8.78 37.0 54.6 
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TABLE 12 (ContInued) 

C-1ucose-6-C-4 (0.62 microcurle) 

Specific Activ- 
Time-Hours Ity (c.p.rn./rng. Specific % Total % Carbon 
from Zero BaCO3 Activity ActIvity Recovered 

-- 10.3 8.16 1.0 3.12 

1$; - - - 7.00 

2 7.66 6.09 3.10 10.5 

2 7.58 6.02 4.46 14.0 

3 .97 4.,74 5.82 18.7 

3. 6.27 4.98 7.3! 21.7 

4 7.57 6.03. 8.0 26.0 

44- 7.28 6,18 9.90 29.5 

S 9.57 7.60 12.0 33.7 

5- 12.4 9.85 13.2 35.6 

6 18.1 14.4 14.6 37.0 

7+ 18.6 14.9 16.6 39.1 

17.8 14.1 20.0 42.8 

16.3 12.9 22.9 46.2 

10 19.9 1.8 25.0 51.6 

11+ 16.7 13.3 27.7 53.0 

i2 12.5 9.9 28.3 57.0 

13+ 8.10 6.4 30.0 58.0 

14 20.9 10.4 31.9 59.5 
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DISCUSSION AND SUARY 

The Resriratory CO2 Data 

The Warburg studies 

As shown in Table 1, yeast allowed to utilize 

glucose aerobically in a salts medium yielded ari average 

Cl/C6 ratio, for four experiments, of' 3.14. To facilitate 

comparison each of these experiments was terminated at an 

average oxygen consumption of 39%, calculated on the basis 

of the oxygen theoretically required for complete corn- 

bustion of the glucose. This value of the C1/C6 ratio 

clearly indicates an appreciable contribution to the res- 

pired CO2 from the alternate pathways of glucose utiliza- 

tion. The existence of a high C1/C6 ratio in the early 

phases of glucose dissinilatin was further confirmed by 

the time course studies. 

Also, as shown in Table 1, for 4 experiments, the 

sverage value of the C1/C6 ratio was 1.73 when indole- 

acetic aeid (IAA) was included in the salts medium. It 

is interestirg to note that, while the radiochernical 

yields of CO2 from both glucose-1-C'4 and g1ucose-6-C-4 

decreased in the presence of IAA, the decreased C1/C6 

ratio was exclusively due to the derressinn of the radio- 

chemical yield of CO2 from glucose-1-C3-4. This is rather 

surprising in view of the rerrt cited (43), that IAA 
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decreased glycolysis and increased oxygen consumption in 

animal tissues. The present result suggests that, in rast, 

IAA may specifically suppress one or more of the reactions 

of the alternate pathways of glucose utilization. 

In the experiments in which yeast utilized glucose 

in a phosphate buffer medium the C1/C6 ratiö of radiochern- 

leal yields was appreciably lower, for the same oxygen 

consumption, than for experiments conducted in the salts 

medium. The C1/C6 ratio of 1.76 (Table 1) obtained for 

buffer medium is in reasonably good agreement with that 

reported by Beevers and Gibbs (4). In their experfrent 

a C1/C6 ratio of 2.0 was obtained for yeast which had 

utilized glucose in a phosphate buffer to the point at 

which lO-20 of the glucose initially added had been re- 

spired. 

The time course studies 

The cumulative, or radiochemical yield curve (per 

cent total activity), clearly Indicates the difficulty 

encountered in 1Jarburg studies. In such studies the 

C1/C6 ratios are taken as indicating the proportional 

contributlrn of the alternative pathways of glucose 

metabolism to the respiratory CO2. That the conditirns 

(oxygen consumption, or time) for which the C1/C6 is 

given must be specified is apparent from this curve in 
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which the glucose-1-, and glucose-6-C14 curves diverge 

rapidly in the early phase, then run parallel for a long 

period and finaiJy converge slowly. It is instructive 

to note that in a growth medium the radiochemical yield 

of C'402 from glucose-l-Ci-4 is always higher than that 

from glucose-6-C'4 suggesting that carbon 6 of glucose 

contributes to biosynthesis tn a hger degree than does 

carbon 1, so that the 6-carbon tends to be conserved. 

These results are In agreement with those of Heath and 

Koffler for ysogenum. 

The cumulative activity curve also shows that activ- 

Ity from the metabolism of glucose-6-C14 does not begin 

to appear In the respiratory CO2 until after the glucose 

has disappeared from the medium, regardless of the level 

of glucose admInIstered to the medium Initially. However, 

this is true only in salts medium. In phosphate buffer, 

activity from g1ucose-6-C-4 appears In the earliest CO2 

samp1s in appreciable quRntities. This indicates that 

the alternate pathways operate to the same degree in a 

buffer medium as In a growth medium, the difference being 

that only in a growth medium Is carbon 6 conserved to a 

larger extent than carbon 1. 

Another important feature of the radiochemical yield 

curve Is that from it the contribution cf the alternate 

pathways may be readily calculated. Since in the early 
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hse t'.e rad1ccherrica1 yield ' frnrn glucose-6-C14 

Is negligible, the ccntrlbutiori of the ]trnate pathways, 

or) a rercntge hais, is consequently given drctly by 

the rc1ioc}ernic2 y1d froìi glueo-i-C14 at this poirt. 

1IThvs, for a typical expr1ent (Figcre 3), the maximum 

cortribtion of the 2terriate pathways is approximately 

1. This flgure is in general agreement with that given 

by other invstigators (9). For later phases In which 

apprec5a1e 'ct1v1tT appears in CO2 from g1ucce-6-C34 

the raciochica1 yie]d curve from g1ucose-1-C-4 probably 

represents the sum of the contrihut1crs of both the gly- 

colytic-ci.tric acid cycle, and the alternate pathways. 

The glucosc-6-C)-4 curve represents more nearly the conver- 

sion of carbon 6 of glucose to CO2 va triose and the 

citrIc acid roi'te. As a corollary of this conc]tsicn 

it may he infrre! that the proportion of' glu'ose eta- 
boiized via the alternate pathways remains nearly constant 

fr)r a considerable Deriod sir.ce t radiochemical yield 

curves for hrt) glucose-].- , nd glucose-6-C14 remain 

essentially parallel. This method of calcuiaticn is 

simplr and more rapid than the othr types of analysis 

which have been sugested. 

The data on the specific activity of colThcted 

over an tntrvai may be plotted directly against time, or 

it may he plotted on a perentage basis. The latter is 
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more convenient for comparing the results of different 

experiments. These percentage specific activity curves 

exhibit some striking properties. 

On the basis of the glycolysis-citric acid rattern 

carbons 3 end 4 cf gJucose should appear first as CO2 

followed in turn by carbons 2 and 5, and finally by car- 

bons i and 6. In all the time course studies made the 

maximum specific activity of C0 fron the 3 labeled car- 

bons appeared in the order: 1, 6, 2. The initial rise 

of the glucose-l-C14 curve is to be expected if preferen- 

tial oxidative decarboxylation of carbon i of glucose is 

taking place. The rise in per cent specific activity 

(p.s.a.) of CO2 from glucose-6-C'4 which is accompanied 

by a corresponding slight rise in the p.s.a. curve from 

glucose-l-C'4 is also expected on the basis of glycolysls- 

Krebs cycle activity. The fact that the pes' of the 

glucose-6-Ci-4 curve is lower than that of glucose-2-C14 

'4 but occurs earlier than the glucose-2-C- peak is in 

accordance with the findings of ang al. (40) who 

showed that under the conditions of these experiments 

pyruvate was incorporated via the Wood-?erkman reaction 

to the extent of 7O. Thi.s being the case a relatively 

smaller portion of carbon from carbon 2 of glucose will 

appear as the carboxyl carbon of acetate and should ap- 

pear as CO2 sooner than that of carbon 6. The greater 
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pro'orti.crì nf cìrön 2 wIll appear as the alpha carbon of a 

4 carbon acid. Then such an acid Is retabo1jzed via the 

TCA cyele,earbon 2 of glucose behaves the sanîe as carbon 6. 

This interpretat1n explains why the p.s.a. curve of glu- 

coe-2-C14 has a hIgher peak value than that of glucose-6- 

C14 but reaches its peak value later. See page 7g.. 

In respect to the portIon of glucose (l) etabo- 

llzed via the alternate pathway It Is of interest to note 

that the pentosa forme1 In this fashion probably was not 

further utIlized by way of the pentose cycle to yield 

CO2 from glucose-2-C1-4. This is evidenced by the fact 
that the peak of the p.s.a. curve from glucose-2-C14 

occurs appreciably later than that of glucose-l-C14, in 

athitIon to the fact that 1.vhen the specific activit:T of 

CO2 from glucose-l-C14 is a maximum the specific activity 

of CO2 from glucose 6 is still very low. This observa- 

tion, coupled with the finding that the proportion of pen- 

tose pathway Is essentially constant, strongly suggests 

that, In yeast under cond1tins of growth, the oxidative 

pathway functions primarily as a source of pentose which 

is a key biosynthetic intermedIate. 

It may also he noted that the relatIve contribution 

of the alternste, and Ernhden-ieyerhof patIuays to glucose 

dissimilation 1s essentially the same in all experiments 

performed In synthetic mediuiri, irrespective of whether 

the experiment was carried out at 210 or 300, whether 
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under oxyc eri or 1r; and whther or riot the yeast had pass- 

ed through a four hour "pre-growth phase" In salts medium 

prior to the tracer experiment. Furthermore, the propor- 

tìc,ii of the two path . ways appears to be Independent of' the 

pP of the medium under normal conditions. ThIs conclusion 

was also reached by Blumenthal t . (9). However, 1n 

one experiment, in wh5ch the medium was suddenly rnde 

strongly acid, th r'st'lts obtained were anaogous to 

those found Ir) buffer n' .. edlurn in which the p.s.a. curve 

for glucose-l-C'4 renained high while the corresponding 

curve for glucoe-6-C'4 was much higher in the early 

phase than in previous experiments, though still below 

the glucose-i-C14 curve. This led to a decreased 

ratio. This indicates that the sudden drop in pH 

probably had caused marked reduction in biosynthetic fune- 

tion. 

The Incorporation studies 

Txanination nf the radioautographs made from 

chromatograms of the yeast hydrolyzates from various ox- 

periments reveal ari essentially uniform picture of the 

incorporation of radioactivity from labeled glucose 

samples into the various amino acids. The observations 

wil]. be discussed in connection with the various amino 

acids. 
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o 

Gutariic acid 

This amino acid contained the major portion of the 

glucose rac1ioactivty incorporated into protein d'iring 

the first half of experi'ient TC-2, and a irrii1ir rattern 

v'as found in other cases. This is in accord with the 

view that glutamic acid accumulates rhen carbon sources 

are utfli7ed by yeast, and thus serves as a storehouse 

of l'ey biosynthetic rits. In later stages the heavy 

labeling of glutarnic acid is gradually transferred to 

other amino acids. 

lys me 

This compound is also observed to have an appreci- 

able fraction 'f the incorporatd radioactivity in the 

earliest samples. This is not surprising inasmuch as 

lutamic acid is regarded as a key intermediate in lysine 

biosynthesis. This result suggests that 4 carbon acids 

are not irnportant precursors of the lysine molecule. 

It was also observed that, although depletion of 

endogenous corbor caused a marked drop in the amount of 

isotope present 1n glutamic acid, the activity of lysine 

continued at its initial high level throughout the dura- 

tiGli of the experiment. This indicates that the eauilib- 

ria of the reactions leading to lysine fron glutamic acid 
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are stroriy in favor of lysine formation. 

partic_açd 

Aspartic acid was found to be only i'aintly labeled 

in these experiments. Thus, aspartic acid apparently 

does not function as a storehouset$ which dif$erentites 
the function of aspartic from that of glutamic acid. 

This result may be due to the fact that the aspartate- 
oxalacetate system is in a rapid equilibrium with res- 
piratory processes. 

ros the 

In these experIments tyrosirie was fotnd to be only 

slightly labeled in comparison with the other amino acids 

discussed above. The biosynthesIs of tbe aroriatic amino 

acids thus seems closely related to TCA cycle intermedi.- 

ates rather than intact glucose or related sugars. 

PhenvThlanine 

The results foind for phenyla].anine were essentially 
the saine as those for tyrosine. 

Proline 

Though rrolIne has been considered as closely re- 
lated to gThtarnic acid this compound was not labeled from 



70 

any of the substrates used unti] the later samples. This 

is probably due to the rate o1 the biosynthetic reactions 

leadirg to proJine being relatively slow. 

A larine 

ThIs amino acid was the only one in which a differ- 

e.re in isotope concentration could be distinguished for 

t!e different labeled sugars used as substrates. Inì the 

early samples alanine was unlabeled when glucose-l-C' 

was the substrate vhi1e alanine from either glucose-2-, 

or glucose-6..C14 was faintly labeled In the earliest 
samples. This dIfference disappeared in the later samples. 

This Indicates that the observed preferential oxidation of 

carbon I of' glucose Is not due to the operation of the 

Entner-Pnuderoff pathway. If this pathway were operative, 

pyruvate,and consequently alanine, would be equally labeled 

irrespective of the position of the labeled carbon in the 

glucose metabolized. That this Is not observed indicates 

that the preferential oxidation of carbon i of glucose 

takes piace irla the pentose pathway. 

RadioactivIty from ribose-l-C14 was observed to be 

incorporated into lysine, glutamlc acid, alanine, and a 

single spot representing aspartic acid, glycine, and 

serine. This indicates that rihose can be converted to 

}rehs cycle intermediates by way of either a 
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cleavage or by sonle other unknown pathways. The radio- 

autographs from yeast which had ttliized acetate-i-, and 

acetate-2-C'4 cUd not give a sufficiently clear picture 

to allow adticnai concusioris to be drawn concerning 

the fate of the ribose fragments. 

Figure 4 

1234 6 
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123 14 ;6 
c-c-c c-c-c 

/\ 3,4 
C1)/' 

\ - 
co2 

123 / \6 123 
654/ \l2 64 
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c-c 
-t 

_l_ 

65 

3,4 
.- co2 

2121 2121 
*656 66 

c-c-c-c - co2 c-c-c-c-c 

* From this 4 carbon acid, carbons 1 and 6, or 2 and 5, 

have an equal chance of arpearing as rep1ratory CO2 on 
the next turn of the citric acid cycle. 
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