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. energet1cs wh1ch cause enhanced g]yc01y51s

Adenylates, Pyridine Nuejeotide Levels Not the:Cause'df Difference in
G1yco]y$is_betweeh_Norma1 ahd_Tranéformed'Ce]]s

It is well established that nhmerohs ma]ignant‘tfssuesl,'as we11<as
‘virus-transformed chick embryo f1brob1asts2 3 have an e]evated rate of
‘aerobic g]ycolys1s -Although this difference in. metabollsm has been known
for over half a_century4,vthe reason has not been estab]dshed'unequ1vocaL]y.
~ Various hypotheses have been proposed over the yearS;;trequentTy appearing
is one which'suggests that traneformatioh induees changes in cellular |
4-8 Examples 6f.Such a change
é wou]d be a decrease in the energy charge of the adeny]ates9 or a decreased

capacity to generate reduced pyr1d1ne nuc1eot1des]0"

. - Both of these condi-
tions should be reflected by differences in the steady4state pool levels
of these metaho]ites}

_ ﬁecent]y we have reported a method by which the:steady-state metabolism
of nbrma] and transforhed cells in culture can be combared under carefully

2’11. By this method we established that the increased

controlled conditions
rate of g]ycoTysis'is reflected by elevated g]yco]ytic'intermediate pool
levels. In this'reportvwe describe the comparison of the steady—state'
"-adeny1atefand pyridine nucleotide pools in nbrmaf_and'virus¥tran§formed
chick cells. - |

Prlmary cultures were prepared from 10-day old SPF chick embryos free
of resistance-inducing factor essent1a11y as described prev1ously12 The
‘cells were seeded in med1um 199 which was supplemented w1th tryptose phos-
phate broth (2%), calf serum (1%), and heated ch1cken serum (1%). For studies
"with transformed cultures, half the cells of a s1ng]e embryo were infected

A

at the‘time of primary seeding with 2 x 10” focus forming units of Schmidt-Ruppin .
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strain, subgroup:A of Rons sarcoma virus. Secondary cu]tdres Were prebared-
4 days after the primary seeding by'trypsiniZacion of primary cu]tures and
~were seeded at the desired cell concentrat1on in 35 mm culture d1shes The
concentration of g]ucose and ca1f serum was doub]ed (11 mM and 2% respec-'
t1ve1y) at the time of secondary seed1ngs '

vThirty—two hours after seeding, the medium of secondary normal and
: transforned cell cultures waS'rep1acedfby one containing S;S:mM []4C]-
.vglucose (specific actiVity»IO.Z Ci/mole and'].25 mMPinorganic [32P]-v
phosphate (specific activity 1 Ci/mole). - The ce]]s‘were allowed to metabo-
lizé for another 16 hr under the usual growth condftions (tissue cu]ture
1ncubators, 5% CO2 in a1r, 39°C). The culture p]ates were then tranSferred |
to the steady -state apparatus for continued metabo]1sm and kinetic tracer :
stud1e52']]. At 1 hr and again just before samp11ng; the med1um,was changed
‘to fresh labeled medidm'which contained no tryptose phosphate or serum.

Plates of normal and transforned cells were killed 15, 30, and 60 min

after the last med1um change by rap1d washing and rep]acement of ‘the medium
with 80% methanol (10 ses). The cells were then scraped from the dishes
‘and sonicated} An aliquot of each sample was ana]yzed by two-d1mens1onal

]3. Another a]iquot was ana]yzed

1. ]4 '

paper chromatography and autoradiography
for protein concentratlon by the method of Lowry et al.
The ]4C content of g]ycolyt1c 1ntermed1ate compounds and of adenylates
was constant for dach of the samples, showing that labeling saturation had
.been achieved. In previous studies, where lactate was isolated and its
specific radiocactivity was compared w1th the 1abe1ed glucose substrate
after on]y 1 hr, we showed that there was no d11ut1on of the radiocarbon
content of g1yco1yt1c intermediate compoundsz. We therefore could use

Tevels of 14C labeling as a measure of concentrations of these compounds .
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- could be low, if dilution occurred ‘even after 16 hr with

3
In the case of adeny]atés, this'1ack ofvisotopic dilution has not been -

demonstrated; hence absoTQfevconcentrations ca]cuTated from ]4C_content -
]4C-91UC0S8.

However, at T4C saturation of these compounds it is reasonable to aésume_u

~ that any dilution is equivalent for the three adénylatés‘measured; thus

energy charge can be ca]culated'accurate1y;

From a comparisdh of levels of sfeédy-state,metabolites,‘it is clear

that the cells used in these experiments were indeed more glycolytic upon

transformation (Table I). The 10-f01d11hcrease in fructose-1,6-diphosphate,

as well as the increases in other g1yc61ytic intermediates, is a distinctive

~ feature of transformed chick cells and has been described previously in

detaiIz. In particular, the intracellular level of lactate (L), which is
5 times greater in transformed cells than in normal éel]s, may be taken as
a measure of glycolytic flux (G). This is because most glycolytic flux is
via lactate, since the rate of pyruvate metabolism via the tricarboxylic

3

acid cycle is small compared to G in these cells”. At steady state,

dl/dt = 0 = G - k(L), whencé_L'='G/k, where k is the specific constant for

* lactate loss from the intracellular pool.

_ It is noteworthy that pools of'metabdlites of the tricarboxylic acid
cycle and related amino acids are essentially the same in normal and trans-.
formed cells (Table I). A previous study showed that the rate of labeling
of these poals wasialsovsimilar'in normal and transformed ce]]sz._
There were no changes in the steady-state pools of ATP, ADP, AMP, or .
consequently in the energy Ehérge calcu]ated from these pools, after trans-
formation of chick embryo fibrob]asts by Rous sarcoma virus (Table II).

Due to the instability of the pyridine nucleotides under usual

chromatographic procedures, another method was used to quantify these



-~ for chick cells transformed by other viruses

o Z4-
steady -state pools ~Cells used for these measurements were grown'in
para]]e] as described above except that no radioactive label was inciuded
in the growth medium. One hour after the last medium change, plates of

normal and transformed cells were killed by the addition of either 0.1 N

YNaOH.or_0.1 N HCl1 directly after removal of the‘medfum. The cells were col-

lected, placed in tubes and heated for 15 min at 60°C. - Acidic'conditions
destroy the reduced forms WhiIe'basic conditions destfoy the oxidized

15 'A}sensitive fluorescence enzyme cycling assay16’17-

forms was used to
measure the‘qUantity of pyridine nucleotides in eeth extract. This method
‘allows accurate measurement (sensitive to 20 pmoles) ef each huc]eotiee
'eXcept NADPH. Tfeatment of the exfract with NaOH produces a cdmpoend whicﬁ

inhibits the measurement of N_AD_PH"8

. By use of internal standards, it was
shown that the actual values were 40%.too Tow and therefore'must ﬁe,cor-
rected. There were no appreciable differences in byridine nucleotide 1eve15
in normal and transformed chick cells (Table III). Thus, transformation
of cells by Rous sarcoma virus appeefs not to have altered their ability to
generate or transport reduc1ng equ1va1ents |

' DIfferences in the Tevels of energy metabolites and (or) the enzymes

" which utilize them, have been reported for other‘systems]’s’s, as well as

8,19,20
an increased rate of glycolysis was noted and was attributed to a stimula-
tory effect‘caused‘by observed differences in energy-coupTing metabolite |
Tevels. | -

An increased rate of growth after confluen;y, as well as an increased
rate of glueose transport, are-universally accepted as attributes of trans-
formed cells. ‘Such increased metabolism can rap1d1y deplete nutrients from

the growth medium, leading to nutrient starvat1on which in turn could give

In each of these cases

‘e,



: fise_to differehtes_in'energy metabo1ite:1eve152];_ Therefore, carefully
control]ed'ndtritfonal'condttidns are necessany for CGmparison of tne metabo]ism.'
of normal and transformed cells. |

We have estab11shed that under controlled cond1t1ons of steady-state
metabolism, the levels of metabo]1tes d1rect1y re]ated to- the maintenance

of ce11u1ar energet1cs (adeny]ates and pyridine nuc1e0t1des) are essent1a1]y
identical in normal and transformed chick ce]]s. This eliminates, at least
in the case of chick cells, the possibi]ity_that an imbalance of energy.

~ metabolites induces increased'glycolysis upon virus‘transformation | However;v‘

these results are consistent with the proposa] that the increased rate of

lqglycolys1s in virus- transformed cells is a consequence of an increased rate

~ of glucose uptake2 24 _
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Table I. Steady-state Metébo]ite Pools in Normal and Virus-transformed

_Chick Cells

~ Pool in Normal Cells Pbo]»in_TranSforméd Cells

Metabolite n-gram-atoms_]4C/mg protein 'n-gfém-atoms ]4C/mg protein |

'FﬁP ;.f : PR 4.4 ; o ." . 483

‘Lac‘ - R A 'f,l’;_ . 38.4
e 42 1047
3-PGA 0.9 24

et s 55
Asp 6.9 6
Ala BN o

- cit 2.8 | 2.8

AVerage of threeltjme_points taken,after 15 hr of labeling of cells:

as described in the text. Each metabolite pool was isdiated,by two-
o ' 14

dimensional ﬁaper éhromatography'and quantitated by its. ' "C content

as described_in the text.
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Table II. Steady-state_Adeny]ateLP001s”and Energy Chérge-ovaormal and .

_ Transformed Chick Cells

Adenylate or 'APoo1 in Normal Cells  Pool in Transformed Cells
E.C. 'n-gram-atomS']4C/mg protein n-gram-atoms ]4C/mg protein
e X T
AP . - 196 - - 19.2
AP 1523 15042
E.C. | 0.2 . 092

These steady-state pools represent the average of the three time
points (three separate plates) taken after 15 hr of labeling of cells as
descfibed in the text. Measurements were made on the same samples used

to determine the pools in Table I. . The energy charge was ta]cq]ated by -

' . _ [ATPI+ 1/2[ADP
use of -the formula E.C. = ATPT+TADP 1+ TANP (ref. 21).
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Table III. Pyridine Nu;1eotide Pools in Nofma] and'densformed Chick Cells

_ Pool in Normal Cells Pool igjfkansforMed Cé]isv'
Nucleotide‘. nmoles /mg Qf,pr&fe{h - nmoles/mg Of_QYOtefﬁ
NAD s o - 16:3
NADH 05 08
NADP 30 29
NADPH . s (25 1.3(2.2)

Each of these measurements was carried out on aicombihed ex£fact from
_foﬁr plates of cells grown as deécfibéd invthe text. The'boo]§ représent an
average of 3 separate expériments. NADPH va]ues'(]bw due‘td the presence
‘of an inhibitor) were corrected (in péfentheses)'by use 6f,interna1

standards.
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