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CARBON DIOXIDE FIXATION AND
BIOSYNTHESIS OF AMINO ACIDS IN
YEAST (SACCHAROMYCES CEREVISIAR)

INTRODUCTIION

Investigation of non-photosynthetiec carbon dioxide
fixation hes occupled a prominent place in biochemical
research for the past two decades. Wood and Werkman (101)
were the first to show that heterotrophic organisms were

capable of incorporating CO».

Primary fixation reactions of CO2. In the years
following the first demonstration of €Oz fixing ablility on
the part of Proplonibacterium sp. more than a score of
blochemical equilibria have been described in whieh carbon
dioxlde 1ls a participant,

Carbon dioxide may enter Cj dicarboxylic aclds
through at least three routes:

1) £0p + CHz~00-COCH == HOCC-CHp-CO-COOH

2) COp + CHz-C0-COOH' + TPN+H + H*===
HOOG~CHp~CHOH-COOH + TPN

3) L0p * CHz~CHp=-COOH —~ HOOC~CHp~CHp~COOH

Reactlon 1 was proposed by Wood and VWerkman (102) to

account for thelr previous observation but a2 more complete

! ﬁ{ﬁg% likely phosphoenolpyruvic scid (CHp=COPO3HR-COOH)
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clarificatlion of the system involved was afforded by lso-
toplc tracer studies using 83'302 (41, 97, 98, 100). The
reactlon, catalyzed by oxalacetic acld decarboxylase, was
found to be energy dependent (87), requiring adenosine
triphosphate or inosine triphosphate (85).

The second of the foregolng resctions was first
educed by Ochoa, Mehler, and Kornberg (58). The catalyst
for this reaction has been given the name "maliec enzyme"
and its dependency upon reduced TPN and Mn'® has been
established,

Reaction 3, found in Proplonibacterium pentosaceum,
(11), may also occur in rats, as evidenced by the findings
of Marshall and Friedberg who find (50,p.784) that only
thirty seconds is required after administration of
NeHCl%05 to the intect ret for the liver suceinste to
accunulate 61% of the incorporated activity. In the same
time melate and fumarate accumulate only 1 and 5 per cent,
respectively, of the incorporated 313.

Additlonal possibilities for entry of €Oz involve

other components of the Krebs cycle, as follows:
4) COp + CH3-CO0H = CHz~-C0-COCH

5) COp + HOOG=~OHp-CHp-CO-COOH === Eesc-cag-?{ax)—ﬂﬁa-mﬂ
LooH



6) €02 + HOOC=-CHp~-CHp~COOH === HOOC-CO-CHp-CHp-COOH

Evidence for reactlons 4 and 6 is based on measured
exchange of isotopie CO2 with non-labeled pyruviec acid (in
reaction 4) or xX-ketoglutarie ascld (in rsaetisﬁ 6). Be-
cause thess studies were undertaken with érude ensymse
systems and because the level of lncorporation was usually
low (86,p.92) the label may have been introduced by side
reactlions,

Reactlon 5§ is known to occur both in pig heart (57)
and in parsley root (20). As with the malic enzyme, this
system requires the presence of Mn'' and reduced TPN.

Scheme 1 reviews graphleally the eitric acid ecycle
in the presence of isotoplc carbon dioxide (562). The
numbers in the scheme correspond to the numbered reactions
in the text.



+C0p(4) O
CH3~C0-CQOH "——?——‘-.— CH3~C~8«CoA (44
@jcoz2 . .

(2) HOOC~CHp-C0-COOH J HOOC-CHp-C-GOOH

e

02 Eﬁosa-ﬁﬂgi-‘-ﬁﬁﬁﬂﬁéﬁf}ﬂ Ciﬁ
’ *
| (7) (5) ‘iﬁﬂe

Olt3~0H2-000R p106G_qH=CH-GoOH ®

- HOOG~GO~GH2-CH2~COOH

N\ @ (6) Jj +805
£02 e HOOG-CHp~CHp-COOH
(3)
SCHEME I

Randomization of label in Cx aai&s.‘ The primary

fixatlon into a Cj acid via reactions 1 and 2 will yield
diearboxylic acids having the lebel in the C-4 position
exclusively. However, the reversibility of reactions 7
and 8 provides for the formation of a symmetrical C4 aeld,
fumaric acid, Mosbach, et 21 (53), have established that
the formation of such a symmetrical intermediste will lead
to the randomization of isotope in both eaﬁbdxyl groups of
malate and oxalacetate when these acids are reformed. The
extent to which this oeccurs will depend upon the repldity
with which reaction 7 comes to equilibrium. The activity
assumed by C-1 due to this randomization is noted as & in

Secheme I.
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An ides as to the extent to which randomization
proceeds in living systems may be gleaned from investiga-
tion of lsbeling patterns of key intermediates available
from COp fixation experiments,

In memmalien liver, Marshall and Friedberg (50)
found that as much as 30% of the sctivity contained in
oxalacetate appeared in the X-carboxyl group (C-1), within
five minutes after injectlon of NaiCl%0s3 into the intact
animal,

Swlek (78,0.58) has demonstrated that over a longer
perlod of time, complete egquilibration of carbone 1 and 4
of aspartic acid is attained, The animals (rats) with
which he worked were malntained for 85 days in contaet
with a low constant partial pressure of G105, During this
time "radloactive saturation" in the liver was attained.

After = one hour inecubation with 61492, Escherichla
£oll had only 20% of the aetivity in C-1 of aspartate (3,
P.170; 62,p.1015) but at the end of forty hours,
Aspergillus niger could be shown to have 34% of the acti-
vity of malie acid in C-1 (54,p.439) indicating that
randomization had proceeded more than half-way to com~
Pletion in that length of time,

Appearance of isotope in C-1 of pyruvate may arise
from two processes: first, through randomization of Cy

aclds as just described, followed by reversal of reactlons
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1 or 2 (decarboxylation); or second, through combination
of ¢l%0, with acetate (reaction 4). The carboxyl-labeled
yyruvéte produced in the latter reaction would also con-
tribute isotope te C-1 of oxalacetate or malate through
reactions 1 or 2. CO2 incorporation into pyruvate C-1
has been observed directly in pigeon liver (99) and has
been inferred by the finding of isotope in alanine
isolated from bovine systems assimilating EaﬁﬂléGB (12,
D.367).

The three tricarboxyliec acids, eitrie, ggg;aeaﬁit&c,
and 1soeltrie, are formed by way of reactlon 10. Again,
the extent to which randomization of the C4 acids has
oceurred will be reflected in the labeling patterns of the
C¢ acids. Thus, the ratlo of the activities of primary
COOH/tertiary COOH in eitric acid from A. niger is about
2:1 (45, 51, 54), indieating that the randomization in the
Cy aclds was about 2/3 complete. This conclusion is based
on the assumptlon that all of the clirate arose from con-

densation of acetate with oxalacetate.

ggg_rixgtiaa into amino aclids. The blosynthesis
of amino aclds has been examined with fixation reactions
involving CO02 or other €3 units.

Aspartic and glutemiec acids bear a close relation~
ship to oxalacetic and X-ketoglutarie aclids, respectively,
through amination and trensamination reactions. It is not
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surprising therefore that a large share of the lsotope
contributed by labeled CO2 is usually found in these two
amino aclds. Examlination of Scheme I suggests that
aspartic acid will have activity confined to C-1 and C-4
in a ratio dictated by the extent to which randomlzation
occurs. Frevious consideration of these acids has conw-
firmed this (3,p.170 and 62,p.1015).

Glutamie acid (and<§—ketsglataric acld) should have
the activity of the entire éalacule confined to C-1l, This
1s confirmed by Delluva (28,p.T44), Evans and Slottin (33,
p.445), Roberts, et al (62,p.1015) and Abelson (3,p.170),
although an important exception to this arises from the
work of Hendler and Anfinsen (39). In hen oviduct prepa-
rations they found up to 30 per cent of the isotope in C-5
of glutamic acid.

Following exposure to 61492, the guanido ecarbon of
arglnine is found to possess a high level of activity (28,
P.T44; T8,p.58; 3,p.169; 37) whereas it appears that
histidine and lysine do not incorporate the label exten-
sively. The histidine arising from COp fixation in bovine
tissues contains only small amounts of activity and this
is confined entirely to the carboxyl group (12,p.368).

The carboxyl group in lysine, on the other hand, contains
only 15 to 30 per cent of the total aetivity in the mole=-
cule, when ¢1%05 1s fixed by E. coli (3,p.170; 2,p.1023).



The proposed blosynthetic routes leading to lysine in
yeast (T4; 75 and 27,p.15) require that acetate carboxyl
carbons become C-1 of lysine and, as may be observed from
previously mentioned reactlons, no activity of fixed 2@g
may be expected in the acetate molecule. The differences
between yeast and E. colil in this respect may be due to
varlations in the hiosynzhﬁtie pathway to lysine in these
organisms or may be based on the possible occurrence in
E. colli of lysine decarboxylase, en enzyme system shown
in Bacterium cadaveris by Hanke and 5iddiqi (38).

Froline has been shown to arise from glutamiec acid
via cyclization of glutamic-Y-semlsldehyde (89) in an E.
coll mutant. This finding has been supported by Abelson's
isotople competetion experiments (2,p.1022) using normal
E. goli. Bwiek (78,p.58), on the basis of the low incor-
poration of COp into proline as compared to glutamie acid
in rats, concluded that this cyelization does not operate
extensively in these animals,

The known interconversion of serine and glyeine
(103 32; 46; 52; 69; 65; 66; 68; and 7) would lead to
similerity in the labeling patterns in these compounds,
it 1is further believed that the Cy participating in this
interconversion does not arise from CO2 (86,p.99).

Serine has been demonstrated to be convertible to

pyruvate in a number of microorgenisms and in memmelisn



livers (21), but the reversal of this reaction (i.e.,
gyruvaté to serine) is not well established (67,p.165;
TsP+1345; 46,p.643).

The partial conversion of serine to alanine is
shown by Lien and Greenberg (46,pp.641-3) to occur in rat
liver cytoplasmic macrogranules as well as in the whole
rat., The formation of alanine from pyruvic azcid is mean=-
while quite well established in pigeon breast musele (23).

Scheme II outlines these interconversions.

-i'mia #Gl
CHz~00~COOH === CH3~CH(NHp)-COOH === CHo(OH) -CH( NHz) ~COOH
CHp( NHp ) -COOH
SCHEME II

In rats fixing ¢1%, (78,p.59) it is shown that
muscle serine and glyeine probably do not acquire all of
thelr respective activities from aianina whlle in the
livers the actlvities are such as to make this conversion
possible. Abelson (2,p.1021) has indicated that serine,
alanlne, and glyclne are all devoid of aetifity in E. ecoll
which has fixed 31&02.
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An uvnususl example of Glhﬁg fixatlon into glyecine
ls provided by Brucells sbortus in whilch up to 40 per cent
of the fixed activity appears in this amino acid. The
corresponding alanlne contains only 1 per cent of the
fizxed label.

Threonine has been presumed to arlse from aspartate
from the slimilarity in labeling observed in these two
acids (3,p.169; 29; 48; 92) and from inhibition studies
(60 and 61). Homoserine is indicated as the intermediate
in this conversion (2,p.1023; 13; 22; 80).

Although interesting mechanisms for the formation
of valline involving pyruvic acid in living systems have
been proposed (47; 773 T9; 1; 92), no mention has been
made of carbon dloxlde fixation into this amino seid.

The lack of specific information on the mode of
carbon dloxide fixation in Sgecharomyces cerevisise com-
bined with the importance of supplementing work previously
done with acetate and pyruvate in this organism (26, 42,
81, 90, 91, 92, 94 and 95) stimulated the research
reported in this thesis., In the aerobic utilization of
pyruvate it was noted that carbon dioxide fixation played
a significant role (90,p.665) which could be more clearly
explained employing the methods used in this study.
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As will be noted later in the thesis, an unusually
high lncorporation of sl‘%g into glyecine and serine was
observed in this work, shedding new light on the blosyn-
thetle mechanism of these two amino acids,
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EXPERIMERTAL

Time course studles on incorporation of Glégg into

2mino acids in yeast. Freliminary studies were made into
the number and order of labeling of amino acids in yeast
grown on non-labeled pyruvic acid in the presence of nléag,
Representative samples of metabolizing yeast cells were
removed from a closed system at intervals and acid hydro-
lyzed. Two dimensional paper chromatogrsphy of the 4
hydrolysates fallewe& by radlioautography of the chromato-
grams provided a basls for evalu#ting the order in which
tﬁs amino aclds were formed in the yeast cell,
Fermentation of yeast in kinetic studles. A cul-

ture of Saccharomyces cerevisise (baker's yeast) was grown
in 2 malt extract medium. This was followed by a four
hour "enrichment" growth on a glucose medium as described
in earlier work é95,?.647). One hundred milliliters of
the yeast suspension (equivalent to 400 mg of yeast, dry
basis) was esntrifuged, the cells washed, and added to
100 ml of a sterile ﬁntrienﬁ medium having the following
composition: NaCl, 200 mg; KHpPOy, 400 mg; MgSOy4+THR0,
25 mg; CaClp+2Hp0, 25 mg; HzBO3, 0.1 mg; ZnS0y, 0.1 mg;
¥nSOy+4H20, 0.1 mg; FeCls, 0.1 mg; T1Cls, 0.05 mg;
CuS04+5H20, 0.01 mg; KI, 0.01 mg; Bacto-yeast extract, 10
mg; distilled water to 100 ml; pH 4.0 to 4.5,
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The medlum containing the yeast was placed in
sterllized flask A of the apparatus shown in Figure 1,

The medium was oxygenated through tube B. After a period
of 20-30 minutes the system wes evacuated through tube C
to a‘pfesﬁurs of about 20 mm Hg. Two milliliters of a
solutlon containing two millimoles freshly digtillaé pyru-
vie acld made to pH 3.5 with ammonlia were injected into
the system through vaccine port D. The 61462 was generated
in a separate apperatus shown in Figure 2. Fifty and
five-tenths milligrams of Batl%05 containing 1.82 milli-
curies G1# were introduced into chamber A, The apparatus
was evacuated and 40 per cent perchloric acid solution was
added through funnel B to react with the Bacl%0s. This
apparatés was connected to tube B of the growth flask and
the 61402 was swept into the system by a stream of oxygen
untll the pressure in the syatem became 20 em Hg less than
atmospheric pressure (measursd by maammetsr connected to
C).

The closed flask was agltated on a mechanical
shaker at 30°C., exeépt for brief intervals during the
removal of samples for analysis., Samples of flve ml each
were taken by evacuating the filter flask E connected to
the system via tube B, Each sample was received in a 10
ml centrifuge tube placed in the filter flask. The yeast
cells were collected by centrifugation, washed, and their
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radloactivity measured as thin plates of aliquots in cupped
planchets. The bulk of each sample of cells was killed in
cold ethanol and dried in a vacuum desicecator. The activi-
ties on the plates were used as an indication of the rate
of incorporation of Cl40, into the yeest end a curve of
these activities was found to parsllel very closely the
specific activity curve of the hydrolyzed yeast, as shown

- in Figure 3.

At two separate times during the course of the fer-
mentatlion, stalned slides were made of the medium. No
contaminating orgenisms were recognizable., At the ter-
nination of the growth period, nutrient agar plates were
streasked with varying dllutions of the remalning medium
and these cultured at 30°C. Exsminetion of these plates

also revealed nc contamination.

hydrolysate. Hydrolysis of the samples of dried yaa#t
cells was carrled out individuslly in sealed pyréx‘tdbes
with one ml of 6 N HCl. These were autoeclaved 6 hours at
15 p.s.l. pressure. The humin-free hydrolysetes were
evaporated to dryness 1n vacuo over P0g and NeOH.

To each of the dried hydrely#ates was added the
calculated amount of water to give a solution containing
700 pg amino aeilds in one-tenth milliliter of solution.
An allquot (0.01 ml) of each solution was plated on a
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cupped stainless steel planchet, dried, and counted. The
“results of these countlings are seen in Figure 3,

The remaining hydrolysate was used for single- and
two-dimensional paper chromatography. Descending chroma-
tography was carried out on Whatman no. 1 paper using
n-butancl-acetic acld-water (4:1:5) and 80 per cent
aqueous phenol conteining e trace of 8-hydroxyquinoline,
For resolutilon of the wvaline-leucine-isoleucine fraction a
one dimensional paper chromatogram was run using Whatman
no. 1 paper and 3:1 secondary butancl-ammonia (3 per cent)
as the solvent system (63).

Chromatography of known amlino gnids using the same
paper, solvents, and conditions served as the key in
identifying spots on the chromatograms and radloautographs.

Radloautograms were obtalned by placing x-ray fllm
(Eastman, no-screen) in direct contaet with the chromato-
gram for predetermined time intervals based on relative
actlvity of the spots on the paper.

The radlosutograms shown in later parts of this
thesls deplct lisotope incorporation after growth for one-
half hour to nine hours in the presence of Cléﬁa.

The lsotopic distribution of amino acids synthe-~
sized in the presence of 31463. The intramolecular dis-

tribution of radloactlivity in individual amino acids was
also examined, using yeast samples that had been grown for



19

5 hours with @1&62. This time interval was found to per-
mit maximum incorporation of isotope. lLarger quantities
of yeast were employed (see below) in order to permit
satisfactory degradation of isotopic amino acids.

For the amino acid degradation experiments, 44
grans of molst yeast obtained from growth on malt medium
followed by a four hour anargising growth on a glucose
rich medium (95,p.647) were added to one liter of medium
having the same composition as that mentioned earlier for
the time course studies, but containing 2.5 grams
(KHy) 2804 per liter in sddition to the other constituents.,
The growth apparatus was similar to the one shown in
Flgure 1, but with a capacity of five liters, HMeasure-
ments of pH were taken perlodically during the growth with
e palr of Beckmen pH electrodes sealed into the flask,

Vigorous stirring was effected by means of a mag-
netle stirrer. Temperature was maintained at 30°C. in a
well insulated alr incubator. The pH was maintained
between the limits of 4 and 4.5 by additions of either
NaOH or HCl during fermentation,

The Gléﬁg (2.8 millicuries) was added as a solution
containing O.44 millimoles of §3331#03 in a total volume
of 25 ml.

Samples were removed from the closed system hourly,

using the same technique as that used in the time course



studles, Fyruvic acid assays were performed on these
using the method of Friedemann and Haugen (36). A suf-
ficlent amount of pyruviec acld was added to the medium
following each assay to restore or slightly exceed the
initlal level of this substrate and thus encourage maxi-
mum 31#32 fixatlion.

At the end of four hours, the yeast cells were
centrifuged from the medium, washed twice with distilled
water and once each with absolute alcohol and ether. The
cells, dried in a vacuum desiccator overnight, weighed
7.52 grams,

Isolatlon of amino aclids from the yeast. Three

grams of the dry yeast were hydrolyzed by refluxing with
20% HC1 for 26 hours. The hydrolysate, flltered free of
humin, was extracted with ether for 20 hours (until fresh
ether extract showed no radloactivity) in a liquid-liquid
extractor. The residue was freed of HCl by repeated
evaporation to dryness in vacuo.

The humin was also extracted with ether in a
Soxhlet extractor to remove adsorbed fats. The two ether
extracts were then eambi#aé, representing the fat fraction
of the yeast. Table I gives the distribution of activity

in various fractions of the yeast.



TABIE I

DISTRIBUTION OF ACTIVITIES IN FRACTIONS IN
YEAST GROWN ON CH3-CO-COOH AND Cldop

Fraction Welght of Specific Fraction

Fraction Activit of Total
“(mg) (c?a7ms§ ﬁg%%;ggz

Whole yeast 3010 1490 100
Humin 424 5 0.05
Fat (total) - 222 84 0.41

Sufficlient non-labeled tyrosine was added to the
hydrolysate to constitute a fifteen-fold dilution of the
labeled compound as determined by microbiological assay.
The tyrosine was removed from the hydrolysate by concen=-
trating ;gzggggg and adjusting the pH of the concentrate
to 6,0. The further treatment of this fraction is
deseribed in detail in the FPh,D., thesis of Richard C.
Thomas (82,pp.19-32),

The acldic and basic amino acids were removed from
the hydrolysate in the same manner as has been used in
previous work by Wang, et al (95,0.656) and Davis, et 2l
{26,p.2252).

The neutral amino acids were then separated
according to the method deplcted in Diagram I,



DIAGRAM 1
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SEPARATION OF NEUTRAL AMINO ACIDS
FROM YEAST PROTEIN

Heutral amino acids

N

Glyecine &
Alanine
+ HC1

Eveporate
in vacuo

, Dowex-50
' ractional elution
with 1 ¥ HC1
(71:@-189}
Serine & /’//, Valine
Threonine + HCl1
+ 761
Eveporate Evaporate
in veaeuo in vacuc
Serine & Valine+HC1
Threonine

i

Cellulose powder
column eluted with
water-saturated
n-butanol
(14)

7/ \

derine Threonine

treat with Ag0,
filter off AgCl, treat
with H28, filter Agos
Glyecine +
Alanine-HCl free

Cellulose powder
column eluted with
water-saturated
n-butanocl
{(14)

/ N\

Alanine Glyecine
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The cellulose columns used for the final purifica-
tion of threonine, serine, alanine, and glycine were made
according to the method of Blackburn (14) by suspending
Whatmen No., 1 cellulose powder in 80% n-propanol made
0.25 K with ammonia., The amino acids to be separated were
dissolved in 1.25 N ammonis and n-propasnol was added to
80% before placing on the column., Elution of the column
in each case was with water-saturated n-butanol.

Controls were maintained on column operations by
radioactive assays, microblological assays, ninhydrin spot
tests, and paper chromatography.

Aspartic acid was purified as its copper salt, then
free aspartate obtalined from HzS treatment of the salt in
solution. Glutamie acid was crystallized from solutlion
after addltion of ecarrier.

Alanine, threonine, and serine were obtalned
chromatographiecally pure from the cellulose column eluates.
Valine was obtalned in free form from uncontaminated frac-
tlons of Dowex 50 eluate containing this acid., Fractions
contalning glycine with traces of alanine present were
assayed for the former by the method of Alexander (5).
Non-labeled glycine was added to make a 50 fold dilution
and the dlluted glyeine erystallized from water and alco-
hol. Histidine was obtained as its oxalate salt from
aleohol (26,p.2252; 27,p.9).
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The purity of all amino aclds was checked by paper
chromatography.
Degradations of the 1% containing amino seids.

The total actlivity of each amino acid molecule was ,
determined by the wet oxidation method of Van Slyke and
Folch using the combusiion mixture cited by Calvin (18,
P.93), but omitting the K10,

The activitlies residing in the carboxyl groups of
the various amino acids were determined by ninhydrin
decarboxylations after the method of Frantz (18,pp.260-1)
modified by Wang (93), using barium hydroxide in place of
sodium hydroxide for trapping the COp evolved and making
use of a slimplified apparatus. |

The ®K~earboxyl group of aspartic scld was obtained
by the followlng procedure:

One millimole of aspartic acid is mixed with one
millimole -AgNOp in ten ml of water. This is agitated with
a magnetic stirrer at 0°C. while a stolichiometric amount
of 0,1 N HCl1 is introduced slowly over a period of about
two hours. Stirring is continued at 0°C. for an addi-
tional two hours, after which time the solution is brought
to room temperature, flltered, and evaporated to a small
volume under reduced pressure with gentle heating, The
concentrate ls then further evaporated to dryness in a

vacuum deslccator. Deamination of aspartic acid to give



25

malic acld is known to proceed without isomerization (40,
p.414). The malic aclid thus obtained wae degraded by the
method of Utter (84,p.851) to yleld the X-carboxyl group
as CO, This was oxidized to COp in a hot tube contalning
CuO0. The overall yleld was 85-100 per cent, with specifiec
actlvity values agreeing within spproximately : 15 per
cent in 4 replicate determinations, |

Threonine was degraded with HICO4 according teo
Ehrensvard's modificatlon of the method of Shimn and
Nicolet (30,p.99). The acetaldehyde obtained in this
reaction was converted to lodoform which was in turn
burned to COp and plated as BaCO3 to give the activity
of carbon~4 of threonine.

Isobutyraldehyde was recovered from the ninhydrin
decarboxylation of valine. The 2,4-dinitrophenylhydrazone
of this was counted (direct plate) as a further check on
the labeling of this compound.

A1l radiosetivity measurements were carried out
with a thin mieca end window, G-l counter to a standard
error of less than 5%. Unless otherwise stated, BaCO3
was used as the counting form with appropriate corrections

for background and self ebsorption,



DISCUSSION

Iime course studies. The time course studies have
been of value in indlcating the order in which amino acids
in yeast incorporate Cl%05, Table II summarizes graphi-
cally the relative intensities of various spots on the
radiocautograms obtained from these studies (Figures 4, 5,
6, 7 and 8) at periods of growth of 1/2, 1, 1-1/2, 2, and
4.3/4 hours in the presence of 61%2.

TABLE 1I

APPEARANCE OF LABEL IN AMINO ACIDS FROM
¢l%0, IN TIME COURSE STUDIES

Amino aeid Relative intemsity of radiosutogram spot at
' 1/2 hr 1 hr & e ] E b
aspartiec seld ER et 4+ EE 2 ER R = 23
glutamiec acid L I x s s s T
threonine e FrE +EEE EEX XS S
cystine ;] *hEe trEd Eed *redd
serine ++ e P et
glycine ++ T +44 4t d
arginine + ++ ++ 4
tyrosine + + +
valine 4 -+ e
leucine e +# P
proline *+ s
slanine *

2 Intensities exﬁz*aaae& as follows: ¢+ traea,» ++ Jight,
+++ moderate, ++++ heavy, +++++ extensive.



FIGURE 4

Two dimensional radiosutogram of isotopic aclds n'u

yeast hydrolysate. Exposure of yeast to ?a

Solvent systems used, Butanol-acetlc acid-water h!:})
from left to right, phenol-water (80%) mov

bottom to top. munutm of spots, A = upm o

acid, C = glutamic acid, F = threonine,

-



The early occurrence of labeling into aspartiec
acid, glutemic acid, and threonine observed in the one-
half hour radloautogram (Figure 4) emphasizes the close
ralatienahipé exlsting between aspartic acld and oxal-
acetlic acld, glutamlc acid and e-ketoglutariec acid, and
threonine and aspartic acid (2,p.1023; 92). The rapid
oceurrence of activity in these acids serves to indlcate
that the amination and/or transamination reactions pro-
viding for the- synthesls of aspartic and glutamic acids
from thelr corresponding «K-ketoacids comes rapldly te
equllibrium in the yeast cell a2s has been observed in
liver (24). 3

By the end of one hour of growth, the yeast shows
inereasing ineorporation of aectivity into aspartate,
glutamate, and threonine while easily detectable amounts
of incorporation of 63#62 into glyeine, serine, arginilne,
and cystine are also noted (Figure 5).

Arginine, as pointed out earlier (28,p.T744; 3,p.
169; 37; end 78,p.58) may incorporate 314@2 via the well
established pathway through glutemic acid as well as

3 Photosynthetic Cl%0, fixation in higher plants is, how=
ever, much more rapid (19, 72), with only 30 seconds %o
one mlnute required for sppreciable labeling. The first
amino aclds to appear labeled are, in order of the
respective lebelling levels: aspartie, alanine, aspara-
gine, serine, g-alanine, and phenylalanine (19, 72).



FIGURE 5

Two dimensional radioautogram of isotopic no aclds from
yeast hydrolysate. Exposure of yeast to C+%2, 1 hour.
Solvent systems used, Butanol-acetic acid-water (4:1:5)
moving from left to ri%ht, phenol-water (80%) moving from
bottom to top. Identification of spots, A = aspartic acid,
B = eystine, C = glutamie acid, D = serine, E = glyecine,

F = threonine, J = arginine, and K = valine.
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direct incorporation o£‘614ﬁg into the guanido-carbon
atom. Hence, its relatively early incorporation of label
is not surprising.

Cystine shows sppreclable 1necrp6ra£19n of radlo-
activity after one hour. Because the large spot identi-
fied as aspartic acld in the one-half hour chromatogram
- may have contained two amino aclds, the earlier appearance
of this amino acid cannot be obviated.

Figure 6 pilctures the incorporation of 31403 into
yeast amino acids after one and one~half hours. One ean
discern newly acquired activity in tyrosine, valline, and
the "leucines" (leucine, isoleucine, and phenylalanine).
Absence of aeﬁivigy in the alanine spot (H in Figure 6) is
not surprising, since its probable graearaér (pyruvate,
non~isotopic) had been sdded in high concentration at the
start of the experiment, '

As the growth period reached two hours duration,
proline sppeared to have incorporated i (Figure 7). 1If
cyclization of glutamic acid to form proline were a reac-
tion ocecurring extensively, one would expect the density
of the proline spot to incresse pra@artieﬂally with that
of glutamic aeld. The delay in proline labeling suggests
that in yeast the turnover time for this amino acid 1s
somewhat longer than for other metabolic intermediates.
This 1s in agreement with studies in the rat (78,p.59).



FIGURE 6

‘Iwo dimensional radioautogram of isotopie ino acids from
yeast hydrolysate, Exposure of yeast to Cl40p, 1-1/2
hours. Solvent systems used, Butanol-acetic acid-water
(4:1:5) moving from left to right, phenol-water (80%)
moving from bottom to top. Identification spots, A =
aspartic aecld, B = cystine, C = glutamic acid, D = serine,
E = glycine, F = threonine, G = tyrosine, H = alanine (no
spot showlng), J = arginine, K = valine and L = "leucines".
Other unidentified spots are non-amino acid components in-
hydrolysate,
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FIGURE T

Two dimensional redioautogram of isotopic no acids from
yeast hydrolysate. Exposure of yeast to Cl%03, 2 hours,
Solvent systems used, Butanol-acetlc acid-water (4:1:5)
moving from left to right, phenol-water (80%) moving from
bottom to top, Identification of spots, A = aspartic
acid, B = cystine, C = glutamic acid, D = serine, E =
gﬁgcins, F = threonine, G = tyrosine, J = arginine, K =
valine, L = "leucines", ¥ = unidentified amino aecid,
possibly a hydrolytic-breakdown product. Other spots of
radioactivity dve to non-amino acld components in the
hydrolysate are llkewlse unidentified.
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‘Figure 8 is a radiocautogram of the yeast after four
and three-quarters hours growth., This interval represents
the time necessary for isotopic saturation of the yeast
~ {see Figure 3) and this radilocautogram depiets the approxi-
- mate relative isotople distributions into the amino acids
of the yeast used for the large-scale degradation studles,

Incorporation of isotope into amino aclids in this
sample has reached a high level in aspartié acid, cystine,
glutemic acid, glycine, serine, and threonine with smal-
ler, though significant amounts in arginine, prollne,
valine, and the "leucines",

A salient feature éf the four and three-quarters
hours yeast*samples is the appearance of cl% into ala-
nine, The length of time neeasaary'far alanine to
acquire measursble isotope may be due either to a slow
attainment of equilibrium of the trensamination reactlon
between alanine and pyruvate or to the presence of non-
lebeled pyruvic acid in the medium from which most of the
alanine to meet the yeast's requirements was formed.,

The one-dimensional radicautograph in Flgure 9
shows the overall trend in clﬁag incorporation into
various amino scid fractions during time periods ranging
from one-half hour to elight and three-quarters hours
growth of the yeast. This radloautogram, while not pro-
viding optimum separation, has the advantage of comparing



FIGURE 8

Two~dimensional radicautogresm of lsotoplec amino aclds from
yeast hydrolysate. Exposure of yeast to 1402, 4-3/4
hours. Solvent systems used, Butanol-acetic acld-water
(4:1:5) moving from left to right and phenol-water (80%)
moving from bottom to top. Identification of spots, & =
aspartic acid, B = cystine, C = glutamlic acid, D = serine,
E = glyelne, F = threonino‘ G = tyrosine, H = alanine, J =
erginine, K = valine, L = "leucines", M = unidentified
amino acid, possibly a hydrolytic breakdown product, N =
proline. Unidentified spots are non-amino acid components
of the hydrolysate.
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FIGURE 9

One-dimensional radioautogram of time course samples,
Solvent system used, Butanol-acetlc acid-water (4:1:5)
moving from bottom to top. Vertical rows of spots reading
from left to right represent amino acids labeled after
l/2o 10 1'1/2: 2' 2-1/2, 2‘3/4: 4"3/40 5"3/"‘: 6"3/43 and
8-3/4 hours exposure to C1l402., Identified spots are, P =
agpartle acld, cystline, baslc amino acids, R = glutamie
acid, glycine, serine, E = threonlne, H = alanine, N =

proline and tyrosine, K = valine.
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the relative activities of the amino aclds under the same
conditions of exposure and development, It may be noted
that there is no dimunition of activity in a glven amino
acld or amino acid group, during the progress of the
experiment, Thie iz in spite of the fact that the overall
specific activity of the yeast cells decreased slightly ‘
after six hours. ‘

In summarizing the time course studies the follow-
ing polints have been observed: |

1) Aspartic acid, arising from oxalacetate repre-
sents 2 primary fixation of carbon dioxide into an amino
acid. 1Its predominance mey possibly be due in part to the
addition of pyruvate at the atari-ef the experiment to
encourage a Wood-Werkman or malic type condensatlon.
Glutamle acld and threonine are also readily formed from
pyruvate and G140 in yeast.

2) Glyeine and serine, which become markedly
labeled withln one hour and Iinecrease in aﬁ%iviay at a rate
roughly paralleling the rate of increasé of activity in
glutamic acid, provide an aﬁsxpeeted observation which
pernmits speeulatian,en.%heir-pesaible.moéea of blosyn-
thesls,

3) Cystine becomes labeled early and increasses in
activity at a rate paralleling closely that of aspartate.
If it arose directly from serine (1,p.340) then cysteine
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(eystine after hydrolysis) should display an activity
similar to, and inecreasing in a menner paralleling that
of serine which is found to heve a lower activity than
either aspartate or cystine.

4) Arginine slowly inecreases in activiiy at a rate
similar to the increase in activity in glutamlie acid from
which the ornithine molety arises in yeast (76). This
suggests that the guanido carbon atom does not fix 61#62
to an apprecieble extent but that its orlgin is in some
non-labeled €37 unit under these conditlons.

5) The occurrence of labeling into valine before
that into alanine (the latter presumsbly reflecting label-
ing in pyruvate, a proposed direct precursor of the vallne
carbon chain) suggests that a pathway leading to valine
blcsynthesls might have a possible entrance fer‘algﬂg as
in the proposal by Weng, Christensen end Cheldelin (92 and
o4).

6) Incorporation of 61492 into proline is delayed,
suggesting that its formation from glutamic acid, a
moderately heavily labeled molecule, takes place slowly
under the condltions imposed in these stﬁdias‘

7) Aectivity also appears slowly in the "leucines”.
A supplementary radioautogram of a single dimensional
chromatogram of this fraction (not shown in thesis) served
to determline that isoleucine possessed the entire activity



of the leucine-lsoleucine pair for periods up to and
ineluding eight and three-gquarters hours 1in the presence
of ¢l40,, Yeast does not incorporate Cl1%0p into the
carbon chain of leucine.

8) Alanine does not show measurable C1% activity
untll nearly five hours have passed. This may be
attributed to the presence of & high level of non-labeled
pyruvate in the medium,

9) Histldine eppears to incorporate little, if
any activity via 51#ﬁ2 fixation,

10) Lysine does not incorporate activity from
cl%0,, in 1line with proposed bilosynthetic routes to this
smino acid in yeast (74, 75).

Information from degradation of Cl%4-lasbeled emino
acids. In Tables I11I, IV, and V are listed the lsotope

distributions in several of the foregoing amino acids.

Aspartic acid. From the degr
aspartic acid (Table 1II) it may be observed that C-1 and

adation data on

C-4 of this molecule picture the occurrence of rendomize-
tion between oxalacetate and a symmetrical Ci acid to the
average extent of about 20 per cent over the four hours
growth of the yeast in the presence of 014@2. The occur-
rence of 90 per cent of the activity of the whole molecule
in C-4 indicates that the formation of aspartate from

oxalacetate is relatively more rapid than equilibration



39

TABIE III
ISOTOPE CONTENT OF ASPARTIC ACID,

GLUTAMIC ACID AND THREQNINE DERIVED
FROM CHz~00~COOH AND Cl40p IN YEAST

Radioactl 4 Per cent
(epmx105/m mole of total

emino acid)
Aspartic acld
Whole molecule 5.78 | 100
C-1 0.61 11
C-4 (by aifference)® 5,18 89
Glutemle aecld
Whole molecule | 12,8 100
C=1 12,2 96
Threonine
Whole molecule 1,00 100
C-1 _ 0.15 i

' Gah 0.78 78

4 A duplicate determination on aspartate from another
yeast sample grown under ldentical conditlons showed
C~2 and C~3 to be devold of activity.
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of oxalacetic acld with symmetrical €4 aclds via counter-
clockwise Krebs cycle actlvity, Forward operation of the
eycle would eliminate all incorporated 61499 in a single
turn (see reactions 5 and 6, Scheme 1), .

Glutemie acid, Glutamic acid, as mentioned earli-
er, should possess the entire activity of the molecule in
C-1 when 01462 le the exclusive source of labeling., This
is confirmed, within the limits of experimental error, by
the data on glutamle acld lebeling presented in Table I1I,

In a paper by Hendler and Anfinsen (39) the occur-
rence of 30 per cent of the activity of glutamic acid in
C«5 from 31&02 in hen oviduet preparations is reported,
This could be introduced from Krebs cycle activity only
via the carboxyl group of acetate which cannot accumulate
01462 activity directly but must depend upon some reaction
involving probable cleavage of a C4 acid between C«2 and
0-3., Fossible similar activity in this yeast may have
been prevented by the non-isotopic pyruvate present., The
low level of 01405 incorporated into the fat fraction
(Table 1) indicates that, as expected, only small amounts
of activity would reside in acetate.

A further notable finding in Table III is the much
higher specific activity in C-1 of glutamate (1.22 x 106
cpm/m mole) as compared to C-4 of aspartate (5,18 x 10°
cpm/m mole) from which it would arise by the reactions of
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the Krebs eycle. Previous findings (42,pp.659-660) in
this yeast have shown that when pyruvate 1s used as a
substrate the glutamate content wlthin the cell increases
from 50 per cent to 80 per cent over normal (42,p.660).
This extra glutamate may thus serve to trap ¢1#, and
would accumulate higher than expected specific activities,

Alanine. The specific activity of alanine (Table
IV) is low by comparison to most of the amino acids
studled, This finding 1s in line with observations made
previously for the time course studles and, again, may be
due to the added, unlabeled pyruvate, The incorporation
of label, to the extent that it occurred, was found in the
carboxyl group of alanine, This would be predicted from
reactions leading to the reformation of pyruviec acid from
Cy acids (Scheme I),

Ihreonine. If threonine arose from aspartic acid
a8 has been suggested (13) the isotopic distribution
patterns of these two would be similar, The slightly
greater degree of rendomization displayed by C=1 and C-4&
of threonine (30%) as compared to that shown by the
corresponding carbons of aspartate (20%) in Table 1II,
may, 1f significant, question the necessity of having
aspartate on the blosynthetie route to threonine, Such &
difference in labeling patterns would be permissible if

threonine were separately in equilibrium with some other



TABLE IV

ISOTOPE CONTENT OF ALANINE,
SERINE, GLYCINE, AND VALINE DERIVED
FROM CH3~CO-COOH AND Cl402 IN YEAST

Radloactivity Per cent
cine sa) 85260
Alanine
Whole molecule 0.28 100
Cc-1 0.30 100+
Serine »
Whole molecule 4,0 100
C-1 3.9 96
&1yein§
Whole molecule 5.2 100
C-1 4,7 92
Valine
Whole molecule 0.041 100
C-1 100

(by difference)
Ce2 + C=3 + Cud + (=5 0 0
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compound, &8 indicated by the incorporation of acetate
carboxyl setlvity into C-2 and C-3 of threonine in Toruls
yeast (30,p.105) and E. goli (25,p.361),

| Serine and glyeine. It will be noted from Table IV
that the isotople content of serine and glyclne are come

persble, confirming the ease of interconversion of these
two compounds (69), The slightly higher activity in
glycine (5,15 x 10° cpm/m mole) over that of serine (4,01
x 105 cpom/m mole) may indicate that glyeine is the first
formed of this pair. The setivity of glyeine compared to
the inferred activity of acetate (fat fractlion of Table I)
makes evident the lack of a direct conversion of acetate
to this amino acld as a major pathway of blosynthesis in
yeast.

| Another equivocally demonstrated pathway, the cone
version of slanine to serine in animals (67,0.165; T,p.
1345 and 46,p.643), is also ruled out se a major source of
this palr of amino acids by virtue of the comparatively
low speclific activity of the alanine.

Using the data on 61“02 fixation to augment other
findings from ﬁﬁyﬁkhﬁsﬁéﬁ metabolism in yeast, it is
suggested that glyelne arises from the symmetrical
cleavage of a Oy acid as depicted in Scheme II1I,

The forward operation of the cycle denles ¢1% 1ape1
to the C4 aecid (apadimm) first formed from X-ketoglutarate



cl%0, + CHz-CO-COOH —= HOOGL#-CHp-C0-COCH
4 3 2 1 A 3 2.1

cleavage 1 partial randomlization
CHp(MHp) ~c1 400K #0061 4-cc-c14o0H
‘ between '

3 4 C~2 and C=3 4 321
‘l'cl

CHp(OH ) ~CH( NHp ) -C1400H
3 4

SCHEME IIX

by loss of its C-1., Therefore, labeling into glyecine and
serine, by the process pletured, must arise from extensive
equilibration of oxalacetate with symmetrical Cj aclds and.
subsequently lead to the formation of the C4 precursor of
glyeine, The early occurrence of glyocine and serine
labeling observed in the time course studles strongly
confirms this speculative mechanism,

Valine, Tatum and Adelberg (79,r.849) propose the
blosynthesls of valine from three acetate residues while
Strassman and Welnhouse (77,pr.5135) pleture the valine
skeleton arising from acetolactate via the condensation
of two C3 moletles followed by loss of CO2, In the first
proposal, no 61“03 would be permitted to enter the valine
molecule while in the second mechanism, the 01“32 activity
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reslding in C-l of pyruvate would be found in the C-1 of
valine exelusively, If the alanine molecule provides an
accurate representation of the specific activity of
pyruvate then lsbelling in C~l of valine in this yeast
would be permlitted up to a level of 3 x 10a,epm[§~mcle
(alanine C-1 from Table IV).

A recent proposal (92, 94) for the formation of
valine is outlined in Scheme IV,

" 32 "1 52 %
H30-0-000H  HzC-C(OH)=COOH  HOOC-C(OH)-COOH
321

+

32 (o]

(H30-Ge) ——2= Hz0e0=0 —— o H30-0=0
o 1. "32 2, 32
1:3
COOH
(rendomization) 3 2 2 3 (E G‘ o
N a;c»a‘-mi(am‘-mw -———-ﬁg,c.-c(on)wﬁ(mﬂ
-C02 "
GHQ»GQ@B
3 2
(=C02) 32 ) J2 2
g H3c~e(0ﬁ)-cn(oﬁ)-aem-;n—,&wa-m(m@wém
’ CHz W CHz
3 3

 SCHEME IV



As noted in reaction 3 of Scheme IV, this mechanism
provides far the randomization between two ecarbons of one
of the intermedlates in the blosynthesis of vallne, If
this randomization 1s complete, a maximum aectivity of 1/2
thet of the alanine C-1 (1.5 x 10% cpm/m mole) would be
permitted, provided that slanine gives an accurate ploture
of the O3 condensing components, The observatlon of an
even lower asectivity in wvaline C-1 (4,08 % 107 epm/m mole
from Teble IV) indicates extensive dilution in various
stages of this synthesis, Furthermore, the previously
noted early incorporation of 6;402 activity into valine as
compared to alanine can be explained by possible limited
reversibllity of reaction 3 in Scheme IV,

Histldine. The fallure of the yeast to lincorporate
01402 into the histidine carboxyl group 1s in line with
‘proposals on the blosynthetic origin of the side chain
(C-1, C~2 and €-3) of this molecule (26 and 27,p.17).

This involves O3 of oxalacetate serving as the origin of
the ecarboxyl group of histldine as shownt

]
C~C-CLC
2 3,
from oxalacetate

"'G
+C

e

= (C-C
|1
N
‘§ /
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If this were true, C-2 and C-3 of histidine
(erising from C-2 and C-1l, respectively, of oxalacetate)
would have only slight activity (10 per cent of the total
activity of aspartate at most),

However, comparison of the specific zctivity of
histidine with that of C-1 of aspartiec acid from the same
yeast (Table V) indicates that & considerable amount of
01&02 activity has been incorporated into the lmidazole
ring, In view of the reported origin of C-6 (the ureido
carbon) from formate (44) and the known non-conversion of
COp to formate, 1t is reasonable to suppose that the
remaining two carbons of the imidazole ring (C-4 and C=5)
could have arisen in pert from 31403.



TABLE V

ISOTOFIC CONTENT OF HISTIDINE
AND ASPARTIC ACID DERIVED M
CH,COCOOH AND C-"0, IN YEAST

Amino acid gggugB Radloactlvity
(epm x mmole)
Histidine
Whole molecule 19,
C-1 0.48

Aspartic acild

Whole molecule 21.8
C-1 1.66
C«4 (by difference) 20.1

Ear cent

100
343

100

92

B This yeast 18 & diiferent sample than those depicted in
Tables I, III and IV, It wes grown under similar condi-
tions a8 that from which the qthar data 1s taken but ine-

engperated a total of 1,34x10
10V ecpm represented in the other yeast.

cpm instead of the 4,.48x



SUMMARY
1, The fixation of 81#02 into growing cultures of
baker's yeast has been examined, with non-isotopie
pyruvate added to enhance the process, It sppears
from the data given that this incorporation occurs
with pyruvate, predominantly according to a2 Wood-
Werkman or malie acid type condensation,
2. Equillbration between oxalacetate and aspartate
‘favars formation of the latter, This is emphasized
by the limlited randomization pio&urﬁd between C-1
; end C-4 of aspartate. |
. P Surpriaingly héa%y isotope incorporations into
glycine and serine have been observed. Degradation
studies indicate that this labeling 1s confined to
C-1 in each amino acld, Based on these observations,
2 new blosynthetic mechanism for their formation has
been proposed, The scheme lnvolves the & - @ cleavage
of a C4 seld derived fﬁam oxalacetle acid to provide
the glycine skeleton; the latter is readily inter- v
convertible with serine,
4, Relatively early labeling in valine as compared
to alanine, combined with the lebeling levels found
in the respective carboxyl groups, suggests possible

involvement of a2 reversible decarboxylation,
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5. The low incorporation of 614@2 into the histidine
¢arbbxy1 group supportes a previously proposed synthesis
of histldine whereby the alanine side chain 1s thought
to arise from carbons 1, 2 and 3 of oxalacetate, In
addition, the relatively high specific activity of
this amino acid after cl“ea incorporation could in-
dicate the latter's deposition in C-4 end (-5 of the
imidazole ring.
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