Lawrence Berkeley National Laboratory
Recent Work

Title
A DIRECT STUDY OF INTRACELLULAR GLYCOLYSIS IN EHRLICH'S ASCITES

Permalink
https://escholarship.org/uc/item/7fz0p2v1l

Author
Lonberg-Holm, K.K.

Publication Date
1959-12-10

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/7fz0p2v1
https://escholarship.org
http://www.cdlib.org/

UCRLZZ&”

UNIVERSITY OF
CALIFORNIA

"Radiation
Gﬂabm' ator

TWO-WEEK LOAN COPY

This is a Library Circ‘ulating Copy
which may be borrowed for two weeks.
For a personal retention copy, call

Tech. Info. Division, Ext. 5545

BERKELEY, CALIFORNIA



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.




O

(<]

UNIVERSITY OF CALIFORNIA

Lawrence Radiation Laboratory
Berkeley, California

? , o Contract No. W-7405-eng-58
A DIRECT STUDY OF INTRACELLULAR GLYCOLYSIS IN
EHRLICH'S ASCITES
K.K. Lonberg-Holm »
December 10, 1958
}?. N

P}

Printed for the U.S. Atomic Energy Commission

UCRL-<8567 -



<3

WL 8567

A DIRECT STUDY 0P DWIRACELLAEAR GLYCCLYSIS IN EHRLICH'S ASCIVES TUMOR®

Univaraity of Califorate

Raddation Leboratory

emd. relatively little vork hme been coficerned with the direct study of glycolysis
inside the intact cedl. Uoe exception has been the wek of Briten Chence whose

 gpactral studfes have led him to messure the oxidation stete of cofsetors and

mes fuwide the call dwring glycolysis, wmmmww |
transition ‘%‘«hat the cell undergoes vhen it is sbrwptly given ghmme substrate.
) Hese studied this trensition in some deteil vith sseites twmor cells,

evboohng

theories to explain the vey in which ¢he eanul%mwmm@es the rate of

mte on Ehrdich's mouse W*ees tumor cells heve borroved

of the techalques vsed by Calvin end Wilson and some of their associates fop
the stody of photesynthesis in algsd cell suspen mmg With the ald of trasers,

# The worls described in this peper wes sponsored by the ¥. 8. Atomic Energy
Commission, University of Califoraie, Berkeley, Celifornia, and by the
National Institute of Health, Bethesda, Maryland.
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raﬁ;i&, killing, snd two Qimensionsl paper chromstography, we have tried to ook
into the glyeolytic systenm vhile it un&er’goés the %&msiﬂbion between no et
activity end active glycolysis. In apder to be sble to meke chromstographic
seperation of ouwr extrects ob peper, smmples hod to be kept below 30 nicroe
liters in size, as lerger volumes of physiologicel selt solution contein emounts
of se,ita that cannot be accomdated wAthout serious streaking. | con%ntional
methods -o@- desaelting were not afequste for wse in these ‘siudiea‘ as oz'.%anic
phosphates hed to be re%a,ined. To get sufficient raéiaaétivity 1ni:o such omall
sax@les, ouwr Wimmts emplom hign specific wetivity c eglucose or high
activities of P> ephosphate. |

Gur subsitrain of ';Ghe Ehriich #ouse ascites tumor was cmie& in ghdult
C57 biack mice by pessage every © days of 0.1 ml inocula I.P. Matérisl for
reinnoculetion was removed through the exposed bub ﬂm'.act pevitoneun with s
sterile sinringe and used directly. Grossly hemorrhegic %amr was diecarded.
Wunm' for metabolic meﬁmmﬁs was remwved to § volumes of com buffw s
washed twice by ceﬁ%rimgatmn in a table top Zntermtioml centrifuge (power
on for 40 seconds). This effectively remved Bny contminatmg red cells amd
repleced the ascites serun vith buffer of kuown comﬁexi'ﬁm.j The tumor was
' resm*pendeﬁ ‘o epproximately Wi by volume, end used as such; All ecid 'vohms_
were measured by centrifuging semples for 15 minutes in hematocrit tubes.
Buffer gnd Substrates | |

411 polutiong were made wp Yo physiologicnl tonieity and pH. The Gl‘h-

glucose experivente 2ll ewployed sodiwwephosphate, Loc"e’s soluﬁi@n,g 68 GuGe
pending medivm. The sz-pmaspm experinents employed a auspend.ing nediun
contoining o bicarhvonate bulfer but similor cetion concentrations as in Locke's



@

g Mg eng Ca®, whose concentretions were incressed in keeping

solution, exeaptic
with their fncreased solubilities in the presence of lowered amounts of POy ">
The butfor was gassed with 5% €0, in air defore and Quring use, The compositicn
in wd per liter 1o &5 follows: NefCO,-12, NayiPO)-1, MaCl-132, KOL-5.5, 6‘9@42-1;
HgB1,,~0.6.

220-240 microcuries per riflligrsm glucose was obtained in part from
Pr. B. ¥. Putmen and more was synﬁhesigeahy&mﬁiﬁaﬂmmafmwm

Hesesd.] Tuis ayntuesis involves the exposure of an excised canna iily leef

% €0, of 305 c* content for 18 hours with {lluminetion. Follovisg this, the
photosynthesized sucrose is isol‘.ated chromstographically on peper in two sepae-
retions with different solvents (pml-«mer end butsnol-propionic acid-water). |
The sucrose is then inverted emd the reculting mixture of fructose and glucose
stored frozen fn water with about 2 inpurities belng forued by decompoéition

1n nine months. Hedicactive phosphate was obtained fram Domier Leboratory

Clinic in neutvel isotonic solution end comtainmed atout 0.02 microgrems cexrier
Mmmmmiepag. mmmmiwmuseﬁwlahﬂmml
of ¢ell suspension,

Repdd esxpling of the cell euspension weo made possible with theaw of a
device builé around a modified tlirce-way pyrex stopeock (see Fig. 1). The epring
baﬂadim@lmg(a)wb@mﬁaﬁedhyhmﬁor@n@ge&%amﬁﬂr&ﬂmm
train end rotsted ab 1/3 rpe or slower. The hole im the plug (b) 18 of 25 micros
liter volwse, It is first sucked empty (groove(s) lesds to air) and then partieily
evecuated by e vacwm idne (8). As it comes into contact with the incubation



chomber (e) 44 £ilis vith cell suspension, sad it is then flushed of contents with
distilled water under sbout 6 £%. pressure (¢) slecting the semple (through (b))
into & tube of hot sthanol. The time of ¢jection is clectrically recorded a6 a
condnetivity incresse betueen two electrodes (1) with the =2id of en Bsteriine
Angus recorder. The volumes exployed have nean such that the final suspension
of killed cells is spproximstely 80f cthanol; convection repidly mives the sus-
pevsion. The enbire mpperebus is enclosed in o tamperature jocket azd is also
suipped with o ges line (y) when gessing is nscesssdy, {sec Fig. 2). Also thin

plestic tubes are loeded with meesured microvolwmes of substrate solutiod (v}
and buffer rm (w), so thet substrate nsy be sdded by merely pressing a gas
fim syringe {&). The tubes of ethanol ere held in ar clectrically heated
sluninun block which is moved under the sampler by a solenoid shuttlcber syne
chironized with the twnaing
2t the back of the saapler. In this way micres
88 1.6 second intervals in the following experiments.

Combined 80 end 20% ethenol extracts of cech ssmple were eveporated in

Ve with the aid of the "Getopus® multiple swmpls eva;m'awé and trensfered

of the stopcock plug by & microswiteh riding a cam

orples were killed gt ag ehord

with seversl rinses to the origin of & chromptogram on oxaplate washed Whotmen
No. b filter psper. An aliquot is aleoc removed and cowrted o detersine the

Potal ectivity in eech sampls. Losses due to sticking of sugar phosphates

shous %0 be less then 2§ if clesn ‘soid weshed glassvere was used tiwoughoub.

The chrometogrens were developed first in phenol solvent! and then in the second
dimension in bubanol propicnic acid solveat.! Piguwe 3 shows e radiomwbogrum
of an exbtract of cells exposed (o a clk glucose and separated 30 and 20 hours
in phenol and bubanolepropionic scid solvents. The spots have been %rea%ed‘



vith smoniun sulfete fracticuated polidase® dtrectly on the paper by the method
of Wilson,? then eluted onto the origin of mwther chromsbogrem end re-run with
carrier sugars. The identities thet were found in emmples fram the colls exposed
for short perdcds of time %o glucose are given under the figure. I the
chrometograns are developed for shorter pericds of time the gluwcose and leotie
acid {vhich must be spreyed with alkali b be retained) my aleo be separated
and counted, In the € work, counts ware sveraged from both sides of the
paper. P2 sume were hendied in e simller mehucr, excepting that the chromstos
grems were developed far 40 end ok howrs. Pigwes b and 5 ehow radlosutograns
of seperated extreots of smples tsken before and ufter the addition of pon-
active glucose o the la eled cells. The mmtﬁm identification of all
gpats rests ypon cochromatography in three seperate solvent systens
sbove and propsnol-gmunis sol‘vaut,g Also the nucisotides :
thedr retention on meid washed Darco ¢-60 sod by electruphovesis in p 3.6
fousd 4n the CF runs in o Aoubly lobeled experimeub. Jismtificstion of the PR.
nucleotides was mede ALfficult by their "pticky” nature and their veriebls
stogreghic behavior in e very suall amounts thet were present in the

sEmples.
Inorganic phosphate was measured by the method of lowrey aa‘d,k_mez.m

T4 has been shown that the glycolytic intermediate
(see Fig. 6, ete., for conditions) uwndergoe s charocteristic snd re
behavior dwring the half mimvbe following feeding of giucose substrate. This
behavior consists of tramsient concentration changes, snd therefore in trensient
" changes in the relative rabdes gemmwmnmtsmmwmm

g *wﬁ‘.“‘ m .
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steps involved in ghycolysis. That sny trensient behavicr csm be measured

&s%f&es to the rapid entry of glucose izto the caoll, &n entry that is more
ropid thes the subsequent wtilivetion. This wes also found to be the case for

© higher concentirbtions of ;z,lucose than used in these exparimenta by crmae, E’ielﬁ

n
Figxzm 6 shows an experiment in sdich Gw-slmaa wves fed 4o glucose-starved
cells, The obscrved bohevicy is mng reproducivle. There is £1rst e rapld

- tranpient peak in “hewose monophosphates® lasting but o Leu secos

temperataure wvob mmdby 1§°c, however, this £irst peak wes found to lsst

about © mnﬁs, e@ﬁ wes thus ciught in more then one ssmple.) This was followed
. by & pesk in POA concentretion snd theu a peak in hexosediphosphate consetraty

¥e can be ressouchbly sure that the sotivity of cach compound 15 propors
ticoal to the concemtration of that compound within the cell. (Tnis is sube
stantiated by P32 axpére

Bevpacmononhosbhate

phosphetes iz very low before the addition of glucose.) Taking, then, the

packed volume of the cells used mod the microgrems of glucose fed, ve mey
calculate the concentretions of the internedintes counted. A% 10.2 deconds
hexosefiphosphate 46 1.2 mM,™ and POA &6 0.2 £, in the cose of the letter

% The pocleize of hexose diphosphabe st its medzum concentration s large

- relative to the pete of £hax. The given coneembtrations of the intermediates

ere voughly ten times those that would be calculsted for the suspe
vhole, a8 ¢he cells sre ebout 10% by volume. "x‘n,e égwcaseaventotheceus
85 1.7 11 and 18 used uwp in cbout 7 mimmtes. (Actuplly the rete of glycolysis

16 fastor Guring the firet 20-30 seconds e shall be mentiomed later.)



pound, we st tekm into consiSeration the fact Umt 16 comteins helf the

'mmer of carbhon atoms of glucase. A% 47 sccouds héxpeemsntphosphate vesches

dom. It &m be: xermwe& that these Ww&i&m gre

acuts vepe wade uith cells labeled by intubaticn with P2

mm?mmmw m@f%e?ymmm

2 ntermadloten Cound in the glrh m% esperivests sod telr
behuvior is &m&m. There 40 evidencs thad the a@ﬁmwmag?ge in add |
mw@&am@ym@@fWMMW o

o) the antivity in 89% ad

When samples of AP ave fige

tretion of ATP ic 2 mi. In the case of ALP only on upper lindt of Ok mid come

G&BWW &k ﬂﬁs erimn
drolyuis of ATF duwring the workup of t&x@ sSEples. .

The suger phosphetes, howvever, with thelr w&ﬁ. turnover and m@lxgibm



 inftiel comcentrations are almost certainly of the seme specific activity es the
 snorgante phosghate (vhich contelns sbout T9% of the p32 sctivity during thie eiper~
imeat). Thus, thelr ectivity should be directly proportionsl to their concene
trations, and these mey be caleulated to be similar to those obteined in the ¢
crpericents. One excoption, however, ie hexosediphosphate which ig about 309
lowi this may be o reflection of the chenge in the cuspending mediun in the

- 3 cxperinents vhere o blcarbonste buffer ves employed. As well as confirming
the lobeled glucose experiments, the active phosphorus experiments show directly
the sudden transient. dncresse in ADP dnferred by Chanse aﬁﬁﬁe&e from thetr
memmﬁs of Cytocthroze b reduction end owgm w@a&w In these workers’
emwimnts,the mmtm @pws%hawbemummmﬁan&waspmu
&% room temperature, and thus the beheviar that they observed is slower then owrs

hyafm@roftmwﬂma@.

Our explanstion of the observed hehsvior 15 based upon ohe of the less
favored theories used by Chence and Hess in the discussion of their findings;
neamely thet benokinase activity ie liuited by product iuhibditien, and that phose
phohexokinase sctivity is Mmited by en ATP imhiditicn.) To discuss s it 1s
useful to divide the observed behavior following the feediag of glusose into
four periods (see Figwres T ond 8).

T tho first pertod, lesting shout 1-2 seconds, at 37°C, the extramtto-
chondrisl ADP 16 ow. This 18 a comtimustion of the period before the additicn
of glucose, end Little hos changed in the cell excapting that hewose momo-
phosphates are ropidly being mede. Phosphobesose isomerste is of relatively
high activity, end fructose snd mamnose phosphates have been shown to be present

The cecond period leste from 2 to sbout 8 seconds. In this tims the ATP



1

 concentration in the eytoplasa® msy have dropped

sprecisbly, but not enough
%o slow glucose phosphoryletion. However, it may have been dropped encugh ©o
rolease e hypothetical partisl inhibition of phost henokinese (Which if it
exists ey Gepend vpon the fuct that ATP binds Mg'! don, & cofactor’). It 4
interesting to note thet Beck hae recently shown thet addition of ATPase to
leukemic cell homogenstes already eontaining

g&yea&ysm.n During this second pezw there 16 an increased rate of wkili-
zation of he nate, the conceutratbn of vhich is kept low, ol darge
amounts of bexosediphosphate pile wp. This is in spite of the fact that during

the seme tive POA formotion may siso be speeded by the incresassd concentration
of oxidized PPN- end AP, | |
The thivd peried, between 8 and 30 seconds cpproximately, is charscterized
by & retwrn to normal of ATP and s charp decresse mamwavmimm.
These couse & tapering off of PEA cxcesses by siowlng 1ts fm@&m fron hexose-

d&mha%. There s slso a decrente in the ram ¢ phosphohexokinnse action

vhich we Wm@m from incressed smounts of eytoplastie ATP. This Gocresss

mwy excesds the decresse in hewose : " u‘hmmm@ﬁ 3 @
diphosprate concentrstion falls. With the bleeding of the henesediphosphs

pool, tbe formabion of &m‘tié acid slows by @ factor of b, as hes been shuwm in

& separete experiment. With the decrsase in the wbilizetion of hexose mono-

phosphate during this perd o, 1% pool sise increases repidly wstil it reaches

046-0;8 nM tntrecelinler concentratbn. Thic is high enough to slow the rate of

#ee Alghough the oversll comcentration of ATP £alls enly 1% during perdod 2,

o

: m"g mzy be incompletely
is and thus mey have falles by em

) CORCEA

m cm}ma (mm oohontrial
QWM’%@& with the ATP in the witochondr

oppreciably m@r amnEES



lter produst iuhibitton of animal
hexokinuse. (Fov example; Weil-Mlberde and Bove fownd that md glucose phose
phete 4nhivits ret brata howkineso 3-4 fold. 3

gesn tha% mmm@m&e in ton &s
tm@x@mwmn, asepmckmwbe@vmwﬁrmmrﬁmm
vith the ATP concentrotion. W is W@m iasevemlyms in%emtsbaiie
mechinery, one place Yeing the oxtdstion of trioaephoepha‘ne to ¥k, & stepy waleh '
in iteelf is d’epeﬁciant upon the concentrelion of oxidiged Dby am@. ADF. It 18-
thug not acciwa‘be 0 say thag any | ghven step 18 rete ilimiting when the systenm
has reacﬁe@ ihe steady otate. - Bather we have a gystenm iﬁ’whicﬁ geverel steps
gre of related activity, ccatmlleﬁ by fee&beck from a later s’wp o steps.
%MY
The uge of high spetzimc activit\r tTecers cordined with twwo &imensiocnal

paper chromatogrephy and re@iﬂ sm@ling techniques hes permdited a ddrect stuly

of the kizebics of g,lycalsmis wit in the f&ﬂcit"'ﬁ' o cel.n.. Iy a8 be»m Shown
thet the glycolytie ;.ntmiates uadergo chsractaristle tmmim‘t concenteation
changes Girectly fol’owing the fe@d.ing of' gglveoae P @ml that these ‘trc.nmc.m
éhmgaa( Rve evidence of the mmpger in vhich the cell witimetely achileves stée,éy
state. The evidence indicates thet bexokinmse ectivity is governed by produet |
inhibition, cad ph@gpm)he;mm@ activity by an imibitﬁm whalch ig in accordepnce

with me concentration of ATP.
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Fig. 6. Appearance of some CMr labeled compounds in mouse ascites tumor
cells following C14 glucose exposure.
About 300 micrograms of CM glucose was added at zero time to, 113
microliters of cells that had been incubated seven minutes in sodium
phosphate Lockes. 3 The total volume was 1.1 ml, and the terﬁperature
was 37°C. Percentage of total C)“4 i8s plotted against time in seconds.
Fig. 7. Appearance and changes in some P32' labeled compounds in mouse

ascites tumor cells as caused by addition of glucose.

300 micrograms of glucose added at zero time to 107 microliters of cells

32 orthOphosphaté (120 microcuries) :

that had been incubated for 15 minutes with P
in bicarbon#te buffer containing 8 imillimolar lactate subétrate. The
concentration of inorganic phosphate was about 3.2 millimolar {(overall)

in the suspension. The total volume of the suspension was 1.1 ml, and the

temperature was 37°C. Percentage of total extractable activity is plotted

against the time relative to the addition of glucocse.
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MU-13015

Fig. 2
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