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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.
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Abstréct._ By using two-dimensional péper chromatography combined with
autoradiography# it is possible to determine the quahtitative differences
in patternslof glucose metabolism in animal tissue CU]ture‘cells under
various conditions; The simi]érity of pattern of normal cells in high
glucose td that of virus-transformed cultures suggests some similarity in

underlying control mechanisms involved in glucose metabolism.
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It is genera]]y accepted that ma]1gnant cells are more g]yco]yt1c
than their: norma1 counterparts (1), although the extent and reason for
such a d1fference has been the subJect of many controvers1es (2). Bissell
et al. (3) have demonstrated that the 1ncreased 1actate ‘production after
infection of chick cells with Rous sarcoma virus (RSV) cannot be accounted
for by increased growth rate as previously suggested (4). He now report
the isoletion and quantitative determination of intermediates in glucose
metabolism which confirm and expand the above finding. In addition, the
technique‘emoloyed here provides a sensitive tool for studying the overall
metabolic pattern of animal cells in tiésue cu]ture.

Primary cultures were prepared from 10-day old chick embryos as pre-
v1ous]y described (5). Cells were seeded in medium ]99 supp]emented with
2 percent tryptose phosphate broth, 1 percent calf serum and 1 percent

kheated chicken serum. Secondary cultures were prepared 4 days after the
:primary seeding by trypsinization of primary cultures and were seeded at
1 % 106>ce1ts_per 35 mm dish. For studies with transformed cul tures,
:nelf the ce11s of a stng1e embryo were infected 0-4 hours after primary
seeding witn either Bryan or the Schmidt-Ruppin strain‘of_Rous sarcoma.
viros as previou§1y described (3).

:'After 48 hours, the secondary cultures were washed 3 times with
g]ucoée-free Hank's'boffer. Medium containing uniformly labeled glucose

3?P was added to each culture. The cells were permitted to take

and/or
up the radioactive substrates for an hour. The medium was then remored,
the cells were washed rapidly with cold unlabeled glucose-containing

Hank's buffer, and killed by addition of 80 percent methanol.



" The killed ce11s were then scraped with a rubberjpoliceman, disrupted
by sonic oscillation, and applied to fi]ter paper for:ahalysis by two-

dfmensiona1 papertchromatography (6). . Locations of the labeled metabolites

14

were detected bv radioautograms and the content of - C was determined (6)

The unknoun spots were eluted and the procedure was repeated after addi-
tion of un]abe]ed known compounds wh1ch later were 1oca11zed with appro-
prwate chem1ca1 react1ons | |

The rate of incorporation of 3H[thymidine] into DNA was used as a
measure of oVera]l rate of bNA synthesis, and the,rate of glucose uptake
was measuredtbyvusing 2-deoxy91QCOSe (3,7). | |

A,compartson of the metabolic patterh'of normal and transformed cells
(Fig. 1A)‘demonstrates that in transformed cu?turesvthe ratio of the ihtra-
cellular ooo]fof lactate (as a measure of the g]ycojytic pathway) over
citrate (as a measure of the TCA cycle) is increasedhappreciably. Labeled
pool'sizes-of'other intermediates of the TCAvcyc]e'ahd those derived from
| 1t (ma]ate, g]utamate and aspartate shown in the chromatograms) are decreased.

The labeled poo]s of the sugar diphosphate region (DIP), the triose phosphate

1ntermed1ates (3PGA and DHAP) and the metabolites of the oxidative pentose

phOSphate pathway~(PMP;."hexose monophosphate shunt ') are 1ncreased-measurab1y.

.~ An increased utilization of oxidative pentose phosphate pathway over
TCA cycle after transformation was previously observed'using CO2 derived

from glucose labeled in 1 or 6 positions (3).

1t is usua]ly reported that transport and phosphorylat1on of g]ucose

are;coupled processes and that there is very little. or no free glucose

ms"ide the cells (8). The presence of a relatwer larce g1ucose pool (Gluc)

in these chromatograms was therefore surprising. .S1nce the'amount_of_glucose
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in the medium~re1a£1ve tb that of label in the cells is enormous, part or
all of the g]ucbse p001 could be due to contamination from the medium,
despite the éxtensive washing. Howevef, from thiéﬂand other experiments,
we be]ievé that the possibility that a free g]Qcose'pool does exist within
these cells cannot be ruled out. It is possible that'the hexokinase ‘step
is not'necessarily coupled to glucose transport (see also ref. 13). This
prob]em’and the identification of the remaining spots of the Chromatograms
are under'inVestigation. | | |

To determine fhe contribution of the faster growth rate of trans-
formedvcélls,to these patterns, 5 percent chicken serum was added to
horma] celis 16 hours phior to the onset of the experiment. Serum causes
the nérma] densitv-inhibited cells to undergo rapid'proliferation (9).
While addition of seruh increases thé g]yédlytic degrédation of glucose,
the ratio of Tabé]ed lactate to citrate is still at least 3 times lower
.than in transformed chtures (Fig. 1B and Table 1). fMofeover, the pattern
vatt}ibutab1e to added serum seems to be due to factors other than growtn
alone: ,addi£ion of 5 percent serum to transformed cuitures also increases
thé 1actatexto citrate ratio without changing the grOWth rate appre-
ciably (Tab]e 1).- Growth‘ggg se, therefore, cannot explain the changes
observed. - ' |

The suppression of respiration and the increased glycolysis by glucose
was first described by Crabtree in 1929 (10). 4hen the normal cells receive
decreaﬁing levels of glucose, the ratio of lactate to citrate decreases
proboftiona] to the level of gluéose in thevmedium. A.104fold change in
the ]eve] of giucose concentration of.the mediumvéauées a 15-fold change
in the ratio of lactate to citraté.(Fig: 2A, Tab]e é). Addition of seruh;

to both cultures raises the background level of glycolysis, yet a substantial
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| difference bétween cells in high and low glucose remains (Fig. 2B énd
Table 2). The labeled pools of the DIP, PMP, and tfiose phosphate regions
“are also incfeased with increased glucose Eoncentratidn.

It is known that transformed cultures transport QIUCose at a faster
rate than norma) ce]ls.(]1,12,3;7) [this has been shown to be a reflection
| of.a change in Vmax for fransport of g]ucose in cells transformed by both
RNA and DNA viruses (13) rather than a change in the affinity of
. the transport system for giucose as.reported earlier (8)]. We therefore
suggest that thevincreased glucose (or glucose—6—phdsphate) concentration
within the trahsformed cells creates a situation simiiar to that of normal
cells in high g1ucosé medium and causes the shift tp,a higher glycolytic
metabolism, i.e., the Crabtree effect, énd increased glycb]ysis in trans-
fokmed cultures may have a similar underlying mechanism. The abso]uté
levels of giycolysis and respiration change from embryo to embryo, with
popu]ation'density (3) with changes in growth condition. The glucose
level within the cell is thus only one of the factors causing the observed

balance bétween‘glycolys‘s and respiration. But cher factors being équal;
whatever increases the g]dbose entry into the cell séems to cause an inhibi-
tion of respiration and a; increase in glycolysis whether it is addition

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

The te¢hniques émp]oyed‘in fhis study allow determination of the
various pool sizes of metabolites dufing a conditiqn 6f steady-state
metabo]ism} .This info}mation, together with knowlédge.gainéd from exami-
“nation of changes accompanying perturbatibn of the steady-states will |

permit the elucidation of regulatory steps; Such a procedure has been.
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employed successfully with photosynthgtic cells (14). Changes in glucose
metabolism due to pH, serum and hokmone addition, cell density and various
inhibitors may be effectively examined in this way . VFor example, prelimi-
nary kinetic experiments towards this end indicatevé rapid rise in the
F¥1,6—Dip/F6P ratios (see also Tables 1 and 2) suggésting the phospho-

fructokinase step as a controlling point in such transitions.

M. J. BISSELL

—

c. HATIE
J. SUDMAN
J. A. BASSHAM

Laboratory of Chemical Biodynamics, Lawrence Berke]enyaboratory,

University of California, Berkeley, California 94720
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FIGURE LEGENDS

fig. 1. Pattern of glucose metabolism in normal and Rous transformed
ce]]é. The cells were exposed to 0.75 ml of 5.5 mM uniformly labeled
giucose (final §b. act; 214 mc/mM, New England Nuc]eaf) in medfum 199
fofvone hdur;--Aftek removal of medium and washing,.fhe methanol extracted e
pools together with sonicated cells were applied to baper. The samples
were first e]uted with phendl:water:acetfc acid (840:160:10) for 24 hours. E
After drying, the paper'waévtufned 90° and run with buténo]:wafer:propiohic :
acid (500:280:220) for another 24 hours. The radioautograms were developed ;
after one weék of exbosure to the paper. Abbreviations used: Gluc, |
glucose; G]ut,'glutamaté; Asp, aspartqte; Malate, malate; Lac, lactate; |
Ala, a]anine,_DHAP,'dihydroxyacetOne phosphate; 3PGA, 3¥phosphdglyceric
acid; DIP, sugar diphosphate region; PMP, pentose mOndphosphate region; -
HMP, hexose_monophosphate region; UDPG, uridine diphoéphate 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 32P‘ o _ |
(final sp. act. 30 uc/uM,‘New England Nuclear) concbmittant]y with glucose. ; %
During the labéIing the phosphate concénfration of the medium was 10 X

less than the experiment reported on Fig. 1. Pi, inorganic phosphate.
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Table 1. Integration of glycolysis and respiration in normal and virus-

transformed: cells.

lactate F-1,6-DiP 3H[Tdr] incorp. into DNA

citrate F6P ~__CPM
: ug protein
Normal : 2.0 3.9 -~ 19.3
Trans formed o 20.0 8.2 680
Normal v ,
+ ' 5.6 7.8 - 51.0
Serum :
Trans formed
Lot _ - 32.5 13.1 - 73.8
Serum : :

This is the average of 2 experiments; the procedure was as in Fig. 1,

The spots were removed from chromatograms and counted (6). The DIP and
HMP regions were eluted with 0.3-0.5 ml water, treated with phosphatase
[purified from Polidase S (Schwarz Laboratories) by ammonium sulfate

» precipitat%on; 25 ug/0.3 ml, for 3 hours at 37°C] and ke-chromatographed
as previously. The isolated fructose diphosphate (F—],GDiP) and fructose-
6~phosphate (F6P) were removed and counted. Last column indicates the
rate of DNA synthesis as measured by 3H-thymidine incorporation. Glucose

concentration was 5.5 mM.
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Table 2. Crabtree effect in normal chick-embryo fibroblasts.

Fv".l QG‘DiP

lactate
citrate F6P
0.55 mM
Normal glucose 1.8 - 4.9
cells 5.5 mM
glucose 28.0 8.5
. 0.55 mM ‘ o
Normal glucose 5.2 1.3
cells
* 5.5 mM
5% serum glucose 43.5 1 19.0

Legend as in Fig. 2 and Table 1.
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