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THE CARBOHYDRATE METABULISH IN
PENICILLIUN ﬁIuITﬁTdﬁ SACC.

Usl TOPIC TRACERS

INTRODUCTIOHN

"The old order changeth, ylelding place to new,
And God fulfills Himself in many ways,
Lest one good custom should corrupt the world.,"

Tennyson

In the last two decades, knowledge of the catsbolie
and anabolic reactions of carbohydrates in living systems
has advenced by leeps and bounds. MNewer concepts have
arisen displacing or modifying the older ones. In many
cases more guestions have been raised thsn answered. Yet
underlying this veast maze of complexity there seems to
run a thread of unity.

Contributing greatly to the tremendous advences in
the field of metsbolism have been some rather basic tech=-
nlques; among these, lsotopic tracer methodology,
chromatography and enzyme purification, to mention a few.

Pathweys of glucose dissimilstion. Fermentation of

carbohydrates in yeest and & few other mierocorgenisms, as
represented by the over-simplifiled equation, 3631296 =
26@24— ZGZﬂgoﬁ, has undergone some rather rigorous studies
by verious laboratories; and the wide chesm between the
initial substrate and the [inal end products hes been
finelly crystallized out as the Emden-Meyerhof glycolytic

schemne.



It 18 true thet the pioneering studies mainly dealt
with yeast cells and muscle tissue; yet further studles,
from the simpler unicellulsr organisms to the more complex
tissue of the mammals, have sihown the‘glyeolytic process
to be ubiqulitous in precticelly all forms of life.

With the sdvent of tracer methodology, glucose has
been differentially labeled with clh. Using different
teast orgenlsms in the study of carbohydreate utilization,

a divergence from the pattern based on the glycolytie
process hes been observed.

If the glyecolytic path is exclusively present in s
given tissue, glucosa-l«Clh and glu@aae~é~clh ahould be

equivalent as substrates for the formation of pyruvate=3-
cll,
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A divergence from the glycolytic pathway in
Leuconostoc mesenteroides (20) is observed. Thils organisam

1s known to ferment 1 mole of glucose into 1 mole each of

lactate, ethenol and COp. When glucoae»l—clh wes degraded



by this mieroorgenism, all the Glh label was found In the
CO0». On the atbef hand when glueasa”B.h-Glh was employed,
the carbinol molety of ethanol and the carboxyl of lactate
were labeled, while no clhOQ wes detected. The fate of
the various carbon atoms frém glucose &8 a result of

fermentation by Leuconostoc mesenteroides are given below.
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Similer types of preferential oxidation of Cy of
glucose has been observed in a wide varlety of living
systems, In fact, the existence of this oxidative path-
way was first discovered by Werburg, et sl (46,47),
Lipmenn (27), and Dickens (12) in the late thirties in
the metabolism of glucose-b-phosphate. The esarliest
indication that this mechanism was a cycllic one came fram.
the work of Dische (13) who found the degradation of
pentose nucleosides in red cells to be accompanied by the
appearance of hexose phosphste and triose phosphate.

The discovery and isolation of two key enzymes,

transaldolase end transketolase, by Horecker (24,23)



end Recker (32) together with the extensive use of Clli~
labeled hexoses and pentoses 1n various fermentstions has
finelly helped to esteblish the cyelic nature of this
oxldetive pathway.

On the following page is the pentose cycle (formerly
known &8s the hexose monophosphate shunt) in diagramatic
form as 1t 1s concelved today.

Bntner and Doudoroff (1i) in an experiment with

resting cells of Pseudomonss 8scchearophilie, in which

Ci~labeled glucose was decomposed serobically, it wes
found that the labeled carbon was almost quentitatively
recovered as COp. The isotope was entirely present in the
cerboxyl of pyruvates The following scheme was hence

proposed as pathway of glucose metabolism in Pgeudomonsas

Saccharophilea.
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The Pentose Cycle

Gluecokinase + ATP.

Glucose-6-phosphate dehydrogenase t+ TPﬁ+.
Lectonase.

b=phosphogluconic ecid dehydrogenase + TPN .
Phosphoriboisomerase.

Trenske tol ase + TPP,

Irensaldolase.

Phosphofructoisomerase.

Fructokinase + ATP.



The fate of the pentoses formed in the pentose
cycle may inelude accumulation in the medium or cleavage
into Cp end G3 units, the latter two antering the general
metabolle pool of the organism.

The conversion of pentoses into hexoses in the
pentose cycle'bringa sbout the pcssibility of utilization
of the so formed hexoses by pathways other than the
pentose cycle.

In studies on the metebolism in E.co0li (8 ) it has
been suggested that the ribose of RiA wes derived mainly
via the oxidative pathway, whereas the desoxyribose of
DHA arose from triose phosphate generated from the Emden=-
Meyerhof scheme. As a test of this suggestion E.coli was
grown on glucose~-1-Cll. It was found thet the sctivity
per mole of ribose isolsted from RNA was only 20 to 30
per cent of the ectivity of glucose (26) . Thus the
ribose of RNA of B.coli was derived meinly from the pentose
cycle.

Welmberg and Doudoroff (56) have oxidized, by
crude cell-free preparations of Pseudomonas ssccharo hils,
Luarabinnaa-l-clu to oL=ketoglutaric aeid~l-61u- They
have found no evidence for the participetion of any
phosphorylated intermediates in the resction. Results of
isotope dilution experiments have indicated that the

formation of « ~ketoglutarate involved neither the



tricarboxylic seid cycle nor such Intermediates as €Oy,
formate, acetate, glyoxalete, gluconate, orX «Lehydroxy-
glutarate.

Pathways of terminal respiration. The tricarboxylie
ecid cycle (TCA) is probably the most important energy-
producing mechaniam in the terminal respliration of animal
tissues. It was Krebs (25) who in 1937 proposed this
cyele which elegantly explained the findings of Thunbersg,
Szent Gydrgyi and others. Although this scheme has
passed through a battery of rigorous examinations, its
present form is astonishingly similar to the ariginal
hypothesis. However, the evidence for the claim that the
cycle 1s the terminal pathway of oxidation in different
verietlies of microorgsnisms is, in many cases, incomplete
on the basis of lack of quantitative informetion.

Ga dicarboxylic acids play & vitel role in the
blosynthetic processes and in the terminsl oxidation of
most living systems. There are various pathways for the
mode of thelr formation.

1) The entrance of acetyl coenzyme-A into the T@A
cycle by condensation with oxalacetate and the subsequent
eyciing process yields Gk dicerboxylic scids. However,
no net synthesis of €}, acid can be reslized by this

process.

2) Another pathway whereby Gh aclds may be obtained is



by primery fixation resctions of CUp of the following
types:
e) C0p—+ CH3-C0-COOH == HOUC-CHz~CO-COOH

4 'melic enzyme"
b) CO0p + CH3=CO-COOH-+ TPN.H+4 H & = =

EQD_QﬁCH;goGHQHﬁGOGH -+ TPH
e) Q_@g + CK}ﬁ-Gﬁg‘GQQH _— EUQQ*GH2~GKQ*QGOE

Reactions under 2 sre discussed in detsil in
J. Wendell Davis's thesis (10).

3) The Thunberg-Wieland cycle of acetate condensstion
("tall to teil") is still enother route for C), dicar-
boxylie acid formation.

) H.s G. Wood (21) investigated the mechanism of COp
fixation in the fermentation of glucose by Clostridium

thermosceticum. The different molecular types of 3=

scetate that sre formed from 130, were investigated by
mass spectrometer, The data indicated that acetate was
formed by two processes during the fermentation, one a
synthesis of C» carbon skeleton from COp with little or
no dilution. (The mechanism of the inecorporation of COp
into two adjacent carbons is et present unknown, but the
suthor stipulates that 1t does not necessarily involve
direct combination of CU0p.) The major part of the singly

labeled acid is probably formed by an exchange reaction



of COp with the carboxyl of scetate. The possible role of
formeldehyde, glycine and Gh dicarboxylic acids in the
fermentetion hed been considered; but the experimental
results were inconclusive.

Utter and Wood (45, p.118) have considered several
hypothetical mechanisms for fixations of CQOp in edjacent
carbons, and 1n the csse of (. thermoaceticum one explans~
tion was bullt around the resctlon discovered by Sakemi
(36) in which formate presumebly combines with glycine or
some other Cp unit to form ELlabelad sorine. Formaldehyde
likewise is sctive in suech & reaction (37). The Cj scheme

lavolving "formaldehyde" is given below.

Glucose > 2"C2" + 2002 + 8H; "Cp" — CHy=~COCH
* e
Cop + 4H >> "HCHO" + Hp0
w
"HOHO" + "Cp" <= "Cy"
—

> 333'-60-@@%

COp+ CHy=C0-COOH = COOH~CHp=CO=-COOH

—_—

ww W
——  COOH~CHy~CHp=COOH

Thus, this will provide an indirect pathwey of COp
incorporation into the middle carbons of Gu acids.

5) 4. Clostridium kluyveri is an organism that lacks
an active mechanism for complete oxidation of Cp compounds.
Tomlinson (43) in his study of this organism has presented
isotoplc date to indicate the net production of a 3-carbon

unlt from cerbon dioxide and scetate. A C), dicarboxylie
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acid is then formed by the sddition of carbon dioxide to
the other end of 63~narban unit, which is converted to
oxalecetate and then to aspertate by transaminetione. Any
extensive equilibration of the oxslacetate with a
symmetricel compound such as fumeric scid 1s precluded by
the virtual absence of acetste carboxyl sctivity from the
@~carbon atom of aspartate.

Be The utilization of carbon dioxide and scetate

in the photosynthetic Rhodospirillum rubrum in the

synthesls of amino aclds is very similar to that of
é; kluyveri.

Cutinelli, et al (9), suggest that part of the COp
enters the system by condensstion with a 2-carbon structure
of acetate origin. A second entrance of 002 is indicated
to occur via Fgweondansation with pyruvate to oxslacetate.

This mold (33)

heas been widely studied because of the destructive olive=-
green rot of ecitrus fruits produced by it. As one would
expect, most of these studies heve centered upon ways and
means of reducing or preventing this rot. Nattrass (31)
reported frults dipped in cold saturated borax soluti

or in 1 per cent "shirlan" (cold) to remein almost free of
infections Childs and Siegler (7 ) used thioures and
thicecetamide in 5 per cent aqueous solutions snd guinosol

in 8 per cent solutions for momentary dips. Losses i
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some varieties were reduced from L0 per cent to 2 per cent
or lower.

Exposure to ethylene gas has, for & considersgble
time, been known to be related to the ripening process in
citrus fruits. Fﬁrthaf. it was commonly observed that the
fruit in a crate contalning scattered fruits rotting with
green mold eppesred to "ripen" faster than in like crates
conteinlng only sound fruit. It was not until 1940,
however, that Baile (3) and Miller, et gl (30), discovered
independently that ethylene was evolved by eitrus fruits,
and that decaying frults produced more than sound ones.
it wes further shown in both investigations that
Penicillium digitatum is cspeble of producing ethylene,
thus further hastening the coloring process.

Wooster and Cheldelin (53) devised s synthetic
medium for the growth of P,digltatusm. They found that

thlemin, or the thiszole moiety, was required for growth.
Glucose afforded & more favorsble carbon source than
sucrose, and organlec nitrogen sources such es asparegine
or hydrolyzed cesein were better than ﬁ&§03 and other
inorganic selts. A synerglstic effect was observed
between P.digitatum and Oospors citri-aursatii in labora-
tory cultures by Gemmell (17), who demonstrsted slso that
these fungi produced more rapld and extensive rotting

when inoculsted on the frult together than when elther one
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or the other was present as the sole pathogen.

Birkinshew, et &l (L4 ), have reported limited
blochemicel studies on P,digitatum. Considerable ethyl
scetate was produced from glucose, and in addition some
ethyl alecohol and & new palyéacaharide which geave rise
to glucose upon hydrolysis.

Fergus (15) studled the nutrition of this micro-
orgenism. D-Xylose, L-arabinose, D-glucose, D-fructose,
D-mamose, D-galactose, sucrose, and celloblose were
utilized very efficiently as carbon sources; L-rhamnose
aind lectose allowed moderate growth; and D-mannitol,
maltose, and dextrin were utilized poorly. Citriec and
melic were utilized to & certain extent, but fumarie,
tartaric, lactic, acetic and oxalacetic were not.

In order to get a further insight into the nature

of P.sdigltetum, we have endeavored to study the carbo-

hydrate metabolism of this microorganism using lsotopic
tracer methods.

Warburg teechniques, using as substrate differenti-
ally lsbeled glucoses, have been employed. In these
studies a variety of conditions have been imposed on the
mold cells so a8 to determine the effect of these factors
on the contributlons of the various catabolic pethways.
Some of these conditions being age of mold, nature of

medium, ethylene and indoleacetic sacid.
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Since Cp is known to be the key unit in the
terminsl respirstion of most microorgsnisms, the next mode
of attack, despite the fect that acetate haes been reported

a8 not & normsl carbon source for this mold, was directed

utilization by the mold. A study of the fate of the 62
units was studied also from the pattern of their uncorpor-
ation into amino acids. |

Using various key amino acids as competltors of
cl4 gotivity in cerboxyl end methyl labeled acetate, the
various connections between amino ecld faunilies were
studied next.

Finally, the pattern of incorporstion of carbon
dioxide was studied using Glhﬁg and non-labeled glucose as
co~substrate. The isolation and degreadation of key amino
acids hes provided further insight into the earbchy&rate

metabolism of Penleillium digltatum.



EXPERIMENTAL AND RESULTS

Cultursl metnods. Stock cultures of Penicillium
digltatum Secc. were grown on potato-glucose agar slants at
room tempersature for esbout a week, and then stored in the
refrigerator.

For growth experiments the mold was transferred
aseptically to a potato-glucose sagar slant and wes sllowed
to grow for 48 hours, after which time 5 ml of sterile
water was edded to it and the surface of the colony gently
screped with & loop. The fine suspension of mold was then
added to the sterile growth medium; growth wes then allowed
to continue for a prescribed time at rooun temperature,
which fluctuated between 23-27°C.

The synthetic medium employed was essentislly the
one devised by Wooster and Cheldelin (53) with the
following exceptions; KﬁgPﬁh was substituted with
(%Hh)HEPQh, and glucose was used in plsce of sucrose. The
sterilized medium had the following composition:
(RKh)HEPQh, 1.0 g; NeNO3, 1.0 g; MgSQj, 0.25 g; KC1,

0.10 g3 Gaﬁla, 010 g; Fu013, 5.0 mg; MnClp, 0.10 mg;
ZnCly, 0.05 mg; 33803, 0.05 mg; CuClp, 0.01 mg; KI,

0.01 mg; glucose, 26.4 g; espsragin, 3.0 g; emmonium
tartrate, 5.0 g; casein hydrolysate, 4O ml (100 mg
Casamlino hydrolysate per ml water); 00 X/thiamine HCY,
800 prridoxine HQl, 600 f calcium pentothensate and
0.40 X:biotin. Distilled water was added to this mixture
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to meke 1 liter, and the pH was adjusted to 3.0 using HCl,

The medium conteining the mold inoculum was placed
in a sterilized flask as shown in Pigure 1 and was
vigorously serated with purified sair through elr disperser
tube A while a suction pressure was applied through tube 8.
The medium was also agitated by means of & ground glass~
Joint stirrer B. The alr-purification train conteined s
HaOH solution scrubber followed by two soda-lime sbsorbers,
a concentrated Egﬂﬁ& serubber and a tube containing
sterilized cotton.

The mold, after having attesined the required growth
phase, was harvested by centrifugstion and washed four
times with e carbon source-free medium. This medium
contained all the ingredients as described above but was
lacking in glucose, asperagin, ammonium tartrate and
caseln hydrolysate. A known welght of mold was then
suspended in a measured volume of carbon source-free
medium, and to this suspension was added the verious Cll-
labeled substrates used in the respective metabolism
atudies.

i1+ Werburg msnometry
A. The detection of alternative cataboliec

pathwey of glucose end the sffects of

azing and nature of medlum on the

distribution of catebolic pathways of
glucose.
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FIGURE 1
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Two separate Warburg studles were carried out on
glucose utilization using different batches of mold. For
the seke ol convenlence we shell refer to the first group
of studles as Experiment 1 and to the latter as
Bxperiment 2,

Sxperiment 1. Two sets of three-necked flasks,
each conteining 300 ml of medium, were set up in series.
Growth was initiated in the first flask by the addition of
mold inoculum; 24 hours later growth was started similarly
in the second flask. Four days later the L~ and 3-day-old
cells in the first end second flasks reaspectively were
harvested end weshed with csrbon source~free medium.

Seventy six milligrams of the L~day-old cells were
suspended 1n carbon source-free medium and sdded into each
of the first and second 125 ml Werburg cups. The same
amount of the 3~day-old cells were suspended in carbon
source-iree medium end added similarly to the third and
fourth cups. The fifth and sixth cups each contained 76 mg
of the L-day~-old cells, excepl they were suspended in
0.067 i phosphate buffer adjusted to pH 3.

Forty six end two tenths milligrams of
-glueoae~1~61h. having a totel sctivity of 3‘1h‘x510Q cpm,
was added to the first, third and fifth cups, end 46.2 mg
of glucose-6-Cl4, having the same activity, was added to

each of the remaining cups. Each eup was flushed for 5
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minutes with oxygen and allowed to equilibrate for 15
minutes 1n the constant temperature bath maintained at
309C.

The respiratory CUp evolved from each cup was
trapped by the GUp=Ifree NaOH in the center well, and after
?G@Q/Mﬁ of Up were consumed by the mold the cells were
killed by the asddition of 6N HCL from the side~erm. The
cells were separated from the medium by centrifugation in
l=inch test tubes and washed with water. The cells in the
test tubes were then dried in vecuo over P205. To each mg
of mold 0.10 ml of 6i HCl was edded; the test tubes were
sesled and autoclaved for 6 hours at 15 p.s.i. pressure
to effect complete hydrolysis of cellular proteins. The
seals were broken and the hydrolysates were then evaporated
et room temperature to dryness in vacuo over Ppl0g and KOH.
To each mg of cells which were hydrolyzed 0.10 ml of Hy0
was edded and 0.05 ml aliquots were taken for counting by
direct plating. All the hydrolysate sauples were counted
es Infinitesimal thickness samples by uaing & thin, end
window Geiger~counter with corrections for background
applled to the results in the conventional manner.

The supernatant medium wes also assayed for radlo=-
activity by direct plating. The contents and washings from
the center well were combined and the carbonste was

precipated as Bal03 by the eddltlon of & 1 X BaClp~
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1M Eﬁhcl solution. The precipitated barium carbonate was
then mounted on aluminum planchets by the centrifugation
technique, dried and counted by using & thin, end window
Gelger-counter with appropriaste corrections applied for
self~gbsorption end baekground. The results are given in
Table I,

Experiment 2. Under similer condltions as
described in Experiment 1, three flasks were set up in
series; and growth wes initiated in each flask at L 8=hour
intervals. 5 1/2 days after the first inoculation, the
two oldest batches of cells were harvested and washed with
the carbon source~free synthetic medium. 94 mg of the
5 1/2-day~old cells were then suspended in carbon source=
free medium and transferred to esch of the first end
second Warburg cups. The third and fourth cups contained.
94 mg of 3 1/2-day-old cells suspended in carbon source-
free medium. The results sre given in Tsble 1I under cup
nuaber l=l.

4 much smaller amount of cells was obtained after
1 1/2 deys of growth. The cells from this bateh were har-
vested, one half washed and suspended in aynthetic medium
and the other half washed and suspended in 0.067 i
phosphate buffer adjusted to pH 3. These were transferred
respectively into two sets of two Warburg cups. Each of

the four Warburg cups in this case contained only 29 mg of
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mold cells.

Forty six and two tenths milligrems of glucose-l-
ol with & total activity of 2477 x 104 cpm was sdded to
each slternate Werburg cup; end to the remeining cups,
46.2 mg of glucose=6-Cl4 with the same totsl activity as
glucoaswl-clu was added.

After 7&90ﬁ~£ of Oy had been consumed by the mold,
the lncubation wes stopped by the addition of 6N HCl.
The cells, medium and the respiratory C0p were assayed for
radiocactivity following the procedure outlined in
Experiment 1. A summary of the results sre shown in

Table II under cup number 5=8.

B. The effect of indolescetic acld gnd

ethylene on the distribution of catabolie
pathways of glucose.

The 3 1/2-day=-0ld cells from Gxperiment 2 were used.
Four Warburg cups were ﬁae& and eech conteined 9l mg of
mold suspended in carbon source~free medium. L6.2 mg of
glucmaa—l~614 were added to cups 1 and 3 end an equivalent
anount of glueose~6~€lh was added to the second and fourth
cupse Lseh of the cups contained 2.77 x 194 c¢pm of
glucose.

The first and second flesks were flushed with an

atmosphere of 1 pert ethylene in 1000 parts Op, while the



third and fourth cups each contained 28.3 6 of indole~
acetle acld and were swept only by One

When ?GGQ}LQ—or 02 hiad been consumed by the mold
the incubstion was stopped by the sddition of 6N HC1l end
the verious lrections assayed for raediocactivity.

The results are given in Table II under cup

numbers 9-12.

Ce Incorporation of glucose-l, =2, -6-cl4

into cellular amino ascids.

Three 30 ml Warburg cups were used in this study,
each cup containing L.l mg of the l~day-old mold cells
grown as descrlbed in Experiment 1 and suspended in 2 ml
of carbon source-free medium. 3.40 mg of speeificslly
labeled glucose having e total activity of 2.01 x 105 cpm
was added to esch of the three cups. The first flask
contelned the zglucose-1-0l4; the second, glucose-6-cll
and the third conteined the glucase~2—ﬁ1u specie.

When IEQQ/LQ of Op had been utllized by the mold
the inecubation was stopped by the sddition of 6K HCl and
the medium end cells were sssayed for radiosctivity.

Sinee the amount of COp formed during fermentation in this
series was relatlvely smaeller, sodium carbonate was added
a8 the carrier; and the combined éarbanate was preclplitsted

&8 barium carbonste by the addltion of the BaClp-KH)Cl
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golutions The Baﬁﬂ3 was then centrifuged, plated, dried
and counted. |

Throughout this work, chromatogreaphy and radio-
autography of the emino sclds in the hydrolysate were
carried out in the following manner. Three systems of
descending peper chromatography were employed. n-Butanolw
acetic acld-water (4:1:5), (BAW), and 80 per cent aqueous
phenol contalning a trace of 8~hydroxyquinoline were used
for single~ and two-dimensional paper chromatogreaphy.
3ingle~dimensional paper chromastograms were also obtalned
by using 3:1 secondary butanol-ammonia (3 per cent) as the
solvent system (35). Whatman No. 1 filter paper, 57 em by
46 om, was used in all the above systems. EKnown smino
aclids were run in conjunetion witi all the unknowns and
thus served as the key in the ldentification of the spots.

The cells from the glucose-l, =2, ~6~614 cups,
respectively, were nhydrolyzed snd dried over ?365 and KOH.
0«10 nml of water was added to esch mg of cell. 50)\, of
each of these solutions were spotted on Whetman lio. 1
paper for chromstography using phenol and BAW as solvents.

Redioautograms were obtalned by plaeing X-ray film
(Esstman, no screen) in direct contact with the chromato=
gran for predetermined time intervals based on relatlve
activity of the spots on the pepers

Table I summerizes the results from the
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differentielly labeled glucoses; end figures 2, 3 end 4
are reproductions of the two-dimensional radiocsutograms of

the cell hydrolysates.

D¢ Incorporation of Glh—aeatggg‘;nta
Pedigitetum proteins in the presence of

Glzqamina acids in medium.

Three and one~hglf~day-old mold cells, grown in the
usual manner, were used. After hervesting and washing,
15 mg of cells were suspended in carbon source~free medium
and trensferred to easch of the ten 125 ml Warburg cups
used in this series of experiments., 0,817 mg of carboxyle
labeled acetate with 0.640 x 166 cpm activity was added to
each alternsate cup, and to each of the remaining cups
0.817 mg of methyl~-labeled scetate with 0:640 x 106 cpm
activity was addeds The first and second cups were used
as controls. ZQQ/L woles of the desired unlabeled amino
acid camp@titaralxere added to each ol the remaining
cupss The third and fourth cups contalned glutamic acild;
the [1fth and sixth contalned aspeartic acid; the seventh
and eighth contalned alanine; and, finally, the ninth and

1 In their studies with Bseoll, HeQuillen and Roberts
{29 , peB87) define the terms competitor, competition, etc.,
"ees to indicate that certsin compounds, which can be syn-
thesized by E.coli when supplled externsally, reduce the

asount of endogenously formed materisl appearing in cell
substance.”
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tenth contained glyecine.

The cups were flushed with an atmosphere of oxygen;
and, after 10 mlnutes of equilibration period, resdings on
the manometers were taken. l 3/ hours later the experi~
ment was terminsted by tipping 6N HCl from the side arms
into the reactlion wmixture. The cells, medium and
respiratory CO, were assayed for radioactivity 1o the
conventional manner.

Results of thls experiment may be found in Table
Lil. Single~dimensionsl paper chromatograms were made of
300 X/@f each of the cell hydrolysates using BAW s
solvent. This radioautogram of the proteln hydrolysates
may be found in Figure 5.

1l, Kinetic studies

A« Kinetic pattern gg‘gluecao~g~31k and
glucose=-6-¢M4 utilizaetion.

Two suspensions, each containing 250 mg of 3 1/2-
day-old mold cells in 223 ml of carbon source-free mediunm,
were transferred respectively into two three-necked flasks
a8 shown in Figure 6. A stream of purified and COy-free
air was passed through A, the CO0p emanating from the
fermentation was swept through B and absorbed in the HalH
trap D. E wes a safety trap slso containing HalH to
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absorb any escaped COp from D. Thraugh 5, sauples of the
suspenslon were drawn into the test tube contalned in s
suction flask, Suction was epplied thraugh‘tha outlet of
Ese 12% mg of glucoae~l»cla with an sctivity of 2.85 x 105
cpm was added to one of the flasks end to the other was
added 125 mg of glucoseaéwclh with an activity of 2.82 x
105 Cpme

Sterile and COp-free slr was passed at e mexlmum
rate through the two suspensions snd the €0y released
during the fermentation of the Glhuglaeaaes was trapped
in COp-free NalH solution and assayed for radloactivity
a8 Ba603. At various time interveals 2 ml aliquots were
extracted from the resction flasks. Cells were removed
by centrifugation, end the activity left in the medium was
determined by direct plating.

The experiment was allowed to continue for 8 hours}
at the end of which time, 10 ml of concentrated HOl was
added to esch flask to kill the mold.

Teble IV sumnerizes the rate of glucose utilizetion
in the two media, the specific sctivity of the respiratory
COp and the total cumulstive GO0y setivity. OGraphlcal
expresslons of some of these reaulta may be found in

Pigures 7 and 8.
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Two dimensional radibeutogram of 1sotopii anino acids from
mold hydrolysate. Substrate glucose~1-C h. Solvent
systems used, Butenol-acetic acld-water (4:1:5) moving

from left to right, phenol-water (80%) moving from bottom
to top. Identification of spots, E = ¢ystine, R = aspartic,
N = glutamic, ¥ = glycine, K = arginine, lysine, O = thre-
onine, B = ninhydrin sensitive unknown, A = glanine, D =
valine, methionine, S = isoleucine, leucine, phenyl

alanine, P = proline.

T

FIGURE 2
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Two dimensional radicautogream of 1sotopii emino scids from
mold hydrolysate. Substrate glucose-H-C b, Solvent
systems used, Butanol-acetic aclid=water (4:1:5) moving
from left to right, phenol-water (80%) moving from bottom
to top. Identification of spots, E = cystine, R = aspar-
tic, N = glutemic, Y = glyecine, K = arginine, lysine, 0 =
threonine, B = ninhydrin sensitive unknown, A = glanine,

D = valine, methionine, S = isoleucine, leucine, phenyl
elanine, P = proline, X = non=-niphydrin sensitive spot.
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FIGURE |

Two dimensional radiocsutogram of isotopii amino acids from
mold hydrolysate. Substrate glucose=-2-C h. Solvent
systems used, Butanol-scetic acid-water (421:5) moving
from left to right, phenol-water (80%) moving from bottom
to top. Identification of spots, E = cystine, R = gspar-
tic, N = glutamic, ¥ = glycine, K = erginine, lysine, Q0 =
threonine, B ® ninhydrin sensitive unknown, A = glanine,

D = valine, methionine, S = isoleucine, leucine, phenyl
elenine, P T proline, H = gerine, X = non=-ninhydrin
sensitive spot.
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FIGURE S

One dimensionsal radlosutogram of time course samples.
Solvent system used, Butanol-ascetic scid-water (l;:1:5)
moving from bottom to tope. Vertical spots by pairs from
left to right (the first of the psir is from carboxyl
lgbeled scetate and the second from methyl labeled acetate)
represent control, glutamic acld, aspertic, slanine, and
glycine as amino acid competitors. Identifled spots sare

E = cystine, K = lysine, H = arginine, R = aspartic, ser-
ine, Y = glycine, O 2 threonine, N = glutamic, A = alanine,
P S proline, B = tyrosine, D = valine, methlonine, Z =
phenylelanine, isoleucine, 3 = leuclne.



30

FIGURE 6
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B. Kinetlc pattern of CH3ClM00H snd ¢lhuacoom

utilization.

Two suspensions, each contalning 200 mg of 3 1/2=
day-old mold cells in 221 ml of carbon source-~free medium,
were transferred respectively into two-necked flasks
(Figure 6). 12,8 mg of carboxyl-lebeled acetate, having
an getivity of 22.4 x 106 cpm, was added to the first
flask; and the seme amount and activity of methyl-labeled
acetate wes added to the second flask.

Sterile and COz~free air was passed at a maximum
rate through the two suspensions. At definite time
intervals the sctivity of the medium, cells end respiras-
tory COz were determined. These results are shown in
Table V. Figures 9, 10, and 11 describe, in graphic form,
the decrease of the Clh activity in the medium, the
specific activity of the respirsatory GO and clh activity
incorporated into the cells.

The relatively higher level of radiocesctivity in
this experiment permitted further examinstion of cellular
constituents. Consequently, the cells were hydrolyzed
and slngle~dimensional paper chromatograms and radiosuto=
grems usling BAW, phenol and secondary butanol-ammonlis were
obtalned. The rediosutograms are shown in Figures 12-18.

dighty five and three tenths per cent of the total
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th sctivity from Gﬁ3clu%ﬂﬁ was recovered as respiratory
clhﬁg, wihile only Lh.l per cent of the clh activity wes
recovered as 91“02 from 014H3GQQK. This glves sgpproxi-
mately & 2:1 ratio in favor of the carboxyl carbon in the
combustion of the respective carbon atoms of acetate

molecule into 140,
C. Kinetlc study of Glaﬁg fixation.

Two and one~hslf grems of 3 1/2-day-old mold cells,
grown in the ususl manner were harvested, washed and
suspended in S4O ml of carbon source~free medium. The
cell suspension was transferred into & two-liter thres-
necked flask end to it was added 1.88 g of nonlabsled
glucose. One neck of the flask was atteched to a
manometer; the other was equipped with a device for samp-
ling aliquots of the cell suspension at various time
intervals. The center neck conteined & veccine port to
which wes attached a vial containing 86.1 mg of BaCO3
with 2.15 millicurie activity. (A photograph of this
apparatus may be found in the Ph.D. thesis of J. Wendell
Davis (10,p.12).)

The growth flesk was oxygensted for 10 minutes; the
system was then closed and evacueted to a pressure of
10 mm Hgs. Through the vaccine port, 3 ml of concentrated
li2S0), was added to liberate the G140, from the Bacllos,
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Uxygen was then intradueéd into the system to give s
pressure of about 600 mm Hg.

The closed flesk was agitated on & mechanical
shaker at 30°C, except for brief intervals during the
removal of saaples for snalysis. 5 ml aliquots of cell
suspension were taken out and the cells killed with 0.5 ml
of 6§ HCl. The cells were separated by centrifugation,
washed with water, dried over Pplg, hydrolyzed and assayed
for activity. The specific activity curve of the cell
hydrolysates 1s shown in Pigure 19.

Three hundred microgreams of the cell hydrolysates
were spotted for single-dimensionel paper chrometogrsphy.
Phenol, BAW snd secondary butenol-smmonla were respec~
tively used as solvents to affect the sepsaratlion of the
amino acids. Radiosutograms of the resolved emino acids
were made and these sre shown in Figure 20.

Six and three quarters hours after the introduction
of Glh@g the cells were killed by the addition of
concentrated HCl. They were sepsrated from the medium by
centrifugetion, weshed twice with distilled water, end
sllowed to dry over Pp0g in & vacuum dissicator. At the
end of the experiment, the medium contained 9.26 x 105 cpm
activity. The distribution of Clh-label in the verious
fractions of the mold may be found in Diagram I on the

next page.



DIAGRAN I

DISTRIBUTION OF ClU-ACTIVITY IN THE
VARIOUS FRACTIONS OF MOLD GRDWN
ON NON-LABELED GLUCOSE AND Cl40,.

Cells
1.59 g

1.07 g of mold was hydrolyzed

with

6N HCl.

Humln protein hydrolysate
0.19x10° cpm (188 mg) 5.23x10° cpm

ether extracted

|

Agqueous phase Fats
6.18x105 cpm 0.049x105 cpm (946 mg)

|

Dowex 1-X8

(3442 mg) (32.2 mg)

; ecld @;gtgg;g gcid Remaining fractions
cpm Q.72x10

cpm L4e[46x105 cpm

39
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FPIGURE 12

One dimensionel radioautogram of time course samnples.
3olvent system used, secondary butanol-ammonis moving from
bottom to tops Vertical rows of apots reading from left

to right represent amino ecids labeled after 0, 1/4, 1/2,
1 1 1/ 2.8 1{&. 31/2, 4 1/2, 5 1/2, 6, 6 1/2, 7 hours
exposure to CH3C*400Na. The spots are: R = aspartic, glu-
teamic, cystine, K = lysine, N = arginine, £ = glyeine,
serine, H = histidine, threonine, A = sglanine, S proline,
B 2 tyrosine, D = vallne, = methionine, 2 = isoleucine,

S = phenylalanine, leucine, X = unknown.
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FIGURE 13

One dimensionsal radiocautogram of time course samples.
Solvent system used, secondary butanol-ammonie moving from
bottom to top. Vertical row of spots reading from left to
right represents amino acids labeled after 0, 1/4, 1/2, 1,
1 1/2, 2,2 1{&, 31/4, 4 1/2, 5 1/2, 6 1/7, 7 hours
exposure to C*4H3C00Ne. The spots are the same as those
identified on the preceding figure.
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FIGURE 1l

One dimensional radiocsutogram of time course sasnples.
Solvent system used, Butanol-scetic acid-water (4:1:5)
moving from bottom to top. Verticeal spots reading from
left to right represent amino scids labeled after 0, 1/,
1/2' l’l 17 » 2’ 1/2, )4, 1/2’ 5 1/2’ 6’ 6 1/2 hours eafter
exposure to CH ¢cl400Na. Identified spots are, £ = cystine,
K = 1lysine, H 8 arginine, R = glycine, serine, aspartic,

N = glutamic, threonine, A = aslanine, P = proline, B =
tyrosine, D = methionine, valine, 4 = isoleucine, phenyl=-
alanine, 3 = leucine, X and ¥ = unknown.
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FIGURE 15

One dimensionsl rediosutogram of time course samples.
Solvent system used, Butanol-scetic scid-water ([ :1:5)
moving from 1eft to right represent amino ecids lsabeled
after 0, 1/4, 1/2, 1, 1 1{& A h 1/2, %5378, 6, 7
hours after exposure to C+4H 3C00Na. Identified spots are
the same as those on the preceding figure.
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FIGURE 16

One dimensionsal radiosutogrem of time course samples.
Solvent system used, phenol (80%) moving from bottom to
top. Vertical spots reading by psirs from left to right
(the first of each palr is from carboxyl labeled acetate
and the second from methyl lebeled acetate) 0, 1/4, 1/2,
1, 1 1/2 hours. Y = unknown, N = glutamic, R = aspartic.
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FIGURE 17

One dimensional radioautogrem of time course samples.
Solvent system used, phenol (80%) moving from bottom to
tops Vertical spots reading by peirs from left to right
(the first of each pair is from carboxyl labeled acetate
and the second from methyl labeled acetate) 2, 2 1/2, 3,
31/2, 4 1/2 hourss E = cystine, R = aspartic, ¥ = glu-
temic, serine, O = glycine, H = threonine, tyrosine, K =
lysine, histidine, slenine and arginine, V = valine, Z =

leugcine, isoleucine, phenyl, slanine, X = unknown and
proline. :
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FIGURE 18

One dimensionsl radioautograms of time course samples.
Solvent system used, phenol (80%) moving from bottom to
top. Vertical spots reading by palrs from left to right
(the first of each peir is from carboxyl labeled acetate
and the second from methyl labeled acetate) 5, 5 1/2, 6,
6 1/2, 7 hours. Identity of spots are the seme as on the
preceeding figure.
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FIGURE 20

<M>» T

One dimensional radiosutogream of mold cells from CluOZ
fixation experiments. The three pairs Ere emino acids
obtained from the kinetic studies of ¢l Op fixation. The
first of each pair of chromatogrems (sterting from the left
side) represent lﬁbeling in amino acids after 5 B/h hours
of exposure to Cl4o The last radiosutogram is labeling
obtalned from the n?gh level ¢ hO fixation experiment.
The first pair of radiocesutograms %phenol used as solvent)
R = aspertic acid, N = glutamiec acid. The second peir,
(BAW used as solvent) R = aspartic sacid and serine, E =
glycine end threonine, N I glutemic, A = elanine, P = ala~-
nine, P = proline, Z = phenylalenine and isoleucine, S =
leucine. The third peir (secondary butenol-smmonla) R =
aspartic, glutemlic, cystine, H = arginine, E = glyeine,
Sserine, A = threonine, P = proline. In the last atrip,

R = aspartic, glutamic and cystine, X = lysine, i = grgi-
niney, & = glycine, serine, A = threonine, P = proline, B =
tyrosine, D = valine, 0 = methionine, X = ninhydrin nega-
tive spot, 4 = isoleucine, S = phenyl elanine end leucine.



isolation and degradstion of sspsrtic end glutemic

gcid. One and seven hundreths grem of the dried mold was
hydrolyzed with 6N HCl in Cerius tube by autoelaving the
mixture at 15 p.s.i. for six hours. The hydrolysate,
filtered free of humln, was repeatedly evaporated to
dryness to remove the HCl. The protein nydrolyssate wsas
then teken up in water and extrected exheustively with
ether in a liquid-liquid extrasctor to remove fatty
substances.

Following the method of C. H. W. Hirs, et al (22),
the aspartic and glutamic ecids were separated by the
passage of the protein hydrolysate through a Dowex 1-X8
column. 34.2 mg of espertic acid and 32.2 mg of glutemie
acid were isolated. They were found to be chromato-
grephlicelly pure.

Appropriaste amounts of the isolsted pure amino
acids were diluted with the non-lebeled corresponding
amino acld, and the mixture obtained was sub jected to
degradative studies.

The total activity of the amino acids were deter-
mined by the wet-combustion method of Van Slyke using the
combustion mixture cited by Celvin ( 6 ,p«93) but omitting
the KI03.

The ninhydrin method of Frantz (16 ,pp.260~1)
modified by Wang (4L9) was used to determine the eectivity
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of both carboxyl groups of aspartic acld and the
X -carboxyl group of glutemic scid.

The &X ~carboxyl group of sspertic scid was
obtained by nitrous scid cesminstion of espertic acid to
malic acid‘(logpqzh). The malic acid thus obtained was
degraded by the method of letter (Ll,p.851) to yield the
ol ~carboxyl group as C0, which was in turn oxldized to
CO2 by pessing through e hot tube containing caaése copper
oxide.

The Glh labeling pettern of these two amino acids

are zZiven in Tsble VI.

III. Utilizstion of cerboxyl-labeled scetate by

Penicillium éigitatum.

Five hundred milligrems of a 3 1/2-day-old mold
cells grown in the usuel manner were harvested, washed
and added to 250 ml of a carbon source-Iree medium
contained in the three-necked flesk shown in Figure 6.
20.4 mg (0.25 m moles) of carboxyl-labeled acetate, having
& total activity of 26.5 x 10 cpm waes added to this
suspension and sterile CUp~free air passed through this
mixture.

At definite time intervels 5 ml sauples were taken
out of the reaction flask end the activity in the medium



TABLE VI

ISOTOPIC DISTRIBUTION PATTERHS OF ASPARTIC
AND GLUTAMIC ACID FROM MOLD ?ﬁ@%ﬁ
UN HON-LABELED GLUCOSE AID CH40p.

Amino scid zroup %gﬁ;gggggzigx Per cent
(cpmx10°6 m mole amino acid) of total

hapartic acid 100
?Qaﬂ -------------- 1.13 _ 23.8
ﬁg\ﬁﬁa “““““““““““ GUSS lﬁ.(}
Clp
/
s R -=2.76 58.2
Glutamic acid 100
fo@ﬁ BT T — T - 12 8.9
HONHp
CHp
] ““““““ o oo ()} . Sl 15 cl
/ﬁﬁg
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and the cells were determined in the usual menner. The
ectivity of the respiratory CUp was determined by direct
pleting end counting of 0.05 ml aliguots from the Ccoy
trap., These results are shown in Teble VII.

At the end of four hours, the experiment was
terminated by the addition of concentrated HC1l to the
mold suspension. The rest of the mold was seperated from
the medium by centrifugstion, washed with water and
&lcohol and allowed to dry over P205 in a vecuum
dessicator.

isolstion gnd degradstlion of aspartic snd glutemic
acld. Three hundred snd fifty five milligrems of the

dried mold was hydrolyzed with 6 N HCl in & Carius tube
by autoclaving the mixturﬁ:at 15 y.a.i; for nine hours.
The hydrolysate, filtered free of humin, was repeatedly
evaeporated to dryness to remove HCl. The protein
hydrolysste was then dissolved in water and extracted
exhsustively with ether in a liquid~liguid extraetor. The
distribution of eetivity in the verious parts of the mold.
is given 1n Table VIII.

The sspartic snd glutamic scids were separated snd
removed from the hydrolysste in the same manner as has
been used in previous work by Wang, et sl (}8). The
isolated amino scids were diluted with appropriate

amounts of the corresponding non-labeled amino acids, and
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TABLE VII

- CARBOXYL LABELED ACETATE
UTILIZATION BY PENICILLIUM DIGITATUM

Total respiratory Activity per

Time Medium GOo activity mg cell
{hours) (cpmxl@”éi (epmx10=7) (epmx10~3)
0 16.0
045 15.5 0.18 0.73
1.0 1l.h 0.41 1.46
1.5 6.81 0.66 2.79
2.5 3.0} 213 3.36
3 1.23
3.5 1.28 1.36 3.46
Ly 0.89 1.38 1.77

2044 mg of aarbaxy%~labeled acetate having a totsl
activity of 26.5 x 10° cpm were added to 500 mg mold.
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TABLE VIII

DISTRIBUTION OF ¢ scTIviTy
IN ?mmICILbIBﬁ SIuITATﬁh uﬁOWE On

#]
Weight of Fraction of
Fraction fraction Totel sctivity totel ectivity
{mg) (cpmxle"s)
Whole mold 355 19.4 100
Humin ).‘.?Q} Gw87 z{bs

Fat (total) 31l.4 1.2 6.4
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the mixture obteined was subjected to degradation studies
using procedures given previously under the CO0p fixation
experiment. The results for the isotopile distribution
patterns of espartic and glutamic acid are given in

Teble 1IX.

IV, High level cllo, fixation.

One hundred milligrams of 3 1/2-day-old mold cells
were suspended in 25 ml of cerbon source-free medium
contained in a 250 ml Erlenmeyer flask. 18 mg of glucose
were added to this suspension, end the Erlenmeyer was
closed, Through s vaccine port, concentrated 3258h was
added into a suspended vial which contained 2.79 mg of
BaGOB having an actlvity of 1l00MC . The Erlenmeyer was
then placed on & shaker st room temperature, and the
suspension wes agltated for four hours. At the end of
this time alkall was introduced into the vial to absorb
the Glhﬁgt The system was opened and the mold sepersated
from the medium by centrifugstion. The wold wss washed
twice with distilled water and dried over Paﬁs in a vacuum
dessicator. After hydrolysis with 6N HCl in & Carius
tube, the mold hydrolysate wes dried over FZQS end KOH.

Single~dimensionsl paper chrometograms were made
of the hydrolysate using 3007{ equivelent of the originel

mold for spotting, using secondary butanol-smmonia system.
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A redlosutogrem of this protein hydrolysete is found in
Flgure 20.
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TABLE IX

IS0TOPIC UISTRIBUTION PATTERN OF ASPARTIC ACID
AND GLUTAMIC ACID FROM MOLD GROWKN ON
- CARBOXYL LABELED ACETATE.

Per cent
Amino ecld group Hedlogctivi of total
(cpmx].@-B m mol of diluted :
amino @cid)
Aspartic scld 100
?QQB n*m»nnuﬁ'anaoolno‘a? 2h¢8
HONHp
[ eeceeeean1.28 35.6
fé2
COOH =me=mmane mmme==1,39 39.6
Glutamic acid 100
?QQ& S -0.45 32.6
K?Eﬁg
fHa ,
T e “mem==0.93 67.4
CH,

COUH



DISCUSSIOR

The occurrence of alternste cstabollic pathways of

glucose in Peniciliium digltatum. The finding of higher
speciflc activity of respiratory Glhﬁg from glucosa~2~clh
than that from glucose-é*ﬁlu revealed the occurrence of
the Emden-ileyerhof (EM) pathway in these organisms. Since
an exclusive pentose cyeclic process will yleld methyl
labeled scetate from either glucose-2-CM4 or glucose-6-Cll
and hence the same specific sctivity of respiratory Clhﬁg
in the terminsl respirstion processes (38). In the
Emden=ileyerhof scheme in combinstion with TCA cyelie
sctivity one would find & higher specific activity in the
respiratory Glhﬁa from glueoaa-&-clu by way of carboxyl
lebeled acetate rather than glucose-6-ClY, which would
zive rise to methyl lsbeled aeetate in the EM pathway.

The fact that the specific sctivity of the
respirastory ﬁlhﬁz from glucoae«laclh is considerably
higher than that from either glusaaeﬂz—elh or glucasawé-cla
is indicative of the extensive operation of the pentose
cycle in this orgenism. That the Entner-Doudoroff pathway
(1l4) is probably not the cause of higher specific sctivity
of Glhﬂg from glueoao-l-clu is evident by the signifi-
cantly less incorporation of'glncoae~l—01h ectivity into

alanine then from elther of the other two glucose species,
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3ince the Entneroboudoraffiﬁuhems will give rise to
pyruvabe»l~alu. 8 known precuraor:of slanine, which should
have 8 similer lsbeling level as éampared to pyruvate-3-
¢ derived from glucose=6-Cll, is slso indicative of the
significent extent of the operation of pentose c¢ycle, in
wiich case gluaaaa-l~ﬂlh sctivity will be lost in the
preferential decarboxylation resction with non-labeled
C=l, 5, 6 furnishing the Cy intermediates in the alanine
biosynthesis. This is in direct contrast to the equeal
contribution of activity in aelanine from elither glucose~
1-c or glueose~6~01h via the EM scheme.

In kinetic studies on glucosa-l—elh and glucose~
6-c1h utilization (Figure 8) the very rapid rise of COp
activity of the [irst peak in the @lueoaa-lﬁclh curve and
1ts predominance over s similar peak in glucose-b-cll
could then represent the occurrence of & more rapld
decarboxylation reactions vie the pentose cycle. The
second peak in the COp asctivity of both specles of glucose

is possibly due to the operation of the Lil scheme.

A. The effect of eme of mold, nature of medium,

etiylene and indoleacetic gcid on the distribution of
catabolic pethways of glucose.

1. Effect of sging. The effect of aging through
3, 31/2, I} and 5 1/2-day-old mold cells were studied.
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The ratio of respiratory COp from glueose»loﬂlh to the
respiratory CO i from 5luaoae-6~61u (referred to from now
on as %%%%%gﬁiai are 3.42, 2.70, 1.98 and 1.89 respec~-
tively (Tables I and II).

The logeritimic phase of cell growth and division
ls 72 hours, according to the studies of Wooster and
Cheldelin (53) . The experimental evidence presented
points stroagly to the peatose cycle as being directly
related to active blosynthesis. This would reflect the
need of active pentose supply for the formatlon of REA

units, or related energy requirements in active growth.

2. lNature of medium. The W ratio of
Li-day=-old cells were prectically ildentliceal in growing

- medium snd buffer (1.98 and 2.00 respectively, Table I1);
this 1s also true in so far as the total aetivity
recovered as G140, 1s concerned.

Similarly, the % ratio of 1 1/2-day-old
cells In growing medium and buffer were again very much
the same (2.16 and 2.12 respectively, Teble II). However,
in this case almost twice as much CU2 was formed from
glucose in the bulffer medium as {rom the growing medium.
The compearison of specific activity end total sctivity

recovered as G140y are summerized as the following:
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Total
ied Lum Substrate cﬁ?ﬁ?iiiiw m
' {cpm)
growing gluaosu~1welk 4250
growing gluease~6~clh 1950 2018
buffer  glucose-1-Cl4 6480
puffer glucose=-6-c1l 2720 2,38

Pifty milligrems of BaGQB were obtained per cup
from the glucoses in growing medium, and 92 mg BaCO3 per
cup was obtalned from the glucoses in buffer medium.

These results thus show thst with 1 1/2-day-old
cells the glucose in phosphate buffer medium 18 primarily
used for respiratory activity, hence a higher recovery
in GOy and its ectivity. Uith cerbon source~free medium,
on the other hend, & consliderable amount of glucose has
been. incorporated into cell constituents.

When the exponentiel phase of growth 1s over, the
less active biosynthetic functions tend to reduce the
difference between the growing medium and buffer. Thus
thg ratio of g%g%%%ﬁaé for older cells come out very much
the same in growing and buffer medium.

3. Indolescetic acid. Indoleacetic ecid is known

to stimulate the Emden-leyerhof scheme in some micro-
organisms +» However, no evidence has been found in

Podipitetum (Table III) to indicate this nature of



stimulation. At & level of lﬁﬁx/nlﬁﬂ per 100 ml no
stimulatory effect has been demonstrated a&s the ratlo of
?1uaase~l in the control (2.70) was not much different
Glucose=-
from the ratio (2.62) of the cups which contalned IAh.
L« Ethylene. 8ince ethylene is known to be pro-
duced by P.digitetum (3,30) , the elfect of the mold
metabolizing preferentially labeled glucose under ethy-
lene enriched atmosphere was studied. The results in
Table II show that the specific sctivity of COp from
glucose=6-C 4 18 not too different in the control
(0.59 x 10% cpm/m mol BaCO3) and the ethylene set
(0.61 x 104 cpm/m mol BaC03). However, & significant
decrease in the activity of CUp was found with glucose~
1=014 1n the ethflsna set (1.37 x 10k epm/m mol BaC03)
over the control (l1.59 x 104 cpm/m mol BaC03). The
resulting lower g%%g%%%%% retio in ethylene atmosphere
may then indlcate the effect of ethylene in suppressing
the pentose cycle but displaying no effect on the Bmden-
Weyerhol pathway.

B. Kinetle studies of glucose catabolism.
Pigure 7 shows the rate of utilization of glucose.
This rate is calculated out to be 0.071 mg glucose used
by 1 mg mold per hour.
The over-gll specific sctivity of Ba&03 from



gluaasa~1~ﬂlh was 1.32 x 102 cpm/ug BaC03, and of
glucase~6~$14 was 0.635 x 102 cpm/mg BaC03. When these
values are compared with 3.43 x 102 cpm/mg BaCl3, the
equivaelent speciflic activity of the glucoses used, a high
endogenous value of the mold 1s revealed.

Thirty four and four tenths per cent and 13.6 per
cent of the respective glucose-1-Clh end glueaau-6~clh
sctivity were recovered as carbon dioxide. These values
again point to the extensive operation of the preferrentisl
loss of Cy over G4 carbon.

The over-all recovered activity ratio of g%%%g%%;é
recovered as CUp is 2.53, which compares favorably with
the velue obtalned in Warburg studies (2.70) for molds of
the same age. ‘

It is interesting to note that the time-course
curve of Cluﬁg (Figure 8) specific activity from glucose-
6=l displeyed an esrly peak., If one sssumed that the
second peak whieh appeared at 6 hours as due to the turn-
over of C~b of glucose vis the EM and TCA scheme, then
the first peak might be the result of a possible reloca-
tion of C~6 to C-1 position of glucose and the eppeearance
of 6140y sctivity vis the pentose cyecle. A simultaneous
pesk from glucaas~l~01h occurs et this stage also.
Similar observations heve been mede in Baker's yeast

The incorporation of Cl4 from various differentially



labeled glucose into cellulsr constituents also provides
an Interesting lesad in the utilizetion of glucose bresk~
down products in the mold, Thus, the Glh getivity in
cells grown on glucaaevﬁ*ﬂlh is higher than thet grown on
slucose-6-cll,

The preferential incorporation of C~2 of glucose
into cellular constituents thus points to the non=-
equivalence of ascetate (or related Cp unit) derived from
zlucose cerbon atoms 1, 2, 3 and 4, 5, 6 (2 ), Inesmuch
88 incorporation of the respective aaﬁban atoms of glucose
into cellular compounds via EM and TCA cyele should have
resulted in & lesser incorporation from gluease~2*clh
(Diegrem I) es compsred to that from glueoae«éwclh; also
with extensive pentose cyclic proceass and accepting the
observation by 3prinson, gt al (38), that pemtaaa~1~61h
sugaers give rise to Cp and Csq units with the majority of
the activity residing in the methyl group of the Cp molety.
The anslogy could be carried to 2~G1u which could con-
ceivebly give the sawe pattern as psnt@aa~l~ﬂlh, after
having been first converted to & pentose vieg the pentose
cyele. From either pathway, one would then expect either
equal lncorporstion from C~2 or ¢-6 of glucose or a higher
incorporation in favor of C~6 glucose.

The observed preferentisl utilization of C~2 of

glucose in cellulsr blosynthesis as evidenced by the



significantly higher level of emino scid labeling
(Pigures 2, 3, 4) in the glucaae-awﬁlh experiment, points
to & unlgue entry of the Cp unit into the blosynthetic
mechenism of this organism« The fate of the Cp unit in
this respect will be discussed later under scetate

utilizations

0. CHycllhooH end c4H4000H utilization by mold.

Although acetate was found not to be & good carbon
source for the growth of this organism (53), preliminary
experiments have Indlceted a considersble smount of
radloactivity from Glh lebeled scetates was incorporated
into cellular constituents, particularly amino escids. It
was thought that this type of studles would have provided
& way of tracing the fate of a typical 02 unit in active
biosynthesis.

Figure 11 shows the rate of utilizeation of carboxyl
and methyl labeled acetate. Accumulation of labeled
compounds in the medium from both acetate experiments were
6bsarved prior to complete substrate utilizetion. Paper
chromatography of an sliquot of the medium identified the
lebeled compound to be amino ecids, consisting mainly of
aspartic and glutamie acid. A similar type of observation

hes been reported in Streptomyces griseus (18).

From an equel emount and sctivity of specifically
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labeled acetates utilized by mold, 85.3 per cent of the
acetate*lwﬂlu activity was recovered ss leﬂgg wheress
only Llhi.l; per cent of the scetate=-2-Clh sctivity was
recovered as Clhﬂa. This pointed favorably to the evi-
dence of the aperatian of TCA cycle.

Cells, on the other hand, incorporated a higher
amount of activity from the methyl labeled acetate than
from carboxyl lebeled acetate. This was agein in line
with TCA ecyele operation, which cslls for conservation of
the methyl of acetate over the carboxyl group of acetate
in the cyelic processes.

It i1s interesting to note that glutamic and asper-
tic scids sre among the first amino scids to be lesbeled
(Figures 12~18). An unknown X which gave a positive
ninhydrin test, but whose Ry velue did not coineide with
eny known amino acid, wes slso lebeled at the esrlier
stage. This unidentified emino scld soon disappeared.

No attempt was made in identifying the nature of this
compound.

The level of labeling in these initial components
were lowered in the next hour or so} activity began to
spread lnto the other amino seids at the second hour.

The high incorporation of aeetat&w&-@lu into
glyclne end serine is in line with the known mechanism of

serine blosynthesis, since the ?’~sarbon of serine is
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established as derived from C-2 of scetate (52). Similar
labeling in the case of slanine is indicative of the
operation of TCA cyecliec process, since the C=2 carbon of
acetate tends to be conserved in the recyeling process.

In order to elucidate the mechanlsm of acetate
utilization in the orgaenism, & larger amount of mold cells
were zrown so as to isolste key amino acids for degrada-
tion studies. The radioactive substrate used in this case
was carboxyl labeled acetate.

The isotopic distribution pattern obtained
(Table IX) revesls the surprisingly high incorporation of
acetate carboxyl activity into the middle carbon atoms of
aspartic acld. This situation provides evidence of the
occurrence of double fixation of CO0p by acetate (or a
related Cp unit) &s reported for R.rubrum by Cutinelli,
et 2l (9), and Tomlinson for C.kluyveri (43). The higher
activity in C-ly of aspertic acld probably reflects the
dilution of the 03 unit by pyruviec scid derived from
endogeneous carbohydrates.

In the case of glutemic scid, 32.6 per cent of its
activity was found to be located at theo< =carboxyl carbon
atom which is probably derived directly from the acetate
carboxyl carbon by wey of the conventional TCA cyclie
process. As indicated in Diesgram II, one would expect

considerably higher activity in C-2, 3, Ly 5 Gf‘glatamie
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gcid. The observed low value,; in view of the expected
labeling in cerbon stom 2, 3 and 5; is probebly the result
of limited recryeling processes. This is also supported

by observed glutasmic acld exeretion in the medium.

D. The incorporation of CL40> into amino acids of

R

Peéiﬁitatum.

The observed unique pathway of Cp (as ecetate)
entry into the TCA cycle as discussed ln the foregoing
section led to the study of the role played by CUp in
growing cells of molds. Unlsbeled glucose was used as
co=substraete to ensure a normal growths

In the time~course study of Glhaa fixation, one
finds the cl& activity was resdlily incorporated (1/2 hour)
into aspartic and glutamlc acide This 1s expected from
the scheme glven in Diagram Il«

Labellng subsequently occurred in the remalning
emino acids except alanine, valine, leucine and phenyl=
alanine. This was demon&trated in e high-level experiment
(Figure 20). |

The esrly labeling in glyclne and serine from Glhﬁg
is in gawd‘agreemant with the observetion made in 61462
fixation experiments using Seccharomyces cerevisise (10)
and Streptomyces griseus (5 ) and can be reasdily explalned

by the blosynthetlc scheme for these smino sclds as
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proposed by iang, et al (51).
The heavy labeling in arginine is in line with the

bilosynthetlic scheme proposed by Strassman snd Weinhouse (39

The incorporation of sctivity from Clhﬂg into
threonine, tyrosine and isoleucine is agaln in good agree~
ment with their respective blosynthetlec mechanisms, which
all involved oxalascetate as a key intermediate (50,41,
L0). |

The labeling in proline could be understood in view
of its direct relationship to glutamic acid (28, pp«277=
289). ‘

Failure of 61& gctlvity incorporation into slanine
end veline 1s not surprising coasldering the [fact that the
bulk of the C3 unit (pyruvic acid) was derived from the
non-labeled glucose, wihich was used as co-substrate in
this experlments The much diluted activity of the 63
unit is evidenced by the non labeling of salanine, which is
related to pyruvic aseild by transaminsetion, and valine,
which 18 synthesized from two pyruvic acid units according
to Strassman's scheme (L40).

It 1s luteresting to unote that no Glhﬁz ectivity
was lncorporated into the phenylalanlne skeleton in
contrast to the relatively higher lebeling in tyrosine.
This might render additlional support to the suggestion
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made by Thomes, et al (42), that these two emino acids may
not share the same blosynthetic pathway.

Leucine 1s also not labeled in the present experi-
ment; this is best explained by the blosynthetic scheme
proposed by Reed, et al (34), since the only labeled
carbon in the key 1nterm®ﬁiate,¢%(~aarbaxyl carbon of
a<:~ketoglutarate, would be expected to be lost in the
decarboxylation processes postulsated.

The bulk of the cell crop in the c14o, fixation
experiment wes recovered end hydrolyzed for the isolsation
and degradation studies of some key compounds. The
distribution of 01402 activity in the various fractions of
cellular constituents is glven in Diegram I. The méjar
portion of the activity wes found in the amino acids
fractlion, perticularly aspartic and glutamic acids. The
small emount of activity detected in the fat fraction
could imply that some Glhﬂa activity wes lncorporated into
the acetate unit vis some unknown pathway. That this
might be an important pathwey is evidenced by the signi-
ficant emount of 31&02 activity observed in the middle
carbon atoms of aspartic acid (Table VI).

The isetopicvdiatributian patterns glven in Teble VI
for aspartic acid and glutamic scid are 1n good agreement
with the scheme given in Disgram II. Thus, one would
expect heavlier labeling in the ?S—COGH carbon of aspartic
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acld (43) since the experiment wes carried out in the
presence of non-lsbeled glucose and hence unlsbeled
pyruviec acld was also fed into the 03 pool resulting in
lower specific esctivity of thec< -COQH carbon of sspartic
ecides, In the case of glutamic acid, as would be expected,
the lebeling is practically confined to the oC -C00H carbon
(10)» The minor amount of Glhﬂa activity detected in

C=2, 3, 4» 5 of glutemic scid agaln suggests the existence
of an unknown pathway leading to the indarporation of Glh
activity from clhoa into the acetate molecule.

E. 1Isotople competition with cerboxyl snd me thyl

labeled acetate.

The reiults of these studies were complicated by
the fact that with the addition of the unlsbeled emino
eclds to the medium, a significantly greater utilization
of the labeled acetates were obtained (only exception to
this was glycine). Nevertheless, some definite observa=-
tions were made.

When glutemic acid was present a; & competitor,
the acetate incorporation into the rest of the amino
acids were atimﬁlated; nevertneless, a significent decrease
in labeling Wwas observed in glutamic acid. Similer

decrease in labeling was observed in proline and arginine.

This compares favorably with the similar work reported by
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Abelson (1) for E.co0li. The known interrelationship
between asbove mentioned amino ascids is well established
(16,39).

With aspertic scld es competitor the expected
decresase of acetate labeling in this amino ecid was also
observed,

Using alenine as a competitor a very declsive
block of incorporation of Clh into the alanine molety was
observed. In both ascetate experiments s block of sctivity
incorporation from the two labeled acetates into the
valine structure was observed. Similer results were
obtalned by Abelson wlth f.coli (1). This result wss in
support with the scheme proposed by Strassman, et sl (L40),
that pyruvic acid is an intermediate in valine synthesis.

alanine

e
Pyruvic acid

~

'9(,6 ~dihydroxyisovalerate —> X ~ketolsovalerate

| valine

Glycine, unlike the sbove discussed three amino
acids, did not stimulste the incorporation of labeled
acetate lnto the other amino scids; however, a significant

bloek in the activity of glyecine was observed.
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TABLE 1

THE ZFFECTS OF ACING AND NATURE OF MEDIUM ON THE OXIDATI QN
OF DIFFERENTIALLY LABELED GLUCOSEZ BY CELLS OF PENICILLIUM DIGITATUM

Activity Aectivity Activity
Warburg Mold Glucose Left in per mg per m mol [Respiratory

Cup No. Age Medium Label __ Medium Cell BaCOz - _CO2 Ratig
(epmXx10-4)  (epm) (cpmX10-4)

1 4 days Carbon source-free -1-0lé 1.46 29.8 1.73
2 4 days Carbon source-free ~6-Clé 1.51 69.9 0.87 e
Large 3 3 days Carbon source-free -1-Cl4 1.63 22.4 2.00
Cups 3.42
4 3 days Carbon source-free -6-Ci4 1.62 54.3 0.59
5 4 days Phosphate buffer ~1-cl4 1.10 29.4 2.15
6 4 days Phosphate buffer -6-Cld 1.43 48.5 1.07 #-00
1 4 days Carbon source-free  -1-gl4 5.05 0.80X104¢ 8.21
3?3;; 2 4 days Oarbon source-free =-6-Clé 3.73 1.04%104% 4.75

3 4 days Carbon source-free -2-Cié 5.91 1.51X104 5.79

®46.2 mg of differentially labeled glucose having a specific aetivity of 1.23 X 105 opm per milli-
mole were added to 76 mg of cells in each of }ha large cups. 3.40 mg of differentially labeled
glucose with a specific aetivity of 1.11 x 107 e¢pm per millimole were added to 41 mg in each of the
small cups.
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THE EFFECTS OF AGING, NATUKE OF MEDIUM, ETHYLENE AND INDOLE ACETIC ACID
ON THE OXIDATION CF DIFFERENTIALLY LABELED GLUCOSE® BY CELLS OF PENICILLIUM DIGITATUM

Activity Aetivity Activity
warburg |Mold Glucose Left in per mg ©per m mol Respiratory
Cup No. Age __Medlium _ Label di Cell BaC0z COz Ratio
epmX10-3)  (epm) (opmX10-4)
1 54 days Carbon source-free -1-Cl4 11.5 9.3 1.94
1.89
2 54 days Carbon source-free -6-Clé - 9.61 15.1 1.03
3 3, days Carbon source-free ~1-Cl% 4.76 16.1 1.59
2.70
4 34 days Carbon source-free -6-Clé 5.83 51.2 0.59
5 14 days Carbon source-free -lL-Cl4 9.10 24.7 1.70
- 2.16
6 1} days Carbon source-free =~6-Cl% 7.06 46.7 0.79
7 15 days Phosphate buffer -1-cl4 7.69 27«6 1.30 .
‘ 2.12
8 14 days FPhosphate buffer ~6=-Clé 7.96 49.3 0.61
9 34 days Carbon source-free ~-1-Cl4 5.99 14.2 1.37
ethylene! 2.26
10 35 days Carbon source-free -6-Cl4 8.09 35.8 0.61
ethylene
11 34 days Carbon aaugea~free -~1=Cl4 5.23 18.9 1.63 .
12 34 days Carbon source-free -6-Clé 6.02 40.8 0.62
IAA

S

had 94 mg of cells, while 5-8 had only 29 mg of cells.
LThe eups indicated were flushed with an atmosphere of 1 part ethylene per 1000 Op before

%%gilibratian.

e cups indicated each contained 28.3

of indole acetic acid (Ian).

46.2 mg of differentially labeled glucose having a specific activity of 1.08 X 10° cpm per

m mol glucose were added to each of the above cups. Warburg cup numbers l-4 and 9-12 each
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TABLE I1I

INCORPORATION OF CHzCl400H® AND ¢l4HzCOOH® INTO P.DIGITATUM
PROTEINS IN PRESENCE OF ClAMINO ACIDS IN MEDIUM

Activity Activity Aetivity
Warburg Acetate Amino Acid Left in per mg per m mol Respiratory
Cup No. Label Competitor Medium Cell BaClx COp Ratio
' (cpmx10-%4)  (epmX10~%4)  (epmX10-6)
1 -cl40H  Control 6.65 0457 6.28
‘ 1.40
2 cMg, Control 12.5 1.2 4.49
3 -c1%00H  Glutemic 6.24 0.68 4.61
. , 1.98
4 ct4u,.  Glutemic 16.0 1.73 2.2
5 -c*400H  Aspartic 5.09 0.73 5.06
| 1.74
6 cién, Aspartic 14.8 1.64 2.92
7 -cl400H  Alanine 6.60 0.86 4,93
1.87
8 clém, Alanine 12.8 1.79 2.64
9 -c}4008  Glyeine 4.13 0.55 5.52
2.51
10 s Glyelne - 12.6 1.43 2.38

®zach cup contained 15 mg of 3 1/2-day-old cells suspended in carbon source-free
medium. 9.817 mg of differentially labeled acetate having a specific activity of
6.43 X 10’ epm per m mol was added to each cup.
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TABLZ IV
KINETIC STUDY OF GLUCOSE -1-C147 anD GLUCGSE -6-C147 UTILIZATION BY P.DIGITATUM

Regpiratory COp

Medium ¢t . 1 _mol BaCoO nulative Total Activity

Time Glucose-1-C14 Glucose-6-Clé Gluacaa-l~014 Gluoaaa~6~c14 Glucose-1-C14 Glucose-6-Clé
(Hours) _(epmX10-5) (cpmX10-5) {epmX10-%) (epmX10-4) _(epmXx10-3) (e pmX10-9)

0 2.10 2,12

0.5 1.92 2.08 0.58 0.10 2edk 0.4

1 1.78 1.97 2.30 0.54 S.9 1.0

1.5 1.82 1.856 S5.19 1.09 12.0 2.8

2 1.36 1.53 5.64 1.59 21.0 5.9

245 1.37 1.60 3.86 1,58 30.0 8.9

3 l.14 1.36 %88 1.76 S38.3 13.0

3.5 1.07 1.23 1.96 1.54 43.6 15.5

4 0.81 1.01 2+ B4 1.10 50.1 i8.1

5 050 Q.76 3.06 1.18 65.9 22.3

5.5 0.24 0.60 - 3,11 1.44 72.9 25.0

6 0.17 0.41 BeB7 1.6 B2.6 28.3

6;5 0.01 0.24 2.90 1.47 89.7 31.6

7 0.03 0.22 2.87 1.58 95.6 335.9

7.5 0.086 0.13 1.63 1.51 96.2 35.8

8 0.01 0.14 1.55 1.84 98.1 38.3

7125 mg of Glucose ~1-Cl4 with an activity of 4.11 X 105 cpm per m mol and & similar weight and
activity of Glucose -6-Cl4 were inserted in each flask.
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TABLE V

KINETIC STUDY OF CHyCl40CHS® aND Cl4HzCOOH® UTILIZATION BY P.DIGITATUM

Respiratory COg

ggt;gitﬁaggz Cnmnlatfgzaiotivit Tehae
Time CH3C1%00H Cl%HgCOOHE  CHgG TOOH  CL4H3COOH EEEEI*Egﬁ‘"'Etiﬁgﬁﬁ%ﬁ CHzCL400H cl4H3C00H
(Hours) (epmx10-6) (epmx10~®) (cpmx10-6) (epmX1070) (cpmx10=6) (ecpmX10-6) (cpm per mgX10-%) (epm per mgXl0-9)
0 16.1 17.1 1.68 1.97
0.25 0.16 0.27
0.50 633 2.42 0.70 0.30 0.52 0.45
- ¥ 8.56 10.7 14.5 8.16 1.41 0.56 0.82 1.39
1.5 5.28 5.52 1.21 2.62
2.0 4.97 6.67 24.0 3437 2,37 4.65
2.5 8.62 8.01 | 4.73 9.22
3.0 8.87 8.56 32.1 15.6 6.36 2.04 6.14 8.91
3.5 5.62 10.91 4.14 10.0
4.5 2.43 6.39 60.7 24.2 15.9 5.64 15.5 29.0
5.0 1.22 2,87 19.5 43.9
5.5 . 0.80 2.04 28.8 29.0 18.5 8.34 13.9 34.4
6.0 0.80 1.25 14.9 37.5
6.5 0.72 1.47 7.25 15.7 19.0 9.59 15.7 34 .5
7..0 0.59 1.62 3.59 7.29 19.1 9.95 17.5 36 .4

812.8 mg of carboxyl labeled acetate with an activity of 1.44 X 108 epm per m mol and & similar weight and activity
of methyl labeled acetate were inserted in each flask.

W\

7\ -
J -
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SUMMARY

A study of carbohydrate metebolism in Penicillium
digitatum wes carried out by using ¢4 1abeled cerbon
sources such as! glucoae~l~alu. glueaaa»&-ﬁlh, glucose=
6-c1k, cHyclhoons, cilmycoona ana cllho,,

l. Evidences supporting the occurrence of the
Emden=ileyernof scheme and the pentose cycle for glucose
utilizetion were presented.

2. The occurrence of the tricsrboxylic seid cycle
with limited cyeling was indicated.

3. Double fixetion of €02 by C2 units has been
detected as one of the major biosynthetic pathways in Gh
acid formsation.

o The incorporation of clh sctivity from
CHBGIAGOHa and Glhﬁa into amino eclds in this orgenism
was studled. This renders support to various speculative
bilosynthetic pathways proposed for amino acids in the
litersture.

In conclusion, it seems that glucose was utilized
by Pe.digltatum via miked catabolic pathways; namnely,
Emden=iieyernof scheme and pentose cycle. The 62 and 03
units derived from these schemes entered subsequently

conventional tricarboxyliec acid cyclic processes,
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The synthesis of Gh aclds by way of single COp
fixation (C3+ C;) end double COp fixatlon (C3+ Cp +Cy)

is also demonstrated.
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