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ABSTRACT

M2 - type pyruvate kinase was purified from human
meningioma by ammonium sulfate fractionation, CM-
cellulose chromatography and affinity chromatography. The
purified enzyme had a final specific activity of 33.4
units/mg protein. The subunit molecular weight,
determined by SDS-polyacrylamide gel electrophoresis, was
63,000+2000 daltons. Upon cellulose acetate paper

electrophoresis, the purified enzyme gave a single band,
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while crude extracts gave two wide bands corresponding to
pyruvate kinase isozymes. The pl value of the purified
enzyme was 6.9.

With phosphoenolpyruvate (PEP) as substrate, the
purified enzyme showed sigmoidal kinetics, while in the
presence of 0.6mM fructose 1,6 diphosphate as modulator
gave a hyperbolic saturation curve with a Km value of
0.53mM. The enzyme was maximally activated by 0.6mM
fructose 1,6 diphosphate and a Ka value of 0.15mM was
obtained. The enzyme in the presence of 0.6mM F-1,6-DP
expressed normal Michaelis—Menten kinetics with respect
to ADP with a Km value of 0.58mM. L-Alanine
noncompetitively inhibited the purified enzyme with
respect to the substrates, phosphoenolpyruvate and ADP.
The inhibitory effects of alanine was partially reversed
by fructose 1,6 diphosphate. The purified enzyme was

slightly susceptible to ATP inhibition.

Key words : M2-Type pyruvate kinase, Meningioma,

Brain tumor, Enzyme kinetics, Izosymes.

Science Code : 401.01.05
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INSAN BEYIN TUMOURLERINDEN
MENINJIOMADA M2-T1IP PIRUVAT KINAZ
IZOZIMININ SAFLASTIRILMASI ve TANIMLANMASI

MELLATI, Ali Awsat
Fen Bilimleri Enstitiisi
Biokimya B&Olimii Doktora Tezi

Danisman : Prof.Dr. Ufuk GUNDULZ
Yardimci Danisman : Doc¢.Dr. Meral YUCEL

Haziran 1991, 108 sayfa

OZET
M2- Tip piruvat kinaz (PK) insan meninjiomasindan
amonyum silfat ¢okertmesi, CM-seliiloz ve afinite

kromotografisi kullanilarak saflastirilmistir. Saflastirilan
enzimin 6zglil aktivitesi 33,4 lUnite/mg proteindir. Altbirim

molekiler agirliga SDS-poliakrilamit Jjel elektroforezi
kullanilarak 63.000+2000 D oclarak bulunmustur.
Saflastirilmamis enzimin seliloz asetat

elektroforezinde piruvat kinaz izozimlerine karsilik gelen
1ki genis bant vermesine karsin, saflastirildiktan sonra tek
bant verdigi gorilmistir. Saf enzimin pl degeri 6.9 olarak
bulunmustur.

Saf enzim fosfoenolpiruvat substrati i¢in sigmoidal
kinetik gésterméktedir. 0,6 mM fruktoz 1,6 difosfat (F-1,6-
DP) wvarliginda ise hiberbolik sekle doniismektedir ve Km
degeri 0,53mM olarak bulunmustur. Enzim en yiksek
aktivitesine 0.6mM fruktoz 1,6 difosfat varliginda ulasmis
clup d,15mM degerinde bir Ka elde edilmistir. 0,6 mM F-1,6-DP
varliginda ADP i¢in Km degeri 0,58 mM olup hiberbolik
kinetik gostermektedir. Her iki substrat icinde
(fosfoenolpiruvat ve ADP) L-alanin saf enzimi nonkompetetif



olarak inhibe etmektedir. L-alaninin inhibisyon etkisi F-1,6-
DP tarafindan bir miktar kaldirilmaktadir. Saf enzimin ATP

inhibisyonuna diisiik seviyede duyarli oldugu goridlmiistiir.

-

e
Anahtar Sozciikler: M2-Tip piruvat kinaz, Menin3jiom,

Beyin tumoru,Enzim kinetigi, Izozim.

Anabilim Dala Sayisal Kodu : 401.01.05
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CHAPTER I

INTRODUCTION

Tumor cells differ in many aspects from their normal
counterparts. These differences are determined by many
specific properties of tumor «cells; 1i.e., their high
proliferative capacity, and their ability to invade other
tissues and to metastasize to other organs. One of the
differences involves isozyme changes which includes
enzymes involved 1in the turn over of membrane
glycoproteins, enzymes regulating glycolysis (49,62,81)
and nucleotide-converting enzymes. These changes often
imply a shift in the isozyme patterns and the re-
expression of other isozymes, which are normally only
expressed during early developmental stages and
regenerative processes {(22,37). Changes 1in isozyme
-patterns are frequently used as markers in both embryonic
and neoplastic tissues (78,85,109). One of the enzymes
which show such wvariations in isozyme patterns is
pyruvate kinase.

Pyruvate kinase (PK) (ATP: Pyruvate phosphotransft-
erase, E.C. 2.7.1.40) dis an important enzyme of the
glycolytic pathway. It catalyzes the phosphorylation of

ADP to ATP in the presence of phosphoenclpyruvate (PEP)

and Mg=+*.



Co0~ CO0~

+2 l
c-0p0z2 - + app—MI" o o 4 aTP

| I

- CH2 CH3

Phosphoenolpyruvate Pyruvate

The reaction is essentially irreversible and proceeds
with a AG®= -7.5 kcal/mole. Pyruvate kinase, by
controlling the rates of this reaction, is ultimaﬁely
involved in the regulation of glycolysis and
gluconeogenesis.

The normal developmental pattern of pyruvate kinase
is reversed in tumors. For instance, the characteristic
adult enzYmes have been reported to be replaced Dby the
fetal enzymes (21,22).

After the discovery of a shift of pyruvate kinase
isozymes in hepatomas to a more fetal type (35), similar
changes have been reported in brain tumor by Tolle et al
(95).

I.1. Isozymes of Pyruvate Kinase

In mammalian tissues four distinct isozymes of
pyruvate kinase have been identified, L, M1, M2 and
R(7,39,88). These isozymes differ in their immunological
and electrophoretic properties. Their distribution 1in
tissue is specific. They also show different regulatory

properties with allosteric effectors such as certain



amin§ acids and fructose 1,6 diphosphate. These are very
important compounds for the coordination of glycolysis
and gluconeogenesis (1,28,41,44,62,87).

The L-type isozyme is found in hepatocytes, in the
small intestine and as the minor isozyme in the renal
cortex (43,88,97). The Ml-type 1isozyme is present in
skeletal muscle as the only component, and in brain and
cardiac muscle as the major component (13,94,97). The L-
type is present in liver as the major component énd in
kidney as a minor component. Thus the M1l and L-types are
present only in a few tissues (39,97). In erythrocytes, a
specific R-type pyruvate kinase has been isolated (12,57)
which is closely similar to L-type in immunological and
genetic propertis, and amino acid composition (77,96).
Pyruvate kinase in erythrocytes differs
electrophoretically, immunologically and in amino acid
composition from the M1, and M2-type (39). The R-type has
a higher iscelectric point (12,13) and may posses a minor
additional structure (12,77).

The M2-type isozyme, also frequently named K type
(18,62,84,101) or pyruvate kinase class A (3,23), is
widely distributed in high glycolytic tissues such as:
liver, kidney, brain, heart, spleen, lung, adipose
tissue, thymus, testis, ovary and tumor tissue (88,97).
The electrophoretic patterns of the pyruvate kinase

isozymes from rat tissues change frequently during



differentiation and dedifferentiation. The M2Z-type is
predominant in fetal muscle, brain and liver. During
differentiation from the fetus to the adult, the MZ-type
disappears and the Ml-type Dbecomes predominant in
skeletal muscle and brain, the L-type increases and
becomes predominant in liver(67). Thus it has been
suggested (3,39) that the MZ-type pyruvafe kinase should
be regarded as the prototype, while the M1 and L-types
are the differentiated forms, since quantities of types
Ml and L increase dur;ng the differentiation of the
tissues.

The presence of hybrid isozymes has been demonstrated
in many mammalian tissues, especially those from various
rat organs (18,35,87) and tumor tissues (61,62,99).The
tetrameric hybrids are composed of various combinations
of type M1 and type M2 subunits. Five forms may be

expected (78,85,98,108) when both M2 and M1 subunits are
present, (M2)a, (M2)s(M1)., (M2)2(Ml)z, (M2)1(Ml)s and (Ml)a.
In fetal tissues, all five possible forms of pyruvate
‘kinase are present as (M2)z(Ml)z which is the predominat

form. In adult muscle tissue only (Ml)a 1s present.
Tumors are characterized by a profound shift to the
MZ2-type: whereas the (Ml)a type is not expressed at all
(85).

The L, Ml and M2 type isczymes have distinct chemical

W



and physical properties. The L-type isozyme is relatievly
more sensitive to inhibition by ATP, but less sensitive
to inhibition to’alanine and phenylalanine. It shows
cooperative kinetics with phosphoenolpyruvate (21,38,41).
Fructose 1,6 diphosphate allosterically activates the L-
type isozyme. The M1 and M2 isozymes are both
structurally and immunologically closely related
(75,107), and share a common antigenic reactivity (34).
However, they display different kinetic properties with
respect to phosphoenolpyruvate. Ml-type isozyme displays
Michaels—-Menten kinetics and 1is not activated by
fructose 1,6 diphosphate (3,38,44); also it 1is not
influenced by the amino acids, alanine and cysteine. M2-
type pyruvate kinase, on the other hand was observed to
display allosteric kineﬁics and to be activated by
fructose 1,6 diphosphate (79). It 1is strongly, inhibited
by the amino acids, alanine, phenylalanine and L-cysteine

(3,28,101). Both isozymes (M1l and M2 ) showed hyperbolic

kinetics with ADP. All the isozymes require K+ and Mg=2+
ions for their activity and are inhibited by ATP (3,38).
0f the three pyruvate kinase isozyme found in mammals,
only the 1liver or L-type isozymes exhibit responses to

hormonal and dietary conditions(5,60,90).

I.2. Pyruvate Kinase In Tumors

Tanaka et al (1963) were the first to show



modifications of pyruvate kinase isozymes in cancer (90).
They showed that in ascites hepatoma AH 130, most of the
enzyme was M-type. This was confirmed by comparing
pyruvate kinase in rat hepatoma with normal rat liver
(21,78). They separated two forms of the enzyme by DEAE-
cellulose chromatography, form I and form II. Form I is
the predominate enzyme of poorly differentiated tumors.
Schapira and Gregori (1971) showed that the pyruvate
kinase isozyme from a poorly differentiated hepatoma
(Reuber H. 178) resembles the placental pyruvate kinase
from the point of view of its electrophoretic migration
and kinetic behavior 1in the presence of fructose 1,6
diphosphate (78).

Imamura and Tanaka (39)., using polyacrylamide gel
electrophoresis, found that the major form in the AH 130
ascites hepatoma was identical with the minor (M) form in
normal liver tigsue. Walker and Potter (104), using
starch gel electrophoresis, found an increased 1level of
the minor M form in the preneoplastic 1liver, in the
hyperplastic liver nodules, and in the hepatomas that
developed after feeding of the carcinogen, 3'-methyl-4-
dimethylaminoazobenzene, to rats. Taylor et al (93)
reported that the poorly differentiated Morris hepatoma
3924 A had a pyruvate kinase that differed kineticaly

from the rat liver isozyme. Farron et al (22) found that



rhébdomyosarcoma N 5104, which is carried in Fisher rats,
had a pyruvate kinase pattern that was abnormal; its
electrophoretic migration toward the anode on cellulose
acetate strips was faster, and was similar to that of
fetal muscle pyruvate kinase. Fetal and cancer tissue
énzymes had the same electrophoretic mobilities as the M-
type pyruvate kinase of adult and fetal liver tissues
(78} .

A switch toward the M2 type pyruvate kinase has been
observed by many investigators who studied the kinetics
and electrophoretic and immunolaogical patterns of
pyruvate kinase from different tissue sources, including
the hepatoma, Ehrlich ascites, and other tumor tissues.

It was reported that in brain tumors (38,935) Mil-type,
which is present in normal tissue, 1is replaced by MZ-
type. During tumor development in the liver, a marked
decrease in L-type pyruvate kinase and an increase in the
M2-type pyruvate kinase have been described, particularly
in. the poorly differentiated hepatocellular carcinomas
(15,50). In the non—-cancerous portions of the liver of
cancer—bearing animals, the L-type decreases, and the Mi-
type increases and becomes predominant with increased
growth of the cancer. The isozyme pattern finally changes
to that of cancer cells where the MZ-type is the .only

component (39) .



.Tolle et al (95) found spontaneous tumors from rats
which have been charaterized by a correlation between the
amount of M2-type and the state of malignancy. Making use
of the allosteric inhibition of the M2-type PK by
L-alanine (62,101), a systematic study on the relative
amount of the M2-type in different brain malignancies, as
well as with differentiated glioma, i.e astrocytomas,
oligodendrogliomas and ependymomas, was .ompleted. In one
histological study(62), it was suggested that the amount
of inhibition of M2-type pyruvate kinase could be used to
determine the grade of malignancy.

In general, from the studies on pyruvate kinase from
tumors of different animal species, especially dogs,
rats, chickens, human and Ehrlich ascite tumor cells, it
is becoming increasingly evident that neoplasia 1is
associated with profound alterations in isozyme patterns.
The M2-type isozyme is predominant in various
experimental tumors (22,72,83). This is in agreement with
the suggestion that biochemical changes in tumors are not
entirely random, the change is often toward the
composition found in appropriate immature tissues
(17,22,84). Probably M2-type isozyme is the prototype of
pyruvate kinase isozyme in all mammal tissues (42,84).

Studies on the MZ2-type pyruvate Xkinase isozyme in

tumors using tissue and cell cultures from different



animal. species are now 1in progress and correlations
between isozyme changes and the grades of malignancy and

comparison with histological diagnosis is improving.

I. 3. 1Isozyme Expression

‘There is strong genetic evidence that the R and L-
type pyruvate kinase isozymes are determined by the same
structural gene but this gene does not code for the Ml
and M2-type isozymes (35,37,68).

The M1 and M2 pyruvate kinases differ from the L and
R-types by their immunological properties, aminoc acid
composition and peptide finger print pattern
(34,46,59,77,79). This suggests that genes of M1 and M2
types are different from L and R type isozymes. L and R
type isozymes are encoded by the same gene but translated
from different mRNAs (59).In various different mammals
the M1 and M2 isozymes have been shown to be similar to
each other immunologically and in aminoc acid composition
except in humans, where the amino acid compositions of
the M1 and M2 isozymes to be so different that they
concluded that these two isozymes must be the products of
separate genes (33,56,68). It has Dbeen demonstrated
(64,65,89) that the differences in molecular weights and
electrophoretic properties of the M1l and M2 isozymes

result from difference in mRNA's coding for these two



isozyme types. These studies indicate that the M1 and M2
isozymes are either the products of two <closely related
genes or the products of a single gene processed into two
distinct mature mRNAs. The M1l and M2 isozymes from
several meammalian species were compared in their
reactivity toward anti-pyruvate kinase monoclonal
antibodies, using one and two-dimentional peptide mapping
studies (31). The findings support the conclusion that
the two isozymes are the products of a single gene
(31,64). Amino acid analysis indicates that the
difference is probably due to differential mRNA splicing.
Other investigators explain that the difference between
M1 and M2 isozymes could possibly be due to proteoclytic
cleavage of M1 subunits to give the smaller M2 molecule
(65). There 1is & growing conviction that a common
phenotypic expression of neopldsia may be an abnormality
of genetic expression manifested Dby misprogramming of
protein synthesis (110).

These four seemingly noninterconvertible forms of the
enzyme exist in variant forms and may hybridize with each
other.This has led to some confusion. Work is now in
progress to establish whether the isozyme in tumor cells
is generated by the differential splicing of mRNA
(59,64), is coded by different genes (35,37) or it is the
result of a proteolytic cleavage of a preformed enzyme

(65,110).
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I.4. Clinical point of View

I.4.1 M2-Type pyruvate kinase as a Marker in Cancer

Biochemical research in cancer was initiated some 635
years ago, with Warbug's discovery of the high aerobic
glycolysis of tumor «cells (78). An explanation, in
molecular terms, for the uncontrolled growth and
invasiveness that characterize cancer is vyet not
available. Evidence for isozyme alterations have been
indicated by some laboratories that worked on rat
hepatoma. Hepatomas in the rat lose to varying degrees of
those isozymes that characterize the normal hepatocytes,
which are involved in specific hepatic functions. As
dedifferentiation and tumor progression occur, these
liver "marker" isozymes disappear and are replaced by
other isozymes which are - low or absent in the well
differentiated cell of origin (14,108,109).

The expression of oncodevelopmental markers by cancer
cells is a well—-established phenomenon. This includes the
production of markers in both developmental and
neoplastic tissues. Changes in isozyme patterns are
frequently used as a marker. One of these markers is
pyruvate kinase isozymes. A shift of the Ml to MZ-type
isozyme was correlated with the degree of malignancy
(26,85,101,102). The tumors are characterized by a

profound shift to M2-type where as Ml-type is not

11



expfessed at all(85). The isozyme shift of PK towards the
M2-type was considered as an oncodevelopment marker for
striated muscle cells and their malignant
counterparts(85). A difference in 1isozyme composition of
PK is found among the morphologically less differentiated

tumors and tumors metastazised to lung; in the less

differentiated ones (M2)a and (M2}a(Ml). are predominant

and no (M2)i1(Ml)s and (Ml)4 is present, whereas in the
metastazised tumor (M2)3(M1)1 and (M2)=(M1) = are

predominant with little and.(M2)1(Ml)3 {(see table 1).

Well differentiated tumors grow slowly, have low
glycolysis and a moderate to high respiration; where as
the poorly differentiated tumors grow rapidly, have high
rate of glycolysis, and low respiration (11). The tumor
growth rate is positively correlated with the overall
rate of aerobic glycolysis and PK activity. In
myelodisplastic syndromes (92), elevated pyruvate kinase
activity, with the persistence of the M2-type pyruvate
kinase isozyme, was used as a diagnostic test for this
disease (16). However liver neoplastic nodules induced by
25 weeks dietary thicacetamide adminstration demonstrated
a clear decrease in pyruvate kinase activity can also
used as a marker (50).

Amino acid inhibition of pyruvate kinase is used for

12



Table 1.: Isozyme composition of pyruvate kinase in normal,

fetal and adult muscle, Rhabdomyosarcomas and the metastasis of

a Rhabdomyosarcoma (85).
Isozyme composition (%)

Tissue Ka KasM KaM= KMs Ma*

Fetal skeletal muscle 11 27 37 18 8
(19 Weeks)

Fetal skeletal muscle _ 11 18 36 23 13
(23 Weeks)

Adult skeletal muscle -= - — - = 100

Rhabdomyosarcoma (No 1) 57 38 s} -— -

(Less differentiated)

Rhabdomyosarcoma (No 2) 28 34 26 12 -

(Metastasis)

Rhabdomyosarcoma (No 3) 49 44 7 = — -

(Less differentiated)

*) Ka= (M2)a , KaM= (M2)3(M1)s ., KaoMa= (MZ2)z(Ml)z .

KMa= (M2)1(M1l)s , Ma= (Ml)a

13



the diagnosis of neoplastic discorders. By alanine
inhibition of the MZ2~-type a systematic study has be=zn
carried out (72,100,101,102) on the relative pressnce of
the MZ-type in different brain malignancies. The
inhibition of pyruvate kinase activity was measurad in 31
gliomas with differsnt grades of malignancy (62). It was
confirmed that glioma benign tumors have a low level of
inhibition (less than 50%) and that the more malignant
the tumor, the higher the level of inhibition (more than
75%) . However, when grade II and III astrocytomas and
grade II and III oligodendrogliomas were analyzed, their
level of inhibition was found to be variable. Grade I1
showed low and moderate levels of inhibition and grade
III moderate and high levels. When the survival times of
patients with brain tumors were compared with both ths
histological diagnesis and pyruvate kinase inhibition,
the prediction of the survival time on the basis of low
and high levels of inhibition correlated wsll with the

histological diagnosis (62). Electrophoresis indicated
the presence of mainly (M2)a-type and the Thybrid
{(M2)3(M1)., which 1is in agreement with the alanine
inhibition (101).

It was found (28) that a decrease in electrophoretic

mobility of pyruvate kinase isozymes, and a&an increase of

the immobilization and tumoriogenic properties,
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respectively, 1in human urethelial cell lines was
characterized by different grades of transformation in
vitro. The wutilization of pyruvate kinase specific
isozymes kinetic propertis (inhibition by amino acids) as
markers for benign and malignant tumors requires further

investigation.

I. 4.2, Deficiency of Pyruvate Kinase

Many cases have been reported (40,61,82) since the
original description of hemolytic aneﬁia was associated
with Thereditary deficiency of erythrocyte pyruvate
kinase. So far, more than 300 pyruvate kinase variant
associated with chronic nonspherocytic hemolytic anemia
have been described (82). ‘

Acquired pyruvate kinase deficiency has been reported
in various hemolytic disorders, such as acute leukemia,
chronic myelogenous leukemia, malignant lymphoma, and
myelodysplastic syndrome (4,51,103,111). Determination
of red cell enzyme activities of patients with hemolytic
anemia 1revealed that the red cell pyruvate kinase
activity was rema;kably low, Dbeing 15.1% of normal

controls (53).
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Figure 1 : Tentative molecular model of MZ-type pyruvate
kinase (24).
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. I.5. The Physicochemical Properties of MZ—Type

Pyruvate Kinase

I.5.1. Molecular Parameters and Subunits

The molecular weight of M2-type pyruvate kinase has
been determined from many mammalian sources by different
methods (20,34,41,79,83,84). It appears to be a
homotetramer (73,79), and its molecular weight seems to
be quite similar to the other isozyme forms of pyruvate
kinase (table II). The four subunits of the M2-type
isozyme are identical and its tentative molecular model

is given in Figure 1.

I.5.2. Amino Acid Composition and pl

Table III (2) gives .the amino acid composition of
‘pyruvate kinase from several tissue of the dog, chicken
and rat. (19,32,76,79).

The values for the tumor M2 isozyme are, in general,
within the range reported for other pyruvate kinase
isozymes. The lower isoelectric point of the M2 isozyme
from dog tumor as éompared to the dog lung isozyme is
reflected by an increased amount of glutamate in the
tumor enzyme (table III). It has been shown that most
pyruvate kinase isozymes of the M2-type are closely

related (79). On the basis of amino acid composition M2

18



is more similar to M1 than L-type pyruvate kinase (32).

Human pyruvate kinase isozymes (34) have Dblocked or

labile NHxz-terminal amino acids. Similar results have
been reported for all other pyruvate kinase enzymes from
other animal species (30,33).

Table IV shows pl values of M2-type pyruvate kinase
from different sources with and without fructose 1,6
diphosphaﬁe. The enzyme complexed with fructose 1,6
diphosphate showed a little lower ionization point (36).

The pl wvalues of the M2 isozymes vary a little
depending on the species and tissues which are evaluated.
Moreover, the isoelectric point of the M2 isozyme from
dog tumor is a little lower than dog lung isozyme (2),
which is the result of an increase in the amount of

glutamate in the tumor enzyme.

I.5.3. Stability of The M2-type Pyruvate Kinase

I1.5.3.1. pH and Temperature Effect

The activity of M2-type pyruvate kinase isozyme
varied considerably with pH (2,36,38). The optimum pH is
between 7 to 7.8. M2-type pyruvate kinase isozyme shows
maximum activity at pH 7.0 in the absence, and at pH 7.6
in the presence of fructose 1,6 diphosphate (3,83,84). At

pH levels below 7.0 the M2-type enzyme appeared to

19



Table III. Comparison between amino acid analysis of
pyruvate kinase isoenzymes, isolated from different tissues

of dog, chicken and rat (2).

e v s s o o o . S T s s S S T vy o o o T T o Bk o et b T b e} A et s e S o oy T o o o . et e et A i St o i e s

Lys 33 38 39 26 28 35 27 40 39
His 13 19 12 16 21 22 13 14 13
Arg 34 32 33 27 28 27 23 33 32
Asp 51 49 49 50 59 50 51 53 49
Thr 26 24 23 25 27 23 28 29 27
Ser 26 25 27 35 33 30 30 40 27
Glu 69 49 51 75 63 56 87 47 52
Gly 40 42 41 47 51 50 33 53 42
Ala 56 57 61 72 54 48 46 56 60
Val 48 43 46 40 41 37 36 43 48
Tie 33 33 36 29 29 26 22 24 48
Leu 42 37 45 38 48 43 37 47 43
Tyr 10 7 10 9 15 13 13 16 10
Phe 18 16 16 16 21 19 17 18 16
Met 16 18 18 10 11 9 11 14 16

515 492 507 515 529 490 514 527 513

i - — ——————— T — —— — W T oy T Tt Tt o Tt ot s Sk (b Al ot i PR S o T ) o o S . e et S ot (it A (e e S A SO4S ms S d Sads P M Smme o
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Table IV-

pyruvate kinases

Isoelectric points

(with and without

different organs of dog, rat and mouse.

— — o ———— " —— — o — o T s P Tt ke e o (o o o T S e e . T T S e . o - T Tt ot ot ot S S G @t} e ot et (e O

Pyruvate kinases
Isozyme

Without

F-1,6-DP
M2
M2
M2
M2
M2
Ml

With
F-1,6-DP

Animal

source Tissue

Dog Lung (2)

Dog ‘Lung tumor (2)
Rat Kidney Cortex(3)
Rat Lung(19)

Mouse Spleen(36)

Dog Muscle (2)

Mouse Spleen(36)
Mouse Spleen(36)

(pI) of M1 and M2 type

F-1,6-DP) from

Isoelectric
Point (pl).

o o

.73

.31

.86

e o et A o o . e St S o St St W S P o St e o S S Al S ) o} o} Sy € A Skt e (o (e e Y D e e o, A Y Tl o ot S O Bt ot i s St b S
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foliow Michaelis—-Menten type of enzyme Xkinetics with
respect to phosphoenolpyruvate (3). However, at pH 7.5
and 8.0 this was not the case, and a straight line was
not obtained in a double reciprocal plot.

The optimum temperature of pyruvate kinase varies
between 25°C and 35°C. The pyruvate kinase activity has
been measured at this range of temperature by most of the
workers. The thermostability of leukocyte M2-type
pyruvate kinase was studied at 50°C (46). 1In this study

the activity was decreased 56% within 60 minutes.

I.5.3.2. Preservation of Pyruvate Kinase

The purified pyruvate kinase enzyme 1is usually
preserved at -10°C to 4°C in different solvents (ammonium
sulfate, glycerol, ethylene glycol) by most laboratories.
When bovine brain enzyme (Ml-type) was kept in 20% V/V
glycerol at -10°C (94) the loss of activity was no more
than 4.5% in a month. Upon storage of the L-type enzyme
in 30% glycerol at -20°C for 3 days in the absence of
fructose 1,6 diphosphate, PK dissociated into dimers, and
in the presence of 0.1 mM F—1;6—DP, it behaved as a
tetramer (34,45). The effect of organic solvents on the
kinetics of M2-type pyruvate kinase from hepatoma was
studied (41). It was activated by low concentrations of

the solvents (25% ethylene glycol, 20% glycerol), and
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inéctivated by higher concentration of them. 1In the
presence of 25% V/V ethylene glycol, no further
activation of the enzyme was observed by addition of

fructose 1,6 diphosphate.

I.6. Kinetic Characterization and 1Influence of

Allosteric Effectors

I.6.1. Kinetic Properties

The kinetic propertieg of M2-type pyruvate kinase
isozymes which have been isolated from different sources
are slightly similar. The enzyme shows a sigmoid
saturation curve with respect to phosphoenolpyruvate
(2,17,24,46,79). A plot of - M2-pyruvate kinase activity
against PEP concentration is similar to that of L-
pyruvate kinase (sigmoidal behavior); however, the
cooperative interaction of M2-pyruvate kinase with
phosphoenoclpyruvate is lower than that of L-type enzyme
(38,41). Similar kinetic ©behaviors (sigmoidal saturation
curve, poor cooperativity, Hill coefficient near one for
both enzymes) of M2-type pyruvate kinases from human
leuckocyte and erythrocytes have been observed (46).
Considerable kinetic ‘differences were found Dbetween the
M2-type pyruvate kinase from lung and dog tumors, with

respect to their half maximal saturation with
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phdsphoenolpyruvate and their response to allosteric
activators ‘and inhibitors (2). An approximate Km value
(101) for the substrate, phosphoenclpyruvate, with
pyruvate kinase from brain tumor meningioma is about 2
mM. This is higher than the Km of M2-type isozyme from
other tissue sources (2,3,46,79). M2-type enzyme shows
hyperbolic kinetics with respect to MgADP (10,24). The
reactivity of M2-type pyruvate Xkinase from different
sources toward dinucleotides decrease 1in the following
sequence; ADP)GDP)UDP)CDP.. M2-type isozyme is 1inhibited
by ATP. A greater effect of ATP on keeping the enzyme in
the sigmoidal kinetic form, than the other nucleotide
triphosphates(GTP,UTP,CTP) have been observed (24,38,41)

The inhibition of M2-type pyruvate Xkinase by ATP is

partially reversed by Mg2* ion (3,41).

I1.6.2. Effect of Fructose 1,6 Diphosphate and Amino
Acids on M2 -Type Pyruvate Kinase

Kinetic properties of pyruvate kinase activity from
fetal animal thigh muscle, determined as a function of
phosphoenolpyruvate concentration in the absence and
presence of fructose 1,6 diphosphate (86). The sigmoidal
velocity curves of this enzyme became hyperbolic when
fructose 1,6 diphosphate was added. The properties of M2-

type pyruvate kinase from rat lung (79) was studied. The
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cooperativity indicated by the Hill coefficient decreased
upon the- addition of 0.2 mM fructose 1,6 diphosphate.
Similarly, the Km value for phosphoenolpyruvate changed
from 0.26 to 0.056 mM. M2-type pyruvate kinase from
leukocytes and red blood cells, were studied, in Dboth
cases Km value fo; phosphoenolpyruvate decreased upon the
addition of fructose 1,6 diphosphate (46). When pyruvate

kinase from Yoshida ascite hepatoma 130 cells, was

incubated with 2x10-% M fructose 1,6 diphosphate at 37°Cf
the phosphoenol ﬁyruvate saturation curve was transformed
to a monophasic, normal Michaelis—Menten type. When the
fructose 1.6 diphosphate was removed, the
phosphoenolpyruvate saturation curve of this enzyme
became sigmoidal (41).The M2-type pyruvate kinase from
normal and tumor dog 1lung activated by fructose 1,6
diphosphate allosterically with a Ka value of 0.03 mM and
0.02 mM respectively (2).

Some workers suggested that fructose 1,6 diphosphate
did not activate the pyruvate kinase from Ehrlich ascites
tumor cells in the absence of inhibitory amino acids, but
reversed the inhibition by alanine and phenylalanine
with an apparent Ka of 0.003 mM (23,83).

Alanine and phenylalanine inhibit M2-type pyruvate

kinase from different sources (23,24,39,62,83,84,101). It
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waé found that alanine .inhibits pyruvate kinase from
human fetal brain and from the brain of a newborn more
than adult brain tissue (101). Phenyalanine and alanine
inhibited both placental and tumor pyruvate kinase (84).
While serine activated the isozyme from both of the
tissues. Serine i1s an activator for MZ-type pyruvate
kinase (2,84) and L-cysteine is an inhibitor for this
enzyme from different sources (28,47,35).

L-alanine acts as negative allosteric effector on the
enzyme from ascites tumo; cells (83). The allosteric
effect of alanine which causes a dissociation of the
tumor pyruvate kinase (Ehrlich ascites) into two half
molecules can Dbe reversed by the positive effector,
fructose 1,6 diphosphate (Fig. 2).

ATP, alanine and  phenylalanine are important
effectors. They dissociate the <class A (or M2 type)
pyruvate kinase from Ehrlich Ascites tumor cells into
dimers. After incubation with fructose 1,6 diphosphate
the enzyme is converted into the kinetic form which gave
a hyperbolic saturation curve for phosphoenolpyruvate and
high affinity for this substrate (24). Based on this
property, a tentative molecular model was suggested
(24) for the enzyme from Ehriich ascites tumor cells
(figure 3).

The model assumes two main conformations of a single
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typé of subunit and the degrees of association of the
protein. The dimers would be inactive or markedly less
active than the tetramers. The actual validity of this
model for the pyruvate kinass of Ehrlich ascites tumor
cells and its presumptive applicability to M2 type
pyruvate kinase from other tissues that may contain
related but different isozymes, regquire further

investigations.
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1.6.3. The Effect of Cations

It has been reported that Mg2+, K*, MnZ* ions are

activators and Ca=2*, Co2*, Zn2*, Cu2®* are inhibitors of
M2-type pyruvate kinases from different sources (3,24
,38,41,75,79). Both the pig muscle and kidney pyruvate
kinase were found to be inactive in the absence of
potassium or magnesium ions, maximal activity was

obtained at 50 mM potassium chloride (3). It was found

“that Mg2+ at high concentrations inhibited the M2-type
pyruvate kinase (38,74,79), however, some other

investigators claimed that even high concentration of

Mg2+ (30 mM) did not inhibit the enzyme (71,94). It was

indicated that Mg=2+ protected the enzyme from the
inhibitory effect of ATP, by complexing with it (25,43).
The exact function of these ions in the overall catalytic

mechanism is still unknown.

I.7. Hormonal and Dietary Condition

The M2-type pyruvate kinase in liver (Yoshida ascites
hepatoma 130 cells) 1is apparently not under hormonal or
nutritional control (41). The M2-type pyruvate kinase
from rat liver showed only a slight response to change in
the diet and hormones (91) and the activity of the
M2-type isozyme from rat small intestine did not

fluctuate following hormonal and dietary changes (67).
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In carbohydrate deficient rats, refeeding carbohydrate
the rat within 24 hours and increased its activity to
twice the normal level after 72 hours. Little or no
change occured in M2-type pyruvate kinase (21). Of the
four isozymes of pyruvate kinase found in mammals, only
the liver or L-type isozyme exhibits major changes in the
amount of enzyme present in response to hormonal and
dietary fluctuations (67,70,88,90);: while the specifié
activity of the M2-type isozyme in liver remains almost
constant. However it was suggested by other workers that
gluconeogenesis in rat kidney, which contains a high
amount of pyruvate kinase type M2, is regulated by
hormones, glucagon and epinephrine (80).

Tyrosine phosphorylation of M2-type pyruvate kinase
from chicken enmbryo cells by Rous sarcoma virus (RSV)
leads to a reduction in the affinity of pyruvate kinase
for the sub;trate phosphoenolpyruvate (73). Cyclic
adenosine3':5'— monophosphate (cAMP)-independent protein
kinase phosphorylates and inactivates the M2-type
pyruvate kinase from human brain tumor (106) and chicken
embryo cells (72), and pyruvate kinase MZ2-type, from rat
epidymal fat pads, is phosphorylated by a cAMP~-
independent protein kinase (79).

In several experiments with perfused human liver or

in vitro, the short term regulation of M2-type pyruvate
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kinase by insulin was demonstrated (25) with
physicochemical and immunochemical methods.The
Michaelis~Menten constant for PEP was found to Dbe
decreased in M2-type pyruvate kinase of epidymal fat
pats from rats exposed to insulin (79). By some workers
it was suggested that tumor pyruvate kinase resembled
muscle enzyme with regard to independency from hormones
and dietary conditions (78).

Some of  the findings (25,63,72,73,79,80,106)
indicate, not oni§‘\a regulqtory role of hormones on the
activity of M2-type pyruvate kinase, but also suggest
that the enzyme may be regulated by a cAMP-independent
pyruvate kinase ih general. However others
(21,41,67,78,91) suggest that M2-type pyruvate kinases
from rat 1liver, rat intestine and tumors did not

fluctuate upon dietary and hormonal effects.

I.8. Aim of This Study

Several studies have been reported in the literature,
using crude preparations or homogenates, or using
partially purified pyruvate kinases of human brain tumors
(62,99,101,106). However, there are very few Xkinetic
studies. It has been reported by several authors that the
dominant tumor isozyme is M2-type (21,95,99,101). This

isozyme shift in brain cancer from Ml to M2-type
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CHAPTER 11
MATERIALS AND METHODS

IT .1 Materials

Reactive Blue—-4-Agarose, Carboxymethyl-cellulose, 6-
amino-n-caproic acid, Adenosine-5'-triphosphate (disodium:
salt).phosphosnolpyruvate {monopotasium salt),
pharmalytes (pH 5-8) and (pH 3-10), L-alanine, DL-

dithiothreitol (DL - DTT), MOPS were purchased from Sigma

Chemical Company. Adenosine-5'-diphosphate (disodium
salt). NADH (disodium salt), lactate-dehydrogenase
(rabbit muscle), fructose 1,6 diphosphate (trisodium

salt) were obtained from Boehringer (Mannheim,FRG).
Common chemi;als and acrylamide, N;:N'~-methylene-bis-
acrylamide came from Sigma Chemical Company. All other
chemicals were standard reagent grade.

Brain tumors (meningioma) were obtained from SSK

DISKAPI Hospital and kindly supplied by Dr. Nur Altinors.

II1.2. Methods

IT1.2.1 Purification of M2-type Pyruvate Kinase

All steps of purification were carried out in the

cold room at 4°C. M2-type pyruvate kinase was purified

according to earlier methods (2,33) with some
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modifications. A piece (45 g) of the tumor tissue,
fibroblastic meningioma which was a left parietal lobe
from 48 years old female was taken from surgery and
delivered into the laboratory in ice. It was washed free
from blood in 100 mM Tris-HCl1 buffer (pH 7.0) at room
temperature, and the extraction was carried immediately
{in few of the previous purifications the tissue was

frozen and kept at -20°C until use).

STEP 1 : Extraction
Washed tissue (42 g) was homogenized in a Waring

blender in a 250ml Tris-HCl buffer (pH 7.0) containing

1mM EDTA and 20mM MgCls at 4°C for 1.5 minutes.

The homogenate was centrifuged (Sorvall RC2-B,SS 34
Rotor) at 10,000xg for 15 minutes. The supernatant was
ultracentrifuged (Beckman ultracentrifuge, Spinco 12658)
at 108,000g for one hour. Then the supernatant was

filtered through two layers of cheesecloth.

STEP 2 :Ammonium sulfate Fractionation
The supernatant from ultracentrifugation (140ml) was

brought to 40% saturation by addition of 31.6g solid
(NH4) 2504 and centrifuged at 153,000xg for 15 minutes.

Then 33.5 g solid (NHa)=z=504 was added to the supernatant
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to . give 80% saturation and pyruvate kinase was

precipitated by centrifugation at 15,000xg for 15

minutes. The precipitate was suspended in 20 ml Hz0 and

stirred for 1 hour in the cold room.

STEP 3 :CM-Cellulose Chromatography

The enzyme solution (22ml) was desalted on a Sephadex
G25 column (35x2.35cm) and then applied to a 22x1.8 cm
column of CM-cellulose (Whatman CM52) which was
equilibrated with 30 mM potassium- phosphate -buffer

(pH §&5.5) containing 1mM 6—amminocaproic acid, 1imM

2-mercaptoethanol and 5 mM MgCla=.

The column was washed with 100 ml of the above
buffer. The enzyme was eluted from the column with a
linear KC1 gradient (0.0 to 0.4 M) in 200 ml of the same
buffer. Elution was performed at a flow rate of 40 ml/h.
Pyruvate kinase containing fractions (eluted at 0.25-0.3M
KC1l gradient) were combined (35 ml) and dialyzed
overnight against 1 liter of 20 mM Tris-HCl buffer (pH

7.0) which contained 1mM 2-mercaptoethanol, 1 mM 6-

aminocaproic acid, and 5mM MgClax.

STEP 4 :Chromatography on Blue 4-Agarose
The dialysed pyruvate kinase (37ml) was applied onto
a Blue 4-Agarose column (1.5x8cm) previously equilibrated

with dialysis buffer. The column was washed with 400ml
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of dialysis Dbuffer. Pyruvate kinase was then eluted by
applying a gradient of KCl from 0.0 to 500mM, in 100ml of
the above buffer which was supplemented with 0.4mM
fructose 1,6 diphosphate.

The enzyme thus purified was stored in 25% ethylene

glycol (41) or in 2M ammonium sulfate with or without 0.2

mM fructose 1,6 diphosphate at 4°C.

IT1.2.2 Protein Determination

Protein concentration was measured by the method of
Lowry et al (54), using bovine serum albumin as a
standard. During the purification steps, protein was

assayed spectrophotometrically at 280 nﬁ.

I1.2.3 Determination 6f Enzymatic Activity

Two methods were used for assay of pyruvate kinase.
During the purification procedures the enzyme activity
was assayed according to the method of Kimberg and
Yielding (48) by measurement of pyruvate formed from
phosphoenolpyruvate in the presence of ADP with 2,4-
dinitrophenylhydrazine as a color reagent;

Throughout the purification steps and in the kinetic
experiments, the activity of pyruvate kinase was

determined at 32°C by the rate of NADH oxidation in a
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reaction coupled with lactate dehydrogenase at 340nm (6).
using a Spectronic 21 (Bausch and Lomb) equipped with =
recorder. The entire mixture was preincubated at 32°C for
three minutes and the reaction was started by addion oI
10 pl enzyme (which was diluted two folds with 5 mM MOPS5-
KOH buffer, pH 7.0). The temperature of cell compartment
was controlled with a thermostated circulator.

The reaction mixture contained in 0.6ml : 25 mM Tris-

HCl1 buffer (pH7.2), 0.21mM NADH, 1.5 units of lactate

dehydrogenase, 10mM 2—mercéptoethanol, 5SmM MgClz, 0.6 mM
fructose 1,6 diphosphate, various concentrations of ADZ
(0.1~-8.0mM) and various concentrations of phosphoenol-
pyruvate (0.05-5.0mM), 1 to 3 mM of ATP, and L-alanine(0-
SmM) .

One unit of pyruvate‘kinase activity was defined as
the amount of enzyme converting one pmole oI
phosphoenolpyruvate per minute at 32°C and specific

activity is given as enzyme units/mg of protein.

IT.2.4 Cellulose Acetate Paper Electrophoresis

Cellulose acetate electrophoresis and detection of
pyruvate kinase activity was done according to the
procedure of Cardenase and Dyson(8) with SOme
modifications.

Separation of pyruvate kinase isozymes on cellulose
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acetate paper (Sartorius GmbH 3400 Gottingen West
Germany,7x7cm) was carried out for 4 hours at 85 volts
(12volts per cm) at room temperature using the 0.02M
Tris-HC1 Dbuffer (pH 7.2) which contained 0.5M sucrose,
1lmM EDTA and 10mM 2-mercaptoethanol. Bands of pyruvate
kinase activity were visualized by pressing the cellulose
acetate strip against an agar film containing components
of lactate dehydrogenase coupled assay. Exposure to
ultraviolet light revealed a strong fluorescence by NADH

except 1in regions where pyruvate kinase coupled to

lactate dehydrogenase converted NADH to NAD+-
The agar film was prepared as follows; a) The coupled

enzyme assay mixture, 2mM ADP, 2mM phosphoenolpyruvate,

1mM NADH, 0.1 M MgClz ,0.1M KCl, 10 units per ml of
lactate dehydrogenase dissolved in 2ml of O0.035M
imidazole-HCl (pH 7.2 ). b) 100 mg agarose which was
dissolved in 8 ml of 0.05 M imidazole-HCl1l (pH 7.2) and

boiled until - agarose was melted. After lowering the

temperature of agarose solution to 50°C, the solutions of
a and b were mixed and applied to clean glass plates
(8x8 cm )

Sample solutions (3 al) from different fractionation
steps, ( homogenate, supernatant of ultracentrifugation

and elution from affinity column chromatography ) were
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applied on cellulose acetate paper respectively.
Electrophoresis was carried out in a LKB electrophoresis
apparatus for 4 hours until Dbromophenol blue reached to
the bottom of the paper. After electrophoresis, the
cellulose acetate paper was removed from apparatus by
carefully cutting it. Then, the cellulose acetate paper

was pressed against an agar reagent assay plate and

allowed to stay at 30°C for half an hour

The reactibn. was followed visuaily by observing
changes in intensity of fluorescence of the pyridine
nucleotide upon illumination with 340 nm 1light ( short
range UV lamp was used ). After bands appeared, the
patterns were photographed by Bioblock Scientific UV

Trait (BP 11) using a 667 polaroid film.

I1.2.5 SDS-Polyacrylamide Gel Electrophoresis

Polyacrylamide gel electrophoresis in sodium dodecyl
sulfate was carried out essentially according to Weber
and Osborn (105) and SDS-Polyacrylamide gels wers
prepared according to the method of Laemli (52).

The molecular weight of purified pyruvate kinase was
determined by using 12.5% SDS-Polyacrylamide slab gel
electrophoresis. The separatory buffer contained 1.5 M
Tris-HCl1 ( pH 8.8 ) with 0.4 percent S5DS and stacking

buifer was prepared by 0.5 M Tris-HCl (pH 6.8) with 0.4
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percent SDS. Gels were prepared from a stock solution of
30 %¥W/V of acrylamide and 0.8 %W/V of N,N'-methylene-bis-
acrylamide. For 30ml of 12.5 % gel, 12.5ml of acrylamide
:N,N'methylene bis acrylamide solution (30 : 0.8) and
7.5m1 of separatory buffer were mixed, then 10ml
distilled water was added and the gel was polymerized by
the addition of 0.15ml ammonium per sulfate (10%) and
30pl tetramethylethylene diamine (TEMED). After mixing
the solution, 13.5cm of running gel was prepared in slab
and Z2cm of 4.7 percent of stacking gel was layerd on top;
The stacking gel(4.7%) was prepared by mixing 1.25 ml of

acrylamide: N,N'-methylene - bis - acrylamide (30 :0.8),

0.94ml1 of stacking buffer, 5.16ml of dH=0 and polymerized
by the addition of 73pl 10% ammonium per sulfate and 6pl
TEMED.

Standard proteins were dissolved separately in water
(1 mg/ml ) and 10ul from each were mixed with 40ul sample
buffer.4Qp1 of sample buffer was also added to each of
the enzyme sample solutions. Sample buffer (pH 6.8)
contained 5% SDS. 80mM Tris-HCl, 10% v/v glycerol and
0.001% bromophencl blue. The proteins were completely
dissociated by immersing the samples for 2 min in boiling
water. Then 20ul of each sample were applied to gel.

Running gel buffer (pH 8.3), contained 0.25 M Tris-HCI,
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0.192M glycine and 0.1 percent SDS.

Electrophoresis was carried out at room temperature
at a constant current of 20 mA. When the dye front
(bromophenol blue) reached to the bottom of the gel
(about 10 hours), the gel was removed from slab and
stained with 0.2% Coomasie Brillant Blue in methanol-
glacial acetic acid-distilled water (40:7:33)for 3 hours.
Destaining was carried out using a methanol-acetic acid-
water mixture (50:75:8350).

Molecular weights were determined by comparing the
mobilities with a standard molechlar weight curve,
prepared by using Bovine serum albumin (MW 67,000), Egg
albumin (MW  45,000), Trypsin (MW  23,300), 8-
Lactoglobulin(MW 18,400) and Egg white Lysozome (MW

14,300).

I1.2.6 Isoe;ectrofocusing

Isoelectréfocusing was carried out according to
0'Farrell (66) in 5% ampholyte (pH 3-10 , 5-8) at room
temperature for 10 hours at 400 volts and 8 hours at 800
volts.

"UKS" solubilization buffer was prepared as follows;
5.7g wurea was dissoved in 2ml of water (vigorously

stirred by magnetic stirrer). 350mg of dipotassium
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carbonate (Kz2C03), 1.25ml1 of 10% sodiumdodecylsulfate
(SDS), 50mg dithiothreitol (DTT), 60ul Triton X-100,
200p1 ampholyte (pH 3-10) was added to urea solution and
the volume of solution completed to 4ml Dby distilled
water. The solution was strirred for half an hour.

To prepare 6ml of isocelectrofocusing gel solution: 4g

urea was dissolved in 3ml Hz0, 33mg N,N'-methylene-bis-
acrylamide was added and stirred until gll the urea was
dissolved.Then,” to this solution, 1.89 ml acrylamide
(30%)., 0.48 ml ampholyte (pH 5-7), 0.12ml ampholyte (pH
3-10), and 0.45ml1 Triton X-100 were added then the volume
was brought to 6ml by distilled water. For polymerization
of this gel 25ul ammonium per sulfate (10%) andﬂlgpl
TEMED ( N,N,N',N - tetramethylethylene diamine ) were
added. &

Isoelectrofocusing gels were made in glass tubes
(110x1.6mm inside diameter) sealed at the bottom with
parafilm. Immediately after addition of TEMED, the gel
solution was loaded into the four gel tubes. To avoid
trapped bubbles, the tubes were filled from the bottom
by a syringe. The tubes were filled until 1.5cm from the
top. After one hour +the gel was overlayed with 1:4
diluted "UKS" solubilization buffer. The tube gels were
kept at room temperature overnight. Then, the parafilm

was removed from the bottom of each tube, and the tube
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gels were placed in a standard tube gel electrophoresis

chamber (before placing the gel tube in chamber lower

reservoir was filled with 0.01M HsaPO4) . The
solubilization buffer was removed from the surface of the
gel and 3QA1 purified enzyme sample solution, which was
diluted with "UKS" solubilization buffer (2ug enzyme) was
loaded by micropipette on each gel tube. The enzyme
sample solution were overlayed with 1:4 diluted
solubilizatioh“*buffer. The upper reservoir was filled

with 0.02M NaOH (before addition to the reservoir, NaOH

solution was extensively degassed to remove COz). The
gels were run at 400 volts for 10 hours-and then—-at 800
volts for 8 hours. After this period the power was turned
off and tubes were removed from chamber.

The gels were removed from the tubes, by pressurized
water from a syringe. The pH profile, was determined by

slicing the gel to 0.5cm pieces and extracting in water.

The gel pieces were placed in small tubes and 2Z2ml dH=0
was added. The tubes were closed and left for one hour.
After that each tube was vortex mixed for 30 seconds and
the pH of the solutions were measured.

Other gels, after removing from tubes, were placed in

an erlemayer flask. 50ml of 5% TCA (trichlorocacetic acid)

was added. This was shaken slowly in an incubator at 30°C
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(every few hours, the solution was discarded and new
solution of S% TCA was added). This washing was continued
until thé ampholytes were completely leached out. The
gels were then stained by 0.2% Coomassie Brillant Blue in
ethanol-glacial acetic acid-water(40:7:53) for one hours,
then destained Dby ethanol-acetic acid-water mixture
(50:75:850) for 48 hours. Gel scanning was done by a
CAMAG densitometer. For determinig the position of the

protein band, the gel was compared with the pH profile of

the sliced gel .
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CHAPTER III

RESULTS

III.1 Purification of M2-type Isozyme of Pyruvate
Kinase

Purification steps of human brain tumor (meningioma)
M2-type pyruvate kinase are summarized in Table V. The
degree of purification was 49.3 fold. The yield was 6.35%
with a specific activity of 33.4 units/mg of protein.

In Figure 4 the CM-cellulose chromatography profile
is given. The enzyme activity was assayed 1in each
fraction and the resolution of M1 and M2 isozymes was
achieved. The first isozyme was eluted at 0.0 to 0.1 M

KCl1 gradient and the activity was independent of fructose

1,6 diphosphate,mainly corresponding to the Ml_-type
isozyme. The second peak\ eluting at 0.2-0.3 M KCIl
gradient was the M2-type pyruvate kinase. Using CM-
cellulose chromatography M2-type isozyme was purified
3.18 fold with %30.5 yield.

Further purification of the enzyme was achieved by
affinity chromatography on Blue 4-Agarose cclumn,
(Fig.5). The majority of activity was obtained between
0.1 and 0.25 M KCl gradient. Enzyme in the pooled
fractions (number 280 to 300) gave a specific activity of
33.4 U/mg protein, and the degree of purification was

49.3 fold.
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Figure 4.: CM~Cellulose column chromatography

Column dimensions: 22 x 1.8 cm
Flow rate 40 ml/hr
Fraction volume : 2.5 ml

50 mM potassium phosphate buffer

Washing buffer
(pH 5.5), 1 mM 6- aminocaproic acid,

lmM 2-mercaptoethanol, 5 mM MgCls=.
*——o : Absorbance at 280 nm
e A : Pyruvate kinase activity (U/ml)
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Figure 5 : Blue

Column Dimensions:

Flow rate
Fraction Volume
Washing Buffer

Gradient

Bommmmp

%0 200 250 300
Fraction Number

4- Agarose column chromatography

1.5 x 8 cm
20 ml/h
1.5 ml

. 20mM Tris-HCl(pH 7.0}, 1 mM Z2-mercapto-

ethanol, 1 mM 6-aminocaproic acid,

5 mM MgCl=.

0.0 to 500 mM KCl in apove buffer plus:
0.4 mM F-1,6-DP

Absorbance at 280 nm

. Pyruvate kinase activity (U/ml)
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II1.2 Electrophoretic Characterization
The electrophoretic behavior of the purified pyruvate
kinase from human meningioma was investigated in

different systems: SDS-polyacrylamide gel electrophoresis

(Fig.6,Fig.7), <cellulose acetate paper electrophoresis
(Fig.8), and isoelectrofocusing in polyacrylamide gel
(Fig.9).

The purity of the enzyme Qas tested by
electrophoresis in 12.5% SDS-polyacrylamide gels
(Fig.6). The single Dband which was obtained with the
purified isozyme suggests that the subunits are very
similar or identical in molecular weight. The MW value of
the enzyme monomers were calculated by interpolation of
the best fit line through the points plotted for the
mobilities of the standard proteins under the same
conditions (Fig.7). The corresponding molecular weight
was found to be 63,000 + 2000 daltons.

Using cellulose acetate paper electrophoresis,
isozymes (M1 and M2) were separated from each other
(Fig.8). Two wide bands were observed when crude extracts
were applied, while only a single band was observed by
applying the purified enzyme onto the cellulose acetate
paper.

The isoelectric point of the enzyme was determined by
isoelectrofocusing (using ampholytes pH 3-10, pH 5-8). A
single band was observed which was focused at pH 6.9

(Fig.9).
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Figure 6.: SDS-polyacrylamide slab gel electrophoresis
of purified and crude pyruvate kinases from human
meningioma; 1) standard proteins ( Bovine serum albumin MW
67,000, Egg albumin MW 45,000, Trypsin MW 23,300, B-
lactoglobulin MW 18,400 and Egg lysozome MW 14,300), 2) PK
eluted from affinity column, 3) PK eluted from CM-cellulose
column, 4) enzyme after ammonium sulfate fractionation,
5)supernatant of ultracentrifugation, 6) homogenate.
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Figure 7 : Subunit molecular weight determination of
purified pyruvate kinase by SDS-polyacrylamide gel
electrophoresis a: Bovine serum albumin b: Egg albumin
c: Trypsin d: B-lactoglobulin e: Egg lysozome u: Purified

pyruvate kinase.
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g ) Intermediate represent hybrid
b M2 molecules

i 2 8
Figure 8.: Electrophoresis of purified and crude human
meningioma pyruvate kinase on cellulose acetate paper ; 1)
M2-type enzyme eluted from affinity column 2) Isozymes from
supernatant of ultracentrifugation 3) Isozymes from

homogenate.
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7969686665,%560555351

Figure 9.: Isoelectrofocusing of purified pyruvate
kinase from human brain meningioma, single band was
observed. The upper figure shows the result of gel scaning

by densitometer, the position of purified enzyme
observed as a sharp single peak.
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IMm, 3 Kinetic Properties of M2-type Pyruvate

Kinase

11, 3.1 Influences of Substrate Concentration on

Activity of M2-type Pyruvate Kinase

III. 3.1.1 Phosphoenolpyruvate Hydrolysis in the
Absence and Presence of Two Different Concentrations of
Fructose 1,6 Diphosphate

The influence of the substrate phosphoenolpyruvate on
the reaction rate of purified meningioma enzyme in the
absence and presence of 0.3mM and 0.6mM fructose 1,6
diphosphate was investigated. As seen in Figure 10 and
Figure 11, the rate response curve was sigmoid in the
absence and presence of 0.3mM fructose 1,6 diphosphate
with an apparent Km values of 1.8mM and O0.65mM,
respectively. The kinetic response to PEP concentration
in the presence of 0.6mM fructose 1,6 diphosphate was
normalized to a hyperbolic form in the Michaelis-Menten
plotting. Fructose 1,6 diphospate in 0.6 mM concentration
increases the affinity of the enzyme for phosphoenol-
pyruvate. At this concentration of fructose 1.6

diphosphate, the concentration of PEP required for half

maximal velocity (Km) was 0.53 + 0.02 mM and Vmax Was
7.3 mM/min (Table VI). The Hill plots of the saturation

data are presented in Figure 12. In the absence and
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Figure 10 Michaelis Menten plots for purified enzyme
in the absence (&~——A) and presence of 0.3 mM (o0——0 ) and
0.6 mM (e——e ) Fructose 1,6 diphosphate. Enzyme was fresh,

[{ADP]: 2mM.
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Figure 11.: Lineweaver Burk plot of purified pyruvate

kinase isozyme, in the presence of 0.3 mM (0—o0) and 0.6 uM
(e——e) fructose 1.6 diphosphate. (ADP] :2mM _
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Figure 12.:

Hill plot for

purified pyruvate kinase

in

the absence (e——e ) and presence of 0.6 mM (0—o0) fructose

1,6 diphosphate.
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Table VI : Effect of different concentration  of

Fructose 1,6 Diphosphate on Km and Vmax.
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presence of 0.6 mM fructose 1,6 diposphate, the Hill
coefficient were found to be 2.3 and approximately 1,

respectively.

III. 3.1.2 Influence of Different ADP concentrations
on the Reaction Rate of Tumor Enzyme at Constant
Phosphoenolpyruvate concentration.

The activity of the purified tumor enzyme as a
function of the second 'substrate, ADP, was .tested as--
shown in Figure 13. The double reciprocal plot gave a
straight 1line which indicates that the enzyme showed
hyperbolic relationship to this substrate. The Km value
for ADP was determined to be 0.58 mM at 2mM PEP

concentration.

II1.3.2 Influence of Effectors on Purified Pyruvate

Kinase

II1.3.2.1 Effect of Fructose 1,6 Diphosphate
Concentration on Enzyme Activity

Figure 14A shows the effect of increasing the
concentration of fructose 1,6 diphosphate at 2mM
phosphoenolpyruvate.The rate response curve is in
hyperbolic form. A modified Lineweaver Burk plot (Fig.
14B) of these data gave a Ka value of 0.15mM for F-1,6-
DP, which was somewhat higher than the values reported

for M2~type pyruvate kinase from other sources (2,3,24).
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Figure 13.: Lineweaver-Burk plot for ADP as substrate,
[PEP]: 2 mM, [F-1,6-DP): 0.6 mM. '

61



A
c
£
ii i *—— —&- &
£ .
=
2F
0 1 7 3
%O-SO .
£ B
E
e
>
@)
Z025f

o i 3
1/F-1,6-DP> mM

U}

Figure 14 : A) Effect of increasing the concentration of
F-1,6-DP on enzyme activity B) Modified Lineweaver-Burk plot
for increasing the concentratioa of F-1,6-DP. , (PEP]: 2 mM,
(ADP]:2mM.Vo,velocity in the absence of F-1,6-DP;Va,velocity
with F-1,6-DP.



I1I1.3.2.2 Inhibition of Purified Pyruvate Kinase
Activity by Different Concentrations of L-Alanine

Enzyme activity was assayed at varying concentrations
(0.0-5.0mM) of L-~alanine with 2mM PEP as substrate. The
observed inhibition by this allosteric effector in the
absence and presence of 0.6mM F-1,6-DP is illustrated in
Figure 15. At a concentration of 1mM alanine, without F-
1,6-DP, inhibition was found to be 54% and reached by 86%
at 5mM alanine(Fig.15). It can be concluded that tumor
enzyme is effectively idiphibited by increasing the
concentration of L-alanine. However in the presence of
0.6mM F-1,6-DP the 1inhibition at 1mM and 35mM alanine
concentrations was 14% and 72% respectively(Fig.15).
Fructose 1.6 diphosphate was partly effective in
preventing the inhibition of the enzyme activity by L-
alanine. The Dixon plot (Fig. 16) for high concentration
range of alanine (0.5—4 mM) at 2mM PEP and in the
presence of 0.6mM F-1,6-DP showed an upward curvature
consistent with'cooperativity for the binding of alanine

to tumor pyruvate kinase.

I1I1.3.2.3 Effect of L-Alanine on Phosphoenolpyruvate
Hydrolysis

The purified enzyme was assayed in the presence of
0.5 and 1 mM alanine at different concentrations of PEP
as substrate with 0.6mM F-1,6-DP. The Michaelis—-Menten

curve was shown in Figure 17. The kinetic behavior was
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Figure 15 Effect of alanine at different
concentrations on the activity of purified pyruvate kinase
the absence (®—e) and presence

from human meningioma. In
©0—o)of 0.6mM fructose 1,6 diphosphate. [PEP]: 2mM. [ADP]:2ZmM
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Figure 16 : Dixon plot for alanine, in the presence of

0.6 mM F-1,6-DP. [PEP]: 2 mM, [ADP]:2mM
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hypérbolic in the absence and presence of 0.5mM alanine,
whereas slightly sigmoidal kinetics was observed in the
presence of 1mM alanine. The double reciprocal plot of
this assay for control (without alanine) and in the
presence of 0.5mM alanine was presented in Figure 18.
With 0.5mM alanine the maximal velocity decreased and the

intersection point of two straight lines was not on the

V-1 axis. Probably the binding sites of alanine are
different from that of the substrate PEP. The Dixon plot
for different concentrations of L-alanine (0.0-1.35mM) at
two different concentration of PEP is shown in Figure 19.
By increasing the alanine concentration at ZmM PEP a
straight line while at 1mM PEP an upward curvature wsrs
obtained. It is indicated that inhibitory eififect of
alanine was dependent on the PEP concenration. The
apparent Ki wvalue in the presence of 0.6mM F-1,6-DP was

found to be approximately 2.5mM.

IIT1.3.2.4 Dependence of Enzyme Activity on the
Alanine Concentration at Different Concentrations of ADP

Dixon plot, L-alanine concentrations (0.0-1.5 mM)

versus V- with three different concentrations cof
ADP (0.5,1.2mM) and at a fixed concentration of PEP
(2mM) is presented in Figure 20. A family of straight

lines that intersect on the abscissa was seen,which
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Activity of purified pyruvate kinase from
human meningioma as a function of the concentration of
phosphoenolpyruvate, in the absence -(e—e) and presence of
0.5mM (o0—o0 ) and 1 mM (s&—a) alanine. (F-1,6-DP]: 0.6

mM, [ADP] : 2mM

Figure 17
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Figure 18 : Double reciprocal plot of initial velocity

versus PEP concentrations, in the absence (e——e )} and
presence (0——o ) of 0.3 mM alanine. [ADP}: 2mM, ([F-1,6-DP]:

0.6 mM.
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Figure 20 : Dixon plot for the dependence of purified

meningioma pyruvate kinase activity on L-alanine at various
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indicated that the enzyme was noncompetitively inhibited
by alanine which depended upon the concentration of ADP.
As the concentration of ADP decreased, inhibition was

more effective. The Km of the enzyme was unchanged.

However, the Vmax Was decreased. The Ki for the alanine
inhibition of enzyme with regard to changing the
concentration of ADP in the presence of 0.6mM F-1,6-DP,

was found to be 4.6mM.

I11.3.2.5 Simultaneous- Presence of L-Alanine and-
Fructose 1,6 Diphosphate
The Kkinetic behavior of purified meningioma enzyme
with respect to two different fixed concentrations of
alanine(0.5 and 1 mM) at various concentrations of F-1,6-
DP and fixed concentration of PEP (2mM) as substrate was
studied. A double reciprocal plot is shown in Figure 21.
Fructose 1,6 diphosphate activated the enzyme in a
hyperbolic manner with a Ka value of 0.15mM. However this
Ka value was increased to 0.36mM by 0.5mM alanine. At low
levels of F-1,6-DP (0.2-0.3mM) the inhibition by 1mM
alanine was more effective and slighty upward curvature

was obtained. The intersection point of three lines on

the ordinate (V-*) is different. From the slope of the
above plots and different intersection points on the

ordinate, it was suggested that alanine acts as
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Figure 21 : Double reciprocal plot of velocity versus
[F-1,6-DP] , in the absence (e—¢ ) and presence of 0.5

(o0— ) and 1 (&~——aA ) mM L-alanine concentration. [PEP]:
2mM, {ADP1: 2mM.
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negative allosteric effector for the purified enzyme
and this inhibitory effect was partially removed by

increasing the concentration of F-1,6-DP.

I1I1.3.2.6 1Inhibition by ATP

The influence of two fixed concentrations of ATP (1
and 3 mM) on enzyme activity at different concentrations
of PEP, and 2mM fixed concentration of ADP 1in the
presence of 0.6mM F-1,6-DP was studied. The Lineweaver-
Burk plot of the data (Fig.22) gave a family of straight
lines that intersect on the 1/V axis. In the presence of
3mM ATP,the Km (PEP) of purified meningioma enzyme was
increased 1.2 fold from 0.54 to 0.67mM. The enzyme was
competetively inhibited by ATP, which is in conflict with
results that are reported from other laboratories for

human placenta and tumor (84).

II1.3.3 Effect of Mg*2 Concentration

Enzyme activity was assayed at various concentrations

of MgClz. Figure 23 shows the effect of increasing Mg+*2

concentration on the reaction velocity of M2_-type

pyruvate kinase under fixed substrate concentration,
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Figure 23 : Effect of Mg=* concentration on purified
enzyme activity from human meningioma. [PEP]: 2mM, [ADP]:
2mM, [F-1,6-DP]: 0.6mM.
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[(PEP]: 2 mM. The rate of the reaction increased with

increasing Mg2+ ion concentrations from 0.0 to 5.0 mM. A

similar effect was reported for M2_type pyruvate kinase

from kidney cortex (38) however, an inhibitory effect of

Mg=2+ on the M2_type enzyme from rat lung was observed

(79).

III1.3.4 Stability

The stability of the purified enzyme upon storage
wags investigated. The enzyﬁe solution was suspended in a)
2 M ammonium sulfate b} 2M ammonium sulfate containing
0.2 mM F-1,6-DP, and c) in 25% ethylene glycol.

The solutions were kept in three different eppendorf

tubes at 4°C. The enzyme activity was measured each week
for 3 months. The activity was measured by hydrolysis of
2 mM PEP as substrate in the presence of 0.6 mM F-1,6-DP
as described in Material and Methods. The remaining
percentage of activity versus period of preservation {(up
to 87 days) 1s shown in Figure 24.

The enzyme which was suspended in 2 M ammonium

sulfate without F-1,6-DP was highly unstable and lost up

to 75% of its original activity after 87 days at 4°C.
However, the enzyme in the presence of 0.2 mM F-1,6-DP
under the same conditions was more stable and lost only

15% of its activity over the same period of time. In the
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presence of 25% ethylene glycol enzyme was also more
stable. In <this storage condition the enzyme lost only

10% of its original activity by the end of approximately

3 months.
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CHAPTER IV
DISCUSSION

It has become evident recently that human brain
cancer is associated with many alterations of isozyme
patterns. In brain cancer the Ml-type pyruvate kinase
isozyme, that characterize the normal brain is lost; and
as dedifferentiation and tumor progression occurs, the M2
isozyme which ‘is low or -absent in- the --highly
differentiated cells appears (62,95,99). There is a
marked resemblance of this pattern with that of
placenta (84), where the M2-type is predominant and

Mi-type isozyme is absent.

IV.1. Molecular Characterization of M2-Type Pyruvate
Kinase

In this study, the M2-type isozyme was purified to
homogenity from human meningioma by using ion exchange
and affinity column chromatography. The purified
preparation of human meningioma pyruvate kinase was
obtained with a specific activity of 33.4 units/mg
protein. The enzyme appeared to Dbe homogenous upon SDS-
polyacrylamide gel electrophoresis where a single band of
63,000+2000 dalton was observed.

For the purified enzyme, a pl value of 6.9 was

obtained. This value 1is lower than what was reported
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(2;20) for dog lung tumor enzyme (pl 7.31) §nd M2-type
isozyme from chicken liver (pI 8.3). Also the pl of the
meningioma enzyme was higher than the pI values reported
(79) for M2-type enzymes from rat lung (pI 5.6) and pig
kidney (pI 5.8). Thus, it was concluded that purified
isozyme from meningioma is not identical to the M2-type
isozymes from other sources which supported the
assumption that there are primary structural differences
between different isozymes.

M2-type isozyme from different type of tumors were
migrated faster toward the anode on <cellulose acetate
chromatography compared to the Ml—type'isozyme (62,99). A
similar result for the purified tumor pyruvate kinase
from meningioma was obtained (Fig.8). Meningioma and
malignant gliomas are characterized by the low level of

Ml-type pyruvate kinase, while M2-type and the hybrid

(M2)s3(M1), are predominant (101). It has been proposed

(22) that rapidly growing hepatomas produce only type

{M2)a but those slowly growing tumors of liver or muscle
retained the potential to produce other types as well.
Meningiomas are slowly growing and malignant glioma are
rapidly growing tumor types.

The crude enzyme gave two wide Dbands (Fig.8) on the
cellulose acetate paper electrophoresis which indicated

the existence of isozymes M1l and M2 in meningioma. The
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separation of these two 1isozymes was achieved by CM-

cellulose column chromatography (Fig.4).

IV.2. Kinetic Properties of Purified Pyruvate Kinase

The purified enzyme, on Michaelis-Menten plots,
showed sigmoidal kinetics with phosphoenolpyruvate as
substrate 1in the absence of fructose 1,6 diphosphate
(Fig.10). This sigmoidal kinetiés shows positive
homotropic cooperativity of the enzyme for this substrate
which was confirmed by an apparent Hill coefficient of
n=2.3 (Fig. 12). The same kind of Xkinetic behavior was
ohserved for M2-type enzyme from Yoshida ascite hepatoma
by Imammura and Tanaka (41), and for the enzyme from
kidney cortex by 1Ibsen and Trippet (38). In the presence
of 0.6 mM fructose 1,6 diphosphate, the sigmoidal plot
was converted to a hyperbolic form. The positive?
cooperativity indicated by Hill coefficient n=2.3 (in the
absence of F-1,6-DP) decreased by addition of F-1,6-DP to
n=1.03. In the 'presence of 0.6mM F-1,6-DP a Km value of
0.53 was determined. The kinetics of the enzyme for ADP
as substrate was also hyperbolic with a Km value of
0.58mM (Fig.13). The high Km values indicated that the
affinity of the enzyme toward substrates was 10Wer than
which was observed Dby enzymes from other sources
(79,86) .

Significant differences exist in the Lineweaver-Burk
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piot analysis for phosphoenolpyruvate hydrolysis by this
enzyme and biphasic lines that was obtained for tumor
enzyme from meningioma by other workers (101). They
suggested that the break in their curve was due to the
presence of different hybrids of pyruvate kinase with
different affinities for the substrate phosphoenol-
pyruvate. However, in our results, no evidence of a break
(biphasic form) was observed, which indicated that the
purified M2-type enzyme was not contaminated with other

isozymes.

IV.3. Regulation of the Enzyme Activity by Effectors

Fructose 1,6 Diphosphate and L-Alanine

The results of Figure 14 indicates that by increasing
F-1,6-DP concentration, the rate of hydrolysis of
phosphoenolpyruvate increased. However the enzyme was
maximally activated by 0.6mM F-1,6-DP and further
activation of the enzyme was not observed by the addition
of F-1,6-DP. The obtained Ka value of 0.15mM for
F-1,6-DP was slightly higher than reported from other
laboratories (2,71).

The resulis of the experiments related to the effect
of F-1,6-DP on the enzyme activity, indicated that this

effector acts as a sensitive modulator on the enzyme
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activity, by gradually decreasing the sigmoidicity in V
versus [S] curve, with phosphoenolpyruvate. The affinity
of the enzyme towards PEP increased (Km decreased) by
increasing the concentration of F-1,6-DP.

L-Alanine appears to be an effective inhibitor for
purified pyruvate kinase from human meningoima(section
I11.3.2.2). A similar result, has been reported
previously for the enzyme from human brain tumor
(62,101) .However, their datg showed that the inhibitory
effect by alanine was higher than what we observed. At a
concentration of 1ImM and 4mM alanine, 88% and 91%
inhibition have been reported(10l1), respectively. The
alanine inhibition indicates the presence of the M2
isozyme, and from a <clinical point of view, the
determination of the percent of alanine inhibition may
be a valuable tool assisting in tumor diagnosis.

The results of the inhibitory effect of a high

‘concentration of alanine on the enzyme (Fig. 16)

indicates positive cooperativity for the binding of
alanine to the enzyme. L-Alanine noncompetitively
inhibited the meningioma pyruvate - kinase when
phosphoenolpyruvate and ADP were the two substrates

(Fig.18,Fig.20). This implies that the binding site for

alanine is different from both of these substrates.
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A sigmoidal curve was observed in a Michealis-Menten
plots (V versus S as a function of phosphoneolpyruvate)
at 1mM alanine (Fig.17). On the other hand, a line with
an upward curvature was obtained at a fixed
phosphoenolpyruvate concentration (1mM) and different
concentrations of alanine (Fig.19). These results
indicated that alanine acts as allosteric inhibitor on
tumor enzyme and its allosteric inhibition 1is more
pronounced at high alanine and_low phosphoenolpyruvate.
concentrations.

Figures 15 and 21 give further information of the
simultaneocous effect of fructose 1,6 diphosphate as
positive and L-alanine as negative allosteric effectors
on meningioma pyruvate kinase. The binding of fructose
1,6 diphosphate resulted in a decreased apparent affinity
of the enzyme by alanine. Figure 21 demonstrated that
0.5mM alanine increased the Ka of fructose 1,6
diphosphate to 0.36mM. Further increases of alanine to
1mM decreased the Vmax and a slightly upward curvature
was obtained. In general, it was concluded that fructose
1,6 diphosphate and alanine are positive and negative
allosteric effectors, respectively of human meningioma
enzyme; while the negative allosteric effect by alanine
was partially reversed by fructose 1.6 diphosphate. This

was slightly different from the results that fructose 1.6

84



diphosphate can relieve completely the inhibition
produced by alanine on the enzyme from Ehrlich ascites
tumor cells (83) and the enzyme from rat kidney cortex
(38). By simultaneous addition of fructose 1.6
diphosphate and alanine, it was suggested that effector
mediated control of ascites tumor pyruvate kinase

activity is caused by a dimer-tetramer equilibrium (83).

IV.4, Effect of ATP

In this study, 1t was observed that ATP slightly
inhibited the M2-type enzyme from human meningioma. It
has also been reported that M2-type pyruvate kinase from
different nontumor sources was inhibited by ATP
(3,38,71). However this effector did not effect on
pyruvate kinases from tumors and human placenta (21,84),
and Ehrlich ascites tumor «cells (26,29). The 1lack of
total inhibition of glycolysis by ATP in partially
permeabilized Ehrlich ascites cells was clearly traced to
the partial sensitivity or nonsensitivity of the
pyruvate Xkinase to allosteric inhibition by ATP. The
existence of a second site of glycolytic control was
suggested (26,27) for pyruvate kinase, which might be
partially operative in' tumor cells. The result 1is the

high aerobic glycolysis, and low Pasteur effect.
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IV.5. Conclusion

If we compare the results of above experiments with
the reports of other laboratories that studied the M2-
type enzyme from different biological sources including
kidney cortex, Ehrlich ascites tumor cells, hepatoma and
meningioma, it can be concluded that the purified enzyme
from human meningioma has M2-type pyruvate kinase
characteristics.

The kinetic parameters and results have confirmed a
cooperative kinetics for purified human meningioma
pyruvate kinase which is characteristic of the M2Z-type
isozyme. By this way M2 is distinguished from Ml-type
isozyme which is insensitive to the allosteric effectors,
fructose 1,6 diphosphate and L-alanine (21,38,41,94). The
kinetic characteristics also ghow that the purified
enzyme is a regulatory enzyme since it is controlled by
allosteric effectors. Although some kinetic studies such
as Km determination and alanine inhibition were carried
out previously on crude pyruvate kinases of human tumors
(62,84,101), the results must be interpreted with caution
because of the experimental difficulties involved in
performing kinetic studies on crude enzymes. In this
study a purified M2-type isozyme with high specific
activity was obtained. Although, the enzyme seemed pure
according to kinetic and electrophoretic studies, more

sensitive methods such as monoclonal antibodies may be
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uéed to detect any possible isozyme contamination (107).

In the adult brain, the Ml-type isozyme 1is
predominant. However, in meningiomas, the amount of Ml
type is considerably 1low, whereas M2 type is predominant
(101). Therefore it was concluded that meningiomas are
associated with a shift to M2-type pyruvate kinase. Ibsen
(35) has pointed out several possibilities, which may
contribute to +the observed alteration of the isozyme
pattern. One of these possibilities includes derepréssion
of a regulatory gene, which is involved in the regulation
of the synthesis of M2 isozymes. The validity of this
mechanism for meningiomas was also suggested (101).

The amino acid compositions of the M1l and M2 isozymes
from human skeletal muscle and kidney were found to be
very different. Therefore, it was concluded that these
two isozymes must Dbe the products of separate genes(34).
Recently, however, Noguchi et al (64,63) and others (89)
determined the complete nucleotide sequences of both Ml
and M2 -type pyruvate kinases from rat by sequencing
cDNAs. The derived amino acid sequence turned out to be
identical except a region of 45 residues. Even within
this region the M1 and M2 sequences show a high degree of
homology. It was suggested that the two isozyme are
derived from the same gene (64,89). However it was also

found that M1 and M2-type isozymes are translated from
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different mRNAs. After transcription of the gene into a
primary mRNA, this mRNA 1is in turn spliced into two
mRNAs, one coding for the M1l subunit and the other for
the M2 subunit. Since the expression of the M1 and M2
types are developmentally regulated, the process of
alternative RNA splicing might be 1involved in +this
regulation.

As a conclusion, the determined kinetic parameters of
the isozyme might be helpful for the confirmation of a
diagnosis in Dbrain tumors. For further understanding §f
the genetic expression, more information including amino
acid analysis of pyruvaté kinases from normal brain and

brain tumor tissues are necessary.
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