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Summar. ; o : _ o

The concentratlons of 1ntermed1ate compounds and of 1ntrace11u1ar
Tactate in anlmal ceTTs in tlssue cu]ture have been determlned by paper
chromatography and radloautography, foT]ow1ng a perlod of metabo]1sm in
]4C—Tabe1ed gTucose The appTlcat1on of these methods appears to be
,useful for study of metabo]1c reguTat1on in such cells. The s1m1Tar1ty -
of pattern of v1rus transformed ceTls to that of normaT ce]ls in h1gh
‘glucose and normal ceTTs that transport gTucose faster after serum addi-
‘tion suggests a s1m11ar1ty in under]y1ng mechan1sm 1nvo]ved 1n gTucose
metabo]1sm ' SRS R

It is becom1ng ev1dent that’ changes in ce]] surface propert1es,
_ espec1a11y changes in transport of metabo]1tes, accompany maT1gnant
transformat1on in t1ssue cuTture [1 2] An increase of gTucose trans-
port can be demonstrated as one of the ear]1est man1festat1ons of v1ra1

vvtransformat1on-[3 4,5 6] The re]atxon between transport of gTucose

and the regu]atory steps 1nvo]ved in 1ts subsequent metabo]1sm, however,

. remains to be studled Such a study of gTucose metaboT1c pathways and

their contro] in t1ssue cuTture is compllcated by d1ff1cu]t1es in ma1n- -
ta1n1ng -constant env1ronmenta1 cond1t1ons dur1ng the course of the

. exper1ment Determ1nat1on of 1ntermed1ate metabo]1tes and - cofactors

o _ex1st1ng in ceTTs durlng a k1net1c study requ1res a method for obta1n1ng '

=fsamp1es wh1ch can be prepared qu1ck1y and reproduc1b]y | Each sample

- shou]d_prov1de, on subsequent analysis, an accurate.and detai]ed picture.
IOf'theimetabolism at;the moment of samp]tng,_ The steady4statevCOncentration

'_-of‘Some metaboTites can yary Severanold'wfthin'a few seconds. Thus, time

’“consuming_methods of preparing cell-samples from tissue cu]tUre dishes by
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nscrap1nq and centr1fugat1on or tryp51n treatment wou]ddresu]t 1n metabo-
11te poo]s and patterns s1gn1f1cant1y changed durlng the sampllng and :
| k1]11ng procedure Furthermore, the poo] s1zes of<some metabo11tes is
i.very sma]] and a 1arge amount of samp]e is requ1red for accurate measure-
ments | - ' ,- ' o y ‘

Many of these d1ff1cu1t1es can be c1rcumvented by us1ng a number of
1dent1ca1 sma]] ce]1 cu]tures, ‘and k1111ng each qu1ck]y, after a pre-

14c. 1abe1ed

vscr1bed period of metabo11sm with h1gh specific act1v1ty
‘glucose The k111ed samp]es are then analyzed by a comb1nat1on of two-
dimensional paper chromatography and rad1oautograpny to prov1de infor-
'f:matfon about the pool stzes ot‘a large number of intermedjary metabolites
v and cofactors in the cells. - : | | |
Th1s report descr1bes our ear]y f1nd1ngs u51ng th1s method, 1nc1ud1ng'-
F‘Afdent1f1catton‘of 1abe1ed compounds ‘and amount of labeling under‘var1ous )
conditions“' Even'though'Strtct criteria.forIsteady-state‘conditions (such

- as constant pH ‘and temperature) is hard to ach1eve 1n standard ]aboratory

' -1ncubators, these resu]ts 1nd1cate ‘the potent1a1 value of the method and

provide good-evidence for the nature of re]at1onsh1ps between resp1ra-

t1on and g yco]ys1s in norma] and v1rus transformed an1ma1 ce]]s in tissue

: vcu]ture

MATERIALS AND METHODS

'7,Ce11 cu]ture and virus 1nfect1on

' Prlmary cultures were prepared from ]0 -day old Cthk embryos as pre—
vibus]y descr1bed [7.8]. Ce]1s were seeded in medlum 199 (Grand Island

Bio]bgica])'supplemented,w1th 2% tryptose phosphate.broth (Djfco}, 1% ca]f



serum and T% heated ch1cken serum (Grand Is]and Blolog1ca1, no fung1zone

‘1.vwas added to these cu]tures) Secondary cuTtures were prepared 4 days'

_after the pr1mary seedlng by tryp51n1zat10n of pr1mary cuTtures and were

a'seeded at T X 10 ceTTs per 35 mm d1sh For stud1es w1th transformed -

'_cuTtures, ha]f the ceTTs of a SIngTe embryo were 1nfected 0 4 h after

primary seed1ng w1th e1ther Bryan or the Schm1dt Ruppln stra1n of Rous ;5 -

'sarcoma v1rus as prev1ousTy descr1bed [6]

Preparat1on of sampTes and chromatography ;
| After 48 h the secondary cu]tures were washed 3 t1mes w1th gTucose-

free Hank' s buffer Med1um conta1n1ng unlformTy TabeTed 14C gTucose (New o

_ EngTandﬂNUcTear) f1na1 Spec1f1c act1v1ty 214 mc/mM and/or 32P], f1na1

'specific*acttvity 30 uc/uM, was added,toveach cuTture The ceTTs were -

permitted to”také'Up‘the-radfoaCtivefsubstrates'for‘an hour- The med1um |

was then removed “the cells were washed rapld]y w1th co]d unTabeTed g]ucosew o

: conta1n1ng Hank's buffer and k111ed by add1t1on of 80% methano] (Tess than

15 sec after removaT of med1um) The k\TTed ceTTs were then scraped w1th a e

rubber poT1ceman d1srupted byson1cosc1]]at1on and applled to f1]ter paper
ffor ana1y51s by two d1mens1ona1 paper chromatography [9] The k11]1ng is o
almost 1nstantaneous as no change 1n metabo]1te pattern was observed when
__fthe cells were Teft 1n methanoT for var1ous tlmes The samp]es were f1rst
- run w1th phenoT water acet1c ac1d-(840 160 10) for. 24 h After dry1ng,

- the paper was turned 90° and run w1th butano] water prop1on1c ac1d (500

,»280 220) for another 24 h. After drylng, the Tocat1on of the. TabeTed o

"jmetab011tas was detected by radloautography and the content of ]40 and/or ;;A? o

| ;ﬁ32P was determlned as descr1bed [10] The unknown Spots were e]uted and

f'the procedure was repeated after add1t1on of unTabeTed known compounds “f

) jrwhlch Tlater were Toca11zed W1th appropr1ate chemlcaT react1ons
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Rétes gﬁ;DNAlsynthesis andhglgCOSe uptake”

'”Thé.rateiof'ihCOfpohatioh of_[3H] thymioine into DNA was psed as a
measupefof'overai1 rate of DNA syhthesis,'ahd‘the‘rate of glucose uptake
was'meaSQredey usthg [14C] 25de0xy;Dnguooses[5,6].. ' |

 RESULTS
.__rThe-redidaotooraphs (Figs 1,2) show the separationvand identifica-
tion of a 1arge number of metab011tes resu]t1ng from the metabo]1sm of

]4C g]ucose in a single samp]e (a 35 mm d1sh conta1n1ng only one million

~cells). -G]ycolys1s (as measured by the rate of lactate product10n from.

g]uCose)tand'respiration“(as'measUred’by the rate 0f 002 evo]ution from

g]ucose) becomes linear with time in less than 15 min under our cu]ture

, one. . =
cond1t1ons [6]. Long before/hour, therefore, most of the metabo]1tes have

'reached.their steady-state concentratlons. A compar1son_of the,metabo]1c

pattern of normal and transformed cells (Fig. 1) demonstrates that in

transformed cultures the ratio of the intracellular pool of lactate over

' _citratef(aS'aameasure’o1_the TCA cyé]e) is increased appreeiably.

Labeled pool sizes ‘of other tntermediates of the TCA cycle and those

“derived from it (malate, glutamate and aspartate shown in the chromato-
'”grams):are‘decreased‘ 'The‘]abeled pools of the sugar diphosphate region
'(DIP) the triose phosphate 1ntermed1ates (3PGA and DHAP) and the metabo-

o lltes of the ox1dat1ve pentose phosphate pathway (PMP "hexose monophos-

phate shunt") are 1ncheasedemeasurab1y. An increased uti]izattonVOf

oxidative pentose-phsophate pathway over TCA cyc]e after transformation

. was prev1ously observed u51ng CO2 derived from glucose labeled inloré6

' pos1t1ons [6].:



"To determ1ne the contr1but1on of the faster growth rate of trans—3‘

'_formed ce]]s to these patterns, % ch1cken serum was added to norma] R

cells 16 h- pr1or to the onset of the exper1ment Serum causes the

: norma] den51tv 1nh1b1ted ce]ls to undergo rap1d pro]1ferat1on []1]

: Wh11e add1t1on ‘of serum 1ncreases the g]yco]yt1c degradat1on of g]ucose jf.d
two to threefo]d the rat1o of 1abe1ed lactate to c1trate s st111 about"?
4 t1mes h1gher in transformed cu]tures (Tab]e 1) Moreover, the pattern -

' attr1butab1e to added serum seems to be due to factors other than growth |

- alone add1t1on of 5% serum to transformed cu]tures 1ncreases the"

1actate to c1trate rat1o further w1thout chang1ng ‘the growth rate appre-'

c1ab]y (Tab]e 1) Growth ggr_se therefore cannot exp1a1n the changes .

observed

The suppress1on of resp1rat1on by g]ucose was f1rst descrlbed by

Crabtree in ]929 [12]. When the norma] ce]]s rece1ve decreas1ng 1eve1s‘gi-__’"”

_'of g]ucose the rat1o of lactate to c1trate decreases proport1ona11y

"e_'to the 1eve]~of g}ucose in the med1um A 10 fo]d change 1n the 1eve1 of;-'

”,g1ucosé4COncentrationfof the mediumfcauses a 10 t6"15-fold change.1n the””

"ratio~of 1actate'to citrate (Fig. 2, Tab]e'Z);'fAddition Oftséruh tp' -

" ‘both cultures raises'thefbackground.1eVe1 of.glycolysis, as indicated R

by the lactate pool in the cells, yet a substantial difference between."

~cells in high and Tow glucose remains (Table 2). The iabeTedvpools of

_ “the DIP, PMP,.and triose'phosphate>regions are also increased with -~ .

~increased glucose concentration.

| ‘DISCUSSION‘ | |
The techn1ques emp]oyed 1n th1s study allow determ1nat1on of the o

" various. poo1 sizes > of metabo]1tes in ‘the ce]]s dur1ng a cond1t1on of

s
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| - |
steadvestate.metaho1ism "Thts'intOrmatton, together with knowledge gained '
from examination of chanoes accompany1ng perturbat1on of the steady states
w1]1 perm1t the e]uc1dat1on of regu1atory steps Such a procedure has
_been emp]oyed successfu]]y w1th photosynthet1c ce]]s [13] Changes in -
g]ucose metabo]1sm due to pH, serum, hormone and carc1nogens addition,
tcell density and var1ous 1nh1b1tors, as we]] as v1ra1 transformat1on may
be effect1ve]y examlned in thts way S]nce some metabo]1tes are released
| into ‘the med1um,, it w111 be necessary to make some measurement of metabo-
lites in the{med1um in order to obta1n avcomplete}metabol1cvp1cture.

~ However, 1t;is'concentration within the cells thatdbrouidés direct'infor_

bmation about regulatﬁon ot specific reactfons,:suCh as the'reacttOn |
'”_mediated by‘ohOSphofructokinasef(fables'ﬁ andt2)' 'Preliminaryikinetic
'expertments after add1t1on of serum to extreme]y contact 1nh1b1ted
:ceTlsagﬁighincrease 1nd1cate a rap1d rise in the F 1:6- D1p/F6P ratlos

(as much - as a 10- -fold increase’ within one m1nute), 1nc1cat1ng the phos-
phofructok1nase step as one of the contro]11ng po1nts in sucn trans1t1ons |
as also found in other systems [14] | |

It is generally accepted that ma]wgnant cells are=more'"g1ycolytic“:

than their normal counterparts [15], a]though the extent and reason for
such a'difference has oeen the Subject-ot many controVersfes []6] ’
Bissell et.al. [6] have demonstrated that the 1ncreased 1actate produc-

"t1on after infection of ch1ck ce]]s w1th Rous sarcoma virus (RSV) cannot

B ~ be accounted for_by 1ncreased growth»rate as-prev1ous]y suggested [17].

The resu]ts-presentedvin'this:paper confirm and expand'the above:findings.
" We further suggest that the increased'glucose'(or g1ucose—6-phosphate)
concentrat1on w1th1n the transformed cells [18,3,6 5] creates a situa-

tion s1m11ar to that of normal ce]]s in h1gh glucose medium and causes



:the sh1ft to a h1gher g]yco]yt1c metabo]1sm, i. e i.e., the Crabtree effect

"fifand 1ncreased glvcoljs1s in transformed cu]tures may have a 51m11ar under— S

lying mechan1sm “The abso]ute levels of glyco]ys1s and resp1rat1on change
. from embryo to: embryo, w1th populat1on dens1ty [6] and w1th changes 1n |
-fgrowth cond1t1on The g1ucose 1eve1 w1th1n the ce]] is thus on]y one'

of the factors caus1ng “the’ observed ba]ance between gtyco]ys1s and res— :* :
'p1rat1on But other factors be1ng equa] whatever 1ncreases the g]ucose , B

'entry 1nto the cel] seems to cause an 1nh1b1tlon of resp1rat1on and an -

‘.1ncrease 1n q]vco]vs1s and ox1dat1ve pentose shunt whether 1t is add1t1on R

of serum, an 1ncrease 1n g1ucose concentrat1on of the med1um, or v1ra1
~-transformat1on | ' | | | | i

It is usual]y reported tnat transport and phosphory]at1on of g]ucose
are "coup]ed processes 1n that there 1s very Tittle or no free g]ucose ,.V'i
hinside theicejts”[4;}9] The presence of’ a re]at1ve1y 1arge glucose

pool (G]uc)'in these-chromatograms was-therefore surpr1sxng : S1nce the

'.tamount of g]ucose'in the’ med1um re]at1ve to that of ]abe] in the ce11s
c1s enormous part or a11 of ‘the g]ucose poo] cou]d be due’ to contam1na-

t1on from the med1um, desplte the extens1ve wash1ng However, from th1s

and other exper1ments W1th*g1ucose ana]ogues [20 B1sse1] and Bassham, ?,]

v unpub11shed], we be]1eve that the poss1b1]1ty that a sma11 free glucose

o poo]l does exist- w1th1n these ce]]s cannot be ruled out Itis poss1b1e

;that the hexokinase step is not necessar11y coup]ed to glucose transport
~This- prob]em and the steps 1nvo]ved in the contro] of g]ucose metabollsm p'
ﬂare-under 1nvest1gat1on. An apparatus 1s under deve]opment to perm1t
"rapid samp1ing;*whi1e ma1nta1n1ng more r1gorous]v the necessary steady—vﬂ'“
‘state cr1ter1a, or dur1na the transient per1od fo]]ow1ng a contro]led .

_change in a se]ected external cond1t1on




_ »A‘oreIihfnary report of this work has been presented: American
' Soc1ety for Ce]] BlOIOgy, 21a (1972) The tis5ue cuIture'facility_used
for these exper1ments was funded under NCI Contract No NCI FS-(71)-58.

Supported, in part by the u. S Atom1c Energy Commlss1on

- REFERENCES |
| ,I;: Foster, D 0 & Pardee "A B, J Biol Chem 244 (1969) 2675
2. Ho11ey, R-W, Proc Nat Acad Sci- USA 69 (1972) 2840
3. Hatanaka M Heubner, RJ, & G11den, RV, Jd Nat] Cancer Inst 43 (1969)
S 091 | L |
g, Hatanaka"M. Aug]’:C. &.Gilden,vR Vr'J’BiOT.Chem.245'(1970) 74,
.5. -Mart1n 6S Venuta S weber, M J & Rub1n H Proc Nat Acad Sci
USA 68 (1971) 2739%° | B |
6; ‘B1sse1] M J, Hat1e C & Rub1n H, J NatI Cancer Inst 49 (1972) 555.
7. Rein, A; & Rubin, H, Exp Cell Res 49 (1968) 666.
8. Blssell M J, Rub1n H, & Hatie, J, Exp Cell’ Res 68 (1971) 404.
9 Pedersen T A K]rk M, & Bassham, J A Biochim B1ophys Acta 112 (1966)
a9, | | o
IOI-CKrause G H, & Bassham J A B1och1m B1ophys Acta 172 (1969) 553.
IT; _Todaro G, Matsuya Y Bloom, S Robb1ns, A & Green H, in Growth
'Regulat1ng Substances for An1ma] Ce]]s in Cu]ture (eds v Defend1 '
At& M Stoker) Wlstar Inst Press, Ph11ade1ph1a (196/), PP 87- 101 )
412.A'Crabtree H G, BIOChem J 23 (1929) 536. |
13. Bassham, J A Sc1ence 172 (1971) 526. :-3-
14._'Lehn1nger A L B1ochem1stry, p. 410. wOrtandblisners;,New York
 (1970), | B |
715.v Warburg, 0'-The Metabo]ism of Tumours. Constab]e London (1930)??
- Alsenberg, A C, The G]yco]ys1s and Respiration of Tumors Academic
Press, New York (1961). ' |



16

7.
8.
19,

S _]o_m. |

Pau] J, in Ce]]s and T1ssues in Cu]ture (ed E N Nl]]mer) ACadémic

”’vPress, London (1965) | o E |
" Steck T L Kaufman S & Bader, J P Cancer Res 28 (1968) ]Gi];;iﬁv :
Cori, C F, & Cori, 6 T, J Biol Chem 64 (1925) 1. -
Renner, E D, P]aqemann PG w & Bern]ohr, R N Fed Proc 30 (1971)

- 1116

20,

Venuta S & Rub1n, H, Proc Nat Acad Sc1 USA, 1n press




- i

Table 1. Re]at1onsh;p of glyco]ys1s and resp1rat1on in norma] and

transformed cu]tures

lactate .I_'F-1,6-DiP Growth

~citrate - F6P . rate**

ST 10.0, 8.1 2.1, 4.3 3.5, 3.5
N +N5% $ ? o ) - 2.8, 1.9 2.0, 1.7 2.7, 3.2
I '3‘6..42' 1.1 vz"'s‘ 1.3, 1.4
- N+57s |
Te2S 60,76 17,32 1.4, -

N+5%2S

* T transformed N, norma] S chicken serum

*k 3H Thym1d1ne 1ncorporat1on 1nto DNA; cpm/ug proteln j

The procedUre was as7in-Fig. 1. fTheespots Were removed from chromato-

grams and counted. The'Dinand'HMP regions were eluted with 0.3-0. S'ml f,'.

water, treated with phosphatase [pur1f1ed from Po11dase S (Schwarz
Laborator1es) by ammon1um su]fate prec1p1tat1on, 25 ug/O 3ml, for 3 h"
at 37°C] and re—chromatographed as. descr1bed-1n Methods “The - 1so]ated
fructose d1phosphate (F 1,6- D1P) and fructose-6- phosphate (F6P) were
removed and counted Last co]umn 1nd1cates the rate of DNA synthesis

- thym1d1ne 1ncorporat1on Glocose toneentration was

as measured by
;5”5 mM Each co]umn 1nc1udes the va]ues for two exper1ments In the
'second exper1ment the cells were 1nfected w1th ‘the Schm1dt Rupp1n

strain of Rous sarcoma v1rus, sub -group A



Tab1é 2 'Crabthee‘effecf igfnormaT‘chdekiééj]s. I

5% chicken'  lactate  F=1,6-DiP .
o serum . citrate - F6P

L - . 155,115 1.8, 2.8
N cells in 5.5 mM glucose A S R
N cells in 0.55 mM glucose

0 84, 7.5 L7, 20

T cells in 5.5 mM glucose
T cells in 0.55 mM glucose.

Legend as 1n F1g 2 and Tab]e 1 | These are the rat1o of 14C counts. )
‘ The ratio of 32P ‘counts in the last co]umn (tak1ng the 2 phosphates of
F1 6 DiP into cons1derat1on) was s1m11ar to above va]ues, 1nd1cat1ng
that the phosphate as we11 as the carbon poo]s have approached steady

state.
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FIGURE LEGENDS
Fig. 1. Pattern of glucose metabolism in normal and Rous transformed
cells. The cells were exposed to 0.75 ml of 5.5 mM uniformly labeled
]4C—91ucose in medium 199 for one hour. After removal of medium and
washing, half of the mixture of ﬁethano] extracted pools and sonicated
cells were applied to paper, as described in Methods. The radioauto-
grams were developed after one week. Abbreviations used: Gluc,
glucose; Glut, glutamate; Asp, aspartate; Mal, malate; Lac, lactate;
Ala, alanine, DHAP, dihydroxyacetone phsophate; 3PGA, 3-phosphoglyceric
acid; DIP, sugar diphosphate region; PMP, pentose monophosphate region;
HMP, hexose monophosphate region; UDPG, uridine diphosphate glucose;

0, origin.

Fig. 2. Pattern of glucose metabolism in normal chick cells in low and
high glucose. Procedure as in Fig. 1. .The cultures also received 32Pi
concomittantly with glucose. During the labeling the phosphate concen-
tration of the medium was 10X less than the experiment reported on Fig. 1.

Pi’ inorganic phosphate.



Fig. 1 XBB 7211-5930



A B

%

DI

2



%

LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
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.
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