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(Mc)61ucose HMetaboliss in Fungal Cells®
By V. MOSES™

Ra&iz&i@n Laborstory,
Univereity of Califoraia,.
Barimley, California

SUMMARY: The incorporaticn pattern of lhc from (mc)glunosa by the fungus
Zyzorriyachus moellexi hes besn investigated. The following substances becamo

lehellied in incudation perioda of 6 seconds 1o 3¢ mimates: the monophosphates

~of _glmm , fructose, sedoheptulose, ribose, maltose, glycexcl, gluconic acid,

glyceric acid, enolpyruvie a2id and guanosing; the diphosphates of fructose,
glucose, glyceric acid,_ademsim, wrlding, incsine m& guanosins; ihe tri-

phozphetes of adenosine and uridine; uridinediphosphoglucose and uridine-

dipkosphoribose; froe maltose 'a.mi fructose; aspartic eecid, glutamic acid,
alenive, veline, tyrosine, proline, histidine, tireonine, sitrulline and

glutenine; malic acid, ettric acid, succinic ecld, fumaric scid end glyceric

Yo ves present in untdentified substances.

1";‘\(': ﬁ.imtv into mw.m‘diy}mphogmcm,

ecid. A small percentage of the
The kinetics of the incorporation of
then into maltose phosphate, end fimally into free maltose, Suggests this
sequence of compounds for the blosynthstic patinmay of maltose formation.

% The wark descrided in this peper wes sponsored by the United States Atonic

Energy Comuission, Mhiversity of California, Ba'k.aley, California.
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The mein effects of starvetion of the cells by shaking thea in phosphate

lhc into maltose and

buffer for 2k hours was en increesed incorporation of
tﬁe sugar phosphates, and & decreased incorporstion into emino scids, orgsnic
acids and nucleotides. The sddition of a swmall ausount of mnia to sterved
cells increased t.hé ac‘tivity in the mueleotides end daci'eased that in the

lf&c vy

sugsr phosphates, In the prescence of azide, the ineo&pmtien of
sterved cells into maltoce and the nucleotides wes severely inhibited and
the incorporation into emino mcids was somevhat incressed. Thus, ome of
the most importent results of starvedion was to prevent incorporation of
e ynto the pucleotides, vhile the sddition of ammonis overcosw the effects
of starvation apnd promoted nucleotide synthesis. The effects of mnia
vere sbolished by azids. . ’
& kinedic study of /tlm sequence in which lhc was lncorporated into

these comoumis indiested that zlucose vBs metabolized by both the glyvolysis

and the oxidative pathways, snd later by the tricerboxylic acid eyele.

Investigation into the respiratory activities of fungl with lsbelled sub-
strates has been used mainly to study the distribution of label within
various molecules produced enz:,rmmallyﬁmin substrates lobelled inm knowm
positions. From the results it has been possible to arrive &t certsin

conclusions a&s to the ieportance of particular pathweys for the metaboliom

- of the relevant substrates. Thus, Goldschuddt, Yall & Koffler (1956), end

Hoses (1957), have demonstrated thet the tricarboxylic scid cyele pleys a

prominent role in the oxidation of acetate in two moulds, and Heath & Koffler

(195€), end Bartlett & Moses (1957), hove u@eé. variously lsbelled glucoses to

investigate the importencs of the oxddative a.nd. fermemtative pathweys in the

utilizstion of glucose by Penicillium chrysogemm and Zygorrhynchus mgsllexdi,

amars e sn a e A e Y o
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mmﬁmxy Little work bes been done, however, along the lines of Calvin
(1956) end 1is co-vorkers, in vhich an organisnm {8 fed a lsbelled substrate
for various short periods of time avd then killed snd extracted to determins
the metwre of all the substances incorporating label from the original swb-
strate. Claridge & Werkman (1G54) have stulied the incorporstion of label
rom (1"6)2mmwglmmw by Pseudomones seruginoss, sud Milhaud & Aubert
(1«:5:.) beave supplied labelled gluscse and ethanol to baker's yesst. In both

Conen & cowidmabm mumoer of products were &@%Ltm on & Sulseguent aoalysis
of ths c:elba, ol an stbept ves made to wbtaln o pleture of the k;mtic
relations between the compounds obhaerved. A ymiimmw*-* gtuady “by Bartlett

& Moa% (1,;57), ww Zo mmx, ahowed that this fuagss comrerts (“ c)g,hmm
, mt.o & large muber of compounds in a very short time (195 seconds was the
shortest incubmtion tima used). At that time 1% was not poesible to identify
nany of ths 'prddwsm of glucose meteabolism, snd no very definite conclusions
c&ulﬁ Ve dx‘m. _

The prosemt commmicaticn reports o further attempt to elucidete this
problem using cells of Z. moellerl in vericus experimental conditions, snd
analyzing the cells after seversl chort periods of exposure to very high
speeific ackivity (wC)SLmQMQ Pollowing the hilling and extraction of
the cells with hot cthenol, the exbructs were snalysed by clwomstography and
rediosutogreghy 28 described by Bemson, Bescheam, Calvin, Goodals, Iiaaﬂ-&
Stepka (1950). The resulis sre consimtent with the apm*a.tion of both the
hexnse monophosphate shunt ond the glycolysis mechanisms for glucose brenk-
dovn, awl with the eubsequent fuvolvemsat of the oitrie acid cycle. Cone
sidersble differences wore found in the pettern of incorporatioca of g
vetwson starved and fresh colls, ami & study bas been made of the effacts
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of sodim &zide Bnd of mtum chiicride on glucose metebolisn in the starved

ealls,

METHODS

Cultures of Zyporrhymchus moelleri (Commonwealih Mycologicsl Institute
Ro. 23_99&) wire evltwred in thé same mediue as “b}mt wsed in previous studies
(¥oses , 195h), save that yesst or liver extracts were owitted. Sporves

obtained from several sgar slants of the fungus vere inoculated into 200 mi.
ofﬂmgpwthmdimina 1. hoi:tleuﬂchmshwmﬁwwma |
reciprocal shaker for sbout 16 ta 15 haurs 8% room Wmtum {ca. 25°C).

- After Mh the cells ware harvested by centrifugstion, weshed with distilled
ént@r » and subsequently mmpﬁzwm in distilled weter ot a cellular concen- |
tretion of ebout 4 ml. wet-packed cells/A00 ml. suspeseion. The volume of the
watepacked cells wvas mtbmnwd by "em’k-rimm.um: the sugzpension in s gredunted
12 ml. conical tube for 5 alautes &b 500 g. |

It starved cells vers vequired, the hyphas, after nervesting and veshing,
wers mﬂmp&:ﬂm& in 200 ml. of 0,057 H-phosphate buller, pf 6.8, and wers
shelien for & furthe 2b howrs. They were thea wasied snd resuspended in
diﬂtu.l).&& waker,

Hach of servaml 50 ml. Brlesosyer flaaks reeeimci 5 nl. of call suspeneinn.

At the 'bervi.mung of the incu:mim pericd %0 1. of ( )glu;m’ae solution .

(specific sctdvity 240 wo. /mg.,; 33,6 po./flask; final glucode conc. 1.6 x 10")* M) )
vere rapidly injected into ome flesk et a tims. After the desired {ncvoation

‘ioei at roem temperature the cgll suspension wEs Quinkly i;m.u‘ed througn

& Bintered Mﬁ funnel; the letter hed previously beean i{aserted ‘t.hrougb a

rubber stopper into tae top of a Bu hnar flesk, and & m of Celit ‘ ilmer
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aid deposited on the sintered ginss. The suspension was sucked through t.m

filter by a water punp, the funnel aud the rubber stopper removed from the

Buchner flask, inserted into & centrifuge tube of suitable size, and 5 ml.

‘of bolling £0% (v/v) ethanol poured onto the cells on the sintered glass

dise. The operations of filteriag snd killing the cells were perforaed as
quickly 85 poamib].@, v, with practice, enly about 2 saconds ela.,»za@d

batween the powing of the cell suspension onto 'bhe filter pad and the

addition of the eth&nol.

The cells were allowed t.o s’sanﬂ'for 2 howrs at room t@mpamtm, the
funnel loosened in t:ne ﬁube, and the suspension filmred through the pad into

| the b ‘by prmwum from & R\T ¢ylinder, The i‘unml was agsin 1marted into

the tube and 2 ml. of boiling 20% (v/v) ethanol poured ento the cells, After

1 hour the second extract wes filtered and the pmcésa repeated once more

with & furtber 2 ml. of Yolling 20% (v/v) ethanol.

The thres ethanol extracts from esch sample were pooled and WMM
in vacvo Wiw 50°% to e small volume. Two-dimensional descending e}n-mté@wms
were run of each mrl;mct on 18" %.'" ghaets of Vr.zt.mn Fo. & fiiter pamr
previously washed with 24 (w/v) oxmlic eeid. Fhenol-water was used as the
solveat in the first dim@m%ion and p-butanol-proplonic acid-vater as that
in the second dimension (Benson ot el., 1350). Generally, two ch}omatogmm
ware run for each sexple. FPor the first, 1/5 of esch extract was chro&ﬁbgmpheﬁ

8 that each solvent just reached the edge of the paper (3 to 10 hours for

phepol-water, snd T to 8 hours for g-bumnolupmpionije acid-water) to obtain

B j:icture of mll the soluble substences in the extract; - On such chromatosrans

sugnxr phosphates snd nucieotidee s ir:@ort_ant‘ cozpounds in thie type of inves-

tigation, move but a small distance from the origin, end the seperation of
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many of these compounds is very poor. To overcome this difficulty, a further
2/% of eact axtract wes chrozatogrephed for 24 hours with phenol-vater and

for 20 bours with n-butanol-yropionic-vater acid (Moses & Calvin, 1958).

‘This spread out the area conteining the sugsr phosphetes and nucleotides

such further, and good separation wns ususlly achieved. The final 2/5 of
aach amét wgs kept in reserve in case one of the chromelograms was un-
satisfactory. The locations of the radicactive materials were determined
by exposing the chromstograms %o 14" x 17" sheets of single-coated vlune-
sensitive Dupont X-rey film S507-& for a; sultable _pei'iod. Rediosctive ink
markers were stamped on the ccrners of the chrmto@w to facilitate the
subsequent alignment of the film with the paper.

The lkc pregent in each corzmmd on the chromatogran was determined

with a Scott-type large window Gelger~Muller tube comnected to a sceler.

The window wags of Du Pont "Mylmx" VFolyester film and the counting tube was

flushed continuously with "Q gas” (49.05% (v/v) He and 0.95% (v/v) isobutane).

e from Whatman No. & filter paper,

- gbout & to TP of the total disintegrations were counted. The spots were

usually counted on both s8ides of the paper and the values obtained wvere
averaged.

Toe identity of l&bﬂ;&& sompounds on the chromatogrems was sstablished

partly by their position and their susceptibility to hydrolysis by scid
phosphatase, snd m confirmed by co-chromatography with suthentic marker |
substances; 1if necessary, aftsr removal of the phwpham groups from the
unknown substences. Co-chromatogrsphy was pérfcnm& in the same solvent

V systeme 85 those mentioned above. LHxsst coincidence batween the labelled

substance and the authentic marker ves taken as the criterion for identity.
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The following techniques were used for the locstion of the suthentic markers:
Anfno-actds vera sprayed with 0,1% (¥/v) ninhydrin 15 956 (v/v) ethanol and |
the chromatogrems heated at 100° for 5 minutes. Orgeatc acids were sprayed
vith an 0.08% {w/v) ethanolic solution of bromeresol green, mede Just alkaline
with a little SHB. Sugars and other reducing substances (i.e., glyceric acid)
were detected by dipping the chromatogrems into on acetcne_soiuticn of Asﬂos,
'aliowing them to dry)in air, and then spraying.with ethanolic NaOH. After
develogment of the Wa, the excess AgRO, was ‘washed off in W, solution
and the papers drié&'(Trevalyau,.PrOciar‘& Herrison, 1950). 1In addition,
 ketoses were detected with the orcinol-trichloracetic scid resgent (modified
from Klavetrand and Hordal, 1950). Mucleosides vere located by their quenching
. of fluorescence under u.v. illuminaiionf o Y

Spots ausyaéfed of belng phosphates were eluted from the paper with water,
treated elther with purified Poudaée § (Cohen, 1953) plus aéetméhufrm-,
pH 5, or with musn seminal acid phosphetese (s gift from Professor H. A.
Barker) a.nd acetate buffer pil 5, and allowed to stand overnight at 37°.
Authentic aarkeré were added, and the substances chinmﬁtogragbed. '

Labelled glucose was prapar@d together with X. K. metg-ﬁom'fim
Canna leaves sllowed to caify out photosynthesis in fha presence of x“coa
(Putman & Hassid, 1952). Owing to the radiation decouposition of the very
.high specific activity glucose, samples of the glucose ware_ghromatdgragbad
immediately befoie use, and then eluted from the chromatograms. This |
aéhiq?ed & satisfactory purification of the substrate ard, except for one

experiment in uhich this was mot dons (see Results), howinterfarence from

contaminants in the (lhc)glucose was asparéut on'the chropatogroms .
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RgsuLxs

Tdentification of substances formed from glucose

A considersble muber of substances were produced from ‘( lhc)glucose by the
hyphae, some in very short periods. A:Bpm'tic.mid, glutemic acid, eisnine,
valine, tyrosine, giutemine, proline, histidine, threonine, citrulline,
malic acid, citric ecid, suseinic acid, furaric scid, glyceric acid, maltose
and fructose vere identified by elution and co-chroumstography with the
appropriste authan’mc markers. The maltose gpot contained only glucose
after acid hydrolysis (N-BCL at 60° for 12 hours).

Analysis of the srea on the chromatograms knom to contain the sugar

nonophosphates (Benson et al., 19503 Basshan & Calvin, 1957) was performed

by trestment with phosphatase followad by co-chromstography. Fhoaphoglycerie
" acid, phosphoenolpyruvic acid, rivose monophosphate, glycerol phasphate,
maltose phosphate and phosphogluconic acid were identified, after hydrolysis,
‘by co-chromatography with glyceric wzm, pyruvie acid, ribose, glycerol,
maltose and gluconic acid, respectively. The ares suspected of being mixed
hexose and heptose monophosphates was shown to contain glucose, fructose |

and sedcheptulose monopbosphates. Sedobeptulose lies chramatographically
be’mm glucose and fructose, and 18 not easy to detect in the presence 'éf
lam;e aaovnte of the hexoses. To confirm its presence, the mpmmm
wonophosphate eres vas heated with 0.1 N-EC1 at 100> for 5 minutes.
Sedoheptuloss wan pai-tly converted into sedoheptulosan, vhich chiomatomhs
quite separately fyrom the héxosea , and was detected by the orcinol-
trichloracetic neid spray (Klevetrend & Rerdsl, 195C). The area containing

the suger diphosphates (Bemsom et gl., 1550; Bessham & Calvin, 1357) was
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shown, after phosphatasing, to comtain overvhelmingly fructose, with traces
of glucose, gluconic acid, glyceric aclid and posaibly sedoheptuloss.

The spot labelled "UDFC in Figs. l-b was shown, after treamtment with
phosphatase, to contaln wridine and glucose, and was probably wridinee
diphoaphﬁglucase ; the epot désignated "UDPE" simdlarly cont_minéd' uridine
and ribose, and may, by snalogy with uridinediphoephogluccae, be uridine-
dipkosphoribose. In neither enga, aor with any of the other mucleoside
derivatives identified, was any attempt made to detarnine vhether the 1'C
was present in the sugar, or the base of the nucleoside, or in both.

A mmber of apots ware cbserved, which, from theilr chromatographic
poaitim& &aod oV, &baorpiion were puspected of bamé mueleotides. Those
; 'mmuéa "ATP' snd TALP" gave adenosine, wld.im and rivose on treatmn't.
with phosphatase, and were poaaibly ATF end ADP with a uridine-sugar
contaminant. The "Nucleotide diphoesphate” spot contained wridine, inosine
and probebly guenceine, and chromstographically corresyondad to the diphosphates
_of these compounds. Uridine triphosphate (UTP) contained only wridine and
‘correspondéd with the positiom of the triphosphate ester; anotber spot was |
idemtified in & similar vay es being guancsine monophosphate. 4 further
spot (ealled ‘mlawun mzleotide mmmplmp)mte") mey have been xanthosine
monophosghate but its dentity wes not confirmed. In eddition to all these
compounds which have been i&entified with & greater or leaser degree of
certainty, the redicautograns shoved the presence of up to sbout 10 veakly
astive substances which were not identified: in most cnses not more than
2 to 5% of the total activity maorpamwa fron (¥¢)glucose spposred tn
these unidentified compounds.
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Rinatle studies with uwnstarved cells

Freshly-barvested cells, suspended in dlstilled weter, wore incubated
with (l&‘C)E.lucoae for filteen different incubstion periods between £ seconds
and 3 mimstes, a.nd in snother axperiment for 30 minutas. The distributions

of the asctivities in & aumnber of different m..mouxds ie presanted in Table 3.. :
(Insert Teble 1 nsar here).
These veiuss are ex;n*éssad for sach compound a8 g percentage of the total
sctivity in the soluble frastion of the cells which was lncorporated from
the lebelled glwose into that copound; in eddition, the total notivities
in terme of disintegrations per minute for a a_taﬁdm'd aliguat of the total
goluble fractlon are given.

L)

The time sequence of the incorporation of © € from (“ )glucese iuto

the various substahaea detected is consistent with the operation of both
the slysolytic end oxidative pativays. Thus, in the firet few seconds oo
sppeared in the susay ronophosphetes and diph«mpmms , in phosphoglusonste,
ribose tonophosphate , phosphoglycerate, phosphoenolpyruvate, a.zxd in malate
(Table 1). A saall amount of. ULPS was present. ~ Aepartic 8cid vas apmrrtl;r
very eative, dbut this was pmtmb.x.y en m’tii‘ac‘a e chrwnatamhic Co-
incidence of aspartic acid witn a radimtivu contaminant in the ( C)(g,lucom ’
&8 iu this experiment the glucose was ncﬂ: first puwified chromn tomphic.ally
(sea Mathods)., In other experiments it has been found thot the firet throe |
radiosactive substances ‘to sppesr wers the sugar monophosphates, d.iphoapham |
end phosphogiyceric acld, With the axcwpubn of asportic acid, three
substances showed 5 fall in the percentage of the total }'EC from the shartest

" incubation times (sugar monophosphetes, phospbogiuconate and ridose



mmnmmumgamm cwmumh sach conpoumd. The cells were killed with athenol after
the isevhstion pericds stated, extvected, and the extrasts chromstogrepbed.

Detwimperiod (s00) 6 8 105 8 B M & I3 0 #0106 180 55 1 167 Mo Boe

Sugsr Alptiocphatash® T 24 | X 8.9 k.2 " 3.9 3.6 2.7 2. 2.9 2.4 2.1 2.4 3.2 2.3 0.18
w W‘ - ”02 .8 oa .8 33‘2 3 -8 ”os 26.3 ”0 a’? . ﬂ” 19'3 1101 1102 ﬁ-’ lo
Phosphoziycerste 5.0 3-?.1 3;.6 %.3 - 0.8 3.5 8.5 8o - 6.8 5.5 5.8 5.7 .9 ».6 s.6 0.48
Phouphomolpyruvate 6.1 64 3.9 2.7 - 2.7 2.0 2.1 1.7 A8 1.3 .5 1.7 1l 1. 1.1 0.10
WM ) ~06 ‘.T e.’ kol 302 2.0 109 los 1.1 1.1 1.1 1.1 X 0.83 0. °-$ 00”
Ribcse menophosphate $.6 3.0 5 1.9 2.6 1.9 1.9 1.2 .78 1.6 1.0 1.2 o.eg 0.9 1.1 0.35
Glycarol phosphate 3.3 2.5 2. 2.2 2.1 2.0 1.5 11 1.1 18 12 0.8 1.3 0.73  0.5%
Maltose phosphate 0.86 0.3 ‘0.62 1.2 1.6 1.8 - 19 1.9 1.8 ‘
Uridtnedtphosphogiucose 089 1.6 11 22 25 31 3.3 .5 6.0 3.9 5.2 46 Ad k2 MM 22
Uridinediphoxphoribose o o.M  0.62 0.66 - 0.9 2.3 S % § 1.1 1.5 .3 1.4 1.0 1.1 0.0h
Buclectite diphosphatesnene 085 11 38 N6 7.0 T.8 9.2 9.9 92 1.3 90 82 95 9.2 265
Gusnosine Bxophosphate 3.1 2.7 i.9 2.6 3.6 2.4 2. 1.9 1.8 1.7 2.1 1.6 .5 - 1.0 0.67
Uridine trighosphate 0.0 O.bb o.g 0.37 ~ 0.5%2 0.8 0.7 0.2 ©0.88 0.9 1.2 11
AManocine diphosphate ) 0.32 O. 11 0.5 045 0M3 0.1 025 0.3 0.3
AMaxosize trighosphsate v 0.2 1.1 o2 1.7 3.5 b4 10 1.0 0.93 1.1

‘lm 1'3 1'7 109 2-‘ !.7 2.5 'c’ 1.2
Suceinate ' : 0.07
Pmrate : 1008 0.03 0.6 0.11 OOk 0.15 0.8
Citrate 2.0 1.3 13 1.3 1.2 3.2 1.0 1.0 1.1 1A 1.b 1.b 1.h 6.7
Malate 3.5 3.4 . 309 5.1 1.8 1. 2.0 LT 14 0.88 1.0 . 1.4 1.2 11 1.3 €.0
Aspartatetnsen 20.1 7.8 k.3 WA 11,5 8.5 9.6 0.0 96 1W0.2 100 m.g 10.7 1.8 1.0 20.3
M ~1’ 3., 8.1 809 xz., b', . . 5'1 9-1 6-0 '60 8.0 801 802 a-l
Aleunioe 7.3 7.3 12,0 101 1S .3 18,6 7.5 16,9 17.6 19.0 20.7 20,2 90.9 1 %9 3
Glutwdns ! . - : L6 ln“ 2.1 2.1 2.6 301 ﬁ.é 2. 106
Yaline . 0.38 1.0 0.5 663 o2 o0.83 11 LT 2 1. 0.6
Proline 0.3
Histidine : 0.37
Tyrosine 0.00 .25 0.8 0,36 O 0N 0.8 ok 0.3
Guinown sistances 0.63 0.99 0.8 1.6 1.7 1.6 2.% 2.b
otal in goosghetes T5.6 67.0 63.2 5.4 633 5@ o7 8 3.Mk 3.0 1 306 N3  29.0 3.3
Total ia % - 0.89 1.6 i1 2.6 3.1 3.8 bg.a 3 3 T4 $.0 6.7 5.9 5.8 5.2 5.5 1.5
Total 1a mcleotides _ . Y 3.8 8.7 7.3 U7 10 w6 15.6 1T za.e 1.9 13.2 128 28.2
Total : ergmic saids 35 3A S.9 6h e 9 1 32 29 =3 i; o :'9 :'; 0 :’3 1;’2
Total i smino actds o1 230 % w9 o1 o P8 3T M3 B3 MBS L6 WT A5 B kT
o 058 ©0.63 1@ 187 287 A3¥ M8 559 620 836 846 9.5 T 161 169 28.5

3
B
.gs-

mw«m Sucoss sl glyeeric acid. *suContains menophosphates of glucose frustose and sedoheptulose.
of wridive, iosine, ad gusnosine. ’ SsenCentains » santaminent rmmmm“slmudu;vbm

i
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- monophosphate) indicatz.ng that these substances play an early rolg in .glunose.
mtmbolm Ag ¢ime progressed s pesk of the parcerrmge oi‘ the rediosctivity
&merpowawﬁ passed through the sugar diphosphates, phosphoglyceric acidf,
phosphoesalpyruvie acid, citvate, glutemste and welate (Table 1). Later,
syathetic pmducté took on en increasingly mamr_simficmme as setivity
appearad in ever greater percentage amoumts in the amino acids and mucleotides,
and a corvespording fall ocemurred in the early intermedistes. UDPG contained

| mc @ven after 6 seconds; after 6i geconds label mppeam& in maltose phosyhate,

| - and :Ln free mltm ai"har 90 saconds, suggesting a blosynthetic route for maltose
vin UZK“G and mltoae phnspha%. Thirty minutes aﬁ.ar the sddition of the

._(1 )glucam alsngt all the activity had diseppeared from the sugar phosphetes
{which cm%im over 756 of the totel sotivity after § wconﬁs) and appeared

in nucleotides, asing acids mzé crganic aelds, with a swall amount (1.2%) in
maltose. The rapldity with which e entered the nuclectides (20% of the

total activity after 30 minutes) is significant and it will be ehown later

that mucleotide synthesis (s one of the metabolic metivitdes moet sensitive

to starvation end to metabolic inhibition. | |

Kingtic studies with starved cells:

that when thepe cells werae

Earlier work with am cells bed show
épxpplied, w;t.n glicose a lag Mxoa a_f two to three howrs was spparent bafore
the Tete of cxidation becaus maximal (Moses, 1954), | end that the lag epplied
not only to the rEte of oxygem consumption but also to the rate of g,mcoéa
utilimtion (#oses, 1955 &). Bartlett and Ms&s (}.95"{) were gble to c.oni‘im

that ( L)wmcose was incorporated into various ccllular somponents, in..oh:bm
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a8 well as soluble, more slovly by starved cells than by freghly-harvested
hyphae. my also found consldsreble differences in meteholic patterns
batveen sterved and unm;arwed cells, but were unable to 1danu“y many of
the cozpounds which showed moa‘s; of the difmrences.

In the present mvemmtiom & kinetic study of the incorporation of
1‘#(: from (lhc)glueose was made 8t wvarious me\_maman‘ times between B séconds’
and 30 minutes; the patterns of saven of these times are given in Table 2.
. Cospared with unsterved cells (Teble 1) several differences are apw@nt. |
(Ixmert; Pable 2 near here)

o w&'?ﬂ»f R 47

Activity : d atf. a much higher lewel in the augm- phmp}mtea, ghill wins

239 of the total after 30 mﬂmt-%, emnpww with 3.5% in unstarved cells. The
processes of metabolism sppesred to be slowed down: in starved cells sctivity
did not apposr .'m pmphogmmmm until 31 seconds (6 seconds in fresh cells),

orated as wmuch activity e it did in unstarved

cells, end -mivmy a1a not reach a peak in the sugar aiplmpmms until 31
seconds compered with § to 10 seconds for wnstarved cells. This agrees with
- the earlier findings (am-uw. & Moses, 1957) thet the oxidative pathvey
played a less prominent pmv in glucose metaboliem follqwing starvation of
the cells. | |

The most iwportant differences, hovever, appesred fm the quantitative
distribution of ectivity in substences formed after & longer incubation |
period (30 muutes). Considersble metivity still remsined in the sugar
phosphates, lesser am'zmw of asnino-ocids, orgenic scids and nucleotides
vere formed (25 to 50‘;5 of the muntb in fresh cells), and enorwous suounts

or e were dimrted into mnltoss, so mich 8o that some 30% of the total J'}J'C

wag prets«ant’ in this sugar. At an esrlier stage, free fructose alsc eppasred.
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Toble 2. INCORPCRATICH G “'c ¥noy (YcVoricoms By svvED couis
h DS

The velues given sre expressed sg the § of the ¢otsl 7 C incorporated waich is present in
each corpound. The cells were Xilled with ethancl after the inauvbation periocds s’mﬁmﬁ;, g

tracted, end the extsacts chromatographed.

%ﬁ@*mm exy T he
M«@ummm mammwﬂghe:ms of glucose, f‘mc%s@ s &4 sedobophudose.

T

Tneubetion period (sec.) 3 A 60.5 90.5 122 ko 18005
Sugnr diphosphotes®s b2 5.8 b2 - 2.8 2.0 3.3 1.1
Suzar menophcaphotestes - 85.2 61.8 76,5 1.9 63.3  61.3 19.9
Pheapboglycerate S 1.2 .2 0.87 0.50 11 1.7 0.9:
Fhosphosnolpyruvate 0.31 .31  0.65 C.43 0.52 0.63 0.0l
Frosphoglusonate ‘ C.5% 0.5% 0.60 0.56 .50
Ribese mmhogphﬁte ) 2.0 103" l.s 103 00&3 1.2 OQES\
Glycerol phasphate : 1.3 3.0 0.T%  0.93 0.%2 1.b4 0.6
Mzltose phosphete o O.hL 1.k 5.5 3.9
Uridinediphosphoglucose 1.5 5.8 7 ko . LB 7.6 £.0 2.0
ridinadiphosphoribose ' . 0.43 0.62 Q.51 0.08 2.2
i’iuﬁl&(}tﬁ.@i’: ﬂl};?msp}m%&m ’ ¢ chh' 0065 O-m 1-3 : lo?} l}»ei&
Guancsine monophospbate . : ‘ 1.1
Uridine Srighosphate _ - ' , 0.08 0.8
Adznosing diphosphate ' . _ ' 0. Gk
Adenosine triphosphsate : O X
Tnidentificd nueleotide mono 1.4 1.8 1.9 1. 1.5
T Melbtose ' S S 0T 0.57 k.3 2.9 30.6
Fructone ' ' 4.3 12,2 h2 5.2 6.5 7.8
Succinnte Q.17
Funmsrude ‘ : ‘ 0.&
Citrate 0.05 .10 0.0% 0.13 1.%
Maleke - ' —_— . o . 0.03 .01  0.12 1.9
Glycarate | . , 0,09 0,10 0.20 0.2
Azpartate ' - - 0.47 0,70 0,75 0.96 " 3.7
Glubeomate ' : : _ 0.20 0.10 0.21 10.8
Alm@ . ' h’oa 101 l-a 1.9 3 7 507
Glutanine o _ ) : , 2.1
Valine , - 2.0 0.33 0.%3  0.62 0.55 0.3
Higtidine Co 0.3
Tyrosing 0.05 .10 .10 0.13 0.1
Citrulline : 0.3
. Unknoim substances 0.12  0.20 .12 1.b
Tetal in sugsr phosphates gh.2 Thel 85.4% 83.0 T le T3-9 23.%
: Tﬂt&l in 1@3%"%)@5 ' 1.5 508 2&.9 S.L‘ 8.1 6.3. ,_23‘12
* Toetal in nucleotides 1.7 2.5 2.6 3.0 2.9 1.5
Totel in fres sugars h3 - 12.2 4,9 5.8  10.8 10,7 30.6
Potal dn crganic acids C.l 0.2 0,3 0.5 3.7
Totel 4n emMo acids 6.2 2.0 2.8 3.5 5.7 23.%
Total &gz"i‘gémg‘fo 5 2.3 815 16.5%  23.98 3L 3g.2h 2b.

tes of fructose, glucoese, am glycorie aaid.
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It will be noted from Tables 1 and 2 that t.he starv*ed ealls eppeared
Lo utilixe labelled glucose more rapidly than diq the unstarved hyphae
However, the experimants on which these two Tables exe based were perfomed
on seperate occasions and with diffemnt batches of cells, the apporently
greatw inecorporation of rsadioactivity by the atarmd cells is probably to
be explained by uneontrolled vaeristion in- the biological mterial and 1n
the experimental conditions. When the Same batch of cells was used as the
‘source of both fresh and swwa mﬁerial, 1% ves found that the latter

vere indeed less sctive than the former (Bartlett & Moaes, 1957)

| Effects of amponis and azide on glucose metsbolism

I% has -b@an reporded esrlier (Moses, »ls';‘jl») that glucose cxidation in
'sw cells {8 greatly stimulated by the presence of small munt-m‘of
" ermonis, s stimlauon which could be totelly inhibited by ecdivm nzide.
Azide premm'.ed the incoréar&‘bma 'of amsonla nitrogen by the cells and also
,1ngmemed toth t;l;a endogaenous respiration snd that pméentage of tha glucone
iztiiiz@d vhich was completely oxldized to carbom dloxide end water. It
i:!wmfom gppeared to be of intereet to study the effects of ammonia and
azide, alone and togother, on the patterns of glucose metabolism. |

Fresh, unstarved cells were, af might be expected, not short of nitrogen
and showed little or no response to the presence of 2 x lO'_'3 M-gmmmondun
chlortde; the {ncorporation pattarn of 1'¢ from (M) alucose shoved little
or no difference when smmonia vos edded to fresh cells. v |

With starved ‘cellé ‘tlv:ere was & marked effect due to @ x 107> H-ammoaivm
chloride sdded 2 minutes before the (lh-::)glmoae. The percentage uwoiporation

into waltose, the amino acids, and the organic seids was virtually unaffected,
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but there wne & noticesdle drop in the sctivity in the sugar phasphates and
Y currwp&naing rise in the nucleotides (Tsble 3). The addition 1C to 15
mimites before the (lhc)glucoaa of szide (1073 ¥) resulted in the almost

| | (Insert Teble 3 near here) |
totel Llubibition of both nueleetié.m va-,nd maltc;se production,“i:é fall in the
total éativity imarpérated P and of the percent activity in the sugar phoé- |

1“0 in the amino-acids and organic ascids (Table 3).

phates, end & rise in the
The presence of both _asi&eband mmuonia resulted in a picture very similar
to that with azide alone. ?i'nerg' wes 2 slight rise in the suger phosphates
anﬁ a cmeépemiing fall in the.m-g.snic acids, and some mdiatribution of
activity batmen as;partaté » glutamate e.nd Mine, but othervwise the pictures
‘pm'santed vhen azide wes pmdent y with and without amonia, were salwost
identical (Table 3). |

The effects of azide }thus appeared to be dirscted malul,f tonrards energy-
requiring processes: synthesis of dissccherides ( maltc:ae)' and nucleotides.
Protein syuthesis ves apparently also impaired; Moses (1954) demonstrated
that the incorporstion of smmonia nitrogen into the insoluble nitrogen of
the cells (f.e., protein) was blocked by agide. The high incorporation of
¢ into emino acids and organic acids might then result from o blocking of
protein aynthesis with & subsequent accumulation of the raw materials for
the manufacture of proteins, the mmino .aciids. This resulted, in tura, in a
backing-up of the organic acid precursors of the auino seids. o

Thezv.welloknmm uncoupling of respiration and oxidative phosphorylation
by azide (Simon, 1953), and the consequent increased and probably unccntrolled
endogenous regpiration of thé cells, would also .acccu:zi for ﬁ:é lowered

activity in the sugar phosphates when azide was added to the cell suspedsiom.
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Tabls 3. EFFECT OF ARITUM CHLORIDE AND SODIIM AZIDE o9 THE THCORPORATION

oF “'o FROM (1*C)GLUCOSS BY STARVED CELLS
The vaiues glven cre expressed s the % of the totel W

C incorporated vhich 16 present in
each compound. The cells were killed with ethanol after the incubstion times stawd R extmgt
and the extracts chromatogrephed. Conca. of added substances: ﬁﬁhc'l, 2 % 103 M; Raﬁ

. Plus KHyCL Piug Nel Flus NHYCL & Nelg

Incubstion pericd (sec.) 150 1800 130 1 180 1800
Supar Giphosphates® 1.2 0.22 0.52 0.35 0.92 0.35
Sugar monophospbatestd 0 39.3 6.8 9.3 3.0 9.1 3.0
Phosphoglycerats 3.1 1. 12.2 2.7 10.6. 6.6
Phogphoenolpyruvate C.T6 Col2 269 0.62 - 2.y 1.7
Phosphogluconate Ny 0.08 0.9% .08 0.82 0.39
Rivose monophosphate 1.1 0.23 - 1.0 - C.20 0.59 = 0.13
Glyverol phosphate 3.3 0.65 :
Maltose phosphatoe 0.93 047 0.08 Reyd
Uridinediphosphoglucosea 110 3.0 1.2 1.5 1.0 1.8
Uridinediphoaphoribose g k.5 1.5
Rucleotide diphosphatoshes 3.6 20.2 0.23 1.1 C.19 1.2
Guanogsine wmonophosphate _ 2.9 Q.47 :
Uridine triphosphate 1.5 1.4 0.06

 Unidentified nucleotide mmphosyham G.1b GGl 0.0% 0.05
Maltosa ' ‘ Tl 5.4 3.1 2.3 3.0 1.0
Fructose - 4.0 O.h3 0.62 2.2 .97
Suﬂcmm . lc"‘ 00)‘5 0-\:&1
Fumarate ‘ el 0ol 0.2 045
Ciw&m ’ 3.0‘3 807 l&o? llao 3-2:7 306
Malate ' Coll 070 1.7 3.8 2.1 3.7
Clycerate C.91 0.63 1.4 3.2 1.2
Aspartate 3.0 6.0 F.1 19.5 12.3 28.5
Glutemaie 1.1 6.l 97 21.¢ 7.3 22.4
Alenine 5.7 SR 26,1 24.3 25.8 15.2
Glutemine v 1.9 0.56 0.82 1.0
Citrulline , ¢.29 0.31 0.40
Valine : : 1.1 0.73 0.75 2.2 1.7 -~ 1l.b4
Proline 0.1%
Bistidine 0.26
Tyrosine 0.35
Unknown substances : ' 0.80 1.6 3.8 2.4 2.9 3.8
Total in sugar phosphstes 49,7 10.2 27.2 7.0 25.0 12,2
Total in wridine-sugars . 15.5 5.5 1.2 1.5 1.0 1.8

- Total in mucleotides 8.0 23.95 0.23 1.2 0.20 1.3
Totel in free sugars 1.6 3h.8 3.1 2.9 5.2 2.0
Total in organic acids 3.6 4.2 18.2 16.2 18.5 10.0
Total in amino setds 10.9 21.0 k6.2 68.7 k7.1 68.9
Totel activity/100 ul. 68.10 64.07

cells (dis./min, x 10-5 10.2b  W7.76 2b.S1 51.T9

. #Contains ﬁip!wsmat;es of fructose, glucose, and glyceric acid. ~2Contains monmophosphetet
of glucose, fructoss, and sedobzptulese. *2A01d not egparste on chromatogram.
WG ontates ddvhogphates of widinz. ionasine. and cusrnossins.
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mmal rad‘osutogrmms, sbowing the effecrts of 5'mrvation and of azide,
the chpouatogrepbic relstions of the suhstances Investizated. mﬁ the adventages v
| of long-tize chromammphy for seporating the «substaneea in the phonphate
ares, ave shown in Pigs. 1 »-ls

(Insert Pigs. l-b naar here)

DISCLOS IO

The path of glucose metabolism in this orgasiom vhich emrges from the

present investigations 18 eatirely consistent with earlier studies o

elucidate the routes of gluccse breekdown in blological m;mm The

 rapld formation Trom free g,lmaﬁe of glmo@a and Wmm

of fmcww dip!mwpham wnd 53,3 8 | &awmuuw of glucose diphmpmw, ‘of
p)m»hoglymm gpeid, phomp&wmolmwic acid, m@mmr with trmeﬂ of
a}.;m@uc seid in the diphosphete eres {suggesting ths pmsmce of m@mpm«
glyceric acm) » points to au lnvolvement of the glycolysis pethway. This
ic aupported by the appeersnce of ’“"c: in Waarnl p&o&pmm (pmswwbly
from tricse phosphate) eud in almmxam and valine, pmbably from pyruvate.
Simdlerly, & sumber of intevmediates of the cxidative pathway have been
detacted: phwphcglmmé acld, rivose mmapm@mm and sedoheptulose
mamphaspham. 'ﬂww campovnds, oo, me@md after «mly a few seconds of
incwvstion with (1 )glmmmm |
At & later stage svbstances essocisted with the tricarbomylic &éi«_d |
dycle appearad, amd this eycle has e;axlier been shown to play a role in
the respiratory metabolism oi’ this mould (:éeées P | 195‘5 b; 1957). The
uridine diphosphate derivatives of glucose end ridvose incorporsted sctivity

very early, with the later appearence of maltose phosphate and free maltose.
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Various nucleortidas begen to becoma prominent after about 1 minute incubation,
and. imreused to auch an extent the.t aftar 30 minutes in unstarved cells, _rwm
act.iv;ty vas fou:d in them t.he.n in axw othar group of eomoundﬂ except the |
arnino acids. | v _ )

) main differences to be seen vetween fresh and starved cells ore
those o be expected from nitrogen and cervohydrete stervation: o rapid
. production of maltose » prcbab}y Iaw converted into insoluble polysaccha.ride
~ reserve materials, and s reduced fzmmtian of amino mmﬂ and nueleoud.as
by the atarm calls Mmmre, 8 smalm percentage of the toml )*
meorpom*ted in starved cella a.ypea.md in intermedlistes of the oxidative
pathway and this agrees with o previous estimate of tm role of the oxidative
;vmua the glyeolytie pathvays in these cells under various physiolomcal
coatu.tiona (Bar‘cle'ht & Moses, 1957). |
, Momnemde hed little effect on the incorpamtion patterns oi‘ uuatarved
| cells, and in starved cells smmula’wd madnly the formetion of nucleotides
| with B empanding fall 1n the ‘ect_.ivity in the 'su.-_mr phmphates There
was no increase 1n the amino solds and the produstion of maltese resnined -
at & bigh level. It is the synthesis of nucleotides, togather with thet of
maltose, wiich ves mainly affected Ly szide: the letter did not sppear o |
{nhibit the farmation of amimo sclds. Altlough the pe?cautam of &e total
rsdio&.tivitj 1n the auino acids 1ncremed when the cells were treated with
aside ’ this vas part]y the result of & fall in the total ingorporation of
I&C nlustmted vy the .gm: acti.rity in maltose asd in the nucleatides,
 incressed absoluts ectivity in the ealno acids atd not entirely eu.couat for
.tne- fali in lhc uorually inuorpors.’wd into the nuclootides c.ud maitose.

Azmonis bhed only o slié,ht efz‘ect in ths zireaezme of @zide, and this concerned
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minl,r the relstive distribution of acﬁvity_ in glutazxate, espartate end
alanine; the tahibition of emmonia uptake Ly eside (Moses, 1954) is reflected
by the lack of influence of this substance on the l‘Crmcorpomtion pattern

when azlde was present.
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Qﬁtibm for fimures

Radioautogram of chromatogran of extract of ummwed cella

auppligd wvith ( c)glucoae for 30 min,

Radim‘togmm of c:hromato@“am of extract of starved celln

supplied with ( c)glmm for 30 min.

‘Redicsutogran of chromatogram of extract of starved cém‘a@pned
with (mc)glmwe for 30 min. in the presence of ammoniua chloride
and sodiua szide. '

Rediocsutogram of chromstogram of extract of unsterved cells supplied

with (”‘c)g,lmm‘ for 3 min. Chromstogrem developed with both
solvents for o Mng period in -order to apbesd. the phosphate ares.

UK, unknown; PP, phosphoenolpyruvate; PGA, phmm@;ly@mﬁa;

- -P-gluconate, phosphogluconate; Momo-P, monophosphate; Di-P,

diphosphats; UDPG, ueidinediphosphoglucose; ULPR, wridines
diphosphoribose; UIP, uridine triphosphate; F¥#P, fructose
mnéphosphate H S » Sedoheptulose monephosphate) G}vﬁ’, giucoae .
monophosphata, |



]
T



