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Summary . .' 

- .· ·. . 

The concentrati,ons of intermediate compounds and of intracellular 

lactate i~ animal cells in tissue culture have been determined by p·aper 

chromatography and radioautography, following a period of metabolisin in 

14c:::lab~led glucose~ ··The application of these methods appears to· be 
. . . 

useful fo~' study of 'metabolic. regulation in such cells~ The similarity 

o'f pattern of· 'vi·rus'-tra.nsformed cells to that of normal cells in high 

glucose arid normal cells that transport glucose faster after" serum ·addi

tion sugges·ts a~imllarity in underlying mechanism involved in glucose 

metabolism. 
. . 

It is becoming ev{dent that' changes· in cell surface properties, 

especially ·changes in transport of metabolites, accompany malignant . 

transformation in tissue culture [1 ,2]. · An i·ncrease of glucose trans-
. . I . 

port cari be demonstrated as one of the earliestmanifcstations· of 'viral 

trans.formation [3,4,5,6]~ ·. The relation· between· ·transport of glucose 

and the re'gul a torY steps involved in it~· subsequent metabolism, h~~ever, 

remains to be studied. Such a study of glucose metabolic p~th\.iays and 

their control in tissue culture is complicated by difficulties in main

taining constant environmental conditions during the course of the 

experiment. Determination of intermediate metabolites and cofactors 

existing in cells during a kinetic study requires a method for obtaining 

samples which tan be prepared quickly and reproducibly. Each sample 

should provide, on subsequent analysis, an accurate ~nd detailed picture 

of the metabolism at the moment of sampling. The steady-state concentration 

of some metabolites can vary severalfold wi.thin a few seconds .. Thus, time 

consuming methods of preparing cell-samples from tissue culture dishes by 
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scraping an9 centrifugation or trypsin treatment would result in metabo

lite. poolS a:rd patterns significantlychanged during the sampling and 
,. 

killing procedure. Furthe'rmore, the pool sizes of some metabolites is 

very s·mall and a large ·amount' of ·sample 'is required for accurate measure-

mehts.· · - ~ .: 

~1an.Y ·of these difficulties can be ci rcumvenfed ·by using a number of 

identical ~mall .ce1.1 cultures, and killing each qui~kly, after a pre

scribed period of metabolism with high specific activity 14c-labeled 

gtuco'se. · The k1lled samples are then analyzed by a combination of two

dimensional pap'er chromatography ~md radioautography to provide infor

mation about the poo'l sizes of a large number of intermediary metabolites 

and cofactors in the ce 11 s. 

This r~port describes our ~:arly findings using this method, including 

id~·ntification of iabeled compounds and amount of label1ng under various . . 

conditions. Even though strict criteria for steady-stat~· conditions {such 

as constant pH a.'nd temperatur·e) is :hard to achieve in standard laboratory 

incubators,· these results indicate 'the potential value of the method and 

provide good evidence for the nature of relationshjps between respira

tion and g1ycolysis in normal and virus-transformed animal cells in tissue 

culture. 

MATERIALS AND.METHODS 

Ce 11 culture and virus infection 

Primary cultures were prepared from 10-day old chick embryos as pre

viously des~ribed [7,8]. ·Cells were seeded in medium 199 (Grand Island 

Biological) supplemented with 2% tryptose phosphate broth (Difco), 1% calf 

-: ·,· 
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se-rum and t% he~ted' chicke'ri serum (G.rand island·. Biologital'; no .f.ungizone ·_. 

w·as a'dded; ibo ;l:hese cultures). _:: se.conCiary.cuYtures were· prepar~d 4 days . 
·.. . ,. .. . 

after the primary seeding by tryp.s i ni'zation of primarY cultures and were 

s'eeded at 1 ·x ·lo6 cells pe·r 3s ~m disli.' ·: .to·r studies with transformed · 
. . . . 

. cultures, ha 1 f ·the tell-s·,. df a s'i'nglE{ ·e·mb~yo \1~re infected· o-·4 h after 

prima.ry seeding. wi1:h ei:ther' Bryan orothe Sthmidt-Ruppln strain of Rous 

sarcoma vi~u's 'as >previ~us ly .·described [6]. 

Pre.parati.on of samples an'd.diromatcigraphy . :' . : 

After 48\, the secondary tul tures were· washed 3 times with glucose~ 

free Hank's buffer. ~1ediuin containing unifc)rmly labeled 14c-glucose (New 

England Nuclear),' ti n~l speci fi.~. 'acti·v·i ty. 2i 4 mC:/mM,. and/or 32P; ·,. final 

specific~ activ{ty' 30 pc/J.i~·1, was· hCid~d· to e~cW culture·; The cells were 

permitted tq ·tak~{ up the radio.acti ve substrates for an hour. The· medium 

was the~ rem~ved~ t~~ cells were washed'rapi~ly wit~ ~6ld unlabeled glucose

. containing Hank's buffe.r, and killed by· addition ~f 80%. methanol (less than 
. . ' . 

15 sec after removal of medium). ; The killed ··c.ell s. were then· scraped .~<~i th a 
0 

. . 

roubber pol iceman' dis'rupted by sonic osci 11 ation and. appl'ied' to filter 'paper 

for analysisb)/bw-dimension~l pa·per chromatography [9]. The:ki11ing is 

almost instantaneous a~ no change in metabolite pattern was observed when 
- . 

the cells were left i~- methanol_for various times. The samples were first 

run with phenol :water:acetic add .(840:160:10) for 24 h. Afterdry.ing, 

. the paper was turned 90° and run with butanol :water:propioni c acid. (500: 

. 280: 220) for another 24 h. After drying, the location of the labeled · .. 

metabolites. wa.s detected by radioautography and th.e content ~f 14c and/or 
0 

• 

.. · 32P was determined as described [10]. The unknown spots were eluted and 

the p~ocedure was repe~ted after addi'tion of unlabeled known compounds 

which later were lo~alized with appropriate chemical reactions. 

:·: ·. 
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Rates of DN~ ~t'lt~esis_ and glucose uotake 

The rat.e of i hcorporati on of [ 3H) thymidine into DNA was used as a 
I • . ,. . . . 

mea~ute of overall rate of DNA synthesis~ and the rate of gluco§e uptake 

was measured.by usfhg [14c] 2-deoxy-D-glucose [5,6]. 

·, 

RESULTS 

·The radioautographs (Figs. 1 ,2) show the separation and identifica

tion of a large number of me-tabolites resulting from the metabolism of 
14c...;glucose in a single sample {a 35 mm dish containing only one million 

ce ~ 1 s) . Glyco lys i's (as measured by the rate of 1 actate production from 

glucose) and respiration (as measured by the rate of co2 evolution from 

gluc6se) becomes linear with time in less than 15 min u~der our culture 
one 

conditions [6]. · Long beforejhour, therefore, most of the metabolites have 

reached their steady-state concentrations.· A comparison of the.inetabolic 

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

transformed cultures the ratio of the ~ntracellular pool of lactate over 

citr~t~ (as a-measure oi the TCA cycle) is increased appreciably. 

Labeled pool sizes ·of other intermediates of the TCA cycle and those 

derived from it (malate, glutamate and asp(lrtate shown in the chromato-

. grams) are decreased. The labeled pools of the sug~r diphosphate region 

(DIP), the triose phosphate intermediates (3PGA and DHAP) and the.metabo

lites of the oxidative pentose phosphate pathwa.Y (PMP; "hexose monophos

phate shunt11
) are increased measurably. An increased uti 1 i zati on of 

oxidative pentose phsophate pathway over TCA cycle after transformation 

was previously observed using C02 derived from glucose labeled in 1 or 6 

positions t6]. 
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To determine the contributi.on of the .faster growth rate of trans-
. . ' . . 

formed cell~ to these patterns,. 5% chicken. seru·m was added to noqnal •· 

cells 16 h prior to the onset of the experiment .. · S~rum causes the 

· nonnal density-inhibited cells to. underg6 ·rapid proliferation [l U. ·· 

While addition of ·s'~r·um increases the glyco'lyti c degradation of 9l.ucose 

t\'10 to threefold, the ratici of labeled lactate 'to citrate ds still about 

4 times higher in transformed'cultures (Table ·1). Moreover, the pattern 
. . . . . . ,, 

attributable to added serum seems·. to be due ·to factors other than growth 
. . 

alone: addition of 5% serum to transformed ~ulture's increases the 
. . . 

lactate to citrate ratfo further' with,out changing 'the growth rate appr~-

ci ably (Table· 1}. Growth ~ ~' therefore, cannot explain the changes 

observed. 

· The suppre~sion of respiratio~ oy glucose was 'first descri.bed by 

Crabtree in. 1929 [12]. When the normal cells receive decreasing levels 
' . 

of glucose, the ratio of 1 actate to citrate decreases proportionally 

to the level of gl_ucose in the medium. 1{ 10-fold change in 'the level of 

glucose concentration of the medium causes a 10 to .. lS-fold change in the 

ratio of lactate ~o ~itrate (Fig. 2, Tabl~ 2}. Aadition of serurri to 

both cultures raises the background level of. glycolysis, as indicated 

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

cells< in high and low glucose remains (Table 2}. The labeledpools of 

the DIP, PMP,, and triose phosphate regions are also intr~ased with . 
.. 

increased glucose concentration. 

DISCUSSION 

The techniques employed in this study allow determination of the 

various pool sizes of metabolites in th~ cells during a condition of 

I . 
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steady-state metabolism. This information, together with knowledge gained 

from examination' 'of change's acc·orr~pany{ng 'perturbation of the steady states 

will-permit the elucidation of regulatory steps. Such a procedure has 

been employed successfully with photosynthetic cells [13]. :Changes in 

glucose metabolism due to 'pH, serum, hormone and carcinogens addition, 

cell density and various inhibitors, as ·\!Jell as viral transformation may 

be effectively examined in this way: Since some· metabolites are released 

into the medium~. it will be necessary to make some measurement of metabo

lites in th.e·medium in order to obtain a complete metabolic picture. 

However, it is concentration within' the c·ells that provides directinfor

mation about regulation of specific reactions, such as the reaction · 

mediated by phosphofruc-tokinase crables 1 and 2). Preliminary kinetic . . 

experiments after addition of serum to extremely contact inhibited 
after a . . 

cells or/pH increase indicate a rapid rise .in the F-1 ,6-Dip/F6P ratios 

(as much a~ a lO~fold increase withiri on~ minute), indicating the phos

phofructo-kinase step as one of the controlling points in such transitions 

as a 1 so found in other sys terns [14 J. 

It ;is: generally accepted that rna li gnant cells are more 11 glyco lyti t 11 

than their normal counterparts [15], although the extent and reason for 

such a difference has been the subject of many contro-versies [16]. 

Bissell et:al. [6] have demonstrated that the increased lactate produc

tion after infection of chick cells with Rous sarcoma virus. (RSV) cannot 

be accounted for by increased growth rate as previously suggested [17] .. 

The results presented in this paper confirm and expand the above. findings. 

We further suggest that the increased glucose (or glucose-6-phosphate) 

concentration within the transformed cells [18,3,6,5] creates a situa

tion similar to that of normal cells in high glucose medium and causes 
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the shift to·a higher glycolyti~ metaboiism';i.e., the Crabtree effect,· 
' . 

··and in~rea~ed glycolysis in transformed ·c.ultures may' hav~ a similar under-

lying ~echani sm. ' The -abso 1 ute' 1 evel ~ 'of ·gly'~olys i ~ and r~s~pi ~at.i ~n change 

from embryo _toembryo, with po.pulaticin dens:fty [6] and with change~ in 

growth condition .• The gl.ucose level within the te.ll is th~s only one 

of the factors .c.ausirig the observed balance between .Qiycolysis and res~ 
- ' . : . . . . 

piratidn. But othe~ fa~tors being equal~ whatever increases the glucose 

entry into the cell seems t~ caus'e''an inhibition of respiration and an 

increase in 'glyc6'1,ysis and oxid.ative pentose shunt whether·'it is 'addition 

of serum, an increase in glucose concentration of the medium, or viral 

transformation.·, 

It is usually reported that transport and phosphorylation· of glucose 

are "coupled processes ... in' that ther~ is very l.ittle or no free glucose 

inside the cells [4,19].- The presence of' a relativelY large glucose . . . . 
. . 

pool (Glue} in_"~~ese chromatogra·ms was :therefore surprising. Since the 

amount of glucose in themedium relative to that' of label in the cells 
.· ' . 

is enormous·, part;or all of 'the glucose poor could be due to contamina-

tion from· the me'dium, 'despite'the extensive washing. HQ\-Jever, from th.is 
.. ·. ~' .• 

. - - ~Jf~-\ 
and other experiments wi-th'glucose analogues [20;_Bissell and Bassham, 

' . 

unpublished],._\t~e believe that the possibility that a small free glucose 

pool does exist within these cells cannot be ruled out.- It is possible 
. . 

that the hexok1na~~ step 1s n6t ~ecessarily ~oupl~d to glucose transport. 

·This problem and the steps involved in the control of glucose metabolism. 

a~e under investigation. Ari apparatus is under ~evelopment to pernrit 

rapid sampling, \'Jhile maintaining more rigorously the necessary steady

state criteria, or during the transient period following a controlled 

change in • selected external condition. 
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Society for Cell Bfology, 2la (l972). The tissue culture facility used 

for these experiments-Has funded 'under:NCI Contract No .. NCI-FS-(71}-58. 
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Table l. Relationship of glycolysis and respirationi!l_ normal and 

transformed cultures 

1 actate F-1 ,6-DiP Growth 
citrate F6P rate** 

T * 10 .o ~ 8.1 2. 1 ' 4.3 3. 5 ~ 3.5 N 
.. 

N + 5% S 2.8' 1.9 2 .. 0' 1.7 2.7, 3.2 N 

T 3.6' 4.2 .1.1,·2.5 1 . 3' 1.1 N + 5% S ·• 

T + 5% s 6.0, 7.6 1 .7, 3.2 1.4' N + 5% s 

* T, transformed; N, normal; S, chicken serum 
' . ' : . .. •\ 

** 3H-Thymidine incorporation into DNA; cpm/llg protein . ' 

The procedure was as in Fig. f. ,The spots were removed from chromato

gramS and counted. The DiP ·and HMP regions were eluted with 0.3-0.5 ml 

water, treated with phosphatase [purified from Polidase S (Sch\<~arz 

Laboratories) by arrmonium sulfate precipitation; 25 llg/0.3 ml, for 3 h 

at 37°C] and re-chromatographed as described in Methods. The isolated 

fructose diphosphate (F-1 ,6-DiP) and fructose;_6-phosphate (F6P) were 

rerooved and counted. Last column indicates the rate of DNA synthesis 

as measured by 3H-thymidine incorporation. Glucose concentration was 

5.5 mr~. Each column includes the values for two experiments. In the 

second experiment the ce 11 s were infected \'lith the Schmi dt-Ruppi n 

strain of Rous sarcoma virus, sub-group A. 



Table 2~ 

N cells 
N cells 

T cells 
T cells 

. : .. · .. ': .. · . . ' :.: •, .· 

. .· . . . . . ... . 

Crabtree effect in riormal chick cells 

in 5.5 mM glucose 
in 0 :s5 mt-1 glucose 

in 5,5 mM glucose 
in 0.55 mM glucose 

).,· : ,.: 

5% chicken· 
serum . 

+· 

.... -, . ·._ ... 

.. 

lactate F~l ,6-DiP 
citrate F6P 

15.5, 11.5 . 1 . 8' 2.8 

8.4, 7.5 1.7, 2.1 

9.2' 6~3 - .·. 

Legend as in Fig. 2 and Table 1. These are the ratio of.14c cou~ts. 
The ratio of 32P counts in the last column (taking the 2 phosphates ~f 

F-1,6-DiP into consideration} was similat to above values, indicating. 

that the phosphate as well as the carbon pools have approached steady 

state. 

·: .. 

. 
- J 
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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 ntl uniformly labeled 
14C-glucose in medium 199 for one hour. After removal of medium and 

washing, half of the mixture of methanol extracted pools and sonicated 

cells were applied to . paper, as d~scribed in Methods. The radioauto

grams were developed after one week. Abbreviations used: Glue, 

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 lOX less than the experiment reported on Fig. 1. 

Pi, inorganic phosphate. 

. .. ··-. . : · .. 
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