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The differences in properties of pyruvate kinase (EC 2,1.7.40) from normal
tissues and animal or human tumors are described and their significance for
various metabolic abnormalities is reviewed. The tumor variant vy from Mg
isoenzyme of pyruvate kinase sensitive to L-cysteine inhibition, when over-ex-
pressed, can be used as a marker of tumorigenic transformation. It seems that
this variant represents a tumor-specific oncoprotein, involved in a novel meta-
bolic strategy of energy generation during increased cell proliferation.

Since the first epoch-making Warburg's [1,
2] discovery of high glycolytic activity in tu-
mors, much work has been devoted to this
metabolic abnormality in various in vitro
comparative studies on tissue slices, cell sus-
pensions or even reconstructed systems con-
taining subcellular fractions from normal
and tumor materials [3—6]. The high rate of
aerobic glycolysis and diminution or lack of
the Pasteur effect represent the major bio-
chemical differences between normal and
neoplastic materials. Moreover, the dimini-
shed Pasteur effect is accompanied by the
Crabtree effect, i.e. inhibition by glucose of
oxygen consumption [7-9]. This effect has
been observed in all tumors, in primary cell

cultures, as early as 2448 h of in vitro cell
adaptation to growth on glass [10], and dur-
ing the replicative phase of virus DNA syn-
thesis after cell infection with oncogenic
polyoma wvirus [11]. However, it was also
observed in a few proliferating normal cells
or tissues characterized by a high rate of
glycolysis, such as placenta, embryo, retina,
platelets and epithelial cells [9].

Many explanations of the Crabtree effect
have been suggested, mainly related to ab-
normal compartmentation of cell metabolites
[9], especially of adenyl nucleotides [8,12].
However, understanding of its molecular
mechanism was possible only after the dis-
covery of key regulatory enzymes [13].
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THIOL COMPOUNDS, GLYCOLYTIC
ACTIVITY AND ATP LEVEL

Horn et al. [14,15] observed that cysteine
and other compounds with a free thiol group
(e.g. reduced glutathione) may favour, in the
heart muscle homogenates, a shift of the
glucose metabolism towards the anaerobic
pathway, even in the presence of oxygen, and
a diminution of the Pasteur effect. At the
same time a defective cysteine metabolism,
connected with a decrease in cysteine desulf-
hydrase, rhodanase [16,17] and 3-mercapto-
pyruvate sulfurtransferase activities [18]
was described in neoplastic tissues. In this
situation an accumulation of cysteine was
expected, which could cause activation of
aerobic glycolysis in tumors.

However, contrary to the initial assumption
that compounds with thiol groups might in-
crease aerobic glycolysis, it has been found
that DL-cysteine inhibits this process in in-
tact tumor cells and their eytosols [19] and
restores the Pasteur effect (Table 1). Al-
though DL-homocysteine as a homologue, and
DL-serine as a structural analogue of DL-cys-
teine does not inhibit aerobic glycolysis when
applied separately, they exerted a significant

1997
inhibitory effect when present in the medium
together, due to endogenous formation of
cysteine [19].

It appears that only L-cysteine inhibits
aerobic glycolysis and restores the Pasteur
effect in tumor cells, whereas D-cysteine has
no influence on this process [19] (Fig. 1). This
stereospecific inhibitory effect of L-cysteine
results, at the most, in 50% inhibition. Since
the effect of DL-penicillamine was similar to
that of DL-cysteine [ 19] the number of carbon
atoms in the effector molecule is probably of
secondary importance as long as the thiol
group is in the B-position.

L-Cysteine, parallelly with the inhibition of
lactate formation, causes a decrease in cell
ATP [19], and pyruvate contents, and an
increase in 2-phosphoenclpyruvate (PEP)
(Fig. 2). The observed cross-over in concen-
trations of these intermediates suggested
that the cysteine-induced stereospecific inhi-
bition of tumor glycolysis with restoration of
the Pasteur effect in vitro occurs at the stage
catalyzed by pyruvate kinase [19, 20].

Since glycolysis plays a crucial role in cy-
tosolic energy generation, special attention
should be paid to inhibitors of this fundamen-
tal process which may affect tumor growth.

Table 1. Effects of cysteine (1 mM final concentration) on lactate production in Ehrlich ascites tu-

mor cells, in their supernatants, and in supernatants from normal tissues [19]

Lactate production
Experimental material Cellz (n=10) Supernatants (n=8)
X +S.D. £S.D. X £S.D. X +S.D.

Lﬂm}mr g {% of control} Lpthzly:} parimg (% of control)
Ehrlich ascites tumor 1.39 0.10 100.0 7.2 1.04 003 1000 2.9
DL-Cysteine 67.4 4.8 63.6° 173
L-Cysteine 60.7 10,0 62.5" 23.4
Normal mouse liver - 0.33 0.01  100.0 3.0
L-Cysteine 90.9 2.7
Skeletal muscle - 0.72 0.02 1000 2.8
L-Cysteine 94.4 2.6

S.005 < P < 0.01: 'P < 0.001
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Figure 1. The effect of L-cysteine, D-cysteine and
DL-penicillamine on lactate formation in Ehrlich
ascites tumor cells [19].

The results are in percentage of control value.

KEY GLYCOLYTIC ENZYMES

Among eleven glycolytic enzymes, three key
enzymes: hexokinase, phospho-fructokinase
and pyruvate kinase [21] catalyze reactions
which are practically irreversible because of
energy barriers or instability of products.
Weber [13] has shown that the key cooperat-
ing enzymes are produced on the same fune-

ific pyruvate kinase isoenzyme
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tional genetic unit. Using a broad spectrum
of hepatomas differing in growth rate he
demonstrated that the activities of key en-
zymes of the glycolytic pathway correlate
positively with the growth rate of these tu-
mors. Glycolysis and activities of its three
key enzymes in slowly growing hepatomas
are similar as in liver, while in rapidly grow-
ing hepatomas with high glycolysis, a paral-
lel increase in three key enzymes correlated
with increased tumor growth rate. Wein-
house and coworkers [22], in line with the
Warburg’s hypothesis, discovered that respi-
ration in slowly growing, well-differentiated
hepatomas was as high as in liver slices,
whereas in rapidly growing and poorly differ-
entiated hepatomas, respiration was very
low. Thus, the decreased Pasteur effect re-
flected the competition for ADP between res-
piration and a key glycolytic enzyme, pyru-
vate kinase. The increased hepatoma growth
rate pointed to a parallel increase in ATP
formation and protein, RNA and DNA bio-
synthesis [23].

In agreement with these findings we have
shown that rapidly growing neoplastic cell
lines, e.g. BHK-21 cells, had a high activity
pattern of key glycolytic enzymes [24]. After
infection with oncogenic polyoma virus, when
viral genome became incorporated into cell
genome as a transforming agent, a further
increase in the activity of key glycolytic en-
zymes, especially of pyruvate kinase was ob-
served. This correlated with a rapid increase
in tumor antigen synthesis [24] and oncogene
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activation which, by changing the cell geno-
type, influenced cell metabolism and tumor
phenotype [25, 26].

PYRUVATE KINASE (EC 2.7.1.40) IN
NORMAL AND TUMOR CELLS

In various normal tissues, pyruvate kinase
has a rather low activity while it is over-ex-
pressed in many tumor cells or cultured cell
lines [27, 28]. For example, in rat lung ex-
plants cultivated in vitro, pyruvate kinase
activity started to increase as early as on the
second day after explantation and preceded
an increase in glycolysis [29]. On the Tth day
after the explantation, pyruvate kinase ac-
tivity was increased 5-7 fold and approached
values found in Yoshida ascites tumor cells
of rats. The enzyme activity correlated well
with the doubling time of permanent cell
lines established from lung explants by
“spontaneous” malignant transformation
[29] and tested by inoculation into newborn
Wistar rats, in which progressive tumor
growth was taken as a sign of malignancy.

Gosalvez et al. [30] have found that there is
a competition for ADP between respiration
and glycolysis (Fig. 3). Over-expressed pyru-
vate kinase utilizes more ADP and, in conse-

HK

Glucose ﬁ G-6-P

TP ADP

quence, after addition of glucose respiration
is inhibited (the Crabtree effect). High activ-
ity of pyruvate kinase in many cells is the
main cause of higher ADP utilisation in gly-
colysis than in the respiratory pathway. In
contrast, ATP, which is the end product of
oxidative phosphorylation, normally inhibits
pyruvate kinase by a feed-back mechanism

Mitochondrion

[31]. Exogenous ATP diminishes aerobic gly-
colysis in tumor cell homogenates by inhibit-
ing pyruvate kinase and in this way it even
abolishes the Crabtree effect in cultured tu-
mor cells [12]. However, when the activity of
pyruvate kinase was very high after malig-
nant transformation [29], a decrease in its
inhibition by ATP has been considered to be
the cause of lack or significant diminution of
the Pasteur effect [28].

TUMOR PYRUVATE KINASE
SENSITIVE TO L-CYSTEINE

The cross-over of the metabolite pattern
[19] observed in metabolic studies with L-cys-
teine, indicates that this compound directly
diminished the tumor pyruvate kinase activ-
ity, but had no effect on other key glycolytic
enzymes or on pyruvate kinase activity of
normal tissues [19]. Stabilisation of gly-
colytic activity at 50% of the control value
indicates that in tumors, in addition to pyru-
vate kinase sensitive to L-cysteine, there is a
cysteine-insensitive pyruvate kinase frac-
tion. Thus the question arose, whether the
cysteine-sensitive variant of the enzyme
could be a marker of neoplastic transforma-
tion in various experimental tumors.

Figure 3. Competition for
ADP between cytosolic
pyruvate kinase (PK) and
mitochondrial oxidative
phosphorylation as the
cause of the Crabtree ef-
fect.

HEK, hexokinase; G-6-P, glu-
cose-6-phosphate; PA, pyru-
vate; PEP, 2-phosphoenacl-
pyruvate; 5, SHz, oxidised
and reduced substrate.

Cytosol

As it has been shown, pyruvate kinase ac-
tivity becomes significantly increased on
“spontaneous” or viral cell transformation in
vitro [24, 29]. In Ehrlich ascites cells, in
addition to increased activity, an unusual
sensitivity of this enzyme to the inhibitory
action of L-cysteine has been found [19, 32).
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Table 2. The effect of L-cysteine (0.05 mmoll final concentration) on pyruvate kinase activity in cy-

tosolic fractions of different tumors and normal tissues [33].

Control (mIU/mg protein) = 100%

+ L-Cysteine (% of control)

Material in=6) n=4)

X 8D, X +8.D,
Mice 5;:I.i|l tumors
Mammary adenccarcinoma 5652 8638 754 19.7
Madizon lung earcinoma 10418 1209 60.6" 8.0
Lewis lung carcinoma 3543 133 744 18.8
Colon carcinoma C-38 9561 2605 714 24.2
Colon carcinoma C-26 JH82 1100 76.3 19.7
Melanoma B-16 T854 2438 94.2 20.2
Polyoma 2171 826 70.9 209
Leukemia [-1210 (n = 2) 5499 2877 T6.2
Mice ascites tumors
Ehrlich ascites tumor 3943 970 50.8" 9.5
Leukemia L-1210 3324 753 74.5° 3.8
Leukemia P-388 4337 1038 617" 7.1
Leukemia AKSL-4 6203 2473 83.1
Normal mice tissues
Skeletal musecle 4552 1833 99.6 10.2
Liver 435 155 108.2 16.6
Spleen 1060 250 105.7 8.6
Mouse embryo 4793 149 100.0 0.0

0.001 < P < 0.006; "0.01 < P < 0,05 005 <P <01

Pyruvate kinase sensitive to L-cysteine is
present in a broad spectrum of mouse experi-
mental tumors transplanted into syngenic
recipients [33] and in rat hepatoma [34] but
not in normal tissues [33] (Table 2). The
activity of pyruvate kinase in cytosolic frac-
tion of various mouse tumors as well as of
mouse embryo and normal skeletal muscle
was much higher (about 3000-10000
mIU/mg protein) than in corresponding frac-
tion of mouse spleen or mouse liver (about
250-1000 mIU/mg protein). L-Cysteine (0.05
mmol/l) decreased pyruvate kinase activity,
in the solid tumors studied to about 61-77%
of the initial control values. The effects were

slightly greater in ascitic tumors (51-75%).
In contrast to tumor materials, L-cysteine
had no effect on pyruvate kinase from cytoso-
lie fractions of normal tissues (100-108%),
irrespective of whether the initial enzyme
activities were low (liver and spleen) or high
(skeletal muscle and embryo).

PYRUVATE KINASE ISOENZYMES.
SEPARATION OF THE L-CYSTEINE
SENSITIVE VARIANT

Three pyruvate kinase isoenzymes are
known, namely isoenzyme L from liver,
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Table 3. Pyruvate kinase activity in cytosol and chromatin extracts of Ehrlich ascites tumor, Morris
hepatoma 7777, normal mouse and rat livers [34], and selected human urothelial cell lines (TGr
I-III) [43], and the effect of L-cysteine (results expressed as percentage of control activity without

L-cysteine).
) Pyruvate kinase
Cytosolic [ractions Chromatin extracts
(mU/mg protein) L-Cysteine imU/mg protein) Tet:yatame
Material concr. COnCI.
X 48D in) (M) X +5.0. (m} (mM)
0.035 0.1 0.05 0.1
(% of control {% of control
activity) activity)

Ehrlich ascites tumour 9083 2775 (5) 86 79 2541 879 (5) 85 80
Miiisa lives 1457 372 (5) 100 100 969 259 (5 100 100
Morris hepatoma 7777 6750 2327 () 60 56 1225 190 (4 50 42
Rat liver 908 161 (g 100 100 621 112 4 100 100
Selected human urothelial cell lines [55]
TGr: Cell line:
TGrl Hu 1125 980 - (2 100 100 829 _ (g9 100 100
TGr il Hu 609 932 159 (3) 100 100 861 149  (3) 100 100

HCV 29 1513 269 (4) 100 100 1124 143 (4 100 100
TGr 1T Hu 609 Toiy 5729 1130 ¢33 62 51 1070 182 (3) a0 66

Hu 609 Tauv 4765 1045 (3 78 60 718 187 (3 81 55

HOV 29T 3839 985 (4 78 52 1428 478 (4 85 62

T 24 3238 135 (4) 60 41 1400 356 (3 87 60

TGr, transformation grade.

isoenzyme M from skeletal muscles and
brain, and isoenzyme M, (called also K, S, A
or III) from kidney, lungs, adipose tissue,
placenta, embryo and tumors [35-41). These
three isoenzymes are products of three dis-
tinct genes and differ in the amino-acid com-
position [37]. Normal livers contain two pyru-
vate kinase isoenzymes showing different pl
values — the dominating isoenzyme L and
isoenzyme My [37]. The third isoenzyme M,
more cathodic, with pl 7.5 is absent in liver
[36, 37]. Isoenzyme L can be salted out at
0.21-0.30 ammonium sulfate saturation
(fraction A), and isoenzyme M3 at 0.51-0.70
saturation (fraction B) [33, 42].

It has been found that isoenzyme L is insen-
sitive to L-cysteine. The sensitivity to L-cys-
teine was observed only in tumor fraction B,
containing also isocenzyme M [33, 42] but not
in fractions B from normal tissues.

All events oceurring in cell nuclei are highly
energy consuming. It is accepted that this
energy is supplied by glycolysis, since a posi-
tive correlation has been observed between
increased tumor growth rate and glycolytic
activity [13, 43, 44]. In addition to investiga-
tions on cytosolic pyruvate kinase, much
work has been done on this enzyme from cell
nuclei after their isolation, purification and
lysis. For pyruvate kinase extraction from
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chromatin pellets, changes in pH and ionic
strength were used [45, 46]. This procedure
has been applied to Ehrlich ascites tumor
cells, Morris hepatoma 7777, normal mouse
and rat livers [34], as well as to human
urothelial cell lines in transformation grades
(TGr) I, 1 and IIT cultivated in vitro [43].
Most of these cell lines (Table 3) were estab-
lished at the Fibiger Institute (Copenhagen),
as previously described [43]. Although cy-
tosolic pyruvate kinase activities from ani-
mal tumors and human TGr III cell lines
were much higher than from corresponding
normal mouse or rat livers, and from cells in
TGr I or TGr II, the enzyme activities in
chromatin extracts from all materials stud-
ied were of a rather similar order of magni-

Tumor-specific pyruvate kinase isoenzyme
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tude (Table 3). L-Cysteine inhibited tumor
pyruvate kinase, both from cytosolic and nu-
clear compartments only to about 40-50%.
This indicates that tumor chromatin extracts
are inhomogeneous and contain also a cyste-
ine-insensitive pyruvate kinase subfraction.
Separation by polyacrylamide gel electropho-
resis [47] of chromatin extracts at pH 8.3 [34,
43], has shown the presence of three pyru-
vate kinase variants: o, B, v, but their mobili-
ties were higher in chromatin extracts from
normal liver and TGr [ cells than in those
from tumors (Fig. 4), both the experimental
fumors [34] and urothelial cell lines in TGr
Il and TGr III [43].

Only the most cathodic, with the highest pl
value, slowly migrating tumor variant v, lo-
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calised at the gel origin, was sensitive to
L-cysteine (hatched area in Fig. 4). The dose
dependent inhibitory effect of L-cysteine,
practically to zero value, points to homogene-
ity of the separated variant y. The metabolic
role of this new L-cysteine-sensitive variant
in tumors remains unknown.

In urothelial cell lines [43] L-cysteine-sen-
sitive variant can be used as a marker of
multistage neoplastic transformation, as it
refleets in TGr 111 cell lines their tumorigenic
properties in nude mice. However, in prema-
lignant immortal cell lines of TGr 1I, lower
mobility of this variant than in TGr I cell line
and the presence of a slowly migrating vari-
ant y with a pl value of about 8.3, seem to be
early characteristic changes of oncoming ma-
lignancy.

The variants from chromatin extracts puri-
fied by polyacrylamide gel electrophoresis
[34, 43] were obtained, however, in amounts
too small to allow their further charac-
terization. Therefore affinity chromatogra-
phy on Blue Sepharose CL-6B [42] was ap-
plied for obtaining the D-cysteine-sensitive
variants. This method involving specific
binding, separation and purification, fol-
lowed by elution with competing ADP mole-
cules of salted out cytosolic isoenzymes of
pyruvate kinase, was successfully used for
isolation of their variants from normal rat
liver and Morris hepatoma 7777 [42].

CHARACTERIZATION AND
COMPARISON OF PYRUVATE
KINASE VARIANTS FROM MORRIS
HEPATOMA 7777 AND RAT LIVER

Pyruvate kinase fractions A and B, ob-
tained from normal liver and Morris hepa-
toma cytosols by the salting out procedure
correspond to isoenzymes L and My, respec-
tively [42]. Characterization of the two isocen-
zymes and their variants is given in Table 4
and Fig. 5 [48].

The three variants of cytosolic isoenzymes
L and My differ in their properties [42, 48].
In fraction A (isoenzyme L) of normal liver,
variants Ly, ﬂI, Y1s exhibit sigmoidal kinetics
and greatest electrophoretic mobility [48].

They are sensitive to ATP and FDP. ATP, as
a negative effector of pyruvate kinase in a
feed-back mechanism, inhibits glycolytic en-
ergy generation [49] and FDP [50], in positive
forward control, synchronizes the pyruvate
kinase activity with that of phosphofructo-
kinase. A similar electrophoretic pattern has
been also observed in chromatin extracts
from cell nuclei of normal rat and mouse
livers [34] and of human urothelial cell cul-
tures with limited life span, i.e. those of TGr
1[43].

In fraction B (isoenzyme Mg) from normal
rat liver pyruvate kinase, which is regulated
by the same effectors as isoenzyme L [41], oy
and [y variants have similar mobility as
variants in fraction A, but show linear kinet-
ics and are insensitive to FDP. The third
variant, Yy migrates slower towards the an-
ode and is sensitive to both effectors [48].

Purified cytosolic fractions A and B from
Morris hepatoma differ from corresponding
fractions from normal liver. Purified cytosolic
pyruvate kinase fraction B (isoenzyme M)
from Morris hepatoma follows the tumor pat-
tern. In addition to a severalfold increase in
activity [34, 43, 48], qualitative changes have
also been observed. Its kinetics is linear with
respect to PEP [42, 48], it shows the greatest
affinity to this substrate, and is completely
insensitive to ATP and FDP. This confirms
the suggestion that tumor isoenzyme Ms; is
different from liver isoenzyme My Purified
cytosolic pyruvate kinase fraction B from
Morris hepatoma 7777 shows a significantly
decreased electrophoretic mobility of vari-
ants ttg, fa 13, like the pyruvate kinase vari-
ants from chromatin extracts of Ehrlich as-
cites tumor [34] or urothelial cell lines in TGr
IIT [43] All three tumor pyruvate kinase
variants from cytosol are practically insensi-
tive to stimulation by FDP or inhibition by
ATP [34, 48]. The slowest variant y; is local-
ised at pH 8.3 in the gel origin. Only this
variant is sensitive to inhibition by L-cysteine
(heached area) [48]. Unlike the purified frac-
tion B from Morris hepatoma 7777, which is
inhibited by high concentrations of L-cysteine
to only 50% of the control activity, the puri-
fied variant 3 is inhibited by L-cysteine al-
most to zero value which points to its homo-
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Table. 4. Comparison of normal rat liver and Morris hepatoma 7777 cytosolic pyruvate kinase isoen-
zymes (purified by affinity chromatography [42]) and variants (separated by polyacrylamide gel
electrophoresis, pH 8.3 [48])

Rat liver Morris hepatoma 7777

Kinetics Kn/Sos Spec.act. Effec- Kinetics Ky/So.s Bt Effec-
tor Teof pec tor Sof
contro contro
(mM) piiltgi} 1;0511} 1 (mM) p:.ﬂfagn} .ffi; ]
lsoenzyme [ sigm. 2,10 201000 lsoenzyme L sigm. 0.75 295000
(purif. grade: 250) {purif. grade: 118)
iMm 200 kDa) (Mm 208 kDa)
variant variant
o sigm. 2.00 42700 - 100 ) lin.  0.65 35300 - 100
+FDp 140 +FDP 100
+ATP 50 +ATP 90
B sigm. 1.70 47804 - 100 P1 lin. 0.85 54500 - 100
+FDP 175 +FDP 125
+ATP 65 +ATP 65
1 sigm. 2.10 42500 - 100 12 lin. 075 69000 - 100
+FDP 140 +FDP 100
+ATP 75 +ATP 80
Isoenzyme Mz lin. 120 46000 lsoenzyme Mz lin.  0.55 762000
{purif, grade: 58) {purif. grade: 305)
(Mm 216 kDa) (M 196 kDa)
variant variant
o lin.  1.20 19000 - 100 022 lin. 060 42700 - 100
+FDP 100 +FDP 100
+ATP 35 +ATP 100
1 lin. 130 10300 - 100 Bz linn. 040 65300 - 100
+FDP 100 +FDF 100
+ATP 65 +ATP 100
12 lin.  1.10 12700 - 100 3 lin. 0.55 69000 - 100
+FDP 137 +FDP 100
+ATP 45 +ATP 100

kinetics with respect to PEP: 845, sigm., sigmoidal; K, lin, linear; M,,, molecular mass



720 M. Guminska and others

RAT LIVER
AE/min | fraetion A (isoenzyme L)
o
= 0.15
z By
g o0 T o)
4
L 0.05 -
—(¥
0 10 20 30 40 50 mm
AE/mIN | 1 oction B (isoenzyme M.}
o
'E_ 0.15 1
8  o.a0 T2 By «
-
[
0.05 -
—=()
0 10 20 30 40 S0 mm

Migration distance

1997
MORRIS HEPATOMA 7777
AE/miIn | gaction A (Isoenzyme L)
Z 0151
'_E ool T2 i ot
o
& 005 [\ f\ (\
—+
1 1
D 10 20 30 40 50 mm
AE/min | ¢ oction B (iscenzyme M)
g o 8
S 3
5 0.0 4 %2
o
=
—¥
| 1
1]

10 20 30 40 50 mm
Migration distance

[ ] Pk variants non-sensitive to L-cysteine [l PK variant sensiiive fo L-cysteine
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from purified cytosolic pyruvate kinase isoenzymes of Morris hepatoma 7777 and normal rat liver

[48].

geneity. This L-cysteine sensitive variant
seems to be one of protein products expressed
on oncogene activation.

It has been suggested [39] that tumor isoen-
zyme Mg is rather similar to isoenzyme M,
which is more cathodic (pI 7.5) [36]. It was
even suggested that it might be a hybrid
MsM isoenzyme [37]. However, later on two
forms of isoenzyme M3 have been distin-
guished. One, predominating in tumors, pla-
centa and kidney, is termed also type III} or
alkaline type. Another form, predominating
in the lung, is termed III, or acidic type [50].
Irving & Williams [51] identified in hepa-
toma two pyruvate kinase 1soenzymes, a new
L-type and a new My-type. Poorly differenti-
ated tumors show little of the L-type and a
severalfold increase in the new My-type.

The lack of sensitivity of tumor pyruvate
kinase to ATP is consistent with the previous
observation of Gosalvez et al. [52]. Since the
enzyme remains very active even at low FDP
and high ATP concentration, this points to its
marked metabolic role in altered tumor me-
tabolism, i.e., in diminution of the Pasteur
effect and in appearance of the Crabtree
effect.

Variant g of isoenzyme My from Morris
hepatoma may contribute to elevated overall
aerobic glycolysis rate in tumors resulting
from not only over-expression of tumor pyru-
vate kinase [42, 43, 48, 53], but also its
enhanced affinity to PEP [42, 48], and lack
of a fundamental regulatory feed-back
mechanism, i.e., absence or diminution of the
Pasteur effect [30, 52].

Since pyruvate kinase variants are also
present in chromatin, the effect of DNA on
their activities was also studied. All three
tumor variants showed greater sensitivity to
the inhibitory effect of DNA than the vari-
ants of normal livers [34]. Pyruvate kinase,
similarly as other proteins with higher pl
values, may exhibit an affinity to nucleic
acids which was signalled by Baranowska &
Baranowski [54]. However, it is not excluded
that pyruvate kinase may also recognise par-
ticular base sequences of nucleic acid.

Different electrophoretic charge of the same
isoenzyme variant could also be caused by
FDP [50] or ATP [55] binding to the enzyme
molecule, or reversible protein glycosylation
or phosphorylation [56]. The appearance of
sensitivity to L-cysteine of the slowly migrat-
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ing tumor variant y3 points also to a change
in the primary structure of tumor pyruvate
kinase, and thus in the cell genotype, oceur-
ring during the multistage process of carcino-
genesis.

PHENOTYPIC AND GENOTYPIC
CHANGES IN TUMOR PYRUVATE
KINASE ISOENZYME Mg

Using highly purified pyruvate kinase
iscenzymes L and My from rat liver and
Morris hepatoma, it was possible to answer
the question what is the molecular basis of
the changes observed [56].

The lowest content of N-acetylneuraminic
acid (5 mol/mol protein) in tumor isoenzyme
Mg, in comparison to liver isoenzyme Mo (14
mol) and both normal liver (24 mol) and
tumor isoenzymes L (15 mol) [56], points to
a phenotypic modification of the protein
molecule which could explain differences in
negative charge of the variants. Another phe-
notypic difference is connected with the phos-
phate content. It is the highest (12 mol) in
pyruvate kinase fraction B from hepatoma,
twice as high as in fraction B of normal liver
(6 mol) and four times as high as in fraction
A, both from normal rat liver and Morris
hepatoma (3 mol) [56].

Phosphorylation of pyruvate kinase may
have a regulatory effect [50]. Phosphoryla-
tion at tyrosine residues was observed in
pyruvate kinase of chicken liver cells trans-
formed by Rous sarcoma virus containing the
sre oncogene coding for phosphoprotein
pp60" * [57, 58]. Cell transformation caused
a tenfold increase in total cell phosphotyros-
ine content, related to phosphorylation of
several glyvcolytic enzymes and elevated rate
of aerobic glycolysis [58].

Although tyrosine phosphorylation can be
considered a post-translational regulatory
change, it requires a genotypic change con-
nected with an increase in tyrosine content.
Recently, in variant y3 of hepatoma pyruvate
kinase, twice as high tyrosine content has
been found as in variant y; of normal liver
isoenzyme Ms of pyruvate kinase. Differ-
ences in dicarboxylic amino acid content have
been also found. Highly purified variant s

with the slowest mobility contained by 26%
less glutaminic acid than the normal variant
Y2 (Ignacak, Guminska & Steczko, unpub-
lished).

It has been revealed [56] that tumor pyru-
vate kinase fraction B has twice as many
thiol groups as the corresponding isoenzyme
Ms from normal liver, which may explain
greater affinity of the tumor enzyme to ex-
ogenous L-cysteine than that of normal liver
pyruvate kinase. It should be, however,
stressed that the inhibition by L-cysteine of
the tumor isocenzyme is also stereospecific
[18]. Neither D-cysteine nor other thiol group
containing reactive compounds, are able to
inhibit the enzyme. Thus in addition to thiol
groups the whole structure enabling
stereospecific binding of exogenous L-cyste-
ine is necessary [19]. Although in addition to
phenotypic modification of protein by glyco-
sylation or phosphorylation of the tumor en-
zyme, which play an essential role in tumor
metabolic strategy, genotypic changes in
amino acid content have also been detected
(Ignacak, Guminska & Steczko, unpub-
lished), but their participation in exogenous
cysteine binding is doubtful.

Pyruvate kinase fraction B from hepatoma,
especially its slowest tumor specific variant
Y3 sensitive to L-cysteine, should be regarded
as one of the oncoproteins which medify the
metabolic strategy of tumor cells in such a
way as to ensure supply of substrates and
energy for uncontrolled cell divisions.

CLOSING REMARKS

Pyruvate kinase variant y; from isoenzyme
Ms of hepatoma seems to be a tumor-specific
oncoprotein. As an enzymatic mutant it loses
the sensitivity to ATP [34, 48]. In conse-
quence, glycolysis can proceed in aerobic con-
ditions and the Pasteur effect disappears or
is significantly reduced. The investigation of
Gosalvez ef al. [20] showed that in such
conditions not ATP but L-cysteine can restore
the Pasteur effect. However, the role of this
signal reacting with pyruvate kinase tumor
variant 73 has not been fully elucidated. It
should be stressed that tumor pyruvate ki-
nase variant yg differing in its properties
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from normal liver variant y,, resembles more
closely the enzyme variant yy from other
types of neoplastic cells such as Ehrlich as-
cites tumor [34] or human bladder tu-
morigenic cell lines at the third stage of
transformation [43] than the enzyme variant
from comparable material of normal tissues,
and therefore can be used as a marker of
tumorigenic transformation.
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