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Summary

The relationships among and the properties of the pyru
vate kinase isozymes are reviewed, emphasizing their po
tential role in carcinogenesis. Particular consideration is
given to evaluation of the concept that the three major
nonreadily interconvertible forms are the products of dis
tinct genes, the relationship of these forms to additional
separable forms of pyruvate kinase, the types and possible
functions of interconvertible forms of the major isozymes,
and mechanisms affecting the genetic expression of the
isozymes. Emphasis is placed upon the apparent derepres
sion of the fetal isozyme in hepatomas and the influence of
neoplasms and their extracts on the expression of pyruvate
kinase in the liver of host animals.

Introduction

Restriction of a hereditary deficiency of pyruvate kinase
(EC 2.7.1.40) to erythrocytes suggested that this enzyme
might exist in more than 1 molecular form (cf. Ref. 157). In
subsequent studies, conducted on rat and human tissues, 2
distinct isozymes were found, the one associated with liver
and ABC and the other with all remaining tissues but kid
ney. Kidney extracts seemed to contain an enzyme with
intermediate properties and was postulated to be a hybrid
(8, 17, 93, 94, 158, 159, 176). However, more recent investi
gations contradict theseearlier ones, since most tissuesare
found to have an isozyme with properties in common with
those of the major kidney isozyme, and this isozyme was
found not to have properties compatible with the hybrid
concept (5, 6, 18, 21, 28, 40-42, 64, 65, 67, 71-77, 82, 95,
119, 121, 125, 126, 139, 147, 153, 154, 160, 169, 171, 174,
179, 193). These studies, conducted on a wide variety of
mammals, suggest there are 3 distinct isozymes, i.e. , the
liver or L-type, found as the isozyme of hepatocytes, as a
minor isozymeof kidney cortex and intenstine and perhaps
as the ABC enzyme; the muscle or M-type, now thought
only to be expressed in striated muscle, heart, and brain;
and the kidney or K-type, found in all other adult and fetal
tissues and in tumors. These 3 seemingly noninterconver
tible forms of the enzyme may each exist in variant forms
and may form hybrids with each other, leading to some
diversity and confusion.

Since an isozyme switch occurs during neoplastic devel
opment, the pyruvate kinase isozyme system may play a role
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in carcinogenesis. Moreover, the expression of the pyruvate
kinase isozymes is subject to experimental manipulation,
suggesting that this system could be used fruitfully as a
model system in studies of differentiation and dedifferentia
tion. There remains, however, confusion in the literature
concerning the number, distribution, properties, and rela
tionships among the isozymes. This review attempts to eval
uate the available data relevant to the relationships among
the various forms of pyruvate kinase and to examine their
roles in neoplasms.

Nomenclature

The initial confusion concerning the number and distribu
tion of the isozymes, their pleomorphism, the presence of
hybrid forms, and differences of opinion concerning the
relationships among the isozymes has led to the develop
ment of a plethora of nomenclatures. Table 1 compares
these various designations. Throughout this review the
K,L,M nomenclature will be used. When relevant the sub
unit constitution of the isozymes will be designated by a
subscript, e.g: M4for the tetrameric form of the M-isozyme
and K2M2to designate a hybrid with 2 subunits of the K-type
protomer and 2 of the M-type protomer.

Relationship among the K-, L-, and M-Isozymes

Although the K-, L-, and M-isozymes have distinct kinetic
and physical properties and do not readily interconvert,
proof that they are products of 3 distinct genes is still
lacking. Therefore the possibilities that they are related as
hybrids, as posttranscriptionally modified products, or as
products of distinct genes must be evaluated.

Hybrids. The M-isozyme appears to be a homotetramer
when examinedby severalcriteria (20,21, 29, 45, 62, 83, 86,
124, 130). The available evidence also suggests that the L
isozyme is a homotetramer (19, 97). These conclusions are
fortified by in vitro hybridization studies which show that
reassociation of dissociated mixtures of homogeneous
preparations of the L@and M4 isozymes yields only the 2
isozymes plus 3 hybrid forms (19, 21 , 35). Moreover, since
these hybrids do not have the electrophoretic properties of
the K-isozyme, this isozyme cannot be a hybrid of the other
2. Further support for the homotetrameric nature of the
isozymesis provided by the observation of KL (21, 138,147)
or KM (68, 147) hybrids in vertebrate tissue extracts. Thus it
seems clear that none of the 3 basic isozymes is a hybrid of
the other 2.

Posftranscriptional Modification. Marie et al. (101) pro
pose the M-isozyme is a modified K-enzyme.The fact that
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Distribution and nomenclature used for the 3 major pyruvate kinaseisozymesLiver

paren
chymalcellskidney

cortexMany adult cells,includingMuscle
andcells, and per kidney, also predominantinbrainhaps

ABCfetus and tumorsNomenclature first usedbyMLLM

or MTanaka et a!. (159),1967A

IllB
2
IC@

1
llbSusor

and Rutter (153),
1968

Farinaet a!. (38), 1968
Bigleyeta/. (8),1968MuscleV

III ISchloen

et al. (137),
1969e

Weinhouse et al. (192),
1972IIIIIIWalker

et a!. (179),1972M,LM2Imamura
and Tanaka

(75),1972MLKFarron
et al. (40),1972MLS,

K, and M2â€•Nakamura et a!. (113),
1972314Osterman

et a!. (121),
1973ML

1A 5Carbonelleta!.
(18), 1973

Osterman and Fritz (120),
1974@

K. H. Ibsen

Table 1

a C- and D-isozyme added by Susor and Autter (154). The D-isozyme is the erythrocyte

enzyme and the C-isozyme is the K-isozyme. ABC pyruvate kinase has also been called the
R-isozyme (75).

b Used specifically for kidney isozyme.

C R. pipiens tissues; isozymes II to IV are apparent KL hybrids.

d Variant forms of the K-isozyme.

e Isozymes 2 to 4 are either hybrids or K-isozyme variants found in intestine.

the K- and M-isozymes cross-react immunologically (77,
101, 153) and a reported progression during development of
forms electrofocusing between the K- and M-isozyme are
cited as evidence supporting this concept. That the L-iso
zyme may be phosphorylated by a cAMP2-activated protein
kinase (60, 63, 100, 167) suggests phosphorylation-dephos
phorylation as a possible mechanism of interconversion.
However, this protein kinase will not phosphorylate the K-
or M-isozymes (63); thus, it is unlikely that the interconver
sion between K- and M-forms is a consequence of phospho
rylation. Furthermore, the L-isozyme seemingly could not
be the unphosphorylated precursor of the other isozymes
since phosphorylation should lower the p1value and the L
isozyme has the lowest p1values (e.g., Ref. 67). Nontheless,
some undefined epigenetic modification could produce one
homotetramer from another. On the other hand, the ob
served progression from the K- or M-isozyme could be
related to transient hybrid forms or be due to enzyme pleo
morphism. These phenomena are discussed below.

Products of 3 Distinct Genes. The difference in amino
acid composition between bovine L- and M-isozyme sug
gests that these isozymes are products of distinct genes
(21). Moreover, the absence of consistent evidence sup
porting a reciprocal relationship between the K- and L
isozymes under conditions causing apparent induction or
repression of synthesis of either of these isozymes (Table 2)

â€˜Theabbreviations used are: cAMP, cyclic adenosine 3':5'-monophos
phate; P-enolpyruvate, phosphoenolpyruvate; Fru-1 ,6-P,, fructose 1,6-di
phosphate.

suggests that they are not related by posttranscriptional
modification. Thus, the available evidence strongly sug
gests that the L-isozyme is a product of a gene different
from the one(s) coding for either the K- or M-isozyme, but
there are little data concerning the relationship between the
K- and M-isozymes. Certainly, these isozymes are closely
related when judged by immunological criteria.

Additional Forms of Pyruvate Kinase

Many more than 3 forms of pyruvate kinase have been
reported. The extra forms may be products of additional
genes, hybrid forms, or variant forms of 1 or more of the 3
basic isozymes and/or of their hybrids. These additional
forms of pyruvate kinase may relate to unique forms occa
sionally reported to be isolated from tumors.

Hybrid Forms. Recombination and/or immunological
data indicate that extra activity bands found in bovine kid
ney (147) and in Rana pipiens liver (138) extracts are KL
hybrids. Similar data support the presence of KM hybrids in
bovine (147) and chicken (68) tissue extracts. Data, gener
ally obtained from electrophoretic studies but otherwise
unsupported, suggest the presence of KL hybrids in kidney
and intestinal extracts (75, 119, 120, 193) and of KM hybrids
in several tissues (41, 74, 147, 193) obtained from various
adult mammalian species.

As might beexpectedfrom the tissue distribution of the L
and M-isozymes, no evidence has been obtained for the
existence of LM hybrid forms in vivo.

The L-isozyme of liver is found only in the parenchymal
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Changesin isozymelevels reported for rat liver and hepatomasunder variousphysiologicalconditionsConditionRelative

activityâ€•fortheK-isozyme

L-isozymeOtherAdultHigh-carbohydrate0.9â€”1

.3 (56, 110, 133)b 1.8â€”3.5(56, 110, 133)1 .Od(110)dietcFastinge0.8-1.2

(39, 56, 159) 0.4â€”0.5(39, 56,159)Diabetic1
.0 (159) 0.3(159)Addedinsulinc1.2(56)

5.8(56)Aegeneratingc1
.3-5.0 (39, 159, 179) 0.2-0.4 (39, 159,179)Tumor-bearing5.4â€”10.2

(110,150) 0.3@-1.0 (110,150)1 â€¢4d(110)Fetal

(19-21 days)2.5 (39) 0.3(39)Preneoplastic

nodular2.1 (195) 0.7(195)hyperplasiaHepatomaHighly

differentiated1.1-4.8 (39, 110) 0.2-1.6 (39,110)Well-differentiated1.7-2.1(39,
110) 0.3â€”0.7(39,110)Poorly

differentiated14.7-46.7 (39, 110, 161) 0.0â€”0.4(39, 110,161)

Pyruvate Kinases

Table 2

a Specify activity obtained/specific activity of normal controls.

b Numbers in parentheses, references. Only references reporting tabular data in specific activity

units and in which the isozymeswere separatedwere used.
Underconditions of maximal response.

d Reported as M-isozyme.

cells (hepatocytes) (13, 30, 49, 127, 172), and KL hybrids
seemnot to be found in extracts of normal adult liver (147).
Thus the adult mammalian hepatocyte must have an effec
tive mechanism for repression of K-isozyme synthesis. In
markedcontrast, A. pipiens liver extracts havelarge quanti
ties of KL hybrid forms (138).

Interconvertible Forms of the L-Isozyme. Interconverti
ble forms of the L-isozyme may be obtained by electrofo
cusing (59, 71, 74, 102, 110). One form with a p1value of 5.3
in the pig and of 5.4 to 5.5 in the rat is a tetramer, yields
hyperbolic rate plots for P-enolpyruvate and is not activated
by but has a highaffinityforFru-1,6-P2(59,71,74,110).

Partial purification (59) relectrofocusing (71, 110), incuba
tion with fructose 1,6-phosphatase (71, 74), or starvation
(71) converts this variant to a pH 5.6 to 5.7 form. This form is
also a tetramer, but it has sigmoidal kinetics for P-enol
pyruvate and is activated by and driven to the lower p1form
by Fru-1,6-P2.These data led us to the conclusion that the
pH 5.4 form was the A-conformer and the pH 5.7 form was
the T-conformer of an R,T tetrameric set (71, 74). Further
purification , additional isoelectrofocusing , or (NH4)2S04
treatment leads to the formation of at least 1 still higher p1
form, which is also driven to lower p1forms by electrofocus
ing in the presence of Fru-1 ,6-P2 (59, 74, 110). This form of
the L-isozyme, with a p1value around 6.2, often shows evi
dence of heterogeneity (59, 74, 152). This high-pI form of
the pig enzyme was apparently characterized by Kutzbach
et a!. (97), who report it to be a homotetramer susceptible to
regulation by several metabolites.

Hessand Kutzbach(59)suggestthat the lowest p1form of
the pig L-isozyme has 2 moles of bound Fru-1,6-P2,the
middle p1 form has 1, and the highest p1 form has none.
Although this concept is supported by the facts that there
appearsto be a high- and low-affinity binding site (79, 110)

and that the lowest p1 form certainly binds Fru-1 ,6-P2 (59,
74), while the middle p1 form might (74), this proposed
relationship seems incongruous with the observations that
incubation with Fru-1 ,6-Pase produces relatively little of the
highest p1 form of the isozyme, that the highest p1 form
seems never to be isolated from fresh tissue extracts, and
that this latter form often is heterogeneous.

Marie et a!. (102) find an L-isozyme variant with a p1value
of 6.28 in human liver extracts. Upon purification it is con
verted to a form with a p1value of 5.85. These results are the
converse of that reported for purification of the pig liver
enzyme (59) and could not be caused by gaining Fru-1 ,6-P2,
since this effector was not added during purification. Marie
et al. feel that a peptide in the extracts may be responsible

for maintaining the enzyme in the higher p1 form. These
authors also find small amounts of pH 5.0 L-isozyme in
both extracts and purified preparations. Conceivably, this
form is analogous to the lowest p1 form of the 3 forms
commonly found in rat or pig liver preparations or to a 4th,
pH 4.9 form, found by Muroya et a!. (110) in rat liver ex
tracts. Gel isoelectrofocusing studies suggest there may be
at least 5 different interconvertible forms of the human L
isozyme (102).

The 3 higher-pl more commonly obtained forms of the rat
or pig L-isozyme cannot differ because of different degrees
of phosphorylation, since they are interconvertible in both
directions in the absence of added substrate or enzyme.

Interconvertible Forms of the K-lsozyme. interconverti
ble forms of the rat K-isozyme with pH values of 6.2 to 6.4,
6.6 to 6.8, and 7.7 to 7.8 have been reported (71, 74, 110).
Additional forms with p1 values of 5.1 , 5.4, and 7.4 were
observed by Ibsen et a!. (71, 74) but not by Muroya et a!.
(110). Both groups report the pH 6.2 to 6.4 and pH 6.6 to 6.8
forms to be tetramers. The pH 7.7 to 7.8 form of the K-
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K. H. Ibsen

isozyme differed from the 2 predominant tetrameric forms
by having a very high K0@5@ value for P-enolpyruvate (71, 110,
113)and inbeinga dimer(71,74,110).

That a K-variant with a p1value of 7.4 truly does exist is
supported by the following observations: small quantities of
pH 7.4 enzyme appear to be formed from pH 7.7 and 6.4 K-
enzyme variants (71); pH 7.4 enzyme thus formed has ki
netic properties that differ markedly from that of the M
isozyme, which also has a p1value of 7.4 (71, 74); and pH 7.4
enzyme is found in electrofocused tissue extracts not gen
erally found to have an M-isozyme, including liver, spleen,
lung, and kidney (113). This pH 7.4 form also seems to be a
dimer (71, 74). Evidence for a K-isozyme variant with a p1
value similar to that of the M-isozyme has been found in
severalspecies(67).

The reported pH 5.1 and 5.4 forms of the rat K-isozyme
were rarely found in electrofocused fresh extracts. How
ever, upon incubation they were usually found, but in asso
ciation with precipitated material (71). Although these ob
servations could suggest that these low-pI forms are an
artifact, perhaps arising from protein-protein interactions,
low-pI forms of the K-isozyme were obtained from fresh
extracts of chicken tissues. Moreover, it was shown that
incubation with EDTA induced their formation from middle
p1forms (68). These observations led to the suggestion that
1 of these forms is analogous to the highly anionic rat
isozyme variant isolated by Pogson et a!. (125-127), which
was also generated by EDTA treatment. Moreover, both
Pogson's anionic variant and the low-pI form appear to be
dimers. [Although Pogson felt that the difference in S value
was too small for a tetramer-dimer interconversion, it is
similar to the change obtained with the M-isozyme (29)
when it undergoes dimerization.]

Because the tetrameric forms of the rat L- and K-isozymes
predominate in fresh tissue extracts, it seemed probable
that these were the true in vivo forms and that the others
were derived forms (71, 74). However, as discussed below,
it now seems probable that at least some of the additional p1
forms have a physiological function.

RBC Enzyme. ABC lysates may yield a band of pyruvate
kinase activity that migrates slightly more slowly than the L
isozyme does during electrophoresis (75, 76, 116, 121, 154,
193). This activity band has been suggested to be a distinct
isozyme, possibly the product of a 4th gene (104, 154), and
it has been called isozyme D or R (75, 154). However, it
seems more likely to be a hybrid or an L-isozyme variant.
Support for the hybrid concept is derived from: the afore
mentioned electrophoretic behavior; the observation that
freezing converts the ABC form to the L-form (76); the
ability to obtain 2 different protein bands by sodium dodecyl
sulfate electrophoresis of homogeneous preparatiorts of the
human RBC enzyme (124); and by an almost 2-fold excess
of methionine peptides after cyanogen bromide cleavage
(124). However, the observations that the ABC and L-iso
zymes cross-react immunologically but that there is no
cross-reactivity between ABC enzyme and antibodies to the
K- or M-isozymes (93, 94, 99, 101, 115) do not seem to be
consistent with the hybrid concept.

Like the L-isozyme, the ABC enzyme has been separated
in multiple forms (2, 10, 11,69, 70, 115). Indeed, the enzyme
isolated from rat ABC lysates has a p1 value and kinetic

properties similar to the type of L-isozyme found in liver
extracts prepared from fasted animals (74). The following
observations also suggest that the L- and ABC isozymes are
products of the same gene: incubation of the ABC enzyme
with added liver extracts converts it to the L-form (115); the
ABC enzyme isolated from patients with hepatitis migrates
like L-isozyme (116); both the L- and ABC isozymes are
probably indirectly induced by insulin (see below); liver L
isozyme is deficient in patients having classical pyruvate
kinase deficiency hemolytic anemia (7, 76, 107, 116); and
both the L- and ABC enzyme migrate more slowly than
normal when obtained from a patient having a hemolytic
anemia associated with an aberrant pyruvate kinase (115,
116).

Physiological Rationale for the Isozymes

As predicted from studies on the intact cell, yeast pyru
vate kinase was found to be regulated by metabolites (57).
Subsequent studies showed that the mammalian L-isozyme
(3, 24, 144, 159, 165) and ABC enzyme (25) were also in
hibited by alanine and ATP and activated by Fru-1 ,6-P2.
These properties, the tissue distribution and the similarities
between the enzymes from such divergent sources, suggest
that these enzymes evolved to permit gluconeogenesis; i.e.,
under conditions of rapid glycolysis the Fru-1 ,6-P2 level
would rise, thereby activating the enzyme and synchroniz
in9 it with phosphofructokinase activity, while under gluco
neogenic conditions the expected high ATP or alanine 1ev
els and low Fru-1 ,6-P2 levels would shut down the enzyme
and prevent or control a possible futile energy-consuming
cycle. Consonant with this concept is the observation that
addition of alanine to the intact hepatocyte does stimulate
gluconeogenesis and inhibit glycolysis (34). Apparent in
duction of the L-isozyme by insulin and/or carbohydrate is
also consistent with this idea. On the other hand, these
concepts may be an over simplification since the adipocyte,
which reverses glycolysis at the level of pyruvate kinase,
retains the K-isozyme (18, 74, 125, 126), and the liver of
adult chickens (21, 68, 146) and Xenopus Iaevis3 seems not
to develop the L-isozyme. These data indicate that glucone
ogenesis can occur in the absence of the L-isozyme. That
W is a positive effector and seems to override the effects of
most known negative effectors, even at pH 7.0, suggests
that H@may also play a role in regulation (72), as may
divalent cations (78). That neither guinea pig (41) nor bovine
(22) L-isozyme is inhibited by alanine also suggests that the
role of this amino acid is not crucial for the physiological
function of this enzyme in at least these animals. Similarly,
the rabbit L-isozyme appears not to be inhibited by ATP
(78), suggesting that this modulator also is nonessential.

The K-isozyme is subject to regulation by the same effec
tors as the L-isozyme, although the role of ATP inhibition is
open to question (cf. Ref. 74). The ability of both these
enzymes to exist in diverse forms, as well as their sensitivity
to a great number of compounds, may explain reported
differences in kinetic properties.

In addition to control by amino acids and MgATP, it has

3K. H. Ibsen, J. R. Basabe, T. P. Lopez and S. W. Marles, unpublished
observations.
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Pyruvate Kinases

been suggested that the isozymes of pyruvate kinase are
subjecttofeedbackinhibitionby NADH (187),fattyacids(8,

185), phosphocreatine (88), and magnesium 2,3-diphos
phoglycerate (74, 128). Subsequent studies indicate that the
NADH effect is an artifact caused by deviation from Beer's
law at high absorbance values (72) and that the fatty acid
effect is not a primary kinetic event (73) but is probably due
to a secondary denaturation of the enzyme (123). Inhibition
by phosphocreatine differs from that of other inhibitors in
that it has a maximal effect at pH values below neutrality
(74, 88). However, somewhat incongruously, the K-isozyme
is most sensitive to phosphocreatine and the M-isozyme is
least sensitive (74).

Although the M-isozyme is often assumed not to be a
regulated enzyme, the rat isozyme is inhibited by phenylala
nine in a manner that may be allosteric, and it is reactivated
by alanine and Fru-1 ,6-P2(23, 66, 72, 73, 87, 140, 175, 180,
181, 183). It may also be isolated in different conformational
forms(71,87).

Gosalvez et a!. (51) and Weinhouse et a!. (190) adduced
data that suggest that the K-isozyme from hepatomas, un
like the normal liver enzyme, can successfully compete with
mitochondria for ADP. This latter observation may be re
lated to the high anaerobic glycolytic rate of most tumor
cells. In keeping with this concept, it has been reported that
addition of inhibitory amino acids to intact Ehrlich ascites
tumor cells increases the respiratory rate and decreases the
glycolytic rate. Concomitant with these changes, there is an
accumulation of intracellular P-enolypyruvate and a de
crease in ATP and pyruvate, indicating that pyruvate kinase
was inhibited and therefore consistent with the hypothe
sized role of the K-isozyme in the control of glycolysis and
the Crabtree and Pasteur effects of tumor cells (50). These
properties would also be of potential physiological signifi
cance in fetal tissues, which also use the K-isozyme.

Possible Functions of Multiple Forms of the lsozymes

Phosphorylation. The phosphorylated L-isozyme loses
activity, suggesting that this is a mechanism of control. That
the enzyme can be reversibly dephosphorylated by a his
tone phosphatase indicates that potential mechanisms exist
for the reversible transition between phosphorylated and
unphosphorylated forms (167). Moreover, inhibition by
phosphorylation makes sense in liver but would not in a
tissue like muscle. That is, in the liver, glucagon would raise
the cAMP level and promote gluconeogenesis both by acti
vating phosphorylase and by inhibiting glycogen synthetase
and pyruvate kinase. On the other hand, in muscle tissue,
epinephrine would raise the cAMP level and promote gly
colysis, thereby also activating phosphorylase and inhibit
ing glycogen synthetase, but could not achieve the desired
end of increasing glycolysis if pyruvate kinase were also
inhibited. The observation that cAMP added to hepatocytes
does inhibit glycolysis at the pyruvate kinase level provides
evidence for the in vivo role of phosphorylation in metabo
lism (9, 43, 131, 164). Glucagon has been reported to inhibit
(9, 43, 163) and not to inhibit pyruvate kinase in vivo (26).
Insulin counteracts the glucagon effect. However, there
appears to be no evidence to suggest that any of the various

forms of the L-isozyme isolated to date differ because of
phosphorylation.

Dimerization and High-K@.5s Forms. Two different hy
potheses propose that a slow dissociation reaction pro
motes the amino acid inactivation of the K-isozyme (61, 66).
Both hypotheses are supported by the following observa
tions: there is a reversible concentration-dependent tetra
mer-dimer interconversion (61); the dimer is stabilized by
alanine (61, 143); the tetramer is favored by the presence of
Mg2@and Fru-1 ,6-P2(74); the dimer-tetramer equilibrium is
slowly adjusted toward the tetramer by P-enolpyruvate (61);
protein concentration affects kinetic properties (61); and
negative cooperativity may occur under varied conditions
(61, 66, 74). The hypotheses differ in that Hofmann et a!. (61)
propose that alanine interacts only with the dimeric form,
driving it to a still less reactive dimeric form, while Ibsen and
Marles (66) propose that this amino acid reacts with the
tetramer, stabilizing it in the T-conformation, which sponta
neously but slowly dimerizes to a still less reactive form . The
concept that the amino acid reacts with the tetramer is
supported by the observation that both activating and in
hibiting amino acids are weak competitive inhibitors of the
R-conformer and that 2 tetrameric forms are found in elec
trofocusing studies (see above). Moreover, dimeric forms
haveveryhigh@@ valuesforP-enolpyruvate(71,74,110).

Evidence that this tetramer-dimer equilibrium has physio
logical significance is provided by the presence of small
quantities of dimers (71) or of very-high-K@,.5@ forms in fresh
tissue extracts (12, 170). Alterations of pyruvate kinase as
sociatedwitherythrocyteaging(122)couldbe relatedto

dimerization. Certainly, the@ value for P-enolpyruvate
tends to increase when lysates are stored at pH values of 7.0
or greater, and low-K,,5 s@high-molecular-weight forms pre
dominateinacid-citratestoredblood(69).

Van Berkel et a!. (173) showed that sulfhydryl oxidation
converted the L-isozyme to a very-high-K@.58form. Badwey
and Westhead (2) found a similar effect on the RBC enzyme.
Both groups outline mechanisms of oxidation-reduction
control relevant to the physiological function of the respec
tive cell types. Seven distinct forms of the ABC enzyme are
proposed by Badwey and Westhead (2). These include tetra
mers, dimers, and monomers in reduced and oxidized
states. All 3 states of quaternary structure, as well as a
possible pentamer, appear to have enzymatic activity (2,
69). Conceivably, some of the molecular weight variants are
complexed with a peptide similar to the one reported to
interact with and stabilize the K-isozyme of leukocytes (84).
This factor could also account for some of the p1 forms,
since it makes the enzyme more anionic.

Modification of quaternary structure seems not to have
been reported for the L-isozyme. However, by analogy with
the K- and ABC isozymes, it seems probable that 1 or more
variant forms of the L-isozyme is an active dimer. A molecu
Iar weight of 166,000 for the M-isozyme obtained by light
scattering data (14) suggests that it too may exist as a dimer
in solution in the absence of dissociating reagents. Evi
dence that the M4 enzyme is an unsymmetrical dimer of
dimershasalsobeen adduced (33).

High-pI Forms of the K-Isozyme and Anaerobic Glycoly
sis. Although the suspected 6 forms of the K-isozyme seem
to readily interconvert, our experience suggests that the
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K. H. Ibsen

ratio of the different p1forms varies in a manner somewhat
characteristic of the organ of origin. This tendency has also
been noted by Nakamura et al. (113). Such variability would
be consistent with the concept that the varied forms have
physiological significance. More specifically, extracts from
tumor tissues or other cells often exposed to hypoxic condi
tions seem to yield a greater fraction of high-pl forms of the
K-isozyme, e.g., extracts of hepatoma (31), Ehrlich ascites
tumor cells (Ref. 194, but not Ref. 74). rhodamine sarcoma
(113), fetuses (74), and dental pulp (112). Nakamura et a!.
(113) also report that the pH 7.8form has both an unusually
large KO.@Svalue for P-enolpyruvate and an unusually small

@ value for ADP. Such an enzyme could exert the previ
ously discussed type of metabolic control observed by Gos
alvez et a!. (50, 51) for tumor pyruvate kinase. These possi
ble relationships need to be investigated in a systematic
fashion.

Although Iow-pl variants of the K-isozyme are rarely ob
tamed from fresh extracts of rat or mouse tissues, they are
the predominant form of K-isozyme obtained in those
chicken or X. Iaevis tissue extracts that also have suspected
KM hybrids (68).@This observation could suggest that the K-
isozyme is not a homotetramer.

Control of Isozyme Expression

Normal Development. The K-isozyme is the predominant
fetal isozyme of the rat (38, 40, 75, 135, 154), guinea pig
(41), bovine (147), and human (42, 101). It is also the iso
zyme of the early chicken embryo (21, 68, 146) and of X.
!aevi tissues from at least the gastrula through the early

tadpole stage.3 There has been, however, disagreement
concerning the predominant isozyme of the fetal liver.
While most investigators report that the isozyme of the early
fetal rat liver is K-isozyme (39, 40, 75, 106, 135, 177, 179),
Osterman et a!. (121) find that at least one-half the total
activity is due to the L-isozyme as early as 5 days before
birth. A large fraction of L-isozyme has also been reported
for fetal guinea pig (41) and fetal human liver (5, 6, 42, 101).
A pyruvate kinase that differs from the usual K- or L-isozyme
forms also exists in fetal rat liver (121, 129, 179). This
enzyme is apparently associated with the hemopoietic cells
(179) and is probably similar to the RBC enzyme, although
in some systems it acts electrophoretically like the M-iso
zyme (129, 179). Conceivably, this enzyme might have been
included as a part of the reported L-isozyme activity in some
studies but apparently not in those reported for fetal guinea
pig and human liver (41, 42). Despite the fact that significant
quantities of other isozymes can be found in fetal liver, the
K-isozyme seems, in general, to become more predominant
in younger fetuses, suggesting that it is, indeed, the proto
type isozyme as postulated by Imamura and Tanaka (75).

Expression of the L-lsozyme. The activity of the L-iso
zyme of rat liver continues to rise until the 4th week after
birth even in the absence of solid food in the diet (177).
However, L-isozyme activity in the adult rat falls during
starvation, on a low-carbohydrate diet, or in diabetes and,
conversely, rises upon refeeding the starved animal, partic
ularly with a high-carbohydrate diet or upon treating the
diabetic animal with insulin (Table 2) (1,4,27, 39,56, 71,96,
133, 141, 155, 156, 159, 184, 186â€”189, 192). The increase in

activity due to insulin or diet is prevented by inhibitors of
transcription and translation suggesting de novo protein
synthesis (155, 156, 184, 186, 189). Mouse liver enzyme has
been reported not to be inducible (4).

Weberetal. (184, 186-188) reported a parallel change in
the â€œkeyâ€•liver glycolytic enzymes, glucokinase, phospho
fructokinase, and pyruvate kinase, and proposed that these
enzymes are regulated as a â€œfunctionalgenome unitâ€•anal
ogous to an operon in prokaryotes. Takeda et a!. (156)
noted that glycerol feeding increases liver pyruvate kinase
and glucokinase activity in normal rats but only pyruvate
kinase activity in diabetic animals. Actinomycin D treatment
prevented these increases. These observations suggested
that the 2 enzymes are independently regulated and that,
whereas insulin might directly induce glucokinase, a triose
intermediate was the specific inducer of pyruvate kinase. A
similar conclusion was arrived at by Bailey et a!. (4) and
Sillero et a!. (141). Gunn and Taylor (56) correlated the
change in activities of the key glycolytic enzymes with the
concentration of various metabolites under various regi
mens and concluded that the enzymes are regulated inde
pendently and that dihydroxyacetone phosphate is likely to
be the specific inducer of pyruvate kinase. However, these
authors were troubled by the observation that there was no
correlation between dihydroxyacetone levels and the in
crease in liver pyruvate kinase activity when starved animals
were refed with protein. This apparent paradox in their data
may be related to the observation that a protein-induced
increase in pyruvate kinase activity was prevented by cyclo
heximide but not by actinomycin D, as is the carbohydrate
or insulin-induced increased in activity (155). Thus it seems
possible that L-pyruvate kinase production might be regu
lated by both a transcriptional and posttranscriptional
mechanism, the latter being related to a deficiency of amino
acids.

The L-isozyme activities in rat intestinal mucosa (120) and
kidney (133) are also responsive to diet.

Although experimental diabetes has been reported not to
depress pyruvate kinase activity of erythrocytes or reticulo
cytes(48,159),Kimuraetal.(89)reporta 10-foldincreasein

the pyruvate kinase level of erythrocytes from a patient with
an insulinoma. Activity returned to normal within 47 days
following extirpation of the tumor. These authors also noted
a decrease in the pyruvate kinase level of erythrocytes from
diabetic patients. Similarly, Sandoval and Carbonell (133)
report that the activity of the reticulocyte enzyme is in
creased in animals consuming a high-fructose diet.

An inducible pyruvate kinase is a trait shared by some
primitive eukaryotes (44, 47).

Regulation of K- and M-lsozyme Expression in Normal
Adult Tissues. Generally, the K- or M-isozymes are consid
ered to be constitutive in normal adult tissues. Exceptions
to this generalization may exist for intestinal mucosa and
uterus. This latter organ, from bovine sources, contains K4
isozyme plus possible KM hybrids (147). Progesterone ad
ministration to the estradiol-treated rat (81) or estrogen
administration to the gonadectomized rat (142) appears to
induce pyruvate kinase activity. Thus K and/or M subunit
synthesis may be controlled by steroids. Paradoxically, the
estrogen effect is reported to be inhibited by progesterone
(142). Perhaps the apparent contradictions in these studies
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Pyruvate Kinases

are related to different behavior of the isozymes. In the case
of intestine, Osterman and Fritz (120) indicate that both K-
and L-isozymes are similarly affected by fasting and refeed
ing.

Expression of the K-lsozyme and Dedifferentiation. Hep
atoma proteins often differ from their normal liver counter
parts by regressing to a fetal form (cf. Aefs. 32, 40, 53, 90,
118,134,136,and 189to192).Thisregressivephenomenon

has led to suggestions that neoplasia is a disease of cellular
differentiation rather than a somatic gene mutation (103).
Although it seems indisputable that a misprogramming of
protein synthesis is associated with the neoplastic state, it is
not clear whether the regressive phenomena are: chance
events; events vital for transformation; and/or events vital
for continued growth of the newly transformed neoplastic
cell. Alternatively, it may be that primordial cells become
neoplastic or are selected for during neoplasia. These cells
are presumed to undergo an incomplete ontological devel
opment and thus never attain a full complement of adult
proteins. Presently, the trend in thinking seems to be tend
ing toward the belief that the misprogramming of protein
synthesis associated with tumorigenesis is programmed
and not random. For instance, the â€œMolecularCorrelationâ€•
concept (182) suggests a vital relationship between differ
entiation and transformation, while the â€œBlockedOntog
enyâ€•concept (129, 182) envisions a vital and incomplete
differentiation of stem cells. Even the phenomenon of ec
topic synthesis of polypeptide hormones by tumors, felt
probably to be the consequence of a random disturbance of
gene expression (39, 132), occurs in an orderly manner (8).
The term â€œdisdifferentiationâ€•(151) suggests that the cancer
phenotype may be a consequence of an abnormality of gene
expression without implying a cause or effect. This problem
is considered in detail by Knox (90).

Whether or not the expression of otherwise repressed
genes in cancer is intimately related to the event of neoplas
tic transformation, it seems probable that some of these
regressive phenomena help the developing tumor to survive
in what must be an increasingly hostile environment. Thus,
for a neoplasm to become a clinically significant mass, it
may have undergone an initial transformation followed by 1
or more disdifferentiation events. Evidence for such a con
clusion is provided by Farber's (37) observation that chemi
cal hepatic carcinogenesis is a prolonged, multistep proc
ess that includes a reversible preneoplastic, hyperplastic
nodule state. Thus, disdifferentiation may well be unpro
grammed, but derepression or arrested expression of some
genes will provide the nascent tumor mass a competitive
advantage, which might eventually account for its ability to
survive at the expense of the host.

Expression of the fetal isozyme of pyruvate kinase may be
an example of a vital disdifferentiation event, since fetal K-
isozyme replaces the L-isozyme in hepatomas (Table 2) (5,
6, 38-40, 76, 135, 160, 179, 189â€”192,195) and the M-iso
zyme in a rhabdomyosarcoma (40). As discussed, the K-
isozyme may be important in control of glycolysis under
hypoxic conditions. Thus this isozyme switch may permit
the tumor to grow rapidly by meeting the increased demand
for energy in the face of a limited oxygen supply.

Despite these reports of K-isozyme in hepatomas, there
are reports that liver tumors produce an M-isozyme or new

isozymes, which if true could suggest that the disdifferen
tiation event is random and perhaps of little significance.
However, early identification of tumor pyruvate kinase as
new or as M-type was due to the earlier inability to distin
guish between the K- and M-isozymes (e.g. Refs. 38, 159,
and 166). Moreover, the suggested tendency of tumor ex
tracts to contain forms of the K-isozyme with p1 values
similar to or greater than that of the M-isozyme may explain
reports of â€œnewâ€•or of M-isozymes in electrofocused tumor
extracts (31, 113, 194).

Tumor pyruvate kinases identified as a novel form or as
the M-isozyme on the basis of criteria other than p1 value
may also prove to be K-isozyme variants. Possible examples
include the following. On the basis of kinetic criteria, Irving
and Williams (80) identified 2 hepatoma pyruvate kinases,
one as a new L-type enzyme and the other as an M-type.
However, the new L-type enzyme behaves much like one of
the high Ko5Svariants of the K-isozyme, while the so-called
M-isozyme is inhibited by alanine. This latter response is
uncharacteristic of the M-isozyme; on the other hand, the
kinetic properties of this isozyme appear to be compatible
with its being the tetrameric A-conformeric form of the K-
isozyme. Similarly, Spellman and Fottrell (145) report that
the tumor and placental pyruvate kinases differ from all the
other human isozymes by being more cathodic. This obser
vation is consistent with the concept that they are the high
est p1 form of the K-isozyme. They also report that the
placental enzyme has one-half the molecular weight of the
other isozymes, as do the high-pI forms of the K-variant (71,
74, 110). Seemingly, in these studies K-isozyme from other
tissues acted electrophoretically like the M-isozyme rather
than like the most cathodic form.

Thus it is conceivable that the reported unusual forms of
tumor pyruvate kinase are K-type variants.

Farina et a!. (39) and Weinhouse et a!. (189, 191, 192),
using the Morris transplantable hepatomas, and Tanaka et
a!. (161) and Yanagi et a!. (195), using hepatomas newly
induced by chemical carcinogens, studied the pyruvate ki
nase isozyme patterns in neoplasms with graded degrees of
differentiation. The highly differentiated tumors had iso
zyme patterns not necessarily very different from those of
normal liver Ethere consistently being, however, some in
crease in K-isozyme activity (Table 2)]. The well-difteren
tiated tumors showed a consistent and marked decrease in
the activity of the L-isozyme but still retained a relatively low
but significantly greater than normal K-isozyme specific
activity. However, the poorly differentiated tumors had little
L-isozyme and showed a manyfold increase in K-isozyme
specific activity (Table 2). Weinhouse et a!. (189) point out
that the sequential effects suggest that 2 different genes are
functioning. Yanagi et a!. (195) hypothesize that the de
crease in L-isozyme is due to loss of the receptor sites
responsible for the apparent inducibility of the L-isozyme by
diet (see above) that and the increased activity of the K-
isozyme is due to the production of a derepressor factor
(see below) by the dedifferentiated tumor. Variations in L
isozyme levels could also be a consequence of a changed
nutritional and/or hormonal state of the host animal.

There have also been several reports concerning the py
ruvate kinase isozyme patterns of the preneoplastic, hyper
plastic nodules induced by carcinogens. A minimal to a
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K. H. Ibsen

marked increase in K-isozyme activity was observed (Table
2) (36, 179, 195). Yanagi et a!. (195) suggest that the relative
increase in K-isozyme activity is related to the type of car
cinogen used. The increase in K-type pyruvate kinase oc
curs after relatively brief exposure to a carcinogen and is
observed prior to a change in total pyruvate kinase activity,
mitotic index, histological appearance, or protein and DNA
content (36). Such a relationship is consistent with the
concept that increased expression of the K-isozyme is an
occurrence not far removed from the transformation event
itself.

Apparent Derepression of K-lsozyme Synthesis in Non
neoplastic Liver. Greenstein and Andervont (54) noted that
the activity of certain enzymes in the liver of tumor-bearing
animals is altered. This led to the generalization that the
host liver takes on immature and/or neoplastic features
(53). This concept has been confirmed and quantified (58,
90, 92, 148) and, when coupled to the regressive tendencies
of the tumors themselves, has led to the idea that tumors
produce circulating factors that alter gene expression in
liver.

An early attempt to exploit this concept by isolating the
active factor causing suppression of liver catalase activity
was undertaken by Nakahara and Fukuoka (111). They
found an active fraction which they called â€œtoxohormone.â€•
Attempts to purify and characterize this â€œtoxohormoneâ€•
have resulted in inconclusive and contradictory results (cf.
Aefs.46,52,85,117,and 196).Matuoetal.(105)reportthat

purified â€œtoxohormoneâ€•is a peptide with a molecular
weight of 60,000 and a p1value of 5.0. It has been said to be
isolated from the non-histone nuclear protein fraction (108);
however, Nakamura et a!. (114) suggest that there are 2
factors, one an acidic nuclear protein and the other a basic
nuclear protein. On the other hand, Uenoyama and Ono
(168) isolated a factor from tumor and liver cells that acts to
inhibit catalase synthesis at the translational level; however,
no attempt was made to relate this factor to toxohormone.
Despite the apparent confusion in the literature, it seems
that tumors do produce a factor or factors able to inhibit the
expression of catalase or catalase activity in otherwise nor
mal liver cells.

The pyruvate kinase isozyme system appears to be a good
model system in which to study mechanisms controlling
genetic expression; not only is there a shift away from the L
isozyme and toward the K-isozyme in hepatomas, but such
a switch also tends to occur in regenerating liver (39, 159,
179), in hepatocytes cultured for more than 5 days (55, 178),
in the liveroftumor-bearing animals(64, 113, 114, 148, 150,
161), in the liver of the parabiotic twin of a tumor-bearing
animal (148, 150), in livers perfused with blood from a
tumor-bearing animal (149), in the livers of animals given
injections of the blood of tumor-bearing animals (64), in the
livers of animals given injections of the cell-free fluid of
ascites tumor cells (64), and in the liver of animals given
injections of extracts prepared from tumor cells (64, 110,
113, 150, 161, 162). Whereasthese data were obtained from
rodents, an isozyme shift also was observed in liver samples
obtained from humans with gastric cancer (149).

Although several mechanisms can be invoked to account
for an increase in K-isozyme activity in the host liver in
response to tumor growth or injection of subcellular frac

tions, it seems probable that the increase is due to in
creased protein content since it can be measured immuno
logically (148â€”150,161, 162), tumor growth causes labeled
amino acids to be incorporated into K-isozyme protein of
host liver at a much greater rate than into liver protein in
general (150), and the increase is prevented by compounds
that inhibit protein synthesis at the transcriptional or trans
lational levels (150). These latter observations make more
remote but do not rule out possible control at the transla
tional or degradational levels. As discussed, there is evi
dence for translational control of L-isozyme production.
Also, shifts in variant forms, analogous to that observed for
the L-isozyme in the fasted animal (71, 91), could represent
a mechanism for controlling the rate of enzyme degrada
tion. However, translational control and maintenance of a
low K-isozyme level by a degradative mechanism would
seem to be inefficient mechanisms for effectively eliminat
ing the K-isozyme in the hepatocyte during the adult life of
the normal animal, and the hepatocyte is stated, but not
documented, to be the cellular site of increased K-isozyme
production (161).

This latter observation would also rule out the possibility
that the increase is due to proliferation of non-hepatocyte
cells, a phenomenon observed in the liver of tumor-bearing
animals (109). This possibility is made still more remote by
the observation that a major shift to K-isozyme can be
elicited within 2 hr by perfusion of the isolated liver with the
blood from tumor-bearing animals (149).

Thus these observations suggest that the tumor-derived
factor operates by inducing the hepatocyte to turn on the
repressed fetal gene for the K-isozyme but does not indicate
whether it acts directly or indirectly. That a similar isozyme
shift occurs in hepatocytes cultured in vitro (55, 178) shows
that the host animal is not necessarily required for apparent
derepression of K-isozyme synthesis to occur. However,
tumors may act by a different mechanism or a derepressor
factor may be added via the growth medium . De novo
production of K-isozyme also may occur as a response
coupled to growth. Such a mechanism is consistent with
the association of K-isozyme and dedifferentiation in tu
mors and of this isozyme and growth in the regenerating
liver (179), and tumor growth does trigger DNA synthesis
and cell proliferation in the host liver (109). Thus the sub
stance obtained from tumor cells could be a growth factor.

However, the bulk of evidence suggests that the factor is
itself a regulator of genetic expression; i.e., there is an
apparent parallelism between the effect of tumor or tumor
extracts on the host animal liver and the isozyme shift that
occurs in the hepatomas; the K-isozyme activity increase is
prevented by inhibitors of transcription; factor with dere
pressor-like activity can be isolated from the chromatin of
tumorcells(110, 113, 161)(Table 3) and from the chromatin
of spleen , which also produces the K-isozyme (110); and the
active substance appears to be a low-molecular-weight (160)
polypeptide (64). Thus the factor is likely to be a nuclear
protein (161). That nuclear proteins can be found in the
circulatory system is substantiated by the observation that
antibodies to chromatin protein, prepared from cultured
fibroblasts, have been reported to show specificity to an a-
serum protein (197). It has been postulated that the K-
isozyme-stimulating nuclear protein is released in greater
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Nuclei2.V1.8Nuclear
supernatant1.51.60.14

M NaCIwashNuclear sap proteinsI2.20.1
MTris washNuclear sap proteins II1 .11â€¢2dppte

from aboveWashedchromatin4.81st
2.0 M NaCIwashDeoxyribonucleoproteinI2.4ppt
from aboveExtractedchromatin3.62nd
2.0 M NaCIwashDeoxyribnucleoproteinsII2.31.4â€•ppt
from aboveFurther extractedchromatin1.6â€•0.05
NNaOHwashRibonucleoproteins1.31.5ppt

from aboveResidual proteins1.6

Pyruvate Kinases

Table 3
Ability of Ehrlich ascites cell nuclear fractions to increase K-isozyme activity

Relativespecific activ
itya

Fraction [Busch et
a!. (16)]

Enriched constituent [Busch et Kuwata et Tanaka et
al. (16)] al.â€• a!. (161)

a Relative specific activity is the specific activity of K-isozyme in liver extracts of

experimentalanimalsdivided by the specific activity of the K-isozymein liver extracts of
control animals given injections of 0.9%NaCIsolution.

b J@ H. Kuwata, S. W. Manes, and K. H. Ibsen, unpublished information. Factor and

isozymeactivitywasassayedasdescribedpreviously(64).The95%confidencelimit is at a
relativespecific activityof 1.23.Mostof the valuesfor the experimentsrepresentthe mean
obtained with 4 mice and 2 different preparations.

C Prepared by washing through 1 .8 M sucrose [Busch et a!. (15)]. Nuclei were contami

nated by cytoplasmand unbroken cells.
d Steps apparently combined.

e ppt, precipitate.

than normal quantities from tumor cells because of their
greater rate of proliferation and/or destruction (161).

That a K-isozyme-stimulating substance can be isolated
from the high-speed supernatant fraction of sonically dis
rupted tumor cells as a peptide-ANA complex (64) could
indicate that there is more than 1 factor, that the factor
involved is produced in the nucleus but acts in the cyto
plasm in association with ANA, that the factor is released
from the nucleus and becomes associated by chance with
ANA, or that the factor exists in the nucleus as an ANA
protein complex which is released by sonic disruption. That
the active peptide survives phenol extraction and electrofo
cusing still complexed to ANA (64) suggests that it has a
high affinity for ANA and that a specific interaction is in
volved.

In summary, data obtained concerning the K-isozyme
stimulating factor are sufficient to prove that a specific
effect is occurring and suggest that the factor may be a
nuclear protein that functions as a derepressor. However,
other possibilities have not been excluded. Eventually, elu
cidation of the nature and role of this factor will depend
upon its purification and the development of an in vitro
assay system. Although formidable problems may hinder
attainment of these goals, their realization should provide
fundamental information concerning genetic regulatory
mechanisms in higher eukaryotic cells.

Acknowledgments

I would like to thank Cynthia Butler and Mary Ritchey for verifying the
bibliography; Evelyn Grace, Carolyn Moore, and Linda Lame for their inex
haustlble patience in retyping versions of the manuscript; and above all Dr.
James Mrotek and John Kuwata for their many discussions and their critical
evaluations of the manuscript at several stages during its development.

References

1. Anderson, J. W., and Zakim, D. The Influence of Alloxan-Diabetes and
Fasting on Glycolytic and Gluconeogenic Enzyme Activities of Rat
Intestinal Mucosa and Liver. Biochem. Biophys. Acta, 201: 236-241,
1970.

2. Badwey, J. A., and Westhead, E. W. Sulfhydryl Oxidation and Multiple
Forms of Human Erythrocyte Pyruvate Kinase. In: C. L. Markert (ed),
Isozymes, vol. 1, Molecular Structure, pp. 509-521 . New York: Aca
demic Press, Inc., 1975.

3. Bailey, E., Stirpe, F., and Taylor, C. B. Regulation of Rat Liver Pyruvate
Kinase. Biochem. J., 108: 427-436, 1968.

4. Bailey, E., Taylor, C. B., and Bartley, W. Effect of Dietary Carbohydrate
on Hepatic Lipogenesis in the Rat. Nature, 217: 471-472, 1968.

5. Balinsky, D., Cayanis, E., and Bersohn, I. Comparative Kinetic Study of
Human Pyruvate Kineses Isolated from Adult and Fetal Livers and from
Hepatoma. Biochemistry, 12: 863-870, 1973.

6. Balinsky, D., Cayanis, E., and Bersohn, I. Isozyme Studies of Human
Liver and Hepatoma with Particular Reference to Kinetic Properties of
Hexokinase. In: C. L. Markert (ed.), Isozymes, vol. 3, Developmental
Biology, pp. 919-933. New York: Academic Press, Inc., 1975.

7. Bigley, R. H., and Koler, R. D. Liver Pyruvate Kinase (PK) Isozymes in a
PK Deficient Patient. Ann. Human Genet., 31: 383-388, 1968.

8. Bigley, R. H., Stenzel, P., Jones, R. T., Campos, J. 0., and Koler, A. D.
Tissue Distribution of Human Pyruvate Kinase Isozymes. Enzymol. Biol.
Clin. 9: 10-20, 1968.

9. Blair, J. A., Cimbala, M. A., Foster, J. L., and Morgan, R. A. Hepatic
Pyruvate Kinase. Regulation by Glucagon, Cyclic Adenosine 3'5'-
Monophosphate, and Insulin in the Perfused Rat Liver. J. BioI. Chem.,
251:3756-3762,1976.

10. BlUme, K. G., Hoffbauer, R. W., Busch, D., Arnold, H., and LOhr, G. W.
Purification and Properties of Pyruvate Kinase in Normal and in Pyru
vate Kinase Deficient Human Red Blood Cells. Biochim. Biophys. Acta,
227:364-372,1971.

11. BIUme, K. G., LOhr, G. W., Rudiger. H., and Schalhorn, A. Pyruvate
Kinase in Human Erythrocytes. Lancet, 1: 529-430, 1968.

12. Boivin, P., Galand, C., and Demartial, M. C. Coexistence de Deux Types
de Pyruvate-Kinase CinÃ©tiguementDiffÃ©rentsdans les Globules Rouges
Humains Normaux. Nouvelle Rev. Franc. Hematol., 12: 159-169, 1972.

13. Bonney, R. J., Walker, P. R., and Potter, v. A. lsoenzyme Patterns in
Parenchymal and Non-parenchymal Cells Isolated from Regenerating
and Regenerated Rat Liver. Biochem. J., 136: 947-954, 1973.

14. BOcher, T., and Pfleiderer, G. Pyruvate Kinase from Muscle. Methods
Enzymol., 1: 435-440, 1955.

15. Busch, H. Isolation and Purification of Nuclear Proteins. Methods En
zymol., 12B: 65-84, 1968.

16. Busch, H., Choi, Y. C., Daskal, I., lnagaki, A., Olson, M. 0. J., Reddy,

349FEBRUARY1977

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

a
c
rjo

u
rn

a
ls

.o
rg

/c
a
n
c
e
rre

s
/a

rtic
le

-p
d
f/3

7
/2

/3
4
1
/2

3
9
8
4
0
0
/c

r0
3
7
0
0
2
0
3
4
1
.p

d
f b

y
 g

u
e
s
t o

n
 2

4
 A

u
g
u
s
t 2

0
2
2



K. H. Ibsen

R., Ro-Choi, T. S. , Shibata, H., and Yoeman, L. C. Isolation and Com
position of Nuclei and Nucleoli. Acta Endocrinol. Suppl. , 168: 35-66,
1972.

17. Campos, J. 0., Koler, A. D., and Bigley, A. H. Kinetic Differences
between Human Red Cell and Leukocyte Pyruvate Kinase. Nature, 208:
194-195, 1965.

18. CarboneIl, J., Feiiu, J. E., Marco, A., and 5oIs, A. Pyruvate Kinase.
Classes of Regulatory Isoenzymes in Mammalian Tissues. European J.
Biochem., 37: 148-156, 1973.

19. Cardenas, J. M., and Dyson, A. D. Bovine Pyruvate Kinase II. Purifica
tion of the Liver lsozyme and Its Hybridization with Skeletal Muscle
Pyruvate Kinase. J. Biol. Chem., 248: 6938-6944, 1973.

20. Cardenas, J. M. , Dyson, R. D., and Strandholm, J. J. Bovine Pyruvate
Kinase I. Purification and Characterization of the Skeletal Muscle iso
zyme. J. Biol. Chem., 248: 6931-6937, 1973.

21. Cardenas, J. M., Dyson, R. D., and Strandholm, J. J. Bovine and
Chicken Pyruvate Kinase Isozymes. Intraspecies and Interspecies Hy
brids. In: C. L. Markert (ed), Isozymes, Vol. 1, Molecular Structure, pp.
523â€”541. New York: Academic Press, Inc., 1975.

22. Cardenas, J. M., Strandholm, J. J., and Miller, J. M. Effects of Phenylal
anine and Alanine on the Kinetics of Bovine Pyruvate Kinase Isozymes.
Biochemistry, 14: 4041-4045, 1975.

23. Carminatti, H., JimÃ©nezde AsÃ¼a,L. , Leiderman, B. , and Rozengurt, E.
Allosteric Properties of Skeletal Muscle Pyruvate Kinase. J. Biol.
Chem., 246: 7284-7288, 1971.

24. Carminatti, H., JimÃ©nezde AsUa, L., Recondo, E., Passeron, S. , and
Rozengurt, F. Some Kinetic Properties of Liver Pyruvate Kinase (Type
L). J. Biol. Chem., 243: 3051-3056, 1968.

25. Cartier, P., Temkine, H., and Leroux, J. P. CaractÃ¨resCinetiques de
Deux Formes Interconvertibles de Pyruvate Kinase dans le Globule
Rouge Humain. Compt. Rend., 266: 1680-1682, 1968.

26. Clark, M. G. Glucagon Regulation of Pyruvate Kinase in Relation to
Phosphoenol Pyruvate Substrate Cycling in Isolated Rat Hepatocytes.
Biochem. Biophys. Res. Commun., 68: 120-126, 1976.

27. Cohen, A. M., Briller, S. , and Shafrir, E. Effect of Longterm Sucrose
Feeding on the Activity of Some Enzymes Regulating Glycolysis, Lipo
genesis and Gluconeogenesis in Rat Liver and Adipose Tissue.
Biochim. Biophys. Acta, 279: 129â€”138,1972.

28. Costa, L., JimÃ©nezde AsUa, L., Rozengurt, E., Bade, E. G., and Carmi
natti, H. Allosteric Properties of the Isoenzymes of Pyruvate Kinase
from Rat Kidney Cortex. Biochim. Biophys. Acta, 289: 128-136, 1972.

29. Cottam, G. L., Hollenberg, P. A., and Coon, M. J. Subunit Structure of
Rabbit Muscle Pyruvate Kinase. J. BioI. Chem., 244: 1481-1486, 1969.

30. Crisp, D. M., and Pogson, C. I. Glycolytic and Gluconeogenic Enzyme
Activities in Parenchymal and Non-parenchymal Cells from Mouse
Liver. Biochem. J., 126: 1009-1023, 1972.

31. Criss, W. E. A New Pyruvate Kinase in Hepatomas. Biochem. Blophys.
Res.Commun.,35:901-905,1969.

32. Criss, W. E. A Review of Isozymes in Cancer. Cancer Res., 31: 1523â€”
1542, 1971.

33. Davies, G. E., and Kaplan, J. G. Use of a Diimidoester Cross-linking
Reagent to Examine the Subunit Structure of Rabbit Muscle Pyruvate
Kinase. Can. J. Biochem., 36: 416-422, 1972.

34. Dong, F. M. , and Freedland, R. A. Functional Inhibition of Pyruvate
Kinase by Alanine in Isolated Rat Hepatocytes. Federation Proc. , 35:
537, 1976.

35. Dyson, A. D., and Cardenas, J. M. Bovine Pyruvate Kinase Ill: Hybrids of
The Liver and Skeletal Muscle Isozymes. J. Biol. Chem., 248: 8482-
8488, 1973.

36. Endo, H., Eguchi, M., Yanagi, S., Tons, V., Ihehara, Y., and Kamiya, T.
Biochemical Studies on the Preneoplastic State. Gann Monograph, 13:
235-250, 1972.

37. Farber, E. Studies on the Molecular Mechanisms of Carcinogenesis. In:
W. J. Whelan and J. Schultz (eds.), Miami Winter Symposia, Vol. 2,
pp. 314-334. Amsterdam: North Holland Publishing Co., 1970.

38. Farina, F. A., Adelman, R. C., Lo, C. H., Morris, H. P., and Weinhouse,
S. Metabolic Regulation and Enzyme Alterations in the Morris Hepato
mu. Cancer Res., 28: 1897-1900, 1968.

39. Farina, F. A. , Shatton, J. B. , Morris, H. P., and Weinhouse, S. Isozymes
of Pyruvate Kinase in Liver and Hepatomas of the Rat. Cancer Res., 34:
1439-1446. 1974.

40. Farron, F., Hsu, H. H. T. , and Knox, W. E. Fetal-type lsoenzymes in
Hepatic and Nonhepatic Rat Tumors. Cancer Res., 32: 302-308, 1972.

41. Faulkner, A., and Jones, C. T. Pyruvate Kinase Isoenzymes in Tissues of
the Developing Guinea Pig. Arch. Biochem. Biophys., 170: 228â€”241,
1975.

42. Faulkner, A. , and Jones, C. T. Pyruvate Kinase Isozymes in Tissues of
the Human Fetus. Federation European Biochem. Soc. Letters, 53:
167-169, 1975.

43. Fellu, J. E., Hue, L. , and Hers, H.-G. Hormonal Control of Pyruvate
Kinase Activity and of Gluconeogenesis in Isolated Hepatocytes. Proc.
NatI. Acad. Sci. U. S., 23: 2762-2766, 1976.

44. Fernandez, M. J., Medrano, K., Ruiz-AmiI, M., and Losada, M. Regula

tion and Function of Pyruvate Kinase and Malate Enzyme in Yeast.
European J. Biochem., 3: 11-18, 1967.

45. Flashner, M., Hollenberg, P. F., and Coon, M. J. Mechanism of Action
of Pyruvate Kinase. Role of Sulfhydryl Groups In Catalytic Activity as
Determined by Disulfide Interchange. J. Biol. Chem., 247: 8114â€”8121,
1972.

46. Fujii, 5., Kawachi, T., Okuda, H., Haga, B., and Yamamura, Y. The
Isolation of a Basic Protein Having Toxohormone Activity from Tumor
Tissue. Gann, 51: 223-229, 1960.

47. Gancedo, J. M., Gancedo, C. , and Sols, A. Regulation of the Concen
tration or Activity of Pyruvate Kinase in Yeasts and Its Relationship to
Gluconeogenesis. Biochem. J., 102: 23c-25c, 1967.

48. Garms, P., and Van Eys, J. Erythrocyte Pyruvate Kinase in Experimental
Diabetes. Biochem. Med., 6: 548â€”552,1972.

49. Garnett, M. E., Dyson, R. D., and Dost, F. N. Pyruvate Kinase Isozyme
Changes in Parenchymal Cells of Regenerating Rat Liver. J. Biol.
Chem., 249: 5222-5226, 1974.

50. Gosalvez, M., LOpez-AlarcOn, L., Garcia-Suarez, S., Montalvo, A. , and
Weinhouse. S. Stimulation of Tumor Cell Respiration by Inhibitors of
Pyruvate Kinase. European J. Biochem., 55: 315-321 , 1975.

51. Gosalvez, M., Perez-Garcia, J., and Weinhouse, S. Competition for ADP
between Pyruvate Kinase and Mitochondrial Oxidative Phosphorylation
as a Control Mechanism in Glycolysis. European J. Biochem., 46: 133â€”
140, 1974.

52. Greenfield,R. E., and Meister,A. TheEffectof Injectionof Tumor
Fractions on Liver Catalase Activity in Mice. J. NatI. Cancer Inst., 11:
997-1005, 1951.

53. Greenstein, J. P. Biochemistry of Cancer, Ed.2, pp. 518-549. New York:
Academic Press, Inc., 1954.

54. Greenstein, J. P., and Andervont, H. B. The Liver Catalase Activity of
Tumor Bearing Mice and the Effect of Spontaneous Regression and of
Removal of Certain Tumors. J. NatI. Cancer Inst., 2: 345-355, 1942.

55. Guguen, C., Gregori, C., and Schapira, F. Modification of Pyruvate
Kinase Isozymes in Prolonged Primary Cultures of Adult Rat Hepato
cytes. Biochimie,57: 1065-1071, 1975.

56. Gunn, J. M., and Taylor, C. B. Relationship between Concentration of
Hepatic Intermediary Metabolites and Induction of the Key Glycolytic
Enzymes in vivo. Biochem. J., 136: 455-465, 1973.

57. Haeckel, A., Hess, B., Lauterbom, W., and Wuster, K. H. Purification
and Allosteric Properties of Yeast Pyruvate Kinase. Z. Physiol. Chem.,
349: 699-714, 1968.

58. Herzfeld, A., and Greengard, 0. The Dedifferentiated Pattern of En
zymes in Livers of Tumor Bearing Rats. Cancer Res., 13: 1826-1832,
1972.

59. Hess,B.,andKutzbach,C.IdentificationofTwoTypesofLiverPyruvate
Kinase. Z. Physiol. Chem., 352: 453-458, 1971.

60. Hjelmquist, G. . Andersson, J. , Edlund, B. , and Engstrom, K. Amino
Acid Sequence of a (flP) Phosphopeptide from Pig Liver Pyruvate
Kinase Phosphorylated by Cyclic 3'5'-AMP-Stimulated Protein Kinase
and y-(@'P)ATP. Biochem. Biophys. Rae. Commun.. 61: 509-513, 1974.

61. Hofmann, E., Kurgano, B. I., Schellenberger, W., Schulz, J., Spar
mann, G. , Wenzel, K-W., and Zimmermann, G. Association-Dissocia
tion Behavior of Erythrocyte Phosphofructokinase and Tumor Pyruvate
Kinase. Advan. Enzyme Regulation, 13: 247-277, 1975.

62. Hollenberg, P. F., Flashner, M., and Coon, M. J. Role of Lysyl s-Amino
Groups in Adenosine Diphosphate Binding and Catalytic Activity of
Pyruvate Kinase. J. Biol. Chem., 246: 946-953, 1971.

63. Humble, E., Berglund, L., Titanji, V., Ljungstrom, 0., Edlund, B.,
Zettergvist, 0., and Engstrom, L. Non-dependence on Native Structure
of Pig Liver Pyruvate Kinase When Used as a Substrate from Cyclic 3'-
5'-AMP-Stimulated Protein Kinase. Biochem. Biophys. Res. Commun.,
66: 614-621, 1975.

64. Ibsen, K. H., Basabe, J. R., and Lopez, T. P. Extraction of a Factor from
Ehrlich Ascites Tumor Cells That Increases the Activity of the Fetal
Isozyme of Pyruvate Kinase in Mouse Liver. Cancer Res., 35: 180-188,
1975.

65. Ibsen, K. H., and Krueger, E. Distribution of Pyruvate Kinase Isozymes
among Rat Organs. Arch. Biochem. Biophys., 157: 509-513, 1973.

66. Ibsen, K. H., and Manes, S. W. Inhibition of Chicken Pyruvate Kinases
by Amino Acids. Biochemistry, 15: 1073-1079, 1976.

67. Ibsen,K.H.,Marles,S.W.,Lopez,T. P.,Wilson,S.E.,andBasabe,J.
A. An Isoelectrofocusing Study of Rabbit Pyruvate Kinases. Intern. J.
Biochem., 7: 103â€”106,1976.

68. Ibsen, K. H., Murray, L., and Marles, S. W. Electrofocusing and Kinetic
Studies of Adult and Embryonic Chicken Pyruvate Kinases. Biochemis
try, 15: 1064-1073, 1976.

69. Ibsen, K. H., Schiller, K. W., and Haas, T. A. Interconvertible Kinetic and
Physical Forms of Human Erythrocyte Pyruvate Kinase. J. Biol. Chem.,
246: 1233-1240, 1971.

70. Ibsen, K. H., and Trippet, P. Human Erythrocyte Pyruvate Kinase Con
formers Obtained by Electrofocusing. Life Sci., 10: 1021-1029, 1971.

71. Ibsen, K. H., and Trippet, P. Interconvertible and Noninterconvertible
Forms of Rat Pyruvate Kinase. Biochemistry, 11: 4442â€”4450,1972.

350 CANCERRESEARCHVOL. 37

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

a
c
rjo

u
rn

a
ls

.o
rg

/c
a
n
c
e
rre

s
/a

rtic
le

-p
d
f/3

7
/2

/3
4
1
/2

3
9
8
4
0
0
/c

r0
3
7
0
0
2
0
3
4
1
.p

d
f b

y
 g

u
e
s
t o

n
 2

4
 A

u
g
u
s
t 2

0
2
2



Pyruvate Kinases

72. Ibsen, K. H., and Trippet, P. A Comparison of Kinetic Parameters
Obtained with Three Major Noninterconvertible Isozymes of Rat Pyru
vate Kinase. Arch. Biochem. Biophys., 156: 730-744, 1973.

73. Ibsen, K. H., and Trippet, P. Effects of Amino Acids on the Kinetic
Properties of Three Noninterconvertible Rat Pyruvate Kinases. Arch.
Biochem. Biophys., 163: 570-580, 1974.

74. Ibsen, K. H., Trippet, P., and Basabe, J. Properties of Rat Pyruvate
Kinase Isozymes. In: C. L. Markert (ed), Isozymes, Vol. 1, Molecular
Structure, pp. 543-559. New York: Academic Press, Inc., 1975.

75. Imamura, K. , and Tanaka, T. Multimolecular Forms of Pyruvate Kinase
from Rat and Other Mammalian Tissues I. Electrophoretic Studies. J.
Biochem., 71: 1043â€”1051,1972.

76. Imamura, K., Tanaka, T. , Nishina, T. , Nakashima, K., and Miwa, S.
Studies on Pyruvate Kinase (PK) Deficiency II. Electrophoretic, Kinetic
and immunological Studies on Pyruvate Kinase of Erythrocytes and
OtherTissues. J. Biochem., 74: 1165â€”1175,1973.

77. Imamura, K. , Taniuchi, K. , and Tanaka, T. Multimolecular Forms of
Pyruvate Kinase II. Purification of M2-type Pyruvate Kinase from Yosh
ida Ascites Hepatoma 130 Cells and Comparative Studies on the En
zymological and Immunological Properties of the Three Types of Pyru
vate Kinase, L, M,, and M2.J. Biochem., 72: 1001-1015, 1972.

78. Irving, M. G., and Williams, J. F. Kinetic Studies on the Regulation of
Rabbit Liver Pyruvate Kinase. Biochem. J., 131: 287-301 , 1973.

79. Irving, M. G., and Williams, J. F. Studies on the Interaction between
Rabbit Liver Pyruvate Kinase and Its Allosteric Effector Fructose 1 6-
Diphosphate. Biochem. J., 131: 303â€”313,1973.

80. Irving, M. G., and Williams, J. F. Kinetic Properties of Pyruvate Kinase
Isolated from Rat Hepatic Tumors. Biochem. Biophys. Res. Commun.,
68: 284-291, 1976.

81. JimÃ©nezde Mua, L. , Rozengurt, E., and Carminatti, H. Estradiol Induc
tion of Pyruvate Kinase in the Rat Uterus. Biochim. Biophys. Acta, 170:
254-262, 1968.

82. KimÃ©nezde Mua, L. , Rozengurt, E. , and Carminatti, H. Two Different
Forms of Pyruvate Kinase in Rat Kidney Cortex. Federation European
Biochem. Soc. Letters, 14: 22-24, 1971.

83. Johnson, G. S., and Deal, W. C. , Jr. Inactivation of Tetrameric Rabbit
Muscle Pyruvate Kinase by Specific Binding of 2 to 4 Moles of Pyridoxal
5-Phosphate. J. Biol. Chem., 245: 238â€”245,1970.

84. Kahn, A., Boivin, P., Rubinson, H., Cottreau, D., Marie, J. , and Drey
fus, J. C. Modification of Purified Glucose-6-Phosphate Dehydrogenase
and Other Enzymes by a Factor of Low Molecular Weight Abundant in
Some Leukemic Cells. Proc. NatI. Acad. Sd. U.S. 73: 77-81 , 1976.

85. Kampschmidt, A. F., and Schultz, G. A. Absence of Toxohormone in
Rat Tumors Free of Bacterial Contamination. Cancer Aes., 23: 751-755,
1963.

86. Kayne, F. J. Thallium (I) Activation of Pyruvate Kinase. Arch. Biochem.
Biophys., 143: 232-239, 1971.

87. Kayne, F. J., and Price, N. C. Conformational Changes in the Allosteric
Inhibition of Muscle Pyruvate Kinase by Phenylalanine. Biochemistry,
11: 4415-4420, 1972.

88. Kemp, A. G. Inhibition of Muscle Pyruvate Kinase by Creatine Phos
phate. J. Biol. Chem., 248: 3963â€”3967,1973.

89. Kimura, H., Horiuche, N., Kitumura, T., and Morita, K. Hormonal Re
sponse of Glycolytic Key Enzymes of Erythrocytes in Insulinoma. Me
tabolism,20: 1119-1121, 1971.

90. Knox, W. E. Enzyme Patterns in Fetal, Adult and Neoplastic Rat Tis
sues, pp. 24-33, 164-184. Basel: S. Karger AG, 1972.

91. Kohl, E. A., and Cottam, G. L. The Effect of Starvation upon Rat Liver
Pyruvate Kinase. Federation Proc., 35: 1635, 1976.

92. Kojima, V., and Sakurada, T. Increase in Alkaline Phosphatase Activity
in the Liver of Mice Bearing Ehrlich Ascites Tumor. Cancer Res., 36:
23â€”27,1976.

93. Koler, R. D., Bigley, A. H., Jones, R. T., Rigas, D. A., Vanbellinghem,
P., and Thompson, P. Pyruvate Kinase: Molecular Differences between
Human Red Cell and Leucocyte Enzyme. Cold Spring Harbor. Symp.
Quant. Biol., 29: 213-221, 1964.

94. Koler, R. D., Bigley, A. H., and Stenzel, P. Biochemical Properties of
Human Erythrocyte and Leucocyte Pyruvate Kinase. In: E. Beutler,
(ed), Hereditary Disorders of Erythrocyte Metabolism, pp. 249-264.
New York: Grune and Stratton, 1968.

95. Kozhevnikova, K. A. Pyruvate Kinase Isozymes from Cortical and Med
ullar Layers of the Rabbit Kidney. Biokimiia, 38: 670-676, 1973.

96. Krebs, H. A., and Eggleston, L. V. The Role of Pyruvate Kinase in the
Regulation of Gluconeogenesis. Biochem. J., 94: 3c-4c, 1965.

97. Kutzbach, C., Bischofberger, H., Hess, B., and Zimmermann-Telschow,
H. Pyruvate Kinase from Pig Liver. Z. Physiol. Chem., 354: 1473-1489,
1973.

98. Levine, A. J., and Metz, S. A. A Classification of Ectopic Hormone
Producing Tumors. Ann. N. Y. Acad. Sci., 230: 533-546, 1974.

99. Lincoln, D. R., Black, J. A., and Rittenberg, M. B. The Immunological
Properties of Pyruvate Kinase II. The Relationship of the Human Eryth
rocyte Isozymes ot the Human Liver Isozymes. Biochim. Biophys. Acta,
410: 279â€”284,1975.

100. Ljungstrom, 0., Hjelmquist, G., and Engstrom, L. Phosphorylation of

Purified Rat Liver Pyruvate Kinase by Cyclic 3'-5'-AMP-Stimulated Pro
tein Kinase. Biochim. Biophys. Acta, 358: 289-298, 1974.

101. Marie,J., Kahn, A., and Boivin, P. L-type Pyruvate Isozymes in Man I.
type isozymes in Adult and Foetal Tissues, Electrofocusing and Immu
nological Studies. Human Genet., 31: 35â€”45,1976.

102. Marie, J., Kahn, A., and Boivin, P. L-type Pyruvate Kinase from Human
Liver. Purification by Double Affinity Elution, Eiectrofocusing and Im
munological Studies. Biochim. Biophys. Acta, 438: 393-406, 1976.

103. Markert, C. L. Neoplasia: A Disease of Cell Differentiation. Cancer Res.,
28: 1908-1914, 1968.

104. Masters, C. J., and Holmes, A. S. isoenzymes and Ontogeny. Biol. Rev.,
47: 309-361, 1972.

105. Matuo, V., Nishikawa, K., and Horio, T. Molecular Size of in vivo Liver
Catalase Depressing Substance from Rhodamine Sarcoma of the Rat.
Gann,63:95â€”110,1972.

106. Middleton, M. C. , and Walker, D. G. Comparison of the Properties of
Two Forms of Pyruvate Kinase in Rat Liver and Determination of Their
Separate Activities during Development. Biochem. J., 127: 721-731,
1972.

107. Miwa, S., Nakashima, K., and Shinohara, K. Physiological and Patho
logical Significance of Human Pyruvate Kinase Isozymes in Normal and
Inherited Variants with Hemolytic Anemia. In: C. L. Markert (ed), Iso
zymes, Vol. 2, Physiological Function, pp. 487-500. New York: Aca
demic Press,Inc.,1975.

108. Miyazaki, K., Nagao, Y., Matumato, K., Nishikawa, K., and Horio, T.
Nuclear Protiens Capable of Depressing in vivo Liver Catalase. Gann,
64: 449-463, 1973.

109. Morgan, W. W., and Cameron, I. L. Effect of Fast-growing Transplanta
ble Hepatoma on Cell Proliferation in Host Tissue of the Mouse. Cancer
Res., 33: 441-448, 1973.

110.Muroya,N.,Nagao, V.,Miyasaki,K.,Nishikawa,K.,and Horio,T.

Pyruvate Kinase Isozymes in Various Tissues of Rat and Increase in
Spleen type Pyruvate Kinase in Liver by injecting Chromatins from
Spleen and Tumor. J. Biochem., 79: 203â€”215,1976.

111. Nakahara, W. , and Fukuoka, F. Toxohormone: A Characteristic Toxic
Substance Produced by Cancer Tissue. Gann, 40: 45-69, 1949.

112. Nakamura, T., Fujii, M., and Kumegawa, M. Isozymes of Pyruvate
Kinase in the Pulp from the Rat Incisor. Arch. Oral. Biol., 19: 645â€”650,
1974.

113. Nakamura,T., Hosoi, K., Nishikawa, K., and Horio,T. Effect of Injection
of Chromatins from Rhodamine Sarcoma into Rats on pl-Isozymes of
Liver Pyruvate Kinase. Gann, 63: 239â€”250,1972.

114. Nakamura, T., Miyazaiki, K., Nagao, Y., and Horio, T. Effect of Injection
of Nuclear Fractions from Rhodamine Sarcoma on Turnover of Liver
Catalase. Gann, 66: 75-83, 1975.

115. Nakashima, K. Further Evidence of Molecular Alteration and Aberation
of Erythrocyte Pyruvate Kinase. Clin. Chim. Acta, 55: 245â€”254,1974.

116. Nakashima, K., Miwa, S., Oda, S., Tanaka, T., Imamura, K., and Nish
ma, T. Electrophoretic and Kinetic Studies of Mutant Erythrocyte Pyru
vate Kinases. Blood, 43: 437-448, 1974.

117. Ono, T., Sugimura, T., and Umeda, M. Preparation of Potent Concen
trates of Toxohormone Free from Nucleic Acid. Gann, 46: 617â€”629,
1955.

118. Ono, T., Wakabayashi, K., Uenoyama, K., and Koyama, H. Regulation of
Enzyme Synthesis Relating to Differentiation of Malignant Cells. Gann
Monograph, 13: 19-29, 1972.

119. Osterman, J., and Fritz, P. H. Pyruvate Kinase Isozymes. A Comparative
Study in Tissue of Various Mammalian Species. Comp. Biochem. Phys
iol.,448:1077-1085,1973.

120. Osterman, J., and Fritz, P. J. Pyruvate Kinase Isozymes from Rat Intes
tinal Mucosa. Characterization and the Effect of Fasting and Refeeding.
Biochemistry,13:1731-1736,1974.

121. Osterman, J., Fritz, P. J., and Wuntch, T. Pyruvate Kinase Isozymes
from Rat Tissues. Developmental Studies. J. Biol. Chem., 248: 1011-
1018,1973.

122. Paglia, D. E., and Valentine, W. N. Evidence for Molecular Alteration of
Pyruvate Kinase as a Consequence of Erythrocyte Aging. J. Lab. Clin.
Med., 76: 202-212, 1970.

123. Pande, S. V., and Mead, J. F. Inhibition of Enzyme Activities by Free
Fatty Acids. J. Biol. Chem., 243: 6180-6185, 1968.

124. Peterson, J. S., Chern, C. J., Harkins, A. N., and Black, J. A. The
Subunit Structure of Human Muscle and Human Erythrocyte Pyruvate
Kinase Isozymes. Federation European Biochem. Soc. Letters, 49: 73-
77,1974.

125. Pogson, C. I. Two Interconvertible Forms of Pyruvate Kinase in Adipose
Tissue. Biochem. Biophys. Res. Commun., 30: 297-302, 1968.

126. Pogson, C. I. Adipose-Tissue Pyruvate Kinase. Properties and Intercon
version of Two Active Forms. Biochem. J., 110: 67-77, 1968.

127. Pogson, C. I., Longshaw, I. D., and Crisp, D. W. Isozymes of Phospho
enolpyruvate Metabolism. In: C. L. Markert (ed), Isozymes, Vol. 2,
Physiological Function, pp. 651, 665. New York: Academic Press, Inc.,
1975.

128. Ponce, J., Roth, S., and Karness, D. A. Kinetic Studies on the Inhibition
of Glycolytic Kineses of Human Erythrocytes by 2,3-Diphosphoglyceric

351FEBAUAAY1977

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

a
c
rjo

u
rn

a
ls

.o
rg

/c
a
n
c
e
rre

s
/a

rtic
le

-p
d
f/3

7
/2

/3
4
1
/2

3
9
8
4
0
0
/c

r0
3
7
0
0
2
0
3
4
1
.p

d
f b

y
 g

u
e
s
t o

n
 2

4
 A

u
g
u
s
t 2

0
2
2



K. H. Ibsen

Acid. Biochim. Biophys. Acta, 250: 63-74, 1971.
129. Potter, V. A., Walker, P. R., and Goodman, J. I. Survey of Current

Studies on Oncogeny as Blocked Ontogeny: Isozyme Changes in Livers
of Rats Fed 3'-Methyl-4-Dimethylaminoazobenezene with Collateral
Studies on DNA Stability. Gann Monograph, 13: 121-134, 1972.

130. Reuben, J., and Cohn, M. Magnetic Resonance Studies of Manganese
(Ii) Binding Sites of Pyruvate Kinase. Temperature Effects and Fre
quency Dependence of Proton Relaxation Rates in Water. J. Bioi.
Chem., 245: 6539-6564, 1970.

131. Rognstad, R. Cyclic AMP induced Inhibition of Pyruvate Kinase Flux in
the Intact Liver Cell. Biochem. Biophys. Res. Commun., 63: 900-905,
1975.

132. Roof, B. S., Carpenter, B., Fink, D. J., and Gordon, G. S. Some
Thoughts on the Nature of Ectopic Parathyroid Hormones. Am. J. Med.,
50:686-691, 1971.

133. Sandoval, I. V., and Carbonell, J. Adaptability of Pyruvate Kinase L in
the Rat Liver, Kidney and Reticulocytes without Accompanying Change
in the A-isoenzyme. Biochim. Biophys. Acta, 315: 343-346, 1973.

134. Schapira, F. Isozymes and Cancer. Advan. Cancer Res., 18: 77-153,
1973.

135. Schapira, F., and Gregori, C. Pyruvate Kinase de l'HÃ©patome,du Pia
centa et du Foie Foetal de Rat. Compt. Rend., 272: 1169-1 172, 1971.

136. Schapira, F., Hatzfeld, A., and Weber, A. Anomalies of Differentiation in
Cancer: Studies on Some Isozymes in Hepatoma and in Fetal and
Regenerating Liver. In: W. Nakahara, T. Ono, T. Sugimura, and H.
Sugano, (eds.), Differentiation and Control of Malignancy of Tumor
Cells, pp. 205-220. Baltimore: University Park Press, 1975.

137. Schloen, L. H., Bamburg, J. R., and Sallach, H. J. Isozymes of Pyruvate
Kinase in Tissues and Eggs of Rana Pipiens. Biochem. Biophys. Res.
Commun., 36:823-829,1969.

138. Schloen, L. H., Kmiotek, E. H., and Sallach, H. J. Pyruvate Kinase
Isozymes in Adult Tissues and Eggs of Rana Pipiens. Comparative
Studies on the Properties of the Different Isozymes. Arch. Biochem.
Biophys.,164:254â€”265,1974.

139. Schulz, J., and Sparmann, G. Uber die Regulatorische Bedeutung und
Eigenschaften Terischer Pyruvatekinasen. Wiss. Z. Karl Marx-Univ. Le
ipzig Math-Naturw. Reihe, 21: 631-636, 1972.

140. Schwark, W. S., Singhal, A. L., and Ling, G. M. Metabolic Control
Mechanisms in Mammalian Systems. Regulation of Pyruvate Kinase in
the Rat Cerebral Cortex. J. Neurochem., 18: 123-134, 1971.

141. Sillero, A., Sillero, M. A. G., and Sols, A. Regulation of the Level of Key
Enzymes of Glycolysis and Gluconeogenesis in Liver. European J.
Biochem., 10: 351-354, 1969.

142. Singhal, R. L., and Valadares, J. R. E. Estrogenic Regulation of Uterine
Pyruvate Kinase. Am. J. Physiol., 218: 321-327, 1970.

143. Sparmann, G., Schulz, J., and Hofmann, E. Effect of L-Alanine and
Fructose-(1 ,6-diphosphate) on Pyruvate Kinase From Ehrlich Ascites
Tumour Cells. Federation European Biochem. Soc. Letters, 36: 305-
308,1973.

144. Spivey, H. 0., Flory, W., Peczon, B. D., Chandler, J. P., and Koeppe, A.
E. Kinetics of the Activation of Rat Liver Pyruvate Kinase by Fructose
1,6 -diphosphate and Methods for Characterizing Hysteretic Transi
tions.Biochem.J.,141:119â€”125,1974.

145. Spellman, C. M., and Fottrell, P. F. Similarities between Pyruvate Ki
nase from Human Placenta and Tumors. Federation Biochem. Soc.
Letters,37:281-284,1973.

146. Strandholm, J. J., Cardenas, J. M., and Dyson, A. D. Pyruvate Kinase
Isozymes in Adult and Fetal Tissues of Chicken. Biochemistry, 14:
2242-2246, 1975.

147. Strandholm, J. J., Dyson, R. D., and Cardenas, J. M. Bovine Pyruvate
Kinase Isozymes and Hybrid Isozymes: EIectrophoretic Studies and
Tissue Distribution. Arch. Biochem. Biophys., 173: 125â€”131, 1976.

148. Suda, M., Tanaka, T., Sue, F., Harano, V., and Morimura, H. Dediffer
entiation of Sugar Metabolism in the Liver of Tumor-Bearing Rats.
Gann Monograph, 1: 127-141, 1966.

149. Suda, M., Tanaka, T., Sue, F., Kuroda, Y., and Morimura, H. Rapid
Increase of Pyruvate Kinase (M Type) and Hexokinase in Normal Rat
Liver by Perfusion of the Blood of Tumor-Bearing Rat. Gann Mono
graph, 4: 103-112, 1968.

150. Suda, M., Tanaka, T., Yanagi, S., Hayashi, S., Imamura, K., and Tani
uchi, K. Dedifferentiation of Enzymes in the Liver of Tumor-Bearing
Animals. Gann Monograph, 13: 79-93, 1972.

151. Sugimura, T., Matsushima, T., Kawachi, T., Kogure, K., Tanaka, N.,
Miyake, S., Hozumi, M., Sato, S., and Sato, H. Disdifferentiation and
Decarcinogenesisâ€”The Isozyme Patterns in Malignant Tumors and
Membrane Changes of Cultured Tumor Cells. Gann Monograph, 13:
31-45, 1972.

152. Susor, W. A., Kochman, M., and Rutter, W. J. Structure Determinations
of FDP Aldolases and the Fine Resolution of Some Glycolytic Enzymes
by Isoelectric Focusing. Ann. N. Y. Acad. Sci., 209: 328â€”344,1973.

153. Susor, W. A., and Rutter, W. J. Some Distinctive Properties of Pyruvate
Kinase Purified from Rat Liver. Biochem. Biophys. Res. Commun., 30:
14-20, 1968.

154. Susor, W. A., and Rutter, W. J. Method for the Detection of Pyruvate
Kinase, Aldolase and Other Pyridine Nucleotide Linked Enzyme Activi
ties after Electrophoresis. Anal. Biochem., 43: 147-155, 1971.

155. Szepesi, B., and Freedland, A. A. Dietary Regulation of Pyruvate Kinase
Synthesis in Rat Liver. J. Nutr., 95: 591â€”602,1968.

156. Takeda, Y., lnoue, H., Honjo, K., Kroaki, T., and Daikuhara, Y. Dietary
Response of Various Key Enzymes Related to Glucose Metabolism in
Normal and Diabetic Rat Liver. Biochim. Biophys. Acta, 136: 214-222,
1967.

157. Tanaka, K. R., Valentine, W. N., and Miwa, S. Pyruvate Kinase (P. K.)
Deficiency Hereditary Non-spherocytic Hemolytic Anemia. Blood, 19:
267-295, 1962.

158. Tanaka, T., Harano, Y., Morimura, H., and Mori, R. Evidence for the
Presence of Two Types of Pyruvate Kinase in Rat Liver. Biochem.
Biophys. Res. Commun., 21: 55-60, 1965.

159. Tanaka, T., Harano, Y., Sue, F., and Morimura, H. Crystallization, Char
acterization and Metabolic Regulation of Two Types of Pyruvate Kinase
Isolated from Rat Tissues. J. Biochem., 62: 71-91 , 1967.

160. Tanaka, T., Imamura, K., Ann, T., and Taniuchi, K. Multimolecular
Forms of Pyruvate Kinase and Phosphofructokinase in Normai and
Cancer Tissues. Gann Monograph, 13: 219-234, 1972.

161. Tanaka, T., Yanagi, S., Imamura, K., Kashiwagi, A., and Ito, N. Devia
tions in Patterns of Multimolecular Forms of Pyruvate Kinase in Tumor
Cells and in the Liver of Tumor-Bearing Animals In: W. Nakahara, T.
Ono, T. Sugimura, and H. Sugano (eds.), Differentiation and Control of
Malignancy of Tumor Cells, pp. 221-234. Baltimore: University Park
Press, 1974.

162. Tanaka, T., Yanagi, S., Miyahara, M., Kaku, A., Imamura, K., Taniuchi,
K., and Suda, M. A Factor Responsible for Metabolic Deviation in Liver
of Tumor-Bearing Animals. Gann, 63: 552-562, 1972.

163. Taunton, 0. D., Stifel, F. D., Greene, H. L., and Herman, A. H. Rapid
Reciprocal Changes of Rat Hepatic Glycolytic Enzymes and Fructose
1.6-Diphosphatase, following Glucagon and Insulin Injection in vivo.
Biochem. Res. Commun., 48: 1663-1670, 1972.

164. Taunton, 0. D., Stifel, F. B., Greene, H. L., and Herman, A. H. Rapid
Reciprocal Changes in Rat Hepatic Glycolytic Enzyme and Fructose
Diphosphatase Activities following Insulin and Glucagon Injection. J.
Biol. Chem., 249: 7228-7239, 1974.

165. Taylor, C. B., and Bailey, E. Activation of Liver Pyruvate Kinase by
Fructose-i ,6-Diphosphate. Biochem. J., 102: 32c-33c, 1967.

166. Taylor, C. B., Morris, H. P., and Weber, G. A Comparison of the
Properties of Pyruvate Kinase from Hepatoma 3924-A, Normal Liver and
Muscle. Life Sci., 8: 635-644, 1969.

167. Titanji, V. P., Zettergvist, 0., and Engstrom, L. Regulation in vitro of Rat
Liver Pyruvate Kinase by Phosphorylation-Dephosphorylation Reac
tions, Catalyzed by Cyclic-AMP Dependent Protein Kinases and a His
tone Phosphatase. Biochim. Biophys. Acta, 422: 98-108, 1976.

168. Uenoyama, K. , and Ono, T. Post-transcriptional Regulation of Catalase
Synthesis in Rat Liver and Hepatoma. Factors Activating and Inhibiting
Catalase Synthesis. J. Mol. Bid., 74: 439â€”452,1973.

169. Van Berkel, T. J. C. Some Kinetic Properties of M2-TypePyruvate Kinase
from Rat Liver at Physiological, Mg'@Concentrations. Biochim. Bio
phys. Acta, 370: 140-152, 1974.

170. Van Berkel, T. J. C., Dc Jonge, A., Koster, J. F., and Hulsmann, W. C.
Kinetic Evidence, for the Presence of Two Forms of M,-Type Pyruvate
Kinase in Rat Small Intestine. Biochem. Biophys. Res. Commun. , 60:
398-405, 1974.

171. Van Berkel, T. J. C., and Koster, J. F. M-type Pyruvate Kinase of
Leucocytes: An Allosteric Enzyme. Biochim. Biophys. Acta, 293: 134-
139, 1973.

172. Van Berkel, T. J. C., Koster, J. F., and Hulsmann, W. C. Distribution of
L- and M-type Pyruvate Kinase between Parenchymal and Kupffer Cells
of Rat Liver. Biochim. Biophys. Acta, 276: 425-429, 1972.

173. Van Berkel, T. J. C., Koster, J. F., and Hulsmann, W. C. Two Intercon
vertible Forms of L-type Pyruvate Kinase from Rat Liver. Biochim.
Biophys. Acta, 293: 118â€”124,1973.

174. Van Berkel, T. J. C., Koster, J. K., and Hulsmann, W. C. Some Kinetic
Properties of the Allosteric M-type Pyruvate Kinase from Rat Liver;
Influence of pH and the Nature of Amino Acid Inhibition. Biochim.
Biophys. Acta, 321: 171-180, 1973.

175. Vijayvargiya, R., Schwark, W. S., and Singhal, A. L. Pyruvate Kinase:
Modulation by L-Phenylalanine and L-Alanine. Can. J. Biochem., 47:
895-898, 1969.

176. Von Fellenberg, R., Richterich, R., and Aebi, H. Eiektrophoretisch
verschieden wandemde Pyruvat-Kinasen aus einigen Organen der
Ratte. Enzymol. BioI. Clin., 3: 240-250, 1963.

177. Walker, P. A. Effect of Controlled Feeding on the lsoenzymes of Pyru
vate Kinase, Hexokinase, and Aldolase in Liver during Development.
Life Sci., 15: 1507-1514, 1974.

178. Walker, P. R., Bonney, A. J., Becker, J. E., and Potter, V. A. Pyruvate
Kinase, Hexokinase and Aldolase Isozymes in Rat Liver Cells in Culture.
In Vitro, 8: 107-114, 1972.

179. Walker, P. R., and Potter, V. A. Isozyme Studies on Adult, Regenerat

352 CANCERRESEARCHVOL. 37

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

a
c
rjo

u
rn

a
ls

.o
rg

/c
a
n
c
e
rre

s
/a

rtic
le

-p
d
f/3

7
/2

/3
4
1
/2

3
9
8
4
0
0
/c

r0
3
7
0
0
2
0
3
4
1
.p

d
f b

y
 g

u
e
s
t o

n
 2

4
 A

u
g
u
s
t 2

0
2
2



Pyruvate Kinases

ing, Precancerous, and Developing Liver in Relation to Findings in
Hepatomas. Advan. Enzyme Regulation, 10: 339-364, 1972.

180. Weber, G. Regulation of Pyruvate Kinase. Advan. Enzyme Regulation,
7: 15-40, 1969.

181. Weber, G. Inhibition of Human Brain Pyruvate Kinase and Hexokinase
by Phenylalanine and Phenyipyruvate: Possible Relevance to Phenylke
tonuric Brain Damage. Proc. NatI. Acad. Sci. U. S., 63: 1365-1369,
1969.

182. Weber, G. Molecular Correlation Concept. Ordered Pattern of Gene
Expression in Neoplasia. Gann Monograph, 13: 47-77, 1972.

183. Weber, G. , Glazer, A. I., and Ross, A. A. Regulation of Human and Rat
Brain Metabolism: Inhibitory Action of Phenylalanine and Phenylpyru
vate on Glycolysis, Protein, Lipid, DNA and RNA Metabolism. Advan.
Enzyme Regulation, 8: 13-36, 1970.

184. Weber, G., Lea, M. A., Fisher, E. A., and Stamm, N. B. Regulatory
Pattern of Liver Carbohydrate Metabolizing Enzymes: Insulin as an
Inducer of Key Glycolytic Enzymes. Enzymol. Biol. Clin., 7: 11-24, 1966.

185. Weber, G., Lea, M. A., and Stamm, N. B. Sequential Feedback Inhibi
tion and Regulation of Liver Carbohydrate Metabolism through Control
of Enzyme Activity. Advan. Enzyme Regulation, 6: 101-123, 1968.

186. Weber, G., Singhal, A. L., Stamm, N. B., Lea, M. A., and Fisher, E. A.
Synchronous Behavior Pattern of Key Glycolytic Enzymes: Glucoki
nase, Phosphofructokinase and Pyruvate Kinase. Advan. Enzyme Reg
ulation, 4: 59â€”81, 1966.

187. Weber, G., Singhal, A. L., Stamm, N. B., and Srivastava, S. K.
Hormonal Induction and Suppression of Liver Enzyme Biosynthesis.
Federation Proc., 24: 745-754, 1965.

188. Weber, G., Stamm, N. B., and Fisher, E. A. Insulin: Inducer of Pyruvate

Kinase. Science, 149: 65â€”67,1965.
189. Weinhouse, S. Enzymatic and Metabolic Alterations in Experimental

Hepatomas. In: W. Nakahara, T. Ono, T. Sugimura, and H. Sugano
(eds.), Differentiation and Control of Malignancy of Tumor Cells, pp.
187-203. Baltimore: University Park Press, 1974.

190. Weinhouse, S. Isozyme Alterations and Metabolism of Experimental
Liver Neoplasms. In: M. A. Mehlman, and R. W. Hanson, (eds.), Control
Processes in Neoplasia, pp. 1-30. New York: Academic Press, Inc.,
1974.

191. Weinhouse, S., Shatton, J. B., Criss, W. E., Farina, F. A., and Morris, H.
P. Isozymes in Relation to Differentiation in Transplantable Rat Hepato
mu. Gann Monograph, 13: 1-17, 1972.

192. Weinhouse, S., Shatton, J. B. , Criss, W. E. , and Morris, H. P. Molecular
Forms of Enzymes in Cancer. Biochimie, 54: 685-693, 1972.

193. Whittell, N. M., Ng, D. 0., Prabharkararao, K., and Holmes, A. S. A
Comparative Eiectrophoretic Analysis of Mammalian Pyruvate Kinase
Isozymes. Comp. Biochem. Physiol. 46: 71-80, 1973.

194. Yanagi, S., Kamiya, T., Ikehara, Y., and Endo, H. Isozymes in the Liver
from Mice Given Hepatocarcinogen and from Tumor-Bearing Mice.
Gann, 62: 283-291 , 1971.

195. Yanagi, S., Makiura, S., Arai, M., Matsumura, K., Hirao, K., Ito, N., and
Tanaka, T. Isozyme Patterns of Pyruvate Kinase in Various Primary
Liver Tumors Induced during the Process of Hepatocarcinogenesis.
Cancer Res., 34: 2283â€”2289,1974.

196. Yunoki, K., and Griffin, A. C. Purification of Toxohormone by Column
Chromatography. Cancer Res., 20: 533-540, 1960.

197. Zardi, L., Sin, A., and Santi, L. A Serum Protein Associated with
Chromatin of Cultured Fibroblasts. Science, 191: 869-870, 1976.

353FEBRUARY1977

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

a
c
rjo

u
rn

a
ls

.o
rg

/c
a
n
c
e
rre

s
/a

rtic
le

-p
d
f/3

7
/2

/3
4
1
/2

3
9
8
4
0
0
/c

r0
3
7
0
0
2
0
3
4
1
.p

d
f b

y
 g

u
e
s
t o

n
 2

4
 A

u
g
u
s
t 2

0
2
2


