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Warburg Effect Revisited: Merger of
Biochemistry and Molecular Biology

Efraim Racker and Mark Spector

There are no rules of architecture for a
castle in the clouds.
—G. K. CHESTERTON

In his last lecture on the *‘Prime cause
and prevention of cancer’” on 30 June
1966 at Lindau, Germany (7), Otto War-
burg stated: ‘“Oxygen gas, the donor of
energy in plants and animals, is de-
throned in the cancer cells and replaced
by an energy yielding reaction of the
lowest living forms, namely, a fermenta-
tion of glucose.”” He ended his lecture
emotionally: *‘But nobody today can say
that one does not know what cancer and
its prime cause is. On the contrary, there
is no disease whose prime cause is better
known, so that today ignorance is no
longer an excuse that one cannot do
more about prevention. That the preven-
tion of cancer will come there is no
doubt, for man wishes to survive. But
how long prevention will be avoided
depends on how long the prophets of
agnosticism will succeed in inhibiting the
application of scientific knowledge in the
cancer field. In the meantime, millions of
men must die of cancer unnecessarily.”’

E. Racker is an Albert Einstein Professor and M.
Spector is a graduate student in the Section of
Biochemistry, Molecular and Cell Biology, Division
of Biological Sciences, Cornell University, Ithaca,
New York 14853.
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Thus, for over 50 years Warburg main-
tained that the primary cause of cancer is
a defect in respiration (2), and in the
same lecture (/) he proposed treatment
of cancer patients (particularly following
surgery) with ‘‘active groups of respira-
tory enzymes’’: iron salts, riboflavin,
nicotinamide, and pantothenic acid (no
mention was made of ascorbic acid).

Warburg’s formulation of the primary
cause of cancer was not accepted by
most biochemists and oncologists mainly
because the experimental evidence for a
defective respiratory chain was lacking.
Many tumor cells respire actively (3) and
their efficiency of adenosine triphos-
phate (ATP) generation does not seem to
be impaired (4). Moreover, Warburg’s
rejection of the importance of viruses as
causative agents of tumors (/) did not
endear him to molecular biologists, who
ignored him.

In the confusion of the polemic battles
that followed Warburg’s belligerent pro-
nouncements, sight was lost of the fact
that he had made an important biochemi-
cal discovery which I have called the
Warburg effect (5): Malignant tumors
exhibit a high rate of aerobic glycolysis
(6). Only few investigators studied this
phenomenon and for 50 years no answer
was forthcoming to the basic question:
Why do tumor cells glycolyze?
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Adenosinetriphosphatase Is
Required for Glycolysis

Although it is common knowledge that
glycolysis requires inorganic phosphate
(P;) and adenosine diphosphate (ADP),
textbooks of biochemistry do not ac-
knowledge the fact that the hydrolysis of
ATP is an essential step in the phosphate
cycle of glycolysis and they do not ad-
dress the question of what mechanisms
of ATP hydrolysis contribute to steady-
state glycolysis. Yet it is clear from
analyses of the rate-limiting steps of glu-
cose utilization in yeast, Ehrlich ascites
tumors, Hel.a cells, and many other
cells [see (7) and (8) for historical re-
views] that ATP hydrolysis is not only
required for glycolysis but is rate-limit-
ing. However, an epidemic of allosteria
has swept through the biochemical com-
munity to the extent that the control of
phosphofructokinase by ATP (9, 10) re-
ceives prime billing [see, for example
(11)] while the need to hydrolyze ATP to
release the inhibition is ignored. With or
without allosteric control stoichiometry
sets the price: For each molecule of
lactic acid formed one molecule of ATP
has to be hydrolyzed.

In 1965 we (7, 12) pointed out that the
allosteric regulation of phosphofructoki-
nase and hexokinase were part of a re-
markable cascade of glycolytic control
mechanisms that were governed by the
bioenergetic budget of the cell, especial-
ly its ATP-consuming reactions.

How much do we know about the
bioenergetic budget of mammalian cells?
Although the concept of chemical ther-
mogenesis was formulated around the
turn of this century (/3), our knowledge
of the quantitative bioenergic expendi-
tures involving heat production has re-
mained rather scant. We find broad
statements in textbooks that between 30
and 70 percent of our resting energy
expenditures are devoted to maintaining
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cellular disequilibrium of sodium and po-
tassium ions in various organs of the
body. However, individual estimates
vary (14) and some are considerably low-
er, for example, about 6 percent for

returned lactate production to the rate
observed in the absence of dinitrophe-
nol.

Cells from some other tumors re-
sponded in the same way as those from

Summary. Over 50 years ago Warburg discovered that malignant cancers ferment
glucose to lactic acid much more rapidly than most normal cells. In analyzing this
phenomenon in a variety of tumors we found one common denominator: a high rate of
adenosine triphosphate hydrolysis that delivers the adenosine diphosphate (ADP)
and inorganic phosphate (P;) required for giycolysis. However, the source of
adenosinetriphosphatase (ATPase) activity varies; in some cells it is the sodium- and
potassium-dependent ATPase, in others the mitochondrial ATPase, and in some
perhaps a viral ATPase. In Ehrlich ascites tumor cells the sodium and potassium
pump of the plasma membrane operates inefficiently. For each sodium ion pumped
out of the cell, several ATP molecules are hydrolyzed. Thus, ADP and P,, which are
rate-limiting for glycolysis, are generated and permit the rapid formation of lactic acid.
The Na™, K™ pump consists of two subunits. The « subunit contains the active center
of the ATPase enzyme and the B subunit is a glycoprotein with unknown function. The
pump is rendered inefficient by phosphorylation of the 8 subunit catalyzed by a protein
kinase, PKy, which is present in the plasma membrane of the tumor. This protein
kinase is activated in turn by a cascade of the three other kinases PKg, PK, and PKe.
The PKE is immunologically related to the src gene product of Rous sarcoma virus.
Each of the members of the protein kinase cascade phosphorylate other protein
substrates, including components of the cytoskeleton. This may help to explain the
remarkable pleiotropic manifestations of a transformation event controlled by a single

gene.

adipose tissue (/5) and about 25 percent
for diaphragm (/6). We mention these
reports in spite of the fact that some of
the éxperimental procedures have been
criticized (/4). It seems likely that there
are variations in the energy expenditures
of different organs because we find con-
siderable variations in individual cell
types grown in tissue cultures (17, 18).
We shall return to the problem of chemi-
cal thermogenesis.

Which Adenosinetriphosphatases

Participate in Glycolysis?

In 1973 we (19) reported that in Ehr-
lich ascites tumor cells glycolysis is driv-
en to a large extent by the Na™ K-
dependent adenosinetriphosphatase
(Na™,K"-ATPase) of the plasma mem-
brane. Table 1 shows that ouabain, a
specific inhibitor of the Na*,K®'-
ATPase, diminished lactate production
from glucose by about 65 percent. Ruta-
mycin, an inhibitor of oxidative phos-
phorylation, stimulated lactate produc-
tion slightly by eliminating mitochondrial
competition for ADP. In the presence of
dinitrophenol, which activates mito-
chondrial ATPase, there was a threefold
increase in lactate production, demon-
strating once again that ATP hydrolysis
is rate-limiting for glycolysis. Rutamy-
cin, by inhibiting mitochondrial ATPase,
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Ehrlich ascites tumors, but cells from
many other tumors did not (/8). What
other ATP hydrolysis reactions contrib-
uted to glycolysis? As shown in Table 2,
mitochondrial ATPase was a major
source of energy in some cell lines but
variability in sensitivity to energy trans-
fer inhibitors was noted in our own as
well as in other laboratories (20). In
some cells rutamycin stimulated glycoly-
sis very considerably, indicating a large
contribution of oxidative phosphoryla-
tion to the consumption of ADP in com-
petition with glycolysis. In neuroblasto-
ma cells glycolysis was inhibited partly
by ouabain and partly by rutamycin. But
in several cell lines neither rutamycin
nor ouabain inhibited glycolysis. A pos-
sible candidate for such an inhibitor-
resistant ATPase is the enzyme associat-
ed with some tumor viruses (21, 22).

Table 1. Effect of ouabain, rutamycin, and
2,4-dinitrophenol on the aerobic glycolysis of
Ehrlich ascites tumor cells.

Lactate formation

Addition (wmole/30 min-mg protein)
to

tumor Without With
cells dinitro- dinitro-
phenol phenol

Buffer 0.36 1.24

Rutamycin 0.43 0.41

QOuabain 0.12 1.03

Although the origin of this viral ATPase
is probably an enzyme of the host cell
(23-25), there is no other ATPase known
that resembles the viral ATPase (26).
Current experiments suggest that in a
cell line transformed by Harvey virus
ouabain-insensitive ion fluxes were re-
sponsible for a high rate of glycolysis
@n.

A Defective Na* ,K* Pump in

Tumor Cells

Do tumor cells with ouabain-sensitive
glycolysis have an excess of Na™,K*
pumps or is the pump operating ineffi-
ciently, thereby generating excessive
ADP and P;?

A simple calculation convinced us that
the pump operates inefficiently. The cal-
culations shown in Table 3, which are no
more than approximations, indicate that
the ouabain-sensitive fraction of glycoly-
sis is not accompanied by the expected
movement of rubidium-86 (assuming that
the efficiency ratio of ®Rb transported to
ATP hydrolyzed is 2). The ATP hydroly-
sis in the intact cell was calculated from
the formation of lactate. Such indirect
measurements did not convince the bio-
chemical community.

We then observed that some biofla-
vonoids, such as quercetin, appeared to
regulate the mitochondrial ATPase (28)
in a manner somewhat similar to the
action of the natural regulatory subunit,
the mitochondrial ATPase inhibitor de-
scribed by Pullman and Monroy (29).
Quercetin blocked excessive hydrolysis
of ATP without impairing oxidative
phosphorylation. We found a similar ef-
fect on the Na*,K*-ATPase: at low con-
centrations quercetin raised the ratio of
8Rb transported to lactate produced
from values well below 1 to over 2,
suggesting the repair of a defective pump
(18). To these indirect experiments ob-
jections were again raised (30), objec-
tions that were somewhat justified in
view of the multiple effects of bioflavo-
noids.

The direct measurement of pump effi-
ciency required isolation of the Na* ,K*-
ATPase from plasma membranes of Ehr-
lich ascites tumor cells (31). The enzyme
was reconstituted into liposomes and ob-
served to pump inefficiently (Table 4). A
control ATPase isolated from the brains
of the animals from which we obtained
the tumor cells pumped efficiently. Quer-
cetin at appropriate concentrations
raised the efficiency of the tumor pump
fourfold and had no effect on the brain
pump. We think that we have established
that the tumor pump is inefficient.
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The Lesion in the Inefficient
Na", K" Pump

The next task was to determine the
lesion that is responsible for the ineffi-
ciency. We found that the @ subunit
(molecular weight 53,000) of the tumor
Na* ,K"-ATPase was phosphorylated.
Removal of the phosphate group with
alkaline phosphatase restored the ability
of the enzyme to pump efficiently after
reconstitution into liposomes (32). The
plasma membrane of the tumor con-
tained a protein kinase which, in the
presence of ATP and magnesium ions,
phosphorylated the § subunit of the
Na®,K"-ATPase. Now we could ap-
proach the question of whether there are
basic differences between the tumor en-
zyme and the brain enzyme or whether
the key difference is phosphorylation of
the B subunit. The answer was unambig-
uous. The brain enzyme was phospho-
rylated by the tumor protein kinase
(PKyy), and was thereby rendered ineffi-
cient after it was reconstituted into lipo-
somes (32). But why was the native brain
enzyme not phosphorylated? By radio-
immunoassay the PKy was also found in
the brain, yet it did not give rise to a
phosphorylated B subunit. It seemed to
be controlled. The problem was clearly
not a simple one and I shall return to it
later.

A Protein Kinase Cascade

The PKy was purified from Ehrlich
ascites tumor membranes (33) and, like
some other protein kinases, the enzyme
was active only when phosphorylated.
This led to the isolation of the next
protein kinase, PKg, which was also
active only when phosphorylated. With
PKjs as substrate a third protein kinase,
PK;, was isolated from the plasma mem-
brane. PK; was activated on phospho-
rylation by a fourth enzyme, PKp, which
was isolated from cytoskeleton prep-
arations of the Ehrlich ascites tumor
cells.

The apparent molecular weights and
subunit composition of these four pro-
tein kinases are listed in Table 5. Of
particular interest was the observation
that PKg, which in polyacrylamide gel
electrophoresis had a mobility corre-
sponding to a mass of 60,000 daltons,
resembled the so-called src gene product
of cells transformed by Rous sarcoma
virus. This transforming gene product
was shown to be a protein kinase (34,
35). A rabbit antiserum against PKy and
a serum against rabbit-sarcoma virus
precipitated the same 60,000-dalton pro-
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tein (PKg) from Ehrlich ascites tumor as
well as from cell lysates of several Rous
sarcoma transformed cell lines (36). PKg
was phosphorylated by PKg, thus estab-
lishing a positive feedback mechanism:

PKr — PK; -PKg —PKy —
B subunit of Na*,K"-ATPase

The phosphorylations by the purified ki-
nases all took place on tyrosine residues
of the protein substrates, as is the case
for the phosphorylation catalyzed by
pp60° (37). However, Ehrlich ascites
cells in vivo contained multiple forms of
PKs, PK;, and PKg, some unphospho-
rylated, some phosphorylated on tyro-
sine or on serine or on both. The only
enzymatically active species in all in-
stances were the monotyrosine phos-

phorylated enzymes, whereas the serine
or serine plus tyrosine phosphorylated
species were inactive as established by
phosphorylations in vitro with the cata-
lytic subunit of adenosine 3’,5'-mono-
phosphate (cyclic AMP)-dependent pro-
tein kinase (33, 38).

The presence of PKy in brain raised
the question of how its activity is con-
trolled. In fact, according to radioimmu-
noassays all four kinases of the cascade
are present in brain, yet the Na™ ,K™-
ATPase does not become phosphorylat-
ed. It appears that the cascade is kept
under control by a 6000-dalton polypep-
tide (33) that inhibits PKg activity. Why
should nature invent a protein cascade
that impairs the efficiency of a pump and
then keep it under control? An obvious
answer is that the cascade has another

Table 2. Effect of inhibitors of glycolysis in various cell lines. The experimental conditions were
as described (18). The values are expressed as micromoles of lactate formed in 30 minutes per

milligram of protein.

a Polyoma- RSV
Addition to Neuro- transformed trans-
medium L-1210 P-388 blastoma — formed
3T3 BHK CEF
None 0.40 0.40 0.98 0.86 0.7 1.0
Ouabain (1 mM) 0.24 0.11 0.57 0.76 0.7 0.74
Rutamycin (8 wg/ml) 0.48 0.57 0.60 0.27 1.7 1.57
Dinitrophenol (0.1 maf) 0.68 1.65 1.63 1.40 2.0 3.06
Table 3. Efficiency of the Na*, K* pump in Ehrlich ascites tumor cells.
Lactate 85Rb™
b formation uptake
Addition to cells and
calculated quantity (pmole/30 (patom/30
min-mg min-mg
protein) protein)
Salt. medium and glucose 0.36 0.27
Salt medium, glucose, and ouabain (1 mM) 0.12 0.08
Calculations
Ouabain-sensitive fraction 0.24 0.19
Expected Rb™ uptake (if Rb*/ATP ratio = 2) 0.48
Efficiency of Rb™ pumping 39 percent

Table 4. Effect of quercetin on Na*/ATP ratio in vesicles reconstituted with Na*,K*-ATPase
from tumor and normal cells. The experimental procedures were as described (31).

Quercetin Oxidation
Source of (ug/mg (nmole/min-mg protein) 22\g/
Na*,K*- lipid ATP
ATPase plus 22Na ratio
protein) uptake* ATPase

Ascites tumor 0 510 1509 0.34

16 497 495 1.0

24 305 229 1.33

Mouse brain 0 492 295 1.67
16 436 248 1.76

24 296 179 1.65

Electric eel 0 380 210 1.81
24 275 156 1.76

*ATP dependent.
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purpose and the phosphorylation of the 8
subunit is a biological by-product. Al-
though there are indeed multiple sub-
strates for some of the other cascade
enzymes, we have not seen as yet any
substrate for PKys besides the B subunit
of Na*,K"-ATPase.

There is considerable evidence that
the Na™,K*-ATPase is involved in ther-
mogenesis (/5, 39). In the case of thyroid
thermogenesis there is evidence (15) for
an actual increase in the number of Na*
pump sites (as indicated, for example, by
ouabain binding). However, such find-
ings do not preclude the possibility of
regulation by way of altering also the
efficiency of the pump. Since there is
ample evidence for hormonal control of
thermogenesis (39) and since humoral
factors in fever are well known, we pro-
pose that the polypeptide that inhibits
PKjs activity could be the key target for
such control mechanisms. If we could
find a compound that temporarily dis-
places the PKg inhibitor, we would have
in our hands an ideal prescription for the
lazy man’s way of jogging. It would be
much safer to increase ATP utilization in
this manner than to tamper with ATP
generation by administering uncouplers
of oxidative phosphorylation, a deadly
means of losing weight (40). Indeed, Ehr-
lich ascites tumor cell membranes con-
tain a 6000-dalton polypeptide which
activates the phosphorylation of PKg.

Other Substrates for the

Cascade Kinase

On transformation of cells by Rous
sarcoma virus several phosphorylated
proteins can be detected in autoradio-
grams of electrophoresed cell lysates.
Among them is a 36,000-dalton protein
(41) and vinculin, a 130,000-dalton com-
ponent (42). In Ehrlich ascites tumor
cells the major substrate for PKg is PK,
but several other proteins become phos-
phorylated as well. A phosphorylated
band is visible at 35,000 daltons and a
less pronounced band at 130,000 daltons.
PKs phosphorylates mainly PKy and
PKE, but a phosphorylated 80,000-dalton
component of the cytoskeleton can also
be seen. PK; phosphorylates PKg as
well as the epidermal growth factor re-
ceptor, and the only phosphorylated sub-
strate for PKy, seen thus far, is the B
subunit of the Na*,K™-ATPase. Let us
remember, however, that biochemical
specificity is only a vague concept and
subject to aging. It is not unlikely that
with time and increased sensitivity of
assay, additional substrates for all of
these protein kinases will be found. In
fact, we observed the appearance of new
phosphorylated bands when antibodies
against the kinases were used to block
their phosphorylation. Whether such ar-
tificial observations have physiological
relevance remains to be seen.

Table 5. Molecular weights, subunit compositions, and substrates of the cascade protein

kinases.
Protein Molecular .
Kinase weight Subunits Substrates
PKu 60,000 20,000 plus 40,000 B Subunit of Na™,K*-ATPase
PKg 57,000 Single chain PKy, PK, 80,000
PK_ 44,000 to 48,000 Four chains (?) PKg
PKg 60,000 Single chain PK, 34,000, 130,000
Genetic Genetic
change change

! y

/PKF (src) PKg <—PKs (activated)

Fibronectin

&‘ /?yég:::leeston Altered glycolipids
%,/ and glycoproteins
///

Fig. 1. Models of transforma-
tion.

Altered ca?

8 Subunit NA* K*-ATPase

Increased ATPase Changes in

;——— transport

over 30 Ca”—dependent

/ \ functions
Increased Increased
glucose glycolysis — Changes in intracellular
transport or extracellular pH

Y
? ?
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The Multiple Faces of Cancer Cells

The extent of polymorphism and vari-
ability in biochemical and social behav-
ior of cancer cells may make one wonder
whether there could possibly be a single
common denominator of causation. Yet
we know that the transformation of a
chick embryo fibroblast into a malignant
sarcoma cell is achieved by a single gene
product (25, 43).

Many years ago when I (Racker)
worked on glycolysis I objected to the
view (held mainly by graduate students)
that glycolysis is glycolysis is glycolysis
and no longer of interest to intelligent
biochemists. Although I have quoted in
the past with pleasure the statement of
my mentor Colin MacLeod that glycoly-
sis in the pneumococcus is the same
process that took place in the brain of
Plato, I have not done so without mark-
ing two footnotes. The first one concerns
the environment. A bacterium growing
in a test tube or even in a pocket of the
lung has metabolic problems that are
quite different from those of a brain cell
bathing in the security of a homeostatic
supply of glucose. The second and more
important footnote is that, in spite of the
similarity of individual glycolytic en-
zymes from different sources, the re-
sponse pattern of glycolysis in cells may
be so diverse (for example, to sodium
fluoride) as to suggest different path-
ways. Differences in enzyme levels, reg-
ulating substances, and in the competi-
tion for intermediates often appear to
transform quantity into quality.

About 10 years ago, Gordon Tomkins
and his colleagues proposed the ‘‘pleio-
typic response hypothesis’’ in which a
single regulatory molecule coordinates
multiple metabolic changes (44). A trans-
formed tumor cell represents a case in
which a protein kinase is just such a
“pleiotypic mediator,”” modulated by its
environment.

Let us look at some models of trans-
formation: shown in Fig. 1. Only three
minor variants of a basic theme ate listed
and there may be dozens of othérs. We
shall not discuss the variatior§ sifice the
same principle is operative. A gene prod-
uct, either a kinase itself or an activator
of a kinase, starts a cascade of phospho-
rylation which increases glycolysis and
other metabolic pathways and alters
components of the cytoskeleton which in
turn affect structure and membrane pro-
cesses such as ion transport.

In this connection there is one particu-
lar example that emerged from studies
on Ca?" transport in our laboratory. We
observed (45) that HeLa cells, grown on a
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substratum and then suspended, trans-
port Ca’>" severalfold more rapidly than
the same cells grown in fluid (Spinner)
culture. When Spinner culture cells were
incubated for 2 hours in complex medi-
um containing fibronectin, Ca®" uptake
activity was markedly increased. We
could also show that *Ca’* became
tightly bound to some components of the
cytoskeleton within 30 seconds after ex-
posure, whereas in the absence of fibro-
nectin it took 30 minutes or longer to
obtain similar **Ca®" binding. It has
been proposed (46) that fibronectin rep-
resents the surface counterpart for vin-
culin at the focal adhesion plaques [see,
however (47)]. We can readily visualize
how changes in phosphorylation of vin-
culin could affect the binding of fibronec-
tin and consequently the rate of Ca?*
entry. There are over 30 physiological
functions that are influenced by Ca’*
concentration in the cytoplasm (48) and
it is not difficult to see how Ca’" flux
changes may influence the life of a cell.

We have related here the story of a
classical biochemical approach to a bio-
chemical problem. In the search for the
cause of the high glycolytic rate of tu-
mors we were helped by enzyme inhibi-
tors (which were not always reliable), we
had to go through the tediousness of
purifying an unstable membranous en-
zyme from limited source material, we
had to resort to reconstitution methods
that could hardly be considered physio-
logical, and we received support and
ideas from virologists and geneticists
who had tracked down the gene product

of transformation. Above all, we have
witnessed in this field a merger of bio-
chemistry and molecular biology which
was long overdue. We still do not know
the significance of the high aerobic gly-
colysis of tumor cells. But Warburg’s
important discovery has led the way toa
better understanding of the diversity of
changes in physiological functions and
morphological characteristics of cancer
cells.
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Participation of Soviet Scientists in
International Conferences

Edwin L. Goldwasser and Francis E. Low
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have always been given free access to
scientific conferences and exchanges.
There was a time when one nation might
limit access of scientists from another
nation to meetings within its borders.
The International Council of Scientific
Unions (ICSU) has worked steadfastly
to remove barriers of that kind and has
had some notable successes.

It is relatively easy to identify restric-
tions imposed by one nation on access of
scientists from another. It is much more
complicated to identify restrictions im-
posed by a nation on the participation of
some of its own scientists in scientific
conferences abroad. This kind of restric-
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